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Abstract: In this review, we summarize the recent research progress on the preparation and catalytic performance of 
meso- and macroporous metal oxide or mixed metal oxide (including manganese oxides, cobalt oxides, iron oxides, 
chromium oxides, and perovskite-type oxides) catalysts and their supported transition metal and noble metal catalysts 
for the oxidative removal of typical volatile organic compounds (VOCs), which were prepared using the hard-templating 
and polyvinyl alcohol-protected reduction methods, respectively. Most of these porous catalysts performed well for the 
addressed reactions, which was associated with their surface areas, adsorbed oxygen species concentrations, low-
temperature reducibility, interactions between noble metal or metal oxide and support as well as porous structures. In 
addition, the perspectives for developing high-performance catalytic materials and novel VOCs removal technologies are 
also proposed.  

Keywords: ordered porous material, metal oxide, perovskite-type oxide, supported catalyst, volatile organic 
compound removal.  

1. INTRODUCTION 

Most of volatile organic compounds (VOCs, e.g. 
formaldehyde, benzene, toluene, and xylene) not only 
cause a harmful effect on human health, but also lead 
to generation of secondary air pollutants, such as O3 
and particulate matter (PM2.5). Therefore, VOCs are 
considered as major components of atmospheric 
environment pollutants. Catalytic oxidation is generally 
regarded as one of the most effective and economic 
pathways for the oxidative removal of VOCs, and the 
key issue of such a technology is the development of 
high-performance catalysts. Up to now, a lot of efforts 
have been made by many research groups on the 
elimination of VOCs. For example, He and co-workers 
reported that over the Pt/TiO2 catalyst, HCHO could be 
completely oxidized into CO2 and H2O at room 
temperature [1−3]. Huang et al. [4] and Hu et al. [5] 
found that the manganese oxide-supported atomic 
silver catalysts exhibited excellent performance for the 
complete oxidation of HCHO. Generally speaking, 
there are two kinds of catalysts for the catalytic removal 
of VOCs: supported noble metals (e.g. Pt, Pd, and Au) 
and metal oxides or mixed metal oxides (e.g. MnOx, 
CrOx, CoOx, FeOx, and perovskite-type oxides). In 
addition to the above thermal catalysis on VOCs 
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removal, other methods, such as adsorption, 
photocatalysis, and biodegradation [e.g., 6-14], have 
also been used to eliminate the VOCs. Compared to 
the bulk materials, porous ones possess abundant 
pores and high surface areas, which are beneficial for 
the diffusion, adsorption, and activation of the 
reactants. Therefore, porous materials can exhibit 
higher catalytic performance. In the past decade, our 
group's research interests have focused on the 
development of ordered porous catalysts and their 
applications in the removal of VOCs. In this review, we 
summarize the research progress on the preparation, 
characterization, and catalytic performance for VOCs 
oxidation of ordered porous catalysts, especially the 
three-dimensionally ordered mesoporous (3DOMeso) 
and three-dimensionally ordered macroporous 
(3DOMacro) catalysts.  

2. ORDERED MESOPOROUS METAL OXIDE 
CATALYSTS 

Compared to the ordered mesoporous silica, the 
non-silicon mesoporous materials, especially transition 
metal oxides, are difficult to synthesize due to their 
different compositions and variable chemical valence 
[15]. There are soft and hard template methods for 
preparation of ordered mesoporous metal oxides. The 
soft template method involves in not only the self-
assembly and cross-linking action of inorganic 
precursors and organic molecule templates, but also 
the interaction among the precursors, templates, and 
solvents. Due to the presence of variable valence metal 
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ions and different hydrolysis rates, it is difficult to 
prepare transition metal oxides with ordered 
mesoporous structures and good crystallinity via the 
soft template route. For example, Sinha et al. [16,17] 
fabricated 3DOMeso CrOx with tri-block copolymer 
F127 as soft template after calcination below 300 oC. 
The ordered mesoporous structure, however, could be 
totally destroyed when the calcination temperature 
reached above 500 oC.  

In order to overcome the drawback of the soft 
template method, Ryoo and co-workers [18] developed 
a novel strategy, i.e., the hard template method, to 
generate ordered mesoporous materials using ordered 
mesoporous silica or carbon as hard template. The 
typical procedures of the hard template strategy for 
preparation of ordered mesoporous metal oxides are 
as follows: (i) the metal precursor is filled into the 
mesopores of the hard template, (ii) generation of 
metal oxide crystals via a calcination treatment, and (iii) 
removal of the hard template. The preparation 
condition and the type of hard template have a great 
influence on physicochemical property of the 
mesoporous metal oxide, including dimension and 
order degree, pore size, and distribution, pore volume, 
and surface area, which can result in a great difference 
in catalytic performance of mesoporous metal oxides 
for VOCs oxidation. Li and co-workers [19] fabricated 
the two-dimensionally ordered mesoporous (2DOMeso) 
Co3O4 and 3DOMeso Co3O4 using the 2DOMeso SBA-
15- and 3DOMeso KIT-6-templating methods, 
respectively. They found that under the reaction 
conditions of formaldehyde/O2 molar ratio = 1/500 and 
space velocity (SV) = 30,000 mL/(g h), 3DOMeso 
Co3O4 exhibited better catalytic activity than 2DOMeso 
Co3O4 for formaldehyde oxidation. Such a good result 
was believed to be due to the three-dimensional porous 
channel structure, larger specific surface area, 
abundant active surface oxygen species and active 
Co3+ species on the exposed (220) face of 3DOMeso 
Co3O4.  

It should be pointed that the key issue for 
preparation of metal oxides with well-ordered 
mesopores via the hard template route is the full filling 
of mesopores with the metal precursors. In order to 
achieve this goal, Dai and co-workers [20−24] have 
made a lot of attempts. Using KIT-6 as hard template 
and chromium nitrate as chromium source, 3DOMeso 
CrOx was fabricated in an autoclave at 130−350 oC via 
a novel solvent-free route [20]. Firstly, the well-ground 

mixture of KIT-6 and chromium nitrate was heated at 
80 oC for 4 h. Because chromium nitrate melts at about 
60 oC, the liquid chromium nitrate could migrate into 
the mesopores of KIT-6. A further increase in 
temperature (above 125 oC) caused the decomposition 
of chromium nitrate, and then an increase in the inner 
pressure of the autoclave, which might be beneficial for 
the complete filling of mesopores of the template. 
Under the conditions of toluene (or ethyl acetate)/O2 
molar ratio = 1/400 and SV = 20,000 mL/(g h), the 
3DOMeso CrOx sample obtained at 240 oC (Figure 1a) 
exhibited good catalytic performance for the complete 
oxidation of toluene or ethyl acetate: the reaction 
temperature (T90%) required for achieving a 90% 
conversion of toluene or ethyl acetate was 234 and 190 

oC, and the apparent activation energy was 79.8 and 
51.9 kJ/mol, respectively. Furthermore, this sample 
was catalytically stable. After 48 h of on-stream 
reaction, the mesoporous structure of the used 
3DOMeso CrOx (Figure 1b) was similar to that of the 
fresh counterpart. Using KIT-6 and SBA-16 as hard 
template, and metal nitrate-containing ethanol solution 
as metal source, 3DOMeso Fe2O3 and Co3O4 (Figure 
1c and d) were fabricated via the vacuum-aided hard 
template route [21,22]. Under the assistance of 
vacuum, the air encapsulated in mesopores of the hard 
template could be minimized and the metal precursor 
solution readily infiltrated into the mesopores of the 
hard template, as a result a maximization in filling of 
mesopores could be achieved. Over the 3DOMeso 
Fe2O3 catalyst calcined at 400 oC under the conditions 
of acetone (or methanol)/O2 molar ratio = 1/20 and  
SV = 20,000 mL/(g h), the T90% for acetone and 
methanol oxidation was 208 and 204 oC [21], 
respectively. The 3DOMeso Co3O4 catalyst obtained 
with KIT-6 as template outperformed its counterpart 
obtained with SBA-16 as template. Over the former 
sample at toluene (or methanol)/O2 molar ratio = 1/20 
and SV = 20,000 mL/(g h), the T90% for toluene and 
methanol oxidation was 190 and 139 oC, and the 
apparent activation energy was 59.9 and 50.1 kJ/mol 
[22], respectively. Highly ordered mesoporous MnO2 
and Co3O4 (Figure 1e and f) with surface areas of up to 
266 and 313 m2/g were prepared by adopting the SBA-
16-templating strategy under ultrasonic irradiation, 
respectively. It might be a result due to the combined 
actions: (i) ultrasonic irradiation promoted liquid−solid 
mass transfer and dispersion of the metal precursors 
within mesopores of the silica template, and (ii) the 
effective multistep procedure (impregnation → filtration 
→ washing → calcination) minimized the formation of 
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manganese oxide and cobalt oxide nanoparticles 
outside the mesopores of the silica template and 
maximized the filling of the pore channels [23]. Table 1 
summarizes the catalytic performance of the porous 
catalysts for the complete oxidation of typical VOCs. 
Obviously, compared to the bulk counterpart, the 
3DOMeso transition metal oxides showed much better 
catalytic activities.  

Due to the limitation of the hard template method, 
most of the above mentioned catalysts were single 
metal oxides with ordered mesopores. In some cases, 

however, mixed or composite metal oxides might 
exhibit better performance (including activity, 
selectivity, stability, and poison tolerance ability), as 
compared to single metal oxides. Among the mixed 
metal oxides, perovskite-type oxide (ABO3) has gained 
great attention, and been widely used as solid 
electrolyte, sensor, high-temperature material, solid 
oxide fuel cell, and catalyst. There are several 
challenges in the preparation of mesoporous ABO3 
using the hard template method. For example, (i) it is 
difficult to make the metal precursor migrate into the 

 
Figure 1: TEM image of (a) the fresh ordered mesoporous CrOx catalyst prepared via the solvent free route using KIT-6 as hard 
template, (b) the used ordered mesoporous CrOx catalyst [20], (c) the ordered mesoporous Fe2O3 catalyst and (d) ordered 
mesoporous Co3O4 catalyst fabricated via the vacuum-aided hard template route [21, 22], (e) the ordered mesoporous MnO2 
catalyst and (f) ordered mesoporous Co3O4 catalyst fabricated via the SBA-16-templated nanocasting route under ultrasonic 
irradiation [23].  
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mesopores of the hard template, and completely fill the 
mesopores; (ii) it is hard to control the stoichiometric 
ratio of A- and B-site metal ions; and (iii) it is not easy 
to retain the mesopores during the generation of a 
perovksite structure because of the requirement of 
high-temperature (> 600 oC) treatment. Due to the 
advantages in porous structure, surface area, and 
potential application in catalysis, however, many efforts 
have been made to fabricate mesoporous ABO3. With 
KIT-6 as hard template, Kaliaguine and co-workers [25] 
prepared mesoporous LaBO3 (B = Mn, Co, Fe) with 
surface areas of 110−155 m2/g. Under the conditions of 
methanol/O2 = 1/10 and SV = 39,100 h−1, the catalytic 
activity for methanol oxidation decreased in the order of 
LaMnO3 > LaCoO3 > LaFeO3. Over the mesoporous 
LaMnO3 catalyst, the temperature required for 
complete oxidation of methanol was 150 oC, much 
lower than those (185 oC and 220 oC) over the bulk 
LaMnO3 catalysts derived from the reactive grinding 
and citric acid-complexing methods, respectively. Gao 
et al. [26] fabricated wormhole-like mesoporous 
LaFeO3 catalyst using SiO2 nanospheres (ca. 20 nm in 
size) as template. Under the conditions of toluene/O2 
molar ratio = 1/400 and SV = 20,000 mL/(g h), the 
mesoporous LaFeO3 catalyst showed a large surface 
area of 65 m2/g and good activity with the T50% and 
T90% of 200 and 253 oC for toluene oxidation, 
respectively.  

3. ORDERED MESOPOROUS METAL OXIDE 
SUPPORTED NOBLE METAL NANOCATALYSTS 

Loading a proper amount of noble metal or base 
metal oxide nanoparticles on the surface of disordered 
or ordered porous metal oxides can improve their 
catalytic performance. Ying et al. [27] found that 
compared to CeO2 nanoparticles prepared by the 
precipitation method, 3DOMeso CeO2 possessed a 
smaller particle size, larger surface area, and higher 
surface oxygen reducible at low temperatures. The 1.7 
wt% Au/3DOMeso CeO2 catalyst exhibited high activity 
and stability for the complete oxidation of benzene. 
Under the conditions of benzene/O2 molar ratio = 1/42 
and SV = 15,000 mL/(g h), benzene could be 
completely oxidized into CO2 and H2O at 200 oC over 
1.7 wt% Au/3DOMeso CeO2, and a high benzene 
conversion was maintained at 220 oC during 50 h of 
on-stream reaction, whereas the CeO2-supported 1.1 
wt% Au nanocatalyst suffered severe deactivation due 
to sintering of the gold nanoparticles. Wang et al. [28] 

pointed out that the preparation method had an 
influence on pore structure of the support and 
distribution of active components. The Pd/3DOMeso 
Co3O4 catalyst derived from an in situ nanocasting 
route possessed a more ordered mesostructure and 
well-dispersed PdO species than its counterpart 
derived from a post-impregnation route. Under the 
conditions of o-xylene/O2 = 1/400 and SV = 60,000 

Table 1: Catalytic Activities of Ordered Mesoporous and Bulk Metal Oxides for the Oxidation of VOCs 

Catalytic Activity (oC) 
Catalyst VOC Concentration VOC/O2 Molar 

Ratio 
SV 

(mL/(g h)) 
T50% T90% 

Ref. 

3DOMeso MnO2 1000 ppm toluene 1/200 20,000 190 240 [23] 

bulk Co3O4 1000 ppm toluene 1/20 20,000 200 − [22] 

3DOMeso Co3O4 1000 ppm toluene 1/20 20,000 140 180 [22] 

bulk Co3O4 1000 ppm methanol 1/20 20,000 142 − [22] 

3DOMeso Co3O4 1000 ppm methanol 1/20 20,000 105 139 [22] 

3DOMeso Co3O4 1000 ppm toluene 1/200 20,000 160 200 [23] 

bulk Fe2O3 1000 ppm acetone 1/20 20,000 235 − [21] 

3DOMeso Fe2O3 1000 ppm acetone 1/20 20,000 151 208 [21] 

bulk Fe2O3 1000 ppm methanol 1/20 20,000 264 − [21] 

3DOMeso Fe2O3 1000 ppm methanol 1/20 20,000 170 204 [21] 

bulk CrOx 1000 ppm toluene 1/400 20,000 190 − [20] 

3DOMeso CrOx 1000 ppm toluene 1/400 20,000 140 234 [20] 

bulk CrOx 1000 ppm ethyl acetate 1/400 20,000 172 − [20] 

3DOMeso CrOx 1000 ppm ethyl acetate 1/400 20,000 137 190 [20] 

3DOMeso CrOx 500 ppm formaldehyde 1/300 30,000 92 117 [24] 

3DOMeso CrOx 500 ppm acetone 1/300 30,000 75 124 [24] 

3DOMeso CrOx 500 ppm methanol 1/300 30,000 98 130 [24] 
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mL/(g h), the Pd/3DOMeso Co3O4 catalyst obtained by 
the in situ nanocasting method exhibited better activity 
for o-xylene oxidation, with the T50% and T90% of 193 
and 204 oC, respectively. The addition of 1 vol% H2O 
and 1000 ppm CO2 to the feedstock exerted no 
obvious effects on o-xylene conversion, indicating that 
the Pd/3DOMeso Co3O4 catalyst obtained by the in situ 
nanocasting method was highly stable and resistant to 
H2O and CO2. Using the KIT-6-templating and polyvinyl 
alcohol-protected colloidal deposition methods, Liu et 
al. [29] prepared the xAu/3DOMeso Co3O4 (x = 3.7, 
6.5, 9.0 wt%) catalysts (Figure 2). Under the conditions 
of CO/O2 molar ratio = 1/20 and SV = 60,000 mL/(g h) 
or VOCs/O2 molar ratio = 1/400 and SV = 20,000 mL/(g 
h), the 6.5 wt% Au/3DOMeso Co3O4 catalyst showed 
excellent performance for the oxidation of carbon 
monoxide, benzene, toluene, and o-xylene: the T90% 
was −45, 189, 138, and 162 oC, respectively. For 
toluene oxidation, addition of 3.0 vol% water vapor did 
not affect the catalytic activity of 6.5 wt% Au/3DOMeso 
Co3O4 at a temperature above 160 oC (Figure 3a). At a 
higher temperature, Co3O4 with stronger lattice oxygen 
mobility was more facile in activating oxygen 
molecules, and the adsorption of oxygen was stronger 
than that of water. When the temperature was below 
140 oC, however, addition of 3.0 vol% water vapor 
caused a stronger adsorption of water molecules on 
the metal oxide support than that of oxygen molecules, 
and then decreased the catalytic activity. Introduction 

of 10.0 vol% CO2 to the feedstock led to a decrease 
(by 30%) in activity of the 6.5 wt% Au/3DOMeso Co3O4 
catalyst (Figure 3b). The negative effect of CO2 
addition was due to the fact that the surface active sites 
on 6.5 wt% Au/3DOMeso Co3O4 were gradually 
covered by the carbonate species accumulated during 
the reaction, which would undermine the activation 
adsorption of oxygen and/or toluene. After the used 
catalyst was treated in O2 at 300 oC for 1 h, the formed 
carbonate species decomposed completely, with the 
surface active sites being recovered. Furthermore, gold 
nanoparticles were highly dispersed on the 
mesoporous Co3O4 surface, which could effectively 
suppress the chemisorption of SO2. Therefore, the 6.5 
wt% Au/3DOMeso Co3O4 sample possessed a good 
SO2 tolerance ability (Figure 3c). Ma et al. [30] 
fabricated 3DOMeso Co3O4 with the major exposed 
active (110) facets, and found that the 3DOMeso 
Co3O4 catalyst was significantly more active for 
ethylene oxidation than the Co3O4 nanosheets with the 
most exposed (112) facets prepared by the 
precipitation method. These authors believed that the 
(110) crystal facet of Co3O4 played an essential role in 
determining the catalytic performance. Furthermore, 
the 2.5 wt% Au/3DOMeso Co3O4 catalyst possessed 
stable, highly dispersed, and exposed gold sites, 
rendering it to show a 76% conversion of ethylene at 0 
°C at ethylene/O2 = 1/4410 and SV = 14,400 mL/(g h). 

 
Figure 2: TEM images of (a, b) 3.7 wt% Au/3DOMeso Co3O4 and (c, d) 6.5 wt% Au/3DOMeso Co3O4 [29]. 
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4. THREE-DIMENSIONALLY ORDERED MACRO-
POROUS METAL OXIDE CATALYSTS 

Compared to the ordered mesoporous materials, 
three-dimensionally ordered macroporous (3DOMacro) 
materials possess larger pore sizes (> 50 nm), which 
are beneficial for diffusion of big molecules and can be 
used as filtration and separation materials, catalyst 
supports, electrode materials, thermal insulation 
materials, supports for immobilized cells, etc. Up to 
now, the colloidal crystal template method is one of the 
most popular strategies for preparation of 3DOMacro 
materials. The typical procedures include: (i) 
synthesizing well-arrayed colloidal crystal 
microspheres, such as microspheres of polystyrene 
(PS), polymethyl methacrylate (PMMA), silica, and 
carbon; (ii) filling the voids of the colloidal crystal 
template with metal precursors; and (iii) removing the 
template [31]. Before removal of the template by 
calcination or extraction, the metal precursors undergo 
a series of chemical transformations in the voids of the 

colloidal crystal template. Therefore, the metal 
precursors and solvent should satisfy the following 
conditions: (i) in order to keep the well-arrayed 
structure, the surface of the hard template can be 
completely wetted by the solvent, whereas the hard 
template can not be dissolved; (ii) the solubility of the 
metal precursor in the solvent should be high enough 
for the purposes of completely filling the voids and then 
generation of primary 3DOMacro structure with well 
mechanical strength; and (iii) if the hard template has 
to be removed via calcination, the melt temperature of 
the metal precursor and the intermediate product 
derived from the metal precursors should be higher 
than the glassy temperature of the hard template.  

Zhang and co-workers [32−35] fabricated 
3DOMacro CeO2, Au/3DOMacro CeO2, 3DOMacro 
CeO2−Co3O4, and Au/3DOMacro CeO2−Co3O4 by the 
colloidal crystal template method. Due to the shrinkage 
of the PS microsphere template during the calcination 

  

 
Figure 3: Effect of (a) water vapor, (b) CO2, and (c) SO2 on toluene conversion over the 6.5 wt% Au/3DOMeso Co3O4 catalyst 
at toluene/O2 molar ratio = 1/400 and SV = 20,000 mL/(g h) [29]. 
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process, the pore sizes of 3DOMacro CeO2 prepared 
with 200, 400, 600, and 800 nm PS microspheres were 
about 80, 130, 240, and 280 nm, respectively. The 
Au/3DOMacro CeO2 catalyst performed better than the 
Au/bulk CeO2 catalyst at HCHO/O2 molar ratio = 1/350 
and SV = 60,000 mL/(g h), because the 3DOMacro 
structure with interconnected networks of spherical 
voids provided benefits of less aggregation and good 
distribution of Au nanoparticles. The Au/3DOMacro 
CeO2 catalyst with a macropore size of 80 nm 
performed the best, and HCHO could be completely 
oxidized into CO2 and H2O at 75 oC [32]. The 
synergistic effect between CeO2 and Co3O4 
accelerated the migration of surface active oxygen 
species, thus enhancing the catalytic activity of 2.26 
wt% Au/3DOMacro CeO2−Co3O4 (CeO2/Co3O4 molar 
ratio = 2.5:1.0), over which HCHO could be totally 
oxidized into CO2 and H2O at 39 oC at HCHO/O2 molar 
ratio = 1/350 and SV = 15,000 mL/(g h) [35]. Based on 
the characterization results, these authors concluded 
that oxidation of HCHO over Au/3DOMacro CeO2 was 
mainly catalyzed by the ionic Au3+ species. The 
interaction of Au0 and CeO2 generated Au3+ and Ce2O3. 
During the adsorption and activation processes of 
HCHO on the surface of CeO2, active oxygen might be 
transferred from Au2O3 to HCHO, generating HCOOH 
and Au0. Further transfer of active oxygen to HCOOH 
caused HCOOH to convert into CO2 and H2O. Although 
carbonate and hydrocarbonate species might be 
formed due to the incomplete oxidation of HCOOH, the 
generated carbonate and hydrocarbonate species were 
difficult to block the active sites of Au/3DOMacro CeO2 
with large and open macroporous structures [33]. As 
we know, Pd alloyed with Au can enhance the catalytic 
activity. Recently, Xie et al. [36] investigated the 
catalytic performance of xAuPd/3DOMacro Co3O4 (x = 
0.50–1.99 wt% and Au/Pd mass ratio = 1:1) for the 
complete oxidation of toluene, and found that the 
3DOMacro Co3O4-supported Au–Pd catalysts 
performed much better than the supported single Au or 
Pd catalysts, with the 1.99 wt% AuPd/3DOMacro 
Co3O4 catalyst showing the best performance: the T50% 
and T90% were 164 and 168 oC at toluene/O2 molar 
ratio = 1/400 and SV = 40,000 mL/(g h), respectively. In 
addition, the 3DOMacro Co3O4-supported Au–Pd 
catalyst also exhibited better catalytic stability and 
stronger moisture-tolerant ability than the supported Au 
or Pd catalyst. These authors believed that better 
oxygen activation ability and stronger noble metal–
3DOMacro Co3O4 interaction were responsible for the 
excellent catalytic performance of 1.99 wt% 
AuPd/3DOMacro Co3O4. 

Recently, hierarchical porous (e.g. macro-
/mesoporous) materials have gained much attention 
due to their applications in the fields of energy storage 
and conversion, catalysis, filtration, sensor, and 
medicines. Using the soft and hard dual template 
method, Dai and co-workers generated 3DOMacro 
MgO, 3DOMacro Al2O3, 3DOMacro Ce1−xZrxO2, 
3DOMacro Fe2O3, and 3DOMacro Co3O4 with 
mesoporous or nanovoid-like crystalline walls [37−39]. 
Take the preparation of 3DOMacro Fe2O3 with 
nanovoid-like crystalline walls as an example, 
surfactant P123 (tri-block copolymers EO20PO70EO20) 
played an important role in generation of nanovoids. 
With the gradual evaporation of the solvent (ethanol, 
methanol or ethylene glycol) upon drying, the 
concentration of P123 rose to a value higher than the 
critical micelle concentration, and favored the formation 
of micelles in a disordered array via interaction of the 
Fe precursor with the surfactant, hence resulting in 
macropore skeletons with nanovoids. Under the 
conditions of toluene/O2 molar ratio = 1/400 and SV = 
20,000 mL/(g h) for toluene oxidation, the T50% and 
T90% were 240 and 288 oC over the 3DOMacro Fe2O3 
catalyst with nanovoids, whereas 288 and 340 oC over 
the 3DOMacro Fe2O3 catalyst without nanovoids, 
respectively. It is apparent that the presence of a 
hierarchical porous structure greatly improved the 
catalytic activity of Fe2O3 [38].  

As mentioned above, ABO3 has wide applications in 
catalysis. In the past ten years, Dai and co-workers 
have prepared polycrystalline La1−xSrxMO3 (M = Mn, 
Co, Fe) nanoparticles [40−42] with high surface areas 
by coupling the methods of citric acid complexing and 
hydrothermal synthesis, and single-crystalline 
La1−xSrxCoO3 nanowires/nanorods [43] and 
La1−xSrxMnO3 microcubes [44, 45] via the hydrothermal 
route. The as-obtained poly- or single-crystalline ABO3 
micro- or nanoparticles exhibited good catalytic 
activities for the oxidation of VOCs. In order to further 
enhance the performance of ABO3 for VOCs removal, 
Dai and co-workers prepared 3DOMacro ABO3-related 
catalysts. On the basis of the strategy developed by 
Ueda and co-workers [46], Dai and co-workers 
developed a dual (soft and hard) template method for 
preparation of 3DOMacro ABO3 with mesopores or 
nanovoids on the macroprous walls. The typical 
procedures of the method include: (i) preparation of 
PMMA microspheres via an emulsifier-free emulsion 
polymerization approach; (ii) generation of ordered 
arrays of PMMA microspheres (i.e. the PMMA colloidal 
crystal template) according to the water floating 
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strategy; (iii) preparation of the homogeneous solution 
consisting of anhydrous methanol, polyethylene glycol 
(PEG) and water, in which metal precursor, citric acid, 
and surfactant (e.g., P123, F127, lysine, tryptophan or 
xylitol) were totally dissolved; (iv) a certain amount of 
the PMMA colloidal crystal template was soaked in the 
homogeneous solution, the excess solution was 
removed from the impregnated PMMA colloidal crystals 
by vacuum filtration, and the obtained sample was 
dried in air at room temperature; and (v) calcination 
treatments were divided into two steps: first in N2 at a 
low temperature (300 oC) and then in air at a high 
temperature (750 oC) in a tubular furnace. The glassy 
temperature, decomposition temperature, and oxidation 
temperature of PMMA in air was about 130, 290, and 
370 oC, respectively. The PMMA-containing metal 
precursor was first calcined in N2 at 300 oC, possibly 
leading to the partial carbonization of PMMA, the as-

resulted amorphous carbon could act as a hard 
template to prevent macro-/mesoporous structure from 
collapsing before the polymer template was completely 
oxidized at high temperatures, thus beneficial for the 
preservation of 3DOMacro-structured ABO3. Shown in 
Figures 4 and 5 are the typical SEM and TEM images 
of the 3DOMacro ABO3-related catalysts, respectively. 
It should be pointed out that, in addition to 3DOMacro 
ABO3, 3DOMacro BiVO4 [47] and 3DOMacro InVO4 
[48] could also be prepared via the mentioned dual 
template route. Interestingly, addition of EG into PEG-
containing solution was favorable for generation of 
hollow spherical LaMO3 and solid spherical MOx (M = 
Mn, Co) (Figure 6) [49]. After precisely adjusting the 
concentration of metal precursor and PEG, chain-like 
ordered macroporous LaMnO3 could be obtained 
(Figure 7) [50].  

 
Figure 4: SEM images of (a) 3DOMacro LaMnO3 [51], (b) 3DOMacro La0.6Sr0.4MnO3 [52], (c) 6 wt% CoOx/3DOMacro 
Eu0.6Sr0.4FeO3 [53], (d) 8 wt% CoOx/3DOMacro La0.6Sr0.4CoO3 [54], (e) 6.4 wt% Au/3DOMacro La0.6Sr0.4MnO3 [52], and (f) 5.92 
wt% Au/8 wt% MnOx/3DOMacro La0.6Sr0.4MnO3 [55]. 
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Figure 5: TEM images of 6.4 wt% Au/3DOMacro La0.6Sr0.4MnO3 [52].  

 

 
Figure 6: SEM images of (a) hollow spherical LaMnO3, (b) solid spherical Mn2O3, (c) hollow spherical LaCoO3, and (d) solid 
spherical Co3O4 [49]. 

 

 
Figure 7: (a) SEM and (b) TEM images of chain-like macroporous LaMnO3 [50]. 
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Compared to the bulk LaMnO3, 3DOMacro LaMnO3 

showed a higher catalytic activity for toluene oxidation. 
Under the conditions of toluene/O2 molar ratio = 1/400 
and SV = 20,000 mL/(g h) (hereinafter referred to the 
given conditions), T50% and T90% over 3DOMacro 
LaMnO3 were 222 and 243 oC [51,56], respectively. As 
we know, partial substitution of A- and/or B-site 
elements (e.g. A1−xA'xBO3, AB1−yB'yO3 and 
A1−xA'xB1−yB'yO3) could enhance the catalytic 
performance of ABO3. Under the given conditions, the 
sequence in catalytic performance for toluene oxidation 
over 3DOMacro Eu1−xSrxFeO3 (x = 0, 0.4, 1) decreased 
in the order of Eu0.6Sr0.4FeO3 > SrFeO3 > EuFeO3, and 
the T50% and T90% over 3DOMacro Eu0.6Sr0.4FeO3 were 
278 and 305 oC [57−59], and over 3DOMacro 
La0.6Sr0.4Fe0.8Bi0.2O3 were 220 and 242 oC (which were 
50 and 70 oC lower than those over 3DOMacro 
La0.6Sr0.4FeO3 [60,61]), respectively. In order to 
investigate the synergistic effect between the metal 
oxide and porous support, Dai and co-workers 
prepared the MOy/3DOMacro A1−xA'xBO3 (M ≠ B or M = 
B) catalysts and evaluated their catalytic performance 
for VOCs oxidation. Using the incipient wetness 
impregnation method, the 1−10 wt% CoOx/3DOMacro 
Eu0.6Sr0.4FeO3 catalysts were fabricated. Under the 
given conditions, the T50% and T90% over 3 wt% 
CoOx/3DOMacro Eu0.6Sr0.4FeO3 were 251 and 270 oC 
(which were 27 and 35 oC lower than those over 
3DOMacro Eu0.6Sr0.4FeO3 [53,62]), respectively. The 
2−10 wt% CoOx/3DOMacro La0.6Sr0.4CoO3 [54] and 
5−16 wt% MnOx/3DOMacro LaMnO3 [63] catalysts 
were prepared via the one-step route (i.e., the in situ 
strategy). Under the given conditions, in situ loading a 

small amount of CoOx or MnOx nanoparticles on the 
3DOMacro support could effectively improve the 
catalytic activity for VOCs oxidation, and the 8 wt% 
CoOx/3DOMacro La0.6Sr0.4CoO3 and 12 wt% 
MnOx/3DOMacro LaMnO3 catalysts exhibited excellent 
catalytic performance.  

As mentioned above, the porous metal oxide-
supported noble metal nanocatalysts were highly 
efficient for the removal of VOCs. Therefore, Dai and 
co-workers prepared the 1.54−7.63 wt% Au/3DOMacro 
LaCoO3 [64] and 3.4−7.9 wt% Au/3DOMacro 
La0.6Sr0.4MnO3 [52] catalysts using the gas bubble-
assisted polyvinyl alcohol-protected reduction method. 
Under the given conditions, the T50% and T90% over 6.4 
wt% Au/3DOMacro La0.6Sr0.4MnO3 were 150 and 170 

oC, respectively. After 100 h of on-stream toluene 
oxidation reaction at 170 oC, no significant loss in 
activity was observed over this catalyst. Furthermore, 
the crystal structure, surface composition, and 
3DOMacro structure of the used 6.4 wt% Au/3DO-
Macro La0.6Sr0.4MnO3 catalyst were rather similar to 
those of the fresh catalyst. That is to say, the 6.4 wt% 
Au/3DOMacro La0.6Sr0.4MnO3 catalyst was catalytically 
durable under the adopted reaction conditions. When 
the temperature was 170 oC, addition of a small amount 
(2.5 vol%) of water vapor decreased the activity of 6.4 
wt% Au/3DOMacro La0.6Sr0.4MnO3 (toluene conversion 
dropped from 90 to 80%). Such a negative effect on 
activity resulted from moisture introduction could be 
suppressed with a rise in temperature. In addition, the 
deactivation due to competitive adsorption of H2O and 
toluene or O2 molecules was reversible [52]. Table 2 

Table 2: Catalytic Activities and Activation Energies (Ea) for Toluene Oxidation over the As-Prepared 3DOMacro ABO3 
Catalysts under the Conditions of Toluene Concentration = 1000 ppm, Toluene/O2 Molar Ratio = 1/400 and SV 
= 20,000 mL/(g h) 

Catalytic Activity (oC) 
Catalyst 

T50%
 T90%

 
Ea (kJ/mol) Ref. 

3DOMacro LaMnO3 222 243 58 [51] 
3DOMacro SrFeO3 292 340 − [57] 
3DOMacro EuFeO3 322 353 96.0 [59] 

3DOMacro Eu0.6Sr0.4FeO3 278 305 81.1 [59] 
3DOMacro La0.6Sr0.4FeO3 271 312 − [60] 

3DOMacro La0.6Sr0.4Fe0.8Bi0.2O3 220 242 45.9 [61] 
3 wt% Co3O4/3DOMacro Eu0.6Sr0.4FeO3 251 270 72.3 [53] 

3DOMacro La0.6Sr0.4CoO3 240 260 57.8 [54] 
8 wt% Co3O4/3DOMacro La0.6Sr0.4CoO3 210 227 43.3 [54] 

12 wt% MnOx/3DOMacro LaMnO3 193 215 61 [63] 
3DOMacro LaCoO3 217 231 38.6 [64] 

7.63 wt% Au/3DOMacro LaCoO3 188 202 31.4 [64] 
3DOMacro La0.6Sr0.4MnO3 203 219 59 [52] 

6.4 wt% Au/3DOMacro La0.6Sr0.4MnO3 150 170 44 [52] 
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summarizes the catalytic activities for toluene oxidation 
over the 3DOMacro ABO3-related catalysts. Based on 
the characterization results and activity data, it is 
concluded that the high catalytic performance was 
associated with the surface area, adsorbed oxygen 
species concentration, low-temperature reducibility, 
interaction between noble metal or metal oxide and 
support as well as the porous structure of the catalyst. 
It is observed from Table 2 that a catalyst with a better 
activity showed a lower activation energy.  

5. CONCLUSIVE REMARKS AND PERSPECTIVE 

In summary, the 3DOMeso- or 3DOMacro-
structured manganese oxides, cobalt oxides, iron 
oxides, chromium oxides, and perovskite-type oxides 
and preparation and their supported transition metal or 
noble metal catalysts can be fabricated using the hard-
templating and PVA-protected reduction methods. Most 
of the porous catalytic materials showed high 
performance for the oxidative removal of typical VOCs, 
which was associated with their surface areas, 
adsorbed oxygen species concentrations, low-
temperature reducibility, interactions between noble 
metal or metal oxide and support as well as porous 
structures.  

Although a great progress has been achieved on 
the preparation and catalytic applications of ordered 
porous metal oxides for the removal of VOCs, there are 
still some challenges that should be faced in future 
work.  

(i) In terms of methods for preparation of ordered 
meso- or macroporous metal oxide catalysts, the hard 
template method might be an appropriate strategy. 
However, the drawbacks of this method are obvious. 
For example, the yield of the target product is very low, 
the repeatability is poor, and the exposed ratio of active 
crystal facets is hard to control. Furthermore, it is 
difficult to amplify in a large scale. Therefore, it is highly 
desired to develop soft template methods or other 
novel methods without use of a template for 
preparation of ordered porous metal oxide catalysts 
with more active crystal facets being exposed on the 
surface.  

(ii) It is necessary to further elucidate the catalytic 
mechanisms of ordered porous metal oxide catalysts 
for the oxidative removal of VOCs. In the presence of 
single- or multi-component VOCs, clarifying the issues, 
such as diffusion, adsorption, activation, and reaction, 
would be of importance in designing and preparing 
novel and high-efficiency catalytic materials.  

(iii) It is highly desirable to develop the coupling 
technology for effective removal of VOCs with a wide 
range of VOC concentrations. Different methods, such 
as adsorption, plasma, heterogeneous catalysis, 
photocatalysis, and biodegradation, have their unique 
advantages. Utilization of the coupling technology that 
combines the advantages of the above methods would 
guarantee a high efficiency in removing VOCs.  
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