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Co304 nanoparticles inside microporous SiOy hollow sub-microspheres (denoted as CozO4-in-
Si0,), were explored to catalyze the combustion of lean methane. It was found that the methane
conversion over the three catalysts has the order of Co304-NPs ~ C0304@SiO3 > C0304-in-SiOy
due to the different catalyst structure. The comparison experiments at high temperatures indicate
the Co304@SiO; has a significantly improved anti-sintering performance. Combined with the
TEM and BET measurements, the results prove that the presence of the mesoporous SiO; layer can
maintain the catalytical activity and significantly improve the anti-sintering performance of
Co304@SiO0s. In contrast, the microporous SiO layer reduces the catalytical activity of Coz04-in-
SiOy possibly due to its less effective diffusion path of combustion product. Thus, the paper
demonstrates the pore size of SiO; layer and catalyst structure are both crucial for the catalytical
activity and stability.

1. Introduction

Natural gas is a cleaner fuel than its counterparts such as coal and oil. In the case of generating an equal amount of energy, for
example, burning natural gas produces fewer air pollutants and CO5 than burning coal or oil. Although natural gas has lagged behind
coal and oil as an energy source for decades, its consumption has grown rapidly in last two decades [1-4]. However, methane, the
dominant component of natural gas, is the second most dangerous greenhouse gas [5-7]. Moreover, methane is a very stable molecule
and requires high energy to activate it and thus is difficult to be completely oxidized [8-10]. With increasing consumption of natural
gas in recent decades the incomplete combustion of natural gas which may lead to direct emission of methane into atmosphere be-
comes a great threat to environment [5,6,11,12]. Though flame combustion usually induces complete oxidation of methane, it suffers
from very high reaction temperature and emission of more dangerous pollutants (e.g., NOy) [13,14]. As a result, the search for an
efficient and environmentally friendly approach to complete oxidation of methane is of great importance [15].

As a highly promising alternative to flame combustion, catalytic combustion of methane has been recognized as one of the most
efficient methods for the removal of methane due to its low operating temperature and has drawn extensive attention in the past
[16-26]. The key issue in this method is to develop a highly active catalyst with long lifetime. In general, there are two types of
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catalysts used in catalytic combustion of methane: supported noble metals (e.g., Pd and Pt) [17-20,27] and transition metal oxides (e.
g., NiO, CuO, Mn,03, and Co304) [17,21-26,28-32]. Although supported noble metal catalysts possess superior catalytic activity for
complete oxidation of methane, the high cost and poor anti-sintering ability limit their practical applications. Among the second type
of catalysts (namely transition metal oxides), Co304, a spinel type oxide, exhibits high activity for catalytic combustion of lean
methane due to its high redox ability and strong oxygen mobility and has drawn increasing attention recently [23,26,28-30,33,34]. A
great number of studies have reported that the surface and bulk character of Co304 catalysts also can be changed by utilizing different
synthesis routes, doping second metal or changing the oxide support et al., resulting in the high catalyst reducibility and different
chemical behavior [35-42].

So far, the reported experimental investigations on Co304 catalyst mainly focused on the following two aspects: (i) the effects of
morphology and crystal plane of Co304 on the catalytic activity. Hu et al. for example, employed Co304 nanosheets, nanobelts, and
nanocubes as the catalysts for methane combustion and found that the catalytic activity order of crystal planes follows {112} > {011} »
{001} [23]. Chen et al. revealed a similar result that Co304 catalysts containing {111} planes possess higher performance than those
containing {100} planes as dominantly exposed planes [24]. Sun et al. investigated Co304 with different dimensional architectures
including nanoparticles, nanorods, nanoplates, and mesoporous and microporous structures and proved that Co304 nanoplates had the
highest activity due to their exposed high-index planes and abundant surface-active species [25]; (ii) the effects of preparation con-
ditions on the catalytic activity of Co304 nanoparticles. For instance, Zheng et al. prepared Co304 nanoparticles via a precipitation
method and found that the pH values used in the precipitation process could change the concentrations of tetrahedral sites of Co?* and
surface-active oxygen species of the resulting Co304 nanoparticles, and thus had an important impact on their catalytic performance
and long-term stability [28]. They also prepared Co304 catalysts using four different cobalt precursors, namely Co(C2H305)2, Co
(NO3)2, CoCly, and CoSO4, and demonstrated that Co304 nanoparticles from cobalt acetate owned a higher concentration of tetra-
hedral sites of Co®", more surface-active oxygen species and better reducibility than those from other cobalt precursors, and conse-
quently exhibited a better catalytic performance for combustion of methane [29]. Generally, the reaction temperature for 100 %
conversion of CH,4 over Co304 catalysts is above 450 °C [28-30], which indicates that the thermal stability of Co304 catalysts at high
temperatures is also important for complete combustion of methane. Thermodynamically, sintering of nano-sized particles readily
occurs at high temperatures and therefore the development of Co304 catalyst with excellent thermal stability is also crucial for its
practical application in complete oxidation of methane.

SiO, encapsulated metal catalysts (e.g., Ni-Cu and Ru nanoparticles) have been found to show high thermal stability for methane
dry reforming [31,32], but there is few work on SiO2 encapsulated Co304 nanoparticles for complete oxidation of methane. In this
article, three types of Co304 catalysts, namely Co304 nanoparticles (denoted as Co304-NPs), Co30O4 nanoparticles encapsulated in
mesoporous SiOy (denoted as Co304@SiO2), and Co304 nanoparticles inside hollow SiOy sub-microspheres (denoted as Co304-in--
Si0Oy), were prepared and used to catalyze the combustion of lean methane. The main purpose of this article is to reveal the effects of
SiO layer on the thermal stability and catalytic performance of Co3O4 nanoparticles.

2. Materials and methods
2.1. Materials and chemicals

All chemicals were used as received. Except carboxymethylcellulose sodium (Chemical pure, 300-800 mPa s), all other chemicals
were of analytical grade. Ethanol was purchased from Anhui Ante Food Co. Ltd. Tetraethoxysilane (TEOS), 3-aminopropy! triethox-
ysilane (APTES) and hydrogen peroxide were supplied from Shanghai McLean Biochemical Technology Co., Ltd. Ammonia was bought
from Hangzhou Longshan Fine Chemical Co., Ltd. Carboxymethylcellulose sodiumand oleic acid were provided from Aladdin Chemical
Reagent Co., Ltd. All other reagents were obtained from Shanghai Guoyao Group Chemical Reagent Co., Ltd.

2.2. Preparation of Co304-based catalysts

Preparation of Co304-NPs. Co304 nanoparticles were prepared by mixing Co>* and Co?* in the presence of ammonia according to
literature [43]. Typically, given amounts of Co(NO3)»-6H20 and aqueous ammonia (25 wt%) were mixed together in 50 mL of water in
a three-neck flask. A certain amount of HoO, (30 wt%) was then added to the flask and the flask was put into a 60 °C water bath for
about 15 min under stirring to complete the oxidization of Co?* to Co>*. A corresponding amount of Co(NO3),-6H,0 was dissolved in
20 mL of water to ensure the molar ratio of Co>*/Co?* to be 2:1 and the water solution was subsequently poured into the flask. The
reaction mixture was stirred for a given time at 60 °C and then cooled down to room temperature. Black precipitates (namely
Co304-NPs) were collected by centrifugation (8000 rpm) and washed with water and ethanol, and further dried at 60 °C for 12 h.

Preparation of Co304@SiO,. Typically, about 0.95 g of Co304-NPs was ultrasonically dispersed into about 5 mL of ethanol in an ice-
water bath. After sonicating for serval minutes, 1 mL of H20, 5 mL of TEOS, and 0.6 mL of aqueous ammonia (25 wt%) were suc-
cessively added. After another 15 min of ultrasonication, about 0.035 g of carboxymethylcellulose sodium was added to the solution
under mechanical stirring. The mixture was further stirred for 4 h at a temperature of 40 °C, and then cooled down to room tem-
perature. Co304@SiO; catalyst was obtained by centrifugation (8000 rpm), washed with water and ethanol, and finally dried at 60 °C
for 12 h.

Preparation of Co304-in-SiOy. About 0.2 g of Co304-NPs, 30 mL of methanol and 1.0 g of oleic acid were added into a quartz test
tube and the mixture was ultrasonicated for 10 min at room temperature. After methanol was removed from the mixture by distillation,
100 mL of water was added and ultrasonicated for another 40 min. The resulting suspension was then transferred to a 250 mL beaker.
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Fig. 1. (a) UV-Vis absorption spectra of the reaction supernatant obtained by centrifugation after 1 h of reaction. For comparison, the UV-Vis
absorption spectra of H,0, Co(NO3), and KNO3 aqueous solutions are also shown. (b) XRD patterns of Co304-NPs prepared at different reaction
time. (Co(NO)3-6H20: 0.291 g; NH3-H,0: 0.81 mL; and HyO5: 60 pL).
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Fig. 2. TEM image (a), electron diffraction pattern (b) and HRTEM image (c) of Co304-NPs obtained after 1 h of reaction.
Under magnetic stirring, a mixture of APTES (0.88 mL) and TEOS (6.0 mL) was added dropwise into the above suspension. The
suspension was stirred for about 10 min, aged for 2 h, and stirred for another 10 h at room temperature. After that, the suspension was

centrifuged at 8000 rpm to obtain a precipitate, followed by washing with water and ethanol, drying at 60 °C for 12 h, and finally
calcining at 500 °C for 3 h to produce Co304-in-SiO5 catalyst.

2.3. Catalyst testing

The activity test for methane combustion was conducted in a fixed-bed quartz tubular reactor (internal diameter 6 mm) at
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Fig. 3. XRD patterns of Co304 (a) and UV-Vis absorption spectra of the reaction supernatant (b) obtained after 1 h of reaction when the amounts of
reactants were doubled or quadrupled. (Doubled: Co(NO)3-6H30: 0.582g; NH3-H50: 1.62 mL; HyO4: 120 pL. Quadrupled: Co(NO)3-6H30: 1.164g;
NH3-H0: 3.24 mL; H,05: 240 pL).

atmospheric pressure. The temperature inside the reactor was measured by a multipoint K type thermocouple placed in the middle of
the catalyst bed. The volume composition of the feed gas was 0.5 % CHy, 8.0 % O and 91.5 % No. The space velocity was fixed at
12000 mL-gco304 ~Lh L. The reactants and products were analyzed on an Echrom A90 gas chromatography equipped with a hydrogen
flame ionization detector (FID). The methane conversion was calculated from the inlet and outlet concentration of CHy.

2.4. Characterization

The catalyst phase composition was analyzed by X-ray diffraction (XRD), which was performed on a PANalytical X’Pert PRO X-ray
diffractometer using Cu Ka X-ray source. The catalyst microstructures were observed using a Tecnai G2 F30 S-Twin transmission
electron microscopy (TEM) operating at 300 kV. The nitrogen adsorption and desorption isotherms at 77 K were obtained from a
Micromeritics ASAP 2010 sorptometer. The UV-Vis absorption spectra were recorded on a 7600 spectrophotometer (Shanghai Jinghua
Technology Instrument Co., Ltd). The amounts of Si were tested by an Oxford Xplore 80 X-ray energy dispersive spectrometer equipped
with a SATW window.

3. Results and discussion
3.1. Preparation and characterization of Co304 catalysts

3.1.1. Co304 nanoparticles (Co304-NPs)

Co0304-NPs were prepared by mixing Co>t and Co?* (with a molar ratio of Co>*/Co®" to be 2:1) in the presence of ammonia.
UV-Vis absorption spectra of the reaction supernatant obtained by centrifugation were used to determine whether the reaction was
completed or not (Fig. 1a). The absorption peak centered at a wavelength of about 300 nm belongs to the absorption of NO3, whereas
the broad absorption in the range of 400-600 nm is related to Co?" in aqueous solution. The absence of the visible light absorption in
the spectra (blue line) of the supernatant obtained after 1 h of reaction suggests that the oxidation of Co?* to Co®" is completed under
the experimental conditions. Fig. 1b presents the XRD patterns of the solid precipitates obtained at different reaction durations. For all
the samples, the peaks at 20 = 19.0°, 31.3°, 36.8°, 38.6°, 44.8°, 55.7°, 59.4° and 65.2° can be all indexed to Co304 with a cubic spinel
structure (space group Fd-3m (227), JCPDS 42-1467) and correspond to the diffractions of {111}, {220}, {311}, {222}, {400}, {422},
{511}, and {440} planes of Co304, respectively. The average sizes of Co304 crystals obtained after reaction for 1 h, 1.5h,2h,and 3h
estimated from the diffraction of {311} plane by Scherrer equation are 12.7 nm, 13.8 nm, 14.1 nm and 14.9 nm respectively, sug-
gesting that the crystal size of Co304 nanoparticles increases slightly with the increase of reaction time. The TEM image of Co304-NPs
obtained after 1 h of reaction confirms that they are nano-sized particles with an average diameter of about 13 nm (Fig. 2a). The
electron diffraction patterns (Fig. 2b) along with the high resolution TEM (HRTEM) image of Co304-NPs (Fig. 2c) reveal their crys-
talline nature.

In order to improve the quantity of produced Co304 nanoparticles, the amounts of reactants were doubled or quadrupled with the
reaction time being fixed at 1 h, namely the amounts of Co(NO)3-6H,0 (used for formation of C03+), NH3-H50, and HyO0, were,
respectively, raised from 0.291 g to 0.582 or 1.164g, from 0.81 mL to 1.62 or 3.24 mL, and from 60 pL to 120 or 240 pL. The XRD
patterns of the corresponding products are presented in Fig. 3a. Obviously, all the diffraction peaks can still be indexed to Co304 with a
cubic spinel structure, indicating that the increase in the amount of reactants does not lead to the formation of other cobalt-related
phases, e.g., cobalt hydroxides. In addition, the peak width at half height (PWHH) of the {311} plane diffraction peak slightly
decreased as the amounts of reactants were quadrupled, suggesting the formation of Co304 nanoparticles with a relatively large crystal
size. However, the observed visible light absorption peak (red line in Fig. 3b) in the UV-Vis absorption spectra of the supernatant after
1 h of reaction) indicated that there were still Co>" ions existed in the solution and thus the reaction was not completely finished when
the concentrations of reactants were quadrupled. Therefore, the double amounts of reactants were used for the synthesis of Co304
nanoparticles. The TEM and HRTEM images of Co304-NPs obtained in the case of the double amounts of reactants (Fig. 4a and b)
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Fig. 5. TEM image (a), HRTEM image (b), nitrogen adsorption and desorption isotherm (c) of Co304@SiO- catalyst, and nitrogen adsorption and
desorption isotherm of Co304-NP catalyst (d), pore size distribution (e) of Co30,@SiO catalyst, and pore size distribution of Co304-NP catalyst (f).
All pore size distributions were derived from the nitrogen adsorption branch of the isotherm using NLDFT model.
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Fig. 6. TEM (a—c) and STEM (d) images of C0304-in-SiO,. The element mappings of the corresponding Co304-in-SiO, particle in (d) are shown
in (e-h).
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Fig. 7. The nitrogen adsorption and desorption isotherm of Co304-in-SiO, catalyst (a) and the pore size distribution of Co304-in-SiO, catalyst
derived from the nitrogen adsorption branch of the isotherm using NLDFT model is shown in (b).

confirm that they are nano-sized particles with an average diameter close to that of the Co304 nanoparticles prepared with the amounts
of reactants not being doubled (seen in Fig. 2).

3.1.2. C030,4@SiO3

The Co304@SiO catalyst was prepared by an ultrasound-assisted sol-gel method. Fig. 5a and b present the TEM images of
Co304@SiO, catalyst. Clearly, the Co304 nanocrystals are embedded in an amorphous SiO5 matrix. The thickness of the SiO; layer is
generally less than 10 nm. In order to determine the pore width of the SiO, layer, the pore size distribution of Co304@SiOy was
obtained from the nitrogen adsorption branch of the isotherm using NLDFT model (Fig. 5c and e). For comparison, the pore size
distribution of unencapsulated Co304-NP catalyst was also detected and shown in Fig. 5d and f. For the unencapsulated Co304-NP
catalyst, no micro-pores are observed and the meso-pores with pore width ranging from 7.5 to 15 nm should come from the nanosized
void spaces among the nanoparticles when they pile up. The meso-pores associated with the nanosized void spaces also exist in the
Co304@SiO; catalyst and the width of these meso-pores is obviously larger than those in the Co304-NP catalyst due to the size of
Co304@SiO; nanoparticles is bigger than that of Co304-NPs. In addition, meso-pores with pore size less than 7.5 nm, which cannot be
observed in unencapsulated Co304-NP catalyst, can also be noticed in the Co304@SiO> catalyst (Fig. 5e). These meso-pores should be
associated with the SiO; layer, implying that the SiO5 layer is mesoporous.

3.1.3. C0304in-Si02

The Co304-in-SiO, catalyst was prepared by an oleic acid-assisted sol-gel method where the Co304 nanoparticles were covered with
a layer of oleic acid [44]. The role of oleic acid in this method is two-fold: (i) its carboxyl group can react with APTES and thus the
hydrolysis and condensation reactions of TEOS may occur at the particle-water interface; (ii) calcination may lead to the removal of
oleic acid and the formation of hollow structures. As indicated by the TEM image shown in Fig. 6a, the as-prepared materials indeed
display a hollow, spherical structure. The size of these hollow spheres is in the range of 160 nm to about 400 nm. A close examination of
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Table 1
Textural and structural properties of the Co304 catalysts.
Catalyst BET Surface, (mz-g’l) Pore Volume, (cm3-g’1) Mean Pore Diameter, &) Si, Theory (wt.%) Si, Experiment (wt.%)
Co0304-NPs 49.05 0.24 117 - -
Co304@Si0; 132.99 0.69 165 27.3 24.1
C0304-in-Si04 230.32 0.25 19 41.9 37.6
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Fig. 8. (a) Catalytic activity for lean methane combustion over different Co304-based catalysts and (b) TEM image of a Co304-in-SiO, particle
before reaction.

Table 2

A comparison of the catalytic activities for lean combustion of CH4 among different Co304 catalysts.
Catalysts Composition of reaction mixture Space velocity" (mL-gcozos h ™) Tso" (°C) Too" (°C) References
Co304-NPs 0.5 % CHy, 8.0 % O and 91.5 % N 12000 325 375 This work
C0304@Si0,y ditto 12000 328 377 This work
C0304-in-Si04 ditto 12000 372 398 This work
Co304-Ac ditto 9000 318 385 [29]
C0304-Cl ditto 9000 332 400 [29]
Co304-N ditto 9000 344 416 [29]
Co304-S ditto 9000 367 429 [29]

& Tsg or Tgy is the reaction temperature when the conversion of CH,4 reaches 50 % or 90 %.
b Space velocity is calculated based on the total gas flow rate.

these hollow spheres (Fig. 6b and c) reveals that the thickness of the shell is close to 20 nm with nanoparticles inside the spheres. The
element mappings of hollow spheres confirm that the nanoparticles inside are Coz04 (Fig. 6d-h). The absence of Co304 nanoparticles
on the surface of the hollow spheres indicates the successful synthesis of Co304-in-SiO5 catalyst. However, the absence of the hollow
sphere with only one Co304 nanoparticle inside hints that under current experimental conditions the Co304 nanoparticles tend to
aggregate in the mixture of methanol and oleic acid. In order to examine the pore width of the SiO5 shell of the spheres, the pore size
distribution of Co304-in-SiO, catalyst was examined from the nitrogen adsorption branch of the isotherm using NLDFT model. As
shown in Fig. 7 , micro-pores dominate in the SiO; shell with a small amount of meso-pores in the width range of 2-4 nm existing,
which is significantly different from the pore features of Co304@SiO; catalyst.

The textural properties of the three type of catalysts determined by N5 physical adsorption are summarized in Table 1. The surface
area, pore volume and mean pore diameter of Co304@SiO; are 49.05 m? g_l, 0.24 cm® g_l, 117 f\, respectively and higher than that of
Co304-NPs. The different values indicate that the existence of SiO, layer promotes the formation of more pores. The pore volume of
C0304-in-SiOy, is similar to that of Co304-NPs, but its mean pore diameter is smaller, so the BET surface (230.32 m> g’l) is larger. The
values demonstrate the pore size of SiO; layer and catalyst structure are obviously different for the three types of catalyst.

3.2. Performance of Co3O4-based catalysts

3.2.1. A comparison of catalytic activity among three Co304 catalysts

The catalytic activities of Co304-NPs, Co304@SiO-, and Co304-in-SiO4 catalysts for the combustion of lean CH4 are presented in
Fig. 8a. TEM image of a Co304-in-SiO; particle before reaction is shown in Fig. 8b. It is obvious that the presence of a mesoporous SiOz
layer only slightly influences the catalytic performance of Co304 nanoparticles. For example, the value of Tsg or Tgg over Co304-NPs is
325 °C and 375 °C respectively, which is just 3 °C or 2 °C lower than the corresponding value over Co304@SiOs. In particular, among
the four Co304 catalysts prepared using four different cobalt precursors (namely Co(CoH302)2, Co(NO3)2, CoCly, and CoSO4) [29], both
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Fig. 9. XRD patterns (a) and TEM images of Co304-NP catalyst after calcination at 800 °C for 3 h (b), 6 h (¢), and 9 h (d).

Co304-NPs and Co304@SiO2 show a lower value of Tgg even at a higher space velocity (seen in Table 2), indicating that Co304-NPs and
Co304@SiO, both exhibit a very good catalytic performance for complete combustion of CHy.

As can been from Fig. 8a, the catalytic activity of Co304-in-SiO; catalyst for combustion of lean CHy, is lower than that of Co304-
NPs, especially at low reaction temperatures. The value of Tsg over Co304-in-SiOj is, for instance, about 372 °C, much higher than the
value of 325 °C over Co304-NPs. To understand the possible reasons for the surprising poor performance of Co304-in-SiO5, we have re-
examined the crystal size of Co304 nanoparticles in the Co304-in-SiO; catalyst, and found that the crystal growth of Co304 nano-
particles occurred during the removal of oleic acid at high temperature. As shown in Fig. 4a, the Co304-NPs almost have a uniform
particle size with the largest diameter of Co3O4 nanoparticles less than 18 nm. As can be clearly seen from Fig. 6b, however, the Co304
crystals in Co304-in-SiO3 have a relatively wide distribution of diameter with a maximum diameter more than 25 nm (Fig. 6b). This
result indicates the occurrence of crystal growth during the removal of oleic acid at calcination temperature of 500 °C, and the increase
of crystal size may decrease the catalytic activity of Co3O4 nanoparticles. In addition, since the rapid diffusion of the gaseous products
(namely CO5 and Hy0) out of the SiO5 shell is also important for combustion reaction, it is possible that the relatively poor performance
of Co304-in-SiO2 may be partially related to the SiO shell. The effect of pore size and surface area on gas diffusion has been simulated
as reported early and proved that the increasing of surface area and decreasing of pore size can significantly weak the gas diffusion
[45]. The isotherm characteristics of three kinds of catalysts are different as shown in Fig. 5c, d and 7a. The isotherm morphology of
Co304-in-SiO3 is responding to the smaller pore size by comparing to that of Co304@SiO5 and Co304 according to the five types of
isotherms. As seen in Figs. 5e and 7b, the pore size distribution of mesoporous SiO layer of Co304@SiOs is from 2.5 nm to 32.5 nm,
meanwhile the pore size distribution of microporous SiOz layer of Co304-in-SiO; is lower than 4 nm. Therefore, compared with the
mesoporous SiO5 layer of Co304@SiOo, the SiO, shell with micro-pores of Co304-in-SiO; is expected to be less effective for the gas
diffusion and resultantly a negative effect on the CH,4 conversion is generated.

3.2.2. A comparison of thermal stability and lifetime at high reaction temperature between Co304-NPs and Co304@SiO> catalysts

Since the Co304-in-SiO; catalyst exhibits a lower catalytic performance compared to Co304-NP and Co304@SiO; catalysts, we only
focus on the thermal stability and lifetime of the latter two catalysts. In order to investigate the thermal stability of the two catalysts, a
high calcination temperature at 800 °C was selected. Fig. 9a illustrates the XRD patterns of the Co304-NP catalyst after calcination at
800 °C for different calcination time. The PWHH of the {311} plane diffraction peak clearly decreased after calcination, indicating a
larger crystal size of Co304 nanoparticles in calcined samples. The TEM images of these samples confirm the sintering phenomenon
during calcination, and demonstrate that the size of Co304 is generally larger than 100 nm, with some particles having a size more than
300 nm (Fig. 9b-d). These results suggest that the Co304-NP catalyst has a poor sintering resistance at high temperatures.
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Fig. 10. XRD (a) and TEM images of Co304@SiO, catalysts after calcination at 800 °C for 3 h (b), 6 h (c), and 9 h (d). For comparison, the XRD
patterns of uncalcinated Co304@SiO, was also shown in (a).
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Fig. 11. (a) Scheme of sintering mechanism in the Co30,@8SiO- catalyst during calcination and (b) HRTEM image of Co30,@SiO, catalyst after
calcination at 800 °C for 3 h.

In contrast, the Co304@SiO; catalyst owns a high resistance to sintering. As shown in Fig. 10, even after 9 h of calcination at 800 °C,
the average size of Co304 nanoparticles is still about 20 nm, which implies that the SiO5 layer may suppress the sintering of Co3O04
nanoparticles. It should be pointed out that in comparison with the Co304 nanoparticles in the uncalcined sample, the crystal size of
Co304@SiO, catalysts grows slowly. This is also supported by the observation that the PWHH of the {311} plane diffraction peak after
3 h of calcination reduces slightly, as shown in Fig. 10a. The changes of crystal size of Co304@SiO5 catalysts as a function of calcination
time can be nearly negligible according to the TEM images (Fig. 10b-d). The above results indicate that Co304@SiO- structure en-
hances the stability and sintering resistance of the Co304@SiO; catalyst at high temperature.

For the physical structure and sintering mechanism of Co304@SiO; catalyst, two hypothetical models are considered, as shown in
Fig. 11a. Path I shows that every Co304 nanoparticle is coated with SiO layer separately. When Co304@SiO- catalysts are sintered at
high temperatures, the nanoparticles will keep on growing larger and larger by aggregating more and more Co304@SiO5 nanoparticles
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Fig. 12. Catalytic activity for methane combustion as a function of reaction time at 700 °C over Co304-NP and Co304@SiO, catalysts.

together with the increase of the calcination time according to path I, which disagrees with the TEM results of Co304@SiO5 catalysts
(Fig. 10b and c). For path II, Co304 nanoparticles are in embedded into one SiO; layer. Only limited number of Co304 nanoparticles
within the SiO3 layer could aggregate to a certain size during the calcination process and no bigger aggregates will appear due to the
protection of SiO5 layer. The second conjecture is consistent with the TEM results of Co304@SiO; catalysts (Fig. 11b). So the above
results prove that the second model is probably the sintering mechanism of the Co304@SiO; catalysts.

The lifetimes of two Co304-NP and Co304@SiO- catalysts are presented in Fig. 12, where a high reaction temperature of 700 °C was
chosen to accelerate the deactivation reaction of the catalysts. It is obvious that the Co304@SiO5 catalyst possesses a very good stability
and the deactivation phenomenon is not observed even after 50 h of reaction. On the contrary, the activity of the Co304-NP catalyst
declines obviously when the reaction time reaches 32 h, and the methane conversion over Co304-NPs drops from about 100 % to 80 %
after 50 h of reaction. These results are undoubtedly associated with the thermal stability of the Co304 catalysts, namely the deac-
tivation of the Co304-NP catalyst should be a result of sintering of Co304 nanoparticles under the reaction conditions, and Co304
nanoparticles encapsulated in mesoporous SiO2 may serves as a highly efficient and extraordinarily stable catalyst for the combustion
of lean methane.

4. Conclusions

In summary, we have presented a study on three types of Co304 catalysts (namely Co304-NPs, Co304@SiO3, and Co304-in-SiO3) for
the combustion of lean methane. The nearly same CH,4 conversion at reaction temperature range of 280-400 °C observed in Co304-NP
and Co304@SiO; catalysts suggests that the presence of mesoporous SiO layer in the Co304@SiO- catalyst almost has no negative
effect on the catalytic activity. Compared with Co304-NPs, however, a much lower CHy4 conversion is found for Co304-in-SiO. The
poor performance of Co304-in-SiO, might be related to the crystal growth during the removal of oleic acid via calcination at high
temperatures, as well as the microporous SiO3 shell which is less effective for diffusion of gaseous products. An investigation on both
thermal stability and high-temperature activity of Co304-NP and Co304@SiO catalysts demonstrates that the presence of the mes-
oporous SiO; layer can significantly improve the sintering resistance of Co304@SiO and thus the Co304@SiO> catalyst owns a long
high-temperature lifetime. These results indicate that the Co304@SiO2 catalyst may serve as a highly efficient and extraordinarily
stable catalysts for the combustion of lean methane.
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