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Effects of Sn4+ solid solubility mechanisms on
the electromechanical and energy storage
performance of (Ba0.85Ca0.15)(Ti0.92Zr0.08)O3

Tasmia Zaman, *ab Saroj Kumar Bhattacharyya, b Sajjad Seifi Mofarah, a

Pramod Koshy a and Charles Christopher Sorrell a

The electromechanical properties of piezoelectric materials are

influenced significantly by the defect chemistry, which is deter-

mined by the solid-solubility and charge-compensation mechan-

isms. In the present work, the effects of Sn4+ doping of lead-free

(Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10) ceramics on

these parameters and the resultant electromechanical properties

and energy-storage efficiencies are reported. The complex nature

of the solid solubility mechanisms as a function of dopant content is

elucidated through comprehensive analyses of the structures,

microstructures, and surface chemistry. The corresponding charge

compensation mechanisms are determined by correlating these

characterization data with corresponding defect equilibria, which

then provide the basis for the interpretation of the mechanisms

governing the electromechanical properties and energy-storage

efficiencies. The combined data for the surface Ti oxidation state

(XPS) and bulk unit cell volumes (XRD) for the three observed

polymorphs (orthorhombic Pmm2, tetragonal P4mm, and cubic

Pm %3m) reveal interstitial solid solubility at low (0.00 r x r 0.04)

and high (0.08 r x r 0.10) Sn4+ doping levels, with intermediate

(0.04 o x o 0.08) Sn4+ doping levels exhibiting mixed interstitial-

substitutional solid solubility. The trends in the electromechanical

properties correlate directly with the solid solubility mechanisms,

with two resultant inflections at x = 0.04 (maximal defect concen-

tration) and x = 0.08 (minimal defect concentration). These

mechanisms significantly influence the electromechanical proper-

ties, where maxima occur for polarization at x = 0.04, bipolar strain

at x = 0.08, and energy storage efficiency at x = 0.10. The latter is

notable because this parameter reaches 495% across the wide

temperature range of 258–130 8C.

1. Introduction

Defects play a significant role in the response mechanisms of
electroceramics, influencing the motion of domain walls,1–3

creating defect dipoles that interact with the spontaneous
polarization,4–6 and lead to conductivity mechanisms.7–9

Understanding and controlling defects is essential for tailoring
the properties and optimizing their performance in various
applications, including sensors, actuators, and data- and
energy-storage devices. The solid solubility mechanisms can
often be elucidated through consideration of the defect equili-
bria in conjunction with supporting experimental data.10–15

Defect equilibria in electroceramics are expressed in terms of
Kröger–Vink notation,10–16 which defines the defect chemistry.
However, when Kröger–Vink notation16 was developed, there
were limited means of examining variable cation valences, so
this formalism does not provide a discrete notation to illustrate
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New concepts
It is universal to assume that BaTiO3 doping is substitutional. The present
work documents data for five different and consistent analytical methods
that show unambiguously that the solid solubility mechanism initially is
interstitial. With increasing doping, the solubility limit is reached,
initiating substitutional solid solubility. With yet more doping and the
achievement of saturation solubility, the associated lattice distortion
allows interstitial solid solubility to be reactivated. Differences: this
assumption is a convenience that has become a universally accepted
simplification. This work demonstrates across multiple platforms that
this can be incorrect. This work also demonstrates that a single solid
solubility mechanism is another potentially incorrect assumption. These
observations build on a growing body of work that confirms that mixed
solid solubility and changing solid solubility mechanisms occur com-
monly in other materials. This work is the first to show that this applies to
BaTiO3-based materials. Insights: this work has ramifications for the
functional materials industries because doping of these invariably is done
using stoichiometric compensation, where dopant levels are decreased
according to the dopant addition amount. When this assumption is
incorrect, the result involves unrecognised metal vacancies, which inevi-
tably have an effect on the functional properties.
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redox effects.10–15 Furthermore, while many oxides contain
intrinsic vacancies and interstitials, doping and impurities lead
to the formation of extrinsic vacancies; substitutionals; inter-
stitials; and Frenkel, Schottky, and antisite pairs. The expres-
sion of the associated defect equilibria is contingent upon
knowledge of the solid solubility mechanism, which is rarely
the case. This differentiation is then critical to the assessment
of the different charge compensation mechanisms such that
both mass and charge balances are maintained.

Lead-based Pb(Zr1�xTix)O3 (PZT) ceramics are used exten-
sively for energy harvesting and storage applications as they
exhibit higher power densities, faster charging/discharging,
and superior performance compared to those of Li-ion bat-
teries, electrochemical capacitors, and fuel cells. Moreover, the
outstanding piezoelectric and ferroelectric performances
extend these ceramics’ significance to electrocaloric and elec-
tromechanical applications.17–28 Further enhancement of these
properties was found in other related materials, including
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT) and Pb(Zn1/3Nb2/3)O3–
PbTiO3 (PZN-PT) solid solutions.26–29 However, concerns about
the toxicity of Pb and its impact on human health and the
environment have restricted their applicability,37–40 thus direct-
ing research toward alternative lead-free materials.

Pure BaTiO3 is one of the potential lead-free candidates and
it is well known to exhibit a high dielectric constant.41 However,
owing to its low dielectric breakdown strength (B1.2 kV42), low
discharge energy density (370 mJ cm�3 (ref. 43)), and minimal
energy storage efficiency (40.3%43), its applicability for high-
energy-density materials is limited.44–46 A typical strategy to
improve these performance parameters is doping the A-, B-, or
both A- and B-sites of cubic BaTiO3;47–56 these sites are struc-
tured around an AO12 cuboctahedron and a BO6 octahedron. In
this context, simultaneous A- and B-site doped lead-free
(Ba,Ca)(Ti,Zr,Sn)O3 (BCTZS) is one of the most promising
candidates and consequently has generated considerable inter-
est based on demonstrated technical progress in the electro-
mechanical and energy storage sectors over the last decade57–81

(Table S1). To date, there have been just over twenty studies on
BCTZS.57–70,72,75–81 There are also several other works on BCTZS
that report the use of dopants Pb2+,72 Sr2+,71,73 and Bi3+.74 Of
these, ten are limited to reports of the structural evolution and
electrical properties (2008–202359,60,64,65,70,75,77–80), five focus
on the electrocaloric effect (2015,69 2016,58 2019,62,76 and
202073), three focus on the energy-harvesting performance
(2020,81 2022,61 and 202366), and three focus on the energy
storage efficiency (202263,67 and 202382). These also include six
studies that examine the effects of varying the Ti4+/Sn4+

ratio.58,61,64,65,80,81 These studies reveal some ambiguity about
the maximal Sn4+ solubility, where two of the studies reported it
to be o6.0 mol%61,64 while the other four58,65,80,81 reported
solid solubility up to 6.0–8.0 mol%.

Unfortunately, all twenty-one sets of publications assumed
that substitutional solid solubility would occur. Furthermore,
none of these studies investigated the solid solubilities, charge
compensation mechanisms, or the associated defect chemistry
and the resultant effects on the material properties, energy

storage capacity, or electromechanical performance. Such an
approach is critical because, if the interpretation of the solid
solubility and/or charge compensation mechanism is incorrect,
then this impacts on the accuracy of the resultant defect
equilibria, thereby affecting appropriate assessment of the
bases for the energy storage and electromechanical properties.

In contrast, the approach for halide perovskites is different.
These perovskites are less stable than oxide perovskites owing
to the larger anions, greater polarizability, less rigid BX6

octahedra, and greater extent of ionic bonding.83–90 Further-
more, the smaller and more covalent-bonding oxygen ion
results in converse characteristics, thereby resulting in smaller
interstices and more constrained structures.91

Consequently, both substitutional92–102 and interstitial solid
solubilities99,103–112 have been reported for halide perovskites.
There does not appear to be any example of experimental
validation for the substitutional solid solubility. However,
lattice parameter measurements from X-ray diffraction (XRD)
were used to support the conclusion of interstitial solid solu-
bility in at least eleven publications.99,103–112 This one experi-
mental technique was used to support their claim. The
possibility of interstitial solid solubility in oxide perovskites is
rarely considered; when such consideration is given, it appears
to have been limited to only two comparative computational
studies of substitutional vs. interstitial solid solubility.113,114 In
both of these studies, the simulations indicated that the former
is favoured over the latter for oxide perovskites.

More generally, there are numerous experimental studies in
which the solid solubility mechanism has been considered:
� Pb-based: Pb(Zr1�xTix)O3 (PZT),17,19,20,26–28 Pb(Mg1/3Nb2/3)-

O3–PbTiO3 (PMN-PT),29–32 and Pb(Zn1/3Nb2/3)O3–PbTiO3

(PZN-PT)33–36

� Pb-free: BaTiO3-based (BTO),115–120 (Ba1�xCax)(Ti1�yZry)O3-based
(BCTZ),121–156 (Ba1�xCax)(Ti1�ySny)O3-based (BCTS),52,54,56,157–162

(Ba1�xCax)(Ti1�y�zZrySnz)O3-based (BCTZS),57,58,66,69,71,75–77,79,80,163

K0.5Na0.5NbO3-based (KNN),164–177 Bi0.5Na0.5TiO3-based (BNT),178–182

KNbO3-based (KN),183–187 and BiFeO3-based (BFO).188–190

In all cases, substitutional solid solubility was assumed but
without any experimental evidence to support this conclusion.
Although a few computational modelling studies suggest that
what appears to be a universal assumption is justified, there
remains an apparent absence of experimental validation. Con-
sequently, the present work aims to probe this issue using a
case study involving a specific system that is processed under
specific conditions. The present work appears to be the first
experimental investigation to provide evidence for the solid
solubility mechanism, whether substitutional, interstitial, or
mixed. The implications of this uncertainty highlight the
potential to generate defect equilibria considerably different
from those that result from the assumption of substitutional
solid solubility.

The present work demonstrates the solid solubility mechan-
isms, charge compensation mechanisms, and corresponding
defect chemistries involved in Sn4+-doped (Ba0.85Ca0.15)-
([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10). This phase was selected
as a representative example of similar lead-free phases.
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Although preliminary stoichiometry compensation for the
assumed substitution of Sn4+ for Ti4+ invariably is done
on the basis of the assumption of substitutional solid
solubility,57,58,66,69,71,75–77,79,80,163 the present work reveals that,
for the specific experimental conditions used, this may not be a
correct assumption. This contradiction has significant ramifi-
cations for the resultant defect equilibria.

The resultant solid solubility mechanisms in the present
work are supported by five distinctly different sets of data,
which are unambiguous in demonstrating both interstitial and
mixed solid solubilities, where the former is dominant. These
outcomes required the implementation of new concepts for
Kröger–Vink redox charge compensation formalism,10–15 which
have been made possible by the advent of new room-
temperature characterization techniques. The capacity to exam-
ine resultant valences through X-ray photoelectron spectro-
scopy (XPS) allows assessment of the types of defects while
photoluminescence (PL) spectroscopy allows assessment of
their relative amounts. These data can be confirmed by com-
plementary lattice parameter measurements by XRD and even
true density. Combining these experimental data with defect
equilibria offers the potential to elucidate the solid solubility
mechanism without resorting to analytical techniques such as
neutron diffraction (ND), X-ray absorption spectroscopy (XAS),
small-angle X-ray scattering (SAXS), and solid-state nuclear
magnetic resonance (NMR). Hence, the present work elucidates
the roles of the solid solubility mechanisms, resultant charge
compensation mechanisms, and underpinning defect equili-
bria in the modulation of the energy storage efficiency and
electromechanical properties.

2. Experimental procedure
2.1. Materials synthesis

The conventional solid-state sintering technique was adopted
for the synthesis of Sn4+-doped (Ba0.85Ca0.15)([Ti0.92�xSnx]-
Zr0.08)O3 (x = 0.00–0.10). BaCO3, CaCO3, TiO2, ZrO2, and SnO2

(Sigma Aldrich, ACS reagent, purity Z99.00 wt%) were used as
initial raw materials. Stoichiometric compensation for the Sn4+

content was used on the basis of the preliminary assumption of
substitutional solid solubility and neutral charge compensa-
tion. The powder was initially oven-dried at 100 1C for 24 h
(heating rate: 300 1C h�1) to remove moisture. The appropriate
proportions of the starting materials were measured using a
digital balance (0.0001 g precision) and transferred to a high-
density polyethylene (HDPE) ball mill (75 mm H � 65 mm Ø).
The mill was filled to 2/3 volume with yttria-stabilized zirconia
balls of 10 mm and 5 mm Ø, 60/40 wt% ratio, B60 g of powder
was added, and ethanol was added until it reached the height
of the balls (B220 mL). Rotary ball milling was carried out at
265 rpm for 24 h. After milling, the slurry was transferred to a
Pyrex beaker and dried in an oven at 100 1C for 24 h (heating
rate: 300 1C h�1). The dried powders were deagglomerated by
gentle hand-crushing using an agate mortar and pestle. The
free-flowing powders were transferred into a Pt crucible for

calcination at 1300 1C for 2 h (100 1C h�1 heating rate; natural
cooling) in a muffle furnace (LABEC, Model CEMMS, Australia;
200 mm W � 400 mm L � 160 mm H, heating element MoSi2).

After calcination, the reagglomerated powders again were
deagglomerated by gentle hand-crushing using an agate mortar
and pestle, after which they were ball milled for 96 h, dried, and
deagglomerated as described above. The samples (pellets) were
formed by uniaxial vacuum pressing (rotary vacuum pump)
the powders in a hardened tool steel die (B110 MPa pressure,
B1 min holding time, B13 mm Ø, B2 mm thickness).

Five samples of identical composition were sandwiched in
an alumina crucible (B20 mm ID, 25 H), in which powder
identical to that of the samples was used for embedding; each
pellet was isolated by a layer of powder of B3 mm thickness
(the diametral clearance to the crucible wall was B4 mm).
These procedures were followed in order to reduce/eliminate
volatilization and contamination during the sintering condi-
tions. The pellets were sintered at 1500 1C for 12 h (100 1C h�1

heating rate; natural cooling) using the muffle furnace as
described above. Any powder adhered to the pellets (B10 mm
diameter) could be removed easily by hand rubbing.

2.2. Characterization and testing

Before characterization, both planar surfaces of the pellets were
wet-polished sequentially with SiC papers of varying grit sizes
(800 (22.5 mm), 1200 (14.0 mm), and 2500 (7.8 mm)) at 200 rpm.
The final thickness of the pellets was held at B1.5 mm, which
was the thickness after reduction from the original B2.0 mm;
thus, the analyses were for the bulk. After polishing, the pellets
were cleaned in an ultrasonic bath using laboratory detergent
and water, dried using heated flowing air for B1 min, and then
air dried for 48 h. The pellets then were annealed at 200 1C for
24 h (heating rate of 300 1C h�1) in order to remove residual
stress from polishing.

Room temperature X-ray diffraction (XRD; PANalytical
Empyrean II, Netherlands; 40 kV, 40 mA, CoKa radiation
(0.1789 nm), 20–1201 2y, 0.0261 2y step size, 200 steps per s,
0.0331 s�1 scan speed) was conducted on the pellets to deter-
mine the mineralogies. Si powder was used as an in situ
standard (BDH Laboratory Chemicals, �325 mesh, 99% trace
metals basis). Each pellet was inserted in a recessed sample
holder and levelled to the plane of the sample holder surface. A
small amount (B0.01 g) of Si then was used to decorate the
surface, leaving only a sparsely covered surface deposit of Si.
The patterns were analyzed by Data Viewer PANalytical software
and the peak positions then were normalized. Pawley fitting191

(HighScore Plus PANalytical software) was carried out in order
to obtain qualitative and quantitative data for the phases
present.

Although Rietveld refinement192 typically is applied for
profile fitting for X-ray refinement, it requires a well-defined
crystal structure, often including the assumption of specific
lattice occupancy involving typically substitutional solid solu-
bility. However, this assumption is commonly problematic in
cases in which the solid solubility mechanism is unknown or
there are mixed solid solubilities. This assumption may also be
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incorrect when multiple polymorphs are present, which intro-
duces the potential for varying interstitial site filling. Since the
present work reveals mixed Sn4+ solid solubilities and up to
three simultaneously present polymorphs, Pawley fitting191,193

was used because it does not require detailed crystal structure
parameters while providing approximate lattice parameters and
peak profiles. Pawley fitting191 is an iterative technique that
requires knowledge of the space group and the initial selection
of unit cell parameters. The latter are refined progressively until
the selected unit cell parameters match those following the
fitting. This method effectively mitigates the potential for error
when the preceding assumptions are relevant. However, it has
the disadvantage that the deconvolutions of multiple peaks are
less reliable than those of Rietveld refinement. Hence, while
less precise than Rietveld refinement, it does not require the
assumptions of crystal structure or lattice occupancy. In light of
the comparative strengths and weaknesses of both approaches,
the validity of the fitting can be assessed in light of non-XRD
complementary data. Consequently, it has been utilized in
recent work owing to this advantage.194–202

Surface chemical analyses were carried out using X-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi spectro-
meter, Thermo Fisher Scientific, UK; monochromatic AlKa
(1486.68 eV) soft X-ray source; 13.80 kV, 8.7 mA, 500 mm spot
size). Although XPS is a surface analysis technique, the data are
for the bulk since the surface examined was one quarter into
the depth of the pellet.

The true density was determined by He pycnometry (AccuPyc
II 1340; Micromeritics, Germany; line pressure 41.3 MPa,
triple purge fill pressure 0.134 MPa, triple fill pressure
0.070 MPa, equilibration rate 0.035 kPa min�1).

Microstructural analyses were carried out using field emis-
sion scanning electron microscopy (FESEM; FEI Nova Nano-
SEM 450, USA; 30 kV, secondary electron (SE) mode, 3.5 spot
size (30 mm aperture diameter, 140 pA)) on the unpolished and
unetched surfaces. The electrical conductivity of each sample
was increased using a sputter coater to deposit a B10 nm
coating of Pt (Leica EM ACE600, Leica Mikrosysteme GmbH,
Austria; Ar gas). The average grain sizes were determined by
ImageJ software using twenty-five measurements over an area
of B400 mm � B300 mm; corresponding histograms and
frequency curves were also generated.

Field emission scanning electron microscopy (FESEM; FEI
Nova NanoSEM 230, USA; 30 kV, secondary electron (SE) mode,
3.5 spot size (30 mm aperture diameter, 140 pA)) was used for
regular elemental mapping, while a silicon drift detector (SDD)
energy dispersive spectroscopy (EDS) detector (SDD-EDS; Bru-
ker Xflash 6|30, Germany; 30 keV) was used to confirm the
elemental distributions of the unpolished surfaces. A thin
carbon coating (B15 nm) was sputtered using a turbo-
pumped carbon coater (DCT; NSC DCT, Iran, 13 kV) prior
to EDS.

For electrical measurement, wet-polished samples were
deposited with a B60 nm coating of Pt using a sputter coater
(Leica EM ACE600, Leica Mikrosysteme GmbH, Austria; Ar gas),
after which the samples were subjected to piezoelectric

measurements (TF Analyzer 2000 System; aixACCT Systems,
Germany; 1 Hz, 1 mA, 0.5–4.0 kV mm�1, 251–140 1C, 5 1C
intervals) in a silicone-oil bath. Temperature-dependent dielec-
tric and ferroelectric measurements were also obtained using
the same TF Analyzer 2000 system (2.5 kV mm�1).

3. Results and discussion
3.1. Context

In the present work, the presence of multiple polymorphs and
solid solubility mechanisms as well as the uncertainties of
lattice occupancy of the dominant interstitial solid solubility
mechanism requires the application of Pawley fitting rather
than Rietveld refinement, the latter of which requires accurate
structural data. The previous discussion concerning the pros
and cons of Rietveld refinement and Pawley fitting indicate that
the uncertainties associated with the latter are such that the
XRD refinement should be confirmed by non-XRD complemen-
tary data. To this end, the XRD data are interpreted in terms of
four non-XRD parameters. That is, XPS data are correlated with
the effects of the three polymorphs detected by XRD. PL data
then are correlated with the XPS data, following correlations
between true density and bipolar strain data obtained with
XPS and PL data. These correlations support the conclusion of
the validity of the Pawley fitting for XRD refinement in the
present work.

3.2. XRD analysis

The structural features of Sn4+-doped (Ba0.85Ca0.15)([Ti0.92�xSnx]-
Zr0.08)O3 (x = 0.00–0.10) were determined using XRD (Fig. 1(a)).
No additional peaks associated with secondary phases were
detected, indicating the complete dissolution of the solutes (Ca2+,
Zr4+, Sn4+). Semiquantitative analyses of the XRD data by Pawley
fitting191 (Fig. 1(b)) confirm the presence of mixed polymorphs
(orthorhombic Pmm2 and tetragonal P4mm) for all of the composi-
tions. The corresponding XRD refinement parameters (R factors,
goodness of fit (GoF)) are provided in Table S2. Furthermore, the
changes in the trend of the lattice parameters (Fig. S1(a) and (b)), c/
a ratio (Fig. S1(c)), and unit cell volumes (Fig. S1(d)) reveal a
significant transition from a dominant Pmm2 (O) to a dominant
P4mm (T) polymorph at x = 0.04 (first inflection). The pressure–
temperature unary phase diagrams203–205 (Fig. S2) show that this
orthorhombic - tetragonal phase transformation is stress-
induced. At the highest Sn4+ doping level (x = 0.10), the formation
of cubic Pm%3m (C) along with the other two polymorphs (Pmm2 and
P4mm) suggests the presence of a triple point (TP) at room-
temperature (RT). The data for the c/a ratio at x = 0.04 and x =
0.08 are attributed to the achievement of saturation solid solubility,
which will be discussed subsequently.

3.3. Raman analysis

Fig. 1(c) shows the Raman data for Sn4+-doped (Ba0.85Ca0.15)-
([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10) obtained at RT. The
deconvoluted spectra (Fig. 1(d)) identify the characteristic
vibrational modes,206–214 which again confirm the presence of
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mixed polymorphs (Pmm2 and P4mm) for all samples
(Table S3). However, cubic Pm%3m at the highest Sn4+ doping
level was not detected by this method due to peak overlap from
the Pmm2 and P4mm polymorphs. Furthermore, the discrete
Raman modes reveal the presence of several defects, viz., v-LVM
(caused by interstitial solutes and or vacancies), s-LVM (caused
by B-site substitution), and DARS (disorder-activated Raman
scattering caused by structural distortion) at all Sn4+ doping
levels.211,215–217 These data indicate the presence of mixed
substitutional and interstitial solid solubility. Mixed poly-
morphs are known to enhance the ferroelectric and electro-
mechanical properties,45,46,218–226 accelerate the charge and
discharge rate,57,61,62,72,74,77,80 and improve thermal stability,
resulting in materials with exceptional energy storage
performance.

3.4. SEM and EDS analyses

Fig. 2 shows the field emission scanning electron microscopy
(FESEM) images of the samples, which reveal highly dense

microstructures for all compositions. Although the planar
nature of many of the grain boundaries suggests microstruc-
tural stability, concentric growth artifacts remain visible. The
corresponding energy dispersive spectrometry (EDS) elemental
mappings (shown in insets) confirm the chemical homogene-
ity. Furthermore, the grain size distribution curves obtained
using ImageJ software (Fig. S3) reveal that the average grain
sizes vary in the range of B27–40 mm.

3.5. XPS analysis

Fig. 3(a) shows the X-ray photoelectron spectroscopy (XPS)
survey spectra for the samples. Since the XPS O 1s peak spectra
reflect the Ti–O terminating lattice bonding,227 the subsur-
face cationic states can be identified. This approach is
important because the surface metal species can be present
in the form of undissolved, precipitated, and/or segregated
solutes. The deconvoluted O 1s peaks shown in Fig. 3(b)
correspond to lattice oxygen (Ti4+–O bond), the oxygen asso-
ciated with an adjacent oxygen vacancy (Ti3+–O bond), and

Fig. 1 (a) XRD patterns for cubic (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10) (Si peaks deleted), (b) magnified range (51.5–54.51 2y) for (200)
peaks, (c) laser Raman microspectra (Raman) for (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3: x = 0.00–0.10 and (d) representative deconvoluted Raman data (x =
0.04; linearized background).
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the oxygen in chemisorbed water (H2O/–OH bond). The
effects of the oxygen bonding with Ba2+, Ca2+, Sn4+, and
Zr4+ would be minimal because Ba2+, Ca2+, and Zr4+ have
stable valences and Ca2+, Zr4+, and Sn4+ are present in low
concentrations.

The multiple Ti valence states evident in the O 1s XPS data

are reflected in the normalized plot for
Ti3þ

Ti3þþTi4þð Þ

� �
as a

function of the Sn4+ doping level (Fig. 3(c)). The corresponding
variations in unit cell volumes for Pmm2, and P4mm also are

Fig. 2 FESEM images of surfaces of unpolished and unetched (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3: (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06,
(e) x = 0.08, and (f) x = 0.10.
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given. The correlation in trends between the subsurface (XPS)
and bulk (XRD) data confirms the existence of three, sequen-
tial, solubility-driven, redox mechanisms. Furthermore, these
data trends in redox confirm the occupancy of Sn4+, which is
isovalent with Ti4+, in both substitutional and interstitial sites,
thus reflecting mixed solid solubility. More broadly, initial
dopant incorporation (Mechanism I: 0.00 o x r 0.02) favors
Ti4+ - Ti3+ reduction and associated interstitial solid solubility
(ISS) in both Pmm2 and P4mm, as shown by the identical trends
in unit cell volumes. Subsequent dopant incorporation (mecha-

nism I: 0.02 o x r 0.04) reveals a continued
Ti3þ

Ti3þþTi4þð Þ

� �

increase while the unit cell volumes follow opposite trends. The
converse trend is interpreted in terms of the expansion of
Pmm2 (from Ti4+ - Ti3+ reduction and continued interstitial
solid solubility) and the forced contraction of adjacent P4mm
(despite the continued interstitial solid solubility). At higher
Sn4+ concentrations (mechanism II: 0.04 o x r 0.08), the
reverse Ti3+ - Ti4+ oxidation occurs. The trends in unit cell
volumes for both polymorphs further suggest that the solid
solubility mechanism for Pmm2 is consistently interstitial (from
the linear baseline trend except at x = 0.04) while that for P4mm
(from the staggered baseline) is subject to alteration. That is,
these trends are interpreted in terms of the achievement of
saturation interstitial solid solubility in P4mm and the onset of

substitutional solid solubility (SSS). Hence, the absence of any
charge compensation effect from the substitution of Sn4+ and

Ti4+ effectively reduces the
Ti3þ

Ti3þþTi4þð Þ

� �
, which is equivalent

to oxidation. Finally, at the highest Sn4+ doping levels (mecha-

nism III: 0.08 o x r 0.10), the
Ti3þ

Ti3þþTi4þð Þ

� �
trend is reversed

again, resulting in the onset of reduction (Ti4+ - Ti3+) owing to
reintroduction of interstitial solid solubility in P4mm. This is
interpreted in terms of the achievement of saturation substitu-
tional solid solubility at x = 0.08, which distorted the lattice
sufficiently to allow additional interstitial solid solubility. Since
the linearity of the baseline in the XRD data for Pmm2 do not
suggest the achievement of saturation solid solubility, then this
polymorph plays no role in the generation of Pm%3m at x = 0.10.
Furthermore, the pressure–temperature unary phase
diagrams203–205 and experimental observations228–231 show that
the polymorphic phase transformation to Pm%3m is stress-
induced. Hence, it is concluded that the second inflection in
the redox data (x = 0.08) reflects the generation of Pm%3m, which
is formed directly by stress-induced polymorphic phase trans-
formation from P4mm. The possible defect equilibria related to
(Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10) are given in
Table S4. Table 1 summarizes the relevant defect equilibria
according to the XPS data and the preceding considerations. In

Fig. 3 (a) XPS survey spectra; (b) deconvoluted XPS spectra for O 1s, showing Ti4+–O, Ti3+–O, and Ti–OH bonds; (c) variations in
Ti3þ

Ti3þþTi4þð Þ

� �
based

on O 1s spectra (for subsurface) and unit cell volumes (for bulk orthorhombic Pmm2 and tetragonal P4mm) for (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10).
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all three cases, the observation of (1) dissolution of Sn4+ and (2)
Ti4+ - Ti3+ reduction forces the charge-compensation mecha-
nism to be redox-ionic10–15 except for the single case of sub-
stitutional solid solubility and neutral charge compensation.

3.6. PL analysis

In order to elucidate the effects of the solid solubility mechan-
isms on the defect chemistry, reflectance-induced photolumi-
nescence (PL) analyses were carried out. The PL spectra peak
intensities are inversely proportional to the rates of recombina-
tion, thus revealing electron–hole annihilation.232 More impor-
tantly, the PL spectra identify the presence of point defects by
generating energy transitions between the ground and excited
states.233 These transitions are associated with luminescence
centers in the form of color centers (also known as F centers).
Fig. 4(a) shows the PL spectra for Sn4+-doped (Ba0.85Ca0.15)([-
Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10), which are correlated with
ionic and electronic effects. The published four assignments
(1–4)232,234 as defined in Table 2(a) are associated solely with
intrinsic effects. The energies generating the relative intensities
are ranked on the basis of thermodynamic reasoning. That is,
the two electronic defect transitions (assignments 1 and 2)
require greater energies to occur as they involve the destabiliza-
tion of intrinsic oxygen vacancies V��O

� �
. Conversely, although

the other two intrinsic defect transitions (assignments 3 and 4)
are ionic and hence suggest the energies from bond breaking,
the charge-compensating Ti4+ - Ti3+ reduction potential is
approximately nil.235 This suggests readily occurring transi-
tions that initiate F+ (assignment 3) and F0 (assignment 4)
color-center formation. The transition of lowest energy is
assignment 5, which is proposed in the present work on the
basis of the filling of an intrinsic oxygen vacancy V��O

� �
, which

generally is considered to occur very readily.236,237

Table 2(b) shows the combined effects of the extrinsic
dopant (Sn4+) and its solid solubility mechanisms in relation
to assignments 4 and 5. The column ‘Combined effects’ incor-
porates the nature of the Sn4+ solid solubility (substitutional or
interstitial) with the single (assignment 5) or double (assign-
ments 4 and 5) defect outcomes (O�O and/or 2Ti0Ti). Fig. 4(b)
shows that the inverse PL density at 570 nm for assignment 4
(Ti4+ - Ti3+ reduction, Ti0Ti) as a function of Sn4+ doping
reaches a maximum at x = 0.04 (interstitial solid solubility)
and a minimum at x = 0.08 (substitutional solid solubility).
Accordingly, Table 2(b) suggests that the maximum at x = 0.04
is associated with interstitial solid solubility and hence domi-
nated by Ti4+ - Ti3+ reduction Ti0Ti

� �
over oxygen vacancy

annihilation (assignment 5, V��O þ
1=2O2ðgÞ ! O�O). In contrast,

the minimum at x = 0.08 is associated with substitutional
solid solubility and hence dominated by oxygen vacancy
annihilation.

Since lower peak intensities and defect concentrations are
inversely proportional, the inverse PL intensity at 570 nm

contrasted with the
Ti3þ

Ti3þþTi4þð Þ

� �
and true density as a func-

tion of Sn4+-doping level are shown in Fig. 4(b). These data
reveal the maximal defect concentration (i.e., lowest stability)
for x = 0.04, which results from the saturated interstitial solid
solubility in P4mm. As discussed earlier, at this stage, substitu-
tional solid solubility commences in P4mm, while interstitial
solid solubility continues in Pmm2. At this point, the defect
concentrations shift toward minima. These data reveal a critical
observation for the present work that is at x = 0.04, the
maximum defect concentration is dominated by the redox
mechanism rather than oxygen vacancy annihilation. While at
x = 0.08, oxygen vacancy annihilation dominates, thus stabiliz-
ing the lattice to a maximum at x = 0.08 (i.e., highest stability).
Since interstitial solid solubility continues in Pmm2, then this

continued increase in defect concentration of
Ti3þ

Ti3þþTi4þð Þ

� �

must be dominated by the intrinsic V��O annihilation. The
reverse trend at x = 0.10 is caused by the recurrence of

interstitial solid solubility and increasing
Ti3þ

Ti3þþTi4þð Þ

� �
but

also possibly the structural stress caused by the P4mm - Pm%3m
phase transformation.

Fig. 4(b) integrates PL, XPS, and true density data, all of
which provide quantitative estimates of defect concentrations.
These data also highlight the risks of assuming substitutional
solid solubility because this incorrect assumption results in the
introduction of metal vacancies, which are integrated indirectly
in the PL data. These particular defects thus are not considered
part of the relevant defect equilibria because they do not
require charge compensation as they are created by Ti defi-
ciency. In this sense, these defects can be considered to be
intrinsic defects, as in intrinsic oxygen vacancies in many
oxides. This leads to a second oversight shown by the XPS data,
which reveal the importance of redox charge compensation and
the formation of Ti3+ defects through Ti4+ - Ti3+ reduction.
The presence of point defects in the form of substitutional
extrinsic dopants (weight gain or loss), interstitial extrinsic
dopants (weight gain), and vacancies (weight loss) can be
reflected through true density measurements, a technique that
has been used previously.238,239 The similarities in trends
between these three disparate techniques demonstrate that
interstitial Sn4+ initiates redox charge compensation, where

Table 1 Kröger–Vink notation10–16 for relevant defect equilibria involving Sn4+

Crystal symmetry
Mechanism I: 0.00 o x r 0.04
(interstitial)

Mechanism II: 0.04 o x r 0.08
(substitutional + interstitial)

Mechanism III: 0.08 o x r 0.10
(interstitial)

T (P4mm)
SnO2 ��!TiO2

Sn����i þ 4Ti0Ti þ Ti�Ti þ 2O�O SnO2 ��!TiO2
Sn�Ti þ Ti�S þ 2O�O SnO2 ��!TiO2

Sn����i þ 4Ti0Ti þ Ti�Ti þ 2O�O
O (Pmm2)

SnO2 ��!TiO2
Sn����i þ 4Ti0Ti þ Ti�Ti þ 2O�O SnO2 ��!TiO2

Sn����i þ 4Ti0Ti þ Ti�Ti þ 2O�O SnO2 ��!TiO2
Sn����i þ 4Ti0Ti þ Ti�Ti þ 2O�O
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increasing x and the resultant irregular solid-solution
mechanisms are reflected in corresponding changes in the

Sn����i

� �
, Sn�Ti
� �

, Ti0Ti
� �

, and V��O
� �

. However, while the trends

in the XRD data (Fig. S1) generally support these data, the
correspondence is not perfect owing to the competing trends in
lattice constants, c/a ratios, and unit cell volumes of the two
polymorphs.

3.7. Ferroelectric property analysis

In addition to consideration of the effects of the chemical,
physical, and structural characteristics, the electromechanical
properties of Sn4+-doped (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x =
0.00–0.10) were also examined. The RT unipolar polarization
curves with no prepoling history (Fig. 4(c)) were used to
calculate the coercive field (EC), which is shown as a function

Table 2 Possible (a) intrinsic and (b) extrinsic defects and related transitions inferred from PL data

(a) Assignment Charge compensation Defects and transitions Decreasing enthalpy Ref.

Intrinsic 1 Electronic V�O Fþþð Þ ! V�O Fþð Þ þ e0 232 and 234
2 V�O Fþð Þ ! V��O F0

� �
þ e0 232 and 234

3 Ionic Ti4þ ! Ti3þ þ V�O Fþð Þ 234
4 2Ti4þ ! 2Ti3þ þ V��O F0

� �
234

5 V��O F0
� �

þ 1=2O2ðgÞ ! O�O
Present work

(b) Assignment Charge compensation Combined effects Decreasing enthalpy Ref.

Extrinsic (SSS) 5 Neutral Sn�Ti ¼ Ti�S þO�O Present workExtrinsic (ISS) 4 + 5 Redox 1=2Sn
����
i ¼ 2Ti0Ti þO�O

Fig. 4 (a) Photoluminescence spectra, (b) variation in inverse 570 nm intensity, true density and
Ti3þ

Ti3þ þ Ti4þð Þ

� �
as a function of Sn4+ doping level, (c)

unipolar polarization curves (vertically offset) measured at 2.0 kV mm�1, and (d) variation in coercive field, EC as a function of Sn4+ doping level for
(Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10).
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of [Sn4+] in Fig. 4(d). Relative to undoped (Ba0.85Ca0.15)-
(Ti0.92Zr0.08)O3, the addition of Sn4+ lowers the EC, making the
materials ferroelectrically soft. The change is greatest for
x = 0.02, indicating that only a small amount of Sn4+ is capable
of reducing the energy barrier for domain switching. The
negative slopes for interstitial Sn4+ compared to the nil slope
of the substitutional Sn4+ indicates that the mechanism of solid
solubility plays a key role in facilitating domain switching.
Furthermore, the gradual approach of the EC toward 0 suggests
the potential for complete elimination of the energy barrier to
domain switching.

The EC data for the doped samples are interpreted in terms
of the PL data (Fig. 4(a) and (b)), which reveal the pervasive
effect of intrinsic oxygen vacancies and associated color cen-
ters. Since oxygen vacancy annihilation (assignment 5) has the
lowest energy requirement and so would be expected to occur
readily, then this provides the driving force for the trend
observed in Fig. 4(d). This is consistent with the effect of oxygen
vacancies, which hinder domain wall motion through pinning
effects.240–242 Thus, the gradual annihilation of intrinsic oxygen
vacancies would cause a similar trend in increasing the soft
ferroelectricity with increasing [Sn4+]. However, the monotonic

trend in Fig. 4(d) in the EC does not mirror the multiple
trends in Fig. 4(b). This is because Fig. 4(b) shows the effect
of assignment 4 only (Ti reduction) and Fig. 4(d) shows the
effect of assignment 5 only (oxygen vacancy annihilation).
This differentiation thus allows decoupling of the data for the
two solid solubility mechanisms. Such flexibility offers advan-
tages over the more conventional approach for (Ba,Ca)-
(Ti,Sn,Zr)O3

60,62,63,67,75 that assumed B-site substitutional solid
solubility (and hence neutral charge compensation) and unex-
plained charge compensation by oxygen vacancy formation.
The alternative of A-site substitutional solid solubility would
result in oxygen vacancy annihilation.

Fig. 5(a) shows the RT bipolar ferroelectric hysteresis (P–E)
loops measured at 4.0 kV mm�1. All of the compositions exhibit
well-shaped symmetric hysteresis loops with clear saturation,
again confirming their conventional ferroelectric nature. How-
ever, with increasing Sn4+ doping level, the P–E loops become
narrower, suggesting that Sn4+ reduces the maximal polariza-
tion (Pmax) as well as the remanent polarization (Pr), ultimately
eliminating the Pr at x = 0.10. These trends clearly demonstrate
that the addition of Sn4+ lowers the energy of the domain wall
movement, thus facilitating the domain switching.243–245

Fig. 5 (a) Bipolar polarization curves (vertically offset) measured at 4.0 kV mm�1, (b) variation in Pmax as a function of temperature, (c) bipolar strain
curves as a function of electric field and (d) variation in bipolar strain (%) as a function of composition for Sn4+-doped (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3

(x = 0.00–0.10).
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The temperature-dependent bipolar hysteresis curves mea-
sured at 2.5 kV mm�1 in the range 251–140 1C also are provided
in Fig. S4. These data were used to determine Pmax (Fig. 5(b))
and Pr (Fig. S5). These data are consistent with the observation
concerning Fig. 4(c), thus indicating that [Sn4+] effectively
disrupts the long-range order, creating short-range polar
regions that lower the energy required for domain wall move-
ment, which is a requirement for high-performance energy
storage materials. Furthermore, the variations in Pr with
increasing temperature (Fig. S5) are consistent with a shift in
polymorphic phase transformation temperatures at different
Sn4+ doping levels. These data also reveal that the addition of
Sn4+ lowers the tetragonal - cubic transformation temperature
(Curie temperature, TC), ultimately reaching RT at x = 0.10.

3.8. Electromechanical property analysis

The unary phase diagrams for BaTiO3 (Fig. S2) show the
influence of stress (and resultant strain) on the phase transfor-
mations of this material. The bipolar strain curves as a function
of electric field are shown in Fig. 5(c), which reveals the change
in shape of the strain curves with increasing Sn4+ content.
These data confirm the gradual reduction in spontaneous
strain. Fig. 5(d) shows the variations in the values of positive
(Spos) and negative (Sneg) strains as a function of Sn4+ doping
level, where the two inflections at x = 0.04 and x = 0.08 reflect
relatively high respective net strain (DS) values of 0.125% and
0.144%.

These data are also interpreted in terms of the PL data
(Fig. 4(a) and (b)), which suggests that the gradual reduction in
Sneg with increasing Sn4+ content is associated with the process
of oxygen vacancy annihilation. In contrast, the Spos data show
a decreasing trend but accompanied by small increases in
strain at x = 0.04 and x = 0.08. Since the PL data for defect
concentration (Fig. 4(b)) show a maximum at x = 0.04, then the
correlation between the first inflection and the associated
stress-induced orthorhombic - tetragonal phase transforma-
tion is clear. However, the second inflection at x = 0.08, which
reveals minimal defect concentration, exhibits the highest
strain in the doped samples. This is interpreted in terms of
the transmission of stress and resultant strain, where strain is
facilitated by stress transmission through a ‘‘perfect’’ lattice, in
contrast with decreased strain from a more compliant lattice
distorted by intrinsic V��O . As discussed, at x = 0.08, minimal
defect concentration through maximal oxygen vacancy annihi-
lation is expected, which decreases the compliance and so
stiffens the lattice, thereby increasing the strain. The signifi-
cant reduction in strain at x = 0.10 is attributed to the
introduction of large-scale microstructural defects in the cubic
(Pm%3m) grains, thus resulting in considerable microstructural
disturbance and resultant compliance.

3.9. Dielectric property analysis

Fig. 6(a) shows the variation in maximal dielectric constant
(emax) as a function of electric field. These data reveal that the
optimal samples exhibit emax, values in the range 12 000–15 000

(RT, 4.0 kV mm�1, 0.5 kHz) for x = 0.06–0.10. These data show
an apparent inconsistency for x = 0.06 and 0.08. The transition
from the higher value at x = 0.06 to the lower value at x = 0.08
would result from the transition from minimal to maximal
substitutional solid solubility, this component of which effec-
tively would not contribute to the dielectric polarization. This
range in maximal dielectric constant may be contrasted
with those for (Ba0.90Ca0.10)(Ti0.75Zr0.25)O3 (bulk material) of
1992 (RT, 2.0 kV mm�1, 10.0 kHz)246 and for (Ba0.85Ca0.15)-
(Ti0.90Zr0.10)O3 (thin film) of 1600 (RT 100.0 kV mm�1,
10.0 kHz).247 Furthermore, the low slopes of the plots in
Fig. 6(a) indicate relatively stable dielectric constants for the
range of fields examined (r4.0 kV mm�1). Thus, these materi-
als are potential candidates for energy storage since they
exhibit very high dielectric constants.

3.10. Energy storage efficiency analysis

Fig. 6(b) shows the variation in charge (Wtot) and discharge
energy densities (Wrec + Wloss) measured at room temperature
as a function of Sn4+ doping level. These data reveal that the
incorporation of Sn4+ is beneficial in reducing the loss energy
densities (Wloss). The recoverable energy densities (Wrec)
increase with increasing Sn4+ doping level up to x = 0.10, at
which point the Wrec approaches Wtot, thus showing that the
loss associated with the discharge energy density is negligible
at x = 0.10.

The data in Fig. 5(a) and Fig. S4 were used to calculate the
energy storage efficiencies, which are shown in Fig. 6(c) and (d).
The electric-field-induced energy storage efficiency (Z) data in
Fig. 6(c) suggest four performance regions (x = 0.00, 0.02–0.04,
0.06–0.08, and 0.10). These data are consistent with the bipolar
strain data, which reflect the solid solubility mechanisms.

In the parent BaTiO3 structure, the two types of interstices
are in twofold (unit cell edge) and threefold (tetrahedral
void base) coordinations. With interstitial solid solubility, the
introduction of the electronegative effect of the irregularly
localized Sn4+ solutes would disrupt the long-range dipole order
and generate short-range order. Such disruption is associated
solely with relaxor ferroelectrics, which display a rapid response
to applied electric fields and hence increased Z. Since Sn4+-
doped Ba(Ti1�xSnx)O3 (0.10 r x r 0.27) exhibits relaxor
characteristics,248 then it is probable that, Sn4+-doped
(Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10) would exhibit
relaxor behavior at x 4 0.10.

The electric-field-induced temperature-dependent permittiv-
ity curves are given in Fig. S6, which suggests shifts in the
polymorphic phase transformation temperatures toward RT
with increasing Sn4+ doping level. These data explain the
presence of Pm%3m at x = 0.10, as detected by room-
temperature XRD (Fig. 1(b)).

Since thermal stability is an important aspect for practical
applications of energy storage materials, then the energy sto-
rage efficiencies are shown in Fig. 6(d). These data were
generated from the corresponding (201–140 1C) bipolar hyster-
esis curves (Fig. S4). The trends in the data, which generally
approach constancy, indicate the potential for both high and
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constant energy-storage efficiencies. This is particularly the
case for x = 0.10, where Z is 495% for RT to 130 1C.

Fig. 7(a) and (b) show plots of the energy-storage efficiencies (Z)
vs. recoverable energy densities (Wrec) reported during the period

Fig. 7 Comparison plots for data reported during 2013–2024 for BaTiO3-based systems (a) r2.5 kV mm�1 (present work: green- and red-shaded
regions), and (b) 42.5 kV mm�1 (present work: with given x values).

Fig. 6 Variation in (a) maximal dielectric constant (emax) as a function of electric field, (b) charge and discharge energy densities with Sn4+ doping level,
and energy storage efficiency (Z) as a function of (c) electric field and (d) temperature for Sn4+-doped (Ba0.85Ca0.15)([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10).
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2013–2024 for BaTiO3-based materials,50,63,67,68,122,249–273 including
the relatively few studies of Sn4+-doped (Ba0.85Ca0.15)(Ti,Sn,Zr)O3

(202263,67 and 202382). The data shown in Fig. 7(a) and (b)
are tabulated in Table S5. These data reveal that the majority
(B61%) of these studies involved the application of low electric
fields (r2.5 kV mm�1) and low temperatures (r100 1C). Of these
thirty publications, only two provided data for Z for the simulta-
neous conditions of high electric field (42.5 kV mm�1) and high
temperature (4100 1C).68,273 This is a critical distinction since both
of these parameters influence the Z significantly.

Fig. 7(a) also reveals that nearly all of the previously reported
BaTiO3-based studies exhibit comparatively low Wrec (grey-
shaded region, o100 mJ cm�3). Conversely, the present study
reports a linear trend with significantly higher values of Z at RT
and low electric fields. At higher temperatures and low electric
field, the materials exhibit a linear trend in Z for the materials
that outperforms all reported equivalent data. Fig. 7(b) sum-
marizes similar recent reports of energy storage performance in
terms of Z but at high electric fields. These data reveal that the
highest Sn4+ doping level (x = 0.10), which is from the present
work, exhibits an Z value (495%) that is the highest recorded
for BaTiO3-based materials.

4. Conclusions

The present work highlights the significance of the basic
science of piezoelectric ceramics using a lead-free analogue of
BaTiO3-based materials, specifically Sn4+-doped (Ba0.85Ca0.15)-
([Ti0.92�xSnx]Zr0.08)O3 (x = 0.00–0.10). The effects of the solid
solubility mechanism, charge-compensation process, and
defect equilibria on the structural, chemical, electromechani-
cal, and energy-storage properties were examined using a
comprehensive suite of analytical techniques. Although such
systems are considered universally to exhibit substitutional
solid solubility, the present work demonstrates that, for this
specific set of compositions and processing procedures,
identification of the actual solid solubility mechanism, resul-
tant charge compensation, and associated defect chemistry are
essential in order to interpret materials properties and perfor-
mance. The XRD and Raman data reveal the existence of mixed
polymorphs (x = 0.00–0.08: Pmm2 + P4mm; x = 0.10: Pmm2 +
P4mm + Pm%3m). The XPS data confirm three, sequential,
solubility-driven, redox mechanisms. The two inflections
observed at x = 0.04 and x = 0.08 are stress-induced and
attributed to the achievement of saturation solid solubility in
P4mm. More broadly, x = 0.04 reveals saturation for interstitial
solid solubility and x = 0.08 indicates saturation for substitu-
tional solid solubility. The observation from the inverse PL data
of the maximal defect concentration (i.e., lowest stability) at x =
0.04 reflects the dominance of redox-charge compensation. In
contrast, the minimal defect concentration (i.e., highest stabi-
lity) at x = 0.08 reflects the role of interstitial Sn4+ in annihilat-
ing intrinsic oxygen vacancies, thus stabilizing the structure.
The expected higher stability at x = 0.10 was not observed owing
to the introduction of a third phase Pm%3m.

The polarization data indicate a decrease in the oxygen-
vacancy-induced pinning effect with increasing Sn4+ doping
level. The bipolar strain data reveal high net strain (DS) values
at x = 0.04 and x = 0.08 owing to changes in the solid solubility
mechanism. These data reveal the great potential for x = 0.10 in
energy storage, where an efficiency of 495% was achieved over
the temperature range 251–130 1C. This is the highest energy
storage efficiency reported to date for the system (Ba,Ca)(-
Ti,Zr,Sn)O3. The other Sn4+-doped compositions from the pre-
sent work also exhibit notably high energy-storage efficiencies
up to 130 1C, thus making these materials suitable for high-
temperature energy-storage applications.

This synthesis of experimentation and mechanistic inter-
pretation in the present work provides a basis for the engineer-
ing of piezoelectric materials with improved electromechanical
properties and energy-storage performance. This approach can
inform the strategic selection of dopants of specific characteristics
that result in the establishment of different solid solubility mechan-
isms, corresponding charge-compensation processes, and asso-
ciated defect equilibria, all of which play a pervasive role in the
resultant properties.

More broadly, the present work applies a case study to test
the apparent paradigm of the general assumption of substitu-
tional solid solubility in the case of doping studies. This
common practice for oxide perovskites and for many other
materials, if not justified, has ramifications for the defect
equilibria and associated performance of functional materials
owing to the practice of stoichiometry compensation during
fabrication. That is, the outcome can be unsuspected cation
vacancies (ionic charge compensation), electron or hole gen-
eration (electronic charge compensation), or cation reduction
(redox charge compensation). The present work shows that this
assumption may not be justified. Thus, if there is one case of
interstitial and/or mixed solid solubilities, there may be others.

The present work also introduces the possibility of deter-
mining the solid-solubility mechanism without resorting to the
application of analytical techniques such as neutron diffraction
(ND), X-ray absorption spectroscopy (XAS), small-angle X-ray scat-
tering (SAXS), and/or solid-state nuclear magnetic resonance
(NMR). The present work reveals that assessment of the defect
equilibria through the use of common experimental techniques is a
powerful yet simple method that can lead to the determination of
the solid solubility mechanism. These methods, used singly or
combined, include X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), photoluminescence (PL) by laser Raman micro-
spectroscopy, and/or true density by He pycnometry.
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