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Abstract: Co3;04 nanocubes were synthesized via a simple hydrothermal method. X-ray diffraction
(XRD) and high-resolution transmission electron microscopy (HRTEM) analysis revealed that the
product was cubic single crystal Co3;O4, with the width of several ten nanometers to several hundred
nanometers. The influence of reaction temperature and the amount of dispersant on the size and
morphology of the as-obtained Co3;0O4 were investigated. On the basis of condition-dependent
experiments, a possible aggregate-dissolution-recrystallization growth mechanism was proposed to
explain the formation process of the Co3O4 nanocubes. The catalytic activity characterization showed
that the as-prepared Co3;04 nanocubes can catalyze the thermal decomposition of ammonium
perchlorate (AP) effectively.
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1. Introduction

In recent years, great efforts have been invested in the crystallographic structure control over
inorganic crystals, because of the unique electrical, optical, magnetic and catalytic characteristics
compared to the corresponding bulk materials. The morphology of particles is closely related to the
crystallographic surfaces enclosing the particles, and different crystal facets have different surface
atom densities, electronic structure, bonding, and possible chemical reactivity. For example, y-Fe;O;
nanorods enclosed by (110) and (100) facets showed excellent reactivity performance of selective
catalytic reduction of NO with NH; [1], and TiO, enclosed by (011) facets exhibited higher light
degradation ability than TiO, enclosed by (001) planes [2]. So, it is of great significance to
synthesize crystals with the exposure of special facets.

Spinel cobalt oxide (Co304) possesses the normal spinel structure A[B,]04, Co>™ ions occupies
the tetrahedral (or A) sites and Co>" ions occupies the octahedral (or B) sites [3]. The unit cell length
of Co304 is 0.8084 nm and each cell comprises 56 ions [4]. Co3O4 has important technological
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applications in many fields [5-8]. For example, Co3;04 is an important p-type semiconductor, and
Co0304 is also an important transition metal ceramic oxide, which has the potential of to be used in
magnetism, sensors, electrochemical and catalysis [9—-11].

In the last decade, several methods including solid-state reaction [12], thermal
decomposition [9], microwave assisted synthesis [13], electrodeposition method [14],
solvothermal/hydrothermal reaction with or without templates [15,16] and molten salt synthesis [17]
were developed to prepare spinel cobalt oxide in nanoscale. So far, several Co;O4 nanocrystals with
different morphology have been successfully synthesized, such as nanosheets [14], nanorods [17],
flower-like structure [18], nanoboxes [19], nanobelts [20] and nanocubes [21,22]. Despite plenty of
researchers reported their work about spinel cobalt oxide nanomaterials; however, most of the
above-mentioned work focused on the final growth stage of Co3;04 and only a few reports
investigated the growth process of Co3O4 [23,24]. As a result, it is meaningful to investigate the
morphological growth process of Co30O4, which could provide some information about the crystal
growth and design, and morphology-controlled synthesis of Co3;O4 as well as some other inorganic
building blocks.

Herein, we report a simple hydrothermal route to synthesize spinel cobalt oxide nanocubes
using thiocyanate radical anions (SCN’) as coordination ions. The influence of reaction parameters
on the final morphology the Co3;0O4 nanocube was investigated, and a possible growth mechanism
was proposed to explain the formation process of the Co;O4 nanocubes.

2. Experimental section

All the reagents were used without further purification: Co(CH3;COO),-4H,O (99.5 wt%,
analytical reagent (A. R.), Tianjin Fuchen Chemical Reagents Factory), NaSCN (98 wt%, A. R.,
Tianjin Tianda Chemicals Co., Ltd), poly(vinylpyrrolidone) (PVP, M,= 50000, N content 12%—13%,
A. R., Tianjin Guangfu Fine Chemical Research Institute). Double-distilled water was used
throughout the experiment.

2.1. Synthesis of Co3;04 nanocubes

The typical synthesis process for Co3;O4 nanocubes was as follows: 2 mM of NaSCN and 2 mM
of Co(CH;COO0),-4H,0 were dissolved in 80 mL of distilled water under ultrasonic radiation, and
then 0.003 mM PVP was added into the above mixture under ultrasonic radiation. The as-formed
solution was sealed in a Teflon-lined autoclave of 150 mL capacity, and maintained at 120 °C for 36
h. After cooling to room temperature, the products were collected by centrifugation, and washed with
distilled water three times and absolute ethanol twice to remove impurities. The final products were
dried in air at 80 °C.

In order to investigate the growth process of the Co304 nanocubes, series of
condition-dependent experiments were carried out. The reaction temperature was varied from 120 to
140, 160 and 180 °C to inspect the influence of reaction temperature. The mole ratio of PVP to Co”"
was altered from 0 to 0.002, 0.003 and 0.005 to investigate the influence of PVP. And the reaction
time was altered from 2 to 9, 18, 27 and 36 h to observe the growth process of the nanocubes.
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2.2. Characterizations

The products were characterized by transmission electron microscopy (JEOL JEM-1011 with an
accelerating voltage of 80 kV), high-resolution TEM (JEM2010 at 200 kV accelerating voltage),
scanning electron microscopy (XL30 S-FEG at 10 kV accelerating voltage), and powder X-ray
diffraction (Rigaku D/max-rB diffractometer using Cu Ko radiation, A = 0.15408 nm). The
ammonium perchlorate decomposition activity of the samples was tested by thermalgravimetric
analysis (TGA/SDTAS851).

3. Results and Discussion
3.1. Phase and morphology of the Co30, nanocubes

Figure 1 shows the XRD pattern of the typically synthesized Co;O4 nanocubes. It can be seen
that all peaks in the pattern can be perfectly indexed to cobalt tetroxide (JCPDS 42-1467) with cubic
crystal system. The narrow sharp peaks suggest the high crystallization of the Co;O4 nanocubes. And
no characteristic peaks of any other impurities are observed, indicating that pure cubic crystalline
Co304 was obtained via the hydrothermal process.
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Figure 1. XRD patterns of (a) JCPDS 42-1467 and (b) Co3;04 nanocubes.

The morphology of the typically synthesized Co3;O4 nanocubes was investigated by SEM, TEM
and HRTEM, as shown in Figure 2. Clearly, the as-obtained samples consist of uniform and
well-shaped cube structures with the width of several ten nanometers to several hundred nanometers.
Figure 2d shows the HRTEM image of the area marked by white frame in Figure 2c, and the inset of
Figure 2d is the corresponding Fast Fourier Transform (FFT) pattern. The lattice fringe can be
observed clearly, and the interplane distances of adjacent lattice fringes is about 0.26 nm (2.6A),
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which is in good agreement with the d value of (031) plane of cubic single Co3;O4 crystal. Besides,
the sharp diffraction spots of the corresponding FFT pattern reveal the well crystalline nature of the
synthesized Co304 nanocubes. Based on the above analysis, it confirms that well shaped structures
and well crystalline nature of Co3;04 nanocubes could be synthesized via the simple hydrothermal
method.

Figure 2. SEM, TEM and HRTEM images of the as-prepared Co3;O4 nanocubes: (a)
SEM, (b) TEM, (c) HRTEM, (d) enlarged image of the area marked by white frame
in (¢) and the corresponding FFT pattern.

3.2. Effect of synthesis conditions

To further confirm the growth mechanism, it is important to obtain more information about the
formation process of the Co3;04nanocubes. The effect of experiment parameters, including reaction
temperature, the mole ratio of PVP to Co*", and reaction time were investigated in details.

As for the hydrothermal system, reaction temperature strongly affects the morphology of final
products [25]. Firstly, contrast experiments were carried out to investigate the influence of reaction
temperature on the morphology of the as-obtained Co3;04 samples. These experiments were carried
out by only varying the reaction temperature, and 2 mM of NaSCN, 2 mM of Co(CH3COO),-4H,0
and 0.003 mM PVP were used throughout the experiment. The corresponding SEM images are
shown in Figure 3. The SEM result demonstrates that all of the samples obtained under different
reaction temperatures contain cube-like structures; while uniform and well-shaped cube structures
could be obtained only when the reaction temperature is 120 °C (Figure 3a). With the increasing of
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reaction temperature, the content of irregular structures with a high degree of aggregation increases,
while the percentage of cube-like structures decreases (Figure 3b—d).

In the present synthesis system, cobalt ions should exist in the form of [Co(SCN),]*™ (0 < x
< 6), and some uncombined Co®" could also exist in the solution due to the molar ratio of SCN™ to
Co*" is about 1. Under hydrothermal condition, [Co(SCN)]** could release [Co(OH)4* via
hydrolytic reactions for the formation of Co3;O4 nucleus and its growth [6]. At relative low
temperature, 120 °C, the hydrolytic reactions of [Co(SCN),]*™ could produce [Co(OH)4]* gradually,
and thus it has enough time for the formation of Co3;04 nucleus and its growth. As a result, uniform
and well-shaped cube crystals could be obtained. By contrast, higher reaction temperature would
accelerate the releasing of [Co(OH)4]* as well as the growth rate of Co3O4 nucleus, which would
make it difficult to control the growth process of Co304 nucleus. And thus, the content of cube-like
structures decreases gradually, while the percentage of irregular structures and even aggregates
increase with the increasing of temperature from 140 °C to 180 °C. Consequently, appropriate
reaction temperature is required in order to obtain uniform and discrete Co3;O4 nanocubes, that is, the
chosen reaction temperature is 120 °C.

Figure 3. SEM images of samples obtained at reaction temperatures of (a) 120 °C,
(b) 140 °C, (c) 160 °C and (d) 180 °C.

The amount of dispersant also has important effect on the morphology of the final
products [26—28], and then several contrastive experiments were carried out to determine the role of
PVP during the formation process of the Co3O4 nanocubes. The experiments were conducted by
varying the amount of PVP added into the reaction system and maintaining the other experiment
procedure and reaction conditions the same as the typical experiment. The corresponding SEM
images of the obtained samples are shown in Figure 4.

It can be observed that carambola-like structures assembled by nanopetals and some cube-like
structures are obtained without the presence of PVP (Figure 4a). When the mole ratio of PVP to Co®"
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is 0.002 and/or 0.003, cube-like structures with some irregular particles appear, and the percentage of
the cube-like architectures increases with the increasing of PVP (Figure 4a—4c). This might due to
PVP could disperse Co3;O4 nucleus and prevent their agglomration during the growth process, which
can inhibit the formation of irregular particles. However, when the mole ratio of PVP to Co*" is
higher than 0.005, only irregular particles are obtained (Figure 4d). This may be originated from the
formation of PVP micelle under high concentration of PVP, and thus PVP has less effect on
dispersing Co304 nucleus. The above analysis shows that proper amount of PVP could disperse
Co304 nucleus effectively, leading to the formation of uniform and monodisperse cube-like structures;
however, some adverse process may occur under excess amount of PVP. And the appropriate mole
ratio of PVP to Co”" is between 0.002 and 0.003.

Figure 4. SEM images of samples obtained at different mole ratio of PVP to Co’*: (a)
0, (b) 0.002, (c) 0.003 and (d) 0.005.

A systematic time-dependent experiment was also conducted to track the formation process of
the Co304 nanocubes and investigate the growth mechanism of the cube-like Co30j4 structures. The
synthetic time was 2, 9, 18, 27 and 36 h, respectively. The SEM results of the samples obtained at
different reaction time are shown in Figure 5. It can be seen that irregular particles are obtained at the
reaction time of 2 h; meanwhile, many small cube-like structures could also be observed on the
surface of the irregular particles, as shown in the enlarged image of Figure 5a. Aggregates composed
by cube-like structures with wide size distributions are obtained at the reaction time of 9 h (Figure
5b). When the reaction time is prolonged to 18 h, 27 h and/or 36 h, the percentage of cube-like
structures with uniform size distribution increases; meanwhile, irregular particles decrease and
finally disappear (Figure 5c, 5d and 2a). The corresponding XRD patterns are shown in Figure 6,
which indicate that all the products are phase-pure cubic Co3;O4 crystals. Furthermore, it can be
observed that with the prolongation of reaction time, the intensity of diffraction peaks become much
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stronger suggesting the improved crystallinity of the products, which is somewhat in accordance with
the SEM results. As a result, the above results reveal that the reaction time is also a crucial factor for
the preparation of uniform Co3;0O4 nanocubes.

Figure 5. SEM images of samples obtained at the reaction time of (a) 2 h, (b) 9 h, (¢)

18 h and (d) 27 h.
v
“
=
-
~ | = S | § g% 3
—
R S S d e
}.‘
= d
g |- A i‘ I\ L .A__ J_.._.h L "
W
=
= R e Ll N N
IR PR j JLL . AL__"_A.L h.u b
. * Io * . ¢ * a
" 1 i I.L 1 .‘_I L 1 i 1 T 1
20 30 40 50 60 70
2Theta (degree)

Figure 6. XRD patterns of samples obtained at the reaction time of (a) 2 h, (b) 9 h, (¢)
18 h, (d) 27 h and (e) 36 h.
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3.3. Possible growth mechanism of the Co;04 nanocubes

On the basis of characterization results of the samples obtained under different
condition-dependent experiments, a possible aggregate-dissolution-recrystallization growth
mechanism is proposed to explain the formation process of the as-prepared Co3;O4 nanocubes.

As for the present synthetic system using Co(CH3COQ),-4H,0 as the source of cobalt element,
Co*" would transform into [Co(OH)4]* and [Co(OH)s]* step by step according to the following
hydrolytic reactions during the hydrothermal synthesis process.

Co*" + xSCN™ — [Co(SCN),]** (1)
CH;COO™ + H,O — CH3;COOH + OH" Q)
[Co(SCN),]*™ + nOH™ — [Co(OH),]*" + xSCN" (3)

4[Co(OH),*™ + O, + 2H,0 — 4[Co(OH), ]’ +40H  (4)

The main form of cobalt ions would be [Co(OH),]* in the initial hydrothermal process, and a
small amount of [Co(OH),4]* would be oxidized to [Co(OH)s]* by O, existed in the system (reaction
(4)). Undoubtedly, the cobaltous hydroxides would gather together to reduce the surface energy and
thus bulky aggregates appear (Figure 5a).

On the basis of growth units’ model [29], the coordination polyhedron of anions (including
some cations) with similar symmetry to the unit cell could form the steadiest crystal. Consequently,
Co304 atomic group would appear via the dehydration condensation reaction between the
coordination polyhedron growth units of [Co(OH)4]* and [Co(OH)s]* forming the short range order
structure during the following reaction process, which would consume a lot of cobalt ions. However,
due to the hydrolytic process and [Co(SCN),]*™ cannot produce enough [Co(OH)4]* timely (reaction
(3)), cobalt ions in the reaction system could not meet the requirement of forming Co3O4 atomic
group. As a result, the pre-formed aggregates would dissolve and release cobalt ions to meet the
needs of forming Co30O4 atomic group. This could be confirmed by the samples obtained at the
reaction time of 2 h, which possess poor crystallinity (Figure 5a and Figure 6a). After that the
previously formed Co3;O4 atomic group would transform into crystal nuclei when the distance
between the atomic groups reaches and/or exceeds the critical distance [30].

The crystallographic structure of Co3O4is generally affected by the competitive growth of (111)
and (100) facets, due to their higher stability in comparison with other facets. The preferred growth
of (100) facet results in the formation of octahedra, whereas the preferred growth of (111) facet leads
to the formation of cubes [31]. In general, the growth rate of (111) is faster than that of (100) facet,
thus Co3;0O4 nanocubes are generally obtained, without the presence of any ligand. However,
cube-like structures are prepared in the presence of ligand in our experiment. It might due to the fact
that SCN possesses linear structure with no obvious steric hindrance, which could hardly restrict the
other growth units diffuse to the surface of Co3;Oj4 crystal nuclei. As a result, Co3;O4 could grow in the
similar way as that in the absence of any ligand, and thus cube-like structures are obtained.

Even though SCN" has no obvious steric hindrance, it could control the growth rate of Co304
nuclei by controlling the releasing of cobalt ions from [Co(SCN),]**. Under high temperatures (>
120 °C), the rapid hydrolytic reaction of [Co(SCN),]*™ leads to a large amount of [Co(OH)4]*, which
then undergoes rapid dehydration condensation under the high temperatures leading to the growth of
the Co304 crystal nuclei uncontrollable (Figure 3b—d). By contrast, under proper temperature, 120 °C,
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proper amount of [Co(OH),]” is produced and the growth rate of nuclei is relative slow, so as to
control the morphology and size of the final products (Figure 3a). Consequently, uniform,
monodisperse and high crystallinity Co3;O4 nanocubes are prepared.

As it can be seen from Figure 5b—d, cube-like structures are obtained at the reaction time of 9 h,
18 h and 27 h. This indicates that the morphology of Co;04 would not change after the formation of
the cube-like structures, and growth units containing cobalt element could absorb on the surface of
the small cube-like structures leading to the growth of the cube-like crystal size in the following
hydrothermal treatment. As a result, Co;O4 nanocubes are prepared via the growth of the cube-like
Co0304 crystal nuclei.

3.4. Ammonium perchlorate decomposition activity of the Co304 nanocubes

The Co304 nanocubes were explored as an additive to the thermal decomposition of AP, the key
component of composite solid propellants. The catalytic property was investigated by thermal
decomposition of AP, and the thermal gravimetric analysis (TGA) was carried out under N,
atmosphere (at a flow rate of 20 mL/min) with a heating rate of 5 °C/min. The sample was prepared
by blending 0.02 g Co3;04 with 0.98 g pure AP thoroughly, and then the mixture was dried in air at
80 °C for 6 h. For comparison, Co3;O4 microparticles with irregular shape prepared via conventional
co-precipitation method were also tested in the similar way, the results are shown in Figure 7.

The TGA curve of pure AP exhibits two weight loss steps, while only one weight loss step
could be observed under the effect of Co304, which is in accordance with the previous reports [32].
The starting thermal decomposition temperatures of AP catalyzed by Co3;04 nanocubes and
microparticles are about 254 °C and 248 °C, respectively, while the starting thermal decomposition
temperature of pure AP is about 275 °C. And the final decomposition temperatures of the three
samples are about 302 °C, 323 °C and 445 °C, respectively. The reported initial and final thermal
decomposition temperatures for nanoflake, flower-like, multilayer stacked, nanosheet and core-shell
Co30y4 paritcles were 273 °C, 241.1 °C, 242.2 °C, 234.7 °C, 260 °C and 342°C, 324.5 °C, 325.6 °C,
319.2 °C, 380 °C, respectively [27,28]. Clearly, the addition of 2 wt% Co0304 nanocubes could
decrease the decomposition temperature of AP more effectively, as compared to Co304
microparticles and the pure AP case. It was reported that AP decomposition involved two crucial
steps: (1) ammonia oxidation and (2) dissociation of ClO4 species into ClO3; and O,, and Co304
could have some effect during the two steps [33]. As a result, we propose that the relative high
catalytic activity of Co3;O4 nanocubes is probably due to the small particle size and more importantly
the special exposed facets, which could provide more active sites to accelerate the two steps [6].
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Figure 7. TG curves of the mixture of AP and Co03;04 nanocubes, the mixture of AP
and Co304 microparticles, and pure AP.

4. Conclusions

In summary, uniform and monodisperse Co3;04 nanocubes were successfully synthesized by a

simple hydrothermal method. The influence of reaction temperature and the amount of dispersant on

the size and morphology of the as-obtained Co3O4 nanocubes were investigated. Based on the
experiments,

condition-dependent

a possible

synthesis of some other crystals.
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