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Supplementary Methods  

Preparation of O2-free water 

O2-free water was prepared freshly for each experiment using 18.2 MΩ.cm Milli-Q water from 

a Milli-Q Academic system. The water was boiled under continuous stirring in specially designed 

scrubber flasks, while bubbling continuously with O2-free N2 gas (grade 99,9995%).  To produce 

1L of water, we boiled it for 2 hours and then left it to cool down for another 2 hours, while 

continuously bubbling with the O2-free N2 gas. Once cooled to room temperature, the scrubber 

flask was sealed and the deoxygenated water was immediately transferred into the vacuum 

interlock of the glove box (CoyLaboratory Products Inc.). There, 6 cycles of vacuum/N2 injection 

were applied to remove any oxygen, prior to insertion into the anaerobic chamber, in which the 

anaerobic environment was maintained with a N2/H2 mix (95:5 %) at a H2 concentration of 3.8%. 

The O2 free atmosphere was kept in the chamber through the standard Coy Lab catalyst, made of 

Al2O3 pellets coated with palladium.  Any oxygen present in the chamber, readily reacted with the 

H2 in the glove box to form water that adsorbs onto dried silica gel.   

Inside the anaerobic chamber, an anaerobic gas monitor unit was placed, equipped with a 

sound alarm when O2 concentrations raised above 1 ppm. Throughout our experimental work, this 

monitor never showed any sign of oxygen in the chamber. In addition, prior to using the as above 

prepared deoxygenated water in an experiment, we tested an aliquot by analyzing its dissolved 

oxygen concentrations using a Hack HQ30D portable DO meter and a new factory calibrated 

luminescence / optical DO probe.  

 

Supplementary Discussion 

XRD results 

In order to obtain information about the crystallite sizes, the peak at ~12 Å (~ 7 ˚ 2θ) from a 

titration experiment shown in the main text in Fig. 1a was fitted using a Pseudo-Voigt profile 

(Supplementary Fig. 4a).  The best fit was obtained with two peaks with integral breadths 0.3614 

and 0.2071 yielding crystallite sizes of ~ 23 and ~44 nm (Supplementary Fig. 4a).  These calculated 

sizes are far larger than the ~2 nm nanocrystal sizes observed in TEM. These bigger crystallite 
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sizes derived from the bulk XRD likely reflect the fact that the individual nanocrystals seen in 

TEM self-assembled and fused together without phase transformation during XRD sample 

preparation and handling; this fact was also occasionally observed in our TEM images (see for 

example Supplementary Figure 4b and c). 

Lattice spacings of 12.3 Å and 12.1 Å were calculated from the fits for the two crystallite sizes 

suggesting that both have a layered structure. Similar d-spacings were derived from the FFT of the 

TEM images of the individual particles confirming that the same phase was imaged.  The XRD 

patterns however did not revealed a distinctive and singular peak with an integral breadth that 

could be interpreted as characteristic for 2 nm particles. This could be because the signal to noise 

ratio of such particles would likely be so weak but also because self-assembly and agglomeration 

of particles during sample preparation and drying for the XRD analysis could have caused 

aggregation.  Furthermore, during the TEM analysis we targeted specifically the small size fraction 

and imaged primarily thin areas of a sample characterized by an abundance of smaller and 

individual particles.  

XRD data from a diffusion experiment (Fig. 1a in main text, red pattern) agrees to a large 

extent with the XRD data from the titration experiment (Supplementary Fig. 4a). Moreover, the 

hump at ~8.2 Å in the XRD pattern of the diffusion experiment also supports the notion of a larger 

sized and poorly crystalline phase likely also the consequence of the evolution from the FeSnano to 

an aggregated short range ordered phase. In both cases the XRD-derived crystallite sizes likely 

indicate the sample-handling induced aggregation of the precursor phase (FeSnano) to a phases 

characterized by larger crystallites sizes. However and importantly, our data (Fig. 1a main text) 

also clearly reveals that the XRD patterns were different from mackinawite (lack of the 5.0 Å 

peak).  

 

Raman results  

The Raman spectra of FeSnano (Fig. 2a and Supplementary Fig.5) showed two broad, but weak 

bands at 204 and 215 cm-1, assignable to Fe-S asymmetric stretching vibrations from monosulfides 

(Fig. 2a; Supplementary Table 4). The broadening of the deconvoluted peak at 204 cm-1 indicates 

a high level of disorder at the local bond scale and a long range disorder. This peak is redshifted 
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relative to the Fe-S asymmetric vibration in mackinawite (Supplementary Fig. 6; Supplementary 

Table 5), reflecting a weakening in the interionic bonding caused by an expansion in the lattices 

(1), supporting our XRD and TEM evidence (Fig. 1; Supplementary Table 3). The additional Fe-

S band at 274 cm-1 reflects the symmetric Fe-S stretching vibration (Fig. 2a; Supplementary Table 

4) in our new FeSnano phase. This symmetric stretching vibration band appears very intense and 

sharper in mackinawite at 272 cm-1 (Supplementary Fig. 6), while the asymmetric Fe-S stretching 

vibration band is centered on 210 cm-1 (Supplementary Fig. 6) (2, 3). These two vibrations are 

different to the Fe-S bands characterizing our new FeSnano phase (Fig. 2a and Supplementary Fig.5; 

Supplementary Tables 4, 5). 

 

XPS results  

Initially, the XPS spectra of the FeSnano phase were fitted only with the minimum peaks 

possible (i.e., using only one doublet for a monosulfide species). However, the quality of these fits 

was very poor and improved significantly when using two doublets for monosulfides (62%, 

Supplementary Table 6), and one doublet each for disulfides (14%) and polysulfides (17%).  The 

monosulfide species were identified through their binding energies (i.e., 161.1 and 161.8eV; 

Supplementary Table 6). The XPS data indicated that sulfur atoms in FeSnano were present in two 

slightly different chemical environments that could reflect the presence of different atomic 

coordination arrangements (4).  Furthermore, two different monosulfide chemical environments 

were also identified in the mackinawite spectra with FeII-S and FeIII species present 

(Supplementary Table 6). 

It was not possible to calculate the FeII:S ratios from the XPS spectra due to the large excess 

of sulfur present, which yielded unreasonably high values. The excess sulfur could be a result of 

either the presence of excessive polysulfides or indicate a fully saturated sulfur layer on the surface 

of the analyzed samples.  In addition, higher S/metal ratios (i.e., 3.2) estimated by XPS have been 

previously documented in in-situ fractured pyrite, and attributed to the presence of polysulfides on 

the pyrite surface (5). 

It is important to highlight again that in none of the XPS spectra collected from the FeSnano or 

mackinawite did we observe signs of air oxidation (lack of any signal in the O spectra; see Fig. 2d 
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and Supplementary Fig. 7c). This confirms that indeed all our extreme and careful measures to 

maintain anaerobicity throughout all experimental, sample handling and sample transfer 

procedures into the XPS ensured the preservation of the needed highly reduced environment. 

Combining Raman with X-ray photoelectron spectroscopic (XPS) analyses of FeSnano also 

revealed the presence of variable proportions of long and short chain polysulfides (e.g., S2
2-, S3

2-, 

S4
2-, Sn

2; Figs 2a and b) in its structure. Raman vibrations at 148, 170 and 553 cm-1, characteristic 

of disulfides, were matched by polysulfide vibrations at 162, 228, 323, 378 and 463 cm-1 (Fig. 2a; 

Supplementary Table 4).  The proportions of di- (S2
2-) and polysulfides (Sn

2-) in the FeSnano phase 

contributed 14 and 17 % respectively to the signal calculated from the integrated intensity, while 

the largest contribution (up to 62 %) was from monosulfide species (S2-) (Fig. 2b; Supplementary 

Table 6).  

Invariably the presence of polysulfides and FeIII species in FeSnano raise the question whether 

are the result of air oxidation during sample handling. However, our data show no Fe-O or S-O 

species in either Raman or XPS spectra supporting our strict anaerobic procedures throughout 

sample preparation, handling and analyses (Fig. 2d, Supplementary Fig. 5 and 6).  We tested for 

signs of change by etching the sample surface with argon. The post etching XPS spectra 

demonstrate that the species present in the solids remained unchanged; however, the proportion of 

Fe and S species revealed changes less than 1 % (Supplementary Table 6).  For example, the FeII 

surface composition decreased from 58 to 57%, while FeIII increased from 42 to 43%; moreover, 

the contribution of monosulfides increased from 67.8 to 68.2%, of polysulfides from 18.1 to 

18.7%, while disulfides decreased from 14.9% to 13.0%.  These changes are minor indicating that 

the species and contributions of FeII, FeIII, as well as the monosulfides, disulfides and polysulfides 

are not an artifact but that they are an integral part of the structure of the FeSnano phase. Just to 

mention again, the O1s spectrum showed a total lack of Fe-O or S-O species confirming full 

anaerobicity during the XPS analyses. 

The presence of FeIII has been previously documented in mackinawite (FeII
1-3xFeIII

2xS) (2, 6), 

and FeIII-containing mackinawite was shown to form under acidic conditions (pH 3.5) when 

reacting low pH Fe2+aq and high pH S(-II) solution (6, 7).  At these conditions (nominal pH ~3.5), 

oxidation of mackinawite occurs by H2S via dissolution/re-precipitation mechanism (6).  In this 



 

 6 

mechanism any formed mackinawite dissolves rapidly causing the oxidation of FeII to FeIII in the 

structure, and triggers the releasing of FeII into solution to balance the mackinawite structure. 

 

Density functional theory (DFT) calculations  

In order to understand the interactions at play between the FeSnano layers and the polysulfides 

of the iron sulfide precursor, we have investigated by means of density functional theory (DFT) 

the intercalation of H2S2 and H2S4 into mackinawite. Both S2
2- and S4

2- species have been detected 

experimentally, while the hydrogen atoms were added to enforce charge neutrality in the 

simulation cell. Being formed by FeS4 tetrahedra and thanks to its layered structure, mackinawite 

is the most suitable candidate among the iron sulfides for modelling the intercalation of guest 

species. We have generated a number of input geometries by inserting the gas-phase optimized 

molecules in a 3x3x1 mackinawite supercell built by replicating the DFT relaxed unit cell in 

reference (25) and expanding the c lattice constant to 8.0 Å. We have also included trial structures 

with one S atom of the intercalated species at covalent bond distance from the atoms of the FeS4 

tetrahedra. All optimizations were performed with VASP 5.3 (26, 27), taking into account the Van 

der Waals correction as implemented in the DFT-D2 method of Grimme (28). As in previous works 

on mackinawite (25, 29), all the calculations were non spin-polarized. We employed the PBE 

functional (30), together with the projector augmented wave method to model the core-electron 

interaction (31), treating explicitly the 4s, 3d and 3p electrons of Fe, the 3s and 3p of S, and the 1s 

of H. All the optimizations were performed with a plane wave cutoff of 500 eV and a 2x2x3 

Monkhorst-Pack grid (32), and stopped when the force acting on each ion was less than 0.03 eV/Å. 

Density of states were calculated with a mesh of 4x4x6.  

The most energetically stable configurations obtained by relaxing the ions, as well as the 

volume and shape of the simulation supercells (Supplementary Fig. 8a,b) show that the loss of the 

initial tetragonal symmetry provides the guest molecules with newly formed intercalation cavities. 

This resulted in an interlayer expansion that increases with the length of the polysulfide chains 

with the c lattice constants reaching 8.0 and 8.7 Å for H2S2 and H2S4 intercalations respectively. 

All the S-S distances are comparable or larger than 3.6 Å (i.e., twice the Van der Waals radius of 

S) (33) suggesting that trapped polysulfides only interacts with the Fe-S layers via weak dispersion 

forces (Supplementary Fig. 8c) (34). The DFT results demonstrated that energetically the presence 
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of polysulfides intercalating Fe-S tetrahedral sheets as observed in the FeSnano is a possible 

configuration to explain our observations. 

 

XANES results  

The full Fe K-edge XANES spectra from FeSnano and mackinawite showed three 

distinguishable features in the regions marked as (I), (II) and (III) corresponding to a pre-edge (1s-

3d), an increase in the energy of the edge jump (1s-4s) and the near-edge (1s-4p) (Fig. 3 and 

Supplementary Fig. 9).  At a first glance, the overall fingerprint of the FeSnano spectrum is different 

to that of mackinawite. The pre-edge is less pronounced and there is a clear difference in the shape 

of the main peak of the spectra.  The mackinawite spectrum from our sample is in most features 

very similar to that reported in literature (8); however, the FeSnano spectrum although clearly 

different to the mackinawite spectrum is rather similar to the spectrum of greigite (8). This applies 

to features characteristic of the main peak, the shoulder feature and in the intensity of the pre-edge 

(Fig. 3). 

Among these three features, the pre-edge (1s-3d) is the most reliable to provide information 

about the coordination environment of Fe and its oxidation state (9-13).  The centroid of the pre-

edge is unaffected by the resolution of data collection and is a good indication of the chemical 

environment (9).  For oxides, any variation in the oxidation state of Fe (FeII and FeIII) could be 

identified because the two species have centroids at different energies that are normally separated 

by ~1.4eV (9).  

To fit the XANES data, we used the method developed for oxides and later applied to silicate 

glasses, hydrous melts, sulfides and oxide-sulfide mixtures (9, 10, 14, 15). These studies have 

demonstrated that the centroid of the pre-edge (which is related to the positions of the individual 

components) is a reasonably accurate to estimate the FeII/FeIII ratio of an unknown sample 

composed of sulfides and oxides, when comparing the centroid position to those of the standards 

(15).   

Comparison of the centroid values of FeSnano and mackinawite (7112.8 vs 7112.7 eV) 

indicates a slightly higher proportion of FeIII for the FeSnano sample (Supplementary Fig. 10a). 

Furthermore, in supplementary Fig. 10b a shoulder feature less pronounced in FeSnano than in 
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mackinawite spectrum could be observed.  The higher energy of this feature in the spectrum for 

the FeSnano compared to that of mackinawite indicates a slightly higher proportion of FeIII present 

in FeSnano and this is in accordance also with our XPS data (Supplementary Table 6).  Additional 

marked differences in the fingerprint of the near-edge feature were also observed between the 

FeSnano and mackinawite spectra, and the peak of the FeSnano phase was positioned at higher energy 

compared to that of mackinawite, again consistently with the above analysis.   

 

EXAFS results  

Information about the local environment of Fe in the FeSnano phase was obtained from analysis 

of the EXAFS portion of the XAS spectra.  Our first approach was to compare the FeSnano and 

mackinawite EXAFS spectra (Supplementary Fig. 11).  In this preliminary analysis, we observed 

that the oscillations in the k-space of the FeSnano spectrum were slightly shifted above k > 5Å-1, 

with respect to the oscillations in the mackinawite spectrum.   This suggests that the atomic 

structure of the FeSnano phase is different than the mackinawite structure as manifested in the 

spectra between 5 and 9 Å-1. The difference between both spectra becomes clearer when we plot 

the residual spectrum of mackinawite and FeSnano (Supplementary Fig. 11b)  

The second approach was to compare our experimental data to data for mackinawite and 

greigite in the theoretical models. In the mackinawite model, Fe is present in tetrahedral 

coordination while in the greigite model Fe is assigned both tetrahedral and octahedral 

environments.  Thus we first fitted mackinawite as a reference and then tested this same approach 

for the FeSnano spectrum. The fitting of the mackinawite EXAFS data to the mackinawite model 

was straightforward (Supplementary Table 10).  The reduced χ2= 7.04 and R-factor=0.01 indicated 

a very good fit in agreement with the model.  Furthermore, ΔR (<0.1Å), ΔE0 (<5 eV) and σ2 were 

all within reasonable values. The interatomic distances for Fe-S of 2.23 Å and for Fe-Fe of 2.62 Å 

were also in a good agreement with the reported data (Fe-S = 2.24 Å and Fe-Fe = 2.63 Å or Fe-S 

= 2.23 Å and Fe-Fe = 2.60 Å (16, 17).  Coordination numbers in the first shell (Fe-S) were 3.28 ± 

0.12 and in the second shell 3.41 ± 0.65; however, these values must be used with caution as self-

absorption problem in the data cannot be discarded given that the mackinawite spectrum had to be 

collected in fluorescence mode due to the small particle size or the freshly synthesized material.  

When this mackinawite EXAFS data was fitted to the to greigite model the results were far less 
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good as those obtained when fitting using the mackinawite model as the fit results for the second 

shell yielded extremely high σ2 values. With these fits we could show that our experimental 

mackinawite data match well the mackinawite model from the literature.  

For the fitting of the FeSnano EXAFS spectrum, first we carried out a visual comparison with 

both the theoretical mackinawite and the theoretical greigite models before performing the actual 

fitting. The contribution of the paths was tested by plotting both these models along with the 

experimental data (Supplementary Fig. 12).  Only the first two Fe-S and Fe-Fe paths were included 

in subsequent fits as they represent the most significant contribution to the models in the usable k-

range. We observed that between the two models, the one built based on both the Fe-S and the Fe-

Fe paths of the greigite structure allowed for a much better fit for the FeSnano EXAFS data.  In 

contrary, an adequate fit was only achieved for the model based on the mackinawite structure for 

the first Fe-S path. Nevertheless, we fitted the FeSnano EXAFS data to both above-described models 

in order to better compare the results.    

Results of these comparisons are presented in Supplementary Fig. 13 and Supplementary 

Table 11.  R-factors and χ2 yielded comparable results for both models (R-factor=0.005, reduced 

χ2= 178 using the greigite model and R-factor=0.009 and reduced χ2= 237 using the mackinawite 

model).  Although, these parameters suggest a good fit of our experimental FeSnano phase with both 

models, in the fit to the mackinawite model only the Fe-S path could be modelled.  When the Fe-

Fe path was included, the fit yielded a large σ2 value and the reduced χ2 increases considerably.  In 

contrast, the fit to the model based on the greigite structure allowed the inclusion of both the Fe-S 

and the second Fe-Fe shell and this way the fit and the goodness-of-fit parameters were massively 

improved.  These results indicate that the structure of the FeSnano phase is more akin to the 

combined tetrahedral and octahedral environment of Fe that is typical for greigite, and distinctly 

different from that of mackinawite. These results are in full agreement with the results from the 

analysis of the XANES spectra.   

The fit parameters obtained using the greigite model were both reasonable at ΔR (<0.1Å) and 

ΔE (< ±5 eV) and the value for σ2 was similar (~ 0.006 Å) for the first and second shell. According 

to the greigite model, the first-shell has four S atoms around the central Fe atom, with interatomic 

distances of 2.23Å and in a second shell, two Fe atoms with 4.10Å bond distances.  From the fit, 

coordination numbers (N) of 4.95 ± 0.19 for the first shell (Fe-S) and 2.09 ± 1.14 for the second 



 

 10 

shell (Fe-Fe) were derived.  It is worth noting however that as mentioned before for the 

mackinawite fit, the coordination number values may not be accurate as this parameter is subject 

to errors for samples there are characterized by very small particle sizes (18). This is the case for 

the FeSnano phase that is made up of particles that are ~1-2 nm in size.    Nevertheless, based on 

these fits we have demonstrated based on both the XANES and EXAFS analyses that the new 

phase FeSnano is drastically different in structure than the synthesized mackinawite. 

It is important to note that although the fitting was performed over a small k-range (2.8 and 

6.5 Å-1 for FeSnano and 3-10 Å-1 for mackinawite), the number of independent points used for the 

fitting was twice the number of variables (Supplementary Table 10 and Table 11).  Within these 

k-ranges two different absorber - scatterer distances (Fe-S and Fe-Fe) larger than 0.43 Å (ΔR) were 

resolved, which is above the resolution given by the k-range used in accordance with the rule of 

thumb in which kmax- kmin> /(2xΔR). 

For over 30 years, there has been considerable debate over Fe-S bond lengths and 

coordinations in various Fe-S minerals (e.g., cubanite, greigite, chalcopyrite, pyrite and smythite; 

19 - 22).  All data seem to indicate a dependency between the valence of the Fe atom and the bond 

lengths (22). Mossbauer studies have shown that tetrahedral Fe in greigite has an oxidation state 

between 2+ and 3+; however, based on empirical calculations these oxidation states would yield 

longer Fe-S bond lengths than the actual 2.148 Å, and theoretically Fe+4 would yield a bond length 

of 2.144 Å (19, 21) close to 2.148 Å as in greigite (23).  The increase in oxidation state is inferred 

to occur as a result of electron back-donation from S atoms yielding shorter bond lengths (24).   

 

Transformation of FeSnano to mackinawite  

The new FeSnano phase could be stable for months if kept at pH < 4.5 but upon addition of 

more NaHS, and thus an increase in pH transforms this new phase into mackinawite 

(Supplementary Fig. 3b).  At pH between 4.5 and 5.0, the transformation leads first to a poorly 

ordered, also nanoparticulate, mackinawite as confirmed by diffraction and TEM analyses 

(Supplementary Fig. 3c-e) that showed agglomerates (Supplementary Fig. 3d) with d-spacings 

matching those for early mackinawite (Supplementary Table 3, e.g. 5.5 Å and reference (35). The 

d-spacings of this first mackinawite are still larger than those in the crystalline mackinawite (36), 
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which was our end product of the reactions when the pH was raised to 7. The XPS spectra of both 

the poorly ordered agglomerated mackinawite and the crystalline end-product mackinawite 

confirmed up to 30 % FeIII in their structure (Supplementary Fig. 7; Supplementary Table 6), a 

value similar to the ferric iron content in the new FeSnano phase. This is not surprising considering 

that the mackinawite transformed from the FeIII containing precursor FeSnano. 
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Supplementary Table 1. Titration experiments. Resulting solid samples were analyzed with 

XRD and imaged by TEM.   

Experiment  [Fe2+], mM  [NaHS], mM  Parameter measured/min 

1 100 1000 pH 4-7, 9 min, 4.2 mL 1000 mM NaHS 

2 100 500 pH 4-7, 33 min, 16 mL 500 mM NaHS  

3 100 150 pH 4-7, 8 hours, 244 mL 150 mM NaHS 

4 100 150 Same as above 

5 100 150 Same as above  
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Supplementary Table 2. Diffusion experiments, and the reaction end pH; listed are also the 

analyses performed on each of the resulting solid products.   

Experiments pH Analyses performed  

1 4.3 XRD, TEM 

2 4.3 XRD, TEM, Raman 

3 4.1 XRD, Raman 

4 4.1 First attempts for EXAFS 

5 4.1 First XPS attempts, Raman, TEM 

6 4.1 TEM 

7 4.1 Raman 

8 4.1 XPS  

9 4.1 Raman 

10 4.1 XRD 

11 4.1 XANES, EXAFS 

12 4.1 TEM,  aqueous Fe analysis 

  



 

 14 

Supplementary Table 3. d-spacings of lattice planes derived from FFT evaluations of multiple 

HR-TEM images acquired from different samples of the new FeSnano phase synthesized by 

diffusion.  In bold are values for the large d-spacings of the crystal lattices of the new FeSnano phase 

that are not present in mackinawite.   

Individual particle areas  FeSnano 

d-spacing (Å) 

Mackinawite 

d-spacing (Å) 

1 

  

 1.8 

1.3 2 

  

 2.3 

1.2 3 11.6  

4 

  

11.9 

10.1 

7.2 

 

5 

  

6.9 

 

 

5.8 

5.8 

6 11.2  

7 

  

 2.2 

1.2 8 12.5  

9  5.9 

10 9.8  

11  4.4 

12 

  

 2.8 

2.3 

1.8 

13  3.0 

14 6.4  

15 

  

9.1 

 

 

5.4 16 

  

 3.0 

1.9 17 5.8  

18  2.9 

19  5.4 

20  2.7 
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Supplementary Table 4. Raman vibrations from the FeSnano phase produced through the diffusion 

method.  The values in brackets correspond to the widths of the peaks and this difference can 

introduce variations in the absolute positions of the peak.   

Raman shift cm-1 

 

Vibration Peak 

intensity 

Reference 

105 Grease    

114 Grease    

121 Grease    

128 Grease    

148 S2
2- Medium (37) 

(38) 

162 (155-167) Sn
2- Small (38) 

170 (160-181) S2
2-, lattice vibrations Medium (39) 

204 (170-247) Fe-S, asymmetric stretching vibration  Medium, broad peak (2) 

215 (204-228) Fe-S, asymmetric stretching vibration Medium (40) 

228 (203-260) Sn
2- n>8*  Small, broad peak (40) 

274 (233-317) Fe-S S-S, Sn
2- n>8*   Medium, broad peak (40) 

323 (266-420) Sn
2- n>8* High, broad peak (40) 

378 (313-438) Sn
2- n>8* Medium, broad peak (40) 

 463 (368-532) Sn
2-, asymmetric stretching vibration High broad (40) 

494 (475-511) Grease    

553 (475-623) S2
2-, Grease Small, broad peak (37) 

668 (528-775) Grease High broad   

703 (656-755) Grease Medium broad   

*Polysulfides 
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Supplementary Table 5. Raman vibrations from freshly synthesized mackinawite end product at 

pH 7 using the titration method.  Polysulfide bands were not detected in these samples, however 

if present in minor amounts such bands could overlap with or form minor shoulders on the high 

intensity Fe-S vibrations.   

Raman shift 

cm-1 

This study 

Vibration Peak Reference 

210 Fe-S, asym. stretch. High intense (208 cm-1, 214 cm-1) (2, 3)  

272 Fe-S, sym. stretch. Medium, 

intense 

(281* cm-1, 283* cm-1, 298* cm-1) (2); (282 

cm-1) (3) 

386 Fe-O Small, broad (386 cm-1) (3) 

482 Fe-O, grease Small, broad  

560 Grease Small, broad  

638 Grease Small, broad  

asym=asymmetric, stretch=stretching, sym= symmetric.  

*Depending on ageing from 15 minutes to 12 days 
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Supplementary Table 6. XPS Fe and S speciation data for the FeSnano phase and mackinawite 

including two analyses of post-argon etching of the FeSnano.  Binding energies were correct at a ± 

0.1eV resolution.  The surface composition is a semi-quantitative measure (±10%) calculated from 

the peak areas (Fe 2p and S 2p). 

Sample Binding Energy (eV) FWHM Area (%) Chemical state Surface composition 

% (10%) 

 Fe 2p3/2  

FeSnano 707.9 1.8 58.8 FeII-S 58 

709.8 1.8 30.7 FeIII-S 42 

711.9 1.8 10.5 FeIII-S 

FeSnano 708.0 0.9 57.3 FeII-S 57 

(After etching) 710.0 0.9 29.0 FeIII-S 43 

 712.3 0.9 13.7 FeIII-S  

Mackinawite 706.9 1.0 35.6 FeII 73 

707.7 1.0 20.8 FeII 

713.4 1.0 1.9 FeII satellite 

708.5 1.0 14.7 FeII 

712.2 1.0 3.5 FeIII 27 

709.4 1.0 10.5 FeIII 

711.2 1.0 5.2 FeIII 

710.2 1.0 7.8 FeIII 

 S 2p3/2  

FeSnano 161.1 0.8 44.7 Monosulfides 62 

 161.8 0.8 22.4 Monosulfides 

 162.9 0.8 14.9 Disulfides 14 

 163.2 2.2 18.1 Polysulfides 17 

FeSnano 161.2 0.9 32.9 Monosulfides 68 

(After etching) 161.9 0.9 35.4 Monosulfides  

 162.7 0.9 13.0 Disulfides 13 

 163.7 1.6 18.7 Polysulfides 19 

Mackinawite 160.9 0.7 24.4 Monosulfides 53 

 161.6 0.7 39.0 Monosulfides 

 162.2 2.6 36.6 Polysulfides 31 
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Supplementary Table 7. XPS Fe reference binding energies (eV).   

Mineral Nominal 

Composition 

FeII-S FeIII-S FeIII-O FeIII 

satellite 

Reference 

Pyrrhotite Fe7S8, vacuum 706.5 

707.5 

708.4 

  713.3 (41) 

 

Pyrite synthetic FeS2 706.7    (42) 

Pyrite synthetic FeS2 707.5    (43) 

Pyrrhotite Fe0.89S 707.0    (44) 

Pyrite FeS2 707.0    (5) 

Pyrrhotite synthetic Fe1-xS 707.5    (45) 

Troillite, Pyrrhotite  

   

  

FeS, Fe1-xS  

  

  

  

706.8 

707.8 

708.5 

  

709.2 

710.3 

711.3 

712.2 

710.3 

711.3 

712.4 

713.5 

713.6 

  

  

  

(46) 

 

Mackinawite synthetic 

  

  

FeS, Fe1+xS 

  

  

706.8 

708.5 

  

709.6 

710.6 

711.6 

  

  

  

  

  

  

(7) 

 

Mackinawite synthetic Fe1+xS 707.6 709.1 711.6   (47) 

Mackinawite synthetic 

Greigite 

  

  

  

Fe1+xS  

Fe3S4 

  

  

706.8 

  

  

  

708.5 

709.6 

710.6 

711.6 

710.7 

  

  

  

  

  

  

  

(48) 

 

Mackinawite synthetic 

  

  

  

Fe1+xS 

  

  

  

706.4 

707.3 

708.2 

  

709.2 

710.4 

711.4 

712.7 

  

  

  

  

713.3 

  

  

  

(48) 
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Supplementary Table 8. XPS Sulfide reference binding energies (eV).   

Mineral Nominal 

Composition 

Mono 

(S2-) 

Mono 

(S2-) 

Di 

(S2
2-) 

Poly 

(Sn
2-) 

Reference 

Sulfur S(0)    163.7 (49) 

Pyrite FeS2    163.9 (50) 

Pyrite FeS2   162.3  (51) 

Pyrite FeS2   162.4  (49) 

Pyrite FeS2   162.5  (5) 

Pyrite FeS2   162.5  (52) 

Pyrrhotite Fe0.89S 161.1    (44) 

Sphalerite 

Galena 

Pyrrhotite 

ZnS 

PbS 

Fe7S8 

161.2 

160.7 

161.2 

   (53) 

Mackinawite FeS  161.8   (54) 

Pyrrhotite Fe1-xS 161.1    (45) 

Sphalerite ZnS 161.6    (55) 

Galena PbS 160.6    (52) 

Tin(II) 

Sulfide 

SnS 161.1    (56)  

Manganese 

(IV) disulfide 

MnS2  161.9   (53) 

Note: Metal-SO4
2- species binding energies are ~ 169 eV, so no sulfate species were neither present 

in FeSnano nor in mackinawite 
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Supplementary Table 9. XAS pre-edge peak analysis for mackinawite, FeSnano and the analyzed 

references.   

Sample Centre of 

gravity 

Height FWHM Area  Total 

Integrated 

Area  

Centroid R2 Reduced 

χ2 

Mackinawite 7112.4 0.0929 1.8 0.18 0.26 7112.7 0.999 2.78E-06 

 7113.3 0.0440 1.8 0.08     

FeSnano 7112.4 0.0374 1.4 0.06 0.09 7112.8 0.999 3.02E-07 

 7113.4 0.0260 1.4 0.04     

Magnetite 

(Fe3O4) 

7113.1 0.0127 1.3 0.02 0.10 7114.0 1.000 5.51E-08 

 7113.9 0.0439 1.3 0.06     

 7114.9 0.0165 1.3 0.02     

Hematite 

(Fe2O3) 

7113.4 0.0251 1.3 0.03 0.09 7114.1 0.999 1.51E-07 

 7114.7 0.0364 1.3 0.05     

 7115.9* 0.0125 1.3 0.02     

 7117.3* 0.0064 1.3 0.01     

Wustite (FeO) 7111.7 0.0245 1.3 0.03 0.12 7112.7 0.998 7.48E-07 

 7113.7 0.0299 1.3 0.04     

 7112.6 0.0314 1.3 0.04     

* Components not included in the calculation of the centroid as they are not predicted by the 

crystal-field theory in the 1S-3d transition, the arise from high spin FeIII in octahedral symmetry 

(17)  
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Supplementary Table 10. EXAFS fitting parameters derived from fitting the mackinawite 

spectrum; the degeneracy of each path was based on the theoretical models for mackinawite and 

greigite.   

Mackinawite 

Nind 16 

Nvar 5 

Reduced 2 7 

R-factor 0.01 

ΔE0 (eV) -2.78 ± 0.94 

S0
2 0.80 

 Sulfur 

N 3.28 ± 0.12 

R -0.0212 ± 0.0076 

R (Å) 2.235 ± 0.003 

2 (Å2) 0.007 ± 0.001 

 Iron 

N 3.41 ± 0.65 

R 0.0236 ± 0.0158 

R (Å) 2.621 ± 0.003 

2 (Å2) 0.022 ± 0.001 
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Supplementary Table 11. EXAFS fitting parameters derived from fitting the FeSnano spectrum. 

The degeneracy of each path in the mackinawite model was taken from the theoretical structure, 

while the paths in the greigite model were derived directly from the fit.   

New FeSnano phase 

  Mackinawite model Greigite model 

Nind 8 8 

Nvar 4 4 

Reduced 2 237 178 

R-factor 0.009 0.005 

S0
2 0.80 0.80 

ΔE0 (eV) -1.4 ± 1.3 -0.9 ± 1.2 

  Sulfur 

N 5.08 ± 0.80 4.95 ± 0.19 

R (Å) 2.225 ± 0.001 2.225 ± 0.001 

2 (Å2) 0.006 ± 0.001 0.006 ± 0.001 

  Iron 

N - 2.09 ± 1.14 

R(Å) - 4.104 ± 0.01 

2 (Å2) - 0.006 ± 0.001 

 



 

 23 

 

Supplementary Figure 1.  Schematic representation of the titration experimental set up and the 

controlled NaHS dosing through the automated unit of the Infors reactor control unit. All initial 

Fe2+ and NaHS solutions were O2-free and all preparations were done under anaerobic conditions 

which were maintained inside the reactor through a positive pressure of O2-filtered N2 gas 

(99.999%) throughout the whole length of each experiment. NaHS was slowly added to the Fe2+ 

solution by using a precision metering pump. The pH, Eh and injected volume of NaHS were 

recorded every minute. 
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Supplementary Figure 2. Schematic drawing of the experimental set up used in the diffusion 

experiments.  The experimental reactor (middle) contained a 100 mM Fe2+ solution, while the 

reactive H2S gas was produced through the reaction of solid Na2S.9H2O(s) crystals and liquid HCl 

that was injected into the right hand bottle and then allowed to diffuse slowly into the experimental 

reactor; a NaOH trap was added to the system to capture any excess H2S gas. 
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Supplementary Figure 3. Combined results from the titration experiments. This figure 

complements the data presented in Fig. 1 and the associated discussion in the main text.  (a) 

Titration profile showing the increase in pH (blue) and addition of NaHS (red) between pH 4.1 

and 5.5; 2 mM of NaHS were needed to reach a pH value just of ~ 4.3 at which point the formed, 

slightly greying precipitates were separated from the solution; (b) full titration profile up to pH 7.0 

showing the full 9 hours of a titration experiment; (c) XRD of poorly crystalline mackinawite 

collected from a titration experiment once the pH of 5.2 was reached;  (d) medium resolution TEM 

image (scale bar 100 nm) of mackinawite agglomerates observed at pH 5.2 and e) the 

corresponding selected area electron diffraction pattern showing the main mackinawite d-spacings 

(Supplementary Table 3); important to note is the absence in both c and e of the large d-spacings 

that are typical for the new FeSnano phase (Fig. 1, main document). 
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Supplementary Figure 4. (a) Example of a peak fitting analysis of the XRD peak at ~12 Å from 

a titration experiment.  Fitting in High Score Plus to a Pseudo-Voigt profile revealed two peaks, 

peak 1 (7.16 2θ) and peak 2 (7.29 2θ) from the contribution of Cu K1 are shown in the figure.  

Crystallite size of ~23 nm and ~44 nm were derived from the fit, which is far larger than the 2 nm 

quantified from TEM likely reflecting the self-assembly or fusion of individual particles to form 

larger agglomerates but not their transformation; (b) This is confirmed by seemingly self-

assembled ~ 2 nm individual nanocrystals through attachment and progression to form a bigger 

agglomerate as seen in TEM (scale bar 20 nm); (c) bigger agglomerate showing attachment of 

smaller crystals (scale bar 20 nm). 
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Supplementary Figure 5 Raman spectra for the FeSnano showing the peak assignments. The blue 

dotted lines on the plot indicate the positions of the peaks for Fe-O species as known for α-FeOOH 

(245, 298, 386, 479, 550 and 660 cm-1) (57); however, in our FeSnano spectrum the main vibrations 

at 245 and 386 cm-1 are missing and thus no Fe-O peaks are present.  The position for where the 

peaks for ν2 and ν4 for SO4 species would be (at 421 and 618 cm-1) are also shown by the green 

dotted arrows, yet they are clearly missing in this FeSnano spectrum.  The asterisks (*) in this 

spectrum refer to peaks from the grease used to seal the sample between the glass slides, while the 

diamonds (♦) pinpoint the short-chain polysulfide peaks identified in FeSnano (see main text as 

well as Fig. 2a and Supplementary Table 2).  a.u., arbitrary unit.   
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Supplementary Figure 6 Raman spectra of mackinawite collected from a titration experiment 

once the pH reached the end value at 7. The sample was analyzed using the 473 nm laser and five 

single spectra, each collected for 150 seconds were co-added.  This sample was pure mackinawite 

as also cross-confirmed by XRD and TEM analyses (Supplementary Fig. 3). The Raman spectra 

shows two main peaks at 208 and 272 cm-1, which are both characteristic for Fe-S vibrations in 

mackinawite, although the latter peak is shifted compared to literature values for synthetic 

mackinawite (2); 281 cm-1 for FeII/S=3/2, 283 cm-1 for FeII/S=1). A shift in the second 

characteristic peak has been suggested to be likely a consequence of aging and drying (i.e., the 

peak appears at 298 cm-1 when mackinawite was aged for 12 days under an argon atmosphere) (2). 

The spectra also shows very weak and highly broad bands at 386 and 482 cm-1 which could be 

interpreted as possible air oxidation of mackinawite. However, when the positions of possible Fe-

O vibrations (marked with blue arrows) in other phases compared no match was found; similarly 

vibrations related to SO4
2- were also absent (green arrows). a.u., arbitrary units. 
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Supplementary Figure 7. XPS spectra of mackinawite solids collected from the solution at pH 

5.5. (a) Fe 2p3/2 spectrum, (b) S 2p3/2 spectrum and (c) O 1s spectrum of mackinawite.   

Monosulfides (53%) and polysulfides (31%) are present in mackinawite, disulfides were not 

detected (Supplementary Table 6).  Similarly to the FeSnano, our mackinawite XPS data was best 

fitted by using two doublets for monosulfide species; however the overall fingerprint is very 

different to the FeSnano spectrum. The polysulfides in mackinawite is highly different than that in 

the FeSnano phase and this could be the result of aging of the mackinawite (2). Likewise, FeII-S and 

FeIII-S species are present in mackinawite.  Our mackinawite spectrum, as well as the fits and the 

identified species are highly similar to the few XPS spectra available in the literature (7, 47, 48, 

58); however, there are some notable differences that could stem from the fact that all reported 

XPS data so far in the literature were collected from synthetic mackinawite samples that were 

produced through highly different experimental methods (different titrations, diffusions or 

chemical routes) and so far reproducibility in the characteristics of the mackinawite products 

through this different routes could not be demonstrated.  We assert that as observed in our Raman 

and XPS spectra (Fig. 2, Supplementary Figs 5-7), the spectral fingerprints could be affected by 

aging, crystallization and local disorder within the mackinawite structure. Finally, it is worth 

noting that the O 1s spectrum from both the FeSnano and mackinawite samples (Fig. 2d and 

Supplementary Fig. 6c) were best fitted with two peaks at 532 and 531 eV.  These peaks have been 

associated with adsorbed water and hydroxyl groups, but importantly the missing peak (i.e., 

shoulder) at 529 eV is a clear confirmation of a lack of air oxidation of our samples (59). a.u., 

arbitrary unit.  
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Supplementary Figure 8.  DFT relaxed structures of H2S2 (a) and H2S4 (b) intercalated between 

mackinawite-structured Fe-S layers. The final supercells are also marked. Colour code: Fe pink, S 

yellow, H white; (c) Electronic densities of states of Fe-S layers with intercalated H2S2 and H2S4 

projected onto the S atoms at the corners of the FeS4 tetrahedra and compared to the Fe-S layered 

structure without polysulfides. The similarity between the electronic structures indicates that only 

non-bonded interactions are present (35). The Fermi energy is set to zero. 



 

 31 

 

Supplementary Figure 9.  Fe K-edge XANES spectra from FeSnano and mackinawite. The spectral 

features (I) a pre-edge, (II) an edge jump and (III) a near-edge are indicated. Furthermore, the Fe 

K-edge XANES spectra for mackinawite and greigite from the literature are also shown (8).  The 

mackinawite spectrum from our study is very similar in most of the features to the reported in 

literature (8).  This plots clearly shown that the FeSnano and the mackinawite spectra are different, 

in that the pre-edge in the FeSnano spectrum is less pronounced and there is a clear difference in the 

shape of the main peak of the spectra; this latter feature and the shoulder are similar to the spectrum 

of synthetic greigite (8). 
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Supplementary Figure 10. Fe K-edge XANES features. (a) Pre-edge region showing the fit 

components (lines) to data points from mackinawite (blue) and FeSnano (grey); (b) shows the pre-

edge and the increase in the edge jump and (c) the main peak. The centroid in the pre-edge feature 

for both, FeSnano and mackinawite, is positioned at higher (7112.7 eV) energies than typical ferrous 

compounds at 7112.1 eV indicating the presence of some FeIII in both structures.  As seen in (b) 

the increase in the edge jump is shifted towards higher energies for FeSnano than for mackinawite, 

and this is also related to the higher proportion of FeIII present in FeSnano as also evidenced in our 

XPS data (Supplementary Table 6).  In the near-edge region (c), there are clear differences in the 

shape of the main peak between FeSnano and mackinawite, and again the peak of the FeSnano phase 

is positioned at a higher energy, consistent with the presence of relatively more FeIII in its structure.  
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Supplementary Figure 11.  EXAFS data acquired from FeSnano and mackinawite. (a) Comparison 

between the EXAFS χ(k) data for FeSnano and mackinawite; (b) difference EXAFS χ(k) spectrum 

for mackinawite minus FeSnano evidencing the differences between both spectra.  Comparing the 

two spectra, reveals that the oscillations above k > 5Å-1 are shifted indicating that the atomic 

structure of FeSnano is different from that of mackinawite and the shift becomes clearer when we 

plot the residual spectrum of mackinawite minus FeSnano, which does not yield a flat line. 

  



 

 34 

 

Supplementary Figure 12 Fe-S and Fe-Fe paths contribution to the model for (a) greigite and (b) 

mackinawite. The Fourier transform of the FeSnano EXAFS data (black lines) was compared with 

the theoretical models for mackinawite and greigite before fitting. The contribution of the paths of 

each model was tested by plotting them along with the experimental data.  Only the first two paths 

Fe-S and Fe-Fe were included in the subsequent fit as they were the most significant in the usable 

k-range; however, for mackinawite only the Fe-S path could be included.    
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Supplementary Figure 13.  EXAFS fits for data collected from FeSnano and mackinawite. (a) 

χ(k)*k3 of the mackinawite and FeSnano EXAFS experimental data, (b) magnitude and (c) real part 

of the Fourier transform of the χ(k)*k3.  Fitting results are listed in supplementary table 11.  Good 

fits for both models were obtained, but the fit for mackinawite only included the Fe-S path.  If the 

Fe-Fe path would have been included in the model, the fit would have yielded a large σ2 value and 

the reduced χ2 would have increased considerably.  In contrast, the fit for FeSnano to the model 

based on the greigite structure allowed the inclusion of the second Fe shell improving the fit and 

the goodness-of-fit parameters. 
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