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Electrode Preparation and Electrochemical Analysis

Electrodes in all catalysis studies presented here were comprised of as-synthesized CP pellets in the case 
of metal-promoted Cr, Ni, and Cu CPs, while un-promoted Mo6S8 was deposited on conductive carbon 
paper using a PTFE binder to improve structural integrity. CP samples were integrated as working 
electrodes into a custom three-electrode cell as shown in Figure S19 where the working and counter 
electrode compartments were separated by a Selemion® anion-exchange membrane. The working, 
reference (Ag/AgCl), and counter (Pt mesh) electrodes were submerged in 0.1 M Na2CO3 solution that 
had been sparged with ultra-pure CO2 for 1 hr—this long purge time ensure complete removal of O2 and 
N2 from the electrolyte as well as the cell headspace. This CO2 sparging process simultaneously shifted 
the electrolyte to a near-neutral pH as shown in Figure S20, while experiments utilizing CO as the target 
molecule required a 0.1 M NaHCO3 electrolyte in order to maintain near-neutral pH. As a result of the 
water-gas shift reaction which causes continual loss of CO2 and resultant equilibria shifting toward CO3

2- 
the pH of CO-saturated NaHCO3 electrolyte increased over the course of bulk electrolysis, as shown in 
Figure S21, although the final pH was still less than 8.5 after electrolysis in all cases, therefore no 
additional adjustments were made to maintain near-neutral pH. Magnetic stirring was implemented to 
ensure homogenization of the electrolyte throughout the course of reaction and to mitigate issues 
associated with CO2 mass transport. All electrochemical experiments were carried out using a Bio-Logic 
VSP-300 multichannel potentiostat and potentials were converted to RHE scale using Eq. 1.

ERHE = E(Ag/AgCl) + 0.195 + 0.059 × pH                                       (Eq. 1)

Electrochemical activity was evaluated potentiostatically via linear sweep voltammetry under N2 and 
under CO2 atmosphere as shown in Figure S9 as well as by controlled-potential electrolysis (CPE) at fixed 
potentials with 50 coulombs of charge passing through the system in all electrolysis experiments. 
Chronoamperometry experiments performed under CO2 and CO atmosphere were repeated under N2 
atmosphere to ensure electrolyte reduction was not the source of product formation. Further, catalyst 
stability was determined via open circuit voltammetry for 12 hrs under CO2 atmosphere where Nuclear 
Magnetic Resonance (NMR) product quantification was performed before and after each experiment to 
ensure catalyst degradation does not contribute to observed product distributions, as shown in Figure 
S12.

Product Analysis
To detect liquid products of CPE experiments, electrolyte aliquots were analyzed using a 400 MHz 
Bruker NMR spectrometer using a water pre-saturation program with a DMF internal standard and D2O 
as the lock target (see Figure S22 for a full NMR spectrum that details the result of water suppression). 
Faradaic efficiencies for liquid products was calculated according to Eq. 2.

FE(%)  =                                                                                          (Eq. 2)

𝑛𝐹𝐶𝑉
𝑄𝑡𝑜𝑡

where n = # of electrons transferred per product molecule
F = Faraday’s constant
C = Product concentration in electrolyte solution
V = Volume of electrolyte solution
Qtot = Total charge passed
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For the detection of gas-phase products such as H2 and CO, methane and ethylene, gas chromatography 
with thermal conductivity detection (GC–TCD) was implemented as is illustrated in Figure S23 using 
methods modified from literature,2 with a Thermo-Fisher GC equipped with a Carboxen® 1010 Porous 
Layer Open Tubular (PLOT) fused silica column (30m x 0.53mm x 10µm), with helium as a reference and 
carrier gas. Faradaic efficiencies for gas-phase products were calculated according to Eq. 3.

FE(%) =                                                                                         (Eq. 3)

𝑛𝐹𝑋𝑉𝑖
𝑉𝑚𝑄𝑡𝑜𝑡

where n = # of electrons transferred per product molecule
F = Faraday’s constant
X = Mole fraction of product gas in cell headspace
Vi = Volume of headspace injected
Vm = Molar volume of gas at ambient conditions
Qtot = Total charge passed

Aliquots of cell headspace were collected in a gas-tight syringe following each CPE experiment and were 
manually injected into the GC immediately upon completion of the experiment in order to quantify gas 
with minimal opportunity for product loss over time. 

Multiple trials were performed at each applied potential and for each target molecule investigated in 
order to reveal the reproducibility of product formation over the catalysts studied and we present all 
plotted numerical data related to electrochemical activity and efficiency with corresponding error bars 
that reflect a single standard deviation. Faradaic efficiencies as plotted in Figure S8 were calculated after 
at least three trials at each potential according to Eq. 2 and Eq. 3, depending on the physical state of the 
product. Current densities plotted in Figure S7 were computed by multiplying the ratio between steady-
state current (i) and geometric surface area (A) with the calculated average faradaic efficiencies (FE%). 

Computational Details

Periodic density functional theory (DFT) calculations were performed using the Vienna ab-initio 
simulation package (VASP) with the PBE functional (planewave cutoff = 520 eV, k-points = (5,5,5), force 
threshold = 0.03 eV/Å, Gaussian smearing width = 0.05 eV). Initial unit cell optimization (planewave 
cutoff = 700 eV) yields a = 6.48 Å and α = 91.18°, in agreement with experimental measurements. 
Density of states was obtained using the hybrid HSE06 functional. 

Binding energy calculations illustrated in Figure S24 and Figure S25 were performed using a 
1x1x2 slab model of the un-promoted (formula (Mo6S8)2) and Cu-Chevrel phase (formula (Cu2Mo6S8)2) 
for the stable [100] facets. A 3x3x1 K-point sampling was used according to the Monkhorst-Pack scheme. 
Multiple potential CO binding configurations were explored for Mo, Cu, and S sites in the structure.
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Figure S1. Diagram showing experimental set-up for microwave-assisted synthesis method (a) and Crystal structure for 
Cu2Mo6S8 (b) where Cu = red spheres*, Mo = blue spheres, and S = yellow spheres.

*Only ½ of the Cu sites (red) shown are occupied for the presented stoichiometry.

(b)(a)
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Figure S2: Indexed PXRD pattern for as-synthesized Cu2Mo6S8 (red) overlaid with pattern expected from 
literature (black).
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(a) At%
Cu = 14.0
Mo = 48.3*
S = 37.6*

At%
Cu = 0.0
Mo = 55.2*
S = 44.8* 

Figure S3: EDX spectra for Cu2Mo6S8 (a), and Mo6S8 (b) indicating that copper has been removed 
from the bulk Cu2Mo6S8 structure upon chemical etching. Signal at ~1 keV represents the Cu L 
edge, and is unlabeled because it was not required for quantification. Label for oxygen was 
included to illustrate lack of bulk oxidation in the samples. 

*Mo L and S K edge overlap convolute quantitative determination of Mo and S, hence reported 
At% are only accurate for Cu.

(b)
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Figure S4. Fitted XRD patterns for Mo6S8 (a), Cr1.73Mo6S8 (b), Ni2Mo6S8 (c), and Cu2Mo6S8 (d), 
showing difference (gray) between experimental data (black) and calculated curve (red). Insets 
are provided for each panel to illustrate the characteristic asymmetry of the <101> peak at 
around 13.8o. Extracted lattice parameters are given in Table S1 and compared to expected 
values. 

(a)

(d)

(b)

(c)
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Figure S5: High-resolution XPS spectra for Cu (a), Mo (b), and S (c) before electrolysis (black) which are in 
reasonable agreement with expected oxidation states in Cu2Mo6S8 of +1, +2.33, and -2, respectively, and after 
electrolysis (red) which indicates slight oxidation of Cu and Mo as a result of exposure to moisture and oxygen 
following electrolysis. It is not expected that either species is oxidized during electrolysis. Values were 
determined using the Perkin-Elmer handbook of XPS.1 

(c)

(b)(a)
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Figure S6. Full XAS spectra for (a) Cu-CP with a Cu0 foil reference; (b) Cu-CP and bare-CP with a Mo0 foil 
reference; (c) Cu-CP and bare-CP with a Na2S2O3 reference. Scans for the Na2S2O3 reference (black) in (c) were 
only carried out in the immediate energy range around the S K-edge because reference spectra were not 
collected simultaneously with CP spectra, as was the case for CPs. 

(c)

(b)(a)
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Figure S7. Potential-dependent geometric current density after electrolysis for CO2 reduction products 
(a), for hydrogen evolution under CO2 headspace (b), for CO reduction products (c), and for hydrogen 
evolution under CO headspace (d). Experiments for (a) and (b) were carried out in a pH 6.8 electrolyte 
where 0.1 M Na2CO3 was purged for 1 hr with CO2, while experiments for (c) and (d) were carried out in 
pH 6.8 electrolyte where 0.1 M NaHCO3 was purged for 1 hr with CO. Current densities were calculated 
using the product of the Faradaic efficiency (Figure S7) and the steady-state geometric current density 
during electrolysis at each potential, and standard deviations are shown. 

(a) (b)

(c) (d)
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Figure S8: Potential-dependent Faradaic efficiency for CO2 reduction products (a), for hydrogen evolution 
under CO2 headspace (b), for CO reduction products (c), and for hydrogen evolution under CO headspace (d). 
Experiments for (a) and (b) were carried out in a pH 6.8 electrolyte where 0.1 M Na2CO3 was purged for 1 hr 
with CO2, while experiments for (c) and (d) were carried out in pH 6.8 electrolyte where 0.1 M NaHCO3 was 
purged for 1 hr with CO. Error bars reflect one standard deviation.

(a) (b)

(c) (d)
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Figure S9. Current stability over the course of electrolysis at -1.0 V vs RHE and pH 6.8 in a 0.1 M Na2CO3 electrolyte  
purged with CO2 (a). Linear sweep voltammograms in pH 6.8 electrolytes at constant scan rates of 50 mV/sec,  
showing an identical onset potential for reductive current under both CO2 (black) and N2 (red) (b). This indicates 
that HER dominates observed current densities and there is no observable contribution to current density from CO2 
reduction, as confirmed by the values seen in Figure S7. Linear sweep voltammograms were observed for pellets of 
identical exposed surface area.

(b)(a)
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Figure S10.  Mo 3d XPS spectra for Cu2Mo6S8 catalyst before electrolysis (a), and after electrolysis (b), 
indicating slight oxidation of Mo following exposure to moisture and oxygen. It is not believed that catalyst 
oxidation occurs during electrolysis.

(a) (b)
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Figure S11:  XPS survey scan of Cu2Mo6S8 CP both before (black) and after (red) electrolysis. Peaks to note are 
the O1s and C1s signals that arise from a native oxide layer as well as surface carbon. Both species diminished 
over the course of successive surface-sputtering depth-profile scans, hence the only signal that evolved as the 
result of electrolysis is that of Na, a principle electrolyte component.
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Figure S12: Plot of the open circuit potential over time with Cu2Mo6S8 as a working electrode in 0.1 M Na2CO3, 
purged with CO2 to achieve neutral pH (a); NMR spectrum showing absence of methanol production, with a DMF 
standard signal at 3.00 ppm (b); NMR spectrum showing absence of formate production, with a DMF standard 
signal at 7.92 ppm (c).

(a)

(b) (c)
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Figure S13: Mass-spectrum following injection of the cell headspace following electrolysis 
over Cu2Mo6S8 at -1.0 V vs RHE in a 0.1M Na2C O3 electrolyte saturated with CO2 at 1 atm. 
Prominent signals for N2 and O2 resulted from the ambient gas in the needle of the injection 
syringe
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Figure S14. NMR spectra showing production of formate (8.45 ppm) (a) and methanol (3.36 ppm) (b) 
on Cr1.73Mo6S8 as well as formate (8.45 ppm) (c) and methanol (3.36 ppm) (d) on Ni2Mo6S8. Both 
formate and methanol were produced in significant quantities over Ni2Mo6S8, while methanol was only 
produced in trace levels over Cr1.73Mo6S8 while formate was the dominant CO2RR liquid product.

(a) (b)

(c) (d)



18

(a)

(b)

Figure S15: XRD patterns overlaid with published patterns for Cr1.73Mo6S8 (a) and 
Ni2Mo6S8 (b) that were used in control experiments
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Figure S16. NMR spectra showing signals for methanol at 3.36ppm before electrolysis over a Mo6S8@C working 
electrode (a) after electrolysis at 50 coulombs over the same Mo6S8@C electrode (b), before electrolysis of PFTE@C 
working electrode (c), and after electrolysis at 50 coulombs over the same PTFE@C working electrode (d). 
Experiments were performed in CO2-saturated 0.1M Na2CO3 electrolyte at -0.6V vs RHE. We observe the evolution 
of a signal for methanol only when Mo6S8 is present on the electrode, indicating that the intrinsic activity of Mo6S8 
yields methanol from CO2 in aqueous environments. The same experiments also yield formate when Mo6S8 is 
present, where observed faradaic efficiencies for methanol and formate are 0.09% and 0.05%, respectively.

(a) (b)

(c) (d)

CH3OH
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Figure S17. Proposed reaction pathway over a simplified CP surface for the carbophilic reduction of CO2 to methanol 
(highlighted in green), with as well as the competitive oxophilic reaction pathway leading to formate (highlighted in 
red).
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Figure S18: Results of Bader charge analysis for Mo6S8, CuMo6S8 and Cu2Mo6S8 which shows a notable 
increase in electron localization on S atoms upon introduction of Cu.
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1cm

(a)

(b)

Figure S19: Images depicting a custom-blown H-cell configured electrolysis cell with working, reference, and 
counter electrodes sealed under CO2 by precision seal rubber septa (a) and a piece of as-synthesized CP prior to 
electrolysis (b).
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Figure S20. Experimental validation that carbonate electrolyte bulk pH is reduced to near-neutral values 
over the course of CO2 sparging (a) and that bulk pH does not increase significantly in the static cells 
implemented in this study over the course of electrolysis where 50 coulombs of charge are passed 
through a Cu2Mo6S8 working electrode.
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Figure S21. Monitoring pH over time for a CO-purged 0.1M NaHCO3 electrolyte, showing slight 
increases to bulk electrolyte pH of less than one pH unit. Effects of increasing bulk pH do not 
necessarily reflect inherently high pH at the electrode-electrolyte interface, and as such the effect of 
bulk pH increase over time on CO2 reduction catalysis are not systematically studied here. 
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Figure S22: Complete NMR spectrum after electrolysis at -1.002V vs RHE at Cu2Mo6S8 showing a large, suppressed 
H2O signal at ~4.7 ppm (a)*, and NMR inset showing the peak at 1.90 ppm that corresponds to acetate in both the 
electrolysis product aliquot, as well as in a blank prior to electrolysis (b). Acetate was not observed as a product at 
any point in this study.

*Signals at 3.00 and 2.85 ppm correspond to methyl hydrogens from DMF

(a) (b)
CH3C
OO-

CH3O
H

(CH3)2

NHCO

HCOO
-
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Figure S23. GC-TCD chromatographs illustrating the test injections used for calibration of H2, CO, and CH4 (a-b) as well as 
test injections to ensure sufficient detection of C2H4. 100% C2H4 resulted in fronting of the eluent, and the detection limit 
on the order of 0.01% percent was sufficient in detecting trace quantities of ethylene given the electrochemical cell 
construct implemented in this study. Methane and ethylene were undetected in all electrolysis experiments involving 
MxMo6S8 catalysts.

(a)
(b)

(c)
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Figure S24. Most stable binding geometry for CO on Mo6S8. Multiple CO binding configurations at the Mo 
and atoms were explored and binding to Mo was determined to be most favorable in all cases. CO binding 
results in a stable octahedral coordination of the active Mo atom.

Color scheme: Mo (blue), S (yellow), C (grey) and O (red).
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Geometry CO Binding Energy (eV) Binding Interaction

-1.50 Strong CO Binding to Mo Sites

-0.91 Weak CO Binding to Cu Sites

Geometry CO Binding Energy (eV) Binding Interaction

-1.61 Strong CO Binding to Mo Sites

-0.25
Weak Van der Waals 
Interaction at S sites

Figure S25  Calculated binding energies for CO at relevant binding sites in Mo6S8 (a), and at the most 
favorable Cu and Mo sites in Cu2Mo6S8 (b). S interactions are not presented for Cu2Mo6S8 because 
only very weak VdW forces were calculated, as was the case for Mo6S8.

Color scheme: Mo (blue), S (yellow), Cu (brown), C (grey) and O (red).

(a)

(b)
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Table S1. Result of Pawley refinement for all Chevrel-phase structures studied in this work. 

Material Unit Cell Parameter Experimental Value Literature Value % Difference3

a 9.1932Å 9.1910Å 0.02

b 9.1932Å 9.1910Å 0.02

c 10.8891Å 10.2290Å 6.45

α 90 ֯ 90 ֯ 0.00

β 90 ֯ 90 ֯ 0.00

γ 120 ֯ 120 ֯ 0.00

Mo6S8

(R-3H)

Volume 797.006 Å3 795.84Å3 0.15

a 6.5035Å 6.5170Å -0.21

b 6.4795Å 6.4959Å -0.25

c 6.4562Å 6.4480Å 0.13

α 94.5190 ֯ 94.70 ֯ -0.19

β 96.9590 ֯ 90.72 ֯ 6.88

γ 97.0100 ֯ 97.87 ֯ -0.88

Cr1.73Mo6S8

(P1)

Volume 269.4447Å3 269.41Å3 0.01

a 9.5002Å 9.511Å -0.11

b 9.5002Å 9.511Å -0.11

c 10.2185Å 10.229Å -0.10

α 90 ֯ 90 ֯ 0.00

β 90 ֯ 90 ֯ 0.00

γ 120 ֯ 120 ֯ 0.00

Ni2Mo6S8

(R-3H)

Volume 798.699Å3 801.34Å3 -0.33

a 9.6328Å 9.63Å 0.03

b 9.6328Å 9.63Å 0.03
Cu2Mo6S8

(R-3H) c 10.2229Å 10.22Å 0.03
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α 90 ֯ 90 ֯ 0.00

β 90 ֯ 90 ֯ 0.00

γ 120 ֯ 120 ֯ 0.00

Volume 821.502Å3 820.79Å3 0.09

EXAFS and XANES:
X-ray absorption spectroscopy is an element-specific tool for probing the local electronic and 
coordination environment in materials.  This local probe nature originates from the underlying principles 
of the absorption event in which monochromatic x-rays eject core level electrons from elements of 
interest.  The brief lifetime of the core-hole and its decay process limits information to less than 1 nm 
surrounding the absorbing atoms.  Post-edge energies beyond the initial core level produce a 
photoelectron that is self-modulated by scattering with the surrounding environment.  These 
modulations (EXAFS) provide bond length and scatterer information.

No observable pre-edge features at the Mo K-edge indicate that the Mo6 octahedra in both 
Cu2Mo6S8 and Mo6S8 are relatively symmetric (Oh).4-6 This is because transitions that would give rise to 
pre-edge features, in this case, would generally been seen only for more distorted geometries.  The 
empty phase is dominated by a single peak centered around 1.95 Å with a small shoulder at longer 
distances—in strong agreement with previous EXAFS analyses of Mo6S8.7, 8 This peak represents Mo – S 
interactions with 3 distinct types of S atom— the ternary (axial) S, and two slightly different S positions 
that form a pseudo-square planar geometry around Mo.  The small shoulder at longer distances results 
from Mo – Mo interactions; the Mo6 cluster is somewhat distorted in the empty Mo6S8 and variability in 
the scattering distance causes destructive interference and hence a weak signal.  In the Cu-promoted 
CP, there is a dramatic change in the signal at the above distances.  The Mo – S region is diminished and 
the Mo – Mo distances increase. Fitting reveals changes in the local cluster with an elongation of the 
ternary axial Mo – S to 2.58 Å from 2.44 Å.  The Mo6 cluster also shrank slightly to 2.69 from 2.72 Å in 
the case of empty Mo6S8.  These shifts distort Mo – S distances and cause interference, while Mo – Mo 
bond lengths in the cluster become more uniform, and scattering signals become additive for the 
intense peak seen around 2.4 Å. 

Cu EXAFS is consistent with a decrease in the fitted Cu – S bond of 0.12 Å, closely matching the 
shift in the Mo – S bond and increased separation between Cu absorbers and Mo6 clusters.  Of note, the 
Debye-Waller factor for Mo in the Cu fit is rather high, but may be explained by the thermal and 
positional variability of the Cu absorber inside the cavity.
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No EXAFS analysis on S K edge was performed due to the overlap between S K edge and Mo L3/2 
and L5/2-edges that appear approximately 100 eV past the S K edge. 

Table S2: Fitting parameters for Mo K-edge of Cu2Mo6S8

Parameter Value R-Factor
S02 0.85 set
enot -2.88 +/- 0.94
drS1 -0.04 +/- 0.005
drS2 0.11 +/- 0.04

drMo1 -0.05 +/- 0.004
dCu1 0.07 +/- 0.03
ssMo 0.004 +/- 0.001

ssS 0.006 +/- 0.002
ssCu 0.008 +/-0.005

0.029

Table S3: Fitting parameters for Mo K-edge of Mo6S8

Parameter Value R-Factor
S02 0.85 set
enot -0.8 +/- 0.98
drS1 -0.017 +/- 0.009
drS2 -0.04 +/- 0.008

drMo1 -0.07 +/- 0.03
ssMo 0.017 +/- 0.002

ssS 0.009 +/- 0.003

0.015

Table S4: Fitting parameters for Cu K-edge of Cu2Mo6S8

Parameter Value R-Factor
S02 0.82 set
enot 1.26 +/- 0.89
drS1 0.11 +/- 0.03
drS2 -0.12 +/- 0.02

drMo1 -0.08 +/- 0.05
ssS 0.009 +/- 0.003

ssMo 0.018 +/- 0.004

0.022

Table S5: Extracted bond lengths from EXAFS fittings

Absorber Scatterer N Fitted R (Å)
S 5 2.44

Mo 2 2.67
Mo6S8 Mo

Mo 2 2.76
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Mo 1 3.24
S 1 2.58
S 4 2.45

Mo 2 2.69
Mo 2 2.75
Mo 1 3.25

Mo

Cu 1 3.21
S 1 2.23
S 4 2.30

Cu2Mo6S8

Cu

Mo 3 3.16
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