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The exponential growth of greenhouse gas emissions and their associated climate change problems have motivated the development of strategies to reduce CO2 levels via CO2 capture and conversion. Reverse water gas shift (RWGS) reaction has been targeted as a promising pathway to convert CO2 into syngas which is the primary reactive in several reactions to obtain high-value chemicals. Among the different catalysts reported for RWGS, the nickel-based catalyst has been proposed as an alternative to the expensive noble metal catalyst. However, Ni-based catalysts tend to be less active in RWGS reaction conditions due to preference to CO2 methanation reaction and to the sintering and coke formation. Due to this, the aim of this work is to study the effect of the potassium (K) in Ni/CeO2 catalyst seeking the optimal catalyst for low-temperature RWGS reaction. We synthesised Ni-based catalyst with different amounts of K:Ni ratio (0.5:10, 1:10, and 2:10) and fully characterised using different physicochemical techniques where was observed the modification on the surface characteristics as a function of the amount of K. Furthermore, it was observed an improvement in the CO selectivity at a lower temperature as a result of the K-Ni-support interactions but also a decrease on the CO2 conversion. The 1K catalyst presented the best compromise between CO2 conversion, suppression of CO2 methanation and enhancing CO selectivity. Finally, the experimental results were contrasted with the trends obtained from the thermodynamics process modelling observing that the result follows in good agreement with the modelling trends giving evidence of the promising behaviour of the designed catalysts in CO2 high-scale units.
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INTRODUCTION
The rapid development of the global economies joined by the population growth has fuelled the emission of greenhouse gases, placing our planet in a limit situation. Inherently, the emission of these gases has caused the increase of the Earth temperature, which is responsible for multiple natural phenomena. (Jetten et al., 2021) Furthermore, in 2020, the coronavirus pandemic has forced to stop human activities, partially lowering the CO2 levels. However, the necessity of high amounts of chemicals and the large-scale fabrication of devices to fight the pandemic have boosted the emission of CO2. COVID-19 pandemic is a reminder that there is a link between climate change issues and certain types of diseases spread. (Letcher, 2021) For instance, it has been reported a direct relationship between the population density, human encroachment on natural areas, and the dissemination of zoonotic diseases. (National Research Council (US), 2009) All of these have motivated the development of strategies not only in the replacement of conventional energy sources but also to mitigate climate change via CO2 reutilisation. In this context, strategies such as CO2 methanation and reverse water-gas shift (RGWS) has been targeted as a suitable approach to reutilise the CO2 (Saeidi et al., 2014; Ghaib et al., 2016).
CO2 chemistry has become one of the most important branches of chemistry because it is a non-toxic, abundant, and renewable C1 resource. Particularly, the use of CO2 instead of harmful CO in the synthesis of crucial chemicals has recently attracted a lot of interest. The RWGS reaction is the key step for these kinds of processes, and derived from this reaction, various valuable chemicals have been produced from CO2 instead of CO (Daza and Kuhn, 2016).
Because of the inertness of CO2 and the thermodynamic limitations of the reaction, the RWGS reaction needs high temperature along with a working catalyst and the optimum reaction conditions to take place (Zhu et al., 2020).
Nowadays, many processes have been reported involved in RWGS to produce valuable compounds using CO2 as the C1 resource. For example, a two-step mechanism has been proposed for the hydrogenation of CO2 to chemical fuels. The first step is the reduction of CO2 to CO through the RWGS reaction, and the second step is the hydrogenation of CO to olefins or higher hydrocarbons through the Fischer–Tropsch synthesis (FTS). (Yang et al., 2020).
However, the operational conditions of the RWGS reaction reveal some challenges to develop this strategy. First, carbon dioxide is a highly stable molecule, and for its use as a reactant in this reaction, its high activation energy must be exceeded. The temperature of most reactions involving RWGS reaction is usually higher than 100°C owing to the inertness of CO2. Secondly, because of its endothermic nature, the RWGS reaction is thermodynamically favourable at high temperature. Furthermore, additional side reactions, such as CO methanation and the Sabatier reaction, would occur under similar reaction conditions, consuming significant amounts of H2. The design of highly efficient catalysts able to achieve low-temperature RWGS and to be highly selectivity to the desired product under mild conditions is the key to the production of important chemicals with CO2 through RWGS coupled with other reactions (for example, FT). (Shen et al., 2019; Yang et al., 2020) The selectivity to CO at low temperature is one of the main drawbacks of the RWGS reaction. From thermodynamics perspective, it is evident that the production of CH4 is highly favoured at low temperature. However, this selectivity can be altered using different strategies. For instance, selectivity of the products can be altered, 1) modifying reaction conditions (i.e., H2:CO2 ratio, catalyst amount, etc.), and 2) catalyst composition. (Smith R J et al., 2010; Frontera et al., 2017; González-Castaño et al., 2021) Metals such as Cu, Fe, Rh, Ru and Pt have been studied for the RWGS reaction showing relevant selectivity to CO (Daza and Kuhn, 2016; González-Castaño et al., 2021).
Among different metal-supported catalysts, nickel has become one of the favourite active metals to catalyse RWGS reaction due to its low cost and high catalytic activity. (Rodrigues et al., 2017; Liang et al., 2019a; Zhang et al., 2019a)Since it has been well described the effect of the support in the catalytic activity as a result of the metal-support interaction, in the specific case of Ni-based catalysts this influence has been observed in the modification of the physicochemical properties such as the dispersion of the active phase or in the reducibility of the oxide precursor. Ni has been supported in materials such as Al2O3, (Aksoylu et al., 1996; Muroyama et al., 2016), SiO2, (Aziz et al., 2014; Chen et al., 2017), zeolites, (Graça et al., 2014; Westermann et al., 2015), CeO2, (Liu et al., 2016; Varvoutis et al., 2020), and ZrO2 (Lu et al., 2014; Zonetti et al., 2014) observing a performance completely different in terms of conversion and products selectivity. For instance, CeO2 support has demonstrated to enhance the catalytic activity in Ni-CeO2 catalyst due to its oxygen storage capacity, which can be reversible modified depending on the experimental conditions. (Yao and Yao, 1984; Liu et al., 2012) However, even that Ni poses a relevant catalytic activity, it is well known that this transition metal presents serious drawbacks such as rapid sintering and coke formation (Charisiou et al., 2018).
In order to overcome the above-mentioned limitations and enhance activity and the CO selectivity to this low-temperatures of Ni-based catalysts for RWGS, using promoters such as noble metals, alkali, and alkaline Earth metals is a promising strategy. (Lee et al., 2021) In this sense, alkali metals are largely abundant and economically viable. Moreover, it has been demonstrated that these metals modify the physicochemical properties of Ni-based catalysts due to increase of support basicity and introducing oxygen vacancies which are essential to the initial chemisorption of CO2. (Liu et al., 2020) For instance, T.A. Le et al. reported the catalytic activity of Ni supported on SiO2, and CeO2 doped with Na (0.1-1 wt%) observing a direct effect of the Na promoter in the catalyst and a decrease in the catalytic activity, especially in the Ni supported CeO2 catalyst, due to the promoter-support interaction that promotes a decrease in the catalytic active surface area. (Le et al., 2018) Furthermore, as reported elsewhere, Na addition hampers CH4 production while boosting the CO selectivity as a result of the lower hydrogen coverage of the active metal and the CO dissociation, which are the key steps in the CO2 conversion (Beierlein et al., 2019).
The effect of potassium as a promoter on the catalytic properties in Ni-based supported on alumina catalyst has been studied, showing a negative effect on the CO2 methanation but increasing the resistance to coking. (Tsiotsias et al., 2020) However, it has been reported the boosting effect of CO selectivity over CH4 in the CO2 methanation is mainly attributed to the weak interaction of CO and the surface catalyst. (Büchel et al., 2014) For instance, Zhang et al. studied the KOH doped Ni-Al2O3 catalyst in the CO2 methanation, which evidenced the strong interaction between the surface of the catalyst and formate intermediate; this interaction did not allow their further hydrogenation to CH4 and instead led to a high CO selectivity. (Zhang et al., 2019b) Moreover, different studies have suggested a direct effect between the CO2 conversion and the alkali promoter/active metal ratio, which makes essential the screening for the determination of the optimal promoter loading for each specific experiment configuration (i.e. catalytic system and reaction conditions) (He et al., 2014; Petala and Panagiotopoulou, 2018).
In this work, we pursue a low-temperature RWGS reaction strategy. Based on this, we aim to optimise K loading as a key parameter in a Ni/CeO2 catalyst and we analyse its impact on the physicochemical properties of the catalyst as well as in the catalytic activity and product selectivity. The experimental results gathered in catalytic activity tests are then validated with an Aspen-Plus process model. The overriding goal of this study is to develop advanced catalysts for a low-temperature RWGS reaction that can be integrated into complex CO2 utilisation schemes to foster the transition towards a low-carbon future.
EXPERIMENTAL METHODOLOGY AND TECHNIQUES
Synthesis of the Catalysts
The catalysts were synthesised using a co-impregnation method based on procedures reported elsewhere. In a typical synthesis, the necessary amount of Ni(NO3)2·6H2O to obtain 10 wt% of Ni was mixed with the proper amount of KNO3 to ensure a Ni:K molar ratio of 10:0.5, 10:1 or 10:2 and dissolved in water and mixed with a commercial CeO2 (Rhone-Poulenc) and kept under agitation for 4 h at room temperature. Subsequently, the water was evaporated from the dissolution using dynamic vacuum in a rotary evaporator (BUCHI, Switzerland). The final material was dried a 100°C overnight prior to the calcination in air at 550°C for 4 h. For clarity, the catalyst will be label as 0, 0.5, 1 and 2K depending on the K content.
X-Ray Diffraction (XRD) Measurements
The crystalline structure and the phase identification of the fresh, reduced and spent catalysts were elucidated using powder X-ray diffraction measurements in a diffractometer Siemens D-500 equipped with Ni-filtered Cu Kα (40 mA, 45 kV) in the 2Q range of 10° to 80° using a step time of 300 s and 0.05° as step size.
Scanning Electron Microscopy (SEM)
The morphology and metal dispersion of the catalysts was evaluated using scanning electron microscope HITACHI S4800 equipped with cold cathode field emission gun with voltage from 0.5 to 30 kV, resolution of 1 nm at 15 kV and equipped with a Bruker-X Flash-4010 EDX detector with a resolution of 133 eV (at the MnKα line), and a detector with sample holder to work in transmission mode (STEM in-SEM).
Nitrogen Isotherms at −196°C
The textural properties of the synthesised catalyst were evaluated using nitrogen adsorption-desorption isotherms at −196°C in a Micromeritics ASAP 2010 instrument. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method. The average pore size distribution was obtained by the Barret-Joyner-Halenda (BJH) method and the pore volume using DR method. Prior to each experiment, the samples were outgassed at 150°C overnight under dynamic vacuum.
Hydrogen Temperature-programmed Reduction (H2-TPR)
The reducibility of the catalyst was evaluated using hydrogen temperature-programmed reduction (H2-TPR) measurements. In a typical experiment, 50 mg of the catalyst was placed in a U-shaped reactor and exposed to a flow of 50 ml/min of mixture H2/Ar (5% H2) from room temperature to 900°C with a heating rate of 10°C/min. The H2 consumption was tracked using a thermal conductivity detector TCD.
X-Ray Photoelectron Spectroscopy (XPS)
Surface chemical properties of the catalysts were evaluated by X-ray photoelectron spectroscopy (XPS) using a K-ALPHA spectrometer (Thermo Fischer Scientific) operated in constant energy mode with energy scans from 50 to 200 eV in order to measure all the whole energy band. All XPS spectra were recorded using an Al-Kα radiation (1,486.6 eV) with a twin crystal monochromator and a focused X-ray spot at 3 mA × 12 kV. Prior to the sample measurements, the samples were H2 reduced ex-situ at 750°C and conserved in octane until analysis. Before recording the spectrum, the samples were maintained in the chamber until a residual pressure of ca. 5 × 10−7 N/m2 was reached.
Catalytic Activity
The catalytic activity of the synthesised catalysts was performed in a continuous flow fixed bed reactor system commercialised by PID. In a typical experiment, 200 mg of the catalysts were placed in the middle part of the reactor and pre-reduced (in the case of activated samples) before the experiment at 750°C for 1 h under a flow of 100 ml/min H2/N2 (50/50). After the system reached room temperature, the catalyst was exposed to 50 ml/min of gas mixture flow (50% N2, 40% H2, and 10% CO2). The reaction was evaluated from 200°C to 750°C with a heating rate of 10 ºC/min. All the runs were performed at atmospheric pressure and weight hourly space velocity (WHSV) was 15,000 ml/g−1 h−1 with H2/CO2 ratio of 4:1. The product outlet was analysed online using a micro-GC Varian 4,900 instrument equipped with two Porapak Q and MS-5A columns. The conversion of CO2 (Eq. 1) and the selectivity of CH4 (Eq. 2) and CO (Eq. (3)) was calculated using the following equations.
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where [CO2]in is the initial concentration of CO2 in the inlet mixture, and [CO2]out, [CH4]out, and [CO]out are the outlet concentrations of CO2, CH4, and CO, respectively.
Thermodynamic Simulation
Aspen Plus V 8.8 package was utilised to develop a process model for seek of understanding the potential connection of our lab-scale catalytic data and simulated process for CO2 conversion. Thermodynamic limits of both CO2 methanation and RWGS reactions over a range of temperatures were examined. As comparative parameters in this validation process were also selected the conversion of CO2 (Eq. 1) and the selectivity of CH4 (Eq. 2) and CO (Eq. 3).
The process was modelled in Aspen Plus®. Chemical species involved in the model were water, methane, carbon dioxide, carbon monoxide, and hydrogen. Carbon formation or Coke formation was neglected in the modelling process as we did not observe relevant cocking on the experimental studies. The thermodynamic method used was RKSMHV2 based on the Soave-Redlich-Kwong equation. (Er-rbib and Bouallou, 2013; Adelung et al., 2021) The choice of catalyst used resulted from conclusions gathered for experimental tests. The material flows as well as pressure and temperature profile in the reactor were analogous to experimental tests. From the kinetics point of view, it was based on kinetics developed by Er-rbib (2013) and König (2014), which considered the CO2 methanation and RWGH reactions, respectively, using catalysts was based on nickel as this work.39–41The kinetic rate equations are as follow:
For Reaction 1 (Eq. 4) and Reaction 2 (Eq. (5)): (Er-rbib and Bouallou, 2013; König et al., 2015; Sun et al., 2017)
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where Rate constants K1 (Eq. 6) and K2 (Eq. 7) for the above equations were defined as function of temperature:
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Figure 1 depicts the block flow diagram of the simulated process whose aim is to integrate a RWGS unit with a syngas processing reactor (i.e. Fischer-Tropsch). p = Plant size (Table 1) was simulated to reproduce laboratory scale experiments, in which two feed streams were considered. One of these was composed by CO2 and N2, which could come from a CO2 Captured Unit in a hypothetical real flue gas situation. The second feed stream was composed by pure H2, which could come from water electrolysis. In this study, the concentration, pressure and feed flows were kept constant, while the reactor operating conditions were varied from 200 to 750°C replicating the experimental study.
[image: Figure 1]FIGURE 1 | Flowsheet of the thermodynamic simulation in Aspen Plus® including compression units (MC-SG), split block (SEP) and heat exchange systems.
TABLE 1 | Blocks description used in the thermodynamic simulation (Adelung et al., 2021).
[image: Table 1]Firstly, the feed streams were mixed in “MIX-1” before being heated to the reactor operating temperature through the block “HEATER”. After that, the outlet stream “FR” was introduced to the reactor. In this work, the Gibbs model block was used in the modelling, which assumed thermodynamic equilibrium at the respective outlet temperature and pressure of the reactor (1 bar). As shown in Figure 1, the stream “OR” from the reactor was cooled in block “COOLER” to remove most of the water because this might interfere with further processing downstream. The outlet stream “OUT” from “COOLER” was fed to the separator “SEP”, where water is separated out from the stream “PRODUCT”. The temperature of both blocks was set to 5°C, (Whitlow and Parrish, 2003) being the water recycled to produce hydrogen via electrolysis again.
The stream containing H2, N2, CH4, CO and CO2 were represented as “PRODUCT”. This stream went to the multi-stage compressor block (MC-SG), which is maintained at 230°C and comes out as the stream “SYNGAS”. The specification condition established was to obtain a product ready to feed a Fischer-Tropsch synthesis unit to produce liquid fuels. In this case, the model used in this study proposed exit operating conditions of 230°C and 12 bar.
RESULTS AND DISCUSSION
XRD Measurements
The structural features of the synthesised catalysts were elucidated using powder XRD analysis. As it is observed in Figure 2A, the XRD pattern of the calcined Ni-based catalyst and the K-doped systems show the typical peaks attributed to crystalline CeO2 (JDPS 34-0,394). Furthermore, planes (111), (200) and (220) of the NiO fcc phase are observed at 37.2°, 43.3°, and 62.9°, respectively, in agreement with JCPDS no. 04-0,835. For the reduced samples, bigger particles of CeO2 are obtained after the reduction treatment (Figure 2B), and the typical metallic Ni reflections [(111) and (200) reflection planes) accounting for the Ni reduction during the catalyst’s activation appear in these samples at 44.5° and 51.9° (JCPD no. JDPS 04-0,850). Due to the low amount of K loaded into the catalysts and possibly to the high dispersion, any crystalline phase of this alkali metal is observed in any sample. The average crystal size of CeO2, NiO and Ni particles was calculated using the Scherrer equation, and the values are summarised in Table 2. It is observed an increase in the CeO2 crystal size of the reduced samples with the K addition, being less notorious for the 1K sample. That increase could be explained by the K incorporation to the CeO2 lattice. However, the ionic radius of K+ (0.151 nm) is much larger than that of Ce4+ (0.097 nm) but similar to Ce3+ (0.114 nm), on this basis, part of K is likely to be deposited on the surface of CeO2 as K2O and part could be expected to undergo ionic substitution in the CeO2 lattice (Ang et al., 2014).
[image: Figure 2]FIGURE 2 | XRD patterns of the (A) non-reduced catalysts and (B) reduced catalysts. (✦ CeO2 JDPS 34-0,394, ● Ni JDPS 04-0,850, ▼ NiO JDPS 47-1,094).
TABLE 2 | Textural properties of the catalysts.
[image: Table 2]Furthermore, NiO and Ni particles also suffer a size increase as an effect of the incorporation of the promoter, thus giving evidence of possible interactions of the Ni species and/or CeO2 with the promoter. However, in the 1K catalyst, the NiO particle is similar to the monometallic catalyst, but after the reduction process, the K-promoted catalyst suffers a slightly more considerable increase if we compare it with the monometallic counterpart. Thus, it could give clear evidence of the metal-promoter interactions, which is enhanced depending on the amount of the promoter. For instance, Borowiecki et al. have reported the effect of alkali metals in Ni-based catalyst describing this increment in the Ni particle size as an effect of the chemistry surface modification that enhances the particle growth. This work discusses the domination of potassium–nickel interactions for a model catalyst versus an impregnated nickel catalyst where the potassium–alumina (support) interaction dominates. (Borowiecki et al., 2014) Moreover, Chen et al. reported that in the pre-treatments for calcination and reduction, the addition of K species weakens the interaction between Ni2+ and the support enhancing the Ni particles growth. (Chen et al., 2010) Hence, it is essential to evaluate how the amount of promoter affects these interactions since it has been reported to change as a function of the promoter quantity in the system.
The morphological characteristics of the synthesised catalyst were evaluated using SEM. As observed in Figure 3, the catalysts present a heterogeneous morphology with different particles size. EDS mapping was performed in the Ni-based catalyst and its K promoted counterparts, where is observed a highly homogeneous dispersion of the Ni in the catalyst surface. Additionally, in 0.5, 1 and 2K, the K present in the surface is homogeneously dispersed. From the EDX spectra was quantified the metals on the surface (Table 2), which are in good agreement with the nominal values for Ni (10%) and K (0.37 wt%, 0.73 wt%, and 1.47 wt%), which confirm the incorporation of Ni and the promoter during the co-impregnation method.
[image: Figure 3]FIGURE 3 | SEM images of the (A) 0K, (B) 0.5K, (C) 1K, and (D) 2K catalysts.
Nitrogen Isotherms at −196°C
The textural properties of the catalyst were evaluated using nitrogen at −196°C as a probe molecule. Figure 4A show the nitrogen adsorption-desorption isotherms of the studied catalyst. As observed, all the samples present isotherm type IV, which correspond to mesoporous materials as is confirmed in the catalysts pore size distribution (Figure 4B). Additionally, the hysteresis loop is typical of mesoporous material with H3 pore shape. (Thommes et al., 2015) As it is observed in Table 2, the surface area of the 0K catalyst is 62 m2/g. However, after the incorporation of the promoter, a reduction in the specific surface area is observed as a result of the increase of the particle size and to the partial blockage of the cavity after the incorporation of the K in the catalysts. Finally, the total pore volume follows a similar behaviour in the K-promoted catalysis suffering a reduction due to the incorporation of K. For instance, the decrease in the surface area of the 1K catalyst is lower, which is in good agreement with the particle size summarised in Table 2 that evidenced smaller particles size as compared with the other dopped catalysts.
[image: Figure 4]FIGURE 4 | (A) Nitrogen adsorption-desorption isotherms at −196°C. (Filled symbols = adsorption and empty symbols = desorption) and (B) Pore size distribution.
H2-TPR
The reducibility of the different species and the effect of the incorporation of K in the catalyst was evaluated using H2-TPR measurements. Figure 5 show the H2 consumption profiles of the catalyst. The high-temperature TPR reduction zone, common for all catalysts, is attributed to the reduction of bulk ceria. As observed, the 0K catalyst shows a wide region between 200 and 400°C attributed to various events, the reduction of NiO of different particle sizes and the reduction of surface ceria with different Ni-Ce interactions. However, upon promoter incorporation in the catalyst, we observed a splitting of the H2 consumption peaks, which is an indicator of the new interactions caused by the addition of the promoter.
[image: Figure 5]FIGURE 5 | H2-TPR profiles of the synthesised catalysts.
The addition of the promoters can increase the reducibility due to the incorporation of alkali cations in the CeO2 lattice, creating oxygen vacancies and increasing the overall oxygen mobility and, by consequence, enhancing the reducibility NiO particles. (Shan et al., 2003; Ang et al., 2014) Furthermore, these reduction events can also be attributed to the interaction alkali promoters-nickel particles that facilitate the reduction of Ni due to the nature of the alkalis.
Once again, these new interactions are more notorious for the 1K sample with a higher H2 consumption at lower temperatures, corroborating the enhanced interaction promoter-Ni-Ce for this sample as previously discussed. Moreover, it is well known that the particle size is directly correlated with the reduction temperature. For this sample, a smaller crystallite size of NiO was obtained in the calcined catalyst, which may also contribute to the explanation in the shift to the reduction temperature of the K-promoted sample evidencing fair agreement XRD-TPR data.
XPS
The effect of the promoter on the surface chemistry of the Ni/CeO2 catalyst was evaluated using XPS measurements. The Ni 2p3/2 XPS spectra of the non-pre-activated catalysts are shown in Figure 6A, and the binding energies of the Ni 2p3/2 levels for the non-reduced catalysts and Ni/support atomic ratios are summarised in Table 3. In the Ni 2p3/2 spectra it is observed the characteristic peaks of the Ni2+ under different environments close to 852.9 and 854.7 eV. However, after the incorporation of K into the catalysts, we observe a shift to higher values of B.E. due to the interactions between the catalysts and the promoter. (Pashalidis and Theocharis, 2000; Pasha et al., 2007) For instance, it has been reported the formation of mixed metal compounds K/Ni may be responsible for the change in the electronic environment change in the catalyst. (Luan et al., 2018) Finally, the increase in the Ni/Ce ratio (Table 3) of the K-promoted catalysts confirms the effect of K in the reducibility of the NiO, as it has been observed in the H2-TPR profiles.
[image: Figure 6]FIGURE 6 | XPS spectra of the Ni 2p3/2 region for (A) the non-reduced catalysts and (B) reduced catalysts.
TABLE 3 | Binding energies of the Ni 2p3/2 levels for the non-reduced and reduced catalysts and Ni/support atomic ratios.
[image: Table 3]Similarly to the non-reduced catalysts, XPS measurements were performed in the H2 reduced catalysts. Figure 6B shows the Ni 2p3/2 spectra of the 0K, 0.5K. 1K and 2K catalysts where is observed the characteristic contributions of Ni0 at B.E. of 851.8 eV, but also the peaks attributed to the remained Ni2+ under different environments (853.4 and 855.3 eV) are observed. However, these peaks of Ni2+ corresponding to promoter samples suffer a slightly shit to lower B.E. due to the donation of a fraction of their valence electrons to the metal. (Pasha et al., 2007) Such electron donation is another evidence of a strong dopant-catalysts and metal-support interactions. The metal-support interface becomes an electronically rich site for activation of reactant molecules pushing forward the reaction.
Catalytic Activity
The physicochemical characterisation of the catalysts has provided evidence of relevant differences between the non-reduced catalysts and the reduced catalyst. Additionally, since H2 is one of the reactants in the inlet mixture, it is of high interest to evaluate the effect of the pre-activation treatment on the performance of the catalysts. Due to this, the catalytic activity of Ni/CeO2 and the K-promoted catalysts was evaluated under these conditions. Figures 7A,B show the CO2 conversion of non-reduced and reduced catalysts, respectively. In both Figures 7A,B, it is observed a negative effect on the catalytic activity as a function of the K amount in the catalyst. This decrease in the catalytic activity becomes more evident but following a similar trend for the reduced catalysts. Furthermore, C. Liang et al. have reported that this negative effect of alkali metal in CO2 conversion as a consequence of the partial coverage of Ni particles due to the promoter-Ni strong interactions. (Liang et al., 2019b) This decrease in the catalytic activity may also be attributed to the increase in the Ni particle size, as has been observed in the XRD measurements, which inherently reduces the availability of the active site. Among the K-doped samples, 1K shows the best performance than the other promoted catalysts, which confirms the optimal Ni-K interactions in this specific formulation as discussed in the characterisation section. This behaviour is also in good agreement with the H2-TPR profiles shown in Figure 5. Also, it must be pointed out that all catalysts tested in this study display good levels of CO2 conversion without pre-conditioning treatments. In other words, our catalysts are ready to work as prepared in CO2 conversion processes, thus saving remarkable operational costs in a potential realistic application.
[image: Figure 7]FIGURE 7 | CO2 conversion of the (A) non-reduced catalysts and (B) reduced catalysts.
Figures 8A,B show the CH4 selectivity of the non-reduced and reduced catalysts, respectively. If we compare the CH4 selectivity of the non-promoted catalyst (0K) with the promoted counterpart (0.5, 1 and 2K), in both scenarios, it is observed suppression of the CH4 production as an effect of the K amount, especially in the low-temperature range which is of high interest for the low-temperature RWGS. However, this reduction becomes more evident in the pre-reduced catalysts. This reduction of the CH4 selectivity may be explained due to the surface chemistry modification, which promotes weak interaction CO/catalyst that restricts its further reaction to CH4, but also a decrease of the amount of chemisorbed hydrogen. (Beierlein et al., 2019; Vogt et al., 2019)
[image: Figure 8]FIGURE 8 | CH4 selectivity of (A) non-reduced catalysts and (B) reduced catalysts.
Finally, Figure 9 shows the CO selectivity in the non-reduced (Figure 9A) and reduced (Figure 9B) catalysts where is observed a boosting effect in the production of CO as a result of the addition of the K, especially the reduced catalyst 2K that present the best CO selectivity performance at low temperature. This boosting of the CO selectivity is explained due to the modification of catalyst-CO interactions. (Ang et al., 2015; Beierlein et al., 2019) However, if we analyse the CO selectivity performance, especially in the reduced catalyst at low temperature with the CH4 selectivity and CO2 conversion, it is observed a clear enhancement of the CO at the expense of CO2 conversion reduction. Despite of this, a compromise must be established between CO conversion/CO2 conversion to potentiate the use of these novel catalysts in the RWGS reaction at low temperatures. This is achieved by elucidating the optimum amount of alkaline metal. For instance, as it has been described through this work, the 1K catalyst that has ca. 0.66 wt% of K present the best performance in terms of CO2 conversion compared with the 0.5 and 2K. Additionally, 1K catalyst is able to display relevant CO selectivity at low temperature.
[image: Figure 9]FIGURE 9 | CO selectivity of (A) non-reduced catalysts, and (B) reduced catalysts.
Thermodynamic Simulation
So far, our study demonstrated how K-doping could help us to control the CO/CH4 selectivity in low-temperature RWGS reactions. The question is, what would happen if we integrate these catalysts in a real chemical process for CO2 upgrading? To address this fundamental quest, a simplified Aspen-based process model has been developed. Figure 1 showed the block flow diagram. Our K-promoted catalysts would be implemented in the CO2 conversion reactor in a hypothetical application. The model allows a thorough sensitivity analysis of the operating conditions. Thermodynamic equilibrium was assumed as previously reported elsewhere. (Adelung et al., 2021) Figure 10 shows the comparison of studied parameters (conversion and selectivity) from experimental and modelling points of view in the temperature range of 200°C–750°C for K-Ni/CeO2 (1:10) sample. We observe a fair agreement model-experiments with very similar conversion and selectivity trends. The model predicted a slightly higher performance than the experimental data. Actually, the model marks the thermodynamic limits of the CO2 conversion and CO/CH4 selectivity. Our catalysts hit high levels of conversion very close to the maximum allowed by thermodynamics. Very importantly in the low-temperature range (i.e. 300°C) our K-doped catalysts exceeds the expectations in terms of CO selectivity, indicating the optimal role of K to suppress methanation favouring low-temperature RWGS. Additionally, the modelling-validation process was conceived to gather computerised support that allows studying the behaviour of the process evaluating other parameters such as the feed concentration or pressure. This opens a straightforward route for a forthcoming study to evaluate the process from a technical-economic perspective.
[image: Figure 10]FIGURE 10 | Sensitivity Analysis of the process comparing CO2 conversion, CH4 selectivity and CO selectivity from the present model and experimental results.
CONCLUSION
Controlling selectivity in gas-phase CO2 hydrogenation reactions is a challenge in heterogeneous catalysis. This work showcases a strategy to design highly efficient low-temperature RWGS catalysts. The addition of potassium as a promoter suppresses the CO2-methanation in the low-temperature range at a minimal CO2 conversion cost. The electronic interactions K-Ni and K-Ni/CeO2 favour CO formation in the catalysts’ surface over methane production. Our XPS and TPR data evidence such promotional effect of K. Typically, upon increasing K loading, a greater methanation suppression is achieved. However, there is also a greater sacrifice in terms of CO2 conversion. Our study reveals that the 1K-doped sample presents the optimal activity selectivity trade-off.
The experimental data were contrasted with the trends obtained in a thermodynamic process modelling in an attempt to check whether our promoted catalysts would perform well in a realistic CO2 upgrading unit. The experimental results followed very well the modelling trends. Our catalysts reached conversion levels very close to the maximum allowed by thermodynamics, a remarkable indication of the promising behaviour of the designed materials. The combination of process simulation and lab-scale experiments provides interesting insights and open room for further techno-economic studies. Overall, this paper reveals a route to design low-temperature RWGS catalysts using non-expensive active phases evidencing the central role of catalysis and reaction engineering in the transition towards a low-carbon economy.
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