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Abstract

:

Cu2Y2O5 perovskite was reduced at different temperatures under H2 atmosphere to prepare two Cu-Y2O3 catalysts. The results of the activity test indicated that the Cu-Y2O3 catalyst after H2-reduction at 500 °C (RCYO-500) exhibited the best performance in the temperature range from 100 to 180 °C for water gas shift (WGS) reaction, with a CO conversion of 57.30% and H2 production of 30.67 μmol·gcat−1·min−1 at 160 °C and a gas hourly space velocity (GHSV) of 6000 mL·gcat−1·h−1. The catalyst reduced at 320 °C (RCYO-320) performed best at the temperature range from 180 to 250 °C, which achieved 86.44% CO conversion and 54.73 μmol·gcat−1·min−1 H2 production at 250 °C. Both of the Cu-Y2O3 catalysts had similar structures including Cu°, Cu+, oxygen vacancies (Vo) on the Cu°-Cu+ interface and Y2O3 support. RCYO-500, with a mainly exposed Cu° (100) facet, was active in the low-temperature WGS reaction, while the WGS activity of RCYO-320, which mainly exposed the Cu° (111) facet, was greatly enhanced above 180 °C. Different Cu° facets have different abilities to absorb H2O and then dissociate it to form hydroxyl groups, which is the main step affecting the catalytic rate of the WGS reaction.
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1. Introduction


The water gas shift (WGS) reaction is considered to be a promising method for CO conversion and H2/CO modulation [1], which is of great significance to the subsequent synthesis of chemical products and the electrical power generation of fuel cells [2,3]. As we all know, the WGS reaction (CO + H2O ↔ CO2 + H2) is an exothermic reaction [4] and the conversion decreases with the reaction equilibrium thermodynamically limited as the temperature increases [5]; more attention is being paid to the research of a low-temperature WGS reaction.



The catalysts currently used in the low-temperature WGS reaction mainly include noble metal catalysts such as Pt, Au [6,7], etc., as active components and Cu-based catalysts. However, noble metals catalysts are relatively expensive and not suitable for large-scale application in industrial production. Cu as an active component is considered to have good activity in low temperature WGS reaction. [8]. The effect of Cu doping on the activity of Fe3O4 on the WGS reaction based on the DFT calculation indicated that Cu species could strengthen the CO absorption, slow down active site inactivation and improve Fe ion activity, which are beneficial to WGS reaction at lower temperatures [9]. Jeong et al. prepared Cu-CeO2 with varying Cu loading, which suggested that a further increase in Cu loading (>80 wt%) resulted in a reduction of CO conversion under the same conditions and the catalytic performance decreased with an increasing reaction temperature as the Cu loading exceeded 50% [10]. The CeO2/Cu catalyst with Cu/Ce ratio of 9:1 via an aerosol-spray method maintained a stable and best WGS reaction rate of 17 μmol·g−1·s−1 at 250 °C for 50 h, which showed that optimal CeO2 coverage on Cu surface was about 20% and an increase or decrease in Cu proportion led to a catalytic performance decrease [11].



In previous studies, in addition to the Cu content and Cu chemical state affecting the performance, different Cu° exposed facets affected the catalytic activity of WGS reaction. Jiang et al. studied the absorption of H, OH and H2O on the oxygen-preadsorbed Cu° (111), Cu° (100) and Cu° (110) surfaces, which indicated that the surface reactivity for the WGS reaction was in the order of Cu° (110) > Cu° (100) > Cu° (111) [12]. Mudiyanselage et al. concluded that the dominant WGS pathway on Cu° (111) was the redox reaction and Cu° (111) readily absorbed and dissociated H2O to transform into OH species [13]. Muller et al. suggested that Cu° (100) easily absorbed hydrogen(H*) while Cu° (110) was easily covered with absorbed CO* [14]. Li et al. investigated the mechanism of Cu° (111), Cu° (100) and Cu° (211) for WGS reaction by DFT calculation, which showed the activation barrier of reaction steps: Cu° (211) < Cu° (100) < Cu° (111) [15]. Therefore, it is necessary to explore the effect of Cu° facets on the catalyst surface.



Different reduction temperatures will cause the samples to achieve different degrees of reduction, resulting in different structures. Furthermore, the growth of crystal facets on the catalyst surface is affected by the reduction temperature. In this paper, the Cu2Y2O5 perovskite sample was prepared by the sol–gel method, which was further reduced at 320 °C and 500 °C, respectively. The physicochemical characterizations and WGS reaction of two reduced catalysts were carried out. The probable mechanism of the effect of different reduction temperatures of catalysts on WGS performance was discussed.




2. Results


The essential information of the three prepared samples are shown in Table 1. Three samples had same Cu content and the two reduced catalysts were derived from the CYO.



2.1. Characterization of the Samples


XRD patterns of CYO sample and the reduced catalysts are shown in Figure 1. The CYO sample showed single Cu2Y2O5 perovskite structure, which was related to the orthorhombic Cu2Y2O5 perovskite structure (PDF-83-0341) [16]. The XRD patterns of the two reduced catalysts were completely inconsistent with that of the CYO sample. The diffraction peaks of orthorhombic Cu2Y2O5 perovskite had totally disappeared and transformed into Y2O3 support and Cu° in RCYO-320 and RCYO-500 catalysts. The 2θ values of 20.50, 29.15, 33.78, 35.90, 39.84, 43.47, 48.83, 53.20, 56.17, 57.61, 59, 03, 60.43, 71.06, 72.33 and 74.86° (PDF-43-1036) corresponded to the cubic Y2O3 structure [17]. The cubic Cu° peaks are present at 2θ values of 43.30, 50.43 and 74.13° (PDF-04-0836) [18]. These results suggested that no structure of the Cu2Y2O5 perovskite existed in the RCYO-320 and RCYO-500 catalysts but Cu° particles and Y2O3 support. However, with the increase of the reduction temperature, the characteristic peaks of Cu° particles and Y2O3 formed became sharper in the end, which indicated that the crystal structures of Cu° particles and Y2O3 were more regular after reduction at high temperature. The crystallite size of reduced catalysts derived from Cu2Y2O5 perovskite was calculated by the well-known Scherrer formula [19]:


  D = K λ / β cos θ  



(1)







In this equation, the D is crystallite size, K is Scherer constant = 0.89, λ is Cu Kα wavelength of 0.15406 nm, θ is angle and β is FWHM.



The crystallite size of Cu° particles in RCYO-320 and RCYO-500 catalysts were 17.07 nm and 24.35 nm, respectively. Both Cu-based catalysts had small Cu° particles, which would exhibit good performance for WGS reaction.



As shown in Table 2, the total pore volume and surface area of RCYO-320 and RCYO-500 are displayed.



The total pore volume and surface area of RCYO-320 were 5.786·10−2 cc·g−1 and 87.316 m2·g−1. The parameters of RCYO-500 were slightly higher than RCYO-320, which included total pore volume of 8.221·10−2 cc·g−1 and surface area of 97.614 m2·g−1. This slight difference may be related to the degree of sintering and pore formation of the catalyst during reduction. When the specific surface area of the catalyst was larger, the probability of the active site being in contact with the reaction gas was greater, which would help to improve the activity of the WGS reaction [20]. The nitrogen adsorption-desorption isotherms and the corresponding pore-size distribution of two catalysts are shown in Figure 2. Figure 2a shows the pore-size distribution of the two catalysts and the pore diameters were mainly distributed at 4.35 nm and 7.90 nm, indicating that both catalysts belong to mesoporous materials [21]. According to IUPAC classification, the curves in Figure 2b belonging to type Ⅲ showed an H1-type hysteresis loop. In general, the H1 hysteresis ring was observed in mesoporous materials, which had small pore size and spherical particle aggregates with relatively uniform size [22]. Therefore, it was indicated that the two catalysts had the structure with uniform particle size distribution and narrow pore size distribution.



The H2-TPR profiles of the crystallization of the CYO sample are shown in Figure 3.



The H2-TPR curve can be divided into two main peaks and a tiny peak. The first peak (peak α) about 267.52 °C was attributed to the reduction of Cu2+ in Cu2Y2O5 perovskite to Cu+ species. The second peak (peak β) at 299.71 °C was related to the reduction of Cu+ species to metallic Cu° state [23,24,25,26]. In addition, it can be seen from the calculation that the area ratio of peak α to peak β was much larger than 1, which implied that there was still a certain amount of Cu+ inside the sample even after complete reduction. Therefore, a small amount of amorphous Cu+ in the interior of the reduced sample existed, which could be attributed to the strong interaction between the Cu° particles and the support after reduction. The γ peak at about 370 °C was most likely due to the reduction of Y2O3 to form Y2O3-δ. In the preparation of the two reduced catalysts, the reduction temperatures were chosen based on the H2-TPR profile of CYO. At 320 °C, the structure of the Cu2Y2O5 perovskite almost completely decomposed and collapsed into Cu species and Y2O3. The Cu2Y2O5 perovskite reduced at 500 °C can achieve a high reduction degree.



In order to explore the surface morphologies of the catalysts, Figure 4 shows the SEM and TEM images of RCYO-320 and RCYO-500 catalysts. Most of the Cu particles supported on Y2O3 were observed in both SEM images of Figure 4a,d, which were consistent with the results of the XRD. Furthermore, with the increased reduction temperature, the phenomenon of agglomeration and growth of Cu species on the support were more obvious. TEM images of RCYO-320 were observed in Figure 4b,c, which can be found that obvious flocs were attached to the carrier, while obvious species aggregated on the support of RCYO-500 were observed in Figure 4e,f. The flocs should be the fine dendrites of reduced Cu species attached to Y2O3 and the large black particles in RCYO-500 should correspond to the large particles of grown agglomerated Cu particles [27,28]. The SEM and TEM images were basically consistent with the results of the XRD.



The energy-dispersive X-ray (EDX) spectroscopy of Cu element in two catalysts are shown in Figure 5, indicating that Cu elements were well distributed in RCYO-320. However, in Figure 5b, obvious graininess and agglomeration of Cu species appeared on RCYO-500, which demonstrated that high temperature made the Cu particles on the Y2O3 support easy to agglomerate and develop [29].



In order to explore the richer and more detailed information of the Cu species on the catalyst surface, high-resolution transmission electron microscopy (HR-TEM) were necessary to observe the surface properties of the catalysts, which are shown in Figure 6. In Figure 6a, only two groups of different crystal facets were displayed on the catalyst surface, corresponding to cubic Cu° (111) plane and cubic Y2O3 (222) plane [30,31] in RCYO-320, respectively. It is worth noting that there were distinct cubic Cu° (100) and cubic Y2O3 (222) and tiny amounts of Cu° (111) [32] on RCYO-500. These results indicated that RCYO-500 had different Cu° crystal facets with RCYO-320, which would lead to the catalysts exhibiting varied WGS performance. In Hansson’s group, the influence of crystallographic orientation was investigated for loading along the (100), (110) or (111) direction of Cu°, which may show different characteristics in the WGS reaction [33].



To analyze the influence of the surface properties of RCYO-320 and RCYO-500 catalysts, the chemical states of O, Y and Cu elements were measured by XPS. The high resolution XPS spectra of Y 3d, O 1s, Cu 2p and Cu LMM Auger are shown in Figure 7a–d, respectively. Figure 7a shows the deconvolution results of the Y 3d XPS spectra of RCYO-320 and RCYO-500 in which four distinguishable peaks with the binding energies from 154–162 eV were obtained. The peak around 156.48 eV can be allocated to the bond of Y2O3 3d5/2 (indicated in orange) and the peak located at around 158.20 eV was assigned to the bond of Y2O3 3d3/2 (indicated in green). The peaks of Y-CO32− 3d5/2 and 3d3/2 were represented by blue and purple curves, located around 157.50 eV and 159.32 eV, respectively [34,35,36]. Combined with the XRD pattern, Y2O3 was the main component as support. Since Y2O3 absorbed H2O and CO2 relatively easily, the presence of Y-CO32− peaks was also reasonable [37].



The O 1s core level scans are shown in Figure 7b. Three distinct peaks can be detected in all XPS spectra of O 1s of catalysts. The one peak with the binding energy around 529.50 eV can be ascribed to the lattice oxygen species (indicated in orange), the second peak at about 531.00 eV can be attributed to oxygen vacancies (Vo) (in green) and the last peak located at ~533.00 eV can be assigned to absorbed oxygen on the surface (in blue) [38,39]. By comparison, it was found that both RCYO-500 and RCYO-320 had a certain number of Vo, but there was still a large amount of adsorbed oxygen on the surface of RCYO-500, which may be related to the formation of Y2O3-δ. The presence of Y2O3-δ will form many Vo, resulting in spontaneous adsorption and dissociation of H2O to form a large number of hydroxyl groups or adsorption of many CO2 covering the surface and occupying Vo, so the RCYO-500 showed a large amount of adsorbed oxygen. This indicated that RCYO-500 easily absorbed H2O and CO2 when exposed to air and the surface oxygen was very active [40,41]. Due to the deeper reduction degree, the characteristic peaks of lattice oxygen of RCYO-500 were obviously weaker than those of RCYO-320.



The Cu 2p spectra are shown in Figure 7c. The deconvolution results can be divided into satellite peaks and three kinds of Cu 2p peaks, including Cu°, Cu+ and Cu2+. The orange and wine red regions were attributed to the peaks of Cu° 2p3/2 and 2p1/2 at approximately 932.50 eV and 952.80 eV, respectively. Furthermore, the peaks of Cu+ 2p3/2 and 2p1/2 were located around 933.90 eV and 953.80 eV, indicated in green and sapphire blue. The blue peaks (about 936.00 eV) and earthy yellow peaks (~932.70 eV) represented the 2p3/2 and 2p1/2 peaks of Cu2+ [42,43,44]. Figure 7d shows the Cu Auger spectra of the two catalysts, including a broad main peak around 570.00 eV. Combined with the XPS results of Cu 2p spectra, it can be confirmed that the Auger peaks of the three valence states of Cu overlap, indicating the coexistence of Cu°, Cu+ and Cu2+ [45].



According to the characterization results of XPS, the proportion of each valence state of Cu species was calculated, as shown in Table 3. The proportion of Cu° on the surface of RCYO-320 and RCYO-500 was determined by XPS to be 34.3% and 35.8%, respectively. Furthermore, the proportion of Cu+ on the surface of RCYO-320 and RCYO-500 were 55.1% and 58.0%, respectively. Both of them had a small fraction (less than 11%) of Cu2+ on their surfaces. Consequently, the proportions of Cu valence states in RCYO-320 and RCYO-500 were basically similar. Both RCYO-320 and RCYO-500 showed a large amount of Cu+, which was likely due to the strong interaction between Cu° and Y2O3. The XPS spectrum described that both reduced catalysts formed the structures of Cu° particles and Vo supported on Y2O3 after of Cu2Y2O5 perovskite collapsed, which would play a vital role in the WGS reaction.



Figure 8 shows the surface species changes of RCYO-300 and RCYO-500 catalysts during the WGS reaction by in situ DRIFT test. The infrared displacement belonging to hydroxyl groups at about 1647 nm can be observed in both spectra of catalysts with increasing temperature. The areas of hydroxyl groups of RCYO-320 first increased and then remained constant above 180 °C, while the hydroxyl group areas of RCYO-500 remained unchanged with increasing temperature [46,47]. This indicated that RCYO-500 can already generate a large number of hydroxyl groups at lower temperature, which should benefit from Y2O3-δ, which also explained that the large amount of adsorbed oxygen in the XPS results was mainly hydroxyl groups. The infrared displacement around 1540 nm and 2350 nm corresponded to carbonate species and CO2 [48]. Since no formic acid groups and carboxyl groups were detected in the in situ drift spectra and no characteristic peak of carbonyl groups was found, the WGS catalytic mechanism of RCYO-320 and RCYO-500 can be considered as a redox process.




2.2. Catalytic Performance Test


The WGS reaction performances of RCYO-320 and RCYO-500 at the GHSV = 6000 mL·gcat−1·h−1 and temperature range from 100 °C to 250 °C are shown in Figure 9a,b.



CO conversion and H2 production were used to evaluate the catalytic activity of WGS reaction. Importantly, RCYO-320 and RCYO-500 catalysts exhibited different changes in the rate of increase in catalytic performance between 100 °C and 250 °C. Before 180 °C, the RCYO-500 exhibited better catalytic performance than RCYO-320 achieving a CO conversion of 59.30% and a H2 production of 30.67 μmol·gcat−1·min−1, while RCYO-320 presented 47.09% CO conversion and 29.87 μmol·gcat−1·min−1 H2 production at 160 °C. However, when the temperature exceeded 180 °C, CO conversion and H2 production of RCYO-320 increased rapidly and exceeded the values of RCYO-500. At 250 °C, RCYO-320 and RCYO-500 achieved the CO conversion of 86.44 and 84.59% and their H2 production were 54.73 and 53.11 μmol·gcat−1·min−1, respectively, which were basically consistent with the thermodynamic calculation results [49,50,51]. The change law of H2 production was basically consistent with that of CO conversion, but RCYO-320 can achieve high H2 production even in low CO conversion, which implied that the structure of RCYO-320 would improve the selectivity of production. Moreover, the CO conversion of RCYO-320 began to approach equilibrium conversion at 210 °C and finally reached equilibrium at 250 °C. When the temperature was raised, the catalytic activity of RCYO-320 did not increase significantly, while the CO conversion and H2 production of RCYO-500 increased rapidly with temperature increase. Consequently, RCYO-500 showed best performance on low-temperature WGS reaction and RCYO-320 performed best on high-temperature WGS reaction.





3. Discussion


In this work, two Cu-based catalysts derived from Cu2Y2O5 perovskite were carried out WGS reaction test and structural characterizations. The XRD and SEM results confirmed that the structures of the two catalysts were Cu species supported on Y2O3, which implied that RCYO-320 had a similar structure to RCYO-500. They also had similar specific surface area and total pore volume in BET results. Furthermore, RCYO-320 had an amount of Vo on the Cu°–Cu+ interface, Cu°, Cu+ and Cu2+ nearly as much as that of RCYO-500, which were found in the XPS spectra. It is worth noting that RCYO-320 and RCYO-500 exhibited different catalytic properties on WGS reaction, which was most likely due to differences in the Cu species formed on the surface.



The TEM images and EDX results indicated that the Y2O3 supports of the two catalysts were loaded with uniformly distributed Cu° particles and the Cu° particle size of RCYO-500 was slightly larger. In the HR-TEM images, a few Cu° (111) and abundant Cu° (100) facets were found in RCYO-500, while in RCYO-320 only plentiful Cu° (111) facets could be seen. This is because the crystal will always more easily expose the crystal facets with lower surface energy during the growth process [52]. For face-centered cubic crystal, usually γ (111) < γ (100) < γ (110), so the (111) facet is more likely to be revealed preferentially [53]. Due to the higher reduction temperature of RCYO-500, the surface Cu° agglomerated and exposed more (100) facets, while the Cu° (100) on the surface of RCYO-320 basically did not exist. The XPS spectra showed that on the surface of RCYO-500 existed a large amount of absorbed oxygen, while the surface of RCYO-320 had little, which indicated that RCYO-500 had a strong ability to adsorb H2O at room temperature and found it easier to dissociate H2O to form a large number of hydroxyl groups on the surface.



Since formate species, carboxyl species and carbonylic species were not found in the in situ DRIFT test, it can be determined that the two catalysts conducted the WGS reaction by the redox process [54]. After CO was adsorbed by Cu°, CO combined with the active oxygen next to Cu+ to form CO2 and desorbed to complete the oxidation process. At the same time, H2O was adsorbed by Cu° and dissociated into active hydroxyl and hydrogen with the help of Cu+ and Vo, then the active hydroxyl groups were transferred from Cu° to replenish the active oxygen taken away by CO and dissociated. Active hydrogen was generated and the two active hydrogens combined to form hydrogen and then desorbed from Cu° to complete the reduction process. During these steps, the main steps affecting the WGS reaction catalytic rate are the dissociation of H2O and hydroxyl groups during the reduction process [55,56,57].



The reason for the better performance of RCYO-500 below 180 °C is that the crystal facet of Cu° (100) is more active at low temperature than that of Cu° (111). Zhang et al. have confirmed that the Cu crystal facet has an effect on the catalytic activity of WGS reaction via DFT calculations [58]. The Cu° (100) facet of RCYO-500 with Cu+ and Vo can adsorb and dissociate H2O to generate a large number of hydroxyl groups at room temperature and can dissociate hydroxyl groups faster at low temperature, thereby increasing the catalytic reaction rate, as shown in Figure 10a [59]. In contrast, as shown in Figure 10b, the Cu° (111) crystal facet of RCYO-320 had enhanced activity above 180 °C, that is, the ability to synergistically adsorb and dissociate H2O with Cu+ and Vo and dissociate hydroxyl groups, thereby accelerating the WGS reaction [60]. Combined with H2-TPR and XPS results of RCYO-500, even at room temperature, Y2O3 in RCYO-500 had a strong ability to adsorb CO2 to form Y-CO32−. In the WGS reaction, with the temperature increasing (over 180 °C), the ability of Y2O3 to adsorb CO2 was greatly enhanced, so that a large amount of CO2 generated by the reaction stays on the surface of the support, which greatly inhibited the WGS reaction, resulting in the catalytic activity increasing slowly with the rising temperature.




4. Materials and Methods


4.1. Catalyst Preparation


In this work, Cu2Y2O5 perovskite was prepared by citric acid sol–gel method: a certain amount of yttrium nitrate hexahydrate and cupric nitrate were dissolved in deionized water and then added into a certain amount of citric acid under stirring to form an aqueous solution. The mixed solution was heated at 80 °C and dried at 110 °C overnight to obtain a dry foam-structured precursor. The precursor was subsequently calcined in a muffle furnace at 650 °C in 3 h and then 850 °C in 5 h. The obtained sample was named CYO.



Measured samples of 0.3 g of CYO were reduced in a tube furnace for 4 h under 8% H2/Ar atmosphere with a flow of 10 mL·min−1 at different temperatures of 320 °C and 500 °C, which were denoted as RCYO-320 and RCYO-500, respectively.




4.2. Catalyst Characterization


Powder X-ray diffraction (XRD) pattern was recorded using a PaNalytical X’Pert Pro diffractometer with Cu Kα radiation source operated at 40 kV and 40 mA. X-ray photoelectron spectroscopy (XPS) was determined using a Thermo ESCALAB 250Xl with monochromatized Al Kα source (1486.6 eV). The C 1s line was taken as an internal standard at 284.8 eV. Surface area and porosity were analyzed by nitrogen absorption-desorption isotherm using a SI-MP-10/Pore Master 33 instrument (Quantachrome, Boynton, FL, USA) after the samples were degassed in a vacuum at 300 °C for 18 h. Both the pore volume and pore-size distribution were calculated through Barrett–Joyner–Hollander (BJH) method. Hydrogen temperature-programmed reduction (H2-TPR) was performed using a mixture gas of 10 vol.% H2/Ar (v/v) with a flow of 50 mL·min−1. About 40 mg of sample was heated from room temperature to 800 °C at a heating rate of 10 °C·min−1. The scanning electron microscope (SEM) test was performed on a Hitachi SU-70 Thermal Field Emission Scanning Electron Microscope (Analytical SEM, Hitach, Japan). The morphology of the active components on the surface of the catalysts was observed on the JEM-2100F (JEOL, Japan) transmission electron microscope (TEM). Before testing, the sample was ground finely and dispersed in ethanol solution to form a suspension. A drop was suspended on a carbon-coated copper mesh/ultra-thin carbon film until the ethanol evaporated. Mapping and high resolution were distinguished and analyzed. In situ diffuse reflectance infrared Fourier transform (in situ DRIFT) tests were performed by a FTIR spectrometer (Nicolet 6700-Q5) equipped with a MCT detector and a diffuse reflection accessory including a temperature controllable reaction cell. The catalysts were exposed to the reaction gas in order to collect the DRIFT spectra. All in situ DRIFT spectra were recorded from 100 °C to 250 °C by accumulating 32 scans at a spectrum resolution of 4 cm−1.




4.3. Catalyst Performance Test


Under atmospheric pressure, 100 mg of catalyst was placed in a fixed-bed quartz tube reactor (φ = 10 mm) and the temperature from 100 °C to 250 °C was measured and controlled by a thermocouple. Reactant gas consisting of 3% CO/3% H2O balanced by Ar was generated by passing 3% CO/Ar through a 25 °C water-bath, with a total flux of 10 mL·min−1 at the GHSV of 6000 mL·gcat−1·h−1. The feed gas and reaction products were analyzed online by an online GC-2010 Shimadzu gas chromatograph and the estimated error of the gas component was within 3%.





5. Conclusions


In summary, two Cu/Y2O3 catalysts were obtained by the reduction of Cu2Y2O5 perovskite at 320 °C and 500 °C, respectively. The two catalysts mainly exposed different crystal facets of Cu°, showing different WGS catalytic performances. RCYO-500, which mainly exposed Cu° (100) facet, exhibited better WGS activity below 180 °C, achieving CO conversion of 59.30% and H2 production of 30.67 μmol·gcat−1·min−1 at 160 °C at the GHSV of 6000 mL·gcat−1·h−1. In contrast, RCYO-320 with mainly exposed Cu° (111) facet performed well over 180 °C and reached a CO conversion of 86.44% and H2 production of 54.73 μmol·gcat−1·min−1 at 250 °C. The different catalytic properties are related to the Cu° crystal facets formed on the catalyst surface. The Cu° (100) of RCYO-500 with Cu+ and Vo can adsorb and dissociate H2O, respectively, generating a large number of hydroxyl groups at room temperature and dissociating hydroxyl groups faster at low temperature. The Cu° (111) crystal facet of RCYO-320 cooperated with Cu+ and Vo to adsorb and dissociate H2O and the dissociation ability of hydroxyl groups above 180 °C was also greatly enhanced. This finding provides ideas for the subsequent design of Cu-based catalysts for low-temperature WGS reaction.
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Figure 1. The XRD patterns of crystalline sample of CYO and reduced samples of RCYO-320 and RCYO-500. 
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Figure 2. The corresponding pore-size distribution (a) and nitrogen adsorption-desorption isotherms (b) of RCYO-320 and RCYO-500 catalysts. 
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Figure 3. H2-TPR profile of fresh CYO sample. 
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Figure 4. SEM images of (a) RCYO-320 and (d) RCYO-500 catalysts and TEM images of (b,c) RCYO-320 and (e,f) RCYO-500. 
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Figure 5. Energy-dispersive X-ray (EDX) spectroscopy of Cu element in (a) RCYO-320 and (b) RCYO-500 catalysts. 
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Figure 6. HR-TEM images of (a) RCYO-320 and (b) RCYO-500 catalysts. 
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Figure 7. XPS binding energies for RCYO-320 and RCYO-500 catalysts: (a) Y 3d spectra, (b) O 1s spectra, (c) Cu 2p spectra and (d) Cu LMM Auger spectra. 
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Figure 8. In situ DRIFT spectra of the (a) RCYO-320 and (b) RCYO-500 catalysts recorded under a simple CO + H2O (g) reaction flow. 
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Figure 9. Catalytic performance diagram of (a) CO conversion and (b) H2 production of two catalysts for WGS reaction when GHSV = 6000 mL·gcat−1·h−1 in 100–250 °C. 
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Figure 10. The WGS reaction mechanism diagrams of (a) RCYO-500 and (b) RCYO-320 catalysts. 
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Table 1. The essential information of samples.
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	Sample
	Cu Content (%)
	Perovskite

Calcinated
	Reduction

Condition





	CYO
	33.02
	650 °C-3 h + 850 °C-5 h
	-



	RCYO-320
	33.02
	650 °C-3 h + 850 °C-5 h
	320 °C-4 h(8% H2/Ar)



	RCYO-500
	33.02
	650 °C-3 h + 850 °C-5 h
	500 °C-4 h(8% H2/Ar)
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Table 2. Total pore volume and surface area of the two reduced catalysts.
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	Sample
	Total Pore Volume (cc·g−1)
	Surface Area (m2·g−1)





	RCYO-320
	5.786 × 10−2
	87.316



	RCYO-500
	8.221 × 10−2
	97.614
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Table 3. Composition of surface Cu species.
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Catalysts

	
Surface Cu Species




	
Cu°

	
Cu+

	
Cu2+




	
B.E. (eV)

	
% Area

	
B.E. (eV)

	
% Area

	
B.E. (eV)

	
% Area






	
RCYO-320

	
932.30

	
34.3

	
933.87

	
55.1

	
935.80

	
10.6




	
RCYO-500

	
932.84

	
35.8

	
934.10

	
58.0

	
936.57

	
6.2
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