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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., PbHfO; in space group Pbam, is shown to react with
SnCIF at a low temperature of 300°C, and resulting in
the first complete Sn(II)-for-Pb(II) substitution, i.e.
SnHfO;. During this topotactic transformation, a high
purity and crystallinity is conserved with Pbam symme-
try, as confirmed by X-ray and electron diffraction,
elemental analysis, and ''’Sn Mossbauer spectroscopy.
In situ diffraction shows SnHfO; also possesses rever-
sible phase transformations and is potentially polar
between ~ 130-200°C. This so-called ‘de-leadification’ 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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Introduction

Technological innovation of electronics requires continual
advances in new and complex material fabrication. Thermo-
dynamically stable metal oxides, e.g., SnO, or TiO,, 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 band gaps or recombination rates.!"
Recent reports have both predicted® and shown** that
metastable compounds may have exceptional properties, but
a synthesis route is often absent.”*! 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,”? such as low melting molten-fluxes,!'”!
hydrothermal,"! and ion-exchange methods."” The meta-
thesis 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."”

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."¥ The
targeted structural motif is an A-site cation containing a
symmetry-breaking ns® electronic configuration (e.g., Pb(Il),
Sn(IT), or Sb(IIT)) as the postulated origin of large piezo-
and ferroelectric polarizations, such as in the commercial-
ized lead zirconate-titanate (Pb(Zr,Ti)O;, or PZT), or
antiferroelectricity in the lead zirconates (PbZrO;, or PZO)
or hafnates (PbHfO;, or PHO).'">'®! Sn(II)-perovskites are
isovalent analogues and are predicted to have even larger
polarizations,'”" but the synthetic challenges, their high
thermodynamic instability, and low thermal stability all
inhibit their realization.'”) For example, SnO as a conven-
tional reagent will rapidly oxidize or disproportionate from
as low as 250-300°C, even under inert atmospheres.m]
Despite these obstacles, recent progress has been made by
utilizing low-melting Sn(II)-halide salts (e.g., SnCl,) to
facilitate efficient cation-exchange in stable precursor struc-
tures, such as Ba,TiO, or K,Ti,05 to form 1D, Pb;O,-type
Sn,TiO,,**? and the 2D, ilmenite-type SnTiO;.*!

In close-packed structures like the cubic perovskite
oxides Ba(Zr,Ti)O; (BZT) and BaHfOj;, cation-exchange is
more challenging as the rates of ion diffusion are extremely
small, i.e., <107 m?s™". Further, the calculated metastability

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-3909-1590
https://doi.org/10.26434/chemrxiv-2023-ct3jj
https://doi.org/10.1002/anie.202312130
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202312130&domain=pdf&date_stamp=2023-09-25

GDCh
~~—~

of the Sn(II)-substituted perovskites with respect to simpler
oxides (e.g., SnO, TiO,, and ilmenite-SnTiO;) increases
dramatically to>500 meV atom™".*%! In the cubic BaZrO,
or BaHfO; perovskites, however, the high lattice energy
from the rigid MOg substructure is sufficiently large to
prevent local phase segregation and thus provides additional
kinetic stabilization of the Sn(II)-containing perovskite. The
structural instability was shown where as much as ~60-70 %
Sn(II)-exchange for Ba(II) in BaHfO; retains the cubic
crystal structure, but ~30-40 % Sn(II) in BZT can cause the
onset of phase segregation. Additionally, in the layered
(Ba.,Sn,)sNb,O,5s perovskite, phase segregation into the
more stable SnNb,O¢ became prominent at ~50 % Sn(II)-
exchange. Segregation is proposed to occur more readily
since the interlayer-Sn(II) ions can more freely diffuse to an
energetically favorable coordination environment, although
the hypothetical SnsNb,O,s phase is not expected to be
nearly as metastable as perovskite-type SnTiO;. The syn-
thesis of Sn(Zr,Ti)O; shells on the surfaces of BZT particles
(BSZT) demonstrated that cation-exchange and Kkinetic
stabilization of Sn(II) is feasible in the 3D perovskite-type
structure, and providing the first evidence that these thus-far
only theorized phases do indeed have intriguing properties
such as visible-light driven water oxidation.”” Further
developments of these synthetic techniques have led to the
first-reported successful synthesis of a fully Sn(II)-substi-
tuted perovskite oxide, SnHfOj;, stabilized as nano-
eggshells.?

These observations demonstrate the effectiveness of
topotactic ion-exchange in metastable oxide synthesis, and
suggesting at least two criteria for the successful synthesis of
a desired phase; (I) the underlying substructure must have a
strong cohesive energy, and (II) an absence of lower energy
polymorphs easily accessible via ion-diffusion. Ion-exchange
of Sn(II) in close-packed structures appears to occur top-
otactically and all (Ba,Sn)MO; phases reported thus far are
cubic or pseudocubic owing to random displacements of
Sn(IT) on the A-site. The highest degree of Sn(II)-substitu-
tion occurred in phases with high cohesive energies (e.g.,
M=Zr(IV), Hf(IV)) and had the fewest number of compet-
ing polymorphs (e.g., SnTiO; and SnNb,Oy) regardless of
the predicted relative stability. Thus, in order to synthesize a
Sn(II)-perovskite with an asymmetric A-site, a precursor
with a pre-existing structural distortion away from cubic and
with a high cohesive energy might be used in conjunction
with ‘Chimie Douce’ techniques.””’ In the present work, this
approach was explored by combining a low temperature
molten-flux exchange reaction with an orthorhombic per-
ovskite oxide having a relatively high cohesive energy, i.e.,
PbH{O;. The exchange reaction results in full substitution of
Pb(II) for Sn(IT) on a distorted A-site and the formation of
high-purity and polycrystalline SnHfO; as an orthorhombic
perovskite. This marks the first crystalline and fully sub-
stituted Sn(II)-perovskite oxide under such conditions and
suggests the possibility of lead removal from existing high-
performance dielectric materials. The so-called ‘de-leadifica-
tion’, or removal of Pb(II), represents a promising direction
in the exploratory synthesis of new lead-free dielectrics.
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Results and Discussion

The first reported SnHfO;, synthesized from cubic BaHfO;,
appeared to be pseudo-cubic according to X-ray diffraction
(XRD), likely due to random distortions of Sn(II)-cations
on the A-site and no apparent distortion of the HfOq
polyhedra.” The orthorhombic PbHfO; (PHO) is used
herein as an alternative precursor to provide a pre-distorted
ordering to the A-site prior to Sn(II)-exchange, while
maintaining the high lattice cohesive energy of the HfOq
substructure. The PHO precursor was first synthesized by a
high temperature flux-mediated reaction from binary oxides.
The as-synthesized PHO was then reacted with a low-
melting SnCIF flux (m.p. ~220-240°C) at 300°C according
to equation 1:

PbHO, + SnCIF — SnHfO; + PbCIF )

The proposed reaction is driven forward by the larger
heat of formation of the PbCIF product versus the SnCIF
reactant (=~ —35 kJ/mol), detailed in Figure 1. Depicted in
Figure 1A, the net reaction is calculated to be exothermic
(—14kJ/mol) which allows for the formation of the
metastable orthorhombic SnHfO; product (0-SHO). The
activation energy barrier for its formation must be relatively
low given the reaction temperature. It is also smaller than
the activation energy of decomposition, i.e., SnHfO;—SnO
+HfO,. XRD data of the reaction mixture before and after
annealing (Figure S1) confirms the maintenance of the
orthorhombic perovskite structure, the removal of SnCIF,
and crystallization of the PbCIF side product. Orthorhombic
SnHfO; (0-SHO) 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, HfO,, and PbCIF. Powder XRD data of the unwashed
Oh, 12 h, 24 h, and 72 h products (Figure S2) demonstrates
this with evolution of PbCIF up to 24 h, while SnO and HfO,
begin to form as the perovskite decomposes beyond 24 h of
heating. Higher temperatures lead to complete decomposi-
tion while lower temperatures produced no PbCIF, i.e., no
Sn(IT)-exchange.

Total energy calculations were used to better understand
why two distinct SnHfO; (SHO) polymorphs can be
synthesized using similar conditions and changing the
precursor. The results of these data are summarized in
Figure 1B,C. The total internal energies of the ideal cubic
(c-SHO), the 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. 2:

SnHfO; — SnO + HfO, AE ..., <0 2)

The results show the c-SHO polymorph is the most
metastable at —646 meV atom ', while the p-SHO model is
more stable at —613 meVatom™', consistent with prior
observations. The o-SHO model provides additional stabili-
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Figure 1. Schematic representation of SnHfO; synthesis via molten SnCIF ion-exchange (A), schematic diagram of ion diffusion pathways from
high to low symmetries with an emphasis on HfO4 substructure tilting (B), and illustration of A-site distortions (C). Orthorhombic PbHfO; (o-
PHO) is reacted with SnCIF to form orthorhombic SnHfO; (0-SHO) and PbCIF. In previous work, cubic and pseudocubic SnHfO; (c-SHO and p-
SHO) were synthesized from BaHfO; at lower temperatures. Octahedral tilting and A-site distortions are each calculated to provide a

~30 meV atom™' stabilizing effect. However, kinetic barriers to structural rearrangement are larger than the next activation barrier that then leads to
decomposition to SnO and HfO,. Local Sn(ll)-displacements on the A-site have only small kinetic barriers. Activation energy barriers are estimated

by relative decomposition amounts experimentally observed.

zation with a metastability of —580 meV atom™'. The struc-

tural models of each polymorph in Figure 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 ' calculated stabilization. The HfOg4 polyhe-
dron tilts significantly from p-SHO to 0-SHO while the A-
site is already asymmetric, providing an additional stabiliz-
ing 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(IT) and Hf(IV) are
at local minima configurations in the perovskite structure
for SnHfO; but are metastable. With sufficient thermal
energy, the Sn(II)-cation has no barriers preventing diffu-
sion off the A-site center, as in p-SHO, but is kinetically
trapped to prevent formation of SnO. The high lattice
energy of the Hf-O substructure inhibits its distortion. It
has a large barrier to distort and will decompose to the
significantly more stable HfO, if enabled, and thus the
exchanged product 'remembers’ the precursor structure. The
precursor ‘memory’ effect described above is uncommon but
not unknown during the ion exchange of close-packed
oxides. For example, the precursor substructures are main-
tained in the metastable wurtzite NaGaQO, with Cu(I),”
CdSe nanocrystals with Cu(I) or Zn(II),'” and rutile
LiNbWO, with Fe(II).”! In layered phases this is more
common as the ions diffuse freely to energetically favorable
coordination environments, such as in K,Ln,Ti;O,, Rud-
dlesden-Popper and Dion-Jacobson phasest™ or in potassi-
um titanates such as K, Ti,O5.”
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High resolution XRD data were collected for the o-SHO
product. Results of Rietveld refinements from 5-90° 26 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), ¢=8.2163(2), all
in A. The lattice parameters have decreased by <0.1%,
similar to previous Sn(IT) perovskites.’**! The inset shows
that some secondary phases of SnO, HfO,, and PbCIF 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 refine SnHfO,;, with
alternative perovskite structure-types (i.e., Pba2 and Amm?2)
resulting in poorer fittings. 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 well as greater consistency with electron microscopy data
discussed below. Additional crystallographic information for
both the PHO precursor and 0o-SHO product are summar-
ized in Tables S1-S3 and Figure S3. 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 finer-level distortions of the perovskite
structure,® as also probed below. 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
HfO,. More advanced structural characterization techniques
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Figure 2. Selected bulk structural characterization data shown as temperature-dependent XRD of SnHfO; 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 SnHfO; at
room temperature with space group Pbam (D). SnHfO; 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 PbHfO; phase changes. (D, inset) Secondary phases
are marked as @ for SnO, A for HfO,, B for PbCIF, and * for the low angle peaks observed in SnHfO;.

than powder XRD are required in future studies to fully
reveal the fine structure of o0-SHO, such as neutron
diffraction.

Temperature-dependent in situ XRD was performed on
0-SHO to probe the possible existence of structural phase
changes (Figure S4 and S5) and the findings are summarized
in Figure 2A—C. During heating from 25-300°C, the peak at
~30.5° (20) grows significantly in intensity at ~130°C and
further at ~200°C. The doublet of peaks at ~43.8° (26)
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 orthorhom-
bic setting, converging to two peaks closer in d-spacing, or
a#b#c—a=>b+#c, then once more to a cubic setting, a=
b=c. At least two phase changes occur to higher perovskite
symmetries with Curie temperatures (7,) of 130°C and
200°C. Both transitions were observed to be reversible upon
cooling to 25°C. A graphical representation of the phase
transitions are shown in Figure 2C and assigned based upon
previous investigation of the PHO fine structure.’! The
structure of PHO undergoes reversible phase changes

Angew. Chem. Int. Ed. 2023, 202312130 (4 of 9)

beginning at 150°C, then to polar phase at 180°C, then
finally to Pm3m at 220°C. The intermediate structures for
PHO are still under active investigation.””**! The observed
decrease in 7. by =~20°C with smaller A-site cation
substitution has been observed in other systems such as
BaTiO, and hypothesized in other compositions.*! Interest-
ingly, the intermediate C2mm and P4mm PHO phases are
polar. The low thermal stability of 0-SHO (onset Tyecomp
~350°C, Figure S15) enables further investigation into the
potential ferroelectricity at ~130-200°C and representing a
promising direction for attaining a polar Sn(II)-perovskite
oxide.

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 of PHO and o-SHO are shown in Figure S6,S7 with a
summary of EDS data shown in Table S4. SEM-EDS
demonstrates the PHO precursor is consistent with the
expected Pb:Hf stoichiometry of close to ~1:1 and
elemental mappings showing the homogeneity and high-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

ASULIIT suowwo)) dAneal) d[qeorjdde ayy Aq pauIaaoS are s3[o1IE Y 2SN JO SA[NI 10] AIRIQIT dUIUQ AJ[IAN UO (SUONIPUOD-PUB-SULID) /W00 A3[1M " AIRIqI[auI[uo//:sdNY) SUONIpuoy) pue swd I, 3y 23S *[€70z/01/81] U0 Areiqry aurjuQ A3[IA\ “NSIDAIUN LIS BUI[OIRD) YMON Aq (€ [T ETOT A1UB/Z00 1 0 [/10p/wod Ka[im A1eiqiauljuo//:sdny woly papeojumo( ‘0 ‘€LLEITST



GDCh
~~—~

purity of the precursor phase. When SnCIF was loaded at a
nominal 25 % substitution, the Sn:Hf ratio became ~1/3
and the Pb decreased to ~2/3. At 50 % SnCIF loading, the
Pb:Sn:Hf ratio was ~1:1:2, and consistent with half Sn
substitution. The PbCIF salt is alsoin large enough concen-
tration to detect Cl and F. After 100 % loading of SnCIF, Sn
is now detected in a large amount in a ~1:1 ratio with Hf.
Pb is still present in an appreciable amount, albeit signifi-
cantly decreased. Elemental mapping shows the remaining
Pb concentrated as crystallites where Sn and Hf are
depleted, and the Pb:CI+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
remaining Pb is the poorly soluble salt.

The SnHfO; product was further investigated by scan-
ning transmission electron microscopy (STEM) for charac-
terization of representative particles and to avoid Pb-salt
impurities in elemental composition determinations. Fig-
ure 3 shows a representative particle with elemental map-
ping and EDS spectra (additional images in Figure S8-10) in
addition to the "Sn Mdssbauer spectrum. The EDS spectra
(Figure S8) show 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 ABO;.
There is some larger variation of Sn and Hf outside of
standard EDS error margins, which is attributed to SnO,
from surface oxidation. Pb was detected at <0-5 mol% and
Cl at ~5mol%. The Pb is well within EDS error for
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background level. The Cl is somewhat larger which could be
from incorporation into the perovskite, surface corrosion
from the halide flux, or the residual lead salt.

The '*Sn Mossbauer spectrum of SnHfOj is presented in
Figure 3B and the fitting parameters are summarized in
Table S5. 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).*”! The
observed isomer shift (3.06 mms™") of the majority fraction
can be attributed to Sn(II) atoms on the A-site of
perovskite-type SnHfO;. The experimental line width is
slightly enhanced. Due to possible substitution of Hf by
Sn,™ varying coordination environments for the Sn(II)
cations could co-exist. Therefore, the simulated signal
envelopes sub-signals, which corresponds to different Sn(II)
environments. The large quadrupole splitting (2.00 mms™")
indicates distortion of the cuboctahedral coordination of the
Sn(II) ions because of its stereoactive lone pair. Similar
environments for Sn(I) are reported for BSZT and
ilmenite-type SnTiO; with isomer shifts of around 3 mms™
and quadrupole splittings of about 1.8mms™' and
1.45 mms~"." The isomer shift (—0.03 mms™") and quadru-
pole splitting (0.6 mms™") of the minority Sn(IV) fraction
(10%) match Mossbauer spectroscopic data observed for
(nano—)SnO, and can be attributed to surface oxidation of
Sn(I1),3* similar to observations described for BSZT and
SnTiO;.[*%! In the typical range of Sn(IT)-compounds there
is an additional signal (9%). The observed Mossbauer
spectroscopic data (6=4.2mms!, AE,=0mms') agrees
with previously reported data for SnCl, (4.06 mms™,
0 mms ).l

0.98

0.96-1

Relative Transmission E
=
o

O

Atomic %

Position (nm)

Figure 3. STEM/EDS images and elemental maps of Pb, Sn, and Hf of a representative particle (A), Experimental (data points) and simulated
(colored lines) '"*Sn Mé&ssbauer spectrum of SnHfO, measured at 78 K (B), and EDS line scan (C) of SnHfO;. 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 M&ssbauer data are shown as Sn(l1) in blue for SnHfO;, Sn(ll) in yellow for SnCIF, and Sn(IV) for SnO, in green.
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Selected area electron diffraction (SAED) was used to
further investigate the SnHfO; nanostructure. However,
most particles showed polycrystalline or amorphous diffrac-
tion (Figure S11). One representative sample produced an
ED pattern, shown in Figure 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 A and the {211} type with d-spacing of ~6.67 A.
The polycrystalline nature prevents more detailed investiga-
tion into the fine structure such as octahedral tilting, which
would be observable via ED techniques.””! Figure 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 A 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 stems from the surface oxidized SnO,. The STEM
data conclusively shows that the SnHfO; product is fully Sn-
substituted and retains the long range structure generally
consistent with the Pbam space group.

Total Densities-of-States (DOS) and electron density
calculations were performed to probe the changes in
electronic structure upon going from PbHfO; (PHO) to the
new orthorhombic SnHfO; (o-SHO) perovskite. The proto-
typical cubic ABO; perovskite has a valence band (VB)
comprised of primarily filled O 2p° orbitals and conduction
band (CB) consisting of the B-metal nd” orbitals. In the case
of PHO (Figure S12), the VB is predominantly O 2p°.
However, the CB is now comprised of unfilled Pb-6p states
mixed with O-2p states, with the empty Hf 5d states higher
in energy. The relatively shorter Pb—O distances arise from
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the asymmetric distortion of Pb(II) and its stereoactive lone
pair, thus distorting it toward neighboring O. Its band gap
predicted from DOS calculations is a relatively smaller value
of ~3.0eV as compared to the experimental value of
~3.6 eV (Figure S13). This underestimation of the band gap
by DFT methods is well documented.”™” For the new o-
SHO, by comparison, the results of DOS calculations and
projected electron densities at the valence and conduction
band edges are shown in Figure 5. These plots show the
calculated VB for o-SHO is still comprised predominantly of
filled O-2p (blue curve) and with contributions from Sn-5s
states (green curve). Contributions of the Sn-5s states at the
VB edge are larger as compared to the Pb-6s states at the
VB edge for PHO. This results from the relatively higher
energy Sn-5s orbitals that are closer in energy to the O 2p
states and mix to a greater extent, as described previously
for main group oxides and perovskites,'”**®! and thus
raising the energy of the VB edge. Conversely, the CB edge
is composed of predominantly empty Sn-5p states at lower
energies and mixed with a smaller contribution from O-2p
states. Given the replacement of the Pb(II) with the
isoelectronic Sn(II) cation, the A-site distortion also leads to
an asymmetric electron density that is consistent with a lone
pair. The smaller calculated band gap for o-SHO of ~2.2 eV
stems from these changes in electronic structure and is
consistent with the redshifted experimental value of
~2.6 eV (Figure S13). The lower-symmetry structure of o-
SHO results in a smaller band gap as compared also to
pseudo-cubic SnHfO; (p-SHO) of ~3.7eV. This trend
suggests the A-site distortion of the Sn(II) cation leads to a
raising of the energy of the VB edge most predominantly.

Figure 4. Selected area electron diffraction (A) and scanning transmission electron microscope image (B) of a SnHfO; crystal. The ED beam is
projected down the [111] axis revealing the {110} family (d ~11.7 A) and the {211} family (d ~6.67 A). Planes observed on the particle surface
have a spacing of ~11.7 A corresponding to (110)-type stacking. A thin shell of amorphous SnO, is visible on the particle surface owing to surface

oxidation of Sn(ll).
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Figure 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 SnHfO; perovskite in space group Pbam. Emphasis around the Sn—O local coordination is shown in A and C for clarity, with the unit
cells 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 band gap is ~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.

The Born effective charge (BEC; Z*) tensor quantities
for the ions in 0-SHO were calculated using density func-
tional perturbation theory methods and a 2x1x2 supercell,
as 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.’ Ta-
ble S6 lists the BEC tensors for each ion in the Pbam space
group, with maximal diagonal values for the tensors of Hf
(+5.86), Snl (+3.69; ), Sn2 (+3.60) and for all O atoms
(—3.641 to —2.671). These relatively large values compare
reasonably well to those in antiferroelectric hafnate and
zirconate perovskites,”? such as for PbZrO; with BECs for
Pb (+3.89) and for Zr (+5.90). Notably, the ground-state
structures of antiferroelectric PbHfO; as well as PbZrO;, the
archetypical antiferroelectric, have received recent attention
and re-examination. Recent studies have unveiled the
dynamic instabilities in their phonon band structures and
leading to the proposal of new 80-atom, i.e., doubled,
superstructures that have yet to be experimentally
confirmed.®>?! Given the isoelectronic nature of Sn(IT) and
Pb(I) cations, the calculated phonon band structure of
SnHfO; in space group Pbam, shown in Figure S14, is also
found to exhibit dynamic instability in the vicinity of the Z
and T g-points. This observation is also consistent with its
metastable nature, and thus requiring kinetic stabilization.
These dynamical instabilities at g-points away from the zone
center indicate the likelihood of energetically competitive
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and fine atomic distortions occurring over longer length
scales. Possible superstructure models are under further
investigation using Bayesian approaches and neutron dif-
fraction data.

Conclusion

For the first time, a distorted Sn(II)-perovskite oxide,
orthorhombic SnHfO;, has been synthesized in high purity
and crystallinity by a low temperature ion-exchange techni-
que. These results demonstrate the complete removal of Pb
from the orthorhombic PbHfO; perovskite precursor while
largely maintaining the sensitive Sn(II) oxidation state as
confirmed by XRD, electron microscopy, and '’Sn Méssba-
uer spectroscopy. Thermodynamic and kinetic considera-
tions of the synthetic approach expand upon our previously
proposed mechanism for Sn(II)-exchange of perovskite
oxides. Current evidence indicates that the initial ion-
exchange step (i.e., Ba(IT)/Pb(IT) to Sn(IT)) does not need to
be highly exothermic, but rather the exchange product must
be a necessary intermediate step towards the global mini-
mum. Furthermore, these and previous results indicate that
ion-exchange techniques at mild conditions allow for much
finer structural control of the desired product than previ-
ously considered. There are still remaining challenges, such
as improving crystallinity or growing single-crystals, fine
structural elucidation through advanced diffraction techni-
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ques, and improving separation of the Pb-halide salt
products. Additionally, in situ XRD suggests the existence
of a polar SnHfO; phase that is stable in the temperature
range of 130-200°C, which requires further exploration. The
investigation of SnHfO; as a model perovskite has allowed
deeper insight into the synthetic dynamics of the largely
unexplored complex Sn(II)-M—O phase diagram. The
successful ‘de-leadification’ of PbHfO; has demonstrated
that the synthesis of lead-free, isoelectronic, Sn(II) perov-
skite oxides can be achieved.
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EHIO, +BnClE ——  BAHIO;+EhCIE The replacement of Pb(ll) for Sn(ll)
cations in perovskite oxides is challeng-
ing because of their high thermodynam-
ic instability. A new orthorhombic
SnHfO; perovskite has been synthesized
via removal of Pb(ll) cations from
PbHfO; by reaction with a SnCIF salt.
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