ABSTRACT
GABILONDO, ERIC AUSTIN. Synthetic DiscoverandThermodynamic @bility of Multinary
Sn(ll)-Perovskite Oxides through FitMediated lorRExchange Technique@Jnder the direction
of Prof. Paul A. Maggardir.).

A low-temperature topotactic ieexchange method was employed to systematically
investigate perovskite oxides in the synthesis of metastable-Safitdining perovskites. The flux
reactions targeted Ba(ilpr Pb(ll)}-containing perovskite precursors ofieais morphologies and
crystal symmetries while using lemelting Sn(ll}halides such as Sndm.p. ~270 °C), KS¢Cls
(m.p. ~180 °C), or SnCIF (m.p. ~230 °C). The-exthange occurs topotactically and is driven
forward by the exothermic emrmation of $able Ba(ll) or Pb(ll) halide salts. Underlying
synthetic factors such as the lattice energy of the precursor substructure (kp.Ww&©
investigated by comparing BaSgOBaHfO;, BaTiOs;, and BaZr@ under similar reaction
conditions. Higher lattice cohesive energies of the precursor were found to allow for greater kinetic
stabilization of the metastable Sn{joduct, allowing for a previously unprecedented limit of
70% Sn(ll}substitution on the Aite prior to decomposition, i.e., (B&mn.7)HfO3. Additionally,
reducing the number of available lowamergy polymorphs improved kinetic stability. These
factors were expanding upon with experimental data in other-pkxdesd structures, revealing a
more complex synthetic landscape than previously thought, and connections are drawn showing
the relationship between iafiffusion mechanisms, temperature, time, morphology, and other
experimental parameters. These tools were leveraged together in thiegatives of BaHfQ
nanoshells, in which the hafnate substructure has a large and rigid lattice and few competing
polymorphs in the Sn(ll) reaction system. The nanoshells were prepared at the low temperature of
200 °C and the shell thickness and particke siould be tuned by modifying the basicity of the
reaction media. The tailored nanoshells were then subjected to a soft Hexcivange, forming

SnHfG; on BaHfQ surfaces in a nanosh&h-nanoshell morphology. Further reducing the shell



thickness to the Sn(ll) diffusion limit resulted in pure Snklf@no eggshells exhibiting
pseudocubic bulk structure. At all levels of Sn(ll) substitution in a number of perovskite systems
still had not shown a structural expression of the predicted stereoactive lone pair, but rather a
retention of the rigid precursorystal lattice. Thus, the final study investigates the hypothesis that
the Sn(ll) lonepair distortion must be designed in the perovskite precursor by using similar
topotactic iorexchange nm@ods on the orthorhombic PbHf@erovskite. This resulted in full Sn
substitution, a preservation of the orthorhombic substructure, and a preservation of the Sn(ll)
oxidation state. In each study, the thermodynamic stability and structure is investigated by a
combination of Xray diffraction, electron microscopy, UVis Diffuse Reflectance Spectroscopy,

and modeling at the density functional theory level, to paint a larger picture of the synthesis,
structure, and stability of novel complex Sn@Rides This larger picture is then applied on a
broader scale to theoretically sample 52 curated multinary Sxdes to better understand the
factors leading to thermodynamic stability and predict new synthesis targets. From this selection,
a new Sn(lBperovkite, SnLaTisO1s, was identified and consequently synthesized in high purity
and crystallinity and tested for photocatalytic overall water splitting under visible light irradiation.
The factors governing stability as well as the characterization ofd¢fwsphase are discussed to

guide future development and discovery of new Swifle semiconductors.
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CHAPTER 1
OVERVIEW OF Sn(ll) -OXIDE SYNTHESIS AND STABILITY
l. PREFACE
The first chapter of the following dissertation opens with a broad overview of the
background literature and recent developments in the field that have motivated this research and
specific research goals. It will continue by expanding into each broadapéparate subsections
for moredetailed and focused discussions. The subsequent Chajiare 2ormatted as journal
articles that have formerly been published with the citations at the begi@hiagter 6 is the final
piece of my work on Sn(Hpxides, and is in preparation for future submisskithin chapters 2
4 and 6 the main text contains the relevant background, experimental methods, and results,
followed by references, then closing with tables and figutéspter 5 is similarly structured
however the experimental methods are in the appendie overall conclusions of this
dissertation, regardless of publication status, are provided in CiTapied will revisit the status
of the specified research goals in addition to the outlook of futgearch. Supporting information

for each chapter is contained in the appendices at the end.

I. GENERAL INTRODUCTION
The preparation of increasingly complex oxides is a scientific challenge that is important
for many potential physical properties, such as electronic, magnetic, or catalytic properties, to
name a few:® Many previous synthetic approaches have been utilized to addresstatsid
synthesis chall eng@hsi, miees @ppmactzes dhat enabte dine kideticn g 0
control over product formatiohThese include hydrothermal, sgpél, ionic liquids, and molten
salt synthetic techniques. For the latipproach, also called the flux synthesis method, it has been

demonstrated to allow the preparation of metastable oxides in many types of systems and structure
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types’ 0 This allows for the synthetic exploration of new metastable materials by reacting at
sufficiently low temperatures that the product phase does not decompose, provided a kinetic barrier
is present.

Sn(ll)-containing metal oxides are of particular interest as an alternative to isoelectronic
Pb(Il) analogues due to the high earth abundance and significantly reduced toxicity. Several oxides
have exhibited technologicallelevant properties, such asrtelectricity arising from the Pb(ll)
stereoactive longair in the tetragonal lead titanate (Pb3J)iQetragonal lead zirconate titanate
(PbZr«TixOs, or PZT}* or antiferroelectricity in the orthorhombic hafnate (PbE)fd Some
leadfree materials alsafford similar properties but at significantly reduced efficacy, such as the
subtle Ti(IV) off-centered distortion in tetragonal BaTi® Their detailed and idepth structural
origins have been under investigation for > 20 years and are depicted in Figure 1.1 for PZT.
Unfortunately, the synthesis of Snf{tipntaining oxides has been hindered by the challenge of
preventing the Sn(ll) catidinom undergoing rapid oxidation or disproportionation at temperatures
as | ow a$SAddiienally, th€ productsare not predicted to be thermodynamically
stable!®'*15These challenges are so severe, that some ask the question, can the perovskite SnTiO
for example, even be synthesiz€dBy comparison, PZT can be prepared by simply mixing the
binary oxides and reacting in a MHYAndtleensolf | ux a
gel met hod can be used at 80 C foll owed by ai
phase® While these are only a few examples of synthesizing PZT with different morphologies, it
is clear that high temperatures are not compatible with SnO or similar-8m{tBining reagents,
even under an inert atmosphere or vacuum. Thus, a lower temeealternative such as a molten

flux method must be explored as a synthetic route.



New routes to Sn(lirontaining oxides have been introduced in recent work in the
Maggard research grodpln one example, barium zirconate titanate (BaZixOs, or BZT) was
reacted with a low temperature Sn{ialide flux in order to exchange Ba(ll) for Sn(ll). At these
low temperatures under vacuum, Sn(ll) was supplied as a reactant without significant oxidation
occurring. The high ion mobility from the moltéiax coupled with the thermodynamic driving
force of the formation of BaCIF versus SnCIF%27 kJ mof)!° caused a rapid exchange of Sn(ll)
for Ba(ll) to take place and to give the-8nbstituted barium zirconate titanate ({(B&n)(Zri-
yTiy)Os, BSZT). Interestingly, the predicted distortion of SRfIf}in the A-site was not observed
by X-ray diffraction (XRD), even in the 60% Sn¢kchanged sampl&his work has suggested
several novel hypotheses for cubic perovskite oxides that remain untesteding (1) by
increasing the lattice energy of the oxide precursor the metastable exghauyict can be
kinetically stabilized. (2) Lower energy competing phases and polymorphs must be avoided, by
tuning composition, to synthesize the most metastable phases. (3) Finedonétid mechanisms
can be utilized to circumvent intrinsic thermodynic and iordiffusion barriers that cannot be
overcome. (4) This twgatep, low temperature, Sndhalide exchange method can be used as a
new general synthetic approach to utilize Sn(ll) as a functional reactant for other perovskite oxides
predicted tdoe highperforming, such as tin zirconate titanate (SRZix)Osz, SZT) or tin hafnate
(SnHfQ;).2224

Powder xray diffraction studies from previous work suggest that the deitvmm crystal
lattice of BZT is preserved after the Sn(ll) is exchanged in BSZT, which suggests as well that the
SnHfG; phase prepared through low temperature exchange may also crystallizénmthspace
group like the BaHf@precursor. Alternatively, PbH#)the Pb(Il) analogue, is stable at ambient

conditions as orthorhombic and antipolRbam space group and only cubic at elevated



temperatures, transitioning througpaartetragonaP4mmPbHf{Os; polymorph between 18920
°C.2>26The Goldschmidt tolerance factor is often used in predicting ionichbadid structure in
perovskite oxides with some succés¥ predicts the SnHf® perovskite may have an
orthorhombic/rhomohedral distortion beyond ~30 mol% Sn(ll), similar to PhHFOrther
investigations into the tolerance factor also suggests that some phases may still be stable as ideal
cubic despite a tolerance factor far below &hEhe tolerance factor explains that the predicted
distortion is due to the Aite cations being too small to fill the interstitial sites in th© B
subl attice, causing a Obucklingd of the subl
strongly coorghating stereoactive lone pair which is not well modeled by assuming an ionic
spheré’! The decepve size and shape of the Sn(ll) cation in the perovskite structure and the
corresponding effect on the structure is unclear, and to date has no experimental evidence.

My research presented herein will therefore explore Spétpvskite oxides using the
flux-mediated iorexchange technique with a particular focus on SnHi®better understand the
underlying factors governing the synthesis and stability of Spéipvskite oxides. The local and
long-range structure of Sn(iperovskite oxides is not well understood nor have any fully
substituted Sn(liperovskites been ayhesized. Thus, any new structural information that can be
extracted will be critical to the contied development of higherformance leaffee dielectrics.

Little work has been done in attempt to synthesize this material because of the challenging nature
of not just preserving the Sn(ll) oxidation state, but also of having sufficient kinetic doritesp

this metastable phase from decomposing, as mentioned previously. SnHfCh has been
calculated by DFT methods to tieermodynamically unstabfé?3is also predicted to be a visible

light absorbing semiconductor with high carrier mobifttyagnd a promising candidate for light

driven applications, making it both a useful target and excelleristadg. Further, the proposed



mechanism and kinetics of the Sr{ghjchange synthesis technique will be expanded upon through
experimental evidence and supported by theoretical modeling. Thus, the low temperature flux
exchange method for the preparation of BSZT has the similar pdterdiddress these challenges
while also expanding its scope and efficacy in alternative systems, making it a promising synthetic
route to a pure SnH#Inaterial and the first Sn(Herovskite oxide. Thus, the research objectives

to push the frontier ofrgstalline metastable Sn@#ontaining oxides are to test the following
hypotheses:

(1) Flux-assisted synthetic techniques can be used to prepare metastable By ith®
exchange reaction with a SnCIF molten salt. This is the result of the lower reaction temperature
and higher lattice energy providing a higher kinetic barrier to decomposition.

(2) The higher lattice cohesive energy of the hafnate perovskite will provide a higher
kinetic barrier as compared to the BZT, and thus allow increased substitution of Sn(ll) cations.
Higher lattice energies can inhibit significant ion diffusion and pkageegation.

(3) Incorporation of an additional-&ite cation (i.e., Zr(1V), Sn(IV)) can be used to prepare
a solid solution, i.e., (BaSn)(Hf1ySn)0Os, that will increase the synthesizability of metastable
Sn(ll)-rich. This is the result of kineticaliyhibiting decomposition by ion diffusion and phase
segregation.

(4) X-ray diffraction techniques can be used to characterize the crystalline structure of the
Sn(ll)-containing perovskites, with the resulting products maintaining the precursor perovskite
structure. A high melting and crystalline precursor can helfatlisy the perovskite structure.

(5) Through topotactic ion exchange, not only the cubic perovskite structure can be
maintained after Sn(H ubst i t uti on. This is the result of

be utilized as a design strategy to synthesize Satfth different local and extended structure.



1. LITERATURE REVIEW

i. Sn(ll) as a Pb(ll) alternative; characteristics of Sr{djides

Lead is an abundant element that has unique properties due to its large atomic mass and
similarities in electronic structure and bonding to carbon. Most notable of these properties is the
stereoactive lone pair that is present in the Pb(ll) oxidation Sta¢einert pair of Pb(ll) is arguably
most important for inducing spontaneous dipole moments in oxide materials. Technologically
relevant properties manifest from permanent dipole moments in solid materials such as
piezoelectricity, ferroelectricity, arférromagnetism to name a few. Pb(Il) containing compounds
are well known for these properties and their applicatié?SThe most notable of these materials
is the electroceramic solid solution of lead zirconate and lead titanate, lead zirconate titanate
(PbZri«TixOs) or PZT323%Shown in Figure 1.1, PZT is a perovskite oxide of the formula type
ABO3, wherein the ideal cubiemom symmetry has a sublattice made up of B{¥ pctahedra
with the A(ll) cations filling sites between the BOctahedr&® Perovskite oxides are strong
contenders for technological applications due to their generally high thermal and chemical
stability, having large lattice cohesive energies, and highly oxidized mMéégpending on the
size, charge, and ionicity of both the A anéiB cations, many structural phenomena can occur
such as oftcentering in the Asite or octahedral tilting around thedge lowering the symmetry.
Figure 1.1 highlights the tetragonaldie distortion in PZT along the (001) axis. Their 3D
connectivity and chemical tunability also make them ideal for fine tuning desired properties.

PZT is well known for having many phase transitions depending on pressure, temperature,
and Bsite composition, including cubic, tetragonal, rhombohedral/orthorhombic, and monoclinic

having been observéd3437At the x = 0.48 composition and room temperature, PZT exists at its



morphotropic phase boundary where the piezoelectric constant is maximized through a mixture of
a rhombohedradR3mand two highly similar monocliniEmor Cc phases® While much work has

been done to elucidate the complete phase diagram and reveal which phase in particular is
responsible for the very large piezoelectric coefficient, the point of interest relevant in this work is
that the polar phases all have a sizatidortion of Pb(Il) from the center of the ideal cubie A

site. Some of these distortioase exacerbated by tilting of the BGctahedra. Other examples of
these distortion types are present in materials such as the relaxor ferroéfeétfics
PbMgusNb2/s0s and PbZmsNb/s0s, and leaehalide perovskite$“3 Lead hafnate and zirconate,
PbHfO3 and PbZrO3, respectively, are antiferroelectric from antipekiteAdomains caused by
sublattic* o6bucklingo.

Unfortunately lead is highly toxic, can be quite soluble, and is volatile at manufacturing
temperatures. Despite the attractive properties of PigHyvskites, alternatives with lower
toxicity must be developed that have comparable properties. Notaifli), iS isovalent to Pb(ll)
and thereby should have similar electronic structure and bonding but with smaller ionic radius and
lower valence orbital energies, making it an attractive candidate as-frdeaadternative. Sn(ll)
has additional properties avell that could improve upon material design and not necessarily serve
as a Pb(ll) replacement. One example is for transparent conducting oxide (TCO) applications,
where high charge carrier mobility, conductivity, and transparency in the visible Igjbh rs
necessary. Recent theoretical work on TCOs betd. showed that using reduced cations with
(n-1)d'ng electronic configuration like Sn(ll), along with the maximizing the®6n angle,
leads to high band curvature and minimizes the hole aféeatass’! Additionally, the lower
energy of Sn 5s orbitals compared to Pb allow for smaller bandgap semiconductors with band

edges to be potentially useful for photocatalytic applications. Investigations by Noureldine and



Takanabe showed that Sn{tpntaining ternary metal oxides can be useful for the design of small
band gap materials because the | ow energy fil
comprise the conduction band, thereby driving the valena thigher in energ§® Some of these
visible-light absorbing tiroxides also exhibit activity for hydrogen evolutiff/ oxygen
evolutionl® or both*®!° The band positions straddle the reduction and oxidation potentials of
water, while others are stiuitable for photoinduced dydegradatiorf®4° While there are few
Sn(ll)-oxides that have been successfully synthesized, several theoretical studies have been done
on Sn(ll}yoxides and predicted similar properties. One such report byetabinvestigated tin

titanate (SnTi@ and tin zirconate (SnZrp as perovskites analogous to lead titanate and
zirconate?* Their findings suggest the SnTiPhase is likely to be ferroelectric because the inert

pair displaces Sn(ll) and causes@rtovalency and aotresponding dipole moment, similar to
PbTiGs. Other reports are consistent with this conclusion and find the tetragonal phase is the most
energetically favorable as a perovskit®>'and that the lone pair effect is more pronounced in
epitaxial thin films!* Another report of SnZr@and tin hafnate (SnHf§) suggests both phases to

be polar, have small band gaps, and several other desirable characteristics like high electrical
conductivity at low temperatures. A phase of great interest, tin zirconateatét (SZT,
SnZnsoTios003), has also been investigated as an analogue and alternative to PZT and found to
have a smaller band gap and larger lone pair efféethese compounds are quite promising.

However, very limited synthetic progress has been made on these phases.

ii. Tmeofid; nchall enges in thoxidesynt hesi s and st
The primary challenge with Sn({gontaining oxides is in their synthesis. A relevant study

by Campcet al.has shown extensively the phase diagram of SnO under thermal stress in different



atmosphere¥ The purpose of the study was to investigate the oxidation and disproportionation
of SnO. The oxidation of SnO in air at standard temperature and pressure occurs as follows in
Equation 11.
¢31 1 P a3 (1.2

The G -262.9 kJ mol shows that the oxidation of SnO is thermodynamically
favored. SnO will thus spontaneously oxidize in the presence of oxygen to a certain degree and
will always contain Sng) i.e., with Sn(IV) cations, as in Figure 1.2. For this reason, traditional
synthesis routes used for sefithte materials like PZT, which require calcination temperatures in
excess of 700 C, are not exp eoxideg®Thismppbaestoapp | i
be the case, as prior reportsiod aforementioned Sn(iontaining compounds all report failure
or reduced purit}4®>2at high annealing temperatures without an inert atmosphere and were
required to use low temperature methods. For example, tin tungstates-aniihtiony tungstates
were synthesized by room temperature-éachange of potassium for Sn(tf)ilmeniteSnTiOs
was synthesized via ieexchang® by reacting KTiOs with SnChat t emper at ures un
and anneal ed under v ac uumMOsamasn@d répared @ .highhpurisyi mi | a
until using a low temperature timalide flux under vacuum and reducing the reaction temperature
from > 600 C to at most 40 &Everunderavhcoumgrinert t h r
atmosphere (i.e., noAPSNO will disproportionate, according to Equatib.

¢ 31 P 37 31 (1.2)

Despite having no atmospheric oxygen available, the reaction is still thermodynamically
favor abl ezswi-3.9k] mol. @@se results indicate that to successfully synthesize
stable and pure Sn(ijontaining oxides these factors must be addressed. Thus, preserving the

Sn(ll) oxidation state by using letemperature methods in conjunction with inert or absent



atmospheres is essential. The synthesignmanite- SnTiOs, SnTiOs, and BSZT, where molten
Sn(ll)-halide fluxes were used to increase ion mobility while keeping temperatures low coupled
with a strong thermodynamic driving force of salt formatioall under vacuuni appears to be
the most successful synthetic approachfgend for Sn(ll}oxides. Despite the promising allure
of this ionexchange method, there are still a large number of factors contributing to a successful
reaction, as summarized in Figur8, a Frontispiece for ieexchange synthesis factors.

Another key factor is the thermodynamic stability of the Swgditaining oxide product.
This might appear to be an unnecessary statement at first. However, it is important to assess the
relative stability of the products as well, otherwise decomposition will be more favorable
regardless of how carefully planned the synthesis protocol is. 8oitaining oxides often
straddle the line of thermodynamic stability. This is especially apparerd tatie of perovskite
type SnTiO: which has never been pregak as mentioned earlier. However, according to
calculations available on the Open Quantum Computing Database (G&¥Hti)s phase is less
stable than the known ilmenite phase by ~54 meV atddespite the ilmenite phase being the
most stable, it is also metastable with respect to decomposition to the tersiEi)s&md binary
TiO2 by ~22 meV atom, as shown in Equatich3.

¢31/4€314E 4E (1.3)

Additionally, thermodynamically stable ternary SndRides are not necessarily thermally stable
nor redox stable with © For example, Méssbauer spectroscopy showblls0; and SnNBOs
generally have significant | evel s TiOsfphasermdsl V) o
been shown tthermally oxidizebeginning at ~600 °C, despite both being calculated as Stable.
57 Further, there are few known complex Sn@Kides, many of them metastabMetastability

will be discussed in greater detailthe next sectiarin fact, currently there are only 11 reported
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ternary Sn(lDoxides, listed in Tabld.1l, and about six are thermodynamically unstable. For
comparison, a current search in the Materials Project Database containsrefagi®@doxides

with B&*, and >4500 are calculated to be thermodynamically unstabféus, in Sn(ll
containing oxides, an idepth understanding of metastability and the corresponding synthetic

limits of metastable phases is required.

iii. Understanding Metastability and synthetic design limitations

In general, a metastable phase is one in which there is another ground state configuration
that is lower in free energy. On a potential energy diagram or surface, a metastable phase would
be present as a local minimum, but not a global miniruhre groundstatei as can be seen in
Figure 1.4. In Figure 1.4, the generalized binary reaction AB +\B\2B3 is represented. The
ground state configuration consists of the simple binary components, and the metastable phase
A2Bzis higher in free energy, with arl@tic barrier required for its decomposition into the simpler
components to take place. The synthesis of the metastable phase cannot be achieved unless there
is a suitable thermodynamic driving force coupled with a sufficiently large kinetic stabilizing
factor to prevent decomposition via ion diffusion. In metastable solids, crystal lattices with a large
cohesive energy can provide this kinetic stabilizing efiestderingthe thermodynamibandle
the primary challenge of synthesis. To get a better urashelisty of how metastable a phase is and
whether it is synthesizable or not, a convex hull diagram can be constinectekinown phases
on the AB composition spaceln such a diagram, the energy of formation versus chemical
composition is plotted. For the previous example, a binary phase diagram can be built between
components A and B, and the energies versus decomposition can be determined for each

composition (i.eAB2, AB, A2B3) s i mp | VY productdl kga Giac@nts 1fopd® temperatures are
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assumed, as in for example a 0 K DFT calculation, then the entropic contribution to the free energy
will be negligibl erati;mB d epbhgsi O Bléctan@ Ehis provieles g G
approximate calculation to determine the metastability of a phase of interest. Figure 1.5 shows a
convex hull diagram for the hypothetical A,B system discussed previously, where the energies of
formation are normalized such that the energies of compoAemsd B are 0 eV atoth

Shown in Figure 1.5, the convex hull represents phase stability as a function of composition
of Al B. The blue circles represent Oknowno,
unstable phase. As can be seen, some binary components such as A .aasl well as other
compositions on the line are stable with respect to the elemental components A and B, such that
they will not decompose. The:Bsz phase, however, is not located on the convex hull, but above
it. This means that it is less thermodyneatly stable than the components on the hull line, in this
case AB and AB Because B is still lower in energy than A and B separately, the compound
will instead thermodynamically decompose into the more stable binary AB andp&Bies. It is
important to note that with a suitable synthetic protocol, coupled with a kinetic barrier (e.g., Figure
1.4), metastable phases that lie above the convex hull line but below theneegy line can be
considered synthesizable. A daténing study of the Inorganic Crystalline Structure Database by
Sunetalsuggests that metastable phaselsreexpecttd heat ¢
to be reasonably synthesizable, although this energy window is not sufficient without kinetic
stabilization®**Fur t her more, the synthetic targets shol
intuition since there are potentially a number of hypothetical phases that could lie within 70 meV
atom* o f a s gosvere mull,s and more experimentabbpsed barriers (i.e., the

disproportionation of SnO) may be larger obstacles.
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Sundés investigation also revealed i mportan
synthesis of these metastable phases. Of the nearly 30,000 known structures analyzed in their work,
over half of them ar e me tusBwnanFigee 1.6WAs mentioned e d i ¢
previously, a high crystalline lattice cohesive energy can function as a kinetic barrier against ion
diffusion and preventing phase segregation. Consistent with this observation is that the number of
synthesizable metasti@ phases increased with lattice cohesive energy. Further, the lattice energy
increased with electronegativity of the anions, which was maximized in the oxides and nitrides.
Another important takeaway is that by increasing the components of a phaseifany.A
ternary etc.) t he e nemngis furthbranereased due to ghe bigherd st
probability of phase segregation. The higher the chance of lower energy phases available, the easier
it is for elements within the material to diffuaed phase segregate. A final observation the study
reveals, and Aykoét al. expanded upoff, pertains to the amorphous limit of synthesizability. A
general depiction is shown in Figure 1.6. The hypothesis is that for any crystalline metastable
phase to be synthesized, its crystalline phase must be prepared under conditions in which it is more
theemodynamically stable than competing phases and thus require a thermodynamic handle. As
earlier described and alluded to, metastable phases are higher interilegyn  t hei r o6gr ou
although the ground state could consist of many crystalline and amorphous phases depending on
where the synthetic conditions land the metastable phase on the energy landscape. Amorphous
materials, by definition, have maximized maqmy in comparison to the crystalline phases. Thus, as
the temperature continues to increase the amorphous state of an arbitrary metastable crystal will
eventually be the most thermodynamically favored. The amorphous limit hypothesis then can be

summarizedas defining the upper limit of metastability to be the free energy of the amorphous
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state at 0 K. The study lastly points out that the amorphous limits were highest in compounds with
rigid high-energy lattices.

In summary, the hypotheses on how to synthesize a metastable raageindll) maximize
lattice cohesive energy through the use of oxides or nitr{@®&imit the number of elemental
constituent s, as nenaigher amg nngroduee dltérnatider decormposida
pathways, each with their own challenges in kinetic stabiliza{®)ninhibit diffusion by using
low reaction temperatureghese hypotheses will be evaluated in the case study of Sfuter

in.

iv. Flux exchange routes to new metastable Soiijles

The synthesizability of a crystallinenetastable phases has been underexplored as
compared to the thermodynamically stable phases. Recent work in the Maggard group by
O 6 D o neha. hak been among the first to test these hypotheses under experimental evaluation
in the targeted synthesis of SZT. The authors discovered -teloperature fliwexchange in
which the thermodynamic driving force was the formation of a barium halide sh# tia halide
flux (-1028 kJ moh). The Sn(ll) concentration that could be exchanged via this route was foun
to be a function of the mol% of Zr in thedte. Shown in Figure 1.6, the Sn{fllibstituted BZT
was calculated to be metastable once-215% Sn (1 1) had beennmexchan
increasing further with the Sn(ll) concentration. The lattice energy of the perovskite increases as
Zr is substituted for Ti, and consequently the limit of Sr€dEhange could be directly related to
the lattice energy of the parent perovskite. Additignad-site disordering in the 50/50 phase
reduced the ability of thenore stable ilmenite SnTgphase from forming by making phase

segregation kinetically more challenging. Overall, the progress made towards the synthesis of SZT
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in this study suggests that even higher amounts of Sn(ll) may be substituted if the lattice energy is
even further increased and, depending on the nature of the competing secondary phases, by
doping/diluting the Bsite to further stabilize the metastabteguct. One simple way of increasing

the lattice energy further as well as testing the applicability of this synthesis route in alternative
systems is by using barium hafnate, Bakjf®hich has both a higher melting point and higher

lattice energy than BZT
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Table 1.1.All known ternary Sri{) oxides and their calculated stabilities, and the decomposition

products for metastable phases.

Chemical Composition Metastable? Decomposition Products
K2SnOs No -
RSO3 No -

SnWGQ No -
SnWOs Yes SnO, WQ
SneWOe Yes SnO, WQ
SnTaOe No -
SneTaOr Yes SnO, SnTe0s
SnNROs No -
SreNb2Oy7 Yes SnO, SnNBOe
SneTiO4 No -
SnTiOs Yes SneTiO4, TiO2
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Figure 1.1. Structure of PbZrTixOs in the (a) cubicPmom space group above the cur

temperature and in the (b) tetragoRdmmspace group below the curie temperature or ur

an applied field. The tetragonal (001) distortion induces a spontaneous polarization.
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Figuel2Powder XRD data of SnO heeadl(2016)} &t

demonstrates oxidation occurs at low temperatures.
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CHAPTER 2
RENAISSANCE OF TOPOTACTIC ION -EXCHANGE FOR FUNCTIONAL SOLIDS
WITH CLOSE PACKED STRUCTURES

Based on the journal article @hem-Eur. J.,2022 20220047

Eric Gabilondd® S h a u n O &MRypan Nesvéll! Rachel Broughto®! Marcelo Mateug))
Jacob L. Jon& and Paul A. Maggald”

2 Department of Chemistry, North Carolina State University, Raleigh, NC 28305 USA
b Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC 276958204 USA
l. ABSTRACT

Recently, many new, complex, functional oxides have been discovered with the surprising
use of topotactic ioexchange reactions on clepacked structures, such as found for wurtzite,
rutile, perovskite, and other structure types. Despite a lack ofayppationdiffusion pathways
in these structure types, synthetic lemperature transformations are possible with the
interdiffusion and exchange of functional cations possessihgtereoactive lone pairs (e.g.,
Sn(ll)) or unpaired @ electrons (e.g., Co(ll)), targeting new and favorable modulations of their
electronic, magnetic, or catalytic properties. This enables a synergistic blending of new
functionality to an underlying thre#imensional connectivity, i.e.,-M-O-M-O-],, that is
maintained during the transformation. In many cases, this tactic represents the only known
pathway to prepare thermodynamically unstable solids that otherwise would commonly
decompose by phase segregation, such as recently been applied srokvergof many new

small bandgap semiconductors.
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Il. INTRODUCTION

Historically, topotactic iorexchange reactions have been a foundational component to the
development of functional solids for many key technologies, including for the preparation of
functional batteries, supercapacitors, fuel cells or zeolites to nagme'd Facile ion exchange in
these types of materials is well established as arising within crystalline structures exhibiting the
capacity for high iormobility. For example, this typically occurs between the layers or through
the pore openings that afeund in layered or porous crystalline structutesAdditionally,
thermodynamically unstable compounds, i.e., metastable compounds, can frequently by
synthesized via maintenance of the underlying crystalline structure during texcioange
reaction®® Thus, lowtemperature ioexchange reactions provide a valuable kinetic handle for
the formation of new, and frequently metastable, crystalline solids.

Until recently, however, the advantages of -exthange reactions have remained
significantly less explored for cloggmcked structures, such as for those in the highly common
wurtzite, rutile, or spinel structure types shown in Fig@&ré. Their threedimensional
connectivity, fM-O-M-O-]n, is advantageous for achieving a high carrier mobility, J@rge
magnetic ordering and many other properties. The tantalizing possibility of literally thousands of
undiscovered solids having these structure typesbbar predicted by many highroughput
computational studiel!! One main reason that catiemchange routes have remained
predominantly unrealized is that these structure types appear, by most sensible arguments, to
unfortunately restrict the possibility of any significant ion interdiffusion at low temperatures. Only
recently has this notion been proven demonstrably false by the budding renaissance of research

into cation exchange within solids having thtbmensional clos@acked structures. The airh 0
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this paper is to elucidate the emerging concepts underlying successful reaction tactics that are

aimed at attaining new crystalline solids for investigation of their physical properties.

[I. CATION EXCHANGE IN CLOSE -PACKED STRUCTURES

An initial question to pose is under what conditions would efiseked solids be capable
of exhibiting ion exchange? Assuming an excess of exchangeable cations and concentration
gr adi e R)taccérdnG toCkinetic exchange theory the rate determining step is chemical
diffusion within the solid, with the fractiori)(of cation exchange at equilibrium being a function
of particle radiusr), chemical diffusion coefficientDYc), and time 1) as derived:*>13f = 1-
(6% E[ ed¥BR/0?*( 1), a%PfH?aBin= I to BD. This percentag
of reaching the maximum attainable cation exchange as determined by thermodynamics, which
may be some fraction of full exchange. lllustrated in Fi@u2efor even small chemical diffusion
constantsdc) of ~10° cn? s, nearly complete cation exchange (95%) is attainable on the order
of about 4 weeks for even surprisingly | arge 1
range of ~20 to 40 nm in diameter, equilibrium can be reached witiew days for . even as
small as 18° cn? s1. Whether a solid exhibits a sufficiedg at the low reaction temperatures of
500-800 K depends on its composition and structure.

Many binary metal chalcogenides easily satisfy these conditions, with a relativelipéarge
in the low temperature range of ~4000K of ~10° to 107 cn? s* (FeS, MnS, NiS) and up to as
large as ~16 to 10° ( 4Ag2S and CuS)**> Hence, metal chalcogenides have been intensely
investigated in lowtemperature, solutichased exchange reactions in a growing number of recent
studies'®'® such as starting from @8 with a distorted antifluorite structure. This has provided

unique synthetic access to nettible polymorphs of binary chalcogenides, yielding the metastable
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CoS and MnS in either the wurtzite type or zbdende type structuré§!’Starting from the metal

oleylamine complexes, these exchange reactions occur rapidly and topotactically in
trioctylphosphine at only 373 to 473 K with the maintenance of the underlyingdoked
structure,e.g.,CuS (hcp) Y CoS (hcp) for the wurtzite ¢
metastable polymorphs. By comparison, metal oxides exBipivalues up to an order of
magnitude smaller (or less) than metal sulfitféds Nonetheless, the solutidrased cation
exchange of Fe(l1l) for Co(ll) cations at the
used to prepare coshell FeO/CoF£, particles with the inverse spinel structure typef note,

these particles were found to show enhanced magnetic remanence, coercivity, as well as
superparamagnetic blocking temperature as compared to homogeneous magnetite.

Recent research has made clear the successful synthetic approaches possible a the low
temperature cation exchange of clgseked structures, despite having very small chemical
diffusion coefficients. The maintenance of their underlying anion sublattibether it be
hexagonal or cubic clogeacked, has enabled the study of a growing number of new binary
compounds and a renaissance of research activity that had previously been considered as

unpractical using this synthetic approach.

V. CATION EXCHANGE IN THE PREPARATION OF FUNCTIONAL
MULTINARY OXIDES
Topotactic cation exchange of cleggsacked structures has also recently proven productive
in the synthesis of many new, Thebagclsteategy hasu | t i n
involved the maintenance of not only the anion sublattice, but the preservation of the underlying

[-M-O-M-O-]r. connectivity during the exchange of a
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the addition of new functionality to an existing/FO-M-O-], framework, such as for the visible
light sensitization of existing structures by the incorporation of Cu(l), Ag(l), Fe(ll) or Sn(ll)
cations. Described below, many small bandgap semiconductors have been discovered by this
approach starting from clogmdked structures having the wurtzite, rutile, pyrochlore and
perovskite type structures.
Repl acement of a singl e tysoldeelies@ipomigselaclve c at i
di ffusi on t0based getwork, &asdound MOmMany types of transit@tal oxides
containing alkali and alkaline earth cations. For example, new viggbliephotocatalysts have
been synthesized with wurtzitgpe structure$!-??as given in the reactions below:
b-NaGaQ + Cu CI|-CuGaQ¥+ NaCl b (2.1)
(wurtzite type)
NaZnGeQ + Cu Cl 2ZnGed + NaCC u (2.2
(double wurtzite type)
Thermodynamically, these reactions are driven by thH®eoation of the highly stable NaCl salt.
Kinetically, the sodium cations diffuse through the clpaeked structure, Figura 1, within
micrometersized particles to exchange at the surfaces with the Cu(l) cations of the molten CuCl
at only 425 to 525 K. This appmr o@Z2mhm@dan@ i ceai w
the cation substitution occurs within the tetrahedral cavities containing the Na cation 2Figure
B o t LuGhQ and CuzZnGeQ exhibit highly dispersed conduction bands and have favorably
low electron effective masses of ~0r@*/mo. After a topotactic exchange of Cu(l) cations that
provides a higher energy valence band, each exhibits a small, direct bandgapgl(5&¥). This

added feature addresses the need for incorporating the strongwaesldngth absorption of
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sunlight together with a low effective electron mass. Similar examples of Ag(l) cation exchange
have been reported for related structure types as##éll.

The topotactic exchange of Fe(ll) cations has also been demonstrated in theititgle
structure for LIMWGQ (M = Nb or Sb), a reported 4ionic conducto?® The exchangeable Li
cations are coordinated within its octahedral sites. For large, micresistdrparticles, a nearly
complete cation exchange with Fe(ll) cations in a 0.2M aqueous solution occurs at only 333 K of
up to ~9092%, or Li-«FerzMWOs (x= 0.9 to 0.92; 2:1 ratio of Li:F€$:?’ The6 MW® net wor ks,
having buckled clospacked layers, are preserved with the incorporation of Fe(ll) cations over
25% of the octahedral sites. The thermodynamic driving force of the reaction has yet to be
explared, as both solids are metastable. There is a significant redshift of the band gap from ~3.0
eV down to ~1.71 eV or ~2.06 eV, for M = Nb and Sb respectively. The Fe(ll) cations occur in a
high spin, 8P, configuration with an antiferromagnetic transition occurring at ~20 K. In
photocatalytic tests, the latter shows visilidgat activity for the degradation of rhodamine blue.

The most intensely investigated topotactic exchange reactions within-peloked
structures have perhaps involved the Sn(ll) cation using an aqueous solution or one of its halide
salt fluxes. A common motivation is to prepare visilight, semiconductig photocatalysts with
a higher energy valence band formed by the Sn(ll) cation. These have involved metal oxides in
the pyrochloré3° and other structure typé%34 The Maggard and Jones groups have pioneered
recent studies of Sn(ll) exchange into pgexovskite structure type, BaM@M = Ti, Zr, or Hf)
withclosep ac k e @6 6lBaayCe r s, as 2.3lahdunghe reactioascbeldwn Fi gur e

BaHfO; + xSn Cl F  1,SH)HfO; { xBaCIF (2.3)

BaZnTiz0s + XSn Cl F 1,8n)ZrkTR®s +xBaCIF  (2.4)
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In a novel twist, the exchangeable Ba cations occupy sites within thepeloked layers
(rather tharwi t hin t he tetrahedr al orxdoctubhadtalcec a
preserved. The formation of the stable BaCIF salt drives the overall reaction to form the highly
metastable Sn(ll) perovskites, containing from ~50% to 100% Sn(Il) cations onditesA This
leads to both a smaller bandgap of dde-1.95 eV and visibliight photocatalytic activity for
the production of molecular oxygen.

Prior studies have shown chemical diffusion constants of Ba cations in the perovskite
structure on the order of 1®to 10%° cn? st at 1200 K*® i.e., falling at the outer edges of the
practical synthesis limits in Figu&2. In general, reaction diffusion coefficients for solids can be
higher by 3 to 6 orders of magnitude than compared to self diffusion coeffitdeftsexpected,
the homogeneity and extent of Sndliffusion show a sensitive dependence on the patrticle
sizes/morphology and chemiaamposition. Topotactic Sn(ll) exchange on higfdgeted and
smooth particles typically results in thin ~30 to 80 nm shells, as shown for the,Bng0s-
BaZn2Ti1203 coreshell particles in Figur@.3a. More homogeneous distributions of the Sn(ll)
cation can be achieved by reactions with particles having rough edges, EZRyrkkely owing
to presence of grain boundaries and cracks that facilitate greater cation interdiffusion and
exchange. Alternatively, a reduction of the particle sizesxdow-50 to 100 nm, as shown for the
nanceggshell morphologies in FiguPe8c. These hollow particles consist of thin shells that have
been used to shorten the diffusion lengths necessary to attain high purity:SiHi®©latter is
currently under investigation. In prior related research, the topotactic exchange of Ni(ll) cations
into the perovskiteéype NaTaQ@ has also been reported using flux reaction conditions, yielding
the new NisTaGs.3” Experimental evidence is clear that future researchtoyiotactic cation

exchange in perovskites will yield a growing abundance of novel, functional oxides.
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V. SUMMARY AND OUTLOOK
The rising use of topotactic exchange reactions on -@asked structures holds great

promise to enable the preparation of a large range of new multinary solids. The choice of
solvent/flux is system specific and is targeted to provide a high cationityabibw temperatures
while also not dissolving or otherwise transforming the sublattice. The advantage of this approach
is the capability of maintaining either the underlying a) anion substructure or b) aametal
OM@® substructureingvhnéw fuopnotponal cations
Traditional synthetic methods which rely upon full anion/cation diffusion are insufficient to
provide this type of kinetic control, and especially so for metastable solids that would rapidly
decompose.While the achievement of kinetic control over the formation of tdigeensional
structures has long been a grand challenge in crystalline solids, there remain many key challenges
and opportunities in the future development of this synthetic approaaghex&mple, chemical
diffusion coefficients are known in relatively few systems, hindetirgpredictability of the
synthetic exchangeability of particular cations. In addition, the compatibility of two cations being
exchanged for each other will need to be more deeply understood as a function of their differences
in cation sizes and preferredardination environments. For example, while most synthetic
reports involve the exchange of isovalent cations, e.g., monovalent Cu and Na cations, there are
not ya any well understood synthetic limitations. Many answers to these challenging problems
will be supplied by the topotactic synthetic investigations currently surging in new investigations

and being developed for a wide range of potential applications.
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Figure 2.1. Structural views of close packed anions (yellow) with cati
(blue/gray):shows filling the (a) tetrahedral sites to give a zinc blend or wurtzite
layer, (b) half of the octahedral sites to give a rutile type layer, and (c) a fraction
tetrahedal and octahedral sites to give a spinel type layer; (d) shows a diffi

pathway of a tetrahedral cation and the (e) surface cation exchange leadin

metastable solid.
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Figure 2.2. (a) Plot of reaching 95% cation exchange with reaction time, particle radius, and ch
diffusion coefficient, (b) the tunable synthetic handles, and (c) the calculated reaction time

diffusion coefficient for different particle radii.
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Figure 2.3. Topotactic exchange of Sn(ll) cations into BaM@erovskites, yielding (a) core
shell SnZi;;Ti1203-BazZr2Tiv20s, (b) large particles of Sn(Hnixed BaxSnHfO3z and (c)

naneeggshells of pure SnH#with insets of TEM/EDS images.
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CHAPTER 3

SYNTHESIS AND STABILITY OF Sn(ll) -CONTAINING PEROVSKITES:
(Ba,Sr')Hf'V O3 VERSUS (Ba,SH)SnV O3

Based on the journal article dn Solid State Cher2021, 302, 122419

Eric A. Gabilondd ShaunO 6 D o n?iRachel Broughtofi,Jacob L. Jon€sand Paul A.
Maggard*

@ Department of Chemistry, North Carolina State University, Raleigh, NC 28895 USA
b Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC 276958204 USA
l. ABSTRACT

While Sn(l)-containing perovskite oxides have long drawn attention as Pb(Il) substitutes
in technologicallyrelevant dielectric materials, they are also highly thermodynamically unstable
and potentially impossible to prepare. Investigations into the newnfedated syntheses of
metastable Sn(Hyontaining hafnate and stannate perovskites were aimed at understanding the
key factors related to their synthesizability. The Bad{§i€rovskite was reacted with SnCIF from
250 to 35C(°C for 12 to 72 h, yielding an urgwedented Sn(ll) concentration on thesife of up
to ~70 mol%, i.e., (B&Sn.7)HfOz in high purity. Elemental mapping using EDS shows the Sn(ll)
cations diffuse gradually throughout the crystallites, with two reaction cycles needed to give a
nearly homogeneous distribution. In contrast, similar reactions with Ba&mDas little as 10
mol% Sn(ll) result in decomposition to SnO, Sn@Gnd BaSn@ The (BaxSn)HfO3
compositions exhibit a primary cubic perovskite structieam; for x = 1/3, 1/2 and 2/3) by

powder Xray diffraction (XRD) methods, with the Sn(ll) cations substituted on ts&eA Total
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energy calculations show the thermodynamic instability versus the ground state (i.e., metastability)
for (Baw-xSr)HfO3 increases with Sn(ll) substitution, reaching a maximum of ~446 meV'atom

at ~70 mol% Sn(ll). The decomposition pathway ofi(#%aw/3)HfO3 was probed bgx situXRD

as well asn situ electron microscopy methods. An onset of thermialtiuced decomposition
begins at ~35@ 0 0 C to give the more stable oxides
layers. These results help to elucidate the factors underpinning the synthéginalsilghly
metastable Sn(Hyontaining perovskites, which increasdéth their cohesive energy and with the
absence of loweenergy polymorphs or other ground states that can be reached without significant

ion diffusion.

Il. INTRODUCTION

The preparation of advanced oxide materials is a scientific challenge that is important for
many potential technological applications, such as for their electronic, magnetic, or thermal
properties:® Many previous synthetic approaches have been utilized to addressstatgid
synthetic challenges, including lowere mp e rchimieidoecé éappr oaches t hat
kinetic control over product formation. These include hydrothermaigedplionic liquids, and
molten salt synthetic techniques. Thetdatapproach, also called the flux synthesis method,
facilitates the lowtemperature preparation of metastable oxides in many different chemical
systems:® The effectiveness of this synthetic method arises from the capability to utilize kinetic
barriers inherent to both ion diffusion and nucleatioiven pathways. Successful reaction
pathways to metastable materials are discoverable by utilizing sufficlemtitemperatures for
their formation and kinetic stabilization, such as through soft cation eger@nfluxmediated

nucleation.
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Metastable solids are exemplified in the synthetic pursuit of Slodded perovskite
oxides? These are of particular interest as alternatives to the isoelectronic Pb(Il) analogues because
of their enhanced properties and reduced toxicity. Several Rofitaining perovskite oxides
exhibit technologicallyrelevant properties, such as fermnd pezoelectricity in commercial
PbZn«TixOs (PZT)° or antiferroelectricity in PbHf@' Their detailed and kdepth structural
origins have been under investiga for many decades. Their ferroic properties are currently
understood as being largely influenced by the spontaneous polarization, which is induced by the
stereoactive § configuration of the Pb(ll) catioh:*? Unfortunately, the synthesis of analogous
Sn(ll)-containing oxides is hindered by synthetic challenges. Specifically, oxides of the Sn(ll)
cation undergo facile oxidation to Smp@nd/or disproportionatiedriven decomposition to
mixtures of Snand St t emper at ur e*By commrison,WZTassprepaiedby C.
simple high temperature reactions of the bina
temperature$*'® High temperature technigues are not compatible with Segh}aining oxides
or similar reactants, as Sn¢dpntaining oxides are commonly metastable. One notable example
is SnTiQ, which was found in both experimental and theoretical studies to be metastable with
respect to the ilmenite structure ty}{5é? Further, the iimenitéype SnTiQ structure is metastable
with respect to thermal decomposition to B®4 and TiQ.

Despite these synthetic difficulties, le@mperature synthetic routes to new Sn(ll)
containing oxides have been discovered in recent reported research®éffétdThese recent
approaches leverage low temperature and kineticadlgiated pathways. A notable example,
metastable BaSnZriyTiyOs (BSZT) perovskite containing up to 60% Sn(ll) cations, was
prepared by reacting the Bantaining perovskite (BZT) with a low melting SnCIF peritectic

flux.® The reaction is driven thermodynamically by the formation of BaCIF from SnCIF, enabling
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the formation of the metastable products at low reaction temperatures. The-rziiidf)
perovskite compositions were found to have a significantly higher synthetic-8mgtientration

limit than the Ti(IV)}richer perovskite compositions, although caltedato have similar
metastability (~ 25@70 meV atortt at 60% Sn(ll)). Metastable phases are generally considered
synthesizable if they lie within ~16800 meV atort of the convex hull, but other factors
impacting kinetic stability must also be considkte?® For example, the higher lattice cohesive
energy of cubic BaZr€X-8.26 eV atorit) compared to cubic BaTJ-7.92 eV atorit) can act to
increase the kinetic barrier to ion diffusion and thus hinder decomposition by phase segregation.
Additionally, while the Zr(IV}richer compositions decompose by phase segregation toadD
SnO, the decomposition of Ti(IMjcher compositions to ilmeniiype SnTiQ requires
significantly less ion diffusion. However, synthesizability factors such as these rpowaly
explored for other possible Snfdpntaining oxide perovskites.

Presented herein is an investigation of the synthesis of ®nfitpining hafnate and
stannate perovskites starting from pure BadH@d BaSn@ Low-temperature flux reactions were
targeted to explore the Snfdpncentration limits in these perovskites, with the full replacement
of Ba(ll) for Sn(ll) cations potentially yielding the metastable' I Os and SHSNY O3
perovskites. The BaHf{perovskite has one of the largest calculated lattice cohesive energies (
8.72 eV atorit) and which is hypothesideo yield a greater potential kinetic stabilization during
these reactions. Conversely, the BaSpérovskite has a significantly smaller lattice cohesive
energy (6.31 eV atortt). Prior theoretical reports on SnHf€how that it is metastable as a cubic
or pseudocubic perovskité?® Additionally, the mixeevalent SaOz perovskite, i.e., SISV Os,
has been calculated to be metastable with respect to layered structures and to decompesition

phase segregation to SnO and &ff3’ Currently, thereare no prior reported syntheses of either
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of these perovskites. The products of the Si&¥Bhange reactions, i.e., B&nHfO3 and Ba.
xSnOs, are characterized by powder XRD, scanning transmission electron microscopy (S/TEM),
and investigated for their synthesizability with increasing Sn(ll), therstability and

decomposition pathways.

[I. EXPERIMENTAL
lll.A. Synthetic Procedure.

The barium hafnate precursor, BaHf@as synthesized using higdmperature ceramic
methods. First, hafnium (IV) oxide nanopatrticles were synthesized by mechanical mixingf HfCl
(Acros Organics, 99%) with excess potassium hydroxide (VWR, 99.5%) under argon and washing
with deionized water. The ggepared Hf@ nanoparticles were intimately mixed with a mortar
and pestle with a 10% molar excess of Ba(&fa Aesar, 99.8%), to account for volatilization,
and pressed into a pellet. The reaction mixture adaked to an alumina crucible and reacted in a
box furnace at 1500 C for 48 h. The product
pellet to obtain a pure, polycrystalline BaHffiowder. The barium stannate perovskite, Ba$nO
was synthesized via molten flux techniques. Similarly, A 10% molar excess of:BeEdinely
ground with Sn@(Alfa Aesar, 99.9%) and added to a eutectic mixture of NaCl (Fischer, > 99.5%)
and KCI (Fischer, > 99.5%) in a covered alumina crucible. The mixture was reacegoi
furnace at 900 C for 24 h. The obtained powd:
dried at 80 C -eachamge neacgohstwere getioemedhy (nikirig Jherepared
BaHfOz or BaSnQ phases with a stoichiometric amount of a peritectic 886FE mixture (Alfa
Aesar 99%, 97.5%, respectively) in a glovebox, until homogeneous. Next, the mixed powders

were placed in an evacuated, fusdcca ampule and flame sealed. The reaction ampules were
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heated in a box furnace at various temperatur
72 h. The products were washed with 150 mL of deionized water to remove the BaCIF byproduct
and any unreacted SnCl F. The Apypicadreactionamixiurer e dr
did not exceed 100 mg in total mass. Additional reaction cycles followed the same protocol, with

intermediate grinding under argon atmosphere before loading into a second reaction vessel.

[11.B. Structural Characterization Techniques.

Experimental XRD was measured on a Rigakfis Spider using asealediXay Cu KU
(e« = 1.54056 i, 40 k V-Sch&réergeometry vgith aicurced imggate t he D¢
detector. For the purposes of Rietveld refinement, additional XRD patterngneaseired on a
PANalytical Empyrean Ray di ffractometer wsil.gs4M5E6KY ,r &
1.544426 A, 45kV, 40 mA)inthe Bragy)r ent ano geometry with a ste,]
a 180 ms count time per step. High resolution synchrotiffraction data sets were taken at the
11BM-B beam |ine (& = 0.457929 ) of the Advanc
Laboratory. Rietveld refinements of the data were performed using the General Structure Analysis
Systemll (GSAS-I) softwareto extract crystal structure information such as atomic occupancies
and lattice parametef8.

Ex-situthermal decomposition experiments were carried out on a 40% Sn(ll) sample, i.e.,
(Bao.eSnn.4)HfO3, prepared by reacting 80 mol% SnCIF with Baklithder standard synthetic
conditions listed previously. The sample was loaded into an evacuated, sealedilitesadpule
and annealed in a box furnace at temperatures #200f or one houtrampiatth a 1 (

and allowed to cool radiatively. The product was ground to homogenize before measurement of
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powder XRD at room temperature. The process in repeated wit@ S6ps until powder XRD

data were collected from 20C to 500°C.

[1l.C. Electron Microscopy and Energy Dispersive Spectroscopy.

High resolution images and elemental analyses of BaMi€@e performed on a JEOL
6010LA scanning electron microscope (SEM) with an accelerating voltage of 20 kV. A JEOL
EDXS silicon drift detector was used to determine elemental composition. High resolution images
and elemental analyses of (B&n)HfOs materials were taken on an FEI Verios 460L field
emission scanning electron microscope (FESEM) and elemental analysis was measured with an
attached Oxford energy dispersiveray spectrometer (EDS). Narade resolution images were
acquired using a ThermoFisher Talos F200X with 200 kV accelerating voltage. EDS spectra were

collected using a 200 pA beam with a SUldEDS detector and reported as net atomic intensities.

[11.D. Electronic Structure and Total Energy Calculations.

Density functional theory calculations of B&n)MO3 (M = Sn or Hf) withx = 0.0, 0.25,
0.50, 0.75, and 1.0 were performed starting from 3 x 3 x 3 supercells of the cubic perovskite
structure using th€ienna Ab initio Simulation Packa@€éASP ver 4.6) using planevave density
functional theory®3° For compositions with Ba/Sn statistically mixed on thesit®, random
positions within the supercell were chosen as Ba or Sn to achieve the desired stoichiometry. Total
energy and densitiesd-states calglations used the PerdeBurke-Ernzerhof functionals in the
generalized gradient approximation with the projector augmented wave method. A 3 x 3 x 3

MonkhorstPack grid was used to sample the Brilleaome automatically*
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Calculations of the formation energies of the Srfdiptaining perovskites followed the same
protocol as reported previously by Hautier al. and other$?338 These prior studies have
demonstrated a relatively reliable accuracy in the calculation of formation energies (at OK) with a
standard deviation of ~24 meV atdnwhich is much smaller than for the experimental errors of
the measured reaction energies. Using this method, formation enthalpies of thexdetal
perovskites were determined by total energy calculations Wgu&Pat OK, in which the entropic
term i s negl ird i dBinary axidedforrhation enthafp®s were obtained from the
Open Quantum Materials Database (OQM®B)Y° An example calculation is shown below in
Equations3.1 and3.2.

"A(A 31#0&3T (A "A#0O& (3.1)

Y( Y( Y( Y( Y( (3.2)
Decomposition energies for the soldlution perovskites, i.e., Ba&SnHfO3, were similarly
calculated. Decomposition reactions were balanced according to the experimental product
distributions. For example, the Sn{tpntaining hafnate perovskite decomposes to SnO;,HfO
and BaHfQ, as observed experimentally. An example reaction equation is shown below in
Equation 3.

¢ " A3Tg (KEO3T /I (KE "A(E (3.3
In this example, the complete decomposition and segregation of SnO results in the formation of
the thermally stable BaH#OFurther heating of SnO, however, results in its disproportionation
into Sn metaland S\ nder vacuum at temperatures > 300
SnG was used as an indicator of SnO evolution when it was not observed at intermediate
temperatures by XRD. All structural models and supercells used in this work were generated using

the Visualization for Electronic and STrucal Analysis YESTA software
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V. RESULTS AND DISCUSSION

IV.A. Synthesis and Bulk Characterization.

The barium hafnate perovskite was prepared by a high temperature ceramic route, resulting
in a nominally pure and polycrystalline cubic phase with the stoichiometry BaBiEPDS 24
0102). Rietveld refinement in timom space group yielded a lattice parameter of 4.171428(4) A
andwRp= 7.99%, consistent with prior studi&s®® The barium stannate precursor was prepared
using a NaCl/KCl eutectic fluxnediated synthesis route and yielded the polycrystalline BaSnO
cubic perovskite phase in high purity as well, with a refined lattice parameter of 4.11755(3) A and
WRp = 8.24%, consistent with prior reports (JCPDS 15078@®oth BaHfQ and BaSn®@
perovskites were reacted separately in the SnCIF flux, aiming at the-$st{@3t perovskites
having the respective compositions {Ban)HfOz and (BaxSn)SnQ (vide infra), as represented
in Figure3.1 and in ReactioB.4 below:

BaMOz;+ x Sn Cl FSnyMOg BxBaClF (M = Hf or Sn) (34)

The calculated energy change of the reactions-2i#@.8 kJ mot (-2.81 eV/F.U.) for
BaHfO; A SnHfO; and-285.6 kJ mot (-2.96 eV/F.U.) for BaSn®A SnSnQ, demonstrating
that both reactions are thermodynamically favorable. The Smlijle flux melts beginning at
~200 C facilitating its reactivity at | ow t e
force of the formation of BaCIF versus SnCIEGR8 kJ mot!), as reported previousfyBoth the
SnCIF reactant and BaClIF side product are watkeibte and can be removed from the product by
washing. A comparison of selected XRD patterns of Ss(bstituted perovskites is shown in
Figure3.2, with the (BaxSn)HfO3z series shown on the left and (B&n)SnG series shown on
the right, where x is the mole fraction of reacted SnCIF af@50r 72 h. As shown in Figu2,

the Pmom perovskite reflections remain nearly constant in each as the mole fraction of Sn(ll)

55



increases. Impurity peaks of tin oxides start to be detected as low as 10% reacted SnCIk-with (Ba
xSn)SnQ;, corresponding to immediate phase decomposition. In contrast, decomposition was not
observed in (B&xSn)HfO3 up to 100% SnCIF concentration, but only at an excess of 130%
reacted SnCIF. These XRD results are consistent with a much higher kinetic stability for the Sn(ll)

containing hafnate perovskite.

IV.B. Electron Microscopy.

Electron microscopy techniques were employed to assess the-@mignt and
compositional homogeneity of the (B&n)HfO3 perovskites. SEM and FESEM images of the
particlesd sizes and morphol ogies for x = 0,
reveal that the solidtate synthesis of BaH#produces crystallites with dimensions ranging from
~1 to 5 microns and relatively smooth surfaces. After reaction with SnCIF, i.e5 fa7 and 1.0,

t he particl esd bec o mecrystaliehSomerardel particlesshavd formedr e n -
by agglomeration, but these also occur together with substantially more nanoscale particles.

Energydispersive spectroscopy (EDS) on the particles showed a significant dependence
on the Sn/Ba homogeneity with the chosen reaction temperature and time. The EDS data for the
first set of reaction conditions, i.e., 280 for 72 h, are shown for= 0.7 (nominally 70 mol%

Sn(l)) in Figure3.3. The chemical maps reveal a relatively inhomogeneous Ba and Sn distribution,
with the separation of Bach and Srrich regions being observed as a result of inhomogeneous
diffusion of Sn(ll). Inhomogeneity ispparent when comparing the compositions of primary
particles within the larger aggregates. The Sn(ll) diffusion typically terminates to within ~100 nm
of the surfaces of the larger particles. A homogenous distribution of the Ba, Hf, Sn, and O elements

were obtained only with the smallest observed particles, i.e., < 100 nm in diameter, with no
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detectable regions of elemental segregation (Figure A4). By contrast, the distribution of Hf and O
(not shown) is relatively homogeneous across all particle sizes and shapes, supporting the
persistence of the underlying hafnate perovskite structure arabsieece of phase segregation.

The EDS results are consistent with the Srdtihcentration being limited by its ion diffusion
through the perovskite structure at 250 C.

To test the impact of temperature on the Sn(ll) diffusion, theldhsed reactions were
repeated at a higher temperature but shorter time oPG50r 12 h, similar to the conditions
reported for the analogous BSZT perovskites. EDS maps @&$BaHfOs products forx = 0.7
are shown in Figur&.4. At the higher temperature, the Sn@Rchange reactions result in a
significantly more homogeneous Ba/Sn distribution for even the largest particle sizes. While the
higher temperature increases the Sn(iffudion, the increased thermal energy also causes
significantly more decomposition. Shown in Fig@rde (inset), the product formed at the higher
reaction temperature of 350 C has turned a
lower 250°C is yellowish. At this nominal 70 mol% Sh(concentration, the lower temperature
reaction produces no detectable impurities while the high temperature synthesis yields ~10% of
dark black SnO impurity, (Figurg4e insets). The higher temperature reaction provides a more
homogeneous Sn(ll) distribution in a shorter time, although coming at the expense of increased
decomposition.

A third set of reaction conditions were undertaken which involved a second cycle of
mechanical homogenization and heating the reaction mixture &Q2&0 72 h. The additional
reaction cycle was implemented to facilitate the Sn(ll) diffusion but at the possible expense of
further product decomposition. EDS data are shown in Figm& for the nominally = 0.7

composition, i.e., BaSn 7HfOs, for a relatively large particle agglomerate with ~10 to 20 micron
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diameter. Analogous EDS data for the nominally 1.0 product, i.e., SnH#)are provided in

Figure 2.5b. Homogeneous distribution of Sn(ll) is observed throughout both particles as shown
in the elemental mapping. Figusé shows representative particles with a high sample purity and
homogeneous Sn(ll) distribution that can be achieved at the lower temperature with one additional
grinding and heating step.

The chemical compositions obtained from EDS analysis are listed in3 alite the lower
temperature products at 280 for 72 h after heating one or two cycles. In each case, the EDS
spectrum of BaHf@was used as an internal standard. The data in Bablghows a trend with
increasing amounts of Sn(ll) in the perovskite with increased nominal amounts in the reaction and
with the number of heating cycles. After a single reaction cycle with 70 mol% Sn(Il) 4C250
the amount of Sn(ll) exchanged, agdenced by EDS, is about half of that, ranging from ~30 to
50%, or ~38% on average. At the ~fB&n3)HfO3 composition there are no detectable impurity
phases in the XRD patterns, consistent with a perovskite phase with Ba(ll) and Sn(ll) cations co
occupying the Asite at about the (BaSny3)HfO3 stoichiometry. After two reaction cycles are
performed with a nominal 70 mol% Sn(ll), with secondary grinding, the amount of Sn in the
product increases to ~49% with no change in the XRD pattern. When th©Bpidtursor is
reacted twice with a nominal 100 mol% Sn, the amount of Scétipns exchanged by EDS
increases to a relatively larger amount of ~70%. The {8a.7)HfO3 phase is the highest amount
of Sn(ll) attained in the perovskite structure without detection of significant impurity phases in the
XRD patterns. For the higher temperature reactions a@5the mole fractions of Ba/Sn could
not be reliably determined because of the formation of high amounts of impurity phases. Thus, the
collective XRD and EDS results suggest that the synthetic limit of Sefthange into the

perovskite for these reaction conditions is a conservative ~70%, cySiBa)HfO3, with growing
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amounts of decomposition occurring upon further exchange, and is the closest attainable to the

highly metastable SnHf{perovskite that can be synthesized under these conditions.

IV.C. Structural Characterization.

Rietveld refinements were performed on powder XRD patterns measured on the
PANalytical Empyrean diffractometer for the Sr{¢ghntaining hafnat@erovskite compositions
with mole fractions of Sn(ll) at = 1/3, 1/2, and 2/3, as obtained by EDS analysis. The resulting
fit to the data for the (BaSnwz)HfO3z and (Ba/sSre3)HfOz phasesre displayed in Figurg6. The
figure shows that the main Bragg peaks of the cubic perovskite structure are maintained with Sn(ll)
substitution. Rietveld refinements were performed inRh®m space group and a summary of
selected refined parameters is provided in T8#e There is a small decrease in lattice constant
with increasing Sn(IBsubstitution and the refinements are in good agreement with cubic
symmetry. The refined atomic-gite occupancy fractions for Sn(ll) increase with increasing
nominal Sn(ll) substitutin and are comparable to the values determined by EDS. To obtain as
stable a refinement as possible, the Ba/Sn fractional occupancies were constrained to sum to one
and were efined independent from the atomic displacement parameteréliie). In addition to
the primary perovskite phase, some background peaks were observed in the pattern, but were less
than ~1% relative intensity and thus difficult to use for phase identification.

Synchrotron powder XRD patterns were measured on the®Bgs) HfO3 phase to further
investigate the main phase and background peaks with higher resolution, shown inABigure
Between 51 5 2d, sever al smal | peaks are observed
of these peaks were identified as trace amounts of impurities of SnO, BaCIF, ap¢HBajzbnd

their refined phase fractions summed to approximately 4% of the total pattern. A Rietveld
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refinement was performed with a primary cubic perovskite phase combined with the identified

i mpurity phases, resul ting i n #&of2w8.iThelprimargg r e s i
peaks agree with the culfferom space group with a lattice parameter of 4.173399(3) A. A-high
resolution pattern of the precursor, Balf@as also measured and refined to a lattice parameter

of 4.173434(2) A. Thus, the precursor Bakf@wders undergo no significant change in the lattice

constant after ~1/3 Sn(1jubstitution, (BasSnyz)HfOs.

IV.D. Metastability and Thermal Decomposition Pathway.

The extent of kinetic stabilization of the (B&n)HfOs perovskites were investigated
using bothex situandin situ characterization methods during heating. As metastable phases,
evidence of being kinetically trapped at a higher energy than the ground state can be
experimentally probed under elevated temperatures that provide sufficient thermal diffusion for
the ions o diffuse and reach the ground state, i.e., to decompose to the binary oxides. Thus, for the
current perovskite products discussed abtve decomposition reaction most typically occurs as
ABO3 Y A O »+TheBdegree of metastability and the decomposition pathway has been
assessed at increasing temperatures by heating in a furnaessitthXRD as well as by heating
under an electron beam usimgsitu S/TEM methods. Decomposition of the stannate perovskites
were observed during the Sn{dxchange reactions and described earlier.

Shown in Figure8.7 isex situpowder XRD data in which the (B&Sn.4)HfO3 perovskite
with 40% Sn(ll) cations was heated from 50 C
intermediate grinding and XRD measurements. Powder XRD data were linearly interpolated
bet ween each set. As s howmO cassiteriteéypepstartsrfoaming r e f |

in growing amounts by 350C. This diffraction peak increases in intensity with increasing
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temperature, along with two of its next most intense peaks 83483 ppear i ng by ~375
vacuum, the formation of Sn@s from the concurrent disproportionation of SnO which begins
rapidly by ~300 C, i n 3%YyTheesampie mlso beging th changee v i o
significantly in color, starting as a ligiellow powder at room temperature and turning entirely
bl ack colored by 400 C. The color change i s
during the disproportioti@n reaction of SnO. By ~40TC, the XRD patterns also show that HfO
crystallizes out beginning at ~400 C, as evi
~31.6 . | mpurity peaks corresponding to resid
because of being adsorbed to particle surfaces, and wépelated aqueous washing did not
effectively remove. Figur8.7 shows that, in the 460 2 5 C r a n-gxehangdd bagiumSn (| | )
hafnate begins decomposing into Hféhd SnO, with the perovs&ireflections still present. As
the BaHfQ per ovskite is thermodynamically stable
decomposition pathway is driven by the removal of Sn(ll) cations from the structure.

Decomposition of the most Sndtich phase, (BgSrp3)HfO3, was probed using S/ITEM
methods to observe fifevel changes at the surfaces of individual Rrarystallites that cannot be
detected in XRD. Shown in FiguBs8 are the S/TEM and EDS images of a representative particle
after partial electrotneam induced decomposition at its surfaces. After its partial decomposition,
four separate regions are apparent as a result of phase segregation, labeled A to D.Antreggion
EDS data yield an approrate composition of (BaSn2)HfOs, which is slightly Sn(lhdeficient
as compared to the starting composition. Extending outward, the elemental mapping (colored) in
regions B and C show evidence for phase segregation, respectively, into:Battf@hen a
mixture of SnO and Hf® Only Sn and O are observed in the outermost region D, corresponding

to either a mixedialent tin oxide phase or to mixture of Sné@nd elemental Sn. The latter
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interpretation is consistent with the powder XRD results described above, as owing to the
disproportionation of SnO. Thex situandin situ experiments have demonstrated, both in the
average structure measured from diffraction and down to dere surface detail in microscopy,
a decomposition pathway of the metastable perovskite that is driven by phase segregation and is
consistent withhe following reactions:

BawxSnHfO3 Y x SnO +x HfO2 + (1-x) BaHfOs (35)

xSn O x2¥%nQ + x/2Sn (3.6)

The decomposition results are also consistent with the synthetic reaction conditions. A low
reaction temperature of ~25Q is critical to trap the metastable hafnate perovskites, as slightly
higher temperatures of ~3%C are found to result in significant decomposition. The kinetic
stabilization of the metastable perovskites is thus dependent upon minimizing ion diffusion within
the crystallites, and specifically, the diffusion of Sn(ll) cations. In contrast, the analstannate
perovskites, i.e(BaixSn)SnQ, decomposed under the same synthetic conditions. The immediate
decomposition is a consequence of the underlying perovskite framework being based on Sn(lV)
cations, and when Ba(ll) is exchanged with the Sn(ll) cations, there is much less ion diffusion

requred for phase segregation to Sredd SnO (e.g. &n'-O local ordering).

IV.E. Calculations of Metastability.

Using methods established previously by Hautier and others, total energy calculations were
performed using density functional theory in order to assess the extent of metastability of-the (Ba
«Sn)SnNQG and (BaxSn)HfOs perovskites with increasing Sn(ll) contéhg® Results of the
calculations show that as Sn(ll) is increasingly incorporated into ts#eAthe total energy

decreases nearly linearly {R 0.995) with the Sn(ll) concentration, frof8.722 eV atorm in
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BaHfOs; (0% Sn(ll)) to-8.205 eV atortt in SnHfQ; (100% Sn(l1)). The calculated total energy for
BaHfOs agrees with prior published data (online) in the Open Quantum Materials Database of
8.715 eV atom.'®1% While BaHfQ; is shown to be thermodynamically stable against
decomposition, the thermal decomposition corresponding to Reaction 5 (given above) becomes
increasingly favorable with increasing Sn(ll) amounts for{(&a)HfO3 beyond ~10 mol% Sn.
For example, for only ~25% Sr£ 0.25), the perovskiteomposition is already highly metastable
by about-156 meV atorrt towards decomposition by phase segregation, e.g., sh%Ba)HfO3
Y 3 B#&aSH® ©HfQ. For even higher Sn(ll) amounts, the decomposition energies increase
t0-312 meV atorit, -479 meV atort and-647 meV atort, for x = 0.5, 0.75, and 1.0, respectively.
The trend in decomposition energies are consistent with the experimentally observed
decomposition reactions. It is generally reported that metastable compounds can potentially be
synthesized that fall within ~16800 meV atort of the ground stat&:?>The current results show
that this range is greatly exceeded for the highest synthesized-&m&ining perovskite,
Bap sSny.HfO3 with a calculated metastability of aboudt46 meV atort. The extremely high
melting point of the reactant perovskite, BakfOm. p. ~2620 C), suggests
therefore phase segregation would be highly inhibited, as discussed below.

The stannate perovskites are similarly found to become increasingly thermodynamically
unstable towards decomposition by phase segregation.-§he &ation is fixed as Sn(IV) and the
flux reaction causes substitution of the Sn(ll) cations onto HséeAThe total energy of (Ba
«SNn)SnQ; increases linearly with the Sn(ll) amount on thsife from-6.306 eV ator for 0%
Sn(ll) in BaSnQto-5.819 eV atortt for 100% Sn(ll) in SnSn&in the cubic perovskite structure.
The decomposition pathways were deted analogous to the hafnate perovskites, i.e., as (Ba

SnNY)SnG A (1-x) BaSnQ + x SnO +x SnG. The results show that the Sn{$iybstituted
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perovskites again become substantially more metastable as the amount of Sn(ll) increases with
respect to decomposition by phase segregafitme decomposition energy for BaSh®
calculated to be +183 meV atdinshowing that it is thermodynamically stable. For increasing
amounts of Sn(ll) ok = 0.25, 0.5, 0.75, and 1.0, the decompositions energies were found to be
122 meV atort, -244 meV atortt, -381 meV atorit, and-519 meV atorit. Thus, the barium
stannate perovskites are all less metastable than the corresponding hafnate perovskites, despite not
being as nearly synthesizable. Reactions intended at each of these compositions decompose nearly
entirely to the phassegregated prodts; clearly suggesting sidiant differences in the kinetic
barriers of their decomposition pathways.

Shown in Figure3.9 are schematic diagrams of the energetics of the decomposition
pathways of the (BaSn)HfO3z and (BaxSn)SnQ as a function of the amount of Sn(ll), as well
as the empirically estimated relative activation barriers based upon the previously discussed
observed decomposition of BaHf@nd BaSn® and high and low concentrations of Sryll)
exchanged, respectively. The (R&n)HfOz is shown to have a significantly higher activation
barrier against decomposition as compared ta{8&)SnOs, as reflecting the greater kinetic
stabilization and synthesizability. One factor leading to the almosexistent activation barrier
of the (BaxSn)SnQG perovskite is the greater overall concentration of Sn, i.e., containing both
Sn(lV) and Sn(ll) cations, and reducing the diffusion lengths needed for phase segregation to
occur. However, another prominent factor is the significantly higher cohesive eofethg
reactant BaHf@ versus BaSn®perovskite. A recent study of the analogous BSZT peraaskit
system showed a higher Sn{#xchange limit for the Zricher compositions, which was
hypothesized to be the result of a trend toward a greater lattice cohesive energy. The calculated

difference in lattice energies were quite small, i39,6 eV atorrt and-40.9 eV atorit for BaTiOs
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and BaZrQ, respectively. By comparison, BaHf@nd BaSn®@ have much larger and smaller
cohesive energies, respectively. These energies are listed in Table 2.3 along with the observed
limit of Sn(Il) concentration for each perovskite system.

Prior theoretical studies have found the cohesive energy is an important variable to
calculate the average amplitude of thermal vibrations within the Lindemann critétavhich
posits that melting occurs, and hence significant ion diffusion, when the lattice vibrations exceed
a threshold value that generally increases with the lattice cohesive energy. As listed Bi3[able
as the lattice cohesive energies increase from the low extreme of BaSih® high extreme of
BaHfO;, -43.6 eV atortt. These generally correspond to relatively lower and higher melting points
with some deviations from the expected trend. However, the Sx@hange limit increases
proportionally from < 10% to ~70%, more closely following the trend with increasingelattic
cohesive energy than do the melting points. The two perovskites with the smallest cohesive
energies exhibit very low synthesizability of their metastable So¢htaining analogues under
these conditions. Notably, both can also decompose by routesvbliae minimal ion diffusion,
such as with the existence of ilmeniype SnTiQ that competes for formation in the Ba
xSn)TiOs perovskite system. Thus, favorable conditions to prepare the most metastable Sn(ll)
containing perovskites include both high lattice cohesive energies as well as the existence of lower

energy competing phases that require maximal ion diffusion to reach.

V. CONCLUSIONS
Low temperature flinmediated reactions of SnCIF show that the exchange of Sn(ll) for
Ba(ll) cations inBaHfOz and BaSn®can yield significant Sn(litation incorporation only in the

former, yielding (BaxSn)HfO3 at up to x ~ 0.7. Electron microscopy imaging show that the
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highest concentration of Sn(ll) cations of ~70% with a homogeneous distribution can only be
achieved at low reaction temperatures of ~Z5@vith two consecutive reactions and intermittent
grinding. Analogous catioexchange reactions for the stannate perovskite only resulted in its
decomposition. The metastable (R&n)HfOs compositions exhibit a decomposition pathway
that proceeds at its surface via phase segregation into the binary oxides, beginning at only ~350
°C. Total energy calculations demonstrtte highest metastability of the ~70% Sn(ll) perovskite,
(Bao.3Sn.7)HfO3, reaches a remarkable446 meV atort against decomposition, which is
significantly higher than previously considered for being synthesizable. The additional kinetic
stabilization of the hafnate perovskites is posited to result from its much higher high cohesive
energy, melting point, and tlabsence of loweenergy polymorphs or a ground state that could
potentially be reached without requiring significant ion diffusion. The ptederesults have
helped to elucidate the relationship between the synthesizability and metastability of Sn(ll)
containing perovskites that have been long desired as a new class of technologically relevant
materials. Strategies to further improve the sgsirability should focus on improving the Sn(ll)
cation diffusion rate such that lower synthesis temperatures may be used to achieve full Sn(ll)
exchange without decomposition of the perovskite crystal lattice. For example, vacancies or
defects could be troduced in the perovskite precursor to increase cation diffusion rates through
the lattice. Additionally, the fine tuning of particle size and morphology through alternative
precursor synthesis routes has the potential to decrease the cation diffusitangtht required

for full exchange. Further elucidation of these key factors governing leading to the successful
synthesis and of Sn(ljontaining metastable perovskites will hopefully lead to the synthesis of

the first highpurity Sn(ll}only SnBQ perovskites in the future.
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VI. SUPPORTING INFORMATION
Additional experimental data are provided including powder XRD data of the BartD
BaSnQ perovskite precursors, before and after reaction Ssfbstituted BaHf@ the (Ba-
xSn)HfO3 products after two reaction cycles, and results of the +phlise Rietveld refinement
of synchrotron XRD results. Additional S/TEM images of {E&n)HfO3 are provided, including
Hf and O elemental mapping, EDS of electlmam induced phase segregation, and selected area

electron diffraction (SAED) images of the pes&ite and secondary phase.
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Table 3.1. Tabulated results of EDS data for (R&n)HfOs3 as a function of

the nominal Sn(ll) amounk), and after heating to 25C for 72 h for either

one or two heating cycles.

Xnom = 0.7 Xnom = 0.7 Xnom = 1.0

Element (1 cycle) (2 cycles) (2 cycles)
Bamol % 33.40 25.97 16.49
Sn mol % 20.12 24.98 39.04
Sn:Ba ratio 0.602 0.962 2.368
Xexp 0.38 0.49 0.70

(BauxSn)HfO3 Bao.62SMn.3¢03 Bao.51SMnp.4903 Bao.3Sn.703
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Table 3.2. Summary of refined parameters from laboratory powder X

measurements for Sn@dRafnate perovskites in thmom space group.

Composition  BazisSmisHIO 3 Bai2SmeHfOs  BawsSrnesHfO3

Ba Fraction 0.71(2) 0.63(3) 0.40(4)
Sn Fraction 0.29(2) 0.37(3) 0.60(4)
a(A) 4.17213(3) 4.17206(6) 4.17168(6)
V (A3 72.623(2) 72.619(3) 72.600(3)
WRp(%) 4.80 3.55 3.80
Rp (%) 3.55 2.65 2.83
Redude 6.27 3.75 4.10
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Table 3.3. Listing of perovskite cohesive energies and melting points compared t
synthesizable Sn(Hgontaining perovskite and the extent of its metastability compared t

ground state.

. Cohesive , , Maximum Sn(ll) P Ebecomp at
CF())frrIO\cl)Ssli(tI;[c?n Energy Meltlr(l%Pomt Concentration Max Sn(ll)
P (eV atont?) (mol %) (meV atont!
O 0
BaSnQ -31.5 2,128 <10
O 0
BaTiOs -39.6 1,898 10
+225
BazrGs -40.9 2,923 50
+446
BaHfOs -43.6 2,893 70
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Figure 3.1. Schematic representation of Ia@mperature flux exchange reaction with BakifO
(left) and relative energy of (BaSn)HfOsz products. The barium perovskite reacts with Snt

to replace Ba(ll) and give the (B&n)HfOs product. As more Sn(Hgations exchange, th

perovskite becomes increasingly metastable.
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Figure 3.2. XRD patterns of the (BaSn)HfOs (left) and (BaxSn)SnQ (right) perovskite

powders, where x indicates the nominal mole fraction of Sn(ll). Secondary phases of ¢

SnQ are labeled with black circles and squares, respectively.
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Figure 3.3. High-angular dark field images (&) and elemental mapping {B) of the
Ba and Sn contributions, red and yellow colored respectively, within three diff

particles after a reaction with a nominal 70% Sn(ll) reacted at@%6r 72 h.

78



*SnO E

= )
= 8
0
=
= J
<
,
Py
£ N
5 o
€ 350°C/12h
250°C/72h
L 1
20 26 32 38 44 50

26 ()
Figure 3.4. High-angular dark field images (A,B) and elemental mapping (C,D) of th

and Sn contributions, red and yellow colored respectively, within two different reac
with a nominal 70% Sn(ll) reacted once at 860for 12 h. Comparative powder XRD ¢
products from reactions run at 2%0 for 72 h and 356C for 12 h, with 70% Sn(ll), with

the powder colors shown in the insets.
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Figure 3.5. FESEM/EDS images of representative particles of reactions with a nominal
Sn(ll) (left) and 100% Sn(ll) right) after two repeated flux reactions Z5@or 72 h each.
Elemental maps are shown on the right, with Ba denoted as purple, Sn as light blue

yellow, and O as green.
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Figure 3.6. Rietveld refinement of (BaSmn;3)HfOs powder XRD data (left) anc

(BawsSre3)HfO3 (right) according to the cubic perovskite in fPiglom space group.
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Figure 3.7. Ex situXRD of Bay.eSr.4HfO3 from temperaturesof 2560 0 C. Di f
shown for the 2€1 4 2d range. P e r o00¢SsulHTD:z/BaHOeafrel
labeled by stars withkl indices, HfQ by squares, BaCIF by circles, Sniy triangles, and

SnCIF by diamonds. BaCIF and SnCIF are left over from the formation reaction anc

not sufficiently removed via washing.
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segregation. EDS data show that the composition within the (marked) region A

(Ba,Sn)HfQ perovskite, region B is BaH#)region C is Hf@ and SnO, and region D is S

and SnG.
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Figure 3.9. A schematic of the calculated energy above ground state (i.e., metastabili
(left) (BaxSr)HfOs and (right) (BaxSn)SnGs. The energy of decomposition increases w
%Sn (1 1), becoming metastable at x a 0.

relative Ea was estimated by EDS measured synthetic limit prior to decomposition
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CHAPTER 4

CIRCUMENTING THERMODYNAMICS TO SYNTHESIZE HIGHLY METASTABLE

PEROVSKITES: NANO EGGSHELLS OF SnHfO3

Based on the journal articanoscale Ady2022 4, 53205329.

Eric A. Gabilondd, Ryan J. Newe?, Jessica Chestriutlames WerfgJacob L. JonésandPaul
A. Maggard*®

2Departmenbf Chemistry, North Carolina State University, Raleigh, NC 27695, USA.
®Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC 27695, USA
“X-Ray Sciences Division, Argonne National Laboratory, Lemont, IL 60439, USA
l. ABSTRACT

Sn(ll)-based perovskite oxides, being the subject of longstanding theoretical interest for
the past two decades, have been synthesized for the first time in the form of nano eggshell particle
morphologies. All past reported synthetic attempts have beesesssful due to their metastable
nature, i.e., by their thermodynamic instability to decompose to their constituent oxides. A new
approach was discovered that finally provides an effective solution to surmounting this intractable
synthetic barrier and wth can be the key to unlocking the door to many other predicted
metastable oxides. A lowelting KSnCls salt was utilized to achieve a soft topotactic exchange
of Sn(ll) cations into a Baontaining perovskite, i.e., BaH{With particles sizes of ~350 nm at
a low reaction temperature of 20Q. The resulting particles exhibit nanoskaitnanoshell

morphologies, i.e., with SnH&Jorming as ~20 nm thick shells over the surfaces of the BaHfO

eggshell particles. Formation of the metastable Salif@und to be thermodynamically driven
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by the ceproduction of the highly stable BaGind KCI side products. Despite this, total energy
calculations show that Sn distorts from thesife asymmetrically and randomly and the diffusion
has a negligible impact on the energy of the system (i.e., layered vs. solid solution). Additionally,
nano ggshell particle morphologies of BaH§f@ere found to yield highly pure SnHiGor the

first time, thus circumventing the intrinsic kafiffusion limits occurring at this low reaction
temperature. In summarthese results demonstrate that the metastability of many theoretically
predicted Sn(lPperovskites can be overcome by leveraging the high cohesive energies of the
reactants, the exothermic formation of a stable salt side product, and a shortened gétihsway

for the Sn(ll) cations, presumably at the cost of cangge ordering.

Il. INTRODUCTION

Metal oxides are widely regarded for the tuneability of their physical properties that scales
with the complexity of their composition and structure. Among complex metal oxides, metastable
compounds have garnered keen recent interest for their potegtiaklchnological impact, such
as for ferroelectrics, ultrahard materials, and in semiconducting photocatalysts. Metastable
materials constitute an elusive and dynamic frontier due to the synthetic challenges of kinetic
stabilization, which is usually abgem conventional soligstate synthetic approaches at high
temperature$® Low-t e mp e rChimie Doacié6 t echni ques have been ef
the crystallization of some thermodynamically unstable oXidésst recently, topotactic ien
exchange reactions, such as mediated by anelting salt flux, have emerged as a potent tool in
the synthesis of metastable oxides with clpaeked structures’

Synthetic challenges to attain metastable solids have been exemplified by the pursuit of

Sn(ll)-based perovskite oxides over the past two decades, as motivated by their predicted
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properties as Pb(Hiree piezoelectrics or as semiconducting photocatalysts. For example; Sn(ll)
based perovskites (e.g., Sn{ZFix)Os) have been predicted to exhibit greater electric polarization

as compared to Pb(iperovskites (e.g., Pb(ZfTix)Os; PZT) in addition to their reduced
toxicity.#1? Despite the promising potential, synthetic pathways to these thermodynamically
unstable materials remain unsuccessful. As a conventional reagent, binary SnO rapidly oxidizes or
disproportionates at temperate s as | o W Fuatlseermer® Sri{lipxid€s.are generally
susceptible to thermal decomposition at typical reaction temperatures as a result of their
thermodynamic instability to yield the simpler oxides. For example, a recent report from the
Maggard and Jones groups haswn that related metastable perovskites decompose beginning at
only ~3504 0 0 C into the simpler constituent 0 X i
fundamental factors governing synthesizability of metastable Sy idles is of critical
importance. Some reports suggest that a synthesizable metastable phase of a given composition
must occur within ~10@00 meV atornt above the convex hulf:'® but these synthetic limits

remain relatively poorly explored.

Previous work from our research group has further investigated these assertions by
demonstrating the synthesis of Snfiph perovskites via lovemperature iom@xchange
techniques. In the SnMerovskite systems (M = Ti(IV), Zr(IV), Hf(IV), Sn(IV)), for example,
it was hypothesized that their synthesizability could be significantly increased by (a) maximizing
the lattice cohesive energy of the underlying d0Oblattice and (b) targeting composition spaces
with few competing loweenergy polymorphs. Adddnally, these reports highlighted the critical
role of temperature in both the formation and decomposition of the metastable phase via ion

diffusion mechanisms. In all prior cases however, a pure S€tvskite remained unattainable
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with the exchange limit straddling ~6@% Sn(ll}substitution before decomposition dominates
in situ.

Thus, in an effort to further drive the limits of metastability in Srafdhtaining
perovskites, we herein have employed a rfuli ¢ eCthel dmi 6e tebhmigue which leverages
a low melting salt, the eformation of stable side products, as well as nano eggshell morphologies.
The BaHfQ perovskite was chosen as the starting reactant for the synthesis of a model SnHfO
perovskite owing to its high lattice cohesive energy (as exemplified by the high melting point for
BaHfOs of ~2620 °C) and the absencecompeting loweenergy polymorphs such as the ilmenite
or rutile structure$’® Previously reported synthetic methodologies to synthesize Sn(ll)
containing oxides have consistently iJankol ved
flux (m.p. ~220 C), e.g. SncClF. As Pafde fl uo
irreversibly dissolving the product at high loadirtgs, new lowmelting salt was identified as a
flux reagent. T h e -melény ehboridebasédiyux, a KQY/$nChteutextit,d | o we
(36.5/63.5 mol %, >Ch wasthusinteltigated & p rernarkably ®wer reaction
temperature of ~200 C for dri vi ngspéerdvsitef or mat
This has resulted in its first reported successful synthesis and paving the way to the synthesis of

many theoreticalhpredicted Sn(ll) perovskites.

[I. EXPERIMENTAL METHODS
l1l.A. Synthesis of BaHfand Sn(llyexchange.
Micron-scale BaHfQ particles were synthesized by the ceramic method as described in
previous work’ BaHfOs hollow nanoparticles were synthesized via hydrothermal route similar to

prior reports®21Ba(NGs)2 (Baker, 99.9%) and HfG[Acros Organics, 99%) in a 1.1:1 ratio were
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suspended in ~5 mL of ethanol. For every 1 g of reagents loaded, 20 mL of concentrated 12 M or

16 M KOH solution was then added dropwise to the mixture and allowed to stir for 1 h. The slurry

was transferred to a Tefldmed stainlessteel autoclave andeact ed at 200 c f

powder product was then washed with 150 mL of water, followed by 100 mL of dilute acetic acid,

t hen another 150 mL of water before drying at

and anneal ed i n yeldimg~30 nmlhollowdparticles, Whdst the2l6 M KOH

product yielded O 150 nm nano eggshells. Yiel
Surface Sn(IBenriched hafnates were synthesized by reacting Balgf@ducts with

KSneClsf | ux. The potassium stannous chloride eute

0.365 mol of KCI (Fischer, > 99.5%) with 0.635 mol Sn(lfa Aesar, 99.5%) under Ar until

homogeneous. A bld molar excess of the mixture to BaHf®as then ground intimately with

a mortar and pestle under Ar, typically not exceeding ~0.75 g total mass. The homogenized powder

was loaded into an evacuated fusdtta ampouleand r eacted in a muffl e

36 h and allowed to radiatively cool. The product was washed in 200 mL of water followed by 100

mL of ethanol then dr i e d-yebowpo@der. Yiell waswsuallp+9@ ht vy i

wt%. Pure SnHf@was prepared by using this method onthpase par ed O 150 nm ne

[11.B. Bulk characterization.

Experimental powder >Ray diffraction (XRD) was measured on a Rigaké&Rs Spider
usingasealedX ay Cu KU (& = 1.54056 |, -Sdnhbrrekgsometry 6 mA)
with a curved imagglate detector. UWis diffuse reflectance spectra (DRS) of {(B&n)HfO3
were collected on a Shimadzu WXis-NIR spectrophotometer (U8600) equipped with an

integrating sphere detector with 20800 nm range and flat BaSQAlfa Aesar, 99%) surface
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served as the background reference. A commercially available(8H®Aesar, 99.9%) was used

as a standard. The analyte was evenly spread and pressed onto the background reference and
reflectance of the analyte was recorded and transformed using the kihalkaremission

function and plotted as a Tauc plot verBug? Linear interpolation of the transformed absorption

band edge resulted in the approximate direct and indirect bantfgaasan spectroscopy was
performed on a Horiba XploRA PLUS equippeiihra Horiba Scientific CCD detector and a 532

nm excitation | aser. The hole size, slit siz
respectively, and a 1 percent filter was applied to avoid oxidation during the measurements. The
signal was acquiredver 10 accumulations of 10 seconds.

High energy xray measurements were taken at 105.7 keV at beamluiB-Clat the
Advanced Photon source. A Pilatus 2M CdTe detector was used with detector threshold parameters
set at 105.7/50 keV. A gain map was collected for the detector at 105.7 keddiatehy before
the measurement. Sample to detector distance was 300 mm and a series of 1 second exposures

were taken for a period of 60 seconds.

[1l.C. Electron microscopy and energy dispersive spectroscopy.

High resolution images and elemental analyses of.(&&)HfOsz were performed on a
JEOL 6010LA scanning electron microscope (SEM) with an accelerating voltagekdf. 20
JEOL EDXS silicon drift detector was used to determine elemental composition. Nanoscale
resolution images were acquired using a ThermoFisher F208X with 200kV accelerating
voltage. Energy dispersive spectroscopy (EDS) spectra were collected using/A [288m with

a SupetX EDS detector and reported as atomic percentages.
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[11.D. Total Energy Calculations.

Total internal energy calculations were used to estimate the stability of $netkdis the
decomposition to binary oxides SnO and Kf@ing previous methodland compared with
formation energies at 0 K in the Open Quantum Materials Database (OQMD) using?¥?A%e.
probe the nanoshell arrangement of SniHf@erfaced to BaHf@ as found experimentally, total
internal energies were calculated using density functional theoryWighea Ab Initio Simulation
Packagg(VASP; ver. 4.6) for a layered configuration and for models that simulate the increasing
interdiffusion of Sn/Ba catits across a SnH#&BaHfOz interface. First, @ x 2 x 8super structure
of the cubic perovskite structure was created, with the first four perovskite layers having the
SnHfO; composition and the next four perovskite layers having the Baldtnposition.
Sequential models were then also created that shifted two of the Ba/Sn cations at a time,
representing intermediate atomic configurations between the fully segregated: BaH{Ds;
and fully mixed (BaxSn)HfOs structures, resulting in a total of 2, 4a8d 8 (fully mixed) cation
displacements. For each of these 5 superstructure models, FHandeswErnzerhof functionals
were used within the generalized gradients approximation. The structures were first geometry
relaxed, with 16 and 10 as the convergence criteria for the total energy and ionic steps,
respectively. The Brillounrz ones f or each were automat-icall
centeredk-point grid for the geometry relaxation and dispersion force corrections were applied

within the DFTD3(BJ) scheme and Becki®ehnson damping.
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V. RESULTS AND DISCUSSION
IV.A. Synthesis Methodology and Principles of Thermodynamic Control.

The Sn(llyexchange mechanism appears to bediffiusion limited at a given temperature
when a soft flux is used, i.e., the perovskite substructure is not dissolved. For example, if
hypothetically the diffusion limit at 250 °C was ~100 nm after 24 hcaomthick particle would
have on the order of ~10% Sn{Hybstituted, while a ~100 nm thick particle would be fully
exchanged within the preserved perovskite structure. Regardless of the particle size, the
thermodynamics of the reaction remain unchandetussed further below). Thus, there remain
two routes to increasing degree of exchange, 1) increasing temperature to furthifugion, or
2) decrease the diffusion length necessary. The former approach results typically in decomposition
of the highy metastable products, as Sryp@rovskites are not thermally stable and some
decompose significantly as low as ~350 °C. Therefore, modifying the particle size and thickness
via the latter approach should allow for fine control of the diffusion withaerifscing purity.

Therefore, the BaHf@precursor was prepared as both miesared particles using high
temperature methods, and in two different nano eggshell morphologies with varying shell
thicknesses and particle sizes via a-tewperature hydrothermal approach. This hydrothermal
synthett technique has been demonstrated by rigorous TEM to form crystalline Basifyhly
uniform nano eggshell morphologies with particle thickness and diameter based on the basicity of
the aqueous media. The particles in the report frenet al. were observed and estimated to be
~350 nm in diameter with~eD0 nm t hi ck shell s when prepared
nm in diameter with ~20 nm thick shells when prepared using 16 M KOH. By XRD, all BaHfO
sizes fit well with the knowiPmom perovskite structure (Fidg1). The ~150 nm crystallites have

significant shifting to lower & from a doubling of the unit cell (~8.38 A), which is ascribed to
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numerous defects common to nanopatrticle crystallinity. The synthesis conditions for the nano
eggshell precursors were kept similar to the report fronetya. and the interesting variations,
other than basicity for the purpose of particle size tuning, are not the focus of the present study.
The hypothesis to be explored is by decreasing the patrticle size sufficiently, higher degrees of
Sn(ll)-exchange can be laieved.

The Sn(ll}exchange reaction proceeds as follows and is schematically described in Figure
4.1 along with TEM/EDS snapshots that will be discussed in more detail further in. The various
BaHfOs products were reacted at a low reaction temperature of 200 °C within the ne@lKSn
flux (m.p.~180°C)and causinga$mr-Ba cati on exchange to occur
The overall reaction is weakly exothermic but is thermodynamically driven by the highly
exothermic formation of the Ba£ind KClI salts from KSICls ( qpll-527 kJ/mol;5.46 eV/mol),
i.e., 2BaHfQ@ + KSneCls Y 2 S nsHR2EaCh+ K C | xn & -28HJ/mol,-0.29 eV/mol), and
thereby also yields the metastable SniifBoth the large excess loading of kSiy and the
produced BaGland KCI are highly soluble in water anck &asily washed away, leaving the high
purity perovskite product. XRD evidence of this reaction pathway is shown iBEigsurface
energies of the nanand micron scale particles were neglected in these calculations, as literature
investigations have demonstrated that they are nearly equivalent to the bulk scale unless particle
size < ~25 nm, orders of magnitude smaltean the particles investigated her&r®Further, the
surface energy contribution is primarily critical in polymorphic phasestoamations on the
nanoscale when phas@ansition barriers are small, yet negligible to the chemical transformations
described above, e.g., Ti@utile to brookite ~0.71 kJ/mdk*2Given the extremely small chemical
diffusion coefficients of the Ba cation in the perovskite structure 18f*€to 10%° cn? s* at 1200

K, intrinsic cation diffusion would be expected to be severely restricted at this very low reaction
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temperature, forming a Sn@énriched hafnate perovskite at the surface. Thus, a comparison of
the reactivity of micronto nanometesized particles helps to assess the diffusional limitations.
Increasing the required diffusion length to the miesoalewould be expected to minimize Sn{ll)
substitution (Fig4.1, top), while decreasing sufficiently small enough would potentially achieve
a pure SnHf@perovskite (Fig4.1, bottom). While the smallest nanomesered BaHfQ particles
exhibits the shortestequired diffusion lengths, it also potentially enables a more facile

decomposition.

IV.B. Bulk Characterization.

For micronsized BaHfQ, the Sn(ll}exchange reaction produced no discernable physical
change (FigB1). By lab powder XRD, the cubic perovskite structure remains unaltered as well,
consistent with previous reports on zirconate and titanate perovskites. Both nano eggshell
products, however, turned a faiygllow color after the Sn(Hgxchange reaction.db powder
XRD of the ~350 nm nanoshells shows no significant change, while the ~150 nm nano eggshell
morphologies of SnHf©become largely diffuse, albeit the primary perovskite reflections, e.g.,
110, 210, are still apparent (Fig1). To try and furtheresolve the perovskite structure, high
energy synchrotron XRD was collected and is shown in Figure 4.2. The diffraction data are highly
diffuse; however, the perovskite reflections as well as>Ss@pparent. A thin surface layer of
SnQ is common in known Sn(Hpxides due to the high sensitivity of the Sn(ll) cafid#f,which
is likely exacerbated in the XRD in this case due to the large surface area of the nanoparticles.
Additionally, a low Q peak is clearly visible at ~0.67.AThe low Q peak in cganction with the

diffuse scattering suggests the Snkif@no eggshells exhibit some intermediate range ordering
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with long range structural disorder, similar to literature reports of glassy and amorphous solids
such as zeoliteypes and alkali silicate$3’

Bulk-scale SEM/EDS were collected for each phase to determine the concentrations of Sn
(Fig. B6-B9), with a representative set of images shown in Figure 4.3, demonstrating the bulk
homogeneity of Sn and Hf in the ~150 nm exchange product. The EDS spectra show that as the
particle size decreases, the Sn:Ba ratio increases, and Ba was not deteeted®0 thm particles
(Fig. B9,C). Table 4.1 lists a summary of the quantitative EDS analysis results where the as
synthesized BaHf©precursors were used as iaternal standard. These data suggests the soft
Sn(ll)-exchange resulted in < 10 mol% -8xchanged in the micresized particles. As the
particlesd sizes decreased to ~356070mmtheand c o0
concentration of Sn increassijnificantly up to ~25 mol%. After further decreasing the patrticle
size to O 150 nm, only Sn, Hf, and O and a sm
full exchange and the attainment of pure SnHfiDis estimated that the scale of the dsfon
distance at 200 °C was on the order of tens of nanometers by the EDS ratios measured. These bulk
results strongly support that the completeness of the Sx@hange into the perovskite is
governed by surfaeerminated diffusional limitations.

The products were further characterized by Raman spectroscopy to observe changes in the
shortrange order. Th®mom BaHfOs precursor has no firgirder Raman active mod&sThe
fully Sn(ll)-exchanged product however has been predicted in several studies of analogous
perovskites to distort from the-gite due to its stereoactive lepair, generating new Raman
active vibrational mode¥. The Raman spectra of the BaHf@anoshells (Fig. S3) shows only
peaks consistent with monoclinic HiQesulting from a small Hf@impurity common from the

hydrothermal synthesis meth$tf! The SnHfQ nanoshells shows no significai®aman
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scattering. These data suggest a nondistorted Snddittdc perovskite structure, and the absence
of a distortion arising from the Sn(li¥5lone pair.

The Sn(ll}substitution is also expected to decrease the optical bandgap significantly, as
has been predictéthnd shown experimentalfy although a fully Sn(IBperovskite has yet to be
measured. The Sn(Bontaining hafnates were therefore analyzed by\ig/diffuse reflectance
spectroscopy (DRS) to characterize the optical band edge (Fig. B4, Table B1). The nanoshell
BaHfOs optical absorption edge occurs at ~5.6 eV, consistent with previous reports of the large
bandgap semiconductor. The nanosbethanoshell SnHf@on-BaHfO; composite shows two
distinct absorption edges, one at ~5.5 eV from the Baldé@e and the second at ~3.1 eV from
the SnHfQ shell. The fully exchanged SnHi@roduct has only a single absorption edge at ~3.4
eV, significantly lower by ~2 eV than the BaHf@recursor and further demonstrative of full
Sn(ll)-substitution. The optical absorptions of both Srékrhanged hafnates were also compared
to a SnQ standard, since SnQvas observed in the synchrotron XRD and is likely present in
appreciable amounts on the particle surfaces. The standard had a sharp optical absorption of ~3.7
eV, consi stent wi th r epof®amns significanty lagebthan the par t i
measured SnHfQphases. Further, optical bandgaps in the observed3-8.2V regime are
typically synthetically achieved through epitaxial growitluced lattice straffi or complete
removal of Sn(IDoxidation state¥ through higit e mper at ur e #800°®),a¢itheng ( O

of which is observed nor performed in the present study.

IV.C. Scanning Transmission Electron Microscopy.
Scanning transmission electron microscopy (STEM) accompanied by EDS was used to

further i nvestigate the i ndi vi dual nanopart.
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processing softwaféwas used to estimate shell thicknesses based on thedsigiation images.
Images and elemental mapping obtained for the ~350 nm -8rfange products are shown in
Figure 4.4 along with an EDS line scan of a single representative particle. Froroatierbcale
images (Figure 4.4A,B), It can be seen the nanopatrticles have hollow, cracked, and spherical
morphologies. The cracking is likely an artifact of annealing the Baldf€cursor at 1000 °C,
similar to the observations made Y& et al EDS mapping of a grouping of particles (4B) as well
as a single, whole, particle (4C) shows that Sn is largely concentrated on the surfaces of the spheres
producing a nanoshetin-nanoshell SnHf@on-BaHfO: morphology. An EDS linescan (4D) was
performed across the representative particle to better resolve the compositional gradient. The first
~20 nm of the scan is primarily the carbon support film; region A. Region B showsaa®&0®
rich layer of ~20 nmtahe edge of the particle. This isdily due to the small amounts of surface
oxidation (i.e., Sng) of the perovskite previously described. Region C shows a ~20 nm layer
consisting only of Sn, Hf, and O at a ratio of ~2:1:5. This region overlaps with tel&rer as
well, likely giving a higher %Sn. The approximate formula unit in Region C is Ss#HaD in
agreement with these observations. Region D is the remainder of the hollow particle-8nHfO
BaHfOz; nanosheHon-nanoshell which yields an average composition ofzBa/sHfO3, or 1/3
SnHfGs:2/3BaHfGQand i s consistent with bul k EDS. A sm
detected from the salt flux as a result of incomplete removal of the salt side products.

For comparison, Sn(Hgxchange reaction of the BaHf@anceeggshell morphologies
produced 100% Sn(H¢xchanged naneggshells, i.e., SnH#2as shown similarly in Figure 4.5.
The particles are largely homogeneous and no larger than ~150 nm. EDS data of a grouping of
nanopatrticles (5B,C) show only Sn, Hf, and O, and ClI, with no Ba detected. A similar EDS line

scan (5D) through a representatpaticle shows the bulk particle (region C) contains Sn, Hf, and
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O at a ratio of ~1:1:3 matching with a pure Snklé@mposition. Region B shows a ~20 nm@n

shell, similar to the surface oxidized layer of Sre@ previously noted and observed in XRD.

Region A is the carbon support film. A O 5%

throughout the particle. These results demonstrate clearly that surface cation diffusion limits have

been circumvented ithese soft Sn(llexchange reactions using the naaggshell morphologies.
Convergent beam electron diffraction (CBED) was performed on the Srpdf@der to

further probe the crystalline nature, which showed very broad peaks generally consistent with

perovskite structure. Owing to nanoparticle agglomeration, diffraction patterns obtained

represented multiple orientations (H&p). Figure 4.6A shows a selected CBED pattern collected

on a region of SnHf®along [111] zone axis with primary reflections consistent witPnam

perovskite structure with lattice constant ~44130 A. The most intense {110} reflections

correspond to-@pacing of ~3.04 A, and as compared to cubic BaHif@0} d-spacing of ~2.97

A. Additionally the {211} reflections are apparent witksgacing of ~1.79 A, in agreement with

{211} d-spacing of ~1.72 A in BaHf© The CBED data along with the bul&nd nane scale

STEM strongly demonstrate a retention of the cubic symmetry after full Sof@gtitution and

the synthesis of the first pure cubic SnfiBrovskite.

IV.D. Total Energy Calculations of Sn@Djiffusion.

The total internal energy of BaH$@nd SnHfQ were calculated based on the cubioom
cells prior to geometry relaxation to estimate the thermodynamics of the reaction, schematically
represented in Figure 4.7A. SnHf@ higher in energy than BaHi(y ~518 eV/atom, and
SnHfGs is highly metastable w.r.t. the binary oxides, e.g., SRHOSN0 + HIQ ( gk & -646

meV/atom). The driving force in the reaction is the formation of Ba@dl KCI vs. the formation
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of the reagent salt KS8ls ( gzl -683 meV/atom), which allows the net reaction to be overall
exothermic by 16 meV/atom. This however does not describe how the formation ajridered
nanoshells preferentially form over the solid solution. Further, it is anticipated that the Sn(ll)
distortion from the Asite, similar to Pb(Ihperovskites, would be more stable.

To better understand the nanoshell Snif®mation and diffusion limits, several 8 x 2 x
2 supercells of (B&Smn2)HfOs, i.e., 50% Sn(IBsubstituted, were constructed and geometry
relaxed. Within each relaxation, Sn atoms would distort asymmetrically and with no preferential
orientation and lower the total energy by -“4BImeV/atom, as illustrated by the local coordimati
in Figure 4.7B and the extended structure in 7C. The total energy of thersisakll morphology
was found to be8.739 eV/atom. One at a time, random Sn and Ba atoms were swapped then
relaxed until Ba and Sn were randomly and fully disordered, tolaieprogressive interdiffusion
between the SnHfOlayer and the BaHf®layer (Fig. 7C). After each displacement, the total
energy increased slightly, until half of the Sn/Ba atoms had been switched which was ~3.2
meV/atom higher in energy. Each additional displacement decreased the total energy, until the
supercell resembled random distribution of Sn/Ba was obtained, i.e., a fully disordered solid
solution with an energy of8.736 meV/atom. These changes in internal energy due to
interdiffusion are neggible to the chemical reaction occurring at the surface, and an order of
magnitude lower than the random distortion of Sn on thetéd Therefore, with a soft flux the
reaction is fully diffusiodength limited due to the combination of lack of a strdreymodynamic
driving force and slow Ba/Sn diffusion rates. Additionally, the system likely lacks the thermal

energy at these low temperatures to crystallize into an alternative, lower energy structure.
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V. CONCLUSION

In summary, a highly metastable Sn(ll) perovskite oxide, SeHi@s been synthesized
for the first time in both a nanoshelh-nanoshell and nano eggshell particle morphologies. in
high purity and characterized in high purity for the first time. The nanoshell morphologies
effectively enable sufficient cation diffusi as well as kinetic stabilization against decomposition
to simpler oxides. This was accomplished by using a seftxahange technique, in which a low
melting point KSpCls flux was used t@xchange Ba(ll) for Sn(ll) at BaH#hollow nanopatrticle
surfaces producing nano eggshell morphologies of Saidfigh purity and yield. The structure
by XRD, CBED, and spectroscopy show a retention of the cubic perovskite structure. Geometry
relaxation calculations show there is no energetically preferrgubSition other than random and
asymmetric distortionsrothe Asite, supporting the low loagange ordering of the SnH§Mano
eggshells. Further investigation into this material as well as odverand yet to be synthesized
complex Sn(loxides warrants much future study. This work has demonstrated a new approach
to circumvent the intrinsic barrier of iafiffusion limits in lowtemperature topotactic ien
exchange and paving the way towards fatphysical property measurements at the frontiers of

complex Sn(Iljcontaining oxides.
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20-40 nm

Figure 4.1.Schematic representation of soft flux Sn@Rchange (left) with example TEM/EI
images (right). The hollow nano eggshell Bakl&@e prepared in two different size regimes
reacted with the KSCIs flux at 200 °C. Thickshelled, larger particles (top) react at the su
and are diffusion limited, resulting in a-8ich perovskite shell. Thishelled, smaller particl

(bottom) react fully and Sn diffuses fully through theZDnm shell, achievingull Sn(ll)-

exchange.
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Figure 4.2.High-energy synchrotron XRBtack plot shows (A, green) simulated cassiteritez
P4Ammm (B, red) simulated SnHf#{as aPmom, and (Chlue) the ~150 nm SnH#»hano eggshe

product. The low Q peak is denoted by a black star.
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100 pm 100 pm

Figure 4.3. Representative SEM (left) and EDS mapping (right) of ~150 nm Snpé@icle:
from bulk-scale. EDS maps show Sn in green, Hf in red, and O in blue. Ba was not detec

B9C). Additional images and EDS spectra shown irBS{§8).
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Table 4.1.Tabulated results of EDS data for (R&n)HfO3 as a function of the particle size

following Sn(ll)}-exchange with KSiCls. Mol% of Ba and Sn were normalized to sedidte

prepared BaHf@as an internal standard. EDS images and spectra are shown in{8§. B6

Element ~1 um ~350 nni? ~150 nniP!
Ba mol% 22.81 18.77 0.00
Snmol% 2.19 6.23 25.00
Xexp 0.09 0.25 1.00
Form. Unit  Bap.oiSrnp.odHfOs  Bao.7sSnp.23HfO3 SnHfG;

(nanoshelon-nanoshell)

(nano eggshell)

[a] Shell thickness is ~600 nm. [b] Shell thickness is ~ZAD nm.
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Figure 4.4. STEM images of ~350 nm Sn(&xchanged nanoparticles shown as HA/

micrographs (AC) and EDS elemental mapping of accompanied by an EDS line sce
representative particle (D). The EDS color maps are provided as Sn in green, Hf in re

yellow, and O in blue. The EDS line scan is given as atomic percentages measured acros

arrow on the STEM micrograph at right (D).
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Figure 4.5. STEM images of ~150 nm SnHi®ano eggshells shown as HAADF microgre
(A-C) and EDS elemental mapping of accompanied by an EDS line scan of a repre:
particle (D). The EDS color maps are provided as Sn in green, Hf in red, Ba in yellow, &
blue. Ba was not detected bypE. The EDS line scan is given as atomic percentages me

across the blue arrow on the STEM micrograph at right (D).
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Figure 4.6. Convergent beam electron diffraction pattern of SnHf@noparticles (A) ar
simulated electron diffraction pattern fBmom SnHfO; (a & 4.18 A) projected down the [11
axis (B). The ED beam is projected down the [111] axis, revealing diffuse diffraction in agt

withPmoms y mmet ry, as evidenced by the {110}

A).
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Figure 4.7. Schematic representation of reaction energetics (A), geometry relax€

coordination (B), and supercells used to simulate interlayer diffusion energies (C). The

Sn(ll)-exchange reaction is exothermi®.@9 eV/mol), driven forward by the largeedt o

formation of BaCl and KCI vs. KSpCls (-5.46 eV/mol). Upon relaxation, Sn undergoe:

asymmetric distortion from the-gite with no preferential direction, lowering the energis

meV/atom). Supercell relaxations of the SnEHEAHIOs layered inteface and Sn(ll) diffusin

stepwise across the layer shows the thermodynamic stabilizing effect of thehsiells. soli

solution morphology is negligibled-3 meV/atom).
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CHAPTER 5
SWITCHING LEAD FOR TIN IN PbHfO 3: NONCUBIC STRUCTURE OF SnHfOs.

Based on the journal artickngev. Chem. Int. EJ.2023, €202312130(-B).

*Experimental methods are contained in Appendix C*
Gabilondo, Eric Al? Newell, Ryan J®! Broughton, Rachd® Koldemir, Aylin; Péttgen,
Rainer! Jones, Jacob I} Maggard, Paul A"

[a] Department of Chemistry, North Carolina State University, Raleigh, NC, 28808, USA
[b] Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC, 276958204, USA
[c] Institut fur Anorganische und Analytische Chemie, Universitat Miunster, Corrensstrasse 30,
48149 Munster, Germany

l. ABSTRACT

The removal of lead from commercialized perovskix@ebased piezoceramics has been

a recent major topic in materials research owing to legislation in many countries. In this regard,
Sn(ll)-perovskite oxides have garnered keen interest due to theicteckdarge spontaneous
electric polarizations and isoelectronic nature for substitution of Pb(ll) cations. However, they
have not been considered synthesizable owing to their high metastability. Herein, the perovskite
lead hafnate, i.e., PbH# spacegroupPbam is shown to react with SnCIF at a low temperature
of 300 °C, and resulting in the first complete Safdl}-Pb(ll) substitution, i.e. SnHf¢ During
this topotactic transformation, a high purity and crystallinity is conservedRii#msymmetry,
as confirmed by Xay and electron diffraction, elemental analysis, ah$n Mossbauer
spectroscopyln situ diffraction shows SnHf@also possesses reversible phase transformations
and is potentially polar between ~1300 °C. Thissa&c al | d e a@dd i cati ond6 i s

represent a highly useful strategy to fully remove lead from perowskitie-based piezoceramics,

and openinghe door to new explorations of polar and antipolar Sioftijle materials.
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Il. INTRODUCTION

Technological innovation of electronics first requires new and complex material
fabrication. Thermodynamically stable metal oxides, e.g.,.8mQ@1i0O,, are often used for such
applications owing to their high thermal and chemical stability but can be limited by properties
such as their large optical bandgaps or large recombinationltaReent reports have both
predicted! and showlt'®! that metastable compounds may have exceptional properties, but a
synthesis route is often absé&ff. This has given rise to a new frontier of chemistry dedicated to
the synthesis and characterization of metastable oxides with a focus on drawing structural
connections to predicted new properties. Therefore, development of chemical stabilization
techniquesand softsynthesis routes are essential to the preparation of metastable Brsasss,
as low melting moltefiluxes* hydrothermal*!! and iorexchange method¥! These metathesis
techniques use the formidable combination of low reaction temperatures and hdjfiusion
rates to finesse chemical kinetic stabilization lacking in traditional-stéitt methodology’!

Recent international regulations have mandated the removal of lead from commercial
products, and thus, the removal and replacement of lead from perewskiéepiezoceramics
represents a weknown and critical case in which such emerging techniques eaplied!*!

The targeted structural motif is ansite cation containing a symmetbyeakingns® electronic
configuration (e.g., Pb(ll), Sn(ll), Sb(lll)) as the postulated origin of the large -pemad
ferroelectric polarizations, such as in comméizgal lead zirconatéitanate (Pb(Zr,Ti)@ or

PZT), or antiferroelectricity in the lead zirconates (PlZr@ PZO) and hafnates (PbH{Cor

PHO) 5181 sn(ll)-perovskites are isovalent analogues and are predicted to have even larger
polarizations!”*8 however the synthetic challenges, their high thermodynamic instability, and

low thermal stability all inhibit their realizatiot?! For example, SnO as a conventional reagent
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will rapidly oxidize or disproportionate from as low as °C, even under inert
atmosphere&® Despite these obstacles, recent progress has been made by utilizimgltovg
Sn(ll)-halide salts (e.g., Snglto facilitate efficient catiorexchange in stable precursor structures,
such as BAIO4 or KoTizOsto form 1D, PBOs-type SnTiO4 %122 and the 2D, iimeniteéype
SnTi0s.

In closepacked structures like the cubic perovskite oxides Ba(ZrzT(XT) and
BaHfGs, cationexchange is more challenging as the rates of ion diffusion are extremely small,
i.e., < 109 m? s'. Further, the calculated metastability of the Sr§Ubstituted perovskites with
respect to simpler oxides (e.g., SnO and;JieniteSnTiO;) i ncreases dramat i
meV atomt.242% |n the cubic BaZr@or BaHfO; perovskites, however, the high lattice energy
from the rigid MQ substructure is sufficiently large to prevent local phase segregation and thus
provides additional kinetic stabilization of the Sn{ibh perovskite. The structural instability was
demonstrated where as much as-#6@ Sn(ll}exchange for Ba(ll) retainthe cubic crystal
structure but ~3@0% Sn(ll) in BZT causes the onset of phase segregation. Additionally, in the
layered (BaxSn)sNbsO1s perovskite, phase geegation into the more stable Sl became
prominent at ~50% Sn(Hyxchanged® Segregation is proposed to occur since the intedayer
Sn(ll) ions can more freely diffuse to a lower energy coordination environment, although the
hypothetical SeNbsO15 phase is not expected to be nearly as metastable as pertygkite
SnTiGs. The synthesis of Sn(Zr, Ti¥3hells on the surface of BZT particles (BSZT) demonstrated
that catiorexchange and kinetic stabilization of Sn(ll) is feasible in the 3D perovykige
structure and provided the first evidence that theseftrusnly theorized phases do indeed have

intriguing properties such as visiblight driven water oxidatioff”! Further investigations into
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these synthetic techniques lead to the -fiepiorted successful synthesis of a fully Snh(ll)
substituted perovskite oxide, SnH{Gtabilized as nareggshell$?®!

These observations demonstrate the effectiveness of topotactiexdbange for
metastable oxide synthesis and suggests at least two criteria for the successful synthesis of a
desired phase; (I) the underlying substructure must have strong lattice emerdl) there must
be an absence of lower energy polymorphs easily accessible yi#fimsion. lonexchange of
Sn(ll) in closepacked structures appears to occur topotactically and all (Ba,SnpMé&ses
reported thus far are cubic or pseudocubic owiniipé random displacements of(Bnon the A
site. The highest degrees of (Bjrsubstitution occurred in phases with high lattice cohesive
energies (e.g., M = Zr(IV), Hf(IV)) and had the fewest number of competing polymorphs (e.g.,
SnTiOs and SnNbBOe) regardless of the predicted relative stability. Thus, in order to synthesize a
Sn(ll)-perovskite with an asymmetric-gite,we believea precursor with a prexisting structural
distortion away from cubic and with a high lattice cohesive energy must benusedjunction
wi tCthidni e tebrmigue® i the present work, we explore this approach by combining a
low-temperature molteflux exchange on an orthorhombic perovskite oxide with relatively high
lattice cohesive energy, PbHfOThe exchange reaction results in full substitution of Pb(ll) for
Sn(ll) on the Asite and the formation of higburity and polycrystalline SnHf©as an
orthorhombic perovskite. This marks the first crystalline and fully substituted -pe¢idyskite
oxide under such conditns and suggests the possibility of lead removal from existing high
performing materials. The spal | elde a@dd i cati ono, or -basethov al

dielectrics could be a promising direction in the exploratory synthesis of nevréeadieledtics.
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[I. RESULTS AND DISCUSSION

I11.I. Synthesis and Stability of Orthorhombic SnklfO

The first reported SnHf¢) synthesized from cubic BaH#{Oappears to be pseudocubic
according to Xray diffraction(XRD), likely due to random distortions of Sn{tations from the
A-site and no apparent distortion of the Hffdlyhedra. The orthorhombic PbHf3 used herein
as an alternative precursor to provide a distorted ordering to-8ie Arior to Sn(Ilexchange
while maintaining the high lattice cohesive energy of theg#i@structure. The PHO precursor
was first synthesized by high temperature flogdiated synthesis from binary oxides. The as
synthesized PHO was then reacted with afogiting SnCIF flux (m.p~2202 4 0 C) at 30
according to equatiob.1

PbHfO; + SNCIFA SnHfOs + PhCIF (5.1)

The proposed reaction is driven forward by the larger heat of formation of the PbCIF
productversusthe SnCIF reactant (-35 kJ/mol), detailed in Figurg.l. Depicted in Fig5.1A,
the net reaction is calculated to be exothermiel@kJ/mol) which allows for the formation of
the metastable orthorhombic SnHf@roduct (eéSHO). The activation energy barrier fiis
formation must berelatively low given the reaction temperature, and also smaller than the
activation energy fodecompositioni.e., SfHfOs - SnO + HfO,. XRD data of the reaction
mixture before and after annealing (Fi@l) confirms the perseverance of the orthorhombic
perovskite structure, the removal of SnCIF, and crystallization of P&i@&productSnHfG; is
the kinetic product in the current system as it is a necessary intermediate step to decompose into
the equilibrium configuration, which in this system would be SnO,.H&d PbCIF. Lab XRD
data of the unwashed 0 h, 12 h, 24 h, and 72 h productC@Eigemonstrates this with evolution

of PbCIF yp to 24 h, while SnO and Hibegins forming as the perovskite decomposes beyond
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24 h of annealing. Higher temperatures led to complete decomposition while lower temperatures
produced no PbCIF, i.e., no Sn{dxchange.

Total energy calculations were used to better understand why two distinct SHO
polymorphs can be synthesized using similar conditions and changing the precursor. The results
of these data are summarized in BigB,C. The total internal energies of the ideal cubiSKtO),
previously synthesized pseudocubieSHO), and currently synthesizees#1O, were determined
to be -8.205, -8.238, and-8.271, respectively, all in eV per formula unit. The relative
metastabiliies were calculated by the experimentallyfooned decomposition reaction, shown
below in eq5.2:

SnHfO;- SnO +HfQ  qEdecomp< O (5.2)

The results show the SHO polymorph is the most metastableG#6 meV atort, while
the pSHO model is more stable @13 meV atorit, consistent with prior observations. The o
SHO model provides additional stabilization with a metastability580 meV atorit. The
structural models of each polymorph in FigareB,Chighlight the origin of the stability. The Hf
O substructure largely remains unchanged from8el© to pSHO transition but allows random
A-site distortions, providing a ~30 meV atdnstabilization. The Hf@ polyhedron tilts
significantly from pSHO to eSHO while the Asite is already asymmetric, providing an
additional stabilizing effect. The pseudocubic SHO decomposes thermally upon annealing and
does not recrystallize as orthorhombic, indicating a lakgestic barrier between-8HO and e
SHO thardecomposition.

Combining the kinetic and thermodynamic data, dberdination environmestor both
Sn(ll) and Hf(IV) is & a local minimum in the perovskite structure for SnHfut is still

metastable. When provided with some thermal energy, Sigtipns have no barriers preventing
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diffusion off the Asite center, as in thePHO, but is kinetically trapped to prevent formation of

SnO. The high latticenergy HfO substructure does not distort. It has a large barrier to distort

and will decompose to the significantly more stable Hf@llowed, and thus thexchange product
0remembersdé6 the precursor structure. The prec.!
but not unknown in iorexchange of clospacked oxides. For example, the precursor substructure

is maintained in the etastable wurzite NaGa@vith Cu(l)?®! CdSe nanocrystals with Cu(l) or

Zn(11),B% and rutile LINbW@ with Fe(ll) Y In layered phases this is more common as the ions

diffuse freely tgpreferredcoordination environments, such as i K>TizO10 RuddlesdesPopper

and DionrJacobson phadé8 or in several potassium titanates likgTieOs.[*!

I11.11 Bulk Characterization of SnHfO

High resolution XRDdatawere collected for the €sHO product. Results of Rietveld
refinements from® 0 dare2summarized in Figure 2D and argood agreement with thgbam
space group (no. 55) using the refined PHO precursor as an initial modelyRypthf ~6% and
lattice parameters af= 5.8496(3)b = 11.7121(5)¢ = 8.2163(2), all in A. The lattice parameters
decreased by < 0.1%, similar to previous Srkgjovskited?*?3 The inset shows that some
secondary phases of SnO, Hf@nd PbCIF are observed as well. The secondary phases were not
modeled in the refinements due to the low resolution and intensities?Bdaromodels were used
to model SnHf@ and alternative perovskite structuygpes (i.e.Pba2 Amm3 resulted in poor
fitting. The first model set Pb and Sn initial occupancies at 1.0 and 0.0, respeetnirgely
refinedto giveSn occupanesof 0.83(1) and 0.89(1) on tidg and4h Wyckoff sites, respectively.
In the second model, the Sn fraction was set to unity, with no lead, to refine against vacancies. The

second model resulted in better low angle peak fitting and increased stability of the refinement, as
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well as greater consistency with electron microscopy data discussiedv. Additional

crystallographic information for both the PHO precursor a18H® product are summarized in

TablesC1-C3andFigC3. Two | ow intensity peaks amnot ~7 an:

modeled. These two low intensity peaks could not be identified but may represent fine distortions

of the perovskite structureas probed belof#*3 The peak at ~21 i's ove

refinement. Further attempts to improve the fit neither resulted in a chemically relevant nor unique

solution except when Hf occupancies decreased to ~0.95, which is within reason as observed by

the presence of H#OMore advanced structural characterization techniques than powder XRD are

required in future studies to fully reveal the fine structure-8H®D, such as neutron diffraction.
Temperatureependentin situ XRD was performed on-8HO to probe the possible

existence of structural phase changes (4g) and the findings are summarized in FigugA-

C. During heating from 2800 °C, the peak at ~30.5°dZyrows significantly in intensity at ~130

°C and further at ~200 °C. The doublet of peaks at ~43d@°cdhverge closely at ~130 °C and

into a single peak at ~200 °C. These transitions can be attributed to both the {110} and {200}

family, which are triplets in the orthorhombieting, converging to 2 peaks closer ksgghcing,

oral bi cA a=Dbi c, then once more to a cubic settiags b = c. At least two phase changes

occurto higher perovskite symmetries with Curie temperatufgsof 130 °C and 200 °Both

transitions were observed to be reversible upon cooling to 25 °C. A graphic representation of the

phase transitions are shown in FigGr2C and assigned based upon previous investigatitreof

PHO fine structur€®! The structure of PHO undergoes reversible phase changes beginning at 150

°C, then to polar phase at 180 °C, then finalli?baom at 220 °C. The intermediate structufes

PHOare still under active investigatitlowever®”-3 The observed decreaselighy ~20 °C with

smaller Asite cation substitution has been observed in other systems such as Bad@iO
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hypothesized in other compositiof3. Interestingly, the intermediat€2mm and P4Amm PHO
phases are polar. The low thermal stability 86O (onset Jecompd 3 5,(Fig. 15 makes
further investigation into the potential ferroelectricity at ~PBO °C, however these data are a

promising lead for the first polar Sn@dberovskite oxide.

L1111, Electron Microscopy and'®Sn Missbauer Spectroscopy

The PHO precursor and®HO polycrystalline powders were probed by scanning electron
microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) at low magnification to observe
changes after Sn(Hubstitution. Representative images PHO at®H® are showin Figure
C6,C7 with a summary of EDS data shown in Taklé. SEMEDS demonstrates the PHO
precursor is consistent with the expeckatHf stoichiometryof ~1:1 and elemental mapping
showing the homogeneityand high-purity of the precursophase. When SnCIF was loaded at a
nominal 25% substitution, the Sn:Hf rati@came~1/3 and the Pb decreases to ~2/3. At 50%
SnCIF loading, the Pb:Sn:Hf ratio is ~1:1:2, consistent with half substitution, and now the PbCIF
salt is in large enough concentrations to detect Cl and F in addition. After 100% loading of SnCIF,
Sn is now detded in a large amount in a ~1:1 ratio with Hf. Pb is still present in an appreciable
amount, albeit significantly decreased. Elemental mapping shows the remairdogdentrated
as crystallites where Sn and Hf are depleted, and the Pb:CI+F ratio is ~1:2. THeCSE8trongly
supports either a high degree or completes@pstitution in particles and that the primary source
of Pb remaining is the poorly soluble salt.

The SnHfQ product was further investigated by scanning transmission electron
microscopy (STEM) for characterization of representative particles and to aveat®hpurities

in elemental composition determinations. FigbiBshows a representative particle with elemental
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mapping and EDS spectra (additional images in €810) in addition to thé'®Sn Mossbauer
spectrum. The EDS spectra (F@8) shows Sn, Hf, O, along with Cu and C, attributed to the
copper grid and carbon support film. A small amount of Pb was detected but none in the patrticle
according to the elemental mapping. EDS-seans show the particle composition of Sn:Hf:O is
~1:1:3throughout the particle and consistent with the perovskite stoichiometry.ABf@re is
some larger variation of Sn and Hf outside of standard EDS error margins, which is attributed to
SnG from surface oxidation. Pb was detected at5r@ol% and Cl at 5 mol%. The Pb is well
within EDS error for background level. The Cl is somewhat larger which could be from CI
incorporation into the perovskite, surface corrosion from the halide flux, or the residual lead salt.
The 78 K!1%Sn Mossbauer spectrum of SnHf@ presented in Figurg.3B and fitting
parameters are summarized in TaBfe The spectrum is well reproduced with three-siginals,
two of them show the presence of Sn(ll) and the thirdssgial is in the typical range of
Sn(IV) *% The observed isomer shift (3.06 mid)of the majority fraction can be attributed to
Sn(ll) atomson the Acsite of perovskitaype SnHfQ. The experimental line width is slightly
enhanced. Due to possible substitution of Hf by*8warying coordinations for the Sn(ll) atoms
could ceexist. Therefore, the simulated signal envelopesssyials, which corresponds to
different Sn(ll) environments. The large quadrupole splitting (2.00 rinnslicates distortion of
the cuboctahedral coordination of the Sn(ll) idrezause ofts stereoactive lone pair. Similar
environments for Sn(ll) are reported for BSZT and ilmetyfee SnTiQ with isomer shifts of
around 3 mm's and quadrupole splittings of about 1.8 mrhand 1.45 mm's.[4? The isomer
shift ( 1Y0andgBadrapoie splitting (0.6 mrit)sof the minority Sn(IV) fraction (10%)
match Mdssbauer spectroscopic data observed for )@@ and can be attributed to surface

oxidation of Sn(I)*344 similar to observations described for BSZT and Safit#® In the
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typical range of Sn(ll)compounds there is an additional signal (9%). The observed Méssbauer
spectroscopic dataiE 4.2 mm &', qEq = 0 mm $§%) agrees with previously reported data for
SNnCh (4.06 mm &', 0 mm &%) [47:481

Selected area electron diffraction (SAED) was used to further investigate the sSnHfO
nanostructurehowever most particles showed polycrystalline or amorphous diffraction. (Fig
C11). One representative sample produced an ED pattern, shown in #@fuird he indexable
reflections in the diffraction pattern areagreement with thBbamspace group projected down
the [111] zone axis. The indexed planes are the {110} type reflections wiipacthg of ~11.7
A and the {211} type with espacing of ~&7 A. The polycrystalline nature prevents more detailed
investigation into the fine structure such as octahedral tilting, which would be observable via ED
technique&*® Figure5.4B shows neaatomic resolution of the same particle surface, in which
lattice spacing is visible on the particle surface. Reake distances of ~11.17 A between the
planes are consistent with the 110 spacing observed in the XRD refinement. Thereais also
amorphous shell around the particle edge, which is likely the surface oxidizedT3=CSTEM
data conclusively shows that the SnHffPoduct is fully Srsubstituted and retains thetructure

generallyconsistent with th®bamspace group

[11.V. ElectronicStructureCalculations

Density-of-States (DOS) and electron density calculations using VASP were performed to
investigate the electronic structure of the ne8HO perovskite. The prototypical cubic ABO
perovskite has valence bands comprised of primarily Qofitals and the conduction band of
the Bmetalnd®. In the case of PbH#XFig. C12), the valence band is similarly O%2Bowever

the conduction band row comprised of unfilled RBp)O(2p) antibondingstates lower in energy
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than the Hf 5@ orbitals. These interactions arise from the polarizability of Pb(ll) and its
stereoactive lone paidistorting it closer to neighboring O and increasingir orbital overlap.

DOS calculations support this finding and predict a bandgap of ~3 BetWeen filledD 2p° and

a mixture ofPb 6p andO 2p stateslt is anticipated that SHY-substitution would decrease the
optical bandgap of the perovskitéth the addition of Sn Bsstatesthat interact witithe O 2pP
statesand thus increasing the energy of the valence band @thgeoptical transition woulthen
stemfrom a mixture ofSn5sand O 2p statem the VB to theHf 5d states in the CB. This is
consistent withthe prior reports forcubic (BaxSn)HfOs; and BSZT??3 In a noncubic
environmenta distorted Sn(ll) perovskite may have a unique electronic structure compared to
what has been reported thus far.

A summary of the DOS calculations and projected electron densities of the valence and
conduction band edges are shown in FigubeThese plotshowthe calculated valence band for
SnHfQs is now comprised of primarily O 2prbitals and the conduction band edge is composed
of SnO states with asymmetric electron denséyealing theexpression of the Sn(ll) lone pair.
The orbital interaction between Sn andr€suls in a decreased bandgap of ~2.2 eV, stemming
from electronic tansitions at the valence band edge resulting froninguigf Sn(5p) and O(2p)
states. UV-Vis diffuse reflectance spectroscopy results (Fig3) of PHO, eSHO, and the
previously reported $HO nano eggshells support these calculadsdlts The largest optical
band gap is the-BHO at ~3.7 eV. PHO has a similar band gap at ~3.6 eV. The gray and
orthorhombic SnHf@ has significantly decreased to ~2.6 eV, resulting from the owbial
interactions described above and pushing the optical band gap closer into thdigtsilégion.

The Born effective chargeBECs; Z*) tensor quantitiegor the ions ino-SHO were

calculatedusing ansity functional perturbation theory methamisda 2 x 1 x 2 supercellas
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detailedin the Supporting InformationThe BEG are a measure of thesulting change in
macroscopic polarization induced mn displacemerd and for ferrac materials,are typically
larger than the nominal oxidation staf®sTableC6 lists the BEC tensors for each ion in BEam
space group Maximal diagonal valuesf the tensorg$or Hf (+5.86), Snl (+3.69 ), Sn2(+3.60)
andfor all O atoms {3.641 to-2.671). Theserelatively large valuesompareeasonablyo those

in antiferroelectric hafnate and zirconate perovskites! such as foPbZrQ with BECs for Pb
(+3.89)and for Zr ¢5.90). Notably, the groundtatestructure of antiferroelectric PbHf@as
well as PbZrQs, the archetypical antiferroelectridjave received recent attention andre-
examination Recentstudieshaveunveied dynamic insbilities in their phonon band structures,
leading to the proposl of new 80-atom i.e., doubled,supestructuresthat have yet to be
experimentally confirmef5? Given the isoelectronic nature of Sn(ll) and Pb(ll) catighs
phonon band structure of SnHfd Pbam shownin FigureC14, alsoexhibitsdynamicinstability

in the vicinity of theZ and Tg-points. This observation is also consistent with its metastable
nature, and thus requiring kinetic stabilizatiohhese dynamical instabilities atppints away
from the zone centeindicate the likelihood of energeticall}competitive and fine atomic
distortionsoccuring over longer length scalesnvestigations of these possible superstructee

under further investigation using Bayesapproacheandneutron diffraction data

V. CONCLUSION
For the first time, a distorted Sn{perovskite oxide, SnHf§)has been synthesized in high
purity and crystallinity by a lowwemperature ioexchange technique. These results demonstrate
the complete removal of Pb from the orthorhombic PhHi€rovskite precursor while largely

maintaining the sensitive Sn(ll) oxidation state as confirmed by XRD, STEM/EDS'!%
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Mdossbauer spectroscopy. Thermodynamic and kinetic considerations of the synthesis expand upon
our previously proposed mechanism for Saéikchange of perovskite oxides. The evidence
indicates that the initial ieexchange step (i.e., Ba(ll)/Pb(ll) for S does not need to be highly
exothermic, but rather the exchange product must be a necessary intermediate step towards the
global minimum. Furthermore, these and previous resulisate that iorexchange techniques at

mild conditions allow fo much finer structural control of the desired product than previously
thought. There are still several unaddressed challenges and additional work to do, such as
improving crystallinity or growing singterystals, fine structural elucidation through adwahc
diffraction techniques, or improving separation of thenBlde salt products. Additionallin situ

XRD suggests the existence of a polar Sndfase that is stable in the temperature range of 130

200 °C, which requires significant exploration. Thedstigation of SnHf@as a model perovskite

has allowed us insight into the synthetic dynamics of the largely unexplored compléxCSn
phase diagram and dleecd &iifvied ayt isohnobws atnhdatt hoed es y

substituted perovskite oxides, are both weébhin reach.
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Figure 5.1. Schematic representation of SnHf§ynthesis via molten SnCibn-exchange (A
schematic diagram of ion diffusion pathways from high to low symmetries with an empt
HfOs substructure tilting (B), and emphasis orsite distortions (C). Orthorhombic PbHf®
reacted with SnCIF to form orthorhombic SnHf@nd PbCIF. In previous work, cubic ¢
pseudocubic SnHfQwas synthesized from cubic BaHf@t lower temperatures, with insufficit
thermal energy available for the stabilizing H&Dibstructure distortion. Octahedral tilting arx
site distortions are eaclalculated to provide a ~30 meV atdrstabilizing effect, however tl
kinetic barriers preventing structure rearrangement are larger than the available therm:
available without decomposition to SnO and Efocal Sn(ll}displacements on the-gite hav
little kinetic barrier. Activation energy barriers are estimated by relative decomposition a

experimentally observed.
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Figure 5.2. Selected bulk structural characterization data shown as tempedapgsdent XRD

of SnHfG; focused on the (11Gamily peak (A) and the (20Gamily peak (B), schematic
representation of HO substructure phase changes (C), andpiufile Rietveld refinement of
SnHfG; at room temperature with space grdRipam(D). SnHfG undergoes a phase transition

from Pbamto a higher symmetry phase at ~130 °C, then to a second phase at ~200 °C. The phases
were assigned based upon previously investigated Pyptf@se changes. (D, inset) Secondary
phases are mar ked >asy of 6 o rfoli@i@r angla peaks obddrived

in SNHfGs.
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Figure 5.3.STEM/EDS images and elemental maps of Pb, Sn, and Hf of a representative particle
(A), Experimental (data points) and simulated (colored lifé®§n Mossbauespectrum of
SnHfO; measured at 78 K (B), and EDS lisean (C) of SnHf@ For EDS results, Sn is shown in
green, Hf in purple, O in blue, and Pb in red. The green line shown in (A) depicts tsedme

path. Dotted EDS lines are moving averages added for visual clarity. Simulated Mossbauer data

are shown as Sn(ll) in blue f8NHfGz, Sn(ll) in yellow for SnCIF, and Sn(IV) for Sa@ green.
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Figure 5.4.Selected area electron diffraction (A) and scanning transmission electron mic
image (B) of a SnHfexrystal. The ED beam is projected down the [111] axis revealing the
family (d & 11.7 j) and the {211} famil
have a spacing of ~11.7 A corresponding to (dt§pg stacking. A thin shell of amorphs SnG

is visible on the particle surface due to surface oxidation of Sn(ll).
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Figure 5.5.Calculated electron density maps for the conduction band edged@dBalence bal
edge (C,D) along with the total densitiefsstates (E) for th@bamSnHfO; perovskite. Emphas
around the Si© local coordination is shown in A and C for clarity, with the unit cell showr
and D. Projected electron density is localized around O in the valence band edge and ¢
and O in the conduction band. The caltumd bandgap is a 2.2 e

are displayed in pink and atoms are shown as Sn in red, Hf in blue, and O in green.
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CHAPTER 6

UNVEILING STABILITY FACTORS IN Sn(ll) -OXIDES: DISCOVERY OF POLAR
SnLasTi4015s PEROVSKITE AND ITS OVERALL WATER SPLITTING ACTIVITY

Thischapter is formatted for future submission anay require finalizing experiments
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2North Carolina State University, Department of Chemistry, Raleigh, NC, 288935, USA
b North Carolina State University, Department\éterials Science and Engineering, Raleigh,
NC, 27 27698204, USA
¢ University of Houston, Department of Chemistry, Houston, TX 7#3203.
d Institut fur Anorganische und Analytische Chemie, Universitéat Minster, Corrensstrasse 30,
48149 Munster, Germany
l. ABSTRACT
The discovery of multinary SHY-oxides is severely limited by a lack of understanding of
critical thermodynamic and kinetic stabilization factors. Additionally, the synthetic exploration of
Sn(I1)-O phase space is hampered by a limited number of soft chemical methods that have been
shown to succeed. In the present work, previously tested hypotheses of kinetic and synthetic
stability of Sn(ll}yoxide perovskites are applied to a largeale predictive modeling to identify
thermodynamic stability factors. The modeling yields 9 new pofides that we propose are
reasonable to synthesize and thermodynamically stable. One predicted compound, the layered
perovskite SnLa 14015, was successfully synthesized at 3@in high purity and crystallinity

using an iorexchange method. Rietveld refinement of powdera¥ diffraction data, second

harmonic generation spectroscopy’Sn Méssbauer spectroscopy, and electron microscopy

143



methods demonstrate the SuLaO:s phase retains the pol&3cl space group, crystalline
hexagonal plate morphology, and full Sn(ll) substitution after exchange. Electronic structure
calculations show relatively flat valence and conduction bands with an higher energy valence band
over the BalLali4O1s precursor due to localized-8nO intralayer bonding. UWis diffuse
reflectance spectroscopy supports the calculations and shows a decrease in optical bandgap by
~1.2 eV to ~2.4 eV after Sn(Bubstitutionallowing the absorption of visible light by the yellow
product. The SLTO phase is shown to decompose waterandHQ under visible light irradiation

with a Rh/CpOs-CoO duatcocatalys wi t h esti mated i Ahltandad96 r at e s
e mo ! hlépr 390 nm and 467 nm light, respectively, and a highest AQY of ~21TT#se

results highlight how chemical intuition, predictive modeling, and synthetic design collaborate to
synthesize new materials that show promising dielectric and optical pespesuch as

ferroelectricity and visibldight-driven overall water splitting.

. INTRODUCTION

ComplexSn(ll)-oxides have been recently identified as promising candidates for reduced
toxicity ferroelectrics that may outperform their Pb@fntaining analogues, such as tin titanate
(SnTiCs, or STO)versuslead titanate (PbTi§) or PTO) perovskites? Further, some of these
layered Sn(IHoxides have been calculated to have small optical bandgaps and correspondingly
ideal band potentials for solar energy conversion such as water oxidation, reduction, and overall
water splitting>* Early experimental reporisave revealed these predictions to be promidig.
However, many synthetic and theoretical challenges prevent rapid development.

Experimental progress is severely limited by the synthesizability of ideal candidates in this
new frontier of Sn(IBoxide chemistry due to their large thermodynamic instalifiyThe most

common example is the tetragonal Jfreedieectsck.i t e S~
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STO is calculated to be metastable with respect to the ilmenite Sr8n®DiO4, the binary oxides

SnO and Ti@, and is further metastable with respect to oxidized Sr§pécies such as cassiterite
SnQ or rutile (ThxSrk)Oz, in the presence of oxygen. There are currently no successful reports of
a perovskiteype STO due to these thermodynamic challefntasd the relatively stable ilmenite
phase has only recently been synthesized as a potdeerefore, a comprehensive understanding

of thermodynamicand kinetic stability as well as the underlying factors is required for the
successful synthesis of complex Sn@Hntaining oxides.

The emergence of machine learning tools have added a level epdrffiimance data
mining of experimental data that has never been achieved before to provide new synthesis
insigths>* However, the current lack of specificity and efficient experimental validation are
preventing these tools from broader use in discodemen efforts, and are often recreated from
scratch for each system of interest and limited by the quality of expeehteaining data>*’

Some studies thus far have sampled an inspresamount of compositional space to give large
databases of theoretical datdut they do not yet realistically represent the stability of theoretical
phases. For example, a recently synthesized metastable oxide zSfildfi®edicted by one model

to be thermodynamicall y,®bu noastableversus 8nO sind $ifOS n
under vacuum, or Sn@nd HfQ in air, which it rapidly decomposes into when annedled.

These critical hypotheses require significantly more exploration both by theory and
experiment and more effective methods of integrating chemical intuition are necessary. The study
herein will therefore expand on composition and structure space througfal garedictive
modeling combined with experimentaibpserved findings to better understand the stability of
Sn(ll)-oxides in broader systems. The results of these calculations suggest a shortlist of synthetic

targets expected to be both kinetically ardermodynamically stable. One such phase,
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SnLaTisO1s, was successfully synthesized in high purity at 300 °C using a fashidiated ion
exchange reaction with the (1layered perovskite Bak#isO1s. After full Sn(l)-substitution,

the polar and neoentrosymmetri®3cl space group is retained and the optical bandgap decreases
to ~2.4 eV and allows for the absorption of visible light. BdlLgD1s and other (11t)ayered
perovskites are known for UWght-driven overall water splitting, and therefore the resulting

SnLaTisO15 phase is further investigated for its visHlight-driven photocatalytic potential.

[I. EXPERIMENTAL METHODS

[11.1. Structure and Energy Calculations
Total internal energy calculations were used to compare and estimate the relative stability

of the theoretical phasefrsusdecomposition to binary oxides (e.g., SnO2@4 and known
ternary phases (e.g. 8i04) using previously described methodoldg) Experimentally verified
phases reported in the International Crystal Structure Datdlvese used as using the Vienna
Ab Initio Simulation Package (VASP; ver. 5% For each model, PerdeBurke-Ernzerhof
functionals were used with the generaligeadients approximation using the projector augmented
wave method with van der Waals corrections and a 3 x 3 x 3 MonkPacktgrid was used to
automatically sample the Brillouirone?* The phonon dispersion for STa,O15 was calculated
for its geometry relaxed structure using density functional theory perturbation methods within
VASP with 90 kpoints. All structural models were constructed using the Visualization for

Electronic and Structural Analysis (VESTA) software.
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[11.11. Synthesis

The BaLaTisO15 precursor was synthesized using a molten salt flux method. BEIf@
Aesar, 99.8%), Ti@(Aldrich, 99.7%), and L#Ds (Alfa Aesar, 99.99%) were ground together in
a 1:4:2 mol ratio with an agate mortar and pestle until thoroughly mixed.arié®LaOs were
dried at 1000 °C for 2 h prior to use. One molar equivalent of B@Bermo Scientific, 99%,
anhydrous) was then added and ground into the mixture. The mixture was loaded into a crucible
and annealed in a box furnace in air at 1200 °C for 8 h befdiggixaly cooling. The white powder
product was washed in 250 mL of DI water then dried at 80 °C. Several representative crystals
were separated from the mixture then the powder was finely ground prior to use. A usual reaction
ranged from 15 g total masand the yield was ~90 wt% with respect to BaligOss.

SnLaTisO15 was prepared through an iemchange method adapted from previous
reports?*® First, SnC4 (Alfa Aesar, 99%, anhydrous) and Sr(Rlfa Aesar, 97.5%, Alfa Aesar)
in a 1.1 mol ratio were thoroughly ground with an agate mortar in pestle in an Ar glovebox to form
andhydrous SnCIF. Balk@isO1s and SnCIF were loaded at a mol ratio of 1:1.5, and ground until
uniform. The mixture was loaded into an evacuated fused silica ampoule and flame sealed, before
annealing in a box furnace at 300 °C for 1 h. Yakow powder product was washed by vacuum
filtration with ~350 mL of DI water followed by ~50 mL of ethanol, prior to drying at 80 °C
overnight. In a typical reaction, 1.219 g of BaLiaO1s was reacted with 0.154 g of SnGind

0.127g Snk; and the product mass recovered was ~1.18 g after washing.

[11.11l. Characterization
Laboratory Xray Diffraction (XRD) was measured on a Rigaki\Ks Spider using a Cu

KU soar=el. (54056 )inthedDébyeRckerrer §edmetnyoutfitted with a curved
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imageplate detector. Data collected for powder XRD refinements were collected on a PANalytical
Empyrean XRay diffractometer with Cu KaXay sourcegs = 1 . 5 4 9516544426 A, &0
kV, 40 mA) in the BraggBrentano geometry on a silicon spinning sample stage. The step size was
0.0131 (2theta) with a 180 ms count time at each step. All Rietveld refinements were performed
using the General Structure Analysis SysliéfGSAS- 1) software to extrat crystallographic
information?®

UV-Vis diffuse reflectance spectroscopy (DRS) was measured using a Shimadzs-UV
NIR spectrophotometer (U8600) with an integrating sphere detector from-2600 nm. The
sample was spread evenly and pressed onto a flat B&gdna Aldritch, 99%) surface which
served as the background reference. The analyte reflectance was measured and transformed using
the KubelkaMunk Remission function and plotted as a Tauc plot velnsi#$ The approximate
direct and indirect bandgaps were determined by linear oltgipn of the transformed absorption
band edge&

Second harmonic generation spectra (Sk&fye measured by using the KuRerry
method with Qswitched Nd:YAG lasers at the wavelength of 1064*hRolycrystalline samples
of BaL&Ti4O15 and SnLaTisO15 and and KHPOQy (KDP) were ground and sieved into a distinct
particle size range of 9@ 2 5 & m. Sieved KDP powder was wused
the frequencydoubled output emitted from the sample was measured using a photomultiplier tube.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were
performed using a JEOL SM 6010LA scanning electron microscope operating at an accelerating
voltage of 20 kV equipped with a JEOL EDXS silicon drift detector. The surface sitmopoof
BaLaTisO15 and SnLaTlisO:15 samples were characterized usingray photoelectron

spectroscopy (XPS) with an XPS/UNMGPECS system featuring a PHOIBOS 150 analyzer under
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a pressure of approximately 3 x¥amb a r . The i nstr unreanyt (uht3i I3 zlex5
eV) and-ramly KlhsX = 1486.7 eV) sources. -Tape dat ¢
source, which operated at 10 kV and 30 mA (300 W) and analyzed with the CasaxXPS software.
XPS spectra of theurvey scan were recorded with a pass energy of 24 eV in a 0.5 eV step. The

Cls peak was used as an internal reference with a binding energy of 285 eV.

[11.1V. Photocatalysis

Overall water splitting (OWS) testing was adapted from a previous literature method and
largely unchangetf Cocatalyst photodesposition was perfornreditu by adding ~100 mg of
SnLaTisO15 catalyst to a photovessel with ~40 mL of DI water. Solutions aRN&kLA 1 Z0H
(Beantown Chemical), ¥CrO4 (Alfa Aesar 99.0% min), and Co(N§pA 6,6 (Alfa Aesar, 97.7%
min) were prepared at a metal (Cr, Co, Rh) concentration of 0.2 rhgwith the Rh solution
freshly prepared before each deposition. The targeted cocatalyst loading was 0.1 wt%, 0.05 wt%,
and 0.05 wt %, for Rh, Cr, and Co, respecti vel
solution were added to the reaction migtiand the solution was irradiated by an Xe Arc lamp
(300 W) for 10 minutes. 250 €L of truesoCr sol
irradiation. Lastly, 250 €L of the Co solutio
solution was then removed from the light source.

For the suspended particle photocatalysis reactions, the same reaction vessel from the
previous step was used and the headspace was flushedg#ls for 30 minutes before closing
with a septum. The vessel was placed in front of a PR160L Kessil LED lamp with a set wavelength
for each test. Wavelengths used were 390 nm, 467 nm, and 525 nm. The amount of gas produced

was determined by an SRI 310C gasomatograph equipped with a thermal conductivity detector
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(GCGTCD). Gaseous aliquots (500 L) were omeasur

and Q were constructed to obtain approximate rates of gas evolution.

V. RESULTS AND DISCUSSION
IV.I. Predictive Modeling of Multinary Sn(H)xides and their Stability
Recent reports have successfully synthesized Sttidaining perovskite oxides through
softchemical, iorexchange methodsl%1%20 Underlying factors governing stability, and
concomitantly synthesizability, have been hypothesized as follows.
(1) The lattice energy of the underlying substructure (i.es) BQproportional to the kinetic
stability in situ.
(2) If there are fewer lower energy polymorphs accessible then unwanted ion diffusion will
decrease and thus increase kinetic stability.
(3) asymmetric coordination environments are more thermodynamically stable due to
reduced steric strain of the Sn(ll) lone pair.
However, these hypotheses have only been tested in a limited number systems and require further
exploration by both theory and experiment. Figare schematically depicts the weflow for
predictive modeling of the 52 Sn{dtpntaining oxides examined herein as well as the results, with
a complete list in Tabl®1. In Figure6.1A, the models were constructed by first finding known
phases in the ICSBwhich contain K(1), Sr(ll), Ba(ll), or Pb(ll) on the-site, since these have
been shown to be succesgbuécursor cations for Sn(tgxchange. Materials with elements that
are not expected to be redox stable with Sn(ll), e.g., BEMpSr\VV Os, etc., were not considered.
These known materials were then manually modified to replace-#ite Aation with Sn(ll) to

make the hypothetical target materials. DFT relaxation calculations using VASP were performed
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on each phase, then the relative metastability was estimated with an example fdn&nta

bel ow 6Inandé? . 6 s

SnLaTis015A SnO + 2La0s + 4TiO, ®&End + 9 9atamé V (6.1)
2SnLaTisOi A SnTiOs + 4La0s + 7Ti0eEnd +95 méV atom (62

Where eq6.1 shows an example of a stable phase with respect to the component binary oxides
and eqg6.2 shows an example of a stable phase with respect to competing phases on the local phase
diagram.

Figure6.1B highlights the kinetic factors observed in previous work in addition to the new
calculated trends in thermodynamic stability, unified by the central theme of synthetic
maneuvering of the unknown and compbmase spaces. The observed traits that most of the stable
phases share are (i) low Sn(ll) coordination environment, (i) noncentrosymmetry of both Sn(ll)
local coordination and the crystal symmetry, and (iii) a low Sn{$tB ratio. Only 18 of the 52
examined phases were determined to be stable. The relative metastability of all calculated phases
sorted by Bsite composition is shown in FiguéelC. Of the 52 systems modeled in this work,
only two are calculated to be new phases, thermodynamically stéhleespect to the binary
oxides and known competing phases, where the precursors can be readily made in high purity and
crystallinity. These two are Snp\WO7 and SnLaTi4O1s. In the present work, we chose to focus
on SnLaTi4O15, which has a (113pyered perovskite structure and is more similar to the highly
desired SnTi@ perovskite. The synthesis and characterization of this new phase is discussed
further below. The major drawbacks of the current computational approach are the selection bias
used in precursor selection and the relatively small sample size. Howevergmofla sample

size can lack realistic results, and it is currently challenging to automate chemical intuition. Future
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efforts should be devoted to applying some of these successful concepts to machine learning
algorithms and largescale databases to better filter out purely theoretical synthesis and expand
the list of reasonable synthesis targets.
IV.1l. Synthesis and Structural Characterization of Sili#15

The barium lanthanum titanate (14dlayered perovskite precursor, Bal&O:s (BLTO),
was prepared by was prepared in high purity and crystallinity by aténgperature molten flux
synthesis in a BaBiflux. Single crystals were collected from the powder and the structure was
solved to theP3cl space group with lattice constaats 5.5610(3) A and = 22.42(2) A(Table
D2). The solved crystal structure was used as a model for a Rietveld refinement of the
polycrystalline powder and is consistent witRp= 6.17% and lattice constants a = 5.56809(5) A
andc = 22.4674(2) A(Fig. D1). SEM and EDS demonstrate the BLTO forms highly crystalline
hexagonal platelets ~B0 microns in diameter and ~1 micron thick in the desired 1:4:4
stoichiometry(Fig. D3,D4) The presence or lack of an inversion center in BLTO is still under
active investigation in previous repofté' and is currently described by eitfeoml or Pocl
centrosymmetric space groups or by ®#3el noncentrosymmetrigpace group. Second harmonic
generation (SHG) spectroscopy shows a signal of ~1.7x that of the KDP standard, unambiguously
confirming the noncentrosymmetry of the crystal struc{gig D2).3?

Sn(ll)-substitution was performed on the BLTO precursor using an excess chaglibvwg
SnCIF peritectic flux at 300 °C for 1 h under static vacuum. Fi§iZreummarizes the synthesis,
structure, and characterization data of the fully exchangeds®nlas. The reaction is proposed
to be driven forward by the large heat of formation of the BaCIF salt side product wiorn®3a
e x ¢ h a n g-456 kJaxidl) ad described in prior wétland highlighted in e6.3.

BaLaTisOs + SNCIFA SnLaTisOs+ BaCIF (6.3)
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Intralayer ions typically have diffusion rates of several orders larger thanpacked ionsFor
example, the diffusion coefficient of N estimated to be ~4.0 x 1@n¥ s! in Nab-alumina at
300 Kversus-4.5 x 103 cn? st in analcite at 373 K° The increased diffusion rataiow for the
Sn(ll) to selectively substitute for Ba(ll) in the-Bax and retaining the L1207 perovskite slabs
and hexagonal plaié&e morphology (Fig6.2A,B). The SnCIF and BaCIF salts are soluble in
water and easily separated from the product, although excess of SnCIF has often been observed to
incorporate Cl and F into the particle surfaces.

High-resolution powder XRD data was used for Rietveld refinement t®3b# crystal
structure of the BLTO precursorherefinedBLTO precursor was used as an initial model with
Ba manually replaced by Sn for refining the SLTO phase in the retBBedspace group. The
modelagreeswith weighted residuals of ~4.7% and lattice constantsdof 5. 5cA0 22, 46 | .
The structure can be described as d&fer of asymmetric €6n-O sheets, separating 1a:O7-
perovskite blocks that terminate on the (iflBhe, an uncommon feature in-@dntaining
perovskites? Some Lakwas also observed by powder XRD, which is somewhat surprising and
suggests some of the La may be patrtially substituted in the SLTO structure, however it is unclear
by bulkcharacterizatiomethods what degree of exchange occurred or at Whishes. The poor
solubility of Lak prevents separation from the product. SHG spectroscopy shows the SLTO
product is active with an intensity of ~0.2x KDP. These data confirm the laak iofversion
center and thereby validating ti#8cl model| similar to BLTO. The decrease in SHG intensity
after substitution is not immediately clear. One possible cause is the significant decrease in optical
bandgap (discussed below), thus the SLTO crystals may partially absorb radiation used during
measurementurther investigation is required to fully understand the potentialinear optical

properties of SLTO.
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The highly crystalline, hexagonal platelets of the BLTO precursor are additionally
maintained after Sn(H3ubstitution (Fig6.2B). No significant change in particle size or shape is
observed of the bulk phase, however there are smaller particle agglomerates at the surfaces after
exchange. Energy dispersive spectroscopy (EDS) confirms the homogeneity and approximate
stoichiometryof SnLa-Ti-O (~1:3:3) and no apparent Ba (F62C). The Sn is likely more
concentrated than expected due to residual saltghwhisupported by the presence of a small
amount of Cl and F in the EDS spectra. The spatial resolution on EDS is further not high enough
to distinguish the identity and composition of the insoluble salt agglomerates. Additional SEM and
EDS are shown ini§. D6-8, with similar results. One drawback of EDS on this material is the
complex convolution of Ba, Ti, and La spectral peXk&hile Ba was not observed in quantifiable
amounts, it is not conclusive for full Ba removakra§ photoelectron spectrosgopXPS) was
then employed as Sn and Ba 3d 5/2 peaks have a substantial difference in binding energies (~300
eV)3¢XPS on the BLTO precursor only detects Ba, La, Ti, O, and the C standélesthe Sn(ll)-
exchange produsthows only Sn, La, Ti, O, CI+F from the salts, and C standard de{éaged?,

Table D3) It is important to note that the EDS interaction volume is far larger than XPS and likely
encompasses an entire average particle, while XPS hardly excee@8 ni into the sample
surface. The welbbserved phenomena of-20 nm thick Sn@shells on nearly all Snontaining
materials blurs the accuracy of XPS analysis irc@mtaining systems, while simultaneously
questioning the purpose of higasolution XPS for SA’ This is likely why the Srconcentration

is deceptively large by XPS but close to the nominal value in EPSh Mossbauer spectroscopy
shows that the material is primarily Znalthough quantitative fitting is still in progress (Fig D8).
Thus, full exchangef Sn(ll) on the bulkscale can be concluded accompanied by retention of the

polar structure and high crystallinity.
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Additionally, the SLTO material is significantly more stable than previously reported
Sn(ll)-perovskites. For example, in SnH{@he pure phase would begin to decompose into SnO
and HfQ beginning at ~350C under vacuum, and into Sp@nd HfQ at lower temperatures in
air!® The more stable, yet still metastable, {B2n)HfOs solid solutions would similarly
decompose between 4800 °C into stoichiometric amounts of BaHfOSnO, and HfQ
depending on the concentration of Bidowever, SLTO retains thieulk of its crystal structure
even after annealing under vacuum at 700 although partial oxidation of Sn(l§ Sn(lV) is
apparent by the formation of some-BaO7 (Fig D9). Thus, the predictieguided synthesis of

stable Sn(lhoxides is a promising method of discovering emerging materials.

IV.III. Optical Properties and Electronic Structure

The refined structure of SLTO was used as a model for additional electronic structure
calculations using the DFT level of theory in VASP. Figai@A-D summarizes the calculated
electronic and phonon band structure along with experimentalVigd\Wdiffuse reflectance
spectroscopy (DRS) data in FiguBe8E. Calculated electron densitiebstates (DOS) for the
valence band maximum (VBM) and conduction band minimum (CBM) are shown i6.84.
The calculations predict the VBM is composed of SRB&p) filled bonding states, while the
CBM is composed of mostly empty Ti 3d states with marginal contribution from O and La, similar
to perovskites such as BaTif¥ The SRO hybridization of Sn(IRoxides has recently been
predicted as an alternative to a hapthere model with better accuracy to the limited experimental
evidence®® The electronic transitions are thereby expected to be primarily localiBre@chains

to the extended TiEBD-network.
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The full DOS shown in Fig. 3D is consistent with the projected electron densities at the
band edges. The calculated bandgap is ~1.8 eV, significantly lower than the BLTO precursor at
~2.9 eV. The optical transition is expected to decrease significandly thi insertion of the
polarized SFO states, as shown experimentally in similar c&8éSimilarly, UV-Vis DRS
demonstrates a decrease of ~1.2 eV in the measured optical bandgap from ~3.6 eV in BLTO to
~2.4 eV in SLTO after complete Ba removal andsistent with DFT calculations. The powder
changes from white to yellow after reacting, supporting the measured optical change, and now
enabling the absor pt i omdddidnal UM-VesiDRS data ik shgemin (&
Fig. D10,11 and tabulated in Table O4e phonon band structure in F&3B,C shows relatively
flat VBM due to Sn(lBincorporation into the structure. The dispersion is low since Sn(ll) is
isolated in a layer rather than the extended perovskite network. The isolated layeratib8s
suggests charge mobility arises from hopping between Sit@h, and may have relatively large

chargecarrier effective masses such as in BiV®

IV.IV. Suspended Particle Overall Water Splitting

Layered perovskites similar to SLTO have been extensively shown to be active for
photocatalytic overall water splitting (OWS), such as iBNBaO15*42and the precursor phase
BaLaTisO15.34*3 The activity results from the conduction band energies of primarily Ti(3d) and
Nb(4d) that straddle the water reduction potential and the low valence band energies of primarily
O(2p) states well below that the water oxidation potential. However, thatmguhature of these
perovskites limits the activity to UVight, with measured optical bandgaps of ~3.8 eV for
BasNbsO15, and ~3.6 eV for BaldisO:s. Previous work has investigated partial Sn(ll)

substitution into BéNb4O1s to raise the valence band and consequently absorb visible light (Eg ~
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2.4 eV), however no Hevolution nor simultaneous2HD; activity was observed. The optical
properties and electronic structure of SLTO show that the valence band energy has increased
significantly and allows the absorption of visible light, with no significant alteration of the
conduction bandrl'hus,this may be a promising candidate for visibight-driven OWS.

Recent advances in surface engineering have developed ainofititsphotodeposition of
a high quantum efficiency approaching unity under UV irradiation, which allows for more reliable
inquiry into the photoactivity of new materi&sThe method involves photodepositingxRip-
xOz as coreshell nanoisland® lower the kinetic barrier for water reduction and inhibit the reverse
reaction, while simultaneously depositing Ga@nacislands to similarly improve the rates of
water oxidation. The gas evolved at the optimal cocatalyst loading were a near perfect 2:1 ratio of
H2:02 and a linear rate oveeveral hours.

The SLTO phase was tested for OWS activity using this cocatalyst deposition method and
a setup previously describ&tt A summary of preliminary results and a schematic of OWS
mechanisms are depicted in Figérd. Shown in Figuré&.4A, the absorption of visibléght by
the SLTO photocatalyst generates an eleehrae pair. The deposited RBr..xOz and CoQ
cocatalysts improve charge carrier separation at the surface and improve the rates of simultaneous
water oxidation by the holes*jhand reduction by the electrons)(@enerating Hland Q gasin
a stoichiometric 2:1 ratidrigure6.4B shows a schematic of the measft BLTO band structure
and the approximated SLTO band edge energies based upon the optical and calculated electronic
properties, compared to the water redox potentials. The increase in the valence band should allow
for OWS activity with lower energy light,@ visible. The gas evolution is measured over time by
hourly aliquots directly injected into a gas chromatograph (GC) with a thermal conductivity

detector. An example GC of an OWS reaction using SLTO is shown in EX§3r@nd calibrations
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curves are shown in Figui2l2. Figures D1416 show SEM, XRD, and XPS of the phototested
SLTO, showing no change in particle morphology or structure.

Figures6.4C,D show preliminary data for the amount ofathd Q generated oves h of
measuremeninder 390 nm lightThe initial rate of Hevolution was determined to b8%7¢ mo |
gthlandQat a r at e “oht, bothdnded 398 nmdightThe apparent quantum yields
were determined to be ~21.7% fog &hd ~17.8% for @ and the 2O ratio was consistently
~2.3 throughout. It should be noted that the GC detector is far more sensitivéhtnHD, and
thus the deviation from the ideal 2:1 ratio falls within the quantitation.eFha rate appears to
decrease over time to a maximum of 3 h, likely due to equilibration with the headdpdee467
nm light, the GC data had a similde/O> peak intensity ratio to the 390 nm data, however the
integrated areas were below the limit of quantitation on our instrubhevds estimated thahé
initial rate of Hf or mati on is ~1/3 of t he 1B%amA®Yofat e,
~5.2%. Undeb25 nm lightthe H was barely detectablk.is possible that the amounts generated
were simply too low to observe in our apparatus, since the 525 nm lamp used has a large irradiance
intensity® Most of the incident photons are likely lower in energy than the optical bandgap, and
the net intensity is quite lowQualitative summaries of the OWS activity under visible light are
shown inFigureD17.

These experimenttemonstrate theotentialof SnLaTi4sO15as a photocatalysbr visible-
light. Near stoichiometric HO2 Activity was large enough under 390 nm (violet) light to measure
guantitatively by dilute GC injection methods. The activity under 467 nm (blue) light was
gualitatively observable and apparently stoichiometric as well. No activity was observed under
525 m (green) light however this may be due to our experimental limita#ofewy limitations

listed in brief: (1) Injectiorbased methods are generally poor at fagburacy gas quantitation,
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especially when paired with thermal conductivity detectors. (2) The experiments were performed
in a static atmosphere system, and therefore the reaction rates can be influenced by equilibrium
kinetics. (3) The lamp intensities are relatively low and tloeecthe total gas evolved may simply
straddle the detection limits of our instrumentatideverthelessH, and Q generation in water

is observeavith bothnearUV and visibldlight irradiationwith a max initial rate observed of ~460

e mo T nh!gf gasat 390 nmResolution of these experimental constraints in addition to catalyst
optimization (i.e., morphology, cocatalyst loading, dopants, etc.) will require significant additional
work that falls beyond the scope of this current study. It is important to emptiesizieese data

are a qualitative report of the potential properties of a new OWS photocatiaigd its ideal

band positions, visiblight-absorbing band gap, low toxicity, and similar band structure to the
well-known OWS photoanode, BiV/OSignificant future work is required in improving the testing
methodology, improving the synthesis of SLTO for optimal performance, and finding the best

cocatalyst loadings.

V. CONCLUSIONS

We report an approach to apply chemical intuition and synthetic experience to guide
predictive modeling of new Sn(tpxides that have not been previously synthesized by experiment
nor theory. Calculations show a shortlist of 9 new multinary Soliles astable phases when
compared to the currently reported convex hull. One such phase was targetedidpthin
exploration, SnL&li4015, and was synthesized in high purity and crystallinity by a low
temperature fluwmediated iorexchange method at 30C. The structure and composition was
confirmed by powder XRD, EDS, XPS, and SHG, to be the noncentrosymPtispace group

belonging to the (11ipyered perovskite family. Literature reports and electronic structure
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calculations suggest the SLTO phase may be a promising candidate for-ligsibtriven
photocatalytic OWS, and our preliminary results show that it is active under both UV and visible
light. A large amount of future work is thus needed to combine tadigiive modeling procedure

with the power of machine learning, as well as carefully optimize and evaluate the photocatalytic
potential. This promising new material is the closest material structurally to the hypothetical lead
free ferroelectric SnTi®perovskite andis a first step in realizing leadee photocatalysts and

dielectric materials.
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Figure 6.1. Graphical representation of the wdtw used in precursor selection for Sryll)
analogue modeling (A), the primary contributing factors to kinetic and thermodynamic stability of
predicted Sn(lPoxides (B), and a summary of the relative metastabilitytder 52 calculated
reaction systems (C). Models for multinary Sn@ikides were selected based on strict criteria for
known and synthesizable K/Ba/Sr/Pb oxides thensstituted prior to DFT relaxation
calculations. Each kinetic and thermoedymc factor are coupled, revolving around wadlsigned
synthesis for the achievement of a new material. 18 of the 52 reaction systems are calculated to be
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oxides as synthetic candidates.
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Figure 6.2. Synthesis schematic and structural model (A), Higgolution SEM image (B), EDS
spectrum (C), Rietveld refinement (D), and SHG spectra (E), all for the;HaDa& layered
perovskite. BaL@li4015 is reacted with a lovmelting Sn(ll}flux, allowing for Ba(ll)/Sn(ll)
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hexagonal platelet morphology aR@8cl space group are retained after exchange. EDS shows no

Ba detected. SHG spectroscopy confirms noncentrosymmetry with an intensity »th€ RDP
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(inset) picture of the yellow Snk&i4O15 powder.
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Figure 6.4. (A) Schematic of visibldight-driven overall water splitting using the SnL&O1s
photocatalyst with Rh/Cr/Co cocatalysts. (B) Estimated band potentials vs. RHE for
Ba/SnLaTisO15 photocatalysts versus the water redox potentials. (C) Preliminagnél Q
formation over time under 39@m irradiation during suspended particle photocatalysis reaction
with Rh/Cr/Co cocatalyst¢D) Total gas evolved and composition during 390 nm photcdkést.
photocatalyst absorbs visible light to generate eledime pairs, which migrate to active surface
sites where the Rh/Cr/Co cocatalysts deposjtreducing the kinetic barrier to simultaneously
reduce and oxidize water. After Sn{Hyibstitution, the valence band increases by ~1.2 eV,
shrinking the optical bandgap and allows OWS under visible litgtand Q evolve at a ~2:1 ratio

over 4 h.
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CHAPTER 7
l. CONCLUSIONS

The search for enhancgerformance materials continues but progress is intrinsically
' imited to their ahiesntioev sizihodshendprosen effecivefori s . 0
pushing the synthetic frontier into metastable materials, which have been numerously
demonstrated and predicted to have improved properties over their thermodynastadady
analogues.The key area of this broad area | have worked on is focused on&n(l&ining
oxide perovskites and the underlying factors governing their egisthA classic example tise
asyet undiscoveretin titanate, SnTi@ a tetragonaP4mmperovskite with an analogous
structure to lead titanate, Pb&i@ weltknown ferroelectric with a large spontaneous electric
polarization? The origin of ferroelectricity in PbTigis currently understood to be non
centrosymmetric coordination of Pb(ll), creating a spontaneous electrical polarization in the
crystal structure, shown in Figure 6.1. SnJi®©hypothesized to be similarly ferroelectric and
calculated to have an even larger spontaneous polarization due to the larger tendency of Sn(ll) to
coordinate asymmetricalf/*

The Revised Lon®air model explains this using a molecular orbital approach and
verifying with calculations, which is summarized in Figure 812 brief, for a model GSn-0-é
1D chainthe unoccupied §Bp) atomicorbitalslie close in energy tthe filled Sn(5s)O(2p)*
antibonding states. If the 1D chain distortes  a 0 z i g Snép hixirgia oW symmetry
allowedwith Sn5s)O(2p)* stabiliang the antibonding orbita]expressing as a stereoactive lone
pair. The estimated orbital energies (frommization potentials) in S@ systems allow for the
largest overlap of any AB systems (A = Sn(ll), Pb(ll), Bi(lll), etc.; B% &, S€&, etc.), thus

asymmetric Sn(lhHoxides should be the most polarizable.
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However, perovskitéype SnTiQ is calculated to be metastable with respect to SnO and
TiO2 and likely would have low thermal stability due to the sensitivity of the Sn(ll) cafion.
Soft-chemical synthesis methods have made some progress by the discovery of thetypenite
SnTiO;, and the lithargeéype SaTiO4.”® The poor thermal and thermodynamic stability and lack
of significant synthetic breakthroughs have led to the belief that the synthesis of perovskite
SnTiOs and related phases (i.e., SnZrSrHfOs, etc.) are likely impossibi. The results of my
synthesis stories, as discussed in previous chapters and as summarized below, push this notion of
0i mpossibled to its | imits in thepdymophdheti c d
Renaissance of Topotactic lon Exchangé&:he rising use of topotactic exchange
reactions on clospacked structures holds great promise to enable the preparation of a large
range of new multinary solids. The choice of solvent/flux is system specific and is targeted to
provide a high cation mobility at low temperatures while also rssbtl/ing or otherwise
transforming the sublattice. The advantage of this approach is the capability of maintaining
either the underlying a) anion substructure orb) aragtalo n x@ MOu b st ruct ur e, wh
incorporating new functional <cations (M6) int
which rely upon full anion/cation diffusion are insufficient to provide this type of kinetic control,
and especially so for metastable sotiust would rapidly decompose. While the achievement of
kinetic control over the formation of threlemensional structures has long been a grand
challenge in crystalline solids, there remain many key challenges and opportunities in the future
devdopment of this synthetic approach. For example, chemical diffusion coefficients are known
in relatively few systems, hindeririige predictabilityof the synthetic exchangeability of
particular cations. In addition, the compatibility of two cations being exchanged for each other

will need to be more deeply understood as a function of their differences in cation sizes and
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preferred coordination environments. For example, while most synthetic reports involve the
exchange of isovalent cations, e.g., monovalent Cu and Na cations, there are not yet any well
understood synthetic limitations. Many answers to these challengibems will be supplied

by the topotactic synthetic investigations currently surging in new investigations and being
developed for a wide range of potential applications.

(BazxSn)SnOs and (Baw-xSrk)HfO 3: Low temperature flimediated reactions of SnCIF
show that the exchange of Sn(ll) for Ba(ll) cations in BadHd BaSn®@can yield significant
Sn(ll)-cation incorporation only in the former, yielding (B&n)HfOsz at up to x ~ 0.7. Electron
microscopy imaging show that the highest concentration of Sn(ll) cations of ~70% with a
homogeneous distribution can only be achieved at low reaction temperatures &6C-v280
two consecutive reactions and intermittent grindingaladgous catiofexchange reactions for the
stannate perovskite only resulted in its decomposition. The metastablS(BEfO3
compositions exhibit a decomposition pathway that proceeds at its surface via phase segregation
into the binary oxides, beginning at only ~38D Total energy calculations demonstrate the
highest metastability of the ~70% Sn(ll) perovskite o(#%m.7)HfO3, reaches a remarkable ~
446 meV atorit against decomposition, which is significantly higher than previously considered
for being synthesizable. The additional kinetic stabilization of the hafnate perovskites is posited
to result from its much higher high cohesive energy, melting point, arabsence of lower
energy polymorphs or a ground state that could potentially be reached without requiring
significant ion diffusion. The presented results have helped to elucidate the relationship between
the synthesizability and metastability of Sndbntaining perovskites that have been long
desired as a new class of technologically relevant materials. Strategies to further improve the

synthesizability should focus on improving the Sn(ll) cation diffusion rate such that lower
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synthesis temperatures may be used to achieve full @x@hange without decomposition of
the perovskite crystal lattice. For example, vacancies or defects could be introduced in the
perovskite precursor to increase cation diffusion rates through tice.l&dditionally, the fine
tuning of particle size and morphology through alternative precursor synthesis routes has the
potential to decrease the cation diffusion path length required for full exchange. Further
elucidation of these key factors governlagding to the successful synthesis and of Sn(ll)
containing metastable perovskites will hopefully lead to the synthesis of the firgiumitj
Sn(ll)-only SnBQ perovskites in the future.

Cubic SnHfOs as nano eggshells: A highly metastable Sn(ll) perovskite oxide,
SnHfQs, has been synthesized for the first time in both a nanestvainoshell and nano
eggshell particle morphologies. in high purity and characterized in high purity for the first time.
The nanoshell morphologies effectively enable sufficient cation diffugs well as kinetic
stabilization against decomposition to simpler oxides. This was accomplished by using a soft
ion-exchange technique, in which a lamelting point KSaCls flux was used to exchange Ba(ll)
for Sn(ll) at BaHfQ hollow nanoparticle surfaces producing nano eggshell morphologies of
SnHfGs in high purity and yield. The structure by XRD, CBED, and spectroscopy show a
retention of the cubic perovskite structure. Geometry relaxation calculations show there is no
energetically preferred Sposition other than random and asymmetric distortionthe Asite,
supporting the low longange ordering of the SnH§®ano eggshells. Further investigation into
this materidas well as other new and yet to be synthesized complex-8r{dlg¢s warrants
much future study. This work has demonstrated a new approach to circumvent the intrinsic

barrier of iondiffusion limits in lowtemperature topotactic ieexchange and pavinbe way
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towards future physical property measurements at the frontiers of complexcdnfH)ning
oxides.

Exchanging lead for tin in the synthesis of noncubic SnHf® For the first time, a
distorted Sn(IPQperovskite oxide, SnHf¢)has been synthesized in high purity and crystallinity by
a lowrtemperature iomexchange technique. We achieved fulsite substitution and removed Pb
from the orthorhombic PbHf§perovskite precursor while largely maintaining the sensitive Sn(ll)
oxidation state as confirmed by XRD, STEM/EDS, and Méssbauer spectroscopy. Thermodynamic
and kinetic considerations of the synthesis e’papon our previously proposed mechanism for
Sn(ll)-exchange of perovskite oxides. The evidence indicates that the initiekébange step
(i.e., Ba(Il)/Pb(ll) for Sn(ll)) does not need to be highly exothermic, but rather the exchange
product must be aetessary intermediate step towards the global minimum. Furthermore, these
and previous results strongly indicate that-éxthange techniques at mild conditions allow for
much finer structural control of the desired product than previously thought. Taestdlaseveral
unaddressed challenges and additional work to do, such as improving crystallinity or growing
singlecrystals, fine structural elucidation through advanced diffraction techniques, or improving
separation of the Phalide salt products. Adibnally, in situ XRD suggests the existence of a
polar SnHfQ phase that is stable in the temperature range 0f2080°C, which requires
significant exploration. The investigation of SnHf&» a model perovskite has allowed us insight
into the syntheticdynamics of the largely unexplored complex-8rO phase diagram and
decisively shows that Pbecy cl i ng, or O6del eadi fsubstitation a n 6 ,
closepacked structures like perovskite oxides, are both-widiin reach.

Thermodynamic stability of multinary Sn(ll) -oxides and synthesis oSnLasTi4Oz1s.

First reports of complex Sn(ipxides are emerging as a potential frontier of synthetic chemistry.
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However, most are metastable and impractical for technological applications. Mer@pply
chemical intuition and synthetic experience to guide predictive modeling cdmeatablésn(ll)-

oxides that have not been previously synthesized by experiment nor theory. Calculations show a
shortlist of 9 new multinary Sn(Hyxides agshermodynamicallystable phases compared to the
convex hull. One such phase was targeted fedejpth exploration, Snk#isO15, and was
synthesized in high purity and crystallyniby a low temperature flusmnediated iorexchange
method at 300 °C. The structure and compositiereexploredby powder XRD, EDS, XPS, and
SHG,and foundo be the noncentrosymmetdad polaP3cl space group belonging to the (1-11)
layered perovskite familyfhe SLTO phasés shown tde a promising candidate for visiHight-

driven OWS, and our preliminary results show that it is active under both UV and visible light
Initial ratesof He vol uti on and AQY wer elhéand 217%baimder890t o b e
nm and 96& mo Fh!@nd~5% for 467 nm irradiationThis promising new material is the closest
material structurally to the hypothetical lefide ferroelectric SnTi@perovskite and is a first step

in realizing leaefree photocatalysts and dielectric materials.

Overal: 1 n a final summary, the | istudyasfSnill O6i mpc
containing hafnate perovskites has been both pushed and challenged. By convention, it is believed
that metastable phases greater than ~200 meV “atalove the convex hull are
6 unsynt Heémvesumdessfally dsed a softemical topotactic ioexchange approach to
substitute Ba(ll)/Pb(ll) for Sn(ll) while the precursor substructure and symmetry are largely
conserved. Theoretical calculation$ the experimentally lsserved structureshow that the
products lie at least ~46800 meV atorit above the convex hull, more than double this
convention. Meanwhile, Xay diffraction, electron microscopy, energy dispersive spectroscopy,

and'%Sn Mdssbauer spectroscopy techniques all confirm the Swofitaining products: cubic
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(BawxSn)HfO3 (0.0 < x < 0.7), cubiand nan&nHfOCs, and orthorhombic SnHiQall as pure and

polycrystalline powders. The most stable and synthesizable of these phases was the orthorhombic

SnHfG: which has an asymmetric-gite and provides a significant calculated stabilization of ~60

meV atom', as suggested by the revised lmaér modef It is only a matter of time and effort

before my synthetic discoveries in the Maggard research group are applied to synthesize and

measure the first Sn(tperovskite ferroelectric, and potentially revolutionize-ffee dielectrics.

In an effort to drive this forward, | have theoretically sampled a large phasearspader
to improve our understanding of Sn{lD thermodynamic stability have combined this greater
understanding of thermodynamic stability witly nesults from théinetic stability studies of the
AHfO3 family of systemgA = Ba(ll), Pb(ll)), whichhave demonstratettie following additions
to the previous met hod di s c o vl khelowdempebature 6 s
flux-mediated iorexchangesyntheic route is potentially applicable tmany more complex
systems outside dhe layered>Ti>Os and perovskiteBa(ZrxTix)Os. (Il) The lattice cohesive
energy of the precursor substructure (e.g.,Hf@rgely impacts both the symmetry retention after
ion-exchange and stabilitin situ. (lll) Local symmetry must be designed into the precursor
material prior to the io@xchange reaction to achieve the desired symmEtey previous factors

are all based on kineti&tability, which allows for the circumvention of thermodynamic stability

under sofichemical methods of synthesis of metastable materials. For thermodynamic stability,

we needo consider additional factors. While these are only newly investigated, they should be

considered while pushing forward the frontier of Sn(ll) amdilar metastable configurations of

structural chemistryAdditionally, the new thermodynamic factors discussed in Ch. 6 should be

included in new materials, as the preferred coordination environments of fickle cations cannot be

disregarded even if we can synthetically ignore them. The pathway to new and rteetastab
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structures can be synthetically achieved byiQhimie Douce methods$ on (ll) precursors with

the desired substructure asdificiently high lattice energy through (lIQverall exothermicand
low-melting fluxmediated iorexchange synthesis routésat encourage rapid iediffusion,
regardless of (IV) the structure that allows -diffusion from a traditional sense, since it is
observed and demonstrated experimentally to occur in diverse and unrelated systepgely

in light elements such as™.iCu", and N&.*3 Significant work is required to continue exploring

the depths of these mechanisms; however, this work has shown that these reaction systems are
possible despite the current zeigeof the literaturé® It is my hope that | have provided a
procedural pathway to the next generation of synthetic chemists to push forward through the
known barriers and question how to circumnavigate the new barriers that arise. | cannot wait to
see the new materials that discovered in the next generation of materials chemistry through the
application of my workl hope that this work inspirest least a small step inteew chemistry

driving the discovery of new properties and structures consideiethginable.
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Figure 7.1. PbTiGs in the tetragonaP4mm space group. Pb(ll) lone pairs distort the diO

octahedra in the (001) direction, inducing a net polarization.
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