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Morphology evolution of NaTaO, submicrometer
single-crystals: from cubes to quasi-spheres

Wei Chen, Qin Kuang” and Zhaoxiong Xie"

Surface structure control of functional nano-/micro-crystallites
has attracted great attention because many important physi-
cochemical properties depend on their surface. Guided by the
supersaturation-dependent surface structure evolution strategy
we proposed recently, NaTaO; submicrometer crystals with mor-
phologies of cubes, corner truncated cubes, edge and corner trun-
cated cubes, and quasi-spheres can be synthesized by changing the
volume ratio of ethylene glycol to water and the amount of NaOH
in the composite solvent. Under low supersaturation condition,
NaTaO:s cubic crystals with low energy {100} facets were obtained.
As the supersaturation increases, the corners and edges of NaTaO;
cubic crystals, which possess higher surface energy, were gradual-
ly truncated. Surprisingly, quasi-sphere crystallites formed under
extremely high supersaturation condition, which is difficult to be
explained by the classical crystal growth theories. By analyzing
the formation work of two-dimension crystal nuclei, we conclud-
ed that the crystal growth tend to be isotropic at extremely high
supersaturation, which well explained the formation of the qua-
si-sphere crystallites.

INTRODUCTION

In the past decade, many efforts have been devoted to con-
trolling the crystal surface structures for specific purpose,
since many physicochemical properties of crystals strongly
depend on their exposed surface [1-5]. Despite the great
success in morphology-controlled syntheses of nanocrys-
tals, our comprehension of the formation mechanism of
specific surface of crystals in nanoscale is far from enough.
Especially, it is still a great challenge to explore some uni-
versal, precise surface-controlling strategies that apply to
most crystalline materials from metallic to ionic and even
molecular crystals. Establishing the mechanistic proposals
on the basis of thermodynamics and kinetics principles
and concepts, which are universal for the growth of mac-
roscopic and microscopic crystals, is the first step towards
a rational design and systematic approach [6,7]. Recently,
based on thermodynamics and the Thomson—Gibbs equa-
tion, we concluded that the surface energy of crystal face is
in proportion to the supersaturation of crystal growth units
during the crystal growth, which can effectively guide the

control of the surface structure of some crystals [8].

NaTaO, is a semiconducting metal oxide with perovskite
structure and it has important applications in many fields
such as photocatalysis and sensing [9-12]. To enhance the
performance of NaTaO; in the applications, many improve-
ment strategies, by which the bulk or surface structures of
NaTaO, can be modified reasonably, have been developed
to date [9,13—16]. Both photocatalysis and sensing occur on
the surface of the functional materials, so the performance
of NaTaOj, can be significantly enhanced through optimiz-
ing the surface structure of NaTaO, crystals. For example,
Jiang et al. [17] reported that NaTaO, cubic nanocrystals,
which possessed very high effective surface area by self-as-
sembling into mesocrystal-like architectures, showed out-
standing photocatalytic performance for water splitting.
Unfortunately, rare success has been made in rationally en-
gineering specific surface of NaTaO, crystals. No matter in
macroscopic scale or in nanoscale, NaTaO; crystals mostly
grow up into cubic or quasi-cubic morphologies enclosed
with {100} facets [10,16—18]. This growth habit of NaTaO,
is inherently determined by the perovskite-type crystals in
which {100} facets have the lowest surface energy and lead
to the best thermodynamic stability. Therefore it is desir-
able to study how to synthesize morphology controllable
NaTaO, crystals with specific surface structures and make
it effective in improving the performance of NaTaO;-based
materials.

In this paper, guided by the supersaturation dependent
surface evolution strategy, we successfully controlled the
growth of perovskite NaTaO; crystals via controlling the
supersaturation by tuning ratios of ethylene glycol (EG)/
water composite solvents and concentrations of NaOH in
the reaction solution. It was found that the morphologies
of NaTaO; crystals evolved from cubes to corner truncated
cubes, edge and corner truncated cubes, and finally to qua-
si-spheres with increasing the supersaturation. Noticeably,
the quasi-sphere shape of single crystal particles obtained
at high supersaturation condition cannot be explained by
the classical crystal growth theories, such as the Wulff con-
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struction theorem. We found that the formation work of
two-dimensional crystal nuclei during the crystal growth
can well explain the growth of quasi-sphere shape of single
crystal.

EXPERIMENTAL

Chemicals

Tantalum (V) oxide (Ta,0;, 99.99%) was purchased from
Beijing InnoChem Science & Technology Co., Ltd. Ammo-
nium hydroxide (NH,-H,O, 25%), hydrofluoric acid (HE,
40%) and ethylene glycol (EG, AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Sodium hydrox-
ide (NaOH, 96%) was purchased from Guanghua Sci-Tech
Co., Ltd. All the reagents were used without further puri-
fication.

Syntheses of NaTaO, Submicrometer Crystals

Commercial Ta,0, was pre-treated by HF aqueous solution
(40%) according to the previously reported procedure [19].
Firstly, 0.50 g Ta,O; and 3.0 mL of HF aqueous solution
were mixed in a Teflon-lined autoclave with a capacity of
20 mL. Then the autoclave was sealed and heated at 140°C
for 60 min to dissolve Ta,O;. After being cooled to room
temperature naturally, 20.0 mL of NH,-H,O was dropwise
added into the resulting mixture, and then white precip-
itates generated. Finally, the white precipitates were col-
lected by centrifugation, washed by deionized water and
ethanol for several times, and dried in oven at 60°C. This
product was named as Ta,0,-nH,O and used as the precur-
sor of NaTaO, submicrometer crystals.

NaTaO, submicrometer crystals with different morphol-
ogies were prepared in the composite solvent of EG and
water with different ratios. In a typical synthesis of cubic
NaTaO, crystals, 0.010 g Ta,O,-nH,0 and 0.40 g (10 mmol)
NaOH were dispersed in 1.0 mL of EG and 13.0 mL of de-
ionized water by ultrasonication. Then, the mixture was
transferred into a Teflon-lined autoclave of 20 mL, sealed
and heated at 200°C for 12 h before it was cooled to room
temperature. The precipitates were collected by centrifu-
gation, and washed with deionized water for three times
and ethanol for once. Finally, the precipitates were dried in

oven at 60°C overnight. Other samples were prepared by
varying the volume ratio of EG to water or the amount of
NaOH in the reaction solution.

Characterizations

The morphologies of the products were observed by scan-
ning electron microscopy (SEM, Hitachi S4800) and trans-
mission electron microscopy (TEM, JEOL JEM2100) at an
accelerating voltage of 200 kV. The crystalline phase and
composition of the products were determined by X-ray
powder diffraction (XRD) recorded on a Rigaku D/max
X-ray diffractometer (Cu Ka radiation, A = 0.15418 nm).

RESULTS AND DISCUSSION
According to the Thomson-Gibbs equation, the surface
energy of the crystal facets is in proportion to the super-
saturation of the crystal growth units during the crystal
growth under a supersaturated condition (not under an
equilibrium condition) [8]. Therefore, the exposed surfac-
es and the morphologies of crystallites can be controlled by
varying the supersaturation of the crystal growth units. In
our previous papers, it was discussed that the introduction
of a poor solvent increased the supersaturation [8,20]. In-
spired by these preceding reports, we introduced the super-
saturation strategy into the controllable growth of NaTaO,
crystal. Under the solvothermal condition [21,22], a two-
step reaction process, involving the dissolution of reactant
Ta,0;nH,0O with NaOH and the formation of the growth
units, is needed, as shown in Scheme 1. Firstly, Ta,O,
nH,O precursor is gradually dissolved with the assistance
of NaOH, and then the released Ta>* ions are bonded with
hydroxyl ions to form Ta(OH),™ ions. Afterwards, Na* ions
bind with Ta(OH)," ions, followed by the dehydration of
the whole group to form NaTaO,. According to the “like
dissolves like” principle, water could be a good solvent for
the growth of NaTaO, crystals, while the organic solvent
EG is a poor solvent. Therefore, the supersaturation of the
growth units in the mixed solvent can be facilely elevated
by increasing the volume ratio of EG to water, thereby lead-
ing to the formation of NaTaO, crystals with high energy
facets.

Fig. 1 shows typical morphologies of the products ob-
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Scheme 1 Formation processes of NaTaO, growth units. (a) Dissolution of Ta,051nH,0; (b) formation of Ta(OH),™; (c) dehydration and nucleation of

the growth units.
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Figure 1 SEM images of NaTaO; crystals obtained with 10 mmol NaOH
and different volume ratios of EG to water: (a) 1/13, (b) 3/11, (c) 5/9, (d)
11/3. Insets are the corresponding SEM images and schematic models.

tained via solvent-dependent experiments, in which the
volume ratio of EG to water was varied from 1/13 to 3/11,
5/9, and 11/3, respectively. All the products consist of sub-
micrometer particles that are mostly in the size range of
500—800 nm. With the volume ratio of EG to water increas-
ing, the morphology of the particles changes significant-
ly. When the volume ratio of EG to water is 1/13, the as-
prepared particles possess a perfect cubic morphology
(Fig. 1a). When the volume ratio of EG to water increases
to 3/11, the particles remain a cubic shape, but eight cor-
ners are obviously truncated, as shown in high-magnifica-
tion SEM image (Fig. 1b). When the volume ratio of EG
to water increases to 5/9, both the corners and edges of
the cubic particles are truncated (Fig. 1c). When the vol-
ume ratio is higher than 7/7 (e.g. 11/3), the as-prepared
products are composed of quasi-spherical particles (Fig.
1d). High magnification SEM image clearly shows that the
surface of these particles is smooth, which indicates that
the quasi-spherical particles are not built up by secondary
particles with smaller sizes. For convenience, the NaTaO;
crystals with the morphologies of cubes, corner truncated
cubes, edge and corner truncated cubes, and quasi-spheres
are denoted as Cube, CTC, ETC, and QS, respectively.

The crystalline phase of these products was character-
ized by XRD, as shown in Fig. 2. It can be seen that all the
patterns are well assigned to the pure cubic perovskite Na-
TaO, with a space group of P23 and lattice parameter of a
= 3.8978(2) A after cell refinement. No peaks assigned to
Ta,O; appear in the XRD patterns, which indicates that the
precursors are completely transformed into NaTaO,. The
narrow and sharp diffraction peaks imply the large particle
size and good crystallinity of these products. In addition,
it is clear that the ratio of the intensity of the (110) peak to
that of the (100) peak changes obviously from Cube and
CTC to ETC and QS. The close examination shows that
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Figure 2 XRD patterns of NaTaO; particles with different morphologies.

the intensity ratio of (100) peak to (110) peak increases
from 1.08 for Cube to 1.05, 0.85 and 0.84 for CTC, ETC
and QS, respectively. Such a change of relative diffraction
intensity results from either the change of crystal structure
or preferential orientation of crystallites. In present case, it
is associated with the change of the preferred orientation of
NaTaO, crystals resulted from the change of the percent-
age of the exposed (100), which is demonstrated by further
TEM observations.

More structural information of the as-prepared submi-
crometer NaTaO, crystals with different morphologies are
provided by TEM characterization (Fig. 3). The regularly
arranged diffraction spots in their selected area electron
diffraction (SAED) patterns show the single-crystal nature
of these NaTaO, particles. As shown in low-magnification
TEM images (Figs 3a,—a,), the four NaTaO, particles, all
of which are projected from the [001] zone axis, display
the projected outlines of varied but well-defined convex
polygon. As the corresponding high resolution TEM (HR-
TEM) images shown, the interplanar d-spacings of 0.39 nm
are clearly recorded in these particles, which correspond
to the (100) planes of NaTaO,. Thus, the flat facets in Figs
3a,—a; should belong to {100} facets and the area of (100)
facets gradually decrease from cube to CTC, ETC, and QS,
agreeing well with the XRD measurements. It is worthwhile
to note that the corners of CTC (marked by dotted boxes
in Fig. 3a,) have a relatively low contrast compared to the
center of the particle, indicating that the corners are trun-
cated. For the QS particles, the area of {100} facets becomes
very small, and the outline looks nearly round due to the
appearance of a dozen facets of different indexes (Figs 3a,
and S1).

In order to compare the surface energies of these
NaTaO, crystals, the exposed crystal facets were careful-
ly characterized. The exposed facets can be figured out by
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Figure 3 (a) TEM images and (b) HRTEM images of NaTaO; cube (a,
and b,), CTC (a, and b,), ETC (a; and b;) and QS (a, and b,) particles.
Insets in (b) are the corresponding SAED patterns.

comparatively analyzing the morphology of the single par-
ticle with their geometrical models, which were projected
from different crystal zone axes. Here we choose ETC as
the representative morphology, because at least three facets
are included in ETC. Figs 4a,—e, and Figs 4a,—e, show the
SEM, TEM, HRTEM images, SAED patterns and structur-
al models of a single ETC particle viewed along [111] and
[110] zone axis, respectively. The direction of some domi-
nant facets on the surface of the ETC particle in the TEM
images are easily inferred through checking the attribution
of the lattice fringes in the HRTEM images and analyzing
SAED patterns as marked in the images. According to the
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Figure 4 (a) SEM images, (b) TEM images, (c¢) SAED patterns of (b),
(d)HRTEM images, and (e) schematic models of the ETC particle viewed
along different zone axis: (a—e), [111] and (a—e), [110].

SEM image of the ETC particle, it can be inferred that the
flat surface should be {100} facets, and the facets perpen-
dicular to directions of observation in Figs 4a, and 4a, are
{111} and {110} facets, respectively. With the help of the
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built ETC models, the above inferences about the predomi-
nantly exposed facets on the surface of the ETC particle can
be confirmed. The large and flat facets are {100} facets and
the curved surface is dominated by {111}, {110} and other
high index facets. Based on the above results, we can con-
clude that the surface of the NaTaO; cubes is enclosed by
{100} facets, while {111} and {110} facets are exposed, af-
ter the corners and edges are truncated gradually. And the
NaTaO; QSs are bound with {100}, {111}, {110} and many
uncertain high-index facets.

According to the above experimental results, it can be
concluded that the corners and edges of cubic NaTaO,
crystals are gradually truncated and the spherical crystals
are eventually formed, just by increasing the volume ratio
of EG to water in the mixed solvent. In the presence of sur-
face adsorbates, the above morphology evolution is gener-
ally contributed to the capping effect of the specific adsor-
bates, which can significantly influence the growth rate of
each facet. Obviously, this explanation is not acceptable in
our case due to the absence of foreign capping agents. Ac-
cording to the supersaturation strategy mentioned above,
there should be a direct relationship between the morphol-
ogy and supersaturation. For the perovskite structure of
NaTaO, crystals, the order of crystal facet energy of them
should be consistent with CaTiO, and SrTiO, that also have
perovskite structure. According to the previous studies, the
average surface energies of different facets of perovskite
crystals follow the order of {111} > {110} > {100} [23-27].
Thus, NaTaO, cubes with low-energy {100} facets prefer
to form at low ratio of EG to water (i.e., low supersatura-
tion), which is likely to be a thermodynamic controlled
scenario [7]. While, CTC with high-energy {111} facets
can be obtained at relatively high ratio of EG to water (i.e.,
high supersaturation). The morphology evolution of Na-
TaO, crystals from cube to CTC, then to ETC, and finally
to spherical surfaces with other high-energy facets is well
consistent with the strategy of supersaturation-dependent
surface structure evolution [8].

Besides the solubility, the supersaturation can be con-
trolled by the concentration of the crystal growth unit ei-
ther. In the above reaction mechanism, NaOH plays key

roles in the dissolution of the Ta,O,-nH,O precursor and
the formation of NaTaO, growth units. Therefore, the
supersaturation of the growth units should increase with
the increase of the concentration of NaOH in the reaction
solution, so that the morphology of the as-formed NaTaO,
crystals is accordingly tuned. In our study, the influence of
NaOH concentration on the morphology of the products
was investigated by fixing the volume ratio of EG to wa-
ter at 5/9. Fig. 5 shows the representative morphologies of
the products obtained with 7.5 mmol, 7.5-20 mmol, and
20 mmol NaOH. More detailed morphology evolution of
the products with different amounts of NaOH was summa-
rized in Fig. S2. Typically, when the amount of NaOH is less
than 7.5 mmol, the product is not NaTaO, but another kind
of sodium tantalate with different atomic ratio (Na,Ta,O,
ICDD PDF No. 01-70-1155) (Fig. S3). When the amount of
NaOH is around 7.5 mmol, perfect NaTaO, cubes are over-
whelming in the final products, with minor CTCs (insets
in the image Fig. 5a). When the amount of NaOH is in the
range of 7.5-20 mmol, the dominant products are NaTaO,
ETC (Fig. 5b). As the amount of NaOH further increas-
es, a large amount of spherical NaTaO, crystals form (Fig.
5¢). Overall, with the increase of the amount of NaOH,
the morphology evolution of the NaTaO, products have
the tendency from cube to ETC, and to QS finally, which
is similar to the trend in the case by changing the volume
ratio of EG to water in the mixed solvents.

The above results demonstrate that both the solvents
and NaOH influence the supersaturation of the crystal
growth units and thus the morphology of NaTaO, crystals
significantly. Cubes form at relatively small volume ra-
tios of EG to water or low concentrations of NaOH, while
spherical single-crystals generate under the conditions of
relatively large volume ratios of solvents and high concen-
trations of NaOH. Scheme 2 depicts the relationship be-
tween the morphology of NaTaO; crystals and the solvents
(horizontal axis) as well as the amount of NaOH (vertical
axis), which is summed up according to the systematic
experimental results as shown in Figs 1, 5, and S2. When
the amount of NaOH is relatively low, NaTaO, crystals
tend to show as cubic morphology at small volume ratio

Figure 5 SEM images of NaTaOj; particles obtained at the volume ratio of EG to water of 5/9 and with different amount of NaOH (a) 7.5 mmol, (b)

7.5-20 mmol, (c) > 20 mmol. Insets are SEM images of single particles.
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Scheme 2 Morphology evolution of NaTaO; particles upon NaOH
amounts and volume ratios of EG to water.

of solvents. As the volume ratio of the solvents increases,
the morphology of NaTaO, crystals gradually evolves into
CTC, ETC and QS. It is worthwhile to mention that there
should be a very small variation range of NaOH amounts
for the transformation from CTC to ETC, or from ETC to
QS as marked by dotted wireframes. Therefore, pure CTC
or ETC particles are hard to be controlled at these points
of volume ratio, which confirms with the results in Fig. 5.
With the increase of NaOH amount, the volume ratios of
the solvents for forming CTC, ETC and QS decrease along
the broken curves. But each one of the solvent ratios have
a limit, and the CTC, ETC and QS would not form if the
volume ratio of EG to water is below their respective lim-
itation. For example, QS does not form when the volume
ratio is lower than 5/9 (Fig. S2). When the volume ratio is
1/13, the truncation degree of edges is the most weak in
all ETC products, indicating the volume ratio limitation of
ETC formation is slightly less than 1/13. For the NaTaO,
cubes, they can be prepared in pure water solvent. In a
word, NaTaO, crystals with clear corners and edges prefer-
entially form at small volume ratios of EG to water and low
amount of NaOH, while spherical shape NaTaO, crystals
easily form at large values of large solvents ratio and the
large amount of NaOH.

It should be noted that near spherical surfaces are ex-
posed at very high supersaturation. It seems hard to explain
the formation of NaTaO; spherical single-crystal simply by
the classical Gibbs-Wulff theorem (the Wulff construc-
tion), which determines the shape (polyhedron) of crystals
in thermodynamical equilibrium condition. Therefore,
understanding the formation mechanism of spherical sin-
gle-crystals nanoparticles is very important. To get deep
insight into the formation of such unusual spherical sin-
gle-crystal, crystal growth kinetics was taken into consid-
eration. The formation work W, of two-dimensional crys-
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tal nuclei on different specific crystal facets is specifically
introduced, which essentially reflects the activation barrier
of the crystal growth process on a specific facet. For an ide-
al crystal growth on single crystal seeds, the crystal growth
rate (v,,) toward the direction normal to the crystal facet is
proportional to the formation work W, of the two-dimen-
sion crystal nuclei on specific crystal facet, i.e.

w
Vi mexp(——k;'f’ J > (1)

where (hkl) represent the indices of crystal facet index, W,y
is the formation work, k and T are Boltzman’s constant and
the absolute temperature, respectively [28].

For every type of crystal lattice, the formation work W,
of the two-dimensional crystal nuclei gives [28,29]

B
W = hkl
WAL I )
mN

where Ay represents the supersaturation of growth units,
m is the atom number, N is Avogadro’s constant, A, and
B, are the constants depending on the broken bond work
in the crystal lattice. The above two equations were applied
to discuss the preferential growth of metals on foreign sub-
strates at different overpotential during electrodeposition
[28,29].

In view of Equations (1) and (2), it is can be seen that
the crystal growth rate normal to a specific crystal fac-
et strongly depends upon the formation work W, of the
two-dimensional at crystal nuclei on the crystalline seed,
which is influenced by the supersaturation of the growth
units. At low supersaturation condition (near the equilib-
rium condition), the formation work W, varies inversely
with the surface energy of crystal facet [28,29] and thus the
crystal facets with low surface energy prefer to be exposed
and Wulff construction are validated. With the increase of
supersaturation, the sequence of formation work W, may
change [28,29], resulting in the appearance of high ener-
gy crystal facets. At present, the values of A, and B, in
Equation (2) are difficult to be quantified, and thus it is
difficult to discuss the morphology evolution from Cube
to CTC and ETC by using W, At extremely high su-
persaturation (i.e., when Ay is very large), the formation
works W, of different type of two-dimensional at crystal
nuclei (i.e., with different hkl values) become very small
and do not differ very much. In this case, various crystal
facets should have similar crystal growth rate, which re-
sults in the spherical crystals. Therefore, the spherical or
quasi-spherical particles are kinetically controlled product,
rather than thermodynamically controlled one under high
supersaturation growth condition. In our reaction system
of NaTaO; crystals, large volume ratios of EG to water or
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high amounts of NaOH may cause extremely high super-
saturation of the growth units of NaTaO,. In these situa-
tions, the formation work W, of all the crystal facets of
NaTaO; crystal is nearly close to each other, leading to the
formation of the spherical NaTaO, crystals enclosed with
multiple facets. As the formation of quasi-spherical crystals
can only be explained by the supersaturation strategy, the
crystal shape evolution in the present study should mainly
depend on the supersaturation.

As well known, particle shape may determine some im-
portant physical properties, such as surface plasma, thus
many research groups adopted various approaches to pre-
pare spherical single crystalline nanocrystals. Although
there were a few successful examples, no formation mecha-
nism of spherical single-crystal from the essence of crystal
growth was proposed. The above growth mechanism for
spherical single crystalline nanoparticle helps us to under-
stand and design synthetic strategies for preparing spher-
ical single-crystalline nanoparticles. For examples, micro-
and nano-spheres of some metals with low melting points
were successfully synthesized by quenching melted precur-
sors in solvents [30,31], and single-crystalline spheres of
some semiconductors with high melting points were also
prepared by the way of laser irradiation [32,33]. In these
aforementioned cases, the rapid cooling process can make
in extremely high supersaturation of crystal growth units
and thus spherical single-crystals can be produced due to
the similar formation work W,,; of each facet.

CONCLUSIONS

In summary, the controllable syntheses of NaTaO, submi-
crometer crystals with different specific surface structures
were achieved by changing the volume ratio of EG to water
in the solvent and/or the amount of NaOH, which directly
vary the supersaturation of the growth units. With the in-
crease of the supersaturation, the morphologies of NaTaO,
crystals change from cubes to CTC, then to ETC, and even-
tually to QS, in which the surface energies of the crystallite
surfaces gradually increase. Finally, we introduced the for-
mation work W, of two-dimensional at crystal nuclei to
well explain the formation of spherical crystals at extremely
high supersaturation.
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