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ABSTRACT: Single-crystalline Co3;0,4 crystals such as spheres, nanocubes, and rhombododecahedrons were obtained
hydrothermally by employing differently charged surfactants and solvents. On the basis of calculations (charge density, atom
density, and dipolar moment) on involved charged crystal planes of {100} for the cubes and {110} for the rhombododecahe-
drons, we proposed that the specific interactions between changed capping agents and crystal planes of Co304 led to the selective
formation of cubes with {100} orientation and rhombododecahedrons with {110} orientation, respectively. It was also found
that the intrinsic structure of charged planes affected possibly not only the crystallization processes and final morphologies of
Cos04crystals but also the assembly behaviors of Co304 particles. Being in a typical spinel structure, the crystallization habits of
Co0304 crystals based on intrinsic structure directed by capping agents are possibly extended to other crystal systems in a similar
structure, to get an optimized synthetic strategy and product, which, as well, is helpful for understanding the interactions on the

organic—inorganic interfaces in depth.

Introduction

Controlling the size, shape, and structure of inorganic
materials is of fundamental significance in modern science
and engineering, because both the intrinsic properties of
materials and performances of these material-based devices
for applications are highly dependent on the morphology and
structure of the materials themselves.' > As a prevailing and
effective means, the wet chemical method coupled with orga-
nic additives such as polymers, surfactants, and other small
molecules has been employed successfully for controlled syn-
thesis of inorganic crystals, where organic additives worked as
templates or capping agents through interactions with crystals
between the “soft—hard” interfaces to vary the surface energy
of crystal planes, thus realizing the growth control over the
corresponding crystal planes.® For example, some kinds of
interaction modes such as structure match,” electric charge
effect, etc. between the organic molecules and the specific
planes of crystals have been investigated. Nevertheless, these
interaction modes are often case-dependent, due to both the
selection of organic molecules and the inorganic crystal
structures involved, and the exact interaction mechanism still
remains unsolved. Herein, we adopted Co304, whose struc-
ture is a typical spinel system.

Co030, is an active material with wide applications and
has attracted much attention to the shape-controlled synthesis
by various routes such as wet chemical methods, nanocasting,
thermal oxidation, mechanochemical reactions, etc.'>™%*
Among these, the wet chemical methods are the most pre-
valent for the shape control of Co;04 crystals. However, there
are still limited investigations on the interfacial interaction
mechanisms between organic capping molecules and Co3;0y4
crystals that probably determine the final morphologies of
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Co304 crystals in solution synthesis processes. Therefore, in
the present study we demonstrated the selective and non-
selective growth of crystal planes of Co3;04 directed by the
differently charged surfactants/solvents and the morphology
control of Co30y crystals with spheres, cubes, and especially
rhombododecahedrons that is synthesized for the first time as
Co0304 phase. These results are also of fundamental impor-
tance for understanding the interaction between specific
crystal planes and the capping agents. As is well-known,
ZnO crystals favor the preferential growth along the (0001)
direction” and nanobelts bounded by {0001} planes self-coil
into nanorings,?® due to the charged {0001} planes possessing
a separate Zn>" layer and O® layer. In this regard, our
systematic studies are beneficial for not only recognizing the
specific organic—inorganic interfacial interactions based on
the charged crystal planes but also the controlled synthesis
and self-assembly behaviors of Co3;04 and other compounds
with similar crystal structures.

Experimental Section

In a typical synthesis of Co;04 rhombododecahedrons, 0.003 g of
cobalt chloride were added with slight stirring into a 100 mL Teflon
autoclave containing 9 mL mixture of N,N- dimethylformamide
(DMF), acetonitrile, and distilled water at 1:1:1 (v/v), giving a final
pink solution. Subsequently, after 2 mL of 30% H,0O, was added, the
autoclave was heated at 150 °C in an oven for 20 h, giving a black
precipitate. For the synthesis of Co30,4 cubes, hexadecyltrimethyl-
ammonium chloride (CTAC) or sodium dodecyl sulfate (SDS) at
certain concentrations were used before the addition of cobalt
chloride; other conditions were the same as for Co3;04 rhombodode-
cahedrons. In the case of the preparation for CozO4 spheres, all
procedures were similar to that of cube synthesis except nonionic
surfactant of Triton X-100 (e.g., 8 mM) was used instead of ionic
surfactants of CTAC or SDS. The products were collected with the
centrifuge method, washed with water, dried in air, and characterized
by scanning electron microscopy (SEM, JSM-5510LV, 10k V), trans-
mission electron microscopy (TEM, JEOL JEM-2010F, 200 kV), and
powder X-ray diffraction (XRD, Rigaku RINT-2500 V, Cu Ka).
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Figure 1. SEM (A), TEM images (B, C), and XRD pattern (D) of

Co30, single-crystal spheres formed in the presence of § mM Triton

X-100. Inset in C is the ED pattern corresponding to the Co304
sphere centered in C.

Results and Discussion

The Co304 spheres were prepared in Triton X-100 instead
of ionic surfactants. As shown in Figure 1, both SEM and
TEM images present a clearly sphere-like shape of Co3;Oy4 crys-
tals with 8 mM Triton X-100. These Co3O4 spheres possess a
relatively uniform size of 400 nm except minor spheres with a
smaller size of ca. 100 nm (Figure 1B). The electron diffraction
(ED) pattern (inset in Figure 1C) of the centered individual
sphere exhibits the sharp spots corresponding well to the crys-
tal plane reflections of Co3;Oy4 crystals of cubic symmetry,
indicating a single-crystal structure. The Co3O4 phase of these
spheres were also confirmed by XRD (JPCDS: 43-1003) in
Figure 1D, which agrees with the ED pattern in Figure 1C.

In contrast, the Co3;04 nanocubes were synthesized in the
presence of ionic surfactants, regardless of charge types. As
shown in Figure 2A, the XRD pattern of the product formed
in CTAC (4 mM) provides a Co304 phase of the nanocubes.
SEM image in Figure 2B shows that the Co;0,4 nanocubes
occupy an average diameter of ~150 nm and stack into a
dense layer on substrate. In Figure 2C, several Co3;O4 nano-
cubes at different tilt angles against substrate were selected for
TEM observation, which gives distinct cubic characteristics.
Moreover, the ED pattern (inset of Figure 2C) corresponding
to the squared area of a vertically standing Co;0O4 nanocube
exhibits sets of bright reflections with the spacing correspond-
ing to (220) and (400) planes of cubic Co;04 crystals, revealing
the Co304 nanocube is a single crystal and the diffracted
planes are {100} planes. In addition, the high-resolution TEM
image in the same squared area displays continuous fringes
and the two sets of orthogonal lattices with equivalent d-spacing
of 0.286 nm corresponding to {220} planes of Co;04 crystal,
which reflects that the observed face is bound by {100} planes.
Similarly, Co304 nanocubes with a diameter of ~120 nm were
also produced in the presence of anionic surfactant SDS
instead of CTAC, as evidenced by the TEM observations
and electron diffraction (ED) patterns of individual Co3;04
nanocubes (Figure 2E,F). These results demonstrate that the
Co0304 nanocubes surrounded by {100} planes were produced
in either kind of oppositely charged surfactant of CTAC and
SDS. In addition, the effect of surfactant concentrations was
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Figure 2. XRD (A), SEM (B), and TEM images (C—F) of Co;04
nanocubes formed in the presence of CTAC (A—D)and SDS (E, F),
respectively. Insets in C and F correspond to the Co;04 nanocubes
in C (labeled) and F, respectively. Both CTAC and SDS concentra-
tions are 4 mM.

examined, for example, increasing the currently employed
concentration by three times; however, neither the nonionic
nor ionic surfactants had a remarkable effect on the morpho-
logies of Co304 crystals, indicating the adsorptions were
already saturated.

To clarify the effect of surfactants, the synthesis was further
conducted in the absence of surfactants, that is, in the solution
of'a polar DMF—acetonitrile mixture, resulting in the forma-
tion of Co304 rhombododecahedrons, that is synthesized for
the first time as Co;04 polyhedrons other than cubes. The
Co0304 rhombododecahedrons synthesized exhibit hexagonal
outlines with approximately 200 nm in average diameter
between two parallel faces, as observed in Figure 3A,B. More
solid structural information was given from TEM character-
izations. The ED pattern (inset in Figure 3C) corresponding to
the squared area of an individual Co3;04 rhombododecahe-
dron show two sets of bright diffraction spots, which can be
indexed well as {200} and {111} planes with corresponding
d-spacing of 4.04 and 4.67 nm, respectively, revealing a dif-
fraction of {110} planes. This result was supported as well by
the high-resolution TEM examination from the same area of
the Co3;04 rhombododecahedron labeled (Figure 3D). Actu-
ally, for the arbitrarily selected Co3;O4 rhombododecahe-
drons, the diffractions of {110} planes occupied most
majorities in the ED observations except that diffractions
from other planes, such as {111} planes (Figure 3E), through
appropriate tilting manipulations. This accords pretty well
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Figure 3. SEM (A)and TEM (B—E) images and index (F) of Co304
rhombododecanhedrons formed in the absence of surfactants. Disa
high-resolution TEM image corresponding to the square area of the
Co304 rhombododecahedron in C. Insets in C and E are ED pat-
terns corresponding to Co3;04 rhombododecahedrons in C and E,
respectively.

with the typical symmetry of the rhombododecahedral shape,
because a rhombododecahedron is surrounded by 12 equiva-
lent {110} faces (Figure 3F), and one of 12 {110} faces parallel
to the substrate (Cu grid) is the only stable state in energy for a
standing rhombododecahedron, which inevitably causes the
diffractions of {110} planes as we observed.

In order to clarify the mechanism responsible for the crystal-
plane modulation of Co304 polyhedrons under the different
conditions, the crystal structure of Co3;Oy4 crystal, especially
the cases of {100} and {110} planes, was analyzed. Figure 4A
presents a typical crystal structure of the Co3;0y4 crystal (unit
cell), where eight molecular Co;0O4 were contained. For the
convenience of comprehension, the crystal structure was
displayed perpendicular to the [011] direction (Figure 4B)
and then the atoms in the unit cell were divided into A;—,/
Bi—4 layers along the {100} planes and C;—4/D;—4 layers
along the {011} planes (Figure 4C), respectively (see Support-
ing Information, S1). On the basis of the coordinates of Co
and O atoms in the unit cell of Co;O4 crystal, the valences of O
atoms in the unit cell are adopted as 2—, while the valences of
Co atoms on A and B layers are adopted as 3+ and 2+,
respectively. According to the divisions, the charge densities
and atom densities corresponding to the A—D layers were
calculated. The charge density of slabs can be calculated
+0.061 e- A for {100} and & 0.043 e- A~ for {110} planes,
respectively (See Supporting Information S2-1). Both the
{100} and {110} planes are polar. We can consider the pair
of slabs with the opposite charge for both orientations, of
which accumulation yielded crystal growth along either ori-
entation. We believe that the charging property and charging
extent of crystal planes probably have a remarkable influence
on both crystallization and assembly processes of crystals.
For example, it was observed that the Co;04 polyhedrons
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Figure 4. Overview (A), particular view (B) through the [011] direc-
tion of the crystal structure of Co3;0,4 crystal (unit cell) and the
atoms of unit cell in B divided along the {100} and {011} planes,
respectively (C). Bigger blue spheres: O atoms; smaller yellow
spheres: Co atoms.

synthesized in our system (Figures 1 and 2) or nanocubes
reported elsewhere'*?° are apt to be stack or tiered, which
should be ascribed to the strongly electrostatic attraction
between oppositely charged crystal planes, although some-
times it was rationally attributed to surfactant interlayers
between nanocubes.*’

Here, based on the results and analysis above, a mechanism
stressing electric charge effect between the differently charged
capping agents and charged crystal planes is tentatively
proposed to account for the crystal orientations of Co30y4
polyhedrons (Scheme 1). Briefly, when the nonionic Triton
X-100 was used, the neutral chains cause the nonselective
adsorption on the crystal surfaces, leading to the formation of
the Co30, spheres without specific crystal-plane orientations.
However, in the presence of ionic surfactants of CTAC or
SDS, the charged Ry,NT and SO,>~ groups of the surfactants
preferentially adsorbed on highly charged {100} planes rather
than relatively less charged {110} due to more pronounced
electrostatic attractions between the surfactants and {100}
planes of Co30, crystals, leading to the growth inhibition of
{100} planes and final generation of the Co3;04 nanocubes.
In fact, highly charged {100} planes with lower atom density
(calculations, Supporting Information, S2-2) are more un-
stable than less charged {110} planes if exposed without
protection of strong capping agents like CTAC or SDS.
Therefore, we consider this is a system-energy-minimizing
process, and the strong interactions between CTAC or SDS
molecules and {100} planes caused the formation of the
Co0304 nanocubes. For the polar molecules of DMF and
acetonitrile, which are neutral and weak capping agents as
compared with CTAC or SDS, they just exert weaker inter-
actions with {100} planes of Co3;04 crystals, which could not
compensate the system energy increase accompanied by the
formation of {100} planes relative to {110} planes, and thus
adsorbed on the relatively stable {110} planes, producing the
Co03;04 rhombododecahedrons. Accordingly, the Co3;04
rhombododecahedrons were prepared in the mixed solvents
DMF and acetonitrile without ionic surfactants. In a word,
the strong enough electric charge effect is a key factor for the
formation of nanocubes with highly charged {100} planes of
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Scheme 1. Possible Mechanism for Co3;0,4 Polyhedrons Synthesized in the Presence of Differently Charged Surfactants and Solvents
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Co0304 crystals. Though our proposed mechanism does not
include the knowledge of the exact atomic structure of the
exterior surface of crystals, which would be necessary for the com-
plete theoretical comprehension, it is applicable to the pre-
vious reports on the Co304 nanocube synthesis, where the
nanocubes were synthesized in the presence of highly charged
capping agents, such as SDBS, anions derived from Tween-85

or NaNO; at high concentration.'>?

Conclusions

In conclusion, the Cosz0y4 crystals with various shapes
involving spheres, nanocubes, and rhombododecahedrons
have been synthesized hydrothermally in the presence of
differently charged surfactants/solvents. The realization of
successfully modulating the Co;04 polyhedrons with dif-
ferently crystal-plane orientation relies probably on the
electric charge effect between the charged capping agents
and the charged planes of Co3;0, crystals. The results are
associated with the relationship between the crystallization
habit and the intrinsic crystal structure of Cosz0y4 crystals,
and in principle, are expected to be applicable to other
systems with similar crystal structures besides Co;0y4 crys-
tals, which would result in a better understanding the
specific interactions of organic and inorganic phases be-
tween “soft—hard” interfaces.
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