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Abstract

BaTiOs and Bao.97Sr0.03Ti03 nanomaterials were synthesized by the co-precipitation method and sintered at 900 °C and
1000 °C for 4 hours. This study investigates the effect of 3 mol% Sr substitution and sintering temperature on the
crystal structure, functional groups, particle-size distribution, and photocatalytic performance toward methylene blue
(MB) degradation. X-ray diffraction (XRD) showed tetragonal perovskite BaTiOs with weak secondary reflections, more
numerous in the Sr-containing samples, and no resolved shift of the (101) reflection after Sr substitution. The crystallite
size estimated from XRD was 30-33 nm (Scherrer plot) and 37-46 nm (unsplit (111) reflection), whereas dynamic light
scattering (DLS) gave Z-average hydrodynamic diameters of about 250-440 nm, indicating agglomeration of the
crystallites; the Sr-containing powder was smaller only at 900 °C. FTIR spectra showed the characteristic Ti-O (Ba-Ti-
0) stretching band at 565-576 cm . Photocatalytic activity was evaluated using 10 ppm MB solution under UV
irradiation. The apparent MB removal, calculated from the absorbance at 664 nm, was =34% and =24% for
Bao0.97Sr0.03Ti0s3 sintered at 900 °C and 1000 °C, compared with =28% and =0% for undoped BaTiOs; thus Sr substitution
increased, and the higher sintering temperature decreased, the apparent removal. The origin of this behavior was not
directly characterized and requires further study.
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1. Introduction The molecular structures of these pollutants are
complex and changeable, which makes them more
difficult to decompose than simple molecular
pollutants [7]. Advanced oxidation processes
(AOPs) utilize free radicals to break down
pollutants and are effective for waste treatment
Therefore, the degradation and treatment of [8,9]. Photocatalysis is one of the effective AOPs
organic and inorganic pollutants is a major [10]. A photocatalyst absorbs photons and

problem that must be addressed collectively [5,6]. generates electron-hole pairs (e + h*) that drive
reduction and oxidation reactions [11]. Several

Industrial activities are important for
national development, but they also cause
environmental  problems [1,2]. Production
processes generate large amounts of waste that
affect the environment and human health [3,4].
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semiconductors have been tested as
photocatalysts for pollutant removal, but it is still
difficult to find a stable and efficient
photocatalyst. Much research has therefore
focused on nanostructure engineering, band-gap
tuning, and doping to improve photocatalytic
efficiency [12-14]. Perovskite-structured
semiconductors, such as SrTiOs, BaTiOs, LaAlOs,
BaCeOs, and BaZrOs, have been widely studied
for various applications. Among them, barium
titanate (BaTiOs, BTO) and strontium titanate
(SrTi0s, STO) are popular ferroelectric perovskite
oxides with potential for photocatalytic
applications [15-17]. Sr2*-substituted BaTiOs has
been proposed as a promising photocatalytic
material because of its low cost, tunable band gap,
and potential response in the visible-light region
[18,19]. The ionic radius of Sr2+ (1.44 A) is close to
that of Ba2* (1.61 A), so BaTiOs; can form a
continuous solid solution with Sr2t. Barium
strontium titanate, Bai1xSrxTiOs (BST), has a
relatively high permittivity and low dielectric
leakage, which gives it a good response to
externally applied electric fields.

The properties of BST depend strongly on the
synthesis route and the thermal treatment.
Hikmah et al. [20] prepared SrTiOs by co-
precipitation and sintered it at 800 °C and 900 °C
for 2 and 4 hours; the sintering temperature and
holding time changed the intensity and width of
the XRD peaks and, consequently, the crystallite
size and lattice strain. Ali et al. [21] synthesized
Bai«SriTisO9 (0.0 < x < 0.06) by solid-state
reaction at 1300 °C for 2 hours and reported that
a higher Sr2+ content increased the dielectric
constant (er) and the dielectric loss (tan 6). BST
has also been prepared by the sol-gel method [22],
solid-state reaction [23], chemical solution
deposition [24], and co-precipitation [25]. In this
research, co-precipitation was chosen because it
produces powders with good homogeneity, allows
easy control of stoichiometry, and yields
ferroelectric nanomaterials at relatively low
sintering temperatures and short processing

times through a simple and low-risk procedure
[26].

The studies cited above mainly addressed the
structural, dielectric, or optical properties of Sr-
containing titanates, and the thermal treatment
was usually discussed independently of
photocatalytic performance (Table 1). To the best
of our knowledge, reports that combine a small Sr
content (3 mol%) with a systematic variation of
the sintering temperature for -co-precipitated
BaTiOs, and that compare structural parameters
with the photocatalytic response of the same
powders, remain limited. This combination is
relevant  because  sintering  temperature
simultaneously affects crystallinity, crystallite
size, secondary-phase content, and agglomeration,
all of which may influence photocatalytic activity.

Therefore, this study synthesizes BaTiOs and
Bao.97Sr0.03T103 by co-precipitation, sinters them
at 900 °C and 1000 °C, and analyzes their crystal
structure, functional groups, particle-size
distribution, and photocatalytic activity toward
MB under UV irradiation, in order to clarify how
a small Sr content and the sintering temperature
affect these properties.

2. Materials and Methods
2.1. Materials and Synthesis Procedure

BaTiOs and Bao.97Sr0.0sTi03 were synthesized
by the co-precipitation method using barium
hydroxide [Ba(OH)2] (Sigma-Aldrich, 95%),
titanium tetrabutoxide [Ti(CsH9O)s] (Sigma-
Aldrich, 97%), oxalic acid dihydrate
(H2C204 2H20) (Sigma-Aldrich, > 99%), strontium
nitrate [Sr(NOa)z], isopropanol (IPA), ethanol, and
distilled water. The target molar ratios were
Ba:Sr:Ti = 1:0:1 for BaTiOs and 0.97:0.03:1 for
Bao.97Sr0.03Ti0s. The amounts used per batch
(0.00999 mol Ti) were: Ti(CsiH9O)s 3.4 mlL;
Ba(OH)2 1.7100 g for BaTiOs and 1.6604 g for
Bao.97Sr0.03T10s; Sr(NOs)2 0.0634 g
(Ba0.97Sr0.03T103 only); and oxalic acid dihydrate
3.5304 g (oxalic acid : Ti molar ratio = 2.8:1).

Table 1. Comparison of the present work with previous studies on Sr-containing and related titanates.

Material

Synthesis and thermal treatment

Main properties studied Ref.

SrTi0s3
4h

Bai—xSr«T1409

(0.0 <x<0.06)

Co-precipitation; 800 and 900 °C, 2 and

Solid-state reaction; 1300 °C, 2 h

Crystallite size, lattice strain, [20]
chemical bonds

Structure, dielectric constant and  [21]
loss

Bao.955r0.05T103 Chemical solution deposition; annealing Microstructure, optical properties  [24]

films temperature varied

Bai—«LaxTiOs Co-precipitation; La content varied Microstructure, morphology, [25]
dielectric properties

BaTiOs and Co-precipitation; 900 and 1000 °C, 4 h Crystal structure, bonding, This

Bao.97Sr0.03T103 particle size, MB work
photodegradation
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The synthesis steps are summarized in
Figure 1. The precursors were first weighed
according to the stoichiometric composition.
Oxalic acid dihydrate was dissolved in 35 mL of
TPA and stirred at 250 rpm for 20 minutes using a
magnetic stirrer on a hot plate. Separately,
Ba(OH)2 (and Sr(NOs)2 for the Sr-containing
sample) was dissolved in 20 mL of IPA and stirred
for 30 minutes. Titanium tetrabutoxide was then
added to the oxalic acid solution and stirred at 250
rpm for 20 minutes. The Ba(OH):z (and Sr(NOs3)2)
solution was added gradually to the Ti—oxalic acid
solution under continuous stirring, and the
mixture was stirred for 30 minutes to obtain a
homogeneous suspension. The suspension was
aged for 1 hour and then left to precipitate for 24
hours. The pH of the solution was measured after
precipitation. The precipitate was separated by
filtration (funnel and filter paper) and washed
once with ethanol and twice with distilled water,
while the pH of the filtrate was monitored. The
washed precipitate was dried at 100 °C for 10
hours and ground for 1 hour with the addition of
2-3 drops of polyvinyl alcohol (PVA) as a binder.
The powder was sintered in a furnace at 900 °C
and 1000 °C for 4 hours to investigate the effect of
sintering temperature, and the sintered powder
was ground again for 30 minutes before
characterization.

2.2. Catalyst Characterizations

The crystal structure of the powders was
characterized by XRD (Bruker D8 Advance, Cu Ka
radiation, A = 1.5406 A, 40 kV, 35 mA, position-
sensitive detector) in the 20 range of 10°-80° with
a step size of 0.0237° and a scan time of 10
minutes; the patterns are displayed for 20°-80°.

Phases were identified using ICDD card No. 83-
1880 for BaTiOs. Lattice parameters of the
tetragonal phase were estimated from the
positions of the (002) and (200) reflections,
obtained by pseudo-Voigt peak fitting. The
interplanar spacing d was calculated from the
Bragg law:

A

d= 1)

" 2sin@

and the lattice parameters a and ¢ were obtained
from the spacings of the (200) and (002) planes,
respectively:

a = 2d,g 2
¢ = 2dyo; 3)

The crystallite size (D) was obtained with the
Scherrer-plot method:

ll‘l[)’ =In (KFA) +In (colse) (4)
where f is the full width at half maximum
(FWHM, in radians, mnot corrected for
instrumental broadening), K = 0.94 is the shape
factor, A = 0.15406 nm is the X-ray wavelength,
and 6 is the Bragg angle. The FWHM of ten
reflections between 20 = 22° and 79° were fitted
by linear regression, and D was obtained from the
intercept b of the fit of In f versus In(1/cos 8) (b =
In(KA/D)):

KA

D= ()

exp(b)

For comparison, D was also calculated for the
(111) reflection alone:

Weighing of precursors

Precipitation

Figure 1. Synthesis procedure of BaTiOs and Bao.o7Sr0.0sT103 powders.
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_ K2
- BcosO

(6)

Only one measurement per sample was made, so
no standard deviation is available. A crystallinity
index was calculated as:

Crystallinity index (%) = Imal"& x 100 (7)

max

where Imax 1s the intensity of the strongest
reflection and Imin 1s the background intensity of
the pattern. FTIR spectra were recorded in the
range of 350—4000 cm~! using a Shimadzu FTIR
spectrophotometer with the KBr pellet method.
The particle-size distribution was measured by
dynamic light scattering (DLS) using a Malvern
Panalytical Zetasizer (software v8.00.4813;
measurements on 15 September 2022; three
repeated runs per sample). The Z-average
hydrodynamic diameter, the polydispersity index
(PDI), and the intensity-weighted peak size are
reported. PSA provides only the size distribution
of particles and agglomerates dispersed in a
liquid; therefore, it was not used to evaluate
morphology or microstructure.

2.3. Photocatalytic activity test

The photocatalytic activity was evaluated by
the degradation of MB under UV irradiation. For
each test, 20 mg of BaTiOs or Bao.97Sro.03TiOs
(sintered at 900 °C or 1000 °C) was dispersed in
50 mL of 10 ppm MB solution. The suspension was
first stirred in the dark for 30 minutes to reach
adsorption-desorption equilibrium. It was then
irradiated with a 15 W UV-A lamp at a constant
distance of 10 ¢cm above the solution surface, at
room temperature, with constant magnetic
stirring at 300 rpm to keep the suspension
homogeneous. Aliquots were taken every 15
minutes during a total irradiation time of 90
minutes. The catalyst was removed from each
aliquot by centrifugation or filtration through a
0.22 pm syringe filter, and the absorbance was
measured with a Shimadzu UV-26001 double-
beam spectrophotometer (UPT Laboratorium
Terpadu, Universitas Sebelas Maret) using
distilled water as the solvent, at 664 nm, the
absorption maximum of MB.

The apparent removal was calculated relative
to the absorbance of the untreated 10 ppm MB
solution (Ao) measured with the same instrument.
No catalyst-free blank (photolysis) data are
available. The apparent degradation efficiency
was calculated as:

1(%) = C"C—‘Oct X 100 (8)

where Co and C; are the MB concentrations of the
untreated and the treated solutions, respectively,

and the concentration was taken to be
proportional to the absorbance at the analytical
wavelength (Beer-Lambert law).

3. Results and Discussion

BaTiOs and Bao.97Sr0.0sTiOs powders were
obtained by the co-precipitation method and
sintered at 900 °C and 1000 °C for 4 hours. The
effect of Sr substitution on the structure,
functional groups, particle-size distribution, and
photocatalytic activity was examined using 10
ppm MB solution as a model pollutant. XRD was
used to determine the crystal structure and FTIR
to 1identify the functional groups. UV-Vis
spectrophotometry was used to follow the MB
concentration during the photocatalytic test, and
PSA was used to determine the particle-size
distribution.

3.1. Crystal structure and Crystallite Size

The XRD patterns are shown in Figure 2, and
the phases were identified using ICDD card No.
83-1880 for BaTiOs. All samples show the main
perovskite reflections, (100) to (311), at positions
close to the reference pattern. The (101) reflection
of the Sr-containing samples appeared at 31.567°
(900 °C) and 31.585° (1000 °C), compared with
31.555° and 31.584° for undoped BaTiOs (inset of
Figure 2), i.e., shifts of +0.012° and +0.001°,
which are smaller than the step size of the scan
(0.024°) and therefore not resolved.

Because Sr2* (1.44 A) is smaller than Ba2+
(1.61 A), partial substitution at the A-site is
expected to reduce the unit-cell volume and shift
the reflections toward higher angles [27,28]. The
present data are consistent with this direction
but too small to demonstrate Sr incorporation,
which would require compositional analysis (e.g.,
EDX, XRF, or ICP). Weak reflections that do not
belong to BaTiOs are visible in all patterns
(Figure 2). Those at about 23.9° and 28.8°
coincide with the two strongest lines of barium
oxalate, BaC20s (ICDD 19-0125; 23.90° and
28.78°), and are much more intense in the Sr-
containing samples (the 28.8° peak is about 4-8
times higher than in undoped BaTiOs). The
assignment is tentative because other lines of
this card (e.g., 18.4° and 19.5°) are weak or not
resolved, and the persistence of oxalate after
sintering at 900-1000 °C is chemically
unexpected. Further weak reflections at about
25.1°, 27.5°,29.3°, 34.6°, 36.2°, and 41.5° were not
assigned. The larger amount of secondary phases
in the Sr-containing samples suggests that part
of the added precursors did not enter the
perovskite lattice, so the Sr content of the
perovskite phase may be lower than the nominal
3 mol%. Nevertheless, all samples retain the
perovskite framework.
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Table 2 and Table 3 summarize the crystallite
size, crystallinity, and lattice parameters. The
(002) and (200) reflections near 45° are resolved
as a doublet at about 45.0° and 45.3-45.4° in all
samples (Figure 2), and the splitting is clearer at
1000 °C. This identifies the perovskite phase of
both BaTiOs and Bao.e7SroosTiOs as tetragonal
(P4mm), and no separate cubic reflections were
identified. The lattice parameters in Table 3 give
¢ > a, with ¢/a = 1.006 (0% Sr) and 1.006 (3% Sr)
at 900 °C, and 1.008 and 1.007 at 1000 °C. Thus,

the tetragonality of undoped BaTiOs increased
with sintering temperature, and Sr substitution
decreased c/a slightly at both temperatures. The
unit-cell volumes calculated from Table 3 are
64.27 and 64.22 A% at 900 °C and 64.13 and 64.1
A3 at 1000 °C for 0% and 3% Sr, respectively. The
decrease of 0.03-0.05 A3 caused by Sr is in the
expected direction but smaller than the
uncertainty of the estimate (about +0.1 A?’), so it
does not by itself confirm Sr incorporation.

(a) 900 °C
T T T T T
Bag97SrposTiO3 # secondary reflections (101) region
g _ !
Z10f T 3 ; .
r:.E“ - < 32.0
= 9 3
> 0.5 - 8 ‘g' -
O 1 1 1 1 L
BaTiO;
=
= —
—_— -~ (=]
_'E 1.0 § _ -
= ™ — -
= 8_ — o o —
05F 2 & & S &1
~ - — m —
S g8 2 B
0 1 1 1 1 1
- T T T T
< 1.0F'CP0 83-1880 (BaTiOs, P4mm) |
£
=21 L | ’
|| 1 1 | Wl 1 h |j I 1
% 30 20 50 60 70 80
20 (degree)
(b) 1000 °C
T T T T T
Bap.o7Srp.03TiOs % secondary reflections (101) region
5 A T
= o 1
<10} S L ]
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0.5 2
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=
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£ s
= =]
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0.5
0 L L 1 L 1
T " T T T T
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|| 1 1 I i 1 || i l 1
020 30 40 50 60 70 80
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Figure 2. XRD patterns of BaTiOs and Bao.97Sr0.03T103 sintered at (a) 900 °C and (b) 1000 °C.
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Table 2 gives crystallite sizes of 31.05 nm and
29.62 nm for BaTiOs, and 32.66 nm and 32.22 nm
for Bao.97Sro.03TiOs, at 900 °C and 1000 °C,
respectively, 1.e., a slight decrease with sintering
temperature, contrary to the usual expectation.
These values are the intercepts of linear fits of In
B versus In (1/cos 0) over ten reflections, but the
fits are poor: R2 = 0.17-0.62, and the slopes (1.7-
3.4) deviate strongly from the value of 1 expected
when the broadening is caused by crystallite size
alone. The broadening is therefore not purely size-
related. The tetragonal doublets, such as
(002)/(200) near 45°, whose splitting is more
pronounced at 1000 °C (Table 3), inflate the
apparent FWHM, and microstrain and the
absence of an instrumental-broadening correction
add to this. The sizes in Table 2 should
consequently be regarded as rough estimates. The
(111) reflection near 38.9°, which is not split in the
tetragonal phase, gives sizes of 36.5 nm (0% Sr)
and 39.4 nm (3% Sr) at 900 °C and 45.7 nm and
42.0 nm at 1000 °C, i.e., an increase with sintering

(a) 900 °C

temperature, as expected, and no consistent
effect of Sr (larger at 900 °C, smaller at 1000 °C).
The crystallinity index in Table 2 differs by less
than 1.5 points among the samples (96.27%,
95.28%, 94.81%, and 95.00%). It reflects the ratio
of peak to background intensity rather than the
crystalline fraction, so these small differences are
not interpreted. Crystallite size refers to the
coherent diffraction domain obtained from XRD,
whereas particle size refers to the size of particles
or agglomerates measured by DLS.

3.2. Optical Properties

The UV-Vis spectra in Figure 3 refer to the
MB solution and not to the catalyst powders. No
diffuse-reflectance (DRS) measurement or band-
gap value of the catalysts is therefore reported
here, and the electronic effect of Sr substitution
is not discussed quantitatively. BaTiOs is a wide-
band-gap semiconductor that absorbs mainly in
the UV region, which is consistent with the use of
UV irradiation in this study.

(b) 1000 °C

— MB 10 ppm (initial}
—— BaTi03 (0%)
Bao.o7Sr0.01TIO3 (3%) Y

664inm

e o o o o
w = n o ~
L |

Absorbance (a.u.)

o
o

0.1

0.0

—— MB 10 ppm (initial) i
= BaTiO3 (0%) 66 -1: nm
BagarSro.osTiOs (3%) ¥

550 600 650 700 750

Wavelength (nm)

400 450 500 800

550 600 650 700 750 800

Wavelength (nm)

400 450 500

Figure 3. UV-Vis absorption spectra of the initial 10 ppm MB solution and of the solutions after
photocatalytic treatment with BaTiOs (0%) and Bao.97Sr0.0sTi03 (3%) sintered at (a) 900 °C and (b) 1000 °C.
The spectra were baseline-corrected by subtracting the absorbance at 800 nm.

Table 2. Crystallite size (nm) and crystallinity index (%) of BaTiOs and Bao.o7Sro.03Ti03 (Scherrer-plot
method, ten reflections, no instrumental correction).

Crystallite Size (nm) Crystallinity (%)

Mol Concentration

900 °C 1000 °C 900 °C 1000 °C
Sr=0% 31.05 29.62 96.27 94.81
Sr=3% 32.66 32.22 95.28 95.00

Table 3. Lattice parameters of the tetragonal phase of BaTiO3 and Bao.97Sr0.05Ti0s, estimated from the
(002) and (200) reflections (uncertainty about +0.003 A).

Lattice Parameter

Mol Concentration 900 °C 1000 °C
a=b (A) c(A) a=b (A) c(A)

Sr = 0% 3.997 4.022 3.992 4.024

Sr=3% 3.997 4.020 3.993 4.021
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3.3. Photocatalytic Activity

The photocatalytic activity was evaluated by
the degradation of 10 ppm MB under UV
irradiation. Figure 3 shows the absorbance
spectra of the initial MB solution and of the
solutions after treatment with BaTiOs (0%) and
Bao.97Sr0.03T103 (3%). Figure 3 shows that MB has
its main absorption peak at 664 nm, with a
shoulder at about 620 nm, in agreement with the
values usually reported for MB in dilute aqueous
solution; 664 nm was therefore used for
quantification. After treatment, the baseline-
corrected absorbance at 664 nm decreased from
0.641 for the initial MB solution to 0.462 (BaTi0s3)
and 0.425 (Bao.97Sro.03Ti03) for the powders
sintered at 900 °C, and to 0.642 (BaTiOs) and
0.489 (Bao.97Sr0.03T103) for those sintered at 1000
°C. Assuming proportionality between absorbance
and concentration, these values correspond to an
apparent MB removal of about 28% (BaTiOs) and
34% (Bao.97Sr0.03T103) at 900 °C, and about 0% and
24% at 1000 °C (Table 4). The Sr-containing
powder therefore gave a larger apparent removal
than undoped BaTiOs at both temperatures, and
the higher sintering temperature decreased the
apparent removal of both compositions. BaTiOs
sintered at 1000 °C showed no measurable change
in absorbance relative to the initial solution (0.642
versus 0.641), and its spectrum practically
overlaps that of the initial MB solution in Figure
3b.

Although aliquots were taken at 15-minute
intervals during the test, only one spectrum per
sample is available for analysis here, so the
reaction kinetics were not evaluated. Each value
comes from a single spectrum without replicate
measurements, so small differences (e.g., 28%
versus 34% at 900 °C) are within the likely
experimental uncertainty and are tentative,
whereas the near-zero removal of BaTiOs at 1000

°C and the decrease with sintering temperature
are larger. The spectrum of Bao97Sro.03TiO3
sintered at 900 °C was recorded with a coarser
wavelength step (2 nm) and had a negative
baseline; without baseline correction its apparent
removal would be 38% instead of 34%. The
suspensions were stirred in the dark for 30
minutes before irradiation, which accounts for
part of the adsorption, but the absorbance after
the dark stage and a catalyst-free (photolysis)
blank are not reported here. The decrease in
absorbance therefore cannot be assigned
exclusively to photocatalytic degradation, as
residual adsorption on the powder surface and
direct photolysis may contribute, and the values
in Table 4 are reported as apparent removal.

The larger  apparent removal  of
Bao0.97Sr0.0sT10s, and the decrease for both
compositions after sintering at 1000 °C, may be
related to several factors. The crystallite size
from the (111) reflection increased with sintering
temperature (Section 3.1), which would be
consistent with a lower surface area and fewer
active sites at 1000 °C, although the surface area
was not measured. Other possibilities are
differences in tetragonality (Table 3), in the
amount of secondary phases (Figure 2), in MB
adsorption, or reduced electron-hole
recombination. The agglomerate size from DLS
does not follow the same trend (Table 5; for
example, the 1000 °C samples have the same Z-
average but very different removal), so no single
cause can be assigned. None of these possibilities
was examined directly in this study; reduced
recombination and improved charge separation
in particular are hypotheses only, and verifying
them  would require photoluminescence
spectroscopy, photocurrent measurements,
electrochemical impedance spectroscopy, or time-
resolved  spectroscopy. Accordingly, the
mechanism is not concluded here.

Table 4. Apparent MB removal calculated from the absorbance at 664 nm (Figure 3). Ao = 0.644 (raw) and

0.641 (baseline-corrected).

. A A (664 nm), A (664 nm), Apparent
Sample Sintering (°C) raw corrected removal (%)
BaTiOs (Sr = 0%) 900 0.464 0.462 28
Bao.97Sr0.03Ti03 (Sr = 3%) 900 0.399 0.425 34
BaTiOs (Sr = 0%) 1000 0.645 0.642 ~0
Bao.o7Sr0.03Ti03 (Sr = 3%) 1000 0.503 0.489 24
Table 5. DLS results (mean + standard deviation of three runs).

. . o Intensity peak

Sample Sintering (°C) Z-average (nm) PDI (nm)
BaTiOs (Sr = 0%) 900 441.8+2.9 0.36 = 0.04 472 + 21
Bao.97Sr0.03Ti03 (Sr = 3%) 900 256.6 + 8.8 0.28 + 0.03 260 + 10
BaTiOs (Sr = 0%) 1000 371.2+16.6 0.33+0.04 382 + 46
Bao.o7Sr0.03Ti03 (Sr = 3%) 1000 373.8+3.4 0.27 + 0.02 393 + 6
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3.4. FTIR Analysis

Figure 4 summarizes the bonding scheme
proposed for the synthesis route. In the Ti-oxalate
complex, the carboxylate oxygen atoms of oxalate
chelate Ti through covalent Ti-O bonds, and Ba2*
(and Sr?*) is attached to the carboxylate groups
mainly by ionic interaction. During sintering the
oxalate groups are removed and the Ti-O-Ba(Sr)
network of the perovskite is formed, in which Tiis
octahedrally coordinated by six O atoms (TiOs)
and Ba/Sr occupies the A-site. This scheme is
based on the general oxalate co-precipitation
route, the observed Ti-O band, and the barium-
oxalate-like  reflections; the  intermediate
precursor was not isolated or characterized here,
so the scheme is illustrative.

Figure 5 shows the FTIR spectra of the
samples sintered at 900 °C and 1000 °C, plotted
as transmittance versus wavenumber in the range
of 350-4000 cm~t. The O-H band indicates water
adsorbed on the surface of the nanoparticles. Sr
substitution decreased the intensity of the C-O
vibrational peak and slightly changed the peak
positions, but it did not change the type of
functional groups in BaTiOs. The strong
absorption bands at 565.17-575.78 cm'l are
assigned to the Ti-O (Ba-Ti-O) stretching
vibration of the perovskite lattice, which supports
the formation of the BaTiOs-type structure
observed by XRD. The band at around 1432 cm!
is associated with carbonate-related vibrations or
residual organic compounds from the synthesis
(possibly including remnants of the PVA binder),
which is consistent with the secondary phase
detected by XRD. A separate Sr-O band was not
resolved, so FTIR alone does not confirm Sr
incorporation.

3.5. Particle Size Distribution (PSA)

Figure 6 shows representative DLS size
distributions weighted by intensity (for each
sample, the run with the Z-average closest to the
mean of the three runs), and Table 5 summarizes
the Z-average hydrodynamic diameter, PDI, and
intensity peak size from three repeated runs per
sample. At 900 °C, the Z-average of BaTiOs was
441.8 £ 2.9 nm, whereas that of Bao.97Sr0.03Ti03
was 256.6 = 8.8 nm, 1.e., about 185 nm smaller. At
1000 °C, however, the two compositions gave the
same Z-average within the run-to-run variation
(371.2 £ 16.6 nm and 373.8 + 3.4 nm). Raising the
sintering temperature from 900 °C to 1000 °C
decreased the Z-average of BaTiOs by about 70
nm but increased that of Bao.97Sr0.03T103 by about
117 nm. Thus, no consistent effect of Sr
substitution or sintering temperature on the
hydrodynamic size can be concluded: the smaller
agglomerates of the Sr-containing powder were
observed only at 900 °C. The PDI values (0.24-
0.41) indicate moderately broad distributions and
were slightly lower for the Sr-containing samples
at both temperatures. All Z-average values
(about 250-440 nm) are much larger than the
crystallite size obtained from XRD (about 30-46
nm, Section 3.1), which indicates that the
measured particles consist of many crystallites,
l.e., they are agglomerates. The agglomeration
may be caused by the high surface energy of
nanoparticles and by particle coalescence at
elevated sintering temperature. Because DLS
reflects the state of dispersion (medium,
concentration, sonication) as well as the powder
itself, and only one synthesis batch per
composition was measured, the opposite

Step 1: Ti-oxalate complex Step 2: Precipitation (proposed)
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ionic Ba®* /Sré+.

0oc
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Figure 4. Proposed bonding scheme of the co-precipitation route: Ti-oxalate chelation, ionic attachment of
Ba2+/Sr2*, and formation of the Ba1-xSr<Ti03 perovskite (TiOs octahedra, A-site Ba/Sr) after sintering.
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and zeta potential was not measured. The
intensity distributions also contain a small
population at about 5000 nm (2-6% of the
intensity), which accounts for 44-78% of the
volume distribution. Because scattered intensity

temperature trends of the two compositions
should not be interpreted as intrinsic effects
without replicate batches. They might be related
to differences in the strength of agglomerates
formed during sintering, but this was not tested,

(a) Sintering Temperature 900 °C (b) Sintering Temperature 1000 °C

100 100
—_— Sr 0% — Sr 0%
O-H Sr 3% Sr 3%
co ! €0 o-H
P €0 ' €=0
80 - -0 b 804 mo 1 .
1 i : T2t
o : f !
£ B g | f
g 601 Voo e 90 : ‘oo on
& S c ; oo :
1'!; % ] ' o ’
= P k= ’ 'l i
E y E a0 ] y :
5 40 5 40 4 . H
= = ; :
; '
20+ 20
0

2000 3000

Wavenumber (cm")

1000 4000

2000

Wavenumber (cm"]

1000

Figure 5. FTIR spectra of BaTiOs and Bao.97Sr0.0sTi03 sintered at 900 °C and 1000 °C.

Figure 6. Representative DLS size distributions (by intensity) of (a) BaT103 and (b) Bao.97Sr0.03T103 sintered
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increases steeply with particle size, a few large
aggregates or settling particles can dominate such
distributions; therefore the volume and number
distributions were not used for quantitative
comparison. DLS measures the hydrodynamic
diameter of particles and agglomerates in
suspension and does not provide information on
particle shape or microstructure; the morphology,
primary particle size, and grain boundaries can
only be confirmed by SEM or TEM observation,
which was not performed in this study and is left
for future work.

4. Conclusions

BaTiOs and Bao.97Sro.03TiOs nanomaterials
were synthesized by the co-precipitation method
and sintered at 900 °C and 1000 °C for 4 hours.
XRD showed the tetragonal perovskite structure
with weak secondary reflections, which were more
numerous in the Sr-containing samples, and no
resolved shift of the (101) reflection after 3 mol%
Sr substitution, so Sr incorporation was not
demonstrated by XRD alone. The crystallite size
was about 30-33 nm from the Scherrer plot and
37-46 nm from the unsplit (111) reflection, which
increased with sintering temperature, and DLS
revealed agglomerates with Z-average diameters
of about 250-440 nm; the Sr-containing powder
was smaller only at 900 °C, and no consistent
effect of sintering temperature was found. FTIR
identified the characteristic Ti-O (Ba-Ti-O)
stretching band of BaTiOs. Under UV irradiation,
the apparent MB removal (absorbance at 664 nm,
single spectrum per sample) was higher for
Bao.97Sr0.03T103 (about 34% and 24% at 900 °C and
1000 °C) than for undoped BaTiOs (about 28% and
0%), and the higher sintering temperature
decreased the apparent removal of both
compositions. The mechanism was not
established; band-gap analysis, adsorption and
photolysis controls, kinetic analysis, and charge-
carrier characterization are needed in future
work.
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