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ABSTRACT  

With the purpose of investigating the reactivity of Fe carbide as active phase in Fischer-Tropsch 

catalysis, we study the formation of a well-defined Fe carbide surface structure resulting from 

carbon exposure of an Fe film on Au(111). Using two different sources of carbon (C), namely 

atomic carbon and ethylene gas, we use synchrotron X-ray photoelectron spectroscopy (XPS) to 
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show that a 6 ML Fe film readily converts into a well-defined and thermodynamically stable 

carbide phase. Scanning tunneling microscopy (STM) shows that the surface of the Fe carbide 

film is crystalline and dominated by Fe(110)-like facets perturbed into a (2×2) periodic structure 

due to insertion of C in the interstitial sites. The reactivity of the carbide film towards CO, H2 

and O2 was furthermore probed by XPS under vacuum conditions. While the pristine Fe carbide 

surface was unreactive towards hydrogen gas at 500 K, we interestingly find that CO 

dissociation from a pre-adsorbed monolayer of CO takes place already at low temperature. This 

observation points to an intrinsic activity of the Fe carbide phase where additional carbon 

originating from CO can be placed in the Fe carbide surface. The catalytic significance of the 

model catalyst surface presented here is that it can be seen as a stable Fe-carbide phase with 

intrinsically vacant sites for additional C insertion at elevated pressure, and we propose that such 

additional C may act as active species in C-C coupling reactions during FTS. The studies pave 

the way for a better understanding of FTS processes on Fe-based catalysts based on a well-

defined model surface.  

 

KEYWORDS: Fischer-Tropsch Synthesis, Iron carbide, Carburization, Model Catalyst, X-ray 

Photoelectron Spectroscopy, Scanning Tunneling Microscopy  

 

1 Introduction 

The Fischer-Tropsch synthesis (FTS) process is applied to hydrogenate carbon monoxide (CO) in 

syngas to a wide spectrum of hydrocarbons that may be used as clean fuels and feedstock for 

chemicals.1 Even though practically all Group VIII transition metals display CO hydrogenation 

activity, mainly iron and cobalt catalysts are applied in the FTS industry currently.2, 3 Fe-based 
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catalysts have the advantage that they are cheap, have favorable selectivity in a broad temperature 

range (525-650K), with low methane make  and substantial alkene yields at high temperatures.4 

Furthermore, the Fe-based FTS catalysts have water-gas shift (WGS) capabilities – unlike Co, i.e. 

they catalyze the reaction between CO and H2O to form H2 and CO2. Through this reaction, one 

of the FTS products, H2O, can be recycled to form H2, reducing the need of H2 in feedstock and 

adjusting the H2/CO ratio for hydrocarbon synthesis. Therefore, iron is the material of choice in 

FTS catalysts for syngas derived from coal or biomass, which has low H2/CO ratios.5 

 

When exposed to FTS working conditions (typically H2, CO at 523-650 K and 10-50 bar), the 

Fe2O3 catalyst precursor particles are reduced, followed by subsequent carburization into active 

iron carbide phases, possibly only forming in the skin layer of the nanoparticles.6-9 The FTS 

activity has been directly linked with the formation of the iron carbide phases.8, 10 However, the 

understanding of the active carbide phases is limited, as the nanoparticle structures are dynamic 

under catalytic operating conditions and there are several possible phases of iron carbides with 

varying carbon content,11 including Hägg carbide (Fe5C2), Fe7C3, cementite known from steel (θ-

Fe3C), ε-Fe2C and ε´-Fe2.2C.12-20 The bulk structure of iron carbides has been studied by 

crystallography and techniques like Mössbauer spectroscopy, high-resolution transmission 

electron microscopy (HRTEM), extended X-ray absorption fine structure spectroscopy (EXAFS), 

and X-ray diffraction (XRD), have been used for examining the structures of iron carbide 

particles.3, 6, 7, 13, 18, 20-24 However, unlike in the case of Co-based catalysts,25-33 well-defined Fe 

carbide surfaces have not been studied other than in computational work,14-16, 24, 34-37 and the 

atomic-scale surface structures of iron carbides that are expected to play a role in catalysis has 

hardly been studied so far.  
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Computational modeling has been applied to investigate possible FTS reaction steps on Fe carbide 

surfaces. It was proposed that the FTS overall reaction follows a Mars-van Krevelen (MvK) 

mechanism, which in the simplest case involves hydrogenation of carbidic carbon to CH3 

monomers, liberation of carbon in the carbide surface, and dissociative adsorption of CO to fill the 

carbon vacancies, recovering the carbide surface.14-16 Surface science approaches have provided 

valuable atomic-scale verification of the MvK mechanism for catalytic CO oxidation on a number 

of transition metal catalyst surfaces.38-40 However, in lack of suitable Fe carbide model catalysts, 

experimental studies to investigate the catalytic mechanism have not yet been carried out for Fe-

based FTS catalysts.                                                                                                                                                  

To shed light on the nature of active C species and their location in the surface of the iron carbide 

layers, the purpose of this study was to investigate how carburization proceeds in the skin-layer of 

an Fe film model system and then to characterize the morphology, atomic-scale structure and 

reactivity of the resulting Fe carbide surface towards H2, CO and O2. For this purpose we have 

synthesized multilayer iron carbide (> 6ML) thin films on Au(111), and characterized the 

formation process and resulting atomic structure using synchrotron X-ray Photoelectron 

Spectroscopy (XPS) and Scanning Tunneling Microscopy (STM). The source of C for 

carburization of Fe in FTS is dissociated CO in the syngas mixture. However, the low pressure 

conditions combined with the fact that efficient CO dissociation on Fe is a complex process 

mediated by H2, did not allow for sufficient carburization from CO with the approach taken here.41 

In order to simplify the experiment we instead used two other C sources, namely physical vapor 

deposition of atomic C and dosing of ethylene gas, to facilitate Fe carbide formation. We find that 

the C incorporation into the Fe skin layer is facile and that a well-defined and saturated carbide 

film gradually develops during exposure to both types of carbon sources. From atom-resolved 
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STM images, we deduce that the carbide structure involves C placed in interstitial sites within the 

bcc Fe lattice. The incorporation of C leads to a perturbed (2×2) reconstructed Fe(110) surface at 

the top facet of the carbide phase. Based on reaction studies with hydrogen we conclude from XPS 

that the C species in the film are unreactive at 500K. In contrast, exposure to CO reveals that 

dissociation on the pre-formed carbide film takes place even at low temperatures, leading to 

population of additional carbidic C sites. This indicates that the Fe carbide film can activate CO 

and furthermore suggests that the most likely candidates for FTS active C species in the structure 

are carbon placed at vacant sites within the carbide film revealed here. The carbide surface is 

thermally very stable, but we find that strong oxidation of the carbide into Fe-oxides takes place 

upon exposure to oxygen. The possible role of such oxidation during FTS activation and operation 

at elevated pressure will be discussed.  

 

2. Experimental 

The experiments were performed in an ultra-high vacuum (UHV) chamber with a base pressure 

below 1×10-10 mbar, equipped with a scanning tunneling microscope (Aarhus type42) and facilities 

for in-situ synthesis of the Fe carbide model catalyst. A single-crystal Au(111) surface was used 

as substrate for the Fe film growth. To obtain a clean surface, the Au(111) was cleaned by cycles 

of Ar ion bombardment (2 keV) followed by annealing. The cleanliness of the surface was checked 

by atom-resolved STM. Fe films were synthesized by physical vapor deposition of Fe on Au(111) 

kept at room temperature. The Fe deposition was done by a multipocket e-beam evaporator 

(Oxford Applied Research, model EGCO4) under UHV conditions. The Fe deposition rate was 

calibrated from the STM image, giving a deposition rate of 0.48 ML/min, where 1 ML is defined 

to be equivalent to a full coverage of Fe on the Au(111). Carbon was supplied either by physical 
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vapor deposition (PVD) of elemental carbon from a carbon rod (Goodfellow, 99.997%) using the 

e-beam evaporator or from ethylene (C2H4) gas. For PVD, the rate of carbon deposition was 0.02 

ML/min, estimated from the carbon XPS signal by using the sensitivity factor (calculation shown 

in S1). C2H4 (AGA, 99.99%) was introduced to the chamber through a leak valve by means of a 

directional doser in order to establish an elevated pressure locally on the sample, estimated to be 

100 times higher than the background pressure measured by an ion gauge. The STM images were 

acquired in a constant-current mode at room temperature (RT) using a PtIr tip.  

The XPS measurements were conducted at the Matline, beamline at the ASTRID2 synchrotron 

light source (Aarhus, Denmark), using the same synthesis method as in the separate STM setup. 

The initial Fe film morphology was checked at the beamline using a dedicated STM installed in 

the endstation chamber. For the Fe core level spectra, only minor chemical shifts were observed 

for Fe carbides as compared to pure Fe. In contrast, the high resolution C1s signal is very sensitive 

towards several different carbon species formed during the synthesis. All spectra were recorded at 

normal emission if not mentioned otherwise. For acquisition of the C1s, O1s and Fe3p region, 

photon energies of 380 eV, 620 eV and 150 eV were used, respectively. The calibration of the 

binding energy (BE) scale was performed against the Fermi-edge for each photon energy. 

 3. Results and discussion 

The approach taken here starts with deposition of metallic Fe to form a crystalline, multilayer Fe 

film on the Au(111) surface. Before we analyze the carburization process, we note that the 

thickness of the Fe films plays a crucial role for successful iron carbide formation. Fe films with a 

thickness less than 2 atomic layers showed no tendency to form Fe carbide in XPS studies 

irrespective of the C source used, while Fe films thicker than 3 atomic layers readily incorporate 

C (Figure S2). It was previously reported that a structural evolution from a close-packed fcc-like 
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structure to a bcc structure occurs in the Fe/Au(111) films with increasing thickness.43-46 The onset 

of this phase transformation is the formation of a trilayer structure in the Fe/Au(111) films in terms 

of the rectangular-shape islands with (110) orientation, as determined by extensive LEED, STM 

and XRD data in earlier studies.43, 44, 46 We therefore conclude that an essential requirement for 

carbide formation is the generation of the third Fe layer and emergence of a bcc structure in the 

films. The absent affinity towards incorporation of C in the mono and bilayer fcc-type film on 

Au(111) can be related to significant strain effects from the Fe/Au interface and lack of interstitial 

sites suitable for accommodating C in the thinnest films.  

The STM images in Figure 1 show the unreacted Fe film surface after deposition of 6 ML Fe 

equivalent on Au(111) at RT, which is used subsequently in this study for carburization studies. 

We use this 6 ML thickness to exclude the effect of the structural transition at lower Fe coverages 

and to generally minimize the influence of the Au substrate. The surface in this state is a closed Fe 

film, but not atomically smooth. The surface morphology consists of islands with a near 

rectangular outline, which consistent with previous XRD, LEED and STM studies of 

Fe/Au(111),43, 44, 46  that identified the atomically flat top-facets in Figure 1b as (110) terminated 

bcc-Fe.  

 

Figure 1. (a) Large-scale STM image recorded after 6 ML Fe deposition on Au(111) at RT (Vt = 

-0.12 V, It = -0.17 nA). (b) Magnification of the topmost bcc Fe(110) facet (Vt = -0.63 V, It = -

0.11 nA).  
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3.1 Fe carbide formation by atomic C deposition 

In order to explore the carburization process, we firstly monitored the formation of iron carbides 

by atomic C deposition. XPS measurements were performed to analyze the types of C species 

present in the sample and monitor the generation of carbides in the epitaxial Fe layers. The XPS 

data in the lower panel of Figure 2a shows the C1s peak acquired directly after 0.4 ML C deposition 

at RT. Already at this temperature, we see evidence for Fe carbide formation. In the deconvoluted 

XPS spectrum, there are several types of C contributing to the C1s signal. The peak structure can 

be fitted by three components with binding energies (BEs) located at 283.0 eV, 284.2 eV and 285.3 

eV, respectively. According to the reported C1s BEs (Table S1), the peak with the lowest BE at 

283.0 eV can be assigned to C-Fe bonds (i.e. carbidic C), suggesting the creation of iron carbide 

in the top layers of the sample.47, 48 The middle peak at 284.2 eV can be assigned to sp2 hybridized 

C (i.e. graphitic C),47-52 while the peak with the highest BE, shifted from the sp2 peak by around 1 

eV, is identified as sp3 hybridized C (similar to amorphous C). 20 All three peaks in this plot are 

fitted with a FWHM of 1.05 eV. The BEs of the sp2 and sp3 C components agree well with the 

reported values, whereas the BE of carbide has a slight shift of around 0.4 eV towards lower BE 

(Tab. S1).20, 47-52 This difference may originate from a differences between the thin films used here 

and the Fe single crystals or thick Fe films (> 20 nm) described in the reference database.47-50, 53, 

54 The formation of a significant carbide signal by elemental C deposition on multilayer Fe films 

exposing the (110) surface already at room temperature, indicates that incorporation of C in the Fe 

film through this facet is a thermodynamically facile process. 
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Figure 2. Carburization with atomic C deposition. (a) C1s XPS spectra after C deposition on 

Fe/Au(111): (lower) at room temperature, (upper) after subsequent annealing to 500 K. The C1s 

spectrum contains three peaks, which are assigned to carbide, sp2 and sp3 hybridized C. (b) The 

relative contribution based on the area of the different components. (c) Angle-resolved C1s signal 

for the carbide sample synthesized by room temperature C deposition. The photon energy for the 

C1s spectra was 380 eV. 

The C1s core level spectra after annealing at 500 K in Figure 2a (upper panel) show that the relative 

intensities are significantly changed by thermal activation. The BE positions of the individual C1s 

components are unchanged, but both the graphitic C and amorphous C peak intensities decrease 

with respect to the carbide peak upon annealing, resulting in a more pronounced carbide peak 

(82%) compared to the RT state (61%). This change in relative concentration upon annealing is 
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attributed to a conversion from graphitic surface C and amorphous C to carbidic C due to the 

activation of C diffusion from the surface and inwards. The angle-resolved XPS measurements of 

the C1s signal comparing normal emission with a grazing emission spectrum in Figure 2c confirm 

that the initial graphitic C resides predominantly at the surface. A reduction in the total intensity 

by 48% compared to the RT carbide films is also observed in Fig 2a, indicating that the annealing 

temperature of 500K is enough for the formation of carbide in the deeper Fe layers beyond the 

probing depth in XPS (4.39 Å for the chosen photon energy).  

The XPS results thus show that Fe carbide formation in the film is thermodynamically favored, 

but at lower temperature the limited diffusion of C from the surface into the Fe films prevents 

formation of carbides and leads to formation of the graphitic surface species. The preferential 

formation of Fe carbide agrees well with theory studies reporting that formation of carbide is more 

favorable than graphite on Fe(110).54-56 The temperature needed to activate C diffusion in Figure 

2a is in agreement with C diffusion in Fe, which is an activated process with a predicted energy 

barrier of 0.86 eV for interstitial C diffusing from one interstitial site to another in the bulk of 

ferrite.57 We speculate that C atoms occupy all interstitial sites close to the surface during the first 

stages of deposition at RT, and further deposited C atoms can only accumulate on the surface 

giving rise to the sp2 C peak. At elevated temperature, this restriction is lifted and the carbide 

formation takes place also in deeper layers. In agreement with the experiment, theoretical modeling 

also suggested graphite formation caused by significant repulsion between C atoms on Fe(110) at 

high coverage, after carbide formation.55, 56 
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Figure 3. Carburization with atomic C deposition. (a) Waterfall diagram illustrating the gradual 

changes in the C1s signal plotted as a function of C deposition. For sake of clarity, the fitted 

spectrum for the different carbon species is only displayed for 1.44 ML C. (b) Contribution of each 

C component in the C1s spectra. 

A saturated carbide phase can be synthesized by several cycles of deposition and annealing. A 

series of XPS experiments following 8 cycles of C deposition and 500 K post-annealing was 

performed in order to explore the conversion of the metallic Fe film into a saturated carbide phase. 

A waterfall diagram illustrating the gradual changes in the C1s signal is plotted as a function of 

deposited C amount in Figure 3a. The corresponding evolution of fitted peak areas shown in Figure 

3b illustrates, that the carbide peak (283 eV), appears in the first cycle and increases in intensity 

by more than 100% with further C deposition. For the first three cycles, the graphitic peak is mostly 

absent after annealing, due to in-ward diffusion of C. For the subsequent cycles (≥1.44 ML C), the 

sp2 graphitic and sp3 amorphous C peak increases, indicating that the C amount in the Fe film has 

reached saturation under the conditions of the experiment. Fe carburization followed by C 

precipitation is also reported in the literature on nanoparticle samples.58 It is possible to estimate 

the Fe:C ratio in the saturated carbide phase from a quantitative XPS analysis of the Fe3p and C1s 
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spectra. We used a procedure where the area of Fe3p and the carbide component of the C1s spectra 

are measured and corrected by an experimentally obtained sensitivity factor (calculation shown in 

S1). For the saturated films obtained by atomic C deposition, this quantitative XPS analysis results 

in an average Fe:C ratio of 6.7 ± 0.6 (corresponding to carbon content of 13.2 ± 1.1 at%).  

3.2 Fe carbide formation by ethylene decomposition 

Figure 4 shows the C1s core level spectra for a carbide film where the C source was C2H4 gas 

instead. In this experiment, we dosed C2H4 at ~3×10-3 mbar (using a directed doser) to a freshly 

prepared Fe multilayer film while the sample temperature was 500K (Figure 4a) and 300K (Figure 

4b). Again, the C1s signal resulting from the decomposition of C2H4 on the surface of Fe films at 

500 K, can be deconvoluted into three peaks fitted with a FWHM of 1.05 eV, consistent with the 

assignment of carbidic species and C surface species as before. As illustrated in Figure 4, all peak 

intensities for 500 K C2H4 decomposition are significantly higher than at 300 K, reflecting that 

decomposition of ethylene is more efficient at high temperature, as expected. We note that, the 

C1s spectrum after 300 K C2H4 exposure is slightly shifted towards the higher BE side as 

illustrated in Figure 4b. Furthermore, the three peaks are fitted with a larger FWHM of 1.25 eV. 

We associate this shift of BE and the broader peaks to the incomplete dehydrogenation of C2H4 

on Fe/Au(111) at RT,59 leading to more complex C states on the sample surface.  
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Figure 4. Carburization with C2H4 gas. C1s XPS spectra following C2H4 exposure at a pressure 

of 3×10-3 mbar for 20 min at 500 K (a) and 300 K (b). 

The C1s spectra reflecting the gradual C uptake as a function of C2H4 dosage are compiled as a 

waterfall plot in Figure 5a. Only the first experiment was undertaken at RT, and the rest were at 

500 K. The peak areas for different C phases gained from XPS fitting are presented in Figure 5b. 

A similar trend as for the atomic C deposition method is observed for C2H4 decomposition, with 

the growth of carbidic C first and graphite after several cycles. Moreover, the carbide films with 

different C content show various reactivity towards C2H4. Although the total peak area (I) in 

Figure 5c increases after each C2H4 annealing step, the C uptake efficiency (ΔI/cycle) decreases 

significantly after the first two steps. This reflects that the initially metallic Fe(110) surface 

exhibits the highest rate for C2H4 decomposition, while the carbide surfaces exposed in subsequent 

steps show a declining activity for C2H4 decomposition with increasing C content in the Fe film. 

This observation suggests the importance of C vacancies in the carbide films. A similar effect is 

seen when CO is considered as the source of C as earlier reported DFT calculations indicate that 
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CO decomposition follows a trend opposite to the C content in the carbide films in relation to the 

available interstitial sites for C incorporation.15 The quantitative analysis of the Fe:C ratio in the 

saturated carbide phase obtained by C2H4 dosing gives a similar value of 5.7 ± 1.1 (carbon content 

15.3 ± 2.6 at%) compared with the C deposition method. Within uncertainty, we assume the types 

of carbide formed by these two methods are the same. This C content is comparable with iron 

carbide films generated by magnetron sputtering of Fe and C targets onto a Si(001) surface.49  

 

Figure 5. Carburization with ethylene gas. (a) Waterfall plot of the XPS spectra of the C1s region 

following a series of C2H4 annealing steps. (b) Contribution of different C components after each 

step. (c) Toal C uptake area I, and efficiency (ΔI pr. cycle) from C2H4 into C in the sample for 

each step.  

3.3 Scanning Tunneling Microscopy of the Fe-carbide surface 
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Figure 6. STM images of the Fe carbide film. (a) The morphology of the Fe carbide surface. (b) 

Zoom-in STM image of one of the facets (Vt = -0.37 V, It = -0.56 nA). (c) Top view ball model of 

the carbide surface with C atoms occupying every second octahedral interstitial sites, leading to a 

perturbed (2×2) reconstructed structure. (d) Illustration of the proposed octahedral interstitial sites 

for C atom incorporation. The on-top Fe atom is pushed toward the vacuum by 0.5 Å. 

The STM images in Figure 6 display the structure of a saturated Fe carbide phase in a state before 

the formation of excessive amounts of graphitic C on the surface (i.e. near the 1.44 ML C 

deposition point in Figure 3a). A sequence of C deposition followed by 500 K post-annealing like 

in Figure 3 were performed. The comparison of the large-scale STM image displaying carbide 

surface in Figure 6a and Figure S3a with the pristine Fe film in Figure 1a shows that the overall 

morphology of the carbide film is unchanged after carburization, still exposing rectangular shaped 

and atomically flat facets. The unchanged large-scale morphology immediately suggests that 

carburization takes place without any large structural modifications and is consistent with C being 

incorporated in a facile way at interstitial sites in the Fe lattice. The atom-resolved STM image 

(Figure 6b) is a magnification of the top facet also shown in Figure S3a, which resolves that the 

surface on the atomic-scale consists of elongated facets with protrusions arranged in a periodic 

fashion that are not inherent to a clean and atomically flat Fe(110) surface. The most abundant 

atomic-scale motif is the rhombic unit cell superimposed on the image in Figure 6b. The unit cell 
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exposes a distance between two protrusions along the long edge of ~5.7 Å (Figure S4) and ~5.0 Å 

along the short edge. In the particular case shown Fig 6b, the symmetry of this rhombic repetition 

unit is mirrored in a line going along the long direction of the resolved facet. The observation of 

local order among some long range disorder was quite general for the top facets of the Fe carbide 

islands resolved in STM (see also Figure S3b).  

The characteristic distances in the film structure are larger than the in-plane atomic distances of 

Fe(110),47 but comparable with the larger lattice constants of carbides.6 In fact, the predominant 

rhombic unit cell observed Figure 6b is a rather perfect match to a (2×2) reconstructed unit cell, 

based on the surface unit cell of Fe(110). This is illustrated by the ball model in Figure 6c showing 

the first layer Fe atoms as black balls and the second layer Fe atoms as grey balls. Here the (2×2) 

relation between the Fe(110) surface unit cell (blue rhomb) and the observed superstructure (green 

balls and red rhomb) is visualized. Based on this we can propose a tentative structural model for 

the observed carbide surface structure. The model is generated from the pristine Fe(110) surface, 

where we have evaluated structures with C atoms located in different interstitial sites in order to 

reproduce the geometry revealed in the STM. The (110) surface exposes two kinds of voids 

wherein C can be placed as indicated in Figure 6d: (i) bulk bcc octahedral sites underneath every 

topmost (black) Fe atom; 57, 60 (ii) a distorted subsurface octahedral site (Ci, surf) revealed in theory 

studies 55, 49 which is located in between the first two layers. Evidently placing C in each of these 

octahedral sites will lead to a distortion of the surrounding host bcc surface. The local range of this 

distortion means that C atoms can only favorably occupy every second of these octahedral 

interstitial sites in a plane parallel to the surface, thus forming a (2×2) periodicity. At the position 

of the C interstitial atom, strain is released by pushing the on-top surface Fe atom towards the 

vacuum (shown in green in Fig 6c). The displacement distance of the topmost Fe in similar 
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geometries is estimated from theory to be 0.5 Å,55 which is in strong agreement with the 

corrugation shown in STM image (Figure 6b). From our structural STM observations alone, we 

cannot implicitly determine whether bulk octahedral sites or subsurface octahedral sites are 

occupied, as the (2×2) pattern can be built from structures that include either type of sites. We note 

however, that the irregularities commonly observed in the (2×2) structure, exemplified by the 

elongated protrusions marked by the white arrow in Fig 6b, could be due to a local combination 

of C atoms in bulk and subsurface octahedral sites or addition of C on additional vacant octahedral 

sites.  Based on the surface model, we assume that the saturated Fe carbide film in deeper layers 

is built from repetition of such layers, where C takes up positions at the free sites underneath the 

center of the (2×2) unit cell, so that an alternating stacking of Fe layers with C in every fourth bulk 

octahedral sites is formed. Assuming full C saturation, this model gives an overall maximum 

carbon content of 20 at%. The ideal structure is obviously higher in C content than the averaged 

concentrations (~13.2 at% for atomic C and ~15.3 at% for ethylene deposition) deduced from the 

quantitative XPS analysis. This deviation from a perfect stoichiometry may reflect that C 

saturation was not fully achieved throughout the Fe film due to kinetic effects in the C migration 

and partial oxide formation (see below). 

3.4 Fe-carbide reactivity in H2 and CO   

The saturated Fe carbide samples were first exposed to hydrogen gas, in order to study if C 

extraction by H2 is possible following the proposed MvK mechanism for FTS. However, as 

illustrated in the XPS results in Figure 7a, we very limited changes to the C1s spectrum relative to 

the as-prepared sample after annealing in 2×10-6 mbar H2 at 500 K. We conclude that the Fe 

carbide surface produced by the methods here is in a relatively unreactive state at this temperature, 

i.e. the lattice carbon is not easily removed by hydrogen under the conditions employed. Graphitic 
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and amorphous carbon located on top of the carbide surface could in principle limit H2-carbide 

contact, but the STM results show that carbide patches are always exposed.  

 

Figure 7. (a) Overlapped C1s XPS spectra after annealing the as-prepared iron carbide sample in 

hydrogen at 500 K and 2×10-6 mbar. (b and c) C1s and O1s core level spectra after heating a CO-

precovered surface in steps from 160 K to 300 K. The C1s peaks are labelled according to the 

assignment of CO and Fe carbide components. The O1s peaks are labelled according to CO and 

Fe oxide components. The initial O content is due to oxide formation during synthesis. 

Instead, the negligible reactivity toward hydrogen of our model sample could also be due to the 

lower C content, compared with the reported values for carbides at FTS working conditions of 25 

at% (Fe3C), 28 at% (Fe5C2), and 30 at% (Fe7C3).3, 12, 20. We speculate that higher C levels may 

be reached by populating the intrinsically available sites in the Fe lattice in the structural model 

shown in Figure 6c under FTS conditions. A possible indication for this is provided by additional 

CO dissociation experiments on the pristine, saturated Fe carbide surface prepared by ethylene 

carburization as in Fig 5. Figures 7b and 7c show the C1s and O1s core level spectra, respectively, 

obtained during a temperature ramp in an experiment where ~600 L of CO was pre-adsorbed at 

160 K at 3×10-6 mbar. At the lowest temperature (red curve) the C1s peak structure reflects the 

adsorbed CO by a component at high binding energy (285.6 eV), in addition to the peak 

components representing the graphitic and carbidic species in the saturated Fe carbide film from 
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before. A comparison of the C1s spectrum obtained at the different temperatures (Figure 7b) shows 

a continuous decrease in the CO component located high binding energies and a concomitant 

change in the carbidic peak. The drop in the CO peak from low to high temperature is mainly due 

to CO desorption. While CO is still adsorbed, the carbide component of the C1s peak is attenuated 

compared with the starting point (black) due to the screening of the adsorbed CO layer until it has 

desorbed completely at 300 K. However, a direct comparison of the pristine (black) with the CO-

exposed sample at 300 K reveals an increase of the carbidic peak. Accordingly, this effect is also 

observed in the O1s spectra in Figure 7c, where an “Fe oxide” peak at low binding energy develops 

after annealing at the expense of the O component from adsorbed CO. Both the carbide peak and 

oxide peak acquired after annealing show higher intensity than the as-prepared sample, indicating 

CO dissociation on the sample surface during the temperature ramp to 300 K.  Direct quantification 

of the C1s peak component areas yields an increase of 0.4 at% in the carbide peak compared to 

the as-prepared sample. Almost no change in the graphitic peak (middle part at 284.2 eV) is 

observed which confirms that the increase in XPS signal is due to carbide formation. CO 

dissociation on Fe(110) was reported to be very slow at room temperature.61 In agreement, when 

CO was dosed to a pure metal Fe(110) film at room temperature in our experiment, no 

corresponding reactivity towards CO under was found. The difference between CO for the pure 

metal and the carbide surface thus suggests the importance of the carbide phase in the activation 

of CO molecules and indicates that it is possible to adsorb additional carbon on the 

thermodynamically stable carbide surface prepared by ethylene decomposition. The experiment 

shows that the (2×2) structure is thermodynamically favorable even at the chemical potential of C 

used in the vacuum conditions, and we therefore suggest that the model can be viewed as a basic 

structure on which additional active C species are formed at elevated pressure. The proposed model 
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in Fig 6b suggests that such active sites may be located within the (2×2) structure, which can be 

filled with C at regular bulk octahedral sites or subsurface octahedral sites in the subsurface layers. 

Such C atoms may be less strongly bound within the carbide structure and therefore also more 

reactive. The absolute increase in carbidic carbon content in the film resulting from the experiment 

in Figure 7b is quite moderate (~0.4 at%), but it is consistent with formation of carbidic carbon 

only in the surface layer due to limited mobility of the C at 300K.  Further sites may be efficiently 

be filled by C at elevated pressure condition and temperatures corresponding to FTS, and we 

anticipate that such species can be confirmed spectroscopically under high-pressure FTS working 

conditions where the chemical potential becomes substantially favorable for additional C insertion 

in the iron lattice. Additional studies which include elevated pressure and high temperature 

conditions are needed to confirm these hypotheses.  

3.5 Fe-carbide reactivity in O2   

 

Figure 8. (a-c) XPS spectra in the C1s, O1s and Fe3p regions for the as-prepared iron carbide 

sample and after oxygen annealing at 400 K and 1×10-6 mbar. The carbide peak intensity has a 

strong decrease after oxidation, while the sp2 and sp3 peaks present almost no changes. The Fe3p 

peak shifts to a higher binding energy after oxidation. (d) STM images corresponding to the XPS 
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data, showing an oxidized surface. Inset displays the atomic-scale image, which shows the 

hexagonal oxide structure. 

Lastly, we tested the sensitivity of the Fe-C film towards oxygen gas. Figure 8a illustrates the 

strong decrease of the carbidic C peak after oxidation, with the relative concentration decreasing 

from 62% to 34%, while small change in the absolute contribution occurs for of sp2 and sp3 C on 

the surface. The O1s peak shown in Figure8b reveals that a small amount of oxides (less than 10% 

compared to the fully oxidized sample) is already present in the as-prepared carbide sample after 

C2H4 annealing, estimated by the peak intensity. The O1s peak is located at 529.8 eV, with a large 

FWHM, probably due to mixed iron oxide phases. After O2 annealing (400 K, 1×10-6 mbar), the 

intensity of the O1s peak increases significantly as illustrated in Figure 8b, indicating the formation 

of a large amount of iron oxide. Correspondingly, the oxidized sample shows an obvious shift of 

the Fe3p peak towards higher BE with respect to the Fe 3p BE of the iron carbide sample. The 

results show that the Fe carbide film is quite reactive towards oxygen, which is in agreement with 

earlier experimental and DFT studies, reporting Fe carbides oxidizing with a low energy barrier.3, 

62 The corresponding STM images in Figure 8d present the morphology changes of the carbide 

surface after oxidation. Unlike carbidization, oxidation has a dramatic effect on the surface 

morphology. The rectangular shaped facets are converted into plate-like hexagonal structures, 

whose atomic structure expose a regular hexagonal lattices in the STM images. The atomic 

distance measured in the inset of Figure 8d is around 3.1 Å, consistent with Fe oxides.63-66 It is 

speculated that the carbidic C reacts selectively with O, desorbing from the surface as CO or CO2.67  

A strong reactivity towards oxygen is a general observation for both pure Fe and Fe-C on Au(111) 

irrespective of the film thicknesses. The strong sensitivity towards oxygen was even more 

pronounced for the submonolayer Fe/Au(111) samples, which were found to convert into FeO by 
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trace amounts of water in the chamber or oxygen in the ethylene gas by XPS. Based on this finding 

and the fact that no carbide formation is detected for Fe at less than 2 ML in our XPS data here, 

we conclude that our previous observations for this system reflect predominantly FeO rather than 

carbides.68 

4. Conclusions 

In conclusion, we have reported a successful synthesis of well-defined iron carbide films, prepared 

by atomic C deposition and by C2H4 decomposition on Fe/Au(111) films. The essential 

requirement for carbide formation is the phase transformation to a bcc Fe structure in the films. 

Irrespective of the preparation methods, the formation of carbide on multilayer bcc-type 

Fe/Au(111) films is a facile process at room temperature, showing that the structure is 

thermodynamically favorable. Elevated temperature is essential for C diffusion from the surface 

inwards, preventing the accumulation of graphitic surface C and facilitating the formation of a 

well-defined carbide film. For ethylene decomposition, the efficiency is increased at higher 

temperatures, and a declining trend is observed for carbide surfaces with increasing C content.  

From our atom-resolved STM images we deduce that the carbide structure contains C-atoms 

placed in interstitial sites within the bcc Fe lattice, leading to a perturbed (2×2) reconstructed 

structure with Fe(110)-like facets. The Fe carbide film has an ideal 20 at% C content assuming 

that carbon takes up all such position throughout the film, but due to Fe oxide formation and 

possible vacancies, the overall carbon content is observed to be lower in the XPS analysis. A 

reaction study with hydrogen indicates that the C species in the film are unreactive towards 

hydrogen at mild reaction conditions at 500 K or due to the low C content in the carbide films. We, 

however, anticipate that additional C species located in the intrinsic vacancies of the Fe film could 

be the likely candidates for active sites in FTS, since CO dissociation can take place on the pristine 
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Fe carbide film even at low temperature. This observation points to intrinsic reactivity of the Fe 

carbide film for CO activation, which is barely seen for a metal Fe film. The low temperature 

activity observed here may be similar with CO dissociation on the defect sites reported for a 

Co(0001) surface.31 The synthesized carbide films are extremely reactive to oxygen and water, 

resulting in the formation of Fe oxides, explaining our previous observations for monolayer 

structures as FeO islands rather than carbides.68 Since the (2×2) carbide films are 

thermodynamically stable under vacuum conditions, high-pressure conditions would be required 

for incorporation of additional, more reactive C species.  
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