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Abstract

:

The water-gas shift (WGS) reaction is a well-known industrial process used for the production of hydrogen. During the last few decades, it has attracted renewed attention due to the need for high-purity hydrogen for fuel-cell processing systems. The aim of the present study was to develop a cost-effective and catalytically efficient formulation that combined the advantageous properties of transition metal oxides and gold nanoparticles. Alumina-supported copper- manganese mixed oxides were prepared by wet impregnation. The deposition-precipitation method was used for the synthesis of gold catalysts. The effect of the Cu:Mn molar ratio and the role of Au addition on the WGS reaction’s performance was evaluated. Considerable emphasis was put on the characterization of the as-prepared and WGS-tested samples by means of a number of physicochemical methods (X-ray powder diffraction, high-resolution transmission electron microscopy, electron paramagnetic resonance, X-ray photoelectron spectroscopy, and temperature-programmed reduction) in order to explain the relationship between the structure and the reductive and WGS behavior. Catalytic tests revealed the promotional effect of gold addition. The best performance of the gold-promoted sample with a higher Cu content, i.e., a Cu:Mn molar ratio of 2:1 might be related to the beneficial role of Au on the spinel decomposition and the highly dispersed copper particle formation during the reaction, thus, ensuring the presence of two highly dispersed active metallic phases. High-surface-area alumina that was modified with a surface fraction of Cu–Mn mixed oxides favored the stabilization of finely dispersed gold particles. These new catalytic systems are very promising for practical applications due to their economic viability because the composition mainly includes alumina (80%).
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1. Introduction


The development of energy devices with a high efficiency and environmental friendliness contributes to the future of sustainable energy, thus, improving the quality of life. The advancements in fuel-cell processing technology stimulated intensive research of the water-gas shift (WGS) reaction because of its importance in hydrogen production [1]. This reaction is well known due to its long application as an industrially important process for the CO removal in the syngas, coupled with additional hydrogen generation. In order to avoid the kinetic and thermodynamic constraints, two reactors in series, involving high temperature and low-temperature WGS processes, are employed industrially [2]. Copper is widely used as an active component in commercially applicable WGS catalysts for large-scale hydrogen production due to its activity at low temperatures and its lower cost in comparison to the noble metals. Recently, the evaluation of the WGS catalytic behavior of mixed copper-manganese oxides pointed out the promising opportunity for their practical application [3,4,5,6,7,8,9]. The effect of different preparation methods and experimental conditions was studied in order to improve catalyst activity and stability. Zhi et al. have investigated the effect of the basifying agent (KOH or NaOH) used during the co-precipitation of the textural and structural properties of copper-manganese mixed oxides [5]. The rate of the precipitator addition into the reactor, as well as the type of copper-manganese salt precursors (nitrates, sulfates, acetates, and chlorides), has influenced the texture and WGS activity significantly [6,7]. Special attention was paid to the role of the catalyst composition. The impact of the Cu:Mn ratio on the structure, the WGS activity, and on the stability of the Cu-Mn mixed oxides was investigated [8]. The authors ascribed a higher activity of the sample with a Cu to Mn ratio of 1:1 to its higher surface area and the synergistic interaction between copper and manganese.



The addition of a third component was also studied as a relevant approach for improving the catalytic performance of Cu-Mn mixed oxides. Doped Cu–Mn-M spinel catalysts (M = Ce, Zr, Zn, Fe, Al) were synthesized by a single step combustion method and a different effect was observed depending on the nature of dopants [10]. The addition of Zr and Fe significantly enhanced the WGS activities, while the promotion by Ce, Zn, or Al had a detrimental effect. He et al. modified the Cu-Mn catalytic system with 0.5–10.0 mol % La and examined its impact on the structural and catalytic properties at low temperatures [11]. An improvement in the reducibility and more homogeneous distribution of Cu and Mn that correlate well with the WGS performance were attained after doping with a rather low amount of lanthanum. Cu-Mn-Ce metal oxide catalysts were prepared by the nano-casting method and a higher WGS activity was demonstrated in comparison to binary metal oxide samples [12].



However, the Cu-based catalysts are not always suitable for mobile applications because they are pyrophoric, intolerant to poisons, are susceptible to oxidation and condensation, and require a careful activation procedure before use. These drawbacks could be overcome by using noble metal-based catalysts. Among them, gold-based catalysts have attracted an exceptional interest due to their promising WGS behavior in the low-temperature range [13,14,15,16,17,18,19]. In 1995, Andreeva et al. reported a high WGS activity of finely dispersed gold on α-Fe2O3 [13]. The superior WGS performance of gold-based catalysts in comparison to commercial CuO/ZnO/Al2O3 was observed for the first time. In the same study, an Au/Al2O3 sample with a gold particles size that was similar to those in Au/α-Fe2O3 exhibited very low activity, thus, focusing on a crucial role of support nature. Afterward, the effect of various metal oxides (Fe2O3, TiO2, CeO2, ZrO2, Co3O4, etc.), including materials with different structures and morphologies—such as mixed or doped metal oxides—on the WGS activity of gold catalysts was examined [17,18]. Numerous papers focused on Au/ceria or doped ceria and addressed the impact of different factors, including the preparation method, the amount of gold, and support surface area, the nature and reactivity of the active gold species, the gold particle size, the structure, and the oxidation state on the catalytic performance in the WGSR [19].



Recently, a new strategy for the optimization of the WGS performance of gold-based catalysts was proposed by the Odriozola group. In an attempt to develop active and cost-effective catalytic materials, efforts were directed into the reduction of the content of rare earth oxides in the catalyst composition by using alumina promoted with M-doped ceria (M = Fe, Zn, Co, Cu) as a support [20,21,22]. The dispersion of the metal oxide phase on high-surface-area alumina provided the possibility to enhance the reducibility and to improve the oxygen mobility of the gold catalysts. Very recently, the same group reported that the gold nanoparticles deposited on a commercial-like Cu-Zn-Al support prepared from a hydrotalcite precursor could be a very efficient WGS catalyst [23]. The equilibrium CO conversion was achieved at 180 °C. In addition to the excellent activity, a high stability during the long-term and start-up/shut-down experiments was observed.



Considering the advantageous features in the WGSR of both gold-based catalysts and Cu-Mn mixed oxides as a starting point, we aimed to design a catalytically active and economically feasible formulation by means of the deposition of gold nanoparticles on alumina supported by Cu-Mn mixed oxides. Various techniques (Nitrogen sorption, Powder X-ray diffraction, High-resolution transmission electron microscopy, Electron paramagnetic resonance, X-ray photoelectron spectroscopy, and temperature programmed reduction) were used to characterize the structural, electronic, and redox properties of the fresh and tested samples and to clarify the effect of the Cu:Mn molar ratio and the promotional role of gold on the WGS activity.




2. Results and Discussion


2.1. Catalytic Activity Measurements


The effect of the Cu:Mn molar ratio on the WGS activity is illustrated in Figure 1a where the temperature dependence of CO conversion over γ-Al2O3-supported Cu-Mn mixed oxides with a Cu-to-Mn ratio of 2:1 and 1:5 were compared. These two compositions were selected based on a recent study of the impact of the Cu:Mn ratio on CO oxidation activity [24]. Catalytic measurements indicated that the addition of MnO2 to CuO/Al2O3 caused a significant increase in activity. This effect was valid for the whole concentration range of mixed oxides and a sharp decrease of the CO oxidation conversion was observed with MnO2/Al2O3. In the present work, the WGS activity of alumina-supported CuO and MnO2 were also studied for comparison. Experiments were carried out up to 260 °C within the low-temperature WGS reaction interval of interest. CO conversion data were collected by a heating step of 20 °C after attaining a stationary conversion at each step. In this way, reliable information was provided if the CO conversion resulted only from the WGS reaction and no CO consumption as for example for CO oxidation or CuO reduction occurred. Above 180 °C, catalytic activity results clearly showed a synergistic effect of the interaction between copper oxide and manganese oxides. Both alumina-supported Cu-Mn mixed oxides exhibited a similar activity that was higher relative to that of the supported mono metal oxides. Between the latter two samples, a better CO conversion was measured over CuO/Al2O3 in agreement with the well-known high low-temperature WGS activity of copper-based materials. Sample labeling in accordance with sample composition is described in the Experimental section.



The promotional role of gold on WGS performance was evaluated with alumina-supported mixed oxides. The temperature dependence of CO conversion is demonstrated in Figure 1b. Both gold-containing catalysts were more active than the corresponding Cu-Mn mixed oxides supported on the alumina. The highest catalytic activity was exhibited by gold on a Cu-rich sample, i.e., with a Cu-to-Mn ratio of 2:1. The added gold significantly enhanced its activity, namely, a higher CO conversion (40%) was attained at 200 °C as compared to other samples. Additionally, the CO conversion almost reached the equilibrium value (96.5%) at 260 °C. On the contrary, the modification of the Mn-rich material with gold caused only a slight improvement of activity. The favorable role of the Cu-Mn mixed oxide phase on the WGS activity of the gold-promoted catalyst was evidenced by comparison with the behavior of alumina-supported gold catalyst that exhibited a very low activity.



The discussion of beneficial catalytic performance should also include the evaluation of catalyst stability. It was assumed that small copper clusters are the active sites for the low-temperature WGS reaction over copper-based catalysts [2]. The presence of very small copper particles contributed to the highest CO conversion, while their sintering into larger agglomerates negatively affected the catalyst behavior [25]. The same statement is valid for the gold-based catalysts. A long-term stability test was performed at 260 °C with the most active Au/CuMn (2:1) sample. The experiment was conducted within 4 days by starting every day with an increase of the temperature up to 260 °C, keeping it constant at 260 °C for 8 h, and then cooling down to room temperature. Figure S1 displays a plot of CO conversion as a function of time on stream. The results showed that the sample fully retained its catalytic activity after 32 h of work. An additional advantage of this formulation is that the measurements were performed without a preliminary reduction treatment, which represents the usual activation procedure for commercial copper-based WGS catalysts.



It was mentioned in the Introduction section that one of the main drawbacks of the commercial copper-based catalysts is the reoxidation of the metallic copper species, which occurs during exposure of the used catalysts to the air. This process leads to the sintering of the copper nanoparticles and could be the reason for irreversible deactivation. Further catalytic measurements were performed with all the samples in order to prove the effect of reoxidation. After a catalytic test up to 260 °C, the reactor was cooled down to room temperature and the samples were kept in a CO/Ar mixture for about 15 h. Then the samples were subjected to an oxidative treatment in air for 1 h and the WGS tests were repeated. All samples demonstrated the same CO conversion value, thus suggesting that reoxidation did not affect active copper sites.




2.2. Sample Characterization


2.2.1. Textural Properties


Table 1 shows specific surface area, pore volume, and average pore diameter of the metal oxide supports and related gold catalysts. A decrease in the specific surface area was observed after the impregnation of alumina. This finding together with a decreased pore volume indicated the penetration of mixed solution of copper and manganese nitrates into the pores and the subsequent deposition of metal oxide phases during thermal treatment. The deposited Au caused a slight decrease of surface area, with pore volume and pore diameter remaining almost unchanged.




2.2.2. Thermal Analysis (DTA, DTG, and TG)


Results of differential thermal analysis (DTA), differential thermal gravimetry (DTG), and thermal gravimetry (TG) analysis of alumina-supported Cu-Mn mixed oxides with a Cu:Mn ratio of 2:1 and 1:5 are presented in Figure S2a,b and Table 2. Both samples showed four weight losses due to different decomposition steps. The first weight loss registered below 150 °C was related to the loss of hydration water and partial nitrate decomposition. The next two losses occurred at 150–300 °C and were attributed to nitrate decomposition. The last weight loss at 303 and 331 °C was associated with a highly dispersed mixture of CuO (CuMn 2:1) or MnO2 (CuMn 1:5) and the formation of a Cu-Mn spinel, respectively. This analysis agrees with the experimental findings of Kondrat et al. [26] about the predominant presence of metal oxides in the active phase during decomposition of mixed copper and manganese acetate above 300 °C. Other evidence for stable spinel phase formation is the absence of well-expressed endothermic effect in the temperature range of 500–600 °C due to the decomposition of MnO2 to Mn2O3.




2.2.3. X-Ray Powder Diffraction (XRD)


X-ray powder diffraction patterns of fresh (a) and WGS-tested (b) samples are given in Figure 2. Characteristic peaks of the γ-alumina support were detected in the diffractograms of all materials. Significant differences in the patterns of both alumina-supported Cu-Mn samples were observed (Figure 2a). The reflections at 2θ (35.6, 38.8, 48.6, and 61.8°) indicated the presence of CuO phase (marked with *) in the pattern of the fresh CuMn (2:1) sample. The shape of the peaks evidenced a high degree of crystallinity of the CuO particles. An average crystallite size of about 30 nm was calculated from the X-ray line broadening of the peaks at 2θ = 35.6 and 38.8°. Some reflections of MnO2 (marked with o) were visible in the pattern of the CuMn (1:5) sample. Peak broadness could be related to poor crystallization of MnO2 and to the presence of defects in the crystal structure. The average crystallite size was about 10 nm. This poor crystalline structure of the MnO2 may contain structural defects, in particular, oxygen vacancies with an important role in enhancing the dissociative chemisorption of water. Pintons et al. have reported that manganese-based oxides of variable oxidation states promote the WGS reaction rate [27]. In addition to CuO and MnO2 phases, the formation of a Cu-Mn spinel oxide phase could be suggested based on a thermal analysis.



Moreover, this expectation was consistent with the Cu–Mn–O phase diagram presented by Wei et al. about the formation of oxide phases after calcination at 450 °C of the materials of different Cu/(Cu + Mn) ratio [28]. However, characteristic peaks due to the Cu-Mn spinel phase were not registered in the XRD patterns, probably because of the undetectable small crystallite size and/or small amount.



A significant decrease in intensity of the main CuO diffractions was observed after modification with gold. Reflections due to the presence of crystalline gold particles were not discernible. It is known that the location of the most intense peak of Au associated with the (111) plane is at 2θ = 38.2°. In this case, an intense CuO (111) reflection lying at the same angle would preclude the exact gold identification even if any peak existed. However, the lack of reflections at 2θ = 44.4 and 62.6° allows one to assume a high dispersion of the gold particles.



Analysis of the XRD patterns of the samples tested in the WGS reaction (Figure 2b) revealed significant phase changes. Sharp reflections at 2θ = 43.3, 50.4, and 74.1° indicated that during the reaction the separate phase of CuO in the Cu-rich samples was reduced to Cu0, while MnO2 in the samples with a Cu-to-Mn ratio of 1:5 was reduced to MnO (peaks at 2θ = 34.9, 40.6, and 58.7°). It was observed that the presence of gold affected the crystallite size of metallic copper. Calculations showed about 31 nm in Au/CuMn (2:1) while, in the CuMn (2:1) sample, it was two-fold higher (62 nm). The formation of copper particles of a higher dispersion on the most active sample agrees well with the observation of Tanaka et al. [3] for the relationship between highly dispersed Cu species formed after the reduction of Cu–Mn spinel oxides and high CO conversion during the WGS reaction. A further observation that contributed to explaining the catalytic behavior of the studied catalysts was the appearance of a weak reflection at 2θ = 38.4° in the diffractogram of Au/CuMn (1:5). This peak corresponds to metallic gold particles of a 7 nm average size, while no such a peak was detected for the Au/CuMn (2:1) catalyst, thus confirming the stability of the highly dispersed gold particles during the reaction. A careful inspection was focused on the diffractogram of this sample, in particular on the peak at 39.4°, in order to clarify a possible formation of Au-Cu alloy. The analysis showed that this peak is due to the alumina support. Concerning the peak broadening at 2θ = 36° in the pattern of CuMn (2:1) in comparison with that of the Au/CuMn (2:1) sample, it could be related to the presence of Cu2O by implying that gold facilitated CuO reduction to Cu0.



As it was already mentioned, both the Au and Cu crystallite particle size and resistance to aggregation during operation play a key role in the catalytic performance. In this context, the XRD data provided relevant information about the better WGS performance of the gold-promoted CuMn (2:1) sample.




2.2.4. High-Resolution Transmission Electron Microscopy (HRTEM)


HRTEM measurements and Selected area electron diffraction (SAED) patterns experimentally confirmed the presence of the nonstoichiometric Cu1.5Mn1.5O4 spinel phase in both alumina-supported Cu-Mn mixed oxides. In the HRTEM images of Au/CuMn (2:1), well-defined lattice fringes were observed and the measured interplanar distances of 1.90 Å, 1.69 Å, and 2.07 Å closely correspond to the (331), (422), and (400) lattice planes of cubic Cu1.5Mn1.5O4 (Figure 3a). The presence of a separate CuO phase was also recognized after measuring the distances among the lattice fringes in an HRTEM image of this sample in a different region (Figure 3b). Elemental mapping analysis clearly showed a homogeneous distribution of all elements investigated (Cu, Mn, Al, O, and Au) in Au/CuMn (2:1) (Figure S3).



The coexistence of metallic Cu and CuO particles on an Au/CuMn (2:1) sample during WGS reaction is demonstrated in Figure 4. This observation will be further discussed in relation to the data obtained by means of EPR and TPR. It could be suggested that Cu1.5Mn1.5O4 was decomposed because its crystalline phases were not identified by TEM.



TEM images and matching SAED patterns of fresh Au/CuMn (1:5) catalyst are shown in Figure 5. As it was noted above, phase identification of the SAED patterns revealed the presence of Cu1.5Mn1.5O4 spinel together with the MnO2 phase in good agreement with thermal analysis. A homogeneous distribution of all elements investigated (Cu, Mn, Al, O, and Au) was also shown by elemental mapping analysis of Au/CuMn (1:5) (Figure S4).



An HRTEM image and a corresponding SAED pattern of Au/CuMn (1:5) sample after testing in WGS reaction are displayed in Figure 6. Analysis of SAED indicated the existence of cubic MnO and Mn3O4. However, in contrast to the observations of Au/CuMn (2:1), lattice fringes of cubic Cu1.5Mn1.5O4 were found in the HRTEM image of this sample. This finding coincides with the previously reported HRTEM analysis of a Cu-Mn spinel oxide sample after WGS reaction, where higher phase heterogeneity was one of the reasons for a lower catalytic activity [9].




2.2.5. Electron Paramagnetic Resonance (EPR)


EPR spectroscopy was used to acquire more details about the nature of the active phase species. EPR spectra of fresh alumina-supported Cu–Mn mixed oxides of Cu:Mn ratio of 2:1 and 1:5 and respective Au/CuMn catalysts, as well as of their counterparts after WGS reaction, are presented in Figure 7. A typical EPR signal due to Cu2+ ions was observed in the spectra of all fresh catalysts (spectra a). Usually, a hyperfine structure due to the coupling between the electron spin and the nuclear spin of the Cu2+ ions (S = 1/2, I = 3/2) with four parallel and four perpendicular hyperfine components would be expected in the EPR spectrum of Cu2+ ions. In this case, the spectra of fresh samples showed a poorly resolved hyperfine structure in the parallel band at gII = 2.3572 and an unresolved one in the perpendicular band located at g⟂ = 2.1029. The values of gII and g⟂ satisfied the relation gII > g⟂ > ge = 2.0023 (ge represents the g value of a free electron) indicating that the Cu2+ ions are coordinated by six ligand atoms in an axially distorted octahedron [29]. The appearance of the hyperfine structure was due to isolated Cu2+ ions whereas the lack of hyperfine components in the perpendicular region indicated a dipolar interaction between the copper ions to form small metal oxide clusters [30]. Therefore, the isolated Cu2+ ions and aggregates of Cu2+ ions were observed in the EPR spectra of fresh catalysts. Analysis of the EPR spectra indicated that the local environment of neighboring Cu2+ ions is affected by the copper quantity. The EPR signal intensity decreased and the hyperfine resolution was less noticeable in the spectrum of CuMn (1:5). At the same time, the lacking characteristic signal of the manganese ions revealed that their oxidation state was Mn(IV). The deposited Au affected the intensity of the spectrum of a copper-rich sample, however, keeping the shape of the EPR lines. Spectra intensity is a measure of the quantity of paramagnetic ions and therefore it indicates variation for the Cu2+ ion amount. In view of decreased signal intensity in the spectrum of Au/CuMn (2:1), it could be concluded that the gold modifier contributed to the formation of EPR silent Cu+ sites.



The EPR spectra of the catalysts after WGS reaction evidenced the occurrence of some changes during the catalytic measurements (spectra b). The main feature of the spectra was an asymmetrical line with resonance absorption at g ~ 2. The spectra of both CuMn (2:1 and 1:5) and Au/CuMn (2:1) were a superposition of two lines of similar parameters. One of them resulted from traces of Cu2+ ions, while the other one located at g = 2.035 was associated with the presence of Mn2+ ions. The line of the copper ions was better visible in the spectrum of CuMn (2:1) than that of a CuMn (1:5) sample, and hardly noticeable in the spectrum of Au/CuMn (2:1). Paramagnetic Cu2+ ions were not observed in the spectrum of Au/CuMn (1:5). These results implied the role of gold to favor copper(II) reduction to diamagnetic copper(I) ions and are in good agreement with XRD and HRTEM analyses. The spectrum of gold-promoted manganese-rich Au/CuMn (1:5) sample represented a singlet line with a g value of 2.035 due to the availability of Mn2+ ions. The higher intensity of this signal in the spectra of both samples with a Cu:Mn ratio of 1:5 corresponded to a higher manganese content in these catalysts.




2.2.6. X-Ray Photoelectron Spectroscopy (XPS)


The oxidation state of the chemical species at the surface of the alumina-supported Cu-Mn oxides of different compositions, as well as of the gold-containing samples, was studied by means of X-ray photoelectron spectroscopy. The main results evaluated from the spectral analysis are listed in Table 3. The support Al 2p binding energy, set at 74.8 eV, was taken as internal reference for charge correction. The curve fitting analysis showed the simultaneous presence of the Cu(I), Cu(II), Mn(III), and Mn(IV) species in all samples, thus confirming once again a spinel phase formation.



Figure 8 presents the background-subtracted fitted Cu 2p3/2 spectra of all samples. The fitting procedure allowed obtaining two Cu 2p components: a low energy component at about 932.7 eV attributable to Cu(I), and a high energy component at 933.8 eV which, along with the shake-up peaks, is characteristic of Cu(II) [31].



Mn 2p3/2 spectra are shown in Figure 9. Because of the variety of possible oxidation states, the interpretation of the manganese oxidation state is rather complicated. A typical position of the Mn(IV) binding energy of 642.5 ± 0.1 eV was obtained. However, a contribution from Mn(III) could be assumed on the basis of a rather broad linewidth of the peak (4.4 eV).



The Au 4f7/2 peak centered at 84.7 ± 0.1 eV in the XP spectra of both samples indicated the presence of a positively charged gold species. Figure S5 shows the Au 4f spectra of both gold catalysts. Concerning the XPS-derived atomic ratios, it is worth noticing that the surface was enriched in copper with respect to manganese. Indeed, particularly for the CuMn (1:5) sample, the Cu-to-Mn atomic ratio is much higher than the analytical value of 0.2. Moreover, the slight but consistent decrease of the ratio observed with the gold catalysts suggests a preferential localization of the gold over the copper sites. As suggested from the Au/(Cu + Mn) data and also from Au/Al (the latter not listed in the table), a higher surface concentration of the gold species is observed for the Au/CuMn (1:5) sample. Furthermore, in accordance with the EPR results and the XPS data shown in Figure 8 and Table 3 (Sat/Cu2p column), the relative Cu(I)/Cu(II) concentration increases in the presence of gold. Certainly, the Sat/Cu2p ratio, being an intensity relation of the typical Cu(II) shake-up feature to the main Cu 2p peak, decreases upon the deposition of gold.




2.2.7. Temperature-Programmed Reduction (TPR)


H2-TPR profiles of fresh (a) and WGS-tested (b) alumina-supported copper-manganese mixed oxides with a Cu-to-Mn ratio of 2:1 and 1:5 and gold-promoted samples are shown in Figure 10. It has been reported that the reduction of bulk CuO proceeds in a single step process with Tmax at about 300 °C [31]. A complex peak with two components (Tmax at 193 and 259 °C) characterized the reduction profile of Cu/Mn (2:1). The lower temperature component was assigned to the reduction of a separate CuO phase that was registered by XRD. A significant shift of Tmax to a lower temperature in comparison with that of bulk CuO clearly indicated the presence of highly dispersed CuO particles. The second broad component with two maxima at 243 °C and 259 °C was associated with the reduction of both larger CuO particles and the Cu-Mn spinel phase. This assignment is in harmony with the analysis of the EPR spectra about the co-existence of two different types of Cu2+ sites due to the formation of isolated Cu(II) ions and agglomerated CuO. The higher temperature component (259 °C) should be related to the reduction of a highly dispersed Cu-Mn spinel phase of relatively small crystallite size [32]. Our TPR results are consistent with the observations of Li et al. [33] who have studied CuMn(y)Ox/γ-Al2O3 of the same amount of active phase as in the present work (20 wt %) and have registered one TPR reduction peak up to 300 °C. Tanaka et al. have also reported the reduction of Cu1.5Mn1.5O4 in the temperature range of 300–500 °C depending on the preparation method [4].



The reduction profile of CuMn with a ratio of 1:5 exhibited a peak with well-defined Tmax at 290 °C that was attributed to the reduction of Cu1.5Mn1.5O4 [11]. A significantly enhanced reducibility was ascribed to the promotional role of copper on the reduction of Mn ions in the spinel [3,31]. According to Morales et al., structural defects associated with oxygen vacancies, as well as the high dispersion of separate MnOx phase, have an additional effect on the facilitated reduction of MnCux catalysts [34]. A broad shoulder on the low-temperature side of the profile could be related to the reduction of copper oxide species.



The modification with gold affected the reducibility of both Cu-Mn mixed oxides irrespective of their composition. A strong reduction peak was registered in the profile of Au/CuMn (2:1), which was assigned to the simultaneous reduction of copper oxide and the spinel phase. Considering the composition of the second sample, i.e., Au/CuMn (1:5), a profile of a similar shape as that of the sample without gold was observed, however, significantly shifted to a lower temperature. It was ascribed to the reduction of MnO2 and spinel phase. It should be noted that in both gold-based samples the reduction of the spinel phase was completed at a lower temperature in comparison with that of the alumina-supported Cu-Mn oxides. The promotional role of gold on the reducibility of the spinel phase could be explained with the ability of the nanosized gold particles to activate hydrogen and consequently atomic hydrogen spillover onto the support [35]. Additionally, by means of FTIR spectroscopy, it was demonstrated that hydrogen dissociation might occur on gold sites even at room temperature and the active hydrogen atoms might reduce the support surface sites in the close vicinity [36]. However, the enhanced reducibility of the spinel phase in the presence of gold could also be related to the improved mobility of the oxygen with successive formation of oxygen vacancies.



TPR profile analysis of all samples after WGS testing is consistent with XRD, HRTEM, and EPR data (Figure 10, profiles b). The narrow peak in the profile of the copper-rich sample overlapped very well the first component in the profile of the fresh sample. At the same time, the disappearance of the second broad component allowed to assume complete decomposition of the spinel phase under WGS conditions. A separate CuO phase was not observed by XRD and only the presence of Cu2O was suggested. However, in the EPR spectrum of CuMn (2:1), a well visible signal related to copper(II) ions was registered. The reduction process could be associated with the reduction of both CuO and Cu2O. Despite the homogeneous distribution of all elements (EDS mapping), this finding revealed that the composition of this sample is not favorable for the formation of highly dispersed copper particles. The promotion by gold facilitated the reduction as evidenced by the low-intensity TPR peak in the profile of the WGS-tested Au/CuMn (2:1) catalyst. This interpretation is in agreement with the EPR-observed traces of Cu2+ and higher dispersion of metallic copper particles calculated based on XRD reflections. The TPR profiles of both the manganese-rich samples used in the WGS reaction consisted of one very weak peak of a similar shape. In this case, the hydrogen consumption should be related to the reduction of both some CuO particles as indicated by EPR for CuMn (1:5) and small amounts of Mn3O4 (HRTEM). Both EPR and HRTEM (SAED) techniques evidenced a nearly complete transformation of the spinel phase to MnO. According to the literature, the further reduction of MnO to Mn0 has not occurred even up to 950 °C [32].



Following the goal of the present study, i.e., to develop a catalytically efficient and economically viable formulation, we could suggest a promising catalytic material for low-temperature WGS reaction based on gold-promoted Cu-Mn mixed oxides supported on alumina. It was demonstrated that the Cu:Mn molar ratio at the surface of the alumina affected the WGS behavior only after the addition of gold, thus implying the key role of highly dispersed gold nanoparticles. In a very recent work, we have studied the state of the surface species in real reaction conditions by FTIR spectroscopy [37]. Spectra were collected after the admission of carbon monoxide at about −180 °C over alumina-supported CuMn (2:1) and Au/CuMn (2:1). Comparison revealed that gold strongly affected the nature of the exposed sites and their adsorption ability owing to an extremely enhanced reactivity towards CO oxidation. By applying several techniques to characterize the samples before and after WGS tests, it could be concluded that the favorable effect of gold is related not only to the activation of CO, but also to the enhancement of CuO reducibility. Ratnasamy and Wagner have summarized recent developments in WGS catalysis and assumed that small copper clusters are the active sites for the WGS reaction [1]. Therefore, the growth of the small crystallites into larger entities would be the reason for the depletion of the active sites. According to Tanaka et al., the stabilization of small metallic copper particles by the host manganese oxides is of particular importance for high WGS activity [3]. The best performance of a gold-promoted sample with a Cu-to-Mn ratio of 2:1 might be related to the beneficial role of Au on spinel decomposition and formation of highly dispersed copper particles during the reaction, thus ensuring the presence of two highly dispersed active metallic phases. Upon analyzing both the gold and copper particle sizes, a question arises about the role of the alumina-supported mixed oxides to prevent gold particle agglomeration during the WGS operation conditions. XRD analysis of the WGS-examined samples indicated that the composition of CuMn (2:1) is more appropriate for keeping a higher gold dispersion. Cooperative effects in the adsorption and activation of CO and water should also be taken into consideration. According to some experimental and theoretical works, water dissociation plays an important role in the WGS reaction. In this sense, an alumina-supported Cu-Mn mixed oxide with good redox properties contributed to water dissociation. Thus, the improved catalytic activity was achieved through the synergistic action of both gold and copper particles as well as metal-support interaction. Future efforts could be focused on the optimization of the amount of supported active phase and gold loading.






3. Materials and Methods


3.1. Sample Preparation


Alumina-supported copper oxide, manganese oxide, and Cu-Mn mixed oxides with Cu-to-Mn molar ratios of 1:5 and 2:1 were prepared by wet impregnation. Prior to the impregnation, the γ-alumina support (0.6–1.0 mm grain size) was thermally treated at 450 °C for 2 h. The content of transition metal oxides phase was 20 wt.%. Impregnation was carried out at room temperature by the addition of an aqueous solution of copper or manganese nitrate, or a mixture of the nitrates of preset ratio to γ-Al2O3. The suspensions were kept at 80 °C for 12 h. The preparation procedure included drying at RT for 12 h, heating at 120 °C for 10 h, calcination at 450 °C for 4 h by a temperature rise from 120 °C at a rate of 10 °C min−1. Both alumina-supported Cu-Mn mixed oxides were denoted as CuMn (2:1) and CuMn (1:5) depending on the Cu-to-Mn molar ratio.



Modification by gold was carried out by deposition-precipitation of 2 wt % Au on alumina-supported Cu-Mn mixed oxides. A 0.06-M solution of HAuCl4·3H2O and a 0.2-M solution of Na2CO3 were left to interact at a constant pH of 7, temperature of 60 °C, stirring speed of 250 rpm, and reactant feed flow rate of 0.15 L h−1. The precipitates were filtered, washed, dried under vacuum at 80 °C, and calcined in air at 400 °C for 2 h. The gold catalysts were denoted as Au/CuMn (2:1) and Au/CuMn (1:5).




3.2. Sample Characterization


The textural characteristics were determined by low temperature (−196 °C) nitrogen adsorption on a Quantachrome Instrument NOVA 1200e (Quantachrome Instruments, Boynton Beach, FL, USA) specific surface area and pore analyzer. The total pore volume and pore diameter were determined at a relative pressure close to 0.99. Specific surface areas (SBET) were estimated through the Brunauer, Emmett, and Teller (BET) method in a standard pressure range p/p0 = 0.10–0.30.



Thermal analysis (TG, DTG, and DTA) was performed on a Stanton Redcroft computerized thermal installation (Stanton Redcroft LTD, London, UK) under the following experimental conditions: temperature interval of 20–650 °C, heating rate of 10 °C min−1, sample weight of 12.00 mg, gas environment—100% air, pot—stabilized corundum.



Phase identification was determined by means of an X-ray powder diffraction (XRD) PANalytical Empyrean apparatus (PANalytical B.V., Almelo, The Netherlands) equipped with a multichannel detector (Pixel 3D) (PANalytical B.V., Almelo, The Netherlands), using (Cu Kα 45 kV–40 mA) radiation in the 20–100° 2θ range, with a scan step of 0.01 for 20 s. The cell refinements were obtained with the PowderCell program.



Transmission electron microscopy (TEM) analysis was performed by a JEOL JEM 2100 instrument (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. Selected area electron diffraction (SAED) and HRTEM were also employed to receive information on the nature of the crystalline phases. Phase identification of SAED patterns was accomplished by the PCPDFWIN computer program and the PDF-2 Database of International Center for Diffraction Data. The catalytic materials, fresh and used in WGS reaction, were subjected to a preliminary preparation procedure for TEM analysis. Microquantities of all samples were suspended in double distilled water in separate glass containers and ultrasonicated for 3 min. A drop of suspension for each sample was fixed on a standard copper grid covered by an amorphous carbon membrane and left to dry for 24 h in a vacuum chamber at room temperature. After that, they were introduced to the microscope chamber for TEM study.



Electron paramagnetic resonance (EPR) measurements were performed at room temperature using a JEOL JES-FA 100 EPR spectrometer (JEOL, Tokyo, Japan) operating at the X band (~9.8 GHz). The magnetic field was modulated at 100 kHz and the g values were determined from precise frequency and magnetic field values. The samples were placed in a quartz tube and were fixed in the center of a standard TE011 cylindrical resonator. The EPR cavity had a microreactor cell specially designed for high-temperature measurements. To evaporate moisture, the spectra were firstly recorded at 120 °C and then cooled down to room temperature. The desired temperature was monitored by a JEOL DVT controller (JEOL, Tokyo, Japan). The microwave power was sufficiently small to avoid saturation effects.



X-ray photoelectron spectroscopy (XPS) analyses were performed by means of a VG Microtech ESCA 3000 Multilab (VG Scientific, Sussex, UK.) device equipped with unmonochromatized Al Ka source (1486.6 eV). The sample powders, mounted on a double-sided adhesive tape, were degassed overnight inside the high vacuum preparation chamber before being analyzed. The CASA XPS software (version 2.3.17, Casa Software Ltd. Wilmslow, Cheshire, UK, 2009) was employed for the qualitative and quantitative analyses of the experimental spectra [38]. The binding energy values are quoted with a precision of ±0.15 eV, and the atomic percentage with a precision of ±10%.



TPR measurements were conducted in a flow system under the following conditions: hydrogen-argon gas mixture (10% H2); temperature ramp rate of 15 °C min−1; flow rate of 24 mL min−1, and a sample amount of 0.05 g.




3.3. Catalytic Activity Measurements


WGS activity measurements were carried out in a flow reactor at atmospheric pressure over a temperature range of 120–260 °C. The reactant gas mixture fed into the reactor contained 3.37 vol % CO, 25.01 vol % H2O, and 71.62 vol % Ar. The concentration of water vapor in the gas mixture was controlled by a Syringe pump RAZEL model R-99 (Razel Scientific Instruments, a part of Mansfield Research and Development, Saint Albans, VT, USA) with a 10-cm3 syringe for very accurate flow. The following conditions were applied: a catalyst bed volume of 0.5 cm3 (0.6–1.0 mm grain size) and a space velocity of 4000 h−1. An Uras 3G (Hartmann&Braun AG, Frankfurt am Main, Germany) gas analyzer measured the CO content at the reactor outlet. The CO conversion was calculated based on inlet and outlet CO concentration.





4. Conclusions


A successful design of cost-effective and catalytically efficient WGS catalysts was achieved by the combination of γ-alumina modified with a surface fraction of Cu–Mn mixed oxides and gold nanoparticles. The comparison of WGS activity of the supported mono (CuO or MnO2) and mixed metal oxides clearly showed a synergistic effect over the Cu-Mn mixed oxides. The composition of the supported mixed oxides contributed to water dissociation due to their good redox properties and influenced the formation of highly dispersed gold and copper particles under reaction conditions in a different way. The beneficial role of nanosized gold was related not only to the appearance of new active sites for CO activation, but also to the enhancement of CuO reducibility and nonstoichiometric spinel phase decomposition. The promotional effect of gold was better demonstrated in the case of the Cu-rich sample, i.e., with a Cu-to-Mn molar ratio of 2:1. A higher activity resulted from the presence of two finely dispersed active metallic phases. The composition of the Cu-rich sample ensured the abundance of highly dispersed copper particles and stabilization of nanosized gold particles on high-surface-area alumina-supported Cu–Mn mixed oxides. In contrast, gold particles of an average size of about 7 nm were formed on the surface of manganese-rich samples. The WGS activity in the low-temperature range and the stability over a period of 32 h, as well as after exposure to air, opens the possibility for the potential application in fuel cell technology.
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Figure 1. The temperature dependence of CO conversion during water-gas shift (WGS) reaction over (a) alumina-supported CuO, MnO2, and mixed oxides with a Cu-to-Mn molar ratio of 2:1 and 1:5; (b) alumina-supported Cu-Mn mixed oxides with a Cu-to-Mn molar ratio of 2:1 and 1:5, and the respective gold-promoted samples. 
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Figure 2. The powder X-ray diffraction (XRD) patterns of fresh (a) and WGS-tested (b) samples. 
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Figure 3. The High-resolution transmission electron microscopy (HRTEM) micrograph of a fresh Au/CuMn (2:1) catalyst at a magnification of 600 k (a,b) and the corresponding Selected area electron diffraction (SAED) patterns (d). The presence of the gold particle is also shown in (c) (magnification 800,000×). 
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Figure 4. The HRTEM micrographs of Au/CuMn (2:1) catalyst tested in a WGS reaction at a magnification 600,000×. 
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Figure 5. The TEM micrographs of fresh Au/CuMn (1:5) catalyst at a magnification of 40,000× (a,c) and the related SAED patterns indicating the presence of Cu1.5Mn1.5O4 (b) and Au (d). 
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Figure 6. The HRTEM image at a magnification of 600,000× (a) and the SAED pattern (b) of the Au/CuMn (1:5) catalyst tested in the WGS reaction. 
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Figure 7. The Electron paramagnetic resonance (EPR) spectra of alumina-supported CuMn and Au/CuMn catalysts with a Cu:Mn ratio of 2:1 and 1:5: (a) fresh samples; (b) samples after WGS reaction. 
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Figure 8. The Cu 2p XP spectra of alumina-supported CuMn mixed oxides and gold-containing catalysts. 
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Figure 9. The Mn2p XP spectra of alumina-supported CuMn mixed oxides and gold-containing catalysts. 
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Figure 10. TPR profiles of alumina-supported CuMn and Au/CuMn catalysts with a Cu-to-Mn ratio of 2:1 and 1:5: (a) fresh samples; (b) samples after the WGS reaction. 
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Table 1. The specific surface area (SBET), total pore volume (Vtotal), and average pore diameter (Dav.) as estimated by physisorption measurements.
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	Sample
	SBET (m2/g)
	Vtotal (cm3/g)
	Dav. (nm)





	Al2O3
	219
	0.40
	7.4



	CuMn 2:1
	177
	0.31
	7.1



	CuMn 1:5
	181
	0.32
	7.2



	Au/CuMn 2:1
	143
	0.29
	7.4



	Au/CuMn 1:5
	150
	0.31
	6.7










[image: Table]





Table 2. The thermogravimetric data for alumina-supported Cu-Mn (2:1 and 1:5).
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Sample

	
Weight Loss




	
First

	
Second

	
Third

	
Fourth






	

	
Onset T, °C

(Weight loss, %)

	
Onset T, °C

(Weight loss, %)

	
Onset T, °C

(Weight loss, %)

	
Onset T, °C

(Weight loss, %)




	
CuMn 2:1

	
54 (5.3)

	
160 (12.9)

	
182 (5.9)

	
303 (6.4)




	
CuMn 1:5

	
46 (5.8)

	
148 (17.6)

	
190 (2.2)

	
331 (2.3)











[image: Table]





Table 3. X-ray photoelectron spectroscopy (XPS) data of the samples.
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	Sample
	BE Cu 2p3/2 (eV)
	BE Mn 2p3/2 (eV)
	BE Au 4f7/2 (eV)
	Cu/Mn
	Cu/Al
	Au/Cu
	Au/(Cu + Mn)
	Sat/Cu 2p





	Cu-Mn 2:1
	932.7

933.9
	642.4
	-
	2.4
	0.07
	-
	-
	0.27



	Cu-Mn 1:5
	932.9

933.6
	642.2
	-
	1.4
	0.03
	-
	-
	0.18



	Au/Cu-Mn 2:1
	932.7

933.7
	642.5
	84.8
	2.1
	0.04
	0.06
	0.04
	0.14



	Au/Cu-Mn 1:5
	932.9

933.6
	642.3
	84.7
	1.1
	0.02
	0.29
	0.10
	0.13
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