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Abstract—Bi,_,Pr,Ti;0,, (x = 0.4, 0.8, 1.2, 1.6) solid solutions have been prepared by solid-state reactions,
via multistep firing of stoichiometric mixtures of their constituent oxides in air at temperatures from 1003 to
1323 K. Their crystal structure has been determined using X-ray diffraction, and their luminescence spectra
have been measured at room temperature. High-temperature heat capacity of polycrystalline substituted bis-
muth titanate samples has been determined by differential scanning calorimetry. The C,(7) curves of the solid
solutions with x = 0.4 and 0.8 have extrema related to phase transitions. Experimental data have been used to
calculate the main thermodynamic functions of the solid solutions.
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INTRODUCTION

Bismuth titanate, Bi,Ti;O,,, has long been
attracting researchers’ attention [1—4] owing to its
potential practical applications [5]. Of particular
interest are Bi, R Ti;O,, (R = Sm [6]; Pr, Nd, Gd,
Dy [7,8]; Nd [9, 10]; La[11, 12]; La, Pr, Nd, Sm [13];
Eu [14]; Er [15]; Pr[16]) substituted bismuth titanates.
The reason for this is that partial substitutions of rare-
earth elements for bismuth change the properties of the
material. For example, lanthanum substitution for bis-
muth reduces the fatigue and polarization of Bi,_Ti;O,
[5, 12, 17]. Most reports on the study of substituted
bismuth titanate were concerned with its electrical
transport properties [6, 8, 9, 11, 12, 15, 18—20]. In
addition, there are data on the optical properties of
such materials [10, 14, 21—23]. At the same time, data
on the thermophysical properties of Bi,_,RTi;O,,
solid solutions are not available in the literature.

The objectives of this work were to synthesize
Bi,_,Pr,Ti;Op, (x = 0.4, 0.8, 1.2, 1.6) solid solutions
based on layered bismuth titanate and study their crys-
tal structure, luminescence, and thermophysical
properties.

EXPERIMENTAL

Bi,_,Pr,Ti;O, (x=0.4,0.8, 1.2, 1.6) solid solutions
were prepared by solid-state reactions. Appropriate
starting mixtures were prepared using Bi,O; (extrapure
grade), TiO, (extrapure grade), and Pr,0O; (prepared
from Pr,O,, (Alfa Aesar, 99.996%) by a procedure
described previously [24]). The mixtures were pressed
into pellets, which were then sequentially fired in air at
1003, 1053, 1103, 1203, 1253, 1273, 1323, 1273, and
1323 K for 20 h at each temperature. After each firing
step, the pellets were reground and the resultant pow-
ders were then re-pressed.

X-ray powder diffraction patterns of the synthe-
sized samples were collected at room temperature on a
Bruker D8 Advance diffractometer (CukK|, radiation)
equipped with a VANTEC linear detector.

Luminescence spectra were measured at room
temperature on a Horiba Jobin-Yvon T6400 spec-
trometer.

The heat capacity of the Bi,_,Pr,Ti;0,, solid solu-
tions was measured using an STA 449 C Jupiter ther-
moanalytical system (Netzsch, Germany). The exper-
imental procedure was described previously [25].
Experimental uncertainty was within 2%.
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Fig. 1. Unit cells of the (a) 4ba2 low-symmetry and
(b) P4y/nmc  high-symmetry Biy_,Pr,Ti;O, phases.
Insets: independent part of the unit cell.

RESULTS AND DISCUSSION

All reflections in the X-ray diffraction pattern of
Bi; (Pr, ,Ti;0, (x = 0.4) could be indexed in an ort-
horhombic structure (sp. gr. Aba2) with unit-cell
parameters similar to those of unsubstituted bismuth
titanate, Bi Ti;0,, [26]. Note that a similar structure
of Bi,Ti;0,, was reported by Long et al. [4] and Taka-
hashi et al. [18]. According to Long et al. [4], Aba2 can
be obtained by transforming B2cb (Aba2: abc = B2ch:

b'c'a’). Because of this, this structure was used as an
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input model for Rietveld refinement with TOPAS 4.2
software [27].

The independent part of each cell has two Bi sites
occupied by Bi/Prions (Fig. 1a). We refined site occu-
pancies. To improve refinement stability, a limitation
in the form of linear equations was imposed on the
sum of Bi and Prin the cell. Analogous refinement was
carried out for the Bi,_ PrTi;0,, solid solutions with
x= 0.8, 1.2, and 1.6. Verification of the resultant
structures with PLATON [28] and CheckCIF
(http://checkcif.iucr.org) showed that their symmetry
could be raised to tetragonal. A suitable high-symme-
try tetragonal phase related to the Aba2 low-symmetry
phase by group properties (group—subgroup) was
sought with PSEUDO software [29]. The most suit-
able structures, with minimum displacement of coor-
dinates (displacement of atoms less than 1 A), were
two structures with space groups P4,/nmc and
I4/mmm. Test refinement of the x = 1.6 structure in
both models yielded Bragg R factors of 2.39 and 4.60%
for P4,/nmc and I4/mmm, respectively. Because of
this, we chose the P4,/nmc model. Moreover, all of the
oxygens in the /4/mmm structure had large thermal
parameters (B, > 9 A), which clearly pointed out to
problems with coordinates, severe disorder, and cor-
relations between the refinement parameters. No such
problems were encountered in the P4,/nmc model, so
it appeared preferable. Eventually, this structure was
used for the phases with x = 0.8, 1.2, and 1.6. The
independent part of each cell also has two Bi sites
occupied by Bi/Pr ions (Fig. 1b). Site occupancies
were refined by the procedure described above.

As a result, refinements of all the structures pro-
ceeded smoothly and yielded small agreement factors
(Table 1, Fig. 2). The atomic position coordinates and
thermal parameters are presented in Table 2 and prin-
cipal bond lengths are listed in Table 3. The linear
dependence of the reduced cell volume V/Z (where V'
is the unit-cell volume and Zis the number of formula
units per unit cell) on praseodymium concentration
for the Bi,_,Pr,Ti;O, bismuth titanates (Fig. 3) con-
firms that the assumed chemical composition is simi-
lar to the intended one. The value of Vat x =0 was bor-
rowed from a previous report [30].

The unit-cell volume of the P4,/nmc phase is half
that of the Aba2 phase. Nevertheless, their primitive
cells have identical volumes because the latter phase is
base-centered. The unit-cell parameters of the Aba2
phase (a', b', ¢') are related to those of the P4,/nmc
phase (a, b, c) by the following transformations: a' = c,
b'=a — b, and ¢' = a + b. Group-theoretical analysis
of the P4,/nmc <> Aba?2 phase transition with 1SO-
DISTORT software [31] shows that this transforma-
tion can be thought of as the development of instability
at point (0, 0, 0) of the Brillouin zone (point k17 or I')
of the P4,/nmc high-symmetry phase (here and in
what follows, irreducible representations and points in

INORGANIC MATERIALS  Vol. 57
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Table 1. Principal experimental parameters and structure refinement results for Biy_,Pr,Ti;0,
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x 0.4 0.8 1.2 1.6

Sp. gr. Aba?2 P4,/nmc P4,/nmc P4,/nmc
a, A 32.8381 (11) 3.82535 (8) 3.81910 (7) 3.81738 (9)
b, A 5.43065 (18) - — —

c, A 5.41112 (18) 32.8470 (9) 32.8222 (9) 32.7987 (12)
v, A3 964.98 (6) 480.66 (2) 478.73 (2) 477.96 (3)
Z 4 2 2 2

20 range, deg 5—-100 5—-100 5—100 5—-100
Ry, % 8.79 8.99 9.13 9.60
R, % 6.74 6.88 7.00 7.48
Ry, % 1.06 1.67 1.45 2.39

x> 1.51 1.45 1.56 1.56

the Brillouin zone are denoted like in Kovalev [32] and
Miller and Love [33]). The irreducible representation

I'5 causes this phase transition, and the transformation

can be written as P4,/nmc < (I's(M, M)) <> Aba2,
where 1 is the critical order parameter. Analysis shows
that the phase transition can be second-order, as con-
firmed by the observed volume jump upon the transi-

J1/2 (a)

RN
Wi,

tion (Fig. 3). The transition is not accompanied by
charge ordering or site splitting. Because of this, the
number of Bi/Pr sites is the same in both phases. In
addition, our results demonstrate that, for x < 1.6, Pr
prefers the Bil site and that, with increasing x, the
occupancy of praseodymium ions on this site rises
almost linearly (Table 2). Only for x > 1.6 do Pr ions
begin to occupy the Bi2 site (Table 2).
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Fig. 2. Rietveld refinement profiles and difference plots for Biy_,Pr,Ti;O, with x = (a) 0.4, (b) 0.8, (c) 1.2, and (d) 1.6.
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Table 2. Atomic position coordinates and isotropic thermal parameters (A?) in the structure of Biy_,Pr,Ti;O,

Atom X y z By, Occupancy
x=04
Bil 0.06665 (5) 1.0010 (17) 0 0.30 (14) 0.79 (5)
Prl 0.06665 (5) 1.0010 (17) 0 0.30 (14) 0.21 (5)
Bi2 0.21128 (5) 0.005 (2) 0.993 (3) 0.50 (11) 0.98 (5)
Pr2 0.21128 (5) 0.005 (2) 0.993 (3) 0.50 (11) 0.02 (5)
Til 0.5 0 —0.027 (10) 0.4 (4) 1
Ti2 0.3715 (2) 1.030 (6) —0.008 (17) 1.54) 1
0]} 0.9899 (10) 0.247 (10) 0.197 (11) 0.8 (7) 1
02 0.2421 (14) 0.27 (2) 0.22 (2) 0.8 (7) 1
03 0.4395 (8) 1.069 (11) —0.056 (13) 0.8 (7) 1
04 0.3165 (10) 1.00 (3) 0.943 (8) 0.8 (7) 1
05 0.1101 (13) 0.23 (2) 0.21 (2) 0.8 (7) 1
06 0.8792 (13) 0.171 (13) 0.217 (13) 0.8 (7) 1
x=0.8
Bil 0.25 0.75 0.31675 (5) 0.49 (10) 0.65(3)
Prl 0.25 0.75 0.31675 (5) 0.49 (10) 0.35(3)
Bi2 0.25 0.75 0.46122 (5) 0.35(8) 0.954)
Pr2 0.25 0.75 0.46122 (5) 0.35(8) 0.05 4)
Til 0.25 0.75 0.75 0.5 1
Ti2 0.25 0.75 0.6210 (2) 1.2 (2) 1
0)} 0.75 0.75 0.2418 (12) 2.6 (3) 1
02 0.75 0.75 0.495 (2) 2.6 (3) 1
03 0.25 0.75 0.6912 (5) 2.6 (3) 1
04 0.25 0.75 0.5670 (8) 2.6 (3) 1
05 0.75 0.75 0.361 (3) 2.6 (3) 1
06 0.75 0.75 0.135 (3) 2.6 (3) 1
x=12
Bil 0.25 0.75 0.31663 (6) 0.56 (12) 0.46 (3)
Prl 0.25 0.75 0.31663 (6) 0.56 (12) 0.54 (3)
Bi2 0.25 0.75 0.46132 (5) 0.30 (10) 0.94 (4)
Pr2 0.25 0.75 0.46132 (5) 0.30 (10) 0.06 (4)
Til 0.25 0.75 0.75 0.5(3) 1
Ti2 0.25 0.75 0.6207 (2) 0.5(2) 1
o)} 0.75 0.75 0.2393 (9) 1.1 (3) 1
02 0.75 0.75 0.4956 (19) 1.1 (3) 1
03 0.25 0.75 0.6899 (5) 1.1 (3) 1
04 0.25 0.75 0.5684 (7) 1.1 (3) 1
05 0.75 0.75 0.3605 (15) 1.1 (3) 1
06 0.75 0.75 0.1327 (15) 1.1 (3) 1
x=1.6
Bil 0.25 0.75 0.31630 (8) 0.30 (12) 0.3259 (71)
Prl 0.25 0.75 0.31630 (8) 0.30 (12) 0.6741 (71)
Bi2 0.25 0.75 0.46131 (6) 0.30 (11) 0.8717 (73)
Pr2 0.25 0.75 0.46131 (6) 0.30 (11) 0.1283 (73)
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Table 2. (Contd.)

Atom X y z By, Occupancy
Til 0.25 0.75 0.75 0.5(3) 1
Ti2 0.25 0.75 0.6207 (2) 0.51) 1
o1 0.75 0.75 0.2397 (11) 1.2 (3) 1
02 0.75 0.75 0.496 (2) 1.2 (3) 1
03 0.25 0.75 0.6895 (6) 1.2 (3) 1
04 0.25 0.75 0.5689 (8) 1.2 (3) 1
05 0.75 0.75 0.3567 (15) 1.2 (3) 1
06 0.75 0.75 0.1347 (17) 1.2 (3) 1

The praseodymium ion luminescence spectra in
Fig. 4, measured at an excitation wavelength of
450 nm, correlate well with the structural behavior of
Bi,_,Pr,Ti;O,, described above. It follows from Fig. 4
that the luminescence bands in all three samples are
essentially identical in structure, except for the band
corresponding to the 3Py—3F; transition. This band is
present in the spectra of both samples with the tetrag-
onal structure, but cannot be detected against the
noise background in the spectrum of the sample with
the orthorhombic structure. It is worth noting that the
spectra obtained by us differ drastically from those
reported by Zhang et al. [34]. Under pumping at the
same wavelength, those spectra are dominated by the
band due to the 'D,—3H, transition, whereas in our
spectra the 3P,—*H, band prevails. Note that the latter
finding can be accounted for by 'D,—3H, lumines-

cence reabsorption at high praseodymium concentra-
tion [35].

Figure 5 illustrates the effect of temperature on the
specific heat of the Bi,_ Pr,Ti;Op, (x = 0.4, 0.8, 1.2,
1.6) solid solutions. Also presented in Fig. 5 are data

v/Z, A3
242 -

D\

\\O
241 N
\\O\
240 - AN
\\
°°\

239 - NO

0 0.4 0.8 1.2 1.6

Fig. 3. Reduced cell volume V/Z as a function of Pr con-
centration for Biy_,Pr,Ti3;O1, solid solutions: Vis the unit-
cell volume and Z is the number of formula units per unit
cell.
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reported previously [30] for unsubstituted bismuth
titanate, Bi Ti;O,,. It is seen that, at low praseodym-
ium concentrations (x = 0, 0.4, 0.8), the ¢,(7) curves
have extrema. According to previous work [30], the
extremum at 943 K in the case of Bi,Ti;0,, is due to its
ferroelectric phase transition. With increasing x, the
extremum shifts to lower temperatures, which is
accompanied by a decrease in peak height. The
entropy (ASpr) and enthalpy (AHp) of the phase tran-
sition of the Bi,_,Pr,Ti;O,, solid solution with x = 0.4
are 2.47 J/(mol K) and 2012.5 J/mol, respectively, and
those at x = 0.8 are 0.78 J/(mol K) and 470.7 J/mol.
Similar behavior was observed previously in a study of
the heat capacity of La,_ Sr,CuO, (0 <x <0.2) cupra-
tes [36].

The ¢,(T) curves obtained at x = 1.2 and 1.6 are free
of extrema in the temperature range studied (or have
extrema at lower temperatures). This allows the exper-
imental data to be represented by the Maier—Kelley
equation [37],

°
S

a
<

S

Intensity

600 650 700 750
Wavelength, nm

500 550

Fig. 4. Luminescence spectra of praseodymium ions in the
Biy_,Pr,Tiz;O4, substituted titanates with x = (/) 1.2,
(2) 0.8, and (3) 0.4.
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Table 3. Principal bond lengths (A) in the structure of Biy_,Pr,TizO,

x=0.4
(Bil/Pr1)—O1" 3.05(4) Til—O1XV 1.86 (7)
(Bil/Pr1)—O1" 2.53(5) Til—O1XVII 2.04(7)
(Bil/Pr1)—O1' 2.83(5) Til—O3XV1 2.03(3)
(Bil/Pr1)—0O3W 3.11 (6) Ti2—O03 2.26 (3)
(Bil/Pr1)—03Y 2.37 (6) Ti2—O04X1X 1.83 (4)
(Bil/Pr1)—O3V! 2.44 (7) Ti2—05"Y 2.10 (12)
(Bil/Pr1)—03"!! 3.04(7) Ti2—05XX 1.97 (13)
(Bil/Pr1)—O5VII 2.21(9) Ti2—O06™X! 2.05(9)
(Bil/Pr1)—05X 2.58 (9) Ti2—06™XX! 1.86 (10)
(Bil/Pr1)—06'"! 2.33(6)
(Bil/Pr1)—O6'™! 2.95(6)
(Bi2/Pr2)—02X 2.15 (10)
(Bi2/Pr2)—02X! 2349
(Bi2/Pr2)—02X!! 2.20 (10)
(Bi2/Pr2)—02V! 2.57 (9)
(Bi2/Pr2)—04Y 2.85(15)
(Bi2/Pr2)—04X11l 2.90 (15)
(Bi2/Pr2)—O04XV 2.60 (5)
(Bi2/Pr2)—04XY 3.11(5)

x=0.8
(Bil/Pr1)—O1 3.12 (3) Til—O11! 1.932 (6)
(Bil/Pr1)—O1" 2.71 (3) Til—O03 1.931 (16)
(Bil/Pr1)—0O3" 2.7175 (16) Ti2—O03 2.306 (18)
(Bil/Pr1)—05 2.40 (6) Ti2—04 1.77 (3)
(Bil/Pr1)—06! 2.48 (6) Ti2—O05!! 2.00 (3)
(Bi2/Pr2)—02 2.21 (3) Ti2—06!Y 1.97 (2)
(Bi2/Pr2)—02'! 2.39 (4)
(Bi2/Pr2)—04! 2.859 (9)

x=12
(Bil/Pr1)—O1 3.18 (2) Til—O1 1.942 (5)
(Bil/Pr1)—O1" 2.65(2) Til—O03 1.973 (16)
(Bil/Pr1)—O03!! 2.7090 (13) Ti2—03 2.271 (18)
(Bil/Pr1)—05 2.39 (3) Ti2—04 1.72 (2)
(Bil/Pr1)—06' 2.53(3) Ti2—O05!! 2.007 (15)
(Bi2/Pr2)—02 2.22(3) Ti2—06!V 1.950 (10)
(Bi2/Pr2)—02'!! 2.38(4)
(Bi2/Pr2)—04!! 2.871(8)

x=1.6
(Bil/Pr1)—O1 3.16 (3) Til—O1M 1.938 (6)
(Bil/Pr1)—O1" 2.65 (3) Til—O03 1.99 (2)

INORGANIC MATERIALS ~ Vol. 57 No.9 2021
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Table 3. (Contd.)
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(Bil/Pr1)—03" 2.7060 (15)
(Bil/Pr1)—05 2.32(3)
(Bil/Pr1)—06! 2.50 (4)
(Bi2/Pr2)—02 2.21 (4)
(Bi2/Pr2)—02'! 2.38(5)
(Bi2/Pr2)—04!! 2.875(9)

Ti2—O03 2.26 (2)
Ti2—04 1.70 (3)
Ti2—O5M! 2.048 (18)
Ti2—06"Y 1.963 (13)

Symmetry code for Aba2: I)x—1,y+ 1, z;Al) —x+1,—y+ 1,z (All) —x+ 1, =y +3/2,z—1/2; AV) -x + 1/2,y + 1/2, z; (V) —x +
172,y —1/2, 2 (V) =x + 1/2, 3, 2+ 1/2; (VII) —x + 1/2, 3,z — 1/2; (VIID) x, y + 1, 2, (IX) %, y + 1/2, 2 — 1/2; X) x, », 2 + 15 (XI) —x +
1/2,y =172, z+ L, XID) x,y — 1/2, 2+ 1/2; XIIl) —x + 1/2,y = 3/2, 2, XIV) x+ 1/2,y — L,z + 1/2; XV) x+ 1/2,y — 1,z — 1/2;
(XVI) —x + 3/2,y — 1/2, 7, (XVII) —x + 3/2, y, z— 1/2; XVIID x, y — 1, z; (XIX) x, y, 2 — 1; (XX) —x + 1/2, y + 1, 2 — 1/2; (XXI) x —
1/2, —y +3/2, z; XXII) x — 1/2, —y + 1, z — 1/2. Symmetry code for P4,/nmc: (I) =y + 1, —x + 1, —z + 1/2; (II) —x, y + 1/2, —z + 1;
am —x+Ly+1/2, —z+ ,(AV) =y + 1/2, x+3/2,z+ 1/2, (V) x— 1, y, 2.

Table 4. Comparison of the measured 298-K heat capacity (J/(mol K)) with calculation results for Biy_,Pr,Ti;0,, solid

solutions
C, (calc)
x Cp (meas)

NK A, % KIM A, % Kellog A, %

0.46 391.0 390.5 —0.12 393.9 +0.74 392.3 +0.33

0.8 405.5 391.4 —3.48 394.9 —2.61 391.3 -3.50

1.2 408.5 392.2 —3.99 395.9 —3.08 390.3 —4.46

1.6 418.6 393.2 —6.07 396.9 —5.18 389.3 —7.00
_ 2 The correlation coefficients for Egs. (2) and (3) are
Cp=a+bT —cT7, (0 0.9985 and 0.9996, and the maximum deviations of

which has the following form for the Bi, 4Pr,,Ti;0,
and Bi,,Pr,(Ti;O, solid solutions, respectively
(J/(mol K)):

C, = (415.06 +1.38) + (100.83 £ 1.40) x 10°T

()
—(32.52£1.44)x10°T ",

C, = (418.60 £ 0.60) + (89.92 + 0.60) x 10°T
—(27.24+0.63)x10°T .

3)

0.475
. 0.450
z
o
2 o425}
<0.400

0.375

0.350 ! ! !
400 600 800
Temperature, K

1000

Fig. 5. Effect of temperature on the specific heat of
Biy_Pr,TizO, withx = (1) 1.6, (2) 1.2, (3) 0.8, (4) 0.4,
and (5) 0.
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the data points from the corresponding smoothed
curves are 1.51 and 0.67%, respectively.

The present results on the heat capacity of the
Bi,_,Pr,Ti;O,, solid solutions were compared to
values calculated using different model notions:
Neumann—Kopp (NK) additive rule [38], Kumok
increment method (KIM) [39], and Kellog method
[40]. The results are summarized in Table 4. It follows
from these data that the best agreement with the
experimental data is ensured by the KIM.

Using well-known thermodynamic relations and
Egs. (2) and (3), we evaluated the thermodynamic
functions of the Bi,_,Pr.Ti;0,, (x = 1.2 and 1.6) solid

solutions. The results are presented in Table 5.

CONCLUSIONS

The crystal structure of the Bi,_,Pr,Ti;0,, (x= 0.4,
0.8, 1.2, 1.6) solid solutions prepared by solid-state
synthesis has been determined by X-ray diffraction.
We have determined atomic position coordinates, site
occupancies, and isotropic thermal parameters of
atoms in unit cells.

Increasing the praseodymium concentration in the
solid solutions has been shown to lead to structural
changes (4ba2 — P4,/nmc). We have measured the
heat capacity of the solid solutions at high tempera-
tures (320—1000 K). The ¢,(7) curves of the materials
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Table 5. Thermodynamic properties of Biy_,Pr,Ti;0,

T K C,, J/(mol K) H (T)k‘J /Hm S’ZO K, | 5 (73 /zmsz 1(31(2;) K. 1 A6/, 1/mol K)
x=12

320 415.6 - — —
350 423.8 12.59 37.61 1.63
400 435.1 34.08 94.97 9.78
450 444.4 56.07 146.76 22.17
500 452.5 78.49 194.0 37.02
550 459.8 101.3 237.5 53.30
600 466.5 124.5 277.8 70.34
650 472.9 147.9 315.4 87.76
700 479.0 171.7 350.6 105.3
750 484.9 195.8 383.9 122.8
800 490.6 220.2 415.4 140.1
850 496.3 244.9 445.3 157.2
900 501.8 269.9 473.82 173.9
950 507.2 295.1 501.1 190.5

1000 512.6 320.6 527.2 206.7

x=16
320 419.8 — — —
350 426.8 12.70 37.94 1.65
400 436.3 34.29 95.57 9.85
450 444.2 56.31 147.4 22.30
500 451.1 78.70 194.6 37.21
550 457.4 101.4 237.9 53.51
600 463.2 124.4 277.9 70.57
650 468.6 147.7 315.2 87.97
700 473.9 171.3 350.2 105.5
750 478.9 195.1 383.0 122.9
800 483.9 219.2 414.1 140.1
850 488.7 243.5 443.6 1571
900 493.4 268. 471.6 173.8
950 498.1 292.8 498.4 190.2
1000 502.8 317.9 524.1 206.3
* —AG/T=[H>(T) — H°(320 K)]/T — [S°(T) — 5°(320 K)].
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