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Highlights 

 A layer of nitrogen-doped carbon significantly enhance the speed of activation of iron 

nanoparticles on carbon nanotubes for the Fischer-Tropsch synthesis of C2-C4 olefins. 

 Addition of sodium and sulfur leads to tandem promotion and highly active and selective iron-

based Fischer-Tropsch catalysts. 

 Iron time yields are as high as 94∙10-5 molCO∙gFe
-1∙s-1 (340°C, 10 bar, H2/CO = 2). 
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Abstract 

Carbon nanotubes with various surface modifications are utilized as supports for iron species 

and the resulting catalysts are used for the Fischer-Tropsch synthesis of C2-C4 olefins with 

and without the addition of Na and S promoters. A layer of nitrogen-doped carbon on the 

carbon nanotube surface serves as an efficient promoter independent of the presence of Na/S. 

It leads to significantly faster catalyst activation as compared to the tubes without such a layer 

resulting from an electronic junction effect at the iron-support interface. The tandem of Na/S- 

plus N-doped carbon promoted catalysts provide a record high iron-time-yield of up to   

94∙10-5 molCO∙gFe
-1∙s-1 under industrially relevant Fischer-Tropsch conditions (340°C, 10 bar, 

H2/CO = 2) and slow deactivation over more than 185 h of time on stream. Furthermore, this 

tandem promotion leads to enhanced C2-C4 olefin and C5+ selectivity along with reduced 

methanization as compared to the solely Na/S-promoted catalysts.  

 

 

Keywords: Fischer-Tropsch synthesis; C2-C4 olefins; iron catalysts; carbon supports; 

electronic junction 
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1. Introduction 

The raise of global population requires the use of sustainable resources to produce chemicals 

and energy that can comply with the rapid increase in demands.[1-3] The instability in the price 

and availability of fossil fuel reserves, rising CO2 emissions, as well as the political and 

economic issues connected are triggers to establish alternative routes for the production of 

crucial chemical compounds that are so far produced from oil-based feedstocks.[4, 5] CO 

hydrogenation to hydrocarbons, also widely known as the Fischer-Tropsch synthesis (FTS), is 

one possible strategy to produce various valuable chemicals from synthesis gas which is a 

mixture of H2 and CO [6, 7] that can be derived from biomass,[8] coal,[9] or natural gas.[10] 

Syngas can be directly converted into a wide range of hydrocarbons by FTS which follows the 

principles of a surface polymerization reaction.[11, 12] C2-C4 olefins are of particular interest 

since they are important building blocks in the chemical industry.[13] The corresponding 

process for the direct transformation of syngas to such molecules is known as the Fischer-

Tropsch to olefins (FTO) reaction.[14] While metallic Co is the more attractive catalyst for the 

production of long-chain molecules at low temperatures,[11, 12] Fe (carbide) is known to be 

selective towards the production of low olefins (C2-C4) at relatively high-temperatures (300-

350 °C) and is thus the most established FTO catalyst.[11, 12, 14-17] To enhance the selectivity 

and activity of FTO catalysts to lower olefins products, promoters (e.g., Na/S,[18-20] or K[21]) 

[22, 23] are added to the catalysts with regard to achieve more facile Fe carburization (maximize 

catalytic activity), control chain length distribution of the products (optimize C2-C4 yield and 

minimize methane formation), and favor ß-hydride abstraction instead of α-hydrogenation for 

chain growth termination (increase of olefin over paraffin formation).  

In most cases, porous supports (e.g. SiO2,
[24] Al2O3,

[25] porous carbon[19]) are used to stabilize 

Fe nanoparticles and to avoid deactivation of the catalysts due to particle growth. The high 

surface area of carbon supports for FTO catalysts have recently attracted considerable 

attention because the transition metal (of which typically an oxidized phase is present after 

calcination) has only weak interaction with the carbon surface[26, 27] and can be rapidly 

activated to the catalytically active Fe-carbide phase once exposed to syngas. Besides the 

strength of interaction of the Fe species with the support surface, the activation behavior and 

stability of FTO catalysts also depends on other factors such as the support pore structure,[24] 

surface chemical properties[28, 29] as well as the Fe (carbide) particle size.[20, 30] 

1-dimensional carbon materials like carbon nanofibers and carbon nanotubes (CNTs)[31-33] 

seem to be a particularly attractive support for FTO catalysts due to their capability to 

immobilize the active metal on the large external surface. These Fe particles are thus readily 
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accessible for carbide formation and conversion of the syngas without diffusion limitations. 

Furthermore, the inter-particle distance can be maximized which is beneficial to achieve a 

large number of active sites (i.e., small Fe (carbide particles)) and slow down particle growth 

during FTO operation.[32, 34, 35]  

The rather facile activation of Fe particles on carbon surfaces in general and the strong 

dependence of the catalytic properties on the surface functional groups are practical 

indications that there is a strong electronic communication between carbon support and metal 

nanoparticles. The Fermi energy in both systems will adapt to each other, thus changing the 

electron density in the interface layer.[36-38] Besides the influences of the support surface 

groups, the support geometry, and the promoter effects, this junction is one additional 

powerful screw to further tune the properties of FTO catalysts (i.e., the electronic properties 

of the Fe species) during activation and operation. While surface modification by functional 

groups (especially nitrogen groups) is already a well-established method to enhance the 

properties of carbon-supported FTO catalysts by introducing basicity into the support surface, 

there is still a lack of understanding about the influence of the particular nitrogen species 

present on the catalytic performance.  

As a proof-of-concept, we have modified CNTs with a nitrogen-doped carbon layer (N-

doped) and compared the catalytic properties with CNTs containing rather established surface 

functionalities obtained after treatment in air, hydrogen, or ammonia. N-doping in the surface 

carbon layer of the CNTs leads to stabilization of smaller Fe particles and even ultra-small 

sub-nm Fe clusters are present before activation. Carbide formation in these catalysts is much 

more rapid and additional promotion with Na and S leads to further enhanced selectivity to 

lower olefins (~ 47 %C), low methane formation (8 %C), and very high catalytic activity (up to 

94∙10-5 molCO ∙gFe
-1∙s-1). In all cases (in spite of a relatively low overall N content, the junction 

effect between Fe carbide and N-doped carbon layer on CNTs leads to improved catalytic 

properties of the FTO catalysts as compared to traditional surface-functionalized CNT 

supports. 

 

2. Experimental part 

 

2.1 Treatment of MWCNTs supports 

A batch of multi-walled CNTs (MWCNTs) purchased from Sigma-Aldrich (CAS 308068-56-

6) was first oxidized in a muffle furnace under air at 400 oC for 1 h. The corresponding 

support is denoted as CNT-O. 
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For CNT-H preparation, CNT-O material was heated in 5 vol. % H2/Ar flow at a heating rate 

of 20 °C∙min-1 up till 600°C and hold for 2 h. CNT-CN was prepared by dispersing CNT-O in 

aqueous cyanamide (CN2H2) solution of 1 g∙mL-1 with a CNT: CN2H2 mass ratio of 1:2. Then 

the mixture was dried under static air at 60 °C for 12 h followed by subsequent calcination at 

a heating rate of 1 °C∙min-1 up to 800 oC for 4 h under N2 flow. The CNT-NH3 was prepared 

by treatment under ammonia flow in a tubular oven.  CNT-O was heated to 400 °C with 

2.5 °C∙min-1  (from 25 °C to 350 °C within 2 h and 1 min hold followed by heating to 400 °C 

within 30 min to avoid overshooting of temperature) in a flow of 1000 mL∙min-1 of 10 vol.% 

NH3 in N2. After 4 h at 400 °C the flow was changed to 900 mL∙min-1 N2 and the oven was 

cooled down to room temperature. 

 

2.2 Synthesis of promoted and unpromoted Fe-CNTs-X catalysts      

The promoted catalysts are labelled as FeP-CNT-X and the unpromoted ones as Fe-CNT-X. 

CNT-X is representing the respective support. 

270 mg of each CNT-X support was slowly impregnated (incipient wetness impregnation) by 

grinding in a mortar with the following solution: 187.5 mg of ammonium iron (III) citrate 

(Fluka, 14.5- 16 % iron) (Fe precursor), 3.8 mg sodium citrate dihydrate (Na precursor), and 

2.6 mg of iron (II) sulfate heptahydrate (S precursor) in ca. 0.6 mL H2O.  

Later on, the impregnated CNTs were first dried overnight at 60 °C under static air then 

calcined at 500 °C in a tubular furnace under N2 flow for 2 h at a heating rate of 2 °C∙min-1. 

The unpromoted catalysts were synthesized and calcined similarly as the FeP-CNT-X, but 

without the addition of sodium citrate dihydrate and iron (II) sulfate heptahydrate. 

 

2.3 Catalytic testing in the FTO reaction 

The calcined Fe-CNTs-X and FeP-CNT-X catalysts were sieved to a particle size between 

(63- 250) µm.  

The catalytic testing was carried out in a 16-port high throughput fixed bed reactor system 

(Avantium Flowrence), whereas 20 mg of the catalysts were diluted with 120 mg of SiC. Prior 

to application of reaction conditions the calcined catalysts were reduced in-situ at 350 °C 

(5 °C∙min-1) for 2 h in 30 % H
2
 in He (v/v) at 3 bar and a gas hourly space velocity (GHSV, 

based on volume of undiluted FTO catalyst) of 3300 h-1 followed by a carburization step to 

convert the metallic Fe to Fe carbide at 290 °C (5 °C∙min-1) for 1 h in synthesis gas (CO: H2 = 

1 v/v) at 3 bar and GHSV of 6000 h-1.After carburization, reaction conditions were applied by 

increasing temperature to 340 °C with 5 °C∙min-1 in 10 bar of synthesis gas (H2:CO = 2 v/v, 5 
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vol.%
 
He as internal standard) and GHSV=5000 h-1. The product stream was diluted with 

N
2
 (flow diluent: flow reactor, in = 2.5) at the exit of the reactors to avoid condensation. The 

products were analyzed with an online-gas chromatograph equipped with a flame ionization 

detector (FID), a thermal conductivity detector (TCD), and a backflush system to analyze C1-

C9 hydrocarbons and permanent gases. The selectivity of the promoted catalysts was 

calculated at a CO conversion of 80% and within a range of 36 - 57% for the unpromoted 

catalysts. CO2 selectivity was in the range of 37-42 %C. 

 

2.4 Characterization of the FTO supports and catalysts 

High resolution scanning transmission electron microscopy (HR-STEM) images were 

obtained on a double-corrected Jeol ARM200F microscope equipped with a cold field 

emission gun and a Gatan GIF Quantum electron energy-loss spectroscope (EELS). The 

acceleration voltage was set to 200kV. The particle size distribution (PSD) was calculated 

manually using Image J software. 

A Zeiss 912 Omega with the acceleration voltage set to 120kV and the Omega energy filter 

set to zero-loss filtering was used to produce the TEM images of the samples. 

A Zeiss Gemini Leo 1550 with an Oxford energy dispersive X-ray (EDX) detector of 80 mm² 

was used with an acceleration voltage of 15 kV for scanning electron microscopy (SEM) 

investigations. 

Nitrogen physisorption experiments were carried out at -196 °C on a Quantachrome 

Quadrasorb apparatus. Before starting the analysis, samples were degassed at 150 °C for 20 h. 

Results were analysed with the Quadra Win software (version 5.05). Pore size distributions 

(PSDs), specific surface areas (SSAs), total pore volumes (TPVs) up to 50 nm, and micropore 

volumes (MPVs) were calculated from isotherm analysis with the quenched solid density 

functional theory (QSDFT) method for nitrogen adsorbed on carbon with slit/cylindrical pores 

at -196 °C (adsorption branch kernel).  

The Elemental analysis (E.A.) was carried out by combustion analysis in a Vario Micro 

device. 

X-ray Photoelectron Spectroscopy was performed by using a Thermo Scientific K-Alpha 

spectrometer equipped with a monochromatic small-spot X-ray source and a 180° double 

focusing hemispherical analyzer with a 128-channel delay line detector. An aluminum anode 

(AlKα=1486.6 eV) operated at 72 W and a spot size of 400 μm is used to obtain the spectra. 

The measurement of the survey scans was at constant pass energy of 200 eV, and the 

measurement of high-resolution scans of the separate regions was done at 50 eV. The 
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background pressure of the ultra-high vacuum (UHV) chamber was 2∙10−8 mbar. No special 

precautions were taken to keep the sample under an inert atmosphere during catalyst transfer 

and handling. Sample charging was compensated for by the use of an electron flood gun, and 

binding energy calibration was done by setting the peak of graphitic sp2 carbon to BE=284.4 

eV. 

Thermogravimetric analyses (TGA) were performed using a thermo microbalance TG 209 F1 

Libra from Netzsch. The catalysts were measured using a platinum crucible of 10 ± 1 mg 

under synthetic air flow of 10 mL/min up to 1000 °C with a heating rate of 5 °C∙min-1.   

X-ray diffraction (XRD) experiments were carried out with a Bruker D8 diffractometer and 

with a CuKα source (λ = 0.154 nm) and a scintillation counter. The reference patterns were 

found in the ICDD PDF-4+ database (2014 edition). 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed by 

using a SPECTRO ARCOS ICP-OES instrument after aqua regia extraction of the samples. 

Raman spectra were obtained using a Renishaw inVia Raman Microscope operating with an 

objective (Nikon, 10x/0.25, ∞/− WD 6.1) and an excitation wavelength of 532 nm with a 

power of 4.0 mW. From the obtained Raman spectra the D, D2, and G bands were fitted with a 

Lorentz function. 

 

3. Results and discussion 

 

3.1 Structural characterization of the supports and the Fe/CNT catalysts 

The surface structure of purchased MWCNT material was modified by four different 

methods. Oxygen-functionalized CNTs have been obtained by treatment of pristine CNTs at 

400 °C in air (denoted as CNT-O). Part of this material was further treated once in ammonia 

at 400 °C and once in hydrogen at 600 °C to introduce amine and hydrogen groups by 

replacing the oxygen groups (denoted as CNT-NH3 and CNT-H). Another part of CNT-O has 

been modified with a layer of N-doped carbon by the addition of cyanamide followed by 

calcination (CNT-CN). The resulting modified CNTs have been used as supports to 

synthesize four promoted (~3 wt.% Na and ~1 wt.% S, relative to Fe) and four unpromoted 

catalysts with theoretical Fe contents of 10 wt. % each by impregnation-calcination.  

Elemental analysis was carried out to quantify the elemental composition of the catalysts and 

the pristine supports (Table 1). Although the elemental compositions are not very different 

from each other, the amount of O detected is the highest in the CNT-O support and traces of 

nitrogen have been detected in CNT-NH3 and CNT-CN. Higher nitrogen content was also 
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detected in the Fe-CNT-CN and Fe-CNT-NH3 catalysts with and without promoters in 

comparison to Fe-CNT-O and Fe-CNT-H indicating that the nitrogen surface modification of 

the supports was also successfully translated to the calcined catalysts.  

 

Table 1: Summary of porosity analysis, elemental analysis (E.A.), ICP-OES and XPS data of 

the CNT-X materials and the calcined Fe-CNT-X catalysts with and without promoters. 

Support/ 
Catalyst 

SSA 
(m

2
/g) 

PV 
@ 20 nm 
(cm

3
/g) 

C/N/H/O (+Fe) 
(wt%)

EA
 

Fe/C/O/N 

(wt. %)
XPS

 
Fe/Na/S 

(wt. %)
ICP
 

Average particle size 

± standard deviation 

(pristine/spent) 

CNT-O 281.2 0.3 96.3/0.2/0.8/2.5 -/98/1.7/- - - 

CNT-H 227.8 0.2 97.1/0.2/0.9/1.7 -/98/2.3 /- - - 

CNT-CN 225.4 0.2 96.9/0.8/0.9/1.3 -/99/0.7/0.3 - - 

CNT-NH
3
 231.7 0.2 96.6/0.4/1.0/2.0 -/99/0.9/0.1 - - 

Fe-CNT-O 183.8 0.2 82.2/0.7/1.0/16.0 (O+Fe) 0.8/97/2.2/- 9.2 /0.1/0.04 9.6 ± 3.9/9.7 ± 4.8 

Fe-CNT-H 173.7 0.2 82.9/0.7/1.1/15.3 (O+Fe) 0.8/95/4.2/- 8.6/0.06/0.02 7.0 ± 2.3/12.2 ± 10.1 

Fe-CNT-CN 207.3 0.3 81.5/1.2/1.0/16.3 (O+Fe) 0.9/95/2.9/0.9 7.9/0.06/0.03 8.6 ± 3.1/7.7 ± 3.4 

Fe-CNT-NH
3
 220.0 0.4 82.9/0.8/1.0/15.3 (O+Fe) 0.9/95/3.6/0.5 8.9/0.1/0.02 9.0 ± 2.4/14.8 ± 12.6 

FeP-CNT-O 125.1 0.2 83.4/0.7/0.9/14.9 (O+Fe) 0.6/96.9/2.5/- 9.3/0.3/0.1 8.3 ± 4.0/13.8 ± 6.1 

FeP-CNT-H 161.8 0.3 83.7/0.7/1.1/14.4 (O+Fe) 1.0/96/3.0/- 9.8/0.3/0.1 12.8 ± 7.3/16.9 ± 4.0 

FeP-CNT-CN 153.4 0.2 81.7/1.2/1.0/16.1 (O+Fe) 1.2/94/3.8/0.9 8.7/0.3/0.1 7.5 ± 2.8/14.3 ± 6.6 

FeP-CNT-NH
3
 184.9 0.3 82.3/0.8/1.1/15.8 (O+Fe) 0.6/97/2.3/0.3 9.4/0.3/0.1 9.7 ± 4.1/14.7 ± 15.3 

The detected amount of oxygen and Fe of ~15 wt.% in calcined catalysts corresponds well to 

Fe2O3 and the surface oxygen groups which relates well with the targeted Fe loading of the 

catalysts of 10 wt.%. There is no significant change in the compositions between Fe-CNTs-X 

and FeP-CNT-X catalysts because only traces of promoters have been added. In agreement to 

that, inductively coupled plasma optical emission spectroscopy (ICP-OES) data (Table 1) 

shows that all calcined promoted catalysts contain 8-10 wt.% Fe, ~0.3 wt.% Na and ~0.1 

wt.% S in good accordance with the targeted loadings. TGA results support the previous 

analysis where the remaining residual mass is comparable between each catalyst and is ~14 

wt. % Fe2O3 (Figure S1). Significantly lower amounts of Na and S are detected in the 

unpromoted catalysts. Due to the comparable amount of these elements in the respective 

series of catalysts it can be concluded that potential differences in their catalytic properties 
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will not be caused by unwanted fluctuations of their Fe or promoter content. All the elements 

are homogeneously distributed and no larger Fe agglomerates are observed outside of the 

CNT network as shown by SEM-EDX mapping (Figures S2-S5). 

N2-physisorption results (Table 1 and Figure S6) show that the specific surface area (SSA) of 

the catalysts decreases slightly after Fe deposition due to the increase in mass loading. 

However, the pore features of the CNTs with large external surface area and large meso- and 

macro- porosity are neither changed significantly by the surface treatments nor by deposition 

of Fe2O3 nanoparticles resulting in a series of FTO catalysts with similar textural properties. 

X-ray diffraction (XRD) measurements of the pristine supports (Figure 1A) show the typical 

graphitic-type peaks at 25.8°, 43°, and 53.6° 2θ resulting from the (002), (100), and (004) 

diffraction planes of the MWCNTs. After Fe loading and calcination (Figure 1B and 1C), Fe 

is present as hematite (Fe2O3) in agreement with Raman spectroscopy and XPS discussed 

below. Significant peak broadening is observed for all catalysts, indicating the presence of 

Fe2O3 nanoparticles independent of the presence or absence of promoters and for all catalyst 

supports employed. 

 

 

Figure 1: X-ray diffraction patterns (A-C) and Raman spectra (D-F) for CNT-X supports (A 

and D) as well as Fe-CNT-X catalysts (B and E) and FeP-CNT-X catalysts (C and F). 

 

Raman spectroscopy measurements of the supports (Figure 1D) and the calcined catalysts 

(Figure 1E and 1F) show the typical D- and G-band contributions of the CNT supports as 

sharp peaks as well as the overtone bands D+G and G` at higher Raman shifts as it is typical 
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for carbon materials with a high degree of local order such as CNTs. Independent of the 

support pretreatment, the shape of the spectra as well as the ID/IG ratio (Figures S7-S9 and 

Table S1) remain comparable thus indicating that all the supports will have a comparable 

carbon microstructure and that the different pretreatments do not significantly change the 

carbon atomic arrangement in the bulk of the CNTs. After loading of Fe precursor and 

calcination, peaks at wavelengths around 200-700 cm-1 can be seen in the promoted and 

unpromoted catalysts which correspond to Fe species typical for α-Fe2O3 
[39]. Due to the 

almost similar hematite content of all samples, their intensity is in the same range independent 

of the support and the presence or absence of Na and S. 

In agreement with the E.A., X-ray photoelectron spectroscopy (XPS) analysis of the supports 

and Fe-CNT-X catalysts (Table 1 and Figure S10) show the presence of traces of surface 

nitrogen in the supports and catalysts that contain NH3 functional groups or an N-doped 

carbon surface layer. Although the detected nitrogen content is relatively low and the N 1s 

line scans thus have a low signal-to-noise ratio, it can be clearly seen that the nitrogen signal 

for the ammonia-treated supports and catalysts is located at a binding energy of BE(N 1s) = 

400 eV representative for surface-amine groups or quaternary nitrogen typically obtained by 

ammonia treatment, whereas the signal is shifted to lower binding energy by ca. 0.5 eV for the 

CNT-CN materials with a nitrogen-doped carbon layer on their surface (Figure S10 J, K, L). 

The latter signal is typical for pyridine- or cyano-type nitrogen as typically present in 

nitrogen-doped carbons. [40, 41] All catalysts and supports show comparable shapes of the C 1s 

spectra after the different surface treatments and after Fe loading and calcination which is in 

agreement with Raman spectroscopy analysis. The increase of the intensity of the O 1s 

contribution at ~530 eV after Fe loading corresponds to oxygen bonded in the Fe2O3. The Fe 

2p is detected as two peaks that show the characteristic shape for Fe3+ at binding energy 

between ~709 eV (Fe2p3/2) and ~725 eV (Fe2p1/2), indicating that the Fe is present in form of 

Fe2O3 after calcination in all samples. In agreement with XRD and Raman spectroscopy 

analysis, the C1s peak remains essentially unaffected and thus the carbon structure of the 

CNTs as such remains unaffected by the surface treatments and Fe2O3 deposition. 

Scanning transmission electron microscopy (STEM) imaging of promoted (Figure 2 and S11) 

and unpromoted (Figure S12) catalysts after calcination show the dispersion of Fe 

nanoparticles on the surface of the carbon material which is typical for Fe particles deposited 

on interconnected 1-dimensional supports. Particle size analysis shows the presence of Fe2O3 

particles with an average size of 7.5-12.8 nm for promoted catalysts and 7.0-9.6 nm for 

unpromoted catalysts (Figure 3 and Table 1). A minor influence of promoters on Fe particle 
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sizes has been observed in previous studies as well.[19] The STEM -EELS mapping images 

(Figure 4) illustrate that solely Fe2O3 nanoparticles are present on the CNT-O and CNT-H 

supports. In contrast, the CNT-NH3 and especially the CNT-CN support can obviously 

stabilize much smaller Fe species even down to clusters of only a few atoms. In agreement 

with literature,[29, 31] nitrogen groups can act as anchoring sites for the stabilization of smaller 

metal domains.  

 

 

Figure 2: HR-STEM imaging of FeP-CNT-O (1), FeP-CNT-H (2), FeP-CNT- NH3 (3), FeP-

CNT-CN (4). 
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Figure 3: Particle size distributions of promoted (A) and unpromoted (B) catalysts. 

 

Figure 4: STEM-EELS mapping of FeP-CNT-O (1), FeP-CNT-H (2), FeP-CNT- NH3 (3), FeP-

CNT-CN (4). 

 

3.2 Properties of the Fe/CNT catalysts in the FTO reaction 

FTO testing of the catalysts has been performed in fixed bed reactors at 340 °C, 10 bar, and a 

syngas composition of H2: CO = 2 (v/v) (Figure 5 and Table S2). Among the unpromoted 

catalysts, Fe-CNT-CN shows the most rapid activation under FTO conditions and reaches its 

maximum activity already after ~37 h of time on stream with an Fe time yield (FTY) of 85∙10-

5 molCO∙gFe
-1∙s-1 (Figure 5A) at 77 % CO conversion (Figure S13A) followed by a slow loss of 

activity which is likely due to particle growth. Such a rapid activation most likely related to 

Fe-carbide formation is usually not observed for unpromoted FTO catalysts on carbon 

supports [19, 30]. All other catalysts show a much slower carbide formation and do not reach a 

maximum in catalytic activity even after more than 180 h of time on stream (TOS). This 

significant difference is showing the beneficial promoting effect of a nitrogen-doped carbon 

surface layer on the formation of catalytically active Fe (carbide) species - even in absence of 

additional chemical promoters. The origin of this enhanced activation is likely the formation 

of a space charge layer between Fe species and N-doped carbon. The latter is significantly 

more noble (i.e., the electrons in the N-doped carbon layer have a higher working potential 

Fe
p
-CNT-NH

3
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than those in the surface-functionalized CNTs)[42] and thus enhances the activation of Fe 

species by increasing their electron density [36]. In other words, this junction leads to enhanced 

CO binding of the Fe-based particles in particular at the Fe-carbon interface and thus more 

rapid carburization. A comparable effect has recently been described for N-doped carbon-

supported nickel nanoparticles which showed high efficiency in methanol dehydrogenation 

due to the tailored adsorption enthalpy at the metal-support interface [37]. Furthermore, the N-

doped carbon layer leads to enhanced dispersion and stabilization of much smaller Fe species 

as seen in STEM images which will also lead to more rapid carbide formation. In agreement 

with previous studies on mesoporous carbons and CNT supports with various surface 

functionalities,[29, 31] the NH3-treated CNT support provides still a higher activity and more 

rapid activation than CNT-O- and CNT-H- supported unpromoted catalysts. However, the 

enhancement is less pronounced as compared to Fe-CNT-CN, indicating the importance of the 

particular species of nitrogen which is present on the support surface. These significant 

differences in the activation properties of the catalysts become even more impressive if it is 

taken into consideration that there is only a comparably low ratio of nitrogen present on their 

surface. Selectivities of all unpromoted catalysts are comparable at 29 - 32 %C for C2-C4 

olefin production and methane formation of more than 30 %C which are in a typical range for 

unpromoted FTO catalysts on carbon supports under these conditions (Figure 5C) [19]. 
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Figure 5: Iron time yield (FTY) vs. time of stream (TOF) (A, B) and hydrocarbon product 

selectivity (C, D) for unpromoted (A, C) and promoted (B, D) catalysts. Data obtained at 

340°C, 10 bar, and H2/CO = 2. 

As it is typical for Na/S promoted FTO catalysts, all of them show a remarkably more rapid 

carbide formation (Figure 5B) as compared to the unpromoted analogues independent of the 

support. The FeP-CNT-CN catalyst reaches its maximum CO conversion (Figure S13B) still 

in significantly shorter time than the promoted catalysts on the other supports while the 

deactivation rate remains comparable. Moreover, this catalyst achieved the highest FTY 

among the promoted catalysts of 94∙10-5 molCO∙gFe
-1∙s-1. This FTY is among the highest 

reported so far, even as compared to optimized and promoted FTO catalysts that have been 

operated at higher syngas pressure.[21, 27, 28, 30] As it is typical for Na/S promoted FTO 

catalysts, methane and C2-C4 paraffin formation is lowered and C5+ formation increased as 

compared to the unpromoted catalysts.  
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Figure 6: STEM images of spent catalysts sFe-CNT-O (A), sFe-CNT-H (B), sFe-CNT-CN 

(C), sFe-CNT-NH3(D), sFeP-CNT-O (E), sFeP-CNT-H (F), sFeP-CNT-CN (G), and sFeP-

CNT-NH3 (H) after ~190 h on stream. 

While no significant influence of the CNT surface structure on the product selectivity became 

obvious for the unpromoted catalysts, even further decreased methane formation, higher 

olefin/paraffin selectivity in the C2-C4 region and higher C5+ formation can be observed for 

the FeP-CNT-CN catalyst and (less pronounced) for the FeP-CNT-NH3 catalyst – in spite of 

their comparable Fe particle size before (Figure 3) and after catalytic operation (Figure 6). 

The rate of deactivation is comparable for all catalysts, supporting the proposal that the loss of 

Fe (carbide) surface area due to particle growth is the main trigger for catalyst deactivation. 

After 187 h of TOS particle sizes slightly increased for both promoted and unpromoted 

catalysts (Figure 7) while the latter show the lower growing rate (Table 1). In agreement with 

previous studies, oxygen-treatment of the CNTs leads to undesired delay of catalyst activation 

and lower catalytic activity independent of the presence or absence of promoters [28, 29, 43]. 

 

 

Figure 7: Particle size distributions of spent unpromoted (A) and spent promoted (B) 

catalysts. 

 

4. Summary and Conclusion 

The modification of CNTs with various surface structures and their influence on the FTO 

catalytic properties of supported Fe nanoparticles has been reported. While the textural 

properties (catalyst porosity, Fe phase, carbon microstructure of the CNTs) remain unaffected 

by the surface modifications, significant effects on the catalytic properties are observed in 
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both presence and absence of Na/S chemical promoters. A nitrogen-doped carbon layer on the 

CNT surface can stabilize atomically small Fe species in addition to Fe nanoparticles and, 

more importantly, can enable much faster activation of the Fe species and result in favorable 

C2-C4 olefin selectivity as compared to the supports just modified with standard surface 

functional groups. Based on the structure-performance relationships we conclude on a 

“tandem promotion” effect in the FeP-CNT-CN catalyst originating from the formation of an 

electronic junction between Fe species and the N-doped carbon layer on the support on top of 

the widely established Na/S promotion which is leading to rapid activation and record-high 

catalytic activity of the Fe(carbide). In our view, this novel concept holds great promise for 

future design of Fe-based FTO catalysts with still much room for improvement regarding the 

nitrogen species and content in the support surface layer, thickness of the layer, its interplay 

with the chemical promoters, and the support geometry. 
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