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Abstract

Co3O4@SiO2 yolk-shell materials containing C0 3O4 nanoparticles protected against 

aggregation and easily accessible for gaseous reactants inside a mesoporous SiO2 shell were 

developed for the catalytic combustion of volatile organic compounds (VOCs). Spherical 

polymer templates with an appropriate cation adsorption capacity were used as scaffolding for 

the construction of these structures by the bottom-up strategy. An application of polystyrene 

led to accumulation of introduced cobalt phase within the SiO2 layer and favored the formation 

of catalytically inactive Co silicate species. On the other hand, poly(maleic anhydride-co- 

divinylbenzene) modified with diethylenetriamine gave improved penetration of the composite 

interior by Co2+ cations and highly dispersed Co3O4 nanoparticles after calcination. The latter 

materials appeared excellent nanoreactors for the catalytic combustion of toluene. The real role 

of the active phase was determined by characterization of the developed catalysts with XRD,
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N2 adsorption, SEM-EDS, UV-Vis-DR, FT-IR, H2-TPR, isothermal oxidation-reduction 

analyses, XPS, XAS and electrochemical measurements.

Keywords: total oxidation; volatile organic compounds; yolk-shell materials; CoOx-containing 

catalysts; nanoreactors

1. Introduction

Volatile organic compounds (VOCs) released into the atmosphere from natural sources 

(e.g. volcanic eruptions, plant vegetation, or metabolic processes of some fungi and bacteria) 

and as a result of human activity (e.g. combustion of fossil fuels, production and use of paints, 

adhesives, solvents, cleaning agents, cosmetics and personal care products) are very harmful 

for the environment and human health. VOCs contribute to atmospheric chemical reactions and 

are responsible for the formation and evolution of secondary organic aerosols, photochemical 

smog and tropospheric ozone [1-3]. On the other hand, some VOCs are toxic and can cause 

health problems such as skin, eye and respiratory irritation, as well as negatively affect nervous 

system, liver and kidney. Long-term exposure to VOCs may increase the risk of allergies, 

asthma, pneumonia and even cancer [4,5]. Hence, development of effective and inexpensive 

methods of VOCs abatement is needed in order to reduce their concentration in the atmosphere. 

Among various proposed technologies, catalytic combustion looks very advantageous for the 

elimination of low-value and highly dispersed organic pollutants [6 -8 ].

The best catalytic performance in the combustion of VOCs (mainly to CO2 and H2O) is 

usually achieved in the presence of precious metals (including Pt, Pd, Ag, Au or Ir) deposited 

on various supports [9-16]. However, high cost of production and relatively high susceptibility 

to deactivation, due to permanent binding of compounds containing sulfur and halogens, are 

strong disadvantages of these systems. On the other hand, single and mixed metal oxides were
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indicated as an attractive alternative [17]. In their case, apart from typical mechanisms of 

oxidation process running on surface sites, i.e. the Langmuir-Hinshelwood and Eley-Rideal 

mechanisms, another Mars-van Krevelen redox mechanism can be activated. The latter reaction 

path involves a lattice oxygen, which oxidizes an organic molecule. In a subsequent step the 

generated oxygen vacancy is reoxidized by molecular oxygen from the gas phase. Catalysts 

working efficiently in accordance with the Mars-van Krevelen mechanism must have a high 

adsorption capacity and, above all, mobility of lattice oxygen. Hence, oxide systems 

characterized by good redox ability show enhanced activity in the VOCs combustion. This 

condition is met mainly by Cu, Co, Ce and Mn oxides [18]. Furthermore, it was shown that the 

formation of Lewis acid sites on such oxide surface opens the possibility of simultaneous 

removal of VOCs (by catalytic oxidation) and NOx (by selective catalytic reduction with 

ammonia) [19]. The activity of oxide catalysts is not as sensitive to the presence of typical 

poisons as noble metal-based materials [20]. Nevertheless, achieving high conversions at 

relatively low temperatures is a quite challenge in this case. In a consequence, various 

appropriately selected synthesis methods (e.g. coprecipitation, sol-gel, electrodeposition, 

templating, hydrothermal) are used to provoke the expected behavior of oxide surface related 

to abundant oxygen vacancy defects [2 1 ]. In the case of MnOx materials, the oxygen-vacancy 

defect engineering resulting in enhanced oxygen storage capacity and low-temperature 

reducibility can be based on controlled calcination temperature and doping with other elements. 

Wang et al. [22] showed that the introduction of Fe into the akhtenskite-type MnO2 structure 

leads to replacing Mn4+ ions present in the ideal MnO2 structure with low-valence Mn3+ or Fe3+ 

ions. The two types of formed vacancies are characterized by various activity in the toluene 

combustion. From this point of view, even better catalytic effects are obtained by introducing 

Con+ ions into the MnOx structure [23]. The performed experiments and density functional 

theory (DFT) calculations confirmed an active role of Co-O-Mn entities. They catalyze the
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oxidation process, but also dissociation of water into active O* and lattice OH species [24]. On 

the other hand, Co catalysts present an excellent performance in the combustion of VOCs. The 

particularly favorable results are obtained over the Co3O4 spinel phase. However, the active 

phase must be formed in such a way as to show adequate reducibility induced by a high 

dispersion of Co3O4 crystallites [25].

Taking into account the above premises and tendency of highly dispersed oxide systems 

to sinter at elevated temperatures, in this work we focused on proposing an original approach 

to forming highly active and stable Co3O4-based systems. Catalytic nanoreactors with a yolk- 

shell structure, built of permeable, high-surface, mesoporous SiO2 shells protecting inside 

highly active Co3O4 nanoparticles, were developed. A free arrangement o f Co3O4 nanoparticles 

and an appropriate space of the nanoreactor, guaranteeing effective transfer of heat released as 

a result of the combustion reaction, inhibited their tendency to aggregation. For the synthesis 

of Co3O4@SiO2 nanoreactors, a specially developed approach was proposed based on the use 

of spherical polymer templates with adsorption properties towards Co2+ ions, used as a 

precursor of the active phase. The properties of materials synthesized with the polymer core 

characterized by high adsorption capacity (poly(maleic anhydride-co-divinylbenzene) modified 

with diethylenetriamine) and one without this feature (polystyrene) were discussed in the work. 

In the first case, the material with the designed structure was obtained, showing excellent 

catalytic performance in the toluene combustion, whereas in the latter one, the formation of 

surface Co silicate phase, inactive in the studied catalytic process, but with very interesting 

electrochemical parameters, was observed.

2. Experimental

2.1. Catalyst preparation

MA-DVB-DETA template
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An amount of 19.648 g of maleic anhydride (MA, Sigma-Altóch, > 99.0%, 0.2 mol) was 

dissolved in 480 mL of 2-butanone (MEK, Chempur, > 99.0%) in a 2 L round bottom flask 

under moderate agitation (400 rpm) provided by a magnetic stirrer. Subsequently, 310 mL of 

n-heptane (Chempur, > 99.0%) and 19.424 mL of divinylbenzene (DVB, Sigma-Aldrich, 

technical grade, 0.21 mol of vinyl groups) were added. The flask was additionally equipped 

with a reflux condenser and an inert gas insertion tube. The solution was purged with N 2 (Air 

Products, grade 5.2) for 20 min before heating in an oil bath to 55 °C. After stabilization of the 

final temperature, 1.76 g of 2,2'-azobisisobutyronitrile (AIBN, BDH Chemicals Ltd, > 97.0%) 

in 10 mL of MEK was added into the flask. N2 was still passed for another 5 min. Then, the 

mixture was heated to 70 °C and left unmixed for 24 h. The formed MA-DVB copolymer 

particles were separated by double centrifugation and sonification using MEK as the solvent. 

The solid product was dried at 60 °C overnight.

The obtained MA-DVB copolymer was subsequently modified with diethylenetriamine 

(DETA, Sigma-Altóch, > 99.0%). The copolymer particles (35 g) were suspended by 

sonification in 560 mL of tetrahydrofuran (THF, Chempur, > 99.0%) in a 2 L round bottom 

flask, which was kept in an oil bath on a magnetic stirrer. After reaching the maximum mixing 

power, 35 mL of DETA diluted in 170 mL of THF was dropped during 30 min. The mixture 

was heated to 50 °C and left for 24 h. The MA-DVB-DETA copolymer was isolated by double 

centrifugation and sonification, and washed with THF. Finally, it was dried in a dryer at 60 °C.

PS template

The polymerization reaction was carried out in a 250 mL cylindric reactor equipped with 

a mechanical stirrer, a reflux condenser and an inert gas insertion tube. 0.75 g of sodium dodecyl 

sulfate (SDS, Sigma-Altóch, > 99.0%) was dissolved at 40 °C in 70 mL of water purged with 

N2 under vigorous mixing (240 rpm). Next, 43.75 g of styrene (Sigma-Al&ich, > 99.0%) was
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added dropwise followed by rising temperature to 55 °C. After reaching this temperature, 0.4 g 

of 2,2'-azobis(2-methylpropionamidine)dihydrochloride (AIBA, Sigma-Al&ich, > 97.0%) in 5 

mL of water was introduced. Subsequently, the reaction mixture was heated to 67 °C and 

maintained for 5 h under these conditions. The final suspension was cooled to room 

temperature, frozen at -80 °C (reached in a liquid nitrogen ethanol bath) and lyophilized at 1 

mbar for 48 h.

Formation o f  polymer@SiO2 core-shell spheres

In the next step, a silica layer was deposited on the surface of the MA-DVB-DETA and 

PS spheres in an aqueous solution using tetraethyl orthosilicate (TEOS, Sigma-Aldrich, > 98%) 

as the SiO2 precursor. The hydrolysis of TEOS took place under basic conditions provided by 

the addition of ammonia solution (28-30%, J. T. Baker). Briefly, 0.5 g of the polymer template 

was added to 5 mL of H2O and the resulting slurry was sonicated for 10 min. Then, it was 

introduced under stirring into a solution containing 0 .8  g of hexadecyltrimethylammonium 

bromide (CTAB, Acros Organics, > 99.0%) dissolved in 150 mL of ethanol (Alpinus, > 99.9%) 

and 350 mL of H2O. After 1 h, 5 mL of TEOS and 5 mL of ammonia solution were added 

dropwise and the mixture was stirred for 24 h. The prepared materials (denoted as MA@SiO2 

and PS@SiO2, respectively) were left unstirred in the mother solution for another 24 h, then 

centrifuged, washed with ethanol, and dried at 60 °C.

Modification o f  polymer@SiO2 with Co2+ cations

Before the further modification, the remaining CTAB was eliminated from the 

polymer@SiO2 materials with the formed silica precursor deposited on the surface of the 

polymer spheres. To remove the surfactant, approximately 1 g of polymer@SiO2 was 

introduced to a mixture containing 120 mL of ethanol with 120 pl of hydrochloric acid (35-
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38%, Chempur). The mixture was refluxed in an oil bath for 3 h. Subsequently, the samples 

were again centrifuged, washed with ethanol, and dried at 60 °C.

The modification of polymer@SiO2 with Co2+ cations was made using two strategies -

(i) incipient wetness impregnation (path i) and (ii) equilibrium adsorption (path s). The path i 

included infiltration o f the composite’s structure with an aqueous solution containing an 

appropriate amount of cobalt(II) nitrate(V) hexahydrate (Honeywell, > 98%) selected so as to 

obtain concentration of 5, 10 or 15 wt% of Co in the material after calcination. The impregnated 

samples were dried at 60 °C for 24 h and calcined at 550 °C for 4 h (heating rate of 1 °C m in- 

1) in order to remove the polymer core and form Co3O4@SiO2 yolk-shell composites, which are 

marked as MA(PS)@SiO2_iCox (where x is the actual Co content in the final catalyst 

determined by XRF).

Alternatively, in the path s, 0.5 g of the composite was added to 40 mL of an aqueous 

solution of cobalt(II) nitrate(V) hexahydrate at an appropriate concentration (0.1, 0.2 or 0.3 M). 

Adsorption was carried out at room temperature for 24 h. The samples were then centrifuged 

and dried/calcined under identical conditions as the path i. The resulting materials were named 

MA(PS)@SiO2_sCox.

For comparison, an additional series of materials (@SiO2_iCox) was prepared. In this 

case, impregnation with an aqueous solution of Co(NO3)2 was carried out after prior removal 

of the polymer core from the MA@SiO2 composite by calcination (550 °C, 4 h). As before, 

three different intended cobalt loadings (5, 10 and 15 wt%) were used, and the modified 

materials were re-calcined under the same conditions.

2.2. Characterization

C, H, and N contents in polymer templates were determined in a FLASH 2000 elemental 

analyzer (Thermo Fisher Scientific), whereas energy dispersive X-ray fluorescence (XRF)
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spectrometer (ARL Quant’x , Thermo Scientific) was used for analysis of chemical composition 

of Co-containing catalysts. Thermogravimetric analysis (TGA) was carried out with an SDT 

Q600 thermobalance (TA Instruments) in flowing air (100 m L m i n -1) from 30 °C to 900 °C at 

a heating rate of 20 °C min-1. Average ^-potential was measured at 25 °C using dynamic light 

scattering (DLS) in a Zetasizer Nano ZS instrument equipped with a maximum 4 mW He-Ne 

laser at 633 nm wavelength (Malvern Instruments Ltd.). Before measurements samples were 

dispersed in a mixture of ethanol and water (30:70) by sonication to obtain concentration of 0.1 

wt.%.

Morphology of samples was studied in an Apreo 2S LoVac scanning electron microscope 

(Thermo Fisher Scientific). For imaging, the secondary electron (SE) mode was applied at 

accelerating voltage of 20 kV. Furthermore, energy dispersive X-ray spectroscopy (EDS) was 

used to examine distribution of Co. Samples were mounted on a conductive carbon tape and 

coated with ca. 10 nm gold layer using a Safematic CCU-010 HV vacuum sputter coater. 

Textural properties of materials were studied with low-temperature adsorption of nitrogen at 

-196 °C using a Micromeritics ASAP 2020 sorptometer. Prior to measurements, samples were 

outgassed at 200 °C for 5 h under vacuum. X-ray diffraction (XRD) patterns were collected in 

a D2 Phaser (Bruker) diffractometer using a Cu-Ka (A, = 1.54056 À) radiation source in a 20 

range of 10-70° with a step of 0.02°. Fourier transform infrared (FTIR) spectra were recorded 

on a Nicolet 6700 spectrometer (Thermo Scientific) using an attenuated total reflectance (ATR) 

or diffuse reflectance (DRIFT) mode (200 scans, resolution = 4 c m 1). Spectrophotometric 

measurements (UV-Vis-DR) were performed using a Nicolet Evolution 600 (Thermo 

Scientific) spectrometer in a reflection mode for samples diluted in KBr powder to 4 wt%. The 

spectra collected within a X range o f 190-1100 nm with resolution of 1 nm and scanning time 

of 60 min-1 were finally converted to the Kubelka-Munk function.
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X-ray photoelectron spectroscopy (XPS) was carried out in a Prevac system equipped 

with a hemispherical analyzer (VG SCIENTA R3000) and a monochromatized aluminum 

source AlKa (E = 1486.6 eV). To compensate a surface charge, a low energy electron flood 

gun (FS40A-PS) was used. Binding energies in measured spectra were corrected by referring 

to a position of C 1s peak (Eb = 284.8 eV). Deconvolution was done after fitting the Shirley 

background using a peak shape described by the mixed function of Gauss and Lorentz 

(GL = 30). The spectra were processed using the CasaXPS software.

X-ray absorption spectroscopy (XAS) was used to determine the oxidation state of Co. 

The measurements were conducted at a PIRX beamline in the SOLARIS National Synchrotron 

Radiation Centre in Kraków, Poland [26,27]. The PIRX beamline is a bending magnet beamline 

that gives access to energy range 100-2000 eV with energy resolution ÀE/E of 2.5 x 10' ' 4 Two 

detection modes, namely total electron yield (TEY) by measuring a sample current and partial 

fluorescence yield (PFY) using a SDD fluorescent detector, were applied. Samples were 

mounted on a holder using a conductive carbon adhesive tape to avoid charging effects. The 

beam size (FWHM) at a sample was 160 ^m x 40 |im (h x v). The collected spectra were 

normalized using the PyMCA software.

Temperature-programmed reduction (H2-TPR) measurements were carried out in a home

made equipment using 50 mg of a powder sample. A total flow rate of the reducing Ar/H2 (95/5) 

mixture was 27.8 mL mi n  -1. The H2-TPR profiles were recorded at a linear temperature 

increase (heating rate of 10 °C min-1) within the range of 100-900 °C using a thermal 

conductivity detector placed directly after a cold trap (-40 ±3 °C) used to remove produced 

water. The amount of hydrogen consumed during the reduction reaction was calculated based 

on calibration with CuO as a reference.

The isothermal oxidation-reduction analyses were done using an SDT Q600 

thermobalance (TA Instruments). An amount of 20 mg of a sample was initially degassed under
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air atmosphere (total flow rate 100 m L m in-1) by heating from 30 °C to 550 °C at a heating rate 

of 20 °Cmin -1 and maintained at the final temperature for 3 h. Subsequently, the sample was 

cooled to 300 °C and maintained at this temperature for next 6  h. Finally, the catalyst was 

exposed alternatively to N2 and air atmosphere (total flow rate 100 m L m in-1) for reduction and 

oxidation, respectively, at constant temperature of 300 °C. The reduction steps lasted 2 h, while 

the oxidation step -  1 h. In 4 subsequent cycles of reduction/oxidation mass changes were 

determined.

2.3. Electrochemical studies

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were performed on an Autolab PGSTAT302N system (Eco Chemie, 

Netherlands) at room temperature using a one-compartment three-electrode cell, where a Pt 

wire was an auxiliary electrode, Ag|AgCl|3 M KCl (type 6.0733.100 Metrohm, Switzerland) 

was a reference electrode, whereas a glassy carbon electrode (Mineral, Poland) with a 

Co3O4@SiO2 yolk-shell composite was connected as a working electrode.

Fabrication of the modified GC electrodes was preceded by polishing a substrate’s surface 

with 0.3 |im alumina suspension followed by rinsing and ultrasonication in distilled water for 

3 min. Subsequently, the electrodes were rinsed with ethanol and distilled water, and finally 

dried with compressed air. For modification, 5 mg of active Co3O4@SiO2 material was mixed 

with 500 |iL of dichloromethane and tetrahydrofuran mixture (1:1, v/v) containing polystyrene 

at concentration of 10 mg L-1. The prepared suspension was homogenized using an ultrasonic 

bath for 5 min. Afterwards, 25 |iL (2 x 12.5 |iL) of the mixture was drop casted on the pre

treated GC electrode. The obtained layer was heated at 50 °C for 2 h to remove organic solvents. 

Before and between the measurements, the prepared electrodes were stored under ambient 

conditions.
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The electrochemical behavior of the tested materials was evaluated in a 0.1 M KOH 

solution. The CV curves were recorded at different scan rates (25-500 mV s-1) with potential 

limit of -0.1 to 0.6 V. Performance of a selected GC electrode was verified by CV 

voltammograms in [Fe(CN)6]3-/[Fe(CN)6]4- reversible redox system in 0 .1  M KCl at 

concentrations of 0.2-0.8 mM (with potential range of -0.1-0.8 V and scan rate of 25 m V s -1). 

The impedance spectra were measured at the open-circuit potential (OCP) using a frequency 

from 100 kHz to 10 mHz and an sinusoidal excitation signal. An excitation amplitude (E ac ) of 

10 mV was used. During the CV measurements, a measured solution was agitated with a 

magnetic teflon-coated bar (Aldrich). The stirring was initialized 30 s before each measurement.

2.4. Catalytic testing

Catalytic activity of the developed catalysts in the combustion of toluene was tested in a 

quartz microreactor (8 .0  mm i.d.) placed in an electric furnace controlled by an external 

temperature controller coupled with a thermocouple placed in a catalyst bed (100 mg). Prior to 

a catalytic run, the catalyst was degassed at 500 °C for 30 min in flowing air (100 mL mi n -1). 

The reactor was then cooled to 100 °C. After the temperature stabilization, toluene was 

introduced into the feed from a scrubber kept in a heating circulator at temperature of -7.5 °C 

to ensure toluene vapor pressure at the expected level of 1000 ppm. The catalytic activity was 

determined at 100, 150, 200, 250, 275, 300, 325, 350, 400, 450 and 500 °C. At each temperature 

three 20-minute analyzes were performed. Between the temperature shelves, the reactor was 

heated at a heating ramp of 10 °Cmin -1. The reaction products, caught by a two-position, six- 

port valve directly from the reaction line, were analyzed using a Bruker 450 gas chromatograph 

equipped with two capillary columns (Porapak S and Chromosorb WAW-DMCS), two flame 

ionization detectors, a thermal conductivity detector and a methanizer.
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For a selected catalyst, weight hourly space velocity (WHSV) of 60000 m L g -1h-1 used 

in the above described procedure was changed to 40000 and 120000 m L g -1h-1 by adjusting 

the catalyst weight to 150 or 50 mg, respectively.

In some catalytic tests the feed composition was changed maintaining a constant air flow 

(100 m L m in-1) but replacing 1000 ppm of toluene with 1000 ppm of benzene or adding 1000 

ppm of benzene to 1000 ppm of toluene. Benzene was introduced from a separate scrubber 

placed in another cooling circulator.

Finally, stability tests were performed at a constant temperature of 290 °C (WHSV = 

60000 m L g -1h-1). After degassing a catalyst at 500 °C, the reactor was cooled to the reaction 

temperature and the dosing of 1000 ppm toluene (dry atmosphere) or 1000 ppm toluene together 

with 10 vol% water vapor (wet atmosphere) was started. The stability tests lasted 12 h.

3. Results and discussion

3.1. Synthesis strategy of Co3O4@meso-SiO2 yolk-shell materials

For obtaining Co3O4@SiO2 yolk-shell materials, an original method of synthesis was 

developed with crucial steps shown schematically in Fig. 1. The selected concept of the 

synthesis of the initial core-shell structure was based on the bottom-up strategy with the use of 

spherical polymer particles as the core, around which a SiO2 layer was built.

Figure 1. Main steps of the developed strategy for the synthesis of Co3O4@SiO2 yolk-shell

materials.
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Two types of polymer grains of comparable size but characterized by different chemical 

properties were alternatively used. First of all, the MA-DVB copolymer was formed, which 

was further modified by grafting with DETA. However, for the comparison, the PS template 

was also applied. Analyzing the chemical composition of both synthesized polymers, 

determined by the CHN analysis (Table 1), a very good convergence with the expected content 

of individual elements is found. The homogeneity of morphology of the obtained PS and MA- 

DVB-DETA polymer spheres can be verified on the basis of the SEM images presented in Fig. 

2a and 2b, respectively, together with the histograms displaying the particle size distribution 

(Fig. 2c). The monodisperse PS latex particles (average size of 160 nm) keep their highly 

spherical shape with smooth surface. It should be noted that the close-packed PS particle 

assemblies are created after drying. The formation of a hexagonal layer arrangement 

additionally confirms high monodispersity of the synthesized PS spheres [28,29]. On contrary, 

MA-DVB-DETA shows a much greater polydispersity of grains, which have a rough surface 

and are slightly smaller than the PS nanoparticles (average size of 130 nm).

Table 1. Chemical composition and zeta potential of both polymer templates.

measured in a mixture of ethanol and water (30:70) at 25 °C

A similar negative surface charge of both polymeric materials (Table 1) suggests that they 

can be covered with a double layer of CTAB. As noted by Khoeini and co-workers [30], CTAB 

deposited on the surface of the polymeric spheres may play an important role in controlling 

polydispersity of nascent nanoparticles as well as mesoporosity of the formed SiO2 shell. On

Template
Chemical composition [wt%] Zeta potential

C H N [mV]a

MA-DVB-DETA 58.9 7.7 14.4 -21.3

PS 91.1 7.8 - -26.2
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the other hand, it is known that after reaching critical micelle concentration (CMC) in the 

solution, CTAB begins to self-assemble into micelles around which hydrolyzed TEOS can 

condense. It is also worth to keep in mind that an addition of ethanol to water changes dielectric 

constant of the solvents and influences ionic interactions -  the greater the ionic interactions 

caused by the presence of ethanol, the smaller the size of CTAB micelles and in consequence 

the smaller size of formed mesopores [31]. It was found that the synthesis conditions developed 

in this work (i.e. content of CTAB, TEOS and ethanol/water ratio) favored the formation of a 

homogeneous, mesoporous SiO2 coating around the polymer core. As shown in Fig. 2c, the 

average particle size of the composite increased to 250 nm and 270 nm for the materials 

synthesized with the MA-DVB-DETA and PS template, respectively. Taking into account the 

size of the initial polymer spheres, this confirms the formation of a silica precursor shell with 

an average thickness of 55-60 nm in both cases.

Figure 2. SEM images of (a) PS and (b) MA-DVB-DETA with (c) determined particle size 

distribution. (d) ATR-FTIR spectra for MA@SiO2 before and after CTAB extraction (in inset 

enlarged spectrum in range of 2750-3000 cm-1). (e) N 2 adsorption isotherms for MA-DVB- 

DETA and this copolymer surrounded by SiO2 precursor shell before and after CTAB
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extraction. (f) TGA curves recorded for MA-DVB-DETA after adsorption of Co2+ cations in 

aqueous solutions of different Co(NO3)2 concentration (0.05-0.30 M) with determined amount

of Co (mmol) introduced into MA-DVB-DETA.

The key step of the synthesis after the formation of the core-shell structure was the 

removal of the surfactant remaining in the pore network of the SiO2 precursor. It was necessary 

to unlock access to the inner part of the material where the modifier in the form of Co2+ ions 

was intended to be introduced. Extraction with a HCl solution was used to remove CTAB, since 

possible treatment at an elevated temperature could damage the structure of the polymer core. 

Fig. 2d shows the ATR-FTIR spectra of the MA@SiO2 sample before and after CTAB 

extraction, which clearly prove that the conditions applied for the removal of the surfactant 

were properly selected. The IR bands observed for the initial material in the regions 

corresponding to C-H stretching (2800-3000 cm-1) and scissoring (1450-1500 cm-1) vibrations 

confirm the presence of significant amounts of CTAB with a relatively high number of -CH2- 

and -CH3 species forming the hydrocarbon chain of the surfactant. The bands at higher 

wavenumbers, which do not coincide with others attributed to vibrations characteristic of the 

structure of the SiO2 shell or polymer core, are particularly clear. Both less discernible 

symmetric and asymmetric methyl stretching modes (at 2870 and 2943 cm-1, respectively) and 

very intense symmetric and asymmetric methylene modes (at 2853 and 2923 cm-1, respectively) 

disappear after the HCl treatment.

It is worth paying attention to the changes that occurred in the porosity of the material 

during the performed operations. They can be most easily diagnosed by analyzing the N 2 

adsorption isotherms demonstrated in Fig. 2e on the example of the MA-based material. The 

shape of the adsorption isotherm for the MA-DVB-DETA polymer before modification 

corresponds to type II according to the IUPAC classification, which is typical of macroporous 

solids. A clear increase in the amount of N 2 adsorbed at p/p0 > 0.8 confirms the presence of
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interparticle voids formed between adjacent MA-DVB-DETA spheres. Total pore volume 

(Vtotal) determined for this material by the one-point method is 0.289 cm3 g-1 giving BET 

surface area (Sbet) of 61 m2 g-1. After deposition of the SiO2 precursor containing unwashed 

CTAB, a significant decrease in porosity (Vtotal = 0.082 cm3 g-1, Sbet = 46 m2 g-1) is observed, 

which results from entrapment of the polymer core inside of the core-shell structure and greater 

aggregation of particles covered by the surfactant. Only CTAB extraction leads to the full 

opening of the porosity of the MA@SiO2 core-shell structure. The isotherm for this sample is 

characteristic for type IV (mesoporous solids). After multilayer adsorption of N 2 on the entire 

surface at low p/p0, the condensation step in mesopores begins within the p/p0 range of 0.1-0.3. 

At higher relative pressure, the plateau is reached up to p/p0 —> 1.0 when the interparticle 

condensation occurs. It is worth noting that Sbet (661 m2 g-1) of the discussed material is about 

ten times higher than for the polymer core. On the other hand, its Vtotal is 0.476 cm3 g-1 with 

over 85% participation of the mesopore volume.

It should be expected that the interior of the polymer@SiO2 composite material with the 

open porous structure of the shell can be effectively penetrated by molecules and ions supplied 

from a surrounding medium. Therefore, the adsorption properties of the MA-DVB-DETA core 

can be used to accumulate Co2+ ions, which after calcination should remain inside the porous 

SiO2 shell, forming Co3O4 nanoparticles. The adsorption capacity of the MA-DVB-DETA core 

material was tested under equilibrium conditions in several concentrations of cobalt(II) 

nitrate(V) solution. Fig. 2f shows the TG curves recorded at air atmosphere for the MA-DVB- 

DETA samples after Co2+ adsorption at room temperature for 24 h and drying at 60 °C. It is 

worth noting that the presence of cobalt species facilitates oxidation of the polymer part. With 

raising the Co(NO3)2 solution concentration, the amount of incorporated cobalt phase increases. 

The content of Co species in the modified samples was determined on the basis of mass losses 

as presented in the inset in Fig. 2f. The experimental points can be reliably fitted by the



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

Langmuir isotherm, which reveals the maximum adsorption capacity of 1.31 mmol Co/gtemplate. 

It should be emphasized that under similar conditions adsorption capacity of Co2+ ions for PS 

was negligible. On the other hand, it was also confirmed that the introduction of the SiO2 shell 

and the extraction of CTAB with the HCl solution did not negatively affect the adsorption 

properties of the MA-DVB-DETA core.

3.2. Porosity and morphology of Co3O4@meso-SiO2 yolk-shell materials

The final catalysts dedicated to the combustion of VOCs were obtained by high- 

temperature calcination of the core-shell composites modified with Co2+ ions. During this 

thermal operation the polymer core was burned out and the desired oxide phases were formed. 

A very important aim that was expected to be obtained was the introduction of Co3O4 

nanoparticles inside the mesoporous SiO2 shell with protection of its spherical structure. 

Furthermore, excessive deposition of the active phase on the outer surface of the yolk-shell 

material and clogging the SiO2 shell pores should be avoided. SEM images with mapping of 

Co distribution collected for the Co3O4@SiO2 catalysts synthesized using various procedures, 

MA@SiO2_iCo1 2 .0 , MA@SiO2_sCo1 1 .6 , @SiO2_iCo1 1 .9  and PS@SiO2_iCo13.5 (Fig. 3a- 

d), show that these goals were achieved, especially by using MA-DVB-DETA core (both after 

impregnation and adsorption modification), or by introducing the cobalt(II) nitrate(V) solution 

directly into the hollow SiO2 spheres after removal of the polymer core (@SiO2_iCo1 1 .9 ). In 

the case of the PS@SiO2_iCo13.5 material, significantly larger amounts of the cobalt phase 

were deposited on the outer surface of the spherical SiO2 shell. It is worth paying attention to 

the very comparable Co content in the analyzed materials (Table 2). The observed effect should 

be therefore attributed to the lack of adsorption properties of the PS core, which was not able 

to gain the Co(NO3)2 solution and the Co modifier was aggregated only in the pore system of 

SiO2 shell and on its outer surface.
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Figure 3. SEM images with EDS Co mapping for (a) MA@SiO2_iCo1 2 .0 , (b) 

MA@SiO2_sCo1 1 .6 , (c) @SiO2_iCo1 1 .9  and (d) PS@SiO2_iCo13.5. (e) N 2 adsorption 

isotherms for chosen Co-doped catalysts and (f) effect of Co loading on Vmeso for all studied

materials.

Table 2. Co loading as well as basic textural and structural characteristics of Co3O4@meso-

SiO2 yolk-shell catalysts.

Catalyst
Content of 

Co (wt%)a

Crystallite 

size of 

Co3O4 (nm)b

Sbet

(m2 g-1)

Vtotal

(cm3 g-1)c

Vmeso

(cm3 g-1)d

MA@SiO2_iCo6 .5 6.5 22.4 786 0.627 0.428

MA@SiO2_iCo1 2 .0 1 2 .0 25.4 6 8 8 0.607 0.397

MA@SiO2_iCo16.6 16.6 28.4 622 0.538 0.370

MA@SiO2_sCo7 .6 7.6 19.3 755 0.648 0.490

MA@SiO2_sCo1 1 .6 1 1 .6 26.6 697 0.655 0.467

MA@SiO2_sCo16.8 16.8 23.0 661 0.640 0.451
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@SiO2_iCo6 .8 6 .8 1 0 .6 797 0.626 0.441

@SiO2_iCo1 1 .9 11.9 17.2 701 0.529 0.379

@SiO2_iCo17.7 17.7 23.9 664 0.509 0.372

PS@SiO2_iCo7 .3 7.3 - 625 0.452 0.278

PS@SiO2_iCo13.5 13.5 - 544 0.399 0.253

PS@SiO2_iCo19.3 19.3 - 466 0.354 0.226

a XRF

b Scherrer equation (calculations for (311) diffraction peak, K = 0.89) 

c single point (at p/p0 ~ 0.99) 

d BJH (based on adsorption branch of isotherm)

The revealed deposition mechanism must have influenced the textural properties of the 

Co3O4@SiO2 materials. Fig. 3f shows examples of N 2 adsorption-desorption isotherms for the 

materials from different series. Moreover, Table 2 displays the basic textural parameters (i.e. 

Sbet, Vtotal and Vmeso) of all the studied catalysts calculated using the appropriate models. It is 

clearly visible that the introduction of increasing amounts of Co led to a gradual loss of porosity. 

This is confirmed by a decrease in the amount of adsorbed nitrogen, in particular in the p/p0 

range corresponding to condensation in mesopores. Since mesoporosity in the studied systems 

is characteristic of the SiO2 shell, the Vmeso parameter clearly informs about filling the SiO2 

mesopores by the particles of Co phase. Fig. 3f presents the analysis of changes in the value of 

Vmeso depending on the amount of deposited Co. In addition, the Vmeso values for the calcined, 

unmodified SiO2 shells are disclosed. The highest decrease in mesoporosity is found for the 

PS@SiO2_iCo series. This finding was expected after the analysis of SEM-EDS data. In this 

case the deposition of even small amounts of Co species resulted in a significant loss of Vmeso. 

In contrast, the Co deposition on the MA@SiO2 material using the adsorption technique gave
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the most promising results. However, it should be summarized that for the MA@SiO2_iCo, 

MA@SiO2_sCo and @SiO2_iCo materials, the permeability of the SiO2 shell at the chosen Co 

loadings is very decent (Vmeso does not fall below 0.5 cm3 g-1, while Sbet is always greater than 

620 m2 g-1).

3.3. Structure and dispersion of active Co-containing phase

The basic information about the phase composition of the Co3O4@SiO2 yolk-shell 

materials was collected using the XRD technique. In the XRD patterns of the Co-modified 

samples (Fig. 4a) the presence of well-known feature characteristic of amorphous SiO2 cannot 

be overlooked at ca. 23°. This position is shifted slightly towards higher angles in relation to 

commonly described materials and may indicate shortening of Si-O-Si bond distance due to the 

generation of spherical symmetry of the SiO2 shell [32]. Furthermore, some diffraction peaks 

corresponding to the crystal structure of the Co3O4 spinel phase (space group Fd-3m) are easily 

identified. The diffraction lines at 20 = 19.1° (111), 31.5° (220), 37.0° (311), 38.6° (222), 44.9° 

(400), 55.8° (422), 59.5° (511) and 65.3° (440) are assigned to this cubic phase (JCPDS 01

078-1969). It should be noted that in the case of PS@SiO2_iCo materials, the content of 

crystalline Co3O4 phase is significantly lower compared to the catalysts obtained by other 

pathways. Only the main diffraction lines are visible, and they are still so low intensity that it 

is practically impossible to reliably determine the size of the Co3O4 crystallites for this series 

on the basis of the Scherrer equation. The average crystallite sizes calculated for the other 

materials using this approach are collected in Table 2. It is clearly visible that this parameter 

increases with raising the Co content and reaches the highest values for the MA@SiO2_iCo 

series (22.4-28.4 nm). It is also worth mentioning that no peaks indicating the formation of 

other Co-containing crystalline phases are observed in the XRD patterns of all the studied 

catalysts.
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Figure 4. Chemical structure of Co-containing active phase in the synthesized Co3O4@meso- 

SÌO2 yolk-shell catalysts: XRD patterns (a) as well as DRIFT (b), UV-Vis-DR (c), normalized 

Co L-edge XAS in TEY (d) and PFY mode (e), XPS Co 2p (f) spectra.

Deepening the understanding of the structure of the studied materials is possible through 

the analysis of FTIR spectra. The factor group analysis revealed that for the ordered structure 

of Co3O4 normal spinel (describable as A2BO4, where A - octahedral coordinated Co3+ and B - 

tetrahedral coordinated Co2 +) four IR active bands should be visible in vibrational spectra [33]. 

However, two bands attributed to the stretching vibrations of cobalt-oxygen bonds, which occur 

in the typical measurement range, are usually discussed in the literature. The first band at 570

580 cm-1 corresponds to the vibrations of OB3 sublattice, while the latter band at 660-670 cm-1 

to the vibrations of ABO3 species [34,35]. In the FTIR spectra of the MA@SiO2_iCo and 

PS@SiO2_iCo materials (Fig. 4b) both bands are easily identified (the shadow region in the 

figure). The intensity of these bands clearly increases with raising the Co loading and is greater 

in the case of the MA@SiO2_iCo series that is in agreement with the XRD results. It is worth 

analyzing the bands characteristic for the vibrations of the SiO2 structure, which appear in the 

presented region of the FTIR spectrum. The band at 1100 cm -1 with accompanying shoulder at

Photon energy (e V ) Photon energy (e V ) B inding  energy (eV)
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higher wavenumbers corresponds to the asymmetric stretching vibrations of Si-O-Si. The 

asymmetric vibrations of Si-OH groups are manifested by the absorption at 960 cm-1. 

Furthermore, the symmetric stretching vibrations of Si-O-Si and the Si-O-Si out-of-plane 

deformations are observed at 805 cm-1 and 470 cm-1, respectively [36]. Significantly greater 

changes in the intensity and width of individual bands are found after the introduction of Co to 

PS@SiO2, that may indicate the enhanced attachment or even incorporation of Co2+ ions to the 

SiO2 structure.

Fig. 4c shows the UV-Vis-DR spectra for the materials containing the largest amounts of 

Co. For the MA@SiO2_iCo16.6, MA@SiO2_sCo16.8 and @SiO2_iCo17.7 catalysts, typical 

Co3O4 spinel features with a band at 270 nm corresponding to the O2- —> Co3+ charge transfer 

and very intense bands at higher wavelengths are observed. The absorption band in the range 

of 300-500 nm is associated with the electron transitions of octahedral coordinated Co3+, while 

in the range of 600-800 nm with tetrahedral coordinated Co2+ ions in the Co3O4 structure [37

39]. These bands are also present in the UV-Vis-DR spectrum of PS@SiO2_iCo19.3, but they 

have a much lower intensity. Additionally, some new bands appear at 510 nm, 600 nm and 650 

nm. Similar peaks were previously reported for Co2+ ions incorporated in tetrahedral 

coordination to the framework of mesoporous MCM-41 [40] and MCM-48 silica [41].

The two most diverse samples among those discussed above (i.e. PS@SiO2_iCo19.3 and 

MA@SiO2_iCo16.6) were also investigated by XAS and XPS. In Fig. 4d Co L2,3-edge XAS 

spectra of PS@SiO2_iCo19.3 and two standards (commercial CoO and Co3O4) measured in the 

TEY mode are compared after normalization. The Co L2,3-edge XAS spectrum of 

MA@SiO2_iCo16.6 exhibits no noticeable features for Co species that would be deposited on 

the surface. The presence of Co in this sample is confirmed only by the spectrum measured in 

the PFY mode (Fig. 4e), which reveals differences in the distribution of the active phase for the 

two studied samples. In the case of MA@SiO2_iCo16.6, the cobalt phase is mostly located
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inside the composite structure. Furthermore, the Co L2,3-edge XAS spectrum of this sample 

shows a lower number of peaks slightly shifted to higher energies compared to 

PS@SiO2_iCo19.3. These findings together with the comparison to the measured standard Co 

oxides (shown in Fig. 4d and 4e) and values previously reported in the literature [42-45] 

evidently confirm that the Co3O4 phase is dominant in the MA@SiO2_iCo16.6 structure. On 

the contrary, for PS@SiO2_iCo19.3 the Co oxidation state is close to +2. A similar picture of 

the surface composition is cast by the analysis of the XPS spectra, in particular the Co 2p region 

(Fig. 4f). In the case of MA@SiO2_iCo16.6, a clear deficit in the presence of surface Co species, 

manifested by very weak recorded signals, practically prevents their reliable analysis. On the 

other hand, in the XPS Co 2p spectrum of PS@SiO2_iCo19.3, a characteristic doublet of Co 

2 p3/2 and Co 2 p 1/2 peaks with spin-orbital splitting of 15.3 eV and a satellite features appears. 

The main Co 2 p3/2 peak can be fitted by three components related to Co3+ in octahedral 

coordination (779.3 eV) and Co2+ in tetrahedral coordination (780.6 eV and 782.3 eV) [46-48]. 

The surface Co2+/Co3+ ratio of 2.1, calculated on the basis of the peak areas, clearly shows the 

presence of an excess of Co2+ in relation to the Co3O4 structure.

3.4. Electrochemical properties of Co3O4@meso-SiO2 yolk-shell materials

Due to the formation of various Co surface phases with the use of PS and MA-DVB- 

DETA polymer templates, it should be expected that the materials obtained after calcination 

differ significantly in their electrochemical features. In order to assess the ability of the Co

loaded samples to be efficient supercapacitors, the CV and EIS measurements were carried out.
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Figure 5. Electrochemical characterization of the tested materials in a three-electrode system: 

CV curves of (a) PS@SiO2_iCo19.3 and (b) MA@SiO2_iCo16.6 electrodes at different scan 

rates; (c) plots of the logarithm of the current (i) vs. logarithm of scan rates (v) for the 

oxidation peaks; impedance spectra of (d) PS@SiO2_iCo19.3 and (e) MA@SiO2_iCo16.6 

over frequency range 0.01-100 kHz (the equivalent circuit is shown as an inset in panel d); (f) 

CV curves of GC electrode with PS@SiO2_iCo19.3 obtained for [Fe(CN)6]3-/[Fe(CN)6]4- 

system in 0.1 M KCl in the concentration range of 0.2-0.8 mmol L-1 (scan rate = 25 m V s -1, 

curves after baseline correction) with calibration graph (inset).

Fig. 5a and 5b show the CV curves of the tested materials recorded at various scan rates 

in 0.1 M KOH solution. The observed pairs of redox peaks are related to the reduction-oxidation 

reaction involved in alkaline electrolyte. For PS@SiO2_iCo19.3 the redox mechanism can be 

descripted as follows [49]:

Co2SiO4 + 2 O H  <-► C0 2 SiO4(OH)2 + 2e" 

while for MA@SiO2_iCo16.6 [50]:

CosO4 + O H  + H2O <-» 3CoOOH + e~

CoOOH + O H - ^  C0 O2 + H2O + e -
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The non-rectangular shapes of the obtained voltammograms indicate the pseudocapacitive 

nature of the tested materials [51]. At increasing scan rate, from 25 m V s -1 to 500 m V s-1, the 

integral areas of CV curves increase and the redox peaks are getting more visible, showing the 

redox process is a reversible reaction [52]. Only a slight shift towards lower potentials for 

cathodic peaks and higher potentials for anodic peaks is observed due to increasing polarization 

and ohmic resistance at higher scan rates. On the other hand, it should be noticed that the 

integral areas of CV curves for PS@SiO2_iCo19.3 are significantly larger than in the case of 

MA@SiO2_iCo16.6. It confirms the higher specific capacitance of the former composite. The 

reasons for this effect should be sought primarily in the strength of the interaction between the 

cobalt phase and the SiO2 substrate, which in the case of the PS-based samples is definitely 

greater.

In order to determine the charge store mechanism of the studied materials and to confirm 

its pseudocapacitive nature, the relationship between measured current (i) and scan rates (v) 

was determined on the basis of the following equation:

i(V ) =  a ■ v b

where i(V) is the current at chosen potential, v is the scan rate (m V s-1), and a and b are fitting 

parameters. The charge storage mechanism is defined by the b-value determined as the slope 

of log(i) -  log(v) plots as depicted in Fig. 5c. When b = 0.5 the reaction is semi-infinite diffusion 

controlled, while the b-value of 1 .0  informs about surface control (capacitive process/non

diffusion-controlled process). The calculated b-values (~1.0 for PS@SiO2_iCo19.3 and ~0.90 

for MA@SiO2_iCo16.6) confirm that the tested composites are pseudocapacitive materials with 

the electrochemical performance controlled by surface diffusion [53].

The impedance spectra of PS@SiO2_iCo19.3 (Fig. 5d) and MA@SiO2_iCo16.6 (Fig. 5e) 

electrodes were analyzed by the CNLS fitting method based on the equivalent circuit (shown 

as inset in Fig. 5d). Some electrochemical parameters were determined, including solution
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resistance (Rs), charge transfer resistance (Rct), Warburg impedance (W), double layer 

capacitance (Cdl) and pseudocapacitance (Cps). All calculated values are collected in Table 3.

Table 3. Electrochemical parameters of PS@SiO2_iCo19.3 and MA@SiO2_iCo16.6

calculated based on EIS results.

Parameter PS@SiO2_iCo19.3 MA@SiO2_iCo16.6

Rs m 11 15

Rct [kQ] 2 0 3

Cdl QiF] 0.60 0.38

W [kD s-12] 150 2 1 0

Cps [pF] 2 0 0 6

The studied materials exhibit similar electrochemical properties. For both materials, Cps 

is at least one order of magnitude larger than Cdl due to pseudocapacitance (Faradaic reaction) 

as the main charge storage mechanism. Nevertheless, PS@SiO2_iCo19.3 shows better 

properties as the supercapacitor as confirmed by the value of Cps more than 30 times higher 

compared to MA@SiO2_iCo16.6. The shape of the spectrum for PS@SiO2_iCo19.3 is in good 

agreement with the used equivalent circuit model. It should therefore be concluded that the 

PS@SiO2_iCo19.3 yolk-shell composite has a good frequency response and is suitable to be 

applied as an electrode material for electrochemical applications.

To confirm the above hypothesis, the CV measurements for PS@SiO2_iCo19.3 in the 

model redox system [Fe(CN)6]3"/[Fe(CN)6]4" in 0 .1  mol L"1 KCl were performed in the potential 

range of -0.1-0.8V at the scan rate of 25 mV s"1 (Fig. 5f). The calibration graph (shown as inset 

in Fig. 5f) reveals a good linear correlation between the oxidation peak current and 

concentration of [Fe(CN)6]3"/[Fe(CN)6]4". The PS@SiO2_iCo19.3-GC electrode exhibits good
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sensitivity of 4.645 ^A-L mmol'1, proving that the studied yolk-shell material can be used in 

the development of electrochemical sensors.

3.5. Mobility of lattice oxygen in active Co-containing phase

According to the above discussion, the choice of cobalt phase deposition conditions, 

including, above all, the type of core present in the modified composite, should be of key 

importance in generating redox properties of CoOx. To confirm the validity of this hypothesis, 

the H2-TPR technique was used to characterize the reducibility of the Co3O4@SiO2 materials. 

The H2-TPR reduction profiles for the samples containing the highest concentration of Co from 

different series are compared in Fig. 6 a. It is observed that the substantial reduction of the Co- 

containing active phase begins above 250 °C and proceeds in a complex way mainly due to the 

two-stage reduction of the Co3O4 phase [54-56]:

Co3O4 + H2 —* 3CoO + H2O 

CoO + H2 -► Co + H 2O 

However, one should also remember about the different strength of interaction of Co3O4 with 

the silica substrate, as well as the dominant role of Co2+ cations incorporated into the SiO2 

structure, found for the PS@SiO2_iCo series. The latter effect is clearly confirmed by the H 2- 

TPR profile collected for PS@SiO2_iCo19.3, where the intensity of the main reduction peak 

with a maximum at 408 °C, attributed to reduction of the Co3O4 phase, is significantly lower 

compared to the analogous materials from other series. In addition, in the case of this catalyst, 

another step of reduction is noted at a temperature above 600 °C, the scale of which is 

incomparable to the features visible in the reduction profiles of other samples. The reduction of 

Co2+ strongly interacting with silica (most likely forming cobalt silicate) occurs in this 

temperature range, as previously reported by Koirala et al. [57].
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Figure 6. Reducibility of the synthesized Co3O4@meso-SiO2 yolk-shell catalysts: (a) H2-TPR 

profiles for the samples with the highest Co loadings; (b) effect of Co3O4 crystallite size on 

reduction temperature observed in H 2-TPR; (c) correlation between surface oxygen capacity 

measured by isothermal oxidation-reduction analyses at 300 °C and amount of H2 consumed

in H 2-TPR to 550 °C.

A deeper analysis of the reduction profiles in the range corresponding to the reduction of 

Co3O4 discloses a clear correlation between the onset temperature of this process and the size 

of the reduced crystallites of the spinel phase (Fig. 6b). Relatively small Co3O4 crystallites 

present in the @SiO2_iCo materials are definitely the easiest reducible. On the other hand, 

larger crystallites (> 20 nm) require raising the temperature to at least 280 °C to be reduced.

For the samples from the two key series, i.e. obtained by impregnation with the PS 

(PS@SiO2_iCo) and MA-DVB-DETA (MA@SiO2_iCo) templates, the amount of H2 

consumed in the temperature range corresponding to the reduction of Co3O4 was compared with 

the surface oxygen capacity determined by the TGA technique. The TGA measurements were 

performed isothermally at 300 °C using, switching the measuring atmosphere several times 

from reducing (N2 flow) to oxidizing (air flow) and vice versa, and observing changes in sample 

weight. The comparison shown in Fig. 6c clearly confirms that the amount of H 2 used for the 

Co3O4 reduction corresponds to the value of oxygen capacity revealing the susceptibility of the 

surface of the tested material to oxygen storage. In this comparison, the developed
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MA@SiO2_iCo materials fare much better, promising great prospects for use as catalysts for 

the VOCs combustion.

3.6. Catalytic activity of Co3O4@meso-SiO2 yolk-shell materials

The activity of the developed catalysts was verified in the total oxidation of toluene, 

selected as a representative of aromatic VOCs. The measurements were carried out in an air 

flow (WHSV = 60000 m L g -1 h-1) containing 1000 ppm of the pollutant. The toluene 

conversions achieved at various temperatures over the catalysts with the highest concentrations 

of Co are shown in Fig. 7a. It is observed that the tested catalysts begin to exhibit activity at 

temperatures above 250 °C, enabling achievement of very high toluene conversions within a 

relatively narrow temperature window. It should be noted that the pure SiO2 support (devoid of 

Br0 nsted and Lewis acidity) additionally promotes very high selectivity to total oxidation 

products, i.e. CO2 and H2O, as previously found for BEA zeolite structures modified with Co3O4

[58]. The yields of the main by-products (primarily CO) did not exceed 0.5 % in any case.

Figure 7. Catalytic activity of the synthesized Co3O4@meso-SiO2 yolk-shell materials in the 

VOCs combustion: (a) toluene conversion vs. reaction temperature over the samples with the
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highest Co loadings; (b) toluene combustion reaction rate at 300 °C for all measured catalysts; 

(c) T50 parameter determined in the toluene combustion over all measured catalysts; (d) effect 

of WHSV in the toluene combustion for MA@SiO2_iCo16.6; (e) catalytic performance of 

MA@SiO2_iCo16.6 in the combustion of benzene (1000 ppm), toluene (1000 ppm) and the 

mixture of benzene(1000 ppm)/toluene(1000 ppm); (f) stability of MA@SiO2_iCo16.6 in the 

combustion of toluene at 290°C at dry (0 vol.% H 2O) and wet (10 vol.% H 2O) atmosphere.

The collected results show a very significant influence of the catalyst synthesis method, 

which determines the type of cobalt phase and its distribution within the yolk-shell structure, 

on the observed activity. In order to better assess these relationships, the results of the catalytic 

tests are presented in the form of a toluene combustion reaction rate at 300 °C (Fig. 7b) and 

temperature at which 50% conversion of toluene (T50) is achieved (Fig. 7c). Both catalytic 

parameters change within a series of catalysts practically linearly with the increase in the Co 

content. Higher Co loading enhances the activity of the tested materials. However, it should be 

emphasized that the composition and structure of Co3O4@SiO2 yolk-shell catalysts are of 

crucial importance in catalytic activity. The PS@SiO2_iCo materials, with the Co3O4 phase 

deposited mainly on the outer surface of the SiO2 spheres and additionally formed cobalt silicate 

species, are poorly active. The @SiO2_iCo series works slightly better. On the other hand, the 

best catalytic performance is observed in the presence of the MA@SiO2_sCo and 

MA@SiO2_iCo catalysts. Evidently, the introduction of Co3O4 nanoparticles into the interior 

of mesoporous SiO2 shells with the formation of a specific type of nanoreactor structure is very 

beneficial for the toluene combustion. In the space of the nanoreactor, highly dispersed and 

reducible Co3O4 active phase nanoparticles are easily available for reagent molecules. It should 

be noted that from this point of view, it is more advantageous to force the deposition of the 

Co3O4 precursor by impregnating the MA@SiO2 composite than to modify it by equilibrium 

adsorption. For the MA@SiO2_iCo catalysts, very high toluene conversions are achieved
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already at low Co loadings, while in the case of the MA@SiO2_sCo series, higher activity 

requires the excess Co.

The most active MA@SiO2_iCo16.6 catalyst was subjected to further catalytic 

measurements. First, the effect of WHSV, and thus contact time between a reaction mixture 

and a catalyst bed, on toluene conversions at different temperatures was investigated. As shown 

in Fig. 7d an increase in WHSV from 60000 m L g -1h-1 to 120000 m L g -1h-1 leads to a 

significant reduction in the achieved conversion rates. If it is expressed as the value of T50, a 

shift of this parameter from 288 °C to 305 °C (A = +17 °C) is observed. On the other hand, 

reducing WHSV to 40000 mL g-1h-1 does not change the toluene conversion at low 

temperatures. Only at higher temperatures a slight inhibition of the reaction is observed. It can 

therefore be concluded that the best catalytic performance is obtained at WHSV = 60000 m L g - 

1 h-1, which is typically used in catalytic tests in the catalytic combustion of VOCs [e.g. 23]. 

The changes in these optimum conditions result in revealing the deficit of active centers in 

relation to the available reacting molecules or diffusion limitations.

The MA@SiO2_iCo16.6 catalyst was also tested in the combustion of another aromatic 

VOC, i.e. benzene (Fig. 7e). After replacing 1000 ppm of toluene with 1000 ppm of benzene in 

the feed, a noticeable change in the level of the obtained VOC conversions is observed. 

Evidently, the combustion of benzene begins at lower temperatures (below 250 °C), but a 

further increase in temperature does not result in complete conversion as quickly as in the case 

of toluene. T50 is reached at 299 °C (A = +11 °C). A similar sequence of activity was previously 

reported for many other catalysts, such as MnO2 [59] or CeO2 [60]. This effect is explained by 

the different properties of both aromatic molecules. On the one hand, various dipole moments 

for benzene (0 D) and toluene (0.36 D) generate differences in adsorption properties. Less polar 

benzene is more difficult to bind with surface active centers [61]. In addition, the highly 

symmetrical structure of benzene molecule with 6 71-electrons contributes to its enormous
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stabilization. In a consequence, benzene molecules have a higher ionization potential (9.24 eV) 

than toluene ones (8.82 eV) [62], and their oxidation requires overcoming a higher activation 

energy barrier. A catalytic run with an air stream containing simultaneously 1000 ppm of 

benzene and 1000 ppm of toluene passed through the catalyst bed was also carried out. In the 

case of toluene conversion, no significant differences are observed compared to the 

measurement without benzene. Larger discrepancies are noted, but only at lower temperatures, 

in the combustion of benzene in the presence of toluene. This expected result, however, still 

shows a very large potential of the developed catalyst in the total oxidation of various aromatic 

VOCs.

Finally, the stability of the MA@SiO2_iCo16.6 catalyst in the toluene combustion was 

investigated at 290 °C (Fig. 7f). The catalytic performance was tested alternatively at dry (1000 

ppm of toluene in 100 mL mi n -1 of air) or wet atmosphere (1000 ppm of toluene in 100 m L mi n - 

1 of air with 10% vol. of H2O) for 12 h. The presence of significant amount of steam causes the 

conversion of toluene to decrease from 71.1 ± 1.5 % to 63.5 ± 1.4 %. Nevertheless, regardless 

of the reaction conditions used, a stable level of conversion is maintained throughout the test. 

This behavior of the catalyst suggests that the decrease in activity is due to thermodynamic 

equilibrium, and not to deactivation of active sites by interaction with H 2O.

4. Conclusion

The developed synthesis strategy based on spherical polymer templates turned out to be 

effective in the formation of yolk-shell structures. The adsorption capacity of the polymer 

template with respect to Co2+ cations appeared the main factor determining the distribution of 

the active phase. The use of the PS template resulted in the inhibited penetration of the interior 

of the composite by the modifying solution and the deposition of the cobalt phase within the 

SiO2 layer. In this case the formed Co2+ silicate species showed poor catalytic parameters in the
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combustion of VOCs, but they were characterized by very promising electrochemical 

properties. In turn, the MA-DVB-DETA template enabled the introduction of the active phase 

precursor into the interior of the composite and the formation of highly dispersed Co3O4 

nanoparticles protected by a mesoporous SiO2 shell as a result of calcination. It was shown that 

the space inside the spherical Co3O4@SiO2 particles creates a specific form of nanoreactors, 

favoring high catalytic activity and stability in the total oxidation of aromatic VOCs.
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