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Abstract

Phase formation of sodium bismuth titanate (NaosBio.sTiO3 or NBT) and its solid solution
with barium titanate (BaTiOs or BT) during the calcination process is studied using in situ high-
temperature diffraction. The reactant powders were mixed and heated to 1000°C, while X-ray
diffraction (XRD) patterns were recorded continuously. Phase evolutions from starting materials
to final perovskite products are observed, and different transient phases are identified. The
formation mechanism of NBT and NBT-xBT perovskite structures is discussed, and a reaction
sequence is suggested based on the observations. The in situ study leads to a new processing
approach, which is the use of nano-TiO, and gives insights to the particle size effect for solid-
state synthesis products. It was found that the use of nano-TiO- as reactant powder accelerates
the synthesis process, decreases the formation of transient phases, and helps to obtain phase-pure

products using a lower thermal budget.
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Introduction

NBT is one of the leading candidates currently under investigation as a lead-free
alternative to the commonly used lead zirconate titanate (PZT) based materials.™ 2 Due to the low
piezoelectric constant and high coercive field of NBT, it is often investigated in solid solution
with other ferroelectric materials.> One such emerging system that has received significant
attention in recent literature is the solid solution of NBT with the classic ferroelectric material
BaTiOs, often referred to as NBT-xBT. The improved piezoelectric properties reported for this
material system make it a viable alternative for certain applications in which PZT is currently
utilized.* > In order to broaden the application range of NBT-xBT and make it as versatile as PZT,
a better understanding of the underlying formation mechanism and various factors that affect the
properties of NBT-xBT is necessary and critical.

In situ high-temperature XRD is applied in the present work instead of ex situ
characterization methods. Nowadays, revolutionary improvements in laboratory powder
diffraction systems enable studies of various material systems under applied stimulus (e.g.
temperature, atmosphere, pressure, and electric field), which provides valuable structural
information of structure-property relationships, changes in structures, and phase evolution with
applied stimuli.% 7 Even though ex situ methods can offer less noisy XRD patterns due to higher
sampling statistics and longer counting time, traditional quenching methods used in ex situ
methods limit the ability to capture phase evolution that happens in real time. To better
understand the formation mechanism and phase evolution of NBT and NBT-xBT during solid

state synthesis, in situ XRD patterns were obtained and investigated.



Experimental

Oxide powders of Bi20Os, TiO2, Na:COs, and BaCOs (purity>99.5%, Wako Pure
Chemical Industries) were combined in stoichiometric amounts to obtain various compositions
across the NBT-xBT phase diagram. The compositions examined in present work were NBT,
0.94NBT-0.06BT (NBT-6BT), 0.91NBT-0.09BT (NBT-9BT), and 0.87NBT-0.13BT (NBT-
13BT). For each composition, a second set of reactant mixtures was prepared using nano-
crystalline TiO2 (30 nm, 99.9% purity, Showa Denko K. K.). All the mixed powders were ball
milled in ethanol with 5 mm diameter yttria-stabilized zirconia milling media for 24 hours. After
drying, the powders were ground and sieved through a 200 pum sieve. Thermogravimetric
analysis (TGA) was performed on the prepared powders by using a conventional TGA from TA
instruments, with a temperature range of 25°C to 950°C and a heating rate of 10°C/min.

In situ powder diffraction patterns were measured on a PANalytical Empyrean
diffractometer using Cu K-alpha radiation with a average wavelength of 0.1542 nm, and with a
PIXcel!P Detection System and a HTK 1200N high-temperature oven-chamber. The HTK
1200N heating stage is factory-mounted onto a z-axis, which is adjustable for sample height
compensation. Spinning of the sample improves the statistics of the measurement by bringing
additional particles into the diffraction condition. The prepared powders were loaded into an
alumina sample holder with an inner diameter of 16 mm and a depth of 0.4 mm. A heating rate
of 5°C/min was used to heat the samples from room temperature continuously to a maximum
temperature of 1000°C, followed by holding at 1000°C for 2 hours and then cooled down to
room temperature with a cooling rate of 5°C/min. Diffraction patterns with a 26 range of 15° to

90° were acquired continuously during heating, holding, and cooling periods. Each individual



pattern was measured for 2 mins, which represents a temperature range of 10°C in the heating

and cooling process.

Results and Discussion
I. Calcination Profile

A 3-D shaded surface plot of the diffraction patterns measured during the in situ
calcination of NBT-6BT is shown in Fig. 1 with intensity on a log scale. The bottom diffraction
pattern in this figure represents the reactant mixtures at room temperature, while the top pattern
is that of the calcination product at 1000°C. Fig. 1 reveals a great deal of information about the
behavior of the starting materials, transient phases, and final products during the calcination
process. A compilation of the calcination profiles of all of the different compositions is shown in
Fig. S1.1-S1.8 in the supplemental information.

By matching the Bragg peaks of the XRD pattern at room temperature with the
International Center for Diffraction Data (ICDD) database, the phases of starting materials were
identified as following:

e v-NaxCOsz with a monoclinic C2/m structure (Space group #12, ICDD reference
code: 01-075-6816)

e TiO,, with a tetragonal I14:/amd structure (Space group #141, ICDD reference
code: 04-014-5764)

e Bi»O3, with a monoclinic P21/c structure (Space group #14, ICDD reference code:
04-003-2034)

e BaCOgz, with an orthorhombic Pmcn structure (Space group #62, ICDD reference

code: 04-015-3221)



The diffraction pattern of NBT-6BT at room temperature before calcination was extracted from
Fig. 1, and re-plotted in Fig. 2(a), and those reactant powder phases were noted below the pattern
for a better reference.

With increasing temperature, several peak changes from the starting materials are notable
in the 3-D surface plot Fig. 1. To better present the peaks described below, a magnified view of
26 from 23.5° to 34.0° can be found in Fig. S2 in the supplemental information. Peaks of y-
Na>COs3 disappear above 350°C, (e.g. the peak at 20~30.1° belonging to (002) plane of y-
Na.CO3), suggesting the complete reaction of this phase. The TiO2 phase was fully reacted above
550°C, indicated by (101) peak at 20~25.3°, which has the highest intensity in the tetragonal
TiO, pattern. The Bi»O3 phase had reacted by 700°C. The majority of the peaks observed in the
room temperature XRD pattern belong to Bi»O3z due to the higher atomic scattering factor of Bi
and the structure of Bi2Os. Additionally, the positions of different peaks of Bi>Osz shift with
varying magnitudes during heating due to anisotropic thermal expansion. For example, the
different behaviors of (121)/(122) peak and (200) peak suggests different interplanar spacing
expansions under the same temperature increment. Similar behavior is observed across the whole
20 ranges in Bi2Os3, which indicates significant lattice changes of Bi.O3 during heating. The
BaCOz phase disappeared at 780°C, indicated by (111) peak at 26~23.9°. It is important to note
that the temperature at which BaCOs fully reacted in our experiment is lower than the
thermodynamic equilibrium temperature for direct decomposition of BaCO3 (which is normally >
820°C)8, suggesting a direct solid—solid reaction between BaCO3 with other reactants.®°

As shown in Fig. 1 and Fig. S1.1-S1.8, the perovskite structures began to form at 600°,
which agrees well with TG-DTA analysis of NBT and NBT-based materials.t* 12 The diffraction

pattern at 750°C was extracted and re-plotted in Fig. 2(a) to show the formed cubic perovskite



phase. Moreover, addition of BaCOs does not change the perovskite formation temperature.

After cooling, the final products exist as perovskite NBT or the NBT-xBT solid solution.

I. Formation Mechanism

Selected Bragg reflections from the calcination profile of NBT-6BT are presented in Fig.
3(a)-(e) to show more details of the phase evolution; profiles for other compositions can be
found in Fig. S3.1-S3.8 in the supplemental information. The in situ XRD data of NBT-xBT in
the present work agrees with the previous observation of NBT by Aksel et al.*® Similar to Aksel
et al., we examined the evolution of the Bragg peaks from the starting mixtures to the final
perovskite phases of NBT-xBT, and classified the evolution of these peaks into two types:
discontinuous type (perovskite peaks form discontinuously from the reactant peaks, e.g. (100)
peak in Fig. 3(a)) and continuous type (perovskite peaks form continuously from the reactant
peaks, e.g. the (111), (002), and (211) in Fig. 3(c)-(f)). By peak identification, we confirmed that
these reactant peaks belongs to Bi-Oz phase. Therefore, the continuous transition between the
reactant and perovskite peaks suggests a particle conversion mechanism, proposed by Aksel et
al., that BioOz may act as a host for a diffusion-dependent conversion process during the
development of NBT and NBT-xBT perovskite structure. Aksel et al. also studied the structure
relation of Bi2Os and NBT perovskite, and found the similarity in the orientation of the planes in
the NBT and Bi>Os phases for the continuous type peaks. This observation furthermore supports
the mechanism that appropriate concentrations of other necessary constituent elements
incorporate into Bi,Oz and this structure transforms into the perovskite structure. A detailed

description of particle conversion mechanism can be found in Ref. 13.



In addition, Aksel et al. stated the perovskite (110) peak, located in the 26 range of 32.0°-
34.0°, belongs to discontinuous type. However, in our observations, the peak at 26~32.5°, which
belongs to the Bi»Os (211) plane, transforms to the perovskite (110) peak. A figure describing
the similarity in the orientation of the perovskite (110) and the Bi,O3 (211) can be found in Fig.
S4 in the supplemental information. The absence of the Bi.Os (211) peak in the prior study
might result from the limited resolution of the X-ray diffractometer used.

It is important to note that the particle conversion mechanism in formation of NBT-xBT
is different from the well-studied formation mechanism of BaTiOz perovskite. Two main
reaction stages during the formation of BaTiOs were confirmed by various studies.® 1% 1418 The
first step is dominated by nucleation and growth of BaTiOs at the TiO2/BaCOs contact points and
at the TiO> surface. Rapid formation of a BaTiOs layer occurs at the surface of TiO. due to
surface diffusion of BaCOs. The second step occurs by diffusion of Ba?* and O% ions from
BaCOs to TiO2 core through the BaTiOs perovskite layer, forming a core-shell structure during
formation. Growth of this BaTiOz shell happens until consumption of the TiO> core. Unlike the
formation of NBT-xBT, no continuous peak transition from reactants to perovskite were
observed by in situ diffraction studies in BaTiOg, further supporting that the formation of BaTiOs
origins from reactions at the interface, instead of the gradual conversion from a structural host to

final product.

I11. Transient Phases during Synthesis
Some peaks, which do not belong to either the reactant powders or final products, were
also observed in specific 20 and temperature ranges. Fig. 4 shows an example of those transient

peaks which occurred during the calcination in the 20 range of 28.0°-32.0°. These peaks were



classified into 3 different categories based on different behaviors as a function of temperature or
composition. The ICDD was used to identify phases that include Bi, Ba, Na, Ti, and O, and
might contribute to these peaks. The phases identified from the ICDD were cross-referenced
against the observed transient peaks, and three phases were determined to be a good match: Type
1-BaTiOg3, Type 2-BisTi3012, and Type 3-Ba>TiO4, which are generically referred to at the top of
Fig. 4. A diffraction pattern of NBT-6BT at 750°C is shown in Fig. 2(b), and those identified
phases are marked below the pattern. The following paragraphs discuss each type of transient
peaks in details.

The peak at 26~31.5° (Type 1 in Fig. 4) is the second most intense peak above 650°C,
besides the perovskite final product peak at 26~32°. This peak can only be observed in NBT-xBT
compositions, and is not present in NBT. Also, intensity of this peak increases with increasing
BT concentration. At the end of the heating steps, this peak remains in all of the Ba-containing
compositions, but disappears after the holding period of 2 hours at 1000°C, as shown in Fig. S5
in the supplemental information. There are additional peaks (e.g. at 26=38.6°, 45.5°, and 56.0°)
which are also near to the perovskite peaks for the NBT-xBT final product. The positions of
these peaks indicate the presence of another perovskite-like phase. By phase identification using
the ICDD database, the most reasonable transient phase that contributes to those peaks is BaTiOs3,
with a cubic Pm3m structure (ICDD reference code: 04-013-6212). The formation of BaTiOs is
likely a direct result of increased interaction between TiO, and BaCOs particles due to
inhomogeneous local distribution. Additionally, the formation of BaTiOs, which is closely
related to the perovskite NBT and NBT-xBT, can presumably lower the energy barrier for the
final conversion. It appears that a portion of the reactants firstly form BaTiO3z which then

incorporates into the major NBT-xBT phase during the hold at 1000°C.



The peak at 26=30.0° (Type 2 in Fig. 4) is obvious in NBT and NBT-6BT samples. This
peak only exists from 600°C to 800°C, which is different from the behavior of BaTiOz peaks.
The phase identification result from the ICDD suggests this peak is the strongest reflection of
Bi4TizO12 with an orthorhombic B2eb structure (ICDD reference code: 04-009-5135). BisTi3O12
has also been reported as a secondary phase by other studies on similar perovskite systems. For
example, Xu et al. reported an intermediate phase of BisTizO12 in NBT in the 500°C to 550°C
range using the citrate synthesis method;!® Morozov et al. suggested the formation of BisTizO12
from Bi»O3 and TiO2 becomes noticeable at temperatures above 600°C;?° Aksel et al. reported
BisTizO12 secondary phase in the 500°C to 650°C temperature range using in situ XRD
method.'® The various observed temperature ranges of BisTisO12 might result from different
starting powders, processing methods, and/or different heating rates. The previous studies,
together with this current work, strongly suggest the existence of a secondary reaction and a
transient BisTizO12 phase during the processing of NBT and NBT-xBT. The relative intensity of
BisTi3012 decreased with increasing BT content, likely because there are less Bi precursors and
Ba suppresses the reaction between Bi,O3 and TiO that occurs at particles’ interface.

The peak at 26~29.0° (Type 3 in Fig. 4) is distinguishable in NBT-xBT (Fig. 4(b)-(d)),
while invisible in NBT. This peak is firstly observed at 650°C and disappears above 850°C. With
increasing BT concentration, the intensity of the Type 3 peak increases, suggesting this phase is
Ba-dependent. This peak also displays different behaviors in samples that are prepared with
different types of TiO2 (e.g. Fig. 4(d) and (f)), suggesting this phase is also Ti-dependent. Prior
literature reported the co-existence of Ba>TiOs in the processing of BaTiOsz or BaTiO3z based
materials,® 222 and this phase agrees with our phase identification result (monoclinic P21/n,

ICDD reference code: 00-035-0813). Alternately, Triamnak et al. previously observed the



BaBiOs phase, which can also fit the given peak at 26~29.0°.22 However, BaBiOs is a less likely
candidate due to the lack of Ti in the material. Therefore, the most likely phase corresponding to
the Type 3 peak is Ba>TiOs. The formation of Ba>TiOs may be due to the interaction between
BaCOgz and TiOs.

Formation of all of the above transient phases occurred discontinuously from the reactant
peaks, suggesting the transient phases form via a nucleation and growth mechanism, instead of
the particle conversion mechanism that occurs in the formation of NBT-xBT. Transient phases

finally convert to the NBT or NBT-xBT perovskite phase after heat treatments.

IV. Transformation of Na,COs

In addition to the transient phases, an interesting phase transformation of Na>COs was
also observed in the present work. There is a notable feature in Fig. 1 and Fig. S1.1-S1.8; a low
intensity peak which starts at 20~30.1° and shifts to 20~28.0° at a rapid rate in the temperature
range of 150°C to 450°C. A magnified view for this specific area can be seen in Fig. 5. The
Bragg peak at this 20 position can be indexed as Na,COs. At atmospheric pressure, Na,CO3
exists as four polymorphs (a, B, v, and 8), and continuous phase transitions between the a, f and
v phases at various temperatures were reported using infrared absorption and neutron powder
diffraction studies.?>2’ At room temperature, Na,COs is present in its monoclinic y-phase and it
transforms to the monoclinic B-phase with heating. The rapid shift in this observed Na,COz3 peak
is attributed to the higher rate of thermal expansion in B-Na.COs.2’ Based on an infrared
absorption study by Harris et al.,?® the transition of y-phase to p-phase finishes at 346°C, which
agrees well with our in situ XRD data that shows the disappearance of y-phase (002) peak

(26~30.1°) at =~350°C. Additionally, they reported that transition of f-Na2COz to a-Na>COs starts
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at 346°C and ends at 490°C, which also matches with our experimental data that shows f-
Na>CO3 disappeared at ~500°C. For temperatures above 500°C and below 600°C, Na,COs3 exists
in the a-phase, and the Bragg peaks of a-Na,COz are covered by stronger BiOs peaks in our
study.

In summary, according to the present in situ XRD data, the reaction processes that occur
during the phase formation of NBT-xBT can be represented by the following steps:

(Primary phase sequence)

A (25°C—350°C)
e y-Na,CO3 —— > B-NaxCOs

A (350°C—500°C)
e [B-NaoCO3 ———  — 0-NaxCOs3

1-x . 1-x . A (600°C—1000°C,then hold 2 h)
] e a-Na;CO3+TiO+ e Bi,O3+xBaCOs3 NBT-

1+3x
4

XBT+

CO2(9)

(Secondary phase sequence)

. A(650°C—1000°C,then hold 2 h) .
e BaCO3+TiO; BaTiO3+CO: ()

)  A(600°C—800°C) .
e 2Bi203+3TiIO ————— > BisTi13012

_ A(650°C—850°C) )
e 2BaCO3+TiO; —— > BaxTi04+2CO02 (Q)

TGA results in Fig. S6 in the supplemental information agrees well with the conclusions
drawn from in situ XRD. As shown in Fig. S6(a), the weight loss steps at 385°C might
correspond to the transition of B-Na>COz to a phase, and the partial decomposition of Na>COs;
the significant weight drop at 623°C contributes from the reaction between raw powders and the
formation of NBT-xBT; the small weight loss at 820°C comes from the formation of secondary

phases.
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V. Nano Particles Effects

Based on the particle conversion mechanism, we hypothesize that the particle sizes of the
starting materials will affect the phase sequence: if the size of TiO2 particles is reduced, the
incorporation of those particles into the BiOs host can be promoted, and therefore the
conversion process will be accelerated. The reason that nano crystalline BioOz was not varied in
this study is that decreasing the host particle size (i.e., the use of nano-Bi.O3) would result in
smaller grain sizes of the final products. In contrast, the present study focuses on accelerating the
reaction by varying the size of the particles consumed in the reaction. Grain size effect on the
final products' electrical properties has been reported on different systems, e.g. Hao et al. states
decreasing grain size leads to weaker piezoelectric properties and lower resistance to thermal
depoling in (BaxCai-x)(ZryTi1-)03;2® McCauley et al. studied the intrinsic size effects of BaTiO3
on dielectric constant, loss, and transition temperature, and found ferroelectric transition cannot
be supported below a critical grain size.?° By using nano-TiO2, potential changes in grain size
effect can be mitigated since the host particle size remains the same. Decreasing the size of the
TiO, particles can also affect the phase transition. Binder reported both first- and second-order
transitions get smeared and shifted due to particle size effect based on Monte Carlo
simulations.® Various studies have proved that decreasing particle size can lower the calcination
temperature, suppress secondary phases, and affect the performance of the materials.l” 3134
Therefore we expect fewer secondary, transient phases and lower phase formation temperature in
this material system by using nano-TiO>. To better understand the mechanism, and to prove our
hypothesis, nano-TiO, based reactant mixtures for NBT and NBT-xBT were prepared, and their

calcinations were investigated in situ.
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The particle size of the reactant TiO2 powder has several effects on the calcination
process of NBT and NBT-xBT. The in situ calcination profiles of nano-TiO based compositions
can be found in Fig. S1.5-S1.8 and Fig. S3.5-S3.8 in the supplemental information. Diffraction
patterns within a limited 20 range to emphasize the transient phases in nano-TiO. based
compositions are given in Fig. 4(e)-(h). The use of nano-TiO> shifted the temperature of the
perovskite formation down to 500°C, in comparison to the formation temperature of 600°C in
compositions prepared using normal commercial TiO., confirming our hypothesis that the
conversion process will be accelerated. Along with the perovskite final product, the transient
phases also shifted to a lower temperature ranges by using the nano-TiO.. For example, the
BisTi3012 phase is firstly observed at 550°C and disappears at 750°C in Fig. 4(e), showing a
50°C decrease from the normal-TiO2 based compositions; the BaTiOz phase is no longer present
at the end of the heating cycle, suggesting a phase-pure NBT-xBT is obtained without holding at
1000°C for more thermal input. The difference of TGA results between normal-TiO> based and
nano-TiO2 based reactant powders strengthens our arguments. For example, as shown in Fig.
S6(a) and (b), the derivative weight peak at 623°C, suggesting the formation of NBT-xBT,
dropped to 552°C by using nano-TiO2 method, while the derivative weight peak at 820°C,
showing the formation of secondary phases, dropped to 700°C by using nano-TiO». Additionally,
the relative intensity of the transient peaks is reduced for the compositions prepared with nano-
TiO2, some of the transient peaks shown in normal-TiO, based compositions cannot even be
observed, confirming our hypothesis that less secondary phases form in the system. The lower
formation temperature and weaker intensity of transient phases likely results from the greater
specific surface area of nano-TiO.. The area where the reactants can interact is increased in

nano-TiO; particles, which can allow for more contact area through which TiO2 can incorporate
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into Bi>Os to form the final product or react with other particles to form transient phases. High
surface area also provides higher stored energy for solid-state synthesis.3® Therefore, the reaction
dynamics appear to be accelerated by using nano-TiO., and NBT-xBT products with higher

purity can be achieved with a lower calcination temperature and smaller thermal budget.

Conclusion

In summary, an in situ XRD study of the phase evolution behaviors of NBT and NBT-
XxBT during solid-state synthesis was reported. Based on our observations, the formation of NBT
and NBT-xBT perovskite products can be explained using the particle conversion mechanism.
By examining the in situ XRD patterns of different compositions, it is clear that intermediate
phases strongly influence the phase development of NBT and NBT-xBT, and the addition of
BaCOs dramatically changes the phases present, reaction sequence, and temperature ranges of
those intermediate phases formed during synthesis. The formation of the perovskite final
products is a complex reaction sequence with multiple steps, several of which were described in
this work. Studying the reactions in situ helps to explain known phenomena in the NBT-xBT
system, and is useful in improving processing route. The use of nano-TiO, as reactant powder
accelerates the synthesis process, decreases transient phases, and offers potential for obtaining
high purity multicomponent products with lower processing temperatures, in which final

products with tailored and predictable properties could be prepared.
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Appendix

FIG. 1. in situ diffraction patterns taken during the heating stage of solid-state synthesis of NBT-
6BT.

FIG. 2. Diffraction patterns of the mixed reactant powders of NBT-6BT (a) before calcination,
and (b) during calcination at 750°C. Phases of reactant were identified in (a); cubic
perovskite phase and transient phases during calcination were noted in (b).

FIG. 3. Selected Bragg reflections from the calcination profile of NBT-6BT. The perovskite peak
at the top of each subplot is (100), (110), (111), (002), and (211) for (a) to (f),
respectively.

FIG. 4. in situ calcination profile in the 260 range of 28.0°-32.0° for NBT, NBT-6BT, NBT-9BT,
NBT-13BT (a to d); and for nano-TiO2 based compositions of NBT, NBT-6BT, NBT-9BT,
NBT-13BT (e to h). (Type 1-BaTiOsz, Type 2-BisTizO12, and Type 3-BazTiOa)

FIG. 5. in situ calcination profile at selected 20 range to emphasize the peak changes of Na2CO3
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