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The sub-micron spherical barium fluoride (BaF,) was successfully synthesized via a low-temperature
hydrothermal method using ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) as the
chelating agent. The effect of pH, the molar ratio of EDTA to Ba®*, barium hydroxide octahydrate
(Ba(OH),-8H,0) concentration, hydrofluoric acid (HF) concentration, hydrothermal temperature and
time, on the formation of spherical BaF, were investigated. The formation mechanism of spherical
BaF, has been proposed based on the experimental results. The results show that the spherical BaF,,
with an average size of 346.9 nm, is formed by the self-assembly of nanocubes. The optimized
synthesis conditions are: pH = 14, EDTA-2Na : Ba®" = 1: 1, Ba(OH), concentration is 0.1 mol L™, HF
concentration is 2.0 mol L™, hydrothermal temperature is 80 °C and hydrothermal time is 2.0 h. The
self-assembly mechanism of the spherical secondary structure was revealed from the perspective of
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1 Introduction

Barium fluoride (BaF,) has varied potential applications due to
its exclusive and diverse features, such as stable chemical
properties, low refractive index, strong ability to adapt to the
lattice, low phonon energy, and optical transparency over a wide
wavelength range. Based on these important properties, it can
be used in the fields of high energy physics,"* optical,>®
lasers,”® and semiconductor buffer layer materials.’®"* Nano-
scaled barium fluoride has higher F~ conductivity than single
crystal or polycrystalline fluoride about 1 to 2 orders of
magnitude, which has a great potential in the field of ion
conductors.”*™* In addition, it also possesses novel electronic,
magnetic, optical, chemical, and mechanical properties that
cannot be obtained from its bulky counterparts.

At present, several types of techniques have been developed
to control the size, morphology and crystallinity of BaF,, such as
rods,* hollow spheres,'® whiskers,” and cubes'?° by micro-
emulsion, hydrothermal and flame spray methods. Among
them, the spherical structure has great potential applications
on infrared glasses and catalytic materials due to its good
fluidity and high specific surface area. On the one hand, in the
preparation process of infrared glass, spherical particles can
effectively reduce the “interlocking effect” during the mixing of
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glass raw materials, making the glass composition more
uniform, which improves the optical properties of infrared
glass. On the other hand, the high specific surface area of the
spherical particles can effectively improve the catalytic effi-
ciency and is an ideal raw material for preparing catalysts.**
However, the current research on BaF, is more focused on
preparing hollow and heterogeneous structures, but fewer BaF,
solid microsphere structures. Therefore, it is necessary to find
a simple and fast method to synthesize solid microsphere BaF,.
In this study, we proposed a facile, low-cost and efficient
approach for the fabrication of spherical BaF, with high purity.
Submicron solid microspheres formed by the self-assembly of
BaF, nanocubes were successfully prepared by a low-temperature
hydrothermal method using Ba(OH), - 8H,0 and HF as reactants,
and EDTA was introduced into the reaction as the morphology-
controlling agent. The effects of the EDTA to Ba”" molar ratio,
pH of the precursor solution, Ba(OH), and HF concentration,
hydrothermal time and hydrothermal temperature on the
morphology and phase of BaF, were investigated. The formation
mechanism of BaF, solid microspheres was proposed.

2 Experimental

2.1 Reagents and materials

Barium hydroxide octahydrate (Ba(OH),-8H,0) and ethyl-
enediamine tetraacetic acid disodium salt (EDTA-2Na) were
purchased from Sinopharm Chemical Reagents Co. Ltd.
Hydrofluoric acid (HF) was purchased from Chengdu Kelong
Chemicals Co. Ltd. The reagents needed for the experiment
were all analytically pure, and used without further purification.
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2.2 Preparation of submicron spherical barium fluoride

In a typical procedure, 1.5773 g of Ba(OH),-8H,O (5 mmol) was
dissolved in 50 mL distilled water to form solution A, 1.8612 g of
EDTA-2Na was added to solution A and stirred until dissolved.
NaOH (4 mol L") was then added to adjust the pH of the
solution to 14, followed by the addition of 5 mL of HF
(2 mol L") under stirring in a Teflon beaker for 10 min. The
resulting solution was transferred into a 100 mL Teflon-lined
autoclave. The autoclave was sealed and maintained at 80 °C,
for 2 h, and then air-cooled to room temperature. The products
were washed with distilled water and absolute ethanol, and
finally were vacuum-dried at 60 °C for 4 h. The effect of pH, the
molar ratio of EDTA to Ba®*, Ba(OH), and HF concentration,
hydrothermal temperature and time on the phase and
morphology of BaF, were investigated.

2.3 Characterization methods

X-Ray powder diffraction (XRD) analysis was measured on
a X'Pert Pro ray diffractometer with Cu Ko radiation (A =
0.15406 nm) and 26 ranging from 5° to 90°. Field emission
scanning electron microscopy (FESEM) images were obtained
on a SU8010 field emission scanning electron microscope.
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were ob-
tained on a JEM-F200 field emission transmission electron
microscope at an accelerating voltage of 200 kV.

3 Results and discussion

3.1 Synthesis, morphology, and structure of submicron
spherical barium fluoride prepared by the hydrothermal
method

3.1.1 The effect of the EDTA to Ba>* molar ratio. Additional
experiments were carried out to understand the role of EDTA in
the particle structure and morphology of the samples by
adjusting the molar ratio of EDTA to Ba®>" to 0:1, 0.5:1,
0.75:1, 1:1 and 1.25: 1 with hydrothermal treatment under
the conditions of barium hydroxide solution with a Ba(OH),
concentration of 0.1 mol L™, HF concentration of 2.0 mol L™,
the pH of 14 and 80 °C for 2 h.

XRD patterns (Fig. 1a) show that all the samples prepared
under the different molar ratios are BaF, with good crystallinity,
but the half-width of the diffraction peaks of the samples after
adding EDTA is more expansive, which is caused by the reduc-
tion in the particle size after adding the topography agent.
According to the Scherrer formula (eqn (1)), the sample particle
size decreases as the molar ratio of EDTA to Ba®>" increases
(Fig. 1b).

D = Ky/Bcos 0 (1)

where D is the average thickness of the crystal grain perpen-
dicular to the crystal plane (A), K is the Scherrer constant, v is
the X-ray wavelength, B is the half-height width of sample
diffraction peak, and @ is the Bragg diffraction angle.
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The SEM image shows that the barium fluoride crystals
appear as irregular cubes of different sizes in the absence of
EDTA (Fig. 1d). With the increase in the molar ratio, the size of
the cube particles gradually decreases, and the spherical
structure formed by the self-assembly of cubes becomes obvious
(Fig. 1e and f). When the molar ratio is increased to 1 : 1, BaF,
cubes self-assemble into a regular and uniform spherical
structure (Fig. 1g). The particle size of the spherical structure
decreases when the molar ratio continues to increase (Fig. 1h).
These phenomena are mainly due to the different BaF, particle
sizes caused by the EDTA-Ba complex formed by adding EDTA
to the Ba(OH), solution (Fig. 1c).

The reaction formula is as follows:*

Y* + Ba®* - BaY*" (2)
BaY?™ +2F~ — BaF, + Y*~ (3)

According to reactions (2) and (3), when the molar ratio of
EDTA : Ba®>" is lower than 1:1, Ba** is not completely com-
plexed by EDTA. The resulting barium fluoride is formed
quickly after adding F~, shortening the nucleation time.
Therefore, large-sized BaF, particles can be obtained. However,
when the molar ratio of EDTA : Ba®>* is higher than 1 : 1, excess
Y*~ will slow down the release rate of the Ba**, prolonging the
nucleation time, and the as-prepared BaF, crystal grains that
will be smaller will self-assemble into a spherical to reduced
total surface energy.

3.1.2 The effect of pH. In order to investigate the influence
of different pH on the phase and morphology of BaF,, pH values
were adjusted to 5, 7, 9 and 14, respectively. The hydrothermal
temperature was kept at 80 °C for 2 h, Ba(OH), concentration
was 0.1 mol L™, HF concentration was 2.0 mol L' and
EDTA : Ba®>" = 1 : 1 during the preparation procedure. The XRD
patterns of the samples obtained at different pH values are well
consistent with the BaF, (JCPDS no. 04-0452) standard card
(Fig. 2a). The strong and sharp diffraction peaks imply that the
change of pH does not affect the crystal form of barium fluoride.

The morphology evolution of BaF, under different pH values
is shown in Fig. 2c—f. With the increase in the pH value, the BaF,
submicron spheres contour gradually becomes apparent. The
average particle size of BaF, cubes calculated by the Scherer
formula indicates that smaller particles are easier to assemble
into spheres (Fig. 2b). The particle size controlled by the crystal
growth process is critical for forming a sphere of BaF,. As
demonstrated in reaction (4), EDTA has a series of dissociation
equilibria under acidic conditions called the acid effect that can
reduce the equilibrium concentration of Y*~ (complexing with
Ba®") in the system. In reaction (5), the acid effect coefficient
aym) represents the ratio of the total concentration of the
unreacted complexing agent [Y'] to the equilibrium concentra-
tion of Y that can be complexed. After obtaining the ayqy) of
EDTA at each pH, the conditional stability constants of EDTA-
Ba can be calculated using reaction (6). As shown in Table 1, the
conditional stability constants of EDTA and Ba®" are relatively
small under acidic conditions. This means that Ba>* in EDTA-
Ba is readily dissociated and combines with F~ after the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) XRD patterns of BaF, samples prepared at different molar ratios of EDTA to Ba®*; (b) the particle size calculated by the Scherrer formula;
(c) EDTA-Ba complex molecular structure; SEM images of BaF, samples prepared at different molar ratios of EDTA to Ba®* (d) 0 : 1, (€) 0.5 : 1, (f)
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Fig. 2 (a) XRD patterns of BaF, samples prepared at different pH
values; (b) the particle size calculated by the Scherrer formula; SEM
images of BaF, samples prepared at different pH values (c) pH = 5, (d)
pH =7 (&) pH =9, (f) pH = 14.

Table 1 Conditional stability constants of EDTA-Ba after the cor-
recting acid effect

pH 5 7 9 14
1g Kpay 7.7

Ig ey 6.4 3.3 1.3 0.0001
12K,y 1.3 4.4 6.4 7.7

© 2021 The Author(s). Published by the Royal Society of Chemistry

addition of HF, leading to BaF, burst nucleation, and rapid
drop in the supersaturation. The system enters the crystal
growth stage in the shortest time possible, resulting in relatively
large particle size. With the increase in the pH value, the
conditional stability constants of EDTA and Ba®>" gradually
increase, Ba®" is difficult to dissociate, making the nucleation of
BaF, crystals difficult. Therefore, the size of the crystal grains
can be controlled by shortening the growth time. Hence, low pH
is not suitable for the formation of spheres of BaF,.

5, HT —H* —H* —H* N
HY*t =— H;Y" — H,Y =— H;Y —H,Y*
+H*T +H*T

+H* +H*

_Ht _Ht
—HY™ = Y*" (4)

+H* +H*

SN 5 L5
aY(H) B Kal KalKaZ KalKaZKa3 o
6
[H'] 5)
Kal Kaz Ka3 Ka4Ka5 Kaé

1gKp,y = lgKn.y — lgava (6)

where ay() is the acid effect coefficient of EDTA, [H'] is the H"
concentration in the system, K, is the dissociation equilibrium
constant of H,Y" ¥, IgK, is the conditional stability constant
of Ba”" and EDTA, and lg Kg,y is the stability constant of Ba>*
and EDTA.

3.1.3 The effect of the concentration of Ba(OH),-8H,0. In
order to investigate the influence of the concentration of
Ba(OH), on the particle structure and morphology of BaF,
particles, four samples were synthesized under the following
conditions: HF concentration is 2.0 mol L™', EDTA : Ba*" =
1:1, pH = 14, 80 °C for 2 h at different concentrations of
Ba(OH), (0.05 mol L™, 0.10 mol L%, 0.15 mol L' and
0.30 mol L™1).

RSC Adv, 2021, 11, 40051-40058 | 40053
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Fig. 3 (a) XRD patterns of BaF, samples prepared at different Ba(OH),
concentrations; (b) the particle size calculated by the Scherrer
formula; SEM images of BaF, samples prepared at different Ba(OH),
concentrations (c) 0.05 mol L™, (d) 0.10 mol L™, (e) 0.15 mol L™, (f)
0.30 mol L%,

The XRD patterns show that all the samples prepared under
different concentrations of Ba(OH), are BaF, crystals with good
crystallinity and without impurities (Fig. 3a). According to the
Scherrer formula, the particle size of the samples gradually
decreases as the Ba(OH), concentration increases (Fig. 3b).
Irrespective of the Ba(OH), concentration being lower or higher
than 0.10 mol L™, the barium fluoride cubes could not self-
assemble well into a spherical structure. At a low Ba(OH),
concentration, the BaF, monomers were kept in the low
concentration state for a long time, leading to the size of the
BaF, cubes becoming too large to self-assemble spontaneously.
On the contrary, a high Ba(OH), concentration increases the
concentration of BaF, monomers, resulting in the continued
nucleation of BaF, crystals. As a result, the size of the BaF,
cubes is smaller, which causes the surface energy of the cubes to
be so high that cubes can only be closely packed into large-size
agglomerates to reduce the surface energy, thus achieving
a thermodynamically stable state. Therefore, the Ba(OH),
solution concentration of 0.10 mol L™ was determined as the
optimal raw material concentration value for the preparation of
spherical BaF,.

3.1.4 The effect of the concentration of HF. According to
Fig. 4a, changing the HF concentration did not affect the phase
of the product. The samples prepared at different HF concen-
trations gave barium fluoride crystals with good crystallinity.
The crystal size results calculated according to the Scherrer
formula (Fig. 4b) show that the barium fluoride crystal size
increases first and then decreases as the HF concentration
increases. This is because heterogeneous nucleation mainly
occurs in a low-concentration solution, and fewer crystal nuclei
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are formed, so the crystal size increases with the increase in the
solution concentration. When the concentration increases to
the critical value for homogeneous nucleation, the crystal size
grows to the maximum. As the solution concentration further
increases, homogeneous nucleation mainly occurs and the
number of crystal nuclei formed increases, which leads to the
crystal size decreasing. Fig. 4c-g indicate that spherical barium
fluoride particles can be prepared under different hydrofluoric
acid concentrations. However the spherical particles prepared
at a hydrofluoric acid concentration higher than 2.0 mol L™" or
lower than 2.0 mol L™" have a smaller particle size, so the dis-
persibility is poor. This is because the basic structural unit has
a small particle size, so the spherical particles formed by
assembly are small. In summary, the concentration of hydro-
fluoric acid is selected to be 2.0 mol L™* for the next step of
condition optimization.

3.1.5 The effect of hydrothermal temperature. The crystal-
lization reaction was carried out at 60 °C, 80 °C, 120 °C, and
160 °C with Ba(OH), concentration of 0.1 mol L™, HF concen-
tration of 2.0 mol L%, EDTA : Ba®" = 1:1, pH = 14 and the
hydrothermal time was kept at 2 h to explore the influence of
different hydrothermal temperatures on the formation of
spherical barium fluoride.

The XRD patterns (Fig. 5a) of the samples obtained at
different hydrothermal temperatures are in good agreement
with the standard BaF, diffraction peaks (JCPDS no. 04-0452)
and without other impurity peaks.

According to SEM images, the crystal size increases with the
increase in the hydrothermal temperature, which is consistent
with the result calculated by the Scherrer formula (Fig. 5b). At
a low temperature, the BaF, nanocrystals can self-assemble into
spherical particles but are smaller in size with poor dis-
persibility (Fig. 5c¢). On increasing the temperature to 80 °C
(Fig. 5d), a spherical structure with a large size, caused by the
increase in the particle size of the basic structural unit, can be
obtained. With further increase in temperature, the particles
can exist stably by themselves, due to the decreased surface
energy caused by the increase in the nanocube size (Fig. 5e and f).
At the higher temperature, EDTA shows weak chelating ability,
and the crystals grow into larger particles. Therefore, 80 °C is
determined as the appropriate hydrothermal temperature.

3.1.6 The effect of hydrothermal time. In order to under-
stand the formation process of the secondary structure of BaF,
submicron spheres, the samples were prepared under the
following conditions: Ba(OH), concentration was 0.1 mol L™,
HF concentration was 2.0 mol L™', EDTA : Ba*" =1:1,pH = 14
and the hydrothermal temperature was 80 °C for different
times.

Fig. 6a displays the XRD diffraction patterns of products
prepared at different times and are all barium fluoride crystals,
with no intermediate products and impurities. The Scherrer
formula results show that prolonged hydrothermal time
promotes the crystal growth (Fig. 6b). The SEM images show the
formation process of barium fluoride submicron spheres
directly. BaF, initially has an unapparent spherical morphology
without hydrothermal. However, the spherical structure
becomes increasingly apparent when the hydrothermal time is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns of BaF, samples prepared at different HF concentrations; (b) the particle size calculated by the Scherrer formula; SEM

images of BaF, samples prepared at different HF concentrations (c) 1.0 mol L™, (d) .5 mol L™, (e1) 2.0 mol L™, (e2) 2.0 mol L%, (f) 3.0 mol L™, (g)

4.0 mol L1,
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Fig. 5 (a) XRD patterns of BaF, samples prepared at different hydro-
thermal temperatures; (b) the particle size calculated by the Scherrer
formula; SEM images of BaF, samples prepared at different hydro-
thermal temperatures(c) 60 °C, (d) 80 °C, (e) 120 °C, (f) 160 °C.

extended (Fig. 6¢c—¢). Extending time to 2.0 h, resulted in all the
nanocubes self-assembling into submicron spheres (Fig. 6f).
The cube can exist independently, with the particle size grad-
ually increasing with further increase in time (Fig. 62 and h).
This indicates that an appropriate increase in the hydrothermal
time can promote the formation of the self-assembled
secondary structure of the nanoparticles. However, a long
hydrothermal time will make nano-crystal grains grow reducing

© 2021 The Author(s). Published by the Royal Society of Chemistry

surface energy, and results in failure to form a spherical
structure.

3.2 Characterization of BaF, submicron solid spheres
synthesized under the optimal conditions

The BaF, submicron solid spheres were synthesized with the
optimal conditions: Ba(OH), concentration is 0.1 mol L', HF
concentration is 2.0 mol L™, EDTA : Ba>* = 1: 1, pH = 14 and
the hydrothermal temperature and time were 80 °C and 2 h,
respectively. As indicated in Fig. 7a, the XRD pattern of BaF,
synthesized via hydrothermal synthesis agrees well with that of
the standard BaF, (JCPDS no. 04-0452). The strong and sharp
diffraction peaks indicate that the as-obtained sample is highly
crystallized. The SEM images (Fig. 7b) show that the obtained
submicron spheres are formed by the self-assembly of nano-
cubic particles, with a regular morphology and average particle
size of about 346.9 nm (Fig. 7c). As revealed by HRTEM images
in Fig. 6d, clear and solid BaF, was identified. The corre-
sponding selected area electron diffraction (SAED) pattern
proves that the structure is poly-crystalline and is highly
consistent with each crystal plane index of BaF, (Fig. 7e). As
shown in Fig. 7f, the inter-planar distances between adjacent
lattice fringes were determined to be 0.354 and 0.313 nm,
indexed to the d-spacing values of the (111) and the (200)
planes, respectively, in the fcc BaF,.

3.3 The formation mechanism of sub-micron spherical BaF,

Based on the above discussions and analyses, the formation
mechanism of spherical BaF, crystal in this study is proposed
and depicted in Fig. 8. The nano barium fluoride size is the
decisive factor for the formation of spherical barium fluoride.
The experimental results show that the cube particles as the
primary unit aggregate into a spherical shape when the particle
size is less than 15 nm.

The small-sized particles will self-assemble into a close-
packed structure to reduce the surface energy, bringing the
system to a thermodynamic equilibrium state. On the contrary,

RSC Adv, 2021, 11, 40051-40058 | 40055
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(a) XRD patterns of BaF, samples prepared at different hydrothermal time; (b) the particle size calculated by the Scherrer formula; SEM

images of BaF, samples prepared at different hydrothermal times (c) O h, (d) 0.5 h, (e) 1 h, (f) 2 h, (g) 8 h, (h) 16 h.

large-sized grains can exist independently and stably due to
a low surface energy. The growth processes control the crystal
size. Ilustrated by the LaMer crystal growth model, the growth
of nanocrystals in a solution is mainly divided into three parts:
monomer formation, nucleation and growth process (Fig. 9).>***
In the I stage, Ba®" and F~ combine to form BaF, monomers.
When the monomer concentration exceeds the nuclear
threshold, the system enters the II stage; the formation of BaF,
nuclei causes the monomer concentration to decrease. The III
stage begins after the monomer concentration drops below the

=4}
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nuclear threshold, when nucleation is no longer taking place in
the system. The consumption of monomers is only used for the
crystal growth. With the addition of EDTA, Ba** will complex
with EDTA to form metastable EDTA-Ba, which decreases the
concentration of free Ba>" in the solution. The rate of ~ forma-
tion BaF, monomers relies on the release rate of Ba®>" from the
composite. When the complex stability constant of EDTA-Ba is
large, the release rate of Ba>* is slower. Consequently, when the
BaF, monomer concentration is maintained in the nucleation
stage for a long time, it results in the size of the crystal being so
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(a) XRD pattern of sub-micron spherical BaF;; (b) SEM images of sub-micron spherical BaF,; (c) sub-micron spherical BaF, particle size

distribution; (d) TEM images of sub-micron spherical BaF,; (e) SAED pattern of sub-micron spherical BaF,; (f) HRTEM image of sub-micron

spherical BaF,.
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Fig. 8 Schematic diagram of the formation process of sub-micron spherical BaF,.
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Fig. 9 LaMer crystal growth mechanism.

small that the as-obtained spherical BaF, is unapparent. On the
other hand, the release rate of Ba** is high when the stability
constant is small, leading to the concentration of the monomer
exceeding the nuclear threshold quickly, and drops rapidly with
the outbreak-nucleation. The crystal enters the growth stage
and becomes too large to self-assemble into a spherical
structure.

4 Conclusion

In summary, sub-micron spherical architectures of BaF, parti-
cles, with an average size of 346.9 nm, were synthesized through
a convenient and facile hydrothermal method. During the
hydrothermal synthesis of BaF,, the pH value, the ratio of EDTA
to Ba>", raw material concentration, hydrothermal temperature
and time play important roles in the morphology and size of
BaF, particles. The suitable synthesis conditions for sub-micron
spherical BaF, were determined to be pH = 14, EDTA : Ba> =

© 2021 The Author(s). Published by the Royal Society of Chemistry

1: 1, the concentration of Ba(OH), is 0.1 mol L™, the concen-
tration of HF is 2.0 mol L', T = 80 °C, and ¢ = 2 h. The
formation process of the free-standing and uniform sub-micron
spherical BaF, was proposed based on the above results.
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