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Abstract 

In this work different variables that can affect the catalytic behavior of CuO-CeO2 supported 

on mesoporous silica (SBA-15 and SBA-16) were studied. The influence on the COPrOx 
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activity of the relative concentration of the CuO and CeO2 active phase and different 

impregnation methods in mesoporous support was analyzed. The physicochemical 

characterization was performed EDS-SEM and TEM-STEM, N2 isotherms, X-ray 

Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS). The incipient wetness 

impregnation method (IWI) was the better alternative to introduce the active phases 

compared to solid state impregnation (SSI). In addition, the catalysts based on 2-D structure 

of SBA-15 were more active and selective than those based in 3-D SBA-16. In general, the 

high surface area of the supports benefited the dispersion of CuO and CeO2 oxides 

nanoparticles. All catalysts displayed the preservation of the mesostructure and the formation 

of nanoparticles of active phases (less than 10 nm) detected by TEM. The best COPrOx 

catalyst, obtained from the SBA-15 fibers by IWI method, with a relative CuO concentration 

of 0.2, exhibited XCO ≥ 99 % at 175 °C and above 90 % in a wide window of temperatures. 

This catalyst showed an adequate performance in presence of CO2 and H2O and good 

recovery of CO conversion and selectivity. The analysis by XPS revealed that the majority 

species were Ce4+, however in some catalysts Ce3+ species are also present, which are 

associated with vacancies oxygen and favor the redox process. In addition, Cu2+ and Cu+ 

species are present, the latter recognized as a key site of CO adsorption in the reaction 

mechanism. 

 

Keywords: COPrOx, impregnation methods, active phase concentration, porous 

mesostructure, SBA-15/SBA-16 
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1. Introduction  

The growth in world energy demand, the decrease in fossil fuel sources and the emission of 

greenhouse gases have prompted the scientific community to search for alternative sources 

of energy that are environmentally friendly [1,2]. All major sectors in the hydrocarbon 

economy can progress towards decarbonization with a deployment of H2 technologies [3].  

Significant progress was made in the development of H2-powered fuel cells to produce 

energy with higher electrical efficiencies compared with internal combustion engines. 

Among several types of fuel cells, proton exchange membrane fuel cells (H2-PEMFC) are 

considered to be the most technically advanced for such application [4].  

Hydrogen produced by means of the steam reforming or autothermal process of hydrocarbons 

or alcohols should contain less than 10 ppm of carbon monoxide before entering the cell, 

since CO poisons the Pt anode of the fuel cells. After the reforming step, the hydrogen 

production process continues with the water gas shift reaction (WGSR), where the stream is 

enriched in hydrogen and the CO content is diminished to 1 %. As the CO concentration in 

the hydrogen stream is so high to enter to the cell, it is necessary to reduce it to the desired 

levels.  

Among different strategies, such as pressure swing adsorption, hydrogen membrane 

separation, selective CO methanation and CO preferential oxidation (COPrOx), the latter is 

considered as an alternative adequate due to its simplicity and effectiveness. By applying 

appropriate catalysts, it may be possible to reduce the concentration of carbon monoxide in 

the H2 stream with the lowest consumption of hydrogen and mild operation conditions 

(atmospheric pressure and temperatures below 200 ºC). In this sense, several catalysts with 

high efficiency and selectivity in a broad temperature range have been studied with promising 
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results [5]. Noble metal-based catalysts have been extensively studied for more than two 

decades. Many efforts have been devoted to improving the low-temperature performance of 

supported Pt or bimetallic systems [6–9], as well also Au based catalysts [10,11] and more 

recently the Au/TiO2 in photo-assisted preferential CO oxidation [12–14]. However, the high 

cost of noble metals led the investigations toward the use of other active phases. In this vein, 

numerous articles on transition metal-ceria systems have been published, in which CeO2 

plays a fundamental role in redox reactions due to its facility to release and storage oxygen 

[15,16].  

Likewise, the CuO-CeO2 system has also been widely studied by several authors and the 

results obtained in COPrOx are comparable to those reached by noble catalysts on a great 

number of occasions. In this sense, the CuO/CeO2 system performance depends of the diverse 

factors, such as the preparation methods, the concentrations of actives phases, the promoters, 

etc., since this influence in the physicochemical properties affecting the Cu+/Cu2+ and 

Ce3+/Ce4+ redox couples [17–23]. The relative high reactivity of CuO-CeO2 catalysts towards 

CO rather than H2 oxidation is attributed to the synergistic copper-ceria interactions on the 

interface. It is generally accepted that the preferentially adsorbed CO on Cu migrates to the 

Cu-Ce interfaces and reacts with the lattice oxygen provided by the CeO2 support, following 

a Mars van Krevelen mechanism [24].  

On the other hand, CuO-CeO2 systems dispersed in a suitable support have been less studied. 

This procedure could favor the dispersion of the active phase and decrease the necessary 

amount of precursors used in the preparation of the catalyst. In this vein, different oxides 

such as Al2O3, ZrO2, SiO2 and mesoporous silica were used to prepare CO oxidation catalysts 

[25–27]. 
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In our previous work, the performance in COPrOx of powder and monolithic catalysts based 

on CuO-CeO2 supported on silica with different morphology and textural properties were 

studied [28]. In particular, mesoporous silicas offer a well-defined structure with high surface 

area and voluminous pores where the active phases could be located [29,30]. 

The goal of this work was to study different variables that can affect the catalytic behavior 

of CuO-CeO2 supported on mesoporous silica (SBA-15 and SBA-16). The influence on the 

COPrOx activity of the relative concentration of the CuO and CeO2 active phases and 

different impregnation methods in mesoporous support was analyzed. In addition, the 

physicochemical characterization of catalysts was performed by electron microscopies (SEM 

and TEM), N2 adsorption-desorption isotherms, X-ray Diffraction (XRD) and X-ray 

Photoelectron Spectroscopy (XPS).  

 

2. Materials and methods 

2.1 Supports and catalysts synthesis 

Synthesis of SBA-15 and SBA-16. SBA-15 fibers were obtained according to a typical 

synthesis method [31]. A solution was prepared with the following molar ratio: 1.0 

TEOS:0.017 P123:5.6 HCl:197 H2O, where Pluronic P123 (average Mn ~5800 g mol-1, 

Sigma-Aldrich®) was used as the structure directing agent and tetraethyl orthosilicate (TEOS, 

reagent grade, 98 %, Sigma-Aldrich®) as the silica source. The mixture was stirred at 45 °C 

for 7.5 h and then was aged in an oven at 80 °C for 15.5 h. The solid was recovered by 

filtration, washed with distilled water and dried at 60 °C.  
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In order to obtain short rods of SBA-15 a similar procedure to previous one was followed, 

but TEOS was added drop by drop and the ripening step was done under static conditions. 

Finally, both materials were calcined in air for 6 h at 550 °C in a muffle furnace to remove 

the surfactant from the pores. These mesoporous synthesized were labeled as S15/F and 

S15/R for fibers and rods morphology, respectively.  

On the other hand, SBA-16 spheres were prepared from a solution with the following molar 

ratio: 1.0 TEOS:0.0033 F127:5.6 HCl:171 H2O, where F127 (average Mn ~12600 g mol-1, 

Sigma-Aldrich®) was the surfactant used. The acidic solution of F127, H2O and HCl was 

stirred until complete dissolution of Pluronic at 60 °C; then, TEOS was added drop by drop. 

Single stage of ripening-ageing was carried out in an oven at 80 °C for 24 h in quiescent 

conditions. 

Irregular particles of SBA-16 were synthesized from a solution with composition 1.0 

TEOS:0.0032 F127:0.88 HCl:1.72 BuOH:111 H2O, where n-butanol was added as co-

surfactant [32]. After stirring at 45 °C for 24 h the mixture was transferred to an autoclave 

and aged in an oven at 100 °C for 24 h. Also, the last steps of filtration, washing and 

calcination processes were followed to obtain the final materials. The powders obtained were 

denoted as S16/S and S16/I for spherical and irregular morphology.  

Incorporation of CuO and CeO2. Active oxides CuO and CeO2 were incorporated on the 

silica supports by two methods, incipient wetness impregnation (IWI) and solid state 

impregnation (SSI). In the first method, solutions were prepared with the appropriate 

concentration of precursor salts, Cu(NO3)2·3H2O and Ce(NO3)3·6H2O (Sigma-Aldrich), co-

dissolved in minimum amount of ethanol. Another material was also obtained by IWI method 
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from a solution consisting of commercial colloidal dispersed CeO2 (Nyacol®, acetate 

stabilizer) and Cu(CH3COO)2·H2O (Merck).  

In the solid state impregnation, precursor salts and the silica support were mixed in a mortar 

and subsequently introduced in the zirconia crucibles of the ball mill equipment (Phillips 

Minimill). The mixtures were grinded for 30 min. Finally, all solids were calcined in air flow 

at 450 °C to remove anionic precursors. The catalysts prepared were labeled as S15/ or 

S16/M-x-Y, where “M” refers to their morphology, “x” to relative CuO concentration and 

“Y” to the impregnation method.   

For comparison, a CuO-CeO2 bulk catalyst was prepared by the coprecipitation method with 

CuO 20 wt. % from an aqueous solution of copper and cerium nitrate. Then, a solution of 

sodium hydroxide 1M was added dropwise to the nitrates mixture until pH=10. After stirring 

for 4 h the precipitate was filtrated, washed and dried. The material was calcined in air flow 

at 450 °C. This unsupported catalyst was labeled as Bulk-0.20. In addition, a monometallic 

sample of cerium nitrate impregnated on SBA-15 fibers was prepared by IWI (~ 19 wt. % 

CeO2, S15/F-Ce). 

 

2.2 Catalytic tests 

COPrOx tests were carried out at atmospheric pressure, approximately 0.2 g of catalyst was 

loaded in a tubular quartz reactor (15.6 mm i.d.). The gaseous reaction mixture is composed 

of CO 1 vol. %, O2 1 vol. % and H2 40 vol. %, He balance, with weight/total flow ratio of 

2.3 mgcat min mL−1 (STP) (contact time τ = 0.138 gcat s mL-1 STP). The temperature was 

varied from 125 to 225 °C, the measurements were performed when the steady state was 
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achieved. The effect on the activity of CO2 and H2O was examined in a separate experiment 

with the addition of 10 vol. % CO2 and 10 vol. % H2O for a selected catalyst. A time-on-

stream experiment was performed at 175 °C during 60 h under different reaction conditions. 

The CO and O2 conversion and the O2 selectivity towards CO2 were defined according to 

Equation (1), Equation (2) and Equation (3), respectively: 
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where [CO] and [O2] were reactor exit concentrations and [CO]°, [O2]° represented feed 

concentrations.  

Shimadzu chromatograph GC-2014 with a thermal conductivity detector (TCD) equipped 

with a 5A molecular sieve column was used to analyze the outlet composition gases. The 

mass balance was closed within ±4%.  

 

2.3 Characterization 

JEOL transmission electron microscope JEM-2100 plus model, equipped with EDS detector 

Oxford X-MAX 65 T model, was used to examine silica supports mesostructure, as well as 

morphology and size distribution of nanoparticles oxide (TEM technique). The accelerating 

voltage was 200 kV. In addition, Scanning Transmission Electron Microscopy (STEM) 

images were obtained in high angle annular dark-field (HAADF) mode. Samples were 
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prepared dispersing the powder in ethanol and depositing it on Formvar/Carbon in square 

mesh Cu or Ni. Scanning electron microscopy images of powders were obtained using a 

Phenom ProX microscope, operated at 15 kV (SEM). EDS analyses were performed 

employing a fully integrated detector and software of the aforementioned microscope. A 

second microscope JEOL model JSM-7900F was used for additional analyses, with a 

BRUKER QUANTAX EDS.  

The textural properties were obtained from N2 adsorption-desorption isotherms (at 77 K) 

measured with Micrometrics ASAP 2020 equipment. Before the analysis, materials were 

degassed at 170-200 °C for 8 h. The specific surface area was calculated by BET method and 

the total pore volume was measured at the P/P0 = 0.97 single point. BJH method modified by 

Kruk, Jaroniec and Sayari (BJH-KJS) [33] was employed to determine the pore size 

distribution (PSD).  

Crystalline phases were characterized by X-ray diffraction (XRD). The measurements were 

collected on a Shimadzu XD-D1 with monochromatic Cu-Kα radiation and a Ni filter at a 

scanning rate of 2° min-1 in 2θ = 10-70°. The obtained diffraction peaks were compared to 

standards published by JCPDS data (Joint Committee on Powder Diffraction Standards). 

X-ray Photoelectron Spectroscopy (XPS) analyses were performed in a multi-technique 

equipment, and the chemical state and relative abundance of copper and cerium species on 

the surface were studied. The SPECS system is equipped with a dual Mg/Al X-rays source 

and a hemispherical PHOIBOS 150 analyzer operating in the fixed analyzer transmission 

mode. The spectra were obtained using a pass energy of 30 eV and the X-ray source was 

operated at 200 W and 12 kV. The working pressure in the main chamber was less than 2×10-

6 Pa. For the quantitative analysis, the regions corresponding to Ce 3d, Cu 2p, C 1s, O 1s and 
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Si 2p core levels were recorded for each sample. The Si 2p signal at 103.4 eV (binding 

energy, B.E.) was taken as internal reference. The data were processed with the Casa XPS 

program (Casa Software Ltd, UK). The peaks were considered a mixture of Gaussian and 

Lorentzian functions. For the quantification of the elements, sensitivity factors provided by 

the manufacturer were employed. 

 

3. Results and Discussion  

3.1 Support synthesis and characterization 

TEM images of the porous structures of SBA-15 and SBA-16 mesoporous supports are 

shown in Figure 1. SBA-15 with 2-D mesostructure presents a hexagonally close-packed 

cylinder-like pore channels, ascribed to p6mm space group. Moreover, the image confirmed 

the symmetrical pore arrays along [001] direction. Regarding SBA-16, with cubic cage-

structured, consists of two non-interpenetrating 3-D channel systems with spherical cavities 

at the intersection of the channels. The TEM image revealed the characteristic cubic Im3m 

structure along the [100] direction. In addition, the pore size of mesoporous silicas was 

estimated from different TEM images, diameters around 7.5 and 6.7 nm were measured for 

SBA-15 and SBA-16, respectively. 
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Figure 1. TEM images of mesoporous supports, (A) SBA-15 and (B) SBA-16.  

 

SBA-15 fibers and rods were obtained by performing the ripening process under agitation or 

quiescent conditions, respectively. The elongated shape is originated by the micelles 

alignment due to the shear force produced by the stirring [34]. Table 1 presents the main 

morphology of particles and the textural properties. S15/F is composed of aggregates of 

fibers cross-linked with a length around 30-40 μm and thickness of 5 μm; while S15/R 

material presented mainly short rod-shaped particles, which have a length of up to 1 μm and 

thicknesses around 200 nm.  

Regarding SBA-16, the combination of high acidity and temperatures can lead to spherical 

particles by different mechanisms [35]. S16/S exhibited the spherical morphology with 

homogeneous diameters, which varies between 2 and 5 μm.  

On the other hand, the shapeless particles observed on SBA-16 (S16/I) with a wide range of 

sizes, between 2 and 30 μm, is related to TEOS concentration and use of butanol [36]. The 
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butanol (co-surfactant) allows to obtain the cubic mesophase in a wider range of precursors 

concentration.  

Table 1. Morphology and textural properties of silica mesoporous supports.  

Supports  Morphology 
SBET 

(m2 g-1) 

Vpa 

(cm3 g-1) 

Dpb 

(nm) 

S15/F Fibers 650 0.70 8.2 

S15/R Rods 570 0.70 6.7 

S16/S Spheres 680 0.53 6.0 

S16/I Irregular 650 0.45 6.2 
a Total pore volume at P/P0 = 0.97 
b Maximum in the pore size distribution from BJH-KJS method 

 

N2 physisorption isotherms of the supports were measured in order to obtain information 

about the mesoporosity and textural properties. The isotherms are characterized by a typical 

IUPAC type IVa, with hysteresis loops, which is distinctive for mesoporous materials [37]. 

S15/F exhibited a H1 hysteresis cycle and a pore size distribution centered at 8.2 nm 

(calculated by the BJH-KJS method). On the other hand, S15/R presented a relatively narrow 

pore size distribution with the maximum at 6.7 nm. Both materials would reveal the presence 

of uniform cylindrical mesopores (Figure S1, Supplementary material). Furthermore, S15/F 

and S15/R showed specific area typical values of SBA-15 materials, 650 and 570 m2 g-1 

respectively, and pore volume of 0.7 cm3 g-1 for both supports (Table 1). 

Loop hysteresis of H2 type, correlated with the presence of “ink-bottle” type mesoporous is 

found for SBA-16 solids. In this vein, the isotherms presented adsorption branches depicting 

gradual pore filling. In the desorption branches, the pore emptying process occurs when an 

abrupt decrease in N2 adsorbed volume is observed, located at P/P0 around 0.42 (critical 

value for N2 at 77 K). The pore size distribution profiles exhibited maxima centered at 6.0 
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and 6.2 nm, for S16/S and S16/I, respectively (Figure S1). It is noteworthy that the closing 

points of hysteresis loops of isotherms (desorption branch) would indicate that the pore 

windows are around 4 nm or smaller [37]. In addition, for these materials the specific surface 

areas were 680 and 650 m2 g-1 (Table 1).  

 

3.2 Influence of oxides concentration. COPrOx 

In order to analyze the effect of the concentration of CuO and CeO2 active oxides on catalytic 

reaction, SBA-15 fibers support (S15/F) was chosen for its uniform morphology and better 

textural properties. Table 2 shows three formulations of catalysts obtained by incipient 

wetness impregnation method, where the relative concentrations of CuO, defined as the mass 

ratio CuO/(CuO + CeO2), were 0.15, 0.20 and 0.50.  

 The textural properties analysis revealed a decrease in surface area and pore volume in 

comparison with the as-synthesized material, which is related to the incorporation of the 

oxide nanoparticles inside the mesostructures. It is interesting to note that S15/F-0.20 showed 

the highest values (SBET and Vp) although it did not have the lowest active phase loading. 

While this material presented a surface area loss around 35 %, S15/F-0.15 and S15/F-0.50 

displayed values near 50 % (Table 2). 

Table 2. Composition, textural properties and catalytic data of similar catalysts in the 

literature. 
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Catalysts  

 

CuO-CeO2 

(wt.%) 

SBET 

(m2 g-1) 

Vpb 

(cm3 g-1) 

Dpc 

(nm) 

W/F 

(g s mL-1) 

T max. 

conv. 

(°C) 

References 

S15/F-0.15a 4.4-24.3 335 0.42 8.0 0.14 175 Present work 

S15/F-0.20a 4.8-18.9 430 0.52 7.5 0.14 175 Present work 

S15/F-0.50a 10.0-9.8 313 0.45 7.7 0.14 210 Present work 

5CuCe/SBA-15-
SSI 

5.0-20.0 540 0.62 7.5d 0.20 120 [30] 

Si-6Cu20Ce 7.5-24.5 328 0.48 n.r. 0.18 115 [38] 

SBACe20Cu6 7.5-24.5 139 0.16 3.8d 0.18 140 [29] 
a Mass relative CuO concentration  
b Total pore volume at P/P0 = 0.97 
c Maximum in the pore size distribution from BJH-KJS method 
d Pore size distribution from BJH method 

 

All studied catalysts presented typical curves of CO and O2 conversions, where the CO 

conversion increased as the reaction temperature increased (Figure S2). After a maximum 

value, CO conversion decreased by the occurrence of the undesired H2 oxidation reaction, 

more thermodynamically favorable at high temperatures. 

Figure 2 (3-D image, orthographic projection) shows the maximum CO conversion achieved 

and CuO and CeO2 oxide concentrations for our catalysts (with different relative CuO 

concentration) and values reported by other researchers [29,30,38]. It is clear that an increase 

in the relative CuO concentration did not lead to a better catalytic behavior, since there was 

an optimal value within the range studied. The S15/F-0.20 material was the most active 

catalyst, with more than 99 % CO conversion at 175 °C, while S15/F-0.15 achieved 74 % at 

the same temperature. On the other hand, the catalyst prepared with a relative concentration 

of CuO equal to 0.5 (S15/F-0.50) was less active, reaching CO conversion slightly higher 

than 30 % at 210 °C. The O2 selectivity values towards CO2 decreased as the temperature 



15 

 

increased. In the best catalyst, the selectivity value resulted above 80 % up to 150 °C; in the 

maximum CO conversion, the selectivity was around 50-60 % (Figure S2). 

In the state of the art, there are only a few papers where the active phase CuO-CeO2 was 

dispersed in different supports and evaluated for COPrOx reaction. For this reason, and the 

diverse reaction conditions selected, a direct performance comparison is very complex. It 

should be kept in mind that the main objective of COPrOx catalysts is to maximize CO 

conversion at the lowest temperature possible. Catalytic behavior of the previous works 

generally presented an optimal copper concentration, without an improvement in activity for 

higher amount of copper. In particular, our catalyst S15/F-0.20 showed a CO conversion 

window above 90 % between 150 and 190 °C (Figure S2). Tang and coworkers [30] reported 

CuO-CeO2/SBA-15 catalysts synthesized with different compositions by solid state 

impregnation and wet impregnation. The best material, with CuO 5 wt. % (Table 2 and Figure 

2, green bar) presented more than 99 % CO conversion between 120 and 180 °C. This 

composition led to remarkable increase in catalytic activity against the values of 1 and 3 wt. 

%, while a load of 10 wt. % did not result in corresponding enhancement in the activity. 

Cecilia et al. [38] studied different copper loadings in CuO-CeO2 based catalysts supported 

on porous clay. The sample with 6 wt. % of copper displayed CO conversion value close to 

100 % at 115 °C (Table 2 and Figure 2, red bar). Furthermore, Reyes Carmona et al. [29] 

also reported an optimal loading of Ce and Cu supported on SBA-15 mesoporous silica doped 

with Zr, whose compositions are close to the best catalysts previously mentioned. 

Additionally, they found that the incorporation of Zr into the support increased the 

conversion of CO and the selectivity to CO2 in comparison with the sample without Zr, which 

presented a conversion of 95 % at 140 °C (SBACe20Cu6, Table 2 and Figure 2, pink bar).  
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Figure 2. Maximum CO conversion and CuO and CeO2 concentrations of catalysts 

supported on SBA-15. This work (yellow bars) and references [29] pink bar, [30] green bar 

and [38] red bar. 

 

Other studies based on Cu-Ce bulk catalysts analyzed the variation in the composition of the 

synthesized materials and its possible influence on COPrOx. Gu et al. [39] prepared highly 

ordered mesoporous Cu-Ce-O catalysts with different copper content (5-70 mol %), where 

Cu0.2Ce0.8O2 showed the best results (CO conversion around 100 %). Guo and coworkers 

[18] obtained a series of CuO/CeO2(rod) catalysts with varying copper loadings and analyzed 

the effect of increase of Cu coverage on the surface of CeO2 particles. They also found an 
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optimal percentage above which the CuO particles dispersion was reduced, the interfacial 

Cu-Ce interaction was weakened and their CO conversion declined. Jampa et al. [17] 

evaluated CuO/mesoporous ceria catalysts prepared by deposition-precipitation with 

different loadings of Cu (3, 5, 7 and 9 wt. %) on COPrOx. The catalysts showed 100 % 

conversion at 130 °C, but the CuO 7 % concentration material had the highest reaction rate 

(at temperatures below the maximum conversion temperature).  

 

3.3 Influence of incorporation method and precursors. COPrOx 

Incipient wetness impregnation (IWI) and solid state impregnation (SSI) were selected to 

analyze a possible influence of the oxides incorporation method on catalytic behavior. For 

this purpose, two catalysts based in the best formulation (S15/F-0.20, according to the 

previous study), were prepared by both techniques. In addition, alternative copper and cerium 

precursors (acetates instead of nitrates) were used in an IWI preparation (IWI*). Figure 3 

represents the catalytic behavior of the mentioned materials and a reference bulk catalyst 

(CuO-CeO2) at the temperature of maximum CO conversion. From the graph, it can be 

noticed that both catalysts prepared by incipient wetness impregnation with nitrates (IWI) or 

acetates (IWI*) showed similar conversions and selectivity values. The catalysts reached 

more than 99 % of CO conversion at the same temperature (175 °C). Regarding selectivity 

and oxygen consumption values were very close as well; however, the IWI catalyst was 

slightly better. Taking into account the synthesis stages, in the first step, the nitrate or acetate 

precursors were dissolved in a liquid medium (ethanol); then, in contact with the mesoporous 

support the ions diffused into the cavities of the solid. In a second stage, the ethanol was 

evaporated during the drying step and finally the precursor anions (acetates or nitrates) were 
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completely decomposed in the air flow at 450 ºC. CuO and CeO2 dispersed nanoparticles 

were formed inside the pores. Although other authors have found differences in the use of 

different Cu precursors to synthesize CuO-CeO2 bulk catalysts [40], in our catalysts it seems 

that these differences become negligible when the active phase is introduced in the 

mesostructure.  

 

Figure 3. CO conversion, O2 conversion and selectivity to CO2 at maximum CO conversion 

temperature of CuO-CeO2 catalysts based on S15/F. Reaction conditions: 1% CO, 1% O2, 

40% H2 in He balance; τ = 0.138 gcat s mL-1 STP. 

 

On the other hand, if S15/F-0.20/IWI and S15/F-0.20/SSI are compared, it can be observed 

that both showed their maximum CO conversion at the same temperature (175 °C); however, 

the material prepared by solid state impregnation presented significantly less CO and O2 

conversions. These observations suggest that the solid state impregnation is not as effective 

as the incipient wetness impregnation to ensure an intimate contact between CuO and CeO2 
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phases. SEM images and EDS analyses (Figure S3) revealed a more homogenous distribution 

of copper and cerium for S15/F-0.20/IWI compared to S15/F-0.20/SSI. The EDS data 

obtained for different points on the solid particles showed that molar concentration of Cu, Ce 

and Si was very close to the nominal values for catalyst prepared by IWI method. While the 

SSI method produced particles with a certain degree of heterogeneity. The homogeneous 

distribution obtained by IWI method favors the interaction between copper and cerium 

species, promoting the catalytic activity. 

Finally, the bulk catalyst prepared by coprecipitation (Bulk-0.20) showed CO conversion 

above 99 % and 60 % selectivity of CO to CO2 at lower temperature (125 °C) than other 

catalysts. Similar results were published by other authors for CuO-CeO2 catalysts [18,30,41]. 

It should be noted that the mass of catalyst used for the catalytic test was the same (0.2 g), 

therefore Bulk-0.20 contains more than four times the amount of CuO and CeO2 oxides than 

the catalysts based on mesoporous silica. On the other hand, XRD analysis of Bulk-0.20 

showed that no signals of copper species were visible suggesting that no big clusters of CuO 

are present (Figure S4). Then, its better catalytic behavior could be attributed to its higher 

amount of oxides and their intimate contact promoted by the lack of a silica support. 

It is important to mention that the CO oxidation reaction over copper-cerium systems follows 

a reaction pathway known as the Mars van Krevelen mechanism. In this mechanism a series 

of steps are involved; first, CO molecules are chemisorbides over Cu ions active sites (Cu+) 

and therefore activated generating Cu+-CO species. Then, Cu+-CO species react with nearby 

active oxygen (lattice oxygen provided by CeO2) over Cu-Ce oxides and CO2 is formed. As 

a final step, the oxygen vacancy produced is refilled by gas phase oxygen incorporated in the 

reaction. It is apparent that the proximity of the Cu+ species with ceria is key, specifically the 



20 

 

interface where the significant active centers allow the advance of the CO oxidation process. 

Therefore, a support could modify the synergistic interaction between Cu and Ce oxides 

compared with that existing in the bulk system and influencing in catalytic performance. 

 

3.4 Influence of support structure. COPrOx 

Due to its satisfactory catalytic results and simplicity of preparation, the incorporation of the 

nitrates by incipient wetness impregnation was selected for further experiments.  

Figure 4 presents the catalytic values at maximum CO conversion of formulations with 

differences in the morphology and mesostructure of the used supports. In addition, the 

complete curves of catalytic performance are shown in Figure S2.  

As mentioned before, for the synthesis of the SBA-15 silicas, changes in agitation at the 

ripening stage were introduced in order to obtain materials in the shape of fibers or rods. 

Similarly, modifications in the physical and chemical factors of the synthesis of SBA-16 

were made, obtaining sphere or irregular-shaped particles. 

The top section of the Figure 4 exhibits the SEM images of the corresponding catalysts 

prepared from the previously described silicas. The micrographs revealed that the size of the 

fibers was reduced from 30-40 μm (length) to 10-20 μm after the incorporation of the copper 

and ceria species. In contrast, no changes in shape or size in the other materials were detected. 

This suggests that the IWI technique introduces mechanical stress during the mixing step, 

causing segregation and breakage of the fibers. However, the other geometries, with smaller 

aspect ratios, are presumably more resistant and result less damaged. In addition, the 

micrograph of S16/S-0.20/IWI revealed the presence of brighter spots in the surface of the 
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spheres, probably ascribable to the incomplete incorporation of the active oxides inside the 

mesopores. 

From the bar graphic (Figure 4), it can be observed that the both SBA-15 based catalysts 

presented the highest CO conversion, being the fiber morphology the most active and 

selective formulation. In the case of S15/R-0.20/IWI, it exhibited its maximum conversion 

of 84 % at 175 °C. 

Among the SBA-16 based catalysts, the irregular shaped material showed the better 

performance with a CO conversion of 80 % at 175 °C. Regarding S16/S-0.20/IWI it reached 

its maximum CO conversion (64 %) at 200 °C showing maximum oxygen consumption and 

poor selectivity.  
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Figure 4. CO conversion, O2 conversion and selectivity to CO2 at maximum CO conversion 

temperature of catalysts obtained by IWI method; at the top, corresponding SEM images. 

Reaction conditions: 1% CO, 1% O2, 40% H2 in He balance; τ = 0.138 gcat s mL-1 STP. 

 

From these results, it can be concluded that the 2-D structure of the SBA-15 results more 

suitable than SBA-16 for this application, probably due to its wider pores with uniform 

diameter, favoring the contact between the reagents and the active phase. Similar results were 

observed by Szegedi and co-workers [42] where they attributed the lower catalytic activity 

of SBA-16 supported materials to the hindering effect of its characteristic pore structure, 

limiting the penetration of the precursor salts. 

 

3.5 Long-term reaction and influence of inhibitors. COPrOx 

In addition, the effect of CO2 and H2O over the S15/F-0.20/IWI catalyst was studied under 

reaction conditions at 175 °C. The results are exhibited in Figure 5. At the beginning of the 

reaction, the catalyst is absence of inhibitors (left white region of the graph). When 10 % 

CO2 was added to the feed (yellow section), a decrease of conversion and selectivity values 

was observed and they stabilized around 90 % and 48 % respectively, these values remained 

fairly constant for 42 h. Subsequently, both 10 % H2O and 10 % CO2 were simultaneously 

added (highlighted in pink) to the reactor.  
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Figure 5. Effect of CO2 and H2O on COPrOx for S15/F-0.20/IWI at 175 °C in long-term 

reaction. Reaction conditions: 1% CO, 1% O2, 40% H2, 10% CO2 and 10% H2O, in He 

balance; τ = 0.138 gcat s mL-1 STP. 

 

Under these conditions, a further decrease in the conversion (up to 50 %) was observed as 

well as a significant increment in the selectivity (reaching 68 %), which remained constant 

for 8h. Former studies [17,43,44] have observed similar behaviors in CuO-CeO2 systems in 

the presence of water and carbon dioxide. In this vein, the adsorption of CO2 competes with 

CO for the active sites decreasing the CO conversion. On the other hand, the water in the 

feed has a blocking effect since it not only further inhibits the CO oxidation, but also strongly 

affects the reaction between H2 and O2, evidenced by the increase in selectivity in the pink 

region of Figure 5. 

In the last step of the experiment, CO2 and H2O were withdrawn and the system returned to 

the original reaction conditions. At this stage, it could be observed that the conversion and 
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selectivity values were close to those obtained at the beginning of the experiment (white 

regions). The recovery of activity and selectivity suggests that the adsorbed surface species 

were removed by either desorption or decomposition mechanisms. 

 

3.6 Catalysts characterization 

Figure 6 shows TEM images of catalysts prepared by IWI method on different SBA-15 and 

SBA-16 morphologies. In the two mesostructures, the porous arrangement was clearly 

conserved. Also, the oxides nanoparticles were homogeneously incorporated in the channels 

or pores. Regarding to the copper and cerium oxides particle sizes, distributions were 

estimated from these images and are shown inset in Figure 6. All materials presented an 

average size of active phase smaller than 10 nm. Micrographs of SBA-15 based catalysts 

presented CuO-CeO2 nanoparticles with an elongated-shaped within parallel channels, and 

an average size around 7.7 nm. Probably, this morphology generated a greater dispersion in 

the distribution as suggested by standard deviations. On the other hand, the nanoparticles 

incorporated in SBA-16 presented more homogeneous size, between 5.7 and 6.5 nm, with 

apparently more spherical shapes. The porous structure could constrain the shape and size of 

the nanoparticles, inside spherical cavities in SBA-16 and cylindrical channels in SBA-15. 

In addition, the particles are slightly larger within the porosity of SBA-15 compared to SBA-

16. 
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Figure 6. TEM images and particle size distribution of (A) S15/F-0.20/IWI, (B) S15/R-

0.20/IWI, (C) S16/S-0.20/IWI and (D) S16/I-0.20/IWI catalysts. 

 

STEM images corresponding to S15/F-0.20/IWI and S16/I-0.20/IWI are shown in Figure 7. 

As noted by TEM analysis, in both materials the oxides nanoparticles incorporated by IWI 

method as well as the mesoporous structure preservation were observed. Small bright spots 

homogeneously distributed were found in the images, which correspond to the active phase 

nanoparticles. Furthermore, the EDS spectra of the images allowed to verify the presence of 

copper and cerium species and the silicon of supports. The size of the nanoparticles and the 

homogeneous distribution of active oxides inside the cavities promote a strong interaction 

between CuO and CeO2 in these materials. 
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Figure 7. HADDF-STEM images and EDS spectrum of area selected of (A) S15/F-0.20/IWI, 

(B) S16/I-0.20/IWI catalysts. 

 

X-ray diffraction technique (wide-angle) was applied for the catalysts based on SBA-15 

fibers (Figure S4). For comparison, Bulk-0.20 and S15/F-Ce diffractograms were also 

analyzed. The ceria pattern was detected in all materials, with characteristic signals of fluorite 

phase. The main peaks at 2 theta 28.58, 33.11, 47.52, 56.38° (JCPDS N° 34-0394) and a 

broad signal around 25° (approx. between 17 and 30°) corresponding to amorphous silica 

were observed. Concerning the signals of copper species, they were not detected in any 

catalysts, probably their sizes were below the detection limit of the diffractometer. The ceria 
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lattice parameter values of all catalysts are smaller than the monometallic reference S15/F-

Ce (Table S1). These results would suggest the incorporation of a fraction of Cu species into 

the ceria lattice, since smaller Cu2+ ions (0.73 Å) can be hosted by the ceria lattice (Ce4+, 0.97 

Å). In particular, similar values of this parameter in the catalysts with relative CuO 

concentration of 0.20 prepared from the different precursor salts can be observed. 

Furthermore, the average ceria crystallite size of five catalysts (calculated by Scherrer’s 

equation, Table S1) was between 4.5 and 5.6 nm, in agreement with TEM observations.  

XPS technique was used to characterize the chemical state and surface composition of ceria-

based catalysts, the results are presented in Table 3. The nominal Cu/Si and Ce/Si are 0.047-

0.121, 0.047-0.085 and 0.094-0.043 for 0.15, 0.20 and 0.50 formulations, respectively. It is 

found that, with the exception of S16/S-0.20/IWI, all the catalysts have smaller Cu/Si and 

Ce/Si surface ratios than the nominal ones. The reason behind this phenomenon is the low 

penetration of the X-ray beam and shielding effect of the silica structure. Regarding the Cu 

and Ce surface enrichment observed in the sphere based catalyst, it is consistent with the 

presence of catalyst in the outer surface of the spheres as previously described. The Cu/Ce 

surface molar ratios were in general close to the nominal values (0.39, 0.55 and 2.2 for 0.15, 

0.20 and 0.50 relative CuO concentrations, respectively). 

The Cu 2p spectra present a main peak above 933.8 eV and a shake-up satellite between 

938.0-948.0 eV which are characteristic of CuO and therefore, evidence the existence of Cu2+ 

in all the studied materials. In addition, reduced Cu species were found, sustained by an 

asymmetry in the main peak at lower binding energies values (932.9-933.2 eV). For 

estimating the amount of reduced copper species, the intensity ratio between the satellite and 

main peaks was calculated. According to this method, a result of 0.55 indicates that all the 
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copper is in its 2+ state, and 0 indicates that all the copper is reduced (Cu+ or Cu0). From the 

Isat/Imp values presented in Table 3, it can be observed that apart from S15/F-0.50/IWI and 

S16/S-0.20/IWI, all materials exhibited values lower than 0.55 suggesting the presence of 

partially reduced surface copper species in those catalysts.  

In this vein, numerous authors have proposed that the presence of reduced surface copper 

species is related to the intimate interaction between CuO and CeO2 oxides because of the 

existence of the redox balance (Ce3+ + Cu2+ ↔ Ce4+ + Cu+) [22]. This appears evident when 

the low COPrOx performance exhibited by S15/F-0.50/IWI and S16/S-0.20/IWI are 

considered, since Cu+ is regarded as an adsorption site for CO in COPrOx reaction [45]. 

Table 3. XPS data of selected catalysts.  

Catalysts Iu’’’/ICe tot
a Isat/Imp

b 
Surface atomic ratiosc 

Cu/Ce Cu/Si Ce/Si 

S15/F-0.15/IWI 0.14 0.37 0.50 0.03 0.05 

S15/F-0.20/IWI 0.13 0.25 0.63 0.02 0.03 

S15/F-0.50/IWI 0.13 0.55 2.87 0.07 0.02 

S15/F-0.20/SSI 0.14 0.26 0.82 0.03 0.04 

S15/R-0.20/IWI 0.14 0.38 0.55 0.02 0.03 

S16/S-0.20/IWI 0.14 0.55 0.30 0.28 0.93 

S16/I-0.20/IWI 0.12 0.33 0.65 0.02 0.03 
a The intensity ratio between u’’’ peak and the total contribution of Ce 3d  
b The intensity ratio between Cu 2p 3/2 satellite peak and the principal peak 
c Surface atomic ratio, calculated considering Cu 2p3/2, Ce 3d5/2 and Si 2p regions  

 

Figure 8 displays the Cu 2p3/2 spectra of S15/F-0.15/IWI, S15/F-0.20/IWI and S15/F-

0.50/IWI. As shown in the figure, a third signal centered at 935.6 eV was found in the catalyst 

with the highest amount of copper (S15/F-0.50/IWI). This signal at higher binding energy is 

attributed to copper species in strong interaction with the support Cu2+-O-Si, where a charge 
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transfer from the metal ion toward the silica matrix occurs [46]. This conduces to a decrease 

in catalytic activity, since a fraction of copper species do not interact with CeO2. 

Regarding the Ce 3d spectra, Ce4+ was found in all catalysts. The CeO2 spectrum consists in 

several peaks, for each component of spin orbit split doublet (usually labelled as v and u) 

contains three peaks. In the higher binding energy region: u (900.8-901.3), u’’ (907.6-908.5) 

and u’’’ (916.9-917.2) can be found, and they are associated to the Ce 3d5/2 spectra. At lower 

binding energies: v (882.6-883.6), v’’ (889.0-889.6) and v’’’ (898.5-898.9) peaks are 

assigned to Ce 3d3/2. The presence of Ce3+ can be detected by two extra signals: v’ at 884.1-

885.1 eV belong to Ce 3d5/2, and u’ at 903.1-903.4 eV correspond to Ce 3d3/2. 

The method described by Larachi et al. [47] was used to determine the reduction degree of 

cerium, where the intensity of the u’’’ peak is calculated over the intensity total spectrum. 

This method is based on the fact that the signal u’’’ located around 917.0 eV does not overlap 

with the other seven components mentioned above. In this way, due to the absence of u’’’, 

the Iu’’’/ ICe tot ratio is equal to 0 when all the cerium is in its oxidation state (3+) and is equal 

to 0.14 when all cerium is found as CeO2 (Ce4+). According to the Iu’’’/ ICe tot values displayed 

in Table 3 show that the cerium species present in the catalysts surface are mainly in their as 

Ce4+. A ratio below 0.14 can be found in some samples indicating that Ce3+ and Ce4+ species 

are simultaneously presented, which can be associated to oxygen vacancies and due to the 

small particle size of ceria particles.  
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Figure 8. XPS spectra of S15/F-0.15/IWI, S15/F-0.20/IWI and S15/F-0.50/IWI catalysts. 

 

4. Summary  

Regarding the synthesis of SBA-15, by changing the ripening stage conditions (with or 

without stirring) it is possible to obtain long fibers or short rods, where the SBET and Dp were 

slightly lower in the latter. In comparison, the SBA-16 materials showed similar specific 

surface area and lower Vp and Dp. In general, the high surface area of the supports benefited 

the dispersion of CuO and CeO2 oxides nanoparticles. In addition, the catalysts displayed the 

preservation of the mesostructure and the formation of nanoparticles of active phases (less 

than 10 nm) detected by TEM in agreement with XRD results.  
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According to the presented data it can be concluded that Cu and Ce loadings are important 

variables to take into account when developing CuO-CeO2 catalysts and especially, 

supported catalysts. From the catalytic results it is observed that the best relative CuO 

concentration was 0.2 where the conversion of CO is above 90 % in a wide window of 

temperatures. In this sense, ourselves and other authors have found that increasing in the 

relative concentration of copper is beneficial up to a certain point (Figure 2). After that value, 

subsequent increases in the copper load worsen the catalytic performance of the materials. 

This behavior suggests, that if the amount of ceria is enough, an increase in copper loading 

conduces to the formation of more CuO-CeO2 active sites. However, an excessive quantity 

of copper can lead to CuO particles with no or weak interaction with ceria, and strong 

interaction with the silica support instead (as evidenced by XPS spectra).   

Regarding the use of alternative precursors, it seems that the insertion of the active phase 

within the mesopores damped the possible differences in the catalytic activity. This could be 

ascribed to the fact that, as long as there is good contact between copper and cerium species, 

the constraining effect of mesostructure can control the particle size and homogenize the 

differences. In this sense, the IWI method offers the advantage of being simple and 

straightforward to achieve a highly dispersed active phase. In contrast, the use of the same 

precursors incorporated by SSI technique conducted to a significantly less CO conversion, 

which could be related to less interaction between copper and cerium species or to the 

enrichment in surface copper, as indicates the Cu/Ce ratio calculated from XPS data. 

The mesostructure also had a marked effect in the catalytic behavior. The better performance 

of SBA-15 based material is associated to its wider and uniform pores. In this vein, the “ink-

bottle” pores with windows of 4 nm or smaller can easily be blocked by the active species 
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deposited, preventing access of reagents to a portion of the active sites. This hypothesis is 

sustained by the average size of nanoparticles measured by TEM which were close to the 

maximum diameter of the main pores and bigger than 4 nm. In particular, the low activity of 

S16/S-0.20/IWI may be a consequence of the accumulation of active phase on the surface of 

the spheres detected by SEM, with a poor distribution of oxides in the mesoporous cavities. 

Moreover, this catalyst exhibited no signs of reduced copper species in its surface, which 

contributed to its low CO conversion value. 

The decrease of ceria lattice parameter values observed in presence of copper suggested the 

partial incorporation of Cu species into the ceria network. Moreover, the analysis of the 

nature of the chemical species carried out by XPS revealed that in fresh catalysts the majority 

species were Ce4+. However, in the most active catalyst, species of Ce3+ are also present, 

which are associated with vacancies oxygen and favor the redox process. Likewise, in the Cu 

2p spectra (Figure 8), two components appear, one corresponding to Cu2+ and the other with 

a lower binding energy associated with Cu+ species recognized as a key site of CO adsorption 

in the reaction mechanism. In addition, in the sample with the highest CuO/(CuO+CeO2) 

ratio, copper species strongly linked to the silica support (Cu2+-O-Si) were found. 

The relative surface concentrations Cu/Si and Ce/Si calculated from the XPS data, were 

lower than the nominal values, which confirms the high dispersion of the copper and cerium 

species inside the cavities. Conversely, for the catalyst prepared from SBA-16 in the form of 

spheres, a higher surface concentration of copper and cerium was observed, in agreement 

with the SEM observations. 

Although the time on stream experiment results returned expected catalytic behavior under 

the different feed conditions, it is noteworthy that the slight decrease in CO conversion can 
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be related to the confining effect of the mesostructure, preventing sintering by migration of 

the active species and consequent loss of active sites. 

 

5. Conclusions 

In this study, an optimal relative CuO concentration value which maximizes the CO 

conversion in CuO-CeO2 catalysts supported on mesoporous silicas was found.  

By selecting synthesis parameters such as agitation, directing agents, co-surfactants, 

temperatures and acidity, among others, SBA-15 (fibers or rods) and SBA-16 (spheres or 

shapeless particles) were obtained. The catalysts prepared from these materials preserved 

their mesostructure with a homogeneous distribution of CuO-CeO2 nanoparticles (< 10 nm) 

inside the pores. 

The incipient wetness impregnation method was the better alternative to introduce the active 

oxides compared to solid state impregnation. In addition, the catalysts based on 2-D structure 

of SBA-15 were more active and selective than the based in 3-D SBA-16. 

The best COPrOx catalyst S15/F-0.20/IWI, obtained from the SBA-15 fibers with a relative 

CuO concentration of 0.2, exhibited XCO ≥ 99 % at 175 °C. It was also evaluated for several 

hours with addition of carbon dioxide and water and showed an adequate performance and 

good recovery of CO conversion and selectivity. 
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Figure S1. PSD (BJH-KJS method) and nitrogen adsorption isotherms of silica supports. (A) 

S15/F and S15/R, (B) S16/S and S16/I. 
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Figure S2. CO conversion (A), O2 conversion (B) and selectivity to CO2 (C) curves of 

catalysts obtained by IWI method. Reaction conditions: 1% CO, 1% O2, 40% H2 in He 

balance; τ = 0.138 gcat s mL-1 STP. 

 

 

 

 

 
 

120 140 160 180 200 220
0

10

20

30

40

50

60

70

80

90

100

A

C
O

 C
o
n

v
e
rs

io
n
 (

%
)

Temperature (°C)

 S15/F-0.20/IWI

 S15/R-0.20/IWI

 S16/S-0.20/IWI

 S16/I-0.20/IWI

120 140 160 180 200 220
0

10

20

30

40

50

60

70

80

90

100

 S15/F-0.20/IWI

 S15/R-0.20/IWI

 S16/S-0.20/IWI

 S16/I-0.20/IWI

O
2
 C

o
n
v
e

rs
io

n
 (

%
)

Temperature (°C)

B

120 140 160 180 200 220
0

10

20

30

40

50

60

70

80

90

100

 S15/F-0.20/IWI

 S15/R-0.20/IWI

 S16/S-0.20/IWI

 S16/I-0.20/IWI

C

S
e
le

c
tv

it
y
 t

o
 C

O
2
 (

%
)

Temperature (°C)



46 

 

 

 

Figure S3. SEM image and EDS spots of (A) S15/F-0.20/IWI catalyst, molar fraction (1) 

Si/Ce/Cu=0.88/0.073/0.051, (2) Si/Ce/Cu=0.88/0.075/0.053, (3) 

Si/Ce/Cu=0.87/0.068/0.046; (B) S15/F-0.20/SSI (1) Si/Ce/Cu=0.87/0.034/0.08, (2) 

Si/Ce/Cu=0.78/0.139/0.07, (3) Si/Ce/Cu=0.79/0.098/0.11. Nominal molar fraction Si/Ce/Cu 

= 0.88/0.075/0.042 (considering Si, Ce and Cu, excluding O). 
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Figure S4. X-ray diffraction of the catalysts based on SBA-15 fibers, Bulk 0.20 and S15/F-

Ce.  
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Table S1. XRD parameters of catalysts based on SBA-15 fibers, Bulk-0.20 and S15/F-Ce. 

 

Catalysts 
Lattice 

parameter (nm) 

Crystallite 

size (nm) 

S15/F-0.15/IWI 0.54351 5.3 

S15/F-0.20/IWI 0.54122 5.5 

S15/F-0.50/IWI 0.54445 5.3 

S15/F-0.20/IWI* 0.54039 5.6 

S15/F-0.20/SSI 0.54418 4.5 

S15/F-Ce 0.54514 6.6 

Bulk-0.20 0.54184 4.8 

 


