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Supplementary Materials 

Supplementary Experimental Methods 

1. Materials.  

(NH4)2MoS4 (99.97%), Oleylamine (70%), choline chloride (> 99%), KOH (99.95%) were 

purchased from Sigma-Aldrich. The gas diffusion electrode was purchased from FuelCellsEtc 

and silicon nitride windows were purchased from Norcada. 

2. Synthesis and characterization of MoS2 nanosheets.  

MoS2 nanosheets were synthesized using a colloidal method described in the work of Altavilla et. 

al.1 (NH4)2MoS4 was used as a source of both Mo and S, and oleylamine was used as both solvent 

and capping agent. During the synthesis, the precursor was decomposed in oleylamine at 350°C 

to form MoS2. After the synthesis, the product was washed with mixtures of isopropyl alcohol and 

hexane, followed by drying and annealing in Ar at 300°C for 8 h to remove any organic residue 

and clean the solid surfaces for catalysis. 

Powder X-ray diffraction was performed on a Bruker D8 Advance using Cu Kα (λavg =1.54 Å) 

radiation. Scans were recorded from 10° to 80° (2θ). Transmission electron microscopy (TEM) 

was performed using a JEOL-3010 microscope operated at 300 kV. 

3. Operando X-ray Absorption Spectroscopy.  

X-ray absorption spectroscopy (XAS) was carried out at beamlines 9-BM (S K-edge) and 10-ID 

(Mo K-edge) of the Advanced Photon Source at Argonne National Laboratory. The Mo K-edge 

was collected in fluorescence mode with an ion-chamber detector in Quick-X-ray Absorption 

Fine-Structure (quick-XAFS) mode, and Mo foil was used for energy calibration. The S K-edge 

data was recorded in fluorescence mode with a 4-element silicon drift detector, in a He chamber 

at atmospheric pressure to reduce absorption. The energy scale of the spectra was calibrated 

with independent measurements of a Na2S2O3 standard. Data reduction of the XAS spectra was 

performed using Athena from the Demeter package.2 Pre-edge and post-edge backgrounds 

were subtracted, and the spectra were normalized with respect to edge height. The edge jump 

was set to 1. The S K -edge was fit with pseudo-Voigt and Gaussian functions in the pre-edge 

and edge features respectively, using the LMFIT package.3 

Operando cells were made in house as shown in Figure S3, with different designs depending on 

the edge of interest, due to the different constraints imposed by the absorption energy. For the 

Mo K-edge measurements (Figure S3a), a gas diffusion electrode was drop-casted with MoS2 

nanosheets and was used as the working electrode (WE). The electrolyte was purged with CO2 

for saturation, the flow was then stopped, a potential applied under chronoamperometry and the 
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XAS spectra was collected. For S K-edge measurements (Figure S3b), the low energy (2500 eV) 

imposed the need to drop-casted with MoS2 directly on a Si3N4 window (500nm thick) coated with 

200 nm titanium to function as the WE. The whole electrochemical cell was placed in the He 

chamber to further reduce absorption by air. The electrolyte was again saturated before placing 

it in the cell. For all operando measurements, a Pt wire was used as counter electrode (CE), 

Ag+/Ag was used as a reference electrode (RE) and 1 M choline chloride + 1 M KOH was used 

as electrolyte. A Biologic SP-50 potentiostat was used to perform chronoamperometry during the 

operando experiments. All the measurements were performed at room temperature 

4. Structure of the synthesized MoS2 Nanosheets 

To understand the structure and stacking of as-prepared nanosheets, X-ray diffraction (XRD) and 

transmission electron microscopy (TEM) was performed (Figure S2). The XRD looked very similar 

to the reported pattern of mono/few layers of MoS2,1,4 and with an absence of (00𝑙 ) reflections 

that suggests no or weak stacking along the 𝑐 axis and no match with the reported sulfur(S8).5 

The TEM image of the as-prepared material showed crumbled sheets and no signs of stacking of 

the NS and the rough lateral dimension to be around 20 nm. These observations are fully 

consistent with previous observations in the reference studies,1,4 indicating that the nanosheets 

consisted of very few layers. The XRD of as-prepared material showed a diffraction peak around 

19° 2θ, it corresponds to reported diffraction peak of organic residues.6 The annealed sample 

shows no peak at 19° 2θ suggesting removal of the organic residues. It is also noted that there is 

no occurrence of peaks around 14° 2θ for the (002) reflection, further indicating that the annealing 

did not lead to stacking of the NS.  

5. Removal of Organic Residue on MoS2 Nanosheets 

The IR spectra was recorded for the as-prepared sample and annealed. The as-prepared sample 

shows presence of organic moiety and most of the peak matching with reported values for 

oleylamine,7 upon annealing in Argon for 8 hrs the signal from organic moiety reduced 

substantially (~ 20 times) (Figure S12) suggesting the process was successful in cleaning the 

material from organic residue. 

6. Calculation of the Position of the Mo K-edge using Integrated Area 

A method of integration to produce a weighted area reported by Dau et al. was used to 

determine the position of the main edge of Mo.8 In this case, µ1 = 0.1 was used to minimize 

contributions from the pre-edge features and µ2 = 1.00 was used to reduce effect from 

the strong whiteline.8 

Table S1: Edge position of Mo K edge calculated using weighted area method8 

Sample Edge position (eV) 

OCV 20009.5 

-0.58 VRHE 20009.3 

-0.77 VRHE 20009.1 

-1.02 VRHE 20008.6 

-1.24 VRHE 20008.8 

Post OCV 20009.5 

 

7. Activity and selectivity of MoS2 catalyst 
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Linear sweep voltammetry (LSV) was performed for the MoS2 catalyst in the operando cell. A Pt 

wire was used as counter electrode (CE), Ag+/Ag was used as a reference electrode (RE) and 1 

M choline chloride + 1 M KOH was used as the electrolyte. CO2 was bubbled for 30 minutes into 

the electrolyte before the experiment. The MoS2 catalyst was coated on a gas diffusion electrode 

and used as the working electrode. A current density of  ̴26.8 mA/cm2 was obtained at the potential 

of -1.25 VRHE (Figure S3a). 

In separate experiments, differential electrochemical mass spectrometry (DEMS) was used to 

perform an online analysis of the gas product from the MoS2 catalyst during electrochemical 

reduction of CO2, using a Hiden Analytical HPR-40 system. The electrolyte was purged with CO2 

prior to attachment to DEMS. Next, the sealed system was allowed to rest for ~3 hours to stabilize 

before running the experiments The real-time DEMS results shown in Figure S3b were recorded 

during an LSV experiment (up to the potential of   ̴-1.35 VRHE) performed on MoS2 catalyst in a 

two-compartment cell with a scan rate of 1 mV/s. CO was observed to be the major gas product 

in this reaction, while H2 evolution started at higher overpotentials. 

8. Calculating Applied Potential vs RHE 

The potential was converted to VRHE using the following equation, here VAg/Ag+ was applied 

potential, pH was the pH was of the electrolyte, i is the measured current and R is electrical 

resistance. 

𝑉𝑅𝐻𝐸  = 𝑉𝐴𝑔/𝐴𝑔+  +  0.155𝑉 + (0.0592 ∗  𝑝𝐻) −  𝑖 ∗  𝑅 

 

9. Electrochemical performance during the Operando experiments 

The electrochemical performance in the operando cell under chronoamperometric conditions at 

Mo K and Sulfur K edge (Figure S4) were recorded during the operando experiments. The current 

density was calculated using geometric area of the working electrode. 

 

 

10. Operando Cell for Mo and S K-edge XAS 

Figure S1 shows the operando cells used to conduct XAS at the Mo K- and S K-edge respectively. 

The cells were 3D printed using polylactic acid and machined from an acrylic tube, respectively, 

for the purpose of the experiments. 

 

11. Fitting of the S K-edge XAS 

The fits of the S K-edge are shown in Figure S10. The experimental data is shown in black. 

Individual pseudo-Voigt functions were used for the pre-edge, and they are shown in dashed blue 

and red colors. Gaussian functions were used for the main edge, which are shown in green. The 

overall sum of features is displayed in violet. The shaded blue and red peak areas corresponds 

to sharp feature at 2471.eV and the shoulder at 2473.4 eV respectively. Area2471 and Area2473 

denotes area under the corresponding pre-edge fits and 𝛿2471 and 𝛿2473 (Figure S10a), shows 

the difference in energy of the respective pre-edge fits from the edge.  
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Supplementary Computational and Theoretical Methods 

12. Ground-state electronic structure calculations.  

First-principles DFT within the Quantum-ESPRESSO package9 was used to simulate the 

electronic states of MoS2.10 We first optimized a hexagonal unit-cell of MoS2 with lattice 

constants 𝑎 = 𝑏 = 3.161 Å, 𝑐 = 12.295 Å, 𝛼 = 𝛽 = 90° and 𝛾 = 120°, which was used as a model 

system. Ultra-soft pseudopotentials11 were employed under periodic boundary conditions and a 

plane-wave basis set with a kinetic energy cut of 30 Ry. The exchange-correlation by Perdew, 

Burke and Ernzerhof was used.12 Grimme’s DFT-D3 corrections was included to account for the 

missing van de Waals interaction in PBE. We employed the effective screening medium method 

(ESM) to accurately simulate the electronic states of MoS2 electrode under bias voltage.13  The 

effective screening media method is a framework developed for first-principles simulating of 

electrified interfaces, where the system Hamiltonian includes an additional term representing the 

interaction between electronic charge and an imaginary dielectric screening medium. Thus, a 

specific bias potential can be simulated by a Green’s function of the charge (the charge – 

number of electrons – and the potential are conjugate pairs). The applied voltage employed in 

the simulation is the result of electrostatic potential difference between MoS2 and the ESM.   

13.  Ab initio molecular dynamics (AIMD) simulations.  

Molecular dynamics simulation of MoS2 was performed within Vienna Ab initio Simulation 

Package (VASP).14 A 3x3x1 MoS2 supercell (using the optimized unit cell in 2.2.1) was 

propagated for at least 5ps at 300K, with the temperature controlled by a Nose-Hoover 

thermostat.15 All simulations used a Monkhrost 2x2x2 k-point grid.16 Snapshots of the system, 

representing the instantaneous atomic position were extracted every 100 fs during the last 2 ps 

of AIMD, and used as input to simulate the XAS. 

14.  Core-level X-ray response calculations.  

We employed the delta-self-consistent-field (∆SCF) method17 to simulate the XAS response of 

the system. We first generated the Kohm-Sham orbitals from two self-consistent fields, 

representing ground and the core-excited states. In particular, the core-excited electronic states 

were modeled using a constrained electronic configuration, realized by generating a new 

pseudopotential with a core-hole, i.e. with a 1𝑠1 configuration, representing K-edge excitation.18 

The resulting electronic states was then used as input for constructing a Slater determinant of 

the overlap matrix between the ground and core-excited states, according to the MBXAS 

formalism.19 This approach has been shown to be efficient (so that we can use multiple 

snapshots from our MD trajectory), with an accuracy comparable to more elaborate levels of 

theory. We converged each spectrum by sampling a 5x5x5 k-point grid within the Brillouin zone. 

15.  Core-level XAS under applied bias and defects.  

The energy levels and character of both the occupied and unoccupied states, especially those 

near the Fermi level, will change due to the injection of electrons. As a practical scheme for 

realizing the effect of this physics on the XAS, we devised an approach to self-consistently 

generate the ground state and core-excited state in the presence of a perturbative external field 



S7 
 

meant to mimic an applied bias. Specifically, we employed the electronic screening method,13 a 

Green’s function approach where the applied bias is introduced as an additional term in the 

electronic Hamiltonian. We also explored the XAS response from MoS2 with S-vacancies, both 

at single vacancy sites (representing a ∼3% defect level) and at agglomerated vacancy sites (a 

∼12% defect level). Finally, we investigated the MoS2 with a bound CO2 molecule at one of 

these sites, according to the reaction pathway proposed by Kang and co-workers.20  

16. Calibration of XAS spectra.  

The use of pseudopotentials in our calculations means that we lose the absolute reference state 

from which we can base our excitation energies, as would be present in an all-electron 

calculation. Thus, each spectra needed to be properly calibrated for unambiguous comparisons. 

In this work we apply two independent calibration schemes. First, we obtained an absolute 

energy shift that was applied to all spectra by matching the main edge of our simulated spectra 

for pristine MoS2 (2467.2 eV for sulfur and 20000.1 eV for molybdenum) to the experimental 

measurement of the dry sample. Next, we apply to the formation energy formulism of 

Prendergast and coworkers21 to compare simulated spectra of system comprising different unit 

cells, number of atoms and applied bias. Previous work has shown that this approach is 

accurate in predicting the main peak position of various lithium compounds to within 0.1 eV of 

the experiments.22 

17. Effect of finite temperature on XAS response 

Intrinsic vibration within material can lead to differences between observed experimental result 

and theoretical calculation, usually due to finite temperature broadening. Thus, the simulated 

results can be improved by performing additional sampling, beyond the pristine crystal structure, 

realized here by extracting snapshots from AIMD simulations. 

We performed AIMD simulation on 3x3x1 supercell of 2H MoS2 where the electrons are described 

with DFT at the PBE level of theory using the Vienna Ab initio Simulation Package (VASP).14 We 

evolved the system forward in time for at least 100ps, in the constant particles (N), constant 

volume (V) and constant temperature (T) ensemble (i.e., the canonical or NVT ensemble). We 

constrained the temperature of the system to be 300K by means of a Nose-Hoover thermostat 

with a time relaxation constant of 20fs, and included empirical dispersion corrections to account 

for the missing van der Waals interactions in PBE by means of the Grimme DFT-D3 approach.23 

The resulting final 50 ps equilibrated trajectories of were then used for analysis.  

During our AIMD simulations, we observed that the Mo atoms displacement was 0.1161 ± 0.0461 

Å while the S atoms displacement on average was higher at 0.1442± 0.0616 Å. We also quantified 

any asymmetry in the calculated displacement and found that the in-plane motions between the 

two species were identical, however the out of plane motions are asymmetric. Thus, in order to 

properly sample this asymmetry, we took snapshots (atomic positions) of the system 5 ps apart, 

which we verified lead to spectral convergence.  

18. Effect of charging on MoS2 Mo K-edge and S K-edge 

We employed the effective screening media method13 to simulate an MoS2 electrode under 

applied bias. We found that the operando bias voltage did not significantly change the spectral 

line shapes of the pristine sample at reasonable bias (i.e., <5V). We then looked into an extreme, 

where significant amount of charge (corresponding to ~ 7.5 V, far beyond what is practical in 
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experiments) was added into the system. The resulting high electron injection led only to a slightly 

suppressed first peak in the sulfur K-edge and Mo K-edge, and a  redshift in the Mo K-edge peak. 

Thus, we conclude that charging of the system would not provide drastic change to the spectral 

lineshape, which suggests that they instead arises from other (possibly chemical) factors. 

19. Effect of S-vacancy and bound CO2 on second nearest neighboring atom XAS 

response 

We verified that spatial extent of the XAS response contained contribution from the immediate 

local environment of the active site by calculating the XAS of the second nearest neighbor 

atoms. The results show that the spectral lineshape and feature of these atoms greatly 

resembles that of the pristine structure. 

  

20. Defect (Vacancy) energy calculations 

We used the energy and potential from our ground state electronic structure calculations to 

determine the defect formation energy Ef of defect X in charge state q, according to the approach 

of Komsa, which was later adopted by Huber and coworkers:24,25  

𝑬𝒇[𝑿𝒒] = 𝑬[𝑿𝒒] − 𝑬𝒉𝒐𝒔𝒕 + 𝑬𝒄𝒐𝒓𝒓 − ∑ 𝒏𝒊 𝝁𝒊 + 𝒒(𝜺𝑭 + 𝜺𝒗 + ∆𝒗) 

where E[Xq] and Ehost are the total energies of defective and pristine structure respectively, Ecorr 

is the image-charge correction energy to account for long-range coulombic interaction, 𝑛𝑖 is the 

number of species 𝑖 (it is positive when added and negative otherwise) and µ𝑖 is the chemical 

potential of the species 𝑖. The charge q term is the cost of adding or removing an electron with 

respect to the potential set at the Fermi energy 𝜀𝑓 and the energy of valence band maximum 𝜀𝑣. 

The Δv term was used to align the potential between the bulk and defect states.  

21. Reaction mechanism by nudged elastic band calculations 

We performed nudged elastic band calculation (NEB)26,27 of the MoS2 reaction pathway to verify 

the transition state stability with and without bias voltage. The result shows that the reaction is 

possible after bias voltage is applied to the system with prohibitively large energy barrier for 

absence of driving voltage. 

22. XAS response of intermediates along reaction pathway 

We simulated S K-XAS spectra corresponding to the CO2 binding to S vacancies during the 

electrocatalysis and the spectral response to possible bound intermediates along the reaction 

path.  
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Supplementary Figures 

 

Figure S1: (a) XRD of as-prepared and annealed MoS2. The removal of the peak at 19, 2θ, 

suggests the removal of organic residues by annealing. The absence of (00𝑙) peaks suggest 

that there is no long-range coherent stacking of sheets. (b) TEM of as-prepared MoS2. 

 
Figure S2: (a) LSV of MoS2 electrocatalytic assemblies (scan rate of 50 mV/s) performed in the 
operando cell for the electrochemical reduction of CO2 in 1 M choline chloride and 1 M KOH (b) 
DEMS measurements of CO and H2 production during LSV of MoS2 electrocatalytic assemblies 
(scan rate of 1 mV/s), performed in a two-compartment cell.  
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Figure S3: Operando cell used for XAS at the (a) Mo K- and (b) S K-edge. 
 

 

Figure S4: Current density collected under chronoamperometric conditions during operando  

XAS experiments at the (a) Mo K- and (b) S K-edge in their respective cells in Figure S3. 
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Figure S5: Example of the calculation of the position of the Mo K-edge, shown for OCV and post-
OCV spectra. The calculated weighted average edge position is shown with vertical black line, 
whereas the shaded blue area denotes the data used in the calculation, bounded by µ1= 0.1 and 
µ2= 1.0. 

 

 
 

 

Figure S6: Simulated XAS of MoS2 at the (a) Mo K-edge. We simulate the spectra by sampling 

an AIMD trajectory 300 K (green line) and compare to the XAS using the static crystal structure 

(purple line). We find large variability in the edge positions, indicating that the XAS is sensitive to 

the local environment. (b) Simulated S K-edge XAS obtained in the same conditions. 
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Figure S7: Changes to calculated (a) Mo K-edge and (b) S K-edge XAS with applied biased 

potential. The applied potential is referred versus a vacuum state. 



S13 
 

 
Figure S8: Comparison of the density of states of S atoms in the bulk of MoS2 and the nearest 
neighbor to the reaction site where CO2 binds to MoS2. 
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Figure S9: (a) Mo K- and (b) S K-edge XAS in the presence of single S vacancy and with bound 

CO2. 
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Figure S10: Results of fits of the S K-edge XAS. 
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Figure S11: S K-edge of different MoS2 reaction intermediates during CO2 reduction a) -COOH, b) -
COO-H, c) -CO, d) -CO-OH and e) -CH2-H. The positions of the peak of other intermediates do not align 
with the experiment ruling them out from being observed in-operando 
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Figure S12: Infra-red spectrum of as-prepared MoS2 compared to the product after annealing in Ar 

(magnified 25 times). 
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