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A B S T R A C T   

CO2 hydrogenation into sustainable chemical feedstocks and fuels is a pivotal focus of energy research. Fe-based 
catalysts have emerged as promising candidates due to their high efficiency in the CO2 hydrogenation toward 
C2–C4 olefins and C5+ hydrocarbons. Fe5C2 is known as the active phase of the CO2 hydrogenation. Therefore, it 
is imperative to discern the roles of active phases in product distribution. Accordingly, in the present study, Fe5C2 
is synthesized separately and physically mixed with Na-Fe3O4. The effects of oxide/carbide ratio, the proximity 
of active phases, and reduction treatment are investigated. The results show that adding carbide to oxide in an 
appropriate ratio significantly increases CO2 conversion due to the controlled reduction of the oxide phase and 
enhanced CO2 adsorption. Additionally, a closer distance (mixed-powder pellets) between Na-Fe3O4 and Fe5C2 
results in higher selectivity for C2-C4 olefins and C5+ hydrocarbons and less CH4. Furthermore, the graphitized 
layers of reduced catalyst (R-Na-Fe3O4/Fe5C2 (70/30 wt%)) enhance the selectivity to C2-C4 olefins (40 %) and 
C5+ hydrocarbons (35 %) at around 40 % CO2 conversion. In contrast, amorphous carbon in the non-reduced 
catalyst (NR-Na-Fe3O4/Fe5C2 (70/30 wt%)) favors more C2-C4 paraffins and CH4. Therefore, the interplay be
tween the influential factors, i.e., oxide/carbide ratio, spatial distance, and reduction treatment, can result in 
tailoring an efficient CO2 hydrogenation catalyst toward the formation of valuable hydrocarbons.   

1. Introduction 

CO2 hydrogenation is regarded as a promising process for the pro
duction of valuable chemicals and fuels via reverse water gas shift 
(RWGS) and Fischer-Tropsch synthesis (FTS) while also helping mitigate 
anthropogenic CO2 emissions [1,2]. Optimizing CO2 hydrogenation for 
value-added product involves three crucial factors: operating conditions 
[3,4], reactor configuration [5,6], and catalyst type [7,8]. The impact of 
catalyst type on enhancing the performance of the CO2 hydrogenation 
process is undeniable. Iron-based catalysts are favored among potential 
catalysts due to their high activity, low cost, and the olefinic nature of 
the products they yield. Iron catalysts form Hägg carbide (χ-Fe5C2) in- 
situ as the active phase during CO2 hydrogenation [9,10]. It is gener
ally accepted that the iron carbides serve as the active phase during the 

FTS reaction [11–13]. In recent years, researchers have focused on 
enhancing the performance of iron-based catalysts and investigating the 
relationship between iron carbide phases and catalytic performance in 
FTS reactions [14,15]. 

Typically, iron catalysts need alkali metal promotion to attain the 
desired activity and selectivity. The addition of sodium (Na) has been 
reported to be beneficial for olefin production [16,17]. The presence of 
Na obviously enhances the surface basicity and carburization of iron- 
based catalysts, making them highly active for CO2 hydrogenation 
into light olefins [18,19]. 

Despite the existing research reports, the precise role of the iron 
oxide component in Fe-based catalysts in CO2 hydrogenation still needs 
to be better understood [20]. Iron carbides undergo phase changes 
during the FTS, leading to low catalytic performance [21]. Extensive 
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research has been devoted to developing core–shell catalysts using a 
protective layer to enhance the stability of iron carbides [22,23]. Among 
these catalysts, those derived from metal-organic frameworks (MOF), 
known as metal@C, have been extensively explored. However, the 
effectiveness of the carbon shell in these catalysts is limited, as it can 
hinder the interaction between gas molecules and the active phases 
[24]. 

Defects in carbon materials have been suggested to offer several 
beneficial effects in catalytic processes. These defects facilitate the mass 
transfer of reactants, provide anchoring sites for metal nanoparticles, 
and serve as active sites for catalytic reactions. In graphite, carbon de
fects have been identified as active sites for acidic oxygen reduction 
reactions. Additionally, defects in graphene layers are crucial in 
enhancing FTS performance [25,26]. 

In defect-rich graphene-supported iron catalysts, a tunable interac
tion between the metal and the support is achieved, with defects serving 
as favorable nucleation sites for anchoring iron nanoparticles. While it is 
evident that carbon defects play significant roles in FTS reactions with 
iron-based catalysts, the precise and unambiguous correlation between 
carbon defects and FTS performance remains a topic that still needs to be 
fully understood [27]. Moreover, the synergistic effect between iron 
oxide and iron carbide, which enhances alkene formation in CO2 hy
drogenation, has remained unclear [28,29]. Nevertheless, there has 
been limited research exploring the influence of carbon materials in 
conjunction with iron oxide for CO2 hydrogenation. 

The evolution process of transforming iron catalyst precursors into 
FTS catalysts through thermal treatment is intricate and dynamic. Our 
understanding of its function during CO2 hydrogenation remains unclear 
due to various factors, including unique preparation methods, initial 
oxide/carbide ratio, the presence of promoters, variations in reduction 
conditions, and the proximity of active sites [30]. These complexities 
contribute to the ongoing debate surrounding the nature of the active 
phase in CO2-FTS reaction over Fe-based catalysts, making it contro
versial. Therefore, it is crucial to design an appropriate catalytic system 
to gain deeper insights into the role of iron carbides in the catalytic 
activity of this reaction [31]. Furthermore, it is essential to highlight 
that the carburization process is influenced by the intricate surface 
microenvironment, where competitive reactions such as oxygen 
removal, carbon permeation, hydrogenation, and carbon deposition 
occur. Yang et al. [32] synthesized Fe5C2 and Fe3C using carburization 
of Fe-oxalate in a CO environment at different temperatures. Tang et al. 
[33] successfully manipulated these processes, producing high-purity 
Fe5C2 and establishing it as an efficient FTS catalyst. In addition, 
Skrypnik et al. [34,35] prepared well-defined FexOyCz compositions 
through controlled decomposition of iron oxalate under an inert atmo
sphere and different temperatures to elucidate the role of different 
active Fe-species in CO2 hydrogenation reactions. They established a 
relationship between reaction pathways, catalyst performance, and the 
steady-state composition of the catalyst, which provides an opportunity 
for catalyst design and preparation. 

Lyu et al. [36] produced nanocrystals of ε-Fe2C encapsulated in 
graphene layers for the Fischer-Tropsch (FT) reaction. These nano
crystals demonstrated remarkable activity and stability under practical 
FT synthesis conditions. Graphene layers exerted a confinement effect, 
stabilizing the metastable yet highly active ε-Fe2C phase. The distinctive 
confinement structure (ε-Fe2C@graphene) effectively prevented the 
formation of an amorphous carbon layer, thus preserving the catalyti
cally active phase from converting into less carbon-efficient phases. 

However, few studies have focused on introducing the iron carbide 
into the starting material in a physical mixture, although Fe5C2 is 
considered the active phase of FTS in the presence of either a graphitic or 
amorphous shell. Nonetheless, little attention has been given to fine- 
tuning the nature of the carbon shell toward a more graphitic and 
defective carbon structure, which is known to exhibit superior CO2 hy
drogenation performance. Additionally, the impact of operating condi
tions on the formation of this carbon shell during the reaction has been 

largely overlooked [37,38]. 
For instance, Nawaz et al. [39] fabricated highly dispersed Fe3O4 

nanocrystals on activated carbon (AC) using a sole precipitation method. 
These nanocrystals are proposed as a promising candidate for enhancing 
the dually embedded carbide nanocomposites (consisting of χ-Fe5C2 and 
θ-Fe3C) in the Na-FeCa@AC/HZSM-5 catalyst. The sole precipitation 
method effectively confined Fe@AC species within the rigid geometry of 
defective graphite patches, thus mitigating the sintering and agglom
eration of Fe nanoparticles. Furthermore, it was shown that the encap
sulation of perforated carbon layers during carburization greatly 
enhanced the stability of the highly active carbide phase while pre
venting the formation of inactive carbon deposits. 

Jin et al. [40] recently synthesized a Fe/C catalyst to convert CO2 
into light olefins directly. The catalyst displayed high selectivity for light 
olefins (up to 63.0 %) at the CO2 conversion rate of 48.3 
μmolCO2⋅gFe

− 1⋅s− 1. This outstanding performance was attributed to the 
strong metal-support interaction facilitated by oxygen-containing 
functional groups, which enhanced the dispersion of iron species and 
promoted the formation of more active phases. 

In another study, Chen et al. [41] synthesized K-doped FeCx catalysts 
through the carbothermal reduction of Fe-chitosan complexes. The 
appropriate Fe cation-to-chitosan ratio was a critical factor in catalyst 
preparation since it significantly influenced the bulk and surface carbide 
compositions. The proportion of the carbide phase was positively asso
ciated with the normalized yield of C2+. Furthermore, the FeCx catalyst 
core–shell structure was likely to enhance its durability. 

Recently, limited efforts have been dedicated to synthesizing and 
directly applying iron carbide in CO2 hydrogenation. Liu et al. [42] 
focused on preparing and utilizing Fe5C2 and K-modified Fe5C2 catalysts 
to investigate the relationship between the Fe phase, catalytic perfor
mance, and reaction pathways in CO2 hydrogenation. Introducing the K 
promoter increased the selectivity of C2 - C4 olefins and C5+ hydrocar
bons to above 38.0 C-mol% and 23.9 C-mol%, respectively, at a similar 
CO2 conversion. In another study, the same research group used a 
combination of pure Fe5C2 and K-modified catalysts for the hydroge
nation of CO2. These mixture catalysts demonstrated exceptional cata
lytic activity, surpassing most iron-based catalysts, even without pre- 
reduction before the reaction. The best support for achieving high 
selectivity in hydrocarbons production was alkaline Al2O3 (a-Al2O3). 
The close interaction between Fe5C2 and K/a-Al2O3 proved crucial for 
the catalytic performance. Specifically, the Fe5C2-10 K/a-Al2O3 catalyst 
achieved a CO2 conversion rate of 40.9 %, yielding 68.4 % of valuable 
hydrocarbons [43]. 

Inspired by the challenges mentioned earlier, in this study, the 
feasibility of tunning product distribution in CO2 FTS is investigated 
through adjustments to the structural properties of Na-Fe3O4/Fe5C2 
catalysts. The catalytic performance of Na-Fe3O4, Fe5C2, and their 
physical mixture is evaluated at various mass ratios, proximities, and 
with/without reduction treatments. Specifically, the optimal Na-Fe3O4 
to Fe5C2 ratio is explored to enhance the production efficiency of C2-C4 
olefins and C5+ hydrocarbons. Moreover, the impact of different spatial 
arrangements between active Na-Fe3O4 and Fe5C2 is analyzed. Addi
tionally, the effects of reducing the mixed oxide/carbide on the carbon 
shell/layers are investigated to optimize hydrocarbon distribution. 
Finally, the synergistic interactions between the oxide and carbide 
components, which enhanced CO2 hydrogenation performance and 
facilitated chain growth, have been elucidated. 

2. Experimental section 

2.1. Preparation of Fe5C2 

Iron oxalate dihydrate powder was used after drying overnight at 
80 ◦C. 1 gr of the powder was transferred into a quartz reactor with a 
furnace and activated to Fe5C2 at 350 ◦C under CO/He with the 10/90 
mL min− 1 flow rate for 4 h, following the method outlined by Liu et al. 
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[42,43]. 

2.2. Preparation of Fe3O4 

A pure Fe3O4 catalyst was synthesized using the co-precipitation 
method, following the procedure described by Wen et al. [44]. 
Initially, FeCl2⋅4H2O and FeCl3⋅6H2O were dissolved in 0.3 mol/L HCl. 
Then, the ammonia water was added into the above solution dropwise 
while stirring until the pH of the resulting suspension reached 10. After 
aging at 60 ◦C for 60 min, the black precipitate was separated using a 
magnetic device and washed three times with deionized water. Finally, 
pure Fe3O4 was obtained after overnight drying at 80 ◦C. The 1 wt% Na- 
promoted Fe3O4 was prepared using the impregnation method. Typi
cally, NaNO3 was mixed with H2O, and pure Fe3O4 was introduced into 
this mixture. The suspension was sonicated for 30 min and left standing 
for 4 h; this process was repeated thrice. The solvent evaporated, and the 
sample was dried overnight at 80 ◦C. Following this, Na-Fe3O4 was 
calcined at 350 ◦C for 4 h. The actual Na content of these samples was 
determined through EDS (Energy Dispersive Spectroscopy) analysis. 

2.3. Catalyst characterizations 

2.3.1. Powder X-ray diffraction (XRD) 
XRD studies of all samples were performed on a Rigaku MiniFlex II 

instrument with a Ni-filtered CuKα source in the range of 2θ = 10–90◦

for Na-Fe3O4 and Na-Fe3O4/Fe5C2 and 2θ = 30–60◦ for Fe5C2. For 
recording the XRD patterns of the reduced sample, a PW 1830 diffrac
tometer (Philips) using Cu Kα radiation operated in Bragg–Brentano 
geometry with a Ni filter at a voltage of 40 kV and a current of 30 mA 
was used. 

2.3.2. Transmission electron microscopy (TEM) 
Samples imaging was conducted with an FEI TECNAI G2 20 X-Twin 

high-resolution transmission electron microscope, equipped with elec
tron diffraction, operating at an accelerating voltage of 200 kV. The 
surface properties, specific surface area, and pore size distributions were 
investigated using a Quantachrome NOVA 3000e gas sorption instru
ment by N2 adsorption at liquid N2 temperature. 

2.3.3. Temperature-programmed reduction (TPR) 
TPR was carried out in a BELCAT-A apparatus using an externally 

heated reactor (quartz tube with 9 mm outer diameter). Before the 
measurements, the catalyst samples were heated in He flowing at 150 ◦C 
for 60 min. Then, the sample was cooled in flowing He to 50 ◦C. The 
sample was flushed, the reactor was heated linearly at a rate of 5 ◦C/min 
from 700 ◦C, and the H2 consumption was detected by a thermal con
ductivity detector (TCD). 

2.3.4. Temperature-programmed desorption (TPD) 
TPD was carried out in a BELCAT-A apparatus. Prior to the mea

surement, about 100 mg of the sample was pretreated in He flow at 
150 ◦C for 60 min. After cooling to 50 ◦C, the sample was exposed to CO2 
and flushed in He to remove all physically adsorbed molecules. The TPD 
program was initiated by heating up to 700 ◦C with a ramp of 5 ◦C/min, 
and the CO2 consumption was detected by TCD. 

2.3.5. X-ray photoelectron spectroscopy (XPS) 
The Fe-carbide samples were prepared for measurement with 

double-sided carbon tape on a stainless-steel sample holder. A Specs XPS 
instrument equipped with an XR50 dual anode X-ray source and a 
Phoibos 150 hemispherical analyzer was used for the measurement. The 
X-ray gun was operated with 150 W power (14 keV). No sample charging 
was observed. A survey spectrum was collected with a pass energy of 40 
eV and 1 eV step size. High-resolution spectra of C, Fe, Na, and O were 
collected with a pass energy of 20 eV and 0.1 eV step size. Data was 
evaluated with CasaXPS software version 2.3.22PR1.0. All high- 

resolution spectra were corrected with a Shirley background. All peaks 
were fitted with a Gauss-Lorentzian product function, where the Lor
entzian contribution is 30 %, except Fe5C2 peaks, which have an 
asymmetric peak shape. 

2.3.6. Temperature-programmed hydrogenation (TPH) 
For TPH analysis, the reactor outlet was connected to a mass spec

trometer (UGA series). Two sets of experiments were conducted on Na- 
Fe3O4/Fe5C2: (1) TPH spectra were obtained after pretreatment in H2 at 
350 ◦C and 1 atm followed by reaction at 340 ◦C and 30 bar in H2/CO2 =

3 and (2) TPH spectra were collected after heating the sample in N2 to 
350 ◦C and 1 atm followed by reaction at 340 ◦C and 30 bar in H2/CO2 =

3. 
In each TPH experiment, 500 mg of calcined catalyst was loaded into 

a stainless-steel reactor. The temperature was then increased to 350 ◦C 
at a ramp of 1 ◦C/min, following which a flow of pretreatment gas at 1 
atm was introduced, and the reactor temperature was held at 350 ◦C for 
a specified period. Then, the temperature was reduced to 340 ◦C 
following the reaction. Following pretreatment and reaction, the cata
lyst was cooled in Ar to room temperature, and the gas was switched to 
H2 at 1 atm while the temperature was increased to 800 ◦C at 5 ◦C/min. 
CH4 was monitored using mass signals (m/z) of 15 (CH3 fragments of 
CH4) instead of 16 to avoid the interference of water vapor and CO2 
cracking. 

2.3.7. In situ diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) 

Infrared spectroscopy measurements were carried out with an 
“Agilent Cary-670” Fourier transform infrared (FTIR) spectrometer 
equipped with a “Harrick Praying Mantis” diffuse reflectance attach
ment. The sample holder had two BaF2 windows in the infrared path. 
The spectrometer was purged with dry nitrogen. The spectrum of the 
pretreated catalyst was used as background. At room temperature, a CO2 
to H2 mixture with a molar ratio of 1:3 was introduced into the DRIFTS 
cell. The tubes were externally heated to avoid condensation. The 
catalyst was heated linearly under the reaction feed from room tem
perature to 350 ◦C with a heating rate of 20 ◦C/min. All spectra were 
recorded in the range of 4000 to 900 cm− 1 with a resolution of 2 cm− 1. 
Typically, 32 scans were performed. Due to the short optical path within 
the DRIFTS cell, the contribution of reactant gases was negligible. Only 
the most intense features of gas-phase products were observable. 

2.3.8. Isotope exchange experiments 
The catalyst (50 mg) was loaded into a fixed-bed reactor and initially 

reduced at 350 ◦C under H2 for 2 h. Hereafter, the reactor was cooled 
down to 320 ◦C in Ar. The isotope exchange tests were performed using 
CO2:H2:Ar = 1:7:0.5 feed at 2 bar. After achieving a steady-state con
dition, the CO2 was replaced by the labeled 13CO2 for about 30 min, 
which was enough for the steady-state concentration of the labeled 
products 13CO and 13CH4. The reaction products were analyzed by an 
online gas chromatograph as well as by an online quadrupole mass 
spectrometer (Universal Mass Analyzer (UGA)). The following m/z 
values were used for the identification of different compounds: 45 
(13CO2), 44 (12CO2), 29 (13CO), 28(12CO), 18 (H2O), 17 (13CH4), 15 
(12CH4), and 40 (Ar). 

2.4. Catalytic performance tests 

CO2 hydrogenation to hydrocarbons was carried out in a pressurized 
fixed-bed flow reactor with a 9 mm inner diameter. For non-reduced 
(NR) samples, the catalyst bed was initially heated in a nitrogen (N2) 
atmosphere before introducing the mixture of CO2 and H2 (H2/CO2 = 3) 
at temperatures ranging from 320 to 340 ◦C. The reactor was pressurized 
to 3–5 MPa with a GHSV = 4000–5000 mL h− 1gcat

− 1. The catalytic results 
were collected after at least 8 h on stream. In the case of reduced samples 
(R), the catalysts were treated in H2 at 350 ◦C for 4 h. Subsequently, the 
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feed gas was switched to a mixture of H2 and CO2 under the same re
action conditions as for NR samples. The catalysts were initially heated 
up under N2. 

The Na-Fe3O4/Fe5C2 catalysts were packed in two different manners: 
mixed-powder pellets and separate pellets. For mixed-powder pellets, 
the appropriate amount of Na-Fe3O4 and Fe5C2 powders was physically 
mixed with a mortar and pestle in different mass ratios (30/70, 50/50, 
and 70/30). The mixture was then pressed, crushed, and sieved to 
produce 20–60 mesh granules. Fe3O4 and Fe5C2 were pressed, crushed, 
and pelleted at 20–60 mesh for separate pellets. These pellets were 
subsequently mixed and loaded into the fixed-bed reactor. Unless 
otherwise noted, all tests in Sections 3.1, 3.2, and 3.4 were conducted 
using mixed-powder pellets using Na-Fe3O4/Fe5C2 70/30 wt% ratio. 
Unless otherwise noted, all of the Na-Fe3O4/Fe5C2 were reduced for four 
hours in H2. The samples without reduction are named NR-Na-Fe3O4/ 
Fe5C2. 

The products were analyzed online using a gas chromatograph. CO, 
CO2, and CH4 were analyzed using a carbon molecular sieve column 
(PORAPAK) with a thermal conductivity detector (TCD). CH4 and C2-C8 
hydrocarbons (C2+) were also analyzed using a flame ionization detector 
(FID) with a SUPELCO column. Chromatograms of the FID and the TCD 
were correlated through CH4, and the product selectivity was obtained 
based on carbon balance, C-mol%. The CO2 conversion (XCO2) and 
product selectivity (Si) were calculated via the following equations 
where n is the number of moles and c is the carbon number. 

CO2 Conversion (XCO2) = 100 ×
nCO2,in − nCO2,out

nCO2,in
(1)  

Product selectivity (Si) = 100 ×
cni × ni,out

∑
cni × ni,out

(2)  

3. Results and discussion 

The N2 adsorption/desorption isotherms of both samples displayed 
type IV isotherm patterns with distinct hysteresis loops, as shown in 
Fig. S1. The Na-Fe3O4 sample shows a type H1 hysteresis loop, charac
teristic of mesoporous materials with cylindrical pores. In contrast, 
Fe5C2 exhibits an H3-type hysteresis loop, suggesting the presence of 
parallel plate-shaped or wedge-shaped pores [45]. Despite the small 
surface area and pore volume of the Fe5C2 samples, indicating their non- 
porous nature, they still demonstrate notable catalytic activity, as dis
cussed in the next section. This underscores that the textural properties 
of carbides may not be the decisive factor in the RWGS-FT reaction. 

The XRD pattern of the synthesized carbide is illustrated in Fig. 1(a); 
peaks appeared at 2θ 39.7, 40.8, 42.9, 43.7, 44.7, 45.9, and 58.3◦ can be 
assigned to Fe5C2 phase, which is in accordance with the JCPDS 00-036- 
1248, while small peaks at 42.88 and 54.4◦ can be attributed to Fe3C 
(JCPDS 00-035-0772) [43]. Besides, XPS spectra of synthesized carbide 
were collected, as presented in Fig. 1(b). The peak in the Fe 2p 3/2 and 
1/2 spectra at 707.2 and 710.1 eV can be ascribed to Fe5C2 [42]. The Fe 
2P spectra of the synthesized Fe3O4 are provided in Fig. S2. 

Fig. 1. a) XRD, b) XPS, and c, d) TEM images of the synthesized carbide.  
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The TEM images of the synthesized carbide are illustrated in Fig. 1(c) 
and (d) with 200 and 50 nm resolutions, respectively. The IFFT is shown 
in Fig. 1(d), and the fringes of Fe5C2 are evident in the synthesized 
sample. 

3.1. Oxide/carbide optimized ratio 

The first step to taking advantage of both Na-Fe3O4 and Fe5C2 phases 
is to mix them in an appropriate ratio. The ratio of oxide to carbide is an 
essential factor affecting the CO2-FTS performance of Fe-based catalysts. 
To illustrate this point, three mixtures with different Na-Fe3O4/Fe5C2 
mass ratios (30/70, 50/50, 70/30) were prepared and tested at tem
peratures of 320 ◦C and 340 ◦C and pressures of 30 bar and 50 bar. The 
results are presented in Figs. 2(a) and 2(b) in terms of C2-C4 and C5+
selectivity (including CO) versus CO2 conversion, respectively. Each 
dataset was assigned a number (corresponding data are presented in 
Table S1); number 0 is assigned to the Na-Fe3O4 without mixing with 
carbide. 

As shown in Figs. 2(a) and (b), the physical addition of Fe5C2 to Na- 
Fe3O4 significantly enhances CO2 conversion (from 30 % to around 40 
%). Furthermore, in both figures, the last four data points (9, 10, 11, and 
12) belonging to the Na-Fe3O4/Fe5C2 ratio of 70/30 exhibit the highest 
yield (dashed curves in Fig. 2(a) and (b)) compared to data points with 

other ratios. It can also be noted that high pressure (50 bar) does not 
seem promising in this catalytic system, as in almost all cases, the yield 
didn’t change considerably with increasing pressure from 30 to 50 bar 
(Fig. S3). It can be observed that the physical mixture of Na-Fe3O4 with 
Fe5C2 at a 70/30 wt ratio could improve the yield of C2-C4 (with an 
olefin/paraffin ratio of approximately 5) and C5+ from about 12.5 % to 
17.5 % and from around 10 % to 15 %, respectively. This makes it a 
promising catalyst for producing light olefins, intermediates for fuel 
production. 

The XRD patterns of Na-Fe3O4 and Na-Fe3O4/Fe5C2 with different 
ratios recorded after the reaction are presented in Fig. 2(c). The 
diffraction peaks at 2θ of 30, 35.33, 42.91, 56.77, and 62.25◦, corre
sponding to the plane facets (220), (311), (200), (511), and (400), 
(JCPDS 01-079-0417) [46], are the characteristic peaks of Fe3O4 as can 
be observed in all the spent samples. Furthermore, the peaks corre
sponding to Fe5C2 (2θ = 40–50◦ (Fig. 2(d)) appeared at 2θ of 39.7, 40.8, 
42.9, 43.7, 44.7, 45.9, and 58.3◦, (JCPDS 00-036-1248), in the spent Na- 
Fe3O4 and Na-Fe3O4/Fe5C2 (70/30) samples. However, no peaks 
attributed to iron carbides can be found in the other two samples. This 
might be attributed to the presence of amorphous carbon shells that 
shielded the carbides, so they cannot be detectable by XRD, which is 
explained in Section 3.3. This also can be ascribed to carbide oxidation 
to Fe3O4 during the reaction. Besides, it can be observed that in the spent 

Fig. 2. Selectivity of a) C2-C4 and b) C5+ versus CO2 conversion (Yields are shown by dashed curves. The corresponding data are presented in Table S1. The number 
0 is assigned to the Na-Fe3O4, the numbers (1–4), (5–8) and (9–12) belong to Na-Fe3O4 to Fe5C2 with (30/70), (50/50) and (70/30) ratios, the data shown by 
triangles (13–18) extracted from available literature c) The XRD patterns of spent Na-Fe3O4/Fe5C2 mixed with different ratios (reaction conditions: 340 ◦C, 3 MPa 
and 4000 mL g− 1h− 1 GHSV, all catalysts were reduced before reaction for 4 h under H2), d) enlarged 2θ region of the carbides. 
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Na-Fe3O4/Fe5C2 (70/30), the additional peak corresponds to the 
(40 − 2) plane of Fe5C2 appeared at 2θ = 44.71◦, while in the spent Na- 
Fe3O4 only the peak assigned to the (510) plane (at 2θ = 44.16◦) can be 
detected, which is an indication of the presence of more active facets in 
the former catalyst. 

Furthermore, it can be speculated that as the percentage of Fe5C2 in 
the mixed catalyst decreases, the intensity of peaks corresponding to 
Fe3O4 increases. This may indicate phase changes from amorphous to 
crystalline structures or the diffusion of more molecules into the 
framework of Fe3O4. By reducing the Na-Fe3O4 content in the samples 
(50/50 and 30/70), the presence of Na and its migration would likely 
decrease. Furthermore, the migration of Na+ ions would not be facili
tated due to the increased formation of amorphous carbon. This can 
confirm the significance of the appropriate oxide/carbide ratio in the 
catalyst. 

To better understand the nature of active phases in the Na-Fe3O4/ 
Fe5C2 (70/30) and Na-Fe3O4 samples, the XRD profiles of fresh, reduced, 
and spent samples are recorded and presented in Fig. 3. In the XRD 
pattern of Na-Fe3O4 (Fig. 3(a)), all the iron oxides after reduction, 
reduced to α-Fe, and after the reaction, the sharp peaks of Fe3O4 and 
carbides can be observed. The XRD of the Na-Fe3O4/Fe5C2 (70/30) 
(Fig. 3(b)) shows that the peaks corresponding to Fe3O4 and carbides can 
be observed in the fresh sample. However, in the reduced sample, the 
peak of metallic iron (α-Fe) appeared at 2θ = 44.7◦, which is an indi
cation of the reduction of a proportion of the Fe3O4 phase to α-Fe. Be
sides, the peaks of carbide and some Fe3O4 could still be detected in the 
XRD pattern of the reduced catalyst. It can be concluded that in the 
reduced Na-Fe3O4/Fe5C2, all of the Fe3O4 could not be entirely reduced 
to α-Fe. In the spent sample, the peaks of Fe3O4 and carbides are visible 
clearly. This shows that the metallic iron underwent carburization and 
was converted to carbides, while some carbides were probably oxidized, 
resulting in sharp peaks of Fe3O4. It has been shown that FeCx could be 
oxidized in CO2 hydrogenation [47]. Moreover, about 33 % Fe3O4 was 
observed in the spent sample of Fe3O4 promoted with 0.7 wt% Na [18]. 

In addition, since the peak ascribed to the plane (40 − 2) could be 
detected only in the spent Na-Fe3O4/Fe5C2 (70/30), the formation of 
some Fe5C2 despite the competition between hydrogenation and 
carburization under a reactive environment cannot be ruled out. 

Along with the ratio of Na-Fe3O4 to Fe5C2 in the initial catalyst, the 
integration manner of the active phases or the distance between the 
active sites can exert a pivotal influence on the CO2 hydrogenation 
performance. To delve deeper into the performance of the mixed oxide/ 

carbide catalyst, Na-Fe3O4, and Fe5C2 are combined using two distinct 
proximity modes, as elaborated in the following section. 

3.2. The effect of oxide/carbide proximity 

The proximity of iron carbide to the oxide phase plays a significant 
role in the CO2 hydrogenation performance [2]. Pure carbide and Na- 
promoted Fe3O4 were integrated in two ways: mixed-powder pellets 
and separate pellet stacking, as explained in Section 2.4. In the former 
case, 31.7 % CH4 was produced at a CO2 conversion of 35.9 %, while in 
the latter case, the CH4 was reduced to around 15 % at a higher CO2 
conversion. In addition, a considerable increase in C2-C4 olefins can be 
observed when the distance decreased from the separate pellet (3.5 %) 
to the mixed-powder pellet (38 %) mode. This underscores the impor
tance of proximity between Na-Fe3O4 and Fe5C2 on the hydrocarbon 
distribution in the CO2 hydrogenation reaction. 

The increase in the amount of CH4 and C2-C4 paraffins, as can be 
observed in Fig. 4(a), can be ascribed to the higher hydrogenation 
possibility when oxide and carbide are not in close contact with each 
other. Consequently, light olefin intermediates probably re-adsorb on 
the surface of the oxide, resulting in more hydrogenated products (light 
paraffins) when separate pellets are used in the reaction bed. Addi
tionally, the CHx intermediates formed over carbide could undergo hy
drogenation, forming more CH4. In contrast, the chain propagation 
probability is higher in the presence of mixed-powder pellets, as 
depicted in Fig. 4(a). 

The integration manner of the two active species significantly im
pacts the final phases and the distribution of hydrocarbons. Fig. 4(b) 
demonstrates that when the oxide and carbide are closely assembled 
(mixed-powder pellets), XRD peaks corresponding to both Fe3O4 and 
Fe5C2 can be observed in the spent catalyst. However, when the distance 
between the two catalytically active sites is increased through separate 
pellet integration, the carbide peaks are no longer detectable by XRD. As 
explained in Section 3.1, this may be due to the oxidation of carbide to 
Fe3O4 or covering the carbide particles by an amorphous shell. This kind 
of carbon shell restricts the growth of catalytically active particles due to 
structural confinement and diffusion limitations [27]. Therefore, in 
separate pellets, Na+ ions might not be able to diffuse as effectively as in 
the mixed-powder pellets. Furthermore, Na+ ions can enhance the 
electron density and increase CO adsorption rather than H2 adsorption, 
weakening the carbon–oxygen bond and improving the probability of 
chain propagation in the mixed-powder pellets [48]. Although both 

Fig. 3. XRD patterns of fresh, reduced, and spent a) Na-Fe3O4 and b) Na-Fe3O4/Fe5C2 (70/30).  
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samples were reduced before the reaction, fewer oxygen-containing 
groups may be present in the separate pellets because of a higher 
probability of hydrogenation due to the longer distance between Na- 
Fe3O4 and Fe5C2. 

Therefore, the boost in C2-C4 olefins formation in the mixed-powder 
pellets can be attributed to the limiting hydrogenation effects of surface 
carboxylate species, which allows the composite catalyst to favor C–C 
bonds rather than C–H at reaction temperature [49,50]. Fig. 4(c) and (d) 
demonstrate the scheme of the hydrocarbons distribution when the 
active sites are integrated with two different modes. It can be inferred 
that in the separate pellets, the hydrogenation of intermediates could 

lead to the formation of more CH4 and saturated hydrocarbons. 
After selecting the appropriate ratio and integration manner of the 

Na-Fe3O4 and Fe5C2, it is essential to conduct the best pretreatment to 
activate the catalyst and formation of the required active phases. Recent 
research has demonstrated that when Fe5C2 was included in the original 
catalyst, reducing the catalyst was unnecessary because the active phase 
was already there [42,43]. Given this issue, the following section ex
plores the need to reduce Na-Fe3O4/Fe5C2 catalytic system before CO2 
hydrogenation reaction. 

Fig. 4. a) The effect of integration manner of Na-Fe3O4 and Fe5C2 on the CO2 hydrogenation performance at 340 ◦C, 3 MPa and 4000 mL g− 1h− 1 GHSV, b) XRD 
patterns of spent Na-Fe3O4/Fe5C2 (70/30 wt%) integrated in two different manners (both catalysts were reduced before reaction for 4 h under H2), c) scheme 
showing the hydrocarbons distribution when the Na-Fe3O4 and Fe5C2 active sites are integrated via mixed-powder pellets, and d) separate pellets. 

Fig. 5. a) The effect of reduction on the performance of Na-Fe3O4/Fe5C2 (70/30 wt%) at 340 ◦C, 3 MPa, and 4000 mL g− 1h− 1 GHSV and b) XRD patterns of the spent 
R-Na-Fe3O4/Fe5C2 and NR-Na-Fe3O4/Fe5C2. 
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3.3. The influence of reduction of oxide/carbide catalyst 

The Na-Fe3O4/Fe5C2 samples were tested under two conditions: after 
reduction (R) at 350 ◦C and atmospheric pressure under H2 flow and 
without reduction (NR) to investigate the influence of reduction on the 
CO2 hydrogenation performance. When the oxide/carbide sample was 
not reduced (NR-Na-Fe3O4/Fe5C2), it exhibited a CO2 conversion of 
about 37.2 % and a high CH4 selectivity (approximately 43 %), as shown 
in Fig. 5(a). However, reduction improved the performance of both CO2 
conversion and C5+ selectivity (≈ 39 %), while CH4 selectivity decreased 
to around 15 %. Therefore, it can be inferred that the reduction of Na- 
Fe3O4/Fe5C2 enhances the probability of chain propagation and reduces 
CH4 formation. 

The diffraction peaks of the spent samples with and without reduc
tion are recorded and presented in Fig. 5(b). The peaks corresponding to 
Fe3O4 are observable in both samples. Furthermore, the peaks of Fe5C2 
(2θ = 43–45◦) can be only detected in R-Na-Fe3O4/Fe5C2, which was 
reduced for 4 h before the reaction. This could be attributed to the 

presence of surface amorphous carbon layers concealing the carbides, 
thereby hindering their detection by XRD, or it could be related to the 
oxidation and deactivation of Fe5C2 during the reaction. Notably, 
neither increasing nor decreasing the reduction time improved the 
performance. 

The TEM images of the R-Na-Fe3O4/Fe5C2 samples reveal that the 
carbide particles are encapsulated within a thick layer of graphitic 
carbon (Fig. 6(a–d)). However, some areas show disordered and dis
torted structures, along with defects in the graphitic carbon. It is plau
sible that, apart from reducing Fe3O4 to metallic Fe, some dissociated 
and released oxygen ions may bond with the carbon in the carbide 
during the reduction process. These oxygen-containing groups could 
increase the carbon interlayer distance, leading to the formation of 
graphitic layers during the reaction, as depicted in Fig. 6(b). 

The migration of Na+ can also occur during the reaction, tran
sitioning from iron oxide to carbide. The oxygen-containing groups 
within the carbon interlayers might facilitate their penetration through 
the layers. The extensive intercalation of oxygen and Na+ within the 

Fig. 6. a) TEM images of spent R-Na-Fe3O4/Fe5C2, b) The IFFT analysis of Fe5C2 and graphitic carbon along with a representation of amorphous carbon, c) Rep
resentation of distorted carbon shells, d) The IFFT analysis of graphitic carbon layers, e) TEM images of spent NR-Na-Fe3O4/Fe5C2 f) The IFFT analysis of Fe5C2 and 
representation of amorphous carbon layers. 
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graphite interlayers results in a more disordered pattern and defects in 
the graphitized shell, with only localized short-range ordering, as shown 
in Fig. 6(c) and (d). 

In the TEM images of the spent NR-Na-Fe3O4/Fe5C2 (Fig. 6(e) and 
(f)), the carbides are primarily enclosed by an amorphous shell, with a 
small, thin graphitic carbon shell observed around them. The difference 
in the nature of the carbon shells in the two spent samples is likely a 
result of the reduction, leading to more graphitic shells around the 
reduced samples. This facilitated the diffusion of intermediates through 
the interlayer spacing of the carbon. Therefore, the TEM images of the 
two samples after the reaction support the hypothesis that the presence 
of graphitic carbon is more pronounced in the R-Na-Fe3O4/Fe5C2. At the 
same time, the NR-Na-Fe3O4/Fe5C2 exhibits a prevalence of amorphous 
carbon. He et al. [51] also showed a carbon-based confinement shell on 
the Fe-based nano-cube (Na-Fe@C), which led to suitable reactants/ 
products diffusion channels on the shell. At the same time, the exposure 
of the active site was precisely regulated. 

It can be speculated that for Na-Fe3O4, the carbides in the spent 
samples result from the carburization of metallic Fe. However, the ox
ides of the spent samples result from carbide oxidation. In addition, for 
Na-Fe3O4/Fe5C2 (Fig. 6), carbides might be those that were formed via 
carburization of α-Fe plus a proportion of the introduced carbide via 
physical mixing, which was not oxidized during the reaction according 
to the XRD analysis in Section 3.1. 

Since XRD analysis primarily provides information about bulk pha
ses, XPS analysis examines the surface species. The survey of the reduced 
and non-reduced samples is illustrated in Fig. 7(a). It can be observed 
that the Na/C ratio on the surface of R-Na-Fe3O4/Fe5C2 is about 1.76 %, 
which is approximately 1.3 times higher than that of NR-Na-Fe3O4/ 
Fe5C2 (1.4 %). In Fig. 7(b), the divalent Fe (Fe2+, Fe 2p 3/2 at 710.7 eV 
and Fe 2p 1/2 at 724.3 eV), and trivalent Fe (Fe3+, Fe 2p 3/2 at 713.3 eV 
and Fe 2p 1/2 at 726.6 eV) were detected in both of the spent catalysts, 
indicating the presence of surface iron oxides [52] (The reference Fe 2P 
spectra of the synthesized Fe3O4 is provided in Fig. S2). A peak at 
approximately 707.3 and 721.7 eV can also be attributed to iron carbide 
species [53]. It is noticeable that the peaks corresponding to Fe2+ and 
carbide are more prominent in the R-Na-Fe3O4/Fe5C2 sample, indicating 
a higher concentration of surface oxide and carbide on the reduced 
sample after reduction. However, the surface composition of Fe2+, Fe3+, 
and Fe5C2 in the R-Na-Fe3O4/Fe5C2 and NR-Na-Fe3O4/Fe5C2 samples 
are 72.91 %, 20.64 %, 6.45 % and 73.09 %, 21.38 %, and 5.53 %, 
respectively. Regarding the C 1s XPS spectra (Fig. 7(c)), the primary 
contributions come from C–C/C–H aliphatic species, while the smaller 
peaks in both spectra can be assigned to C–O/C=O from adsorbed hy
drocarbons [54]. The graphitic peak at 284.3 eV can be observed in the C 
1s spectra [55], confirming the boost in C2-C4 olefins formation due to 

facilitated transport of the intermediates in the confined graphitic 
channels. 

To find a deep insight into the role of reduction on the catalytic 
behavior of the samples, carbonaceous species of the R-Na-Fe3O4/Fe5C2 
and NR-Na-Fe3O4/Fe5C2 catalysts were studied by the TPH/MS analysis. 
TPH spectra show a methane evolution rate due to the reaction of carbon 
in the spent samples with H2, as illustrated in Fig. 8(a). According to the 
data in Fig. 8, it is evident that the temperature of the most intense peak 
increases for R-Na-Fe3O4/Fe5C2, which is an indication of strongly 
adsorbed carbons. However, in NR-Na-Fe3O4/Fe5C2, the main propor
tion of the peak appeared at temperatures lower than 700 ◦C, demon
strating lower graphitic layers and higher carbide content, as shown in 
Fig. 8(b). 

The hydrogen adsorbed on NR-Na-Fe3O4/Fe5C2 is higher than that 
on R-Na-Fe3O4/Fe5C2 due to its sharp peak and lower peak temperature 
(Fig. 8(a)). It has been demonstrated that graphene-like nanosheets with 
a lower degree of graphitization exhibit a larger capacity for hydrogen 
adsorption [56]. Consequently, the higher hydrogen adsorption capacity 
on NR-Na-Fe3O4/Fe5C2 is attributed to its lower graphitic shell content. 
The substantial hydrogen adsorption on NR-Na-Fe3O4/Fe5C2 leads to an 
elevated H2/CO ratio on the active sites, thereby facilitating the hy
drogenation of reaction intermediates and impeding the formation of 
CHx [51,57]. 

Shifts in peak temperature due to the pretreatment environment are 
also observable in the individual peak contributions of various carbon 
species, as illustrated in Fig. S4. The deconvoluted spectra reveal that 
the spectra of NR-Na-Fe3O4/Fe5C2 were best fitted by seven peaks, 
whereas the spectra of R-Na-Fe3O4/Fe5C2 could be well fitted by eight 
peaks. These peaks can be assigned to adsorbed/ atomic carbon (α), 
amorphous surface methylene chains or films (β), bulk iron carbide (γ), 
and graphitic carbon (δ). The corresponding peak temperatures and 
fractional peak areas are tabulated in Table S2. Notably, the peak tem
peratures follow a specific order, namely, in the order of decreasing 
reactivity with H2 [58]. 

It can be observed that the low-temperature spectra of the NR-Na- 
Fe3O4/Fe5C2 could be deconvoluted to 4 peaks (Fig. S4(a)), while that of 
R-Na-Fe3O4/Fe5C2 could be separated into 3 peaks (Fig. S4(b)). The first 
3 peaks in both samples can be attributed to the adsorbed atomic car
bons (carbidic). However, the 4th peak in R-Na-Fe3O4/Fe5C2 and the last 
two (4th and 5th) peaks in NR-Na-Fe3O4/Fe5C2 can be ascribed to the 
amorphous carbon. 

In addition, the high-temperature TPH spectra of both catalysts 
(Fig. S4(c), (d)) were best deconvoluted into 5 peaks, comprising 3 
carbides and 2 graphitic carbons. The first two carbide peaks of R-Na- 
Fe3O4/Fe5C2 can be attributed to Fe5C2 with different morphologies, 
where their hydrogenation resulted in peaks around 571 and 615 ◦C. In 

Fig. 7. XPS spectra of the spent R-Na-Fe3O4/Fe5C2 and NR-Na-Fe3O4/Fe5C2 a) Survey, b) Fe 2p, and c) C 1s.  
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contrast, the corresponding methane peaks of NR-Na-Fe3O4/Fe5C2 
emerged at higher temperatures, approximately 599 and 655 ◦C. 

Furthermore, the peak area of the corresponding peaks is larger in 
the former catalyst. In this context, it can be speculated that the lower 
performance of the NR-Na-Fe3O4/Fe5C2 catalyst in CO2 hydrogenation 
toward C5+ (Fig. 5(a)) can be attributed to the weaker reactivity of Fe5C2 
with H2 in this catalyst. The third carbide peak is likely Fe3C, appearing 
at around 670 and 687 ◦C in the TPH profiles of R-Na-Fe3O4/Fe5C2 and 
NR-Na-Fe3O4/Fe5C2, respectively. However, the contribution of Fe3C in 
NR-Na-Fe3O4/Fe5C2 is significantly larger than that in R-Na-Fe3O4/ 
Fe5C2. 

The hydrogenation of graphitic carbon can lead to the formation of 
CH4 at temperatures above 700 ◦C [59]. The corresponding peaks are 
larger in the R-Na-Fe3O4/Fe5C2. This observation is consistent with the 
presence of a graphitic peak in the C 1s XPS spectra of the R-Na-Fe3O4/ 
Fe5C2 (Fig. 7(c)) and aligns with the TEM images of the same sample 
(Fig. 6(b) and (d)), revealing the increased formation of graphitic shells 
in the R-Na-Fe3O4/Fe5C2 after the reaction. 

In this context, it can be speculated that reduction in H2 before re
action plays a significant role in forming more graphitic shells during 
CO2 hydrogenation, as observed in TEM and confirmed by XPS and TPH 
analysis. In addition, exposing the sample to the reactive gas (H2/CO2) 
without reduction in H2 can result in the formation of more amorphous 
shells. 

It is noteworthy that there is a competition between carburization 
and hydrogenation during FTS, which may prevent the carbonaceous 
species from fully covering the catalyst [59]. Moreover, the morphology 
of non-reduced catalyst (NR-Na-Fe3O4/Fe5C2) showed that carbona
ceous species mainly appeared in the amorphous and carbide form. 

Additional understanding regarding the surface species was obtained 
through DRIFTS experiments conducted at 30 bar, The R-Na-Fe3O4/ 
Fe5C2 initially reduced in H2 at 350 ◦C and cooled to reaction temper
ature, while the NR-Na-Fe3O4/Fe5C2 heated in He to the reaction tem
perature (340 ◦C), exposed to the feed gas (H2/CO2 = 3) and pressurized 
to 30 bar. The spectra were collected during pretreatment each 1 min, 
and during the reaction, four spectra (at 6, 10, 20, and 30 min) were 
collected in each case and illustrated in Fig. 8(c) and (d). 

Consistent with steady-state catalytic results (Fig. 5(a)), NR-Na- 
Fe3O4/Fe5C2 exhibits more significant activity in CH4 formation (main 
bands centered at 3015 and 1305 cm− 1 [60]) compared to R-Na-Fe3O4/ 
Fe5C2. In addition, the spectrum of both R-Na-Fe3O4/Fe5C2 and NR-Na- 
Fe3O4/Fe5C2 display an asymmetry in the rotational bands of CH4 within 
the ν(C–H) region. This asymmetry is evident and is attributed to C–H 
bands from other potential products in the same area [58]. However, 
C–H bands are pretty weak in the FTIR spectra collected over the R-Na- 
Fe3O4/Fe5C2 catalyst (Fig. 8(c)). Consequently, it is evident that the type 
and concentration of surface CH-containing species might differ be
tween the reduced and non-reduced catalysts. The more significant 

Fig. 8. a) TPH/MS spectra of spent R-Na-Fe3O4/Fe5C2 and NR-Na-Fe3O4/Fe5C2, b) The corresponding area of each carbon species in each catalyst. In-situ DRIFTS 
spectra obtained during CO2 hydrogenation at 30 bar over c) R-Na-Fe3O4 and d) NR-Na-Fe3O4/Fe5C2. 
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bands at 2875–2990 cm− 1 can be attributed to additional alkane species 
[60], as supported by the TPH analysis, which indicates the high 
hydrogen adsorption capacity of the NR-Na-Fe3O4/Fe5C2. 

In summary, our findings suggest that the pretreatment environment 
of Na-Fe3O4/Fe5C2 catalyst influences the nature of carbonaceous spe
cies and particularly the carbon shell under CO2-FTS conditions. The R- 
Na-Fe3O4/Fe5C2 exhibits a more graphitic shell, while the sample 
without reduction displays more amorphous carbon. The carbon shell 
with a higher graphitic nature exhibits a lower H2/CO ratio around the 
active sites, resulting from a weaker adsorption capacity of the corre
sponding carbides for H2, as shown in Fig. 8 and Fig. S4. This can reduce 
selectivity toward CH4 and enhance carbon chain growth [57]. The 
formation of more CH4 and hydrogenated products could also be 
confirmed by DRIFTS studies. 

3.4. Synergistic improvement in catalytic performance of oxide/carbide 

The CO2 hydrogenation performance of pure Fe5C2 and Na-Fe3O4 is 
illustrated in Fig. 9(a). It can be observed that in the presence of pure 
carbide, CH4 is the main product [21], constituting approximately 42 % 
of the total products, followed by C2-C4 hydrocarbons with an olefin/ 
paraffin ratio of approximately 3 to 4. In contrast, Na-Fe3O4 yields more 
C2-C4 and C5+ hydrocarbons. However, it’s worth noting that the CO2 
conversion over Fe5C2 (37.5 %) is higher than that of Na-Fe3O4 (31.2 %). 

Therefore, Fe5C2 can be considered an active phase for C=O bond 
activation and CHx hydrogenation. It has been revealed that the struc
ture of Fe5C2 is critical for its interaction with CO2, H2, and CO. 
Defective Fe5C2 favors efficient CO2 and CO adsorption [61]. 

Comparing the performance of these two catalysts with their phys
ical mixture, it can be speculated that the mixed catalyst outperforms the 
individual components in terms of selectivity toward C5+ hydrocarbons 
(about 39 % excluding CO) while producing lower amounts of CO 
compared to that of Na-Fe3O4. Increased CO2 conversion and decreased 
CO selectivity resulted in a higher C5+ yield, approximately 16 %, over 
the Na-Fe3O4/Fe5C2 mixture (Fig. 9(a) green columns). This might be 
due to the transformation of more CO toward light olefins and C5+ hy
drocarbons due to the presence of Fe5C2 in the initial catalyst. Inter
estingly, it can be observed that using pure Fe5C2 inhibits the conversion 
of C2-C4 olefins into C5+ hydrocarbons, while the Na-Fe3O4/Fe5C2 
mixture can significantly enhance chain propagation. Therefore, while 
Fe5C2 can efficiently produce valuable C2-C4 olefins as intermediates for 
C5+ formation, an optimal ratio and distance between oxide and carbide 
is necessary to inhibit further hydrogenation of intermediates and, 
therefore, the formation of C5+ hydrocarbons. The GC–MS spectra of the 
liquid products (Fig. S5) confirm the formation of heavier unsaturated 
hydrocarbons in the presence of physically mixed Na-Fe3O4 with Fe5C2. 
It should be mentioned that no liquid products were produced using 
Fe5C2 alone. 

Fig. 9. a) The effect of physical mixing of Fe5C2 with Na-Fe3O4 on CO2 hydrogenation performance and b) XRD patterns of the spent samples (reaction conditions: 
340 ◦C, 3 MPa, and 4000 mL g− 1h− 1 GHSV, both catalysts were reduced before reaction for 4 hours under H2, the catalyst used was Na-Fe3O4/Fe5C2 (70/30 wt%)). c) 
H2-TPR profiles of Na-Fe3O4 and Na-Fe3O4/Fe5C2 (70/30), d) CO2-TPD profiles of Na-Fe3O4, Fe5C2 and Na-Fe3O4/Fe5C2 (70/30), and e) Enlarged CO2-TPD profile. 
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In order to compare the active phases in each sample, the XRD pat
terns of Na-Fe3O4, Fe5C2, and their mixture after reaction in the range of 
carbides (2θ = 40–50◦) are illustrated in Fig. 9(b). The diffraction peaks 
of Fe3O4 are observed in all samples; however, no peaks corresponding 
to the carbide could be detected in the spent Fe5C2. This might be due to 
the oxidation of Fe5C2 during the CO2 hydrogenation reaction. However, 
according to the XRD spectra presented in Fig. 3, the spent Na-Fe3O4 and 
Na-Fe3O4/Fe5C2 (70/30) contain Fe5C2. This confirms that the presence 
of both Na-Fe3O4 and Fe5C2 in an appropriate ratio and proximity is 
required to form the active phase for CO2 hydrogenation to C5+
hydrocarbons. 

To assess the hydrogen reduction and CO2 adsorption capacity of the 
catalysts, H2-TPR and CO2-TPD analysis were conducted, while TGA was 
used to measure their thermal stability. The H2-TPR profiles of Na-Fe3O4 
and Na-Fe3O4/Fe5C2 samples are presented in Fig. 9(c). The Na-Fe3O4 
profile (blue line) shows two main H2 consumption regions, with peaks 
centered at 300 ◦C and 575 ◦C. Typically, the first H2 consumption re
gion from 250 to around 400 ◦C can be attributed to the reduction 
process of Fe3O4 → FeO, while the second, broader region from 400 to 
750 ◦C may reflect the reduction of FeO → α-Fe [62]. The shoulder peak 
observed in Na-Fe3O4 at 480 ◦C could be attributed to the reduction of 
bulk Fe3O4 species to FeO. In contrast to Na-Fe3O4, the Na-Fe3O4/Fe5C2 
catalyst exhibits multiple reduction peaks for the transition from Fe3O4 
to FeO, suggesting a more distinct reduction stage in the reduction of 
surface Fe3O4 to FeO. In addition, it can be observed that the Fe3O4 
reduction to FeO could be facilitated in Na-Fe3O4/Fe5C2, as this peak 
appeared at lower temperatures (around 515 ◦C). However, the com
plete reduction of Fe3O4 to α-Fe was hindered, as explained in section 
3.1 (XRD of the reduced Na-Fe3O4/Fe5C2 catalyst (Fig. 3(b)). The 
decrease in peak intensity of the Na-Fe3O4/Fe5C2, notably the transition 
from FeO → α-Fe, could be due to the lower oxide content in the phys
ically mixed sample (70 %) compared to Na-Fe3O4. 

To analyze the CO2 adsorption capability of the samples, CO2-TPD of 
the fresh samples was performed as depicted in Fig. 9(d). The location of 
the CO2 desorption peak and its area indicate the interaction of different 
Fe-oxide phases with CO2 and the corresponding amount of these Fe- 
oxide phases in the sample. This provides an indication of the sam
ple’s basicity. In the Na-Fe3O4 profiles, a broad peak below 100 ◦C can 
be attributed to weakly adsorbed CO2 on the catalyst surface with basic 
sites [63]. In comparison, a distinct peak representing strong CO2 
adsorption appears at approximately 550 ◦C, with no significant signs of 
decomposition according to the TGA (Fig. S6(a)). It can be observed that 
the Fe5C2 exhibited a small low-intensity peak at about 400 ◦C, which 
represents its lower basicity compared to that of Na-Fe3O4. Therefore, 
the Na-Fe3O4/Fe5C2 basicity arises mainly from the Na-Fe3O4, as 
observed in the corresponding CO2-TPD spectra in Fig. 9(b). However, 
the sharp peak of the Na-Fe3O4/Fe5C2 mixture between 450 and 550 ◦C 
can also be due to the sample decomposition at high temperatures ac
cording to the TGA curve (Fig. S6(b)), appearing at almost the same 
temperatures. Therefore, this sharp peak is likely associated with sample 
decomposition rather than the strong adsorption of CO2. Hence, we 
focused on the low-temperature range before 450 ◦C (Fig. 9(e)) to avoid 
misinterpretation. It can be inferred that the mixing of Na-Fe3O4 with 
Fe5C2 led to a gradual shift of these low-temperature peaks to higher 
temperatures. This shift suggests that CO2 adsorbed strongly to the 
active sites on the Fe-based catalyst surfaces in the physical mixture of 
the two components (Na-Fe3O4 with Fe5C2) compared to Na-Fe3O4. This 
difference could contribute to the higher CO2 conversion and C5+ yield 
observed. 

To obtain a clear insight into the mechanism of CO2 hydrogenation in 
the presence of both catalysts, operando DRIFTS was performed. To this 
end, after the reduction in H2 at 350 ◦C, it was cooled down to room 
temperature. The DRIFTS cell was then pressurized with the reaction gas 
mixture (H2/CO2 = 3) to 30 bar and heated up to 340 ◦C with a ramp of 
20 ◦C/min. When the temperature reached 220 ◦C, the DRIFTS spectra 
were collected each 1 min until the temperature reached 340 ◦C, and 

then, four spectra were collected at this temperature after 6, 10, 20, and 
30 min of reaction time. The DRIFTS spectra of Na-Fe3O4 and Na-Fe3O4/ 
Fe5C2 under CO2 hydrogenation are illustrated in Fig. S7. To provide a 
better comparison, the last spectra of both samples after 30 min of re
action are illustrated in Fig. 10(a-c). 

A strong band at 2400–2200 cm− 1 is attributed to gas-phase CO2, and 
two strong twin-bands observed in the range of 3750–3550 cm− 1 

correspond to the combined tones of gas and adsorbed CO2 molecules. It 
can be observed that the reaction starts at almost 320 ◦C as the peaks of 
CO and CH4 appear. The gas phase spectrum of CO has its characteristic 
bands between 2110 and 2177 cm− 1. The RWGS reaction took place on 
both catalysts to different extents, leading to the formation of more CO 
on the Na-Fe3O4, as can be observed in Figs. S7(b) and (e). The formation 
of CH4 is clearly observable in all spectra indicated by its typical gas 
phase spectrum with main bands centered at 3015 and 1305 cm− 1. 

After reaching reaction temperature (340 ◦C), bands assigned to 
carbonate species (CO3

•− , ca. 1712, 1555 and 1453 cm− 1), bicarbonate 
species (HCO3

•− , ca.1630 and 1419 and 1224 cm− 1) and formate species 
(HCOO•− , ca. 2854, 1560 and 1360 cm− 1) appeared in both catalysts. In 
addition, the C-H stretching of alkanes (2875–2990 cm− 1) and alkenes 
(3030–3180 cm− 1) gradually strengthened with the reaction proceeding 
in both samples (Fig. 10(a)). It is noteworthy that, in Na-Fe3O4, the 
bands corresponding to C-H stretching of alkanes are considerably larger 
than those of Na-Fe3O4/Fe5C2, which can confirm the robust hydroge
nation and, therefore, the formation of more saturated compounds on 
Na-Fe3O4. 

Therefore, the time profile of the reaction indicates that the mech
anism for the formation of hydrocarbons is as follows: CO2 is adsorbed 
onto the catalyst surface as carbonate species, and hydrogenation of this 
carbonate species proceeds to form bicarbonates and subsequently 
formate species. Then, hydrogenation of the formate produces CO by the 
RWGS reaction, which proceeds more on Na-Fe3O4, probably due to 100 
% Fe3O4 content, while in Na-Fe3O4/Fe5C2 70 wt% of the catalyst is 
Fe3O4. Besides, the adsorbed CO is hydrogenated to form adsorbed CHx 
species, ultimately yielding paraffins (to a greater extent on Na-Fe3O4) 
and olefins via the FT reaction. Since Fe5C2 is the active phase of FTS, it 
can be speculated that the presence of this phase in the Na-Fe3O4/Fe5C2 
hindered extra hydrogenation of intermediates to saturated hydrocar
bons, thus increasing the olefins as shown in GC–MS peaks in Fig. S5. 

Considering these findings and the performance evaluations repre
sented in Fig. 4 and Fig. 9, the following scheme can be proposed for the 
hydrocarbon formation in the presence of Na-Fe3O4/Fe5C2 catalyst. 
First, the CO2 activation and dissociation to CO occurs on Fe3O4. It has 
been reported that the formed CO is transformed to the Fe5C2 surface via 
spillover from the oxide surface [64]. Subsequently, the adsorbed CO 
and H* on the carbide surface can react to produce intermediates, and 
chain initiation begins over Fe5C2. Finally, if the active sites are spatially 
appropriately stacked, the intermediates can induce chain propagation 
reactions at the interface (Fig. 10(d)), resulting in heavier unsaturated 
hydrocarbons. This is in agreement with the DFT calculations of Zhao 
et al. [65] that showed C–C coupling was easier than CH4 formation on 
the Fe5C2 surface, which makes it highly active for FTS with high olefin 
selectivity. 

The isotope exchange experiment was conducted to check if the 
carbon source in the produced hydrocarbons originated from CO2 and 
not from the decomposition of the introduced Fe5C2 in the initial cata
lyst. The normalized responses are illustrated in Fig. 10(e). By switching 
from CO2 to 13CO2, the concentration of CO2 and CO decreased, 
showing that these gases were being replaced by 13CO2 and 13CO. In 
addition, the CH4 (m/z = 15) decreased, while the 13CH4 started 
increasing due to the formation of labeled methane (m/z = 17). It should 
be noted that since the formation of CH4 under low pressure was not 
favored, the concentration of methane was not high, which resulted in 
the noisy data points for methane spectra. Notably, by switching to the 
13CO2, no more CH4 at m/z 15 could be detected. This indicates that the 
13CO2 only resulted in the formation of 13CH4 (m/z 17), and no sign of 
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CH4 (m/z 15) could be found. These findings show that the carbon in the 
products originates from the 13CO2 dissociation and not the carbide 
decomposition in the initial catalyst. In one study, Ordomsky et al. [66] 
carburized the Fe-oxide in the 13CO environment to form the labeled 
carbide and analyzed the source of carbon in the products by MS. It was 
found that labeled carbon of carbide did not form hydrocarbons but 
could participate in the chain growth. Afterward, the active site might be 
regenerated by CO with the formation of carbide and continuation of the 
growing chain. The contribution of labeled carbon decreased from 
ethylene to butylene, which is consistent with the assumption about the 
participation of labeled carbon only in chain initiation. 

Moreover, the long-term stability of the Na-Fe3O4/Fe5C2 catalyst was 
evaluated, and the results are presented in Fig. S8. It demonstrates good 
stability over 40 hours on stream. The products selectivity were stable, 
and the CO2 conversion was marginally changed (within 2 %) during 
this period. 

3.5. Structure-performance relationship 

Iron carbides are often reported to be the primary active phase 
responsible for chain growth in FTS [67]. However, the results demon
strated that the pure carbide, inappropriate oxide/carbide ratio and 
proximity, and non-proper reduction cannot enhance the formation of 
long-chain hydrocarbons. Furthermore, it can be concluded that the 
nature of active phases and the morphology of carbon shells of carbides 
can be affected by the reduction treatment. 

In the case of Na-Fe3O4 at the beginning of the reduction in H2, the 
surface O atoms of Fe3O4 are gradually removed to form metallic iron 

sites (α-Fe) as supported by XRD of the reduced catalyst (Fig. 3(a) 
reduced). By introducing the feed gas, iron carbide forms through car
bon permeation to the α-Fe sites. However, in the spent sample, the 
appearance of Fe3O4 peaks confirms the oxidation of Fe5C2 during the 
reaction (Fig. 3(a) spent). 

In the presence of Na-Fe3O4/Fe5C2, at the beginning of the reduction 
in H2, the same phenomenon happens, and surface O atoms of Fe3O4 are 
gradually removed to form metallic iron sites. However, the presence of 
30 wt% carbide in the catalyst hindered the complete reduction of 
Fe3O4, resulting in the presence of both α-Fe and Fe3O4 (non-reduced) 
phases after reduction based on the XRD of the reduced samples (Fig. 3 
(b) reduced). It has been shown that the carburization rates were 
controlled by the oxygen-depletion rate, and the dense iron carbide layer 
on the Fe3O4 surface provided an effective barrier to the removal of 
oxygen [68]. These results show that iron carbide formed a layer on 
some parts of Fe3O4 surface, impeding oxygen diffusion [33]. This is in 
accordance with the H2-TPR profiles (Fig. 9(c)), which show a small 
peak area in the region of α-Fe formation for Na-Fe3O4/Fe5C2 compared 
to the sharp peak of Na-Fe3O4, confirming the hindrance in further 
reduction to α-Fe. By introducing the reaction gas (H2/CO2), the C atoms 
react with the α-Fe to form carbide. Therefore, at the onset of reaction, 
both Fe5C2 (from α-Fe carburization plus the initial carbide in the 
catalyst) and Fe3O4 (the un-reduced proportion of the initial Fe3O4) are 
present. In addition, it can be observed that some peaks of Fe5C2 (at 2θ 
= 37.05 and 40.86◦) disappeared after reduction, while the intensity of 
another peak at 2θ = 42.75◦ increased in the spent sample (Fig. 3(b) 
spent). 

In the non-reduced catalyst (NR-Na-Fe3O4/Fe5C2), also both Fe3O4 

Fig. 10. a), b), and c) Comparison of DRIFTS spectra of Na-Fe3O4 and Na-Fe3O4/Fe5C2 (70/30) after 30 min of CO2 hydrogenation at 340 ◦C and 30 bar, d) Schematic 
representation of the mechanism over Na-Fe3O4/Fe5C2, e) Normalized MS spectra collected during the switch from CO2 to 13CO2. 

S. Najari et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 485 (2024) 149787

14

and Fe5C2 are present at the onset of the reaction. However, this catalyst 
showed poor CO2 hydrogenation performance for producing C2-C4 ole
fins and C5+ hydrocarbons, as shown in Fig. 5(a). Furthermore, TEM 
images (Fig. 6(e) and (f)) show more amorphous carbon shells/layers in 
the spent samples, which is confirmed by TPH analysis (Fig. 8 and (S4)). 

It was revealed that by using the Na-Fe3O4/Fe5C2 catalyst without 
reduction, the oxide/carbide ratio at the onset of the reaction remained 
intact (the same as an initial catalyst), which altered the morphology of 
carbon shells to more amorphous after the reaction. In addition, amor
phous carbon content in the spent NR-Na-Fe3O4/Fe5C2 observed in TPH 
analysis (Fig. S4(d)) can confirm the shielding of the carbides surface. 
Besides, the higher hydrogen adsorption in the presence of amorphous 
shells, as shown by TPH/MS, confirms a higher H2/CO ratio on the 
active sites of the non-reduced catalysts. Moreover, the thick carbon 
layer and carbide content can cover Fe3O4 and hinder oxygen depletion. 
Low oxygen removal ability has been shown to favor the formation of 
carbon-deficient Fe3C rather than carbon-rich Fe5C2 [58]. Therefore, it 
can be concluded that some of the Fe5C2 transformed to carbon-deficient 
Fe3C during hydrogenation. 

These physicochemical properties also correlate well with the CO2 
hydrogenation performance of the catalyst, as depicted in Fig. 11(a-d). 
Accordingly, More C5+ can be achieved in the reduced catalysts (case II 
in Fig. 11(d)) as a result of regulated active phase ratios, while more CH4 
is obtained on non-reduced samples (case III in Fig. 11(d)) due to higher 
hydrogenation ability of the amorphous shells. 

Therefore, reduction treatment and, in turn, morphology of the 
carbon shells can significantly affect the CO2 hydrogenation perfor
mance. In this context, more graphitic carbon layers are found to be 
responsible for the superior performance of the R-Na-Fe3O4/Fe5C2, 
while the amorphous shells in the NR-Na-Fe3O4/Fe5C2 resulted in the 
formation of more CH4 and saturated hydrocarbons. 

4. Conclusions 

Na-Fe3O4 and Fe5C2 were synthesized and physically mixed in 
various ratios for the CO2 hydrogenation to C5+ hydrocarbons. The re
sults showed a significant increase in CO2 conversion, while CO selec
tivity decreased when carbide was physically mixed with oxide. This 
enhancement was attributed to the regulated reduction of the oxide 

phase in the Na-Fe3O4/Fe5C2 mixture and improved CO2 adsorption. 
In addition, it was revealed that the Na-Fe3O4/Fe5C2 ratio in the 

initial mixture significantly changed the carbide content at the onset of 
the reaction and, in turn, the CO2 hydrogenation performance. More
over, the proximity between Na-Fe3O4 and Fe5C2 played a significant 
role in product distribution; a closer distance resulted in higher C2-C4 
olefins and C5+ selectivity, while more hydrogenated products formed 
when Na-Fe3O4 and Fe5C2 were stacked in separate pellets. Further
more, the reduction of the mixed oxide/carbide improved catalytic 
performance, likely due to the presence of graphitic carbons with 
extended and distorted layers and defects. However, amorphous carbon 
formed in the NR-Na-Fe3O4/Fe5C2 facilitated the production of light 
paraffins and CH4. 

It can be deduced that the ratio of Fe5C2 to Fe3O4 at the onset of the 
reaction and the nature of carbon shell/layers can be tuned by the 
reduction treatment and adjusting the appropriate ratio of Na-Fe3O4 to 
Fe5C2 in the initial catalyst, as supported by the characterization of the 
reduced and spent samples. To sum up, the interaction of the essential 
variables, such as oxide/carbide ratio, proximity, and reduction treat
ment, may enable the development of a CO2 hydrogenation catalyst that 
effectively promotes the production of valuable hydrocarbons. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2024.149787. 

References 

[1] X. Shang, G. Liu, X. Su, Y. Huang, T. Zhang, A review of the recent progress on 
direct heterogeneous catalytic CO2 hydrogenation to gasoline-range hydrocarbons, 
EES Catal. 1 (2023) 353–368, https://doi.org/10.1039/D3EY00026E. 

[2] K.B. Tan, K. Xu, D. Cai, J. Huang, G. Zhan, Rational design of bifunctional catalysts 
with proper integration manners for CO and CO2 hydrogenation into value-added 
products: A review, Chem. Eng. J. 463 (2023) 142262, https://doi.org/10.1016/j. 
cej.2023.142262. 
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[4] S. Saeidi, S. Najari, G. Gróf, F. Gallucci, Effect of operating conditions and 
effectiveness factor on hydrogenation of CO2 to hydrocarbons, Int. J. Hydrogen 
Energy 44 (54) (2019) 28586–28602, https://doi.org/10.1016/j. 
ijhydene.2019.08.255. 
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