
Article

Not peer-reviewed version

Na Promoted FeZn@SiO2-C

Catalysts for Sustainable

Production of Low Olefins by CO2

Hydrogenation

Zhijiang Ni 

*

 , Mingxing Cai , Shiyu Zhong , Xiaoyu Chen , Hanyu Shen , Lin Su

Posted Date: 5 October 2023

doi: 10.20944/preprints202310.0267.v1

Keywords: FeZnNa@SiO2-C; promoters effects; low olefins; CO2 hydrogenation

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1660045


 

Article 

Na Promoted FeZn@SiO2-C Catalysts for Sustainable 
Production of Low Olefins by CO2 Hydrogenation 

Zhijiang Ni *, Mingxing Cai, Shiyu Zhong, Xiaoyu Chen, Hanyu Shen and Lin Su 

School of Mechanical Engineering & Urban Rail Transit, Changzhou University, Changzhou, 213001, China 

* Correspondence: nizhijiang@126.com (Zhijiang Ni) 

Abstract: FeZnNa@SiO2-C catalyst with graphitized carbon (GC) modified mesoporous SiO2 support metal 

nanoparticles was prepared by sol-gel method. The effect of adding metal Na and Zn promoters as a dispersion 

on the CO2 hydrogenation to low olefins was systematically studied. The results showed that Zn-Na, as a 

combination, promoted the absorption of CO2 and improved the conversion rate of CO2. Na as an alkaline 

substance can improve the absorption of more acidic CO2, improving the conversion rate of CO2 to 59.03%. 

Meanwhiles, addition of secondary metal Zn into Fe-based catalysts to form a surface alloy could alter the 

adsorption of CO2 and the activation of C-O bonds, inhibit the subsequent hydrogenation of olefins to paraffins, 

facilitate the reduction of Fe2O3 and the formation of active Fe5C2 species. From TEM and XRD, the formation 

of active Fe5C2 species was found, the selectivity of the target product was 41.07%. The deep hydrogenation of 

olefins is inhibited, by inhibiting their deep hydrogenations, the STY of C2=-C4= was raised again, up to 0.0436. 

However, the corresponding STY does not increase infinitely with the increase of  Na content, and when the 

Na content to 6.4%, which can be shown higher CO2 hydrogenation catalytic performance. Compared with 

Fe@SiO2-C catalyst, Na and Zn promoted Fe-based catalysts prepared by modified sol-gel method, can be used 

directly for highly efficient CO2 hydrogenation to low olefins  and thus will be more promising in the future. 

Keywords: FeZnNa@SiO2-C; promoters effects; low olefins; CO2 hydrogenation 

 

1. Introduction 

Massive CO2 emissions owing to the excessive use of fossil fuels lead to global warming and 

ocean acidification. Catalytic conversion of CO2 is a promising means to alleviate the effect of 

greenhouse [1,2] and intensive efforts have been contributed to hydrogenation of CO2 to value-added 

products (e.g. alcohols, aromatics, gasoline and olefins) recently [3–9]. Among of these, CO2 

hydrogenation to olefin mainly occurs via a methanol-mediated mechanism or a CO2 modified 

Fischer-Tropsch route. The latter usually includes two consecutive steps: RWGS (CO2 + H2 → CO + 

H2O, ΔH298 = 41 kJ/mol) and CO hydrogenation to olefins (FTO, CO + 2H2 → -(CH2)- + H2O, ΔH298 = -

166 kJ/mol) [10]. Compared to other catalysts [11–13], Fe-based catalysts showed low CO selectivity 

and high CO2 conversion of C2+ olefins [14–22]. It has been widely accepted that Fe3O4 and Fe5C2 [15] 

are the main active phases responsible for these two steps, respectively, and are generally formed in 

situ on metallic Fe particles at the initial reactionst age. As a consequence, the precise mediation of 

these active phases and their intrinsic reactivity and selectivity becomes crucial to improve the 

performance of Fe catalysts in CO2 hydrogenation, especially the selectivities to CO and CH4 and the 

olefin/paraffin ratio among the C2+ productsat high CO2 conversions. 

Inspired by the advanced studies of FTS, the introduction of alkaline species [10,21,23,24] (e.g. 

Na [15,21,23,25] and K [24,26,27]) and transition metals [28–30] has been attempted to modify the Fe 

catalysts for CO2 hydrogenation. Na (in the form of Na2O) promotes the adsorption of CO2 by 

bringing strong basic sites, and also stabilizes the Fe5C2 active phase and inhibits the hydrogenation 

of olefins by increasing the electron density of the active sites, leading to higher CO2 conversion rates 

and improved olefin selectivities [10,28,31,32]. Yao Xu [21] confirmed that O/P was significantly 

increased by the addition of the adjuvant Na, rising from 0.7 to 4.8. Zhiqiang Zhang [10] found that 

the addition of Na to the iron-based catalyst increased the CO2 conversion rate from 18% to 31%, the 

CH4 selectivity significantly decreased from 48% to 13%, and the O/P reached 9.9 on the Na-Fe 
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catalyst. Addition of secondary metal Cu, Co or metal oxide (ZnO) into Fe based catalysts to form a 

surface alloy or decorate the Fe cluster surfaces, could alter the adsorption of CO2 and the activation 

of C–O bonds, inhibit the subsequent hydrogenation of olefins to paraffins, facilitate the reduction of 

Fe2O3 and the formation of active Fe5C2 species. However, the effects of secondary metal and Na 

promoters on catalyst structures and performances of CO2 hydrogenation remain ambiguous. For 

instance, the Zn promoter is usually considered as structure promoter, but it was proposed as an 

electronic promoter or the active phase in the form of ZnO for RWGS. Furthermore, the studies on 

the synergistic effects of Zn and Na promoters were seldom in previous literatures. 

Combined with our previous work [33,34], GC [35–37] modified mesoporous silica encapsulated 

metal nanoparticles can effectively improve reducibility and electron conductivity properties similar 

to those of expensive noble metals (Pt and Ru). In this study, FeZnNa@SiO2-C catalysts are prepared 

via sol-gel method with carefully controlled contents of Zn and Na. We show here that the co-

decoration of Zn and Na significantly improves the activity and selectivity of Fe catalysts in CO2 

hydrogenation, leading to unprecedentedly high space-time yields of olefins. The roles of these two 

additives are rigorously analyzed by decoupling the rates of the RWGS and FTS steps and taking the 

degree of approach to reaction equilibrium into account. Quasi in situ structural characterization 

measurements, including X-ray absorption fine structure spectroscopy and X-ray photoelectron 

spectroscopy, are further combined to establish a clear structure-property relationship for CO2 

hydrogenation on Fe-based catalysts. In doing so, synergetic promoting effects by Zn and Na are 

elucidated, which account for the concurrently enhanced CO2 net conversion rates and olefin 

selectivities. These results would contribute to the rational regulation of catalytic performance by 

multiple additives, especially for complex reaction systems that are generally encountered in 

heterogeneous catalysis. 

2. Experimental 

2.1. Catalyst preparation 

Practical information on various types of drugs: Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, NaNO3, 

polyether P123, TEOS and Absolute ethanol. 

FeZnNa1.5@SiO2-C: The preparation method is to dissolve Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, 

NaNO3 and P123 in a mixed solvent formed by ethanol and deionized water and vigorously stir for 

two hours to form a homogeneous solution, the mass of P123, Fe(NO3)3·9H2O, Zn(NO3)2·6H2O and 

NaNO3 were 2.5 g, 6.87 g, 4.36 g, 0.21 g, respectively. The volume ratio of ethanol deionized water in 

40 mL mixed solvent is 1:1, add 4.46 mL tetraethyl orthosilicate dropwise to the solution in the 

previous step for hydrolysis, stir for 1 h to form a homogeneous solution. After the end of the reaction, 

the solution is put into a reaction dish and placed in a fume hood for ventilation for 12-24h, with the 

purpose of removing the surface ethanol and deionized water. Put the sample with the surface 

solvent removed into the oven for heating and heat preservation operation, heat to 80 °C, and hold 

for 12h. The sample was taken out, put into a tubular furnace for calcination operation, calcined in 

an air state, held at 600°C, held for 4h, and the rate was 2 °C/min to obtain the final catalyst material.  

Two groups of catalysts were prepared according to the different Zn content, namely Fe@SiO2-

C and FeZn@SiO2-C, Fe accounted for 25% of the entire catalyst mass, and the Zn content changed 

from 0 to 25 compared with the former. Four groups of catalysts were prepared with Na content as 

variables,with contents of 1.5%, 3.1%, 6.4% and 7.6%, respectively. Fe and Zn each account for 25% 

of the mass of the entire catalyst, named FeZnNa1.5@SiO2-C, FeZnNa3.1@SiO2-C, FeZnNa6.4@SiO2-C and 

FeZnNa7.6@SiO2-C. Among them, FeNa catalyst is additionally produced, named FeNa@SiO2-C, Fe 

accounts for 25% of the mass of the entire catalyst, and Na accounts for 6.4% of the mass of the entire 

catalyst.  

2.2. Catalytic reaction  

We use it as a catalyst in carbon dioxide hydrogenation reactions to evaluate its catalytic 

performance. First, put the catalyst into the mesh screen with the help of grinding rod to obtain an 
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experimental catalyst of about 0.5g (40-50 mesh). Secondly, the reaction tube in the high-pressure 

catalytic evaluation system is disassembled, and the quartz sand, catalyst, and quartz sand (20-30 

mesh) are poured into the Reaction tubes from bottom to top, and the catalyst is put in after the quartz 

sand reaches half of the reaction tube height. The upper and lower ends are blocked with quartz wool. 

The screws in each part are tightened and reconnected to the high-pressure catalytic evaluation 

system. Before the formal reaction, the reduction operation is carried out, the hydrogen cylinder is 

connected, and the reaction is determined to be 18 hours under the premise that the whole system is 

not leaking, and the reaction conditions are 400 °C, 0.35 MPa,and the airspeed is 2500 mL/(g*h). 

Subsequently, CO2/H2/N2 mixture cylinders (mixing ratio of 23/69/8) and argon cylinders are 

connected,nitrogen is used as standard gas, and argon is used as support gas.The catalytic reaction 

conditions were temperature 340°C, pressure 2.5 MPa, and airspeed 1500 mL/(g*h). Among them, the 

airspeed of FeNa@SiO2-C and FeZnNa@SiO2-C is about 2150 mL/(g*h) and 1350 ml/(g*h), 

respectively. 

3. Results and discussion 

3.1. Characterization of the Fe-based catalysts  

3.1.1. Textural property, structure and morphology 

The phase of the catalyst was identified by XRD test, and the approximate size of the average 

particle size was calculated by the D=K*γ/(B*COSθ) formula. The specific results are shown in Figure 

1 and Table 1 The size of Fe2O3 evaluated by the Scherrer equation over FeZn@SiO2-C catalyst was 

15.65nm, respectively, which was much smaller than the Fe2O3 sizes of ~20 nm in any FeZnNax@SiO2-

C (x=1.5, 3.1, 6.4, 7.6) catalysts. The results indicate that the Na promoter significantly increases the 

size of Fe species over FeZn/Fe catalysts. Xiong [38] reported that the introduction of alkali metals 

promoted the agglomeration of iron particles, thus increasing the size of iron oxide particles. The 

presence of alkali metals appears to promote the agglomeration of the iron precursor and as a result 

enlarge the crystallite size of the iron oxide. Table 1 shows that the addition of Na changes the particle 

size of the phase in the Fe-based catalyst. With the increase of Na content, the particle size of Fe2O3 

generally showed a trend of first rising, then decreasing and finally rising. The particle size of ZnO 

changed in the same law. Subscript a is measured by XRD and subscript b is measured by N2 physical 

adsorption and desorption test. Through Figure 1, we found that the main components of the catalyst 

are Fe2O3 and ZnO. The content of Na was low, so it was not shown on XRD, and the FeZnNa catalyst 

studied by Zhang Zhiqiang did not show a peak of Na in XRD test. There is also another possibility, 

the absence of XRD patterns relevant to Na2O/Na phases indicates that high dispersion of Na2O/Na 

was existing in these catalysts [21]. Figure 1 shows four FeZnNa@SiO2-C catalysts, FeZn catalyst, 

FeNa catalyst and Fe catalyst, respectively. Among them, the peak of ZnO at 36.25°/34.42° was more 

obvious when the Na content was high. Fe@SiO2-C and FeNa@SiO2-C only have the peak of Fe2O3 

(33.15°/35.63°). It can be found that the specific surface area (SSA) of FeZnNa catalysts  was 

increased from 9.261 m2/g to 20.572 m2/g as the particle size of Fe2O3 decreases. Combined with the 

larger specific surface area of the remaining catalysts and the final actual CO2 conversion rate (Table 

3), it can be found that although the remaining catalysts have a larger specific surface area, the actual 

CO2 conversion rate is lower than any FeZnNax@SiO2-C catalysts, which shows that Zn-Na as a 

combination can overcome the disadvantage of its own smaller specific surface area and obtain a 

more practical advantage of higher CO2 conversion rate. If we only consider that alkaline Na 

promotes the absorption of acidic CO2, by comparing FeNa@SiO2-C and FeZnNa6.4@SiO2-C, it can be 

found that there is still a clear difference between their CO2 conversion rate (Table 3). So the increase 

in CO2 conversion rate is still attributed to the joint effect of Zn-Na. 
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Table 1. Physicochemical characteristics of the Fe@SiO2-C, FeNa@SiO2-C and FeZnNax@SiO2-GC 

catalysts. 

Catalyst Fe2O3 size(nm)a ZnO size(nm)a SSA(m2/g)b 

Fe@SiO2-C 23.69 / 75.579 

FeZn@SiO2-C 15.65 28.38 48.519 

FeNa@SiO2-C 33.85 / 78.41 

FeZnNa1.5@SiO2-C 21.20 36.14 9.261 

FeZnNa3.1@SiO2-C 23.36 26.03 16.427 

FeZnNa6.4@SiO2-C 16.89 23.08 20.572 

FeZnNa7.6@SiO2-C 18.53 28.38 14.691 

a measured by XRD patterns; b measured by N2 physical adsorption. 
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Figure 1. XRD patterns of the Fe@SiO2-C, FeNa@SiO2-C and FeZnNax@SiO2-GC catalysts. 

Figure 2 shows the TEM images and High-resolution TEM images of FeZnNax@SiO2-C, it can be 

determined that the FeZnNa@SiO2-C series catalysts have a mesoporous structure, with a large 

number of particles distributed. The nanoparticles are not easy to produce carbon deposits at critical 

size. The reason for the small particle size is that P123 is rich in hydroxyl groups (-OH), which can 

tightly bind with TEOS molecules to form micelles. The C overlay produced by polymer 

carbonization inhibits the sintering of metal nanoparticles, metal and support interaction is enhanced 

during high temperature treatment. As shown in Figure 2, the well-dispersed Fe nanoparticles, with 

an average diameter of 15-21 nm, on Fe2O3 can be clearly observed. The lattice spacing of the Fe2O3 

particle on SiO2 is 0.26 nm, which can be attributed to the (400) planes, suggesting that the catalyst 

exists in the form of Fe2O3 and retains good crystallinity, consistent with the XRD results. Figure 2 (f) 

and (h) can been show clearly that there are two different oxides, Fe2O3 and ZnO.These metal particles 

have a very small particle size and are dispersed on mesoporous SiO2, including Fe2O3 and ZnO or 

Na2O/Na. In the reduction step, these metal oxides are reduced to Fe3O4/ZnO at a temperature of 

673K. In the catalytic process, more active Fe5C2 particles are generated to improve the selectivity of 

the target product.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 October 2023                   doi:10.20944/preprints202310.0267.v1

https://zmvpn.cczu.edu.cn/https/webvpn5fbf1a3f58e01d2234e7355e5d92c6f2/en/content/articlelanding/2020/gc/d0gc01597k#fig3
https://doi.org/10.20944/preprints202310.0267.v1


 5 

 

 

Figure 2. TEM images and High-resolution TEM images of (a) and (b) FeZnNa1.5@SiO2-GC, (c) and (d) 

FeZnNa3.1@SiO2-GC, (e) and (f) FeZnNa6.4@SiO2-GC, (g) and (h) FeZnNa7.6@SiO2-GC. 

Among the four groups of FeZnNax@Si-C catalysts, as shown in Figure 3, the catalyst has a 

distinct mesoporous structure. As shown in Table 2, with the increase of Na content, the specific 

surface area generally showed a trend of first increasing and then decreasing, FeZnNa6.4@SiO2-C had 

the highest specific surface area compared with other catalysts, at 20.572 m2/g. In the process of 

research, Liang [16] found that when the Na content was 0.1%, 0.5% and 5%, respectively, the specific 

surface area also increased first and then decreased, which were 31, 45, 28. The smaller the size of the 

metal, the larger its surface area and the more CO2 it adsorbs. When all catalysts were studied, the 

specific surface area decreased due to the increase in the size of metal particles. Although the other 

three catalysts have a higher specific surface area than FeZnNa catalysts,the actual CO2 conversion 

rate is lower than that of FeZnNa catalysts (Table 3), which shows that ZnNa as a whole can 

significantly improve the CO2 conversion rate. The change in conversion rate is also consistent with 

the reference conclusion of Liang [16], the alkaline additives can promote the adsorption and 

conversion of CO2. 
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Table 2. Pore characteristic of the Fe@SiO2-C, FeNa@SiO2-C and FeZnNax@SiO2-GC catalysts. 

Catalyst Na/Fea(wt%) SBET(m2/g) PVb(cm3/g) APSc(nm) 

Fe@SiO2-C / 75.579 0.087 3.19 

FeZn@SiO2-C / 48.519 0.144 4.199 

FeNa@SiO2-C / 78.41 0.111 4.189 

FeZnNa(1.5%)@SiO2-C / 9.261 0.035 4.46 

FeZnNa(3.1%)@SiO2-C / 16.247 0.035 2.951 

FeZnNa(6.4%)@SiO2-C 0.12 20.572 0.047 2.956 

FeZnNa(7.6%)@SiO2-C / 14.691 0.035 2.952 

a XPS , b Pore volume, c Average pore-size. 

Table 3. Comparison of CO2 hydrogenation Catalytic Performances with Fe@SiO2-GC, FeNa@SiO2-

GC and FeZnNax@SiO2-GC catalysts. 

Catalyst 
CO2 

Con(%) 

CH4 

Sel(%) 

C2-C4 

Sel(%) 

C5+ 

Sel(%) 
O/P 

Fe@SiO2-C 52.17 83.06 11.52 5.45 1.06 

FeZn@SiO2-C 53.78 64.32 32.41 3.29 0.05 

FeNa@SiO2-C 52.26 66.56 26.71 8.33 0.32 

FeZnNa(1.5%)@SiO2-C 58.41 22.89 43.65 33.42 2.01 

FeZnNa(3.1%)@SiO2-C 59.03 33.00 43.07 23.83 2.15 

FeZnNa(6.4%)@SiO2-C 58.32 18.30 50.00 31.69 4.21 

FeZnNa(7.6%)@SiO2-C 58.4 18.63 49.75 31.72 4.73 

The results are in good consistency with those reported, alkali promoter will increase the CO2 

adsorption and adsorption strength. Therefore, the stronger CO2 adsorption on the surface made the 

CO2 activation on the FeZnNa catalyst easier than the case of other catalyst, which in turn favors the 

subsequent conversions.The pore volume is also FeZnNa(6.4%)@SiO2-C has a maximum of 0.047 

cm3/g. The average pore size reached a maximum at 1.5% content, and the remaining three groups of 

catalysts were not much different, and still achieved a maximum value of 2.956 nm at 6.4%. The pore 

volume decreased from 0.047 cm3/g at 6.4%Na to 0.035cm3/g at 7.6% Na. However, the pore volume 

changes by a small margin, it can be seen that the excessive increase of Na has little effect on the 

volume of the pore. However, the pores of the catalyst do become clogged with excess Na. When the 

Na content is 1.5% to 6.4%, the Na content is not excessive at this time, and the pores are not be 

blocked.Hence the decrease in surface area is suggested to be due to crystallite size growth and not 

pore blocking [38]. 

As can be seen from Figure 3, a typical Type IV curve is shown，it can be concluded that the 

prepared catalyst has a mesoporous structure, which conforms to a series of characteristics of 

mesopores, and the comparative analysis of the four groups of FeZnNa@SiO2-C catalysts shows that 

the increase of Na content promotes the increase of average pore size, BET and pore volume, all of 

which are 6.4%. The maximum value is obtained.  
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Figure 3. N2 adsorption-desorption curves of the FeZnNax@SiO2-C catalysts with the different Na 

doping. 

3.1.2. XPS results 

As shown in Figure 4a, compared with FeZn catalyst, FeZn Na catalyst has peak shift to the left, 

indicating that the introduction of Na promoter leads to a lower binding energy of Fe 2p3/2 of Na-Zn-

Fe catalyst. The decreased in binding energy suggests the charge transfer from Na ions to the vacant 

d orbits of Fe species. These peaks are higher than that of the standard ferric oxide sample (710.5 eV) 

[39]. Among them, the existence of C-O bonds indicates that there may be close interactions between 

C-Fe2O3-SiO2 in the form of C-O-Fe/Fe-C-O or C-O-Si (Figure 4b). The O/Si ratio is higher than that 

of 2.0 for SiO2, indicating that it may be due to the enhanced interaction between C and Fe 

nanoparticles and SiO2. The satellite peak is approximately 718.4 eV, consistent with standard Fe2O3 

samples, which confirms the existence of the Fe species in a form of Fe3+ species [23]. The catalyst has 

part of ZnFe2O4,so there is Fe2+ inside (Figure 1), in Figure 4a, the binding energy peak (B.E.P.) at 

711,713.3,719.2 and 725.3eV are associated with Fe2+ and Fe3+ species. 
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Figure 4. (a) Fe 2p and (b) C 1s XPS spectra of the FeZnNax@SiO2-C catalyst. 

3.1.3. Reduction behavior 

As shown in Figure 5, FeZnNa catalyst has two obvious reduction peaks, taking FeZnNa 

(6.4%)@SiO2-C as an example, the temperature of the two reduction peaks is 856.7K and 
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1015.8K,respectively, and the rest of the catalysts also have two obvious reduction peaks. At 856.7K, 

Fe3O4 is reduced to FeO, and at 1015.8K, FeO is reduced to Fe. The temperature at which FeO is 

reduced to Fe is generally 950 K-1050K.With the increase of Na content, the reduction temperature of 

the reduction peak shifted to the left, from 920.6K, 1042.2K at the lowest content to 856.7K and 

1015.8K. The reduction temperature is reduced compared to the original.  
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Figure 5. H2-TPR profiles of the FeZnNax@SiO2-GC catalysts. 

However, when the Na content reached 7.6%, the reduction temperature shifted to the right, and 

the reduction temperature changed from 856.7 K and 1015.8 K to 874 K and 1020.1K. The reduction 

temperature increased. Combined with the content of Table 1 and its related discussions, it is found 

that the particle size change law of Fe2O3 has the same law as the change of reduction temperature: 

from the initial 21.20 nm to 16.89 nm, and finally grow to 18.53 nm, the particle size first decreases 

and then increases, the reduction temperature first decreases and then increases, and the reduction 

temperature decreases continuously with the decrease of Fe particles size. 

3.1.4. Chemisorption behavior 

As shown in Figure 6, three distinct peaks were observed for all of the samples [39]. The lower 

temperature peaks around 390.9 K (α peak) and 434.7 K (β peak) are ascribed to the desorption of 
CO2 weakly adsorbed in the bulk phase,and the peaks in the temperature range of 950 K (γ peak) 
correspond to the decomposition of SiO2 or the desorption of CO2 interacting strongly with the 

surface basic sites [39]. The increased Na loading also enhances the amount of CO2 uptake at strongly 

basic sites.indicating charge transfer from sodium ions to the surface iron species,which enhances 

surface basicity. 

FeZnNa catalysts show weak CO2 adsorption at 370-440K (Figure 6a). Among them, 1.5% Na 

has the worst adsorption, and these peaks are significantly enhanced after the increase of Na, 

indicating that the increase of Na provides more alkaline sites, which is conducive to CO2 absorption 

(Figure 6b). At 950K, the adsorption capacity of CO2 further increases, at this time, SiO2 decomposes, 

which promotes the further adsorption of CO2, 1.5% Na and 6.4% Na catalysts have a better support 

structure at this temperature. As the temperature continues to rise, the 6.4% Na catalyst will also 

usher in a strong adsorption peak similar to the 7.6% Na catalyst at about 950K.Considering that 1.5% 

Na has weaker CO2 adsorption in the early stage, so 6.4% Na FeZnNa catalyst has better CO2 

adsorption and support structure than other catalysts. This may be related to the SSA enhancement 

and particle size reduction of the catalyst, and the advantage of specific surface area also proves that 

the adsorption of CO2 is better, and the two characterizations can support each other.  
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Figure 6. CO2-TPD profiles of the FeZnNax@SiO2-GC catalysts in  (a) 300-1100 K and (b) 320-500 K. 

3.2. Catalytic performances for CO2 hydrogenation   

Table 3 and Table 4 show the catalytic performance of CO2 hydrogenation reaction of this series 

of catalysts. The ultimate goal of this series of catalysts is to improve the selectivity of olefins, so this 

section needs to focus on STY (space-time yield) of C2=-C4=. The catalysts discussed are divided into 

seven types,each averaging over multiple samples. Among them, STY has a maximum value of 0.0436 

when the Na content is 6.4%. Observing FeZnNa7.6@SiO2-C, it can be found that although the 

corresponding Na content exceeds that of FeZnNa6.4@SiO2-C, STY is relatively low, which shows that 

this series of catalysts is the best quality catalyst when the Na content is less than 7.6%. The results of 

four catalysts with different Na content (1.5%-7.6%) were analyzed, and it was found that the re-

increase of Na content would not increase the conversion rate of CO2 again, which could inhibit the 

selectivity of methane, improve the selectivity of C2+, and significantly increase the value of low-

carbon olefin STY. Zn-Na as a combination can greatly improve the overall performance of this series 

of catalysts. Taking FeNa@SiO2-C as an example,its performance is far inferior to any of the 

FeZnNa@SiO2-C catalysts.  

Table 4. Comparison of CO2 hydrogenation Catalytic Performances: STY, selectivity of CH4, C2-C4 

olefins (C2=-C4=), C2-C4 paraffins (C20-C40) and C5+ hydrocarbon. 

Catalyst 
CH4 

Sel(%) 

C2=-C4= 

Sel(%) 

C20-C40 

Sel(%) 

C5+ 

Sel(%) 
STY 

Fe@SiO2-C 83.06 5.93 5.59 5.45 0.0057 

FeZn@SiO2-C 64.32 1.54 30.87 3.29 0.0015 

FeNa@SiO2-C 66.56 6.48 20.23 8.33 0.0090 

FeZnNa(1.5%)@SiO2-C 22.89 29.15 14.50 33.42 0.0315 

FeZnNa(3.1%)@SiO2-C 33.00 29.40 13.67 23.83 0.0321 

FeZnNa(6.4%)@SiO2-C 18.30 40.40 9.60 31.69 0.0436 

FeZnNa(7.6%)@SiO2-C 18.63 41.07 8.68 31.72 0.0400 

3.3. Effect of different Na content on final catalytic performance 

Figure 7 shows the effects of different Na contents of the same series of catalysts on the 

selectivity of CO, CH4, C2=-C4=, C20-C40 and C5+, CO2 conversion rate and STY. It can be seen that the 

conversion rate of CO2 has increased with the addition of Na, from about 54% to about 59%, but the 

subsequent increase of Na content has not increased significantly. With the increase of Na content in 

the catalyst, the selectivity of the target product C2=-C4= increased, from 1.54% to 41.07%.STY achieved 

a maximum when the Na content was 6.4%, which showed that although Na increased the activity 

of the catalyst, it inhibited the activity of the catalyst when the Na content was too high. From the 

above characterization data, it can also be seen that FeZnNa(6.4%)@SiO2-C has the most excellent test 
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data, with excellent mesoporous structure, highly dispersed metal nanoparticles, active component 

Fe5C2 (Figure 8) particles are also more obvious, metal and support have a strong interaction, these 

advantages accelerate electron transport,  improve hydrothermal stability and catalytic activity, the 

characterization results are consistent with the experimental results,  persuasive. 

Figure 9 shows the TEM images of the spent sample, we can find that the metal particles have a 

slight enlargement, but do not gather together uncontrollably, which shows that graphitized carbon 

plays a certain role, combined with the 100-hour working condition diagram of Figure 10, it can be 

concluded that the catalyst has good structural stability. 
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Figure 7. Effect of different Na content on final catalytic performance. 
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Figure 8. XRD pattern of the spent sample-FeZnNa6.4@SiO2-C. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 October 2023                   doi:10.20944/preprints202310.0267.v1

https://doi.org/10.20944/preprints202310.0267.v1


 11 

 

 

Figure 9. TEM images of the spent sample-FeZnNa6.4@SiO2-C. 
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Figure 10. The image of 100-hour working condition and the selectivity of C2=-C4=. 

XRD shows that iron-based catalysts containing Fe2O3 and ZnO components were successfully 

prepared. The approximate metal particle size(Fe2O3, ZnO) are calculated by the corresponding 

formula. The presence of Na and the proportion of components of each element were confirmed by 

XPS testing.From BET and TEM, it can be concluded that the FeZnNa catalysts is indeed mesoporous 

structure. The pore size, pore volume, specific surface area and Precise metal particle size are also 

obtained, the high-resolution TEM diagram shows the carbon layer wrapped on the surface of the 

catalyst and the highly dispersed metal nanoparticles. From the H2-TPR test, it can be seen that the 

increase of Na content significantly changes the reduction temperature of Fe2O3 species. 

FeZnNa(6.4%)@SiO2-C has the lowest reduction temperature: 856.7K (Fe3O4 FeO), 1015.8K (FeO αFe). 
The initially prepared Fe2O3 phase has been reduced to Fe3O4 at about 679K [10]. CO2-TPD shows that 

due to the introduction of Na, more alkaline sites were provided to absorb more acidic CO2 in the 

early stage, which once again proved that the introduction of Na enhanced the adsorption of CO2. In 

the later stage, SiO2 is decomposed with the increase of temperature. However, FeZnNa@SiO2-C does 

not have a strong CO2 absorption peak due to the decomposition of the carrier. It can be seen that 

compared with other catalysts, FeZnNa@SiO2-C has a more stable support structure and CO2 

adsorption. These advantages show that FeZnNa catalysts do have a better internal structure than 

other iron-based catalysts. Among them, FeZnNa (6.4%)@SiO2-C has the most advantages in FeZnNa 

catalysts. 

Combined with the full-text analysis, we can find that the reduction temperature, specific surface 

area, pore volume,average pore size and CO2 adsorption are closely related to the particle size of 
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Fe2O3. We introduce the reasons for the particle size change: due to the addition of alkaline elements 

(Na), Fe particles are promoted, and the metal particle size begins to increase [38]. When Na reached 

a certain amount, Na acted as a dispersant, inhibited the aggregation of Fe particles, thereby reducing 

the particle size of Fe2O3. But as the Na content increased again, the amount that acted as a dispersant 

was broken,and then the pore was blocked. Fe particles with a slightly larger particle size do not have 

extra positions to enter, and then agglomeration phenomenon is produced again, and the particle size 

of Fe particles increases again. Therefore, the particle size change phenomenon of Fe2O3 is first 

increased, then reduced, and finally increased. The reduction temperature, specific surface area, pore 

volume and average pore size are all affected by the Fe2O3 particle size and change accordingly. The 

specific internal connection is referred to above.  

4. Conclusion 

Fe-based catalysts with sodium and zinc additives with stable mesoporous structure and 

graphitized carbon on the surface of the active components have high selectivity for the 

hydrogenation of carbon dioxide to produce high-value olefins. In this paper, the CO2 conversion of 

FeZnNa catalyst was stable at about 59%, and the CH4 selectivity was significantly inhibited 

compared with other catalysts and its STY value was the highest 0.0436. The result shows that the 

presence of Na and Zn additives is beneficial for carburizing of Fe species to produce smaller active 

Fe5C2 particles,improve the adsorption of carbon dioxide,inhibit the deep hydrogenation of olefins, 

which is the key to the conversion of carbon dioxide into olefins.Catalysts with sinter resistance and 

mesoporous resistance to collapse have more stable and long-lasting catalytic performance than other 

catalysts. The catalyst in this paper has sinter resistance and mesoporous collapse resistance, so it has 

a more stable structure than other catalysts.However, during the above reaction, the generated water 

will inhibit the RWGS step, thereby reducing the conversion rate of CO2, hindering the formation of 

olefins in the FTO process, affecting the final catalytic performance. Therefore, the development of 

catalysts with hydrophobic surfaces to ensure stable and long-lasting catalytic performance is a 

difficult point for further development.  

Data Availability: The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 
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