
CO2 valorisation via Reverse Water-Gas Shift reaction using promoted 

Fe/CeO2-Al2O3 catalysts: showcasing the potential of advanced catalysts 

to explore new processes design  

L.Yang1, L.Pastor-Pérez*1,2, J.J.Villora-Pico2, S.Gu1, A.Sepúlveda-Escribano2, 

T.R.Reina1 

 
1
Chemical and Process Engineering Department, University of Surrey, Guildford, UK 

2
Laboratorio de Materiales Avanzados, Departamento de Química Inorgánica - Instituto 

Universitario de Materiales de Alicante Universidad de Alicante, Apartado 99, E-03080 

Alicante, Spain. 

* corresponding authors: l.pastorperez@surrey.ac.uk  

 

 

Abstract 

The RWGS reaction represents a direct approach for gas-phase CO2 upgrading. This 

work showcases the efficiency of Fe/CeO2-Al2O3 catalysts for this process, and the 

effect of selected transition metal promoters such as Cu, Ni and Mo. Our results 

demonstrated that both Ni and Cu remarkably improved the performance of the 

monometallic Fe-catalyst. The competition Reverse Water-Gas Shift (RWGS) 

reaction/CO2 methanation reaction was evident particularly for the Ni-catalyst, which 

displayed high selectivity to methane in the low-temperature range. Among the 

studied catalysts the Cu promoted sample represented the best choice, exhibiting the 

best activity/selectivity balance. In addition, the Cu-doped catalyst                                                           

was very stable for long-term runs – an essential requisite for its implementation in 

flue gas upgrading units. This material can effectively catalyse the RWGS reaction at 

medium-low temperatures, providing the possibility to couple the RWGS reactor with 

a syngas conversion reaction. Such an integrated unit opens the horizons for a direct 
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CO2 to fuels/chemicals approach.  

 

Keywords: CO2 valorisation; RWGS; Fe catalysts; Cu promoter; integrated unit  

 

1. Introduction 

The rising atmospheric level of carbon dioxide (CO2), as one of the major 

environmental issues, has caused global concern. On the basis of reported data, 

global CO2 concentration reached around 405 ppm as of August 2018 [1]. However, 

the short-term problem is that the increasing trends in atmospheric carbon dioxide are 

at all inevitable due to the thriving development of industry and anthropologic activities. 

Therefore, we become increasingly aware of the importance of controlling “carbon 

footprint”.  

With the development of science and technology, there have been several different 

methods proposed to reduce atmospheric CO2. Carbon Capture and Storage (CCS) 

was first proposed as a means of captured CO2 could be stored by geological, 

mineralization or oceanic means [2]. Although many researches focus on the scheme 

to reduce atmospheric carbon emissions via capture, a lot of progress needs to be 

made before it could be of practical use. A more attractive solution is Carbon Capture 

and Utilization (CCU), which aims to upgrade CO2 to valuable fuels and other 

chemical products, such as methanol [3]. Another interesting product, which can be 



further used to obtain fuels, is CO, which can be obtained from CO2 through the 

RWGS reaction, and the Dry Reforming of Methane (DRM) as well as by 

photo-/electro-chemical processes. 

Among the different methods for CO2 utilisation, the RWGS reaction (Eq. (1)) is a 

promising route, as CO2 is converted into CO which, together with H2 forms syngas, 

which is well established as a useful chemical intermediate. Syngas, with various 

H2:CO ratios, can be used as a precursor in chemical processes that produce 

chemicals such as methanol and long chain hydrocarbons such as diesel via the 

Fischer-Tropsch Synthesis (FTS). Besides, syngas can also be used as a hydrogen 

source to produce methane or ammonia. 

                   
                                                                                                                                                                                     

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. Secondly, 

because of its endothermic nature, the RWGS reaction is thermodynamically 

favourable at high temperature. Furthermore, additional side reactions, such as CO 

methanation (Eq. (2)) and the Sabatier reaction (Eq. (3)), would occur under similar 

reaction conditions, consuming significant amounts of H2. Therefore, not only high 

temperatures but also suitable catalysts are both required to obtain optimal CO2 

conversions and selectivity towards CO.  

                       
                                                                                 



                      
                                                                                                                                                               

It is known from previous studies that the selectivity of final products can be 

significantly influenced by the nature of active species in the catalyst. The formation of 

alcohols or hydrocarbons will compete with the CO production through the RWGS 

reaction. Beside selectivity, stability is another important factor to take into account in 

the catalyst performance. As high reaction temperatures are required, catalyst 

deactivation would occur during the RWGS reaction. This is mainly due to sintering of 

the active metal phase, and/or coke deposition [4, 5].  

Thus, high-temperature endurable catalysts with considerable CO2 conversion 

efficiency are required for the RWGS reaction. Additionally, from the perspective of 

the availability of the catalyst to large-scale applications, economically viable and 

abundant materials are more desirable. 

Numerous catalysts, including noble metals [6-13] and transition metals as copper- 

[14-20], and nickel-based [6-11] catalysts have been studied for the RWGS reaction. It 

has been reported that this reaction is carried out at low temperatures over Cu-based 

catalysts. However, because of their poor thermal stability, these materials are not 

desirable for achieving high CO2 conversion as they deactivate very easily. To 

improve the catalytic performance of copper-based catalysts at high temperature, 

researchers found that by adding a small amount of iron, their catalytic activity and 

stability can be remarkably enhanced [18]. For noble metal and nickel-based catalysts, 

one of the main problems is methanation [8, 12, 13, 21]. Kim et al. reported that 



Pt/TiO2 catalysts had significant catalytic performance advantages over Pt/Al2O3 in 

terms of activity and stability [22]. They found that the CO selectivity was dependent 

on the carbonate species which were the key intermediate present at reducible TiO2 

sites [23]. Recently, our team found that Ni-FeOX/CeO2-Al2O3 was an excellent 

catalyst for the RWGS reaction in terms of stability and selectivity towards CO [6]. By 

doping with Fe a reference Ni/CeO2-Al2O3 catalyst a remarkable activity enhancement 

was observed due to the strong interaction between FeOX and Ni atoms [6]. FeOX 

facilitates Ni dispersion on the surface, and modifies its electronic properties leading 

to higher activity [6]. The support also plays a pivotal role in this reaction, particularly 

when oxygen they introduce oxygen mobility thus actively participating in the reaction 

mechanism [24]. From our previous study, the mixed framework of Al2O3-Ce2O3 

boosted the redox properties of supported catalysts and provided a relatively large 

surface areas for active phase dispersion, thus improving the overall catalytic 

performance [6].  

Based on further studies, iron-based catalysts are good for hydrogenation reactions of 

CO2 due to its high oxygen mobility and its thermal stability [24, 25]. Weatherbee et al. 

[26] first reported that high levels of CO were produced over Fe/SiO2 in CO2 

hydrogenation. However, Fe/SiO2 performed relative low activity compared with other 

Group VIII metals. Promoters (like Cu, K, and Mo [27-34]) are often used with 

iron-based catalysts to improve the reaction rate and tune the selectivity to the 

desired product. Copper is often added to iron-based catalysts for Fischer-Tropsch 

(F-T) synthesis in order to enhance the catalyst reducibility of [28]. As for Fe-Mo 



materials, Qin et al. showed improved dispersion of Fe species by Mo addition [32]. 

Besides, the Mo dispersing effect restrains the aggregation of active iron particles in 

the reaction [32]. Thus, addition of metals such as Ni, Cu and Mo seems an 

interesting approach in the study of Fe-based catalysts for the RWGS reaction. 

Furthermore, most studies of CO2 hydrogenation on Fe-based catalysts focused on 

hydrocarbons or olefins’ production through FTS [30, 35, 36]. However, the 

application of these systems to the RWGS have been studied in a lesser extension 

opening room for further advances on the catalysts design and process engineering. 

In this scenario, we propose a series of novel multicomponent catalysts 

(Fe/CeO2-Al2O3, Fe-Ni/CeO2-Al2O3, Fe-Mo/CeO2-Al2O3 and Fe-Cu/CeO2-Al2O3) for 

gas phase CO2 recycling. The prepared catalysts have been tested in the RWGS 

reaction and its competition with parallel processes such as methanation has been 

carefully addressed. A detailed characterisation study of the designed catalysts has 

been pursued to elucidate the main factors influencing the CO2 conversion activity, 

aiming to showcase a successful strategy to develop highly effective and 

economically viable catalysts for CO2 valorisation.   

2. Experimental 

2.1 Catalysts synthesis 

The ceria-alumina support was synthesised by the wet impregnation method. The 

necessary amount of Ce(NO3)3∙6H2O (Sigma-Aldrich, absolute) to obtain 30 wt.% 

CeO2 was dissolved in ethanol and added to PURALOX SCFa-230 alumina support 



(Sasol,  99%). The excess of solvent was evaporated under reduced pressure, and 

the resulting solid was dried overnight and calcined at 500   for 4h. For Fe/CeAl, the 

necessary amount of Fe(NO3)3∙9H2O (Aldrich,  98%) was dissolved in ethanol to 

obtain 25 wt.% Fe2O3. Then home-made CeO2-Al2O3 support was impregnated during 

1 h in a rotary evaporator with the solution containing the metallic precursor. After that, 

solvent was removed by evaporation and the resultant slurry was dried and then 

calcined at 750   for 4 h. 

The same procedure was used for the synthesis of FeNi/CeAl, FeMo/CeAl and 

FeCu/CeAl catalysts by sequential wet impregnation. First, the necessary amount of 

Fe(NO3)3∙9H2O (Aldrich,  98%) was dissolved in ethanol to obtain 15 wt.% Fe2O3. 

Then, the home-made CeO2-Al2O3 support was impregnated with the solution 

containing the metallic precursor for 1 h in rotary evaporator. The resultant 15 wt.% 

Fe2O3 was equally divided, with each batch designated 10 wt.% of different second 

metal promoters. For each batch, the mass of Ni(NO3)2∙6H2O, Cu(NO3)2∙3H2O and 

(NH4)6∙Mo7O24∙4H2O were added in ethanol solution (H2O for MoOX) to obtain 10 wt.% 

NiO, CuO or MoOX as a second metal, respectively. After impregnation and solvent 

evaporation, all the samples were dried and then calcined at 750   for 4 h. In 

summary, we prepared five catalysts labelled as follow: Fe/CeAl, FeMo/CeAl, 

FeNi/CeAl and FeCu/CeAl, with equivalent amounts of metal loading. 

2.2 Catalysts characterisation 

X-Ray Diffraction (XRD) patterns were recorded on an X’Pert Pro PANalytical, using 



Cu Kα radiation (40 mA, 45 kV) over a 2θ-range of 10-90° and a step size of 0.05° 

with a step time of 160 s.  

X-Ray fluorescence (XRF) analysis was carried out on an EDAX Eagle III 

spectrophotometer, utilising rhodium as the radiation source. 

The textural properties of catalysts were determined from N2 adsorption–desorption 

isotherms recorded on a Micrometrics TriStar II 3020 apparatus (Norcross, GA, USA) 

at the boiling point of nitrogen (77 K). Prior to the adsorption–desorption 

measurements, the samples were degassed at 250   for 2 h under vacuum. The 

specific surface area was determined using the Brunauer–Emmett–Teller (BET) 

method, whilst average pore size and pore volume were obtained by the 

Barret–Joyner–Halenda (BJH) method. 

H2-TPR experiments were carried out in a U-shaped quartz reactor. 10% H2/Ar 

reactive gas stream was passed through the catalyst with a total flow of 50 mL min−1. 

A 10   min−1 heating rate was utilised to elevate from room temperature to 950 °C. 

Samples were treated with flowing Ar at 150   for 1 h before the TPR run. Hydrogen 

consumption was followed by on-line mass spectrometry (Pfeiffer, OmniStar GSD 

301). Calibrated with a standard CuO reference (Sigma-Aldrich 99.99%)  

XPS measurements were performed with a K-ALPHA spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA) operated in the constant energy mode with survey 

scan pass energies of 200 eV and narrow scan energies of 50 eV, to measure the 

whole energy band as well as selectively measure particular elements. All XPS 



spectra were acquired using Al-Kα radiation (1486.6 eV) with a twin crystal 

monochromator, yielding a focused X-ray spot (elliptical in shape with a major axis 

length of 400 µm) at 3 mAx12 kV. Charge compensation was attained with the system 

flood gun, which provides low energy electrons and low energy argon ions from a 

single source. For the reference binding energy, the C1s core level was used, located 

at 284.6 eV. All samples were reduced ex-situ at 750   and, before recording the 

spectrum, the samples were maintained in the analysis chamber until a residual 

pressure of ca. 5×10−7 N/m2 was reached. 

2.3 Thermodynamic simulation 

ChemStations’ ChemCad software package was used to observe the thermodynamic 

limits of RWGS reaction over a range of temperatures, using a H2/CO2 ratio of 4:1. 

The Soave-Redlich-Kwong equation of state was used in a Gibbs reactor. Material 

flows into the reactor are identical to those intended to be used for experimentation. 

The results of these simulations are included in the catalytic performance plots. 

2.4 Catalytic behaviour 

For the catalytic runs, the catalyst was placed in a fixed bed continuous flow quartz 

reactor. Before any catalytic measurement, the catalyst was in situ reduced under a 

hydrogen flow (50 mL min−1
 with a 1:4 ratio of H2/N2) at 750   for 1 h. Reaction 

products were analysed by on-line gas analyser (ABB AO2020 Advanced Optima 

Process Gas Analyser, ABB, Mannheim, Germany).  



For the catalytic tests, each catalyst was evaluated within a temperature range of 

400–750  . The temperature was increased in 50   segments which were held for 

30 mins with a heating rate between intervals of 10   min-1. The reactants flow was 

held at a constant weight hourly space velocity (WHSV) of 30,000 mL g−1 h−1 with a 

H2/CO2 ratio of 4:1. For each test, 200 mg sample was used. The stability tests were 

measured at the same space velocity of 30,000 mL g−1 h−1 with a H2/CO2 ratio of 4:1 at 

500   for 48 h.  

The parameters used for measuring the catalytic activityof each sample in this work 

were CO2 conversion (Eq. (4)), CO selectivity (Eq. (5)), and CH4 selectivity (Eq. (6)) 

[30].  

CO2 conversion(%) = ([CO2]In–[CO2]Out)/([CO2]In)×100                          (4)                                                                       

CO selectivity(%) = ([CO]Out)/([CO2]In−[CO2]Out)×100                           (5)                                                           

CH4 selectivity(%) = ([CH4]Out)/([CO2]In−[CO2]Out)×100                          (6)                                                           

Where [CO2]Out and [CH4]Out are the concentration of CO2 and CH4 in the outlet of the 

reactor and [CO2]In is the CO2 concentration in the initial gas mixture. The error in CO2 

conversion and CO/CH4 selectivity for all the experiments is within ± 0.5%. 

3. Results and discussion 

3.1 XRF 

Table 1 summarises the results of the actual composition of each catalyst from the 

XRF analysis. The results agree very well with the nominal values, indicating the 



succeed preparation of the catalysts.  

3.2 Textural properties 

The N2 adsorption-desorption isotherms are presented in Fig.1. All samples are 

mesoporous materials presenting a type IV isotherm according to the IUPAC 

classification. The textural properties of the catalysts are governed by the primary 

γ-alumina support.  

Table 2 lists the surface area, pore volume, and average pore diameter of all calcined 

catalysts. As can be seen, the surface area of the bare support CeAl is around 162 

m2/g. The textural properties of the catalysts are governed by the primary γ-alumina 

support. Thus, the decrease of surface area and total pore volume after introduction 

of Fe and metal promoters can be related to partial covering the mesopores of the 

Al2O3 support, which is in a good agreement with previous findings [6]. Interestingly, 

among the dopants Mo seems to have the stronger effect in terms of surface area 

depletion but overall, we can consider that all the prepared catalysts are comparable 

in terms of textural properties.  

3.3 XRD 

Fig. 2 shows the XRD patterns for all the samples, including the bare CeO2-Al2O3 

support. The diffractogram of this material shows peaks at 2θ = 37.6o, 39.5o, 45.8o, 

and 66.8o attributed to the primary support γ-Al2O3 (JCPDS 00-048-0367); and 

diffraction peaks at 2θ = 28.6o, 33o, 47.5o, 56.3o, 59.1o, 69.4 o, 76.7o, 79.1o, and 88.4o 



assigned to the fluorite-type CeO2 cubic crystal structure (JCPDS 00-34-0394). 

For all the four Fe-based calcined catalysts, in addition to the peaks attributed to the 

CeAl support, also peaks of hematite Fe2O3 at 24.1o, 33.3o, 35.7o, 41o, 49.5o, 54.2o, 

62.3o, and 64.2o (JCPDS 00-001-1053) can be intuited. Some authors report that 

magnetite and maghemite present a cubic structure with very close lattice parameters, 

fact that makes it difficult to differentiate these structures even if both phases exhibit 

high crystallinity. However, in the XRD pattern associated with the maghemite phase 

there exist two additional peaks located at 24° (210) and 26.10° (211) [37]. On the 

other hand, the formation of FeAl2O4 spinel cannot be discarded [38], as will be 

discussed later on the H2-TPR section. The diffraction peaks corresponding to the 

second metal oxide phases were not observed in the calcined catalysts, suggesting 

that MoxOy, CuO2 and NiO particles are small and well dispersed over the support. 

Previous works of our group reported that the presence of Fe in combination with 

other metal results in an enhanced dispersion, this supporting the absence of XRD 

reflections. [39]. Overall, this positive effect of improved dispersion in these samples 

could enhance the tolerance towards major culprits such as sintering [40].  

In the case of the Ni-doped system, the presence of a Ni-Fe aluminate spinel should 

be taken into account. It is well accepted that the Ni loading is critical to fully form 

spinel under high calcination temperature during catalyst preparation [41]. The 

absence of NiO peaks in the X-Ray patterns could also be ascribed to the formation of 

Ni or Ni-Fe aluminate spinels, which coincides with the γ-Al2O3 (JCPDS 048-0367) at 



37.58o, 45.76o and 66.79o, respectively [42]. The most likely situation is that surface 

NiAl2O4 spinel should co-exist with the γ-Al2O3 phase. Additionally, Kharaji et al. 

observed that Fe and Mo oxides can easily form Fe-Mo composite oxides (possibly as 

Fe2(MoO4)3) after heat treatment, and this phase could remain in the structure of 

FeMo/CeAl catalyst during RWGS reaction due to the reduction-resistance of Fe-Mo 

composite oxides [43]. As reported by Qing et al. [32], only samples with Mo/Fe ratios 

greater than 25/100 can show the characteristic diffraction peaks of ferric molybdate, 

while the Fe2(MoO4)3 phase may exist in an amorphous state in low Mo-loaded 

samples. Thus, this could be another reason for the absence in the diffractograms of 

the Mo-oxide phase in our FeMo/CeAl sample. 

All samples were activated in hydrogen before reaction. In order to study our samples 

composition just before the RWGS reaction, reduced samples were characterized by 

XRD, and relevant information was extracted as also shown in Fig. 2. For all the 

catalysts, a new phase corresponding to metallic Fe was detected at 44.6o, 65.0o, 

82.3o
 (JCPDS 01-087-0721) which confirms, at least, the partial reduction of Fe2O3. 

As can be seen in Fig. 2 b) and c), reduced samples containing Mo and Cu have 

basically the same patterns as the reference sample (Fe/CeAl). Cu-oxide phase is 

very likely fully reduced as per suggested elsewhere [44], but in the present study, the 

absence of peaks assigned to metallic Cu in the reduced FeCu/CeAl sample reflects 

the excellent dispersion of this promoter in this sample. For the FeMo/CeAl sample, 

as discussed, ferric molybdate could be formed during the treatment and maintained 

in amorphous state that may not be observed by XRD. For the FeNi/CeAl sample, 



upon reduction, Fe2O3 diffraction peaks disappeared, while diffractions at 43.7o and 

51.5o
 were obtained. According to previous studies, these two diffraction peaks can be 

assigned to Ni-Fe alloy (CAPES 26009) [45, 46]. The Ni-related diffraction shifts to an 

angle of 43.7°, lower than that for metallic Ni, is an indicative that Fe-Ni alloy can 

co-exist in this sample. It is reported that this alloy could be decomposed to Ni (44.5o) 

and Fe3O4 (36o, 43.5o
 and 63o) during the reaction [45], as we also observed and will 

be discussed later.  

 

3.3 H2-TPR 

The H2 temperature-programmed reduction was undertaken so the redox properties 

of the catalysts and the interactions between the metals and the support can be 

assessed. H2-TPR results are shown in Fig. 3.  

As can be seen, the TPR profiles of all calcined samples show a reduction zone at 

high temperature (around 880  ) that is associated to the reduction of bulk ceria [41] 

together with other species (Ni or Fe spinel) depending on the sample. In the profile of 

the Fe/CeAl, other two well-separated H2 consumption peaks can be observed, which 

can be characteristic of the well-known two-stage reduction for iron oxide: the first 

stage at low temperature (400  ) represents the reduction of Fe2O3 to Fe3O4, 

whereas the second stage is attributed to the reduction of Fe3O4 to Fe0 at higher 

temperature (650  ) [47]. According to previous studies, the second reduction peak 

(at higher temperature) is rather complex because the second reduction stage 



involves the transformation of a mixture of Fe3+ and Fe2+ into Fe0 (metallic iron phase) 

[48]. Furthermore, these broad peaks, apart to have a contribution from surface ceria 

reduction, are slightly shifted to lower temperatures due to Fe-Ce interactions. For the 

bimetallic catalysts, it is clear that the reduction of Fe species can be enhanced by 

addition of Cu species, resulting in an overall lowering of the reduction temperature. 

On the other hand, addition of Ni and Mo species seem to supress/hinder the overall 

reducibility of catalysts as compared with the monometallic one (Fe/CeAl).  

The addition of Mo shifts the reduction peaks of FeOx to higher temperature, which is 

consistent with results shown by Liu et al. [49], revealing hindered overall reducibility. 

In the present study, the pattern of Mo-containing sample shows three reduction 

zones, that could correspond to the reported following three reduction steps: 

Fe2(MoO4)3 → FeMoO4 + Mo4O11 → Fe2Mo3O8 + Fe3O4 → FeMo alloy [50]. The 

presence of the Fe2(MoO4)3 phase was reported to inhibit to a certain extent the redox 

properties of iron-based catalysts [32]. Regarding our sample, certain metallic Fe is 

present in this Mo-Fe sample, as can be extracted from the XRD results. 

As for the FeCu/CeAl catalyst, apart from the final reduction peak associated with the 

bulk ceria and Fe spinel, it shows three main reduction features. The lower 

temperature peaks at 200   and 350   can be attributed to the reduction of CuO 

(to Cu0), and the possible partial Fe reduction due to Cu-Fe interaction [51-55]. 

Further reduction of the catalyst occurs at higher temperatures, around 500   and 

900  , accounting for Fe2O3 to Fe3O4, Fe3O4 to Fe0 and the Fe spinel.  



A reduction peak can be observed in high temperature region over the pattern of the 

FeNi/CeAl catalyst, but with broader range, starting from 650   to 900  . This 

reduction peak can be assigned to the reduction of ceria and Ni and Fe spinel, which 

are hard to detect in XRD [56]. Furthermore, small peaks below to 650   can be 

observed, which could reveal the reduction of Ni and Fe oxides with different 

interactions (Fe-Ni-Ce) [57]. Fiuza et al. also suggested that Fe-Ni alloy would also be 

less reducible than the individual metals [46].  

3.4 XPS 

XPS is used to discern the surface composition and chemical status of the catalytic 

active species, since further clarification is needed in view of the complex H2-TPR 

profiles obtained.  

The Fe 2p3/2, Mo 3d5/2, Cu 2p3/2 and Ni 2p3/2 spectra of the reduced samples are 

represented in Fig. 4. Table 3 summarises the binding energies of the main peaks of 

each core-level. As can be seen from Fig. 4a, the analysis of the Fe 2p3/2 is quite 

complex. After the reduction treatment at 750   the spectra show that only a part of 

Fe was in the metallic state; therefore, different iron species (Fe, Fe2O3 and Fe3O4) 

co-exist in the surface of the reduced catalysts as it was already suggested by XRD 

results. In this way, for all catalysts the band around 705-707 eV is assigned to 

metallic Fe, while the band around 709-710 eV and 711-712 eV are characteristic of 

Fe2+ and Fe3+ respectively [6].  

From Table 3, it can be seen that the peaks at a binding energy value of 709-710 eV, 



have a higher contribution (%, deconvolution) indicating that Fe2+ from Fe3O4 (Fe2+,3+) 

and FeO (Fe2+) is likely to be the dominant state on the catalyst surface for all reduced 

catalysts. Indeed, other works have suggested that Fe3O4 (magnetite) is the active 

phase for WGS reaction [52, 58, 59], then we can expect that this phase may also 

facilitate the RWGS reaction.  

Furthermore, it is worth noting that the binding energies of the Fe 2p3/2 level are 

influenced by the addition of the second metal, showing a slightly decrease of the 

electron density of Fe species due to the interactions between iron and the second 

metals. Thus, for the Ni- and Cu-doped samples, the stronger interaction between Fe 

and these metal promoters in comparission with other samples could influence the 

catalytic performance affecting the CO2 adsorption, which is considered as the 

rate-limiting step in the RWGS reaction. In fact, it has been reported that the electron 

deficient state of Fe species enhance catalytic activity [32] 

Fig.4 (b/c/d) also shows the Mo 3d, Cu 2p and Ni 2p XPS spectra of the second 

metals, respectively. For the Mo-doped sample, two peaks for Mo 3d XPS spectra can 

be obtained.The one with a binding energy of 227.9 eV is attributed to Moε+ (0≤ε≤2) and 

the other with binding energy of 229.5 eV is identified as Moδ+ (2<δ<4) [60], corroborating 

that both H2-TPR and XPS analysis of Mo-doped sample show a complicated redox 

process. For the Cu-doped sample, the Cu 2p3/2 spectrum for the reduced FeCu/CeAl 

catalysts shows two peaks around 932.4 eV and 934.0 eV, which are assigned to 

Cu0,+1 copper and Cu2+ species [60].  



Generally, the BE of metallic Ni 2p is 852.4 ± 0.4 eV, the BE of Ni 2p in NiO is 854 ± 

0.4 eV, the BE of Ni 2p in NiFe2O4 is 855 ± 0.4 eV, and the BE of Ni 2p in NiAl2O4 is 

around 857 ± 0.4 eV [61]. For the FeNi/CeAl sample, the BE of Ni 2p3/2 are at 853.8 

eV and 856.5 eV that could be assigned to NiO (Ni2+) and  NiAl2O4 (Ni2+) respectively, 

but no presence of metallic Ni can be seen in reduced FeNi/CeAl [57]. These two 

observed binding energies of the Ni 2p peaks indicate the presence of interaction 

between Ni and Fe metal, and the interaction between Ni and Al2O3 support [62]. It is 

highly likely that during the reduction treatment, Fe-Ni alloy and NiAl2O4 are firstly 

formed, as also indicated by XRD results. 

Furthermore an idea of the promoters dispersion on the catalysts’ surface were 

estimated using Metal/Al ratios as shown in Table 3. As shown in the table the ratio 

varies as follows: Cu/Al > Mo/Al > Ni/Al indicating that Cu exposition in the surface is 

enhanced compared to that of Mo and Ni. This is indeed an interesting observation 

since Cu-species, including metallic Cu, Cu1+, and Cu2+ have been proposed as active 

phase for this reaction [63]. 

3.5 Catalytic performance 

3.5.1 Catalytic activity and selectivity 

After understanding of the structural and electronic properties of the prepared 

catalysts, they were tested in the RWGS reaction to study their catalytic 

performances.  



Firstly, the catalytic activity in terms of CO2 conversion of the prepared catalysts is 

shown in Fig. 5(a), as well as the results of the thermodynamic simulation. Clearly, 

CO2 conversion steadily increases with reaction temperature over all samples, 

reflecting the endothermic nature of the RWGS reaction.  

All the promoted catalysts, except the Mo-doped one, display higher CO2 conversion 

levels than the reference system Fe/CeAl. Indeed, the experimental results show that 

FeNi/CeAl exhibited the highest level of conversion in all the studied temperature 

range, followed by FeCu/CeAl. Interestingly, the FeMo/CeAl displayed significant 

lower conversion than the reference Fe/CeAl sample. This result evidences the XPS 

trends indicating that Mo has the weakest interaction with Fe among the studied 

promoters. As previously discussed, the Fe active phase for RWGS should be ideally 

an electronic deficient species. Ni- and Cu-doped catalysts reached CO2 conversion 

levels rather close to the thermodynamic equilibrium. The improved catalytic 

performance of these two catalysts could be due the strong interaction between Fe 

and Ni/Cu, altering the electronic density of Fe and thus facilitating CO2 activation on 

the catalytic surface, in good agreement with the XPS data. Along with the 

promotional effect on Fe, the presence of Ni and Cu helps the reaction due to their 

intrinsic activity for CO2 reduction/hydrogenation processes [6, 18, 20, 42]. In other 

words, we can consider Cu and Ni not just as mere dopants but also as co-catalysts to 

boost the RWGS reaction. Indeed, it has been already reported that the addition of Cu 

in the catalysts would promote the reaction by adding up new active sites such as 

Fe-Cu ensembles and metallic Cu clusters [49, 64]. In our case this situation would be 



further favoured due to the enhanced copper exposition in the catalyst’s surface as 

per deduced from the XPS data. 

In addition to CO2 conversion, selectivity is another key factor when assessing the 

catalytic performance for RWGS reaction, especially at relative low reaction 

temperature due to the competitive process, CO2 methanation. Thus, the selectivity 

profiles of CO/CH4 vs. temperature were also compared over all Fe-based catalysts. 

The reference system, Fe/CeAl, shows good levels of CO selectivity even at low 

temperatures. Such trend is improved by the addition of Cu and Mo. Indeed, both Cu 

and Mo display practically full CO selectivity in the whole studied temperature range. 

Interestingly, the Ni promoted material (which was the best in terms of conversion) 

shows the poorest CO selectivity which is particularly poor in the low temperature 

range. The competition RWGS / CO2 methanation is evident in this catalyst, being the 

later the dominant process in the low temperature window and limiting the applicability 

of this catalyst for a low-temperature RWGS unit. In summary, the addition of dopants 

has despair impact on the overall catalytic performance. On the one hand, Ni and Cu 

boost the CO2 conversion due to the strong interaction with Fe which leads to Fe 

deficient species plus their intrinsic activity in the reaction acting as co-catalysts. 

Among these two systems, Ni is the best promoter in terms of CO2 conversion. On the 

other hand, the nature of the added metals remarkable affects the selectivity. Herein 

Cu inhibits the methanation reaction resulting in a virtual full CO selectivity in the 

whole studied range. On the contrary Ni, due to its methanation capacity, shows poor 

selectivity towards the RWGS reaction in the medium-low temperature range. 



Therefore, the FeCu/CeAl catalyst seems to be the best compromise to achieve the 

optimum activity/selectivity balance. 

In order to discern changes happened on the crystalline structure of spent catalysts, a 

XRD study of the spent samples after the catalytic screening was accomplished (See 

Fig. 2). As it can be seen for the post-reaction samples, the metallic Fe phase 

contribution decreases after reaction, evidencing the oxidation of Fe towards the 

Fe3O4 phase. All XRD spent spectrum exhibited small peaks ascribed to Fe3O4, 

corresponding to the reflexions (220), (311), (400), (422), (511) and (440), which are 

similar to those reported before for Fe3O4 nanoparticles [65]. These results could be 

due to the oxidization of metallic iron by water formed during the chemical process. 

But either way, the presence of FeOx plays an important role for the catalytic 

performance in terms of both CO2 conversion and CO selectivity. 

3.5.2 Long-term activity tests 

For a real application of these catalysts in a CO2 upgrading unit their long-term 

behaviour is of paramount importance. From Fig. 5, it is clear that Fe/CeAl and 

FeCu/CeAl exhibit the best activity/selectivity balance within the whole range of 

studied samples in terms of CO2 conversion and CO selectivity. Furthermore, the 

FeNi/CeAl sample achieved the highest CO2 conversion. These three samples were 

selected for the stability study, aiming to find further discrepancies between these 

three materials under continuous operation. The samples were studied far from 

equilibrium and at low temperature (500  ), since we are aim is to assess their 



applicability in low-temperature RWGS unit.  

Fig. 6 shows that CO2 conversion remains approximately constant for the three 

samples, matching the CO2 conversion level achieved in the catalytic screening 

experiments. The steady behaviour indicates excellent stability for long-term catalytic 

runs. Since the differences between the Fe/CeAl and FeCu/CeAl samples are no 

tvery notorious, the critical factor will be the CO selectivity for these samples. 

FeCu/CeAl reveals better catalytic performance regarding CO selectivity, which was 

over 99% during the whole experiment, while the CO selectivity was around 80% (and 

decreasing) and 65% for Fe/CeAl and FeNi/CeAl respectively. Therefore, the 

Cu-promoted Fe/CeAl catalyst is the catalyst of choice displaying an excellent 

catalytic performance in terms of activity/selective with outstanding selectivity for 

continuous operations. It is important to highlight the fact that this catalyst presents 

almost full selectivity towards CO at 500 oC, which is a relatively low reaction 

temperature where the CO2 methanation process heavily competes with the RWGS 

[6]. This is a very important result from the process perspective. In particular, when 

the RWGS is coupled to a second unit such as F-T synthesis or a Methanol 

production reaction there is a big temperature gap between both reactors. 

Typically, the RWGS reaction will run at high temperature range around 600-750   

[6] and the second unit for FTS at 300-400   [30, 35, 66]. Our FeCu/CeAl catalyst 

can run in the 400-500   range with very high selectivity to CO, significantly 

decreasing the temperature gap between these two units. Thus, FeCu/CeAl brings a 



great opportunity to facilitate the integration of the RWGS and the second upgrading 

unit to produce fuels and chemicals from CO2. 

Besides, further catalyst characterization supports the excellent results found in terms 

of stability. Post-stability XRD pattern of the three catalysts were obtained (Figure 7). 

It is clear that crystalline carbon species were not observed in the samples, indicating 

that carbon deposition is irrelevant under this reaction conditions for the prepared 

catalysts. This is mainly due to the excellent redox properties of CeO2 in the support, 

as well as the prevention of metal sintering and subsequent carbon deposition [6]. 

Overall, the results corroborate the suitability of FeCu/CeAl for long runs with an 

excellent activity/stability/selectivity compromise. 

4. Conclusions 

The reverse water-gas shift reaction can be effectively catalysed by Fe-based 

catalysts supported on CeO2-Al2O3. The addition of promoters such as Ni and Cu 

remarkably boost the CO2 conversion capacity of these materials. The observed 

promotional effect is ascribed to the strong interaction between Fe and Ni/Cu, altering 

the electronic density of Fe and thus facilitating CO2 activation on the catalytic surface, 

as revealed by XPS. In addition, Cu and Ni are not mere dopants for Fe but also, they 

can be regarded as co-catalysts due to their intrinsic activity in the reaction.   

Different impact on the selectivity is also found when Cu and Ni are introduced in the 

catalyst’s formulation. While the FeNi/CeO2-Al2O3 catalyst favours CO2 methanation, 

the FeCu/CeO2-Al2O3 exhibit virtual full selectivity towards CO. Hence the Cu-doped 



catalysts can be considered as the catalysts of choice for this reaction under the 

tested conditions. This sample also displays excellent performance for long-term 

operations, which makes it an appealing system for a real application.  

Along with the excellent activity/selectivity/robustness form long-term runs trade-off 

demonstrated by the FeCu/CeO2-Al2O3 catalyst, its uniqueness also relies on its high 

efficiency at medium-low temperatures. This is a very important result from the 

process perspective. If we envisaged an integrated process where the RWGS is 

coupled to a second unit such as F-T synthesis or a Methanol production reactor, our 

catalyst can help to overcome the temperature gap between the front and the end unit. 

In other words, our multicomponent catalyst represents a step ahead towards the 

development of CO2 to fuels/chemicals units which will be essential in the modern 

low-carbon societies.  
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Abstract 

The RWGS reaction represents a direct approach for gas-phase CO2 upgrading. This 

work showcases the efficiency of Fe/CeO2-Al2O3 catalysts for this process, and the 

effect of selected transition metal promoters such as Cu, Ni and Mo. Our results 

demonstrated that both Ni and Cu remarkably improved the performance of the 

monometallic Fe-catalyst. The competition Reverse Water-Gas Shift (RWGS) 

reaction/CO2 methanation reaction was evident particularly for the Ni-catalyst, which 

displayed high selectivity to methane in the low-temperature range. Among the 

studied catalysts the Cu promoted sample represented the best choice, exhibiting the 

best activity/selectivity balance. In addition, the Cu-doped catalyst                                                           

was very stable for long-term runs – an essential requisite for its implementation in 

flue gas upgrading units. This material can effectively catalyse the RWGS reaction at 

medium-low temperatures, providing the possibility to couple the RWGS reactor with 

a syngas conversion reaction. Such an integrated unit opens the horizons for a direct 
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CO2 to fuels/chemicals approach.  
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1. Introduction 

The rising atmospheric level of carbon dioxide (CO2), as one of the major 

environmental issues, has caused global concern. On the basis of reported data, 

global CO2 concentration reached around 405 ppm as of August 2018 [1]. However, 

the short-term problem is that the increasing trends in atmospheric carbon dioxide are 

at all inevitable due to the thriving development of industry and anthropologic activities. 

Therefore, we become increasingly aware of the importance of controlling “carbon 

footprint”.  

With the development of science and technology, there have been several different 

methods proposed to reduce atmospheric CO2. Carbon Capture and Storage (CCS) 

was first proposed as a means of captured CO2 could be stored by geological, 

mineralization or oceanic means [2]. Although many researches focus on the scheme 

to reduce atmospheric carbon emissions via capture, a lot of progress needs to be 

made before it could be of practical use. A more attractive solution is Carbon Capture 

and Utilization (CCU), which aims to upgrade CO2 to valuable fuels and other 

chemical products, such as methanol [3]. Another interesting product, which can be 



further used to obtain fuels, is CO, which can be obtained from CO2 through the 

RWGS reaction, and the Dry Reforming of Methane (DRM) as well as by 

photo-/electro-chemical processes. 

Among the different methods for CO2 utilisation, the RWGS reaction (Eq. (1)) is a 

promising route, as CO2 is converted into CO which, together with H2 forms syngas, 

which is well established as a useful chemical intermediate. Syngas, with various 

H2:CO ratios, can be used as a precursor in chemical processes that produce 

chemicals such as methanol and long chain hydrocarbons such as diesel via the 

Fischer-Tropsch Synthesis (FTS). Besides, syngas can also be used as a hydrogen 

source to produce methane or ammonia. 

                   
                                                                                                                                                                                     

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. Secondly, 

because of its endothermic nature, the RWGS reaction is thermodynamically 

favourable at high temperature. Furthermore, additional side reactions, such as CO 

methanation (Eq. (2)) and the Sabatier reaction (Eq. (3)), would occur under similar 

reaction conditions, consuming significant amounts of H2. Therefore, not only high 

temperatures but also suitable catalysts are both required to obtain optimal CO2 

conversions and selectivity towards CO.  

                       
                                                                                 



                      
                                                                                                                                                               

It is known from previous studies that the selectivity of final products can be 

significantly influenced by the nature of active species in the catalyst. The formation of 

alcohols or hydrocarbons will compete with the CO production through the RWGS 

reaction. Beside selectivity, stability is another important factor to take into account in 

the catalyst performance. As high reaction temperatures are required, catalyst 

deactivation would occur during the RWGS reaction. This is mainly due to sintering of 

the active metal phase, and/or coke deposition [4, 5].  

Thus, high-temperature endurable catalysts with considerable CO2 conversion 

efficiency are required for the RWGS reaction. Additionally, from the perspective of 

the availability of the catalyst to large-scale applications, economically viable and 

abundant materials are more desirable. 

Numerous catalysts, including noble metals [6-13] and transition metals as copper- 

[14-20], and nickel-based [6-11] catalysts have been studied for the RWGS reaction. It 

has been reported that this reaction is carried out at low temperatures over Cu-based 

catalysts. However, because of their poor thermal stability, these materials are not 

desirable for achieving high CO2 conversion as they deactivate very easily. To 

improve the catalytic performance of copper-based catalysts at high temperature, 

researchers found that by adding a small amount of iron, their catalytic activity and 

stability can be remarkably enhanced [18]. For noble metal and nickel-based catalysts, 

one of the main problems is methanation [8, 12, 13, 21]. Kim et al. reported that 



Pt/TiO2 catalysts had significant catalytic performance advantages over Pt/Al2O3 in 

terms of activity and stability [22]. They found that the CO selectivity was dependent 

on the carbonate species which were the key intermediate present at reducible TiO2 

sites [23]. Recently, our team found that Ni-FeOX/CeO2-Al2O3 was an excellent 

catalyst for the RWGS reaction in terms of stability and selectivity towards CO [6]. By 

doping with Fe a reference Ni/CeO2-Al2O3 catalyst a remarkable activity enhancement 

was observed due to the strong interaction between FeOX and Ni atoms [6]. FeOX 

facilitates Ni dispersion on the surface, and modifies its electronic properties leading 

to higher activity [6]. The support also plays a pivotal role in this reaction, particularly 

when oxygen they introduce oxygen mobility thus actively participating in the reaction 

mechanism [24]. From our previous study, the mixed framework of Al2O3-Ce2O3 

boosted the redox properties of supported catalysts and provided a relatively large 

surface areas for active phase dispersion, thus improving the overall catalytic 

performance [6].  

Based on further studies, iron-based catalysts are good for hydrogenation reactions of 

CO2 due to its high oxygen mobility and its thermal stability [24, 25]. Weatherbee et al. 

[26] first reported that high levels of CO were produced over Fe/SiO2 in CO2 

hydrogenation. However, Fe/SiO2 performed relative low activity compared with other 

Group VIII metals. Promoters (like Cu, K, and Mo [27-34]) are often used with 

iron-based catalysts to improve the reaction rate and tune the selectivity to the 

desired product. Copper is often added to iron-based catalysts for Fischer-Tropsch 

(F-T) synthesis in order to enhance the catalyst reducibility of [28]. As for Fe-Mo 



materials, Qin et al. showed improved dispersion of Fe species by Mo addition [32]. 

Besides, the Mo dispersing effect restrains the aggregation of active iron particles in 

the reaction [32]. Thus, addition of metals such as Ni, Cu and Mo seems an 

interesting approach in the study of Fe-based catalysts for the RWGS reaction. 

Furthermore, most studies of CO2 hydrogenation on Fe-based catalysts focused on 

hydrocarbons or olefins’ production through FTS [30, 35, 36]. However, the 

application of these systems to the RWGS have been studied in a lesser extension 

opening room for further advances on the catalysts design and process engineering. 

In this scenario, we propose a series of novel multicomponent catalysts 

(Fe/CeO2-Al2O3, Fe-Ni/CeO2-Al2O3, Fe-Mo/CeO2-Al2O3 and Fe-Cu/CeO2-Al2O3) for 

gas phase CO2 recycling. The prepared catalysts have been tested in the RWGS 

reaction and its competition with parallel processes such as methanation has been 

carefully addressed. A detailed characterisation study of the designed catalysts has 

been pursued to elucidate the main factors influencing the CO2 conversion activity, 

aiming to showcase a successful strategy to develop highly effective and 

economically viable catalysts for CO2 valorisation.   

2. Experimental 

2.1 Catalysts synthesis 

The ceria-alumina support was synthesised by the wet impregnation method. The 

necessary amount of Ce(NO3)3∙6H2O (Sigma-Aldrich, absolute) to obtain 30 wt.% 

CeO2 was dissolved in ethanol and added to PURALOX SCFa-230 alumina support 



(Sasol,  99%). The excess of solvent was evaporated under reduced pressure, and 

the resulting solid was dried overnight and calcined at 500   for 4h. For Fe/CeAl, the 

necessary amount of Fe(NO3)3∙9H2O (Aldrich,  98%) was dissolved in ethanol to 

obtain 25 wt.% Fe2O3. Then home-made CeO2-Al2O3 support was impregnated during 

1 h in a rotary evaporator with the solution containing the metallic precursor. After that, 

solvent was removed by evaporation and the resultant slurry was dried and then 

calcined at 750   for 4 h. 

The same procedure was used for the synthesis of FeNi/CeAl, FeMo/CeAl and 

FeCu/CeAl catalysts by sequential wet impregnation. First, the necessary amount of 

Fe(NO3)3∙9H2O (Aldrich,  98%) was dissolved in ethanol to obtain 15 wt.% Fe2O3. 

Then, the home-made CeO2-Al2O3 support was impregnated with the solution 

containing the metallic precursor for 1 h in rotary evaporator. The resultant 15 wt.% 

Fe2O3 was equally divided, with each batch designated 10 wt.% of different second 

metal promoters. For each batch, the mass of Ni(NO3)2∙6H2O, Cu(NO3)2∙3H2O and 

(NH4)6∙Mo7O24∙4H2O were added in ethanol solution (H2O for MoOX) to obtain 10 wt.% 

NiO, CuO or MoOX as a second metal, respectively. After impregnation and solvent 

evaporation, all the samples were dried and then calcined at 750   for 4 h. In 

summary, we prepared five catalysts labelled as follow: Fe/CeAl, FeMo/CeAl, 

FeNi/CeAl and FeCu/CeAl, with equivalent amounts of metal loading. 

2.2 Catalysts characterisation 

X-Ray Diffraction (XRD) patterns were recorded on an X’Pert Pro PANalytical, using 



Cu Kα radiation (40 mA, 45 kV) over a 2θ-range of 10-90° and a step size of 0.05° 

with a step time of 160 s.  

X-Ray fluorescence (XRF) analysis was carried out on an EDAX Eagle III 

spectrophotometer, utilising rhodium as the radiation source. 

The textural properties of catalysts were determined from N2 adsorption–desorption 

isotherms recorded on a Micrometrics TriStar II 3020 apparatus (Norcross, GA, USA) 

at the boiling point of nitrogen (77 K). Prior to the adsorption–desorption 

measurements, the samples were degassed at 250   for 2 h under vacuum. The 

specific surface area was determined using the Brunauer–Emmett–Teller (BET) 

method, whilst average pore size and pore volume were obtained by the 

Barret–Joyner–Halenda (BJH) method. 

H2-TPR experiments were carried out in a U-shaped quartz reactor. 10% H2/Ar 

reactive gas stream was passed through the catalyst with a total flow of 50 mL min−1. 

A 10   min−1 heating rate was utilised to elevate from room temperature to 950 °C. 

Samples were treated with flowing Ar at 150   for 1 h before the TPR run. Hydrogen 

consumption was followed by on-line mass spectrometry (Pfeiffer, OmniStar GSD 

301). Calibrated with a standard CuO reference (Sigma-Aldrich 99.99%)  

XPS measurements were performed with a K-ALPHA spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA) operated in the constant energy mode with survey 

scan pass energies of 200 eV and narrow scan energies of 50 eV, to measure the 

whole energy band as well as selectively measure particular elements. All XPS 



spectra were acquired using Al-Kα radiation (1486.6 eV) with a twin crystal 

monochromator, yielding a focused X-ray spot (elliptical in shape with a major axis 

length of 400 µm) at 3 mAx12 kV. Charge compensation was attained with the system 

flood gun, which provides low energy electrons and low energy argon ions from a 

single source. For the reference binding energy, the C1s core level was used, located 

at 284.6 eV. All samples were reduced ex-situ at 750   and, before recording the 

spectrum, the samples were maintained in the analysis chamber until a residual 

pressure of ca. 5×10−7 N/m2 was reached. 

2.3 Thermodynamic simulation 

ChemStations’ ChemCad software package was used to observe the thermodynamic 

limits of RWGS reaction over a range of temperatures, using a H2/CO2 ratio of 4:1. 

The Soave-Redlich-Kwong equation of state was used in a Gibbs reactor. Material 

flows into the reactor are identical to those intended to be used for experimentation. 

The results of these simulations are included in the catalytic performance plots. 

2.4 Catalytic behaviour 

For the catalytic runs, the catalyst was placed in a fixed bed continuous flow quartz 

reactor. Before any catalytic measurement, the catalyst was in situ reduced under a 

hydrogen flow (50 mL min−1
 with a 1:4 ratio of H2/N2) at 750   for 1 h. Reaction 

products were analysed by on-line gas analyser (ABB AO2020 Advanced Optima 

Process Gas Analyser, ABB, Mannheim, Germany).  



For the catalytic tests, each catalyst was evaluated within a temperature range of 

400–750  . The temperature was increased in 50   segments which were held for 

30 mins with a heating rate between intervals of 10   min-1. The reactants flow was 

held at a constant weight hourly space velocity (WHSV) of 30,000 mL g−1 h−1 with a 

H2/CO2 ratio of 4:1. For each test, 200 mg sample was used. The stability tests were 

measured at the same space velocity of 30,000 mL g−1 h−1 with a H2/CO2 ratio of 4:1 at 

500   for 48 h.  

The parameters used for measuring the catalytic activityof each sample in this work 

were CO2 conversion (Eq. (4)), CO selectivity (Eq. (5)), and CH4 selectivity (Eq. (6)) 

[30].  

CO2 conversion(%) = ([CO2]In–[CO2]Out)/([CO2]In)×100                          (4)                                                                       

CO selectivity(%) = ([CO]Out)/([CO2]In−[CO2]Out)×100                           (5)                                                           

CH4 selectivity(%) = ([CH4]Out)/([CO2]In−[CO2]Out)×100                          (6)                                                           

Where [CO2]Out and [CH4]Out are the concentration of CO2 and CH4 in the outlet of the 

reactor and [CO2]In is the CO2 concentration in the initial gas mixture. The error in CO2 

conversion and CO/CH4 selectivity for all the experiments is within ± 0.5%. 

3. Results and discussion 

3.1 XRF 

Table 1 summarises the results of the actual composition of each catalyst from the 

XRF analysis. The results agree very well with the nominal values, indicating the 



succeed preparation of the catalysts.  

3.2 Textural properties 

The N2 adsorption-desorption isotherms are presented in Fig.1. All samples are 

mesoporous materials presenting a type IV isotherm according to the IUPAC 

classification. The textural properties of the catalysts are governed by the primary 

γ-alumina support.  

Table 2 lists the surface area, pore volume, and average pore diameter of all calcined 

catalysts. As can be seen, the surface area of the bare support CeAl is around 162 

m2/g. The textural properties of the catalysts are governed by the primary γ-alumina 

support. Thus, the decrease of surface area and total pore volume after introduction 

of Fe and metal promoters can be related to partial covering the mesopores of the 

Al2O3 support, which is in a good agreement with previous findings [6]. Interestingly, 

among the dopants Mo seems to have the stronger effect in terms of surface area 

depletion but overall, we can consider that all the prepared catalysts are comparable 

in terms of textural properties.  

3.3 XRD 

Fig. 2 shows the XRD patterns for all the samples, including the bare CeO2-Al2O3 

support. The diffractogram of this material shows peaks at 2θ = 37.6o, 39.5o, 45.8o, 

and 66.8o attributed to the primary support γ-Al2O3 (JCPDS 00-048-0367); and 

diffraction peaks at 2θ = 28.6o, 33o, 47.5o, 56.3o, 59.1o, 69.4 o, 76.7o, 79.1o, and 88.4o 



assigned to the fluorite-type CeO2 cubic crystal structure (JCPDS 00-34-0394). 

For all the four Fe-based calcined catalysts, in addition to the peaks attributed to the 

CeAl support, also peaks of hematite Fe2O3 at 24.1o, 33.3o, 35.7o, 41o, 49.5o, 54.2o, 

62.3o, and 64.2o (JCPDS 00-001-1053) can be intuited. Some authors report that 

magnetite and maghemite present a cubic structure with very close lattice parameters, 

fact that makes it difficult to differentiate these structures even if both phases exhibit 

high crystallinity. However, in the XRD pattern associated with the maghemite phase 

there exist two additional peaks located at 24° (210) and 26.10° (211) [37]. On the 

other hand, the formation of FeAl2O4 spinel cannot be discarded [38], as will be 

discussed later on the H2-TPR section. The diffraction peaks corresponding to the 

second metal oxide phases were not observed in the calcined catalysts, suggesting 

that MoxOy, CuO2 and NiO particles are small and well dispersed over the support. 

Previous works of our group reported that the presence of Fe in combination with 

other metal results in an enhanced dispersion, this supporting the absence of XRD 

reflections. [39]. Overall, this positive effect of improved dispersion in these samples 

could enhance the tolerance towards major culprits such as sintering [40].  

In the case of the Ni-doped system, the presence of a Ni-Fe aluminate spinel should 

be taken into account. It is well accepted that the Ni loading is critical to fully form 

spinel under high calcination temperature during catalyst preparation [41]. The 

absence of NiO peaks in the X-Ray patterns could also be ascribed to the formation of 

Ni or Ni-Fe aluminate spinels, which coincides with the γ-Al2O3 (JCPDS 048-0367) at 



37.58o, 45.76o and 66.79o, respectively [42]. The most likely situation is that surface 

NiAl2O4 spinel should co-exist with the γ-Al2O3 phase. Additionally, Kharaji et al. 

observed that Fe and Mo oxides can easily form Fe-Mo composite oxides (possibly as 

Fe2(MoO4)3) after heat treatment, and this phase could remain in the structure of 

FeMo/CeAl catalyst during RWGS reaction due to the reduction-resistance of Fe-Mo 

composite oxides [43]. As reported by Qing et al. [32], only samples with Mo/Fe ratios 

greater than 25/100 can show the characteristic diffraction peaks of ferric molybdate, 

while the Fe2(MoO4)3 phase may exist in an amorphous state in low Mo-loaded 

samples. Thus, this could be another reason for the absence in the diffractograms of 

the Mo-oxide phase in our FeMo/CeAl sample. 

All samples were activated in hydrogen before reaction. In order to study our samples 

composition just before the RWGS reaction, reduced samples were characterized by 

XRD, and relevant information was extracted as also shown in Fig. 2. For all the 

catalysts, a new phase corresponding to metallic Fe was detected at 44.6o, 65.0o, 

82.3o
 (JCPDS 01-087-0721) which confirms, at least, the partial reduction of Fe2O3. 

As can be seen in Fig. 2 b) and c), reduced samples containing Mo and Cu have 

basically the same patterns as the reference sample (Fe/CeAl). Cu-oxide phase is 

very likely fully reduced as per suggested elsewhere [44], but in the present study, the 

absence of peaks assigned to metallic Cu in the reduced FeCu/CeAl sample reflects 

the excellent dispersion of this promoter in this sample. For the FeMo/CeAl sample, 

as discussed, ferric molybdate could be formed during the treatment and maintained 

in amorphous state that may not be observed by XRD. For the FeNi/CeAl sample, 



upon reduction, Fe2O3 diffraction peaks disappeared, while diffractions at 43.7o and 

51.5o
 were obtained. According to previous studies, these two diffraction peaks can be 

assigned to Ni-Fe alloy (CAPES 26009) [45, 46]. The Ni-related diffraction shifts to an 

angle of 43.7°, lower than that for metallic Ni, is an indicative that Fe-Ni alloy can 

co-exist in this sample. It is reported that this alloy could be decomposed to Ni (44.5o) 

and Fe3O4 (36o, 43.5o
 and 63o) during the reaction [45], as we also observed and will 

be discussed later.  

 

3.3 H2-TPR 

The H2 temperature-programmed reduction was undertaken so the redox properties 

of the catalysts and the interactions between the metals and the support can be 

assessed. H2-TPR results are shown in Fig. 3.  

As can be seen, the TPR profiles of all calcined samples show a reduction zone at 

high temperature (around 880  ) that is associated to the reduction of bulk ceria [41] 

together with other species (Ni or Fe spinel) depending on the sample. In the profile of 

the Fe/CeAl, other two well-separated H2 consumption peaks can be observed, which 

can be characteristic of the well-known two-stage reduction for iron oxide: the first 

stage at low temperature (400  ) represents the reduction of Fe2O3 to Fe3O4, 

whereas the second stage is attributed to the reduction of Fe3O4 to Fe0 at higher 

temperature (650  ) [47]. According to previous studies, the second reduction peak 

(at higher temperature) is rather complex because the second reduction stage 



involves the transformation of a mixture of Fe3+ and Fe2+ into Fe0 (metallic iron phase) 

[48]. Furthermore, these broad peaks, apart to have a contribution from surface ceria 

reduction, are slightly shifted to lower temperatures due to Fe-Ce interactions. For the 

bimetallic catalysts, it is clear that the reduction of Fe species can be enhanced by 

addition of Cu species, resulting in an overall lowering of the reduction temperature. 

On the other hand, addition of Ni and Mo species seem to supress/hinder the overall 

reducibility of catalysts as compared with the monometallic one (Fe/CeAl).  

The addition of Mo shifts the reduction peaks of FeOx to higher temperature, which is 

consistent with results shown by Liu et al. [49], revealing hindered overall reducibility. 

In the present study, the pattern of Mo-containing sample shows three reduction 

zones, that could correspond to the reported following three reduction steps: 

Fe2(MoO4)3 → FeMoO4 + Mo4O11 → Fe2Mo3O8 + Fe3O4 → FeMo alloy [50]. The 

presence of the Fe2(MoO4)3 phase was reported to inhibit to a certain extent the redox 

properties of iron-based catalysts [32]. Regarding our sample, certain metallic Fe is 

present in this Mo-Fe sample, as can be extracted from the XRD results. 

As for the FeCu/CeAl catalyst, apart from the final reduction peak associated with the 

bulk ceria and Fe spinel, it shows three main reduction features. The lower 

temperature peaks at 200   and 350   can be attributed to the reduction of CuO 

(to Cu0), and the possible partial Fe reduction due to Cu-Fe interaction [51-55]. 

Further reduction of the catalyst occurs at higher temperatures, around 500   and 

900  , accounting for Fe2O3 to Fe3O4, Fe3O4 to Fe0 and the Fe spinel.  



A reduction peak can be observed in high temperature region over the pattern of the 

FeNi/CeAl catalyst, but with broader range, starting from 650   to 900  . This 

reduction peak can be assigned to the reduction of ceria and Ni and Fe spinel, which 

are hard to detect in XRD [56]. Furthermore, small peaks below to 650   can be 

observed, which could reveal the reduction of Ni and Fe oxides with different 

interactions (Fe-Ni-Ce) [57]. Fiuza et al. also suggested that Fe-Ni alloy would also be 

less reducible than the individual metals [46].  

3.4 XPS 

XPS is used to discern the surface composition and chemical status of the catalytic 

active species, since further clarification is needed in view of the complex H2-TPR 

profiles obtained.  

The Fe 2p3/2, Mo 3d5/2, Cu 2p3/2 and Ni 2p3/2 spectra of the reduced samples are 

represented in Fig. 4. Table 3 summarises the binding energies of the main peaks of 

each core-level. As can be seen from Fig. 4a, the analysis of the Fe 2p3/2 is quite 

complex. After the reduction treatment at 750   the spectra show that only a part of 

Fe was in the metallic state; therefore, different iron species (Fe, Fe2O3 and Fe3O4) 

co-exist in the surface of the reduced catalysts as it was already suggested by XRD 

results. In this way, for all catalysts the band around 705-707 eV is assigned to 

metallic Fe, while the band around 709-710 eV and 711-712 eV are characteristic of 

Fe2+ and Fe3+ respectively [6].  

From Table 3, it can be seen that the peaks at a binding energy value of 709-710 eV, 



have a higher contribution (%, deconvolution) indicating that Fe2+ from Fe3O4 (Fe2+,3+) 

and FeO (Fe2+) is likely to be the dominant state on the catalyst surface for all reduced 

catalysts. Indeed, other works have suggested that Fe3O4 (magnetite) is the active 

phase for WGS reaction [52, 58, 59], then we can expect that this phase may also 

facilitate the RWGS reaction.  

Furthermore, it is worth noting that the binding energies of the Fe 2p3/2 level are 

influenced by the addition of the second metal, showing a slightly decrease of the 

electron density of Fe species due to the interactions between iron and the second 

metals. Thus, for the Ni- and Cu-doped samples, the stronger interaction between Fe 

and these metal promoters in comparission with other samples could influence the 

catalytic performance affecting the CO2 adsorption, which is considered as the 

rate-limiting step in the RWGS reaction. In fact, it has been reported that the electron 

deficient state of Fe species enhance catalytic activity [32] 

Fig.4 (b/c/d) also shows the Mo 3d, Cu 2p and Ni 2p XPS spectra of the second 

metals, respectively. For the Mo-doped sample, two peaks for Mo 3d XPS spectra can 

be obtained.The one with a binding energy of 227.9 eV is attributed to Moε+ (0≤ε≤2) and 

the other with binding energy of 229.5 eV is identified as Moδ+ (2<δ<4) [60], corroborating 

that both H2-TPR and XPS analysis of Mo-doped sample show a complicated redox 

process. For the Cu-doped sample, the Cu 2p3/2 spectrum for the reduced FeCu/CeAl 

catalysts shows two peaks around 932.4 eV and 934.0 eV, which are assigned to 

Cu0,+1 copper and Cu2+ species [60].  



Generally, the BE of metallic Ni 2p is 852.4 ± 0.4 eV, the BE of Ni 2p in NiO is 854 ± 

0.4 eV, the BE of Ni 2p in NiFe2O4 is 855 ± 0.4 eV, and the BE of Ni 2p in NiAl2O4 is 

around 857 ± 0.4 eV [61]. For the FeNi/CeAl sample, the BE of Ni 2p3/2 are at 853.8 

eV and 856.5 eV that could be assigned to NiO (Ni2+) and  NiAl2O4 (Ni2+) respectively, 

but no presence of metallic Ni can be seen in reduced FeNi/CeAl [57]. These two 

observed binding energies of the Ni 2p peaks indicate the presence of interaction 

between Ni and Fe metal, and the interaction between Ni and Al2O3 support [62]. It is 

highly likely that during the reduction treatment, Fe-Ni alloy and NiAl2O4 are firstly 

formed, as also indicated by XRD results. 

Furthermore an idea of the promoters dispersion on the catalysts’ surface were 

estimated using Metal/Al ratios as shown in Table 3. As shown in the table the ratio 

varies as follows: Cu/Al > Mo/Al > Ni/Al indicating that Cu exposition in the surface is 

enhanced compared to that of Mo and Ni. This is indeed an interesting observation 

since Cu-species, including metallic Cu, Cu1+, and Cu2+ have been proposed as active 

phase for this reaction [63]. 

3.5 Catalytic performance 

3.5.1 Catalytic activity and selectivity 

After understanding of the structural and electronic properties of the prepared 

catalysts, they were tested in the RWGS reaction to study their catalytic 

performances.  



Firstly, the catalytic activity in terms of CO2 conversion of the prepared catalysts is 

shown in Fig. 5(a), as well as the results of the thermodynamic simulation. Clearly, 

CO2 conversion steadily increases with reaction temperature over all samples, 

reflecting the endothermic nature of the RWGS reaction.  

All the promoted catalysts, except the Mo-doped one, display higher CO2 conversion 

levels than the reference system Fe/CeAl. Indeed, the experimental results show that 

FeNi/CeAl exhibited the highest level of conversion in all the studied temperature 

range, followed by FeCu/CeAl. Interestingly, the FeMo/CeAl displayed significant 

lower conversion than the reference Fe/CeAl sample. This result evidences the XPS 

trends indicating that Mo has the weakest interaction with Fe among the studied 

promoters. As previously discussed, the Fe active phase for RWGS should be ideally 

an electronic deficient species. Ni- and Cu-doped catalysts reached CO2 conversion 

levels rather close to the thermodynamic equilibrium. The improved catalytic 

performance of these two catalysts could be due the strong interaction between Fe 

and Ni/Cu, altering the electronic density of Fe and thus facilitating CO2 activation on 

the catalytic surface, in good agreement with the XPS data. Along with the 

promotional effect on Fe, the presence of Ni and Cu helps the reaction due to their 

intrinsic activity for CO2 reduction/hydrogenation processes [6, 18, 20, 42]. In other 

words, we can consider Cu and Ni not just as mere dopants but also as co-catalysts to 

boost the RWGS reaction. Indeed, it has been already reported that the addition of Cu 

in the catalysts would promote the reaction by adding up new active sites such as 

Fe-Cu ensembles and metallic Cu clusters [49, 64]. In our case this situation would be 



further favoured due to the enhanced copper exposition in the catalyst’s surface as 

per deduced from the XPS data. 

In addition to CO2 conversion, selectivity is another key factor when assessing the 

catalytic performance for RWGS reaction, especially at relative low reaction 

temperature due to the competitive process, CO2 methanation. Thus, the selectivity 

profiles of CO/CH4 vs. temperature were also compared over all Fe-based catalysts. 

The reference system, Fe/CeAl, shows good levels of CO selectivity even at low 

temperatures. Such trend is improved by the addition of Cu and Mo. Indeed, both Cu 

and Mo display practically full CO selectivity in the whole studied temperature range. 

Interestingly, the Ni promoted material (which was the best in terms of conversion) 

shows the poorest CO selectivity which is particularly poor in the low temperature 

range. The competition RWGS / CO2 methanation is evident in this catalyst, being the 

later the dominant process in the low temperature window and limiting the applicability 

of this catalyst for a low-temperature RWGS unit. In summary, the addition of dopants 

has despair impact on the overall catalytic performance. On the one hand, Ni and Cu 

boost the CO2 conversion due to the strong interaction with Fe which leads to Fe 

deficient species plus their intrinsic activity in the reaction acting as co-catalysts. 

Among these two systems, Ni is the best promoter in terms of CO2 conversion. On the 

other hand, the nature of the added metals remarkable affects the selectivity. Herein 

Cu inhibits the methanation reaction resulting in a virtual full CO selectivity in the 

whole studied range. On the contrary Ni, due to its methanation capacity, shows poor 

selectivity towards the RWGS reaction in the medium-low temperature range. 



Therefore, the FeCu/CeAl catalyst seems to be the best compromise to achieve the 

optimum activity/selectivity balance. 

In order to discern changes happened on the crystalline structure of spent catalysts, a 

XRD study of the spent samples after the catalytic screening was accomplished (See 

Fig. 2). As it can be seen for the post-reaction samples, the metallic Fe phase 

contribution decreases after reaction, evidencing the oxidation of Fe towards the 

Fe3O4 phase. All XRD spent spectrum exhibited small peaks ascribed to Fe3O4, 

corresponding to the reflexions (220), (311), (400), (422), (511) and (440), which are 

similar to those reported before for Fe3O4 nanoparticles [65]. These results could be 

due to the oxidization of metallic iron by water formed during the chemical process. 

But either way, the presence of FeOx plays an important role for the catalytic 

performance in terms of both CO2 conversion and CO selectivity. 

3.5.2 Long-term activity tests 

For a real application of these catalysts in a CO2 upgrading unit their long-term 

behaviour is of paramount importance. From Fig. 5, it is clear that Fe/CeAl and 

FeCu/CeAl exhibit the best activity/selectivity balance within the whole range of 

studied samples in terms of CO2 conversion and CO selectivity. Furthermore, the 

FeNi/CeAl sample achieved the highest CO2 conversion. These three samples were 

selected for the stability study, aiming to find further discrepancies between these 

three materials under continuous operation. The samples were studied far from 

equilibrium and at low temperature (500  ), since we are aim is to assess their 



applicability in low-temperature RWGS unit.  

Fig. 6 shows that CO2 conversion remains approximately constant for the three 

samples, matching the CO2 conversion level achieved in the catalytic screening 

experiments. The steady behaviour indicates excellent stability for long-term catalytic 

runs. Since the differences between the Fe/CeAl and FeCu/CeAl samples are no 

tvery notorious, the critical factor will be the CO selectivity for these samples. 

FeCu/CeAl reveals better catalytic performance regarding CO selectivity, which was 

over 99% during the whole experiment, while the CO selectivity was around 80% (and 

decreasing) and 65% for Fe/CeAl and FeNi/CeAl respectively. Therefore, the 

Cu-promoted Fe/CeAl catalyst is the catalyst of choice displaying an excellent 

catalytic performance in terms of activity/selective with outstanding selectivity for 

continuous operations. It is important to highlight the fact that this catalyst presents 

almost full selectivity towards CO at 500 oC, which is a relatively low reaction 

temperature where the CO2 methanation process heavily competes with the RWGS 

[6]. This is a very important result from the process perspective. In particular, when 

the RWGS is coupled to a second unit such as F-T synthesis or a Methanol 

production reaction there is a big temperature gap between both reactors. 

Typically, the RWGS reaction will run at high temperature range around 600-750   

[6] and the second unit for FTS at 300-400   [30, 35, 66]. Our FeCu/CeAl catalyst 

can run in the 400-500   range with very high selectivity to CO, significantly 

decreasing the temperature gap between these two units. Thus, FeCu/CeAl brings a 



great opportunity to facilitate the integration of the RWGS and the second upgrading 

unit to produce fuels and chemicals from CO2. 

Besides, further catalyst characterization supports the excellent results found in terms 

of stability. Post-stability XRD pattern of the three catalysts were obtained (Figure 7). 

It is clear that crystalline carbon species were not observed in the samples, indicating 

that carbon deposition is irrelevant under this reaction conditions for the prepared 

catalysts. This is mainly due to the excellent redox properties of CeO2 in the support, 

as well as the prevention of metal sintering and subsequent carbon deposition [6]. 

Overall, the results corroborate the suitability of FeCu/CeAl for long runs with an 

excellent activity/stability/selectivity compromise. 

4. Conclusions 

The reverse water-gas shift reaction can be effectively catalysed by Fe-based 

catalysts supported on CeO2-Al2O3. The addition of promoters such as Ni and Cu 

remarkably boost the CO2 conversion capacity of these materials. The observed 

promotional effect is ascribed to the strong interaction between Fe and Ni/Cu, altering 

the electronic density of Fe and thus facilitating CO2 activation on the catalytic surface, 

as revealed by XPS. In addition, Cu and Ni are not mere dopants for Fe but also, they 

can be regarded as co-catalysts due to their intrinsic activity in the reaction.   

Different impact on the selectivity is also found when Cu and Ni are introduced in the 

catalyst’s formulation. While the FeNi/CeO2-Al2O3 catalyst favours CO2 methanation, 

the FeCu/CeO2-Al2O3 exhibit virtual full selectivity towards CO. Hence the Cu-doped 



catalysts can be considered as the catalysts of choice for this reaction under the 

tested conditions. This sample also displays excellent performance for long-term 

operations, which makes it an appealing system for a real application.  

Along with the excellent activity/selectivity/robustness form long-term runs trade-off 

demonstrated by the FeCu/CeO2-Al2O3 catalyst, its uniqueness also relies on its high 

efficiency at medium-low temperatures. This is a very important result from the 

process perspective. If we envisaged an integrated process where the RWGS is 

coupled to a second unit such as F-T synthesis or a Methanol production reactor, our 

catalyst can help to overcome the temperature gap between the front and the end unit. 

In other words, our multicomponent catalyst represents a step ahead towards the 

development of CO2 to fuels/chemicals units which will be essential in the modern 

low-carbon societies.  
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Table 1. XRF characterisation results. 

Catalysts Composition (w/w%)  

CeO2 Fe2O3 Mo2O3/NiO/CuO 

Fe/CeAl 
FeMo/CeAl 
FeNi/CeAl 
FeCu/CeAl 

33.4 
30.7 
30.6 
31.3 

16.2 
14.3 
15.4 
15.3 

- 
11.8 
10.0 
9.4 

 

 

Table 2. Textural properties of the prepared catalysts. 

 

 

 

 

 

Table 3. Binding energies of the Fe 2p3/2, Mo 3d5/2, Cu 2p3/2, and Ni 2p3/2 core-levels in the 

reduced catalysts, and proportion of Fe species. 

Catalysts Fe 2p3/2 
(eV) 

Cu 2p3/2 

(eV) 
Mo 3d5/2 

(eV) 
Ni 2p3/2 

(eV) 
2nd metal/Al 

(at./at.) 

 Fe
 

Fe
2+ 

Fe
3+

 Cu
0,+1

 Cu
2+

 Mo
ε+ 

Mo
δ+ 

Ni
2+

 NiAl2O4  

Fe/CeAl 706.7 
(17%) 

709.7 
(60%) 

711.8 
(23%) 

- - - - - - - 

FeCu/CeAl 706.8 
(26%) 

709.8 
(42%) 

712.1 
(32%) 

932.4 934.0 - - - - Cu/Al 
0.097 

FeMo/CeAl 706.0 
(28%) 

709.2 
(48%) 

711.2 
(24%) 

- - 227.9 229.3 - - Mo/Al 
0.024 

FeNi/CeAl 707.0 
(26%) 

710.1 
(48%) 

712.2 
(26%) 

- - - - 853.8 856.5 Ni/Al 
0.010 

* 0 ≤ ε ≤2 

* 2 < δ < 4 

 
 
 
 
 
 

Catalysts BET (m2/g) Total Pore Volume (cm3/g) Pore size (nm) 

CeAl 162 0.35 8.3 
Fe/CeAl 88 0.25 10.3 
FeMo/CeAl  70 0.24 12.8 
FeCu/CeAl  80 0.23 8.8 
FeNi/CeAl  86 0.23 8.0 

Table



 

Fig. 1 N2 adsorption-desorption isotherms of the calcined samples. 

  

Figure



Fig.2 XRD characterisation spectra for all catalyst: (a) Fe/CeAl, (b) FeMo/CeAl, (c) 

FeCu/CeAl and (d) FeNi/CeAl, calcined, reduced and post reaction, together with the 

CeAl support. 



 

Fig.3 TPR profiles of the calcined samples. 

  



 

 

Fig.4 XPS core level of (a) Fe 2p, (b) Mo 3d, (c) Cu 2p and (d) Ni 2p spectra. 

  



 

Fig.5 (a) CO2 conversion, (b) CO selectivity and (c) CH4 selectivity for all catalysts as 

a function of temperature. 

  



 

Fig.6 Stability test: CO2 conversion for Fe/CeAl, FeNi/CeAl and FeCu/CeAl at 500 oC 

with a WHSV of 30,000 mL·g-1·h-1 

  



 

Fig.7 Stability test: CO selectivity for Fe/CeAl, FeNi/CeAl and FeCu/CeAl at 500 oC 

with a WHSV of 30,000 mL·g-1·h-1 
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Figure 8. XRD patterns of spent catalysts in long-term tests (500 °C, 30,000 

mL∙g-1∙h-1, H2/CO2 ratio of 4:1) 
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