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SUMMARY 

Mesoporous transition metal oxides with crystalline walls show promising 
applications in catalysis and energy storage. Syntheses of those crystalline 
mesoporous oxides, however, currently remain as an unmet challenge because 
of the large volume shrinkage during crystallization in a sol-gel process. Here, 
we demonstrate a facile and general template-free method to prepare six 
mesoporous transition metal oxides, e.g., CuO, CoO, and spinel MCo2O4 (M = 
Co, Cu, Mn, Zn), with highly crystalline walls and continuous mesopores in the 
forms of two-dimensional nanoplates or nanosheets. The method is based on 
the thermal crystalline transformation from basic carbonates to mesoporous 
metal oxides. The crystal interconversion not only endows the crystallinity and 
mesoporosity of oxides but also generates abundant surface-step defects that 
show remarkable enhancement of the catalytic activity of porous oxides. Our 
method likely provides an alternative paradigm for cost-effective and universal 
synthesis of crystalline mesoporous oxides beyond the traditional templating 
methods. 

INTRODUCTION 

There has been a substantial amount of interest in nanostructured mesoporous oxides with 

large accessible surface areas/pore volumes.1–12 Given fast transport and dispersion of 

electrons/reactants, nanostructured porous oxides show promising applications in a number 

of fields, e.g., catalysis,13,14 energy storage,15–19 and nanomedicines.20,21 Amorphous oxides 

even with mesoporosity are unlikely to meet the demand in materials with superior 

properties and functionality. For example, control of the crystallinity and crystalline phases is 

often of crucial importance for semiconducting oxides as photocatalysts.22 Synthesis of 

porous oxides with crystalline walls, however, remains a major challenge in this field. 

Crystallization of oxides usually occurs along with the growth of crystalline grains that brings 

large volume shrinkage; therefore, collapse of pores occurs before the crystallization, 

resulting in the loss of accessible surfaces/pores.23 In another regard, surface defects, mostly 

on crystalline materials as structural imperfections and deviations from ideal structures,24 are 

intimately associated with specific physicochemical properties, e.g., adsorption.25 Given their 

electron/coordination unsaturation,26–29 surface defects are catalytically more active 

compared with defect-free surfaces. In the context of mesoporous oxides, surface structural 

defects are less controllable in amorphous or polycrystalline forms. 

 ª 2020 Elsevier Inc.  

Syntheses of mesoporous oxides rely on the use of templates. Porosity is typically generated 

by sacrificial templates that fill the pores during synthesis and are removed afterward.30–32 A 

typical example is the use of soft templates such as organic surfactants or block copolymers 

that co-assemble with metal ions in a solgel process and then are removed to expose the 

pores. To crystallize mesoporous oxides during templated synthesis, the common solution is 

to use hard templates or convert soft templates to thermally stable carbon33,34 or silica35 at 

elevated temperatures. Despite great progress that has made in templating methods, the use 

of sacrificial templates, regardless of soft or hard templates, is costly and time consuming. 

Since the sol-gel transition is utilized to convert inorganic precursors (e.g., metal salt) to 

crystalline oxides through calcination, there is a significant kinetic barrier limiting the 

crystallinity of oxides in solid states. As a consequence, traditional templating methods do 

not provide an effective solution toward the preparation of nanostructured mesoporous 

oxides with crystalline walls.36,37 

Here, we report a template-free strategy to 

synthesize high-quality mesoporous and 

crystalline transition metal oxides. To avoid 

the thermal crystallization of oxides from its 

amorphous sol, our synthetic concept is to 

use conversion of highly crystalline basic 

carbonate salts (i.e., M(OH)2CO3) to metal 

oxides (Figure 1A).38,39 Simultaneously, the 

removal of small molecules such as CO2 and 

H2O creates mesoscopic porosity in the size 

range of 3–8 nm within metal oxides in the 

absence of any templates. Since most basic 

carbonate salts have a low thermal 

Progress and Potential 
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decomposition temperature, the elimination of non-metal components effectively avoids the 

overgrowth of crystal grains and the collapse of pores while maintaining the high crystallinity 

of oxides. Six mesoporous oxides including Co3O4, CoO, Cu0.92Co2.08O4, MnCo2O4.5, ZnCo2O4, 

and CuO were synthesized in two-dimensional (2D) nanostructures as nanoplates and 

nanosheets. Compared with other templating syntheses, our method is unique in that there 

are abundant surface-step defects as identified on the surface of mesoporous Co3O4 

nanoplates. Those defect-rich Co3O4 nanoplates are proven to have superior catalase- and 

peroxidase-like activity, about 130-fold more active than the commercial one and 10-fold 

more active than the mesoporous Co3O4 prepared from hard templating. Density functional 

theory (DFT) calculations further reveal the key role of the surface cobalt step in promoting 

the activity of Co3O4. Our method is therefore expected to provide a new way of preparing 

nanostructured mesoporous oxides with crystalline walls and defect-rich surfaces that are 

potentially useful in heterogeneous catalysis. 

RESULTS 

Synthesis of Co2(OH)2CO3 and Co3O4 Nanoplates 

The synthetic methodofoxide nanoplatesisschematically presented inFigure1A. Using 

mesoporous Co3O4 as an example, nanoplates of cobalt hydroxide carbonate (Co2(OH)2CO3) 

were synthesized through a hydrothermal method. Cobalt(II) nitrate (Co(NO3)2) was first 

mixed with urea in water/ethanol in the presence of oleic acid as stabilizers. The mixture was 

heated to 160C for 9 h in an autoclave. Under this temperature, urea gradually decomposed 

to form isocyanic acid and ammonia that controlled the pH ofthe solution(Equation 

1).Meanwhile, isocyanic acidhydrolyzedinwater further produced CO2 (Equation 2).40 As such, 

Co(NO3)2 reacted with CO2 under slightly basic condition to form Co2(OH)2CO3 nanoplates 

capped by oleic acid (Equation 3). As-obtained Co2(OH)2CO3 nanoplates were calcined at 300C 

for 3 h to produce mesoporous Co3O4 nanoplates (Equation 4). The corresponding reactions 

are as follows: 

 NH2-CO-NH2 / HNCO + NH3 (Equation 1) 
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Figure 1. Synthesis and Microscopic Characterization of Co2(OH)2CO3 and Co3O4 Nanoplates (A) Synthetic scheme 

of mesoporous Co3O4 nanoplates. 

(B and C) SEM (B) and TEM (C) images of Co2(OH)2CO3 nanoplates. 

(D) HRTEM of Co2(OH)2CO3. 

(E) SAED pattern of Co2(OH)2CO3 along the z direction. 

(F and G) SEM (F) and TEM (G) images of mesoporous Co3O4 nanoplates. 

(H) HAADF-STEM image of Co3O4 nanoplates. 

(I) SAED pattern of mesoporous Co3O4. 

HNCO + H2O / CO2 + NH3 (Equation 2) 

CO2 + 4OH +2Co2+ / Co2(OH)2CO3 + H2O (Equation 3) 

3Co2(OH)2CO3 + O2 / 3CO2 + 3H2O + 2Co3O4 (Equation 4) 

Figure 1 shows electron microscopy characterizations of Co2(OH)2CO3 and Co3O4 nanoplates. 

Low-magnification scanning electron microscopy (SEM) images confirm monodispersity of the 

two types of nanoplates with dog-bone-like nanostructures. Co2(OH)2CO3 nanoplates have a 

length of 3.96 G 0.46 mm with a thickness of 130 G 30 nm (Figures S1 and S2). The center 

width of Co2(OH)2CO3 is 0.85 G 0.15 mm while that of the two ends is 1.05 G 0.17 mm. 

Co2(OH)2CO3 nanoplates are densely packed without any obvious porosity under transmission 

electron microscopy (TEM, Figure 1C). The high-resolution TEM (HRTEM) image in Figure 1D 

shows clear lattice fringes of Co2(OH)2CO3 of about 0.26 nm, assigned to its (121) plane. Figure 

1E displays the selected area electron diffraction (SAED) pattern in which 

 
(001) and (200) planes are well resolved along the [010] direction. This is in good agreement 

with the P21/a space group of monoclinic Co2(OH)2CO3. Since the SAED is taken perpendicular 

to the nanoplate, the growth direction of the Co2(OH)2CO3 nanoplate is along [001] while the 

lateral direction is oriented along [100]. The ordered SAED pattern also reveals single-crystal-

like crystallinity of Co2(OH)2CO3 nanoplates. After calcination, the nanostructures of 2D plates 

were 
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Figure 2. Characterization of Mesoscale Porosity and Crystallinity of Co3O4 Nanoplates (A) 

Thermogravimetric analysis of Co2(OH)2CO3 nanoplates. 

(B) XRD of Co2(OH)2CO3 and Co3O4 nanoplates. 

(C) SAXS of mesoporous Co3O4 nanoplates. 

(D) Nitrogen adsorption-desorption isotherm of the mesoporous Co3O4 nanoplates and Co2(OH)2CO3 solid nanoplates. 

(E) Co 2p XPS spectra of the obtained 2D mesoporous Co3O4 nanoplates and commercial Co3O4. 

largely retained while forming the mesoscale porosity in Co3O4. The removal of large anions, 

i.e., OH and CO3
2, brought about a minor volume shrinkage. The average length and thickness 

of these mesoporous Co3O4 nanoplates are measured as 3.88 G 0.24 mm and 90 G 20 nm 

(Figure S3), respectively, slightly smaller than those of Co2(OH)2CO3 nanoplates. Under dark-

field scanning TEM (STEM) (Figure 1H), Co3O4 nanoplates showed interconnected small 

frameworks separated with finite pores throughout in the range of 3–8 nm. The ordered SAED 

patterns along [110] zone axes confirm the high crystallinity of spinel Co3O4 with the space 

group of Fd3m. 

Thermogravimetric analysis (TGA) confirms the thermal decomposition of Co2(OH)2CO3 

(Figure 2A). The decomposition occurs sharply at 300C with a weight loss of about 29%, 

consistent with the theoretical weight loss (24 wt %) for the crystalline transition from 

Co2(OH)2CO3 to Co3O4. The additional weight loss of 5 wt % is possibly due to the removal of 

oleic acid that are thermally decomposed around 250C.41 This was also confirmed by infrared 

spectroscopy (Figure S4). The crystalline transition from Co2(OH)2CO3 to Co3O4 was examined 

by X-ray diffraction (XRD). In line with the TGA analysis, Co2(OH)2CO3 (PDF no. 01-079-7085) is 

readily transformed to spinel Co3O4 (PDF no. 090418) as displayed in Figure 2B. The 

appearance of the small-angle X-ray scattering (SAXS) peak at q value of about 0.55 nm1 in 

Figure 2C is indicative of the mesoscale periodicity in Co3O4.42,43 Figure 2D shows the nitrogen 

sorption isotherms of as-made Co3O4 nanoplates. A representative type-IV isotherm of Co3O4 

nanoplates is characteristic of mesoporosity. The Brunauer-Emmett-Teller (BET) specific 

surface area is 127 m2 g1 with an average pore diameter of 4.4 nm calculated by the Barrett-

Joyner-Halenda method (Figure S5A). The BET specific surface area of mesoporous Co3O4 

nanoplates is also comparable with other mesoporous Co3O4 materials prepared using soft or 
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hard templating methods, as summarized in Table S1. In comparison, the BET specific surface 

area of Co2(OH)2CO3 nanoplates is only 16 m2 g1 without an obviously fine pore distribution 

(Figures 2D and S5B). 

The surface oxidation state of Co was examined using X-ray photoelectron spectroscopy (XPS) 

(Figures 2E and S6). The Co 2p peaks centered at 779.3 and 794.6 eV are assigned to Co 2p3/2 

and Co 2p1/2, respectively.44 The splitting of Co 2p3/2 and Co 2p1/2 is 15.3 eV, as typically for 

Co3O4.45,46 The ratio of Co3+/Co2+ is estimated to be 3.2:1 (Figure 2E), which is higher than the 

theoretical value of Co3+/Co2+.47 By comparison, the Co3+/Co2+ ratio of commercial Co3O4 

powder is measured as 1.6:1. In addition, the Co2+ satellite features became less pronounced 

in Co3O4 nanoplates. The surface composition has been confirmed using secondary ion mass 

spectrometry (SIMS). As shown in Table S2, the surface Co-to-O ratio of Co3O4 nanoplates is 

approximately 1:5.6 at a sputtering depth of 0.5 nm, while the surface Co-to-O ratio of 

commercial Co3O4 is 1:2.6. These results reveal that mesoporous Co3O4 nanoplates have a Co-

defect-rich surface (see discussion below). 

Synthesis of hydroxide carbonates is a delicate balance of the solution pH and CO2 

concentration.48 First of all, the solution pH controls the delivery of hydroxide anions. When 

adding sodium hydroxide directly, the formation of cobalt hydroxides was seen (Figure S7). 

At the same time, the balanced delivery rate of carbonates anions is extremely important. 

Again, the direct use of sodium carbonate directly resulted in the formation of cobalt 

carbonate (Figure S8). In our synthesis, the thermal decomposition of urea was chosen to 

generate carbonate-containing alkaline solution medium under hydrothermal conditions. 

Additionally, oleic acid plays a key role in determining the nanoplate structures of 

Co2(OH)2CO3 and balancing the hydrolysis rate of Co2+ ions as demonstrated in our control 

experiments (Figures S9– S11). In the absence of oleic acid, pure Co3O4 nanoparticles were 

formed, while Co2(OH)2CO3 was obtained in the presence of oleic acid regardless of solvents, 

e.g., water, ethanol, or water-ethanol mixtures. Oleate as a strong chelation ligand can bind 

to Co2+ ions and moderate their reactivity. In the absence of oleic acid, Co2+ favored the 

formation of Co(OH)2 thermodynamically with a low-solubility product constant (Ksp, Co(OH)2 = 

5.92 3 1015).49 The Co(OH)2 intermediates further decomposed to Co3O4 nanoparticles under 

high temperatures.50 Furthermore, oleic acid is critical to control the size of Co2(OH)2CO3 

nanoplates (Figures S12 and S13). When the concentration of oleic acid varied from 0.17 M 

to 0.46 M, the average length of Co2(OH)2CO3 nanoplates decreased from 4.12 G 0.41 mm to 

3.22 G 0.28 mm. The center width of Co2(OH)2CO3 nanoplates also decreased slightly from 

0.88 G 0.08 mm to 0.83 G 0.12 mm. In addition, the thickness of Co2(OH)2CO3 nanoplates also 

decreased from approximately 150 nm to 90 nm with an increase of oleic acid concentration 

from 0.17 M to 0.46 M, as displayed in Figure S14. 

The formation of mesoporosity relies only on the thermal decomposition of hydroxide 

carbonates where the removal of small molecules (e.g., CO2 and H2O) can template the 

formation of mesoporosity. As confirmed by TEM in Figures S15 and S16, when annealed at 

150C (below thermal decomposition temperature) for 2 h, Co2(OH)2CO3 nanoplates remained 

stable without phase transformation to Co3O4. No mesopores were observed. When the 

thermal annealing temperature increased to 550C, Swiss-cheese-like Co3O4 nanoplates with 

much larger pores 
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Figure 3. Template-free Syntheses of Other Oxides 

(A–D) XRD (A), TEM images (B and C), and SAED (D) of mesoporous CoO nanoplates. 

(E–H) XRD (E), TEM images (F and G), and (H) SAED of mesoporous Cu0.92Co2.08O4 nanoplates. 

(I–L) XRD (I), TEM images (J and K), and SAED (L) of mesoporous MnCo2O4.5 nanoplates. 
(M–P) XRD (M), TEM images (N and O), and SAED (P) of mesoporous ZnCo2O4 nanosheets. 

(43 G 14 nm) were formed. These results suggest that mesoporous Co3O4 nanoplates remain 

thermally unstable and that the pores will collapse at a higher calcination temperature (e.g., 

550C). The collapse of mesoporous structures is a result of the growth of Co3O4 crystalline 

domains, as reported previously.51 

Our synthetic strategy is general and applicable to the preparation of other mesoporous 

transition metal oxides. First of all, the oxidation state of transition metals is controllable 

through the calcination atmosphere. Taking Co2(OH)2CO3 as an example, calcining 

Co2(OH)2CO3 nanoplates under nitrogen results in the formation of CoO (Figures 3A and S17). 

In the absence ofoxygen, the oxidation state of Co remains as+2 as presented in Co2(OH)2CO3. 

Second, other transition metals, e.g., Cu, Zn, and Mn with atomic size similar to that of Co, 

can be doped in Co2(OH)2CO3. This further leads to the formation of doped spinel structures 

after calcination. As examples, three mixed spinel oxides in the form of MCo2O4 were 

prepared (Figures 3 and S18–S21). Among them, ZnCo2O4 formed 2D nanosheets while the 

other two showed similar 2D plate-like structures. Lastly, our method has been validated for 
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other hydroxide carbonates, e.g., Cu2(OH)2CO3. Similarly, Cu2(OH)2CO3 as precursors can be 

converted to crystalline mesoporous CuO nanosheets, as displayed in Figure S22. 

 

Figure 4. Tomography and In Situ Electron Microscopy Annealing of Mesoporous Co3O4 Nanoplates (A–C) Tomography STEM 

images of crushed Co3O4 nanoplates from different observation angles. 

(D–F) Reconstructed cross-section image (D), wall thickness of mesopores (E), and pore size distribution (F) of Co3O4 nanoplates. 
(G) In situ TEM characterizations of Co2(OH)2CO3 nanoplates through thermal treatment from room temperature to 400C under vacuum at a heating rate of 10C s1. 

Porosity and Crystallinity of Co3O4 Nanoplates 

All porous oxides show irregular and disordered mesopores. To investigate the detailed pore 

structures and distribution, we further used STEM to characterize Co3O4 nanoplates. The 

images were acquired by rotating the samples from 2 to 78 and reconstructed into a 3D 

tomogram (Video S1). Representative STEM images at tilt angles from 2 to 78 are presented 

in Figure 4A. The interconnected mesopores were observed throughout Co3O4 nanoplates. 

Figures 4B–4D show the 3D reconstructed surface and cross-section images. It is interesting 

to point out that Co3O4 frameworks and mesopores are bicontinuous, although the porous 

structures are disordered. The wall thickness is measured as 5.9 G 1.2 nm (Figure 4E) while 

the pore diameter is approximately 5.4 G 1.4 nm (Figure 4F), slightly larger than that 

measured from BET. The volume ratio for void is measured as 47.6% G 10%, consistent with 

the void ratio from BET measurement (approximately 48.3% using the density of Co3O4, see 

Supplemental Information for details). From the reconstructed cross-section images, 

mesopores are interconnected through vertical channels along the z direction (Video S2). This 

is likely attributed to the formation mechanism of mesopores. In the process of thermal 

decomposition of Co2(OH)2CO3, the outflow of small molecules such as CO2 and H2O 

templated the formation of mesoscale porosity while simultaneously converting Co2(OH)2CO3 
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to Co3O4. The diffusion of those small molecules through vertical channels likely minimizes 

the diffusion length to the surface of nanoplates. 

 

Figure 5. Surface Structure Comparison between Mesoporous Co3O4 Nanoplate (mCo3O4 Nanoplate) and Commercial Co3O4 (A–C) HAADF-STEM 

observations of mCo3O4 nanoplate under different magnifications. 

(D) Close-up of the (110) surface termination of mCo3O4 nanoplate obtained by enlarging HAADF-STEM image of (F). 

(E) Fast Fourier transform (FFT) patterns of (F). 

(F) Representative high-resolution HAADF-STEM image of mCo3O4 nanoplate in [111] zone axis. The red arrows in (D) and (F) denote atomic steps at the top and bottom 

(110) surfaces of the mCo3O4 nanoplate. 

(G–I) HAADF-STEM overviews of commercial Co3O4 under different magnifications. 

(J) Close-up of the (111) and (110) surface terminations of commercial Co3O4 in (I). 
(K) Corresponding FFT patterns of (J). 

The evolution of mesopores upon heating was monitored through in situ heating STEM (Figure 

4G). Since the in situ heating was carried out at a heating rate of 10C per second under 

vacuum, the temperature does not reflect the thermal decomposition point of Co2(OH)2CO3. 

At 368C, non-uniform pores appeared on the surface. The pore development was seen under 

higher temperatures (Video S3). After 400C, Co2(OH)2CO3 non-porous nanoplates readily 

transformed to mesoporous Co3O4 nanoplates. The in situ experiments align well with the 

pore-formation mechanism discussed previously. 

Representative aberration-corrected high-angle annular dark-field scanning TEM (HAADF-

STEM) images of mesoporous Co3O4 nanoplates and control commercial Co3O4 powders are 

presented in Figure 5. Low-magnification STEM overviews (Figures 5A–5C and 5G–5I) show 

densely packed small, bright Co3O4 nanoparticles (average size 5.2 G 1.1 nm) and dark pores 

of the mesoporous Co3O4, in contrast to the large Co3O4 particles (100–300 nm) of the 

commercial Co3O4. This direct visual comparison highlights the advantage of mesoporous 

structures in providing a high specific surface area, as also confirmed by the above nitrogen 

adsorption-desorption measurement. High-resolution HAADF-STEM of mesoporous Co3O4 
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nanoplates suggests a high degree ofcrystallinity (Figures 5D, 5F, S23, and S24), agreeing 

wellwith our SAED shown in Figure 1. Importantly, the excellent crystallinity leads to faceted 

Co3O4 nanoparticles with both high- and low-index terminations. 

 

Figure 6. Catalase-like Activity of Mesoporous Co3O4 Nanoplates 

(A) Oxygen evolution volume as a function of time over mesoporous Co3O4 nanoplate and commercial Co3O4 catalysts. 

(B) Oxygen evolution volume as a function of time over the mesoporous Co3O4 nanoplate at varied H2O2 concentrations. 

(C) The plots of specific O2 evolution rate against H2O2 concentrations. 
(D) Recycling stability test over the mesoporous Co3O4 nanoplate. 

Of some of the low-index surface terminations, for example the top and bottom (110) 

terminations in Figures 5D–5F and S24, surface steps of one atomic layer in height with 

missing Co columns were observed. Unlike the pristine surface terminations observed in the 

commercial Co3O4 catalyst (Figures 5J and S25), the presence of these surface steps and high-

index terminations (Figure S24B) at the surface of the mesoporous Co3O4 exposes more 

undercoordinated surface sites. The missing surface Co observed by aberration-corrected 

HAADF-STEM agrees well with the above XPS and SIMS characterizations, where an average 

Co valence increases and the surface Co-to-O ratio decreases as derived from the surface Co 

step defects. These undercoordinated surface Co steps are potentially catalytically active. As 

a comparison, no obvious surface steps or other defects were observed at the dominant (111) 

terminations of commercial Co3O4 nanoparticles. Considering the extraordinarily high surface 

areas of the mesoporous structure, a large number of such imperfect surface terminations 

can be expected and could be responsible for the observed high catalytic activity. 

Catalytic Activity and DFT Simulation 

Co3O4 shows catalase-like activity that catalyzes the decomposition of peroxides to O2 as 

reported previously.52,53 Using H2O2 decomposition, we further evaluated catalase-like activity 

of mesoporous Co3O4 nanoplates. To measure the catalaselike activity, we mixed mesoporous 

Co3O4 nanoplates with H2O2 and monitored the production rate/volume of O2 as a function of 

reaction time. In less than 1 min, 95% of H2O2 conversion was seen when using mesoporous 

Co3O4 nanoplates as catalysts (Figure 6A). Over commercial Co3O4, it took more than 100 min 
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to reach a similar conversion. The initial production rate of O2 estimated from the first-order 

kinetic fitting is 0.13 mol$min1 per 1 g of catalyst for mesoporous Co3O4 nanoplates. This is 

roughly 130-fold more active compared with commercial Co3O4 (1.1 mmol$min1$g1). 

Figure 6B shows the kinetic curves of O2 production at different concentrations of H2O2. The 

production of O2 increased stoichiometrically with the concentration of H2O2, indicating the 

full conversion of H2O2 for all experiments. In the concentration range of H2O2 from 0.04 to 

0.2 M, there is a linear correlation between the O2 formation rate and the H2O2 concentration. 

This is indicative of high and stable reactivity of mesoporous Co3O4 nanoplates that is not a 

kinetic barrier for the reaction. The excellent catalytic stability of Co3O4 nanoplates is further 

demonstrated in the recycling experiments. As demonstrated in Figure 6D, after five catalytic 

cycles mesoporous Co3O4 nanoplates retained superior activity without any activity loss. 

As controls, we prepared mesoporous Co3O4 using hard templating, which has a high BET 

specific surface area of 117 m2 g1 (Figure S26).54 The production rate of O2 normalized to the 

BET surface area was compared using the two mesoporous Co3O4. The formation rate of O2 is 

0.11 mmol$min1$m2 for mesoporous Co3O4 prepared from hard templating, while it is 1.03 

mmol$min1$m2 for mesoporous Co3O4 nanoplates, about 9.4-fold more active than 

mesoporous Co3O4 using a traditional hard templating method. The activity of mesoporous 

Co3O4 nanoplates has been compared with previous literature, as summarized in Table S3. 

The turnover frequency of our mesoporous Co3O4 nanoplates for catalase-like activity is 31.3 

min1, much higher than reported values (0.3–5 min1). We therefore consider that the surface-

step defects contributed largely toward enhancing the catalase-like activity of Co3O4. 

Furthermore, we demonstrated the application of Co3O4 nanoplates as peroxidase-like 

nanozymes. The oxidation kinetics of 3,30,5,50-tetramethylbenzidine (TMB) shows that 

mesoporous Co3O4 nanoplates are 3-fold more active compared with mesoporous Co3O4 

prepared from hard templating (Figure S27). 

To understand the underlying mechanism of surface-step defects in promoting catalase-like 

activity, we carried out DFT calculations on Co3O4(110) facet with and without surface Co 

steps. The (110) facet has a low surface free energy of 0.24 eV/A˚ 2, and the Wulff construction 

has suggested the presence of surface Co step defects on (110) (Figures S28 and S29). The 

overall reaction pathways of H2O2, including H2O2 adsorption, O–O bond scission, H transfer 

to OH, O*+O* recombination, and O2 molecule formation, over ideal and defective Co3O4(110) 

are listed in Figures 7A, 7B, and S30. Along these reaction pathways, the formation of two O* 

species toward the O* collision reaction is generically unfavorable. The surface free energy 

barrier of the formation of two O* species over ideal Co3O4(110) is 4.41 eV, while it is 

significantly higher than that over defective Co3O4(110), 0.15 eV. The reaction snapshots 

suggest that the step defects are responsible for the adsorption of two O* species. One of the 

O* species is stabilized by two Co atoms on the step edges that are likely accountable for the 

low thermodynamic barrier. Similarly, the O*+O* recombination to O2 occurs on the defective 

edge. The simulation results suggest that the step-defect edge is catalytically more active than 

the non-defective surface. 

According to previous reports, the scission of O–O bond of H2O2 is the rate-determining step 

of H2O2 decomposition.55,56 We further used the nudged elastic band (NEB) method to 

investigate the activation energy barrier of O–O bond scission on ideal and defective 

Co3O4(110). Surprisingly, the O–O bond scission is barrier-free over the defective Co3O4(110) 

and the adsorbed H2O2* is readily cleaved to OH* 
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Figure 7. Reaction Energy Diagram of H2O2 Decomposition over Defective and Ideal Co3O4 

(A and B) Reaction steps simulated by DFT for H2O2 decomposition over ideal Co3O4(110) (A) and defective Co3O4(110) (B). 

(C) Reaction energy diagram of ideal Co3O4(110) and defective Co3O4(110). The inset is O–O scission barriers and 

corresponding configurations over the ideal Co3O4(110). 

(Figure S31). By comparison, the O–O bond scission has a much higher energy barrier over the 

ideal Co3O4(110) as displayed in the inset of Figure 7C. There is a 0.84 eV energy uphill for the 

transformation from H2O2* to OH* over ideal Co3O4(110), leading to a low reactivity of ideal 

Co3O4(110). The great activation-barrier difference of O–O bond scission of ideal Co3O4(110) 

is correlated with the surface Co coordination. As revealed in Figure S28, defective Co3O4(110) 

surface has abundant dangling Co sites that are not present in the ideal Co3O4(110). Those 

sites are beneficial in transforming H2O2* to more stable OH*. 

DISCUSSION 

To summarize, a template-free synthetic method was developed to prepare mesoporous 

transition metal oxides with highly crystalline walls. Unlike traditional templated growth of 

mesoporous oxide, our synthesis utilizes the elimination and diffusion of small molecules such 

as CO2 and H2O to generate pores/channels in mesoscale. Well-defined nanoplates of highly 

crystalline basic carbonates were firstly prepared through hydrothermal synthesis and then 

converted to mesoporous metal oxides through thermal transformation. Upon annealing 

around 300C, the thermal transformation of basic carbonates to metal oxides occurred while 

preserving the high crystallinity of basic carbonates and producing mesopores alongside 

gaseous by-products, i.e., CO2 and H2O. The method is versatile and the synthesis of six 

mesoporous oxides such as CuO, CoO, and spinel MCo2O4 (M = Co, Cu, Mn, and Zn) have been 

demonstrated. Using STEM tomography, mesopores were found to form continuous, vertical 

channels within 2D nanostructures of oxides. Aberration-corrected HAADF-STEM reveals the 

presence of abundant surface-step defects that are unique features of mesoporous Co3O4 

prepared by our thermal transformation method. Defect-rich mesoporous Co3O4 nanoplates 

exhibit excellent catalase-like activity 10-fold higher than the mesoporous Co3O4 prepared 

using hard templates. Surface Co step defects were found to stabilize O* species and 

significantly reduce the activation barrier of O–O bond session. 

Our synthetic method, as an alternative to traditional templating synthesis, provides an out-

of-box solution to prepare crystalline porous oxides. These syntheses of porous oxides are 

significantly more effective in terms of simplified protocols, materials cost, and volume-time 

output. Since the sol-gel transition is not involved, the interconversion of two crystals largely 
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improves the crystallinity of oxides and limits the formation of amorphous oxides. As a general 

method, the strategy to eliminate small molecules to create bicontinuous pores at the 

mesoscale is general and is applicable to a library of metastable metal salts not limited to 

basic carbonates, such as bicarbonates and oxalates. The thermal decomposition of these 

metal salts ideally will similarly lead to the formation of mesoporous oxides. Additionally, our 

method also fills the gap of template-free syntheses at the mesoscale. In the past, template-

free syntheses of porous materials showed precious little control of pores in microscale or at 

the molecular level in single-crystalline materials, e.g., zeolites57 and metal-organic 

frameworks.58 Our synthetic strategy is amenable to the current template-free synthesis of 

porous materials in a broad range of pore sizes, shapes, and nanostructures. 

EXPERIMENTAL PROCEDURES 

Synthesis of Mesoporous Co3O4 Nanoplates 

In a typical synthesis of mesoporous Co3O4 nanoplates, 0.5154 g of urea was firstly dissolved 

in 10 mL of deionized water to obtain a homogeneous solution. Thereafter, 15 mL of ethanol 

was added to the solution and stirred for 30 min. Oleic acid (4 mL) was then added to this 

solution and stirred for another 30 min to make a homogeneous system. Ten milliliters of 86 

mM cobalt(II) nitrate solution was further added to the above system in 30 min. The whole 

solution was further stirred for 1 h and transferred into a Teflon-lined stainless-steel 

autoclave. The autoclave was sealed and maintained at 160C for 9 h. When the autoclave was 

cooled to ambient temperature, the resulting precipitate was isolated by centrifugation and 

washed several times with hexane, pure water, and ethanol. Finally, the obtained product 

was dried in vacuum at 40C overnight and calcined in air at 300C for 3 h. 

Characterization 

The crystallographic structure of the obtained product was analyzed by powder XRD (Bruker 

D8 Focus X-ray diffractometer, Cu Ka radiation, l = 0.1542 nm). XPS analysis was conducted 

on an ESCALAB 250 Xi X-ray photoelectron spectrometer with Al Ka radiation. The specific 

surface area measurement was conducted on a Quantachromeautosorb IQ2 instrument 

(Quantachrome Instruments). Compact SIMS was utilized to analyze the surface element 

composition of samples taking a dynamic mode. The ion beam and sputtering time is 

adjustable to optimize corresponding signals. TEM analysis and in situ heating STEM were 

carried out on a Talos F200X FEG TEM/STEM operating at 200 kV. Elemental mappings were 

collected by a Super X system equipped with four Silicon Drift Detectors offering a total 

collection angle of 0.9 srad. The high-resolution STEM images were collected via a Titan 

Themis 60300 equipped with a probe corrector to correct condenser lens aberration leading 

to 0.08 nm spatial resolution at 300 kV. The convergence angle is 25 mrad and HAADFSTEM 

collection angle 70–200 mrad. Electron tomography image series were acquired in HAADF-

STEM mode with 10 mrad convergence angle and 30–200 mrad collection angle. The 3D 

volumes were reconstructed with IMOD software, visualized, and analyzed with Avizo. 

Evaluation of Catalytic Performance 

The catalase-like catalytic activity of mesoporous Co3O4 nanoplates for H2O2 decomposition 

was evaluated at room temperature. In a typical reaction, 20 mg of catalysts were added to 

25 mL of water in a flask and sonicated to obtain a welldispersed suspension. Before injection 

of H2O2, the flask was sealed tightly and purged with N2 for 20 min to remove air. Subsequently, 

H2O2 with varied concentrations was injected into the flask under stirring. The volume of the 

produced oxygen was measured every 15 s until the total volume of oxygen became saturated. 

The reaction rate constant k was calculated based on a reported method.59 The stability test 

of the obtained mesoporous Co3O4 nanoplates is carried out by recycling the postreaction 
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mesoporous Co3O4 nanoplates (as collected by centrifugation) for five cycles. The 

measurements with different amounts of H2O2 were conducted similarly under otherwise 

similar conditions. 

The peroxidase-like catalytic activity was measured using TMB as a substrate over Co3O4. 

Typically, 0.25 mM TMB, 50 mM H2O2, and 10 mg/mL Co3O4 catalyst were mixed in sodium 

acetate buffer (3 mL, pH 5) in a 3.5-mL quartz cell. The reaction kinetics was monitored by the 

absorbance at 652 nm as a function of time (from 0 min to 10 min).53 

DFT Calculations 

DFT calculations were carried out by using spin-polarized Kohn-Sham DFT. We used the 

generalized gradient approximation with the Perdew-Burke-Ernzerhof exchange-correlation 

functional as conducted in the Vienna Ab Initio Simulation Package. The valence orbitals of Co 

(3d, 4s), O (2s, 2p), C (2s, 2p), and H (1s) were described by plane-wave basis sets with cutoff 

energies of 400 eV. The Gaussian smearing method with a width of 0.20 eV was used. 

According to the experimental characterization results, Co3O4 with a space group of F-43m 

was used to model the catalyst structure. Bulk optimization yielded lattice parameters of a = 

b = c = 8.065 A˚ . The periodic slab model of Co3O4(110) was used to simulate the H2O2 

decomposition reactivity. The Co3O4(110) surface was modeled by p(2 3 2) four-atomic-layer 

supercells with the bottom two layers fixed, and the vacuum gap was set as 15 A˚ to avoid the 

interaction between the periodic images. Defective Co3O4(110) was constructed by deleting 

half a layer of Co and O atoms. All of the atoms in the structure were relaxed during the 

calculation. The Brillouin zone was sampled at (2 3 2 3 1). The convergence criteria for the 

energy and force were set to 104 eV and 0.02 eV/A˚ . For evaluating the energy barriers, all 

transition states and pathways were computed using the climbing image NEB method. The 

adsorption energies were calculated according to the equation, Eads = E(adsorbate/substrate)  

[E(substrate) + E(adsorbate)], where E(adsorbate/substrate), E(adsorbate), and E(substrate) 

are energies of the substrate with the adsorbate, the gas-phase molecule, and the clean 

substrate, respectively. The reaction energy and barrier were calculated by Er = E(FS)  E(IS) and 

Ea = E(TS)  E(IS), where E(IS), E(FS), and E(TS) are the energies of the corresponding initial state 

(IS), final state (FS), and transition state (TS), respectively. The NEB method generally 

employed to investigate saddle points and minimum energy paths between reactants and 

products was conducted to reveal the energy barrier of O–O bond scission of ideal and 

defective Co3O4(110). 

Additional Information 

Synthetic procedures of other mesoporous oxide nanoplates/nanosheets, additional electron 

microscopic images, SAED and XRD patterns, BET measurements, XPS spectra, and DFT details 

are available free of charge on the website. 
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