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Abstract 

Fischer-Tropsch synthesis provides an important opportunity for utilization of biomass and 

plastic waste. Iron catalysts are the catalysts of choice for light olefin synthesis using Fischer-

Tropsch reaction. In this paper, we investigate strong promoting effects of antimony and tin 

on the catalytic performance of silica supported iron Fischer-Tropsch catalysts using a 

combination of advanced and in-situ techniques. The catalyst doping with these elements 

added via impregnation results in a major increase in the reaction rate and much better 

catalyst stability. No enhancement of iron dispersion was observed after the promotion, while 

somewhat higher extent of iron carbidization was observed in the antimony promoted 

catalysts. Iron-bismuth bimetallic nanoparticles are detected by several techniques. In the 

working catalysts, the promoters are located in close proximity to the iron nanoparticles. The 

promotion leads to the 7-10 times increase in the intrinsic activity of iron surface sites due to 

their interaction with the promoters. 

 

Keywords: biomass; syngas; Fischer-Tropsch; iron; promotion 
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Introduction 

Fischer-Tropsch (FT) synthesis is an attractive way to convert syngas generated from non-

petroleum and renewable feedstocks such as biomass, plastic and organic waste into fuels and 

chemicals. Iron catalysts are the catalysts of choice [1,2] for high temperature FT synthesis, 

which can produce a larger fraction of olefins. Activity, selectivity to light olefins and catalyst 

stability are major challenges of FT synthesis over iron catalysts. FT synthesis is a complex 

reaction. The reaction rate and selectivity to the target hydrocarbons depend on the rate of 

different elementary steps. The selectivity of FT synthesis is usually following a rather broad 

Anderson-Schulz Flory distribution.  

FT synthesis on iron catalysts involves iron carbide phases [3]. Both bulk and supported 

iron catalysts have been used for high temperature FT synthesis. Commercial iron FT 

catalysts are unsupported, fused or precipitated catalysts promoted with copper or manganese, 

potassium, and silica [4–6]. The advantages of the supported iron catalysts are related to 

higher dispersion of active phase and potentially better mechanical stability. Preparation of 

iron catalysts for FT synthesis is a complex process [4] intended to result in the materials with 

desirable chemical, physical, catalytic and mechanical properties. The supported iron catalysts 

are usually prepared by impregnation followed by drying, calcination and activation in carbon 

monoxide or syngas.  

Promotion is one of the common approaches to improve the performance of iron catalysts. 

Two types of promoters [7]: electronic promoters and structural promoters, are usually 

considered for enhancement of the FT catalytic performance. The electronic promoters [8] 

enhance the intrinsic activity of the active sites. They can affect the intrinsic rate of the 

reaction elementary steps and shift the reaction selectivity to the target products, while the 

structural promoters[9] increase the dispersion of active phase, stabilize the catalyst surface 

and improve the mechanical strength. The overall enhancement of the catalytic performance 
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on the promotion is often an interplay [7] of the electronic and structural promoters, their 

concentration, coverage and interaction with the active phase.  

Alkali metals [3,10–15] and copper [10,15,16] have been traditionally used as promoters 

for iron FT catalysts. Alkali promoters affect the electronic state of iron and support. They 

usually decrease the methane selectivity and shift the hydrocarbon distribution to long chain 

hydrocarbons, while copper enhances iron reducibility and carbidization. Much higher 

reaction rates have been often observed [17] on copper-promoted iron catalysts than on the 

potassium-promoted and unpromoted counterparts, while the promotion with potassium had a 

stronger impact on the selectivity. The group of de Jong [18–20] has proposed simultaneous 

promotion with sodium and sulfur for the enhancement of synthesis of light olefins over iron 

catalysts. They suggested [21] that sulfur could shift the selectivity toward the short-chain C2–

C4 hydrocarbons without a simultaneous increase in the selectivity to methane, while the 

presence of alkali ions increased the olefin to paraffin ratio.  

Our recent study [22] addressed screening 29 elements, as promoters for silica supported 

iron Fischer-Tropsch catalysts using a high throughput experimentation (HTE) approach. We 

found [22–24] that the performance of iron catalysts could be enhanced by promotion with 

soldering metals. The promotion of iron catalysts with bismuth and lead resulted in a 

remarkable increase in the carbon monoxide hydrogenation rate, light olefin selectivity and 

productivity with a possibility to conduct Fischer−Tropsch synthesis at low reaction pressure. 

In previous reports [22–26],  we showed that bismuth and lead showed the properties of both 

electronic and structural promoters. The bismuth and lead promoted catalysts exhibited 2-3 

times higher intrinsic activity [25] (TOF) relative to the non-promoted iron catalyst with the 

60% increase in the selectivity to light olefins. The catalyst stability against sintering and 

carbon deposition was also enhanced in the presence of bismuth. A detailed in-situ 

characterization study [26] uncovered a remarkable mobility and versatility of bismuth under 
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the reaction conditions. Bismuth metallic species, which transform into larger spherical 

bismuth liquid droplets under the reaction temperatures readily migrate over the catalyst 

surface, with the formation of iron-bismuth core–shell structures. In the working FT catalysts, 

metallic bismuth located at the interface of iron species undergoes continuous oxidation and 

reduction cycles [26], which facilitate carbon monoxide dissociation.  

HTE experiments [22] showed that the promotion of iron catalysts with tin and antimony 

also led to a major increase in the FT reaction rate [22]. Both tin and antimony have relatively 

low melting temperatures. Their Tammann and Hüttig temperatures [27], corresponding 

respectively to bulk and surface mobilities are well below the reaction temperature of high 

temperature FT synthesis. This suggests that these promoters can be also mobile under the 

reaction conditions. At the same time, very few information is available about the active 

species, which form on addition of tin and antimony to iron catalysts and their role in FT 

synthesis. 

The goal of this work is to elucidate the genesis and evolution of active phases in the silica 

supported iron catalysts promoted with antimony and tin during their activation and catalytic 

reaction using a combination of in-situ and advanced characterization techniques. The 

characterization results are discussed alongside with the catalytic results obtained in a high-

pressure catalytic reactor. 

 

Experimental 

Catalyst preparation 

The catalysts were prepared using commercial amorphous silica (CARIACT Q-10, Fuji 

Silesia) as a support. Two types of catalyst preparation procedures were used: impregnation 

and mechanical mixing. The FeSn/SiO2 catalyst was prepared by co-impregnation using 

aqueous solutions of tin (II) chloride (SnCl2, Sigma-Aldrich) and iron nitrate 
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(Fe(NO3)3.9H2O, Sigma-Aldrich). For the synthesis of FeSb/SiO2, silica was impregnated first 

with antimony (III) chloride (SbCl3, Sigma-Aldrich) and then with iron nitrate 

(Fe(NO3)3.9H2O, Sigma-Aldrich). The non-promoted Fe(20%)/SiO2 catalyst prepared by 

impregnation with iron nitrate was used for mechanical mixing. After the impregnation, the 

samples were dried in oven at 100 ºC for 12 h followed by calcination in air at 400 ºC for 6 h 

with the heating ramp of 1 ºC/min. The FeSb/SiO2 (m) and FeSn/SiO2 (m) samples were 

prepared by mechanical mixing of Fe(20%)/SiO2 and Sb/SiO2, Fe(20%)/SiO2 and Sn/SiO2 

catalysts, respectively. The Fe content in the final catalysts prepared by impregnation and 

mechanical mixing was fixed at 10 wt. %, while the molar ratios of Fe/Sb and Fe/Sn were 

100:2.  

 

Catalyst characterization 

The N2 physisorption measurements were performed on a Micromeritics Tristar II PLUS 

Surface Area and Porosimetry analyzer. The samples were degassed under vacuum at 250 ºC 

for 2 h. The nitrogen adsorption-desorption isotherms were measured at -196 ºC. The specific 

surface area of the samples was calculated by the BET method. 

The chemical composition of the samples was determined by X-ray fluorescence (XRF) using 

a M4 TORNADO (Bruker) spectrometer. The instrument was equipped with 2 anodes, a 

rhodium X-ray tube (50 kV/600 mA, 30 W), tungsten X-Ray tube (50 kV/700 mA, 35 W) and 

a Silicon-Drift-Detector (˂145 eV resolution at 100000 cps (Mn Kα) with a Peltier cooling to 

253 ºC). To characterize the samples, the rhodium X-rays with a poly-capillary lens enabling 

excitation of an area of 200 µm were used and the measurements were conducted under 

vacuum (20 mbar). Quantitative analysis was performed using fundamental parameter (FP, 

standardless). 
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The reduction behavior of the catalysts was examined by hydrogen temperature-programmed 

reduction (TPR) using an AutoChem II 2920 apparatus (Micromeritics). The samples (0.05 g) 

were reduced in a flow of 5% H2/Ar flow (30 mL/min) and heated up to 1100 ºC with the 

temperature ramp rate of 10 ºC/min. 

The samples were characterized by X-ray powder diffraction (XRD) using a Bruker AXS D8 

diffractometer with a monochromatic Cu Kα radiation (λ =0.1538 nm). The XRD patterns 

were collected with the 2θ range between 20 to 70°, using a step size of 0.02° and with an 

acquisition time of 0.5 s. The identification of the phases present in the catalysts was carried 

out by comparison with the JCPDF standard spectra software. 

To determine the carbon deposition in the catalysts, the thermogravimetric analysis was 

performed using a SDT Q600 V20.9 Build 20 Thermogravimetric Analyzer (TGA) & 

Differential Scanning Calorimeter (DSC) with the 10 mg sample, submitted to a temperature 

ramp of 5 ºC/min until 600 ºC under air. 

The transmission 57Fe Mössbauer spectra were collected at -153 °C or room temperature with 

a sinusoidal velocity spectrometer using a 57Co(Rh) source. The velocity calibration was 

carried out using an α-Fe foil at room temperature. The source and absorbing samples were 

kept at the same temperature during the measurements. The Mössbauer spectra were fitted 

using the Mosswinn 4.0 program [28]. The in-situ experiments were performed at the 

pressures up to 10 bar, in a state-of-the-art high-pressure Mössbauer in-situ cell – recently 

developed at the Reactor Institute in Delft [29]. The high-pressure beryllium windows used in 

this cell contain 0.08 % Fe impurity whose spectral contribution was fitted and removed from 

the final spectra. 

The X-Ray Photoelectron Spectra (XPS) were obtained using a Kratos AXIS UltraDLD 

spectrometer working with Al Kα X-rays at 1486.7 eV. The XPS spectra of the fresh catalyst 

were first measured and then the catalyst was placed into the in-situ reaction cell heated under 
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a flow of CO (50 mL/min, 1 bar) from room temperature up to 250 ºC and after 350 °C at a 

heating rate of 5 °C/min and kept for 1 h at each temperature.  

The Scanning Transmission Electron Microscopy (STEM) analyses were carried on a double 

corrected analytical TEM 200 CF operating at 200 kV. Elemental mapping of the elements of 

interest (256 x 256 px) was carried out using the Energy Dispersive X-ray Spectrometer 

(EDX) Centurio 100 detector with a scanning speed of 0.05 msec/px, whilst applying a drift 

correction every 60 seconds. STEM micrographs were acquired using a High Angular 

Annular Dark Field (HAADF) detector and a camera length of 8 cm, with a spot diameter of 

0.1 nm. 

The in-situ Sb K-edge and Sn K-edge X-ray absorption spectroscopy (XAS) spectra were 

measured at Beamline CLÆSS of the ALBA synchrotron (Barcelona, Spain). The X-ray 

energy range 2.4 - 63.2 keV can be covered, using pairs of Si(111) and Si(311) crystals. The 

current signals from the ionization chambers were collected, amplified and converted to 

output voltage by the ALBA Electrometer. For the in-situ XANES and EXAFS 

measurements, the sample was pressed into a pellet with a 5 mm diameter and added in a 

reactor ITQ-ALBA Multipurpose Cell (Figure S1, Supplementary Material (SM)) [30]. The 

measurements were performed in presence of CO (P=1 bar) for cabidization and syngas 

(H2/CO=1, P=7 bar) for the FT reaction at temperature ranging from ambient to 350 ºC. The 

data were collected in transmission mode and analyzed with the Athena software [31]. 

 

Catalytic tests 

The catalytic performance of SiO2-supported iron catalysts was measured using reactors with 

the internal diameter of 2 mm, where 100 mg of fresh catalyst have been loaded into the 

reactor. The catalyst was activated with a heating ramp of 2 ºC/min until reaching the 

temperature of 350 ºC and dwelling at that temperature for 10 h under CO flow (4.1x10-
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4 mol/min) at atmospheric pressure. After cooling down to 180 ºC, syngas with H2/CO = 1/1 

was introduced into the reactor. Nitrogen with flow of 1 cm3/min was used as internal 

standard for the calculation of CO conversion. After the flow rates and pressure have been 

stabilized, the temperature was increased up to 350 ºC to start the reaction. For the analysis of 

the reagents and reaction products, a Varian CP-3800 chromatograph equipped with a thermal 

conductivity detector (TCD) and a flame ionization detector (FID) was used. Two columns 

were used for this analysis, the first is a packed CTR-1 column connected to the TCD, and the 

second is a Rt-Q-PLOT capillary column connected to the FID. 

The TOF values were obtained as proposed by de Jong [32] et al. using the density of Hägg 

iron carbide Fe5C2 (ρ = 7.57 g/cm3) and assuming 14 Fe atoms/nm2. Also, it has been 

assumed that the spherical iron-containing particles consist completely of iron carbide at their 

surfaces. The number of surface iron carbide sites was calculated from the particle size 

measured by the TEM analysis. 

 

Results 

Ex-situ characterization  

The XRF elemental analysis data for the Sn and Sb promoted catalysts (prepared by 

impregnation and mechanical mixture) are displayed in Table 1. All the catalysts have iron 

contents similar to the inventory (around 10 wt. %) in most of samples and 21 wt. % in 

Fe(20%)/SiO2. The Sn and Sb promoter contents were close to 0.7 - 0.8 wt. %. The XRD 

patterns of the Fe/SiO2 reference iron catalyst and those impregnated with the Sn and Sb 

promoters are available from our previous report[22]. Figure 1a shows the XRD patterns of 

the Fe/SiO2 (20%) catalyst and those prepared by mechanical mixture of Fe(20%)/SiO2 and 

Sn/SiO2 or Sb/SiO2. The calcined catalysts display distinguished diffraction peaks of the 

hematite phase (Fe2O3, JCPDS13-0534). No diffraction peaks attributed to the crystalline 
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phases of the antimony and tin promoters were observed. The Scherrer equation has supplied 

additional information about the iron oxide crystallite size (Table 1). Note that Fe/SiO2(20%) 

has slightly larger iron oxide crystallites compared to Fe/SiO2 with the iron content of about 

10 wt.%. As expected, the addition of Sn and Sb promoters by mechanical mixing to the 

Fe/SiO2(20%) catalyst seems to have no effect on the iron oxide dispersion, the hematite 

crystallites sizes measured by XRD were around 20 nm, which is essentially the same as on 

relevant silica supported iron catalyst. In the FeSn/SiO2 catalysts prepared by co-

impregnation, the hematite crystallite sizes were slightly smaller compared to the reference 

Fe/SiO2 catalyst [22]. 

We also performed XRD measurements (Figure 1b) for the non-promoted and promoted iron 

catalysts (prepared by mechanical mixing) after FT reaction. The diffraction peaks at the 2θ 

angle of about 44° for all the catalysts are attributed to the iron carbide phases. For this study, 

the width of the iron carbide XRD peak was not much affected by the promoters. Our 

previous magnetization data [33] suggest that χ-Fe5C2 or ε-Fe2C can contribute to the intensity 

and width of the XRD peak at 2θ angle of 44°. This suggests that the unambiguous 

identification of specific iron carbide phases could be difficult from the XRD patterns. The 

apparent sizes of iron carbide nanoparticles calculated from the XRD peaks for these catalysts 

using the Scherrer equation were around 5 nm. These sizes are underestimated due to the 

possible overlapping of several XRD peaks of iron carbide phases. 

Figures 2 - 4 show the STEM-HAADF (High Angle Annular Dark Field) micrographs and 

STEM-EDX (Energy Dispersive X-ray Spectroscopy) elemental maps for the fresh Fe/SiO2, 

FeSn/SiO2 and FeSb/SiO2 impregnated catalysts and those after activation in CO. Two types 

of support morphologies are identified in Fe/SiO2 (Figure 2a): porous support constituted by 

small grains with sizes <20 nm and heterogeneous support formed by the co-existence of 

large grains (sizes >50nm, blue arrows) with small grains disposed in a porous non-regular 
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matrix. Owing to the Z contrast achieved in the STEM-HAADF imaging mode, the presence 

of high Z elements such as Fe, is unambiguously determined (Figure 2a). The Fe particles are 

uniformly distributed on/within the porous support (white features in the STEM-HAADF 

micrograph). The Fe particle sizes range from 10 nm to 100 nm. In the calcined FeSn/SiO2 

catalyst (Figure 3a), the Fe nanoparticles are also uniformly dispersed on the SiO2 porous 

support with the size slightly larger than for Fe/SiO2. STEM-EDX confirms the presence of 

Sn homogenously distributed within the specimen. In calcined FeSb/SiO2 (Figure 4a) 

catalyst, we also detected a homogenous distribution of Fe nanoparticles with the sizes <100 

nm on the porous support constituted by the SiO2 grains. Antimony was also homogeneously 

distributed over SiO2. The Sb quantification was not possible however, from EDX, because 

the Sb peak is superimposed with the Si K line. 

In order to get deeper understanding on the catalyst evolution prior to the reaction, the STEM-

EDX analysis was also conducted for the activated iron catalysts. In the activated Fe/SiO2 

catalyst (Figure 2b), both individual small Fe nanoparticles and larger agglomerates of about 

100 nm were detected. The activated FeSn/SiO2 catalyst (Figure 3b) shows the regions of the 

specimens with different sizes, shapes and morphologies of the support and/or nanoparticles. 

The size of Fe nanoparticles varies between 20 and 100 nm and their shapes varies from 

rounded to platelets. No Sn-containing nanoparticles area is observed and the Sn seems highly 

dispersed on the silica support. A careful analysis of the high-resolution STEM-HAADF 

images however, identified the presence of the tin atoms and atomic clusters in the close 

proximity of the iron nanoparticles (Figure S2, SM). 

The activated FeSb/SiO2 catalyst (Figure 4b) displays iron nanoparticles with sizes 

comprised between 10 and 50 nm and larger nanoparticle agglomerates. The nanoparticles 

show a core-shell morphology, with the core rich in Sb and the shell constituted mainly by 

iron. The Fe shell appears to be oxidized probably due to the exposure of the activated 
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nanoparticle to air and catalyst surface passivation. Figure 5 displays the histogram of iron 

nanoparticle distribution calculated from the STEM images of the activated catalysts using at 

least 50 iron nanoparticles. The average iron nanoparticle size is of 14.2 nm in the activated 

Fe/SiO2 catalyst (Figure 5a), while the promotion results in the increase in the iron 

nanoparticle size to 26.7 nm for FeSn/SiO2 (Figure 5b) and 29.0 nm for FeSb/SiO2 (Figure 

5c). 

Reducibility is an important feature of iron catalysts. Figure 6 shows the H2-TPR profiles 

for iron catalysts promoted with Sn and Sb via mechanical mixing. The H2-TPR profiles of 

the catalyst prepared by impregnation are available in our previous report [22]. The hydrogen 

consumption amounts measured by TPR principally provide therefore, useful information 

about the iron reduction. The TPR profiles display three main hydrogen consumption peaks, 

which are attributed to the step-wise iron reduction from hematite to metallic iron: 

Fe�O� → Fe�O� → FeO → Fe 

The TPR profiles are consistent with previous works [34–37], the first peak at 340-420 oC 

is generally related to the reduction of hematite (Fe2O3) to magnetite (Fe3O4), the second peak 

can be associated with the reduction of magnetite (Fe3O4) to wüstite (FeO), while the third 

peak at 650-700oC can be attributed to the last step of iron reduction from wüstite (FeO) to 

metallic iron (Fe). Also, we observe an intense peak at temperatures exceeding 1000 °C that 

can be linked to hardly reducible iron silicate species. The promotion with Sb and Sn slightly 

affects the position of TPR peaks for iron catalysts. In order to determine the peak 

temperatures with a better accuracy, the TPR profiles were deconvoluted (Figure S3, SM). 

Almost all TPR peaks slightly shift to lower temperatures on the promotion with antimony 

and tin (Figure 6), while the first peak referring to the reduction of hematite to magnetite 

slightly shifts to higher temperature (from 365 ºC to 390 ºC). At the same time, the overall 
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hydrogen consumptions are similar on the non-promoted iron catalyst and the counterparts 

promoted with Sb or Sn (Table 1). 

Figures 7 and S4, SM show the thermogravimetric analysis (TGA) results of activated and 

spent catalysts prepared respectively by impregnation and mechanical mixing, under an air 

atmosphere. The thermograms show a first weight loss between 80 °C to 150 °C, that can be 

associated to physisorbed water removal and dehydration of iron oxyhydroxide (FeOOH) 

generated by ambient moisture. Furthermore, the significant weight losses within 350-550 °C 

can be assigned to the combustion of carbonaceous deposits. This loss is smaller for the 

catalysts activated in CO (Figure 7a and S4a, SM). It corresponds to the combustion of iron 

carbides in the activated samples. Interestingly, the weight loss was more significant for the 

antimony and tin promoted catalysts prepared by impregnation than for the non-promoted 

Fe/SiO2. This can be attributed to higher extent of iron carbidization. Note that mechanical 

mixing of the promoters and iron catalysts does not result in a more important weight loss 

after the catalyst activation in CO compared to the non-promoted iron catalyst (Figure S4a, 

SM). It seems that mechanical mixing does not much affect iron carbidization. The TGA 

results are consistent with the Mossbauer data, which are presented and discussed below. 

The weight loss is more significant for the catalysts, which were exposed to FT reaction 

(Figure 7b and S4b, SM). For the spent catalysts, the higher loss corresponds to the oxidation 

of carbon species, which may have been deposited on the catalysts during the FT reaction. It 

can be clearly seen that the Sn and Sb promoters inhibit carbon deposition on catalyst surface. 

The spent Sn- and Sb-promoted catalysts prepared by impregnation show ~60 % and 30 % 

smaller deposition respectively compared to the reference non-promoted Fe/SiO2 catalyst. 

This smaller amount of carbon deposition seems to contribute to better stability of the Sn- and 

Sb-promoted catalysts in FT reaction. In our previous work [38], the carbon deposition was 

reduced in the iron  catalysts promoted by bismuth.  The observed phenomenon was explained 
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by the continuous carbon removal from the surface by mobile promoter. A similar mechanism 

can possibly operate for antimony. 

Since the catalytic processes occur on the surface, the surface structure of iron catalysts was 

studied by XPS (Figure 8). The Fe 2p XPS spectra (Figure 8a and 8b) for calcined catalysts 

display peaks at ~711.2 eV (Fe 2p3/2) and ~724.3 eV (Fe 2p1/2) with a shakeup satellite 

structure at ~719.2 eV. The shape of the peaks combined with the binding energies clearly 

indicate the presence of Fe3+ species. The XPS data are consistent with XRD that showed the 

presence of (Fe2O3) hematite phase in the calcined catalysts. After treatment with CO at 

350 °C, the XPS spectra present noticeable changes. First, the peaks assigned to Fe3+ in 

FeSb/SiO2 considerably decrease in intensity. The ratio of the IFe/ISi XPS signals decreases 

from 0.527 to 0.344, which can be attributed to iron sintering (Table 2). Also, a shoulder 

appears at around 710 eV, which can be attributed to iron carbide [25,26,39]. This confirms 

the presence of iron oxide and iron carbide in the activated catalysts. In addition, after the CO 

treatment, another peak appears at ~716.5 eV in the XPS spectrum of activated FeSn/SiO2, 

that can be assigned to the Sn 3p3/2 level. The Sn 3p3/2 peaks at 716.5 eV can be attributed 

either to the Sn4+ or Sn2+ species. The major increase in the intensity of this peak after the 

treatment with CO suggests an increase in the surface Sn concentration and tin redispersion 

on the catalyst surface. 

The Sb 4d XPS spectra are shown in Figure 8c. The presence of a broad peak ~35 eV 

demonstrates the presence of oxidized Sb. The deconvolution of this peak generates two 

peaks at ~35.9 eV and ~34.7 that can be assigned respectively to the Sb 4d5/2 and 4d3/2 

components in the Sb2O3. Note that XPS did not detect any noticeable concentration of Sb2O5 

in the calcined FeSb/SiO2 catalyst (Sb 4d binding energies of 36.70 and 35.50 eV in Sb2O5). 

The broad low-intense feature at 25 eV can be assigned to the O 2s peak. The treatment in CO 

leads to partial Sb reduction to metallic state with a characteristic XPS peak at ~32.3 eV. The 
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Sb/Si XPS ratio does not change after the catalyst activation in CO (Table 2). This suggests 

that no visible changes in the Sb dispersion, which might occur during the activation. These 

data are further corroborated with the XAS experiments presented below. The Sn 3d XPS 

spectra are shown in Figure 8d. The calcined catalyst exhibits XPS peaks with the binding 

energies of 486.2 and 494.6 eV that are assignable[40] to Sn 3d5/2 and Sn 3d3/2 and that are 

characteristics of the Sn2+ species. After the CO treatment, a displacement of the Sn 3d XPS 

signal to higher binding energies is observed. The peak at 487.5 eV can be related to the 

framework Sn4+ species in the materials, in which Sn4+ substituted the Si4+ atoms as 

previously stated by Pachamuthu [41] et al. Also, the increase in the ISn/ISi XPS ratio from 

0.123 to 0.431 (Table 2) confirms tin redispersion on the catalyst surface at high temperature 

in CO. This suggestion is consistent with the increase in the intensity of the Sn 3p3/2 peak at 

716.5 eV (Figure 7b) observed after the exposure to CO. 

 

In-situ Mossbauer measurements 

To identify different Fe species and correlate them with the catalytic performance, we 

performed in-situ Mössbauer spectrometric investigation of the non-promoted Fe/SiO2, Sb- 

and Sn-promoted catalysts prepared by impregnation and mixing under CO and syngas. The 

Mössbauer spectra were measured at -153 °C (Figures 9 and 10) and at room temperature 

(Figures S5 and S6, SM). Table 3 displays the Mössbauer fit parameters of fresh catalysts 

and catalysts exposed to syngas in-situ under the conditions similar to those in the catalytic 

tests. The Mössbauer fit parameters of the catalysts activated in CO are given in Table S1, 

SM. Analysis of all fresh catalysts reveals the presence of hematite species (Fe2O3). This 

observation agrees well with the XRD and XPS data. Then, the catalysts were in-situ 

activated in CO at 350°C at 1 bar and then exposed to syngas under the FT reaction 
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conditions (H2/CO=1, P=10 bar). The Mossbauer spectra of the spent catalysts were measured 

at -153°C without exposure of the catalysts to air (Figure 10).  

The Mössbauer spectra of the activated and spent catalysts are rather different from the fresh 

ones. Iron species are present in the spent Fe/SiO2 catalyst as 70% Hägg carbide and 30% 

wüstite (Table 3). An obvious promoting effect is observed for the FeSb/SiO2 sample, in 

which the fraction of Hägg carbide increases to ~90%. The promotion with Sb seems to 

enhance iron carbidization. In the FeSn/SiO2 sample, the extent of carbidization is lower and 

the fraction of wüstite is higher ~57%. The fraction of the Hägg carbide formed after the FT 

reaction with the Fe(20%)/SiO2 sample is ~76%, which is higher than in the non-promoted 

Fe(10%)/SiO2 catalyst (70%), but lower than in the Sb-promoted catalyst (78-80%). Higher 

extent of carbidization in Fe(20%)/SiO2 compared to Fe/SiO2 can be due to larger iron 

particle sizes (Table 1). Indeed, previously it was shown [33] that larger iron oxide particles 

are easier to carbidize than smaller ones.  

 

In-situ XAS characterization of the Sn and Sb promoters  

The in-situ XANES spectra at the Sb K- and Sn K-absorption edges in the iron catalysts 

prepared by impregnation and mechanical mixing and their evolution during the catalyst 

activation in CO are shown in Figures 11. The comparison with the reference spectra [42] 

suggests that in the calcined FeSb/SiO2 catalyst, antimony is present as Sb2O5. The FeSb/SiO2 

(m) catalyst prepared by mechanical mixing in addition to Sb2O5 also contains about 20% of 

Sb2O3. Exposure of the antimony-promoted catalysts to CO during temperature ramping 

results in gradual evolution of the XANES spectra (Figure 11 a and b). Analysis of the 

XANES data suggests that the reduction of Sb2O5 species to metallic state in the CO flow 

proceeds via intermediate formation of Sb2O3. In order to provide quantitative information 

about the fraction of different antimony phases during the catalyst activation and FT reaction, 
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the XANES data were analyzed using fitting with a linear combination of XANES spectra of 

the reference compounds (Sb2O5, Sb2O3, antimony foil and FeSb2 antimony-iron alloy). The 

evolution of the antimony phase composition under the conditions of catalyst activation and 

catalytic reaction is shown in Figure 12a and b. The reduction of Sb+5 species to Sb+3 and 

then to metallic antimony occurs at relatively low temperatures. Starting from 100°C, metallic 

Sb species are detected in both the catalysts prepared by impregnation and mechanical 

mixing. Interestingly, low intensity of the Sb white line after the reduction at 350°C suggests 

a higher fraction of the antimony metallic phase in the FeSb/SiO2 sample prepared by 

impregnation, while somewhat lower extent of antimony reduction was observed in the 

FeSb/SiO2 (m). The XANES fitting is indicative of the presence of FeSb alloy, which appears 

in both catalysts starting from 150°C (Figure 12 a and b). As expected, a higher fraction of 

the FeSb alloy has been detected in the FeSb/SiO2 catalyst prepared by impregnation. Indeed, 

the STEM -EDX analysis suggests the presence of Fe-Sb core-shell structures (Figure 4) in 

FeSb/SiO2. Important, a noticeable concentration of oxide can be observed in the 

mechanically mixed FeSb/SiO2 (m) sample (Figure 12b), while antimony is only present as 

the Sb and FeSb metallic species in the catalyst prepared by impregnation after conducting FT 

reaction (Figure 12a). The quality of the analysis of XANES spectra using the linear 

combination fitting with the reference spectra was estimated from the difference between the 

experimental spectra and fitting results (Figure S7a and b, SM). For the activated FeSb/SiO2 

and FeSb/SiO2 (m) samples, the difference spectra correspond to 2.0 and 1.6%, respectively.  

The XANES data for the catalysts promoted with Sb are consistent with EXAFS results 

measured for the catalysts cooled down to room temperature in CO after activation and 

exposure to syngas at 350°C. Interestingly, the EXAFS Fourier transform moduli of the 

FeSb/SiO2 and FeSb/SiO2 (m) samples are different from that of the antimony foil (Figure 13 

a and b) as they show an additional peak at 2.2 Å. The intensity of this peak is particularly 
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high in the FeSb/SiO2 catalyst prepared by impregnation. Note that XANES shows almost 

complete reduction of antimony in the FeSb/SiO2 sample to metallic state. The additional 

peaks at 2.2 Å seems to be attributable to Sb-Fe coordination in the bimetallic Sb-Fe 

nanoparticles [43]. The EXAFS results agree with the XANES data (Figure 12a and b), 

which are also indicative of a higher fraction of FeSb alloy in the used FeSb/SiO2 catalysts 

prepared by impregnation and with the STEM-EDX data, showing the Fe-Sb core shell 

nanoparticles (Figure 4). 

The situation is different with the tin-promoted catalysts (Figure 11 c and d). Both calcined 

FeSn/SiO2 and FeSn/SO2 (m) catalysts contain mostly SnO2 species with a small fraction of 

SnO. The intensity of the Sn white line decreases during heating of the tin -promoted catalysts 

in CO, suggesting gradual tin reduction. The evolution of the tin phase composition in 

FeSn/SiO2 and FeSn/SO2 (m) calculated from linear decomposition of the catalyst XANES 

spectra during heating in CO and syngas is shown in Figure 12 c and d. Note that the tin 

reduction proceeds much easier for the impregnated catalyst. The tin metallic phase can be 

already detected at 50-100°C during the exposure of FeSn/SiO2 in CO, while in the FeSn/SiO2 

(m) catalyst prepared by mechanical mixing, metallic Sn was observed at much high 

temperatures (T>175°C) (Figure 12 d). Different to the antimony-promoted catalysts, a 

significant amount of the tin oxide species was still observed after the catalyst activation in 

CO and exposure to syngas at 350°C. Similar to the antimony-promoted catalysts, the 

FeSn/SiO2 sample prepared by co-impregnation exhibits a higher fraction of metallic Sn phase 

and a higher extent of tin reduction, while the FeSn/SiO2 (m) mechanically mixed sample still 

contains a large fraction of the Sn oxide species (SnO and SnO2).  The estimation of the 

quality of the analysis of XANES spectra using the linear combination fitting with the 

reference spectra for calcined FeSn/SiO2 and FeSn/SiO2 (m) (Figure 8a and b, SM) gives 

7.2 % and 3.4% of difference spectra, respectively. For the FeSn/SiO2 and FeSn/SiO2 (m) 
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catalysts after exposure to syngas, these differences increase to 22.4 and 16.4%, respectively. 

Higher incertitude of the catalyst analysis after the syngas treatment can be tentatively 

attributed to the formation of small tin metal nanoparticles or tin carbide species in the 

presence of CO. 

The EXAFS Fourier transform moduli of the calcined tin-promoted FeSn/SiO2 and FeSn/SiO2 

(m) catalysts and those after the exposure to syngas at 350°C and cooling down to room 

temperature in nitrogen are shown in Figure 13 c and d. The Fourier transform modulus of 

the tin foil is also shown for comparison. The Fourier transform moduli of the fresh calcined 

samples display an intense peak at 1.6 Å, which can be attributed to Sn-O coordination. The 

EXAFS data agree with a large fraction of tin oxide in the calcined iron catalysts promoted 

with tin, which was also detected by XANES (Figure 12 c and d). The Fourier transform 

modulus evolves significantly after the catalyst activation in CO and exposure to the FT 

reaction. The Fourier transforms of the catalysts activated in CO, exposed to syngas and 

cooled down to room temperature show (Figure 13 c and d) the presence of Sn-O 

coordination shells with a possible small contribution of tin-tin metallic coordination, which 

was identified by the peak at 2.8 Å. The EXAFS data for the spent catalysts are consistent 

with XANES, which shows partially reduced tin species in FeSn/SiO2 and FeSn/SiO2 (m) 

after their activation in CO and reaction. The low intensity of the peaks at 2.8 Å attributed to 

the Sn-Sn coordination relative to the Sn foil in the promoted iron catalysts suggests the 

presence of extremely small tin nanoparticles in the used FT catalysts. Indeed, the 

characterization of the activated FeSn/SiO2 catalysts by STEM (Figures 3 and S2, SM) and 

XPS showed extremely high tin dispersion. Extremely small Sn nanoparticles were 

discovered in the activated FeSn/SiO2 by STEM, while XPS showed an increase in the ISn/ISi 

ratio in FeSn/SiO2 after the activation in CO (Table 2). Note that we did not detect FeSn alloy 

in the activated and working FeSn/SiO2 catalysts. 
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Catalytic performance 

Carbon monoxide conversion over iron catalysts under the conditions of high temperature FT 

synthesis results in production of methane, C2-C4 olefins, paraffins and higher C5+ 

hydrocarbons. CO2 and water are also present as reaction products. The catalytic results are 

summarized in Figures 14, 15 and Table 4. Figure 14 displays evolution of carbon monoxide 

conversion at iso-WHSV (WHSV = 3.6 L g−1 h−1) with time on stream over impregnated and 

mechanically mixed Sn- and Sb- promoted iron catalysts during the first 24 h of reaction. 

Both non-promoted iron catalysts with 10 and 20 wt. % iron (Fe/SiO2 and Fe/SiO2(20%)) 

showed a gradual decrease in the CO conversion with the reaction time. Note that the iron 

catalysts promoted with antimony and tin prepared by mechanical mixing exhibit the CO 

conversion similar to the non-promoted iron catalysts. They also showed gradual deactivation 

similar to the non-promoted counterparts.  The promotion with Sb of the FeSb/SiO2(m) 

catalyst did not increase FTY, which remained between 0.14-0.26x10-4 molCOgFe
-1s-1 with 

similar selectivities to methane, light olefins and C5+ hydrocarbons (Table 4). Thus, the 

catalytic performance and deactivation behavior of the antimony and tin promoted iron 

catalysts prepared by mechanical mixing is similar to non-promoted iron Fe/SiO2 catalyst. 

Fe/SiO2 (20%) displays a lower FTY (Table 4) compared to the Fe/SiO2 catalyst containing 

about 10 wt. % Fe. The lower iron-based activity (FTY) of the Fe/SiO2(20%) can be attributed 

to larger iron particle size (Table 1) and lower concentration of FT active sites. 

Note that the FeSb/SiO2 and FeSn/SiO2 catalysts promoted with antimony and tin and 

prepared by impregnation showed higher FT reaction rate. More specifically, FTY increased 

4-5 times after the promotion (Table 4). The increase in FTY can be either attributed to better 

dispersion to the active phase or to the increase in the intrinsic activity of each active site, i.e. 

increase in the turnover frequency (TOF). The STEM measurements suggest an increase in 
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the iron particle size in the promoted catalysts activated in CO (Figure 5). This suggests 

somewhat lower iron dispersion in the promoted catalysts. Therefore, the FT rate increase 

cannot be assigned to the modification of iron dispersion or extent of carbidization but to the 

increase in TOF (Table 4). 

The Sb and Sn promoted catalysts, prepared by impregnation reached the stable performance 

after ~10 h of reaction and did not show any noticeable deactivation during 24 h on stream. 

Previously, we have shown[22] that this better stability of iron catalyst with the Sn and Sb 

promoters could be attributed to less significant iron sintering. Note that the most significant 

promotion phenomena were only observed for the Sb- and Sn-promoted catalyst prepared by 

impregnation. This suggests that an intimate contact between the promoter and iron active 

phase is indispensable for attaining higher reaction rate and better stability in FT synthesis. 

Figure 15 displays selectivity patterns measured over Fe/SiO2, FeSn/SiO2, FeSb/SiO2 at iso-

conversion (between 10-13%). The promotion results in a slight increase in the methane 

selectivity (from 24% for Fe/SiO2 catalyst to 28 and 29% for Sb- and Sn- promoted catalysts, 

respectively) and of a slight increase in the selectivity to light olefins (37 and 35% for Sb- and 

Sn- promoted catalysts, respectively). These observations are consistent with our previous 

report [22], which showed only very small variation of light olefin selectivity over silica 

supported iron catalysts promoted with Sn and Sb. Note that the influence of the promotion 

with antimony and tin was much more  significant on the reaction rate (Table 4).  

 

Discussion 

The promotion of iron catalysts is an efficient strategy [2] to enhance their performance in the 

synthesis of light olefins from syngas using Fischer-Tropsch reaction. Our catalytic results 

show that the FT reaction rate increases 4-5 times after addition of small amounts of antimony 

or tin to the silica supported iron catalysts. Besides of this major increase in the FT reaction 
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rate, the promoted iron catalysts exhibit much better stability compared to the non-promoted 

counterparts (Table 4), while the selectivity to light olefins and methane only very slightly 

increases after the promotion (Figure 15). Both metallic antimony and tin have relatively low 

melting points. It can be considered that under FT reaction conditions, these elements can 

migrate over the catalyst surface and modify the activity, localization and dispersion of iron 

species. The diffusion of mobile phase into crystalline lattice will be appreciable at half way 

to melting point on Kelvin scale. At this temperature, known as Taman temperature, a solid 

has 70 per cent of its vibrational freedom and its diffusion becomes possible. Metallic 

antimony and tin have melting points of 631 °C and 232 °C respectively. At the activation and 

reaction temperature (350 °C), their migration could consequently take place. 

However, the migration phenomena seem to be less important compared to the previously 

studied bismuth and lead catalysts [22,24]. Indeed, the enhancement effects in catalysis were 

only observed in the FeSb/SiO2 and FeSn/SiO2 catalysts prepared by impregnation, while the 

catalytic performance and stability of the mechanical mixed catalysts were rather similar to 

non-promoted Fe/SiO2 (Table 4, Figure 14) 

Let us discuss the effect of the promotion with antimony and tin on the characteristics of iron 

catalysts such as dispersion of active phase and extent of carbidization. There is a general 

consensus in the literature that the activity of iron catalysis in FT synthesis can be principally 

attributed to iron carbides, though iron oxides can contribute in a lesser extent  by affecting to 

some extent the intrinsic activity of iron carbide species, enhancing water gas shift and 

secondary reactions [44–46].  

Iron dispersion and extent of iron carbidization are therefore, important parameters, which 

should be considered in the interpretation of the catalytic data. The characterization performed 

in this paper suggests, that the promotion with tin and antimony does not result in any positive 

effect on the iron dispersion. Moreover, the average iron particle size in the activated catalysts 
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increases from 14.2 in Fe/SiO2 to 26.7 and 29 nm after the promotion, respectively with tin 

and antimony (Figure 5). Thus, the enhancement of FT reaction rate in the catalysts promoted 

with antimony and tin cannot be assigned to better iron dispersion.  

Let us now evaluate possible contribution of the promoters on iron carbidization. The in-situ 

Mossbauer spectrometry is indicative of better iron carbidization in the presence of the Sb 

promoter. Almost complete carbidization of iron was observed in FeSb/SiO2 under FT 

reaction conditions, while some concentrations of the residual iron oxide species were 

detected in the non-promoted and tin-promoted catalysts (Table 3). Higher extent of iron 

carbidization was observed in the FeSb/SiO2 catalyst prepared by impregnation compared to 

the FeSb/SiO2 (m) catalyst prepared by mechanical mixing. This suggests that a close 

interaction between iron and promoter is indispensable for transformation of iron oxide into 

iron carbide. At the same time, both the Sn-promoted catalysts FeSn/SiO2 and FeSn/SiO2 (m) 

showed much lower extent of iron carbidization and noticeable concentrations of iron oxide 

species even under FT reaction conditions. Despite somewhat lower iron carbidization, the FT 

reaction rate increased several times on the promotion of silica supported iron catalysts with 

tin (Table 4). This suggests that the effect of the tin and antimony promoters on the FT 

catalytic performance cannot be solely attributed to better iron carbidization. 

The catalytic promoters can be of two sorts [7,8]: electronic and structural. The structural 

promoters improve the dispersion of active phase and catalytic stability, while the electronic 

promoters influence the intrinsic activity of active sites due to the electronic interactions. 

More information about the type of the promotion with antimony and tin was extracted from 

the TOF values. Table 4 shows the 7-10 times increase in TOF in the iron catalysts promoted 

with either antimony or tin, while we did not identify any positive influence of antimony and 

tin on the iron dispersion. No clear effect of Sb and Sn was either uncovered on iron 

carbidization. Antimony and tin can be therefore considered as electronic promoters, which 
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mostly affect the intrinsic activity of the iron carbide active sites without noticeable positive 

effect on iron dispersion and carbidization.  

The promoters also improve the stability of silica supported iron nanoparticles in the catalysts 

prepared by impregnation. Previously, we observed [22] sintering of iron nanoparticles in the 

non-promoted silica supported catalysts, while the iron carbide particle size remains stable 

during the FT reaction in the promoted catalysts. The promotion with antimony and tin also 

increases the stability of iron particle against coke deposition. The TG analysis (Figure 7) 

shows the smaller carbon deposition obtained with the promoted catalysts.  

A wide range of characterization techniques employed in this work have provided detailed 

information about interaction of the active iron phase and promoters. The observed strong 

effect of the Sb- and Sn-promoters on the catalytic performance of iron catalysts might be 

therefore due to the intimate contact observed between Fe and the promoter. This contact is 

more visible in the antimony promoted catalysts. STEM-EDX showed the formation of iron 

antimony core-shell bimetallic particles in the activated FeSb/SiO2 catalyst (Figure 4). In-situ 

XANES showed the presence of Fe-Sb alloy species in the activated and working antimony-

promoted iron catalysts under the typical conditions of FT synthesis (Figure 12a and b). The 

FeSb alloy was also confirmed by EXAFS. The EXAFS Fourier transform moduli of 

FeSb/SiO2 and FeSb/SiO2 (m) (Figure 13a and b) showed the peaks attributed to Sb-Fe 

coordination in the alloy. As expected, the fraction of the Fe-Sb alloy is less significant in the 

FeSb/SiO2 (m) catalyst prepared by mechanical mixing. This is consistent with the 

enhancement of the FT reaction rate observed only for the FeSb/SiO2 catalyst prepared by 

impregnation (Table 4), where the fraction of Fe-Sb bimetallic particles is much higher. 

The FT tests also showed a strong promoting effect of tin on the catalytic performance of iron 

catalysts. Differently to antimony, tin is highly dispersed on silica. In addition, tin cannot be 

completely reduced to the metallic state as antimony, during the catalyst activation and FT 



25 
 

reaction. In situ XANES data showed that more than 30-60% of tin is still in the oxide form 

after several hours of the FT reaction (Figure 12c and d). Higher extent of tin reduction was 

observed in the iron catalyst prepared by impregnation. We did not detect from XANES and 

EXAFS any distinct Sn-Fe alloy species or alloys. Tin is known to modulate the 

hydrogenation activity of metal catalysts and is often used as a promoter for a number of 

selective hydrogenation reactions.  Previously, it was shown [47] that the promotion of cobalt 

catalysts with tin modifies the CO adsorption. Sn preferentially blocks the sites of multiple 

multi-bonded CO, likely located in hollow sites. The promotion with tin also reduces 

production of methanol during Fischer-Tropsch synthesis over alumina supported cobalt 

catalysts [48].  The active sites containing metallic cobalt in interaction with tin oxides favor 

the selective hydrogenolysis of methyl esters to unsaturated alcohols [49,50]. 

An interaction of tin with silica support and possible reinsertion of tin cationic species in the 

silica structure after the catalyst activation in CO was observed by several techniques. XPS, 

which is a surface sensitive technique, showed a major increase in the ISn/ISi ratio in 

FeSn/SiO2 (Table 2) after the catalyst activation in CO. In the subsurface layer of silica, tin 

maintains the Sn4+ oxidation state. The XPS data are also consistent with the STEM analysis 

of the activated FeSn/SiO2 sample. Extremely highly dispersed tin species were discovered 

(Figure 3). Interestingly, STEM also shows higher concentration of tin species in a close 

proximity to iron carbide nanoparticles (Figure S2, SM). This suggests that the mechanism of 

the promotion of silica supported iron catalysts with tin can be different from that with 

antimony. The enhancement of FT reaction rate and catalyst stability in the catalyst promoted 

with antimony can be assigned to the formation of antimony-iron carbide nanoparticles, which 

were identified using STEM-EDX and XANES/EXAFS. The promotion effect of tin seems to 

be more relevant to the localization of tin mostly as high dispersed cationic species in the 

silica and possible very small Sn metallic species in close proximity to the iron carbide 
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nanoparticles. Both antimony and tin species strongly affect the electronic structure of 

supported iron carbide nanoparticles.  A major increase in the TOF in FT synthesis is 

observed on the promotion of iron catalysts with these elements. Tentatively, the electronic 

effect for catalysts promoted by antimony can be explained by the formation of a metallic 

alloy between Fe-Sb, which modifies the Fermi level. For the catalyst promoted by tin, we did 

not observe formation of bimetallic particles at the reaction temperature. Indeed, the 

formation of tin and iron alloy can only start when the temperature exceeds 350 ᵒC [51]. In 

this case, the electronic effect could be related to the effect of electron charge transfer and 

polarization, which can occur, because of localization of mostly tin oxide species in the 

proximity to iron carbide nanoparticles, which  was observed by STEM (Figure S2, SM). 

 

Conclusion 

The promotion of silica supported iron catalysts with tin and antimony results in a major 

increase in FT reaction rate. The effect is much more pronounced, when the promoted 

catalysts were prepared by impregnation compared to the mechanically mixed samples. The 

promotion with antimony results in some enhancement in iron carbidization, while no visible 

influence of tin on iron carbidization was observed. Antimony is completely reduced to the 

metallic state and forms iron-antimony bimetallic nanoparticles under the reaction conditions, 

while a significant fraction of tin oxide is present in the iron catalysts in FT synthesis. The 

enhancement of the reaction rate over silica supported iron catalysts promoted with antimony 

and tin was attributed to the electronic effects arising from the promoters localized in close 

proximity to the iron carbide nanoparticles. The turnover frequency increases 7-10 times due 

to the interaction of iron carbide species with antimony and tin.  
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Figure 1. XRD patterns of the catalysts after calcination (a) and after FT reaction (b). 
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Figure 2.  STEM-HAADF and SEM-EDX mapping of the Fe/SiO2 catalyst: (a) after 
calcination; (b) after activation in CO. 

  



 

 

Figure 3.  STEM-HAADF and SEM-EDX mapping of the FeSn/SiO2 catalyst: (a) after 
calcination; (b) after activation in CO. 

  



 

 

Figure 4.  STEM-HAADF and SEM-EDX mapping of the FeSb/SiO2 catalyst: (a) after 
calcination; (b) after activation in CO showing the formation of Fe-Sb core-shell structures. 

  



 

 



 

Figure 5. Histograms of iron nanoparticles distribution in silica supported catalysts activated 
in CO at 350°C: a- Fe/SiO2, b – FeSn/SiO2, c- FeSb/SiO2.   

  



 

 

 

Figure 6. H2-TPR profiles of Fe(20%)/SiO2,  FeSb/SiO2 (m) and FeSn/SiO2 (m) prepared by 
mechanical mixing. 
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Figure 7.Thermogravimetric analysis (TGA) curves for activated (a) and spent catalysts (b). 
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Figure 8. XPS spectra after calcinations and exposure to carbon monoxide: (a) Fe 2p XPS 
spectra of the FeSb/SiO2 catalyst, (b) Fe 2p XPS spectra of the FeSn/SiO2 catalyst, (c) Sb 4d 
XPS spectra of the FeSb/SiO2 catalyst, (d) Sn 3d XPS spectra of the FeSn/SiO2catalyst. 
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Figure 9. Mössbauer spectra obtained for fresh (a) impregnated and (b) mixed catalysts at -
153 °C. 
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Figure 10. Mössbauer spectra after reaction for impregnated and mixed catalysts at -153 °C. 
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Figure 11. Evolution of the Sb K and Sn absorption edges during the heating in carbon 
monoxide: a- FeSb/SiO2; b – FeSb/SiO2 (m), c- FeSn/SiO2; d – FeSn/SiO2 (m) 

 

 



 

 

 

 

 



 

 

 

Figure 12. Evolution of  the Sb and Sn phase compositions during heating in CO and 
exposure to syngas at 350°C : a- FeSb/SiO2; b – FeSb/SiO2 (m), c- FeSn/SiO2; d – FeSn/SiO2 

(m) 

 

  



 

 



 

 

Figure 13. EXAFS Fourier transform moduli of iron catalysts: a - FeSb/SiO2, b - FeSb/SiO2 
(m), c - FeSn/SiO2 and d - FeSn/SiO2 (m) after activation in CO, FT reaction and cooling 
down to ambient temperature. 

 

 

 



 

Figure 14. CO conversion as a function of time for iron catalysts promoted with Sn and Sb 
prepared by co-impregnation and mechanical mixture. Reaction conditions: T = 350 °C, P = 10 
bar, H2/CO = 1, WHSV = 3.6 L g−1 h−1. 
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Figure 15. Selectivity patterns over Fe/SiO2, FeSb/SiO2 and FeSn/SiO2 measured at the CO 
conversion of 10 - 13 %. 
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Table 1. Physical properties of supported Fe catalysts. 

Sample 

Fe 
contenta 

(wt%) 

Promoter 
contenta 

(wt%) 

Doxide
b 

(nm) 

Total H2 

consumc 

(mmol/g) 

SBET
d 

(m2/g) 

Vtot
e 

(cm3/g) 

Fe/SiO2 11.2 - 17 2.76 268.5 1.045 

FeSn/SiO2 10.9 0.69 11 2.77 263.0 1.041 

FeSb/SiO2 9.4 0.72 22 2.70 274.6 1.060 

Fe(20%)/SiO2 21.3 - 21 4.68 203.4 1.021 

FeSn/SiO2 (m) 9.2 0.71 20 2.75 229.4 1.035 

FeSb/SiO2 (m) 9.2 0.74 21 2.74 228.0 1.032 

aFe and promoter content from XRF. 

bAverage particle size of iron oxide by XRD, estimated error 10 %. 

cThe total H2 consumption and iron reducibility degree from TPR analysis. 

dBET surface area.  

eSingle point desorption total pore volume of pores, P/P0=0.975. 

  



Table 2. XPS ration before and after activation 
 

 FeSb/SiO2 FeSn/SiO2 

IFe/ISi ISb/ISi IFe/ISi ISn/ISi 
As received 0.527 0.294 0.402 0.123 

After 
activation in 
CO 350 °C 

0.344 0.264 -* 0.421 

 

*The value obtained for IFe/ISi after CO treatment for FeSn/SiO2 is not reliable because of  the 
contribution of Sn peak. 

 

 

  



Table 3. The Mössbauer fitted parameters of fresh and spent catalysts, obtained at -153 °C 

Sample/ 

Treatment 

IS 

(mm·s-1) 

QS 

(mm·s-1) 

Hyperfine 

field (T) 

Γ
 

(mm·s-1) 

Phase Spectral 

contribution (%) 

Fe/SiO2 

 

0.37 
0.35 
0.33 

-0.15 
0.33 
0.67 

51.4* 

54.0 
- 

0.40 
0.28 
0.70 

α-Fe2O3 

α-Fe2O3 (Morinb) 
Fe3+ (SPM) 

70 
12 
18 

Fe/SiO2 

H2/CO=1 

350 ̊C, 10 

bar 

0.26 
0.19 
0.20 
1.13 
1.06 
0.93 

- 
- 
- 

-0.47 
-0.18 
2.19 

24.5 
20.2 
13.2 
32.9 
27.8 

- 

0.47 
0.47 
0.47 
0.54 
0.54 
0.79 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
Fe1-xO (I- Fe2+) 
Fe1-xO (II- Fe2+) 
Fe1-xO (SPM) 

30 
26 
14 
7 
8 

15 
Fe(20)/SiO2 

Fresh 

sample 

0.37 
0.32 
0.35 

-0.15 
0.32 
0.67 

51.8* 

53.9 
- 

0.43 
0.28 
0.70 

α-Fe2O3 

α-Fe2O3 (Morin) 
Fe3+ (SPM) 

69 
13 
18 

Fe(20)/SiO2 

H2/CO=1 

350 ̊C, 10 

bar 

0.26 
0.20 
0.19 
1.16 
1.27 
0.89 

- 
- 
- 

-0.65 
-0.37 
2.16 

23.9 
20.5 
13.4 
34.4 
30.1 

- 

0.54 
0.54 
0.54 
0.40 
0.40 
0.70 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
Fe1-xO (I- Fe2+) 
Fe1-xO (II- Fe2+) 
Fe1-xO (SPM) 

33 
29 
14 
3 
8 

13 
FeSb/SiO2  

 

0.36 
0.33 

-0.20 
0.73 

51.5* 

- 
0.40 
0.70 

α-Fe2O3 

Fe3+ (SPM) 
89 
11 

FeSb/SiO2 

H2/CO=1 

350 ̊C, 10 

bar 

0.26 
0.20 
0.21 
0.00 

- 
- 
- 
- 

24.6 
20.1 
12.9 
34.1 

0.51 
0.51 
0.51 
0.45 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
Fe0 

38 
32 
21 
9 

FeSn/SiO2 

 

0.36 
0.37 

-0.20 
0.60 

51.3* 

- 
0.40 
0.70 

α-Fe2O3 

Fe3+ (SPM) 
74 
26 

FeSn/SiO2 

H2/CO=1 

350 ̊C, 10 

bar 

0.27 
0.24 
0.20 
0.31 
1.24 
1.14 
0.93 

- 
- 
- 

0.36 
-0.57 
-0.14 
2.22 

24.3 
19.0 
12.7 
45.7 
34.2 
29.7 

- 

0.51 
0.51 
0.51 
0.80 
0.80 
0.80 
0.80 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
Fe1-xO (I- Fe3+) 
Fe1-xO (II- Fe2+) 
Fe1-xO (III- Fe2+) 
Fe1-xO (SPM) 

18 
17 
8 
4 

18 
22 
13 

FeSb/SiO2 

(M) 

0.37 
0.32 
0.34 

-0.15 
0.33 
0.64 

51.8* 

54.0 
- 

0.40 
0.28 
0.70 

α-Fe2O3 

α-Fe2O3 (Morin) 
Fe3+ (SPM) 

70 
12 
18 

FeSb/SiO2 

(M) 

H2/CO=1 

350 ̊C, 10 

bar 

0.27 
0.21 
0.22 
1.08 
0.88 

- 
- 
- 

-0.10 
2.21 

24.4 
20.2 
12.9 
27.9 

- 

0.45 
0.45 
0.45 
0.67 
0.81 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
Fe1-xO (Fe2+) 
Fe1-xO (SPM) 

34 
28 
16 
6 

16 
FeSn/SiO2 

(M) 

0.37 
0.32 
0.33 

-0.16 
0.33 
0.69 

51.8* 

54.1 
- 

0.40 
0.28 
0.70 

α-Fe2O3 

α-Fe2O3 (Morin) 
Fe3+ (SPM) 

69 
13 
18 

FeSn/SiO2 

(M) 

H2/CO=1 

350 ̊C, 10 

bar 

0.27 
0.20 
0.22 
1.34 
1.30 
0.86 

- 
- 
- 

-0.57 
-0.36 
2.21 

24.6 
20.5 
13.0 
35.2 
30.3 

- 

0.49 
0.49 
0.49 
0.54 
0.54 
0.68 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
Fe1-xO (I- Fe2+) 
Fe1-xO (II- Fe2+) 
Fe1-xO (SPMa) 

33 
31 
16 
3 
6 
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Table 4. Catalytic performance of iron catalysts promoted with Sn and Sb in FT synthesis 

measured in a conventional fixed bed reactor at iso-WHSV (10 bar, 350 oC, H2/CO = 1/1, 

WHSV = 3.6 L/g.h, TOS = 24h) 

Catalysts 

FTY 

10-4 

molCOgFe
-1s-1 

TOFa, 
s-1 

CO  

conv. 
(%) 

CO2 select. 

(%) 

Hydrocarbon selectivity 
(%) 

C2-4
=/C2-4

o 

CH4 C2-4
= C2-4

0 C5
+ 

Fe/SiO2 0.20 0.090 11 15 24 31 5 40 6.20 

FeSn/SiO2 0.98 0.840 53 49 23 17 13 47 1.31 

FeSb/SiO2 0.87 0.690 47 47 14 17 10 59 1.70 

Fe(20%)/SiO2 0.13 - 14 47 24 34 6 36 5.67 

FeSn/SiO2 (m) 0.14 - 8 26 28 33 6 33 5.50 

FeSb/SiO2 (m) 0.26 - 14 24 18 24 5 53 4.8 

aTOF calculated using the average iron carbide particle size from TEM for the 
activated catalysts 
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