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Surface Oxidised Fe-S catalyst for the Liquid Phase Hydrogenation of CO2

Claire E. Mitchella, Umberto Terranovaa,b, Andrew M. Bealec,d, Wilm Jonesc,d, David J. 
Morgana, Meenakshisundaram Sankara*, Nora H. de Leeuwa,e*

Rapidly increasing anthropogenic carbon dioxide (CO2) emissions, 
coupled with irreversible climate change and depleting fossil fuel 
reserves, have significantly increased the drive for CO2 utilisation. 
Iron sulfide as a catalyst for the hydrogenation of CO2 has been 
discussed in the literature for decades, especially in an Origin-of-
Life context, but little experimental evidence exists in the literature 
for its feasibility. Here we report the catalytic properties of 
pyrrhotite (Fe1-xS) for the hydrogenation of CO2 into formate. 
Advanced material characterisation methods in combination with 
computational studies have allowed us to identify surface S-Fe-O 
moieties as active sites for the reaction.

Due to the high natural abundance, low cost and low toxicity of iron 
and sulfur, the last decade has seen attention focussed on iron 
sulfide structures, including pyrrhotite (Fe1-xS), pyrite (FeS2) and 
greigite (Fe3S4), for their potential in green catalytic applications and 
energy storage. 1–7 Fe-S phases have been hypothesised as potential 
membrane catalysts produced at hydrothermal vents, which reduce 
aqueous carbon dioxide (CO2) in the formation of prebiotic molecules 
on the pathway to the emergence of life on early Earth,8–10 owing to 
their unique similarities to iron and sulfur clusters within enzyme 
active sites. Following this lead, bio-inspired Fe-S catalysts such as 
FeS2 

11, Fe3S4
 1 and Fe4.5Ni4.5S8 

12,13 have been reported for the 

electrochemical reduction of CO2. However, in these systems the 
reduction potential of the H2/2H+ couple is not sufficiently low to 
reduce CO2 to formate (HCOO−), formaldehyde (HCHO) or similar 
oxygenates,14 resulting in poor activity and low product yields. 
Thermal catalysis in an alkaline medium, using high pressure CO2, can 
overcome such challenges, and can be potentially used in large scale 
industrial production.

Herein, we present the catalytic properties of iron sulfide-based 
materials for the hydrogenation of CO2 to formate under alkaline 
hydrothermal conditions, proceeding via a HCO3

– intermediate. After 
pyrite, pyrrhotite is the most common and abundant iron sulfide 
mineral in nature and one of the most stable Fe-S phases, occurring 
as an accessory mineral in many rocks and found in a wide range of 
hydrothermal deposits.15,16 Pyrrhotite is highly sensitive to oxygen 
and upon contact with air or moisture, the surface of the material 
spontaneously oxidises through an established process.16–19 Our 
work focuses on investigating the effect of oxidation on the catalytic 
efficacy of these iron sulfide materials. By enhancing the catalytic 
properties of these materials, via controlled calcination, we report 
new possibilities for a cheap, non-toxic, readily available pyrrhotite-
based catalyst. 

Pyrrhotite materials were prepared using an adapted method 
reported by Beal et al.20 (supplementary information). The synthesis 
methodology uses rapid in situ sulfidization of the decomposition 
product of Fe(acac)2 with elemental sulfur to form Fe1-xS21–23.  
Pyrrhotite can be identified as the majority phase, as confirmed by 
XRD, Figure 1a, presenting five major reflections at 2θ ≈ 31, 34, 44, 
53 and 71 °, (JCPDS-PDF card no. 01-079-5974). Raman spectroscopy, 
Figure 1b, showing bands at 215, 277 and 384 cm-1, also perfectly 
correlate with reported Raman spectra of natural pyrrhotite24. The 
XRD patterns in Figure S1 confirm the successful conversion of 
Fe(acac)2 precursor to Fe1-xS without any iron carbide formation. 
Elemental analysis revealed an Fe:S ratio of 0.96:1, (Table S1), which 
is consistent with the stoichiometry of hexagonal pyrrhotite25.
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Figure 1: Freshly synthesised pyrrhotite analysed by (a) XRD 
with pyrrhotite reference peaks (JCPDS 01-079-5974 PDF file) 
and (b) Raman spectroscopy. (c) Effect of aging the pyrrhotite 
catalyst in air on formate production

The lab-synthesised pyrrhotite was tested for the liquid phase CO2 
hydrogenation in an aqueous 1M NaOH solution at 125 oC and at 20 
bar pressure (CO2:H2, 1:1 at 25 oC), see supplementary information 
for full procedure. Previously, we have reported the hydrogenation 
of CO2 using different alkaline solvents; NaOH, NaHCO3 and Na2CO3 
22

 , and found that NaOH is the most suitable base for this reaction. 
When NaOH was used, all the formate is produced from CO2 rather 
than from the alkaline salt.22 Based on these prior results, we have 
used NaOH in this study as well. After CO2 dissolution, the pH of the 
reaction medium is ca. pH 6-8,26 i.e. conditions favouring HCO3

– 
species,27 which is hence considered as the intermediate carbon 
species. Freshly synthesised pyrrhotite was found to be active for CO2 
hydrogenation, resulting in 0.19 µmols of formate after 3 days of 
reaction, Figure 1c. Interestingly, pyrrhotite aged in air at room 
temperature and pressure for 30 days displayed a much better 
activity, yielding 0.54 µmols of formate under identical reaction 
conditions, stimulating a hypothesis that oxidation improves the 
activity of the material. To investigate this suggestion further, fresh 
pyrrhotite was calcined at different temperatures and tested for CO2 
hydrogenation, Figure 2a. Calcination at 200 oC resulted in the most 
active catalyst, achieving the highest formate productivity of 1.00 
µmol after 3 days, a significant improvement on the catalytic activity 
of pyrrhotite (0.29 µmol). However, increasing the calcination 
temperature above 200 oC resulted in reduced formate productivity 
(0.26 µmol for samples calcined at 250 oC). The first bar in Figure 2a 
is the productivity of fresh sample kept at room temperature (25 oC) 
for several days, hence the formate productivity is higher than the 
fresh catalyst presented in Figure 1c. XRD of a 200 oC calcined 
sample, Figure 2b, revealed the presence of a poorly crystalline 
sample of lower symmetry,  comprising a number of phases although 
their identification is ambiguous. A comparison with JCPDS database 
entries suggests the 200 oC pattern may comprise contributions from 
the original   pyrrhotite, marcasite (FeS2) (JCPS 01-074-1051 PDF file) 

and Fe2O3 (JCPS 01-085-0987 PDF file). However, an examination of 
the SEM before and after calcination (Figure S2) reveals no obvious 
formation of multiple phases (morphologies), but rather an overall 
reduction in particle size. The XRD pattern of a pyrrhotite sample 
calcined at 300 oC, Figure 2b, shows evidence of the presence of 
marcasite and iron oxide, Fe2O3. The formation of these new Fe-S or 
Fe-O phases in correlation with loss in activity implies that they are 
not the source of the enhanced activity. Increasing the temperature 
beyond 300 oC leads to the formation of primarily Fe2O3, as 
determined by XRD in Figure S3 and supported by TGA in Figure S4, 
which reveal a mass loss from 300 oC, implying Fe-S decomposition 
releasing SO2. Commercial Fe2O3, Fe3O4 and FeSO4 samples resulted 
in low formate productivity (Figure 2a), thus eliminating the 

Figure 2: (a) Comparison of the effect of different calcination 
temperatures pyrrhotite catalyst for the hydrogenation of CO2 to 
produce formate, Reaction conditions: catalyst: 20mg; 1M NaOH 
solution: 4 ml; pCO2:H2: (1:1) 20 bar; 125 oC for 3 days. (b) XRD 
spectra of pyrrhotite fresh, calcined at 200 oC, and calcined at 300 
oC, compared to corresponding XRD patterns sourced PDF cards. 
(blue) – pyrrhotite, 01-079-5974; (green) – Marcasite, FeS2, 01-
074-1051; (purple) – Fe2O3, 01-085-0987.
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possibility of their role as catalytic active site within our oxidised Fe-
S catalyst. Heating pyrrhotite under an N2 atmosphere at 200 oC also 
had little effect on the crystal structure of the pyrrhotite phase, and 
a reduced catalytic activity, most likely due to the absence of the 
surface oxide species (Figure S5). To understand the role of 
calcination on the structural properties of pyrrhotite and in turn its 
catalytic property, these materials were characterised by several 
spectroscopic and microscopic methods. 

XPS spectra of a fresh pyrrhotite sample and a sample calcined at 200 
oC are presented in Figure 3 a-d.  The atomic surface ratio of Fe:S:O 
in a fresh pyrrhotite sample was 12:39:49, but in the calcined sample 
it was approximately 13:7:80. As pyrrhotite is highly air sensitive, 
exposure to oxygen forces Fe atoms to diffuse from the interior to 
the surface to combine with oxygen,28 altering the surface Fe/S ratio. 
Calcination increased the rate of oxidation to form an oxygen-rich 
surface with an atomic percentage of 80%. TGA (Figure S4) revealed 
no significant mass loss at 200 oC, and therefore no sulfur had been 
removed from the surface as SO2. Fe 2p analysis of fresh pyrrhotite 
surfaces, shown in Figure 3a, reveals three distinct peaks at 710.1-
713.3 eV, indicating the presence of oxidised iron. Another, smaller 
peak at 707.3 eV, indicates the presence of Fe(II)-S species28,29. 
Calcination of pyrrhotite increases the amount of surface Fe-O 
species and depletes surface Fe-S species (Figure 3b), calculated from 
the atom concentrations listed in Table S1. The S 2p spectrum (Figure 
c, d) is fitted with a doublet representing the spin-orbit splitting of S 
2p3/2 and S 2p1/2 lines. They show a dominance of monosulfide (S2-) 
with peaks at 161.2 eV (2p3/2), but also disulfides (S2

2-) with peaks at 
162.2 eV (2p3/2), indicating the presence of S-Fe bonds. Also shown 
are polysulfides (Sn

2-) at 163.2 eV and elemental sulfur (164.1 eV). 
Finally, S 2p3/2 peaks are detected at binding energies of 166.6 and 
168.2 eV, corresponding to SO3

2-
 and SO4

2- species, respectively. All 
mentioned binding energy values are similar to those reported by 
Pratt et al.28 and Buckley et al.29. Calcination at 200 oC, Figure 3d, 
reveals an increase in SOx species, whilst the monosulfides decrease 

in concentration with an increase in disulfides. The migration of Fe 
towards the surface to combine with oxygen, is evidenced by Fe-S 
(monosulfide) bond cleavage, leaving Fe vacancies within the 
structure and forcing the remaining Fe(II)-S to form disulfide 
bonds,17,28 as evident in Table S2. The formation of S-S bonds 
requires the oxidation of some sulfide (S2-) to S0, hence the increase 
in elemental sulfur28. These results suggest a surface of an 
oxide/hydroxide-rich layer with a small concentration of surface iron 
sulfide, and a sulfide-rich layer buried beneath the surface. As 
shown, calcining the catalyst from 200 oC to 300 oC causes a large 
drop in its activity. XPS reveals pyrrhotite calcined at 300 oC (Figure 
S6) has an atomic surface ratio of Fe:S:O at approximately 19:4:77, a 
dominantly iron oxide surface with a diminished sulfur content from 
7% at 200 oC calcination to 4%. These results demonstrate that a 
significant amount of sulfur within an oxygen dominant surface is 
crucial for facilitating optimum catalytic activity. Hence, following 
our previous work with pyrrhotites30,31, density functional theory 
calculations have been employed to explore the role of sulfur atoms 
in the reduction of HCO3

–, which is the dominant reactant species 
under the reaction conditions. 

Previous computational investigation on a different iron sulfide - 
mixed-valence Fe3S4 greigite material – has reported that the 
aqueous phase reduction of HCO3

– to HCOO– proceeds via the 
transfer of the OH– species from a bridging adsorbate to the surface1. 
The remaining CO2 molecule is activated to a bent geometry, which 
undergoes subsequent hydrogenation on the carbon atom. Similar to 
greigite, our findings have determined that the most stable 
adsorption of HCO3

– on a fully oxidised pyrrhotite surface 
(termination A, Figure S7a) corresponds to a bridging vertical 
geometry, with an adsorption energy of –2.34 eV and Fe–O distances 
of 2.01 Å (Figure 4a). However, we calculated that a considerable 
energy penalty of 2.08 eV was associated with the transfer of the OH 
group to the surface (Figure S8), which makes the greigite pathway 
thermodynamically unlikely, at least on the fully oxidised FeS (01-10) 
surface. Alternatively, the carbon atom can be attacked by a surface 
hydrogen, which reacts with the HCO3

– hydroxyl group to eliminate 
a water molecule and the resulting CO2 molecule can then be 
hydrogenated to HCOO–. A similar pathway has been reported for 
the hydrogenation of HCO3

– on nickel catalysts32. To investigate this 
pathway, we optimised the first H2CO3

–
 intermediate, i.e. a structure 

where the carbon is hydrogenated and in a tetrahedral arrangement 
(Figure 4b). The corresponding energy was 1.41 eV higher than the 
reactant configuration, while the high activation energy of 2.61 eV 
was again in line with the low efficiency of the fully oxidised surface. 
Interestingly, we found that the subsequent elimination of H2O 
(Figure S9) is endothermic by only 0.39 eV, with a relatively low 
activation barrier of 1.25 eV which we would not expect to hinder 
the reaction, suggesting that the preceding carbon hydrogenation is 
the rate-limiting step.

Figure 3: (a-d) XPS spectra of fresh and calcined samples (a) Fe2p, 
Fresh (b) Fe2p, Calcined 200 oC (c) S2p, Fresh (d) S2p, Calcined 200 
oC. Plot details in (Table S2).
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Figure 4: Adsorption (a & c) and hydrogenation (b & d) structures 
of HCO3

– on the fully oxidised termination A (a & b) and sulfur-
containing termination B (c & d) of FeS stoichiometric pyrrhotite. 
Colour code: Fe-grey, S-yellow, O-red, C-brown, H-white. (e) 
Energetics of the carbon hydrogenation step on the fully oxidised 
termination A and sulfur-containing termination B surface 
showing the position of reactants (HCO3

–), products (H2CO3
–) and 

transitions states (TS). The hydrogen species on the surface of the 
reactant configurations is indicated with H(a).

A sulfur-containing surface (termination B, Figure S7b) leads to a very 
different scenario. The adsorption of HCO3

–, with an energy of –1.75 
eV, is still favoured, but the presence of the bulkier sulfur atom bends 
the adsorbate (Figure 4c). In addition, the sulfur-bound hydrogen is 
closer to the carbon than the oxygen-bound hydrogen in termination 
A, which opens up the possibility of an alternative path for the 
hydrogen transfer leading to a tetrahedral carbon intermediate 
(Figure 4d), which is only 0.31 eV higher in energy than the HCO3

– 
reactant. Furthermore, its activation energy barrier of 1.24 eV is 
significantly reduced compared to the 2.61 eV reported above for 
termination A, which clearly highlights the importance of surface 
sulfur atoms in the HCO3

– reduction process, as illustrated in the 
diagram of Figure 4e. 

To gain more understanding of the bulk structure, XAFS was 
employed. Data of fresh pyrrhotite, calcined at 200 oC and calcined 
at 300 oC, as well as a Fe2O3 reference are presented in Figure e & f. 
XANES analysis provided the opportunity to study the oxidation state 
of the Fe K-edge (Figure 5a). First to note is a very characteristic pre-
edge (feature A) from the contribution of the Fe 1s  3d transition.33 
There is a shoulder to the edge (B), indicating the coordination 
between Fe and S and representing the normally forbidden Fe 1s  
4s transition, which becomes more accessible, because the S 3p 
orbital overlap contributes p character to the Fe 4s orbital.34 There is 
also white line intensity (C), corresponding to the first dipole-allowed 
Fe 1s  4p transition.35,36 Upon calcination at 200 oC, there is a shift 
towards lower energy of feature B, indicating that iron is oxidising 
upon calcination from Fe(II) to Fe(III), in particular losing Fe-S 
character and acquiring more O ligands. This finding is re-enforced 
by the Fourier Transform EXAFS from a shift in radial distance at 2.2 
Å, indicated in Figure 5b. Calcination causes a small decrease in radial 
distance and a broader peak, indicating a mixture of Fe-S and Fe-O 
bonds. This effect is created owing to the fact that Fe(II) and S2- are 
larger ions than Fe(III) and O2-, therefore exhibiting a larger radial 
distance than Fe-O. Fe-S retains a bond distance in the range of 2.37–
2.72 Å, whereas the Fe-O bond distance ranges from 1.81-1.93 Å. Our 
results show fresh pyrrhotite and Fe2O3 exhibit radial distances of 
2.21 Å and 1.78 Å respectively, which are phase uncorrected results, 
hence the slight difference with actual Fe-O and Fe-S radial distances. 
The Fourier transform EXAFS reveals a particularly interesting 
feature: When the sample is calcined at 300 oC, a peak at ~2.8 Å starts 
to form. As this peak is also present in Fe2O3, it can be assigned as 
the Fe-Fe

Figure 5: XAS data of Fe K-edge including (a) XANES and (b) 
Fourier Transform EXAFS for pyrrhotite samples; fresh (black), 
200 oC calcination (red), 300 oC calcination (pink) and Fe2O3 
reference sample (green). Blue arrows indicate direction of 
increasing oxygen ligands.
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scattering component, consistent with the formation of bulk Fe2O3 
from XRD. This peak is not present in the fresh and 200 oC calcined 
samples, showing that they do not contain iron oxide/iron hydroxide 
species. We have already confirmed that the 200 oC calcined sample 
shows that iron oxidation has occurred, whereas the shoulder edge 
B indicates Fe-S character, which together we suggest to be evidence 
for the formation of S-Fe-O species. Increasing the calcination 
temperature to 300 oC separates these species into separate Fe-O 
and Fe-S domains (as seen from the peak at ~2.8 Å). Since the 
formation of these Fe-O and Fe-S domains corresponds to a drop in 
the catalytic activity, S-Fe-O is a likely active species in this catalyst, 
corresponding well with the DFT calculations.

Conclusions

We have reported the synthesis of pyrrhotite (Fe1-xS) and its catalytic 
activity towards the hydrogenation of CO2 to formate under mild 
hydrothermal conditions, which is optimised by calcination. XPS and 
XAFS analysis has determined that oxidation of surface Fe-S species 
to form S-Fe-O species has a positive effect on the catalytic efficacy. 
Density functional theory calculations confirmed that the unique S-
Fe-O interaction is critical in the carbon hydrogenation reaction, 
lowering the activation energy compared to the fully oxidised 
surface. The results from our preliminary investigation on the 
catalytic application of the Fe-S material, reported in this 
communication, is both exciting and promising. Further fine-tuning 
of this Fe-S material, inspired by the results presented here, has the 
potential to produce a more efficient, cheap and sustainable catalyst 
for CO2 utilisation. 
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