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Abstract

:

Some major drawbacks encountered in the synthesis of copper-ceria (Cu-CeO2)-based Water Gas Shift (WGS) catalyst via the conventional Impregnation (IMP) method are aggregate formation and nanoparticles’ instability. These lead to the poor interaction between Copper and Ceria, thereby impeding the catalytic activity with the inefficient utilization of active sites. To overcome these drawbacks, in this study, we described the synthesis of the Cu-CeO2 catalyst via the Reverse Microemulsion (RME) method with the help of the organic surfactant. This development of insights and strategies resulted in the preparation of porous particles with uniform size distribution and improved interaction within the composites, which were evident through XRD, XPS, BET Surface area, TPR, TEM and SEM analysis results. Remarkably, the optimum 20% Cu-CeO2 catalyst prepared by RME method was found to have superior Water Gas Shift (WGS) catalytic activity than the conventionally Impregnated catalyst when their CO conversion efficiencies were tested in WGS reaction at different feed gas compositions with and without CO2. Moreover, the 20% Cu-CeO2 sample prepared by RME method exhibited sustained catalytic activity throughout the entire 48 h period without any signs of deactivation. This observation highlights RME method as the potential pathway for developing more effective nanoparticle catalysts for hydrogen production, contributing to the growing demand for clean and sustainable energy sources.
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1. Introduction


With the progressive development of the global population, more challenges have been occurring in sectors regarding energy, food, water, and medical care as they become more reliable. Among them, the higher energy demand is still a major challenge for global citizens. According to the prediction of the International Energy Agency (IEA), the worldwide energy need would increase by nearly 50% over the next 30 years [1]. Over the last decades, the major parts of energy sources of our planet greatly relied on the fossil fuels such as petroleum, coal, etc. [2,3]. As a consequence of the extraction of resources from the environment and excessive usage of these fossil fuels, carbon emission from these sources has already triggered climate changes and most parts of the globe have experienced the impact of these changes in recent years.



As a consequence of the influence of these climate change with global warming and to fulfill some segments of expanding energy requirements, lots of efforts have already been applied to the investigation of eco-friendly and energy-sufficient technologies [4]. Among them, hydrogen production is one of the most popular technologies, and most experts expected hydrogen as the life-changing energy source of the 21st century and then considered it a part of the potential Clean Energy of the Future [5,6]. Due to the above environmental and social benefits of hydrogen, it has been increasingly produced around the globe as a versatile energy carrier that can help to tackle various challenges [7]. Depending upon the sources of hydrogen production, synthesized hydrogen can be mainly divided into four main categories. Hydrogen produced from coal can be classified as brown hydrogen while hydrogen created from natural gas, petroleum, and other side products such as pet coke can be categorized as grey hydrogen. The refined hydrogen obtained from brown and grey hydrogen production combined with carbon capture and utilization/storage could be referred to as blue hydrogen. Hydrogen synthesized using renewable energy could be described as green hydrogen. To achieve the standards of clean technologies and goals of net zero emissions by 2050, green hydrogen technologies should be preferable for long-term conditions. However, in the current era, electrolysis is the only reliable method for producing green hydrogen and it still has limitations in practical usage because of its unserviceableness in economic and technological aspects [8,9,10].



Currently, the majority of hydrogen was commercially manufactured from steam methane reforming of natural gas [11] or hydrogen-rich syngas produced from coal gasification of hydrocarbons such as petroleum coke (pet coke) [12,13]. As the consequence of CO presence, Water Gas Shift (WGS) reaction usually accompanies commercial hydrogen production to produce high concentration hydrogen from syngas. Because of the thermodynamic and kinetically favorability of WGS reaction, it can be divided into operations with two different temperature regions [4]. High temperature Water Gas Shift (HT-WGS) is usually applied initially; however, a trace amount of CO still remains in the product gas composition, which is why Low temperature Water Gas Shift (LT-WGS) usually follows [14]. Since LT-WGS only provides a small amount of energy during the process, catalysts with high catalytic efficiency and stability are usually demanded in industrial and commercialized applications [15].



In order to meet these necessities, at least three compositions must be included in most catalysts: active part and support together with promotor/stabilizer. In some preparations of the LT-WGS catalysts, two or more chemicals were utilized only even for a promotor/stabilizer in addition for active part and support as in the investigation of the Kinetics and Catalysis of the Water-Gas-Shift Reaction conducted by Callaghan (2006). In this study, to fulfill the equilibrium CO conversion even in the gas composition without CO2, catalysts with more than two chemical components were utilized [16]. Moreover, some research works were performed by using precious chemical components such as platinum or palladium for the active part to achieve catalysts with high-performance efficiency. Callaghan (2006) investigated the effect of precious metal catalyst on WGS activity by doping platinum, palladium, rhodium, and ruthenium on alumina pellets. Additionally, Jain et al. (2014) also conducted a study involving the synthesis of platinum-ceria catalyst for WGS activity and successfully achieved 100% CO conversion at 250 °C [16,17]. Although these types of catalysts proved high activity and selectivity performance, they are impracticable for industrial and commercialized applications because of their rareness and high costs.



On the other hand, Cu-CeO2 catalysts have brought about considerable attractiveness in heterogeneous catalysis nowadays because of the presence of unique chemical properties that are effective and practicable for chemical reactions regarding environmental and energy sectors [18,19,20]. These composite catalysts are also efficient in syngas chemistry such as LT-WGS reactions. As a critical factor shaping the catalytic properties of Cu-CeO2 composites, strong copper-ceria interaction is predominantly viewed as the responsible phenomenon that determines the activity and selectivity of the catalyst. Chen et al. (2019) conducted a study on the structure of catalytically active copper–ceria interfacial perimeter and proved the copper–ceria interfacial perimeter, Cu+–Ov–Ce3+, as the active sites for LT-WGS reaction. Moreover, Yao et al. (2014) also reported the enhancement of the copper-ceria interaction on the activity and stability of Cu-CeO2 catalysts [19,21,22]. But other parameters such as surface morphology, pore diameter and deposited active metal size, etc. also affect the proficiency of the catalyst. Previous studies had already proven that having bulk structures can cause deactivation and reduce the activity and stability of the catalysts. Reina et al. (2016) constructed a study by comparing the bulk CuO-CeO2 and CuO-CeO2/Al2O3 samples on WGS activity and from this study, the author highlighted the hindered performance of the bulk samples [22,23,24]. According to the literature reviews, the RME method is one of the well-known catalyst preparation methods for the nanoparticle availability with uniform dispersion of metal on the support. Iqbal et al. (2023) performed to enhance the surface area stability of CeO2 via RME method and proved the availability of nanoparticles with uniform size and shape in the application of Reverse Water Gas Shift (RWGS) catalyst [25]. On the contrary, RME method can have a great potential to be practically applied in the synthesis of efficient WGS catalysts and to the best of our knowledge, there has been no report of LT-WGS reaction over Cu-CeO2 catalysts synthesized via the RME method.



In this research, we modified Cu-CeO2 catalysts with the help of an organic surfactant via Reverse Microemulsion (RME) method to obtain nanocomposite particles assembled with uniformly sized copper species highly dispersed with the ceria support to achieve adequate activity and particle stability. This uniform dispersion led to creation of higher oxygen vacancy and the improvement of pore characteristics of the catalyst such as the surface area, pore diameter and pore size distribution of material which are crucial factors for WGS catalysts [26]. After that, the as-synthesized Cu-CeO2 catalysts were applied to the reactor and tested for their catalytic efficiencies by using both made-up feed-gas composition without CO2 and the real pet coke gas composition from the industrial sector, which contains high concentrations of CO and CO2. To prove the potential utilization of RME method in WGS catalyst production by being competitive to the conventional methods, Cu-CeO2 catalyst with the optimum chemical composition achieved via RME method was prepared again through the Impregnation method and their catalytic activities were comparatively evaluated. Moreover, the stability of the Cu-CeO2 catalyst with optimal chemical composition synthesized via RME method was evaluated under the optimal reaction conditions with the real pet coke gas composition that contains high concentration of CO2. According to the analysis results, RME method was able to provide a more capable catalyst with its unique characteristics, identified by X-ray Diffraction (XRD), Braunauer–Emmett–Teller (BET), Temperature Programmed Reduction by Hydrogen (H2-TPR), X-ray Photoelectron Spectroscopy (XPS), High-Resolution Transmission Electron Microscopy (HR-TEM), and Scanning Electron Microscopy (SEM) analysis.




2. Results and Discussion


2.1. X-ray Diffraction (XRD) Analysis


The crystalline structure investigation and average crystallite size calculation of (n)Cu-CeO2 composites were conducted from XRD patterns. In accordance with the XRD diffraction peaks as monitored in Figure 1, it mainly verified the presence of typical diffraction peaks of pure CeO2 in all samples (JCPDS # 00-034-0394) while CuO (111) diffraction lines with only small intensities were identified for almost all composites (JCPDS # 48-1548) [27,28,29]. This observation proved the fact that Cu species are highly dispersed on the surface of the ceria support with the help of the surfactant. Additionally, these diffraction lines with small intensities also indicated the presence of small nanoparticles that are hard to be detected [30].



In consonance with literature reviews, the average crystallite size of the catalysts prepared by the RME method can contribute to the nanoparticle size distributions within the range of 2–50 nm [31,32,33]. To enhance this statement, the average crystallite size for each sample was calculated from XRD patterns by using Debye–Scherrer Equation. According to the calculation result as shown in Table 1, it can be seen that, even at the high Cu loading amount, the average crystallite size of catalysts could manage to maintain in the small nanocrystallite range of ~10 nm. Among samples prepared through RME technique, 20% Cu-CeO2 composition achieved the smallest crystallite size with 9.70 nm, which is preferable for the catalytic activity. In accordance with these XRD analysis results, it can be confirmed that the RME method can provide not only nanoparticles but also high dispersion of Cu on the surface of the CeO2 support.



Besides, in the comparative analysis of XRD patterns of 20% Cu-CeO2 and 20% Cu-CeO2(IMP) as depicted in Figure 1, CuO and CeO2 peaks were observed in these two samples at similar positions correspondingly. But the intensities of the peaks detected in the 20% Cu-CeO2(IMP) were found to be significantly higher than those determined in 20% Cu-CeO2. This showed the presence of larger crystallite particles in the sample prepared with IMP method, which was further confirmed through the calculation of its average crystallite size as described in Table 1. This comparison clarifies that the conventional Impregnation method leads to the formation of larger crystallites compared to the RME method which poses a drawback for the WGS activity. Moreover, these findings align with the correlation between catalysts’ crystallite size and activity proposed by the Yao et al. (2014), indicating that the synthesis conducted through the RME method offers advantageous prospects for catalysts [22].




2.2. Pore Characteristics and Braunauer–Emmett–Teller (BET) Surface Area Analysis


The BET surface area and pore characteristics determined from N2 physisorption isotherms of (n)Cu-CeO2 composites were described in Table 2 and Figure 2. According to the BET surface area analysis, as the Cu loading amount increased above 20 wt% in (n)Cu-CeO2 samples, the resultant surface area was found to decrease as similarly reported in the previous research works [34,35,36]. Also, in the analysis of pore-diameter changes, a similar trend was witnessed as in the case of BET surface area changes.



Even though CeO2 generally possesses low surface areas [37], all (n)Cu-CeO2 samples synthesized via the RME method were able to achieve surface areas with at least ~100 m2 g−1. Among these samples, 20% Cu-CeO2 composite attained the highest BET surface area of 123.1 m2 g−1 together with the largest average pore diameter of 13.3 nm which can enhance the gas adsorption and diffusion. leading to a higher reaction rate and elevating the catalytic activity as attested by the literature [26]. In previous research work conducted by Bernard et al. (2021), the influence of the surface area on the heterogeneous catalysis was demonstrated. According to that demonstration, the author proved that a large surface area can enhance not only reaction rate but also activity of catalysts in heterogeneous catalysis [38]. Building upon this phenomenon, the RME method’s capability to synthesize composites with large surface area without the need hazardous chemical solvents or extreme synthesis parameters can offer significant benefits for practical applications.



Moreover, the pore morphology of each sample was estimated using the N2 physisorption isotherms’ features. According to the IUPAC classification, the appearances of the measured isotherms were identified as the type (IV) isotherms with the H1 hysteresis loop [39] as described in Figure 2. Conclusively, it can be projected from these identified isotherms that (n)Cu-CeO2 catalysts contain spherical-shaped mesoporous particles with well-defined cylindrical-like pore channels [37,40,41].




2.3. Temperature Programmed Reduction by Hydrogen (H2-TPR) Analysis


With the intention to investigate the reducible properties of CeO2 and Cu species and their interaction, H2-TPR analysis was conducted. Ordinarily, the reduction of pure CuO by H2 occurs at around 200~300 °C [42]. Then, the reduction of pure CeO2 establishes at temperatures much higher than 400 °C with two reduction stages; one is at about 430 °C for the surface CeO2 reduction and the other one is at about 900 °C for bulk CeO2 reduction [30,43].



As shown in Figure 3, the H2-TPR profiles of (n)Cu-CeO2 sample composites were detected at distinct lower reduction temperatures below 200 °C. This is due to the fact that the reducibility of CeO2 and Cu species was greatly enhanced with the strong synergistic redox interaction between Cu and CeO2. For each sample, two similar reduction peaks were deconvoluted as shown in Figure 3. Firstly, the reduction peak with small intensity at around 110–140 °C could be assigned for the reduction of finely dispersed CuO species to Cu2O on CeO2 support. An additional reduction temperature with a higher intensity at around 140–170 °C could be designated for the reduction of Cu2O species to Cu0 because of the interaction of Cu–Ox–Ce [44].



As increasing Cu loading amounts in composites, the reduction temperatures of each composite slightly shifted towards the higher temperatures. However, the H2-TPR profile of 20% Cu-CeO2 demonstrated significantly lower reduction temperatures of 110.2 and 143.5 °C when compared to those of other composites samples. From this distinctness, it can be established that this outstanding property was achieved not only because of the stronger interaction between Cu and CeO2 than in other composites but also as a consequence of the high dispersion of Cu on the surface of the CeO2 support [45].



When the H2-TPR profiles of 20% Cu-CeO2 and 20% Cu-CeO2(IMP) were comparatively studied in terms of interaction between Cu and CeO2 as presented in Table 3 and Figure 3, it is noticeable that the reduction peaks for the 20% Cu-CeO2 sample prepared by the conventional Impregnation method occurred at distinctly higher temperatures than those of the 20% Cu-CeO2 sample prepared through RME method. This observation highlights the superior reducibility of CeO2 and Cu in the samples synthesized through RME technique, probably due to a stronger interaction in these samples. Furthermore, in previous studies, Di Sarli et al. (2021) reported that stronger interaction between Cu and CeO2 can yield significant modifications in the redox properties of the Cu-promoted catalysts and lead to the enhance activity [46]. Additionally, the authors also noted the strong Cu-CeO2 interaction promotes the creation of oxygen vacancies which is also a crucial parameter for WGS catalysts. In line with these findings and considering the results obtained from H2-TPR analysis, it can be inferred that the RME method has the potential to enhance the interaction between Cu-CeO2 composites.




2.4. X-ray Photoelectron Spectroscopy (XPS) Analysis


Each elemental state together with its respective percentage concentration of (n)Cu-CeO2 composites was examined through deconvoluted peak positions and areas of XPS analysis profiles. As mentioned in Figure 4, the Cu 2p XPS profiles of (n)Cu-CeO2 composites indicated the presence of two different copper species corresponding to Cu1+ ion detected at Cu 2p3/2 binding energy at around 932.0 eV and Cu2+ ion at around 934.0 eV together with the satellite peaks [47,48]. As increasing Cu loading amounts, the binding energies were observed to slightly shift toward higher regions.



According to the calculation of percentage concentration of Cu species from their corresponding deconvoluted peak areas as described in Table 4, higher proportion of Cu2+ species was evidenced as increasing Cu loading amounts. However, interestingly, in the case of 20% Cu-CeO2, the existing Cu2+ species was more highly reduced to Cu1+ ions when compared to other samples, which was evidenced through an increase in its Cu1+ ion percent concentration. From this significant monitoring, it could be concluded that because of the high dispersion of Cu on CeO2 and well interaction between Cu species and oxygen vacancies of CeO2, more Cu2+ species are readily reduced to the Cu1+ states by CeO2 [21,49,50].



In the study of the effect of the conventional IMP method on Cu 2p XPS profile of 20% Cu-CeO2 sample by being compared to RME method, as depicted in Figure 4, both Cu1+ and Cu2+ species were identified in the sample of IMP method as similar to the sample synthesized via RME method. However, the presence of the less percent concentration of Cu1+ species in the 20% Cu-CeO2(IMP) sample (17.43%) than in the case of the RME sample (24.77%). This is consistent with the previous literature review which suggests that the presence of less Cu1+ species indicates the inferior reducibility of CeO2 and Cu species, resulting from the poor synergetic interaction between them [30]. This comparative analysis of Cu 2p XPS spectrum reveals a distinct advantage of the RME method which is possessing the capability to induce stronger interactions within Cu-CeO2 catalysts, surpassing effectiveness of the conventional Impregnation method. This heightened interaction potential holds significant promise for enhancing the catalytic activity and corroborates findings reported by Di Sarli et al. (2021) [46]. Furthermore, it is noteworthy that this observation aligns consistently with the outcomes derived from H2-TPR analysis as we discussed in the previous section.



By the deconvolution of O 1s XPS spectrum of each (n)Cu-CeO2 sample as described in Figure 5, two major peaks were identified. The first peak with higher intensity at around 529.2 eV could be assigned to the presence of lattice oxygen. Besides, the remaining peak with the low intensity at around 531.3 eV could be designated as the defect oxygen species [51,52,53]. The percentage concentrations of these determined oxygen species were calculated from the respective deconvoluted peak areas, reported in Table 4. Among the examined samples, the notable prevalence of defect oxygen species could be identified specifically in 20% Cu-CeO2 catalyst. In accordance with the literature, these defect oxygen species were concluded to be related to oxygen vacancy formation which subsequently contribute to the enhancement of catalytic activity. Moreover, the existence of these substantial oxygen defects can be ascribed to the stronger interaction Cu and CeO2. These findings are also agreeable with the studies conducted by Di Sarli et al. (2021) [46].On the other hand, the formation of defect oxygen species is in turn influenced by the quantity of Ce3+ surface defects [54]. Therefore, the participation of Ce3+ ion in the (n)Cu-CeO2 composition will be further confirmed through Ce 3d XPS profile.



The Ce 3d XPS spectra of (n)Cu-CeO2 composites were deconvoluted into two major species Ce3+ and Ce4+ as shown in Figure 6. The observed peaks at around 880.0, 887.8, and 902.0 eV could be assigned for the Ce3+ species [55,56,57] and the other deconvoluted peaks are characterized for the Ce4+ species [55]. The percentages of the identified Ce species were calculated from deconvoluted peak areas as described in Table 4. Among (n)Cu-CeO2 samples, Ce3+ species are found to be dominant in the 20% Cu-CeO2 catalyst with its higher percentage concentration at around 28.51%. Having a superior proportion of Ce3+ species claimed that more Ce3+ species could strongly interact with the Cu+ species through oxygen vacancies in the character of Ce3+–Ov–Cu+ and could enhance the activity of the catalyst [21,30,58]. Through the comparison of XPS spectra among the examined samples, it is evident that the RME method possesses the capability to induce strong interactions within Cu-CeO2 based catalysts consequently resulting in enhanced catalytic activity compared to the conventional Impregnation method. Based on these insights, it can be inferred that the utilization of the RME method holds promising implications for practical applications.




2.5. Scanning Electron Microscope (SEM) Analysis


SEM image of 20% Cu-CeO2 catalyst prepared via RME method was displayed in Figure 7a while Figure 7b demonstrated the SEM image of 20% Cu-CeO2 composite prepared via Impregnation method. Regarding the shape of the catalyst particles, 20% Cu-CeO2 sample synthesized via RME method exhibited specific spherical structure with the well-defined small droplet as reported in the previous research work for surface area stabilization of CeO2 via RME method for RWGS catalyst [25]. Additionally, the uniform size distribution of Cu-CeO2 particles with their individual separate micelles droplets could be visible through SEM micrograph. The detailed structural information of as-synthesized 20% Cu-CeO2 via RME method will be discussed in the following HR-TEM section. On the other hand, in the case of 20%Cu-CeO2(IMP), Cu-CeO2 particles aggregated with each other to form agglomerated clusters, which is a major drawback for most of catalytic activity.




2.6. High-Resolution Transmission Electron Microscopy (HR-TEM) Analysis


The structural evidence of the as-synthesized 20% Cu-CeO2 via RME sample was thoroughly investigated by using HR-TEM Analysis. The obtained TEM image, as illustrated in Figure 8a, clearly identifies the presence of Cu-CeO2 nanoparticles exhibiting relatively uniform shape and size distribution which corroborates the detected view of the scanning electron microscopy (SEM) analysis. Furthermore, it also can be clearly seen that the Cu-CeO2 composite particles occupy diminutive crystallite sizes within nanoscale. This finding also aligns coherently with the outcomes acquired through the XRD crystallite-size analysis. Additionally, the lattice structure of the CuO active site adhering to CeO2 surface was obtained by the determination of the distinct interplanar lattice spacings of CuO (111) and CeO2 (111), at the d values of 0.27 nm and 0.33 nm respectively, through HRTEM image (Figure 8b) by using Gatan Digital Micrograph Software. This finding provides evidence of the interaction between Cu and CeO2, which is consistent with the findings reported by Oh et al. (2017) [59].




2.7. Evaluation of Catalytic Performances in Water Gas Shift Reaction


The effects of the different feed gas compositions (containing or lacking CO2) on the catalytic activity of (n)Cu-CeO2 composite of RME method were comparatively studied in terms of CO conversion as described in Figure 9a,b. Primarily, the CO conversion was evaluated in the absence of CO2 as mentioned in Figure 9a. The (n)Cu-CeO2 samples prepared using the RME method exhibited the CO conversion range of 85 to 94% at an optimum temperature of 300 °C. Among them, 20% Cu-CeO2 sample attained the theoretical equilibrium CO conversion of ~94% and displayed the optimal activity across the entire temperature range of 200 to 400 °C.



On the other hand, the literature review mentioned that the co-existence of CO2 in feed gas composition in practical applications has a negative impact on the conversion of CO in the WGS reaction by causing the reaction to reverse direction at the high level of CO2 [60]. In Figure 9b, the activity of (n)Ce-CeO2 was evaluated using the harsh feed gas composition containing the high concentrations of CO and CO2. Under these conditions, the CO conversion of each sample ranged from 45% to 75% at an optimum temperature of 300 °C. Among them, 20% Cu-CeO2 sample acquired again the highest CO conversion with ~75% activity similarly as in the previous test with the feed gas without CO2. This observed distinctness in WGS activity could be attributed to the distinctive features of 20% Cu-CeO2 sample including its large surface area and pore diameter, reduced crystallite size, effective interaction between Cu and CeO2 with increased oxygen vacancies, and other physiochemical advantages resulting from the RME method.



In addition, to comparatively evaluate the impact of preparation methods on the catalytic activity of samples, WGS activity test was also conducted by using the 20% Cu-CeO2(IMP) sample and Low temperature commercial WGS catalyst (LTC) under the same reaction conditions as the preceding experiment, which involved the usage of CO2 comprising feed gas. By the CO conversion result, it indicated that the sample prepared through the conventional Impregnation method showed inferior activity in all temperature ranges compared to the sample synthesized via the RME method. Even at the optimal temperature of 300 °C, the activity in terms of CO conversion (~58%) of 20% Cu-CeO2(IMP) was found to decrease by approximately 15% compared to the 20% Cu-CeO2 sample synthesized via RME, as depicted in Figure 10. This decrease in observed activity can be the consequence of the weaknesses in the catalyst preparation by Impregnation method as discussed in the previous characterization sections such as the aggregation and formation of larger particles, as well as deficient interaction between Cu and CeO2. Moreover, in the comparison between Cu-CeO2 sample synthesized via RME method LTC remarkable observations were made. Specifically, at the optimal temperature of 300 °C and temperatures above this range, the catalytic activity of the 20% Cu-CeO2 sample prepared via RME method exhibited a comparable performance to that of the Low temperature commercial WGS catalyst. However, in temperature ranges lower than 300 °C, the LTC demonstrated superior activity. These findings highlight the need for further exploration of alternative approaches and parameters to enhance the performance of Cu-based WGS catalysts in the low temperature region in the future.



Finally, in order to evaluate the catalytic stability of (n)Cu-CeO2 samples synthesized via RME method, 20% Cu-CeO2 composite was chosen as the optimal sample based on its exceptional performance in the activity test. The experimental conditions employed in the stability test remained consistent with those utilized in the initial activity test, including the gas composition containing CO2. Notably, the 20% Cu-CeO2 sample exhibited the highest CO conversion at 300 °C, thus prompting the selection of this temperature range as the constant and optimal condition for the subsequent stability test. After 48 h duration of operating WGS reaction, the 20% Cu-CeO2 sample exhibited the ability to sustain its catalytic activity, maintaining an average CO conversion of ~73%, as depicted in Figure 11. This observed stability can be attributed to the enhanced redox properties resulting from the well-interaction between Cu and CeO2. Furthermore, the 20% Cu-CeO2 catalyst demonstrated resilience against the detrimental effects of CO2 present in the gas composition, which is known to induce catalyst deactivation [60]. The advantageous characteristics exhibited by the Cu-CeO2 catalyst synthesized using the RME method suggest its promising potential for practical applications in Cu-based catalyst synthesis.





3. Materials and Methods


3.1. Preparation of Cu-CeO2 Catalysts by Reverse Microemulsion (RME) Method


In order to synthesize modified Cu-CeO2 catalysts via RME method, the organic surfactant solution was initially prepared by adding an appropriate amount of the mixture of Triton X-100 (Samchun, max ~0.4 wt% in H2O, Pyeongtaek-si, Gyeonggi-do, Republic of Korea) as a surfactant and 2-propanol (Samchun, 99.8% purity, Pyeongtaek-si, Gyeonggi-do, Republic of Korea) as a cosurfactant into the cyclohexane solvent (Samchun, 99.0% purity, Pyeongtaek-si, Gyeonggi-do, Republic of Korea). Then, (n)Cu-CeO2 precursor salt solutions with different Cu loadings (10~50 wt% based on CeO2 final support) were prepared by dissolving the appropriate amount of Copper (II) nitrate trihydrate (Samchun, 99.0% purity, Pyeongtaek-si, Gyeonggi-do, Republic of Korea) and Cerium (III) nitrate hexahydrate (Samchun, 99.0% purity, Pyeongtaek-si, Gyeonggi-do, Republic of Korea) in 20 mL of distilled water.



After that, two separated reverse microemulsions were prepared by dispersing (n)Cu-CeO2 precursor salt solution in 80 mL of previously prepared organic surfactant solution, denoted as Cu-CeO2 (Mixing) Nitrates RME. Moreover, in another 80 mL of organic surfactant solution, Ammonia solution (Samchun, 28.0~30.0% conc. Pyeongtaek-si, Gyeonggi-do, Republic of Korea) was dispersed to use as a precipitating agent, denoted as Precipitant RME. Then, each individual reverse microemulsion was stirred vigorously at room temperature for 1 h to achieve uniform homogeneous solution. This was followed by the dropwise addition of Cu-CeO2 (Mixing) Nitrates RME into the Precipitant RME to precipitate Cu-CeO2 nanoparticles by nucleation growth, after which the aging process was performed by stirring with 400 rpm at 60 °C for 24 h.



Afterward, the post-treatment processes were performed to remove impurities and stabilize the final Cu-CeO2 nanoparticles. Firstly, these particles were washed with distilled water (~1 L), followed by vacuum filtration. The achieved nanoparticles were dried at 150 °C for 6 h and calcined at 400 °C for 4 h with the heating rate of 5 °C min−1 under atmospheric conditions. Finally, these calcined particles were crushed and sieved to achieve particles with a uniform size of between 150~300 µm, which were denoted as (n)Cu-CeO2 where (n) is the amount of loading wt% of Cu on the surface of the CeO2. The schematic diagram of detailed preparation steps was demonstrated in Figure S1.




3.2. Preparation of Cu-CeO2 Catalysts by Impregnation Method


Another catalyst sample with the same chemical composition used in the preparation of the optimum WGS catalyst (20% Cu-CeO2) by RME method was synthesized again through the conventional Impregnation method to differentiate catalyst characteristics and activities between these two methods. In this synthesis, firstly, the appropriate amount of Copper and Cerium nitrate precursor salts were dissolved in the same amount of distilled water as in the RME method, and Ammonia solution was added dropwise to the above solution. After that, the aging process and other post-treatment processes were also prepared under the same conditions as executed in the RME method. The obtained sample will be denoted as 20% Cu-CeO2(IMP).




3.3. Characterization of Catalysts


To analyze the crystalline structures of (n)Cu-CeO2 samples, Powder X-ray Diffraction patterns were recorded by using (XRD, Bruker D8 ADVANCE Powder instrument, Bruker Corporation, Billerica, MA, USA). which operated at 40 kV with Cu-Kα1 (λ = 1.54056 Å). The characterization test was performed within the scanning range of 2θ of 10–90° with a scanning rate of 0.02° s−1. From the acquired XRD patterns, the average crystallite sizes of each sample were calculated by using Debye–Scherrer Equation as follows.


  D =   K λ   β c o s θ    



(1)




where D = Average Crystallite Size



K = Scherrer’s Constant (K = 0.9)



λ = Wavelength of X-ray (λ = 1.54056 Å)



β = Full Width at Half Maximum (FWHM) of diffraction peaks



θ = Angle of the diffraction



Pore characteristics and Braunauer–Emmett–Teller (BET) surface areas of each sample were calculated from the N2 physisorption isotherm curves measured by (BET, BELSORP-miniX, MicrotracBEL Corp.) at −196 °C after degassing process of the sample at 200 °C for 6 h under vacuum conditions.



In order to investigate the reducibility of copper oxide species and redox properties of Cu-CeO2, Temperature Programmed Reduction by hydrogen was conducted by using (H2-TPR, BELCAT–M, MicrotracBEL Corp., Osaka, Kansei District, Japan) instrument. (n)Cu-CeO2 samples (150~300 µm) were loaded into the reactor tube and exposed to the 10 vol% H2/Ar gas mixture with a flow rate of (50 cc min−1). The analysis was performed by increasing the temperature from 25 to 500 °C with the heating rate of 5 °C min−1 under the constant flow of the gas mixture.



X-ray Photoelectron Spectroscopy was conducted to identify the chemical compositions together with oxidation states of the (n)Cu-CeO2 and 20% Cu-CeO2(IMP) sample composites and peak deconvolution was carried out. The analysis was carried out with (XPS, Thermo Scientific K-Alpha X-ray Photoelectron Spectroscopy, Thermo Fisher Scientific Inc, Waltham, MA, USA). Charge correction was performed by adjusting the binding energy of C 1s at 284.8 eV of adventitious hydrocarbons.



Finally, the surface morphological micrographs of 20% Cu-CeO2 and 20% Cu-CeO2(IMP) were observed through Scanning Electron Microscope (SEM, Hitachi S-4800, Hitachi, Ltd., Chiyoda, Marunouchi District, Japan), to compare the particle shape, dispersion and aggregation condition between samples synthesized through RME and IMP methods.



Moreover, to elucidate the nanostructure of the 20% Cu-CeO2 synthesized via RME method, Transmission Electron Microscopy (TEM) was conducted, and this analysis was performed through (TEM, FEI (Tecnai G2 F30), FEI Company, Hillsboro, OR, USA) at an accelerating voltage of 300 kV.




3.4. Catalytic Test


To pinpoint the most effective reaction conditions of (n)Cu-CeO2 catalysts by taking consideration into both kinetic and thermodynamic aspects of WGS reaction, the activity test was performed by using a fixed bed reactor from 200 °C to 400 °C which included both LT-WGS and HT-WGS temperature range. Firstly, the (n)Cu-CeO2 samples were pelletized, crushed, and sieved to get particles with the range of 150–300 µm. After that, the samples were inserted to 2 cm length into the quartz reactor with an inner diameter of 4 mm. A thermocouple was inserted into the quartz reactor to record the real-time temperature of the WGS reaction. The H2O source (steam) was supplied via a water pump (NP-KX-200, Nihon Seimitsu Kagaku Co., Ltd., Kawaguchi, Honmachi District, Japan), the temperature conditions together with the reaction segments were controlled by the program controller (UP35A, YOKOGAWA, Musashino, Tokyo Metropolis, Japan), and the flow rates of each used gas was controlled by MFC controller (GMC1200, Yongin-si, Gyeonggi-do, Republic of Korea). The excessive steam coming out of the quartz reactor was captured in the steam coolant together with the water trap and the output CO amount was recorded via a Gas Chromatography (GC, 3000 Micro GC INFICON, Bad Ragaz, SG, Switzerland) system cooperated with a thermal conductivity detector (TCD) as described in the Figure 12.



Before performing the WGS reaction, (n)Cu-CeO2 samples were pretreated by increasing temperature from room temperature to 400 °C with the heating rate of 2 °C min−1 and maintaining at 400 °C for 1 h by flowing the 50 vol% of H2 balanced with the 50 vol% of N2 (100 cc min−1). For the reaction, two feed gas compositions were utilized to study the effect of CO2 over the activity of the catalyst: one without CO2 (CO = 10.01 vol%, H2 = 59.99%, N2 = 30.00%) and one with a high amount of CO and CO2 (CO = 10.01 vol%, CO2 = 34.97 vol%, H2 = 55.02 vol%) which was similar to real pet coke composition. The feed gas flow rate was maintained at 50 cc min−1 while the amount of steam supplied to the reactor was fixed at 12 µL min−1. By maintaining these reaction conditions, the steam to carbon monoxide ratio (S/CO) could be maintained at 5 together with the Gas Hourly Space Velocity (GHSV) at 14,310 h−1. The output CO concentration was recorded at intervals of 50 °C from 200 °C to 400 °C, with a measurement time of 30 min for each interval. From these output concentrations, the activity of the catalyst (CO conversion) was calculated by the following equation.


  CO   conversion   ( % ) =      [  CO  ]    i n   −    [  CO  ]    o u t       [ CO ]   i n     × 100  



(2)







Moreover, to compare the effects of preparation methods on the performance efficiency of the catalysts, 20% Cu-CeO2(IMP) catalyst and Low temperature commercial WGS catalyst (LTC) were also tested using feed gas composition with high concentrations of CO and CO2 under the same reaction conditions as described above. Furthermore, to evaluate the effectiveness of the RME method in terms of catalytic activity stability, a long-term stability test was conducted using the optimal sample selected from the (n)Cu-CeO2 samples under the optimal reaction conditions for 48 h and the output CO concentration was recorded with a measurement time of 2 h interval.





4. Conclusions


To mitigate the drawbacks of Cu-CeO2 catalysts synthesized via conventional Impregnation method, Cu-CeO2 catalysts with various Cu loading amounts were synthesized via RME method using organic surfactants. This method affords several advantages that can enhance catalytic activity, such as nanoparticle stability, small and uniformly distributed particle size that exposes more active sites, and even dispersion of metal on the support. Moreover, a comparative study of the characterization and activity of Cu-CeO2 catalysts synthesized by the RME and conventional impregnation methods was conducted using identical reaction conditions to confirm the effectiveness of the RME method. Even at the high Cu loading amounts, the fair dispersion of uniform-sized Cu-CeO2 composite particles could be maintained via RME method, resulting in enhanced interaction between Cu and CeO2 with high oxygen vacancy, which led to improved catalyst activity compared to the conventional Impregnation method. Additionally, the negative impact of the presence of CO2 in the feed gas composition on the Cu-based WGS catalyst was also verified. Among the prepared samples, 20% Cu-CeO2 sample achieved optimal activity with ~75% CO conversion at 300 °C and found to be comparable with Low temperature commercial WGS catalyst (LTC). Furthermore, the stability of the samples prepared via RME method was evaluated through continuous operation of WGS reaction for 48 h under the optimal reaction conditions, including the usage of the harsh gas composition containing CO2. Remarkably, the 20% Cu-CeO2 sample exhibited sustained catalytic activity throughout the entire 48-h period without any signs of deactivation. However, in the temperature range lower than 300 °C, lower activity was observed for the 20% Cu-CeO2 catalyst prepared via RME method compared to that of LTC. Due to this reason, further exploration of alternative approaches and parameters is necessary to enhance the performance of Cu-based WGS catalysts in the low temperature region in the future. Despites this vulnerable catalytic activity at low temperature region, in every characterization category, the sample prepared via RME method demonstrated superior physiochemical properties compared to the sample synthesized through conventional Impregnation method. Because of these benefits, the RME method was concluded that this could have the great potential for the future nanoparticle catalyst preparation for industrial applications.
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Figure 1. XRD patterns of (n)Cu-CeO2 synthesized through RME method and 20% Cu-CeO2 synthesized through conventional Impregnation method. 
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Figure 2. N2-physisorption isotherms of (n)Cu-CeO2 synthesized through RME method. 
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Figure 3. H2-TPR profiles of (n)Cu-CeO2 synthesized through RME method and 20% Cu-CeO2 synthesized through conventional Impregnation method. 
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Figure 4. Cu 2p XPS spectra of (n)Cu-CeO2 synthesized through RME method and 20% Cu-CeO2 synthesized through conventional Impregnation method. 
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Figure 5. O 1s XPS spectra of (n)Cu-CeO2 synthesized through RME method. 
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Figure 6. Ce 3d XPS spectra of (n)Cu-CeO2 synthesized through RME method. 






Figure 6. Ce 3d XPS spectra of (n)Cu-CeO2 synthesized through RME method.



[image: Catalysts 13 00951 g006]







[image: Catalysts 13 00951 g007 550] 





Figure 7. SEM image of (a) 20% Cu-CeO2 synthesized via RME method, and (b) 20% Cu-CeO2 synthesized via conventional Impregnation method. 
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Figure 8. (a) TEM, and (b) HR-TEM images of 20% Cu-CeO2 synthesized via RME method. 
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Figure 9. Catalytic activities of (n)Cu-CeO2 catalysts synthesized via RME method with (a) gas composition without CO2, and (b) gas composition with CO2 (syngas). 
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Figure 10. Comparison of catalytic activity between 20% Cu-CeO2 samples synthesized via RME and conventional Impregnation method and Low temperature commercial WGS catalyst (LTC). 
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Figure 11. Long term catalytic stability of 20% Cu-CeO2 sample synthesized via RME method. 
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Figure 12. Reactor setup diagram and visual key components for Water Gas Shift (WGS) reaction. Where, V = Valve; MFC = Mass Flow Controller; P = Pump for steam source; PC = Program Controller; GC = Gas Chromatography. 
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Table 1. Calculation of average crystallite size of samples from XRD patterns.
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	Sample
	Average Crystallite Size (nm)





	10% Cu-CeO2
	9.92



	20% Cu-CeO2
	9.70



	30% Cu-CeO2
	10.19



	40% Cu-CeO2
	10.47



	50% Cu-CeO2
	10.55



	20% Cu-CeO2(IMP)
	11.60
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Table 2. Surface area and pore properties of (n)Cu-CeO2 samples synthesized via RME method.
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	Sample
	BET Surface Area (m2 g−1)
	Average Pore Diameter (nm)





	10% Cu-CeO2
	100.2
	10.8



	20% Cu-CeO2
	123.1
	13.3



	30% Cu-CeO2
	120.5
	12.0



	40% Cu-CeO2
	118.3
	11.6



	50% Cu-CeO2
	116.4
	9.6
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Table 3. H2-TPR profiles of (n)Cu-CeO2 samples synthesized via RME and Impregnation methods.






Table 3. H2-TPR profiles of (n)Cu-CeO2 samples synthesized via RME and Impregnation methods.





	
Sample

	
Reduction Temperature (°C)




	
Reduction of Finely Dispersed CuO

	
Reduction of Cu-Ox-Ce Interaction






	
10% Cu-CeO2

	
140.0

	
168.4




	
20% Cu-CeO2

	
110.2

	
143.5




	
30% Cu-CeO2

	
133.6

	
168.7




	
40% Cu-CeO2

	
128.9

	
162.1




	
50% Cu-CeO2

	
133.8

	
168.2




	
20% Cu-CeO2(IMP)

	
130.0

	
160.4
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Table 4. Atomic compositions of (n)Cu-CeO2 synthesized via RME and Impregnation methods.






Table 4. Atomic compositions of (n)Cu-CeO2 synthesized via RME and Impregnation methods.





	
Sample

	
Atomic Composition (%) *




	
Cu1+

	
Cu2+

	
Ce3+

	
Ce4+

	
Lattice O2

	
O-Defect






	
10% Cu-CeO2

	
22.68

	
77.32

	
21.09

	
78.91

	
76.39

	
23.61




	
20% Cu-CeO2

	
24.77

	
75.23

	
28.51

	
71.49

	
66.37

	
33.63




	
30% Cu-CeO2

	
22.27

	
77.73

	
26.40

	
73.60

	
79.75

	
20.25




	
40% Cu-CeO2

	
20.78

	
79.22

	
25.23

	
74.77

	
81.32

	
18.68




	
50% Cu-CeO2

	
18.08

	
81.92

	
25.13

	
74.87

	
81.80

	
18.20




	
20% Cu-CeO2(IMP)

	
17.43

	
82.57

	
21.07

	
78.93

	
83.33

	
16.67








* Calculated from areas of peak deconvolution of XPS diffraction peaks.
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