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Abstract:



CuO-CeO2 catalysts, with 6 wt % of Cu, have been synthesised by different preparation methods (calcination of nitrate precursors, thermal urea-nitrate combustion, freeze-drying method, using polymethyl metacrylate PMMA microspheres as template and precipitation using NaOH or the decomposition of urea as precipitating agents). The obtained materials have been characterised by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy, N2 adsorption-desorption at −196 °C, H2 thermoprogrammed reduction (H2-TPR) and X-ray photoelectron spectroscopy (XPS). The catalysts displayed high dispersion of copper oxide, obtaining CO conversion values of 90–100% at 115 °C in the CO preferential oxidation in excess of hydrogen (CO-PROX) and maintaining this activity even after 48 h of time on stream. The incorporation of CO2 and H2O in the feed stream (simulating a PROX unit) caused a decrease in the CO conversion, except for the catalyst synthesised using PMMA microspheres as a template which maintained a CO conversion of 95% at 115 °C. This catalyst exhibits an excellent catalytic performance, also under real operating conditions, thanks to many and concomitant factors, such as the very small CeO2 particle size (5.6 nm), the surface being rich in copper (atomic ratio Cu/Ce = 0.35) that is easily reducible, and the peculiar morphology and porosity of the material.
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1. Introduction


The increase of the world population has led to a high demand for environmentally benign energy sources. Among them, fuel cells are sustainable ways to convert chemical into electrical energy with low emission of pollutants. Several fuel cells, such as polymer-electrolyte membrane (PEMFC), alkaline (AFC), phosphoric acid (PAFC), molten carbonate (MCFC), and solid oxide (SOFC) fuel cells are used for different applications, e.g., stationary power for buildings, micro/portable power or distributed generation for remote areas [1]. The PEMFCs possess many attractive features such as low operating temperature, compactness, low weight, long stack life and sustained operation at high current density [2]. They use hydrogen as fuel, which can be obtained from the steam reforming or auto-thermal reforming of hydrocarbons or alcohols [3,4,5] in combination with the water gas shift (WGS) reaction, where most CO is removed [6,7].



After the WGS reaction, the concentration of CO is about 1%. However, the Pt anode catalyst of the PEMFC, which operates in the range of 60–120 °C, is prone to be poisoned by CO at low temperature, even at very low CO concentrations (<10 ppm) in the H2-rich stream [8,9]. Several methodologies have been proposed for CO removal. The main methods are as follows: (a) purification with hydrogen-selective membranes, (b) CO methanation, (c) pressure swing adsorption and (d) preferential oxidation of CO (CO-PROX) [10]. Among them, the CO-PROX reaction is considered the most promising process for selective CO removal in an H2-rich stream [11]. It has been reported that supported noble metal catalysts, such as Pt, Pd, Ir, Ru or Rh [12,13,14], or nano-gold catalysts [14,15,16,17] are excellent catalysts for the CO-PROX reaction. These catalysts are able to remove CO content below 10 ppm in the reaction temperature range of 60–150 °C using very little noble metal content [12]. Among these noble metals, platinum-based catalysts have achieved a reduction in CO content below 10 ppm using a real feed with H2, H2O and CO2 at 65 °C [18]. However, the high cost, sensitivity to poisoning and sintering at higher temperature of the noble-metal-based catalysts has led to the development of abundant, inexpensive active phases with great resistance to CO2 and H2O poisoning [14]. In this sense, CuO-CeO2 systems have been proposed as promising catalysts for the CO-PROX reaction, attaining high CO conversion and high selectivity towards CO2 with low H2 consumption at relatively low temperatures [19,20,21,22,23,24,25,26,27]. The excellent catalytic behaviour of the CuO-CeO2 catalysts is attributed to their redox properties in the interface sites between CuO and CeO2 particles. The well-known ability of CeO2 to store and release oxygen [28] produces a promoting effect for ceria with fluorite-type structure, causing the partial modification of the oxidation state by the formation of a redox pair (Ce4+-Ce3+/Cu+-Cu2+). This leads to the formation of stabilised Cu+ species, which are the active species involved in the CO adsorption, while cerium oxide provides oxygen vacancies [29].



The redox parameters of the CuO-CeO2 systems can be strongly influenced by the method of preparation of the catalysts, attaining different catalytic behaviour due to the different dispersion of the oxide species [21,30,31]. Several methods have been proposed in the literature to obtain efficient CuO-CeO2 catalytic systems. Thus, an easy synthetic procedure to prepare a CuO-CeO2 catalyst is by the combustion of nitrate precursors with urea [21]; however, this procedure can limit the number of CuO-CeO2 interfaces, since the exothermic combustion of the urea can favour the sintering of both oxides. The precipitation of the catalytic precursors using a basic pH is another synthetic strategy [32]. The addition of a precipitating agent, usually in the form of NaOH or Na2CO3 solutions, can lead to the formation of heterogeneous particle size due to the formation of basic points when each drop of precipitating agent is added. A very slow co-precipitation followed by a long crystallisation step in the absence of organic additives leads to materials with peculiar architectures (shuttle-like, butterfly-like, or flower-like homocentric morphologies) where the higher degree of organisation can improve the catalytic activity [33]. An alternative to obtain more homogeneous particles is the use of urea, which decomposes into CO2 and NH3, causing an increase of the pH and the precipitation of the Cu and Ce species [34]. The thermal combustion of their respective precursors is another route to obtain CuO-CeO2 systems [26,35]. The use of chelating agents, such as citric acid [25] or ethylenediaminetetraacetic acid (EDTA) [24], can improve the dispersion of the Cu and Ce species before calcination. In order to increase the porosity of the catalytic systems, several templates, such as poly(methyl methacrylate) (PMMA) microspheres [24] and polystyrene (PS) microspheres [36], or surfactants, such as hexadecyltrimethyl ammonium bromide [37] and Pluronic [38,39], have been used to increase the micro- and mesoporosity of the systems.



The aim of this research is to evaluate the influence of the preparation method on the redox behaviour of the CuO-CeO2 catalysts. Thus, several CuO-CeO2 catalysts were prepared by urea combustion, nitrate combustion, by complexing and calcination with citric acid and EDTA or by precipitation with NaOH and urea decomposition. The physicochemical properties of the prepared systems were correlated with the catalytic behaviour in the range 65–190 °C in the presence of an H2-rich feed. In addition, the catalytic resistance of the CuO-CeO2 was evaluated for 48 h on stream. Finally, in order to simulate a CO-PROX unit cell, both CO2 and H2O streams were incorporated into the feed to evaluate the catalytic behaviour. Previous researches have evaluated the influence of H2O and CO2 on the stream; however, these studies only reported on CuO-CeO2 systems synthesised by co-precipitation, urea-nitrate combustion or impregnation [40,41,42,43,44,45,46,47]. The catalytic behaviour of CuO-CeO2 obtained from new synthetic strategies such as freeze-drying or using PMMA microspheres has not yet been compared with that of catalysts synthesised by traditional methods.




2. Results and Discussion


Several CuO-CeO2 catalysts with the same Cu content (6 wt %) were synthesised by different synthetic methodologies: from the combustion of urea (U-Comb), from the calcination of their respective nitrates (N-Calc), by using NaOH as precipitating agent (Na-Prec), by precipitation from the thermal decomposition of urea (U-Prec), using poly(methyl methacrylate) microspheres (PMMA) as templates and by freeze-drying process (F-D).



Characterisation of the Catalysts


The diffraction peaks of the CuO-CeO2 catalysts synthesised by different synthetic routes are shown in Figure 1. All profiles display diffraction peaks at 2θ (°) = 28.5, 33.2, 47.6, 56.2 and 59.1, which are assigned to the presence of the cubic fluorite structure of ceria (CeO2) (PDF: 00-034-0394). Typical reflections of copper species are detected only in the case of the catalyst synthesised by the U-Comb route, where two small diffraction peaks are detected at 2θ (°) = 35.5 and 39.0, being ascribed to the presence of CuO species (PDF: 00-048-1548). This suggests a high dispersion degree of the CuO phase in the different catalytic systems.


Figure 1. X-ray diffractograms of the CuO-CeO2 catalysts obtained by several synthetic methods before the reaction (A) and after the reaction at 115 °C for 48 h of time on stream (TOS) (B).
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The size of the CeO2 particles was determined by the Williamson–Hall method [48] (Table 1). All catalysts displayed small CeO2 crystals in the range 4–9 nm, except in the case of U-Comb catalyst, where the CeO2 crystals were larger than 100 nm. This increase is in concordance with literature data and is due to the vigorous auto-ignition of the urea, which leads to sintering of the crystals [21,32]. Previous research has pointed out that the size and morphology of the ceria strongly affect the electronic structure in the CuO-CeO2 interface, which is directly related to their catalytic behaviour [49,50]. On the other hand, the presence of smaller CeO2 particles is associated to the existence of higher proportion of defects and imperfections on the border grain, which has a determining effect in the electronic transfer in the interfacial sites [50]. In the case of the U-Comb catalyst, the formation of well-defined CeO2 crystals limits the formation of defects where takes place the oxygen storage/release so the modifications of the electronic interactions in the interfacial sites (Cu-O-Ce) for this catalyst should be limited.



Table 1. XRD characterisation and textural parameters of the CuO-CeO2 catalysts.







	
Sample

	
Lattice Parameter (a/Å)

	
CeO2 Particle Size (nm) a

	
Cu (wt %) b

	
Cu/Ce b

	
SBET (m2·g−1)

	
t-Plot (m2·g−1)




	
Fresh

	
Used






	
F-D

	
5.412

	
9.9

	
4.9

	
6.1

	
0.06

	
18

	
7




	
N-Comb

	
5.411

	
6.7

	
7.3

	
7.1

	
0.06

	
85

	
49




	
PMMA

	
5.412

	
5.6

	
6.7

	
6.4

	
0.08

	
97

	
34




	
U-Prec

	
5.413

	
5.7

	
5.6

	
5.8

	
0.06

	
81

	
50




	
Na-Prec

	
5.421

	
4.7

	
4.6

	
7.2

	
0.07

	
135

	
74




	
U-Comb

	
5.410

	
101.0

	
91.7

	
5.5

	
0.06

	
7

	
1








a CeO2 particle size determined by the Williamson-Hall equation for the fresh catalysts and the used catalysts after 48 h of TOS at 115 °C; b Data obtained by EDS analysis of TEM, using of average of 15 points.








The structural parameters of CeO2, determined by the Rietveld method, show that all samples maintained the typical cell parameter of CeO2 (a = 5.415 Å) [26], so the formation of Ce1−xCuxO2 solid solutions must be discarded.



The SEM images of the CuO-CeO2 catalysts obtained from several synthetic methods are summarised in Figure 2. F-D catalyst (Figure 2A) displays a heterogeneous morphology with variable particle size from 1 to 200 μm. The PMMA catalyst (Figure 2B) also exhibits a heterogeneous morphology, although a more detailed study, using higher magnification, shows a honeycomb macroporous structure with a pore diameter about 300 nm. The catalysts synthesised by precipitation methods (Na-Prec and U-Prec) (Figure 2C,D) display the smallest particle size. Among them, U-Prec catalyst shows a larger particle size because the precipitation of Cu and Ce species take place more slowly, favouring the growth of the crystals. The N-Calc catalyst (Figure 2E) also displays heterogeneous crystals with a wide range of particle diameters. Finally, the U-Comb catalyst (Figure 2F) exhibits similar morphology to that observed in Figure 2E, although the exothermic process of the urea combustion generates pores of about 1 μm of diameter.


Figure 2. Scanning electron microscopy (SEM) images of the CuO-CeO2 catalysts obtained by several synthetic methods (A) F-D, (B) PMMA, (C) Na-Prec, (D) U-Prec, (E) N-Calc and (F) U-Comb. (Magnification 1000×, scale 10 μm).
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The TEM micrographs of the CuO-CeO2 catalysts are summarised in Figure 3. The micrograph of the F-D catalyst (Figure 3A) shows heterogeneous particles with a variable size of several hundred nanometres, being formed by small CeO2 and CuO particles which are agglomerated, as indicated by energy disperse X-ray spectroscopy EDAX analysis (Supplementary Materials, Figure S1). In the case of the micrograph of the PMMA catalyst, Figure 3B shows the existence of a well-defined macroporous structure where small CuO-CeO2 nanoparticles have been formed around the PMMA template. The micrograph of the Na-Prec catalyst (Figure 3C) exhibits a heterogeneous structure composed of small particles in the form of spheres and rods. A detailed study by EDAX (Supplementary Materials, Figure S1) indicates that the spherical structure is ascribed to CuO and CeO2 particles, while the particles in form of rods are attributed to CeO2 particles only. The TEM image of the U-Prec catalyst (Figure 3D) shows homogeneous spheres about 200 nm in size, which are composed of small CuO and CeO2 nanoparticles. The image of the N-Calc catalyst (Figure 3E) reveals the existence of particles slightly larger than those shown in previous micrographs. However, these particles do not seem to exceed 10–15 nm. Finally, the micrograph of the U-Comb catalyst (Figure 3F) shows the largest particles due to the exothermic conditions of the synthesis, where it seems that the Cu particles are distributed over the CeO2 crystals. The particle size obtained from the TEM micrographs of these six catalysts are comparable with data determined by the Williamson–Hall equation (Table 1).


Figure 3. TEM images of the CuO-CeO2 catalysts obtained by several synthetic methods (A) F-D, (B) PMMA, (C) Na-Prec, (D) U-Prec, (E) N-Calc and (F) U-Comb catalysts (scale 50 nm).
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From EDX data, a semi-quantitative analysis was obtained considering an average of 15 points (Table 1). In all cases, the Cu charge is close to the theoretical loading (6 wt %), maintaining a similar Cu/Ce ratio for all the samples studied.



Raman spectra of the CuO-CeO2 catalysts, compiled in Figure 4, provide information about the oxygen vacancies [51]. The Raman spectrum of the bulk CeO2 displays a main peak located at 464 cm−1, assigned to the F2g vibrational mode of the cubic fluorite-type structure of CeO2 [52]. All CuO-CeO2 catalysts present the typical main peak of the CeO2, although the maximum value is slightly shifted to lower frequency. Previous research has pointed out that the CeO2 displays other vibration modes located at 585 and 250 cm−1 [32], which are attributed to the presence of oxygen vacancies. These bands are not identified in Figure 4, so the number of oxygen vacancies has to be relatively low. On the other hand, the typical bands of CuO species are not detected, confirming the high dispersion of the copper species, as indicated in the XRD data (Figure 1).


Figure 4. Raman spectra of the CuO-CeO2 catalysts obtained by several synthetic methods (dashed line: F2g vibrational mode of the bulk ceria).
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Previous studies have pointed out that the shift of the F2g vibrational mode can be assigned to the formation of solid solutions of CuO and CeO2, which would cause modifications of the cell parameters; however the Rietveld data, shown in Table 1, reveals the same CeO2 cell parameters in all CuO-CeO2 catalysts [32,53]. Other authors have established a relationship between copper species and the shift of the F2g vibrational mode, due to CuO particles that shield the CeO2 framework [24,25]. From data shown in Figure 4, it can be concluded that the CuO-CeO2 systems with smaller CeO2 particles tend to suffer higher shielding than those with larger CeO2 particles, such as the U-Comb catalyst, due to the their higher dispersion on the surface of the CeO2.



The textural parameters of the CuO-CeO2 catalysts were evaluated by N2 adsorption–desorption at −196  °C (Figure 5). The N2 isotherms reveal that all catalysts, except the Na-Prec catalyst, display a Type II isotherm, which is typical of non-porous or macroporous adsorbents. The porosity is attributed to the interparticle voids, or to the use of PMMA microspheres as templates that generate macropores after calcination. In the case of the Na-Prec catalyst, a Type IV isotherm can be observed with an H2 (b) hysteresis loop close to P/P0 = 1, which is associated with pore blocking in a narrow range of pore necks or to cavitation-induced evaporation [54]. The specific surface area SBET, obtained from the BET equation, reveals some differences between the systems studied (Table 1). Both F-D and U-Comb catalysts show the lowest SBET values, while the samples synthesised by the precipitation method, N-Calc or by using PMMA exhibit higher SBET values, reaching a maximum SBET of 135 m2·g−1 for the Na-Prec catalyst. The reducibility of the CuO and CeO2 species is a key parameter in the catalytic behaviour of the CO-PROX reaction. It is well known that CeO2 reduction proceeds in two steps. The first reduction stage, between 300 and 650 °C, is assigned to the reduction of the unsaturated cerium species located on the surface, while the second reduction stage of CeO2, at about 900  °C, is attributed to the reduction of bulk oxygen species [24]. The active oxygen species located at the interface between CuO and CeO2 causes an enhancing of the reducibility of the catalytic system, leading to a reduction process at lower temperature [20].


Figure 5. N2 adsorption–desorption isotherms of CuO-CeO2 catalysts obtained by several synthetic methods (solid symbol: adsorption branch and open symbol: desorption branch).
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H2-TPR profiles of CuO-CeO2 catalysts are compiled in Figure 6. Previous research established that the sequential reduction of copper (Cu2+ → Cu+ → Cu0) is difficult to resolve in these experiments, so the different features observed in the samples have to be related to structural/morphological differences in the copper oxide entities involved [19]. Thus, all H2-TPR profiles can be separated in several components. The first, denoted as (α) and located at lower temperature, is attributed to the reduction of highly dispersed copper oxide species, strongly interacting with ceria, which includes isolated copper ions and small two- and three-dimensional clusters. The peak denoted as (β) is attributed to well-dispersed larger CuO cluster species weakly interacting with CeO2. The peak located at higher temperature (γ) is assigned to larger CuO bulk-like particles associated with the ceria [22,55]. An H2-TPR profile with a higher H2 consumption ascribed to α and β peaks confirms the presence of well-dispersed copper oxide species in the catalytic system. This is the trend for all the samples, except for the U-Comb catalyst, where the H2 profile is shifted to higher temperature, probably due to the presence of larger copper oxide agglomerates as a consequence of the CuO sintering by the exothermic character of the urea combustion, as was suggested by XRD data (Figure 1).


Figure 6. H2-TPR profiles of the CuO-CeO2 catalysts obtained by several synthetic methods.
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The theoretical H2 consumption of the CuO-CeO2 with a copper loading of 6 wt % is 944 μmol·g−1. This value was obtained considering the theoretical amount of CuO set in each H2-TPR. The H2 quantification from TPR profiles reveals that H2 consumption of all catalysts is higher than theoretical (Table 2), indicating the simultaneous reduction of CuO species and the surface of the CeO2 [24,26,27,32]. In fact, a relationship can be established between the CeO2 particle size and its H2-consumed/H2-theoretical ratio. Thus, the catalysts with lower CeO2 particle size, such as those obtained by precipitation methods, must possess a larger proportion of unsaturated ceria more easily reducible than those catalysts with bigger crystals, such as the U-Comb catalyst, where external ceria surface area must be lower due to its largest particle size and lowest BET surface area. This leads to the reduction of CuO and unsaturated cerium species located on the surface overlapping, as indicated by the H2-consumed/H2-theoretical ratio being greater than unity. This value is higher for catalysts with smaller CeO2 crystal size, due to the presence of a higher proportion of reducible superficial cerium species. In this sense, previous research have pointed out that the catalysts with smaller CeO2 size exhibit higher modifications in the Cu sites in comparison to bare CuO by a transfer of small amount of electron for copper to ceria [56] due to the perturbations in their electronic properties due to the ability to store/release oxygen species of CeO2. In the case of the U-Comb catalyst, the bigger CuO crystals act similarly to the CuO bulk, which diminishes the electronic modifications, leading to a CuO/CeO2 catalyst with lower reducibility of both Cu2+ and Ce4+ species, which supposes a catalyst with lower potential for the CO-PROX reaction [57,58]. In the same way, Liu et al. have pointed out that the incorporation of CuO particles on the surface of CeO2 acts as a seed for the formation of higher proportion of oxygen vacancies [59]. The samples with higher dispersion and lower particle size favours this synergistic effect by an electronic transfer between Cu2+ species and CeO2, increasing the reducibility of the catalytic system, which is a key factor for the CO-PROX activity.



Table 2. Reducibility degree obtained from H2-TPR profiles for CuO-CeO2 catalysts synthesised by several synthetic methods.







	
Sample

	
α Peak (%)

	
β Peak (%)

	
γ Peak (%)

	
TMAX (°C)

	
H2 Consumption (µmol·g−1)

	
H2 Consumed/H2 Theoretical






	
F-D

	
24.6

	
59.3

	
16.1

	
193

	
1088

	
1.20




	
N-Calc

	
30.0

	
64.0

	
6

	
192

	
1184

	
1.26




	
PMMA

	
35.8

	
64.2

	
-

	
176

	
1162

	
1.23




	
U-Prec

	
16.8

	
83.2

	
-

	
202

	
1284

	
1.36




	
Na-Prec

	
26.7

	
56.2

	
17.1

	
180

	
1312

	
1.39




	
U-Comb

	
2.8

	
10.4

	
86.8

	
215

	
972

	
1.03










The surface composition of the materials was evaluated by XPS (Figure 7 and Table 3). All experiments were carried out with short exposition times of about 8 min, to avoid the photoreduction of both Ce and Cu species.


Figure 7. Ce 3d core level spectra (A), Cu 2p core level spectra (B) and Auger CuLMM line (C) of CuO-CeO2 catalysts obtained by several synthetic methods: (1) F-D, (2) N-Calc, (3) PMMA, (4) U-Prec, (5) Na-Prec and (6) U-Comb catalysts.
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Table 3. Spectral parameters of CuO-CeO2 catalysts synthesised by different methodologies a.







	
Sample

	
ISat/Imp

	
Ce3+/Ce4+

	
Cu/Ce

	
CuLMM (eV)






	
F-D

	
0.36 (0.31)

	
0.32 (0.40)

	
0.27 (0.47)

	
917.8 (917.9)




	
N-Calc

	
0.29 (0.24)

	
0.08 (0.03)

	
0.45 (0.67)

	
917.4 (916.8)




	
PMMA

	
0.45 (0.37)

	
0.10 (0.18)

	
0.35 (0.37)

	
916.7 (916.0)




	
U-Prec

	
0.40 (0.33)

	
0.12 (0.07)

	
0.28 (0.36)

	
918.1 (918.2)




	
Na-Prec

	
0.38 (0.34)

	
0.11 (0.09)

	
0.19 (0.22)

	
917.2 (918.0)




	
U-Comb

	
0.42 (0.35)

	
0.06 (0.07)

	
0.48 (0.55)

	
918.1 (917.5)








a In brackets, the spectral parameters of CuO-CeO2 used catalysts after 48 h of TOS at 115 °C.








The Ce 3d core level spectra (Figure 7A) are composed of 10 contributions: v, u (Ce 3d9 4f2 O 2p4) and v″, u″ (Ce 3d9 4f1 O 2p5); v‴, u‴ (final state of Ce 3d9 4f0 O 2p6) assigned to Ce4+ species and v0, u0 (Ce 3d9 4f2 O 2p5) and v’, u’ (Ce 3d9 4f1 O 2p6) assigned to Ce3+ species as a consequence of the hybridisation between the Ce 4f levels and the O 2p states [60]. In all cases, the main contributions have been ascribed to the presence of Ce4+ species, although Ce3+ species have been also detected, as the Ce3+/Ce4+ ratio indicates (Table 3). These data can be related to the H2-consumed/H2-theoretical ratio (Table 2) due to the formation of smaller particles that lead to a higher proportion of surface area, which is more easily reducible [61]. However, these data are not in accordance with the Raman spectra, so it is expected that Ce species tend to undergo a photoreduction process despite the short irradiation time.



The Cu 2p core level spectra of the CuO-CeO2 catalysts are shown in Figure 7B. The Cu 2p3/2 region contains two bands. The first, located between 932.5–933.0 eV, is attributed to the overlapping of a contribution assigned to reduced copper species (Cu0/+), which appears at about 932.5 eV and another contribution attributed to Cu2+ species, at about 935.5 eV [60]. The second band, with a maximum at 942.4 eV, is attributed to the existence of a shake-up satellite, which is typical of divalent species [60]. The analysis of the ratio between the area of the main peak and the area of all peaks including the satellite (Isat/Imp) allows the determination of the reduced copper species. Previous research has pointed out that pure CuO displays an Isat/Imp ratio of 0.55 [21]. The spectral parameters shown in Table 3 reveal that all CuO-CeO2 catalysts display similar Isat/Imp values (0.29–0.45), which are lower than the theoretical data, confirming the coexistence of Cu2+ and reduced Cu species.



In order to discern between reduced Cu species, i.e., Cu0 and Cu+, the CuLMM Auger line was also studied (Figure 7C). In all cases, the main band is located at 917 eV, indicating the presence of Cu2+ species. In addition, it is noticeable the presence of a shoulder at 915 eV, which confirms the presence of Cu+. In this sense, Cu+ species are the ones involved in the adsorption of CO in the CO-PROX reaction [40,44]. Finally, the absence of a band at 919 eV discards the presence of Cu0 species [26].



Considering the atomic concentration determined by EDAX (Table 1), it can be observed that all catalysts display ratios above the EDAX data, suggesting that there is a higher proportion of Cu species located on the surface of the catalysts. Generally, it can be observed that the CuO-CeO2 catalysts synthesised with a calcination step in the procedure, such as PMMA or U-Comb catalysts, show higher Cu/Ce ratio than those synthesised under milder conditions, such as by the co-precipitation method. In the case of the F-D catalyst, the Cu/Ce ratio is close to that obtained for CuO-CeO2 synthesised by precipitation, which can be ascribed to the milder calcination conditions in comparison to the other synthetic procedures. This observation is more pronounced in the case of the U-Comb catalyst, where the exothermic process affects to the dispersion of the active phase, provoking an increase in the Cu content on the surface of the catalyst. The higher amount of Cu on the surface of the catalytic system should indicate a high number of available sites; however, its high crystallinity, lower porosity and reducibility limit its catalytic behaviour in the CO-PROX reaction.



The O 1s core level spectra show an asymmetric band, which can be separated into two components located at 529.2 eV, ascribed to oxide species, and another contribution at 531.3 eV, attributed to the presence of hydroxyl or carbonate species [24,25,62].



With regard to the C 1s, together with the adventitious carbon located at 284.8 eV, the presence of a smaller contribution located at 288.8 eV is noteworthy, assigned to the presence of carbonate species resulting from the re-carbonation of the CuO-CeO2 catalysts [24,25].





3. Catalytic Results


The catalytic behaviour of the CuO-CeO2 samples synthesised by different methods was evaluated in the CO-PROX reaction between 65 and 190 °C (Figure 8). In all cases, the only reactions that proceeded were the CO and H2 oxidations, while both methanation and reverse water gas shift reaction were negligible under the catalytic conditions used in this study.


Figure 8. CO conversion (A) and selectivity toward CO2 (B) as function of the temperature of CuO-CeO2 catalysts. Operating conditions: Gas hourly space velocity (GHSV) = 22,000 h−1, λ = 2, 1.25% CO, 1.25% O2, 50% H2, He balance (vol %).
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From catalytic data shown in Figure 8A, it can be observed how the CO conversion increases with the reaction temperature attaining a conversion value close to 100% at 115 °C with the PMMA catalyst. The remaining catalysts reached a CO conversion of between 90% and 95% at 115 °C, except the U-Comb catalyst, which reached a CO conversion of only 48% at 115 °C. Nonetheless, the use of higher reaction temperatures gave rise to a catalytic conversion in the range 90–100% in all cases.



The excellent performance of most CuO-CeO2 catalysts is attributed to the small particle size of ceria (5–9 nm), which favours the formation of high proportion of interfacial sites where preferential CO oxidation takes places [20,22]. The similar CeO2 crystal size leads to similar catalytic behaviour. In this sense, the Cu/Ce molar ratio on the surface of the catalysts (Table 3) has established that the catalysts synthesised from combustion processes (N-Calc and U-Comb) have higher Cu/Ce ratios, which suggests higher dispersion of the CuO species on the CeO2, resulting in conversion values. However, the N-Calc catalyst exhibited higher conversion values at lower temperature compared to the U-Comb catalyst. This can be ascribed to the bigger CeO2 crystal size together with its lower specific surface area (7 m2·g−1), which implies a lower number of active sites available for the CO-PROX reaction [20], limiting the CO conversion. In this sense, it is well known that reducibility of CuO-CeO2 is closely related to the formation of partially reduced copper species, which are necessary for the CO-PROX reaction [19,20,22,44]. Thus, the U-Comb catalyst, with a lower reducibility, showed the lowest conversion values between 95 and 165 °C. In all cases, an increase of the temperature causes a gradual transformation of Cu2+ to Cu+ and Cu0. The electronic interactions between Cu and ceria facilitates the reducibility of the Cu species by the redox equilibrium (Cu4+ + Cu+ ↔ Ce3+ + Cu2+) in comparison to bare CuO so Cu2+ is the predominant specie at low temperature, while a progressive increase of the reaction temperature leads to Cu+ and Cu0 species. The use of temperature in the range 95–165 °C leads to a partial reduction of the Cu2+ to Cu+ species, which are the active species in the CO-PROX reaction by the formation of Cu+-carbonyl species and subsequent oxidation to CO2 [63]. In the case of the U-Comb catalyst, the lower reducibility of the CuO-CeO2 catalyst diminishes in the presence of bigger CeO2 crystals, which limits the oxygen mobility. This implies that Cu2+ is the main copper specie in this range of temperature, leading to poorer catalytic activity in comparison to the other catalysts.



With regard to selectivity (Figure 8B), all CuO-CeO2 catalysts displayed a selectivity towards CO2 of 100% at low temperature (65 °C) due to the excess oxygen added in the feed favouring the oxidation of CO to CO2 at low temperature. The increase in reaction temperature caused a decrease in CO2 selectivity due to the competitive oxidation reaction that occurs in the same range of temperature for both CO and H2 species by the partially reduced Cu active sites [20,27]. It has been reported that the use of lower temperature favours the presence of Cu2+ and Cu+ species, which are involved in the CO oxidation reaction; however, an increase in the reaction temperature leads to the formation of reduced copper species (Cu0), causing the oxidation of H2 species [63]. The selectivity pattern can be related to the particle size of the CeO2 since the presence of smaller CeO2 crystals enhances the mobility of oxygen species, increasing the reducibility of the CuO-CeO2 system. In the case of the U-Comb catalyst, which presents a lower proportion of available partially reduced copper species due to the existence of bigger CeO2 crystals, it displays a lower CO conversion and higher CO2 selectivity at low temperature in comparison with the other CuO-CeO2 systems.



In summary, the data obtained in Figure 8 show an almost full CO conversion from 115 °C for all CuO-CeO2 samples, except U-Comb catalyst. The catalysts used in large-scale, i.e., Pt- and Ru-based catalysts, require a lower reaction temperature to obtain full conversion (40–60 °C) with high selectivity to CO2 [12]. Nonetheless, the high cost of these noble metals has led to the development of inexpensive alternative such as CuO-CeO2 catalysts, which need a higher reaction temperature to obtain adequate conversion values, although within the range of the PEMFC fuels.



Catalytic stability is a key factor in obtaining competitive catalysts. For this purpose, all CuO-CeO2 catalysts were assayed within the working temperature range of PEMFC cells (115 °C). The catalytic data, compiled in Figure 9, show how all CuO-CeO2 catalysts hardly suffer any deactivation during 48 h time on stream (TOS), reaching CO conversions close to 90–100% with CO2 selectivity of 80–90% for most catalysts, leading to highly competitive catalytic systems in the H2 purification processes.


Figure 9. CO conversion and selectivity toward CO2 after 1 h and 48 h of TOS of CuO-CeO2 catalysts. Operating conditions: Treac = 115 °C, Gas hourly space velocity (GHSV) = 22,000 h−1, λ = 2, 1.25% CO, 1.25% O2, 50% H2, He balance (vol %).
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In order to evaluate possible modifications of the active phase along the catalytic process, the catalysts were recovered after the stability tests and kept in an inert solvent, such as cyclohexane, to be characterised by XRD and XPS.



The X-ray diffractograms of the catalysts used (Figure 1B) reveal how the typical diffraction peaks of CeO2 were maintained after the catalytic tests. In addition, diffraction peaks attributed to copper species were not detected in the XRD profiles of the materials, suggesting that these species maintain a high dispersion after the 48-h stability test. The estimation of the CeO2 particle size by the Williamson–Hall equation [48] (Table 1) shows how the CeO2 maintains its particle size after the stability test. In summary, the XRD data of the used catalysts discard the modification of CeO2 to another Ce-species and the sintering of both CeO2 and Cu species.



With regard to the XPS spectra (Figure 10), Ce 3d core level spectra of the used catalysts (Figure 10A) display similar profiles and Ce3+/Ce4+ ratio than their respective spectra before the catalytic tests. In all cases, the Ce3+/Ce4+ molar ratios are maintained, confirming the chemical stability of CeO2, as previously indicated in the XRD data (Figure 1).


Figure 10. Ce 3d core level spectra (A), Cu 2p core level spectra (B) and Auger CuLMM line (C) of the used CuO-CeO2 catalysts (after 48 h of TOS at 115 °C) obtained by several synthetic methods: (1) F-D, (2) N-Calc, (3) PMMA, (4) U-Prec, (5) Na-Prec and (6) U-Comb catalysts.
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The Cu 2p core level spectra (Figure 10B) also exhibit similar bands to before the reaction, i.e., a band at 933.0 eV attributed to Cu species and another at 942.5 eV ascribed to the shake-up satellite. Analysis of the Isat/Imp ratio after the stability test (Table 3) shows a slight decrease in their values in comparison to the catalyst before the CO-PROX reaction, which suggests the partial reduction of the copper species due to the use of H2-rich feed after 48 h TOS at 115 °C, in accordance with the H2-TPR profile (Figure 5). The Auger CuLMM line (Figure 10C) shows a slight increase of the Cu+ signal, which indicates the formation of catalytically active species during the CO-PROX reaction. Finally, in spite of H2-rich feed, the presence of Cu0 species cannot be observed in any case, so the redox pair ratio (Ce4+/3+/Cu+/2+) is maintained after 48 h TOS. In any case, the similarity between the XPS profile before and after the catalytic reaction reflects the high stability of all CuO-CeO2 catalysts after 48 h.



With regard to the Cu/Ce atomic ratio, an increase of the Cu content on the surface can be observed for all CuO-CeO2 catalysts (Table 3), which indicates a slight decrease in the dispersion of the Cu particles and therefore a decrease in the number of available interfacial sites.



Finally, in order to simulate the real conditions of H2 purification, 15 vol % CO2 and 10 vol % H2O were added to the feed to establish similar conditions to those produced by the water gas shift reaction in the range 115–190 °C (Figure 11).


Figure 11. CO conversion (A) and selectivity toward CO2 (B) as a function of the temperature of CuO-CeO2 catalysts. Operating conditions: Gas hourly space velocity (GHSV) = 22,000 h−1, λ = 2, 1.25% CO, 1.25% O2, 50% H2, 10% H2O, 15% CO2, He balance (vol %).
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It has been reported in the literature that the presence of CO2 and H2O in the feed has an inhibitive effect in the CO-PROX reaction. The presence of CO2 in the feed leads to a competitive effect between CO and CO2 on the Cu+ sites [47]. In addition, the strong Cu+-CO2 interaction requires high temperatures to favour the desorption of the CO2 molecules and thus make available the active centres for the CO-PROX reaction [64]. The presence of H2O in the feed has a stronger inhibitive effect in this reaction due to blockage of the active centres [21]. The results of the catalytic experiments in the presence of CO2 and H2O follow a different trend from those shown in the elementary tests. This suggests that other parameters, such as the textural properties, are involved in the catalytic behaviour. Thus, all the catalysts, except PMMA (Table 1), shift their CO conversion at higher temperatures. The excellent catalytic behaviour of the PMMA catalyst can be attributed not only to the small CeO2 particle size and the larger amount of easily reducible copper oxide species, strongly interacting with ceria, but also to the peculiar morphology and porosity of the material (Table 2, Figure 2 and Figure 3), since the existence of macropores can minimise the blockage of the active sites by H2O. It is furthermore noticeable that a CO conversion close to 95% is obtained at 115 °C, simulating the real conditions of a PROX unit at the working temperature of a PEM fuel cell. These data are higher than those reported in the literature for catalysts produced by traditional synthetic strategies, such as impregnation or precipitation, where high conversion values are between 170 and 200 °C [42,43,46].



Considering the CO behaviour of the CuO-CeO2 catalysts in the CO-PROX reaction, future studies must be focused on the comparison of the CO conversion and CO2 selectivity with the noble metal-based catalysts. In addition, CuO-CeO2-based catalysts should be evaluated in monoliths to simulate the conditions at a larger scale. Moreover, the stability of these catalysts must be evaluated by testing several runs of each catalyst.




4. Materials and Methods


4.1. Catalyst Preparation


4.1.1. CeO2-CuO from Calcination of Nitrate Precursors (N-Calc)


CeO2-CuO catalyst was synthesised following the procedure described by Cecilia et al. [26]. Briefly, the precursor Ce(NO3)3·6H2O (99.99%, Aldrich, St. Louis, MO, USA) was calcined to 500 °C at a rate of 10 °C·min−1, maintaining this temperature for 2 h. The copper-containing catalyst was prepared by incipient wetness impregnation of the supports with a solution of copper(II) nitrate (99.99%, Aldrich) and the solid dried overnight at 60 °C and calcined for 4 h at 400 °C.




4.1.2. CeO2-CuO from Thermal Urea-Nitrate Combustion (U-Comb)


CeO2-CuO catalyst obtained by thermal urea-nitrate combustion was synthesised according to the procedure of Avgouropoulos and Ioannides [21]. Both Ce(NO3)3·6H2O and Cu(NO3)2·6H2O were dissolved in the minimum volume of distilled water, then urea added using a urea/nitrate molar ratio of 2.5:1. The solution was heated for a few minutes at 80 °C and then the gel was placed into an oven, preheated to 400 °C, resulting in a foamy structure by the spontaneous combustion of urea. Finally, the solid was recalcined at 400 °C for 2 h to remove the carbonaceous deposits.




4.1.3. CeO2-CuO from Freeze-Drying (F-D)


According to the method of Arango-Díaz et al. [24], both Ce(NO3)3·6H2O and Cu(NO3)2·6H2O were dissolved in water. Later ethylenediaminetetraacetic acid (EDTA 99.7%, Aldrich) was added as complexing agent to prevent precipitation in a 1:1 ligand/metal molar ratio, adjusting the pH to 7–8 by adding aqueous ammonia. The solution was flash frozen dropwise into liquid N2 and dried in a freeze-dryer for three days. The precursor obtained was calcined at 300 °C for 2 h to remove the organic matter and avoid rehydration.




4.1.4. CeO2-CuO Using Poly(methyl metacrylate) (PMMA) as a Template


PMMA spheres of about 400 nm were synthesised from emulsion polymerisation of methyl methacrylate (MMA) in aqueous solution, using 2,2′-azobis(2-methylpropionamidine) dihydrochloride (97%, Aldrich) as a radical initiator [65]. Ce(NO3)3·6H2O and Cu(NO3)2·6H2O were dissolved by stirring in an aqueous solution of pH = 3. PMMA spheres were added to the solution with a PMMA/catalyst mass ratio of 3.5:1, maintaining the stirring for 15 min. The solvent was slowly evaporated in ambient conditions for three days, the solid dried at 60 °C for 1 h and calcined at 400 °C for 4 h to remove the template spheres, leading to a regular porous structure [25].




4.1.5. CeO2-CuO from Precipitation Method Using NaOH as a Precipitating Agent (Na-Prec)


CeO2-CuO was synthesised by the co-precipitating method using aqueous Ce(NO3)3·6H2O and Cu(NO3)2·6H2O solutions at a concentration of 0.3 M. Aqueous NaOH 0.3 M was added slowly to the mother liquor until a pH of 11 was reached, leading to the precipitation of both copper and cerium hydroxides. The obtained precipitate was aged for 4 h at 60 °C, and then at room temperature for 12 h. The solid was filtered and washed with deionised water to neutral pH to ensure the removal of Na+ species. Finally, the solid was dried for 12 h at room temperature and calcined at 400 °C, maintaining this temperature for 4 h [66].




4.1.6. CeO2-CuO Synthesised from the Combustion of Urea as a Precipitating Agent (U-Prec)


CeO2-CuO were co-precipitated from 0.3 M solutions of Ce(NO3)3·6H2O and Cu(NO3)2·6H2O. Urea was added dropwise using a urea/nitrate molar ratio of 4:1 and the solution stirred and heated at 90 °C to decompose urea to CO2 and NH3. In order to ensure total precipitation, the obtained solid was stirred at 90 °C for 24 h and then this solid was filtered and washed with water. Finally, the solid was dried for 12 h and calcined at 400 °C for 4 h, at a heating rate of 1 °C·min−1 [34].



In all cases, CNH analyses were carried out to ensure the removal of nitrogen and carbon species after the calcination step, obtaining a nitrogen or carbon content lower than 0.5 wt % in all cases.



All samples were synthesised with a nominal copper loading of 6 wt %, considering that several authors have pointed that the maximum CO conversion in the CO-PROX is obtained at a Cu content of 6–7 wt % [22,62].





4.2. Characterisation of the Catalysts


Powder patterns for the samples were analysed on a X’Pert Pro MPD automated diffractometer (PANalytical B.V., Almelo, The Netherlands), which is equipped with a Ge(111) primary monochromator with monochromatic Cu Kα1 radiation and a X’Celerator detector with a step size of 0.017°. The powder patterns were measured between 10° and 70° in 2θ. The particle size of the catalysts was determined by the Williamson–Hall method from fitting of the diffraction profile [48]. The cell parameters were estimated from the Rietveld method.



The microstructure and morphology of the CuO-CeO2 catalysts was determined using Scanning Electron Microscopy (SEM). The catalysts were gold-coated in a JEOL Ion Sputter JFC-1100 device (gold coat w300 Å thick, Akishima, Tokyo, Japan). Then, they were observed in a JEOL JSM-6490LV scanning electron microscope (Akishima) using secondary electrons.



The morphology of the catalysts was studied by Transmission Electron Microscopy (TEM), using FEI Talos F200X equipment (Thermo Fisher Scientific, Waltham, MA, USA) that combined outstanding high-resolution S/TEM and TEM imaging with industry-leading energy dispersive X-ray spectroscopy (EDS) signal detection, and 3D chemical characterisation with compositional mapping. The samples were suspended in isopropyl alcohol and dropped onto a perforated carbon film grid.



The Raman spectra were carried out using a BRUKER RAM II Raman spectrometer (Bruker, Billerica, MA, USA) with a Ge detector using an excitation line of 1064 nm with Nd-YAG laser. The data were measured maintaining the power at 30 mW, a standard spectral resolution of 4 cm−1 and 2000 accumulations for each spectrum. Operation was at liquid N2 temperature. In order to carry out the analysis, the samples were pressed into small discs and then placed on the analytic chamber. The Raman scattering measurements were carried out in the 200–800 cm−1 region.



The textural parameters of the CuO-CeO2 catalysts were estimated from the N2 adsorption–desorption isotherms at −196 °C using an automatic ASAP 2020 system supplied from Micromeritics (Norcross, GA, USA). Prior to the N2 adsorption–desorption, samples were degassed at 200 °C and 10−4 mbar overnight. Surface areas were estimated by using the Brunauer–Emmett–Teller (BET) method [67].



H2 thermoprogrammed reduction (H2-TPR) analysis were carried out on 0.080 g of catalyst immediately after calcination at 400 °C to remove the possible products of recarbonation of cerium and copper oxide species. Each sample was cleaned with a He flow (35 mL min−1) at 100 °C for 30 min and then cooled to 40 °C. The H2 consumption was measured between 100 and 800 °C, using an Ar/H2 flow (48 mL·min−1, 10 vol % H2) and at a heating ramp of 10 °C·min−1. Water formed in the reduction reaction was retained using an isopropanol–liquid nitrogen as trap and a cold finger (−80 °C). The H2 consumption was measured with a thermal conductivity detector (TCD). The H2 consumed thermoprogrammed reduction experiments was determined by calibration with pure CuO (Aldrich) as reference, assuming that all CuO is reduced to Cu0.



X-ray photoelectron spectra were carried out using a Physical Electronics PHI 5700 spectrometer (Ulvac-Phi, Chanhassen, MN, USA), which is equipped with non-monochromatic Mg Kα radiation (300 W, 15 kV and 1253.6 eV) and a multichannel detector. All spectra were measured using a constant pass energy mode at 29.35 eV, using a diameter analysis area of 720 μm. In all cases, the adventitious carbon (C 1s at 284.8 eV) was used as reference. A PHI ACCESS ESCA-V6.0F software package (Ulvac-Phi) was used for acquisition and data analysis. The signals were substrated considering a Shirley-type background and were fitted using Gaussian–Lorentzian curves to estimate the binding energies of the different element core levels. In order to avoid the photoreduction of Ce4+ and Cu2+ species as much as possible, short irradiation time spectra of Ce 3d, Cu 2p and C 1s were first registered. Nevertheless, the reduction of Ce4+ and Cu2+ in high vacuum conditions could not be excluded. The Auger parameter was determined from the following equation:
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4.3. Catalytic Tests


Catalytic experiments were carried out using a fixed-bed reactor at atmospheric pressure. All catalysts were performed with an amount of catalyst of 0.150 g, which was sieved (0.050–0.110 mm) previously. The catalyst was putted in a tubular stainless steel reactor with an internal diameter of 5 mm and a thermocouple in direct contact with the catalyst. Prior the test, the catalyst was pretreated in situ under N2/O2 (80:20 vol %) flow (30 mL·min−1) for 30 min at 400 °C. Then, the catalyst was cooled to 65 °C in He flow. The experiments were carried out with a (W/F) of 0.18 g·s·cm−3 (GHSV = 22,000 h−1). The reaction mixture composition was 1.25% CO, 1.25% O2, 50% H2, balanced with He for the elementary tests. The overall CO-PROX reaction is:


CO + ½ O2 → CO2



(2)






H2 + ½ O2 → H2O.



(3)







The effect of CO2 and H2O was examined with the addition of 15% CO2 and 10% H2O. An ice-salt cooled cold finger (−20 °C) was used to trap the water downstream from the reactor. A Shimadzu-GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with TCD and a Carboxen 1000 60/80 mesh column was used to analyse the outlet composition. The reaction temperature was varied from 65 to 190 °C, maintaining the reaction for 1 h at each temperature. Several measurements were carried out until a steady state was achieved for each experimental point.



The CO (Equation (4)) and O2 (Equation (5)) conversions ([image: there is no content] and [image: there is no content], respectively) were calculated based on the CO and O2 consumption, respectively:
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(4)
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(5)




where [image: there is no content] are the inlet and outlet CO (mol), respectively, and [image: there is no content] are the O2 counterparts.



The selectivity towards CO2 was calculated by (Equation (6)):
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(6)




where [image: there is no content] and [image: there is no content] are the CO and O2 conversions and λ is:
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The excess oxygen factor (λ) (Equation (2) used in this work was 2 considering that this value was previously found optimal for CO-PROX in previous research [24,25,26,27].





5. Conclusions


Several CuO-CeO2 materials were synthesised by different synthetic methods (calcination of nitrate precursors, urea-nitrate combustion, freeze-drying, using poly (methyl metacrylate) spheres as templates, and precipitation methods using either NaOH or urea as a precipitating agent, with a nominal copper loading of 6 wt %. These CuO-CeO2 catalysts were characterised and tested in the preferential oxidation of CO under an H2-rich feed. All catalysts, except those synthesised from the urea combustion, displayed a quite high dispersion of copper and cerium oxides phases, as indicated by XRD and TEM measurements. The catalysts with smaller CeO2 crystal size attained CO conversions between 90% and 100% at 115 °C, due to the existence of a higher number of CuO-CeO2 interfacial sites, where the CO-PROX reaction takes place. In contrast, the larger CeO2 crystal size of the sample synthesised by urea combustion gave rise to a lower number of available active sites, so the CO conversion was only 48% at 115 °C.



All catalysts showed high stability and selectivity even after 48 h TOS at 115 °C, obtaining CO conversion values close to 100%, with the system synthesised using PMMA microspheres as a template giving the highest value. In addition, the stability tests also discarded the deactivation by sintering or the modification of the active phases.



Among all the CuO-CeO2 catalysts studied, those synthesised using PMMA showed excellent performance thanks to many concomitant factors, such as the very small CeO2 particle size (5.6 nm), a surface rich in copper (atomic ratio Cu/Ce = 0.35), a higher proportion of Cu species more easily reducible (α peak 35.8%) and the high porosity of the material, as indicated by TEM micrography, which minimises the blockage of the active sites by H2O in the stream. Furthermore, this catalyst exhibits a very good CO conversion, close to 95%, under real operating conditions (10% H2O, 15% CO2) at 115 °C, which is within the working temperature range of a PEM fuel cell. This is higher than that reported in the literature for catalysts prepared by traditional synthetic strategies, which require a temperature between 170 and 200 °C for high CO conversion.
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