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A water-in-alcohol emulsion strategy was exploited for the preparation of various anisotropic silica colloids.
Sodium citrate and highly concentrated polyvinylpyrrolidone (in the water-rich emulsion droplets) were
utilized to costabilize the emulsion system. Simply by choosing proper alcohols and/or the mixing ratios
of the alcohol mixtures, a wide range of shape- and structure-selective silica micro-/nanostructures,
including hollow structures, were prepared. Some binary alcohol combinations, e.g. 1-heptanol/ethanol,
can provide superb versatility via tuning the mixing ratio. In particular, the formation process of the

anisotropic silica particles was examined. Tentatively, a “salting-out” mechanism was proposed to explain
Received 8th March 2017 the f i fa] “like silica-droplet struct t the initial sili q i ¢ hich i
Accepted 6th July 2017 e formation of a Janus-like silica-droplet structure at the initial silica condensation stage, which is
essential for the present anisotropic growth mode. The effect of the interfacial tensions between silica

DOI: 10.1039/c7ra02835k and the emulsion system was discussed. Interestingly, one-end-opened hollow structures, e.g. silica
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Introduction

Colloidal silica micro-/nanomaterials have attracted tremen-
dous attention because of the ease of production, low cost,
highly flexible silica chemistry and excellent physical proper-
ties." The development of shape- and structure-controlled
synthetic methods can certainly promote the exertion of this
kind of materials. Especially, shape-anisotropic silica particles
with non-centrosymmetric features can sometimes provide
enhanced and even new properties owing to the anisotropic
effects.”® Besides, anisotropic silica particles can also be useful
templating or supporting materials to enhance and tune the
properties of other materials.” Unfortunately, the frequently
used Stober method® and modified methods are not suitable for
such synthesis, since amorphous silica colloids incline to form
a sphere-like shape via isotropic polymerization of the siloxane
precursor to minimize surface free energy.

Usually, hard templates or shape-directing agents were
exploited to control the morphology of silica particles. A
straightforward method is to utilize other anisotropic templates
to replicate silica shells with similar morphology. Therefore,
as-prepared core-silica shells are usually used instead for
fundamental and application studies.®'® These methods require
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“tubes”, can be achieved by arresting the anisotropic growth of hollow silica particles midway.

complex synthetic procedures and may bring in some limita-
tions due to the presence of the templates or voids in the
particles. Besides, a lot of attention has also been paid to
biomimetic synthesis of anisotropic silica particles."* However,
the shape-directing mechanism is elusive and the rational
design of the silica structure is difficult.

To date, synthesis of shape-anisotropic silica colloids
without using hard templates remains a great challenge.’>** In
2008, Zhang et al.** reported an interesting emulsion strategy
which realized shape-controlled growth of silica nano-
structures. This method adopted a water-in-alcohol system
composed of 1-pentanol, ethanol, polyvinylpyrrolidone (PVP)
and an aqueous sodium citrate (NazCit)-protected gold colloid.
Ammonia and tetraethyl orthosilicate (TEOS) were added into
the system to initiate the growth of silica particles. It was sug-
gested that, highly concentrated PVP in water-rich droplets,
forming a PVP-water species, was able to stabilize the emulsion
system, and that the complexes of PVP with the gold nano-
particles acted as soft templates to direct the shape-controlled
growth of silica particles. Later, Kuijk et al? simplified the
emulsion system by using Na;Cit instead of the gold nano-
particles. They observed the growing process of the rod-like
silica particles in the emulsion system, and proposed a one-
dimensional growth mode similar to the vapor-liquid-solid
mechanism.” That is, the silica rods growth occurred at the
emulsion interface and the one-dimensional growth was sup-
ported by the one-sided precursor supply from the droplets.

The realization of the one-dimensional growth mode invokes
great interest in the shape-controlled synthesis of silica micro-/
nanostructures in this PVP- and NajCit-stabilized water-in-
alcohol emulsion system. Various anisotropic silica structures
were prepared under different experimental parameters, such

This journal is © The Royal Society of Chemistry 2017
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as the choice of precursor, relative concentration of the reagents
and reaction temperature.'*>" Particularly, more complex,
segmented silica structures and related hybrid structures
were prepared by simply regulating the reaction parameters
during the one-dimensional growth.*>”” This water-in-alcohol
emulsion system has shown incomparable versatility in
the controlled synthesis of anisotropic silica micro-/
nanostructures. Current study mostly focuses on the forma-
tion of rod-like structures in 1-pentanol/ethanol alcohol system,
while other interesting silica materials, such as anisotropic
hollow silica particles, are rarely studied. Most importantly, the
knowledge about the mechanism behind the one dimensional
growth mode, such as the driving force for anisotropic
precursor supply, is rather limited. The exact roles of the
alcohol phase, PVP and Na;Cit in the anisotropic growth of
silica particles still remain elusive. Herein, we investigated the
synthesis of silica colloids in a range of water-in-alcohol systems
adopting different alcohols. We made an effort to elucidate the
anisotropic growth mechanism in this emulsion strategy, and
give plausible explanations for the effect of alcohol solvent on
the shape and structure of as-prepared products, especially for
the formation of hollow anisotropic silica colloids.

Experimental
Chemicals

1-octanol, 1-heptanol, 1-hexanol, 1-pentanol, 1-butanol, 1-
propanol, 2-propanol, absolute ethanol, benzyl alcohol, tet-
raethyl orthosilicate (TEOS), citric acid, LD-tartaric acid, triso-
dium citrate dihydrate, ammonium chloride and ammonium
nitrate are either of the analytical grade or of the highest purity
grade available commercially. Polyvinylpyrrolidone (PVP, M,, =
40 000) was purchased from Fisher. Ammonia solution (28%)
and Milli-Q water were used for all the experiments.

Synthesis of silica particles with method I

The synthesis of tadpole-like silica hollow particles in a 1-
heptanol/ethanol mixture was used as an example to intro-
duce the synthesis. In a plastic tube (with screw cap), 1 g PVP
was dissolved in a mixture of 5 mL 1-heptanol and 6 mL
ethanol. Sonication was applied during this process if neces-
sary. Then 0.4 mL sodium citrate aqueous solution (9 ¢ L™ ') and
0.2 mL ammonia were added. The tube was dramatically shaken
by hand to mix the chemicals. Then 0.1 mL TEOS was added
and the system was shaken again and finally was left standing in
the ambient condition (about 25 °C) overnight for the growth of
silica colloids. The product was isolated by centrifugation.
Especially, the synthesis can be quenched midway by centrifu-
gation at a certain reaction time.

Synthesis of silica particles with method II

This method is the same to method I except that the system was
preheated to 60 °C before TEOS addition. After TEOS addition,
the reaction system was left standing in ambient condition for
the growth of silica colloids.

This journal is © The Royal Society of Chemistry 2017
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Note that the reaction tube was sealed to prevent volatiliza-
tion of the solvent or ammonia. Single alcohols (11 mL) or
alcohol/ethanol binary combinations (11 mL in total, with
various mixing ratios) were also used as solvent for the synthesis
of different silica samples. Upscaling the synthesis from 11 mL
alcohol batch up to 55 mL batch was also successful. The silica
particles were isolated by centrifugation at 2000g for 5 min and
then washed with ethanol and water for two times. In a study,
citric acid (5.7 g L"), LD-tartaric acid (4.5 g L"), NH,CI
(1.6 g L™ ') and NH,NO; (2.4 g L") aqueous solution were used
instead of the sodium citrate solution.

Characterization

The transmission electron microscopy (TEM) images of the
silica particles were taken on a Tecnai T12 trans-mission elec-
tron microscope operating at 120 kv and a JEOL JEM2100
microscope at 200 kV. Scanning electron microscopy (SEM)
images were taken on a FEI Quanta 600 field-emission
microscope.

Results and discussion

Other than the frequently adopted 1-pentanol/ethanol alcohol
system, our synthesis also utilized the binary combinations of
a relatively longer alcohol, such as 1-heptanol and 1-hexanol,
with ethanol to construct the PVP- and Na;Cit-stabilized emul-
sion system. Some single alcohol systems also proved suitable
for the synthesis. Our syntheses can be classified into two
methods according to different ways of temperature control. In
method I, the syntheses were carried out at room temperature
all along. In method II, the emulsion system was preheated to
60 °C, and then, after TEOS addition, the growth of silica was
allowed to proceed in the ambient condition (see Experimental).
Without specification, method I was used for synthesis in the
context.

Besides the mostly reported rod-like particles, several
anisotropic silica particles with hollow interiors can be
prepared using our methods. Fig. 1 shows electron microscopy
images of several silica particles prepared by using different
alcohols or alcohol mixtures as the continuous phase. Three
typical hollow structures (Fig. la-c and f-h), with tadpole-,
balloon-, and bottle-like shapes, are readily witnessed in our
syntheses in various alcohol systems. Note that the balloon-like
hollow particles (Fig. 1b) typically has a small bulge outwards,
which differs from normal centrosymmetric hollow silica
spheres. Besides, they have very thin shells, and tend to deflate
(Fig. 1g). Obviously, the rod-like silica particles (Fig. 1d and i)
prepared in 1-hexanol/ethanol (v/v = 8 : 3), with an additional
round head, are also distinct from the mostly reported ones.”
We called them “matchstick-like” particles. The synthesis in
1-butanol/ethanol (v/v = 10 : 1) using method II gave snake-like
particles with slightly hollow interiors (Fig. 1e and j). The
formation mechanism of the hollow structures will be dis-
cussed later. The dimensions of these silica particles generally
range from one hundred nanometers to a few micrometers. In
the context, only primary linear alcohols were investigated,
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Fig. 1

(a—e) Typical TEM images of the anisotropic silica particles prepared with (a) method | and (b—e) method Il in different alcohol systems: (a)

1-heptanol/ethanol (v/v =5 : 6); (b—d) 1-hexanol/ethanol (v/v =4:7,6: 5 and 8 : 3, respectively); (e) 1-butanol/ethanol (v/v =10 : 1). (f-)) are

SEM images of corresponding samples.

although other kinds of alcohols can also be used for synthesis
(Fig. S17). Very similar silica particles were obtained in these
alcohol systems by adjusting the alcohol/ethanol mixing ratio.
Thereafter, only SEM images were exhibited for the products
with similar morphology and inner structures to those showed
in Fig. 1.

The results showed in Fig. 1 suggested that the nature of the
alcohol solvent has great influence on the shape and structure
of as-prepared silica particles. It is found that the combination
of ethanol and a relatively longer alcohol, such as 1-hexanol and
1-heptanol, can offer versatile tunability on the morphology of
as prepared silica particles simply by changing the mixing ratio.
Fig. 2 gives the typical silica particles prepared with method I in
six different 1-heptanol/ethanol systems. By adjusting the mix-
ing ratio of the two alcohols, a wide range of anisotropic silica
particles were prepared. With the increase of the 1-heptanol/
ethanol ratio from 3 : 8 to 5 : 6, hollow anisotropic structures
were obtained and the “head” part of the particles become less
and less prominent (Fig. 2a—c). Further increasing the propor-
tion of 1-heptanol led to rod-like particles at mixing ratios of
6:5, 7:4 and 8: 3, with a gradually decreasing aspect ratio
(Fig. 2d-g). Note that the diameter of the silica rods keeps at
around 500 nm with relatively small changes (Fig. 2g). The
results in Fig. 2 suggest two things: (1) the shape and structure

Fig. 2

of the silica product is highly tunable over a wide range of
1-heptanol/ethanol mixing ratios, and (2) too much usage of
ethanol or 1-heptanol in the alcohol mixture results in
decreased anisotropicity of the products. Actually, the use of
pure ethanol or 1-heptanol give almost spherical silica particles
(vide infra). Similar tendency can also be observed when using
other binary alcohol combinations (Fig. S2-S4t).

The synthesis of silica in some single alcohol systems was
also investigated. Fig. 3a-g gives the images of the silica parti-
cles prepared with method I in linear primary alcohols from C2
to C8. The use of ethanol generated relatively big hollow silica
particles with almost spherical morphology (Fig. 3a). The
syntheses using alcohols with medium chain lengths of C3, C4,
and C5 led to several anisotropic particles, hollow “tadpoles”,
rods, and shorter rods respectively (Fig. 3b-d). Longer alcohols
of C6, C7 and C8 lead to almost isotropic solid silica spheres
(Fig. 3e-g). In fact, even combined with a considerable amount
of ethanol, two long alcohols as solvent may also lead to solid
sphere-like silica particles (Fig. S57).

We further examined the formation of stable water-in-
alcohol emulsions in single alcohol systems. Fig. 3h is
a photograph picture showing three solvent systems (without
TEOS addition step), using 1-butanol as solvent. It is found that
the coexistence of PVP and Na;Cit made a slightly cloudy
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(a—f) Typical SEM images of silica particles prepared with method | in 1-heptanol/ethanol systems with different mixing ratios (v/v): (a)

3:8,(b)4:7,(c)5:6,(d)6:5,(e)7:4,(f)8:3.(g) The length, diameter and aspect ratio of the rod-like silica particles prepared at three different

1-heptanol/ethanol mixing ratios, corresponding to (d—f).
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Fig. 3

(a—g) Typical SEM images of silica particles prepared with method | in a linear primary alcohol series ranging from chain length of C2

progressively to C8. (h) Three mixtures after shaking. Left: 1-butanol-NazCit—ammonia—H,O; middle: 1-butanol-PVP-ammonia—H,O; right: 1-
butanol-PVP—-NazCit—ammonia—H,O. The photograph picture was taken after the systems being stocked for 2 days.

emulsion, which is visible with the naked eye. The absence of
PVP or Na;Cit resulted in clear homogeneous solution. This
phenomenon, also observed in 1-pentanol/ethanol,”> is remi-
niscent of the salting-out effect. Likely, there exists a lot of
synergy between PVP and Na;Cit in the water-binding event,
which results in the “salting-out” of most alcohol molecules and
the stabilization of the emulsion. These results also suggest that
the addition of ethanol as a cosolvent is not a necessity for the
emulsion-assisted anisotropic silica growth.

Although the synthesis adopting pure ethanol or pure long
chain alcohols failed to prepare anisotropic particles, it appears
that the detrimental effect of ethanol and long chain alcohols
would cancel each other out during the synthesis using binary
alcohol/ethanol combinations. The longer the chain length of
alcohol, the higher ratio of ethanol is needed for synthesis with
similar effect. As a result, similar silica products can possibly be
prepared in several different alcohol systems by choosing
proper alcohol/ethanol mixing ratios to match the alcohol chain
length. For instances, the syntheses with 1-butanol and
1-hexanol/ethanol (v/v = 7 : 4) generated similar rod-like products;
1-pentanol/ethanol (v/v = 5:6) and 1-hexanol/ethanol
(v/v = 9:13) led to bottle-like hollow particles; 1-propanol,
1-pentanol/ethanol (v/v = 6:5), and 1-heptanol/ethanol
(v/v =5 :6) led to tadpole-like hollow particles (Fig. S2-S4 and
S6t). Arbitrarily tunable mixing ratio makes the synthesis using
alcohol/ethanol more versatile than single alcohol systems.

It is quite interesting that the nature of the alcohol solvent
can accurately control the shape, structure and aspect ratio of
as-prepared silica particles. By comparing Fig. 3 with 2, it is safe
to conclude that the increase of alcohol chain length in single
alcohol systems has similar effect to the increase of the
proportion of long chain alcohol in binary alcohol/ethanol
systems. We estimate that it is the hydrophobicity-related
properties of the alcohol phase that governs the emulsion-
assisted silica growth.

The one-dimensional growth process of rod-like silica was
studied by Kuijk et al.”> Herein, we examined the growth process
of the hollow anisotropic silica particles. The synthesis of
tadpole-like silica particles, as an example, was followed at
different growth stages by quenching the synthesis at different

This journal is © The Royal Society of Chemistry 2017

reaction times. As illustrated in Fig. 4, the “tadpole” evolves its
head first, just like a broken half of an egg shell, and then
a gradually shrinking tail derives from the opening of the head,
with a closed end. Obviously, this formation process of the
anisotropic hollow silica particles is very different from the re-
ported solid-to-hollow etching process or the emulsion-
templated process,”®*° where no shell opening can be
observed for the intermediate products. Thanks to this unique
anisotropic growth process, this emulsion strategy can be used
to prepare one-end-opened hollow anisotropic silica particles by
quenching the reaction before the formation of a closed end.
Fig. 5 gives the TEM images of a typical intermediate product of
the synthesis of tadpole-like silica particles. These tube- or flask-
like silica particles can be used for cargo delivery and as excel-
lent nanoreactors.*!

Based on the above observation and previous reported
results,” the emulsion-assisted anisotropic growth of the silica
particles, solid and hollow, can be illustrated in Fig. 6. The silica
formation process can be divided into two stages: phase sepa-
ration and anisotropic growth. At the first stage, the hydrolyzed
TEOS monomers condense from the water-rich emulsion
droplet to form a Janus-like solid (silica)-solution (emulsion
droplet) structure, which resembles the preparation of
“dimpled” polymer particles by a temperature-controlled
swelling process.*” The round “heads” of the hollow particles
take shape at this stage. Flat silica-droplet interfaces lead to
solid rod-like particles, while curved interfaces lead to hollow
silica particles. High reaction temperature will lead to faster
precursor hydrolysis and silica condensation. In method II, the
selective use of a higher temperature at the initial stage of silica
growth will reinforce the “head” part of the silica particles, at
least partly due to accelerated reaction. Under otherwise the
same conditions, the use of method II leads to silica rods with
a matchstick-like shape, and the hollow silica particles
produced with method II have a more prominent “head” (Fig. 1,
S3 and S67). It is believed that, besides the reaction kinetics, the
interfacial tensions between silica particles and the emulsion
system control the phase separation stage and guide the
morphological evolution of the silica particles during following
anisotropic growth process.”? Under this growth mechanism, it

RSC Adv., 2017, 7, 37542-37548 | 37545
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Fig. 4 SEM images of silica particles prepared with method | in 1-heptanol/ethanol (v/v = 5 : 6) at reaction times of 40, 60, 90, and 120 min,
respectively. Top: full images; bottom: typical single particle images (side view), exhibiting the morphological evolution of the silica particles.

Fig. 5 Typical silica “nanotubes” prepared with method | in 1-hepta-
nol/ethanol (v/v = 5 : 6) by quenching the reaction at 80 min.

SCRE R
o

msilica »emulsion droplet

Fig. 6 Schematics illustrating the formation processes of rod-like
(top) and hollow anisotropic (bottom) silica colloids. The first step
depicts phase separation via silica condensation from the water-rich
emulsion droplets; the second and third steps represent the aniso-
tropic growth stage.

is possible to prepare more complex silica particles with multi-
block or segmented structures by varying the reaction parame-
ters during growth.>->¢

The localization of the growing silica particles at the emul-
sion interfaces is a prerequisite for such anisotropic growth
(Fig. S71). Tentatively, we estimate that the effect of Na,Cit and
highly concentrated PVP in the emulsion droplet can desolvate
the in situ formed silanol-terminated silica particles. Owing to
the resulted big interfacial tension, the droplet will repel the
desolvated silica particle as well as alcohol, while the outer
alcohol phase with relatively low hydrophobicity has good

37546 | RSC Adv., 2017, 7, 37542-37548

compatibility with the silica particle. As a result, the silica
particle will be “salted out” from the droplet at the phase
separation stage. Note that the salting-out effect or soluting-out
effect for polymers has already been reported.**** However, the
reason for the adhesion of the silica particles to the droplets is
not known. It was reported that the silica particles prepared
with this strategy contained a little proportion of PVP.*
Possibly, the embedded PVP molecules help to make a sticky
silica surface, which keeps the silica particle in place.

Based on above discussions, we try to give an explanation for
the morphological and structural variations of the silica prod-
ucts upon increasing the 1-heptanol/ethanol volume ratio
(Fig. 2, 3a and f). Upon raising the ratio of 1-heptanol, the
alcohol phase gains more and more hydrophobicity, which will
result in a gradual increase of the silica-alcohol interfacial
tension. On the other hand, the silica-droplet interfacial tension
also increases due to decreased solubility of alcohol in the
droplets. At the phase separation stage, the increasing interfa-
cial tensions should lead to an increasing silica-droplet contact
angle and a decreasing silica surface area, and therefore a less
and less curved silica-droplet interface can be anticipated.

Our experimental results, summarized in Fig. 7, fit this
explanation very well. In pure ethanol, the emulsion droplets act
as a template to yield almost full spherical shells. As the
1-heptanol/ethanol mixing ratio increases from 3 : 8to 5 : 6, the
head part of the hollow particles become smaller and thus have
a wider opening, from which the particle derived an increas-
ingly bigger tail. Further increasing the 1-heptanol ratio, the
hollow particles gradually change to solid rod-like particles due
to the increasing of silica-droplet contact angle. As a transi-
tional feature, rod-like particles with an end surface slightly
curved inward were obtained at 1-heptanol/ethanol mixing ratio
of 6 : 5. The deceasing tendency of the length of the rod-like
particles (at mixing ratios of 7 : 4 and 8 : 3) might be ascribed
to slowing reaction rate, owing to decreased alcohol content in
the droplet. In pure 1-heptanol, the hydrophobicity of the outer
alcohol phase is too high that silica could not be repelled out
from the droplets, giving solid spherical particles.

The formation of a Janus-like silica-droplet structure is
essential for the present anisotropic growth of silica particles.
Corresponding mechanism is very complex and more

This journal is © The Royal Society of Chemistry 2017
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Interfacial Tension

Alcohol Hydrophobicity

Fig. 7 A sketch map summarizing the images of the silica particles
prepared in ethanol (C2), 1-heptanol (C7) and various binary mixtures
thereof, showing the effect of alcohol hydrophobicity and corre-
sponding silica—alcohol interfacial tension on the shape and structure
of the silica products. Cartoons were also drawn to present the
structural features of the products.

investigations are needed for a full understanding of the roles of
Na;Cit and PVP. Our further experiments demonstrate that
some reagents such as tartaric acid and citric acid can be used
instead of Na;Cit (Fig. S87), while some salts we examined, such
as NH,Cl and NH,4NO3, prove not suitable for such replacement
due to demulsification (Fig. S91). The study is still ongoing.

Conclusions

In summary, the synthesis of anisotropic silica colloids in
various water-in-alcohol emulsion systems was investigated.
The coexistence of sodium citrate and highly concentrated PVP
in the water-rich emulsion droplets contributes to the phase
separation of alcohol and water, and thus the formation of the
emulsion systems, possibly via a mechanism similar to the
salting-out effect. The formation of the anisotropic silica
particles in the emulsion systems can be divided into two
stages: phase separation and anisotropic growth. Particularly,
the formation of a Janus-like silica-droplet structure at the
phase separation stage is crucial for the whole synthesis. Curved
silica-droplet interfaces generally lead to hollow particles, and
flat or slightly curved interfaces lead to solid rod-like particles.

It is believed that the interfacial tensions between silica and
the emulsion system largely control the phase separation stage
and thus determine the morphology and micro-/nanostructure
of as-prepared silica particles. In our synthesis, the interfacial
tensions can be well tuned by adjusting the hydrophobicity of
the alcohol phase. Besides, a relatively higher temperature at
the initial stage can also be adopted to influence the phase
separation event.

A series of morphology-controlled anisotropic silica parti-
cles, solid or hollow, was prepared by using different alcohol
systems. Binary alcohol systems, such as 1-heptanol/ethanol,
can offer excellent tunability by adjusting the mixing ratio. A
“salting-out” mechanism was proposed to explain the shape-
and structure-controlled synthesis in different alcohol systems.

This journal is © The Royal Society of Chemistry 2017
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Our investigation demonstrates that the water-in-alcohol
emulsion strategy holds great potentials in the synthesis of
various functional anisotropic silica particles, such as one-end-
opened silica tubes and segmented silica micro-/
nanostructures. Note that our mechanistic study is very
preliminary, and more insightful research should be carried out
to depict a clear picture for the anisotropic growth process.
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