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ABSTRACT A facile high-yield production of cuprous iodide (Cul) super-
structures is reported by antisolvent crystallization using acetonitrile/water as a
solvent/antisolvent couple under ambient conditions. In the presence of trace
water, the metastable water droplets act as templates to induce the precipitation
of hollow spherical Cul superstructures consisting of orderly aligned building
blocks after drop coating. With water in excess in the mixed solution, an instant
precipitation of Cul random aggregates takes place due to rapid crystal growth
via ion-by-ion attachment induced by a strong antisolvent effect. However,
this uncontrolled process can be modified by adding polymer polyvinyl
pyrrolidone (PVP) in water to restrict the size of initially formed Cul crystal

nuclei through the effective coordination effect of PVP. As a result, Cul

superstructures with a cuboid geometry are constructed by gradual self-assembly of the small Cul crystals via oriented attachment. The precipitated
Cul superstructures have been used as competent adsorbents to remove organic dyes from the water due to their mesocrystal feature. Besides, the Cul
superstructures have been applied either as a self-sacrificial template or only as a structuring template for the flexible design of other porous materials such
as (u0 and Ti0,. This system provides an ideal platform to simultaneously investigate the superstructure formation enforced by antisolvent crystallization

with and without organic additives.
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uperstructures constructed by small

nanocrystal units via bottom-up ap-

proaches are a new type of nano-
structured matter with potentially inspiring
applications, which have been intensively
investigated in recent years."'° The build-
ing blocks which are uniform in size and
shape usually lead to the formation of nano-
crystal superlattices with high crystallo-
graphic symmetry, analogous to the align-
ment of atoms or molecules in the classical
crystallization process.®~'° However, when
the starting units are nonspherical and poly-
dispersed, superstructures with plentiful in-
trinsic defects, for instance in the form of
mesocrystal, are often constructed either as
an intermediate or as the final product.'*>”’
It has been generally acknowledged that
organic additives can significantly influence
the nucleation, evolution, and organized ag-
gregation of such superstructures by altering
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the surface energies, controlling the inter-
spaces, and regulating the orientational
order of the adjacent nanocrystal building
units. There exist a large amount of exam-
ples in the processes of biomineralization in
nature, where defined organic—inorganic
hybrid superstructures with complex mor-
phologies and hierarchical order are pre-
sented. Therefore, optimal design of artificial
superstructures has largely been conducted
by introducing organic additives with specific
functional groups during the synthesis of
nanocrystal building blocks by mimicking
the biomineralization process.! 11~ 13
Nevertheless, it has also been reported
that organic additives are not always neces-
sary for the construction of nanocrystal super-
structures especially when a high orienta-
tion consistency among the building blocks
does not become a major concern. One re-
cent example is the formation of strontium
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sodium tantalite mesocrystals via an organic-additive-
free molten salt process, where the molten salt re-
strains the further growth of the small building units
and enhances their dipole field during the oriented
aggregation process.* Another encouraging example
is the construction of superstructures consisting of
hopper-like single crystals of sodium chloride exploit-
ing metastable water droplets as the template by
antisolvent crystallization.'® This strategy proceeded
almost in a “nonreactive” route, avoiding any harsh
chemical reactions as well as related byproducts. How-
ever, due to the nature of alkali metal ions which are
inert to most organic ligands, it is not realistic to further
modify this system by introducing functional organic
additives as structure-directing agents for tuning the
organization of the building blocks.

Low temperature (below 390 °C) y-phase cuprous
iodide (Cul) is an important p-type semiconducting
binary metal halide with a large band gap of 3.1 eV.
Synthesis of large single crystals,'®~"® high-quality thin
films,'22 and low-dimensional nanostructures of
Cul”> % has attracted much attention in recent years.
However, so far the formation of Cul superstructures
has not been reported. It is known that Cul is a water
insoluble solid (pK,, = 11.96) at room temperature. In
contrast, acetonitrile (CH3CN) is a good solvent for the
dissolution of Cul because acetonitrile can strongly
solvate Cul by reducing the Cu—I bond, and lead to
the formation of Cul—acetonitrile adducts. The coordi-
nation originates from a significant s* antibonding
from cuprous to nitrogen atoms of acetonitrile. Herein,
starting from commercial Cul powders, we report a
facile and mild antisolvent crystallization approach for
the construction of Cul superstructures by employing
acetonitrile/water as a solvent/antisolvent couple. It
will be demonstrated that the metastable water drop-
lets can be used as templates to form spherical Cul
superstructures with orderly aligned building blocks
under optimal conditions. Furthermore, due to the
coordination effect favored by the d'° electronic con-
figuration of Cu(l), the antisolvent crystallization of Cul
can be sufficiently modified by introducing specific
organic additives for achieving Cul superstructures
with other geometries. This system provides an ideal
platform to simultaneously investigate the superstruc-
ture formation enforced by antisolvent crystallization
with and without organic additives, which will enhance
our understanding on how to design functional super-
structures with desired crystal morphologies.

RESULTS AND DISCUSSION

The as-received commercial Cul powder is com-
posed of random aggregates in a size range of several
tens of micrometers. When the powder was dispersed in
moisture-free acetonitrile in air (6.0 g/L, unsaturated), a
transparent pale-yellow solution was formed. Drop
coating this solution on a silicon substrate resulted in
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Figure 1. SEM images of (a) Cul microspheres obtained by
drop coating of trace-water-added Cul acetonitrile solution
on silicon substrates at room temperature, (b) the surface
of a single Cul sphere, and (c,d) zoomed surface areas.
SEM images of Cul precipitates obtained by injecting excess
water into the Cul acetonitrile solution: (e) overview; (f)
close view.

the formation of microsized single-crystalline Cul grains
with a cubic shape together with some irregular aggre-
gates, consistent with a previous report.'® When 0.1 mL
of water was added into 10 mL of the above Cul solution,
polydispersed spherical particles with a hollow interior
occurred through the same drop coating procedure, as
shown in Figure 1a. These hollow spheres with a “sink-
hole” are very similar to particles obtained by a spray
drying process,*® indicating a significant effect of trace
water on the morphology of the Cul product via solvent
evaporation. Figure 1b shows a close view of an indivi-
dual Cul hollow sphere, in which a highly wrinkled
surface is observed. Zooming on the unfolded areas of
the surface, it is interesting to find that these flat areas
are indeed composed of many small tetrahedral or
truncated tetrahedral Cul building blocks with an
average size of 80 nm (Figure 1¢,d). The tips of an array
of Cul blocks face either outward (Figure 1c) or inward
(Figure 1d) to the sphere surface. The arrangement in
each array is very compact with narrow gaps. The cor-
responding sides of most building units are parallel,
indicating the formation of Cul superstructures with a
relatively long-range order.

It can be assumed that initially the solvation of Cul in
the liquid film was hardly influenced by trace water
because the solvent acetonitrile was sufficient. Relative
to water, acetonitrile is easy to vaporize due to its lower
boiling point and smaller specific heat capacity. There-
fore, the solution film on the substrate was gradually
dispersed into water-rich metastable droplets with the
preferential evaporation of acetonitrile in the mixture.
Once supersaturation was reached, homogeneous nu-
cleation of Cul happened at multiple sites all over the
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droplet surface. Each Cul nucleus could continue to
grow by sustainable supply of the Cul nutrient from the
metastable water/acetonitrile droplets. After the re-
maining water in the center was finally vaporized, the
Cul hollow spheres were formed.

Low temperature y-phase Cul has the zinc blende-
type cubic structure. Formation of tetrahedral nuclei
with the zinc blende crystal structure is favored be-
cause the tetrahedral configuration exposes only
close-packed {111} facets with the lowest surface
energy.?'?5%” Therefore, it is reasonable to form tetra-
hedral-shaped Cul crystals in the shell. The controlled
alignment of tetrahedral-shaped Cul nanocrystals in
the sphere shells was supposed to be favored by the
air/droplet interface, which could provide an active
platform to regulate the self-assembling behavior of
the building blocks. However, the difference in boiling
points and specific heat capacities of acetonitrile and
water could induce different latent heat of evaporation
and drying rates.>® Therefore, the Cul shell was forced
to fold during its growth for releasing the unbalanced
stress, which led to the highly wrinkled surface.

The morphologies of the final products were not
altered when the concentration of Cul acetonitrile
solution was decreased to 3.0 g/L or increased to
12.0 g/L. Alternatively, when only 0.02 mL of water
was added in 10 mL of 6.0 g/L Cul acetonitrile solution,
the similar wrinkled hollow spheres were exclusively
obtained as well. Hence, the trace water could affect
the deposition of the Cul film in a large component
range. However, when 3 mL of water was rapidly
injected into 1 mL of 6.0 g/L Cul acetonitrile solution
under vigorous stirring, a large amount of white pre-
cipitates instantly formed due to the strong antisolvent
effect of the excess water. Figure 1e shows a typical SEM
image of the product, in which uniform spherical solids
with an average size of 1 um are presented. Each sphere
is indeed an aggregate consisting of many irregular
Cul crystals with different sizes, clearly illustrated in
Figure 1f. Inverse injection of Cul acetonitrile solution
into the same amount of water led to a similar product.

The strong interaction between the water molecule
and the acetonitrile molecule via hydrogen bonding
would severely weaken the solvation of Cul when the
Cul acetonitrile solution was rapidly injected into
sufficient pure water or inversely. The attainment of
supersaturation of Cul in the mixed solvents led to
homogeneous nucleation of Cul clusters in the solution
because the supersaturated solution is not energeti-
cally stable. The tetrahedral nuclei quickly grew into
large particles by an alternative arrangement of I ions
and Cu™ ion at the interface based on classical crystal-
lization. Tens of large particles further randomly ag-
gregated into one spherical structure for reducing the
surface area and finally precipitated.

Nitrogen-containing polymers such as PVP and
PANI have been known as efficient matrices for the
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Figure 2. SEM images of rodlike Cul superstructures ob-
tained by injecting 1 mL of Cul acetonitrile (6.0 g/L) into
3 mL of PVP aqueous solution (68.2 g/L) through a syringe
pinhole under vigorous magnetic stirring at room tempera-
ture: (a) overview; (b—d) close view on typical individual
rods. (e) SEM image of rodlike Cul superstructures obtained
by injecting 1 mL of Cul acetonitrile (6.0 g/L) into 3 mL of
PVP aqueous solution (136.4 g/L). (f) SEM images of sheet-
like Cul superstructures obtained by injecting 1 mL of Cul
acetonitrile (12.0 g/L) into 3 mL of PVP aqueous solution
(68.2 g/L). Inset is a magnified image of one corner of the
structure.

dispersion of Cul nanocrystallites.?*?° The strong co-
ordination effect between nitrogen atoms and Cu(l)
ions can stabilize the crystallite surface, which is anal-
ogous to the solvation of Cul induced by acetonitrile.
For investigating the effect of organic additives on the
antisolvent crystallization of Cul, we selected PVP
aqueous solution instead of pure water to mix with
the Cul acetonitrile solution. Shortly after 1 mL of Cul
acetonitrile solution (6.0 g/L) was injected into 3 mL of
PVP aqueous solution (68.2 g/L) under vigorous mag-
netic stirring at room temperature, the mixed solution
remained transparent. Colloidal precipitates gradually
appeared about 30 min later under continuous stirring.
XRD measurements confirmed that the deposited
solids were Cul with zinc blende-type cubic structure
(data not shown here). No other crystallized impurities
were detected.

Figure 2a shows an SEM image of the collected
deposits. Different from the precipitates by antisolvent
crystallization in the absence of PVP, the current
product exhibits the profile of a rodlike structure with
various lengths and diameters. On the basis of the
observation of Figure 2b, it can be seen that most of the
rods are well-defined with a cuboid shape. However,
the surface of these faceted rods is not smooth and is
full of hidden lines. Figure 2c presents another rodlike
structure with a fracture section caused by the me-
chanical force. It is clear that both the exterior and
the interior of the rod are composed of numerous
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nanoparticles. The external morphologies of the rod
tips are either flat or truncated (Figure 2d), implemen-
ted by the orientational alignment of small building
units. The formation of the rodlike superstructures was
not influenced by the injection sequence, injection
speed, and solution temperature (examined up to
60 °C). However, the concentrations of both the PVP
and Cul had a major effect on the final morphologies.
When the concentration of the PVP aqueous solution
was doubled, longer stirring time was required to make
the precipitation happen, which accordingly led to a
less amount of Cul rods with smaller diameters, as
shown in Figure 2e. When the concentration of Cul in
acetonitrile was increased, the precipitation appeared
much more quickly. The dominant morphology be-
came a very regular planar rectangle (SEM image in
Figure 2f and its inset). The thickness of the sheetlike
structure is only 100 nm, while its width and length are
up to several and tens of micrometers, respectively.
Although the right angles and parallel sides are well-
defined, the fabric of this sheet is also small nanopar-
ticle building blocks, similar to the above rodlike
structures. Therefore, all the precipitates with defined
geometries obtained in the presence of PVP are not
single crystals, but superstructures arranged by small
nanoparticles.

A typical TEM image of the rodlike superstructure is
shown in Figure 3a. The surface of the rod is not
crystallographically flat. The porous interiors could be
revealed by the low contrast regions. The selected area
electron diffraction (SAED) pattern for the entire rod in
Figure 3b dominantly shows cubic symmetrical diffrac-
tion spots corresponding to the zinc-blende phase of
Cul. Although a detectable orientational distortion or
scattering of the diffraction spots are demonstrated,
this result confirms a high orientational order of the Cul
subunits in the rodlike superstructure. The SAED pat-
tern additionally shows that the elongation of the rod
is along one (220) direction. This is also a conclusion for
all the rodlike structures during our TEM observation. In
combination with the cuboid shape based on the SEM
investigation (Figure 2b), the four side faces of the
rod should be bound by two {001} and two {220}
planes, as indicated by the diffraction pattern. When
the electron beam was purposely focused on a small
portion of the rod (Figure 3c), it was interesting to
find the structure undergo an obvious degradation.
The stem slightly shrank while many tiny nanoparticles
were released from the beam-focusing area. The halo-
like SAED pattern shown in Figure 3d evidence an
amorphous phase of the residue after irradiation for
30 s by the focused electron beam. Foam-like pores are
uniformly distributed throughout the remaining struc-
ture (Figure 3d), which are most probably composed of
the PVP matrix. This result straightly indicates that a
certain amount of the organic additive was included in
the Cul superstructures during antisolvent crystallization.
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Figure 3. (a) TEM image and (b) corresponding SAED pat-
tern of a rodlike Cul superstructure. (c) TEM image illustrat-
ing the irradiation of a focused electron beam on a selected
portion after 30 s. (d) TEM images of the residual in the rod
after beam irradiation. The inset is the SAED pattern of the
bottom structure. (e) TEM image and corresponding SAED
pattern (inset) of the released particles. (f) TEM image and
(g) corresponding SAED pattern of a sheet-like Cul super-
structure. The inset in panel f is a magnified view of its
thinnest area. The spots marked by the cubic frames in the
SAED pattern correspond to 1/3{422} reflections.

The released species are very tiny Cu nanoparticles due
to the decomposition of Cul into Cu solid and iodine
vapor induced by the focused electron beam in the TEM
chamber, which is confirmed by the TEM image and its
corresponding SAED pattern presented in Figure 3e.
Figure 3f shows a TEM image of a sheet-like super-
structure with an imperfect appearance. Because the
sheet-like structure is very thin, a better visualization of
its internal configuration can be facilitated. It is found
that some rod bundles partially merged into the
sheet. A magnified region of the thinnest part of the
sheet clearly reveals the brick-by-brick aggregation of
small building units. The SAED pattern in Figure 3g was
obtained by aligning the electron beam perpendicular
to the planar surface. The diffraction spots with a 6-fold
rotational symmetry originate from the zinc-blende
phase of Cul, which confirms the highly oriented
alignment of the Cul nanoparticles in this sheet-like
structure. The long side of the observed sheet-like
structures is all elongated along one (220) direction
(exemplified in Figure 3g), agreeing with the rodlike
superstructures. However, their flat top and bot-
tom faces are always bound by two {111} planes.
The existence of amplified 1/3{422} face-centered-
cubic (FCC) reflections (marked by the cubic frames
in Figure 3g) indicates the possibility of the presence of
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multiple parallel twins on {111} planes parallel to the
top and bottom surfaces of the lamellar structure.®'
The {111} atomic planes of the tetrahedral Cul nuclei
are polar, either negatively charged terminated by I~
ions or positively charged terminated by Cu* ions
which are designated as the {222} planes. In the
presence of polymer PVP, the {222} planes could be
effectively stabilized due to the sufficient interaction
between Cu™ and the nitrogen atoms in PVP. Thus, the
rapid growth of the critical crystal nuclei of Cul initiated
by the antisolvent effect of water could be prevented.
Moreover, the steric hindrance complied by the long-
chain structure of PVP could retard the aggregation of
these tiny Cul crystals. Therefore, after being mixed
with the same volume of water, there were no im-
mediate precipitates in the solution. With continuous
vigorous stirring, these dispersed small blocks started
to collide and fuse into each other. According to the
surface energies associated with different crystallo-
graphic planes in the y-phase Cul crystal lattice, the
general sequence follows {111} < {100} < {110}.
Therefore, these PVP-stabilized subunits could prefer-
entially self-assemble along one (220) direction via
oriented attachment possibly templated by PVP for
minimizing the total free energy of the system.>>*3 The
rodlike superstructures were gradually constructed
and finally precipitated. Considering the random ag-
gregates formed without PVP (Figure 1e,f), the forma-
tion of highly controlled alignment of Cul in the
superstructures is greatly beneficial from the small
sizes of the building units confined by PVP because
the larger the grain is, the harder the oriented attach-
ment is.>*> However, smaller crystal nuclei obtained by
further increasing the concentration of PVP became
more soluble, which accordingly restricted the evolu-
tion of the Cul superstructures by organized aggrega-
tion (Figure 2e). When the concentration of Cul was
moderately increased, the coordination number of PVP
at the rate-determining interfaces of the crystal nuclei
was reduced, which led to the distribution of PVP more
specific to certain planes. The 2-dimensional expansion
based on the oriented attachment of the building
blocks might become possible once an additional
active plane was available. The sheet-like superstruc-
tures exhibited in our experiment hints that the
oriented assembly also happened along one (422)
direction in addition to the more preferred [220]
direction in that case. A similar result was previously
reported for the controlled dendritic growth of germa-
nium with the FCC structure.®® It was found that the
principal surfaces of the long thin strips were bound to
{111} crystallographic planes while the crystals grew
rapidly in the [211] direction. The authors proposed
that the presence of twin planes parallel to the flat
surfaces was fundamental and necessary to this
growth mode, which was expected to apply generally
to materials with the zinc-blende structure3* Our
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Figure 4. SEM images of Cul precipitates obtained by
mixing 3 mL of Triton X-100 with the Cul acetonitrile
solution: (a) overview; (b) close view. SEM images of Cul
precipitates obtained by injecting 3 mL of PANI isopropyl
alcohol solution (1.4 g/L) into the Cul acetonitrile solution:
(c) overview; (d) close view.

structural observations for the sheet-like superstruc-
ture (Figure 3f,g) verifies that this mechanism is still
valid for the nonclassic crystallization of superstruc-
tures by organized aggregation.

The rodlike superstructures of Cul were stable at
ambient conditions up to 6 months without any
change of the geometries. The same stability was
found after the Cul superstructures had been stored
in water up to 3 months. However, when these struc-
tures were aged in the mother solution, a significant
morphological transformation occurred within 72 h
(data not shown). The surface of all the rods became
very rough, decorated with many small particles or
platelets. The faceted feature of the rods almost faded
away. From a thermodynamics point of view, the
cuboid rodlike superstructures are not stable because
they are enclosed by the exposed planes with a high
surface energy. Upon extended ripening in the mother
solution, surface subunits with a relatively high mobil-
ity started to reconstruct based on the dissolution—
recrystallization process, which finally eliminated the
high-energy surfaces. This result implies that the Cul
superstructures with well-defined geometries are ki-
netic, metastable intermediates rather than thermo-
dynamically stable products.

For further investigation of the generality of this
polymer-assisted antisolvent crystallization approach,
other organic additives were also examined for the
fabrication of Cul superstructures. When 3 mL of Triton
X-100 was mixed with 1 mL of the Cul acetonitrile solu-
tion (6.0 g/L), spherical Cul aggregates consisting of
randomly aligned crystals were quickly precipitated
from the solution (Figure 4a,b). Injection of 3 mL of
PANI isopropyl alcohol solution into the Cul acetoni-
trile solution caused rodlike Cul superstructures to
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Figure 5. Adsorption rate of an aqueous solution of MB
(4 mL, 6.4 g/L) for Cul-PVP and Cul-PANI rods, and for the as-
received Cul powder. The mass of each sample was 10 mg.
The photograph in the inset shows the color change of the
MB solution before and 30 min after the addition of the
Cul—PVP rods.

again form subsequent to a long-time stirring, as
shown in Figure 4c. These rods are relatively shorter
and thicker, but still very faceted with defined geom-
etries (Figure 4d). The above results demonstrate the
necessity of using organic additives with nitrogen-
containing functional groups for modifying the anti-
solvent crystallization of Cul from the acetonitrile
solution.

Because the Cul building blocks have a polydis-
persed size distribution and surface defects, spaces
were left among the particles even after their
self-assembly into superstructures through lattice-
matched surfaces.3>*¢ Such an internal porous feature
has been confirmed by our structural characterizations.
For investigating the potential applications of the
Cul porous superstructures in water treatment, the
rodlike Cul superstructures induced by PVP and PANI
(simplified as Cul-PVP and Cul-PANI, respectively) were
used as adsorbents (10 mg) to remove the organic dye
methylene blue (MB) (4 mL, 6.4 g/L) at room tempera-
ture. For comparison, the adsorption ability of the
equal mass of the as-received Cul powder was also
examined under the same adsorbing conditions. The
adsorption experiments were first performed at ambi-
ent conditions and then continued under UV irradia-
tion to distinguish the contribution of Cul as a possible
photocatalyst. Figure 5 outlines the adsorption curves
of all the tested samples. It can be found that the
adsorption percentage of the Cul-PVP reached to 83%
after 30 min (also refer to the photograph in the inset),
accompanied by the attainment of the adsorption/
desorption equilibrium. In contrast, the removal effi-
ciency of the Cul-PANI reached to 90% after 30 min,
which was further increased to 97% up to 2 h. The
presence of the as-received Cul powder hardly reduced
the concentration of MB even after long-time UV
irradiation, indicating the negligible effect of Cul for
the photocatalytic degradation of MB.3 A large surface
area derived from the high porosity is thus believed to
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be responsible for the efficient removal of MB by the
Cul superstructures. 3839

Allowing for the reactivity of Cul at high tempera-
tures, the Cul superstructures could further be used as
self-sacrificial templates for conversion to other cop-
per-derived functional materials. For instance, when
the sphere-like Cul superstructures shown in Figure 1a
were annealed in air at 400 °C for 1 h, highly porous CuO
structures were formed, as exhibited in Figure 6a,b.
The analogous transformation happened for the
rodlike Cul superstructures as well (Figure 6¢,d). Both
the resultant CuO mesocrystals inherited the geometries
of the starting Cul structures throughout oxidation, but
of higher porosities. On the one hand, the oxidation
of Cul or Cul-PVP to CuO led to a significant mass
loss, which provided more free spaces in the stack-
ing structures. Furthermore, it was revealed that the
oxidation of each Cul building unit followed the nano-
scale Kirkendall effect, by which a net outward flow
of Cu™ through the initially formed CuO shell could
lead to an opposite transport of vacancies into the
crystal interior, which would gradually condense
into large voids.?® The shell of the finally formed
hollow CuO units was supposed to crack and dis-
sociate into smaller subunits during the annealing
at 400 °C. As evidenced in Figure 6b, most
CuO nanoparticle aggregates on the surface of the
CuO microspheres display the morphology of a
tetrahedral cage, hence, maintaining the geometry
of the initial Cul building blocks shown in Figure 1c.
For this reason, the CuO hierarchical structures
consist of smaller blocks and became much more
porous.

Additionally, the Cul superstructures were employed
as templates for the deposition of TiO, by ALD. In
typical experiments, a TiO, layer with a thickness of
15 nm was deposited. In virtue of the good solubility of
Culin acetonitrile, the Cul templates were easily etched
by acetonitrile at room temperature. Figure 6e shows
an SEM image of the obtained TiO, structure by
using hollow sphere-like Cul superstructure as the
template, followed by the removal of Cul. The rugged
surface feature indicates a large surface area compa-
tible with the template morphology. A close view in
Figure 6f confirms that each surface building unit has
been conformally transformed into a hollow block
due to the self-limiting surface reaction of ALD and
the subsequent removal of Cul.*® A similar replica-
tion was achieved when the rodlike Cul superstruc-
tures were used as the template. As clearly reflected
in Figure 6g,h, the rodlike TiO; structures are porous,
presenting a hierarchical interior and a foam-like
surface. An obvious advantage of this route lies
in the easy, mild, and specific removal of the Cul
templates only by the neutral organic solvent aceto-
nitrile, which is expected to be a general templating
strategy for the fabrication of many other porous
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Figure 6. SEM images of the CuO structures obtained by annealing the sphere-like Cul superstructures, (a) overview, (b) close
view, and the rodlike Cul superstructures, (c) overview, (d) close view, at 400 °C in air for 1 h. SEM images of the ALD-coated
TiO, structures subjected to the etching of the sphere-like: (e) overview; (f) close view, and the rodlike Cul superstructure
templates (g,h), in acetonitrile at room temperature. A total number of 1000 ALD cycles was applied at 150 °C for achieving

the deposition of a TiO, layer with a thickness of 15 nm.

materials, especially in combination with the ALD
technique.*®

CONCLUSIONS

We have investigated the formation of Cul super-
structures by antisolvent crystallization with and with-
out organic additives. It is found that the presence of
trace water can induce the formation of hollow sphere-
like Cul superstructures by drop coating the Cul solu-
tion on a substrate. The gradually condensed meta-
stable water droplets not only work as an antisolvent to
help the precipitation of Cul nuclei with the evapora-
tion of acetonitrile, but regulate their growth and
arrangement at the droplet surface. For this reason,
the finally formed sphere shells are composed of
nanoscale tetrahedral Cul building blocks in an or-
dered alignment. When excess water is mixed with
the Cul acetonitrile solution, spherical aggregates are
instantly precipitated in the mixed solution due to the
rapid growth of larger Cul crystals and subsequent
random agglomeration. However, such simultaneous
antisolvent precipitation does not take place in the
presence of organic additives such as PVP. The strong
stabilizing effect of PVP on the initially formed Cul

EXPERIMENTAL SECTION

Materials. Cuprous iodide (Cul), polyvinyl pyrrolidone
(PVP, average My, ~ 58 000), polyaniline (emeraldine base)
(PANI, average M,, ~ 50000), Triton X-100, methylene blue
(MB, C;6H;gN3SCl), and acetonitrile (CH3CN, 99.8%) were all
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crystal nuclei can restrict the crystal growth via ion-by-ion
attachment. Afterward, small Cul crystals with a con-
fined size only behave like building blocks and gradu-
ally self-assemble into Cul superstructures by oriented
attachment. The finally precipitated Cul superstruc-
tures in the majority are cuboid mesocrystals with a
well-defined geometry, which could be tuned by the
PVP concentration and the molar ratio of Cul relative to
PVP. This antisolvent crystallization approach is ideal to
form Cul superstructures with tunable geometries in a
single step with feasibility for large-scale production.
Moreover, any harsh chemical reactions for the solidi-
fication of Cul crystals can be avoided by this route. Our
proof-of-concept results have shown that the formed
Cul mesocrystals can be used as competent adsor-
bents for the fast removal of organic dyes in water due
to their high porosity. The Cul superstructures can
also be applied either as a self-sacrificial template or
only as a structuring template for the flexible design
of other functional porous materials. Such an anti-
solvent crystallization approach is expected to be
a general strategy for constructing superstructures
of many other ionic compounds containing a transi-
tion metal.

analytical-grade reagents, procured from Sigma Aldrich and
used without further purification. Deionized water was used
to prepare all the aqueous solutions throughout the
experiments.

Preparation of Cul Superstructures. Commercial Cul powder was
dissolved in acetonitrile by ultrasonication for forming a
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transparent solution with a concentration of 6.0 g/L (solution A).
Then 0.1 mL of water was added into 10 mL of solution A under
stirring. Several droplets of the above solution were dispersed
onto a silicon piece and dried at ambient conditions. White
residues appeared on the silicon substrate after the solvent was
evaporated. In the next experiment, 3 mL of water was quickly
injected into 1 mL of solution A through a syringe pinhole
(B.Braun-Sterican, 0.6 mm outside diameter of the needle)
under vigorous magnetic stirring. The rapidly formed white
precipitates were filtered and washed with deionized water and
ethanol, and dried at room temperature.

In a typical experiment in the presence of organic additives,
3 mL of PVP aqueous solution (68.2 g/L) was injected into 1 mL
of solution A through the syringe pinhole under vigorous
magnetic stirring. After 30 min, cloudy white precipitates were
collected by the removal of supernatant, followed by washing
with deionized water and ethanol, and drying at room tem-
perature. This experiment was also conducted by changing the
injection sequence, injection speed, solution temperature, and
the concentration of PVP. In addition, the above procedure was
performed by using 3 mL of Triton X-100 and 3 mL of PANI
isopropyl alcohol solution (1.4 g/L), respectively, instead of the
PVP solution.

To understand the growth process of the superstructures,
the effects of the concentration of the Cul acetonitrile solution
(solution A) on the morphology and size of the final products were
continuously investigated during the above experiments as well.

Adsorption Experiments. Adsorption experiments were carried
out at room temperature. The as-prepared Cul—PVP and Cul—
PANI rodlike superstructures (10 mg) were respectively dis-
persed into 4 mL of 20 mM MB aqueous solution by vigorous
shaking for 30 s and then left for a specified time. The
equilibrium concentrations of MB solution were measured with
a UV—vis spectrophotometer (Perkin-Elmer, Lambda 950) at a
wavelength of 664 nm corresponding to the maximum absor-
bance of MB. For comparison, the adsorbing property of the
same amount of as-received Cul powder was also examined
via the same process.

Templating Experiments. For the conversion of Cul to CuO, Cul
superstructures collected on silicon substrates were annealed in
airin an open furnace at 400 °C for 1 h. For the application of Cul
superstructures as templates for atomic layer deposition (ALD)
of TiO,, the deposition were conducted at 150 °C by reacting
titanium isopropoxide with water vapor in a vertical flow type
hot wall reactor (OpAL, Oxford Instruments). N, was used as the
carrier gas with a flow rate of 100 sccm for this process. A total
number of 1000 ALD cycles was applied to achieve the the
deposition of a TiO, layer with a thickness of 15 nm. The TiO,-
coated samples were dipped into acetonitrile for 5 min at room
temperature to remove the Cul and then dried in air.

Characterization. High-resolution SEM images were recorded
using a Nova NanoSEM (FEl) equipped with an X-ray analyzer
(EDX). Crystal structure was characterized by XRD 6—26 scans
using a Philips X'Pert MRD diffractometer with Cu Ka. radiation.
TEM images and corresponding ED patterns were obtained by
using a JEOL 1010 microscope at an accelerating voltage of 100 kV.
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