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ABSTRACT: Reduction of carbon dioxide in aqueous electrolytes at single-crystal MoS2 or thin-film MoS2 electrodes yields 1-

propanol as the major CO2 reduction product, along with hydrogen from water reduction as the predominant reduction process. 

Lower levels of formate, ethylene glycol, and t-butanol were also produced.  At an applied potential of -0.59 V versus a reversible 

hydrogen electrode, the Faradaic efficiencies for reduction of CO2 to 1-propanol were ~3.5% for MoS2 single crystals and ~1% for 

thin films with low edge-site densities.  Reduction of CO2 to 1-propanol is a kinetically challenging reaction that requires the over-

all transfer of 18 e
-
 and 18 H

+
 in a process that involves the formation of 2 C-C bonds.  NMR analyses using 

13
CO2 showed the pro-

duction of 
13

C-labelled 1-propanol.  In all cases, the vast majority of the Faradaic current resulted in hydrogen evolution via water 

reduction.  H2S was detected qualitatively when single-crystal MoS2 electrodes were used, indicating that some desulfidization of 

single crystals occurred under these conditions.  

Introduction 

The selective production of liquid carbon-containing products at 

low absolute overpotentials is a desirable attribute of electrocat-

alytic CO2 reduction processes. Efficient catalysts operating in 

contact with aqueous electrolytes under ambient pressure must 

have minimal activity for the competing water-reduction reac-

tion and must operate at high turnover rates under such condi-

tions, due to the high concentration of water (~56 M) and the 

relatively low concentration of dissolved CO2 (~34 mM) at 1 

atm.
1
 To date, few catalysts have satisfied any of these require-

ments, and no catalyst has met all of these criteria.
2-3

  

Electrochemical CO2 reduction (CO2R) over transition metals 

such as Pd, Au, or Sn typically yields two-electron reduction 

products, such as carbon monoxide or formate, at moderate rates 

and low overpotentials, η.
4-8

 Copper yields high (> 70%) Fara-

daic efficiencies for the production of methane and ethylene 

relative to other transition metals, yet Cu requires a large over-

potential (-η ~ 1 V to drive a current density of -1 mA cm
-2

) 

and/or exhibits low selectivity for hydrocarbons.
9-12

 In some 

cases Cu can be tuned to generate ethanol or small amounts of 

1-propanol at yields between 1-15% with - η > 800 mV.
13

  Elec-

trochemical reduction of CO2 over Ni-Ga bimetallic catalysts 

yields the higher-order products methane, ethane and ethylene, 

albeit at low Faradaic efficiencies (≤ 2%).
14

 Electrochemical 

reduction of CO2 over the closely related Ni-Al catalysts also 

has been shown to yield higher-order products, namely 1-

propanol and methanol, along with substantial Faradaic effi-

ciencies (~30%) for the formation of a two-electron reduction 

product, carbon monoxide. 
15

 

Molybdenum disulfide (MoS2) is a layered transition-metal 

dichalcogenide that has found use in a variety of applications 

owing to its distinctive electronic, optical and catalytic proper-

ties. Extensive studies have contributed to the understanding of 

the catalytic and optoelectronic roles of terrace, edge, and defect 

sites on MoS2 and other transition metal dichalcogenides (e.g. p-

WSe2).
16-17

 MoS2 thin films have been designed with increased 

densities of edge sites (under-coordinated Mo and S) to yield 

improved electrocatalytic activity for the reduction of protons in 
water to H2.

18 

Theoretical and empirical studies have suggested that transition 

metal dichalcogenides may constitute promising catalysts for 

CO2R.
19

 Theory has suggested that MoS2 and MoSe2 can break 

the linear thermodynamic scaling laws that govern the behavior 

of transition metal catalysts by allowing CO2R intermediates to 

be stabilized independently on either the metal (Mo) sites or the 

covalent (S or Se) sites. Empirically, MoS2 single crystals cov-

ered with MoS2 flakes and operated in contact with ionic liquid 

electrolytes have been shown to convert CO2 to CO with ~98% 

Faradaic efficiency at an electrode potential, E, of -0.764 V 

versus the reversible hydrogen electrode (RHE). At this poten-

tial, MoS2 sustained a current density of -65 mA cm
-2

, whereas 

Ag nanoparticles produced a current density of -110 mA cm
-2

 

with only 65% selectivity for CO.
20

 Bismuth-doped MoS2 

nanosheets operated in contact with a non-aqueous imidazolium 

ionic liquid electrolyte dissolved in CH3CN have been reported 

to be active catalysts for methanol production, with Faradaic 

efficiencies of 71%.
16

 However, isotopic labeling experiments to 

confirm that the methanol was derived from CO2, and not from 

other sources of carbon such as the ionic liquid itself, epoxy, or 

other carbon compounds used to construct the cell, have not yet 

been reported.
10

 Interestingly, the catalytic performance in ionic 

liquids by MoS2 in the conversion of CO2R to CO improves 

substantially when vertically aligned MoS2 is doped with 5% 

niobium.
21

 Furthermore, metallic Mo, as well as Mo oxide, are 

active for the reduction of CO2 to methanol and CO, respective-
ly.

22
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 2 

We report herein on the activity of single crystals and thin films 

of MoS2 for the reduction of CO2 dissolved in an aqueous elec-
trolyte.   

 

Experimental section 

Chemicals and materials 

Sodium carbonate (Sigma Aldrich, ≥99.999%), potassium phos-

phate dibasic and potassium phosphate monobasic (Fisher Sci-

entific), carbon dioxide (AirGas, Alphagaz 1), nitrogen (AirGas, 

Alphagaz 1), and Selemion anion-exchange membrane were 

used as received, unless noted otherwise. Water with a resistivi-
ty > 18 MΩ cm was obtained from a Barnsted Nanopure system.  

Sample preparation  

Large MoS2 single crystals were purchased from 2D Semicon-

ductors. These crystals were mechanically exfoliated with 

Scotch tape, masked with electroplating tape (3M
TM

 Electroplat-

ing tape 470) to expose large terraces, and before use were gen-
tly dried with a stream of N2(g).   

MoS2 thin films were prepared on 525 µm-thick, HF-etched, 

degeneratively doped polished Si wafers (Addison Engineering, 

Prime grade, (100)-oriented, As-doped, resistivity <0.005 Ω 

cm). Mo precursor was deposited at room temperature via reac-

tive RF sputtering from a metallic Mo target using an AJA high-

vacuum magnetron sputtering system (AJA International Inc.).  

The Ar flow was 17 sccm, the working pressure was 5 mTorr, 

the sputtering power was 150 W. The sputtering time was either 

30 s or 300 s. The sputtered Mo precursor films were annealed 

in a custom-built vacuum tube furnace (PVI) ramped at 15 °C 

min
-1

 to 500 °C, held for 1 h, then cooled to 80 °C over a 3 h 

period. A continuous flow of 10% H2S at 400 torr in N2(g) was 

maintained at each step. The total flow rate was 120 sccm 
through a cross-sectional diameter of 11.4 cm. 

Sample characterization  

High-resolution transmission electron microscopy (HRTEM) 

was performed on polycrystalline MoS2 thin films that were 

grown directly onto thin (~50 nm) SixN window TEM grids 

with window sizes of ~500 µm x ~500 µm. Mo precursor was 

sputtered directly onto these grids and was then sulfurized as 

described previously. Plan-view (i.e., through-film) HRTEM 

images of the MoS2 thin films were collected using a Tecnai 

F30ST TEM (FEI, Hillsboro, OR) operating at an accelerating 
voltage of 300 kV. 

X-ray photoelectron spectroscopy (XPS) was performed using 

an AXIS Ultra DLD instrument (Kratos Analytical) with a 

background pressure of 1 × 10
−9

 Torr. High-intensity excitation 

was provided by monochromatic Al Kα X-rays having an ener-

gy of 1486.6 eV with an instrumental resolution of 0.2 eV full 

width at half-maximum. Photoelectrons were collected at 0° 

from the surface normal at a retarding (pass) energy of 80 eV 

for the survey scans, whereas a pass energy of 20 eV was used 

for the high-resolution scans. The peak energies were calibrated 

against the binding energy, BE, of the adventitious C 1s peak. 

For quantitative analysis, the XPS signals were fitted using Casa 

XPS software (CASA Ltd., Teignmouth, United Kingdom) to 

symmetric Voigt line shapes that were composed of Gaussian 

(70%) and Lorentzian (30%) functions that employed a Shirley 
background. 

Scanning tunneling microscopy was performed using an Omi-

cron Ultra-High-Vacuum Low-Temperature Scanning Tunnel-

ing Microscope (UHV LT-STM) with a base pressure of 5x10
-10

 

Torr. Tunneling tips were prepared by electrochemically etching 

a 0.25 mm diameter Tungsten wire (anode) in 3 M NaOH elec-

trolyte. Suitable STM tips were preselected using an FEI SEM 

and then mounted on a Au STM tip holder. Further STM tip 

cleaning was performed in vacuo using a flash annealing sys-

tem. MoS2 single crystal flakes were contacted and fixed on an 

Omicron Mo sample plate using low outgassing Ag epoxy 

(EPO-TEK H20E). A fresh MoS2 surface was prepared by exfo-

liation of the top layer in the sample load lock directly before 

pump down of the sample. The STM was cooled using liquid 

Nitrogen (LN2). The STM tip and sample were mounted on the 

STM scanner after reaching a stable temperature of 78 K, to 

prevent adsorption of residual gas on the sample and tip during 
the cool-down process. 

Electrochemistry 

Electrochemical experiments were performed using BioLogic 

SP-200 potentiostats (Biologic, Grenoble, France) controlled by 

standard EC-Lab software. The uncompensated cell resistance 

was determined from a single-point high-frequency impedance 

measurement and was 85% compensated by the built-in posi-
tive-feedback software.  

A sealable two-compartment H-cell (Figure S14) was used for 

the electrochemical measurements. The working electrode com-

partment consisted of a 40 mL Pyrex weighing bottle (Sigma) 

that was modified with ground glass joints (2 x 14/20 and 1 x 

10/18) in the lid for holding electrodes or seals, as well as a #15 

o-ring joint in the base that connected to a complementary joint 

in the 15-mL counter electrode compartment. The two com-

partments were separated by a Selemion anion-exchange mem-

brane. The lid was removable to accommodate the large (up to 2 

to 3 cm
2
) working electrodes. The working electrodes were 

either single crystals or thin films of MoS2.  A stainless steel 

alligator clip was used to make electrical contact to the elec-

trodes. A Pt gauze provided the counter electrode and Ag/AgCl 

(1.0 M KCl) was the reference electrode (CH instruments). The 

potentials, E, were converted to values relative to a reversible 
hydrogen electrode (RHE) as follows: 

E vs. RHE = E vs. Ag/AgCl + 0.235 V + (0.0591 V × pH)  

      = E vs. Ag/AgCl + 0.637 V  

Cyclic voltammetry was performed on pristine electrodes in 

N2(g)-purged potassium phosphate buffer (pH 6.8). Bulk elec-

trolysis was performed in N2(g)-purged 0.10 M potassium phos-

phate buffer or 0.10 M sodium carbonate that was acidified to 

pH 6.8 with 1 atm CO2. Phosphate buffer was used whenever 

appropriate to avoid CO2 production from the equilibrium be-

tween HCO3
- 
 and CO2. The use of phosphate buffer thus creates 

a “carbon-free” buffer system at comparable pH values to those 

used for CO2 reduction. Na2CO3 was used rather than K2CO3 

due to the substantially higher purity available for Na2CO3. Bulk 

electrolyses were performed at potentials ranging from -1.2 

to -1.8 V vs. Ag/AgCl (1.0 M KCl) with a typical total charge 

passed of 30 to 60 C. Solutions were stirred at ~1000 rpm. 

For labelling experiments, 0.10 M potassium phosphate buffer 

was purged with 
13

CO2 (Sigma-Aldrich) and electrolyses were 

performed as above. For electrolyses of intermediates, 0.10 M 

potassium phosphate buffer at pH 6.8 was also used to closely 

match the pH during CO2R in bicarbonate buffer. CO(g) and 

CH4(g) (Air Liquide, 99%) at 1 atm were used for studies of 

reaction intermediates, and produced an approximate reactant 

concentration of ~1 mM according to Henry’s law. In contrast, 
the CO2 concentration was ~34 mM in aqueous solution. 

Product analysis 

An Agilent 7890 gas chromatograph (GC) equipped with 

HayeSepQ and Molesieve 5A columns coupled to a thermal 

conductivity detector (TCD) with N2(g) (Alphagaz 1) carrier gas 

was used to separate and quantify H2(g). The total run time was 

14 min comprising a 9 min hold at 50 °C and a ramp to 80 °C at 

a rate of 8 °C min
-1

 with 6 mL of gas injected per sample. An 
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 3 

Agilent 7820A GC coupled with a 5977E mass spectrometer 

(MS) with a heated quadrupole detector and a capillary Carbon-

PLOT column was used for identification and quantification of 

CH4(g). The oven was set to 35 °C for 6.6 min and then ramped 

at 20 °C min
-1

 to 150 °C, with the temperature then maintained 

for 2 min. Helium (Alphagaz 1) was used as the carrier gas and 
100 µL of gas was injected per sample. 

A Hewlett-Packard (HP) 5890 Series II GC with a split/splitless 

injector, a Rtx-VRX  60 m x 0.320 mm ID x 1.8 µm column 

(Restek, Bellafonte, PA, USA) and a flame-ionization detector 

(FID) coupled to an HP 7694 Headspace autosampler was used 

to quantify methanol, ethanol, 1-propanol, 2-propanol, and t-

butanol in the electrolyte. The injection was performed using the 

splitless mode for 30 s from the headspace-autosampler transfer 

line. The GC injector was set at 200 °C. The headspace au-

tosampler was equipped with an oven to heat up the sample 

vials, an injection loop and a transfer line to the GC-FID. The 

autosampler oven was set to 80 °C, the injection loop was set to 

90 °C and transfer line to 100 °C. All other autosampler parame-

ters were set according to factory default parameters. The post 

injection split flow was 20 mL min
-1

 and the column was oper-

ated at a constant flow rate of 35 cm s
-1

 average linear velocity. 

The GC oven-temperature profile consisted of an initial temper-

ature 35 °C for 6 min, an increase to 60 °C at 10 °C min
-1

 with 

no hold time, and an increase to 200 °C at 30 °C min
-1

 with no 

hold time. The GC-FID analysis run time was 24 min. The FID 

temperature was 225 °C. Ultra-high purity He(g) was used as 

the carrier gas. 5 mL of liquid after electrolysis was transferred 

into the GC 10-mL headspace vials. For GC-HS analysis, a 

liquid aliquot from the cell after electrolysis was transferred into 

a 20 mm headspace-sealed GC vial. Using an HP headspace 

autosampler, the sample vial was heated to 80 °C and agitated to 

promote emission of volatiles into the headspace of the sealed 

vial. The headspace of the vial was then analyzed by GC-FID 

for identification and quantification of the volatiles present in 
the liquid. 
1
H NMR spectroscopy was performed on a Bruker 400 MHz 

spectrometer. 0.1 µL of the internal standard N,N-dimethyl 

formamide (DMF, Mallinckrodt Chemicals, ACS grade) was 

added to 2 mL of the electrolyte liquid, and 0.5 mL of this mix-

ture was transferred into an NMR tube that contained 200 µL of 

D2O. The solution was mixed well prior to analysis. A presatu-

ration method was used to suppress the signal of water in the 

electrolyte and to allow visualization of the analyte peaks of 

interest. The low power RF pulse was set to selectively saturate 

signals at 4.79 ppm, while 256 scans were collected where the 

desired resonances were excited. 

For bulk electrolysis, the masked MoS2 single-crystal working 

electrode was positioned in an airtight H-type cell (Figure S14) 

that contained an aqueous solution of 0.10 M Na2CO3 that had 

been acidified to pH 6.8 under 1 atm CO2. The working and 

counter (Pt) electrode compartments were separated by an ani-

on-exchange membrane (Selemion). During potentiostatic ex-

periments at least 25 to 60 Coulombs of charge were passed at 

each potential. The partial current density was calculated by the 

product of the Faradaic efficiency and the steady state current 

density at the end of the bulk electrolysis, and standard devia-
tions are shown in Figure S6.  

 

Calibrations 

Calibration gases, CH4, CO, and H2, were purchased from Air 

Liquide. Tank concentrations were 15, 2.5 and 5 % respectively 

and were balanced with N2 or CO2. Dilutions were prepared in a 

sealed 1 or 3-L round bottom flask that contained electrolyte. 

The sealed round bottom flasks were purged with N2(g) or 

CO2(g) for 1 h, and then known amounts of the calibration gas 

were injected into the flasks. The gaseous mixture was stirred 

for ~ 1 min and then aliquots were removed with a gas-tight 
syringe and injected into the GC-TCD and GC-MS.  

H2S(g) was synthesized by drop-wise addition of 1.0 M HCl 

(Fluka, volumetric) to an excess of technical grade FeS (Sigma-

Aldrich) in a fume hood. Dilutions were performed as described 

above, but with Ar as the purge gas, to produce estimates of the 
H2S concentration.   

NMR and GC-FID standards were prepared from Sigma Aldrich 

HPLC grade solvents: methanol, ethanol, 1- and 2-propanol, 

acetone, t-butanol, ethyl acetate, tert butyl acetate, ethylene 

glycol. Serial dilutions of the standards were prepared in 0.10 M 

sodium carbonate.  

 

Results and Discussion 

Figure 1 shows optical and scanning-electron micrographs of 

the surfaces of the MoS2 crystals used in this study. Although 

terraces dominated the surface of the MoS2 crystals, exposed 

edges were also visible.  To minimize the potential contribution 

of microscale edge sites to the catalytic activity of electrodes, 

each crystal was masked to expose only a region that had few 
microscopic edge sites (Figure S1).   

 

 

 

 

Figure 2 compares a linear-sweep voltammogram (LSV) for a 

masked MoS2 crystal operated in contact with a CO2-saturated 

aqueous phosphate buffer (pH 6.8) with a LSV for the same 

sample operated in contact with a N2-purged phosphate buffer 

Figure 1. A) Optical micrograph of a single crystal of 

MoS2. B) SEM of a region of a MoS2 crystal showing nu-

merous microscopic edge sites.  

 

Figure 2. Comparison of linear sweep voltammograms for a 

MoS2 single-crystal terrace in contact with N2- or CO2-purged 

0.10 M K2HPO4 buffered to pH 6.8 with KH2PO4. The potential 

was swept from open circuit to -1.19 V vs. RHE at a scan rate 
of 50 mV s

-1
. 
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 4 

used as a control.  The cathodic current density was more than 

40% larger at all potentials for samples in contact with the CO2-

saturated electrolyte, indicating activity towards CO2R in addi-

tion to the activity for H2 evolution present in both the N2-

purged and CO2-saturated electrolytes. For example, in the pres-

ence of 1 atm of CO2, the potential required to drive a current 

density of -0.1 mA cm
-2

 was -0.53 V versus RHE, while in the 

N2-purged  electrolyte the potential required to drive the same 
current density was -0.66 V versus RHE.   

Constant-potential electrolysis was performed using the MoS2 

single-crystal-terrace electrodes in contact with CO2-saturated 

and N2-purged electrolytes, respectively, and the electrolytes 

and headspaces were analyzed for gaseous and liquid reduction 

products.  Gas chromatography (GC) with thermal conductivity 

detection (GC-TCD) and mass spectrometry (GC-MS) were 

used to detect products in the headspace, whereas 
1
H nuclear 

magnetic resonance (NMR) spectroscopy was used to measure 

products in the electrolyte. Due to the low concentrations of 

some liquid products, GC Head Space (GC-HS) with flame-

ionization detection (FID) was used as a complementary method 

for the quantification of some of the liquid-phase products. De-

tails of the analysis methods are provided in the experimental 
section. 

Constant-potential electrolyses at E = -0.59 V versus RHE using 

the MoS2 single-crystal terrace electrodes in contact with a CO2-

saturated aqueous carbonate buffer (0.10 M Na2CO3 acidified to 

pH 6.8 with 1 atm CO2) resulted in a mixture of CO2R products 

including 1-propanol, formate, ethylene glycol, and t-butanol 

(Figure S2 and Figure S3). H2 was the dominant electrolysis 

product, as expected for reduction of protons in the aqueous 

electrolyte at the surface of MoS2. The majority of CO2R prod-

ucts were found in the liquid phase. At E = -0.59 V versus RHE, 

the major CO2R products in terms of Faradaic efficiencies and 

partial current densities were 1-propanol and formate, and the 

minor CO2R products were ethylene glycol and t-butanol, Fig-

ure 3. The only gaseous CO2R product identified was methane, 

which was produced at a Faradaic efficiency of <0.01%. For the 

major CO2R product 1-propanol, and for the minor products 

ethylene glycol and t-butanol, the partial current densities ap-

proached zero as the electrode was polarized to more negative 

potentials. This behavior deviates from the current vs. potential 

trend expected from typical Butler-Volmer kinetics, and sug-

gests that other side reactions dominate the kinetics at more 

negative potentials. As the potential was made more negative, 

the Faradaic efficiency for formate production increased, and 

the yields of other CO2R products decreased.  No CO2R prod-

ucts were observed at potentials positive of -0.5 V versus RHE. 

The sum of the Faradaic efficiencies for the detected products of 

CO2 and H2O reduction was generally <100%. A portion of the 

missing Faradaic efficiency can be attributed to electrode corro-

sion resulting in the production of H2S and possibly other corro-

sion products. H2S was detected using a H2S probe sensor and 

GC-TCD analysis (Figure S4). However, quantification of the 

H2S produced was difficult due to the high solubility of H2S in 

the aqueous electrolyte (solubility of H2S > 10
3
 × solubility of 

H2).  

The CO2R activity of MoS2 thin films with relatively low edge 

densities was compared to the activity of films having relatively 

high edge densities.  Figure 4 shows high-resolution TEM im-

ages of MoS2 thin films prepared by sulfidization of sputtered 

Mo precursors. Increases in the thickness of the sputtered Mo 

film, with the thickness controlled by the duration of sputtering, 

resulted in films with increased edge densities.  Thin films of 

MoS2 are referred to herein based on the Mo sputtering time in 

seconds, for example films formed via sulfidization of Mo films 
sputtered for 30 s are referred to as 30-MoS2.  

Figure 5 compares the Faradaic efficiencies for CO2R products 

produced by constant-potential electrolyses using 30-MoS2 elec-

trodes and 180-MoS2 electrodes. On 30-MoS2, the Faradaic 

yields of 1-propanol reached a maximum of ~ 1% at E = -0.59 V 

vs. RHE and decreased at more negative potentials, whereas 

under the same conditions the yield of 1-propanol was ~ 0.3% 

for 180-MoS2. When considered in combination with the results 

for MoS2 single-crystal terrace electrodes, the increased yield of 

1-propanol with a decrease in the density of edge sites suggests 

B 

C 

Figure 3. Potential-dependent Faradaic efficiencies (solid 

lines) and partial current densities (dashed lines) for major 

CO2R products (A), minor CO2R products (B), and water re-

duction (C) on MoS2 single crystals with masked edge sites. 

The electrolyte was 0.10 M Na2CO3 acidified to pH 6.8 with 1 

atm CO2. The partial current density was calculated by the 

product of the Faradaic efficiency and the steady state current 

density at the end of the bulk electrolysis, and standard devia-
tions are shown in Figure S5.  

A 
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 5 

Figure 4. HRTEM images showing MoS2 thin films pre-

pared via various thicknesses of sputtered Mo – from left to 
right, 30 s, 60 s and 300 s. 

Figure 5. Potential-dependent Faradaic efficiencies (solid lines) and partial current densities (dashed lines) for major CO2R products 

(A,D), minor CO2R products (B,E), and proton reduction (C,F) on MoS2 thin films operated in contact with 0.10 M Na2CO3 acidified to 

pH 6.8 with 1 atm CO2. The partial current was calculated by the product of the Faradaic efficiency and the steady state current at the 
end of the bulk electrolysis, and standard deviations are shown in Figure S6 and S7. 

that MoS2 terraces are the active sites for reduction of CO2 to 1-

propanol. In contrast, the MoS2 thin films produced substantial-

ly more H2 than the single crystals, and therefore, likely less 

H2S. Quantifiable yields of H2S were not detected on the thin 
film electrodes. 

Similar to the MoS2 single-crystal terraces, the Faradaic effi-

ciencies and partial current densities towards alcohol production 

on the 30-MoS2 thin films decreased to zero or almost zero as 

the potential became more reducing. The possibility that the 

CO2 reduction process is not electrocatalytic over MoS2 terraces 

but rather is the result of a chemical reaction therefore needs to 

be considered. The rate of propanol production at more negative 

potentials was substantially lower than at -0.59 V vs. RHE. Thus 

the production of propanol cannot proceed by a completely 

chemical route. The decrease in alcohol production at more 

negative potentials is likely due to electrochemical side reac-

tions becoming kinetically more important. However, the pro-

duction of H2S may suggest that electrode corrosion is part of a 

pathway to multicarbon products. Reduction of CO2 to 1-

propanol comprises an overall 18 H
+
/e

-
 transfer in addition to 

the formation two C-C bonds. 

 To confirm that 1-propanol was a product of electrochemical 

CO2R on MoS2 terraces, constant-potential electrolyses at E = -

0.59 V versus RHE were repeated using MoS2 single-crystal-

terrace electrodes and 30-MoS2 thin films in contact with elec-

trolytes saturated with 
13

CO2.  Under these conditions, product 

analyses clearly indicated the production of 
13

C-labelled 1-

propanol (Figure 6). The NMR analysis of the liquid products 

was consistent with CO2R activity on the MoS2 terraces.  Split-

ting of the 
1
H NMR spectra by 

13
C was not clearly evident for t-

butanol, ethylene glycol and formate (Figure S8).  

To gain insight into possible mechanisms for the CO2R process 

at MoS2 single-crystal-terrace electrodes, constant-potential 

electrolyses were performed at E = -0.59 V versus RHE using a 

phosphate-buffered electrolyte (0.10 M, pH = 6.8) that was 

purged with either CO or CH4.  Reduction of CO yielded CH4 as 

a major product, while reduction of CH4 yielded the C2 products 

ethane and ethylene (Figures S9 and S10). These products were 

not observed in substantial quantities in the direct reduction of 

CO2. These results suggest that formation of 1-propanol on 

MoS2 single-crystal terraces involves the coupling of species 

produced during CO2R.  Furthermore, the local influence of the 

pH may shift the effective overpotential and lead to the for-
mation of other species by disproportionation reactions.

23
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 6 

 

Figure 6. Representative 
1
H NMR spectra in the 3H,t 1-

propanol region showing (A) 1-propanol produced during unla-

belled CO2R on 30-MoS2 thin films, (B) labelled 1-propanol 

production from 
13

CO2R 30-MoS2 (C) labelled 1-propanol pro-

duction from 
13

CO2R on MoS2 single-crystal-terraces.  Electro-

lyses were performed at -0.59 V vs. RHE in 0.10 M Na2CO3 
electrolyte acidified to pH 6.8 with 1 atm of reactant gas.  

 

The sums of the Faradaic efficiencies for formation of the re-

duction products were consistently and substantially below 

100% for electrolysis using MoS2 thin films or MoS2 single-

crystal-terrace electrodes. This result suggests that current was 

lost to other processes such as the reduction of the MoS2 materi-

al itself, producing H2S and a reduced metal species. The detec-

tion of H2S suggests that the materials used herein are unstable 

under CO2R conditions. Decomposition or desulfidization of 

MoS2 under operating conditions may thus provide a route for 

the reduction of CO2 to energy-dense hydrocarbons. X-ray pho-

toelectron spectra collected before and after CO2R did not show 

an increase in metallic Mo or Mo oxides after CO2R (Figure 

S11). Decomposition of MoS2 to produce H2S and a reduced 

metal species is a potential-dependent reaction that can be sup-

pressed by operating the MoS2 electrodes at more positive po-

tentials than those required to observe the CO2R products here-

in, by reducing the concentration of protons in the electrolyte, or 

both.   

Recent theoretical and experimental work has identified sulfur 

vacancies as active sites for H2 generation, whereas desulfidiza-

tion of MoS2 monolayers occurs at more negative potentials (i.e. 

E = -0.6 to -1.0 V vs. RHE).
24

 Theoretical studies suggest that 

sulfur vacancies on terraces of MoS2 are catalytically active 

towards the formation of methanol via a CO hydrogenation 

process,
25

 consistent with the presence of  sulfur vacancies on 

MoS2 single crystals used in this study (Figure S12). However, 

in this work reduction of CO yielded CH4 as the major product, 

rather than either methanol (the product expected from theory) 

or 1-propanol (the major CO2R product observed herein).  Fur-

ther experimental work, performed alongside theoretical studies, 

would be needed to elucidate the active sites and intermediates 
that enable CO2 reduction to 1-propanol on MoS2 surfaces.  

Layers of MoS2 that are weakly bonded by van der Waals forces 

may allow for exfoliation of a decomposed layer and exposure 

of a fresh surface underneath the topmost initial layer of the 

electrode. The stability of a MoS2 thin film throughout a long-

term electrolysis is shown in Figure 7. The cathodic current 

density rapidly decreased initially and then increases slowly, 

showing that the catalyst surface changes under operating condi-

tions. Products were only detected after the electrolysis was 

allowed to proceed for a minimum of -20 C of charge passed or 

until > 10 µM products were generated, normally requiring 5–10 

h). In addition, an open-circuit test was conducted with a MoS2 

electrode immersed for 16 h in CO2-purged 0.10 M Na2CO2. No 

CO2 reduction products were detected, and the open-circuit 

potential remained within ±25 mV of the initial value (+410 mV 

vs RHE), Figure S13. The absence of CO2 reduction products 

from electrodes held at open circuit corroborates the suggestion 

that the production of alcohols is an electrochemical (potential-
dependent) corrosion process. 

 

Figure 7. Long-term bulk electrolysis using 30-MoS2 thin film 

at -0.59 V vs. RHE in 0.10 M Na2CO3 electrolyte acidified to 

pH 6.8 with 1 atm CO2. The current fluctuates due to bubble 

formation at electrode surface.  

Conclusions 

Reduction of CO2 at the surface of MoS2 electrodes held poten-

tiostatically at -0.59 V versus RHE while in contact with aque-

ous electrolytes at room temperature yielded 1-propanol as the 

major CO2R product, with Faradaic efficiencies of 2-5%.  For-

mate, t-butanol, and ethylene glycol were also produced at lower 

efficiencies (<1%) than for 1-propanol. The yields of 1-propanol 

were higher for single-crystal-terrace electrodes and for thin 

films with low edge-site densities than for thin films with high 

densities of edge sites, suggesting that the active sites for reduc-

tion of CO2 to 1-propanol are terraces rather than edges. Quali-

tative evidence of H2S evolution was observed, suggesting that 

the reduction of CO2 to 1-propanol may involve desulfidization 

of the MoS2.  Although the reaction may not be truly catalytic, 

the reduction of CO2 to a C3 product, a reaction requiring the 

overall transfer of 18 protons and 18 electrons, is remarkable. 

An understanding of the mechanism for the reduction of CO2 to 

1-propanol at MoS2 terraces may provide insight to guide the 

design of electrocatalysts capable of reducing CO2 to fuels with 

greater energy densities than the C1 products typically produced 
by electrochemical CO2R. 
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