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Abstract 

Through the integration of sol-gel chemistry, lyotrope mesophases and emulsions, the first 

CoOx-SiO2(HIPE) series of cobalt nano-oxides were embedded within silica macro-

mesocellular self-standing hosts. These binary CoOx-SiO2 porous nanostructures (MUB-

100(x)) series present an average of 95% porosity. We found out that high cobalt 

concentration maintains the hexagonal-2D organization of the mesoscopic voids when 

applying the thermal treatment at 700°C. Their specific surface areas fall between 400-500 m
2
 

g
-1

 when assessed from Ar physi-sorption measurements. At the microscopic length scale, as 

revealed through magnetic investigations, the low cobalt content foams MUB-100(1) and 

MUB-100(2) are made of the amorphous -Co(OH)2 phase coexisting with the silica network, 

while increasing the cobalt concentration during the one pot syntheses (MUB-100(3) and 

MUB-(4) materials) favors the formation of the spinel Co3O4 and olivine Co2SiO4 crystalline 

nanoparticles embedded within silica. When it turns towards the CO oxidation catalytic 

performance, the MUB-100(4) is able to totally convert the CO flow before 200°C (starting at 

125°C) while achieving 50% of conversion for a light-off temperature T50 of 145°C, revealing 

the good efficiency of the MUB-100(4) in CO oxidation with which up to 4 catalytic cycles 

have been performed without disrupting drastically the catalytic performances while reaching 

thermodynamic stability from the cycle 2 to the cycle 4.  
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1. INTRODUCTION 

Polymerization/polycondensation of emulsion continuous phases and removal of the 

dispersed one used as a soft template, lead to solid microcellular foams. Various synthetic 

routes of these systems have been reviewed by M. S. Silverstein et al.
1,2

, while providing for 

instance a complete “contemporary contemplation” of the domain. The network precursors 

being organic can be varied on demand offering thus a real “holy grail”
3
 when it turns solely 

towards organic poly(HIPE), H.I.P.E. being the acronym for High Internal Phase Emulsion.
4
 

When looking at inorganic porous media, this synthetic path is making the use of a synergistic 

templating effects combining (i) lyotrope mesophases (concentrated micelles), which create 

the mesoporosity (pore diameters ranging from 2 to 50 nm), (ii) concentrated oil-in-water 

emulsions (direct emulsions) inducing the connected macroporosity (pore diameters above 50 

nm), and (iii) the sol-gel process that condenses the continuous hydrophilic phase.
5 

As the 

inorganic skeleton is made of amorphous silica, the microporosity (pore diameters below 2 

nm) relies on the statistical repartition of SiO4 tetrahedrons within the geometrical space. 

These self-standing foams are labelled Si(HIPE),
5 

and they can be further hybridized for 

applications towards heterogeneous catalysis.
6-9 

For example, when considering inorganic mix 

of titania and silica, porous materials have been recently designed and employed within the 

fields of random lasing
10-12

 or towards CO2 photoreduction in volume.
13

 Aside, we were also 

able to associate silica and alumina inducing highly efficient acidic heterogeneous catalysts.
14

 

Despite these results, there is still a lack of research dedicated to inorganic-HIPE when 

comparing with the field of organic polyHIPE. This reduced endeavor is emerging from the 

inorganic synthetic path tendency to shrink the inorganic skeleton through both intrinsic 

polycondensation and applied thermal treatment. Additionally, drying the monolith has to 
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hamper capillarity forces. As such, obtaining inorganic self-standing monolithic materials is 

not such an easy task to achieve. Despite this drawback, we have recently generated SBA15-

Si(HIPE) materials being both 2D-hexagonal mesoporous and monolithic while leveraging a 

chaotrope-kosmotrope salt effect.
15,16

 Aside, there are also strong research efforts to generate 

novel mixed-nano-oxides-inorganic-foams from the HIPE process considering the full 

Mendeleïev table as, like ceramics, they are resilient both to solvent and temperature while 

maintaining high surface area when addressing the nanoscale. They are thus outstanding 

candidates for liquid or gaseous phase heterogeneous catalysis. Particularly, the 

heterogeneous oxidation of CO is currently the most effective gas exhaust remediation 

approach where most of the commercial catalysts are making use of noble metals, due to their 

high activity for CO oxidation and stability.
17–23

 However, it is well-known that the major 

drawbacks of noble metals are their scarcity and associated highly increasing cost.
17,24

 

Consequently, several studies have been reported on the development of non-noble transition 

metal-based catalysts for CO oxidation,
17,25–30

 where cobalt oxides, Co3O4 especially, 

represent promising candidates.
17,31

 In this vein, we are proposing the design of the first 

CoOx-SiO2(HIPE) macro-mesocellular monolith MUB-100 series (MUB being the acronym 

for “Materials of the University of Bordeaux”), their characterization and specific applications 

as highly efficient heterogeneous catalysts towards CO oxidation.
 

2. EXPERIMENTAL SECTION 

 2.1 Material syntheses. High purity dodecane (≥ 99%), hydrochloric acid 37wt % 

(HCl), tetraethylorthosilicate (≥ 99%, TEOS) and cobalt (II) chloride hexahydrate CoCl2. 

6H2O were purchased from Sigma-Aldrich. Tetradecyltrimethylammonium bromide (TTAB) 

was supplied by Alfa Aesar, while dichloromethane (CH2Cl2, ACS-reagent RPE) was pur-

chased from Carlo Erba. All the chemicals were used as received without any further purifica-

tion. Deionized water was obtained using a Milli-Q water purification system. CoCl2.6H2O 
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(3.255, 1.713, 0.571 or 0.2852 g) were dissolved in 16 g of a TTAB (35wt %) water solution. 

Then 5 g of HCl (37wt %) were added prior adding 5 g of TEOS (pH 0.05). The solution was 

let under stirring 10 minutes both to promote TEOS full hydrolysis and allow partial evapora-

tion of the native ethanol. Then, 37 g of dodecane were emulsified drop by drop into a mortar 

through a manual stirring. The native direct oil-in-water emulsion was then transferred into 

several hemolysis test tubes employed as canisters, where the sol-gel process is let to proceed 

during one week at 25°C. Then the solidified emulsions were pulled out of the canister and let 

to wash for 12 hours in dichloromethane (CH2Cl2). The wet materials were let to dry in a des-

iccator for one week and further in air during three days. Finally, a thermal treatment was 

applied to the materials in order to sinter the silica network, calcine the TTAB surfactant em-

ployed as a mesoscopic mold, and promote the cobalt oxide nucleation and growth. The ther-

mal treatment was applied under atmospheric conditions as follow: a first temperature in-

crease was applied at 2°C/min until 180°C with a 6 hours’ plateau followed by a second tem-

perature ramp at 1°C/min to reach 700°C with a 6 hours’ plateau. The cooling process was 

uncontrolled and directed by the oven inertia. Final expected micro-meso-macroporous self-

standing monoliths are labeled MUB-100(1), MUB-100(2), MUB-100(3) and MUB-100(4) 

while increasing the amount of cobalt employed for the syntheses (Table 1). Final materials 

are shown on Figure 1. 

  2.2 Material Characterizations. 

2.21. Scanning Electron Microscopy (SEM). The sample was properly broken down and 

stuck on an aluminum holder and glue with silver paint. Then the fractured surface was metal-

ized with gold / palladium sputtering. SEM images were acquired with a Hitachi TM-1000 

tabletop scanning electron microscope operating with at 15 kV accelerating voltage. The En-

ergy-Dispersive X-ray Spectroscopy (EDS) spectra and the mappings were obtained on a 

ZEISS EVO 50 scanning electron microscope equipped with an EDX EDAX detector. The 
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electronic source was a lanthanum hexaboride tip (LaB6) and the accelerating voltage was 20 

kV. 

2.22. X-Ray diffractions. X-ray diffraction (XRD) patterns were collected on a PANalitycal 

X'pert MPD-PRO Bragg-Brentano θ-θ geometry diffractometer equipped with a secondary 

monochromator and an X’celerator detector over an angular range of 2θ = 8-80°. Each acqui-

sition lasted for 6h47. The Cu-Kα radiation was generated at 45 kV and 40 mA (lambda = 

0.15418 nm). The samples were prepared on silicon wafer “zero background” sample holder 

and flattened with a piece of glass. 

2.23. Small-Angle X-ray Scattering (SAXS). X-ray diffraction experiments were performed 

on an XEUSS 2.0 device (XENOCS) with a microfocus copper anode source. Coupled to a 

FOX3D XENOCS single reflection optical mirror centered on the Cu Kα radiation (λ = 1.54 

Å), the system delivers a 8 keV beam which is collimated and defined by a set of 2 motorized 

scatterless slits. The samples were put in thin glass capillaries and exposed 2 hours. The data 

were collected by a two-dimensional DECTRIS PILATUS-300k detector placed at a distance 

of 1190 mm giving access to a range of scattering wave vectors q between 0.007 and 0.2 A
-1

. 

The diffractograms of the diffracted intensity I vs q are obtained by processing the images 

with the software "FOXTROT" resulting from a collaboration between XENOCS and the 

teams of the synchrotron "SOLEIL". 

2.24. Transmission Electron Microscopy (TEM) – Transmission Electron Diffraction 

(TED). The samples were ground in a mortar then dissolved in ethanol. A drop of the solution 

was placed and dried on a TEM copper grid covered with a carbon film. The TEM pictures 

were obtained with a transmission electron microscope Hitachi H7650 operating at 80 kV 

while the diffraction patterns were generated with a TEM FEI Talos™ F200S 200 kV. 

Regarding the coupled TEM-TED investigations, images and electron diffraction patterns 

were collected on a JEOL 2100 transmission electron microscope, working at 200 kV and 
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equipped with a double tilt specimen stage. Prior to its observation, a suspension of the 

specimen in alcohol was prepared and a drop was deposited on a carbon coated grid. 

2.25. Magnetism measurements. The magnetic susceptibility measurements were performed 

using a PPMS-Evercool II Quantum Design magnetometer with a VSM module operating 

between 1.9 and 300 K for applied dc fields ranging from −9 T to 9 T. Measurements were 

done on ground samples (12.63, 8.17, 9.41 and 8.33 mg for MUB-100(1), MUB-100(2), 

MUB-100(3) and MUB-100(4), respectively), which were loaded into a sealed polyethylene 

bag (typically 25 mg). For MUB-100(1), MUB-100(2), MUB-100(3) and MUB-100(4), the 

field dependence of the magnetization was measured at 100 K, to verify the absence of 

significant ferromagnetic impurities. The magnetic susceptibility was measured in the range 2 

– 300 K range at 0.1 T. Field dependence of the magnetization up to 9 T was measured at 2, 3, 

5 and 8 K, and a complete hysteresis loop done at 2 K (at 0.2 T/min). Zero-Field-Cooled 

(ZFC) - Field-Cooled (FC) experiments were done between 2 and 100 K by measuring the 

magnetization as a function of temperature at 0.4 K/min (i) cooling the sample in zero dc field 

to 2 K, then (ii) measuring from 2 to 100 K in a dc field of 50 Oe, and finally (iii) measuring 

from 100 to 2 K in the same applied dc field of 50 Oe. The magnetic data were corrected for 

the sample holder and the intrinsic diamagnetic contributions. The SiO2/HIPE-based precursor 

was measured and, as expected, was found to be diamagnetic (–0.65 10
-6

 cm
3
/g or –39 10

-6
 

cm
3
/mol) with negligible paramagnetic impurities (less than 0.5 % of an S = 1/2 spin). The 

linearity of the magnetization in field at 100 K indicates also the absence of significant 

ferromagnetic impurities. 

2.26. Mercury porosimetry. Intrusion/extrusion mercury measurements were performed 

using a Micromeritics Autopore IV apparatus to determine the scaffolds’ macrocellular cell 

characteristics. 

2.27. Thermogravimetric Analysis (TGA). 
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TGA were performed in air using a TGA 5500 Discovery TA apparatus. The heating rate was 

set to 5°C min
-1

 with a first temperature rump from 25°C to 180°C. We then imposed a tem-

perature plateau of 6 hours at 180°C followed with a temperature rump from 180°C to 700°C, 

final temperature is maintained 6 hours. The decreasing temperature is uncontrolled and gov-

erned by the oven inertia. 

2.28. Temperature programmed reduction experiments (TPR). 

TPR experiments were performed on the MUB-100 materials in order to obtain information 

about the reducibility of their oxides phases. Prior to the TPR, the catalysts were first pretreat-

ed in situ under inert flow (Ar) for 1 h at 200 °C and cooled down to 30°C. The TPR experi-

ments were performed with a 10 vol.% H2/Ar gas mixture (30 mL.min
-1

). The temperature 

range was 30-500°C with a ramp of 10 °C.min
-1

 and the temperature was then maintained at 

500°C for 1 h. The measurements of the H2 consumption were made in an AutoChem 

II/Micromeritics apparatus, using a thermal conductivity detector. 

2.29. Elemental analyses. 

Elemental analyses have been performed through ICP while using both ICP AES iCAP 6500 

DUO and ICP AES iCAP 7400 Radia apparatus. 

 2.3. Quantitative porosity investigation.  

2.31. Gas physisorption experiments. A Micromeritics 3Flex surface characterization 

analyzer (Micromeritics Instrument Corp, Norcross, GA) was used for all measurements. 

Prior to measurement, the samples were activated under secondary vacuum at 110°C for 12 

hours. Activation at 350°C for 12 hours was also performed for comparison and led to similar 

results, indicating that the outgassing procedure was efficient for both temperatures. Nitrogen 

(N2) adsorption isotherms measured at 77 K and argon (Ar) adsorption isotherms measured at 

87 K were collected and interpreted using multi-point Brunauer-Emmett-Teller (BET) 

analysis for surface area determination
32

 over the range 0.05–0.30 relative pressure (P/P0) and 



8 
 

with a N2 and Ar cross-sectional area of 0.162 and 0.143 nm
2
, respectively. The mesoporous 

surface area has been determined using the Barrett, Joyner and Halenda (BJH) method while 

the microporous surface area has been estimated by difference between the BJH mesoporous 

surface area and the BET surface area, assuming that the macroporous surface area is 

negligible.  

2.32 Helium pycnometry. Materials skeleton densities have been determined through helium 

pycnometry using a Micromeritics AccuPy 1330 apparatus. The samples were degassed under 

vacuum at 130°C for 12 hours prior performing the measurement.  

 2.4 Catalytic experiments. The study of the catalytic activity in the CO oxidation 

was performed by using a fixed bed tubular reactor containing 50 mg of the crushed sample. 

The reactor was continuously fed with a gas flow constituted by 11.6 mL/min of CO and 29.0 

mL/min of O2, balanced with N2 (total flow rate = 100 mL/min), corresponding to a CO/O2 

ratio equal to 0.4 and a weight hourly space velocity (WHSV) of 120,000 L.h
-1

.kg
-1

. The 

reactor was put in a tubular furnace with a temperature controller, allowing the reaction 

temperature to be gradually increased (temperature ramp: 5 °C/min), with steps of 25°C. The 

effluents at the reactor outlet were analyzed on line under steady-state conditions in a Varian 

gas chromatograph (GC-3800) equipped with a thermal conductivity detector (TCD) (the 

temperatures applied for the injector, oven and detector were 150°C, 50°C and 120°C, 

respectively). Before the catalytic test, the sample was activated during 2 hours under an O2-

N2 mixture (respective flow rate of 29.0 and 59.4 mL/min) at 500°C (temperature ramp: 10 

°C/min). 

3. Results and Discussion 

 The whole process of obtaining the MUB-100(x) series is depicted with the scheme 1. 

While considering the whole process, the most time-consuming step is the drying one, where 

concomitant capillarity forces have to be circumvented as far as it can be. That is the reason 
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why a slow drying process in a desiccator is first operated. Avoiding this step induces 

uncontrolled shrinkage of the gel when drying and the final monolithic character is lost. 

Aside, we have to note that the sol-gel process is occurring under acidic conditions (pH 

adjusted at 0.05, below the silica isoelectric point pH=2.1) where the silica precursors are 

positively charged. This feature is indeed important to explain the cobalt nano-oxides 

structure revealed through XRD investigations and discussed later. 

 

Scheme 1. Whole synthetic steps occuring for the MUB-100(x) series generation. 

 

3.1 Materials characterization at the macroscopic length scale  

 When considering the Figure 1a and 1b, we can notice that
 
the MUB-100 series are 

self-standing monoliths whatever the amount of cobalt introduced during the syntheses, as it 

is the case with traditional cobalt-free Si(HIPE) final materials.
5
 When increasing the cobalt 

content (Table 1), the color of final materials is varying from pale blue to dark brownish, 

being the sign of Co3O4 presence in this last case, as we will see later when characterizing the 

materials at the microscopic length scale.  

Table 1. Elemental analysis data and TGA addressing material Molar Weight (MW) and stoichiome-

try. *The H2O wt% have been found by TGA under air under a heating rate of 5°C/min. The TGA can 

be found within the supplemental section (Fig. S1). Elemental analyses have been performed using 

ICP for Cobalt and Silicon atoms wt% determinations. 
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Sample 
Co 

wt% 

Found 

Co 

wt% 

Cal 

Si  

wt% 

Found 

Si  

wt% 

Cal 

H2O 

wt% 

Found
*
 

H2O 

wt% 

Cal 

MW 

g mol
-1

 
Proposed stoichiometry 

MUB-100(1) 0.62 0.62 37.2 36.7 11.2 11.1 76.50 (Co(OH)2)0.008 (SiO1.6(OH)0.8)1.0•0.47H2O 

MUB-100(2) 1.41 1.46 37.5 36.7 10.0 9.9 76.62 (Co(OH)2)0.019 (SiO1.6(OH)0.8)1.0•0.42H2O 

MUB-100(3) 3.23 3.10 34.3 35.0 10.9 11.2 80.18 (Co(OH)2)0.038 (Co3O4)0.0012 (Co2SiO4)0.0003 

(SiO1.6(OH)0.8)1•0.5H2O 

MUB-100(4) 10.1 9.9 31.6 31.0 12.0 11.7 90.93 (Co(OH)2)0.038 (Co3O4)0.035 (Co2SiO4)0.005 

(SiO1.6(OH)0.8)1•0.59H2O 

 

 When performing SEM observations, typical aggregated hollow spheres (polydisperse 

in sizes)
5
 are depicting the foams’ macroporosity (Fig. 1c-h), where internal cellular junctions 

can be observed (Fig. 1d,f,h) addressing thus an open porosity. This macroporosity arises 

from the dodecane oily phase removal through the CH2Cl2 washing process. Aside the macro-

scopic cells observation, EDS investigations have been performed to assess the cobalt disper-

sion within the foams at the macroscopic scale (Fig. 1k-n). The general information is that 

whatever the cobalt concentration (Table1), the cobalt is homogeneously dispersed at the 

macroscale. As expected, the cobalt densities over EDS spectra being more pronounced when 

the cobalt concentration increases from the MUB-100(1) to the MUB-100(4). As such, we can 

see high density of tiny crystals over-imposed at the macroscopic wall surface for the MUB-

100(4) (Fig. 1j), which are not visible when considering the MUB-100(1), MUB-100(2) and 

MUB-(3) materials (Fig. 1d, f, h). 
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Figure 1. MUB-100 materials observation at the macroscopic length scale. a) Traditional sili-

ca based HIPE (Si(HIPE), b) from left to right MUB-100(1), MUB-100(2), and MUB-(4) 

where the cobalt amount is increasing. c-j) SEM images, c,d) MUB-100(1), e,f) MUB-100(2), 

g,h) MUB-100(3), i,j) MUB(4). k-n) EDS images, k) MUB-100(1), l) MUB-100(2), m) 

MUB-100(3), n) MUB-100(4). The spent areas for EDS are the ones over-imposed at the top 

right corners of figures d),f),h) and j). 

 

 Beyond these qualitative information, the porosity of the MUB-100 series has been 

evaluated by combining Mercury Intrusion Porosimetry (MIP) allowing for the determination 

of the bulk density (Figure 2), and helium (He) pycnometry, allowing for the determination of 
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the skeleton one (Table 2). The percentage of porosity has then been determined using the 

relation (1):  

  % of Porosity = [1- (bulk density/skeleton density)] *100            (1) 

with Porosity in % and the bulk and skeleton densities in g.cm
-3

 (See Table 2).   

 When considering the Figure 2, we have first to emphasize that the pore size distribu-

tions are the ones corresponding to the windows that restrict the mercury infiltration. There-

fore, the connecting cell-junctions, that can be seen in the Figure 1 (d,f,h,j) play a key role in 

this experiment, in contrast with the macroscopic cell themselves. As it is the case for 

Si(HIPE) materials,
5,15,16 

the cell junctions are rather polydisperse from 15 to 0.1 m with a 

tendency of expressing a bimodal character, being clearer for the MUB-100(4). Beyond the 

cell junction sizes, mercury porosimetry, in combination with He pycnometry, allows for the 

determination of the porosities and bulk densities (Table 2). 

 

Figure 2. Pore sizes distribution obtained through mercury porosimetry. MUB-100(1) blue 

dots, MUB-100(2) green dots, MUB-100(3) purple dots and MUB-100(4) red dots. For the 

sake of clarity the MUB-100(2) and the MUB-100(4) curves have been moved upward re-

spectively of 0.5 and 1.0 mL/g/m.  
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 As shown in Table 2, we can see that MUB-100(x) materials synthesized are highly 

porous, with a porosity around 96% for all samples. When increasing the amount of cobalt, 

we can observe a slight increase in the skeleton density with a disruption for the MUB-100(3) 

compound, while the bulk density remains constant in the limits of the error bars. The singu-

larity of the MUB-100(3) material is discussed further with the Ar and N2 physisorption 

measurements. 

Table 2. Bulk density measured by Mercury Intrusion Porosimetry, skeleton density meas-

ured by Helium pycnometry and calculated porosity using equation (1).  

 

 

 

 

 

 

3.2 Materials characterization at the mesoscopic length scale 

To get further insights into the nature of the porosity of the MUB-100(x) series, argon 

adsorption at 87K and nitrogen adsorption at 77K have been performed for the determination 

of their surface area (Figure 3). All the isotherms shows adsorption at low relative pressure 

highlighting the presence of microporosity, and a hysteresis loop at higher relative pressure 

(gas capillarity condensation), more or less pronounced depending on the sample, announcing 

the presence of mesoporosity. We can note a slight increase of the volume adsorbed in all the 

adsorption isotherms at high relative pressure that is announcing the material’s macroporosity. 

As shown in Table 3, we can see that BET surface areas are systematically lower when using 

Ar over N2.  

 

 

Sample 
Porosity (%) Skeleton density 

(g. cm
-3

) 

Bulk density 

(g. cm
-3

) 

Si(HIPE) 96± 2% 2.22± 0.01 0.085± 0.005 

MUB-100(1) 96± 2% 2.42± 0.01 0.089± 0.005 

MUB-100(2) 96± 2% 2.56± 0.01 0.087± 0.005 

MUB-100(3) 97± 2% 2.53± 0.01 0.083± 0.005 

MUB-100(4) 97± 2% 2.60± 0.01 0.083± 0.005 
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Table 3. Surface areas determined using both N2 and Ar.  

 

This can be explained by the quadrupolar nature of the N2 molecule, which is respon-

sible for the specific interaction with surface functional groups and therefore the cause of the 

observed virtual increase in surface area. This effect is even more visible when looking at the 

microporous surface area (Table 3). Indeed, it is well known that, besides affecting the orien-

tation of the N2 molecules, these specific interactions strongly affect the micropore filling 

pressure, so that the pore filling pressure is not clearly correlated with the pore size. In con-

trast to N2, Ar does not exhibit specific interactions with surface functional groups, thus al-

lowing for a much more accurate surface area determination for samples presenting functional 

surface groups. Thus, for these reasons and based on the recommendations reported in the 

IUPAC technical report of 2015 on the physisorption of gases, the results obtained with Ar 

will be also discussed in this work. We can notice that both micro- and mesoscopic surface 

areas obtained through Ar physisorption measurements are drastically decreasing from the 

Si(HIPE) to the MUB-100 series with the exception of the MUB-100(3) material where the 

surface areas appear slightly higher that the Si-(HIPE) and almost double when compared 

with their MUB-100(x) homologues. 

Sample 
N2-BET 

(m
2
.g

-1
) 

Ar-BET 

(m
2
.g

-1
) 

Smicro (N2) 

(m
2
.g

-1
) 

Smeso (N2) 

(m
2
.g

-1
) 

Smicro (Ar) 

(m
2
.g

-1
) 

Smeso (Ar) 

(m
2
.g

-1
) 

Si(HIPE) 930 874 425 505 271 603 

MUB-100(1) 450 413 180 270 113 300 

MUB-100(2) 584 530 195 389 57 473 

MUB-100(3) 988 912 383 605 152 912 

MUB-100(4) 439 387 133 306 31 356 
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Figure 3. Gas physisorption measurements: a) N2 adsorption-desorption curves, b) Ar adsorp-

tion-desorption curves. MUB-100(1) blue circles, MUB-100(2) green dots, MUB-100(3) pur-

ple dots and MUB-100(4) red dots. 

 

At first glance, we can say that the decrease of surface area is totally expected as we 

introduce either -Co(OH)2, Co3O4 and Co2SiO4 being intrinsically denser than SiO2. As the 

silica wt% is decreasing, all the micro- and mesoporosity associated with silica are decreasing 
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too, being less representatives of the whole materials porosity. This explanation is valid only 

if the silica intrinsic porosity remains constant while varying the cobalt content. Going into 

the details, we can notice that the microporosity from the Si(HIPE) to the MUB-100(1) is de-

creasing respectively from 271 m
2
.g

-1
 to 113 m

2 
g

-1
 (Table 3) while the latter is bearing only 

0.62 wt% of cobalt that is to say 8.4 10
-5

 cobalt atoms per SiO4 tetrahedron when considering 

its stoichiometry (Table 1). One may argue that this decrease of microporosity is due to the 

increase of the skeleton density combined with some cobalt “oxo” and/or “hydroxo” clusters 

trapped within the inter-SiO4 tetrahedrons microporosity, minimizing thereby its accessibility. 

Additionally, it has been demonstrated that the addition of Sr
2+

 or Ba
2+

 during the sol-gel-

induced epitaxial growth of SiO2 onto oriented silicon wafer favors “devitrification” that is to 

say, both higher packing density and organization of the SiO4 tetrahedrons within the geomet-

rical space, leading to -quartz nucleation and growth instead of amorphous silica.
33

 We may 

not exclude this “partial” process here where Co
2+

 may enhance the overall SiO4 packing den-

sity during the polycondensation, without going here to the full “devitrification” scenario up-

on calcination treatment. This highest SiO4 packing density may also intrinsically limit the 

MUB-100 microporosity, being lower in the case of the MUB-100(3). Still focusing on the Ar 

physisorption data, we can see that the MUB-100(2) material is bearing an higher mesoscopic 

surface area, over the MUB-100(1), despite bearing more -Co(OH)2. The tendency is the 

same when comparing the MUB-100(2) and MUB-100(3) materials where mesoscopic surface 

areas are increasing while increasing the cobalt content. This behavior is involving a “salting 

out” effect of the cobalt salt over the lyotrope mesophases, as discussed later in the text. Of 

course, this effect is also present for the MUB-100(4) but in that case the increase of the 

mesoscopic voids does not compensate anymore the increase of cobalt oxide content where 

the Co wt% is going from 1.46 to 9.90 (Table 1) resulting to a lower mesoscopic specific sur-

face area expressed per gram of sample. Considering the mesoscopic surface areas, the MUB-
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100(3) materials seems to provide the optimum configuration where both higher siliceous 

mesoscopic surface area is generated through a salting out effect with  additional surface area 

emerging from higher amount of cobalt oxide nanoparticles (Fig. 4 e,f). 

When addressing further the characterization at the mesoscopic length scale, we per-

formed TEM local investigations (Figure 4). We can notice that for both MUB-100(1) (Fig. 

4a, b), MUB-100(2) (Fig. 4b,c) and MUB-100(3) (Fig. 4e,f) some aggregates appear without a 

specific shape over mesoporous walls bearing locally a vermicular character. We intended to 

perform Transmission Electron Diffraction (TED) over these aggregates, which unfortunately 

do not diffract while considering solely the MUB-100(1) and MUB-100(2).  

Considering the silica structure, poorly organized vermicular mesoscopic voids, char-

acteristic of traditional Si(HIPE)
5
 is observed. With MUB-100(4), the configuration seen 

through TEM is rather different. First, we can notice very distinct and well-shaped 

nanocrystals being polydisperse in size (10-300 nm) (Fig. 4h, i). The second main difference 

relies on the mesoscopic voids distribution that, in addition to the vermicular mesophase, is 

rather more organized and present at the vicinity of the nanocrystals (Fig. 4h, i) where hexag-

onal-2D organization can be locally observed. At that stage, we have to address the driving 

force of the co-existence of this local hexagonal 2D voids organization. Without cobalt and at 

the same TTAB, TEOS concentrations and pH, the hexagonal 2D phase obtained here is sole-

ly vermicular like with traditional Si(HIPE) materials.
5
 Two parameters may be claimed to 

address this difference. First, the solvent in use in this study to wash the pre-calcined materi-

als is not THF anymore
5 

but CH2Cl2. The latter being poorly miscible with water will not lix-

iviate the tension-active molecules favoring thereby the 2D-hexagonal organization character-

istic of high TTAB concentrations. 
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Figure 4. Investigation at the mesoscopic length scale through TEM. a,b) MUB-100(1) c,d) 

MUB-100(2) e,f) MUB-100(3) g-i) MUB-100(4). 

 

The second explanation may rely on cobalt chloride salt that is providing a salting out 

effect
34

 toward the lyotropic mesophase, minimizing the surfactant capabilities to be soluble 

in water. As salt concentration increases, the salting out effect will induce, through aggrega-

tion of surfactant, a higher compact configuration while reaching organized hexagonal-2D 

configuration of the lyotropic mesophases. This observation is in good agreement with the 

results reported by Dag et al.
35

 and our previous results
15,16

 when dealing on the properties of 

mesoporous silica particles, or SBA15-Si(HIPE) prepared either from the assembly of CTAB 

and P123 or only P123. In this latter report, the authors have shown that the mesopore order-

ing is enhanced while increasing the salt concentration. Here, we would like to mention that 

whatever the salt concentration, the Debye length, that quantifies the range of electrostatic 
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repulsion, is always of the order of 0.3 nm due to presence of oxonium (H3O
+
) electrolytes 

(pH is adjusted at about 0.05 with HCl, below the silica isoelectric point being around pH 

2.1),
36 

avoiding thus a possible electrostatic screening scenario involved towards the MUB-

100 mesoporosity ordering. A third explanation of this hexagonal-2D organization present at 

the vicinity of the cobalt oxide crystals (Fig. 4g, h) would be a pseudo-epitaxial effect where 

the crystallization of the Co3O4 crystals during the thermal treatment will promote higher or-

ganization of the silica network at their vicinity. However, this explanation may be disre-

garded after establishing that the hexagonal-2D organization of the mesoscopic structure ex-

ists prior to the thermal treatment as evidenced from SAXS of the pre-calcined materials 

(Figure S2). Coming back to calcined materials, SAXS further supports the structural descrip-

tion at mesoscopic scales reached by TEM. As shown in Figure 5a, the smaller wave-vector 

part of the scattering intensity data exhibits, at the notable exception of the MUB-100(4) sam-

ple, the expected power-law decay with exponent -4 (Porod’s law)
37 

characteristic of clear-cut 

interfaces—here separating an “outer” empty medium (air) from an “inner” filled medium 

(silica). The significant departure from Porod’s law observed for the MUB-100(4) sample 

with a decay following a power-law with exponent -3, associated to a broad feature at small 

angles (ca. 0.06 Å
-1

), is attributed to the presence of cobalt-rich nanocrystals segregated from 

the silica matrix, as suggested by the TEM data (Fig. 4g,h). The diffraction peak associated to 

the hexagonal-2D organization of the mesoscopic structure (Figs. 5a, 5b) is always found at 

larger angles in the calcined materials, as especially clear in the Porod representation used in 

Figure 5b. The calcination also obviously increases disorder (compare to Fig. S2, with the so-

called “second order” peak less pronounced or absent) in addition to making the structure 

more compact. Another important point to address is the fact that for the MUB-100(4) and 

despite a synthetic Si/Co molar ratio of 0.57 the Co3O4 crystal sizes remain at the nanoscopic 

length scale, reaching 200-300 nm at most (Fig. 4g). 
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Figure 5. a) Small-angle scattering intensities (double logarithmic scale) for the reference Si-(HIPE) 

sample (black), and the three MUB-100(1) (blue), MUB-100(2) (green), MUB-100(3) (purple) and 

MUB-100(4) (red) samples. The colored dotted lines correspond to power-law decaying intensities 

with exponents close to -4 (Porod’s law) except for the MUB-100(4) sample where the exponent is 

found close to -3. b) Porod-like representation of the small-angle intensities scattered by the calcined 

materials, emphasizing the mesoporous structure of the reference Si-(HIPE) sample (black), and of the 

three MUB-100(1) (blue), MUB-100(2) (green), MUB-100(3) (purple) and MUB-100(4) (red) samples 

(ν is close to -4 as expected from Porod’s law, except for the MUB-100(4) sample where its value is 

found close to -3). The colored star marks the q
*
 location in reciprocal space of the characteristic 

structural peak arising from the 2D hexagonal phase used for the synthesis. Note that for the reference 

Si-(HIPE) sample a “second order” peak may be found at roughly √3 the “first order” peak (dagger 

symbol)—as expected for hexagonal 2D order. Associated structural parameters (derived from 2π/q
*
): 

Si-(HIPE) 3.38 nm, MUB-100(1) 3.21 nm, MUB-100(2) 3.14 nm, MUB-100(3) 3.24 nm and 

MUB-100(4) 3.40 nm. Note the presence at about 2π/100 Å
-1

 (upwards double arrow symbol), and 

for MUB-100(4) only, of a broad feature possibly associated to Co3O4 nanocrystals. 

 

This trend is certainly due to the synthetic sol-gel acidic condition where the silica 

network will bear a strong fractal character
36

 rather than Euclidean. As such, the silica net-

a)

b)
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work fractal character will show high specific surface where the Co3O4 nucleation enthalpy 

will be minimized, favoring the nucleation events towards the crystals growth, minimizing 

thereby their sizes. This feature is of importance when dealing with heterogeneous catalysis, 

as we will see later. 

 

 3.3 Materials characterization at the microscopic length scale 

 At the microscopic length scale, we first performed X-ray diffraction (XRD) to ad-

dress the cobalt oxide phases present within the MUB-100 series (Figure 6).  

 
 
Figure 6. XRD investigations: A) Si(HIPE) sample (black), B) MUB-100(1) (blue), C) MUB-100(2) 

(green), D) MUB-100(3) (purple) and E) MUB-100(4) (red). Red dash (111), (220), (311), (222), 

(400), (422), (511) and (440) main Bragg diffraction peaks of the Co3O4 cubic phase (JCPDS card No. 

74-1657). Blue dash (111), (031), (040), (131) and (222) main diffraction peaks that correspond to the 

Co2SiO4 olivine phase (JCPDS card No. 84-1298). 

 

 We can notice that for the MUB-100(1) and MUB-100(2) materials there is no Bragg 

peaks, in agreement with the TED investigations. We can observe only a broad hump centered 

at 23-24° (2 that corresponds to the amorphous silica network (statistical repartition of the 

SiO4 tetrahedron).
5
 Considering the MUB-100(3), XRD assesses the presence of spinel Co3O4 
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(Fig. 6D). We have performed aside TEM-TED (Figure S3) that shows additionally the pres-

ence Co2SiO4 nanostructures. For the MUB-100(4), XRD investigations evidence the pres-

ence of a biphasic system made of Co3O4 and Co2SiO4 (Fig. 6E), meaning that the phase 

Co2SiO4 is growing while increasing the Cobalt content. Unfortunately, both XRD and 

TEM/TED investigations were unsuccessful (no Bragg peaks detected) for the MUB-100(2) 

and MUB-100(1) materials. Considering the pale blue color of the MUB-100(1) monolith 

(Fig. 1b), we first intuited that the phase present was amorphous Co2SiO4,
38

 but this phase is 

normally appearing only above 1100°C when addressing acidic based-syntheses,
38

 while the 

thermal treatment applied here is reaching a maximum temperature of 700°C. To get the spi-

nel Co2SiO4 at relatively low temperature the synthetic path should be addressed under alka-

line conditions (above the silica isoelectric point) where the Co
2+

 species will have molecular 

affinity with the negatively charge silicate precursors.
39 

In the present cases, the Co2SiO4 

phase appears only above 3wt% of Co (Table 1, Fig. 6), certainly for the Co
2+

 species to be 

concentrated highly enough to both circumvent phase separation between positively charge 

siliceous precursors and the Co
2+

 and optimize the Co thermal diffusion when the thermal 

treatment is applied. On the contrary, at low Cobalt wt%, the phase separation between sili-

ceous precursor and silica is effective during the sol-gel synthetic step, while providing the -

Co(OH)2 embedded within the siliceous host when the thermal treatment is applied. As the -

Co(OH)2 phase is amorphous, we have decided to run magnetic susceptibility () experiments 

in order to collect more information on the chemical structure of the MUB-100(1) and MUB-

100(2), that present a lower cobalt content. As such, magnetic properties of the MUB-100(1) 

and MUB-100(2) materials have been studied using dc susceptibility measurements. In 

agreement with a paramagnetic behavior, the temperature dependence of the reciprocal sus-

ceptibility (1/) is linear above 50 K for the two materials. They can be fitted to a Curie-

Weiss law (CW = C/(T–)) with Curie constants of C = 0.0287 and 0.0656 cm
3
 K mol

-1
 and 
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Weiss temperature of  = +7.6 and +5.6 K for MUB-100(1) and MUB-100(2), respectively 

(left part of Figure S4). Based on these positive Weiss constants, ferromagnetic interactions 

are dominant in these materials likewise the bulk -Co(OH)2 phase, which displays an antifer-

romagnetic order below 12.3 K.
40,41

 Curie constants are consistent with the expected amount 

of S = 3/2 Co
2+

 centers. When normalized for one S = 3/2 Co
2+

 center, the Curie constant are 

3.59 and 3.45 cm
3
 K mol

-1
 for MUB-100(1) and MUB-100(2) respectively, which corresponds 

to large g factors of 2.77 and 2.71 expected for S = 3/2 Co
2+

 systems.
42

 Above 100 K and in 

agreement with the 1/ vs T data, the T products for MUB-100(1) and MUB-100(2) are al-

most constant to the above estimated Curie constants (right part of Figure S4). At lower tem-

peratures, the T product increases and shows a clear maximum around 8.2 K confirming the 

presence of dominant ferromagnetic interactions. Zero-Field-Cooled (ZFC)–Field-Cooled 

(FC) experiments have been performed below 100 K (left part of Figure S5). A bifurcation of 

the ZFC/FC data is observed below 5 K indicating the presence of magnetic bistability likely 

associated to surface effects of -Co(OH)2 nanoparticles and the blocking of the magnetiza-

tion (with a blocking temperature TB around 3.8 K at 0.4 K/min).
40

 The field dependence of 

the magnetization (M) at 2 K confirms the presence of a magnetic bistability (hysteresis) as 

shown in the right part of Figure S5. At 9 T, the magnetization is almost saturated to 0.0205 

and 0.0549 μB for MUB-100(1) and MUB-100(2), respectively. These values correspond to 

2.6 and 2.9 μB per Co
2+

 ions in agreement with the presence of a large Co
2+

 zero-field split-

ting, which induces a marked decrease of the magnetic moment. At 2 K, the remnant magnet-

izations are 0.0036 and 0.0083 μB with associated coercive fields of 870 and 710 Oe for 

MUB-100(1) and MUB-100(2) (at 0.2 T/min), respectively. Overall, the magnetic properties 

of the MUB-100(1) and MUB-100(2) materials are consistent with their respective chemical 

composition (Table 1) and the presence of superparamagnetic-Co(OH)2 nanoparticles as 

already described in the literature.
40,41

 For MUB-100(4), 1/ vs T plot is also linear above 50 
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K, that can be fitted to a Curie-Weiss law with C = 0.284 cm
3
 K mol

-1
 and  = –13.8 K (left 

part of Figure S4). As for MUB-100(1) and MUB-100(2), this material is paramagnetic but, in 

this case, dominant antiferromagnetic (AF) interactions between spin carriers are detected as 

expected in presence of bulk Co3O4.
42

 Based on the chemical composition (Table 1), the Curie 

constant per Co
2+

 is 3.42 cm
3
 K mol

-1
, which includes the Co

2+
 sites of the -Co(OH)2, Co3O4 

and Co2SiO4 phases (implying an average g factor of 2.70; it is worth mentioning that Co
3+

 

are diamagnetic metal ions). When decreasing the temperature, the T product slightly de-

creases down to 50 K, confirming the presence of dominant AF interactions in the material 

(right part of Figure S4). The maximum of the T product at 8.2 K (inset of Figure S4 right 

part) and the ZFC/FC data below 5 K (inset of Figure S5 left part) confirm the presence of the 

superparamagnetic -Co(OH)2 nanoparticles as already observed in MUB-100(1) and MUB-

100(2). In the T vs T data shown in Figure S4 (right part), a clear anomaly at 45 K is ob-

served, which is likely the reminiscent of the antiferromagnetic order expected in bulk 

Co3O4.
39

 In the same temperature range, the ZFC/FC data in Figure S5 (left part) show also a 

bifurcation point suggesting the presence of a magnetization blocking typical of 

superparamagnetic Co3O4 nanoparticles.
42

 The M vs H data at 2 K, shown in the right part of 

Figure S5, exhibits a hysteresis loop with a coercive field of 500 Oe, similarly to that ob-

served for MUB-100(1) and MUB-100(2) and in agreement with the blocking of the -

Co(OH)2 nanoparticles. At 2 K, the remnant magnetization is 0.010 μB while the magnetiza-

tion value at 9 T is 0.132 μB which corresponds to 1.59 μB per Co
2+

 ion (inset of Figure S5 

right part). The magnetic properties of MUB-100(3) are similar to those measured for MUB-

100(1) and MUB-100(2), indicating a predominant -Co(OH)2 phase. 1/ vs T plot is linear 

above 50 K and can be fitted to a Curie-Weiss law with C = 0.0994 cm
3
 K mol

-1
 and  = 

+11.4 K (left part of Figure S4). This material is thus paramagnetic with dominant ferromag-

netic interactions between spin carriers. The maximum of the T product at 8.2 K, the diver-
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gence of the ZFC/FC data below 5 K (Figure S5 left part; at 0.4 K/min) and the hysteresis of 

M vs H plot (with a coercive field of 810 Oe at 0.2 T/min; Figure S5 right part) confirm the 

presence of the superparamagnetic -Co(OH)2 nanoparticles. No clear magnetic signature of 

the Co3O4 phase (i.e. bifurcation on the ZFC/FC data around 45 K as seen for MUB-100(4)) is 

observed. Nevertheless, considering only the presence of the -Co(OH)2 phase (i.e. only Co
2+

 

ions), the Curie constant per Co
2+

 site is surprisingly low around 2.21 cm
3
 K mol

-1
 (implying 

an average g factor of 2.17). Taking into account the presence of few percent of Co
3+

 diamag-

netic metal ions and the Co
2+

 metal ions from the -Co(OH)2, Co3O4 and Co2SiO4 phases as 

reported in Table 1, the Curie constant per Co
2+

 reaches 2.50 cm
3
 K mol

-1
 (implying an aver-

age g factor of 2.31) and becomes more reasonable based on previously reported systems. At 

2 K, the remnant magnetization is 0.014 μB while the magnetization value at 9 T is 0.072 μB 

corresponding to 1.81 μB per Co
2+

 ion. It is worth noting that the presence of the Co2SiO4 

phase is not confirmed by the magnetic measurements on these four samples. For MUB-

100(3) and MUB-100(4), this apparent discrepancy is indeed well explained by the extremely 

small quantity of the Co2SiO4 phase detected by other physical characterizations (Table 1). To 

summarize, the chemical compositions given in Table 1 with the presence of the different 

magnetic phases, -Co(OH)2, Co3O4 and Co2SiO4, are qualitatively and quantitatively coher-

ent with the reported magnetic measurements.  

 

 3.4 CO oxidation through heterogeneous catalysis 

 The catalytic performances of the MUB-100 series were evaluated in the oxidation of 

carbon monoxide with oxygen. CO is a colorless, odorless, tasteless, and non-irritating gas, 

which makes it very difficult for humans to detect, but it is a poisonous gas to all life forms 

that respire due to its high affinity with hemoglobin. The catalytic oxidation of CO is a very 

important reaction in many applications such as in automotive and residential air cleaning 
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technologies, gas masks for firefighters, CO detectors, and selective oxidation of CO in 

reformer gas for fuel cell applications.
44,45 

Commercial catalysts for CO oxidation are mainly 

constituted of noble metals, which remain too expensive to be further used widely. Therefore, 

more attention has been paid for developing efficient and low-cost oxidation catalysts.  

The CO oxidation reaction towards CO2 is based on a competitive mechanism of 

adsorption on the active sites between the CO and O2 molecules.
46

 In this study, the CO/O2 

ratio used was equal to 0.4, corresponding to a value allowing to work in appropriate 

experimental conditions. Indeed, for this reaction, the O2 adsorption at the surface of the 

catalysts is known to be much weaker than the CO one. Consequently, even with a low CO/O2 

ratio, the active sites are not blocked by the presence of higher quantity of O2 molecules.
47

 In 

addition, an excessive CO concentration in the fed gaseous mixture may cause a decrease in 

the catalytic activity by hindering the adsorption and dissociation of active O2 molecules. 

Figure 7 displays the catalytic performances of the four MUB-100 materials during the CO 

oxidation as a function of the reaction temperature. The results are presented in terms of CO 

conversion (Fig. 7 left part) or specific activity (Fig. 7 right part) representing the quantity of 

CO mol converted to CO2 per second divided by the mass of Co (active species) contained in 

the evaluated sample (mmol(CO).g(Co)
-1

.s
-1

).  

 

 

 

 

 

 

 

 

 
Figure 7. Left: CO conversion (%) vs temperature for MUB-100(1) (blue dots), MUB-100(2) (green 

dots), MUB-100(3) (purple dots) and MUB-100(4) (red dots). Right: Specific activity vs temperature 
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for MUB-100(1) (blue dots), MUB-100(2) (green dots), MUB-100(3) (purple dots) and MUB-100(4) 

(red dots). 

 

Among the four catalysts, only the MUB-100(4) was able to totally convert the CO 

before 500°C under the experimental conditions used, achieving 50% of conversion for a 

light-off temperature T50 of 145°C. This T50 value reveals a high efficiency for the MUB-

100(4) in CO oxidation, since catalysts presenting similar composition (10 wt%Co/SiO2) were 

found much less active in the literature. For instance, Lima et al. prepared two Co/SiO2 

catalysts (with 10 wt%) by sol-gel one pot (Op) and impregnation (Im) methods, and obtained 

T50 values around 425°C (Op sample) and 270°C (Im sample) under operating conditions 

similar to the ones used here.
48

 With a 12 wt%Co/SBA-15 catalyst prepared by impregnation 

of cobalt acetate on sol-gel SBA-15 material, Kuboňová et al.
49

 observed a T50 temperature of 

164°C under experimental conditions more propitious since they used a feed containing 0.1 

mol%CO with WHSV = 60,000 L.h
-1

.kg
-1

 compared in this study to 11.6 mol%CO with 

WHSV = 120,000 L.h
-1

.kg
-1

. Several authors have reported that generally Co-silica materials 

give poor performances in CO oxidation in contrast to Co-alumina or Co-titania, due to the 

weak interactions existing between silica and cobalt oxide leading to the sintering of Co 

species during the thermal treatment.
17,50

 The synthetic path used in this study to design the 

CoOx-SiO2(HIPE) macro-mesocellular (MUB-100) catalysts seems then efficient to maintain 

the high dispersion of the cobalt species while ensuring a high accessibility to the active sites. 

Indeed, the “one pot” synthetic path operating at low pH will promote a silica network with a 

fractal character that favors cobalt oxide nucleation events versus their growth, implying the 

tendency of generating nanocrystals. As “one pot” syntheses, the native nanocrystals are 

embedded within the silica network but still accessible through the mesoscopic voids. 

Beyond, the presence of a noticeable quantity of Co3O4 nanoparticles in the MUB-100(4) 

sample can also contribute to explain its high conversion. This spinel structure is considered 
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as the most active of the three cobalt oxides CoO, Co2O3 and Co3O4.
51-53

 To corroborate this 

point, the MUB-100(4) sample was reduced under hydrogen flow as follows: MUB-100(4) 

sample was placed in a cylindrical furnace and pure H2 was introduced until reaching a 

pressure of 2 bar. Then the sample was vacuumed for 3 minutes. This process was repeated 3 

times to ensure the lowest O2 content in the furnace. Then, the sample was submitted to pure 

hydrogen flow (with a slight over pressure of 1.05 bar) and the temperature was increased to 

400°C at 10°C min
-1

. After 1 day, the sample was cooled down to room temperature still 

under H2 flow. When the temperature reached 50°C, the hydrogen flow was stopped while 

maintaining the pressure at 1.05 bar. The reduced MUB-100(4) material being now 

amorphous (Figure S6) was then evaluated for CO oxidation (Figure S7) revealing a decrease 

of the catalytic performances for CO oxidation. The TPR profile obtained during the 

reduction process (reported in Figure S8) shows that the reduction of the oxidized species 

occurs in a temperature range comprised between 330 and 430°C, the maximum of the 

consumption peak being located at 384°C. This peak is generally associated to the reduction 

of Co3O4 species to CoO.
52-54

 Actually, the H2 consumption deduced from the TPR profile 

(489 µmol H2.g
-1

(catalyst)) appears in good agreement with the quantity necessary to reduce 

all the Co3O4 phase contained in the MUB-100(4) sample considering the stoichiometry given 

in Table 1 and following the reduction reaction (2):  

    Co3O4 + H2  3 CoO + H2O  (2) 

The absence of a second peak on the TPR profile for the reduction of Co
2+

 to Co° can 

be linked to the formation of cobalt silicate species, stabilizing the +II oxidation state due to 

Co species in strong interaction with the silica support, generally needing a higher 

temperature (> 600°C) to be reduced.
48 

Consequently, it seems that the reduction of the Co3O4 

phase is unfavorable on the catalytic performances. The catalytic experiments being 

performed with the same mass of catalyst (50 mg) whatever the MUB-100 sample, it is 
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logical that for a given temperature, the CO conversion in Fig. 7 (left) evolves accordingly 

with the Co content in the following order: MUB-100(4) > MUB-100(3) > MUB-100(2) > 

MUB-100(1). One may argue that this effect is due to lowering the materials intrinsic heat 

capacities while increasing the Co content. However, this is not the case when considering the 

Figure S9, we can notice that whatever the temperature range the material heat capacities 

evolve as followed: MUB-100(4) > MUB-100(3)> MUB-100(2) > MUB-100(1). Aside, the 

specific activity calculated from the conversion values allows comparing the performances of the 

four MUB-100 samples on the basis of a same Co mass. It must be emphasized that for 

conversion values reaching 100% (case of the MUB-100(4) material), the calculation of the 

specific activities per g of Co is underestimated since the mass of Co present in the sample 

exceeds necessarily the quantity needed to totally convert the CO molecules. The results given in 

Fig. 7 (right) show the MUB-100(3), MUB-100(2) and MUB-100(1) materials do not convert CO 

before 275-300°C (compared to 125°C in the case of MUB-100(4)). For these samples, the CO 

conversion remains below 20% but between 325-400°C. Finally, the specific activities of the less 

loaded catalyst (MUB-100(1)) are in general superior to the ones displayed by MUB-100(2) and 

MUB-100(3) indicating the presence of a higher quantity of active species in this sample, 

probably resulting from a better dispersion of the cobalt entities. Despite the presence of a Co3O4 

phase on the MUB-100(3) material, this sample displays a specific activity higher than those of 

the MUB-100(1) and MUB-100(2) catalysts only after 450°C, indicating that the quantity of Co 

species involved in this Co3O4 phase remains here too limited. 

Finally, the catalyst thermodynamic stabilities have been verified while cycling 

(Figure S10) indicating a very minimal evolution of the catalytic performances of the MUB-

100(4) material during four consecutive cycles of CO oxidation (the catalyst not having 

undergone any heat treatment between each cycle).  

 

4. CONCLUSIONS 
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 Through the integrative chemistry synthetic path
56

, we have combined sol-gel process 

and physical chemistry of complex fluids to generate the first series of mixed oxides CoOx-

SiO2(HIPE) macro-mesocellular monolithic materials, labeled MUB-100(x). These porous 

materials are bearing an average porosity of 94%. At the mesoscopic length scale, the voids 

organization is biphasic vermicular-hexagonal 2D where the hexagonal 2D is retained further 

after calcination at 700°C while increasing the cobalt concentration during the materials 

formulation. The materials depict surface areas between 400-500 m
2
 g

-1
 assessed through Ar 

physisorption investigations. For the lowest cobalt concentrations MUB-100(1) and MUB-

100(2), magnetism measurements reveal the -Co(OH)2 nature of the nanocrystals embedded 

within the silica matrix while the XRD patterns depict an amorphous character. Considering 

the mixed oxides bearing the highest cobalt content, the systems is biphasic with both the 

Co3O4 spinel and the Co2SiO4 olivine structures. The one pot synthetic path is operating at 

low pH, promoting thus a silica network with a fractal character. This type of silica network is 

favoring cobalt oxide nucleation events versus their growth favoring the generation of 

nanocrystals, which is true even at the starting silica/cobalt molar ratio of 0.57 for the MUB-

100(3) compound. These porous materials have further been tested towards the CO oxidation 

into CO2. Considering this catalytic application, the MUB-100(4) was able to totally convert 

the CO flow before 200°C (starting at 125°C) while achieving 50% of conversion for a light-

off temperature T50 of 145°C, enlightening thereby the high efficiency of the MUB-100(4) 

regarding CO oxidation. On the other hand, we showed that the specific activity normalized 

per the Co mass depicts a cross-over where the MUB-100(3), MUB-100(2) and MUB-100(1), 

that do not convert CO before 275-300°C, present superior specific activities at high 

temperature compared to MUB-100(4). We have thus applied hydrogen-based partial 

reduction to the MUB-100(4) material in order to express further the Co
2+

 species abundance 
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and/or to create amorphous -Co(OH)2 based supported catalyst. This material appeared less 

active than the non-reduced analogue MUB-100(4) material indicating a lower activity for the 

CO oxidation of the cobalt (II)-type species compared to the Co3O4 phase. 
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