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Abstract:

Mesoporous metal oxides (MOs) have attracted significant interest in heterogeneous catalysis 

due to their wide pore size and high pore volume. Herein, we present a facile mechanochemical 

nanocasting strategy featured by aluminum hydroxide as the mesoporous structure-directing agent, 

which surmounts the drawbacks associated with the wet template-assisted methods. In this procedure, 

by simply grinding the mixture of commercial aluminum hydroxide and MO precursors, a series of 

mesoporous MOs with high specific surface area and narrow pore size have been constructed in a 

short time (e.g., Fe2O3, 280 m2∙g−1; Co3O4, 155 m2∙g−1; CeO2, 192 m2∙g−1; ZrO2, 170 m2∙g−1; 

CuOx-CeOy, 177 m2∙g−1; FeOx-CeOy, 170 m2∙g−1; CoOx-CuOy-CeOz, 154 m2∙g−1; CoOx-FeOy-CeOz, 

133 m2∙g−1). It is expected that this strategy may open up new opportunities for fabricating a number 

of advanced porous materials with abundant porosity in the near future.
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1. Introduction

Mesoporous metal oxides (MOs) with high specific surface areas and narrow pore size 

distributions have drawn ever-increasing attention in recent years in numerous fields such as 

catalysis, energy storage, biomedicines, gas sensor, and so forth.1-8 Those oxides are generally 

constructed by template-assisted methods, for instance self-template,9−12 soft- or hard-templating 

methods.13-17 For the self-template method, featured by metal-organic frameworks (MOFs), 

organic-inorganic hybrids, and hydroxides as precursors, is regarded an effective protocol to 

synthesize MOs with hollow and spheric architectures. Although great advances have achieved by 

this strategy, this method is known as wet and time-consuming processes.18−20 In case of the 

soft-templating method, assisted by the self-assembly behavior of metal salts with Pluronic (P123 or 

F127), tailor-made (PEO-b-polystyrene, poly(methyl methacrylate), poly(vinylpyridine)-based 

copolymers), and non-Pluronic amphiphilic block copolymers, ordered organic-inorganic 

mesophases was introduced after organic template was removed. However, it has been well 

recognized that the application of this approach suffers from some limitations, for example, the 

mesostructure ordering of MOs constructed by this method is highly rely on the metal-oxide sources, 

solvents, co-solvents, coordinating agents, and experimental conditions (humidity, dip-coating speed, 

solvent evaporation speed, and calcination program). Moreover, this technology is complicated and 

costly, all of which greatly restrict its widespread application in the construction of mesoporous 

MOs.14,21−24

Toward this end, the hard-templating method is a more straightforward and general route to 

synthesize crystalline porous MOs.25,26 This approach relies on the usage of polymer, mesoporous 

carbon, or mesoporous silica as templates to obtain desired mesoporous structure, and subsequent 

removal of the hard templates by calcination or etching to finally obtain mesoporous MOs. For this 

procedure, the porous solid template is firstly stuffed with MO precursors by coprecipitation or 

impregnation processes, and then to make MOs crystallize around the porous templates via 

calcinating the hybrid. Finally, the removal of template could incorporate abundant nanopores into 

crystalline MOs. Nonetheless, great progresses have been witnessed. Nevertheless, to date, this 

technology encounters some bottlenecks, for instance, the mesoporous characteristics of the final 
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porous oxides are absolutely dependent on the framework of the hard templates used. What’s more, 

this procedure is still a wet process, which strongly requires metal salts to be soluble in solvents. In 

other words, these insoluble and refractory metal precursors cannot be employed in this technology, 

limiting the scope of MO precursors. Furthermore, this route is a laborious and time-consuming 

procedure, which requires a slow solvent evaporation and multiple impregnation processes to well 

cast the template.27-30 Hence, the development of an alternative route that could overwhelm these 

defects of wet procedure is highly desirable for the synthesis of mesoporous MOs.

In this contribution, we present a novel and facile mechanochemical nanocasting strategy by 

using aluminum hydroxide as the mesoporous structure-directing agent. In this procedure, by simply 

grinding the mixture of aluminum hydroxide and MO precursors, a series of mesoporous MOs (e.g., 

Fe2O3, Co3O4, CeO2, ZrO2, CuO, CuOx-CeOy, FeOx-CeOy, CoOx-CuOy-CeOz, and CoOx-FeOy-CeOz) 

with relative high specific surface area and narrow pore size have been prepared. This finding opens 

a new strategy for the construction of mesoporous MOs, which is of great importance for the 

practical application.

2. Experimental

Synthesis of Mesoporous MOs by Ball Milling: All the mesoporous MOs were synthesized by 

the aluminium hydroxide-directing mechanochemical nanocasting strategy. Typically, 1.00 g MO 

precursor and x g (x = 0.500−2.00 g) aluminium hydroxide (CAS: 21645-51-2) were introduced to a 

commercially 25 mL zirconia reactor along with four zirconia ball bearings (total mass 8.6 g; 

diameter 2×1.0 cm, diameter 2×0.6 cm). The reactor was placed in a high-speed vibrating ball miller 

(Retsch MM400, Germany) and the mixtures were ball milled for 1 h at a vibrational frequency of 30 

Hz. The resulting gel-like mixtures were calcinated at a desired temperature (heating rate: 2 °C∙min−1) 

in air. The obtained products were further treated in 1 M NaOH solution for 12 h at 60 °C, and then 

washed with deionized H2O (repeating the process three times to remove the alumina template), 

followed by drying at 100 °C for 12 h. All the as-prepared crystalline oxides by aluminium 

hydroxide as structure-directing agent is denoted as MO-Y-Z (Y is mass ratio of aluminium 

hydroxide versus MO precursors, Z is calcination temperature). The reference samples synthesized 
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without template but the same procedure are named as MO-Z.

Preparation of FeOx-CeOy and CuOx-CeOy by Ball Milling: In a typical process, 0.350 g 

Fe(NO3)3∙9H2O (CAS: 7782-61-8), 1.00 g Ce(NO3)3∙6H2O (CAS: 10294-41-4) and 1.00 g aluminium 

hydroxide (CAS: 21645-51-2) were added into a commercially 25 mL zirconia reactor along with 

four zirconia ball and ball milled for 1 h at a vibrational frequency of 30 Hz. The resulting gel-like 

mixtures were calcinated at 400 °C (heating rate: 2 oC∙min−1) in air for 3 h. The obtained products 

were further treated in 1 M NaOH solution for 12 h at 60 °C, and then washed with deionized H2O 

followed by drying at 100 °C for 12 h to obtain desired crystalline oxide phase. CuOx-CeOy was 

synthesized by the similar process as FeOx-CeOy, and the employed Cu source is Cu(NO3)2∙4H2O 

(CAS: 10031-43-3).

Preparation of CoOx-FeOy-CeOz and CoOx-CuOy-CeOz by Ball Milling: The synthesis process 

of CoOx-FeOy-CeOz is completely identically to the mesoporous MOs mentioned above. 1.00 g 

Ce(NO3)3∙6H2O (CAS: 10294-41-4), 0.350 g Fe(NO3)3∙9H2O (CAS: 7782-61-8), 0.100 g 

Co(NO3)2∙6H2O (CAS: 10026-22-9), and 1.00 g aluminium hydroxide (CAS: 21645-51-2) were 

mixed and ball milled in a commercially 25 mL zirconia reactor along with four zirconia ball for 1 h 

at a vibrational frequency of 30 Hz. The desired crystalline oxide was obtained after being calcinated, 

NaOH treatment, washing, and drying at 100 °C for 12 h.

Electronic supplementary information (ESI) available: Characterization of the Catalysts, 

Catalytic CO Oxidation experiments, XRD patterns and N2 adsorption-desorption isotherms for 

Fe2O3-Y-400, Fe2O3-Z and Co3O4-Z, and H2-TPR profiles of Co3O4-1-400, Fe2O3-1-400, 

CeO2-1-400, FeOx-CeOy-400, and CoOx-FeOy-CeOz-1-400 catalysts.

3. Results and discussion
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Scheme 1 Illustration of aluminum hydroxide-directing mechanochemical nanocasting towards the 
synthesis of mesoporous MOs.
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Figure 1. (A) XRD patterns, (B) N2 adsorption-desorption isotherms (−196 °C), and the pore size 
distributions (C) of Fe2O3 prepared by mechanochemical nanocasting at different calcination 
temperatures.

In this study, a series of mesoporous MOs (e.g., Fe2O3, Co3O4, CeO2, ZrO2, CuO, CuOx-CeOy, 

FeOx-CeOy, CoOx-CuOy-CeOz, and CoOx-FeOy-CeOz) with relative high specific surface area and 

narrow pore size were successfully prepared by a facile mechanochemical nanocasting strategy, 

which uses aluminum hydroxide as the mesoporous structure-directing agent (as shown in Scheme 

1). In this procedure, the MO precursors and aluminum hydroxide might form the highly uniform 

distribution of Al and metal (M) cationic oxides driven by the mechanical force and friction heating. 

After removal of Al from the as-formed MO framework, a porous network is released. The current 
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study begins with the investigation of different aluminum hydroxide/MO precursor mass ratios on 

the effect of specific surface area of iron oxide and cobalt oxide. It can be seen from the XRD pattern 

(Figure S1A) that all Fe2O3-Y-400 samples subject to calcination at 400 °C exhibit the characteristic 

diffractions attributed to Fe2O3 (PDF#33-0664),31,32 and the crystallite size calculated by Scherrer’s 

equation is about 13.5 nm. The structure and pore property of Fe2O3-Y-400 were analyzed by 

nitrogen sorption-desorption measurement performed at −196 °C, and the results are presented in 

Figure S2. It was noted that all Fe2O3-Y-400 displays type-IV curves with H3 hysteresis loops in the 

range of P/P0 = ∼0.4−1.0, revealing their mesoporous structures. The pore size distributions obtained 

by the Barrett-Joyner-Halenda (BJH) model are narrow and centered at 2−4 nm, which are obviously 

smaller than the crystallite size of Fe2O3-Y-400, demonstrating their intracrystalline pores. In 

addition, note that the specific surface area (SBET) of Fe2O3-Y-400 first increases and then decreases 

with the increasing of aluminum hydroxide/iron oxide precursor, and it reaches the largest when the 

mass ratio of aluminum hydroxide/iron oxide precursor is 1.0 (280 m2∙g−1). It is well-known that 

higher calcination temperature is conductive to obtaining better crystallinity, but it also may result in 

the pore collapse.33,34 The effect of calcination temperature on the property of Fe2O3-1-Z was further 

studied. As shown in Figure 1A, all Fe2O3-1-Z samples present the typical reflections assigned to 

Fe2O3 (PDF#33-0664), and the peak intensities grow stronger with the rising of calcination 

temperature. Additionally, it also can be seen that the calcination temperature exert distinct effect on 

the pore property of Fe2O3-1-Z (as shown in Scheme 1), and Fe2O3-1-400 possesses the largest SBET 

value. Further elevating calcination temperature leads to the reduction of SBET. In sharp contrast, the 

Fe2O3-Z samples prepared without aluminum hydroxide show distinctly lower SBET value and 

broader pore size compared with Fe2O3-Y-Z (as illustrated in Table 1 and Figure S3), in turn 

elucidating the crucial role of aluminum hydroxide as the structure-directing agent.
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Figure 2. (A) XRD patterns, (B) N2 adsorption-desorption isotherms (−196 °C), and the pore size 
distributions (C) of Co3O4 prepared by mechanochemical nanocasting at different calcination 
temperatures.

As an important support/catalyst in catalysis field, cobalt oxide has attracted considerable 

interest because of its unique physicochemical property.35-40 Currently, we have also tried to 

synthesize cobalt oxide with mesoporous structure. Figure 2A reveals that all cobalt oxides show the 

characteristic diffraction peaks corresponding to crystalline Co3O4 phase (PDF#43-1003),41,42 and the 

intensities of diffraction peaks gradually increase with the increasing of calcination temperature, 

revealing the crystallinity of Co3O4 increases. The crystal sizes of Co3O4 were estimated to be 10−14 

nm by Scherrer’s equation. The mesoporosity of Co3O4 was investigated by N2 

adsorption-desorption isotherms, which exhibits Type IV isotherms (Figure 2B) with H3-type 

hysteresis loops in the range of P/P0 = 0.4−1.0, demonstrating their mesoporous structures. The pore 

size distributions by resolving the adsorption branches of the isotherm with BJH model are narrow 
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and centered at 2−5 nm (Figure 2C). And their SBET value summarized in Table 1 shows that all 

Co3O4 samples prepared by aluminum hydroxide as a structure-directing agent give rise to much 

larger SBET values and narrower pore sizes than those without aluminum hydroxide as template (as 

illustrated in Table 1, Figure S4, and Figure S5).

Figure 3. (a) STEM-HADDF image, scale bar 50 nm; (b) TEM image, scale bar 20 nm, (c) SAED 
pattern, and (d) EDS mapping images of elemental Fe and O for Fe2O3-1-400, scale bar 50 nm; (e) 
STEM-HADDF image, scale bar 50 nm; (f) TEM image, scale bar 20 nm and (g) HRTEM image of 
Co3O4-1-400, scale bar 2 nm.
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The structural properties of the representative Fe2O3-1-400 and Co3O4-1-400 were elucidated by 

STEM-HAADF and HRTEM. As presented in Figure 3a and b, Fe2O3-1-400 shows a spongelike 

nanoarchitecture that composed of abundant mesopores with pore size ranging from 2 to 5 nm, which 

is consistent with the N2 sorption-desorption results. The selected-area electron diffraction (SAED) 

pattern was performed to explore the overall composition of the as-prepared ferric oxide. The result 

was illustrated in Figure 3c, which elucidates the diffraction spots attributed to Fe2O3 crystalline 

phase.43 EDS mapping images (Figure 3d) further verify the uniform distribution of Fe and O in 

Fe2O3-1-400. Meanwhile, STEM-HAADF image (Figure 3e) illustrates the porous structure of 

Co3O4, and TEM image (Figure 3f) shows that the nanoarchitecture consists of rich porosity with 

narrow pore sizes centered at around 3 nm. HRTEM was carried out to investigate the phase 

composition of Co3O4. It is noted that lattice fringes with distance of 0.244 and 0.286 nm can be 

found in HRTEM image (Figure 3g), which corresponds to d-spacing of (311) and (220) crystal 

planes of cobalt oxide,44,45 respectively. It accords well with the XRD results.

In order to get insight into the formation process of mesoporous structure in the as-fabricated 

samples, we first performed the SEM for aluminium hydroxide (CAS: 21645-51-2), which exhibits 

irregular particles with sizes from 20 to ~100 nm (Figure S6). Actually, abundant mesopores in the 

range of ~2-8 nm were observed inside bulk particles. Subsequently, we collected the SEM images 

of Al2O3 formed by ball milling of the aluminium hydroxide in zirconia reactor for 1 h followed by 

calcinated at 400 °C in air for 3 h, which also shows ununiform particle size between 20 and 300 nm. 

Then, we further carried out EDS mapping for the precursors of Fe2O3-1-400 before the removal of 

Al (as shown in Figure S5). It confirms the presence and uniform distribution of Fe, Al, and O in the 

both the precursors of Fe2O3-1-400 and no mesopores are observed on the surface of the bulk 

materials. In stark contrast, the pore sizes of the as-prepared metal oxide samples via aluminum 

hydroxide-directing mechanochemical nanocasting strategy are located in the range of 3~6 nm, 

roughly in agreement with the pore of aluminium hydroxide. Therefore, it can be induced that the 

pores in these mesoporous metal oxides should be mainly induced by the removal of aluminium 

hydroxide. The mechanical force and friction heating may drive the mechanochemical mixing 

between the metal oxide precursors and aluminum hydroxide.
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Based on the results mentioned above, we put forward an aluminum hydroxide-directing 

mechanochemical nanocasting for the synthesis of mesoporous Fe2O3 and Co3O4. This technology 

enables high degree of synthesis of these oxides with relative high specific surface area, abundant 

mesoporous structure, and narrow pore size. Thereafter, we extended the scope of aluminum 

hydroxide-directing mechanochemical nanocasting for the preparation of other mesoporous MOs. It 

is noteworthy that the CeO2, ZrO2, LaO3, and CuOx calcinated at 400 °C exhibit high SBET of 192, 

170, 103, and 74 m2∙g−1, respectively. In addition, in order to demonstrate the advantage of this 

synthesis strategy compared with common hard-templating synthesis, we further employed a 

water-insoluble metal precursor cerium carbonate hydrate (Ce2(CO3)3∙xH2O, CAS: 54451-25-1) as 

metal precursor for the synthesis of mesoporous CeO2. As shown in Table 1, the as-synthesized 

CeO2 shows SBET of 177 m2∙g−1, which is almost comparable with that of Ce(NO3)3∙6H2O as 

precursor.

Table 1. Structural properties of mesoporous MOs.
Sample SBET(m2∙g−1) Pore volume (cm3∙g−1) Average pore size (nm)

Al2O3-400 49 0.29 26.5
Bulk-Fe2O3-400 8.1 0.01 −
Fe2O3-0.5-400 172 0.16 3.7
Fe2O3-1-400 280 0.57 5.4
Fe2O3-2-400 204 0.14 3.1
Fe2O3-1-300 225 0.14 2.8
Fe2O3-1-500 251 0.18 3.4
Fe2O3-300 79.3 0.12 12.9
Fe2O3-400 43.9 0.12 6.6
Fe2O3-500 14.0 0.12 30
Bulk-Co3O4 6.0 0.01 −
Co3O4-1-300 139 0.11 3.8
Co3O4-1-400 155 0.14 3.8
Co3O4-1-500 142 0.16 4.8
Co3O4-300 65.4 0.41 16.3
Co3O4-400 39.8 0.41 20.8
Co3O4-500 17.5 0.17 13.4
CeO2-1-400 192 0.21 5.7
CeO2-1-400(Ce2(CO3)3∙xH2O) 177 0.30 6.9
ZrO2-1-400 170 0.18 6.2
LaO3-1-400 103 0.39 16.4
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CuOx-1-400 74 0.10 18.0
CuOx-CeOy-1-400 177 0.30 4.1
FeOx-CeOy-1-400 170 0.16 3.9
CoOx-CuOy-CeOz-1-400 154 0.26 5.4
CoOx-FeOy-CeOz-1-400 133 0.20 6.2

Multi-component MOs generally show better catalytic activity than the corresponding single 

component MO counterparts because of their unique synergetic effects.46-49 The catalytic oxidation 

of carbon monoxide (CO) is a widely used probe reaction to investigate oxidation catalysts. 

Therefore, we tried to further extend the mechanochemical nanocasting to synthesize mesoporous 

CuOx-CeOy, FeOx-CeOy, CoOx-CuOy-CeOz, and CoOx-FeOy-CeOz complexes for CO oxidation. The 

both XRD patterns (Figure 4A) of CuOx-CeOy-1-400, FeOx-CeOy-1-400, CoOx-CuOy-CeOz-1-400, 

and CoOx-FeOy-CeOz-1-400 calcinated at 400 °C show distinct diffraction peaks assigned to CeO2, 

and no other reflections corresponding to Cu or/and Fe or/and Co crystalline species were detected. It 

indicates that Cu, Fe, and Co species are highly dispersed within ceria. The contents of Al, Cu, Fe, 

Co determined by ICP-AES were 0.04%, 10.2%, 33.7%, 12.5%, respectively. Then, the porosity of 

CuOx-CeOy-1-400, FeOx-CeOy-1-400, CoOx-CuOy-CeOz-1-400, and CoOx-FeOy-CeOz-1-400 

complexes were examined by N2 adsorption-desorption measurements, and the results are displayed 

in Figure 4B and C. It can be observed that the both samples exhibit type-IV isotherms with 

H3-type hysteresis loops, typical features of mesoporous materials. Their SBET values are 177, 170, 

154, and 133 m2∙g−1 (as presented in Table 1), respectively, which are slightly lower than that of 

pristine CeO2. It furthers demonstrates the homogenous distribution of Cu, Fe, and Co species within 

ceria. The porous morphology and phase composition of the representative FeOx-CeOy-1-400 and 

CoOx-FeOy-CeOz-1-400 complexes were further analyzed by STEM-HAADF and HRTEM (Figure 

5). Both the Figure 5a and 5d show sponge-like nanoarchitecture with rich pores in the samples. 

HRTEM images illustrate that clear lattice fringes were recognized for crystalline Co3O4, Fe2O3, and 

CeO2 in different domains (Figure 5b and 5e).45,43,50 EDS mapping images (Figure 5c and 5f) 

further testify the uniform distribution of Co, Fe, Ce, and O in FeOx-CeOy-1-400 and 

CoOx-FeOy-CeOz-1-400 complexes.
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Figure 4. (A) XRD patterns, (B) N2 adsorption-desorption isotherms (−196 °C), and (C) the pore 
size distributions of CuOx-CeOy-1-400, FeOx-CeOy-1-400, CoOx-CuOy-CeOz-1-400, and 
CoOx-FeOy-CeOz-1-400 prepared by mechanochemical nanocasting at 400 °C.
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Figure 5. (a) STEM-HADDF image, scale bar 100 nm; (b) HRTEM image, scale bar 2 nm; and (c) 
EDS mapping images of elemental Fe, Ce, and O for FeOx-CeOy-1-400, scale bar 50 nm; (d) 
STEM-HADDF image, scale bar 50 nm (e) HRTEM image, scale bar 5 nm; and (f) EDS mapping 
images of elemental Co, Fe, Ce, and O for CoOx-FeOy-CeOz-1-400, scale bar 200 nm.
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(B) CO conversion as a function of time over the representative CoOx-FeOy-CeOz-1-400 upon 
reaction at a temperature of 400 °C.

Mesoporous metal oxides have been widely employed in heterogeneous catalysts and have 

shown impressive catalytic activity. An and Ren fabricated a series of ordered mesoporous metal 

oxides, such as Co3O4 (~90 m2/g), Fe2O3 (~130 m2/g), CeO2 (~152 m2/g), using mesoporous silica 

KIT-6 as the hard template to be used for CO oxidation,51,52 which show completely CO conversion 

at 130, 300, and 360 °C, respectively. In this study, the catalytic activities of these as-synthesized 

porous Co3O4-1-400, Fe2O3-1-400, CeO2-1-400, CuOx-CeOy-400, FeOx-CeOy-400, 

CoOx-CuOy-CeOz-400, and CeOx-FeOy-CeOz-1-400 complexes were also examined for CO 

oxidation. As shown in Figure 6, Co3O4-1-400, Fe2O3-1-400, and CeO2-1-400 obtain 100% CO 

conversion at 220, 245, 290 °C, which are clearly lower than the corresponding oxides prepared by 

the hard template. It demonstrates the advantage of aluminium hydroxide-directing 

mechanochemical nanocasting strategy introduced in this work. In addition, the FeOx-CeOy-1-400 

and CoOx-FeOy-CeOz-1-400 achieved completely CO conversion at 230 and 180 °C, respectively, 

which are notably lower than either monometal oxide counterpart because of the enhanced redox 

abilities that should be conductive to CO oxidation (Figure S8). In addition, compared with 

FeOx-CeOy-400 and CoOx-FeOy-CeOz-1-400 counterparts, the corresponding Cu-based complexes 

exhibited distinctly higher activities, which demonstrated 200 and 150 °C for 100% CO conversion. 

Furthermore, we studied the thermal stability of the representative CoOx-FeOy-CeOz-1-400 catalyst 
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for CO oxidation. It still kept 100% CO conversion for 44 h. Therefore, they have promising 

potential in the elimination of CO in practical application.

4. Conclusions

In summary, we demonstrate a low-cost and facile aluminium hydroxide-directing 

mechanochemical nanocasting strategy to successfully synthesize a series of mesoporous MOs and 

complexes, which exhibit high specific surface area and excellent catalytic performance for CO 

oxidation. Moreover, the presented strategy enables a facile and rapid synthesis oxide in a short time, 

which overcomes the defects associated with the traditional wet process. It is expected that this 

technology may open up new opportunities for fabricating a number of advanced porous materials 

with high surface area and narrow pore size in the near future.
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