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Abstract 

The comprehensive characterization of the structure-electrocatalytic activity relationships is 

of great interest to support the development of efficient catalysts for hydrogen evolution 

reaction (HER) in proton-exchange membrane (PEM) electrolyzers. The successful 

implementation of a bimetallic iron-molybdenum sulfide electrocatalyst for HER into a PEM 

electrolyzer has been reported. However, the precise nature of their active sites is still elusive. 

In this study, we employed X-ray absorption spectroscopy (XAS) to study iron-molybdenum 

and molybdenum sulfides obtained by a microwave irradiation synthetic approach. Operando 

XAS measurements in an acidic environment revealed sulfur-defective amorphous MoSx and 

FeS phases. Although the amount of dopant Fe is 10 times lower than that of Mo, the synergy 

between the two phases promotes the HER performance of iron-molybdenum sulfides.  
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1. Introduction 

In order to promote the transition to an energy system less dependent on fossil fuels, the study 

and deployment of new, emerging and clean energy technologies has substantially intensified 

in recent years [1-3]. Hydrogen has emerged as a highly promising renewable energy vector, 

distinguished by its unparalleled energy density per unit mass compared to all other fuels [4]. 

However, traditional industrial hydrogen production methods, such as steam reforming, rely 

on fossil fuels and result in significant CO2 emissions, limiting their sustainability. In contrast, 

water electrolysis, if powered by renewable sources, presents a compelling solution for 

producing pure hydrogen without introducing greenhouse gases into the atmosphere [5-8]. 



Alkaline electrolyzers are already commercially available. However, the relatively high cost 

of hydrogen production has limited the uptake of this technology. A potential future approach 

to replace the commonly employed alkaline water electrolysis for industrial hydrogen 

production is the use of proton exchange membrane (PEM) electrolyzers working with acid-

based solid electrolytes. This technology offers remarkable advantages compared to alkaline 

systems, such as exceptional power efficiency, significantly lower overvoltage, high current 

densities, reduced maintenance and less safety concerns [6, 9]. However, PEM devices 

commonly rely on expensive and scarce noble metal catalysts, which pose a barrier to their 

widespread implementation [10-12]. Therefore, finding non-noble metal alternatives for the 

hydrogen evolution reaction (HER) has become crucial to advance acidic water electrolysis, 

ensuring its affordability and scalability for practical applications. 

Considering this perspective, many transition metal compounds [13, 14], including 

phosphides [15-17], carbides [18, 19], oxides [20, 21], nitrides [22], and selenides [23], have 

been thoroughly investigated as electrocatalysts for the HER, and among them, molybdenum 

disulfide (MoS2) has garnered significant interest since the 1970s, when the HER activity of 

crystalline c-MoS2 was first recognized [24]. However, the properties of MoS2 in bulk form 

can substantially vary from those of its nanoscale counterparts. Indeed, extensive efforts are 

dedicated to the ongoing engineering of this material to optimize electrical conductivity, 

prevent material agglomeration, enhance stability, reduce reaction energy barriers, and boost 

the catalytic HER process. A plethora of state-of-the-art strategies have been employed to 

enhance MoS2 performance: defect engineering [25], doping [26], phase engineering [27], 

hierarchical porous structuring [28-30], morphological control, i.e. synthesis of nanoparticles, 

single/few-layer nanosheets, nanodots, nanoflowers, nanobelts [31-35], and maximizing the 

exposure of highly active edge sites for HER [36]. To address the issue of poor intrinsic 

conductivity, extensive efforts have been made to utilize highly conductive substrates. 



Notably, coupling with carbon materials (carbon black, carbon nanofibers, carbon nanotubes 

[37-41]) has proven effective in overcoming this challenge.  

Beyond c-MoS2, amorphous molybdenum sulfides (a-MoSx) has recently gained attention 

thanks to its scalable preparation methods, attractive catalytic activities and robustness [42]. It 

was found that the electrocatalytic performance of both crystalline and amorphous 

molybdenum sulfides was significantly improved through the combination with other 

transition metal ions, such as in the case of nanostructured NiMoS [43], Co9S8@MoS2 core-

shell nanostructures [44], V and Zn-doped MoS2 [45, 46], and iron-promoted HER activity in 

Fe-MoS3 [47], FeS2-doped MoS2 [48], and amorphous FeMoS4 [49]. Our group succeeded in 

synthesizing an amorphous FeMoSx material through a novel microwave-assisted method. 

This material exhibits remarkable HER activity in acidic environments requiring an 

overpotential of ~150 mV to reach a current density of 10 mA cm
−2

, while demonstrating 

stability during operation comparable to Pt, thus making it a promising candidate for 

utilization as a cathode catalyst in PEM electrolyzers [50]. 

Each of the strategies to optimize molybdenum sulfides involves a control and comprehensive 

understanding of the structural and electronic properties at the atomic and molecular levels. In 

particular, the need to correlate structural and electronic changes with the activity and stability 

of novel electrocatalysts requires the use of sophisticated in-situ and operando techniques. X-

ray absorption spectroscopy (XAS) plays today a privileged role in the investigations of 

catalysts across a wide spectrum of experimental conditions [51]. With its element-specific 

ability, XAS proved to be an incomparable tool in isolating the active sites within complex, 

multi-element systems and can be employed to explore an extensive array of materials, 

including crystalline, amorphous, nanostructured, and liquid phases [52]. Lassalle et al. 

successfully applied XAS for the study of amorphous MoSx under catalytic conditions [53]. 

Furthermore, through the utilization of operando XAS measurements, Wu et al. provided 



experimental evidence of the crucial influence of a short Mo-Mo network in increasing the 

HER activity in 1T (octahedrally coordinated) and a-MoS2 relative to the crystalline 2H 

(trigonally coordinated) MoS2 [54].  

In this study, we employed operando XAS to elucidate the structural basis for the improved 

catalytic performance of iron-doped and non-doped molybdenum sulfides prepared using the 

above-mentioned microwave synthesis method, and labelled FeMoSmw and MoSmw. Our 

investigation revealed the presence of a sulfur-defective amorphous MoSx phase in both 

compounds, with the additional identification of a sulfur-defective amorphous FeS phase in 

FeMoSx during operation. These findings demonstrate the active involvement of these species 

during HER, thus representing a significant advancement in the comprehension and 

development of molybdenum sulfides-based electrocatalysts for water-splitting applications.    

 

2. Experimental section 

2.1 Synthesis of FeMoSmw and MoSmw 

The synthesis of iron-molybdenum sulfide materials involved the use of thiourea, Fe and Mo 

salts  (MoCl3 and FeCl3H2O) in a molar ratio of 3:1:1. In this process, metal salts and 

thiourea were mixed in ethylene glycol and ethanol, leading to the formation of metal-

thiourea complexes. Under microwave irradiation (0-300 W, 255 °C, 8 bar), these complexes 

underwent decomposition, resulting in the formation of iron-molybdenum sulfide labeled as 

FeMoSmw. For comparison, a sample was prepared similarly but without the Fe precursor and 

referred to as MoSmw. Further details on the synthesis of FeMoSmw and MoSmw samples can 

be found in reference [50]. MoS2 (99%) and MoS3 (97 %) were purchased from Sigma-

Aldrich and Alfa-Aesar, respectively. 

 

 



2.2 Electrochemical measurements 

Electrochemical activity of the catalyst toward the HER was determined using a glassy carbon 

disk (⌀ 3 mm, 0.07 cm
2
, catalyst loading of 0.82 mg·cm

−2
) as working electrode. A catalyst 

ink including 1 mg of electrocatalyst, 160 μL of ethanol, 40 μL of water, 10 μL of 5 wt % 

Nafion solution, and 0.2 mg of carbon nanotubes (CNTs) was prepared by sonication.  

The electrochemical experiments were performed in a N2-saturated electrolyte (0.1 M 

H2SO4), in a three-electrode cell configuration and using an SP300 Bio-Logic potentiostat. 

The counter electrode consisted of a Ti wire, and the reference electrode was a Ag/AgCl, KCl 

(3 M). All curves were iR-corrected by carrying out automatically ohmic drop compensation 

by the EC-Lab software using the electrochemical impedance technique (ZIR). 

 

2.3 XAS data collection and analysis 

Mo and Fe K-edge X-ray absorption spectra were collected at room temperature at the 

SAMBA beamline (Synchrotron SOLEIL). The beamline is equipped with a sagittaly 

focusing Si 220 monochromator and two Pd-coated collimating/focusing mirrors, used to 

remove X-rays harmonics. The spectra of the reference compounds MoS2 and MoS3 were 

recorded in transmission mode, while the catalysts data collection was performed in 

fluorescence mode, using a Canberra 35-elements monolithic planar Ge pixel array detector. 

For operando XAS measurements, catalysts inks were prepared by ultrasonication of a 

mixture of 10 mg of catalysts, 2 mg of CNTs, 100 ml of 5% Nafion solution, 50 l of water 

and 1 ml of ethanol for 20 minutes. An aliquot was then dropcasted on a 100 m graphite foil 

(Goodfellow cat. C 000200/2), and installed in a three-electrode electrochemical cell [55], 

using a Pt counter electrode, a saturated calomel reference electrode, and 0.1 M H2SO4 N2-

saturated electrolyte.   



The EXAFS data analysis was performed with the GNXAS code, which is based on the 

decomposition of the EXAFS χ(k) signal into a summation over n-body distribution functions 

γ(n) calculated by means of the multiple-scattering (MS) theory. Details of the theoretical 

framework of the GNXAS approach are described in refs [56, 57]. The Mo and Fe 

coordination shells have been modelled with Γ-like distribution functions which depend on 

four parameters, namely, the coordination number N, the average distance R, the mean-square 

variation σ
2
, and the skewness β. Additional nonstructural parameters were minimized, 

namely E0 (core ionization threshold energy) and S0
2
, therefore taking into account the 

maximum number of independent parameters according to the rule Nmax = 2Rk/ (k: 

total range in k space, R: total range in R space) [58]. 

3. Results  

3.1 Electrochemical measurements 

Both FeMoSmw and MoSmw were tested for the H2 evolution reaction in 0.1 M aqueous H2SO4 

solution of pH 1. To ensure a good contact with the glassy-carbon electrode and optimize the 

surface area in contact with the electrolyte, they were formulated in an ink containing CNTs 

and Nafion. Polarization curves are shown in Figure 1. The FeMoSmw catalyst mediates H2 

evolution at potentials more negative than -0.10 V vs RHE with a current density of                        

10 mAcm
-2

 obtained at -0.15 V vs RHE. The MoSmw  sample displays a slighly more 

negative onset potential and reaches 10 mAcm
-2

 at -0.2 V vs. RHE.  

 

3.2 Ex-situ identification of MoSx phase: Mo K-edge XAS analysis 

The comparison between the X-ray absorption near edge structure (XANES) spectrum of 

MoSmw and the MoS2 and MoS3 reference compounds, shown in Figure S1a, reveals spectral 

features similar to those of MoS3. Furthermore, the position of the absorption edge in a 

XANES spectrum is a function of the oxidation state of the photo-absorbing element. It can 



be observed that the absorption edge of the MoSmw XANES spectrum coincides with that of 

the reference MoS3, thereby allowing the same valence state to be attributed to both 

compounds. The Fourier transformed extended X-ray absorption fine structure (FT-EXAFS) 

spectra of MoSmw is showed in Figure S1b and compared with those of the MoS2 and MoS3 

reference compounds. The spectrum of MoSmw is similar to that of MoS3, allowing us to 

identify the phase present in our catalyst as MoS3. However, the first-shell peak 

corresponding to the Mo-S distance, and located at about 1.9 Å (not-corrected for the phase-

shift) for MoS3, is shifted to lower values for MoSmw (about 1.84 Å). 

There are still open questions regarding the structure and electronic properties of amorphous 

molybdenum sulfide, which is described based on two models: the Hibble model [59] and the 

Weber model [60]. In the Hibble model, the structure of a-MoS3 consists of a chain 

configuration, in which the Mo atoms are bridged by three sulfides (S
2-

) or by one sulfide and 

one disulfide (S2
2-

) ligand (Figure 2a). The formula for this model is Mo
5+

(S
2‐)2(S2

2‐)0.5. The 

Weber model, consists of triangular Mo3S9 clusters, which are connected to each other by 

sulfide bridges and whose formula is Mo
4+

(S
2‐)(S2

2‐) (Figure 2b). More recently, Tran, Artero 

and colleagues proposed a model based on clusters of [Mo3S13]
2-

 sharing two of their terminal 

disulfide groups (Figure 2c) [61]. These structures can contain three main types of sulfur 

atoms: bridging S2
2-

 (a pair of sulfur atoms bonded to two molybdenum atoms), terminal S2
2-

 

(a pair of sulfur atoms bonded to one molybdenum atom), and apical S
2- 

(a sulfur atom 

bonded to three molybdenum atoms). There is currently a debate about the activity of these 

different types of S atoms. For example, through a combined study using XPS, DFT 

calculations, and in-situ Raman spectroscopy, Ting et al. shown that bridging S2
2-

 have greater 

activity than terminal S2
2- 

in amorphous MoSx, while apical S
2-

 absorbs hydrogen too weakly 

to catalyze the HER reaction [62]. On the contrary, Lassalle et al. suggest an involvement of 

terminal disulfides in the hydrogen evolution mechanism [53]. Tran et al. further suggest that 



the activity of a-MoSx is not due to S sites, but rather to Mo sites: once the HER potential is 

reached, the terminal disulfide is eliminated, followed by the formation of Mo-H, as the active 

site for the HER reaction [61].  

Although these proposed structures are indistinguishable from an EXAFS point of view, the 

analysis of the EXAFS spectral region can reveal accurate structural information that is useful 

for understanding possible deviations from reference compounds. 

 The best fit analysis of the MoSmw EXAFS spectrum is shown in Figure 3a and S2a, while 

the structural parameters obtained from the fitting procedure are reported in Table 1. For 

comparison, we also included in Table 1 the structural parameters obtained from the analysis 

of the MoS3 reference spectrum (Figure S3). Our EXAFS analysis of MoSmw revealed the 

presence of Mo-S bonds at 2.37 Å with a coordination number (CN) of 3.5, one Mo-Mo 

interaction at 2.76 Å, and Mo-O bond at 1.68 Å with a CN of 0.2. The Mo-O contribution was 

necessary to achieve a good agreement between the experimental and calculated spectra, and 

it is consistent with our previous XPS measurements performed on the same sample [50]  and 

with previous EXAFS analyses on amorphous MoSx films [53]. The Mo-S and Mo-Mo bond 

distances obtained from the fitting procedure are in good agreement with the values 

determined from EXAFS studies on a-MoS3 [53, 59, 63]. However, the coordination number 

of Mo-S is lower compared to that of the reference compound (3.5 instead of 5.6). This is due 

to the presence of Mo-O contributions, which decrease the average Mo-S bonds per Mo 

centre. 

Figure S4 shows the comparison between the experimental XANES and FT-EXAFS spectra 

of FeMoSmw and MoSmw. The XAS spectra of the two compounds are the identical in all the 

spectral range (any differences in the oscillations of the FT-EXAFS spectra above 3 Å may be 

due to very week signals or experimental noise), demonstrating that iron-molybdenum sulfide 

and molybdenum sulfide obtained by microwave synthesis, have the same MoSx phase. 



Indeed, the results of the EXAFS best-fit for FeMoSmw shows a set of structural parameters 

that are, within the statistical errors, identical to those of MoSmw (Table 1, Figure 3b and S2b). 

Note that the high values of the Debye Waller factors for the Mo-S and Mo-Mo distances 

confirm the amorphous nature of the MoS3 phase in both MoSmw FeMoSmw.     

 

3.3 Operando Mo K-edge XAS signatures 

We then investigated the behavior of  MoSmw and FeMoSmw under operando conditions. 

Figure 4a shows the Mo K-edge XANES spectra of MoSmw recorded for the dry electrode, at 

OCP potential, and at -0.21V vs RHE in acidic media, and Figure 4b shows the same 

comparison for FeMoSmw. The XANES spectra of MoSmw in the dry state and at OCP are 

almost identical, while a change occurs when applying a working potential in the region 

corresponding to the first minimum at about 20055 eV, and an increase in the shoulder around 

20014 eV. The spectra of FeMoSmw shows the same spectral changes as soon as the electrode 

comes into contact with the electrolyte. This effect has been attributed to the dissolution of the 

oxide layer present on the surface [53]. This hypothesis was confirmed through the 

quantitative analysis of the EXAFS spectra of MoSmw and FeMoSmw (Figures S5 and S6, 

Table 1). In the case of MoSmw at OCP the best-fit was still obtained including a Mo-O 

contribution, while for FeMoSmw, in the presence of the electrolyte, the Mo-O signal is no 

longer detectable from the EXAFS analysis. This is line with the fact that no pre-wave 

corresponding to the reduction of molybdenum oxide is observed during linear scan 

voltammetry experiments with FeMoSmw (see Figure S7), by contrast to MoSmw, and indicates 

that such Mo-O functions are readily reduced during equilibration of  FeMoSmw samples at 

OCP. In both MoSmw and FeMoSmw, under catalytic conditions, the surface is free of Mo-O 

contributions. The effect of removing the surface oxide ligands is also evident from the 

change in the coordination number of the Mo-S contribution: for MoSmw, the CN increases 



from 3.5 in the dry electrode to 3.8 at OCP and 4.7 at -0.21V vs RHE, while for FeMoSmw it 

increases from 3.3 in the dry electrode to 3.9 at OCP and 4.3 at -0.21V vs RHE. This means 

that, due to the disappearance of the Mo-O signal, the average number of S atoms per Mo 

centre increases, although it does not reach the value of 5.6 of the a-MoS3 reference 

compound, thus identifying a sulfur-defective geometry even under catalytic conditions. 

Another important information that can be determined from the operando XAS measurements 

is that the spectra of MoSmw and FeMoSmw under applied potential are identical (see Figure 

S8). This result demonstrates that under working conditions the amorphous molybdenum 

sulfide and iron-doped molybdenum sulfide have the same MoSx phase. This result is 

surprising because the introduction of iron does not alter the structure of a-MoS3, although it 

promotes the HER activity of amorphous MoSx. 

 

3.4 Ex-situ and Operando Fe K-edge XAS signatures 

Figure 5a shows the comparison between the Fe K-edge XANES spectra of FeMoSmw for the 

dry electrode and at OCP potential in acidic media, while Figure 5b shows the same spectra in 

the Fourier transformed EXAFS space. This comparison identifies the presence of two 

different phases between the dry electrode and the one in contact with the electrolyte: indeed, 

the XANES spectrum of the FeMoSmw dry electrode shows a more pronounced white line and 

a 1.1 eV positive shift in the absorption edge compared to the spectrum at OCP (Figure 5a, 

and Figure S9 showing the comparison between the first derivative of the XAS spectra of 

FeMoSmw dry electrode and at OCP, used for the determination of the edge position, E0). This 

is generally attributable to the coordination of Fe with oxygenated species, which also 

increases the iron valence. The FT-EXAFS spectra also show a difference in the position of 

the first shell peak of FeMoSmw dry electrode, located at about 1.64 Å (not-corrected for the 

phase-shift), while that at OCP is located at about 1.76 Å (Figure 5b).  



The presence of bubbles formed during catalytic conditions does not allow for a long-range 

extraction of the EXAFS signal above k 7.5 for FeMoSmw at -0.21V vs RHE. However, the 

comparison of the XANES spectra of FeMoSmw at OCP and at -0.21V vs RHE, and the 

EXAFS spectra up to k 7.5, shows identical spectral features, demonstrating the presence of 

the same phase both at OCP and under working conditions (Figure S10). Therefore, the 

spectrum of FeMoSmw at OCP can be considered representative of the species present in the 

catalytic state and used for an accurate structural analysis. The best-fit EXAFS analysis of 

FeMoSmw dry electrode is shown in Figure 6a and S11a, while the corresponding structural 

parameters obtained are reported in Table 2. The spectrum can be correctly reproduced with 

Fe-S and Fe-O contributions at 2.28 and 2.02 Å, and an Fe-Fe contribution at 2.86 Å. The Fe-

O signal identifies the presence of iron oxide, while the Fe-S distance is in agreement with a 

previous EXAFS determination of amorphous iron sulfide a-FeS [64]. Once in contact with 

the electrolyte, the iron oxide is hydrolyzed, and during the catalytic state the only phase 

present is a-FeS (Figure 6b and S11b and Table 2). Indeed, the EXAFS analysis identifies the 

presence of only Fe-S first shell contributions. It is noteworthy that the dissolution of iron 

oxide leads to an increase in the coordination number of the Fe-S distance, from 0.6 to 2.7, 

much closer to the value of 4 found for a-FeS [64], but still identifying a coordinatively 

sulfur-deficient structure.   

 

4. Discussion and Conclusions 

Raman and XRD studies revealed an amorphous nature for both FeMoSmw and MoSmw [50], 

making it necessary to employ a structural technique like XAS, capable of identifying the 

local structure of a compound even in the amorphous phase and its evolution under reaction 

conditions. Moreover, the high sensitivity of XAS in detecting small amounts of chemical 

species makes it particularly attractive in the case of FeMoSmw, as ICP-AES measurements 



revealed an iron content approximately 10 times lower than that of molybdenum, with a 

chemical composition expressed as Fe0.11Mo1.14S2 [50].
 
XPS has been an extremely useful 

technique that has allowed us to identify the presence of MoSx, MoOx, and FeSx species [50]. 

However, this technique is capable of probing only the surface, was not applied under real 

catalytic conditions and does not possess the accuracy of XAS in investigating the local 

structural geometry of the materials of interest.  

The analysis of the ex-situ XAS spectra allowed us to identify the same a-MoS3 phase in both 

FeMoSmw and MoSmw. We identified a a-MoS3 sulfur-defective geometry, whose Mo-Mo 

bond distance exhibits a greater degree of disorder compared to bulk a-MoS3, highlighting the 

structural complexity of various forms of a-MoS3 that can be obtained by different synthesis 

pathways and their impact on HER reactivity. Through a DFT study and comparison with 

EXAFS, infrared spectroscopy, and XPS results, A. Sahu et al. has indeed shown the possible 

existence of a-MoS3 polymorphs that can be generated under different experimental 

conditions [65]. One of the most interesting aspects revealed by operando XAS is that both  

FeMoSmw and MoSmw maintain the same MoSx amorphous phase, without it undergoing 

changes under catalytic conditions. On the one hand, therefore, doping with iron does not 

alter the structure and electronic properties of MoSx, but it increases the HER performance of 

FeMoSmw. Understanding the origin of this difference in activity between FeMoSmw and 

MoSmw was possible by studying the operando XAS spectra of FeMoSmw  at the Fe K-edge. 

The analysis of FeMoSmw under ex-situ conditions identified the presence of two phases, a-

FeS and FeOx, although under catalytic conditions, only a-FeS is present. FeS-base catalysts 

have also been  reported to possess HER activity. For example, Zhang et al. synthesized 

amorphous Fe0.95S1.05 by solvothermal method exhibiting excellent HER performance in 

acidic media, with a low overpotential of 67 mV (current density of 10 mAcm
−2

) compared 

to Pt [66],
 
while Zhou et al. reported a high HER activity of FeS nanosheets triggered by near 



infrared radiation [67].  FeMoSmw  requires ~150 mV overpotential to reach 10 mAcm
−2

, 

which is 30 mV less than shown by MoSmw. Therefore, the origin of an increased efficiency 

of FeMoSmw compared to MoSmw can be attributed to the presence of a sulfur-defective 

amorphous phase of FeS. This is a surprising result, as the amount of Fe is 10 times lower 

than that of Mo. From a spectroscopic point of view, XAS measurements do not show any 

direct interaction between  a-FeS and a-MoS3, but we cannot exclude a synergistic effect 

between the two phases, and an effect of a-FeS on the electronic properties of a-MoS3 and its 

active sites. Indeed, theoretical studies have predicted that doping metal di-chalcogenides 

with transition metals enhances their electrical properties, resulting in a charge transfer from 

the metal d-orbitals [68]. Thus, modifying the electronic structure of molybdenum sulfides 

through metal atom doping could be crucial for optimizing hydrogen adsorption energy and 

promoting the Volmer-Tafel and/or the Volmer-Heyrovsky step [69]. Also, doping at the Mo-

sites with Fe (and other elements like Co, Ni, Cu, Zn) can improve the activity of S-edge sites 

[70-72]. We believe that these results can pave the route for further computational 

explorations, capable of highlighting the synergistic effects of the two phases, a-FeS and a-

MoS3, by identifying the role of the active sites and their catalytic mechanisms.  

From a broader perspective, this study outcomes provide new elements in understanding the 

structure-activity relationship of metal-doped molybdenum sulfides, and can significantly 

contribute to developing new models to unveil and predict the HER mechanisms in this class 

of materials, through both spectroscopic and theoretical approaches.   
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Table 1. Best-fit parameters obtained from the Mo K-edge EXAFS analysis of MoSmw and 

FeMoSmw catalysts for the dry-electrode, at OCP and during catalytic conditions. MoS3 

parameters are also determined for the reference compound in the ex-situ form.  R is the bond 

 
 Dry electrode OCP -0.21V vs RHE 

 R(Å) σ2(10-3 Å2) CN R(Å) σ2(10-3 Å2) CN R(Å) σ2(10-3 Å2) CN 

MoSmw 

Mo-S 2.37(1) 8.7(2) 3.5(3) 2.37(2) 8.8(3) 3.8(4) 2.37(2) 8.9(3) 4.7(5) 

Mo-Mo 2.76(1) 6.5(2) 0.7(1) 2.73(1) 9.5(5) 0.9(2) 2.77(1) 7.0(3) 0.9(1) 

Mo-O 1.68(2) 2.0(3) 0.2(1) 1.68(2) 1.5(5) 0.1(2) - - - 

FeMoSmw 

Mo-S 2.38(2) 9.7(5) 3.3(2) 2.37(1) 8.6(2) 3.9(3) 2.38(2) 8.3(3) 4.3(3) 

Mo-Mo 2.76(1) 5.7(3) 0.8(1) 2.74(1) 9.4(3) 1.6(3) 2.76(2) 9.0(3) 1.4(3) 

Mo-O 1.69(2) 1.5(4) 0.3(1) - - - - - - 

MoS3  

(ex-situ) 

Mo-S 2.42(1) 9.0(5) 5.6(3) - - - - - - 

Mo-Mo 2.77(1) 3.4(2) 0.8(2) - - - - - - 



distance, σ
2
 is the Debye-Waller factor, and CN is the coordination number. Errors are given 

in parentheses, e.g. 2.37(1) means 2.36-2.38 

 

 

 

 

Table 2. Best-fit parameters obtained from the Fe K-edge EXAFS analysis of FeMoSmw for 

the dry-electrode, and at OCP. R is the bond distance, σ
2
 is the Debye-Waller factor, and CN 

is the coordination number. Errors are given in parentheses, e.g. 2.28(2) means 2.26-2.30 

 

 

 

 

Figure Captions 

 

Figure 1. Polarization curve for HER on MoSmw and FeMoSmw electrocatalysts (catalyst 

loading: 0.82 mg·cm
−2 

3
rd

 scan). Conditions: N2-saturated 0.1 M H2SO4, scan rate 5 mV·s
−1

, 

Ti wire counter electrode. The black curve (on GC) and gray curve (on CNTs) are shown for 

comparison.
 

 

Figure 2. Structure of a-MoS3 according to the model of (a) Hibble, (b) Weber, and (c) 

Artero.    

 

Figure 3. Ex-situ Mo K-edge FT-EXAFS analysis of (a) MoSmw and (b) FeMoSmw. The black 

curves represent the experimental spectra, whereas the red curves represent calculated spectra. 

 
 Dry electrode OCP 

 R(Å) σ2(10-3 Å2) CN R(Å) σ2(10-3 Å2) CN 

 

FeMoS(mw) 

 

Fe-S 2.28(2) 1.0(2) 0.6(1) 2.25(1) 4.1(3) 2.7(2) 

Fe-Fe 2.86(2) 1.0(3) 0.6(2) 2.86(1) 2.6(3) 0.5(2) 

Fe-O 2.02(2) 5.0(5) 3.0(3) - - - 



 

Figure 4.  Operando Mo K-edge XANES spectra of (a) MoSmw and (b) FeMoSmw. Spectra 

were measured in N2-saturated 0.1 M H2SO4 electrolyte at OCP (blue lines), -0.21 V vs RHE 

(green lines), and compared with the spectra recorded on the dry electrodes (red lines). 

 

Figure 5.  Comparison between the Fe K-edge (a) XANES and (b) FT-EXAFS spectra of 

FeMoSmw on the dry electrode (red lines) and at OCP (blue lines). 

 

Figure 6. Fe K-edge FT-EXAFS analysis of (a) FeMoSmw dry electrode and (b) FeMoSmw at 

OCP. The black curves represent the experimental spectra, whereas the red curves represent 

calculated spectra.   
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