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Calcination system-induced nanocasting synthesis
of uniform Co3;04 nanoparticles with high surface
area and enhanced catalytic performance

Xiaohong Sun,*’T Rui You,]t Xudong Hu," Junbin Mo," Rui Xiong,T
Huiming Ji," Xiaolei Li," Shu Cai,” Chunming Zheng * and Ming
Meng]t

ABSTRACT: Co304 catalytic materials with various mesoporous periodicity and crystallinity
have been successfully synthesized via a calcination system-induced nanocasting method.
N-Co304 with uniform nanoscale morphology, high specific surface area, and large pore size
distribution was obtained in open system as calcination process, while M-Co;04 with
long-range mesoporous periodicity and high crystallinity was synthesized using close system
as the calcination condition. The control of the mesostructure and morphology was carried
out by tuning the diffusion rate of cobalt precursor in template channel resulting from the
different escape rate of the decomposed byproducts via the varied calcination containers. The
CO oxidation testing indicated N-Co304 exhibited better catalytic performance than that of
M-Co304.The difference in activity could be attributed to the uniform nanoscale structure of
N-Co0304, which mesoporous M-Co304 lacked. N-Co3;04 had the better performance of CO
oxidation due to the uniform nanoparticles structure, higher specific surface area, larger pore
size distribution, abundant active oxygen species and Co>" cationic species on the surface,
which accelerated the adsorption and diffusion of reactant molecules and finally improve the
reaction activity of N-Co304. The resulting catalytic behaviors lead to a better understanding
of designing and using such metal oxides for a number of catalytic applications.
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Introduction

Heterogeneous catalysis has attracted much attention over the past decades due to its
paramount importance in many areas of the chemical and energy industries.'™ In general, for
heterogeneous catalysis, the reactants diffuse to the catalyst surface and adsorb onto it, via the
formation of chemical bonds.”® After catalytic reaction, the products desorb from the catalyst

9

surface and diffuse away.”” Hence, based on the transport phenomena and surface

chemistry, the improvement of diffusion and adsorption of reactant molecules would be very

important for promoting the catalytic performance.'®"?

Nanostructure metal oxide materials (such as C03O4,13 CuO,10 NiO,14 Mn304,15 TiOz,16 and
Ce0,'") with low cost and high thermal stability have been well studied and developed in the
past decade because their large specific surface and high surface-to-volume ratio will provide
more reactants diffusion and catalytic sites, which can obtain the improved -catalytic

9,11,18

activity. In order to get the larger reaction surface areas and more active sites, synthesis

of catalytic materials with small particle size is the common approach.'”** Surfactants are
widely used to control the materials size during the synthesis of nanoscale catalysts.***
Generally, the used surfactants are easily removed by washing or calcination at higher
temperatures, while some others are very stubborn.”> Especially, when the materials size
comes smaller, their surface energy turns to be much larger, which will lead to the stronger
adsorption of surfactants on the catalysts surface and make them contaminated and passivate

26,27

in the catalysis application.””" Narayana et al. found that the addition of biphenyl and PVP to
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the nanoparticles catalysts preparation process results in the poisoning the active sites and the
decreasing the catalytic efficiency due to capping of the catalysts surface.” If heating process
is used to thoroughly remove the surfactants adsorbed on the catalysts surface, due to the
small nanoscale size and high surface energy, particle aggregation and crystals growth will
not be avoided.”®> As a result, the surface areas, active sites, and catalytic activity are
decreased at the same time. Hence, the synthesis of nanocatalysts with high surface area,
enough reaction sites, and clean active surface is an important concern.

Among the preparation methods for metal oxide nanocatalysts, the nanocasting method

(hard template) has recently attracted great interest.”>'

It involves the synthesis of a
mesoporous template (such as hexagonal SBA-15, cubic KIT-6, or ordered mesoporous
carbon), the conversation of metal precursor to metal oxide inside the channel of template by
calcination, and the etching of hard template leaving the guest replica with the template

topological structure.****

Enhanced catalytic features can be expected for the metal oxides
prepared through this method, because hard templates can provide stable supports for
high-temperature crystallization, that results the nanocrystalline and mesoporous catalysts
with high surface area, large diffusion channel, and clean active sites.”* Lots of mesoporous
metal oxides (Fe,Os3, Cr,03, InyOs;, CeO,, Co304, NiO, MoO, and Mn;0O4) have been

successfully prepared by nanocasting method.*>’

Recently, we reported a universal and
effective calcination container effect in the nanocasting synthesis of mesoporous metal oxides,
by which, the mesostructured periodicity, as well as particle size, porous size distribution, and

specific surface area of the nanocasted metal oxide replicas can be controlled in a large

range.>® It is well known that the microstructure and morphology of metal oxide catalysts

3
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plays an important role in their catalytic performance.® To the best of our knowledge, the
mesostructured periodicity effect of nanocasted metal oxide catalysts with respect to their
catalytic performance are seldom considered and investigated because of the difficulty in

controlling the mesostructured periodicity and related structure and morphology parameters.

In this work, to extend the nanocasting synthesis of metal oxides with various morphology
and structure and to deepen the comprehension of calcination system-induced control
behaviors for their related applications, Co3O4 acts as a model material to study the CO
oxidation properties based on its different nanostructures. Close system and open system are
respectively used to control the diffusion of cobalt precursor during the nanocasting
calcination process and finally get the mesoporous M-Co3;0O4 with long-range mesoporous
periodicity and uniform N-Co3;0O4 nanoparticles with high specific surface area. The catalytic
performance of both Co3;04 samples for CO oxidation was systematically investigated and the
results indicated that N-Co3;O4 exhibited better catalytic activity compared with that of
M-Co304. A possible enhancement catalytic mechanism of N-Co3;04 was proposed based on

its structure, morphology and CO oxidation property.

Experimental

Synthesis

All chemical reagents are of analytical grade and used without further purification. Ordered
mesoporous silica template KIT-6 with la3d symmetry was firstly synthesized following the

previous reports of Ryoo’s group.” Mesoporous Co3;O4 samples with different mesoporous

4
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periodicity morphology and structure, including specific surface area, porous size distribution,
and crystallinity, were synthesized according to our previous reported general nanocasting
way to prepare ordered mesoporous metal oxides with controlled mesostructrue in a large
range.”® To prepare uniform nanoscale Co3;O4 with short-range mesoporous periodicity
(named N-Co0304), an improved “open system” nanocasting method was adapted as described
below. Typically, 4.9 g of KIT-6 silica template was mixed with 100 mL of toluene and
heated to 65 °C. Then 9.8 g of cobalt nitrate hexahydrate (Co(NOs),-6H,0) was added into
the mixture and kept in continuous mechanical stirring for 5 h. Since the melting point of
Co(NO3),'6H,0 is less than 65 °C, under heating and stirring, it will melt and liquefy, and
automatically move into the KIT-6 template pores due to the capillary condensation
interaction between nitrate and silica inner pore surface. The cobalt precursor@silica
composites were obtained by evaporation of solvent in air at 40 °C overnight. The annealing
or calcination process in air was the crucial step to prepare the Co3O4 with totally different
morphology and structure. The “open system” nanocasting way to obtain the
N-Co0304@KIT-6 and N-Co304 was conducted by calcining the precursor@silica composites
in a muffle furnace using Petri dish (diameter of 60 mm and depth of 12 mm) as the sample
container with a heating rate of 2 °C min™' from room temperature to 450 °C and kept at that
temperature for 5 h. After calcination, the obtained N-Co3;O4@silica samples were treated
with 2 M NaOH solution twice to remove the silica template, and then centrifuged, washed
with water and ethanol for several times and air-dried at 60 °C to finally get the N-Co304. In
contrast, highly ordered mesoporous Co3;O4 with long-range mesoporous periodicity (named

M-Co0304) was synthesized using the similar nanocasting method as N-Co3;O4 but the
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different calcination container (called “close system”). This process was performed using
glass bottle (diameter of 12 mm and depth of 45 mm) with a glass strip for 100 % coverage as
the thermal-treatment container for the calcination of as-obtained cobalt precursor@silica
composites. The calcination temperature program was totally same with that for N-Co30,.
Sum up, in order to avoid the other synthesis parameters effect, two sets of samples were
prepared from the same batch and subjected to the same calcination temperature procedure
but different calcination containers (called calcination systems): M-Co304 was synthesized by
loading the cobalt precursor@KIT-6 intermediate in a glass bottle with a glass strip for 100 %
coverage (close system), while N-Co3;O4 was prepared by spreading the intermediate in a
Petri dish without any cover (open system). Such differences in the container conditions
during calcination are sufficient to change the morphology and structure of the Co3;04

samples and have a profound influence on their CO oxidation behavior, as demonstrated later.

Characterization

The wide-angle X-ray powder diffraction (XRD) patterns of the dry samples were performed
at room temperature on a Philips X’pert powder Diffractometer with a graphite
monochromator and Fe Kal source (A = 0.193 nm). Typically, the data were collected from
10° to 90° with a resolution of 0.2°. The average crystallite size was estimated from the
Debye-Scherrer equation, D = KA/(B cos 0), where D is the average crystal diameter, B is the
corrected peak width (full width at half-maximum), K is a constant related the shape of the
crystallites (K = 0.94), A is the wavelength of the X-rays employed, and 0 is the diffraction
angle. The width of the diffraction peak with the highest intensity was selected for the

calculation. The small-angle X-ray diffraction (SAXRD) data were taken on a Philips X pert

6
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MPD thin film powder XRD using an Cu Ka radiation (A = 0.154 nm). Transmission electron
microscopy (TEM) measurements were performed on a FEI Tecnai G2 F20 microscope. All
samples subjected to TEM measurements were ultrasonically dispersed in alcohol and
drop-cast onto copper grids. The SEM images were measured on a FEI XL40 instrument.
Nitrogen adsorption and desorption isotherms were measured at 77 K on a Micromeritics
TriStar porosimiter apparatus. The samples were outgassed at 150 °C overnight before
measurements were made. The surface area was obtained by the Brunauer-Emmett-Teller
(BET) method and the pore size distribution was calculated from the adsorption branch of the
isotherm using the Barrett-Joyner-Halanda (BJH) method. Surface elemental analysis was
performed wusing an ESCALAB250 X-ray photoelectron spectroscopy (XPS).
Temperature-programmed reduction (H,-TPR) measurements were performed on a
Thermo-Finnigan TPDRO 1100 instrument equipped with a thermal conductivity detector
(TCD). 10 mg of powder sample were heated from room temperature to 900 °C at a rate of 10
°C/min with a gaseous mixture of 5 vol. % H,/N, at a flow rate of 20 ml/min. Before
detection, the gas was purified by a solid trap containing CaO and NaOH materials in order to

remove the H,O and CO,.
Catalytic performance measurements

Oxidation of CO was carried out in a continuous flow fixed-bed quartz tubular reactor (i.d. 8
mm) mounted in a tube furnace. The weight of catalyst was 0.2 g. The reaction gas consisting
of 1% CO, 20% O, and balance N, was fed at a rate of 30 mL min’'. Reaction temperature
was measured by a thermo-couple in the middle of catalyst bed. The feed and product

mixtures were analyzed by a gas chromatograph (Agilent 7890A) equipped with a thermal
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conductivity detector. The CO conversion X: X=(COj-COqyt)/COip.

Results and discussion

The controlled synthesis of Co0304 using nanocasting method with different calcination
systems was characterized by the wide-angle X-ray powder diffraction (XRD). As shown in
Fig. la, after the KIT-6 template is etched, well-defined diffraction peaks indicate the
crystalline nature and all of the peaks correspond well to the face-centered cubic spinel phase
of Co304 (JCPDS card No. 42—1467).25’40’41 No characteristic other peaks were observed,
indicating the presence of pure Co304. The XRD peaks width of N-Co30;4 calcined in open
system is larger than that of M-Co304 synthesized in close system, which suggests the
smaller crystallite size of N-Co304 than that of M-Co3;04. Based on the Debye-Scherrer
equation for the full-width at half-maximum (fwhm) of the (311) reflection, the average
crystallite sizes of N-Co3;04 and M-Co304 are calculated to be 9.5 and 12.6 nm, respectively,
which indicates that the crystallinity and crystallite size of Co3O4 can be controlled by the
varied calcination systems for nanocasting method. From the XRD patterns of Co;04@KIT-6
samples without the template removing, one can see a weak broadening band, corresponding
to the presence of amorphous silica template. Small-angle X-ray diffraction (SAXRD, shown
in Fig. 1b) was carried out to prove the difference in mesoporous periodicity of
as-synthesized Co3;04 by different calcination systems. SAXRD diffraction pattern of KIT-6
corresponds to the 211 and 220 diffraction peaks, revealing that the KIT-6 template consists

uniquely of large ordered mesoporous domains of pure bicontinuous mesostructure with
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cubic la3d symmetry.”® The SAXRD pattern of M-Co30, shows one intense peak at 20 of
around 0.93°, corresponding to the 211 diffraction peak of l1a3d symmetry, which indicates
that the long-range mesoporous periodicity of KIT-6 is well retained in M-Co0304. The 211
peak of M-Co30y shifting to the larger degree compared with that of KIT-6 can be attributed
to the smaller mesoporous size of M-Co304 than that of silica template, which will be proved
by the following N, physisorption analysis. Comparing to the SAXRD pattern of M-Co030s4,
the broadening 211 peak of N-Co3;04 with weak intensity indicates that there is a reduction in

the X-ray scattering contrast between the pore and the framework and the mesoporous

periodicity of N-Co304 is much lower than that of M—C03O4_33
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Fig. 1 XRD patterns (a) of M-Co3;04@KIT-6, M-C0304, N-Co3;04@KIT-6, and N-Co304;
SAXRD patterns (b) of KIT-6, M-C0304, and N-Co304.
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The mesoporous periodicity and morphology control of as-synthesized Co3;04 with
changed calcination systems can also be \confirmed by the TEM and SEM characterization.
The TEM image shown in Fig. 2a reveals that M-Co3;04 samples are with highly ordered
mesostructure. In contrast, from Fig. 2b for N-Co0304, one can see the presence of uniform
isolated nanoparticles with diameter ca. 10 nm and without long-range mesoporous
periodicity, which is in good agreement with the above SAXRD data. Since the calculated
average crystallite size of N-Co030;4 using Debye-Scherrer equation is 9.5 nm, which is almost
equal to the observed TEM particle size of N-Co30y, indicating that each nanoscale particle
of N-Co30y is consisted of single crystalline. In this work, owing to the synthesis of Co304
using the nanocasting “hard-template” method without adding of surfactant, KIT-6 template
will supply the hard-supporting during the calcination process for the conversation of cobalt
precursor to Co3z04. Hence, for “open system” synthesis, uniform and dispersed nanoscale
N-Co304 single crystalline with clean surfaces can be obtained. The nanocating synthesized
nanoscale Co304 particles will not aggregate easily compared to the traditional synthesized
nanoparticles and are supported to have high catalytic activity. The SEM images of both
Co304 samples are shown in Fig. 2¢ and d. M-Co3;04 and N-Co304 exhibit nearly spherical
particles. Their morphology is totally different from their parent template KIT-6, which is
irregular in shape and much larger than the replica.”” M-Co30, samples are with long-range
mesoporous periodicity and wide particle size distribution from ca. 1 pm to ca. 10 pm. In
contrast, N-Co304 samples are consisted of uniform nanoscale particles with particle size of
ca. 10 nm. Obviously, the mesoporous periodicity and particle sizes of the Co;04 samples can
be controlled easily using the improved nanocating method with changed calcination systems.

10
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Fig. 2 TEM images of M-Co304 (a) and N-Co304 (b); SEM images with low resolution
(inset) and high resolution of M-Co304 (¢) and N-Co304 (d).

The N, physisorption isotherms and pore size distributions data of both Cos;04 replica
samples are shown in Fig. 3. The Brunauer-Emmett-Teller (BET) specific surface area and
pore volume of N-Co30; are 130.2 m* g and 0.4664 cm’ g™, respectively, much larger than
that of M-Co304 (104.7 m? g and 0.1518 cm’ g"') and most reported hard-templated Co30,4
replicas (82-95 m® g and 0.14-0.18 cm® g").**** Both Co030, samples exhibit a typical [V
isotherm with a H1-type hysteresis loop, which is characteristic for mesoporous materials.*
The capillary condensation of N-Co304 occurs at a higher relative pressure (P/Py~0.90) than
that of M-Co304, indicating much larger mesoporous diameters, a fact also substantiated by
the pore size distributions calculated by the Barrett-Joyner-Halenda (BJH) method using the
adsorption branch of the nitrogen adsorption isotherm (Fig. 3b).* The pore size distribution
of N-Co304 is in a large range from ca. 6.0 nm to ca. 39 nm, which arises from the piled
porosity by the aggregation of Co3O4 nanoparticles. In contrast, for M-Co304, two steps of
capillary condensation corresponding to two pore size distributions (1.9 nm and 5.7 nm) can

be observed. The former pore is caused by the replica from the KIT-6 template, and a narrow
11
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pore size distribution confirms the ordered uniform pore structure. The latter piled porosity

with large pore size distribution comes from the aggregation of mesoporous particles, which

confirms the observation from the SEM image.*® All the above data indicate that the different

calcination system nanocasting method have a significant effect on the mesoporous

periodicity, pore size distribution, crystallinity, and particle size of the as-synthesized Co0304

samples. This improved method makes it possible to research the relationship between the

mesoporous structure and morphology of Co3;04 and their corresponding catalytic properties,

which to the best of our knowledge has never been researched.
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Fig. 4 schematically illustrates the calcination system effect mechanism of Co304
synthesized using the improved nanocasting method. In this work, in order to avoid the other
synthesis parameters effect, two sets of samples were prepared from the same batch and
subjected to the same calcination procedure but different calcination containers (close system
and open system). Highly ordered mesoporous M-Co3;0O,4 with large particle sizes are obtained
when they are calcined in close system. In contrast, uniform nanoscale N-Co3;O4 synthesized
in open system give small nanoparticles with high surface area. The effect mechanism can be
ascribed to the container (calcination systems) influence on the escape rate of water and
nitrogen oxide byproducts decomposed from the cobalt nitrate hexahydrate precursor, which
in turn affects the diffusion rates of cobalt precursor during calcination and the structure and
morphology of final Co3;04 products (Fig. 4). During calcination, the entire container is
saturated with water vapor, which comes from the cobalt precursor solution and reduces of
the water content of the cobalt precursor@silica. Hence, the container opening can be utilized
to tune the residual water amount within the inner pore space of the KIT-6 template, and thus
be used to control the transportation rate of the cobalt precursor in KIT-6. When the
calcination container is close system, the fast evaporation of water vapor from the system is
hard to be achieved, which keeps the decomposition of cobalt precursor in a liquid form,
promote the diffusion of cobalt precursor and finally obtains the Co3;O4 sample with large
particle size, as well as corresponding large mesoporous periodicity and high crystallinity.
For open system nanocasting synthesis, water is rapidly evaporated up to the open space
when the calcination temperature is higher than the melting of cobalt nitrate hexahydrate,
which causes solidification of the precursors before their decomposition. The solid-to-solid

13
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conversion inhibits the long-distance transportation of the cobalt species and thus isolated
nanoparticles with uniform size are formed inside the mesopore channels. In short, different
calcination systems for nanocasting synthesis can be easily utilized to control the mesoporous
periodicity of as-synthesized Co3;04, as well as the crystallinity, porous size distribution,
specific surface area, and particle size.”® Furthermore, in nanocasting synthesis of metal
oxides, metal nitrates are the most commonly used metal precursors because they can be
readily impregnated into the mesoporous templates and then in situ converted to
corresponding metal oxides. During the calcination conversion, distinct volume shrinkage
occurs due to the weight loss and density increase. Theoretical estimations based on the
chemical reaction equations and bulk density data reported in our previous work reveal that
only 8.54% of the pore space is occupied by Co304 after the calcination conversion when the
mesoporous template is 100% filled with cobalt nitrates at the beginning.”® That means the
proportions between cobalt nitrate and KIT-6 silica template do not affect the final obtained
mesoporous structure of Co3;Oy4 a lot. It is because when the KIT-6 is excessive, only part of
the mesopore spaces of KIT-6 will be used as the template. Then the calcination container
system and corresponding metal precursor transportation rate will be the crucial factor to
affect the pore structure of as-obtained Co3;O4, which has been proved above. When the
cobalt nitrate is excessive compared to the KIT-6 template, the excessive cobalt nitrate will
convert to Co30O4 outside of the mesoporous template, resulting the presence of partial
imporous Co304. Hence, in nanocasting synthesis of mesoporous metal oxides, in order to get
the metal oxides with uniform mesopore structure, the proportions between cobalt nitrate and
KIT-6 silica template must be controlled below 100% filling of cobalt nitrates to template

14
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Fig. 4 Calcination system effect mechanism of Co3;04 synthesized using nanocasting method.

In this work, CO oxidation as a typical probe reaction for Co3O4 catalytic materials was
carried out to test their catalytic properties. The morphology and structure influence of Co304
replicas synthesized using the different calcination systems on their corresponding catalytic
performance are shown in Fig. 5a. The as-synthesized N-Co3;O4 samples with uniform
nanoscale morphology exhibit excellent CO oxidation catalytic activity. The values of T50
(the light-off temperature and the temperature for 50% conversion) of the CO for N-Co30; is
ca. 88 °C. At 121 °C, the CO conversion rate becomes 100%. The T50 and 100% CO
conversion temperature of M-Co304 with long-range mesoporous periodicity are ca. 100 and
131 °C, respectively, which are both higher than that of N-Co304. It means that N-Co3;04
replicas exhibit higher catalytic activity than that of M-Co304 and “open system” nanocasting
method is an effective way to synthesize high active nanoscale Co3Oj4 catalytic materials. To
further study the influence of mesoporous morphology and surface structure, we have also

tested the catalytic properties of Co;04@KIT-6 intermediate samples obtained by calcination

15
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of cobalt precursor@KIT-6 in different calcination systems (see Fig. 5b). From the result it
could be seen that N-Co3;04@KIT-6 and M-Co3;04@KIT-6 exhibit the similar CO oxidation
activity with the same 100 % CO conversion temperature of 190 °C, much higher than that of
N-Co0304 (121 °C) and M-Co0304 (131 °C), which means that Co;O4@KIT-6 exhibit a lower
activity than the corresponding CosO4 replicas after the silica template was etched. Metal
oxide catalysts are often loaded on supports with porous structure and high surface area to
maintain a high dispersion of the active components and to get the high catalytic activity."
Porous silica supports are often reported to promote the activity of loaded catalysts because
of the stabilization of active species in the porous structure.* However, in this work, both
Co304@KIT-6 samples with different Co3O,4 crystalline structure and morphology have the
similar CO conversion properties but much lower than that of the Co3;04 replicas without the
support templates, which has also been observed in other nanocasted Co3;O4 catalysts for CO

e 46,47
oxidation.™”

Furthermore, the CO oxidation activity of N-Co3O4 replica is much better than
that of M-Co304 replica after the etching of KIT-6, which means that in this work KIT-6
template does not act as the supposed support to promote the catalytic activity but acts as the

catalytic surface inhibiting coating and limit the exposure of more clean reaction surface and

active sites of C030;.
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Fig. 5 Conversion as a function of temperature for CO oxidation over M-Co304 and N-C0304
(a) and M-Co304@KIT-6 and N-Co3;04@KIT-6 (b).

The above analysis can also be supported by the N, physisorption isotherms and pore size
distributions data of Co304 samples before and after the removing of the KIT-6 template (see
Fig. 3 and Fig. 6). The BET specific surface area of N-Co304@KIT-6 and M-Co3;04@KIT-6
are as high as 427.2 and 372.2 m* g”', respectively, much higher than that of N-Co304 (130.2
m? g'l) and M-Co3;04 (104.7 m’ g'l). However, most of the surface area of Co3O4@KIT-6
samples comes from the mesoporous structure of template KIT-6, which is not active for
catalytic reaction. At the same time, the active surface of Co3O4 loaded in KIT-6 could not be
completely exposed for the tight contact of Co3;04 and the silica template within the

mesoporous channels, which could be proved by the decreased BET specific surface area,

17



pore volume and pore size distributions of Co3;04@KIT-6 samples compared with KIT-6 (see
Fig. 6). Hence, synthesis of Co304 replicas using the improved nanocasting method by
changing the calcination systems is a better way to obtain the high activity catalytic materials
with more clean and active surface areas. “Open system” calcination induced N-Co0304

replicas with uniform nanoparticle size and higher specific surface area are proved to exhibit

RSC Advances

the enhanced CO oxidation catalytic properties.

Fig. 6 Nitrogen physisorption isotherms (a) and pore size distributions (b) of KIT-6,
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In order to understand the correlation between the reducibility features of the

as-synthesized

CO3O4

replicas and their catalytic

performance,

the

H,
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temperature-programmed reduction (H;-TPR) measurements of N-Co3;04 and M-Co304
samples were carried out and shown in Fig. 7. Three typical reduction peaks were observed
for both Co3;04 samples, which correspond to the reduction of surface oxygen species at ca.
180 °C (al), the reduction of Co304 to CoO characterized by a relatively well-defined peak
centered at ca. 280 °C (02), and the reduction of CoO to metallic cobalt with a broad

48-50 .
The reduction

high-temperature peak associated with a shoulder peak (a3), respectively.
of surface oxygen species for N-Co3;O4 shiftes to lower temperature compared with the
M-Co30,4 (inset in Fig. 7). It implies that the oxygen species diffusion and activity in
N-Co0304 is accelerated significantly, which is in accordance with its higher catalytic
activity.*' Compared with the reported traditional nanocasted Co3;O, replicas, three
reduction peaks for both Co304 samples synthesized in this work shift a lot towards lower
temperatures (for example, a2 peak corresponding to the reduction of Co304 to CoO, shifts
from 300-335 °C to 280 °C),*** revealing the calcination systems induced nanocasting
method promote the reducibility and oxygen mobility of Co3;04 and enhance the CO
oxidation activity.”> As we know, for the CO oxidation on Co30y catalytic material, CO firstly
preferably adsorbed on the Co®", and then reacted with the lattice oxygen to produce CO, and
oxygen vacancy. Then O, would react with the oxygen vacancy to reproduce the new active
oxygen species and complete the whole redox cycle.* Hence, the surface oxygen species and
the Co®" concentration play important roles in the CO oxidation reaction. In Fig. 7, the ratio
of the peak area a2 to a3 for N-Co30;, is larger than that of M-Co3;04 corresponding to the
higher Co®*/Co?" ratio in N-Co30,, which has been reported that abundant Co’* ions possibly
53,54

increase the anionic defect position and lead to higher catalytic activity for CO oxidation.
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Fig. 7 H,-TPR profiles of M-Co304 and N-Co0304.

To illuminate the surface composition and valence state of the elements existing in Co304
samples, XPS spectra was performed as shown in Fig. 8. The elemental binding energies of
these elements were corrected based on Carbon (C) 1S binding energy at 284.5 eV. Fig. 8a
shows the XPS results of Co 2p of M-Co3;04 and N-Co3;04 samples. According to the
literatures, it is hard to distinguish Co®" from Co’* by their BE values in Co 2p spectra.”

However, the oxidation state of Co can be distinguished by the spin—orbit splitting of Co 2p

peaks (AE). The AE value was reported to be 16.0 eV for CoO, 15.0 eV for Co,03, and 15.2

eV for mixed valence C03O4.56 In this work, the AE values for both M-Co3;04 and N-Co30;4

are 15.25 eV, which can be seen clearly that Co3O4 is the main phase on the surface for both
Co0304 catalysts. Fig. 8b shows experimental and fitting XPS spectra of Ols for both Co3;04

samples. According to the references, the O 1s peaks were curve-fitted with three kinds of

57,58

Gaussian peaks. The O 1s peaks of the binding energy for M-Co3;0;, are observed at 529.5,

531.6 and 533.4 eV, respectively, corresponding to the surface lattice oxygen (O, O%),
20
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surface absorbed oxygen (Oggs, €.g2., Oz, 022' or O, and the surface adsorbed water
species.”””’ The fitting O 1s peaks for N-Co304 at 529.7, 531.6 and 533.5 eV can also be
assigned to the surface lattice oxygen (Ojay), absorbed oxygen (O,gs), and adsorbed molecular
water. The atomic ratio percentage of surface absorbed oxygen for M-Co304 (48.48%) is
calculated to be larger than that of N-Co3;04 (28.23%), which is not consistent with the
H,-TPR and CO oxidation results. It indicates that the catalytic activities of Co3;O4 samples
synthesized in this work are not simply determined by adsorbed oxygen amount, which was
also observed by He et al.’’ Because XPS can only quantify elements on the materials’
surface, the pore structure and larger specific surface area of the as-synthesized Co30; in this
work do not have an edge.** Combined with the H,-TPR and N, physisorption results, the
enhanced CO oxidation catalytic performance of N-Co304 comes from the high surface area
and large porous size distribution, which is beneficial for the diffusion and adsorption of

surface oxygen and the surface catalytic reaction.

(a) Co 2p3/2

Intensity (a.u.)

M-Co0304

805 800 795 790 785 780 775
Binding Energy (eV)
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Fig. 8 Co 2p (a) and O 1s (b) XPS spectra of M-Co0304 and N-Co30s4.

The above CO oxidation data show that N-Cos;0; replicas exhibit better catalytic properties
than M-Co304 samples, suggesting the calcination system induced nanocasting synthesis
methods have an important influence on Co30;4 activity. Changing of the calcination systems
for nanocasting of Co3;O4 demonstrated an obvious effect on the morphology and structure of
catalysts. When using open system for the nanocasting calcination, N-Co3Oj4 replicas would
be achieved in compared with M-Co30O4 obtained due to the close system nanocasting
synthesis. According to the XRD, SAXRD, SEM, TEM, N, physisorption, and H,-TPR
results, we can see that N-Co3;04 had a much more uniform nanostructure with higher specific
surface areas and larger porous size distribution than that of M-Co3;04, which exhibited
highly ordered mesoporous structure with larger particle size and long-range mesoporous
periodicity. Based on the transport phenomena and surface chemistry research for catalytic
reaction, the improvement of diffusion and adsorption of reactant molecules are suggested to
be the major factors for promoting the catalytic performance.'" N-Co;0, samples are with
uniform nanoscale particle size (see Fig. 2), large pore size distribution (see Fig. 3, from ca.
6.0 nm to ca. 39 nm), and high specific surface area of 130.2 m* g, corresponding to expose

more clean surface active sites* and Co’" cationic species (see Fig. 1 and Fig. 7). These
22
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special structures of N-Co3;O4 are favorable for the more effective surface adsorption and
transfer of reactant molecules oxygen and CO and the catalytic products, and then improve

the activity reaction of N-Co304 for CO oxidation.

In this work, the calcination temperatures effects on the structure, morphology and
catalytic properties of the as-synthesized Co304 using nanocasting method with different
calcination container systems have also been researched in detail. The XRD patterns of the
as-synthesized Co30j in close system at different calcination temperatures are shown in Fig.
9a. From the XRD data, one can see that all of the diffraction peaks of Co3;O4 synthesized at
different temperatures correspond well to the face-centered cubic spinel phase of Co3;04
(JCPDS card No. 42-1467).2*! With the increase of the calcination temperature, there is a
little increase in the crystallite size, corresponding to the tiny heightening of each XRD
pattern peak. The mesoporous morphology (TEM images shown in Fig. 9b, ¢ and Fig. 2a) of
the as-synthesized Co304 in close system at different calcination temperatures are almost the
same with the similar wide particle size distribution and long-range mesoporous periodicity.
The XRD patterns and TEM images of Co3;O4 synthesized in open system at different
calcination temperatures are shown in Fig. 9d, e, f and Fig. 2b, which indicated that
calcination temperatures do not affect the crystallinity and nanoscale morphology of the
as-synthesized Co304 in open system too much. From the above contrast data, one can see
that calcination temperature is not a crucial factor to affect the mesoporous or nanoscale
morphology of Co304 synthesized using nanocasting method, which was also observed on the
nanocasting synthesis of Fe,O3 previously reported in our another work™®. Hence, it is found

that the crystallinity and morphology are mainly determined by the calcination container

23



RSC Advances

system and not by the calcination temperature. This is because the decomposition of metal
nitrate precursors such as Co(NOs), or Fe(NOs); is at 100-200 °C.*® For close system
synthesis, fast water evaporation is prevented during the calcination, which keeps the
precursor decomposition in a liquid form and obtains the long-range ordered mesoporous
morphology at low temperature. In open system, before the decomposition of metal nitrate,
the precursors turn to solid form and the solid-to-solid conversion happens and inhibits the
long-distance transportation of the metal species and thus isolated nanoscale particles are
formed. Hence, further high temperature calcination will not change the morphology of the
as-synthesized Co3;0O4 any more. The catalytic contrast properties test shown in Fig. 9g and
Fig. 5a indicated that the as-synthesized Co304 at the same calcination container system with
different calcination temperature are also with similar catalytic performance, which

corresponds to their similar structure and morphology.
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Fig. 9 XRD patterns (a) of Co;04 synthesized in close system at different calcination
temperatures (400, 450 and 500 °C); TEM images of Co304 synthesized in close system at
400 °C (b) and 500 °C (c); XRD patterns (d) of Co3;04 synthesized in open system at different
calcination temperatures (400, 450 and 500 °C); TEM images of Co3;04 synthesized in open

system at 400 °C (e) and 500 °C (f); conversion (g) as a function of temperature for CO
oxidation over Co3;0,4 synthesized at different calcination temperatures and container systems.

Conclusions

Calcination system-induced nanocasting synthesis was used to prepare CozO4 with controlled
morphology and structure. Mesoporous M-Co304 synthesized at close calcination system
have long-range mesoporous periodicity, large particle size, and high crystallinity. In contrast,
nanoscale N-Co30O,; obtained at open calcination system exhibit uniform nanoparticle
morphology with high specific surface area and large pore size distribution. Concerning the
CO oxidation, the N-Co304 catalysts show enhanced CO conversion activity (T50 = 88 °C,
T100 = 121 C) in comparison with M-Co304 (T50 = 100 -C, T100 = 131 °C). N-Co0304 with
uniform nanoparticle morphology (ca. 10 nm) and high specific surface area (130.2 m* g)
increased the amount of surface clean active sites, and enhanced the adsorption of CO and

activation of O,. The reactant diffusion and reducibility of N-Co3O4 were significantly
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promoted due to the presence of large pore size distrubition and enough surface absorbed
oxygen species. Therefore, the enhanced CO oxidation performance of N-Co30j is attributed
to its uniform nanostructure, high specific surface area, large porous distribution, and
abundant active sites. This improved nanocasting approach may be applicable to the synthesis

of other metal oxides materials with uniform nanostructure and high catalytic activity.
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