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Silicon carbide (SiC) is a major component of interstellar dust in carbon-rich environments, but its catalytic potential in space has remained largely unexplored. In this work, we investigate how single iron atoms supported on SiC (Fe0@SiC) can drive Fischer Tropsch-type (FTT) reactions, transforming the two most abundant gas-phase species in the interstellar medium (H2 and CO) into more complex organic compounds, i.e., formaldehyde (H2CO) and methanol (CH3OH). Using density functional theory (DFT), we model the catalytic cycle on the most stable β-SiC (110) surface, revealing that H2CO forms efficiently with relatively low activation barriers (up to 18.3 kcal mol−1), while, in contrast, CH3OH formation faces a significant energy barrier (32.6 kcal mol−1) in space. Atomistic mechanistic study highlights the role of Fe0@SiC in stabilizing reaction intermediates through Fe-H-Si bridging interactions, which facilitate H2 activation and CO hydrogenation. Kinetic analysis suggests that H2CO and CH3OH formation is viable in regions with temperatures above 200 and 350 K, respectively, aligning with observations of formaldehyde and methanol in protoplanetary disks and comets. The findings also suggest that FTT processes could contribute to the formation of other organic molecules, such as acetaldehyde and short-chain hydrocarbons, in space. This work offers new insights into how cosmic dust grains might drive the formation of complex molecules during the planetary system formation.
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1 INTRODUCTION
Solid-state dust grains are prevalent in the interstellar medium, which are believed to form in circumstellar shells, considered to be dust grain condensation zones. Dust grains, typically ranging from 0.1 to 10 μm in size, are primarily composed of refractory materials such as magnesium silicates, which can incorporate elements like iron and titanium (Lodders and Fegley, 1999; Jones, 2001). The composition of these grains depends on the carbon-to-oxygen (C/O) ratio where they form. In oxygen-rich circumstellar envelopes, where local thermodynamic equilibrium (LTE) conditions dominate, silicates constitute the most common solid phase (Marini and Tosi, 2025). Conversely, in carbon-rich environments, carbonaceous materials are prevalent, which known to the date can be silicon carbide (SiC), amorphous carbon (which can be aliphatic hydrogenated-rich and aromatic hydrogenated-poor), graphite and polycyclic aromatic hydrocarbons (PAHs) (Herrero et al., 2022). Some of these refractory materials have been identified through mid-infrared (IR) observational measurements detecting the lattice vibrations assigned to the Si–O and Si–C stretching modes at ∼9 and 11 μm, respectively. Moreover, chemical analysis of presolar grains, like meteoritic and interplanetary dust particles, also indicate the presence of these (and other) materials (Kwok, 2004). However, not all grains necessarily form under LTE conditions. Shock waves induced by stellar pulsations and mass loss can cause significant deviations from equilibrium, and the presence of refractory-type circumstellar molecules in the gas phase further supports the existence of non-LTE environments (Lodders and Amari, 2005; Gobrecht et al., 2016). SiC in particular, has also been widely detected in presolar meteorites and in cometary materials returned by the Stardust mission (Hoppe, 2009; Speck et al., 2005; Fujiyoshi et al., 2015). In carbon-rich environments, SiC grains are primarily identified through their characteristic infrared emission band at ∼11 μm, which, in rare cases, appears in absorption. Comparisons of astronomical spectra with laboratory and meteorite sample data indicate the material to be the β-SiC polymorph (Clement et al., 2003; Speck et al., 1999). Despite its widespread presence in circumstellar environments, there is no clear evidence of SiC in the interstellar medium, possibly due to the oxidation of grains (Whittet et al., 1990). However, it has recently been detected in the proto-planetary disk of the pre-main-sequence object SVS-13 (Fujiyoshi et al., 2015). Notably, SiC exists in multiple crystalline polytypes, meaning the ∼11 μm feature is not unique to a single structural form but rather serves as a general indicator of SiC dust grains (Brown et al., 2006).
The presence of SiC is of great interest because it can act as a catalyst for the formation of PAHs (Tielens, 2008; Zhang et al., 2015; Delaunay et al., 2015; Ridgway et al., 1976; Fonfria et al., 2008). Although the complete mechanism behind the cosmic PAH formation remains debated, (Carelli et al., 2011; Woods et al., 2002; Cole et al., 1984; Frenklach et al., 1989; Cherchneff, 2011), one possible mechanism suggest that silicates can catalyse the formation of PAHs through a Lewis acid catalytic process involving acetylene reactions (Tian et al., 2012; Tian et al., 2013; Zhao et al., 2016). Additionally, SiC has been proposed as a key player in the formation of interstellar fullerenes through shock processing of circumstellar SiC grains. Laboratory experiments indicate that shock heating of SiC grains in circumstellar gas can lead to fullerene formation, even in hydrogen-rich environments (Goel et al., 2004; Bernal et al., 2022; Chen et al., 2022; Ziurys, 2024).
From an astrochemical perspective, SiC has been postulated to act as a catalyst for the formation of carbon-bearing molecules through a top-down mechanism, (Roy et al., 2023), and can be further exploited as a support material for other reactive species. In terrestrial chemistry, SiC has gained attention due to its potential applications in high-power electronic devices, owing to its high thermal conductivity, high electrical breakdown strength, and high maximum current density (Ba et al., 2015; Church et al., 2012; Vannice et al., 1986; Bhatnagar and Baliga, 1993). While SiC is not traditionally known as a catalytic material, the large surface area and high chemical inertness of β-SiC make it an excellent catalyst support, a property that has been applied in various heterogeneous catalytic reactions. For instance, it has been reported the partial oxidation of methane over a Ni/SiC catalyst (Sun et al., 2005).
One of the persistent challenges in astrochemistry is the so-called “missing iron problem”, the lack of observational evidence for iron despite its expected abundance (Psaradaki et al., 2023). The prevailing hypothesis suggests that iron is sequestered from the gas phase and incorporated into dust grains through various mechanisms, including single-atom and nanocluster deposition, as well as incorporation into mineral structures such as Fe-bearing olivines and pyroxenes, or in the form of troilite (FeS) (Kemper et al., 2002; Bradley, 1994; Altobelli et al., 2016; Ishii et al., 2018; Sargent et al., 2009; Sasaki et al., 2001). Given its structural and chemical properties, SiC is an ideal candidate for supporting iron deposition in these forms.
In this study, a SiC surface with the deposition of single Fe atoms (Fe0@SiC) was atomistically modelled and its capacity to catalyse Fischer Tropsch-type (FTT) reactions investigated. FTT reactions are among the most plausible Earth-like catalytic processes that could operate in the interstellar medium, as their primary reactants (H2 and CO) are the two most abundant molecular species in space. Moreover, FTT reactions are highly exergonic, producing a variety of complex organic molecules that have been detected in different astrophysical environments. Recent computational studies have explored possible reaction pathways for the formation of short-chain alcohols and alkanes via FTT reactions, using atomistic models of astrocatalysts of single-atom iron (Fe-SA) on a silica (SiO2) surface (Fe-SA@SiO2) (Pareras et al., 2023; Pareras et al., 2024). These studies provided mechanistic and kinetic insights of FTT processes, demonstrating the feasibility of synthesizing formaldehyde, methanol, methene, ketene, acetaldehyde, and ethanol in astrophysical environments where temperatures exceed 200 K. This theoretical framework offers, for the first time, insights how and where FTT-catalysed processes might take place in space. Moreover, seminal experiments dedicated to the synthesis of hydrocarbons catalysed by transition metal-containing dust analogues under simulated solar nebula conditions via FTT reactions demonstrate that true catalysis on cosmic grains can indeed occur (Llorca and Casanova, 1998; Ferrante et al., 2000; Sekine et al., 2006; Cabedo et al., 2021; Martinez-Bachs et al., 2024).
Here, accurate density functional theory (DFT) calculations on the catalytic potential of Fe-SA on SiC surfaces (Fe-SA@SiC) in the conversion of H2 and CO in a FTT context are presented, with the focus on forming formaldehyde (H2CO) and methanol (CH3OH). The objective is to expand the understanding of astrocatalysis involving supported transition metals while leveraging the catalytic properties of SiC. This work aims to bridge the gap between the demonstrated efficiency of SiC materials in terrestrial catalysis and the established role of Fe-SA as effective catalysts in astrochemical processes. Ultimately, this study contributes to our understanding of how dust grains facilitate complex molecular formation in space, bridging astrochemical modelling with catalytic mechanisms relevant to both astrophysical and terrestrial chemistry.
2 COMPUTATIONAL DETAILS
All the calculations were performed adopting a periodic approach and using the CP2K package (Kühne et al., 2020). Characterization of the potential energy surface (PESs) requires determining the structures and the energetics of the stationary points. For geometry optimizations, the semi-local PBEsol functional (Perdew et al., 2008) was used, along with the Grimme’s D3(BJ) (Grimme et al., 2010) correction to include dispersion forces. A double-ζ basis set (in CP2K, the DZVP-MOLOPT-SR-GTH gaussian basis set) (Vandevondele et al., 2005) was adopted for all the atom types, combined with a cut-off energy set at 500 Ry for the plane wave auxiliary basis set. The Goedecker–Teter–Hutter pseudopotentials (Goedecker et al., 1996) were used to describe core electrons, while a mixed Gaussian and plane-wave (GPW) approach (Lippert et al., 1997) was employed for valence electrons. The energies of the stationary points were refined by performing single point calculations onto the PBEsol-optimized geometries at the hybrid B3LYP functional (Becke, 1993) theory level, with the D3(BJ) dispersion correction (hereafter referred to as B3LYP-D3(BJ)//PBEsol-D3(BJ) theory level) and using the triple-ζ (TZVP) basis set (Lee et al., 1988). Note that the auxiliary density matrix method (ADMM) (Guidon et al., 2009; Guidon et al., 2010) was used for the exact exchange when performing calculations with hybrid functionals. The selection of B3LYP-D3(BJ) method for the energetic refinement was chosen because it was already benchmarked and used in our previous studies on astrocatalytical FTT reactions, (Pareras et al., 2023; Pareras et al., 2024; Martinez-Bachs et al., 2024), this way facilitating a consistent comparison. The choice of functionals and basis sets was based on calibration performed in our previous studies (Pareras et al., 2023; Pareras et al., 2024) on Fe single-atom systems, where it was demonstrated that the B3LYP-D3(BJ)/TZVP//PBEsol-D3(BJ)/DZVP approach provided the best agreement with CCSDT reference data in describing the electronic behaviour of the Fe centre.
The climbing image nudged elastic band (CI-NEB) (Zarkevich and Johnson, 2015) technique implemented in CP2K was used to search for transition states, which were also calculated at B3LYP-D3(BJ)//PBEsol-D3(BJ). Energy barriers were calculated as:
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where [image: image] stands for the potential energy barrier (in which [image: image] and [image: image] refer to the absolute potential energies of the transition states and the previous local minima, respectively), [image: image] represents the zero-point energy (ZPE) corrected barrier (in which [image: image] refers to the contribution of the ZPE corrections to [image: image]), and [image: image] is the Gibbs energy barrier at a given temperature (in which [image: image] refers to the contribution of the Gibbs corrections to [image: image]).
The nature of the stationary points of the reactions was validated by calculating the harmonic frequencies (minima for reactants, intermediates and products, and first-order saddle points showing only one imaginary frequency for transitions states). Vibrational harmonic frequencies were calculated at the PBEsol-D3BJ/DZVP-optimized structures using the finite differences method as implemented in the CP2K code. To minimize the computational cost, a partial Hessian approach was employed. Consequently, vibrational frequencies were computed solely for a subset of the entire system, comprising the surface atoms participating in the reaction and the reactive species.
The catalytic performance of the simulated FTT processes was investigated through kinetic analyses. To this aim, a rate constant associated with each elementary barrier was calculated using the Rice-Ramsperger-Kassel-Marcus (RRKM) theory, (Marcus, 1952), a microcanonical transition state theory that assumes that the phase space is statistically populated. In this RRKM treatment, tunnelling effects were taken into account by adopting the unsymmetrical Eckart potential barrier model (Eckart, 1930). Calculation of the rate constants used the calculated vibrational frequencies as degrees of freedom in the sum of states. A partial Hessian matrix was calculated to derive a set of vibrational modes directly involved in the reaction, i.e., those that have a direct impact on the rate constants. The rest of the vibrational modes, not accounted for, belong to the inner layers of the surface model and are assumed to have a negligible influence in the chemical reactions and by extension in the rate constants (Molpeceres et al., 2023). These kinetic calculations were performed with a freely available in-house program, in which the RRKM algorithms were implemented for grain-surface processes (Enrique-Romero and Rimola, 2022).
3 RESULTS AND DISCUSSION
3.1 Atomistic model of the Fe0@SiC catalyst
As previously mentioned, astronomical observations indicate that the most prevalent polymorph of silicon carbide in the interstellar medium is β-SiC. This phase adopts a zinc blende crystal structure (cubic unit cell) with an F̅43 m space group, where each Si atom is tetrahedrally coordinated by four equivalent C atoms, forming corner-sharing [SiC4] tetrahedra, and vice-versa, each C atom is coordinated to four Si atoms, forming corner-sharing [Si4C]. The bulk structure contains the (SiC)4 minimal unit block and lattice parameters of a = b = c = 4.35 Å and α = β = γ = 90.00°, with uniform Si–C bond lengths of 1.89 Å. In this study, a supercell (2 × 2 × 2) model of the SiC bulk structure containing 64 atoms was employed. Upon optimization, the model exhibits lattice parameters of a = b = c = 8.68 Å and α = β = γ = 90.00°, with optimized Si–C bond lengths of 1.88 Å (Figure 1A). Following bulk optimization, various surface slabs were generated, corresponding to the Miller indices (100), (010), (001), (110), (011), (101), and (111). In order to identify the most stable slab, the surface energy for each of them was computed with the equation:
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where ([image: image]) is the surface energy, ([image: image]) is the energy for the relaxed structure of the slab, ([image: image]) are the number of atoms, ([image: image]) the energy of the bulk structure and ([image: image]) the surface area (Martinez-Bachs et al., 2024).
[image: Figure 1]FIGURE 1 | (A) Bulk structure of the β-SiC within a (2 × 2) supercell modelling. (B) Optimized structure of the (110) SiC slab model. (C) Zoom-in to the optimized structure of the Fe0@SiC. Colour-coding: carbon atoms, grey; silicon atoms, ochre; iron atom, orange; unit cell, black lines.
The surface energy values, calculated using Equation 4 and summarized in Table 1, indicate that the (110), (011) and (101) surfaces are the most stable ones. Since they are equivalent due to symmetry constraints, all the calculations were conducted using the (110) surface. The optimized structure of the slab (110) has optimized lattice parameters of a = 12.389, b = 8.717, c = 44.427 and α = β = γ = 90.00°, note that it has been set a vacuum of around 40 Å in order to assure isolation along the z direction (Figure 1B).
TABLE 1 | Miller indices of the SiC plane surfaces considered in this work including their surface areas (in Å), calculated surface energies (ϒ, in (J m−2), the n values, the optimized cell parameters (in Å), and the thickness of the slab models (in Å).
[image: Table 1]The Fe atom was incorporated on the (110) SiC surface, resulting in an optimized structure where Fe attaches to two undercoordinated C atoms and one undercoordinated Si atom, which are exposed to the outermost positions of the surface due to slab truncation (see Figure 1C). Note that, it has been chosen the high spin state for the Fe atom (quintet multiplicity) as based on our previous studies on Fe0-SA it has been determined this as its electronic ground state (Sargent et al., 2009; Sasaki et al., 2001). The optimized Fe–C and Fe-Si bond lengths are 2.05 Å and 2.24 Å, respectively. Additionally, the introduction of Fe induces a slight structural reconstruction, shortening the nearby Si–C bonds by approximately 0.1 Å relative to the original Si–C bond length. An alternative coordination of the Fe atom involving two Si atoms and 1 C atom was also investigated (Supplementary Figure S1). This configuration was found to be 14.6 kcal mol-1 higher in energy than the most stable structure, where Fe is coordinated to 2 C atoms and one Si atom.
3.2 FTT-formaldehyde formation on Fe0@SiC
Formaldehyde and methanol formation explored here follows a FTT reaction mechanism that involves the H2 addition to CO. The precise mechanism of FT synthesis remains a topic of debate; however, in this study, we adopt an CO insertion-like mechanism (Figure 2). (Cabedo et al., 2021; Fischer and Tropsch, 1923; Fischer and Tropsch, 1926; Khodakov et al., 2007; De Smit and Weckhuysen, 2008; Cheng et al., 2010; Li et al., 2011; Foppa et al., 2016; Foppa et al., 2019) This choice is based on the assumption of minimal surface coverage, meaning that a single CO molecule is inserted and hydrogenated by one H2 molecule at a time.
[image: Figure 2]FIGURE 2 | Proposed catalytic cycle for the formaldehyde and methanol formation catalysed by Fe0@SiC.
The mechanism begins with the adsorption of an H2 molecule on the Fe-SA, as H2 is significantly more abundant than CO. The potential energy surface (PES), calculated using Equations 1–3, as well as the optimized geometries of the reaction intermediates are depicted in Figure 3. Upon adsorption, partial activation of H2 is observed, as evidenced by an elongation of the H–H bond to 0.92 Å (compared to its molecular bond length of 0.72 Å). Previous studies have reported that homolytic cleavage of H2 facilitates subsequent CO hydrogenation (Foppa et al., 2019). Consequently, we evaluated the energetic cost of H2 dissociation, finding an activation barrier of 4.8 kcal mol-1, with a reaction energy of −17.2 kcal mol-1. The stabilization of the dissociated H2 product is attributed to the interaction of 1 H atom with a nearby Si atom. This structure forms a three-center two-electron bond, resembling a bridging hydride ligand, which adopts a characteristic bent geometry. Despite variations in bond lengths, the overall geometry of the optimized structure approximates a square pyramidal configuration (see structure [HH] in top Figure 3).
[image: Figure 3]FIGURE 3 | Top: PBEsol-B3 (DJ)-optimized geometries of the minima stationary points of the PES leading to formaldehyde formation. bottom: ZPE-corrected PESs (in kcal mol−1) for the formaldehyde formation, using as the 0th reference energy the Fe0@SiC asymptote. Bond distances are in Å. Colour-coding: carbon atoms, grey; silicon atoms, ochre; iron atom, orange.
The next step involves the exergonic adsorption of CO, resulting in an optimized structure with a total energy of −41.4 kcal mol-1. In this configuration, CO is coordinated to the metal center via the carbon atom, adopting a geometry close to octahedral (see structure [HH-CO] in top Figure 3). Coordination to the metal center partially activates CO, as indicated by the elongation of the C–O bond, from 1.15 Å in the gas phase to 1.17 Å in the Fe-bound structure.
Once both reactants are coordinated, the first hydrogenation step occurs, leading to the formation of the HCO intermediate ([HCO] structure in top Figure 3). This process overcomes a relative activation barrier of 15.2 kcal mol-1, yielding HCO at an energy of −43.7 kcal mol-1. Interestingly, this intermediate is 2.2 kcal mol-1 lower in energy than the preceding structure, indicating a slightly exergonic step.
The final hydrogenation step, leading to formaldehyde (H2CO) formation has a slightly higher activation barrier of 18.3 kcal mol-1. This increase in barrier height is attributed to the fact that the hydrogen atom involved in this step is initially part of the stable Fe–H–Si bridging structure. This elementary step is favorable with a reaction energy of −22.2 kcal mol-1, and the overall formaldehyde formation being highly exergonic, with the final product situated at −65.9 kcal mol-1.
The H2CO moiety binds in an η2-fashion, where both the carbon and oxygen atoms interact with the Fe center, with a C–O distance of 1.41 Å (see structure [H2CO] in top Figure 3). The interaction of H2CO with the Fe-SA presents a π-back-donation from Fe to the C=O antibonding orbital, which weakens the C=O bond. This interpretation is further supported by analysis of the calculated Mulliken charges (Supplementary Tables S1, S2), which shows an increase in the positive charge on the Fe centre from +0.1783 in [HCO] to +0.3890 in [H2CO], indicating electron donation. Concurrently, the C and O atoms in H2CO reduce their charges, consistent with π-back-donation. The geometry also reveals a slight bending of H2CO toward a nearby Si atom, with an O··Si distance of 1.80 Å, and Mulliken charges of –0.3585 (O) and +0.9133 (Si), supporting the presence of a weak O··Si interaction. Interestingly, along the reaction path, the Fe-SA presents some mobility around its binding site, indicating that, although it is adsorbed on the surface, it exhibits slight freedom of movement, which facilitates a smoother reaction process.
3.3 FTT-methanol formation on Fe0@SiC
A second PES relative to methanol formation has been characterized (shown in Figure 4 alongside the optimized geometries of the reaction intermediates), assuming as zeroth reference the optimized [H2CO] intermediate. The mechanism starts with the insertion of a second H2 molecule coordinating the metal center. The introduction of this second H2 molecule stabilizes the intermediate, yielding a relative energy of −14.8 kcal mol-1. However, this adsorption induces a significant structural reorganization around the Fe-SA due to the occupancy of the metal site, in which the H2CO moiety loses its η2-coordination mode. That is, in the optimized structure the carbon atom remains attached to the metal center, while the oxygen now bonds to an undercoordinated Si atom of the surface, which is driven by the complementarity of the charge densities of the two atoms (positive for Si; negative for O). As a result, the C=O bond elongates to 1.40 Å.
[image: Figure 4]FIGURE 4 | Top: PBEsol-B3 (DJ)-optimized geometries of the minima stationary points of the PES leading to methanol formation. bottom: ZPE-corrected PESs (in kcal mol−1) for the formaldehyde formation, using as the 0th reference energy the Fe0@SiC-[H2CO] asymptote. Bond distances are in Å. Colour-coding: carbon atoms, grey; silicon atoms, ochre; iron atom, orange.
The next step involves the formation of the H3CO intermediate. Note that in our previous works, the formation of CH2OH was also considered. However, this pathway showed a significantly higher energy barrier compared to the formation of CH3O (Pareras et al., 2023; Pareras et al., 2024). Previous studies suggest that the formation of H3CO (namely, hydrogenation of the C atom) is energetically more favorable than formation of H2COH (namely, hydrogenation of the O atom) (Pareras et al., 2023; Van Der Laan and Beenackers, 1999; Foppa et al., 2018; Wu et al., 2011). Here, a stepwise mechanism is considered, where H2 first undergoes a homolytic cleavage, followed by the hydrogenations. The H2 dissociation barrier is 11.4 kcal mol-1, yielding an endergonic intermediate of 7.2 kcal mol-1 with respect to the pre-reactant complex. As seen before, one hydrogen atom forms a bridging bond between the Fe-SA center and a nearby Si atom. The first hydrogenation of H2CO to form H3CO has an activation barrier as low as 3.4 kcal mol-1, but 2.4 kcal mol-1 endergonic with respect to the previous intermediate.
The optimized H3CO structure (see [H3CO] in top Figure 4) shows that the H3CO moiety forms a bridging bond with its O atom, a Si surface atom and the Fe-SA. This structure appears relatively stable, as the subsequent hydrogenation step leading to methanol formation has a high activation barrier of 32.6 kcal mol-1, the highest one in the pathway. Moreover, the final methanol product is at 2.5 kcal mol-1 above the initial state, indicating an overall endergonic reaction.
To sum up, formaldehyde formation proceeds smoothly, with the highest activation barrier reaching 18.3 kcal mol-1 and the entire process being exergonic, a crucial characteristic for reactions occurring in the ISM, where energy sources are limited. However, further hydrogenation to methanol is more energetically demanding. While the formation of the H3CO intermediate involves relatively low energy barriers, the final step forming methanol is characterized by a large energy barrier (32.6 kcal mol-1) and the overall reaction energy is endergonic. These energetic features can be correlated with structural rearrangements of the Fe-SA along the reaction, more particularly playing a crucial role in stabilizing intermediates. That is, through the formation of Fe–H–Si bridging bonds, the H2 cleavage and subsequent CO hydrogenation is facilitated. However, this same flexibility restricts the final step, as the bridging bonds formed by the Fe-O–Si and Fe-H–Si create a highly stable configuration that imposes a high energy barrier for methanol formation. The catalytic role of the Fe centre is evidenced by its ability to promote the homolytic cleavage of H2, thereby facilitating subsequent hydrogenation steps, and by its activation of the CO molecule, as demonstrated by the elongation of the C–O bond upon coordination. These two effects are essential, as the direct hydrogenation of CO by H2 in the absence of a catalyst would be energetically inaccessible.
3.4 Kinetic analysis
The mechanistic study presented above provides valuable insights into the most energetically feasible pathways and reveals how interactions and structural rearrangements influence the reactivity. Here, the reaction kinetics using the RRKM theory, including tunnelling effects, is analysed, which allows estimating the temperature ranges at which these processes can occur, and accordingly those astrophysical environments where they are feasible within the broader context of planetary formation. To this end, for each elementary step, the temperatures at which the rate constants are close to 1 year-1. The choice of this approximated reaction constant threshold is based on the fact that the half-times of interstellar molecular clouds range from 1 to 10 Myears, the rate constants thus aligning well with these astronomical timescales.
Computed kinetic data are summarized in Table 2. The first reaction step, which involves homolytic cleavage of H2, shows a significant tunneling effect. The reaction constant considering tunnelling (ktun) in astronomical units, years-1 (yr-1), shows already a k = 4.16 yr-1 at a temperature of 7 K, suggesting that despite the presence of an energy barrier, this step can be considered effectively barrierless due to hydrogen atom tunneling. This implies that the homolytic cleavage of H2 on Fe0@SiC occurs spontaneously. The next step, leading to the formation of the HCO intermediate, presents a different scenario. Here, the activation barrier is relatively higher, and despite the reaction being exergonic with a reaction energy of −2.2 kcal mol-1, the calculated classical rate constant (k) is 1.23 yr-1 at 165 K, with tunneling effects being negligible. This indicates that, while a certain level of thermal energy is necessary, the reaction remains feasible in cold-warm astrophysical environments. The final hydrogenation step leading to formaldehyde formation exhibits an activation barrier of approximately 18 kcal mol-1, moreover it is highly exergonic with a reaction energy of −22.2 kcal mol-1. As expected, a rate constant k = 1.07 years-1 is reached at 199 K. In this case, tunneling does not significantly reduce the temperature requirements.
TABLE 2 | Represented the ZPE-corrected energy barriers (∆U‡) and reaction energies (∆URx), the calculated classical rate constants (k) and tunnelling rate constants (ktun) both in years-1 (yr-1) and the associated temperatures (T) in Kelvins (K) for all the elementary steps involved in the formaldehyde and methanol formation mechanisms.
[image: Table 2]Following the proposed reaction mechanism, a second H2 molecule adsorbs onto the surface before formaldehyde hydrogenation, forming the H3CO intermediate. Unlike the previous H2 homolytic cleavage, this process involves an activation barrier of 11.4 kcal mol-1 and is endergonic, with a reaction energy of 7.2 kcal mol-1. This corresponds to a rate constant k = 1.27 yr-1 at 126 K. Although energy input is required for H2 cleavage, this facilitates subsequent H2CO hydrogenation, which exhibits a low barrier of 3.4 kcal mol-1 and an exergonic reaction energy of −2.4 kcal mol-1. In kinetic terms, this step achieves a Ktun = 1.22 s-1 at 4 K. This suggests that, despite the presence of an energy barrier, H2CO hydrogenation can be considered effectively spontaneous once H2 cleavage has occurred. The final hydrogenation step leading to methanol formation is the most challenging, with a substantial energy barrier and an endergonic character. Kinetic data indicates that this step is not feasible in cold-warm regions, as a significant energy input is required. A rate constant of k = 1.01 s-1 is not reached until 347 K. This suggests that methanol formation is significantly restricted under typical ISM conditions.
3.5 Astrophysical implications
The theoretical data presented in this study aims to predict the catalytic formation of formaldehyde and methanol via a FTT mechanism in astrophysical environments. A key question, however, is how these values align with observational data and under what conditions these processes are feasible.
As mentioned in the introduction, SiC has been consistently observed in outer space, however, it has not yet been detected in the ISM and has only been identified in regions beyond the protoplanetary disk stage. While this limitation might initially seem like a drawback, it actually reinforces the plausibility of the proposed mechanism. The Fe0@SiC-catalyzed formaldehyde/methanol formation processes require a minimum temperature threshold, making it more likely to occur in “warm” environments, such as protoplanetary disks, where temperatures are sufficiently high. Therefore, the proposed reaction is not feasible in deep cold regions of the ISM such as dense molecular clouds, mainly due to the high energy barriers involved alongside the fact that SiC are usually present in planetary formation late-stages.
This raises the question of how our reaction mechanism fits into the broader context of planetary system formation. The kinetic data indicates that the first hydrogenation steps leading to formaldehyde formation require temperatures of at least 200 K, while the final methanol formation is more restrictive, requiring temperatures of at least 347 K. Consequently, these reactions are likely to occur in regions out of the coldest parts of protoplanetary disks. Another important consideration is whether the reactants and intermediates remain coordinated to the Fe atom at the temperatures required to overcome the computed barriers. Thus, it is necessary to compare these temperatures with those at which the reactants can desorb. To do that, we estimate the desorption temperature of the reactants ([image: image]) as follows, adopting a similar procedure as reported by some of us (Bariosco et al., 2025) On one hand, we first consider the half-life time ([image: image]) of the species in the environment (consistently assumed to be 106 years) and its relationship to the thermal desorption rate ([image: image]) as (first order desorption):
[image: image]
On the other hand, the thermal desorption rate of a species bound to a substrate can be approximately described by the Polanyi–Wigner equation, (Polanyi and Wigner, 1928), the expression of which for first order desorption is:
[image: image]
where [image: image] is the thermal desorption pre-exponential factor and BE the binding energy of the species on the substrate. Combining Equations 5, 6, 7 to derive [image: image] estimates:
[image: image]
where BE is given in K, and [image: image] and [image: image] in s-1
In our previous studies on Fe single-atom systems, (Pareras et al., 2023; Pareras et al., 2024), we computed the binding energies of H2, CO, H2CO, and CH3OH to be 34.6, 41.39, 74.0, and 58.39 kcal mol-1, respectively, all of which higher than the activation barriers reported here. Furthermore, by applying Equation 7, the corresponding [image: image] are 239 K for H2, 286 K for CO, 510 K for H2CO, and 403 K for CH3OH. In every case, the [image: image] values exceed the temperatures at which the activation barriers can be overcome. This ensures that once H2 and CO are coordinated to the Fe center, they will remain adsorbed long enough to react and form H2CO. Subsequently, H2CO will also stay bound to the Fe site, enabling further reaction to produce CH3OH, even at the highest temperature involved in the process (347 K), required for the final step.
Protoplanetary disks (PDs), the birthplaces of planetary systems, contain a wide range of chemical species crucial for planet formation. Formaldehyde and methanol are primarily observed in the disk midplane, (Walsh et al., 2016; Podio et al., 2019; Öberg et al., 2017; Qi et al., 2013), where temperatures range from tens to hundreds of Kelvins, within ∼100 AU from the central star.
The identification of SiC in PDs is challenging due to their optically thick nature, which limits high-resolution observations. Nonetheless, tentative detections in young stellar environments exist (Saikia et al., 2019). SiC is also found in carbon star outflows (McCarthy et al., 2019) and, although rarely observed in the ISM, possibly due to mixing with small carbonaceous grains, (Jones et al., 2013), models estimate that up to 25% of refractory carbon may be in the form of SiC (Li et al., 2002). Similarly, Fe-bearing species such as FeS (Keller et al., 2002) and solid iron grains (Varga et al., 2024) have been detected in PDs. Fe is also incorporated into silicates during later formation stages, likely via vapor deposition and insertion, (Woitke, 2006), a process that could similarly apply to SiC. These findings suggest that SiC and Fe, and potentially Fe@SiC systems, may indeed be present in PD environments.
Disk chemistry models point out that these species may be formed by gas-phase processes close to the star and by cold grain surface processes followed by non-thermal desorption in the outer disk, yet current astrochemical models struggle to explain their observed abundances, particularly methanol, as model predictions often fail to reconcile observational values by several orders of magnitude (Walsh et al., 2017).
Here we propose that grain surface chemistry can occur even beyond the snowline, in the warm regions of the inner disk, in which ices have already sublimated but refractory dust grains still reside. Investigated FTT processes do not occur on ice mantles but on refractory materials, in this case of SiC with Fe-SA attached on the surface. The adsorption of H2 (in a dissociative mode) and of CO on the Fe-SA center is indeed highly favorable, thus assuring a stable adsorption complex of these species even at high temperatures. Our kinetic analysis indicate that H2CO can be significantly formed at temperatures higher than 200 K, and CH3OH higher than 350 K, which are temperatures easily to reach in the inner disk regions containing “rocky” dust grains. Thus, in these regions, in addition to gas-phase processes, the FTT reactions investigated here can well take place, feeding their H2CO and CH3OH content and providing a likely missing methanol source under inner disk conditions.
Formaldehyde and methanol have also been detected in comets, likely originating from earlier planetary formation phases and the ices of primitive dust grains (Hoban et al., 1991; Reuter, 1992; Davies et al., 1993; Eberhardt’ et al., 1994; Altwegg et al., 2016; Rubin et al., 2019). Their abundances are expected to vary depending on the protoplanetary disk region and environmental factors such as temperature, CO depletion, and irradiation conditions (Faggi et al., 2023; Llorca, 2002). Although no direct evidence exists for FTT reactions in comets, depending on the above-mentioned conditions, formaldehyde and methanol identified in comets could also be formed through the investigated FTT processes, Moreover, the occurrence of FTT can be extended to other cometary organic molecules, such as ethylene (CH2 = CH2), the presence of which in comets remains unexplained and could be linked to FTT chemistry (Dart and ois, 2021).
FTT reactions may also play a role in planetary atmospheres. Protoplanets can efficiently accumulate H2 from the protoplanetary nebula, which is also rich in CO. In such environments, catalytic Fe-containing inclusions, possibly delivered via chondritic meteoritic material, combined with elevated temperatures could promote FTT reactions, leading to the formation of alcohols and hydrocarbons (Stökl et al., 2016; Lamm et al., 2018; Kress and McKay, 2004).
Finally, it is crucial to recognize that the FT process is not limited to formaldehyde and methanol production. It is a polymeric-like mechanism that predominantly forms short-chain alkanes and alkenes. Our findings suggest that, at intermediate temperatures, formaldehyde formation is feasible, whereas methanol formation is energetically restricted. This opens the possibility of a complex network of hydrocarbon formation, including ketene, acetaldehyde, and other alkanes and alkenes.
4 CONCLUSION
This study provides a comprehensive theoretical investigation into the catalytic formation of formaldehyde and methanol on Fe0@SiC surfaces via a FTT mechanism in astrophysical environments. Our results demonstrate that the β-SiC (110) surface, when doped with Fe-SA, serves as an effective catalyst for the hydrogenation of CO and H2, key abundant reactants in space. Formaldehyde formation proceeds efficiently, with low activation barriers (up to 18.3 kcal mol−1) and an exergonic behaviour, further enhanced by hydrogen tunnelling effects that enable kinetically reactions at temperatures of ∼200 K. In contrast, methanol formation encounters a significant energy barrier (32.6 kcal mol−1), making it less favourable under interstellar conditions. The stability of Fe-O-Si and Fe-H-Si bridging interactions plays a crucial role in stabilizing intermediates, facilitating formaldehyde synthesis but hindering methanol production.
The astrophysical implications of our findings suggest that Fe0@SiC-catalyzed FTT reactions are most relevant in environments with moderate thermal energy, where temperatures align with the predicted thresholds for these reactions. This would be the case of warm inner planes of protoplanetary disks, beyond ice snow lines, in which ices have sublimated and where bare refractory dust grains still reside and could explain the observed abundances of formaldehyde and methanol in such regions, particularly for methanol as disk chemistry models fail to reproduce the observed abundances. Additionally, our study highlights the potential role of catalytic Fe-containing inclusions in driving hydrocarbon formation within planetary atmospheres and cometary bodies, offering new insights into the chemical evolution of planetary systems. Beyond methanol, the FTT process may extend to the formation of other organic molecules, including short-chain alkanes, alkenes, ketene, and acetaldehyde, suggesting a broader network of hydrocarbon chemistry in space.
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