
ABSTRACT 

GABILONDO, ERIC AUSTIN. Synthetic Discovery and Thermodynamic Stability of Multinary 

Sn(II)-Perovskite Oxides through Flux-Mediated Ion-Exchange Techniques. (Under the direction 

of Prof. Paul A. Maggard Jr.). 

 

A low-temperature topotactic ion-exchange method was employed to systematically 

investigate perovskite oxides in the synthesis of metastable Sn(II)-containing perovskites. The flux 

reactions targeted Ba(II)- or Pb(II)-containing perovskite precursors of various morphologies and 

crystal symmetries while using low-melting Sn(II)-halides such as SnCl2 (m.p. ~270 °C), KSn2Cl5 

(m.p. ~180 °C), or SnClF (m.p. ~230 °C). The ion-exchange occurs topotactically and is driven 

forward by the exothermic co-formation of stable Ba(II) or Pb(II) halide salts. Underlying 

synthetic factors such as the lattice energy of the precursor substructure (i.e., BO3) were 

investigated by comparing BaSnO3, BaHfO3, BaTiO3, and BaZrO3 under similar reaction 

conditions. Higher lattice cohesive energies of the precursor were found to allow for greater kinetic 

stabilization of the metastable Sn(II)-product, allowing for a previously unprecedented limit of 

70% Sn(II)-substitution on the A-site prior to decomposition, i.e., (Ba0.3Sn0.7)HfO3. Additionally, 

reducing the number of available lower-energy polymorphs improved kinetic stability. These 

factors were expanding upon with experimental data in other close-packed structures, revealing a 

more complex synthetic landscape than previously thought, and connections are drawn showing 

the relationship between ion-diffusion mechanisms, temperature, time, morphology, and other 

experimental parameters. These tools were leveraged together in the investigation of BaHfO3 

nanoshells, in which the hafnate substructure has a large and rigid lattice and few competing 

polymorphs in the Sn(II) reaction system. The nanoshells were prepared at the low temperature of 

200 °C and the shell thickness and particle size could be tuned by modifying the basicity of the 

reaction media. The tailored nanoshells were then subjected to a soft flux ion-exchange, forming 

SnHfO3 on BaHfO3 surfaces in a nanoshell-on-nanoshell morphology. Further reducing the shell 



thickness to the Sn(II) diffusion limit resulted in pure SnHfO3 nano eggshells exhibiting 

pseudocubic bulk structure. At all levels of Sn(II) 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 precursor crystal lattice. Thus, the final study investigates the hypothesis that 

the Sn(II) lone-pair distortion must be designed in the perovskite precursor by using similar 

topotactic ion-exchange methods on the orthorhombic PbHfO3 perovskite. This resulted in full Sn-

substitution, a preservation of the orthorhombic substructure, and a preservation of the Sn(II)-

oxidation state. In each study, the thermodynamic stability and structure is investigated by a 

combination of X-ray diffraction, electron microscopy, UV-Vis 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(II)-oxides. This larger picture is then applied on a 

broader scale to theoretically sample 52 curated multinary Sn(II)-oxides to better understand the 

factors leading to thermodynamic stability and predict new synthesis targets. From this selection, 

a new Sn(II)-perovskite, SnLa4Ti4O15, 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 of this new phase are discussed to 

guide future development and discovery of new Sn(II)-oxide semiconductors. 
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CHAPTER 1 

OVERVIEW OF Sn(II) -OXIDE SYNTHESIS AND STABILITY  

 

I. 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 broad topic as separate subsections 

for more detailed and focused discussions. The subsequent Chapters 2-5 are formatted as journal 

articles that have formerly been published with the citations at the beginning. Chapter 6 is the final 

piece of my work on Sn(II)-oxides, and is in preparation for future submission. Within chapters 2-

4 and 6, the main text contains the relevant background, experimental methods, and results, 

followed by references, then closing with tables and figures. Chapter 5 is similarly structured 

however the experimental methods are in the appendix. The overall conclusions of this 

dissertation, regardless of publication status, are provided in Chapter 7, and will revisit the status 

of the specified research goals in addition to the outlook of future research. Supporting information 

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

 

II.  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.1-6 Many previous synthetic approaches have been utilized to address solid-state 

synthesis challenges, especially including óChimie Douceô approaches that enable fine kinetic 

control over product formation.7 These include hydrothermal, sol-gel, ionic liquids, and molten 

salt synthetic techniques. For the latter approach, 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.7-10 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(II)-containing metal oxides are of particular interest as an alternative to isoelectronic 

Pb(II) analogues due to the high earth abundance and significantly reduced toxicity. Several oxides 

have exhibited technologically-relevant properties, such as ferroelectricity arising from the Pb(II) 

stereoactive lone-pair in the tetragonal lead titanate (PbTiO3), tetragonal lead zirconate titanate 

(PbZr1-xTixO3, or PZT)11 or antiferroelectricity in the orthorhombic hafnate (PbHfO3).
12 Some 

lead-free materials also afford similar properties but at significantly reduced efficacy, such as the 

subtle Ti(IV) off-centered distortion in tetragonal BaTiO3.
11 Their detailed and in-depth structural 

origins have been under investigation for > 20 years and are depicted in Figure 1.1 for PZT. 

Unfortunately, the synthesis of Sn(II)-containing oxides has been hindered by the challenge of 

preventing the Sn(II) cation from undergoing rapid oxidation or disproportionation at temperatures 

as low as 250 C.13 Additionally, the products are not predicted to be thermodynamically 

stable.10,14,15 These challenges are so severe, that some ask the question, can the perovskite SnTiO3, 

for example, even be synthesized?15 By comparison, PZT can be prepared by simply mixing the 

binary oxides and reacting in a molten flux at temperatures in excess of 700 C.16,17 Another sol-

gel method can be used at 80 C followed by annealing of the products at 850 C to obtain a single 

phase.18 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 Sn(II)-containing reagents, 

even under an inert atmosphere or vacuum. Thus, a lower temperature alternative such as a molten 

flux method must be explored as a synthetic route. 
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New routes to Sn(II)-containing oxides have been introduced in recent work in the 

Maggard research group.10 In one example, barium zirconate titanate (BaZr1-xTixO3, or BZT) was 

reacted with a low temperature Sn(II)-halide flux in order to exchange Ba(II) for Sn(II). At these 

low temperatures under vacuum, Sn(II) was supplied as a reactant without significant oxidation 

occurring. The high ion mobility from the molten flux coupled with the thermodynamic driving 

force of the formation of BaClF versus SnClF (~ -527 kJ mol-1)19 caused a rapid exchange of Sn(II) 

for Ba(II) to take place and to give the tin-substituted barium zirconate titanate ((Ba1-xSnx)(Zr1-

yTiy)O3, BSZT). Interestingly, the predicted distortion of Sn(II)20,21 in the A-site was not observed 

by X-ray diffraction (XRD), even in the 60% Sn(II)-exchanged sample. This work has suggested 

several novel hypotheses for cubic perovskite oxides that remain untested, including (1) by 

increasing the lattice energy of the oxide precursor the metastable exchange product can be 

kinetically stabilized. (2) Lower energy competing phases and polymorphs must be avoided, by 

tuning composition, to synthesize the most metastable phases. (3) Fine kinetic-control mechanisms 

can be utilized to circumvent intrinsic thermodynamic and ion-diffusion barriers that cannot be 

overcome. (4) This two-step, low temperature, Sn(II)-halide exchange method can be used as a 

new general synthetic approach to utilize Sn(II) as a functional reactant for other perovskite oxides 

predicted to be high-performing, such as tin zirconate titanate (SnZr1-xTix)O3, SZT) or tin hafnate 

(SnHfO3).
22-24  

Powder X-ray diffraction studies from previous work suggest that the cubic Pmσm crystal 

lattice of BZT is preserved after the Sn(II) is exchanged in BSZT, which suggests as well that the 

SnHfO3 phase prepared through low temperature exchange may also crystallize in the Pmσm space 

group like the BaHfO3 precursor. Alternatively, PbHfO3, the Pb(II) analogue, is stable at ambient 

conditions as orthorhombic and antipolar Pbam space group and only cubic at elevated 
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temperatures, transitioning through a polar tetragonal P4mm PbHfO3 polymorph between 180-220 

°C.25,26 The Goldschmidt tolerance factor is often used in predicting ionic radii-based structure in 

perovskite oxides with some success,27-30 predicts the SnHfO3 perovskite may have an 

orthorhombic/rhomohedral distortion beyond ~30 mol% Sn(II), similar to PbHfO3. Further 

investigations into the tolerance factor also suggests that some phases may still be stable as ideal 

cubic despite a tolerance factor far below one.28 The tolerance factor explains that the predicted 

distortion is due to the A-site cations being too small to fill the interstitial sites in the B-O 

sublattice, causing a óbucklingô of the sublattice and a lower symmetry. Sn(II) however has a 

strongly coordinating stereoactive lone pair which is not well modeled by assuming an ionic 

sphere.21 The deceptive size and shape of the Sn(II) 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 Sn(II)-perovskite oxides using the 

flux-mediated ion-exchange technique with a particular focus on SnHfO3, to better understand the 

underlying factors governing the synthesis and stability of Sn(II)-perovskite oxides. The local and 

long-range structure of Sn(II)-perovskite oxides is not well understood nor have any fully 

substituted Sn(II)-perovskites been synthesized. Thus, any new structural information that can be 

extracted will be critical to the continued development of high-performance lead-free dielectrics. 

Little work has been done in attempt to synthesize this material because of the challenging nature 

of not just preserving the Sn(II) oxidation state, but also of having sufficient kinetic control to keep 

this metastable phase from decomposing, as mentioned previously. SnHfO3, which has been 

calculated by DFT methods to be thermodynamically unstable,22,23 is also predicted to be a visible 

light absorbing semiconductor with high carrier mobility,31 and a promising candidate for light-

driven applications, making it both a useful target and excellent case-study. Further, the proposed 
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mechanism and kinetics of the Sn(II)-exchange 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 potential to address these challenges 

while also expanding its scope and efficacy in alternative systems, making it a promising synthetic 

route to a pure SnHfO3 material and the first Sn(II)-perovskite oxide. Thus, the research objectives 

to push the frontier of crystalline metastable Sn(II)-containing oxides are to test the following 

hypotheses: 

(1) Flux-assisted synthetic techniques can be used to prepare metastable SnHfO3 by ion-

exchange reaction with a SnClF 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(II) cations. 

Higher lattice energies can inhibit significant ion diffusion and phase segregation. 

(3) Incorporation of an additional B-site cation (i.e., Zr(IV), Sn(IV)) can be used to prepare 

a solid solution, i.e., (Ba1-xSnx)(Hf1-ySny)O3, that will increase the synthesizability of metastable 

Sn(II)-rich.  This is the result of kinetically-inhibiting decomposition by ion diffusion and phase 

segregation.  

(4) X-ray diffraction techniques can be used to characterize the crystalline structure of the 

Sn(II)-containing perovskites, with the resulting products maintaining the precursor perovskite 

structure.  A high melting and crystalline precursor can help to stability the perovskite structure. 

(5) Through topotactic ion exchange, not only the cubic perovskite structure can be 

maintained after Sn(II)-substitution. This is the result of the precursor ómemoryô effect, and can 

be utilized as a design strategy to synthesize SnHfO3 with different local and extended structure. 
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III.  LITERATURE REVIEW  

i. Sn(II) as a Pb(II) alternative; characteristics of Sn(II)-oxides 

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(II) oxidation state. The inert pair of Pb(II) 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, and ferromagnetism to name a few. Pb(II) containing compounds 

are well known for these properties and their applications.32-34 The most notable of these materials 

is the electroceramic solid solution of lead zirconate and lead titanate, lead zirconate titanate 

(PbZr1-xTixO3) or PZT.32,35 Shown in Figure 1.1, PZT is a perovskite oxide of the formula type 

ABO3, wherein the ideal cubic Pmσm symmetry has a sublattice made up of B(IV)-O octahedra 

with the A(II) cations filling sites between the BO6 octahedra.36 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 metals.37 Depending on the 

size, charge, and ionicity of both the A and B-site cations, many structural phenomena can occur 

such as off-centering in the A-site or octahedral tilting around the B-site lowering the symmetry. 

Figure 1.1 highlights the tetragonal B-site 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 B-site composition, including cubic, tetragonal, rhombohedral/orthorhombic, and monoclinic 

having been observed.21,34,37 At the x = 0.48 composition and room temperature, PZT exists at its 
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morphotropic phase boundary where the piezoelectric constant is maximized through a mixture of 

a rhombohedral R3m and two highly similar monoclinic Cm or Cc phases.38 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 sizable distortion of Pb(II) from the center of the ideal cubic A-

site. Some of these distortions are exacerbated by tilting of the BO6 octahedra. Other examples of 

these distortion types are present in materials such as the relaxor ferroelectrics32,39,40 

PbMg1/3Nb2/3O3 and PbZn1/3Nb2/3O3, and lead-halide perovskites.41-43 Lead hafnate and zirconate, 

PbHfO3 and PbZrO3, respectively, are antiferroelectric from antipolar A-site domains caused by 

sublattice óbucklingô.44 

Unfortunately lead is highly toxic, can be quite soluble, and is volatile at manufacturing 

temperatures. Despite the attractive properties of Pb(II)-perovskites, alternatives with lower 

toxicity must be developed that have comparable properties. Notably, Sn(II) is isovalent to Pb(II) 

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 a lead-free alternative. Sn(II) 

has additional properties as well that could improve upon material design and not necessarily serve 

as a Pb(II) replacement. One example is for transparent conducting oxide (TCO) applications, 

where high charge carrier mobility, conductivity, and transparency in the visible light region is 

necessary. Recent theoretical work on TCOs by Ha et al. showed that using reduced cations with 

(n-1)d10ns2 electronic configuration like Sn(II), along with the maximizing the Sn-O-Sn angle, 

leads to high band curvature and minimizes the hole effective mass.31 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 
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Takanabe showed that Sn(II)-containing ternary metal oxides can be useful for the design of small 

band gap materials because the low energy filled 5s orbitals lie above oxygenôs 2p orbitals that 

comprise the conduction band, thereby driving the valence band higher in energy.45 Some of these 

visible-light absorbing tin-oxides also exhibit activity for hydrogen evolution,46,47 oxygen 

evolution,10 or both.46,19 The band positions straddle the reduction and oxidation potentials of 

water, while others are still suitable for photoinduced dye-degradation.48,49 While there are few 

Sn(II)-oxides that have been successfully synthesized, several theoretical studies have been done 

on Sn(II)-oxides and predicted similar properties. One such report by Taib et al. investigated tin 

titanate (SnTiO3) and tin zirconate (SnZrO3) as perovskites analogous to lead titanate and 

zirconate.24 Their findings suggest the SnTiO3 phase is likely to be ferroelectric because the inert 

pair displaces Sn(II) and causes Sn-O covalency and a corresponding dipole moment, similar to 

PbTiO3. Other reports are consistent with this conclusion and find the tetragonal phase is the most 

energetically favorable as a perovskite14,50,51 and that the lone pair effect is more pronounced in 

epitaxial thin films.14 Another report of SnZrO3 and tin hafnate (SnHfO3) 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 zirconate titanate (SZT, 

SnZr0.50Ti0.50O3), has also been investigated as an analogue and alternative to PZT and found to 

have a smaller band gap and larger lone pair effect.21 These compounds are quite promising. 

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

 

ii. The ñtin-roofò; challenges in the synthesis and stability of Sn(II)-oxides 

The primary challenge with Sn(II)-containing oxides is in their synthesis. A relevant study 

by Campo et al. has shown extensively the phase diagram of SnO under thermal stress in different 
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atmospheres.13 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 1.1. 

ς3Î/ / ᴾς3Î/   (1.1) 

The ȹG298K = -262.9 kJ mol-1 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 SnO2, i.e., with Sn(IV) cations, as in Figure 1.2. For this reason, traditional 

synthesis routes used for solid-state materials like PZT, which require calcination temperatures in 

excess of 700 C, are not expected to be applicable for preparing Sn(II)-oxides.16-18 This appears to 

be the case, as prior reports of the aforementioned Sn(II)-containing compounds all report failure 

or reduced purity46-49,52 at high annealing temperatures without an inert atmosphere and were 

required to use low temperature methods. For example, tin tungstates and tin-antimony tungstates 

were synthesized by room temperature ion-exchange of potassium for Sn(II).48 ilmenite-SnTiO3 

was synthesized via ion-exchange49 by reacting K2Ti2O5 with SnCl2 at temperatures under 200 C 

and annealed under vacuum at 300 C. A similar phase, Sn2TiO4, was not prepared in high purity 

until using a low temperature tin-halide flux under vacuum and reducing the reaction temperature 

from > 600 C to at most 400 C, along with reduced reaction times.19 Even under vacuum or inert 

atmosphere (i.e., no O2) SnO will disproportionate, according to Equation 1.2. 

ς3Î/ ᴾ3Î/ 3Î  (1.2) 

Despite having no atmospheric oxygen available, the reaction is still thermodynamically 

favorable with a ȹG298K = -5.9 kJ mol-1. These results indicate that to successfully synthesize 

stable and pure Sn(II)-containing oxides these factors must be addressed. Thus, preserving the 

Sn(II) oxidation state by using low-temperature methods in conjunction with inert or absent 
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atmospheres is essential. The synthesis of ilmenite-SnTiO3, Sn2TiO4, and BSZT, where molten 

Sn(II)-halide fluxes were used to increase ion mobility while keeping temperatures low coupled 

with a strong thermodynamic driving force of salt formation ï all under vacuum ï appears to be 

the most successful synthetic approach yet found for Sn(II)-oxides. Despite the promising allure 

of this ion-exchange method, there are still a large number of factors contributing to a successful 

reaction, as summarized in Figure 1.3, a Frontispiece for ion-exchange synthesis factors.  

Another key factor is the thermodynamic stability of the Sn(II)-containing 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. Sn(II)-containing oxides often 

straddle the line of thermodynamic stability. This is especially apparent in the case of perovskite-

type SnTiO3 which has never been prepared, as mentioned earlier. However, according to 

calculations available on the Open Quantum Computing Database (OQMD)53,54 this phase is less 

stable than the known ilmenite phase by ~54 meV atom-1. Despite the ilmenite phase being the 

most stable, it is also metastable with respect to decomposition to the ternary Sn2TiO4 and binary 

TiO2 by ~22 meV atom-1, as shown in Equation 1.3. 

ς3Î4É/ ᴼ3Î4É/ 4É/   (1.3) 

Additionally, thermodynamically stable ternary Sn(II)-oxides are not necessarily thermally stable 

nor redox stable with O2. For example, Mössbauer spectroscopy shows Sn2Nb2O7 and SnNb2O6 

generally have significant levels of Sn(IV) of Ó 25% rather than Sn(II), and the Sn2TiO4 phase has 

been shown to thermally oxidize beginning at ~600 °C, despite both being calculated as stable.55-

57 Further, there are few known complex Sn(II)-oxides, many of them metastable. Metastability 

will be discussed in greater detail in the next section. In fact, currently there are only 11 reported 
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ternary Sn(II)-oxides, listed in Table 1.1, and about six are thermodynamically unstable. For 

comparison, a current search in the Materials Project Database contains >5700 reported oxides 

with Ba2+, and >4500 are calculated to be thermodynamically unstable!62 Thus, in Sn(II)-

containing oxides, an in-depth 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 minimum ï the ground state ï as can be seen in 

Figure 1.4. In Figure 1.4, the generalized binary reaction AB + AB2 Ą A2B3 is represented. The 

ground state configuration consists of the simple binary components, and the metastable phase 

A2B3 is higher in free energy, with a kinetic 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 effect, rendering the thermodynamic handle 

the primary challenge of synthesis. To get a better understanding of how metastable a phase is and 

whether it is synthesizable or not, a convex hull diagram can be constructed from known phases 

on the A-B composition space. In 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.e. AB2, AB, A2B3) simply taking ȹGproducts ï ȹGreactants. If low 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 negligible and we can assume ȹGreaction å ȹHf,products ï ȹHf,reactants. This provides an 

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 components A and B are 0 eV atom-1.  

Shown in Figure 1.5, the convex hull represents phase stability as a function of composition 

of A/B. The blue circles represent óknownô, stable phases, while the red circles represent an 

unstable phase. As can be seen, some binary components such as AB and AB2, as 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 A2B3 phase, however, is not located on the convex hull, but above 

it. This means that it is less thermodynamically stable than the components on the hull line, in this 

case AB and AB2. Because A2B3 is still lower in energy than A and B separately, the compound 

will instead thermodynamically decompose into the more stable binary AB and AB2 species. 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 the zero-energy line can be  

considered synthesizable. A data-mining study of the Inorganic Crystalline Structure Database by 

Sun et al. suggests that metastable phases with heats of formation of Ò 70 meV atom-1 are expected 

to be reasonably synthesizable, although this energy window is not sufficient without kinetic 

stabilization.58,59 Furthermore, the synthetic targets should be selected with a reasonable chemistôs 

intuition since there are potentially a number of hypothetical phases that could lie within 70 meV 

atom-1 of a systemôs convex hull, and more experimentally-based barriers (i.e., the 

disproportionation of SnO) may be larger obstacles. 
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Sunôs investigation also revealed important trends in crystalline inorganic solids for the 

synthesis of these metastable phases. Of the nearly 30,000 known structures analyzed in their work, 

over half of them are metastable, with the distribution of ȹEhull shown in Figure 1.6. As mentioned 

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 metastable 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 phase (e.g., binary Ą 

ternary etc.) the energy above the ground state (ȹEhull) is further increased due to the higher 

probability of phase segregation. The higher the chance of lower energy phases available, the easier 

it is for elements within the material to diffuse and phase segregate. A final observation the study 

reveals, and Aykol et al.  expanded upon,60 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 

thermodynamically stable than competing phases and thus require a thermodynamic handle. As 

earlier described and alluded to, metastable phases are higher in energy than their óground stateô 

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 entropy 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 

summarized as 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 material are to (1) maximize 

lattice cohesive energy through the use of oxides or nitrides. (2) Limit the number of elemental 

constituents, as each one will drive ȹEhull higher and introduce alternative decomposition 

pathways, each with their own challenges in kinetic stabilization. (3) Inhibit diffusion by using 

low reaction temperatures. These hypotheses will be evaluated in the case study of SnHfO3 further 

in. 

 

iv. Flux exchange routes to new metastable Sn(II)-oxides 

The synthesizability of a crystalline metastable phases has been underexplored as 

compared to the thermodynamically stable phases. Recent work in the Maggard group by 

OôDonnell et al. has been among the first to test these hypotheses under experimental evaluation 

in the targeted synthesis of SZT. The authors discovered a low-temperature flux-exchange in 

which the thermodynamic driving force was the formation of a barium halide salt vs the tin halide 

flux (-1028 kJ mol-1). The Sn(II) concentration that could be exchanged via this route was found 

to be a function of the mol% of Zr in the B-site. Shown in Figure 1.6, the Sn(II)-substituted BZT 

was calculated to be metastable once ~15-20% Sn(II) had been exchanged, with the ȹEhull 

increasing further with the Sn(II) concentration. The lattice energy of the perovskite increases as 

Zr is substituted for Ti, and consequently the limit of Sn(II)-exchange could be directly related to 

the lattice energy of the parent perovskite. Additionally, B-site disordering in the 50/50 phase 

reduced the ability of the more stable ilmenite SnTiO3 phase 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(II) 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 B-site to further stabilize the metastable product. 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, BaHfO3, which has both a higher melting point and higher 

lattice energy than BZT.  
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Table 1.1. All known ternary Sn(II) oxides and their calculated stabilities, and the decomposition 

products for metastable phases.  

Chemical Composition Metastable? Decomposition Products 

K2Sn2O3 No - 

Rb2Sn2O3 No - 

SnWO4 No - 

Sn2WO5 Yes SnO, WO3 

Sn3WO6 Yes SnO, WO3 

SnTa2O6 No - 

Sn2Ta2O7 Yes SnO, SnTa2O6 

SnNb2O6 No - 

Sn2Nb2O7 Yes SnO, SnNb2O6 

Sn2TiO4 No - 

SnTiO3 Yes Sn2TiO4, TiO2 
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Figure 1.1. Structure of PbZr1-xTixO3 in the (a) cubic Pmσm space group above the curie 

temperature and in the (b) tetragonal P4mm space group below the curie temperature or under 

an applied field. The tetragonal (001) distortion induces a spontaneous polarization. 
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Figure 1.2. Powder XRD data of SnO heat treated at 300 C from Campo et al. (2016)13 that 

demonstrates oxidation occurs at low temperatures. 
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Figure 1.3. Frontispiece from Chem-Eur J. highlighting key synthetic variables governing the 

mechanisms of topotactic ion-exchange.61 
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Figure 1.4. Reaction coordinate diagram versus free energy with a metastable 

configuration. The kinetic energy barrier separates the two states and prevents 

phase segregation caused by ion diffusion. 
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Figure 1.5. Convex hull diagram of stable binary phases as a function of composition of 

arbitrary elements A and B. The solid line represents the convex hull in which stable 

phases lie on the line, and metastable phases lie above. 
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Figure 1.6. Distribution of metastable phases in the ICSD by ȹEhull (right) and description of 

amorphous limit (left) from Sun et al. (2016).58 Most of the metastable phases that have been 

synthesized fall in the 0-150 meV atom-1 range. At high ranges of thermodynamic pressures, 

the amorphous phase dominates the energy landscape due to maximized entropy, such that the 

low-energy metastable phase cannot be synthesized.  
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I. ABSTRACT    

Recently, many new, complex, functional oxides have been discovered with the surprising 

use of topotactic ion-exchange reactions on close-packed structures, such as found for wurtzite, 

rutile, perovskite, and other structure types.  Despite a lack of apparent cation-diffusion pathways 

in these structure types, synthetic low-temperature transformations are possible with the 

interdiffusion and exchange of functional cations possessing ns2 stereoactive lone pairs (e.g., 

Sn(II)) or unpaired ndx electrons (e.g., Co(II)), targeting new and favorable modulations of their 

electronic, magnetic, or catalytic properties.  This enables a synergistic blending of new 

functionality to an underlying three-dimensional connectivity, i.e., [-M-O-M-O-]n, 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 to the discovery of many new 

small bandgap semiconductors. 
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II.  INTRODUCTION  

Historically, topotactic ion-exchange 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 name a few.1,2 Facile ion exchange in 

these types of materials is well established as arising within crystalline structures exhibiting the 

capacity for high ion-mobility.  For example, this typically occurs between the layers or through 

the pore openings that are found in layered or porous crystalline structures.3-5 Additionally, 

thermodynamically unstable compounds, i.e., metastable compounds, can frequently by 

synthesized via maintenance of the underlying crystalline structure during the ion-exchange 

reaction.6-8  Thus, low-temperature ion-exchange reactions provide a valuable kinetic handle for 

the formation of new, and frequently metastable, crystalline solids.  

Until recently, however, the advantages of ion-exchange reactions have remained 

significantly less explored for close-packed structures, such as for those in the highly common 

wurtzite, rutile, or spinel structure types shown in Figure 2.1.  Their three-dimensional 

connectivity, [-M-O-M-O-]n, is advantageous for achieving a high carrier mobility, long-range 

magnetic ordering and many other properties. The tantalizing possibility of literally thousands of 

undiscovered solids having these structure types has been predicted by many high-throughput 

computational studies.9-11 One main reason that cation-exchange 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 three-dimensional close-packed structures.  The aim of 
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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. 

 

III.  CATION EXCHANGE IN CLOSE -PACKED STRUCTURES 

An initial question to pose is under what conditions would close-packed solids be capable 

of exhibiting ion exchange?  Assuming an excess of exchangeable cations and concentration 

gradient (ÖC/Öx), according to kinetic exchange theory the rate determining step is chemical 

diffusion within the solid, with the fraction (f) of cation exchange at equilibrium being a function 

of particle radius (r), chemical diffusion coefficient (Dc), and time (t) as derived:1,12,13 f = 1-

(6/ˊ2)Ɇ[exp(-n2Bt)]/n2 (1), and B = ˊ2Dc/r
2 and n = 1 to Ð.  This percentage represents the extent 

of reaching the maximum attainable cation exchange as determined by thermodynamics, which 

may be some fraction of full exchange.  Illustrated in Figure 2.2, for even small chemical diffusion 

constants (Dc) of ~10-15 cm2 s-1, nearly complete cation exchange (95%) is attainable on the order 

of about 4 weeks for even surprisingly large 100 ɛm particles.  For crystallite sizes in the nanoscale 

range of ~20 to 40 nm in diameter, equilibrium can be reached within a few days for a Dc even as 

small as 10-19 cm2 s-1.  Whether a solid exhibits a sufficient Dc 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 relatively large Dc 

in the low temperature range of ~400-700K of ~10-8 to 10-7 cm2 s-1 (FeS, MnS, NiS) and up to as 

large as ~10-6 to 10-5 (Ŭ-Ag2S and Cu2S).14,15  Hence, metal chalcogenides have been intensely 

investigated in low-temperature, solution-based exchange reactions in a growing number of recent 

studies,16-19 such as starting from Cu2S with a distorted antifluorite structure.  This has provided 

unique synthetic access to metastable polymorphs of binary chalcogenides, yielding the metastable 
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CoS and MnS in either the wurtzite type or zinc-blende type structures.16,17 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 underlying close-packed 

structure, e.g., Cu2-xS (hcp) Ÿ CoS (hcp) for the wurtzite structure, and kinetically stabilizing new 

metastable polymorphs.  By comparison, metal oxides exhibit Dc values up to an order of 

magnitude smaller (or less) than metal sulfides.14,15  Nonetheless, the solution-based cation 

exchange of Fe(II) for Co(II) cations at the particlesô surfaces at only ~500 K has recently been 

used to prepare core-shell FeO/CoFe2O4 particles with the inverse spinel structure type.20  Of 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 via the low-

temperature cation exchange of close-packed structures, despite having very small chemical 

diffusion coefficients.  The maintenance of their underlying anion sublattice, whether it be 

hexagonal or cubic close-packed, 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.     

 

IV.  CATION EXCHANGE IN THE PREPARATION OF FUNCTIONAL 

MULTINARY OXIDES  

Topotactic cation exchange of close-packed structures has also recently proven productive 

in the synthesis of many new, complex, multinary oxides, i.e., MôMOx.  The basic strategy has 

involved the maintenance of not only the anion sublattice, but the preservation of the underlying 

[-M-O-M-O-]n. connectivity during the exchange of a secondary metal cation (Mô).  This enables 
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the addition of new functionality to an existing [-M-O-M-O-]n framework, such as for the visible-

light sensitization of existing structures by the incorporation of Cu(I), Ag(I), Fe(II) or Sn(II) 

cations.  Described below, many small bandgap semiconductors have been discovered by this 

approach starting from close-packed structures having the wurtzite, rutile, pyrochlore and 

perovskite type structures. 

Replacement of a single type of metal cation (Mô) in a MôMOx solid relies upon its selective 

diffusion through the óMOxô-based network, as found for many types of transition-metal oxides 

containing alkali and alkaline earth cations.  For example, new visible-light photocatalysts have 

been synthesized with wurtzite-type structures,21,22 as given in the reactions below: 

ɓ-NaGaO2  +  CuCl   Ÿ   ɓ-CuGaO2  + NaCl (2.1) 

(wurtzite type) 

Na2ZnGeO4  +  CuCl   Ÿ   Cu2ZnGeO4  +  NaCl (2.2) 

(double wurtzite type) 

Thermodynamically, these reactions are driven by the co-formation of the highly stable NaCl salt.  

Kinetically, the sodium cations diffuse through the close-packed structure, Figure 2.1, within 

micrometer-sized particles to exchange at the surfaces with the Cu(I) cations of the molten CuCl 

at only 425 to 525 K.  This approach maintains the underlying óGaO2ô or óZnGeO4ô lattices while 

the cation substitution occurs within the tetrahedral cavities containing the Na cation, Figure 2.1a.  

Both ɓ-CuGaO2 and Cu2ZnGeO4 exhibit highly dispersed conduction bands and have favorably 

low electron effective masses of ~0.2 me*/m0.  After a topotactic exchange of Cu(I) cations that 

provides a higher energy valence band, each exhibits a small, direct bandgap (~1.4 ï 1.5 eV).  This 

added feature addresses the need for incorporating the strong, broad-wavelength absorption of 
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sunlight together with a low effective electron mass.  Similar examples of Ag(I) cation exchange 

have been reported for related structure types as well.23,24 

The topotactic exchange of Fe(II) cations has also been demonstrated in the triple-rutile 

structure for LiMWO6 (M = Nb or Sb), a reported Li-ionic conductor.25  The exchangeable Li 

cations are coordinated within its octahedral sites.  For large, micrometer-sized particles, a nearly 

complete cation exchange with Fe(II) cations in a 0.2M aqueous solution occurs at only 333 K of 

up to ~90-92%, or Li1-xFex/2MWO6 (x = 0.9 to 0.92; 2:1 ratio of Li:Fe).26,27  The óMWO6ô networks, 

having buckled close-packed layers, are preserved with the incorporation of Fe(II) cations over 

25% of the octahedral sites.  The thermodynamic driving force of the reaction has yet to be 

explored, 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(II) cations occur in a 

high spin, 3d6, configuration with an antiferromagnetic transition occurring at ~20 K.  In 

photocatalytic tests, the latter shows visible-light activity for the degradation of rhodamine blue.   

The most intensely investigated topotactic exchange reactions within close-packed 

structures have perhaps involved the Sn(II) cation using an aqueous solution or one of its halide-

salt fluxes.  A common motivation is to prepare visible-light, semiconducting photocatalysts with 

a higher energy valence band formed by the Sn(II) cation.  These have involved metal oxides in 

the pyrochlore28-30 and other structure types.33,34  The Maggard and Jones groups have pioneered 

recent studies of Sn(II) exchange into the perovskite structure type, BaMO3 (M = Ti, Zr, or Hf) 

with close-packed óBaO3ô layers, as illustrated in Figure 2.3 and in the reactions below:   

BaHfO3  +  x SnClF   Ÿ   (Ba1-xSnx)HfO3  + x BaClF (2.3) 

BaZr1/2Ti1/2O3  +  x SnClF  Ÿ  (Ba1-xSnx)Zr1/2Ti1/2O3  + x BaClF (2.4) 
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In a novel twist, the exchangeable Ba cations occupy sites within the close-packed layers 

(rather than within the tetrahedral or octahedral cavities), while the óMO3ô sublattice remains 

preserved.  The formation of the stable BaClF salt drives the overall reaction to form the highly 

metastable Sn(II) perovskites, containing from ~50% to 100% Sn(II) cations on the A-sites.  This 

leads to both a smaller bandgap of down to ~1.95 eV and visible-light 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  10-18 to 10-20 cm2 s-1 at 1200 K,35 i.e., falling at the outer edges of the 

practical synthesis limits in Figure 2.2.  In general, reaction diffusion coefficients for solids can be 

higher by 3 to 6 orders of magnitude than compared to self diffusion coefficients.36  As expected, 

the homogeneity and extent of Sn(II)-diffusion show a sensitive dependence on the particle 

sizes/morphology and chemical composition.  Topotactic Sn(II) exchange on highly-faceted and 

smooth particles typically results in thin ~30 to 80 nm shells, as shown for the SnZr1/2Ti1/2O3-

BaZr1/2Ti1/2O3 core-shell particles in Figure 2.3a.  More homogeneous distributions of the Sn(II) 

cation can be achieved by reactions with particles having rough edges, Figure 2.3b, likely owing 

to presence of grain boundaries and cracks that facilitate greater cation interdiffusion and 

exchange.  Alternatively, a reduction of the particle sizes down to ~50 to 100 nm, as shown for the 

nano-eggshell morphologies in Figure 2.3c.   These hollow particles consist of thin shells that have 

been used to shorten the diffusion lengths necessary to attain high purity SnHfO3.  The latter is 

currently under investigation.  In prior related research, the topotactic exchange of Ni(II) cations 

into the perovskite-type NaTaO3 has also been reported using flux reaction conditions, yielding 

the new Ni0.5TaO3.
37  Experimental evidence is clear that future research into topotactic 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 close-packed 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 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) a metal-anion 

óMOxô substructure, while incorporating new functional cations (Mô) into the framework.  

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 three-dimensional 

structures has long been a grand challenge in crystalline solids, there remain many key challenges 

and opportunities in the future development of this synthetic approach.  For example, chemical 

diffusion coefficients are known in relatively few systems, hindering the predictability 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 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 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 cations 

(blue/gray):shows filling the (a) tetrahedral sites to give a zinc blend or wurtzite type 

layer, (b) half of the octahedral sites to give a rutile type layer, and (c) a fraction of the 

tetrahedral and octahedral sites to give a spinel type layer; (d) shows a diffusion 

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

metastable solid.  
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Figure 2.2. (a) Plot of reaching 95% cation exchange with reaction time, particle radius, and chemical 

diffusion coefficient, (b) the tunable synthetic handles, and (c) the calculated reaction time versus 

diffusion coefficient for different particle radii. 
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Figure 2.3. Topotactic exchange of Sn(II) cations into BaMO3 perovskites, yielding (a) core-

shell SnZr1/2Ti1/2O3-BaZr1/2Ti1/2O3, (b) large particles of Sn(II)-mixed Ba1-xSnxHfO3 and (c) 

nano-eggshells of pure SnHfO3, with insets of TEM/EDS images.  
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I. ABSTRACT 

 While Sn(II) -containing perovskite oxides have long drawn attention as Pb(II) substitutes 

in technologically-relevant dielectric materials, they are also highly thermodynamically unstable 

and potentially impossible to prepare.  Investigations into the new flux-mediated syntheses of 

metastable Sn(II)-containing hafnate and stannate perovskites were aimed at understanding the 

key factors related to their synthesizability.  The BaHfO3 perovskite was reacted with SnClF from 

250 to 350 oC for 12 to 72 h, yielding an unprecedented Sn(II) concentration on the A-site of up 

to ~70 mol%, i.e., (Ba0.3Sn0.7)HfO3 in high purity.  Elemental mapping using EDS shows the Sn(II) 

cations diffuse gradually throughout the crystallites, with two reaction cycles needed to give a 

nearly homogeneous distribution.  In contrast, similar reactions with BaSnO3 and as little as 10 

mol% Sn(II) result in decomposition to SnO, SnO2, and BaSnO3.  The (Ba1-xSnx)HfO3 

compositions exhibit a primary cubic perovskite structure (Pmσm; for x = 1/3, 1/2 and 2/3) by 

powder X-ray diffraction (XRD) methods, with the Sn(II) cations substituted on the A-site.  Total 
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energy calculations show the thermodynamic instability versus the ground state (i.e., metastability) 

for (Ba1-xSnx)HfO3 increases with Sn(II) substitution, reaching a maximum of ~446 meV atom-1 

at ~70 mol% Sn(II).  The decomposition pathway of (Ba1/3Sn2/3)HfO3 was probed by ex situ XRD 

as well as in situ electron microscopy methods.  An onset of thermally-induced decomposition 

begins at ~350-400 C to give the more stable oxides which are found to segregate out in surface 

layers.  These results help to elucidate the factors underpinning the synthesizability of highly 

metastable Sn(II)-containing perovskites, which increases with their cohesive energy and with the 

absence of lower-energy polymorphs or other ground states that can be reached without significant 

ion diffusion. 

 

II.  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.1-5 Many previous synthetic approaches have been utilized to address solid-state 

synthetic challenges, including lower-temperature óchimie douceô approaches that enable better 

kinetic control over product formation. These include hydrothermal, sol-gel, ionic liquids, and 

molten salt synthetic techniques. The latter approach, also called the flux synthesis method, 

facilitates the low-temperature preparation of metastable oxides in many different chemical 

systems.6-8 The effectiveness of this synthetic method arises from the capability to utilize kinetic 

barriers inherent to both ion diffusion and nucleation-driven pathways. Successful reaction 

pathways to metastable materials are discoverable by utilizing sufficiently low temperatures for 

their formation and kinetic stabilization, such as through soft cation exchange or flux-mediated 

nucleation.   
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 Metastable solids are exemplified in the synthetic pursuit of Sn(II)-based perovskite 

oxides.9 These are of particular interest as alternatives to the isoelectronic Pb(II) analogues because 

of their enhanced properties and reduced toxicity. Several Pb(II)-containing perovskite oxides 

exhibit technologically-relevant properties, such as ferro- and piezoelectricity in commercial 

PbZr1-xTixO3 (PZT)10 or antiferroelectricity in PbHfO3.
11 Their detailed and in-depth structural 

origins have been under investigation for many decades. Their ferroic properties are currently 

understood as being largely influenced by the spontaneous polarization, which is induced by the 

stereoactive 6s2 configuration of the Pb(II) cation.11,12 Unfortunately, the synthesis of analogous 

Sn(II)-containing oxides is hindered by synthetic challenges. Specifically, oxides of the Sn(II) 

cation undergo facile oxidation to SnO2 and/or disproportionation-driven decomposition to 

mixtures of Sn and SnO2 at temperatures as low as 250 C.13 By comparison, PZT is prepared by 

simple high temperature reactions of the binary oxides or in a molten flux at 700 C and higher 

temperatures.14,15 High temperature techniques are not compatible with Sn(II)-containing oxides 

or similar reactants, as Sn(II)-containing oxides are commonly metastable.  One notable example 

is SnTiO3,  which was found in both experimental and theoretical studies to be metastable with 

respect to the ilmenite structure type.16-19 Further, the ilmenite-type SnTiO3 structure is metastable 

with respect to thermal decomposition to Sn2TiO4 and TiO2.   

 Despite these synthetic difficulties, low-temperature synthetic routes to new Sn(II)-

containing oxides have been discovered in recent reported research efforts.8,17,20,21 These recent 

approaches leverage low temperature and kinetically-mediated pathways. A notable example, 

metastable Ba1-xSnxZr1-yTiyO3 (BSZT) perovskite containing up to 60% Sn(II) cations, was 

prepared by reacting the Ba-containing perovskite (BZT) with a low melting SnClF peritectic 

flux.8  The reaction is driven thermodynamically by the formation of BaClF from SnClF, enabling 
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the formation of the metastable products at low reaction temperatures. The Zr(IV)-richer 

perovskite compositions were found to have a significantly higher synthetic Sn(II)-concentration 

limit than the Ti(IV)-richer perovskite compositions, although calculated to have similar 

metastability (~ 250-270 meV atom-1 at 60% Sn(II)). Metastable phases are generally considered 

synthesizable if they lie within ~100-200 meV atom-1 of the convex hull, but other factors 

impacting kinetic stability must also be considered.22,23 For example, the higher lattice cohesive 

energy of cubic BaZrO3 (-8.26 eV atom-1) compared to cubic BaTiO3 (-7.92 eV atom-1) 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 to ZrO2 and 

SnO, the decomposition of Ti(IV)-richer compositions to ilmenite-type SnTiO3 requires 

significantly less ion diffusion.  However, synthesizability factors such as these remain poorly 

explored for other possible Sn(II)-containing oxide perovskites. 

 Presented herein is an investigation of the synthesis of Sn(II)-containing hafnate and 

stannate perovskites starting from pure BaHfO3 and BaSnO3. Low-temperature flux reactions were 

targeted to explore the Sn(II)-concentration limits in these perovskites, with the full replacement 

of Ba(II) for Sn(II) cations potentially yielding the metastable SnIIHf IVO3 and SnIISnIVO3
 

perovskites. The BaHfO3 perovskite has one of the largest calculated lattice cohesive energies (-

8.72 eV atom-1) and which is hypothesized to yield a greater potential kinetic stabilization during 

these reactions. Conversely, the BaSnO3 perovskite has a significantly smaller lattice cohesive 

energy (-6.31 eV atom-1). Prior theoretical reports on SnHfO3 show that it is metastable as a cubic 

or pseudocubic perovskite.24,25 Additionally, the mixed-valent Sn2O3 perovskite, i.e., SnIISnIVO3, 

has been calculated to be metastable with respect to layered structures and to decomposition-driven 

phase segregation to SnO and SnO2.
26,27 Currently, there are no prior reported syntheses of either 
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of these perovskites. The products of the Sn(II)-exchange reactions, i.e., Ba1-xSnxHfO3 and Ba1-

xSnxO3, are characterized by powder XRD, scanning transmission electron microscopy (S/TEM), 

and investigated for their synthesizability with increasing Sn(II), thermal stability and 

decomposition pathways. 

 

III.  EXPERIMENTAL  

III.A. Synthetic Procedure. 

The barium hafnate precursor, BaHfO3, was synthesized using high-temperature ceramic 

methods. First, hafnium (IV) oxide nanoparticles were synthesized by mechanical mixing of HfCl4 

(Acros Organics, 99%) with excess potassium hydroxide (VWR, 99.5%) under argon and washing 

with deionized water. The as-prepared HfO2 nanoparticles were intimately mixed with a mortar 

and pestle with a 10% molar excess of BaCO3 (Alfa Aesar, 99.8%), to account for volatilization, 

and pressed into a pellet. The reaction mixture was added to an alumina crucible and reacted in a 

box furnace at 1500 C for 48 h. The product was ground finely and reacted a second time as a 

pellet to obtain a pure, polycrystalline BaHfO3 powder. The barium stannate perovskite, BaSnO3, 

was synthesized via molten flux techniques. Similarly, A 10% molar excess of BaCO3 was finely 

ground with SnO2 (Alfa Aesar, 99.9%) and added to a eutectic mixture of NaCl (Fischer, > 99.5%) 

and KCl (Fischer, > 99.5%) in a covered alumina crucible. The mixture was reacted in a box 

furnace at 900 C for 24 h. The obtained powder was washed with 150 mL of deionized water and 

dried at 80 C overnight. The Sn(II)-exchange reactions were performed by mixing the as-prepared 

BaHfO3 or BaSnO3 phases with a stoichiometric amount of a peritectic SnCl2/SnF2 mixture (Alfa 

Aesar 99%, 97.5%, respectively) in a glovebox, until homogeneous.  Next, the mixed powders 

were placed in an evacuated, fused-silica ampule and flame sealed.  The reaction ampules were 
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heated in a box furnace at various temperatures and times, from 250 C to 350 C and from 12 to 

72 h. The products were washed with 150 mL of deionized water to remove the BaClF byproduct 

and any unreacted SnClF. The products were dried at 45 C overnight.  A typical reaction mixture 

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. 

 

III.B. Structural Characterization Techniques. 

 Experimental XRD was measured on a Rigaku R-Axis Spider using a sealed X-ray Cu KŬ 

(ɚ = 1.54056 ¡, 40 kV, 36 mA) source in the Debye-Scherrer geometry with a curved image-plate 

detector. For the purposes of Rietveld refinement, additional XRD patterns were measured on a 

PANalytical Empyrean X-Ray diffractometer using Cu KŬ radiation (ɚ1 = 1.54056 ¡, ɚ2 = 

1.544426 Å, 45 kV, 40 mA) in the Bragg-Brentano geometry with a step size of 0.0131 in 2ɗ and 

a 180 ms count time per step. High resolution synchrotron diffraction data sets were taken at the 

11-BM-B beam line (ɚ = 0.457929 ¡) of the Advanced Photon Source (APS) at Argonne National 

Laboratory. Rietveld refinements of the data were performed using the General Structure Analysis 

System-II (GSAS-II) software to extract crystal structure information such as atomic occupancies 

and lattice parameters.28  

 Ex-situ thermal decomposition experiments were carried out on a 40% Sn(II) sample,  i.e., 

(Ba0.6Sn0.4)HfO3, prepared by reacting 80 mol% SnClF with BaHfO3 under standard synthetic 

conditions listed previously. The sample was loaded into an evacuated, sealed, fused-silica ampule 

and annealed in a box furnace at temperatures at 200 oC for one hour with a 10 C min-1 ramp rate 

and allowed to cool radiatively. The product was ground to homogenize before measurement of 



   

  53 

 

powder XRD at room temperature. The process in repeated with 50  oC steps until powder XRD 

data were collected from 200 oC to 500 oC. 

 

III.C. Electron Microscopy and Energy Dispersive Spectroscopy. 

 High resolution images and elemental analyses of BaHfO3 were 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 (Ba1-xSnx)HfO3 materials were taken on an FEI Verios 460L field 

emission scanning electron microscope (FESEM) and elemental analysis was measured with an 

attached Oxford energy dispersive X-ray spectrometer (EDS). Nanoscale 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 Super-X EDS detector and reported as net atomic intensities. 

 

III.D. Electronic Structure and Total Energy Calculations. 

 Density functional theory calculations of (Ba1-xSnx)MO3 (M = Sn or Hf) with x = 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 the Vienna Ab initio Simulation Package (VASP; ver 4.6) using plane-wave density 

functional theory.29,30 For compositions with Ba/Sn statistically mixed on the A-site, random 

positions within the supercell were chosen as Ba or Sn to achieve the desired stoichiometry. Total 

energy and densities-of-states calculations used the Perdew-Burke-Ernzerhof functionals in the 

generalized gradient approximation with the projector augmented wave method.  A 3 x 3 x 3 

Monkhorst-Pack grid was used to sample the Brillouin-zone automatically.31  
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Calculations of the formation energies of the Sn(II)-containing perovskites followed the same 

protocol as reported previously by Hautier et al. and others.32,33,8 These prior studies have 

demonstrated a relatively reliable accuracy in the calculation of formation energies (at 0K)  with a 

standard deviation of ~24 meV atom-1, which is much smaller than for the experimental errors of 

the measured reaction energies. Using this method, formation enthalpies of the metal-oxide 

perovskites were determined by total energy calculations using VASP at 0K, in which the entropic 

term is negligible and thus ȹGf å ȹHf. Binary oxide formation enthalpies were obtained from the 

Open Quantum Materials Database (OQMD).18,19 An example calculation is shown below in 

Equations 3.1 and 3.2.  

"Á(Æ/ Ó 3Î#Ì&Ó O 3Î(Æ/ Ó "Á#Ì&Ó (3.1) 

Ў( Ў( Ў( Ў( Ў(  (3.2) 

Decomposition energies for the solid solution perovskites, i.e., Ba1-xSnxHfO3, were similarly 

calculated. Decomposition reactions were balanced according to the experimental product 

distributions. For example, the Sn(II)-containing hafnate perovskite decomposes to SnO, HfO2, 

and BaHfO3, as observed experimentally. An example reaction equation is shown below in 

Equation 3.3. 

ς "ÁȢ3ÎȢ(Æ/ ᴼ3Î/(Æ/ "Á(Æ/   (3.3) 

In this example, the complete decomposition and segregation of SnO results in the formation of 

the thermally stable BaHfO3. Further heating of SnO, however, results in its disproportionation 

into Sn metal and SnO2 under vacuum at temperatures > 300 C. In these cases, the presence of 

SnO2 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 STructural Analysis (VESTA) software.34 
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IV.  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 BaHfO3 (JCPDS 24-

0102). Rietveld refinement in the Pmσm space group yielded a lattice parameter of 4.171428(4) Å 

and wRp = 7.99%, consistent with prior studies.35,36 The barium stannate precursor was prepared 

using a NaCl/KCl eutectic flux-mediated synthesis route and yielded the polycrystalline BaSnO3 

cubic perovskite phase in high purity as well, with a refined lattice parameter of 4.11755(3) Å and 

wRp = 8.24%, consistent with prior reports (JCPDS 150780).37 Both BaHfO3 and BaSnO3 

perovskites were reacted separately in the SnClF flux, aiming at the Sn(II)-richest perovskites 

having the respective compositions (Ba1-xSnx)HfO3 and (Ba1-xSnx)SnO3 (vide infra), as represented 

in Figure 3.1 and in Reaction 3.4 below:  

BaMO3 + xSnClF Ÿ (Ba1-xSnx)MO3 + xBaClF (M = Hf or Sn)  (3.4) 

 The calculated energy change of the reactions are -270.8 kJ mol-1 (-2.81 eV/F.U.) for 

BaHfO3 Ą SnHfO3 and -285.6 kJ mol-1 (-2.96 eV/F.U.) for BaSnO3 Ą SnSnO3, demonstrating 

that both reactions are thermodynamically favorable. The Sn(II)-halide flux melts beginning at 

~200 C facilitating its reactivity at low temperatures, coupled with the thermodynamic driving 

force of the formation of BaClF versus SnClF (-1028 kJ mol-1), as reported previously.8 Both the 

SnClF reactant and BaClF side product are water soluble and can be removed from the product by 

washing. A comparison of selected XRD patterns of Sn(II)-substituted perovskites is shown in 

Figure 3.2, with the (Ba1-xSnx)HfO3 series shown on the left and (Ba1-xSnx)SnO3 series shown on 

the right, where x is the mole fraction of reacted SnClF at 250 oC for 72 h. As shown in Figure 3.2, 

the Pmσm perovskite reflections remain nearly constant in each as the mole fraction of Sn(II) 
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increases. Impurity peaks of tin oxides start to be detected as low as 10% reacted SnClF with (Ba1-

xSnx)SnO3, corresponding to immediate phase decomposition. In contrast, decomposition was not 

observed in (Ba1-xSnx)HfO3 up to 100% SnClF concentration, but only at an excess of 130% 

reacted SnClF. These XRD results are consistent with a much higher kinetic stability for the Sn(II)-

containing hafnate perovskite.   

 

IV.B. Electron Microscopy. 

 Electron microscopy techniques were employed to assess the Sn(II)-content and 

compositional homogeneity of the (Ba1-xSnx)HfO3 perovskites. SEM and FESEM images of the 

particlesô sizes and morphologies for x = 0, 0.7 and 1.0 are provided in Figure A3. These data 

reveal that the solid-state synthesis of BaHfO3 produces crystallites with dimensions ranging from 

~1 to 5 microns and relatively smooth surfaces. After reaction with SnClF, i.e., for x = 0.7 and 1.0, 

the particlesô become much smaller and more nanocrystalline.  Some larger particles have formed 

by agglomeration, but these also occur together with substantially more nanoscale particles.   

 Energy-dispersive 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., 250 oC for 72 h, are shown for x = 0.7 (nominally 70 mol% 

Sn(II)) in Figure 3.3. The chemical maps reveal a relatively inhomogeneous Ba and Sn distribution, 

with the separation of Ba-rich and Sn-rich regions being observed as a result of inhomogeneous 

diffusion of Sn(II). Inhomogeneity is apparent when comparing the compositions of primary 

particles within the larger aggregates. The Sn(II) 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 and the absence of phase segregation. 

The EDS results are consistent with the Sn(II)-concentration being limited by its ion diffusion 

through the perovskite structure at 250 C. 

 To test the impact of temperature on the Sn(II) diffusion, the flux-based reactions were 

repeated at a higher temperature but shorter time of 350 oC for 12 h, similar to the conditions 

reported for the analogous BSZT perovskites. EDS maps of (Ba1-xSnx)HfO3 products for x = 0.7 

are shown in Figure 3.4. At the higher temperature, the Sn(II)-exchange reactions result in a 

significantly more homogeneous Ba/Sn distribution for even the largest particle sizes. While the 

higher temperature increases the Sn(II) diffusion, the increased thermal energy also causes 

significantly more decomposition. Shown in Figure 3.4e (inset), the product formed at the higher 

reaction temperature of 350 C has turned a dark black color, whereas the sample prepared at the 

lower 250 oC is yellowish.  At this nominal 70 mol% Sn(II) concentration, the lower temperature 

reaction produces no detectable impurities while the high temperature synthesis yields ~10% of 

dark black SnO impurity, (Figure 3.4e insets). The higher temperature reaction provides a more 

homogeneous Sn(II) 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 at 250 oC for 72 h. The additional 

reaction cycle was implemented to facilitate the Sn(II) diffusion but at the possible expense of 

further product decomposition. EDS data are shown in Figure 3.5a for the nominally x = 0.7 

composition, i.e., Ba0.3Sn0.7HfO3, for a relatively large particle agglomerate with ~10 to 20 micron 
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diameter. Analogous EDS data for the nominally x = 1.0 product, i.e., SnHfO3, are provided in 

Figure 2.5b. Homogeneous distribution of Sn(II) is observed throughout both particles as shown 

in the elemental mapping. Figure 3.5 shows representative particles with a high sample purity and 

homogeneous Sn(II) 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 in Table 3.1 for the lower 

temperature products at 250 oC for 72 h after heating one or two cycles. In each case, the EDS 

spectrum of BaHfO3 was used as an internal standard. The data in Table 3.1 shows a trend with 

increasing amounts of Sn(II) 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(II) at 250 oC, 

the amount of Sn(II) exchanged, as evidenced by EDS, is about half of that, ranging from ~30 to 

50%, or ~38% on average. At the ~(Ba2/3Sn1/3)HfO3 composition there are no detectable impurity 

phases in the XRD patterns, consistent with a perovskite phase with Ba(II) and Sn(II) cations co-

occupying the A-site at about the (Ba2/3Sn1/3)HfO3 stoichiometry. After two reaction cycles are 

performed with a nominal 70 mol% Sn(II), with secondary grinding, the amount of Sn in the 

product increases to ~49% with no change in the XRD pattern. When the BaHfO3 precursor is 

reacted twice with a nominal 100 mol% Sn, the amount of Sn(II)-cations exchanged by EDS 

increases to a relatively larger amount of ~70%. The (Ba0.3Sn0.7)HfO3 phase is the highest amount 

of Sn(II) attained in the perovskite structure without detection of significant impurity phases in the 

XRD patterns. For the higher temperature reactions at 350 oC, the 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 Sn(II)-exchange into the 

perovskite for these reaction conditions is a conservative ~70%, or (Ba0.3Sn0.7)HfO3, with growing 
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amounts of decomposition occurring upon further exchange, and is the closest attainable to the 

highly metastable SnHfO3 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 Sn(II)-containing hafnate perovskite compositions 

with mole fractions of Sn(II) at x = 1/3, 1/2, and 2/3, as obtained by EDS analysis. The resulting 

fit to the data for the (Ba2/3Sn1/3)HfO3 and (Ba1/3Sn2/3)HfO3 phases are displayed in Figure 3.6. The 

figure shows that the main Bragg peaks of the cubic perovskite structure are maintained with Sn(II) 

substitution. Rietveld refinements were performed in the Pmσm space group and a summary of 

selected refined parameters is provided in Table 3.2. There is a small decrease in lattice constant 

with increasing Sn(II)-substitution and the refinements are in good agreement with cubic 

symmetry. The refined atomic A-site occupancy fractions for Sn(II) increase with increasing 

nominal Sn(II) substitution 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 refined independent from the atomic displacement parameter (Uiso value). 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 (Ba2/3Sn1/3)HfO3 phase to further 

investigate the main phase and background peaks with higher resolution, shown in Figure A9. 

Between 5-15  2ɗ, several small peaks are observed with less than 0.5% relative intensity. Most 

of these peaks were identified as trace amounts of impurities of SnO, BaClF, and BaCl2(H2O)2 and 

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 

impurity phases, resulting in a weighted residual of 8.73% and a reduced ɢ2 of 2.79. The primary 

peaks agree with the cubic Pmσm space group with a lattice parameter of 4.173399(3) Å. A high-

resolution pattern of the precursor, BaHfO3, was also measured and refined to a lattice parameter 

of 4.173434(2) Å. Thus, the precursor BaHfO3 powders undergo no significant change in the lattice 

constant after ~1/3 Sn(II)-substitution, (Ba2/3Sn1/3)HfO3.  

 

IV.D. Metastability and Thermal Decomposition Pathway. 

 The extent of kinetic stabilization of the (Ba1-xSnx)HfO3 perovskites were investigated 

using both ex situ and in 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 to diffuse and reach the ground state, i.e., to decompose to the binary oxides. Thus, for the 

current perovskite products discussed above, the decomposition reaction most typically occurs as 

ABO3 Ÿ  AO + BO2. The degree of metastability and the decomposition pathway has been 

assessed at increasing temperatures by heating in a furnace with ex-situ XRD as well as by heating 

under an electron beam using in situ S/TEM methods. Decomposition of the stannate perovskites 

were observed during the Sn(II)-exchange reactions and described earlier.  

 Shown in Figure 3.7 is ex situ powder XRD data in which the (Ba0.6Sn0.4)HfO3 perovskite 

with 40% Sn(II) cations was heated from 50 C to 500 C under vacuum in 50 C increments with 

intermediate grinding and XRD measurements. Powder XRD data were linearly interpolated 

between each set. As shown by the primary reflection at ~26 , SnO2 (cassiterite type) starts forming 

in growing amounts by 350 oC. This diffraction peak increases in intensity with increasing 
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temperature, along with two of its next most intense peaks at ~32-34o appearing by ~375 C. Under 

vacuum, the formation of SnO2 is from the concurrent disproportionation of SnO which begins 

rapidly by ~300 C, in agreement with previous reports.38,39 The sample also begins to change 

significantly in color, starting as a light-yellow powder at room temperature and turning entirely 

black colored by 400 C. The color change is the result of the amorphous Sn metal that also forms 

during the disproportionation reaction of SnO. By ~400 oC, the XRD patterns also show that HfO2 

crystallizes out beginning at ~400 C, as evidenced by the intense diffraction peaks at ~28.1  and 

~31.6 . Impurity peaks corresponding to residual SnClF and BaClF also appear in the data, likely 

because of being adsorbed to particle surfaces, and which repeated aqueous washing did not 

effectively remove. Figure 3.7 shows that, in the 400-425 C range, the Sn(II)-exchanged barium 

hafnate begins decomposing into HfO2 and SnO, with the  perovskite reflections still present. As 

the BaHfO3 perovskite is thermodynamically stable and high melting (m.p. ~2620 C), the 

decomposition pathway is driven by the removal of Sn(II) cations from the structure. 

  Decomposition of the most Sn(II)-rich phase, (Ba1/3Sn2/3)HfO3, was probed using S/TEM 

methods to observe fine-level changes at the surfaces of individual nano-crystallites that cannot be 

detected in XRD. Shown in Figure 3.8 are the S/TEM and EDS images of a representative particle 

after partial electron-beam induced decomposition at its surfaces. After its partial decomposition, 

four separate regions are apparent as a result of phase segregation, labeled A to D. In region A, the 

EDS data yield an approximate composition of (Ba1/2Sn1/2)HfO3, which is slightly Sn(II)-deficient 

as compared to the starting composition. Extending outward, the elemental mapping (colored) in 

regions B and C show evidence for phase segregation, respectively, into BaHfO3 and then a 

mixture of SnO and HfO2. Only Sn and O are observed in the outermost region D, corresponding 

to either a mixed-valent tin oxide phase or to mixture of SnO2 and 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. The ex situ and in situ experiments have demonstrated, both in the 

average structure measured from diffraction and down to a fine-level surface detail in microscopy, 

a decomposition pathway of the metastable perovskite that is driven by phase segregation and is 

consistent with the following reactions:   

Ba1-xSnxHfO3  Ÿ x SnO + x HfO2  +  (1-x) BaHfO3  (3.5) 

x SnO  Ÿ  x/2 SnO2  +  x/2 Sn    (3.6) 

 The decomposition results are also consistent with the synthetic reaction conditions.  A low 

reaction temperature of ~250 oC is critical to trap the metastable hafnate perovskites, as slightly 

higher temperatures of ~350 oC 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(II) cations.  In contrast, the analogous stannate 

perovskites, i.e., (Ba1-xSnx)SnO3, decomposed under the same synthetic conditions. The immediate 

decomposition is a consequence of the underlying perovskite framework being based on Sn(IV) 

cations, and when Ba(II) is exchanged with the Sn(II) cations, there is much less ion diffusion 

required for phase segregation to SnO2 and SnO (e.g. O-SnII-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 (Ba1-

xSnx)SnO3 and (Ba1-xSnx)HfO3 perovskites with increasing Sn(II) content.32,33,8 Results of the 

calculations show that as Sn(II) is increasingly incorporated into the A-site the total energy 

decreases nearly linearly (R2 = 0.995) with the Sn(II) concentration, from -8.722 eV atom-1 in 
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BaHfO3 (0% Sn(II)) to -8.205 eV atom-1 in SnHfO3 (100% Sn(II)). The calculated total energy for 

BaHfO3 agrees with prior published data (online) in the Open Quantum Materials Database of -

8.715 eV atom-1.18,19 While BaHfO3 is shown to be thermodynamically stable against 

decomposition, the thermal decomposition corresponding to Reaction 5 (given above) becomes 

increasingly favorable with increasing Sn(II) amounts for (Ba1-xSnx)HfO3 beyond ~10 mol% Sn. 

For example, for only ~25% Sn (x = 0.25), the perovskite composition is already highly metastable 

by about -156 meV atom-1 towards decomposition by phase segregation, e.g., 4 (Ba3/4Sn1/4)HfO3  

Ÿ  3 BaHfO3 + SnO + HfO2. For even higher Sn(II) amounts, the decomposition energies increase 

to -312 meV atom-1, -479 meV atom-1 and -647 meV atom-1, 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 ~100-200 meV atom-1 of the ground state.22,23 The current results show 

that this range is greatly exceeded for the highest synthesized Sn(II)-containing perovskite, 

Ba0.3Sn0.7HfO3 with a calculated metastability of about -446 meV atom-1. The extremely high 

melting point of the reactant perovskite, BaHfO3 (m.p. ~2620 C), suggests that ion diffusion and 

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. The B-site cation is fixed as Sn(IV) and the 

flux reaction causes substitution of the Sn(II) cations onto the A-site. The total energy of (Ba1-

xSnx)SnO3 increases linearly with the Sn(II) amount on the A-site from -6.306 eV atom-1 for 0% 

Sn(II) in BaSnO3 to -5.819 eV atom-1 for 100% Sn(II) in SnSnO3 in the cubic perovskite structure.  

The decomposition pathways were modeled analogous to the hafnate perovskites, i.e., as (Ba1-

xSnx)SnO3 Ą (1-x) BaSnO3 + x SnO + x SnO2. The results show that the Sn(II)-substituted 
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perovskites again become substantially more metastable as the amount of Sn(II) increases with 

respect to decomposition by phase segregation. The decomposition energy for BaSnO3 is 

calculated to be +183 meV atom-1, showing that it is thermodynamically stable. For increasing 

amounts of Sn(II) of x = 0.25, 0.5, 0.75, and 1.0, the decompositions energies were found to be -

122 meV atom-1, -244 meV atom-1, -381 meV atom-1, and -519 meV atom-1. 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 phase-segregated products, clearly suggesting significant differences in the kinetic 

barriers of their decomposition pathways. 

Shown in Figure 3.9 are schematic diagrams of the energetics of the decomposition 

pathways of the (Ba1-xSnx)HfO3 and (Ba1-xSnx)SnO3 as a function of the amount of Sn(II), as well 

as the empirically estimated relative activation barriers based upon the previously discussed 

observed decomposition of BaHfO3 and BaSnO3 and high and low concentrations of Sn(II)-

exchanged, respectively. The (Ba1-xSnx)HfO3 is shown to have a significantly higher activation 

barrier against decomposition as compared to (Ba1-xSnx)SnO3, as reflecting the greater kinetic 

stabilization and synthesizability. One factor leading to the almost non-existent activation barrier 

of the (Ba1-xSnx)SnO3 perovskite is the greater overall concentration of Sn, i.e., containing both 

Sn(IV) and Sn(II) cations, and reducing the diffusion lengths needed for phase segregation to 

occur. However, another prominent factor is the significantly higher cohesive energy of the 

reactant BaHfO3 versus BaSnO3 perovskite. A recent study of the analogous BSZT perovskite 

system showed a higher Sn(II)-exchange limit for the Zr-richer 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, i.e., -39.6 eV atom-1 and -40.9 eV atom-1 for BaTiO3 
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and BaZrO3, respectively. By comparison, BaHfO3 and BaSnO3 have much larger and smaller 

cohesive energies, respectively. These energies are listed in Table 2.3 along with the observed 

limit of Sn(II) 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 criterion,40,41 which 

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 in Table 3.3, 

as the lattice cohesive energies increase from the low extreme of BaSnO3 to the high extreme of 

BaHfO3, -43.6 eV atom-1. These generally correspond to relatively lower and higher melting points 

with some deviations from the expected trend. However, the Sn(II)-exchange limit increases 

proportionally from < 10% to ~70%, more closely following the trend with increasing lattice 

cohesive energy than do the melting points. The two perovskites with the smallest cohesive 

energies exhibit very low synthesizability of their metastable Sn(II)-containing analogues under 

these conditions. Notably, both can also decompose by routes that involve minimal ion diffusion, 

such as with the existence of ilmenite-type SnTiO3 that competes for formation in the (Ba1-

xSnx)TiO3 perovskite system. Thus, favorable conditions to prepare the most metastable Sn(II)-

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 flux-mediated reactions of SnClF show that the exchange of Sn(II) for 

Ba(II) cations in BaHfO3 and BaSnO3 can yield significant Sn(II)-cation incorporation only in the 

former, yielding (Ba1-xSnx)HfO3 at up to x ~ 0.7. Electron microscopy imaging show that the 
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highest concentration of Sn(II) cations of ~70% with a homogeneous distribution can only be 

achieved at low reaction temperatures of ~250 oC with two consecutive reactions and intermittent 

grinding. Analogous cation-exchange reactions for the stannate perovskite only resulted in its 

decomposition. The metastable (Ba1-xSnx)HfO3 compositions exhibit a decomposition pathway 

that proceeds at its surface via phase segregation into the binary oxides, beginning at only ~350 

oC. Total energy calculations demonstrate the highest metastability of the ~70% Sn(II) perovskite, 

(Ba0.3Sn0.7)HfO3, reaches a remarkable ~-446 meV atom-1 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 the absence 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 Sn(II)-

containing 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(II) 

cation diffusion rate such that lower synthesis temperatures may be used to achieve full Sn(II)-

exchange 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 

the lattice. Additionally, 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 governing leading to the successful 

synthesis and of Sn(II)-containing metastable perovskites will hopefully lead to the synthesis of 

the first high-purity Sn(II)-only SnBO3 perovskites in the future. 
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VI.  SUPPORTING INFORMATION  

 Additional experimental data are provided including powder XRD data of the BaHfO3 and 

BaSnO3 perovskite precursors, before and after reaction Sn(II)-substituted BaHfO3, the (Ba1-

xSnx)HfO3 products after two reaction cycles, and results of the multi-phase Rietveld refinement 

of synchrotron XRD results. Additional S/TEM images of (Ba1-xSnx)HfO3 are provided, including 

Hf and O elemental mapping, EDS of electron-beam induced phase segregation, and selected area 

electron diffraction (SAED) images of the perovskite and secondary phase. 
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Table 3.1. Tabulated results of EDS data for (Ba1-xSnx)HfO3 as a function of 

the nominal Sn(II) amount (x), and after heating to 250 oC for 72 h for either 

one or two heating cycles. 

Element 
xnom = 0.7  

(1 cycle) 

xnom = 0.7  

(2 cycles) 

xnom = 1.0  

(2 cycles) 

Ba mol % 33.40 25.97 16.49 

Sn mol % 20.12 24.98 39.04 

Sn:Ba ratio 0.602 0.962 2.368 

xexp  

(Ba1-xSnx)HfO3 

0.38 

Ba0.62Sn0.38O3 

0.49 

Ba0.51Sn0.49O3 

0.70 

Ba0.3Sn0.7O3 

 



   

  74 

 

Table 3.2. Summary of refined parameters from laboratory powder XRD 

measurements for Sn(II)-hafnate perovskites in the Pmσm space group. 

Composition Ba2/3Sn1/3HfO 3 Ba1/2Sn1/2HfO 3 Ba1/3Sn2/3HfO 3 

Ba Fraction 0.71(2) 0.63(3) 0.40(4) 

Sn Fraction 0.29(2) 0.37(3) 0.60(4) 

a (Å) 4.17213(3) 4.17206(6) 4.17168(6) 

V (Å3) 72.623(2) 72.619(3) 72.600(3) 

wRp (%) 4.80 3.55 3.80 

Rp (%) 3.55 2.65 2.83 

Reduced ɢ2 6.27 3.75 4.10 
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Table 3.3. Listing of perovskite cohesive energies and melting points compared to the 

synthesizable Sn(II)-containing perovskite and the extent of its metastability compared to the 

ground state.  

Perovskite 

Composition 

Cohesive 

Energy  

(eV atom-1) 

Melting Point 

(K)  

Maximum Sn(II) 

Concentration 

(mol %) 

ȹEDecomp at 

Max Sn(II)  

(meV atom-1) 

BaSnO3 -31.5 2,128 < 10 
Ò 0 

BaTiO3 -39.6 1,898 10 
Ò 0 

BaZrO3 -40.9 2,923 50  
+225 

BaHfO3 -43.6 2,893 70 
+446 
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Figure 3.1. Schematic representation of low temperature flux exchange reaction with BaHfO3 

(left) and relative energy of (Ba1-xSnx)HfO3 products. The barium perovskite reacts with SnClF 

to replace Ba(II) and give the (Ba1-xSnx)HfO3 product. As more Sn(II)-cations exchange, the 

perovskite becomes increasingly metastable. 
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Figure 3.2.  XRD patterns of the (Ba1-xSnx)HfO3 (left) and (Ba1-xSnx)SnO3 (right) perovskite 

powders, where x indicates the nominal mole fraction of Sn(II).  Secondary phases of SnO an 

SnO2 are labeled with black circles and squares, respectively. 
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Figure 3.3. High-angular dark field images (A-C) and elemental mapping (D-F) of the 

Ba and Sn contributions, red and yellow colored respectively, within three different 

particles after a reaction with a nominal 70% Sn(II) reacted at 250 oC for 72 h. 
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Figure 3.4. High-angular dark field images (A,B) and elemental mapping (C,D) of the Ba 

and Sn contributions, red and yellow colored respectively, within two different reactions 

with a nominal 70% Sn(II) reacted once at 350 oC for 12 h.  Comparative powder XRD of 

products from reactions run at 250 oC for 72 h and 350 oC for 12 h, with 70% Sn(II), 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 70% 

Sn(II) (left) and 100% Sn(II) right) after two repeated flux reactions 250 oC for 72 h each. 

Elemental maps are shown on the right, with Ba denoted as purple, Sn as light blue, Hf as 

yellow, and O as green. 
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Figure 3.6. Rietveld refinement of (Ba2/3Sn1/3)HfO3 powder XRD data (left) and 

(Ba1/3Sn2/3)HfO3 (right) according to the cubic perovskite in the Pmσm space group. 
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Figure 3.7. Ex situ XRD of Ba0.6Sn0.4HfO3 from temperatures of 25-500 C. Diffraction data 

shown for the 20-44  2ɗ range.  Perovskite reflections from (Ba0.6Sn0.4)HfO3/BaHfO3 are 

labeled by stars with hkl indices, HfO2 by squares, BaClF by circles, SnO2 by triangles, and 

SnClF by diamonds.  BaClF and SnClF are left over from the formation reaction and were 

not sufficiently removed via washing.  
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Figure 3.8. STEM image of perovskite nano-crystallite after electron-beam induced phase 

segregation. EDS data show that the composition within the (marked) region A is the 

(Ba,Sn)HfO3 perovskite, region B is BaHfO3, region C is HfO2 and SnO, and region D is Sn 

and SnO2. 
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Figure 3.9. A schematic of the calculated energy above ground state (i.e., metastability) for 

(left)  (Ba1-xSnx)HfO3  and (right) (Ba1-xSnx)SnO3. The energy of decomposition increases with 

%Sn(II), becoming metastable at x å 0.15 in the stannates and x å 0.1 in the hafnates. The 

relative Ea was estimated by EDS measured synthetic limit prior to decomposition. 
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I. ABSTRACT  

Sn(II)-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 been unsuccessful 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 which can be the key to unlocking the door to many other predicted 

metastable oxides. A low-melting KSn2Cl5 salt was utilized to achieve a soft topotactic exchange 

of Sn(II) cations into a Ba-containing perovskite, i.e., BaHfO3 with particles sizes of ~350 nm at 

a low reaction temperature of 200 oC. The resulting particles exhibit nanoshell-on-nanoshell 

morphologies, i.e., with SnHfO3 forming as ~20 nm thick shells over the surfaces of the BaHfO3 

eggshell particles. Formation of the metastable SnHfO3 is found to be thermodynamically driven 
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by the co-production of the highly stable BaCl2 and KCl side products. Despite this, total energy 

calculations show that Sn distorts from the A-site asymmetrically and randomly and the diffusion 

has a negligible impact on the energy of the system (i.e., layered vs. solid solution). Additionally, 

nano eggshell particle morphologies of BaHfO3 were found to yield highly pure SnHfO3 for the 

first time, thus circumventing the intrinsic ion-diffusion limits occurring at this low reaction 

temperature. In summary, these results demonstrate that the metastability of many theoretically 

predicted Sn(II)-perovskites can be overcome by leveraging the high cohesive energies of the 

reactants, the exothermic formation of a stable salt side product, and a shortened diffusion pathway 

for the Sn(II) cations, presumably at the cost of long-range ordering. 

  

II.  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 potential high technological 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 absent in conventional solid-state synthetic approaches at high 

temperatures.1-3 Low-temperature óChimie Doucieô techniques have been effectively employed in 

the crystallization of some thermodynamically unstable oxides.4 Most recently, topotactic ion-

exchange reactions, such as mediated by a low-melting salt flux, have emerged as a potent tool in 

the synthesis of metastable oxides with close-packed structures.5-7  

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

Sn(II)-based perovskite oxides over the past two decades, as motivated by their predicted 
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properties as Pb(II)-free piezoelectrics or as semiconducting photocatalysts. For example, Sn(II)-

based perovskites (e.g., Sn(Zr1-xTix)O3) have been predicted to exhibit greater electric polarization 

as compared to Pb(II)-perovskites (e.g., Pb(Zr1-xTix)O3; PZT) in addition to their reduced 

toxicity.8-12 Despite the promising potential, synthetic pathways to these thermodynamically 

unstable materials remain unsuccessful. As a conventional reagent, binary SnO rapidly oxidizes or 

disproportionates at temperatures as low as ~250 C.13 Furthermore, Sn(II)-oxides 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 has shown that related metastable perovskites decompose beginning at 

only ~350-400 C into the simpler constituent oxides. Thus, a deeper understanding of the 

fundamental factors governing synthesizability of metastable Sn(II)-oxides is of critical 

importance. Some reports suggest that a synthesizable metastable phase of a given composition 

must occur within ~100-200 meV atom-1 above the convex hull,14-16 but these synthetic limits 

remain relatively poorly explored. 

Previous work from our research group has further investigated these assertions by 

demonstrating the synthesis of Sn(II)-rich perovskites via low-temperature ion-exchange 

techniques. In the SnMO3 perovskite 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 MO6 sublattice and (b) targeting composition spaces 

with few competing lower-energy polymorphs. Additionally, 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 Sn(II)-perovskite remained unattainable 
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with the exchange limit straddling ~60-70% Sn(II)-substitution before decomposition dominates 

in situ. 

 Thus, in an effort to further drive the limits of metastability in Sn(II)-containing 

perovskites, we herein have employed a multi-faceted óChimie Douceô technique which leverages 

a low melting salt, the co-formation of stable side products, as well as nano eggshell morphologies. 

The BaHfO3 perovskite was chosen as the starting reactant for the synthesis of a model SnHfO3 

perovskite owing to its high lattice cohesive energy (as exemplified by the high melting point for 

BaHfO3 of ~2620 ºC) and the absence of competing lower-energy polymorphs such as the ilmenite 

or rutile structures.17-18 Previously reported synthetic methodologies to synthesize Sn(II)-

containing oxides have consistently involved the use of a relatively óhardô peritectic SnCl2/SnF2 

flux (m.p. ~220 C), e.g. SnClF.  As the fluoride anion can also function as a mineralizer,19 and 

irreversibly dissolving the product at high loadings,45 a new low-melting salt was identified as a 

flux reagent.  The relatively ósoftô and lower-melting chloride-based flux, a KCl/SnCl2 eutectic, 

(36.5/63.5 mol%, m.p. ~180 C) or KSn2Cl5, was thus investigated at a remarkably lower reaction 

temperature of ~200 C for driving the formation of the resulting metastable SnHfO3 perovskite.  

This has resulted in its first reported successful synthesis and paving the way to the synthesis of 

many theoretically-predicted Sn(II) perovskites. 

 

III.  EXPERIMENTAL METHODS  

III.A. Synthesis of BaHfO3 and Sn(II)-exchange.   

Micron-scale BaHfO3 particles were synthesized by the ceramic method as described in 

previous work.5 BaHfO3 hollow nanoparticles were synthesized via hydrothermal route similar to 

prior reports.20,21 Ba(NO3)2 (Baker, 99.9%) and HfCl4 (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 Teflon-lined stainless-steel autoclave and reacted at 200 C for 24 h. The 

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

then another 150 mL of water before drying at 80 C. The 12 M KOH product was then ground 

and annealed in air at 1000 C for 2 h yielding ~350 nm hollow particles, whilst the 16 M KOH 

product yielded Ò 150 nm nano eggshells. Yield was usually ~90 wt% regardless of scale.  

Surface Sn(II)-enriched hafnates were synthesized by reacting BaHfO3 products with 

KSn2Cl5 flux. The potassium stannous chloride eutectic (m.p. ~180 C) was first made by grinding 

0.365 mol of KCl (Fischer, > 99.5%) with 0.635 mol SnCl2 (Alfa Aesar, 99.5%) under Ar until 

homogeneous. A 10-fold molar excess of the mixture to BaHfO3 was 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 fused-silica ampoule and reacted in a muffle furnace at 200 C for 

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

mL of ethanol then dried at 80 C overnight yielding a faint-yellow powder. Yield was usually ~90 

wt%. Pure SnHfO3 was prepared by using this method on the as-prepared Ò 150 nm nanoparticles. 

 

III.B. Bulk characterization. 

Experimental powder X-Ray diffraction (XRD) was measured on a Rigaku R-Axis Spider 

using a sealed X-ray Cu KŬ (ɚ = 1.54056 ¡, 40 kV, 36 mA) source in the Debye-Scherrer geometry 

with a curved image-plate detector. UV-Vis diffuse reflectance spectra (DRS) of (Ba1-xSnx)HfO3 

were collected on a Shimadzu UV-Vis-NIR spectrophotometer (UV-3600) equipped with an 

integrating sphere detector with 200-1500 nm range and flat BaSO4 (Alfa Aesar, 99%) surface 
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served as the background reference. A commercially available SnO2 (Alfa 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 Kubelka-Munk remission 

function and plotted as a Tauc plot versus hv.22 Linear interpolation of the transformed absorption 

band edge resulted in the approximate direct and indirect bandgaps.23 Raman spectroscopy was 

performed on a Horiba XploRA PLUS equipped with a Horiba Scientific CCD detector and a 532 

nm excitation laser. The hole size, slit size, and grating were 500 ɛm, 200 ɛm, and 400 nm, 

respectively, and a 1 percent filter was applied to avoid oxidation during the measurements. The 

signal was acquired over 10 accumulations of 10 seconds. 

High energy x-ray measurements were taken at 105.7 keV at beamline 11-ID-C at 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 keV immediately 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. 

 

III.C. Electron microscopy and energy dispersive spectroscopy. 

High resolution images and elemental analyses of (Ba1-xSnx)HfO3 were 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. Nanoscale 

resolution images were acquired using a ThermoFisher Talos F200X with 200 kV accelerating 

voltage. Energy dispersive spectroscopy (EDS) spectra were collected using a 200 pA beam with 

a Super-X EDS detector and reported as atomic percentages.  
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III.D. Total Energy Calculations. 

Total internal energy calculations were used to estimate the stability of SnHfO3 versus the 

decomposition to binary oxides SnO and HfO2 using previous methods5 and compared with 

formation energies at 0 K in the Open Quantum Materials Database (OQMD) using VASP.24-28 To 

probe the nanoshell arrangement of SnHfO3 interfaced to BaHfO3, as found experimentally, total 

internal energies were calculated using density functional theory in the Vienna Ab Initio Simulation 

Package (VASP; ver. 4.6) for a layered configuration and for models that simulate the increasing 

interdiffusion of Sn/Ba cations across a SnHfO3-BaHfO3 interface.  First, a 2 × 2 × 8 super structure 

of the cubic perovskite structure was created, with the first four perovskite layers having the 

SnHfO3 composition and the next four perovskite layers having the BaHfO3 composition.  

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 SnHfO3-BaHfO3 

and fully mixed (Ba1-xSnx)HfO3 structures, resulting in a total of 2, 4, 6, and 8 (fully mixed) cation 

displacements. For each of these 5 superstructure models, Perdew-Burke-Ernzerhof functionals 

were used within the generalized gradients approximation.  The structures were first geometry 

relaxed, with 10-5 and 10-2 as the convergence criteria for the total energy and ionic steps, 

respectively.  The Brillouin-zones for each were automatically sampled using a 4 Ĭ 4 Ĭ 1 ũ-

centered k-point grid for the geometry relaxation and dispersion force corrections were applied 

within the DFT-D3(BJ) scheme and Becke-Johnson damping.  
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IV.  RESULTS AND DISCUSSION 

IV.A. Synthesis Methodology and Principles of Thermodynamic Control. 

The Sn(II)-exchange mechanism appears to be ion-diffusion 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 ºC was ~100 nm after 24 h, a micron-thick particle would 

have on the order of ~10% Sn(II)-substituted, 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 unchanged (discussed further below). Thus, there remain 

two routes to increasing degree of exchange, 1) increasing temperature to further ion-diffusion, or 

2) decrease the diffusion length necessary. The former approach results typically in decomposition 

of the highly metastable products, as Sn(II)-perovskites are not thermally stable and some 

decompose significantly as low as ~350 ºC. Therefore, modifying the particle size and thickness 

via the latter approach should allow for fine control of the diffusion without sacrificing purity. 

Therefore, the BaHfO3 precursor was prepared as both micron-sized particles using high-

temperature methods, and in two different nano eggshell morphologies with varying shell 

thicknesses and particle sizes via a low-temperature hydrothermal approach. This hydrothermal 

synthetic technique has been demonstrated by rigorous TEM to form crystalline BaHfO3 as highly 

uniform nano eggshell morphologies with particle thickness and diameter based on the basicity of 

the aqueous media. The particles in the report from Ye et al. were observed and estimated to be 

~350 nm in diameter with ~60-70 nm thick shells when prepared with 12 M KOH, and as Ò 150 

nm in diameter with ~20 nm thick shells when prepared using 16 M KOH. By XRD, all BaHfO3 

sizes fit well with the known Pmσm perovskite structure (Fig. B1). The ~150 nm crystallites have 

significant shifting to lower 2ɗ from a doubling of the unit cell (~8.38 Å), which is ascribed to 
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numerous defects common to nanoparticle crystallinity. The synthesis conditions for the nano 

eggshell precursors were kept similar to the report from Ye et al. 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 particle size sufficiently, higher degrees of 

Sn(II)-exchange can be achieved. 

The Sn(II)-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 

BaHfO3 products were reacted at a low reaction temperature of 200 ºC within the new KSn2Cl5 

flux (m.p. ~180 ºC) and causing a Sn-for-Ba cation exchange to occur near to the particlesô surface. 

The overall reaction is weakly exothermic but is thermodynamically driven by the highly 

exothermic formation of the BaCl2 and KCl salts from KSn2Cl5 (ȹHf å -527 kJ/mol, -5.46 eV/mol), 

i.e., 2BaHfO3 + KSn2Cl5 Ÿ 2SnHfO3 + 2BaCl2 + KCl (ȹHrxn å -28 kJ/mol, -0.29 eV/mol), and 

thereby also yields the metastable SnHfO3. Both the large excess loading of KSn2Cl5 and the 

produced BaCl2 and KCl are highly soluble in water and are easily washed away, leaving the high 

purity perovskite product. XRD evidence of this reaction pathway is shown in Fig. B2. Surface 

energies of the nano- and 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 < ~2-5 nm, orders of magnitude smaller than the particles investigated herein.29,30 Further, the 

surface energy contribution is primarily critical in polymorphic phase transformations on the 

nanoscale when phase-transition barriers are small, yet negligible to the chemical transformations 

described above, e.g., TiO2 rutile to brookite ~0.71 kJ/mol.31,32 Given the extremely small chemical 

diffusion coefficients of the Ba cation in the perovskite structure, of ~ 10-18 to 10-20 cm2 s-1 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(II)-enriched hafnate perovskite at the surface. Thus, a comparison of 

the reactivity of micron- to nanometer-sized particles helps to assess the diffusional limitations. 

Increasing the required diffusion length to the micron-scale would be expected to minimize Sn(II)-

substitution (Fig. 4.1, top), while decreasing sufficiently small enough would potentially achieve 

a pure SnHfO3 perovskite (Fig. 4.1, bottom). While the smallest nanometer-sized BaHfO3 particles 

exhibits the shortest required diffusion lengths, it also potentially enables a more facile 

decomposition.  

 

IV.B. Bulk Characterization.   

For micron-sized BaHfO3, the Sn(II)-exchange reaction produced no discernable physical 

change (Fig. B1). 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 faint-yellow color after the Sn(II)-exchange reaction. Lab powder 

XRD of the ~350 nm nanoshells shows no significant change, while the ~150 nm nano eggshell 

morphologies of SnHfO3 become largely diffuse, albeit the primary perovskite reflections, e.g., 

110, 210, are still apparent (Fig. B1). To try and further resolve 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 SnO2 is apparent. A thin surface layer of 

SnO2 is common in known Sn(II)-oxides due to the high sensitivity of the Sn(II) cation,33,34 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 Å-1. The low Q peak in conjunction with the 

diffuse scattering suggests the SnHfO3 nano eggshells exhibit some intermediate range ordering 



   

  95 

 

with long range structural disorder, similar to literature reports of glassy and amorphous solids 

such as zeolite-types and alkali silicates.35-37 

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 detected in the ~150 nm particles 

(Fig. B9,C). Table 4.1 lists a summary of the quantitative EDS analysis results where the as-

synthesized BaHfO3 precursors were used as an internal standard. These data suggests the soft 

Sn(II)-exchange resulted in < 10 mol% Sn-exchanged in the micron-sized particles. As the 

particlesô sizes decreased to ~350 nm and corresponding shell thickness to ~60-70 nm, the 

concentration of Sn increased significantly up to ~25 mol%. After further decreasing the particle 

size to Ò 150 nm, only Sn, Hf, and O and a small amount of Cl were detected by EDS, signifying 

full exchange and the attainment of pure SnHfO3. It is estimated that the scale of the diffusion 

distance at 200 ºC was on the order of tens of nanometers by the EDS ratios measured. These bulk 

results strongly support that the completeness of the Sn(II)-exchange into the perovskite is 

governed by surface-terminated diffusional limitations.  

The products were further characterized by Raman spectroscopy to observe changes in the 

short-range order. The Pmσm BaHfO3 precursor has no first-order Raman active modes.38 The 

fully Sn(II)-exchanged product however has been predicted in several studies of analogous 

perovskites to distort from the A-site due to its stereoactive lone-pair, generating new Raman-

active vibrational modes.39 The Raman spectra of the BaHfO3 nanoshells (Fig. S3) shows only 

peaks consistent with monoclinic HfO2, resulting from a small HfO2 impurity common from the 

hydrothermal synthesis method.40,41 The SnHfO3 nanoshells shows no significant Raman 
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scattering. These data suggest a nondistorted SnHfO3 cubic perovskite structure, and the absence 

of a distortion arising from the Sn(II) 5s2 lone pair. 

The Sn(II)-substitution is also expected to decrease the optical bandgap significantly, as 

has been predicted42 and shown experimentally,43 although a fully Sn(II)-perovskite has yet to be 

measured. The Sn(II)-containing hafnates were therefore analyzed by UV-Vis diffuse reflectance 

spectroscopy (DRS) to characterize the optical band edge (Fig. B4, Table B1). The nanoshell 

BaHfO3 optical absorption edge occurs at ~5.6 eV, consistent with previous reports of the large 

bandgap semiconductor. The nanoshell-on-nanoshell SnHfO3-on-BaHfO3 composite shows two 

distinct absorption edges, one at ~5.5 eV from the BaHfO3 core and the second at ~3.1 eV from 

the SnHfO3 shell. The fully exchanged SnHfO3 product has only a single absorption edge at ~3.4 

eV, significantly lower by ~2 eV than the BaHfO3 precursor and further demonstrative of full 

Sn(II)-substitution. The optical absorptions of both Sn(II)-exchanged hafnates were also compared 

to a SnO2 standard, since SnO2 was 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, consistent with reports of Ò 10 nm particles of SnO2,
46 and significantly larger than the 

measured SnHfO3 phases. Further, optical bandgaps in the observed ~3.1-3.4 eV regime are 

typically synthetically achieved through epitaxial growth-induced lattice strain48 or complete 

removal of Sn(II)-oxidation states47 through high-temperature annealing (Ó 500-800 ºC), neither 

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 investigate the individual nanoparticlesô surfaces and compositions. Simple image 
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processing software44 was used to estimate shell thicknesses based on the high-resolution images. 

Images and elemental mapping obtained for the ~350 nm Sn(II)-exchange products are shown in 

Figure 4.4 along with an EDS line scan of a single representative particle. From the broader-scale 

images (Figure 4.4A,B), It can be seen the nanoparticles have hollow, cracked, and spherical 

morphologies. The cracking is likely an artifact of annealing the BaHfO3 precursor at 1000 ºC, 

similar to the observations made by Ye 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 nanoshell-on-nanoshell SnHfO3-on-BaHfO3 morphology. An EDS line-scan (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 shows a Sn- and O-

rich layer of ~20 nm at the edge of the particle. This is likely due to the small amounts of surface 

oxidation (i.e., SnO2) 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 the Sn-O layer as 

well, likely giving a higher %Sn. The approximate formula unit in Region C is SnHfO3+SnO2 in 

agreement with these observations. Region D is the remainder of the hollow particle SnHfO3-on-

BaHfO3 nanoshell-on-nanoshell which yields an average composition of ~Ba2/3Sn1/3HfO3, or 1/3 

SnHfO3:2/3 BaHfO3 and is consistent with bulk EDS. A small chloride incorporation of Ò 5 % was 

detected from the salt flux as a result of incomplete removal of the salt side products.  

For comparison, Sn(II)-exchange reaction of the BaHfO3 nano-eggshell morphologies 

produced 100% Sn(II)-exchanged nano-eggshells, i.e., SnHfO3 as shown similarly in Figure 4.5. 

The particles are largely homogeneous and no larger than ~150 nm. EDS data of a grouping of 

nanoparticles (5B,C) show only Sn, Hf, and O, and Cl, with no Ba detected. A similar EDS line-

scan (5D) through a representative particle 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 SnHfO3 composition. Region B shows a ~20 nm Sn-O 

shell, similar to the surface oxidized layer of SnO2 as previously noted and observed in XRD. 

Region A is the carbon support film. A Ò 5% Cl incorporation was also detected homogeneously 

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

been circumvented in these soft Sn(II)-exchange reactions using the nano-eggshell morphologies. 

Convergent beam electron diffraction (CBED) was performed on the SnHfO3 powder 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 (Fig. B5). Figure 4.6A shows a selected CBED pattern collected 

on a region of SnHfO3 along [111] zone axis with primary reflections consistent with a Pmσm 

perovskite structure with lattice constant ~4.15-4.20 Å. The most intense {110} reflections 

correspond to d-spacing of ~3.04 Å, and as compared to cubic BaHfO3 {110} d-spacing of ~2.97 

Å. Additionally the {211} reflections are apparent with d-spacing of ~1.79 Å, in agreement with 

{211} d-spacing of ~1.72 Å in BaHfO3. The CBED data along with the bulk- and nano- scale 

STEM strongly demonstrate a retention of the cubic symmetry after full Sn(II)-substitution and 

the synthesis of the first pure cubic Sn(II)-perovskite. 

 

IV.D. Total Energy Calculations of Sn(II)-Diffusion. 

The total internal energy of BaHfO3 and SnHfO3 were calculated based on the cubic Pmσm 

cells prior to geometry relaxation to estimate the thermodynamics of the reaction, schematically 

represented in Figure 4.7A. SnHfO3 is higher in energy than BaHfO3 by ~518 eV/atom, and 

SnHfO3 is highly metastable w.r.t. the binary oxides, e.g., SnHfO3 Ą SnO + HfO2 (ȹErxn å -646 

meV/atom). The driving force in the reaction is the formation of BaCl2 and KCl vs. the formation 
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of the reagent salt KSn2Cl5 (ȹHf å -683 meV/atom), which allows the net reaction to be overall 

exothermic by ~-16 meV/atom. This however does not describe how the formation of low-ordered 

nanoshells preferentially form over the solid solution. Further, it is anticipated that the Sn(II)-

distortion from the A-site, similar to Pb(II)-perovskites, would be more stable. 

To better understand the nanoshell SnHfO3 formation and diffusion limits, several 8 x 2 x 

2 supercells of (Ba1/2Sn1/2)HfO3, i.e., 50% Sn(II)-substituted, were constructed and geometry 

relaxed. Within each relaxation, Sn atoms would distort asymmetrically and with no preferential  

orientation and lower the total energy by ~44-46 meV/atom, as illustrated by the local coordination 

in Figure 4.7B and the extended structure in 7C. The total energy of the shell-on-shell morphology 

was found to be -8.739 eV/atom. One at a time, random Sn and Ba atoms were swapped then 

relaxed until Ba and Sn were randomly and fully disordered, to simulate progressive interdiffusion 

between the SnHfO3 layer and the BaHfO3 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 a random distribution of Sn/Ba was obtained, i.e., a fully disordered solid 

solution with an energy of -8.736 meV/atom. These changes in internal energy due to 

interdiffusion are negligible to the chemical reaction occurring at the surface, and an order of 

magnitude lower than the random distortion of Sn on the A-site. Therefore, with a soft flux the 

reaction is fully diffusion-length limited due to the combination of lack of a strong thermodynamic 

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(II) perovskite oxide, SnHfO3, has been synthesized 

for the first time in both a nanoshell-on-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 diffusion as well as kinetic stabilization against decomposition 

to simpler oxides.  This was accomplished by using a soft ion-exchange technique, in which a low-

melting point KSn2Cl5 flux was used to exchange Ba(II) for Sn(II) at BaHfO3 hollow nanoparticle 

surfaces producing nano eggshell morphologies of  SnHfO3 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 Sn-position other than random and 

asymmetric distortions on the A-site, supporting the low long-range ordering of the SnHfO3 nano 

eggshells. Further investigation into this material as well as other new and yet to be synthesized 

complex Sn(II)-oxides warrants much future study. This work has demonstrated a new approach 

to circumvent the intrinsic barrier of ion-diffusion limits in low-temperature topotactic ion-

exchange and paving the way towards future physical property measurements at the frontiers of 

complex Sn(II)-containing oxides. 
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Figure 4.1. Schematic representation of soft flux Sn(II)-exchange (left) with example TEM/EDS 

images (right). The hollow nano eggshell BaHfO3 are prepared in two different size regimes then 

reacted with the KSn2Cl5 flux at 200 ºC. Thick-shelled, larger particles (top) react at the surface 

and are diffusion limited, resulting in a Sn-rich perovskite shell. Thin-shelled, smaller particles 

(bottom) react fully and Sn diffuses fully through the 20-40 nm shell, achieving full Sn(II)-

exchange. 
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Figure 4.2. High-energy synchrotron XRD stack plot shows (A, green) simulated cassiterite SnO2 

P4mmm, (B, red) simulated SnHfO3 as a Pmσm, and (C, blue) the ~150 nm SnHfO3 nano eggshell 

product. The low Q peak is denoted by a black star.  
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Figure 4.3. Representative SEM (left) and EDS mapping (right) of ~150 nm SnHfO3 particles 

from bulk-scale. EDS maps show Sn in green, Hf in red, and O in blue. Ba was not detected (Fig. 

B9C). Additional images and EDS spectra shown in SI (B5-B8). 



   

  111 

 

Table 4.1. Tabulated results of EDS data for (Ba1-xSnx)HfO3 as a function of the particle size 

following Sn(II)-exchange with KSn2Cl5. Mol% of Ba and Sn were normalized to solid-state  

prepared BaHfO3 as an internal standard. EDS images and spectra are shown in Fig. B6-B9. 

  
Element ~1 µm ~350 nm[a] ~150 nm[b] 

Ba mol% 22.81 18.77 0.00 

Sn mol% 2.19 6.23 25.00 

Xexp 0.09 0.25 1.00 

Form. Unit Ba0.91Sn0.09HfO3 Ba0.75Sn0.25HfO3  SnHfO3 

  (nanoshell-on-nanoshell) (nano eggshell) 

 [a] Shell thickness is ~60-70 nm. [b] Shell thickness is ~20-30 nm. 
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Figure 4.4. STEM images of ~350 nm Sn(II)-exchanged nanoparticles shown as HAADF 

micrographs (A-C) and EDS elemental mapping of accompanied by an EDS line scan of a 

representative particle (D). The EDS color maps are provided as Sn in green, Hf in red, Ba in 

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

arrow on the STEM micrograph at right (D). 
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Figure 4.5. STEM images of ~150 nm SnHfO3 nano eggshells shown as HAADF micrographs 

(A-C) and EDS elemental mapping of accompanied by an EDS line scan of a representative 

particle (D). The EDS color maps are provided as Sn in green, Hf in red, Ba in yellow, and O in 

blue. Ba was not detected by EDS. The EDS line scan is given as atomic percentages measured 

across the blue arrow on the STEM micrograph at right (D). 
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Figure 4.6. Convergent beam electron diffraction pattern of SnHfO3 nanoparticles (A) and 

simulated electron diffraction pattern for Pmσm SnHfO3 (a å 4.18 Å) projected down the [111] 

axis (B). The ED beam is projected down the [111] axis, revealing diffuse diffraction in agreement 

with Pmσm symmetry, as evidenced by the {110} family (d å 3 ¡) and the {211} family, (d å 1.75 

Å). 
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Figure 4.7. Schematic representation of reaction energetics (A), geometry relaxed Sn-O 

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

Sn(II)-exchange reaction is exothermic (-0.29 eV/mol), driven forward by the large heat of 

formation of BaCl2 and KCl vs. KSn2Cl5 (-5.46 eV/mol). Upon relaxation, Sn undergoes an 

asymmetric distortion from the A-site with no preferential direction, lowering the energy (-45 

meV/atom). Supercell relaxations of the SnHfO3-BaHfO3 layered interface and Sn(II) diffusing 

stepwise across the layer shows the thermodynamic stabilizing effect of the shell-shell vs. solid 

solution morphology is negligible (-2-3 meV/atom).  
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CHAPTER 5 

 

SWITCHING LEAD FOR TIN IN PbHfO 3: NONCUBIC STRUCTURE OF SnHfO3. 

 

Based on the journal article Angew. Chem. Int. Ed., 2023, e202312130(1-9). 

 

*Experimental methods are contained in Appendix C* 
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I. ABSTRACT  

The removal of lead from commercialized perovskite-oxide-based piezoceramics has been 

a recent major topic in materials research owing to legislation in many countries.  In this regard, 

Sn(II)-perovskite oxides have garnered keen interest due to their predicted large spontaneous 

electric polarizations and isoelectronic nature for substitution of Pb(II) cations.  However, they 

have not been considered synthesizable owing to their high metastability.  Herein, the perovskite 

lead hafnate, i.e., PbHfO3 in space group Pbam, is shown to react with SnClF at a low temperature 

of 300 °C, and resulting in the first complete Sn(II)-for-Pb(II) substitution, i.e. SnHfO3. During 

this topotactic transformation, a high purity and crystallinity is conserved with Pbam symmetry, 

as confirmed by X-ray and electron diffraction, elemental analysis, and 119Sn Mössbauer 

spectroscopy. In situ diffraction shows SnHfO3 also possesses reversible phase transformations 

and is potentially polar between ~130-200 °C. This so-called óde-leadificationô is thus shown to 

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

and opening the door to new explorations of polar and antipolar Sn(II)-oxide materials. 
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II.  INTRODUCTION  

Technological innovation of electronics first requires new and complex material 

fabrication. Thermodynamically stable metal oxides, e.g., SnO2 or TiO2, 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 recombination rates.[1] Recent reports have both 

predicted[2,3] and shown[4ï6] that metastable compounds may have exceptional properties, but a 

synthesis route is often absent.[7,8] 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 

techniques and soft-synthesis routes are essential to the preparation of metastable phases,[9] such 

as low melting molten-fluxes,[10] hydrothermal,[11] and ion-exchange methods.[12] These metathesis 

techniques use the formidable combination of low reaction temperatures and high ion-diffusion 

rates to finesse chemical kinetic stabilization lacking in traditional solid-state methodology.[13]  

Recent international regulations have mandated the removal of lead from commercial 

products, and thus, the removal and replacement of lead from perovskite-oxide piezoceramics 

represents a well-known and critical case in which such emerging techniques can be applied.[14]  

The targeted structural motif is an A-site cation containing a symmetry-breaking ns2 electronic 

configuration (e.g., Pb(II), Sn(II), Sb(III)) as the postulated origin of the large piezo- and 

ferroelectric polarizations, such as in commercialized lead zirconate-titanate (Pb(Zr,Ti)O3, or 

PZT), or antiferroelectricity in the lead zirconates (PbZrO3, or PZO) and hafnates (PbHfO3, or 

PHO).[15,16] Sn(II)-perovskites are isovalent analogues and are predicted to have even larger 

polarizations,[17,18] however the synthetic challenges, their high thermodynamic instability, and 

low thermal stability all inhibit their realization.[19] For example, SnO as a conventional reagent 
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will rapidly oxidize or disproportionate from as low as 250-300 ºC, even under inert 

atmospheres.[20] Despite these obstacles, recent progress has been made by utilizing low-melting 

Sn(II)-halide salts (e.g., SnCl2) to facilitate efficient cation-exchange in stable precursor structures, 

such as Ba2TiO4 or K2Ti2O5 to form 1D, Pb3O4-type Sn2TiO4,
[21,22] and the 2D, ilmenite-type 

SnTiO3.
[23] 

In close-packed structures like the cubic perovskite oxides Ba(Zr,Ti)O3 (BZT) and 

BaHfO3, cation-exchange is more challenging as the rates of ion diffusion are extremely small, 

i.e., < 10-19 m2 s-1. Further, the calculated metastability of the Sn(II)-substituted perovskites with 

respect to simpler oxides (e.g., SnO and TiO2, ilmenite-SnTiO3) increases dramatically to Ó 500 

meV atom-1.[24,25] In the cubic BaZrO3 or BaHfO3 perovskites, however, the high lattice energy 

from the rigid MO6 substructure is sufficiently large to prevent local phase segregation and thus 

provides additional kinetic stabilization of the Sn(II)-rich perovskite. The structural instability was 

demonstrated where as much as ~60-70% Sn(II)-exchange for Ba(II) retains the cubic crystal 

structure but ~30-40% Sn(II) in BZT causes the onset of phase segregation. Additionally, in the 

layered (Ba1-xSnx)5Nb4O15 perovskite, phase segregation into the more stable SnNb2O6 became 

prominent at ~50% Sn(II)-exchanged.[26] Segregation is proposed to occur since the interlayer-

Sn(II)  ions can more freely diffuse to a lower energy coordination environment, although the 

hypothetical Sn5Nb4O15 phase is not expected to be nearly as metastable as perovskite-type 

SnTiO3. The synthesis of Sn(Zr,Ti)O3 shells on the surface of BZT particles (BSZT) demonstrated 

that cation-exchange and kinetic stabilization of Sn(II) is feasible in the 3D perovskite-type 

structure and provided the first evidence that these thus-far only theorized phases do indeed have 

intriguing properties such as visible-light driven water oxidation.[27] Further investigations into 
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these synthetic techniques lead to the first-reported successful synthesis of a fully Sn(II)-

substituted perovskite oxide, SnHfO3, stabilized as nano-eggshells.[28] 

These observations demonstrate the effectiveness of topotactic ion-exchange 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 energy, and (II) there must 

be an absence of lower energy polymorphs easily accessible via ion-diffusion. Ion-exchange of 

Sn(II) in close-packed structures appears to occur topotactically and all (Ba,Sn)MO3 phases 

reported thus far are cubic or pseudocubic owing to the random displacements of Sn(II)  on the A-

site. The highest degrees of Sn(II) -substitution 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., 

SnTiO3 and SnNb2O6) regardless of the predicted relative stability. Thus, in order to synthesize a 

Sn(II)-perovskite with an asymmetric A-site, we believe a precursor with a pre-existing structural 

distortion away from cubic and with a high lattice cohesive energy must be used in conjunction 

with óChimie Douceô techniques.[9] In the present work, we explore this approach by combining a 

low-temperature molten-flux exchange on an orthorhombic perovskite oxide with relatively high 

lattice cohesive energy, PbHfO3. The exchange reaction results in full substitution of Pb(II) for 

Sn(II) on the A-site and the formation of high-purity and polycrystalline SnHfO3 as an 

orthorhombic perovskite. This marks the first crystalline and fully substituted Sn(II)-perovskite 

oxide under such conditions and suggests the possibility of lead removal from existing high-

performing materials. The so-called óde-leadificationô, or removal of Pb(II), of lead-based 

dielectrics could be a promising direction in the exploratory synthesis of new lead-free dielectrics. 
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III.  RESULTS AND DISCUSSION 

III.I. Synthesis and Stability of Orthorhombic SnHfO3 

The first reported SnHfO3, synthesized from cubic BaHfO3, appears to be pseudocubic 

according to X-ray diffraction (XRD), likely due to random distortions of Sn(II)-cations from the 

A-site and no apparent distortion of the HfO6 polyhedra. The orthorhombic PbHfO3 is used herein 

as an alternative precursor to provide a distorted ordering to the A-site prior to Sn(II)-exchange 

while maintaining the high lattice cohesive energy of the HfO6 substructure. The PHO precursor 

was first synthesized by high temperature flux-mediated synthesis from binary oxides. The as-

synthesized PHO was then reacted with a low-melting SnClF flux (m.p. ~220-240 C) at 300 ÁC 

according to equation 5.1 

PbHfO3 + SnClF Ą SnHfO3 + PbClF  (5.1) 

The proposed reaction is driven forward by the larger heat of formation of the PbClF 

product versus the SnClF reactant (~ -35 kJ/mol), detailed in Figure 5.1. Depicted in Fig. 5.1A, 

the net reaction is calculated to be exothermic (~ -14 kJ/mol) which allows for the formation of 

the metastable orthorhombic SnHfO3 product (o-SHO). The activation energy barrier for its 

formation must be relatively low given the reaction temperature, and also smaller than the 

activation energy for decomposition, i.e., SnHfO3 ­ SnO + HfO2. XRD data of the reaction 

mixture before and after annealing (Fig. C1) confirms the perseverance of the orthorhombic 

perovskite structure, the removal of SnClF, and crystallization of PbClF side product. SnHfO3 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, HfO2, and PbClF. Lab XRD 

data of the unwashed 0 h, 12 h, 24 h, and 72 h products (Fig. C2) demonstrates this with evolution 

of PbClF up to 24 h, while SnO and HfO2 begins 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 PbClF, i.e., no Sn(II)-exchange. 

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 Fig. 5.1B,C. The total internal energies of the ideal cubic (c-SHO), 

previously synthesized pseudocubic (p-SHO), and currently synthesized o-SHO, were determined 

to be -8.205, -8.238, and -8.271, respectively, all in eV per formula unit. The relative 

metastabilities were calculated by the experimentally confirmed decomposition reaction, shown 

below in eq. 5.2: 

SnHfO3 ­ SnO + HfO2 ȹEdecomp < 0  (5.2) 

The results show the c-SHO polymorph is the most metastable at -646 meV atom-1, while 

the p-SHO model is more stable at -613 meV atom-1, consistent with prior observations. The o-

SHO model provides additional stabilization with a metastability of -580 meV atom-1. The 

structural models of each polymorph in Figure 5.1B,C highlight the origin of the stability. The Hf-

O substructure largely remains unchanged from the c-SHO to p-SHO transition but allows random 

A-site distortions, providing a ~30 meV atom-1 stabilization. The HfO6 polyhedron tilts 

significantly from p-SHO to o-SHO while the A-site is already asymmetric, providing an 

additional stabilizing effect. The pseudocubic SHO decomposes thermally upon annealing and 

does not recrystallize as orthorhombic, indicating a larger kinetic barrier between p-SHO and o-

SHO than decomposition. 

Combining the kinetic and thermodynamic data, the coordination environments for both 

Sn(II) and Hf(IV) is at a local minimum in the perovskite structure for SnHfO3 but is still 

metastable. When provided with some thermal energy, Sn(II)-cations have no barriers preventing 
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diffusion off the A-site center, as in the p-SHO, but is kinetically trapped to prevent formation of 

SnO. The high lattice-energy Hf-O substructure does not distort. It has a large barrier to distort 

and will decompose to the significantly more stable HfO2 if allowed, and thus the exchange product 

óremembersô the precursor structure. The precursor ómemoryô effect described above is uncommon 

but not unknown in ion-exchange of close-packed oxides. For example, the precursor substructure 

is maintained in the metastable wurzite NaGaO2 with Cu(I),[29] CdSe nanocrystals with Cu(I) or 

Zn(II),[30] and rutile LiNbWO6 with Fe(II).[31] In layered phases this is more common as the ions 

diffuse freely to preferred  coordination environments, such as in K2Ln2Ti3O10 Ruddlesden-Popper 

and Dion-Jacobson phases[32] or in several potassium titanates like K2Ti2O5.
[33] 

 

III.II Bulk Characterization of SnHfO3 

High resolution XRD data were collected for the o-SHO product. Results of Rietveld 

refinements from 5-90  2ɗ are summarized in Figure 2D and are in good agreement with the Pbam 

space group (no. 55) using the refined PHO precursor as an initial model, with wRp of ~6% and 

lattice parameters of a = 5.8496(3), b = 11.7121(5), c = 8.2163(2), all in Å. The lattice parameters 

decreased by < 0.1%, similar to previous Sn(II)-perovskites.[24,25] The inset shows that some 

secondary phases of SnO, HfO2, and PbClF are observed as well. The secondary phases were not 

modeled in the refinements due to the low resolution and intensities. Two Pbam models were used 

to model SnHfO3 and alternative perovskite structure-types (i.e., Pba2,  Amm2) resulted in poor 

fitting. The first model set Pb and Sn initial occupancies at 1.0 and 0.0, respectively, and freely 

refined to give Sn occupancies of 0.83(1) and 0.89(1) on the 4g and 4h 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 



   

  123 

 

well as greater consistency with electron microscopy data discussed below. Additional 

crystallographic information for both the PHO precursor and o-SHO product are summarized in 

Tables C1-C3 and Fig C3. Two low intensity peaks at ~7 and ~9  were also observed that are not 

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

of the perovskite structure, as probed below.[34,35]  The peak at ~21  is overestimated by the 

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 HfO2. More advanced structural characterization techniques than powder XRD are 

required in future studies to fully reveal the fine structure of o-SHO, such as neutron diffraction. 

Temperature-dependent in situ XRD was performed on o-SHO to probe the possible 

existence of structural phase changes (Fig C4,5) and the findings are summarized in Figure 5.2A-

C. During heating from 25-300 °C, the peak at ~30.5° (2ɗ) grows significantly in intensity at ~130 

°C and further at ~200 °C. The doublet of peaks at ~43.8° (2ɗ) converge 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 orthorhombic setting, converging to 2 peaks closer in d-spacing, 

or a Í b Í c Ą a = b Í c, then once more to a cubic setting, a = b = c. At least two phase changes 

occur to higher perovskite symmetries with Curie temperatures (Tc) of 130 °C and 200 °C. Both 

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

phase transitions are shown in Figure 5.2C and assigned based upon previous investigation of the 

PHO fine structure.[36] The structure of PHO undergoes reversible phase changes beginning at 150 

°C, then to polar phase at 180 °C, then finally to Pmσm at 220 °C. The intermediate structures for 

PHO are still under active investigation however.[37,38] The observed decrease in Tc by ~20 °C with 

smaller A-site cation substitution has been observed in other systems such as BaTiO3 and 
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hypothesized in other compositions.[39] Interestingly, the intermediate C2mm and P4mm PHO 

phases are polar. The low thermal stability of o-SHO (onset Tdecomp å 350 ÁC, Fig. S15) makes 

further investigation into the potential ferroelectricity at ~130-200 °C, however these data are a 

promising lead for the first polar Sn(II)-perovskite oxide. 

 

III.III. Electron Microscopy and 119Sn Mössbauer Spectroscopy 

The PHO precursor and o-SHO polycrystalline powders were probed by scanning electron 

microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) at low magnification to observe 

changes after Sn(II)-substitution. Representative images PHO and o-SHO are shown in Figure 

C6,C7 with a summary of EDS data shown in Table C4. SEM-EDS demonstrates the PHO 

precursor is consistent with the expected Pb:Hf stoichiometry of ~1:1 and elemental mapping 

showing the homogeneity and high-purity of the precursor phase. When SnClF was loaded at a 

nominal 25% substitution, the Sn:Hf ratio became ~1/3 and the Pb decreases to ~2/3. At 50% 

SnClF loading, the Pb:Sn:Hf ratio is ~1:1:2, consistent with half substitution, and now the PbClF 

salt is in large enough concentrations to detect Cl and F in addition. After 100% loading of SnClF, 

Sn is now detected 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 remaining Pb concentrated 

as crystallites where Sn and Hf are depleted, and the Pb:Cl+F ratio is ~1:2. The SEM-EDS strongly 

supports either a high degree or complete Sn-substitution in particles and that the primary source 

of Pb remaining is the poorly soluble salt.  

The SnHfO3 product was further investigated by scanning transmission electron 

microscopy (STEM) for characterization of representative particles and to avoid Pb-salt impurities 

in elemental composition determinations. Figure 5.3 shows a representative particle with elemental 
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mapping and EDS spectra (additional images in Fig. C8-10) in addition to the 119Sn Mössbauer 

spectrum. The EDS spectra (Fig. C8) 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 particle 

according to the elemental mapping. EDS line-scans show the particle composition of Sn:Hf:O is 

~1:1:3 throughout the particle and consistent with the perovskite stoichiometry ABO3. There is 

some larger variation of Sn and Hf outside of standard EDS error margins, which is attributed to 

SnO2 from surface oxidation. Pb was detected at < 0-5 mol% and Cl at ~5 mol%. The Pb is well 

within EDS error for background level. The Cl is somewhat larger which could be from Cl 

incorporation into the perovskite, surface corrosion from the halide flux, or the residual lead salt. 

The 78 K 119Sn Mössbauer spectrum of SnHfO3 is presented in Figure 5.3B and fitting 

parameters are summarized in Table C5. The spectrum is well reproduced with three sub-signals, 

two of them show the presence of Sn(II) and the third sub-signal is in the typical range of 

Sn(IV).[40] The observed isomer shift (3.06 mm sï1) of the majority fraction can be attributed to 

Sn(II) atoms on the A-site of perovskite-type SnHfO3. The experimental line width is slightly 

enhanced. Due to possible substitution of Hf by Sn,[41] varying coordinations for the Sn(II) atoms 

could co-exist. Therefore, the simulated signal envelopes sub-signals, which corresponds to 

different Sn(II) environments. The large quadrupole splitting (2.00 mm sï1) indicates distortion of 

the cuboctahedral coordination of the Sn(II) ions because of its stereoactive lone pair. Similar 

environments for Sn(II) are reported for BSZT and ilmenite-type SnTiO3 with isomer shifts of 

around 3 mm sï1 and quadrupole splittings of about 1.8 mm sï1 and 1.45 mm sï1.[42] The isomer 

shift (ī0.03 mm sï1) and quadrupole splitting (0.6 mm sï1) of the minority Sn(IV) fraction (10%) 

match Mössbauer spectroscopic data observed for (nano-)SnO2 and can be attributed to surface 

oxidation of Sn(II),[43,44] similar to observations described for BSZT and SnTiO3.
[45,46] In the 
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typical range of Sn(II)-compounds there is an additional signal (9%). The observed Mössbauer 

spectroscopic data (ŭ = 4.2 mm sï1, ȹEQ = 0 mm sï1) agrees with previously reported data for 

SnCl2 (4.06 mm sï1, 0 mm sï1).[47,48] 

Selected area electron diffraction (SAED) was used to further investigate the SnHfO3 

nanostructure; however, most particles showed polycrystalline or amorphous diffraction (Fig. 

C11). One representative sample produced an ED pattern, shown in Figure 5.4A. The indexable 

reflections in the diffraction pattern are in agreement with the Pbam space group projected down 

the [111] zone axis. The indexed planes are the {110} type reflections with a d-spacing of ~11.7 

Å and the {211} type with d-spacing of ~6.67 Å. The polycrystalline nature prevents more detailed 

investigation into the fine structure such as octahedral tilting, which would be observable via ED 

techniques.[49] Figure 5.4B shows near-atomic resolution of the same particle surface, in which 

lattice spacing is visible on the particle surface. Real-space distances of ~11.17 Å between the 

planes are consistent with the 110 spacing observed in the XRD refinement. There is also an 

amorphous shell around the particle edge, which is likely the surface oxidized SnO2. The STEM 

data conclusively shows that the SnHfO3 product is fully Sn-substituted and retains the a structure 

generally consistent with the Pbam space group. 

 

III.V. Electronic Structure Calculations  

Density-of-States (DOS) and electron density calculations using VASP were performed to 

investigate the electronic structure of the new o-SHO perovskite. The prototypical cubic ABO3 

perovskite has valence bands comprised of primarily O 2p6 orbitals and the conduction band of 

the B-metal nd0. In the case of PbHfO3 (Fig. C12), the valence band is similarly O 2p6. However, 

the conduction band is now comprised of unfilled Pb(6p)-O(2p) antibonding states lower in energy 
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than the Hf 5d0 orbitals. These interactions arise from the polarizability of Pb(II) and its 

stereoactive lone pair, distorting it closer to neighboring O and increasing their orbital overlap. 

DOS calculations support this finding and predict a bandgap of ~3.0 eV, between filled O 2p6 and 

a mixture of Pb 6p and O 2p states. It is anticipated that Sn(II) -substitution would decrease the 

optical bandgap of the perovskite with the addition of Sn 5s2 states that interact with the O 2p6 

states, and thus increasing the energy of the valence band edge.  The optical transition would then 

stem from a mixture of Sn 5s and O 2p states in the VB to the Hf 5d states in the CB.  This is 

consistent with the prior reports for cubic (Ba1-xSnx)HfO3 and BSZT.[24,25] In a non-cubic 

environment, a distorted Sn(II) 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 Figure 5.5. These plots show the calculated valence band for 

SnHfO3 is now comprised of primarily O 2p6 orbitals and the conduction band edge is composed 

of Sn-O states with asymmetric electron density revealing the expression of the Sn(II) lone pair. 

The iorbital interaction between Sn and O results in a decreased bandgap of ~2.2 eV, stemming 

from electronic transitions at the valence band edge resulting from mixing of Sn(5p) and O(2p) 

states. UV-Vis diffuse reflectance spectroscopy results (Fig. C13) of PHO, o-SHO, and the 

previously reported p-SHO nano eggshells support these calculated results. The largest optical 

band gap is the p-SHO at ~3.7 eV. PHO has a similar band gap at ~3.6 eV. The gray and 

orthorhombic SnHfO3 has significantly decreased to ~2.6 eV, resulting from the new orbital 

interactions described above and pushing the optical band gap closer into the visible-light region. 

The Born effective charge (BECs; Z*)  tensor quantities for the ions in o-SHO were 

calculated using density functional perturbation theory methods and a 2 × 1 × 2 supercell, as 
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detailed in the Supporting Information. The BECs are a measure of the resulting change in 

macroscopic polarization induced by ion displacements and, for ferroic materials, are typically 

larger than the nominal oxidation states.[50] Table C6 lists the BEC tensors for each ion in the Pbam 

space group.  Maximal diagonal values of the tensors for Hf (+5.86), Sn1 (+3.69; ), Sn2 (+3.60) 

and for all O atoms (-3.641 to -2.671).  These relatively large values compare reasonably to those 

in antiferroelectric hafnate and zirconate perovskites,[50,51] such as for PbZrO3 with BECs for Pb 

(+3.89) and for Zr (+5.90).  Notably, the ground-state structures of antiferroelectric PbHfO3 as 

well as PbZrO3, the archetypical antiferroelectric, have received recent attention and re-

examination.  Recent studies have unveiled dynamic instabilities in their phonon band structures, 

leading to the proposal of new 80-atom, i.e., doubled, superstructures that have yet to be 

experimentally confirmed.[51,52] Given the isoelectronic nature of Sn(II) and Pb(II) cations, the 

phonon band structure of SnHfO3 in Pbam, shown in Figure C14, also exhibits dynamic instability 

in the vicinity of the Z and T q-points.  This observation is also consistent with its metastable 

nature, and thus requiring kinetic stabilization.  These dynamical instabilities at q-points away 

from the zone center indicate the likelihood of energetically competitive and fine atomic 

distortions occurring over longer length scales.  Investigations of these possible superstructure are 

under further investigation using Bayesian approaches and neutron diffraction data.   

 

IV.  CONCLUSION  

For the first time, a distorted Sn(II)-perovskite oxide, SnHfO3, has been synthesized in high 

purity and crystallinity by a low-temperature ion-exchange technique.  These results demonstrate 

the complete removal of Pb from the orthorhombic PbHfO3 perovskite precursor while largely 

maintaining the sensitive Sn(II) oxidation state as confirmed by XRD, STEM/EDS, and 119Sn 
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Mössbauer spectroscopy. Thermodynamic and kinetic considerations of the synthesis expand upon 

our previously proposed mechanism for Sn(II)-exchange of perovskite oxides. The evidence 

indicates that the initial ion-exchange step (i.e., Ba(II)/Pb(II) for Sn(II)) 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 results indicate that ion-exchange techniques at 

mild conditions allow for 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 single-crystals, fine structural elucidation through advanced 

diffraction techniques, or improving separation of the Pb-halide salt products. Additionally, in situ 

XRD suggests the existence of a polar SnHfO3 phase that is stable in the temperature range of 130-

200 °C, which requires significant exploration. The investigation of SnHfO3 as a model perovskite 

has allowed us insight into the synthetic dynamics of the largely unexplored complex Sn-M-O 

phase diagram and decisively shows that óde-leadificationô, and the synthesis of fully Sn(II)-

substituted perovskite oxides, are both well-within reach. 

 

V. CONFLICT OF INTEREST  

There are no conflicts to declare. 

 

VI.  ACKNOWLEDGEMENTS  

The authors acknowledge support of this work by the National Science Foundation (DMR-

2004455). Additional components of this research were performed in part at the Analytical 

Instrumentation Facility (AIF) at North Carolina State University, which is supported by the State 

of North Carolina and the National Science Foundation (Award ECCS-2025064). The AIF is a 



   

  130 

 

member of the North Carolina Research Triangle Nanotechnology Network (RTNN), a site in the 

National Nanotechnology Coordinated Infrastructure (NNCI).  

  



   

  131 

 

VII.  REFERENCES 

[1]  Lany, S. Semiconducting transition metal oxides. J. Phys.: Condens. Matter, 2015, 27, 

 283203. 

[2]  Trimarchi, G., Zhang, X., Freeman, A. J., Zunger, A. Structurally unstable AIIIBiO3 

 perovskites are predicted to be topological insulators but their stable structural forms are 

 trivial band insulators. Phys. Rev. B 2014, 90, 161111(1-5). 

[3]  Ha, V. A., Ricci, F., Rignanese, G. M. & Hautier, G. J. Structural design principles for low 

 hole effective mass s-orbital based p-type oxides. Mater. Chem. C 2017, 5, 5772ï5779. 

[4]  Maggard, P. A. Capturing metastable oxide semiconductors for applications in solar energy 

 conversion. Acc. Chem. Res. 2021, 54, 3160ï3171. 

[5]  Caskey, C. M., Richards, R. M., Ginley, D. S. & Zakutayev, A. Thin film synthesis and 

 properties of copper nitride, a metastable semiconductor. Mater. Horiz. 2014, 1, 424ï

 430. 

[6]  Zakutayev, A.; Allen, A. J.; Zhang X.; Vidal, J.; Cui, Z.; Lany, S.; Yang, M.; DiSalvo, F. 

 J.; Ginley, D. S. Experimental synthesis and properties of metastable CuNbN2 and 

 theoretical extension to other ternary copper nitrides. Chem. Mater. 2014, 26, 4970-4977. 

[7]  Straus, D. B., Guo, S., Cava, R. J. Kinetically stable single crystals of perovskite-phase 

 CsPbI3. J. Am. Chem. Soc. 2019, 141, 11435ï11439. 

[8]  Aykol, M., Dwaraknath, S. S., Sun, W., Persson, K. A. Thermodynamic limit for synthesis 

 of metastable inorganic materials. Sci. Adv. 2018, 4(4), eaaq0148. 

[9]  Gopalakrishnan, J. Chimie douce approaches to the synthesis of metastable oxide 

 materials. Chem. Mater. 1995, 7, 1265-1275. 



   

  132 

 

[10]  Gupta, S. K., Mao, Y. A. A review on molten salt synthesis of metal oxide nanomaterials: 

 status, opportunity, and challenge. Prog. Mater. Sci. 2021, 117, 100734.11.  

[11]  Whittingham, M. S. Hydrothermal synthesis of transition metal oxides under mild 

 conditions. Curr. Opin. Solid State Mater. Sci. 1995, 1, 227-232. 

[12]  England, W. A.; Goodenough, J. B.; Wiseman, P. J. Ion-exchange reactions of mixed 

 oxides. J. Solid State Chem. 1983, 49, 289-299. 

[13]  Gabilondo, E.; OôDonnell, S.; Newell, R.; Broughton, R.; Mateus, M.; Jones, J. L.; 

 Maggard, P. A. Renaissance of topotactic ion-exchange for functional solids with close 

 packed structures. Chem. Eur. J. 2022, 28(33), e202200479. 

[14]  Bell, A.J.; Deubzer, O. Lead-free piezoelectrics ï the environmental and regulatory issues. 

 MRS Bulletin. 2018, 43, 581-587. 

[15]  Cohen, R. E. Origin of ferroelectricity in perovskite oxides. Nature 1992, 358, 136-138. 

[16]  Tagantsev, A. K.; Vaideeswaran, K.; Vakhrushev, S. B.; Filimonov, A. V.; Burkovsky, R. 

 G.; Shaganov, A.; Andronikova, D.; Rudskoy, A. I.; Baron, A. Q. R.; Uchiyama, H.; 

 Chernyshov, D.; Bosak, A.; Ujma, Z.; Roleder, K.; Majchrowski, A.; Ko, J.-H.; Setter, N. 

 The origin of antiferroelectricity in PbZrO3. Nature 2013, 4, 2229. 

[17]  Walsh, A., Payne, D. J., Egdell, R. G., Watson, G. W. Stereochemistry of post-transition 

 metal oxides: a revision of the classical lone pair model. Chem. Soc. Rev. 2011, 40, 4455ï

 4463. 

[18]  Taib, M. F. M., Yaakob, M. K., Hassan, O. H., Yahya, M. Z. A. Structural, electronic, and 

 lattice dynamics of PbTiO3, SnTiO3, and SnZrO3: a comparative first-principles study. 

 Integr. Ferroelectr. 2013, 142(1), 119-127. 



   

  133 

 

[19]  Gardner, J., Thakre, A., Kumar, A., Scott, J. F. Tin titanate ï the hunt for a new ferroelectric 

 perovskite. Rep. Prog. Phys. 2019, 82, 092501. 

[20]  Campo, C. M., Rodríguez, J. E., Ramírez, A. E. Thermal behaviour of romarchite phase 

 SnO in different atmospheres: a hypothesis about the phase transformation. Heliyon 2016, 

 2(5), e00112. 

[21]  Kumada, N., Yonesaki, Y., Takei, T., Kinomura, N., Wada, S. Preparation and crystal 

 structure of a new tin titanate containing Sn2+; Sn2TiO4. Mater. Res. Bull. 2009, 44, 1298ï

 1300. 

[22]  OôDonnell, S., Hamilton, A., Maggard, P. A. Fast flux reaction approach for the 

 preparation of Sn2TiO4: tuning particle sizes and photocatalytic properties. J. 

 Electrochem. Soc. 2019, 166, H3084ïH3090. 

[23]  Diehl, L., Bette, S., Pielnhofer, F., Betzler, S., Moudrakovski, I., Ozin, G. A., Dinnebier, 

 R., Lotsch, B. V. Structure-directing lone pairs: synthesis and structural characterization of 

 SnTiO3. Chem. Mater. 2018, 30, 8932-8938. 

[24]  OôDonnell, S.; Chung, C. C.; Carbone, A.; Broughton, R.; Jones, J. L.; Maggard, P. A. 

 Pushing the limits of metastability in semiconducting perovskite oxides for visible-light 

 driven water oxidation. Chem. Mater. 2020, 32, 3054-3064 

[25]  Gabilondo, E. A., OôDonnell, S., Broughton, R., Jones, J. L., Maggard, P. A. Synthesis and 

 stability of Sn(II)-containing perovskites: (Ba,SnII)Hf IVO3 versus (Ba,SnII)SnIVO3. J. Solid 

 State Chem. 2021, 302, 122419. 

[26]  OôDonnell, S., Smith, A., Carbone, A.; Maggard, P. A. Structure, stability, and 

 photocatalytic activity of a layered perovskite niobate after flux-mediated Sn(II) exchange. 

 Inorg. Chem. 2022, 61, 4062ï4070. 



   

  134 

 

[27]  OôDonnell, S.; Osborn, D. J.; Krishnan, G.; Block, T.; Koldemir, A.; Small, T. D.; 

 Broughton, R.; Jones, J. L.; Pöttgen, R.; Andersson, G. G.; Metha, G. F.; Maggard, P. A. 

 Prediction and Kinetic Stabilization of Sn(II)-Perovskite Oxide Nanoshells. Chem. Mater. 

 2022, 34(17), 8054-8064. 

[28]  Gabilondo, E. A.; Newell, R. J.; Chestnut, J.; Weng, J.; Jones, J. L.; Maggard, P. A. 

 Circumventing thermodynamics to synthesize highly metastable perovskites: nano 

 eggshells of SnHfO3. Nanoscale Adv. 2022, 4, 5320-5329. 

[29]  Nagatani, H.; Suzuki, I.; Kita, M.; Tanaka, M.; Katsuya, Y.; Sakata, O.; Miyoshi, S.; 

 Yamaguchi, S.; Omata, T. Structural and thermal properties of ternary narrow-gap oxide 

 semiconductor; wurtzite-derived ɓ-CuGaO2. Inorg. Chem. 2015, 54(4), 1698-1704. 

[30]  Li, H.; Zanella, M.; Genovese, A.; Povia, M.; Falqui, A.; Giannini, C.; Manna, L. 

 Sequential cation exchange in nanocrystals: preservation of crystal phase and formation of 

 metastable phases. Nano Lett. 2011, 11(11), 4964-4970. 

[31]  Meena, V., Mandal, T. K. Topotactic ion exchange in a three-dimentional close-packed 

 trirutile structure with an octahedral network. Inorg. Chem. 2019, 58, 2921ï2924. 

[32]  Schaak, R. E., Mallouk, T. E. Topochemical synthesis of three-dimensional perovskites 

 from lamellar precursors. J. Am. Chem. Soc. 2000, 122, 2798ï2803. 

[33]  Hosogi, Y.,; Kato, H.; Kudo, A. Photocatalytic activities of layered titanates and niobates 

 ion-exchanged with Sn2+ under visible light irradiation. J. Phys. Chem. C 2008, 112(45), 

 17678-17682. 

[34]  Handley, C. M.; Ward, R. E.; Freeman, C. L.; Reaney, I. M.; Sinclair, D. C.; Harding, J. 

 H. Dynamic tilting in perovskites. Acta Crystallogr. 2023, A79, 1-8. 



   

  135 

 

[35]  Glazer, A. M. The classification of tilted octahedra in perovskites. Acta Crystallogr. 1972, 

 B28, 3384-3392. 

[36]  Kupriyanov, M. F., Petrovich, E. V., Dutova, E. V., Kabirov, Y. V. Sequence of phase 

 transitions in PbHfO3. Crystallogr. Rev. 2012, 57, 205ï207. 

[37]  Bosak, A.; Svitlyk, V.; Arakcheeva, A.; Burkovsky, R.; Diadkin, V.; Roleder, K.; 

 Chernyshov, D. Incommensurate crystal structure of PbHfO3. Acta Cryst. B 2020, B76, 7ï

 12. 

[38]  Burkovsky, R. G.; Bronwald, I.; Andronikova, D.; Lityagin, G.; Piecha, J.; Souliou, S.-M.; 

 Majchrowski, A.; Filimonov, A.; Rudskoy, A.; Roleder, K.; Bosak, A.; Tagantsev, A. 

 Triggered incommensurate transition in PbHfO3. Phys Rev B. 2019, 100, 014107(1-10). 

[39]  Ravez, J. Ferroelectricity in solid state chemistry. C. R. Acad. Sci. II C. 2000, 3, 267ï283. 

[40]  Shenoy, G. K., Wagner, F. E. Mössbauer Isomer Shifts. (North-Holland Publishing 

 Company, 1978). 

[41]  Mackay, R., Sleight, A. W.; Subramanian, M. A. Structure, dielectric properties, and 

 thermal expansion of the new phase Hf0.75Sn0.25O2. J. Solid State Chem. 1996, 121, 437ï

 442. 

[42]  Diehl, L. Fabini, D. H.; Vargas-Barbosa, N.; Jiménez-Solano, A.; Block, T.; Duppel, V.; 

 Moudrakovski, I.; Küster, K.; Pöttgen, R.; Lotsch, B. V. Interplay between valence band 

 tuning and redox stability in SnTiO3: implications for directed design of photocatalysts. 

 Chem. Mater. 2021, 33, 2824ï2836. 

[43]  de Kergommeaux, A.; Faure-Vincent, J.; Pron, A.; de Bettignies, R.; Malaman, B.; Reiss, 

 P. Surface oxidation of tin chalcogenide nanocrystals revealed by 119Sn-Mössbauer 

 spectroscopy. J. Am. Chem. Soc. 2012, 134, 11659-11666. 



   

  136 

 

[44]  Collins, G. S.; Kachnowski, T.; Benczer-Koller, N. Application of the Mössbauer effect to 

 the characterization of an amorphous tin-oxide system. Phys. Rev. B 1979, 19(3), 1369-

 1373. 

[45]  Indris, S.; Scheuermann, M.; Becker, S. M.; Ġepel§k, V.; Kruk, R.; Suffner, J.; Gyger, F.; 

 Feldmann, C.; Ulrich, A. S.; Hahn, H. Local structural disorder and relaxation in SnO2 

 nanostructures studied by 119Sn MAS NMR and 119Sn Mössbauer spectroscopy. J. Phys. 

 Chem. C 2011, 115, 6433ï6437. 

[46]  Avadhut, Y. S.; Weber, J.; Hammarberg, E.; Feldmann, C.; Schellenberg, I.; Pöttgen, R.; 

 Günne, J.S. Study on the defect structure of SnO2:F nanoparticles by high-resolution solid-

 state NMR. Chem. Mater. 2011, 23, 1526ï1538. 

[47]  Donaldson, J. D.; Senior, B. J. The Mössbauer effect in tin(II) compounds. Part VI. Spectra 

 of ternary tin(II) halides. J. Chem. Soc. A 1969, 2358ï2360. 

[48]  Greenwood, N. N.; Timnick, A. Mössbauer spectra of complexes of tin (II) halides with 

 nitrogen donor ligands. J. Chem. Soc. A 1971, 676ï678. 

[49]  Woodward, D. I.; Reaney, I. M. Electron diffraction of tilted perovskites. Acta Crystallogr. 

 2005, B61, 387-399. 

[50]  Xie, L.; Zhu, J. The electronic structures, Born effective charges, and interatomic force 

 constants in BaMO3 (M = Ti, Zr, Hf, Sn): A comparative first-principles study. J. Am. 

 Ceram. Soc. 2012, 95, 3597-3604. 

[51]  Aramberri, H.; Cazoria, C.; Stengei, M.; Iniguez, J. On the possibility that PbZrO3 not be 

 antiferroelectric. npj Comput. Mater. 2021, 7, 196. 



   

  137 

 

[52]  Baker, J.S. Long Range Order in Ferroelectric and Antiferroelectric Perovskites Meets 

 Large Scale Density Functional Theory. Ph.D. Thesis (2020); London Center for 

 Nanotechnology. 

  

  



   

  138 

 

 

  

Figure 5.1. Schematic representation of SnHfO3 synthesis via molten SnClF ion-exchange (A), 

schematic diagram of ion diffusion pathways from high to low symmetries with an emphasis on 

HfO6 substructure tilting (B), and emphasis on A-site distortions (C). Orthorhombic PbHfO3 is 

reacted with SnClF to form orthorhombic SnHfO3 and PbClF. In previous work, cubic and 

pseudocubic SnHfO3 was synthesized from cubic BaHfO3 at lower temperatures, with insufficient 

thermal energy available for the stabilizing HfO6 substructure distortion. Octahedral tilting and A-

site distortions are each calculated to provide a ~30 meV atom-1 stabilizing effect, however the 

kinetic barriers preventing structure rearrangement are larger than the available thermal energy 

available without decomposition to SnO and HfO2. Local Sn(II)-displacements on the A-site have 

little kinetic barrier. Activation energy barriers are estimated by relative decomposition amounts 

experimentally observed. 
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Figure 5.2. Selected bulk structural characterization data shown as temperature-dependent XRD 

of SnHfO3 focused on the (110)-family peak (A) and the (200)-family peak (B), schematic 

representation of Hf-O substructure phase changes (C), and full-profile Rietveld refinement of 

SnHfO3 at room temperature with space group Pbam (D). SnHfO3 undergoes a phase transition 

from Pbam to a higher symmetry phase at ~130 °C, then to a second phase at ~200 °C. The phases 

were assigned based upon previously investigated PbHfO3 phase changes. (D, inset) Secondary 

phases are marked as ǒ for SnO, ƶ for HfO2, ƴ for PbClF, and * for the low angle peaks observed 

in SnHfO3. 
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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 lines) 119Sn Mössbauer spectrum of 

SnHfO3 measured at 78 K (B), and EDS line-scan (C) of SnHfO3. 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 the line-scan 

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

are shown as Sn(II) in blue for SnHfO3, Sn(II) in yellow for SnClF, and Sn(IV) for SnO2 in green. 
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Figure 5.4. Selected area electron diffraction (A) and scanning transmission electron microscope 

image (B) of a SnHfO3 crystal. The ED beam is projected down the [111] axis revealing the {110} 

family (d å 11.7 ¡) and the {211} family (d å 6.67 ¡). Planes observed on the particle surface 

have a spacing of ~11.7 Å corresponding to (110)-type stacking. A thin shell of amorphous SnO2 

is visible on the particle surface due to surface oxidation of Sn(II). 
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Figure 5.5. Calculated electron density maps for the conduction band edge (A,B) and valence band 

edge (C,D) along with the total densities-of-states (E) for the Pbam SnHfO3 perovskite. Emphasis 

around the Sn-O local coordination is shown in A and C for clarity, with the unit cell shown in B 

and D. Projected electron density is localized around O in the valence band edge and around Sn 

and O in the conduction band. The calculated bandgap is å 2.2 eV. Electron density projections 

are displayed in pink and atoms are shown as Sn in red, Hf in blue, and O in green. 
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UNVEILING STABILITY FACTORS IN Sn(II) -OXIDES: DISCOVERY OF POLAR 
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I. ABSTRACT 

The discovery of multinary Sn(II) -oxides is severely limited by a lack of understanding of 

critical thermodynamic and kinetic stabilization factors. Additionally, the synthetic exploration of 

Sn(II)-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(II)-oxide perovskites are applied to a larger-scale predictive modeling to identify 

thermodynamic stability factors. The modeling yields 9 new Sn(II)-oxides that we propose are 

reasonable to synthesize and thermodynamically stable. One predicted compound, the layered 

perovskite SnLa4Ti4O15, was successfully synthesized at 300 °C in high purity and crystallinity 

using an ion-exchange method. Rietveld refinement of powder X-ray diffraction data, second 

harmonic generation spectroscopy, 119Sn Mössbauer spectroscopy, and electron microscopy 
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methods demonstrate the SnLa4Ti4O15 phase retains the polar P3c1 space group, crystalline 

hexagonal plate morphology, and full Sn(II) substitution after exchange. Electronic structure 

calculations show relatively flat valence and conduction bands with an higher energy valence band 

over the BaLa4Ti4O15 precursor due to localized O-Sn-O intralayer bonding. UV-vis diffuse 

reflectance spectroscopy supports the calculations and shows a decrease in optical bandgap by 

~1.2 eV to ~2.4 eV after Sn(II)-substitution, allowing the absorption of visible light by the yellow 

product. The SLTO phase is shown to decompose water to H2 and O2 under visible light irradiation 

with a Rh/Cr2O3-CoOx dual-cocatalyst with estimated initial rates of ~371 ɛmol g-1 h-1 and ~96 

ɛmol g-1 h-1 for 390 nm and 467 nm light, respectively, and a highest AQY of ~21.7%. These 

results highlight how chemical intuition, predictive modeling, and synthetic design collaborate to 

synthesize new materials that show promising dielectric and optical properties, such as 

ferroelectricity and visible-light-driven overall water splitting. 

 

II.  INTRODUCTION  

Complex Sn(II)-oxides have been recently identified as promising candidates for reduced-

toxicity ferroelectrics that may outperform their Pb(II)-containing analogues, such as tin titanate 

(SnTiO3, or STO) versus lead titanate (PbTiO3, or PTO) perovskites.1,2 Further, some of these 

layered Sn(II)-oxides 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.3,4 Early experimental reports have revealed these predictions to be promising.5,6 

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(II)-oxide chemistry due to their large thermodynamic instability.7-10 The most 

common example is the tetragonal perovskite STO, a predicted óholy grailô of lead-free dielectrics. 
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STO is calculated to be metastable with respect to the ilmenite SnTiO3, Sn2TiO4, the binary oxides 

SnO and TiO2, and is further metastable with respect to oxidized Sn(IV)-species such as cassiterite 

SnO2 or rutile (Ti1-xSnx)O2, in the presence of oxygen. There are currently no successful reports of 

a perovskite-type STO due to these thermodynamic challenges,11 and the relatively stable ilmenite-

phase has only recently been synthesized as a powder.12 Therefore, a comprehensive understanding 

of thermodynamic and kinetic stability as well as the underlying factors is required for the 

successful synthesis of complex Sn(II)-containing oxides.  

The emergence of machine learning tools have added a level of high-performance data 

mining of experimental data that has never been achieved before to provide new synthesis 

insigths.13,14 However, the current lack of specificity and efficient experimental validation are 

preventing these tools from broader use in discovery-driven efforts, and are often recreated from 

scratch for each system of interest and limited by the quality of experimental training data.15-17 

Some studies thus far have sampled an impressive amount of compositional space to give large 

databases of theoretical data,18 but they do not yet realistically represent the stability of theoretical 

phases. For example, a recently synthesized metastable oxide, SnHfO3,
19 is predicted by one model 

to be thermodynamically ñstableò versus Sn, Hf, and O2,
18 but not stable versus SnO and HfO2 

under vacuum, or SnO2 and HfO2 in air, which it rapidly decomposes into when annealed.20 

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 through careful predictive 

modeling combined with experimentally-observed findings to better understand the stability of 

Sn(II)-oxides in broader systems. The results of these calculations suggest a shortlist of synthetic 

targets expected to be both kinetically and thermodynamically stable. One such phase, 
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SnLa4Ti4O15, was successfully synthesized in high purity at 300 °C using a fast flux-mediated ion-

exchange reaction with the (111)-layered perovskite BaLa4Ti4O15. After full Sn(II) -substitution, 

the polar and non-centrosymmetric P3c1 space group is retained and the optical bandgap decreases 

to ~2.4 eV and allows for the absorption of visible light. BaLa4Ti4O15 and other (111)-layered 

perovskites are known for UV-light-driven overall water splitting, and therefore the resulting 

SnLa4Ti4O15 phase is further investigated for its visible-light-driven photocatalytic potential. 

 

III.  EXPERIMENTAL METHODS  

III.I. Structure and Energy Calculations 

Total internal energy calculations were used to compare and estimate the relative stability 

of the theoretical phases versus decomposition to binary oxides (e.g., SnO, La2O3) and known 

ternary phases (e.g. Sn2TiO4) using previously described methodology.9,20 Experimentally verified 

phases reported in the International Crystal Structure Database21 were used as using the Vienna 

Ab Initio Simulation Package (VASP; ver. 5.6).22,23 For each model, Perdew-Burke-Ernzerhof 

functionals were used with the generalized gradients approximation using the projector augmented 

wave method with van der Waals corrections and a 3 × 3 × 3 Monkhorst-Pack grid was used to 

automatically sample the Brillouin-zone.24 The phonon dispersion for SnLa4Ti4O15 was calculated 

for its geometry relaxed structure using density functional theory perturbation methods within 

VASP with 90 k-points. All structural models were constructed using the Visualization for 

Electronic and Structural Analysis (VESTA) software.25 
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III.II. Synthesis  

The BaLa4Ti4O15 precursor was synthesized using a molten salt flux method. BaCO3 (Alfa 

Aesar, 99.8%), TiO2 (Aldrich, 99.7%), and La2O3 (Alfa Aesar, 99.99%) were ground together in 

a 1:4:2 mol ratio with an agate mortar and pestle until thoroughly mixed. TiO2 and La2O3 were 

dried at 1000 °C for 2 h prior to use. One molar equivalent of BaBr2 (Thermo 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 before radiatively 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 1-5 g total mass and the yield was ~90 wt% with respect to BaLa4Ti4O15. 

SnLa4Ti4O15 was prepared through an ion-exchange method adapted from previous 

reports.9,19 First, SnCl2 (Alfa Aesar, 99%, anhydrous) and SnF2 (Alfa 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 SnClF. BaLa4Ti4O15 and SnClF 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. The yellow 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 BaLa4Ti4O15 was reacted with 0.154 g of SnCl2 and 

0.127g SnF2, and the product mass recovered was ~1.18 g after washing.  

 

III.III. Characterization  

Laboratory X-ray Diffraction (XRD) was measured on a Rigaku R-Axis Spider using a Cu 

KŬ source (ɚ = 1.54056 ¡, 40 kV, 36 mA) in the Debye-Scherrer geometry outfitted with a curved 
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image-plate detector. Data collected for powder XRD refinements were collected on a PANalytical 

Empyrean X-Ray diffractometer with Cu Ka X-ray source (ɚ1 = 1.54056 ¡, ɚ2 = 1.544426 Å, 40 

kV, 40 mA) in the Bragg-Brentano 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 System-II (GSAS-II) software to extract crystallographic 

information.26  

UV-Vis diffuse reflectance spectroscopy (DRS) was measured using a Shimadzu UV-Vis-

NIR spectrophotometer (UV-3600) with an integrating sphere detector from 250-1000 nm. The 

sample was spread evenly and pressed onto a flat BaSO4 (Sigma Aldritch, 99%) surface which 

served as the background reference. The analyte reflectance was measured and transformed using 

the Kubelka-Munk Remission function and plotted as a Tauc plot versus hv.27 The approximate 

direct and indirect bandgaps were determined by linear interpolation of the transformed absorption 

band edges.28 

Second harmonic generation spectra (SHG) were measured by using the Kurtz-Perry 

method with Q-switched Nd:YAG lasers at the wavelength of 1064 nm.44 Polycrystalline samples 

of BaLa4Ti4O15 and SnLa4Ti4O15 and and KH2PO4 (KDP) were ground and sieved into a distinct 

particle size range of 90ï125 ɛm. Sieved KDP powder was used as a reference. The intensity of 

the frequency-doubled 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 composition of 

BaLa4Ti4O15 and SnLa4Ti4O15 samples were characterized using X-ray photoelectron 

spectroscopy (XPS) with an XPS/UVS-SPECS system featuring a PHOIBOS 150 analyzer under 
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a pressure of approximately 3 x 10-10 mbar. The instrument utilizes Mg KŬ X-ray (hɜ = 1253.6 

eV) and Al KŬ X-ray (hɜ = 1486.7 eV) sources. The data were acquired using the Mg KŬ X-ray 

source, which operated at 10 kV and 30 mA (300 W) and analyzed with the CasaXPS software. 

XPS spectra of the survey scan were recorded with a pass energy of 24 eV in a 0.5 eV step.  The 

C1s peak was used as an internal reference with a binding energy of 285 eV.  

 

III.IV. Photocatalysis 

Overall water splitting (OWS) testing was adapted from a previous literature method and 

largely unchanged.29 Cocatalyst photodesposition was performed in situ by adding ~100 mg of 

SnLa4Ti4O15 catalyst to a photovessel with ~40 mL of DI water. Solutions of Na3RhCl6Ā12H2O 

(Beantown Chemical), K2CrO4 (Alfa Aesar, 99.0% min), and Co(NO3)2Ā6H2O (Alfa Aesar, 97.7% 

min) were prepared at a metal (Cr, Co, Rh) concentration of 0.2 mg ml-1, with 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, respectively to the amount of catalyst used. 500 ɛL of the Rh 

solution were added to the reaction mixture and the solution was irradiated by an Xe Arc lamp 

(300 W) for 10 minutes. 250 ɛL of the Cr solution was then added followed by 5 minutes of 

irradiation. Lastly, 250 ɛL of the Co solution was added followed by 5 minutes of irradiation. The 

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 flushed with N2 gas 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 gas chromatograph equipped with a thermal conductivity detector 
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(GC-TCD). Gaseous aliquots (500 ɛL) were measured once every hour. Calibration curves for H2 

and O2 were constructed to obtain approximate rates of gas evolution. 

 

IV.  RESULTS AND DISCUSSION 

IV.I. Predictive Modeling of Multinary Sn(II)-oxides and their Stability 

Recent reports have successfully synthesized Sn(II)-containing perovskite oxides through 

soft-chemical, ion-exchange methods.9,10,19,20 Underlying factors governing stability, and 

concomitantly synthesizability, have been hypothesized as follows. 

(1) The lattice energy of the underlying substructure (i.e., BO6) is proportional 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(II) lone pair. 

However, these hypotheses have only been tested in a limited number systems and require further 

exploration by both theory and experiment. Figure 6.1 schematically depicts the work-flow for 

predictive modeling of the 52 Sn(II)-containing oxides examined herein as well as the results, with 

a complete list in Table D1. In Figure 6.1A, the models were constructed by first finding known 

phases in the ICSD21 which contain K(I), Sr(II), Ba(II), or Pb(II) on the A-site, since these have 

been shown to be successful precursor cations for Sn(II)-exchange. Materials with elements that 

are not expected to be redox stable with Sn(II), e.g., BaMoVIO4, SrVIVO3, etc., were not considered. 

These known materials were then manually modified to replace the A-site cation with Sn(II) 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 for SnLa4Ti4O15 

below in eq.ôs 6.1 and 6.2. 

 

SnLa4Ti4O15 Ą SnO + 2La2O3 + 4TiO2 æErxn å +99 meV atom-1 (6.1) 

2SnLa4Ti4O15 Ą Sn2TiO4 + 4La2O3 + 7TiO2 æErxn å +95 meV atom
-1 (6.2) 

Where eq. 6.1 shows an example of a stable phase with respect to the component binary oxides 

and eq. 6.2 shows an example of a stable phase with respect to competing phases on the local phase 

diagram. 

Figure 6.1B 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 complex phase spaces. The observed traits that most of the stable 

phases share are (i) low Sn(II) coordination environment, (ii) noncentrosymmetry of both Sn(II) 

local coordination and the crystal symmetry, and (iii) a low Sn(II):B-site ratio. Only 18 of the 52 

examined phases were determined to be stable. The relative metastability of all calculated phases 

sorted by B-site composition is shown in Figure 6.1C. Of the 52 systems modeled in this work, 

only two are calculated to be new phases, thermodynamically stable with respect to the binary 

oxides and known competing phases, where the precursors can be readily made in high purity and 

crystallinity. These two are SnLa2WO7 and SnLa4Ti4O15. In the present work, we chose to focus 

on SnLa4Ti4O15, which has a (111)-layered perovskite structure and is more similar to the highly 

desired SnTiO3 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. However, too large of a 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 larger-scale databases to better filter out purely theoretical synthesis and expand 

the list of reasonable synthesis targets. 

IV.II. Synthesis and Structural Characterization of SnLa4Ti4O15 

The barium lanthanum titanate (111)-layered perovskite precursor, BaLa4Ti4O15 (BLTO), 

was prepared by was prepared in high purity and crystallinity by a high-temperature molten flux 

synthesis in a BaBr2 flux. Single crystals were collected from the powder and the structure was 

solved to the P3c1 space group with lattice constants a = 5.5610(3) Å and c = 22.42(2) Å (Table 

D2). The solved crystal structure was used as a model for a Rietveld refinement of the 

polycrystalline powder and is consistent with wRp = 6.17% and lattice constants a = 5.56809(5) Å 

and c = 22.4674(2) Å (Fig. D1). SEM and EDS demonstrate the BLTO forms highly crystalline 

hexagonal platelets ~5-10 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 reports30,31 and is currently described by either Pσm1 or Pσc1 

centrosymmetric space groups or by the P3c1 noncentrosymmetric space group. Second harmonic 

generation (SHG) spectroscopy shows a signal of ~1.7x that of the KDP standard, unambiguously 

confirming the noncentrosymmetry of the crystal structure (Fig D2).32  

Sn(II)-substitution was performed on the BLTO precursor using an excess of a low-melting 

SnClF peritectic flux at 300 °C for 1 h under static vacuum. Figure 6.2 summarizes the synthesis, 

structure, and characterization data of the fully exchanged SnLa4Ti4O15. The reaction is proposed 

to be driven forward by the large heat of formation of the BaClF salt side product upon Ba-for-Sn 

exchange (æH å -456 kJ/mol) as described in prior work33 and highlighted in eq 6.3. 

BaLa4Ti4O15 + SnClF Ą SnLa4Ti4O15 + BaClF  (6.3) 
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Intralayer ions typically have diffusion rates of several orders larger than close-packed ions. For 

example, the diffusion coefficient of Na+ is estimated to be ~4.0 x 10-7 cm2 s-1 in Na ɓ-alumina at 

300 K versus ~4.5 x 10-13 cm2 s-1 in analcite at 373 K.45 The increased diffusion rates allow for the 

Sn(II) to selectively substitute for Ba(II) in the Sn-flux and retaining the La2Ti2O7 perovskite slabs 

and hexagonal plate-like morphology (Fig 6.2A,B). The SnClF and BaClF salts are soluble in 

water and easily separated from the product, although excess of SnClF has often been observed to 

incorporate Cl and F into the particle surfaces. 

High-resolution powder XRD data was used for Rietveld refinement to the P3c1 crystal 

structure of the BLTO precursor. The refined BLTO precursor was used as an initial model with 

Ba manually replaced by Sn for refining the SLTO phase in the retained P3c1 space group. The 

model agrees with weighted residuals of ~4.7% and lattice constants of a å 5.570 ¡, c å 22.46 ¡. 

The structure can be described as a 2D-layer of asymmetric O-Sn-O sheets, separating La2Ti2O7-

perovskite blocks that terminate on the (111)-plane, an uncommon feature in Ti-containing 

perovskites.34 Some LaF3 was also observed by powder XRD, which is somewhat surprising and 

suggests some of the La may be partially substituted in the SLTO structure, however it is unclear 

by bulk characterization methods what degree of exchange occurred or at which La sites. The poor 

solubility of LaF3 prevents separation from the product. SHG spectroscopy shows the SLTO 

product is active with an intensity of ~0.2x KDP. These data confirm the lack of an inversion 

center and thereby validating the P3c1 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 

measurement. Further investigation is required to fully understand the potential non-linear optical 

properties of SLTO. 
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The highly crystalline, hexagonal platelets of the BLTO precursor are additionally 

maintained after Sn(II)-substitution (Fig 6.2B). 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 

stoichiometry of Sn-La-Ti-O (~1:3:3) and no apparent Ba (Fig 6.2C). The Sn is likely more 

concentrated than expected due to residual salts, which is supported 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 in Fig. D6-8, with similar results. One drawback of EDS on this material is the 

complex convolution of Ba, Ti, and La spectral peaks.35 While Ba was not observed in quantifiable 

amounts, it is not conclusive for full Ba removal. X-ray photoelectron spectroscopy (XPS) was 

then employed as Sn and Ba 3d 5/2 peaks have a substantial difference in binding energies (~300 

eV).36 XPS on the BLTO precursor only detects Ba, La, Ti, O, and the C standard, while the Sn(II)-

exchange product shows only Sn, La, Ti, O, Cl+F from the salts, and C standard detected (Fig D7, 

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 exceeds ~10-30 nm into the sample 

surface. The well-observed phenomena of 10-20 nm thick SnO2 shells on nearly all Sn-containing 

materials blurs the accuracy of XPS analysis in Sn-containing systems, while simultaneously 

questioning the purpose of high-resolution XPS for Sn.37 This is likely why the Sn-concentration 

is deceptively large by XPS but close to the nominal value in EDS. 119Sn Mössbauer spectroscopy 

shows that the material is primarily Sn2+, although quantitative fitting is still in progress (Fig D8). 

Thus, full exchange of Sn(II) on the bulk-scale 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(II)-perovskites. For example, in SnHfO3, the pure phase would begin to decompose into SnO 

and HfO2 beginning at ~350 °C under vacuum, and into SnO2 and HfO2 at lower temperatures in 

air.19 The more stable, yet still metastable, (Ba1-xSnx)HfO3 solid solutions would similarly 

decompose between 400-500 °C into stoichiometric amounts of BaHfO3, SnO, and HfO2, 

depending on the concentration of Sn.20 However, SLTO retains the bulk of its crystal structure 

even after annealing under vacuum at 700 °C, although partial oxidation of Sn(II) Ą Sn(IV) is 

apparent by the formation of some La2Sn2O7 (Fig D9). Thus, the prediction-guided synthesis of 

stable Sn(II)-oxides 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. Figure 6.3A-D summarizes the calculated 

electronic and phonon band structure along with experimental UV-Vis diffuse reflectance 

spectroscopy (DRS) data in Figure 6.3E. Calculated electron densities-of-states (DOS) for the 

valence band maximum (VBM) and conduction band minimum (CBM) are shown in Fig. 6.3A. 

The calculations predict the VBM is composed of Sn(5s)-O(2pz) 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 BaTiO3.
38 The Sn-O hybridization of Sn(II)-oxides has recently been 

predicted as an alternative to a hard-sphere model with better accuracy to the limited experimental 

evidence.39 The electronic transitions are thereby expected to be primarily localized O-Sn-O chains 

to the extended TiO6 3D-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 significantly after the insertion of the 

polarized Sn-O states, as shown experimentally in similar cases.5,9,19 Similarly, 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 and consistent with DFT calculations. The powder 

changes from white to yellow after reacting, supporting the measured optical change, and now 

enabling the absorption of visible light (ɚ Ò ~540 nm). Additional UV-Vis DRS data is shown in 

Fig. D10,11 and tabulated in Table D4. The phonon band structure in Fig. 6.3B,C shows relatively 

flat VBM due to Sn(II)-incorporation into the structure. The dispersion is low since Sn(II) is 

isolated in a layer rather than the extended perovskite network. The isolated layer of Sn cations 

suggests charge mobility arises from hopping between Sn(II)-sites, and may have relatively large 

charge-carrier effective masses such as in BiVO4.
40 

 

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 in Ba5Nb4O15,
41,42 and the precursor phase 

BaLa4Ti4O15.
34,43 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, the insulating nature of these 

perovskites limits the activity to UV light, with measured optical bandgaps of ~3.8 eV for 

Ba5Nb4O15, and ~3.6 eV for BaLa4Ti4O15. Previous work has investigated partial Sn(II)-

substitution into Ba5Nb4O15 to raise the valence band and consequently absorb visible light (Eg ~ 
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2.4 eV), however no H2 evolution nor simultaneous H2/O2 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 band. Thus, this may be a promising candidate for visible-light-driven OWS. 

Recent advances in surface engineering have developed a robust in situ photodeposition of 

a high quantum efficiency approaching unity under UV irradiation, which allows for more reliable 

inquiry into the photoactivity of new materials.29 The method involves photodepositing RhxCr2-

xO3 as core-shell nanoislands to lower the kinetic barrier for water reduction and inhibit the reverse 

reaction, while simultaneously depositing CoOx nano-islands 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:O2 and a linear rate over several hours. 

The SLTO phase was tested for OWS activity using this cocatalyst deposition method and 

a setup previously described.9,41 A summary of preliminary results and a schematic of OWS 

mechanisms are depicted in Figure 6.4. Shown in Figure 6.4A, the absorption of visible light by 

the SLTO photocatalyst generates an electron-hole pair. The deposited RhxCr2-xO3 and CoOx 

cocatalysts improve charge carrier separation at the surface and improve the rates of simultaneous 

water oxidation by the holes (h+) and reduction by the electrons (e-), generating H2 and O2 gas in 

a stoichiometric 2:1 ratio. Figure 6.4B shows a schematic of the measured34 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, e.g. 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 Figure D13 and calibrations 
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curves are shown in Figure D12. Figures D14-16 show SEM, XRD, and XPS of the phototested 

SLTO, showing no change in particle morphology or structure. 

Figures 6.4C,D show preliminary data for the amount of H2 and O2 generated over 5 h of 

measurement under 390 nm light. The initial rate of H2 evolution was determined to be ~317 ɛmol 

g-1 h-1 and O2 at a rate of ~130 ɛmol g
-1 h-1, both under 390 nm light. The apparent quantum yields 

were determined to be ~21.7% for H2 and ~17.8% for O2, and the H2:O2 ratio was consistently 

~2.3 throughout. It should be noted that the GC detector is far more sensitive to H2 than O2, and 

thus the deviation from the ideal 2:1 ratio falls within the quantitation error. The rate appears to 

decrease over time to a maximum of 3 h, likely due to equilibration with the headspace. Under 467 

nm light, the GC data had a similar H2/O2 peak intensity ratio to the 390 nm data, however the 

integrated areas were below the limit of quantitation on our instrument. It was estimated that the 

initial rate of H2 formation is ~1/3 of the 390 nm rate, evolving ~96.2 ɛmol g
-1 h-1 and an AQY of 

~5.2%. Under 525 nm light, the H2 was barely detectable. It 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.46 Most of the incident photons are likely lower in energy than the optical bandgap, and 

the net intensity is quite low. Qualitative summaries of the OWS activity under visible light are 

shown in Figure D17.  

These experiments demonstrate the potential of SnLa4Ti4O15 as a photocatalyst for visible-

light. Near stoichiometric H2/O2 Activity was large enough under 390 nm (violet) light to measure 

quantitatively by dilute GC injection methods. The activity under 467 nm (blue) light was 

qualitatively observable and apparently stoichiometric as well. No activity was observed under 

525 nm (green) light however this may be due to our experimental limitations. A few limitations 

listed in brief: (1) Injection-based methods are generally poor at high-accuracy 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 therefore the total gas evolved may simply 

straddle the detection limits of our instrumentation. Nevertheless, H2 and O2 generation in water 

is observed with both near-UV and visible light irradiation with a max initial rate observed of ~460 

ɛmol g-1 h-1 of gas at 390 nm. Resolution 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 emphasize that these data 

are a qualitative report of the potential properties of a new OWS photocatalyst, due to its ideal 

band positions, visible-light-absorbing band gap, low toxicity, and similar band structure to the 

well-known OWS photoanode, BiVO4. Significant 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(II)-oxides that have not been previously synthesized by experiment 

nor theory. Calculations show a shortlist of 9 new multinary Sn(II)-oxides as stable phases when 

compared to the currently reported convex hull. One such phase was targeted for in-depth 

exploration, SnLa4Ti4O15, and was synthesized in high purity and crystallinity by a low 

temperature flux-mediated ion-exchange method at 300 °C. The structure and composition was 

confirmed by powder XRD, EDS, XPS, and SHG, to be the noncentrosymmetric P3c1 space group 

belonging to the (111)-layered perovskite family. Literature reports and electronic structure 
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calculations suggest the SLTO phase may be a promising candidate for visible-light-driven 

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 this predictive 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 SnTiO3 perovskite and is a first step in realizing lead-free photocatalysts and 

dielectric materials.  
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Figure 6.1. Graphical representation of the work-flow used in precursor selection for Sn(II)-

analogue modeling (A), the primary contributing factors to kinetic and thermodynamic stability of 

predicted Sn(II)-oxides (B), and a summary of the relative metastability for the 52 calculated 

reaction systems (C). Models for multinary Sn(II)-oxides were selected based on strict criteria for 

known and synthesizable K/Ba/Sr/Pb oxides then Sn-substituted prior to DFT relaxation 

calculations. Each kinetic and thermodynamic factor are coupled, revolving around well-designed 

synthesis for the achievement of a new material. 18 of the 52 reaction systems are calculated to be 

stable with respect to binary oxides and known secondary phases, revealing 10 new theoretical Sn-

oxides as synthetic candidates.  
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Figure 6.2. Synthesis schematic and structural model (A), High-resolution SEM image (B), EDS 

spectrum (C), Rietveld refinement (D), and SHG spectra (E), all for the SnLa4Ti4O15 layered 

perovskite. BaLa4Ti4O15 is reacted with a low-melting Sn(II)-flux, allowing for Ba(II)/Sn(II) 

diffusion through the layers and forming SnLa4Ti4O15 as crystalline hexagonal plates. The 

hexagonal platelet morphology and P3c1 space group are retained after exchange. EDS shows no 

Ba detected. SHG spectroscopy confirms noncentrosymmetry with an intensity of ~0.2 x the KDP 

standard. 
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Figure 6.3. Calculated electronic structure (A-D) and optical properties (E) of SnLa4Ti4O15. 

Projected electron density for the conduction band minimum (A, top) and valence band maximum 

(A, bottom). The conduction band states are localized on the O-Sn-O extended network. (B) The 

phonon band structure and (C) focused on the Sn(5s)-O(2p) valence band at the calculated fermi 

level. (D) Calculated DOS have a primarily Sn(5s)-O(2p) to Ti(3d) electronic transition of ~1.8 

eV. (E) UV-Vis Diffuse Reflectance Spectroscopy depicting an optical bandgap of ~2.4 eV and 

(inset) picture of the yellow SnLa4Ti4O15 powder. 
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Figure 6.4. (A) Schematic of visible-light-driven overall water splitting using the SnLa4Ti4O15 

photocatalyst with Rh/Cr/Co cocatalysts. (B) Estimated band potentials vs. RHE for 

Ba/SnLa4Ti4O15 photocatalysts versus the water redox potentials. (C) Preliminary H2 and O2 

formation over time under 390 nm irradiation during suspended particle photocatalysis reaction 

with Rh/Cr/Co cocatalysts. (D) Total gas evolved and composition during 390 nm phototest. The 

photocatalyst absorbs visible light to generate electron-hole pairs, which migrate to active surface 

sites where the Rh/Cr/Co cocatalysts deposit on, reducing the kinetic barrier to simultaneously 

reduce and oxidize water. After Sn(II)-substitution, the valence band increases by ~1.2 eV, 

shrinking the optical bandgap and allows OWS under visible light. H2 and O2 evolve at a ~2:1 ratio 

over 4 h. 
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CHAPTER 7 

I. CONCLUSIONS 

The search for enhanced-performance materials continues but progress is intrinsically 

limited to their discovery and synthesis. óChemie Douceô methods have proven effective for 

pushing the synthetic frontier into metastable materials, which have been numerously 

demonstrated and predicted to have improved properties over their thermodynamically-stable 

analogues.1 The key area of this broad area I have worked on is focused on Sn(II)-containing 

oxide perovskites and the underlying factors governing their synthesis. A classic example is the 

as-yet undiscovered tin titanate, SnTiO3, a tetragonal P4mm perovskite with an analogous 

structure to lead titanate, PbTiO3, a well-known ferroelectric with a large spontaneous electric 

polarization.2 The origin of ferroelectricity in PbTiO3 is currently understood to be non-

centrosymmetric coordination of Pb(II), creating a spontaneous electrical polarization in the 

crystal structure, shown in Figure 6.1. SnTiO3 is hypothesized to be similarly ferroelectric and 

calculated to have an even larger spontaneous polarization due to the larger tendency of Sn(II) to 

coordinate asymmetrically.3,4  

The Revised Lone-Pair model explains this using a molecular orbital approach and 

verifying with calculations, which is summarized in Figure 6.2.3 In brief, for a model O-Sn-O-é 

1D chain, the unoccupied Sn(5p) atomic orbitals lie close in energy to the filled Sn(5s)-O(2p)* 

antibonding states. If the 1D chain distorts in a ózigzagô fashion, Sn(5p) mixing is now symmetry 

allowed with Sn5s)-O(2p)* stabilizing the antibonding orbitals, expressing as a stereoactive lone 

pair. The estimated orbital energies (from ionization potentials) in Sn-O systems allow for the 

largest overlap of any AB systems (A = Sn(II), Pb(II), Bi(III), etc.; B = O2-, S2-, Se2-, etc.), thus 

asymmetric Sn(II)-oxides should be the most polarizable. 
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However, perovskite-type SnTiO3 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(II) cation.5,6 

Soft-chemical synthesis methods have made some progress by the discovery of the ilmenite-type 

SnTiO3, and the litharge-type Sn2TiO4.
7-9 The poor thermal and thermodynamic stability and lack 

of significant synthetic breakthroughs have led to the belief that the synthesis of perovskite 

SnTiO3 and related phases (i.e., SnZrO3, SnHfO3, etc.) are likely impossible.10 The results of my 

synthesis stories, as discussed in previous chapters and as summarized below, push this notion of 

óimpossibleô to its limits in the synthetic discovery of cubic and noncubic SnHfO3 polymorphs. 

Renaissance of Topotactic Ion Exchange: The rising use of topotactic exchange 

reactions on close-packed 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 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) a metal-anion óMOxô substructure, while 

incorporating new functional cations (Mô) into the framework.  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 three-dimensional structures has long been a grand 

challenge in crystalline solids, there remain many key challenges and opportunities in the future 

development of this synthetic approach.  For example, chemical diffusion coefficients are known 

in relatively few systems, hindering the predictability 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 
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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 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. 

(Ba1-xSnx)SnO3 and (Ba1-xSnx)HfO 3: Low temperature flux-mediated reactions of SnClF 

show that the exchange of Sn(II) for Ba(II) cations in BaHfO3 and BaSnO3 can yield significant 

Sn(II)-cation incorporation only in the former, yielding (Ba1-xSnx)HfO3 at up to x ~ 0.7. Electron 

microscopy imaging show that the highest concentration of Sn(II) cations of ~70% with a 

homogeneous distribution can only be achieved at low reaction temperatures of ~250 oC with 

two consecutive reactions and intermittent grinding. Analogous cation-exchange reactions for the 

stannate perovskite only resulted in its decomposition. The metastable (Ba1-xSnx)HfO3 

compositions exhibit a decomposition pathway that proceeds at its surface via phase segregation 

into the binary oxides, beginning at only ~350 oC. Total energy calculations demonstrate the 

highest metastability of the ~70% Sn(II) perovskite, (Ba0.3Sn0.7)HfO3, reaches a remarkable ~-

446 meV atom-1 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 the absence 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 Sn(II)-containing 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(II) cation diffusion rate such that lower 
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synthesis temperatures may be used to achieve full Sn(II)-exchange 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 the lattice. Additionally, 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 governing leading to the successful synthesis and of Sn(II)-

containing metastable perovskites will hopefully lead to the synthesis of the first high-purity 

Sn(II)-only SnBO3 perovskites in the future. 

Cubic SnHfO3 as nano eggshells: A highly metastable Sn(II) perovskite oxide, 

SnHfO3, has been synthesized for the first time in both a nanoshell-on-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 diffusion as well as kinetic 

stabilization against decomposition to simpler oxides.  This was accomplished by using a soft 

ion-exchange technique, in which a low-melting point KSn2Cl5 flux was used to exchange Ba(II) 

for Sn(II) at BaHfO3 hollow nanoparticle surfaces producing nano eggshell morphologies of  

SnHfO3 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 Sn-position other than random and asymmetric distortions on the A-site, 

supporting the low long-range ordering of the SnHfO3 nano eggshells. Further investigation into 

this material as well as other new and yet to be synthesized complex Sn(II)-oxides warrants 

much future study. This work has demonstrated a new approach to circumvent the intrinsic 

barrier of ion-diffusion limits in low-temperature topotactic ion-exchange and paving the way 
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towards future physical property measurements at the frontiers of complex Sn(II)-containing 

oxides. 

Exchanging lead for tin in the synthesis of noncubic SnHfO3: For the first time, a 

distorted Sn(II)-perovskite oxide, SnHfO3, has been synthesized in high purity and crystallinity by 

a low-temperature ion-exchange technique. We achieved full A-site substitution and removed Pb 

from the orthorhombic PbHfO3 perovskite precursor while largely maintaining the sensitive Sn(II) 

oxidation state as confirmed by XRD, STEM/EDS, and Mössbauer spectroscopy. Thermodynamic 

and kinetic considerations of the synthesis expand upon our previously proposed mechanism for 

Sn(II)-exchange of perovskite oxides. The evidence indicates that the initial ion-exchange step 

(i.e., Ba(II)/Pb(II) for Sn(II)) 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 results strongly indicate that ion-exchange techniques at mild conditions allow for 

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 

single-crystals, fine structural elucidation through advanced diffraction techniques, or improving 

separation of the Pb-halide salt products. Additionally, in situ XRD suggests the existence of a 

polar SnHfO3 phase that is stable in the temperature range of 130-200 °C, which requires 

significant exploration. The investigation of SnHfO3 as a model perovskite has allowed us insight 

into the synthetic dynamics of the largely unexplored complex Sn-M-O phase diagram and 

decisively shows that Pb-recycling, or ódeleadificationô, and as well full Sn(II)-substitution of 

close-packed structures like perovskite oxides, are both well-within reach. 

Thermodynamic stability of multinary Sn(II) -oxides and synthesis of SnLa4Ti4O15: 

First reports of complex Sn(II)-oxides are emerging as a potential frontier of synthetic chemistry. 
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However, most are metastable and impractical for technological applications. Herein, we apply 

chemical intuition and synthetic experience to guide predictive modeling of new and stable Sn(II)-

oxides that have not been previously synthesized by experiment nor theory. Calculations show a 

shortlist of 9 new multinary Sn(II)-oxides as thermodynamically stable phases compared to the 

convex hull. One such phase was targeted for in-depth exploration, SnLa4Ti4O15, and was 

synthesized in high purity and crystallinity by a low temperature flux-mediated ion-exchange 

method at 300 °C. The structure and composition were explored by powder XRD, EDS, XPS, and 

SHG, and found to be the noncentrosymmetric and polar P3c1 space group belonging to the (111)-

layered perovskite family. The SLTO phase is shown to be a promising candidate for visible-light-

driven OWS, and our preliminary results show that it is active under both UV and visible light. 

Initial rates of H2 evolution and AQY were estimated to be ~317 ɛmol g
-1 h-1 and 21.7% under 390 

nm and ~96 ɛmol g-1 h-1 and ~5% for 467 nm irradiation. This promising new material is the closest 

material structurally to the hypothetical lead-free ferroelectric SnTiO3 perovskite and is a first step 

in realizing lead-free photocatalysts and dielectric materials.  

Overall:  In a final summary, the limits of óimpossibleô in the specific case-study of Sn(II)-

containing hafnate perovskites has been both pushed and challenged. By convention, it is believed 

that metastable phases greater than ~200 meV atom-1 above the convex hull are 

óunsynthesizable.ô11 I have successfully used a soft-chemical topotactic ion-exchange approach to 

substitute Ba(II)/Pb(II) for Sn(II) while the precursor substructure and symmetry are largely 

conserved. Theoretical calculations of the experimentally observed structures show that the 

products lie at least ~400-600 meV atom-1 above the convex hull, more than double this 

convention. Meanwhile, X-ray diffraction, electron microscopy, energy dispersive spectroscopy, 

and 119Sn Mössbauer spectroscopy techniques all confirm the Sn(II)-containing products: cubic 
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(Ba1-xSnx)HfO3 (0.0 < x < 0.7), cubic and nano SnHfO3, and orthorhombic SnHfO3, all as pure and 

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

SnHfO3 which has an asymmetric A-site and provides a significant calculated stabilization of ~60 

meV atom-1, as suggested by the revised lone-pair model.3 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(II)-perovskite ferroelectric, and potentially revolutionize Pb-free dielectrics. 

 In an effort to drive this forward, I have theoretically sampled a large phase space in order 

to improve our understanding of Sn(II)-O thermodynamic stability. I have combined this greater 

understanding of thermodynamic stability with my results from the kinetic stability studies of the 

AHfO3 family of systems (A = Ba(II), Pb(II)), which have demonstrated the following additions 

to the previous method discovered by Dr.ôs OôDonnell and Boltersdorf:12 (I) The low-temperature 

flux-mediated ion-exchange synthetic route is potentially applicable to many more complex 

systems outside of the layered K2Ti2O5 and perovskite Ba(Zr1-xTix)O3. (II) The lattice cohesive 

energy of the precursor substructure (e.g., HfO6) largely impacts both the symmetry retention after 

ion-exchange and stability in situ. (III) Local symmetry must be designed into the precursor 

material prior to the ion-exchange reaction to achieve the desired symmetry. The previous factors 

are all based on kinetic-stability, which allows for the circumvention of thermodynamic stability 

under soft-chemical methods of synthesis of metastable materials. For thermodynamic stability, 

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

considered while pushing forward the frontier of Sn(II) and similar metastable configurations of 

structural chemistry. Additionally, 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 metastable 
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structures can be synthetically achieved by (I) ñChimie Douceò methods1 on (II) precursors with 

the desired substructure and sufficiently high lattice energy through (III) overall exothermic and 

low-melting flux-mediated ion-exchange synthesis routes that encourage rapid ion-diffusion, 

regardless of (IV) the structure that allows ion-diffusion from a traditional sense, since it is 

observed and demonstrated experimentally to occur in diverse and unrelated systems ï not purely 

in light elements such as Li+, Cu+, and Na+.13 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 zeitgeist of the literature.10 It is my hope that I 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. I cannot wait to 

see the new materials that are discovered in the next generation of materials chemistry through the 

application of my work. I hope that this work inspires at least a small step into new chemistry, 

driving the discovery of new properties and structures considered unimaginable. 
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Figure 7.1. PbTiO3 in the tetragonal P4mm space group. Pb(II) lone pairs distort the TiO6 

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

  


