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Monodisperse BaF, Nanocrystals: Phases, Size Transitions, and Self-

Assembly**
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Research on nanostructured materials and nanodevices is a
rapidly growing field. Their development requires strict
control and a deep understanding of the nucleation and
growth mechanisms of nanocrystals,!! as well as a way to
modify? their morphologies during fabrication. Ideal indi-
vidual nanocrystals are also required as building blocks for
highly ordered superstructures.®’! Although a wide variety of
nanocrystals with controllable sizes can be readily prepared
and their superlattice assemblies obtained, the morphology
evolution mechanism, especially the phase and size transi-
tion,™ is not yet fully understood.”! We believed BaF,
nanocrystals to be a good model for investigation of the
phase transition by thermodynamics'® and the size transition
by kinetics.”

Cubic-phase CaF, nanoparticles have been prepared by a
hydrothermal approach without any surfactant.’! Cubic-
phase BaF, nanorods could be synthesized with the help of
cetyltrimethylammonium bromide surfactant, which forms
reverse micelles during the reaction.”l However, to the best of
our knowledge, reports on orthorhombic-phase BaF, are
quite rare. Both cubic-phase and orthorhombic-phase BaF,
are dielectric and have a wide range of potential applications
in optoelectronics, since they have great optical-transmission
domains and can be used as microelectronic devices, such as
highly resistive dielectrics, wide-gap insulating layer, insula-
tors, buffer layers, and solid-state ions.'” BaF, doped with
rare-earth ions has been reported to display unique lumines-
cence properties and can be used as X-ray storage phosphors,
scintillators,''!l as well as up- and down-conversion, and ionic
conductivity materials. Recently, we reported a surface
chemical thermodynamics (SCT) model to interpret the
nucleation and growth of Ba,F;Cl nanorods under thermody-
namic equilibrium."? In this study, the preparation of various
BaF, nanocrystals was accomplished by the liquid—solid-
solution (LSS) approach!™ with the products subsequently
self-assembled by adding a buffer layer to the tube.') Herein,
we report that the nucleation and growth of both cubic- and
orthorhombic-phase BaF, crystals are under the control of
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nonequilibrium kinetics, whereas the phase transition of BaF,
demonstrates that cubic-phase BaF, is thermodynamically
stable. These two properties may shed light on the facile
fabrication of various nanocrystals with controllable size and
phase.

For the synthesis and self-assembly of monodisperse BaF,
nanocrystals, uniform 5+ 1 nm cubic-phase BaF, nanoparti-
cles and 25 £+ 1 nm orthorhombic-phase BaF, nanorods were
prepared and self-assembled (Figure 1a,b). The selected-area

(220)

(200)g

Figure 1. TEM images of the self-assembly of a) cubic- and b) ortho-
rhombic-phase BaF, nanocrystals. The insets shows the SAED pat-
terns.

electron diffraction (SAED) patterns displayed in the insets
of Figure 1a,b also confirmed the complete self-assembly of
BaF, nanocrystals, which should be distinguished from the
partly assembled case (Figure S1 in the Supporting Informa-
tion). In this process, the diffusion of methanol, a commonly
used “nonsolvent” for precipitating nanocrystals, will disturb
the system of oleic acid capped nanocrystals in cyclohexane.
A buffer layer of propan-2-ol was then introduced between
the nanocrystal solution and the methanol layer to slow down
the precipitation of nanocrystals. Through this approach
highly ordered self-assembly nanocrystals were formed at the
interface of cyclohexane and the mixture. The HRTEM
images (Figure 2a,b) and powder XRD patterns (Figure 2 ¢c,d)
confirm the identification of cubic- and orthorhombic-phase
BaF,. Particularly, the XRD pattern of cubic-phase BaF,
(Figure 2¢) shows several broad peaks because of their
small sizes. Furthermore, EDS spectra (Figure S2 in the
Supporting Information) confirm the high purity of the
products.

Careful investigation of the TEM images in Figures 3 and
4 reveals that the BaF, nanocrystals underwent a remarkable
size transition as the ripening time increased from 10 min to
48 h: the cubic-phase BaF, nucleated and grew from a) 4 +
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Figure 2. Typical HRTEM images of the a) cubic- and b) orthorhombic-
phase BaF,. Powder XRD patterns of c) cubic-phase (JCPDS card no.
85-1342) and d) orthorhombic-phase BaF, (JCPDS card no. 34-0200).

Figure 3. TEM images showing the nucleation and growth of cubic-
phase BaF, for ripening times of a) 10 min, b) 12 h, c) 24 h, and
d) 48 h.

1 nm spherical nanoparticles to b) 4 + 1 nm truncated-square
nanoparticles, then to ¢)5+1nm complete-square nano-
particles, and finally to d) (5+1) nm x (6 = 1) nm rectangular
nanoparticles (Figure 3); the TEM images in Figure 4 illus-
trate that the orthorhombic-phase BaF, underwent 1D
growth from about 5+0.5 nm long to 25+ 1 nm, 50+ 5 nm,
and finally more than 300 nm, while the diameters only
increased from 1.5+ 0.1 nm to 3.5+0.2 nm. Since the above
growth process took place under nonequilibrium conditions,
we applied a diffusion-controlled kinetic (DCK) model to
explore the morphology evolution of both cubic- and
orthorhombic-phase BaF, nanocrystals qualitatively. Accord-
ing to Wei and co-workers”! the reaction rates of BaF,
monomers in our experiments are given by Equations (1a,b)
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Figure 4. TEM images showing the nucleation and growth of ortho-
rhombic-phase BaF, for ripening times of a) 10 min, b) 4 h, c) 8 h, and
d)12h.

vy = Dy sy Ry ' [n][A)" (1a)

vy =Dy 5; Ry ™' [n][A]® (1b)
(see the Supporting Information), in which, the subscripts 1
and 2 represent the longitudinal and radial direction, respec-
tively; D, and D, are diffusion coefficients; s, and s, are the
corresponding surface areas; R is the effective radius, as
defined in Equation (S9) in the Supporting Information; [A]
is the BaF, monomer concentration; [n] is the concentration
of the nanocrystals; and a; and a, are the order of the
reactions. If g, is the growth rate, then Equation (2) follows, in

gl’ Sl’ = vl’ V Vm (2)

which V is the volume of reaction system; V, is the molar
volume of the solid nanocrystal; S, is the sum of surface area
“r” of all nanocrystals. Combining Equations (1a,b) and (2)
gives Equations (3a,b), in which g, a,, K;, K, are constants,

g1 =DV Ry ' [A]" = K, [A]" (3a)

& =D,V Ry ' [A]” = K, [A)® (3b)
and can be set as a, =1, a,=2, K, =1, K, =10, which renders
the growth rates of BaF, nanocrystals concentration-depen-
dent. How the morphology of a nanocrystal evolves can be
simulated by solving the following time-related Equation-
s (4a,b), in which L, and L, are the longitudinal and side

Li(t+ At) =L (t) + g At (4a)

Ly(t+ At) = Ly(t) + g, At (4b)
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lengths. Since AL; and AL, of orthorhombic-phase BaF,
nanorods are approximately constant according to our experi-
ments (Figure 4a—c), while At is set 4 h to go along with the
ripening time step, it can be drawn from Equations (4a,b) that
g and g, are time-independent. (Figure 4d is excluded
because these nanowires are of various lengths, as seen
from large-scale TEM images in Figure S3.) Thus, according
to Equations (3 a,b), the BaF, monomer concentration [A] is
constant with time. An explanation to this phenomenon is
that the growth process of orthorhombic-phase BaF, nano-
rods is marked by Ostwald ripening (OR): small crystals
redissolve while larger crystals grow by consumption of the
solute species; thus, the overall BaF, monomer concentration
is a constant. The same DCK model and OR mechanisms
apply well to cubic-phase BaF, nanoparticles (Figure 3).

To simplify this model we then introduce the relative
growth rates of BaF, nanocrystals in length and radial
directions [Eq. (5a,b)].

G =g/L (5a)

G, =g/L, (5b)

Since the initial concentration of Ba”' is relatively high
(0.15molL™) for cubic-phase BaF, nanocrystals, it can be
inferred from Equation (3) that g, < g,, which means G, < G,.
Thus, the BaF, nucleus undergoes 3D
growth and forms complete cubic-phase
BaF, nanoparticles by Ostwald ripening.  a)
For orthorhombic-phase BaF,, g;>g,
because of the low value of [A]
(0.015molL""). Then, G;>G, and 1D
growth is predominant, which leads to

B 10nm

Figure 5. TEM images showing the shape and size transition of cubic-
phase BaF, (a,c) and the phase transition from orthorhombic- to
cubic-phase BaF, (b,d) for solvent including (a,b) and in the absence
of oleic acid (c,d).

L,>L,.
Furthermore, the size transition also
depends greatly on the concentration of

the oleic oil surfactant (Figure 5a,c). Sim- 30
ilarly, the difference between Figures 5b
and 5d can also be attributed to the
surfactant effect. Compared with those in
Figure 5c, the BaF, nanosheets in Fig- c¢)
ure 5a are much smaller and more regular;
that is, without oleic acid, the cubic-phase 180
BaF, grew much bigger in a more irregular e 160 mmm o
way (Figure 5c), since the oleic acid was
capped to the BaF, nanocores by strong
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chemical interactions, which blocked their
further growth.

A number of experiments have shown
that the synthesis of BaF, nanocrystals
often results in orthorhombic-phase BaF,
nanorods, which then easily transform into
cubic-phase BaF, nanoparticles or nano-
sheets under certain conditions, especially
at high reaction temperatures. It can be
deduced statistically from our experimen-
tal results that a phase transition from orthorhombic- to
cubic-phase BaF, nanocrystals occurred as a function of the
ripening time and temperature (Figure 6¢): at 140°C, the
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Figure 6. XRD data used to investigate a) the shape and size transition of cubic-phase BaF,
and b) the phase transition from orthorhombic- to cubic-phase BaF,. * cubic phase; #
orthorhombic phase. -V denote XRD patterns of 1) small cubic-phase BaF, nanoparticles,
I) large cubic-phase BaF, nanosheets, I1l) pure orthorhombic-phase BaF, nanocrystals,

IV) mixed cubic- and orthorhombic-phase BaF,, and V) pure cubic-phase BaF,. c) The
dependence of the BaF, phase on ripening time and temperature. A cubic, 0 orthorhombic
and cubic, m orthorhombic. d) Room-temperature fluorescence spectra of as-prepared cubic-
phase (—) and orthorhombic-phase (-----) BaF, nanocrystals doped with 5% Eu*".

resulting nanocrystals were pure orthorhombic-phase BaF,;
at 160°C, a phase transition from orthorhombic- to cubic-

phase BaF, began to occur as the ripening time reached 12 h;
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at 180°C, the phase transition started from the very beginning
and ended up with neat cubic-phase BaF, as the ripening time
exceeded 24 h; at 200 °C, only cubic-phase BaF, was produced
no matter how long the reaction lasted. Moreover, it can be
seen clearly from Figure Sb that the orthorhombic BaF,
nanorods lay in an ordered arrangement along four sides of
the cubic phase BaF, nanosheets. We can infer from this
phenomenon that under such conditions the orthorhombic
BaF, nanorods easily aggregated and transformed into cubic-
phase BaF, nanosheets. Herein, the phase transition was
investigated by using thermodynamics, in which phase
stability played a crucial role. The orthorhombic-phase BaF,
nanocrystals were stable only at relatively low reaction
temperatures but became unsteady with the increase of
temperature, while the cubic-phase nanocrystalline BaF, were
more thermodynamically stable at high temperatures. So at
relatively low temperatures, for example, 140-160°C, we
obtained orthorhombic-phase BaF, nanocrystals. However, as
the temperature was increased to 180°C, the orthorhombic-
phase nanocrystalline BaF, became volatile and changed into
cubic-phase BaF, nanosheets, which can stand high temper-
atures. XRD data can be used to investigate the size transition
of cubic-phase BaF, (Figure 6a) and the phase transition from
orthorhombic- to cubic-phase BaF, (Figure 6b). Moreover,
many experiments have justified that nanocrystalline BaF,
phase can be a key factor responsible for their optical
properties. Room-temperature fluorescence spectra of the as-
prepared BaF, nanocrystals doped with 5% Eu*" show that
the photoluminescence of cubic-phase BaF, (Figure 6d, solid
curve) is at least twice as strong as that of orthorhombic-phase
BaF, (Figure 6d, dashed curve).
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Figure 7. Procedure illustrating the formation and morphology evolu-
tion of cubic-phase and orthorhombic-phase BaF,.

Figure 7 shows a schematic diagram of the nucleation and
growth mechanism of BaF, nanocrystals. BaF, nuclei can be
easily obtained under suitable synthetic conditions. Then, the
spherical BaF, nanocores underwent 3D growth as the
ripening time was extended and formed cubic-phase BaF,
nanosheets through OR at relatively high reaction temper-
atures (Figure 7, top route); at low temperatures, the rice-like
BaF, nanocores underwent 1D growth and ripened into
rodlike orthorhombic-phase BaF,, which was stable only
under low reaction temperatures (Figure 7, bottom route).
With increasing ripening time, orthorhombic BaF, nanorods
grew longer through OR and transformed into cubic-phase
BaF, nanosheets at 180°C or above, and finally into large
irregular nanosheets in the absence of oleic acid. The
surfactant (oleic acid) played a significant role in this process:
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without oleic acid the BaF, nanosheets grew much larger and
more irregular. Larger irregular BaF, nanosheets can be
obtained either by small BaF, nanosheets or directly from the
as-obtained cubic BaF, nanoparticles and orthorhombic BaF,
nanorods, which were centrifuged, purified, resuspended in
ethanol/cyclohexane, and then heated in a 50 mL teflon-lined
autoclave at 200 °C without oleic acid.

In conclusion, self-assembled cubic-phase and orthorhom-
bic-phase BaF, nanocrystals were synthesized by LSS with
ripening times varying from 10 min to 48 h. The size transition
and morphology evolution of BaF, nanocrystals under non-
equilibrium conditions were studied and interpreted by using
a DCK model, in which the OR process was predominant.
Furthermore, the phase transition from orthorhombic- to the
more thermodynamically stable cubic-phase BaF, was inves-
tigated on the basis of thermodynamics. The nucleation and
growth of nanocrystalline BaF,, including their size and phase
transitions, were studied in detail. The results may help in the
control and manipulation of the shape and phase of various
nanocrystals.

Experimental Section

All the chemicals were of analytical grade and used as received
without further purification. In a typical procedure, an aqueous
solution of barium salt was mixed with oleic acid (20 mL), NaOH
(1.2 g), alcohol (10 mL), and then thoroughly stirred at room
temperature for 5-10min to form an even mixture. A white
amorphous precipitate appeared immediately after adding aqueous
HF (5 wt%) to this mixture. The colloidal solution was vigorously
stirred for another 10 min, transferred into a 50 mL teflon-lined
autoclave, sealed, and heated at 140-200°C. Then, the system was
allowed to cool to room temperature. The final product was collected,
purified by centrifugation, and washed several times with ethanol and
cyclohexane to remove surfactants.

For the preparation of cubic-phase BaF, nanoparticles (ca. 5 nm),
the initial concentration of BaCl, was about 0.15 mol L™ and 40 wt %
aqueous HF (0.75 mL) was used; the autoclaves were sealed and
heated at 180°C for 12-48 h. For the synthesis of orthorhombic BaF,,
Ba(NO;), was used as a precursor instead of BaCl, and its initial
concentration was decreased to 0.015 molL"}, and a stoichiometric
proportion of HF was used; the autoclaves were heated at 160°C for
4-12 h. The above fabricating approach adopted the LSS synthetic
strategy reported by our group.!"’! The as-obtained BaF, nanocrystals
were then self-assembled into highly ordered assemblies.!"*!

The phase purity and crystallinity of the products were detected
by XRD analysis on a Brucker D8-advance X-ray diffractometer with
Cuy, radiation (1 =1.5418 A), and the operating voltage and current
were kept at 40 kV and 40 mA, respectively. The size and morphology
of the products were observed by using the JEOL JEM-1200EX
transmission electron microscope (TEM) with a tungsten filament
working at 100 kV. Samples were directly transferred to a carbon-
coated copper support grid for TEM, by adding dropwise a dilute
cyclohexane dispersion of the nanocrystals on the surface of a copper
grid. High-resolution transmission electron microscopy (HRTEM)
images were obtained on a JEOL JEM-2010F transmission electron
microscope. EDS was also performed to determine the elements of
the products.
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