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Abstract 

 

The production of methanol from the electrochemical reduction of CO2 is a promising 

method of mitigating climate change while simultaneously producing a useful liquid fuel. In this 

study, we design self-assembled monolayers (SAMs) of thiols on metal and metal oxide 

electrodes that operate via cooperative catalysis between the thiolated surface sites and exposed 

electrode defect sites. This defect-driven mechanism enables the fabrication of SAM-modified 

ZnO electrodes that yield methanol with an extraordinarily high Faradaic efficiency of up to 

92%. To understand the origin of this high selectivity, we study the effect of the chain length of 

the alkanethiols, different tail functional groups, and applied voltages on catalyst performance. 

These results combined with density functional theory calculations give a detailed atomic-level 

understanding of catalyst operation. Furthermore, the SAM linkage tolerates CO2 reduction 

conditions, and the catalyst’s excellent selectivity for methanol remains high after 10 hr of 

continuous conversion. Taken together, these findings with SAM-based electrodes convey a new 

and facile design strategy for the creation of highly selective CO2 reduction electrocatalysts.  
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1. Introduction 

 

The electrochemical reduction of carbon dioxide (CO2) to value-added chemicals and 

fuels is a promising method of mitigating climate change.
1
 A variety of products including CO, 

formate, methanol, ethanol, ethylene, ethane, and propanol can be produced from CO2 

reduction.
2
 In general, developing catalysts with high selectivity for one of these products is a 

long standing challenge hindering the development of practical CO2 electrolyzers,
3
 especially 

given that the durability, current density,
4,5

 operating overpotential,
6,7

 and cost of the catalyst 

must be also be optimized.
3-6,8-12

  

Methanol, which is generated via the six-electron reduction of CO2, is one of the more 

desirable CO2 reduction products due to its high energy density and its use in methanol fuel 

cells.
12-15

 Catalysts based on Cu and Ag combined with other metal oxides, polymers, or alloys 

have been reported to facilitate the conversion of CO2 to methanol with a wide range of Faradaic 

efficiencies.
16-20

 In addition, various noble and non-noble metal complexes have been reported as 

catalysts or co-catalysts for the electrochemical synthesis of methanol.
20-25

 Additionally, 

bimetallic composites such as Ru/Ti oxide and MoS2/Bi2S3 have also been identified as catalysts 

for methanol production.
3,26-28

 Non-noble metals such as Zn, Cu, and their alloys have also been 

studied for electrochemical conversion of CO2 to methanol.
23,29,30

 For example, in one study, Zn 

dendrites produced via pulsed electrodeposition on Ag yielded catalysts with 10.5% Faradaic 

efficiency for methanol.
20

 Despite many efforts to convert CO2 to methanol, achieving high 

Faradaic efficiency, current density, and durability simultaneously remains a challenge.
19,20,22,31

 

To date, only a few catalysts have been able to reach relatively high current density and 

selectivity (Supplementary Table 1), and the design principles that give rise to a high Faradaic 
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efficiency are unclear. Therefore, designing efficient catalysts to enhance activity and Faradaic 

efficiency is both scientifically and practically important. 

Self-assembled monolayers (SAMs) of thiols have been widely studied for a variety of 

electrochemical applications such as catalysis and chemical sensing.
32-37

 Thiol-based SAMs can 

exhibit excellent stability in aqueous electrolyte systems,
36-39

 which makes them intriguing 

platforms for CO2 reduction electrocatalysis. Previously, thiol SAMs containing pyridine 

moieties on Au and Pt were studied for the electrochemical reduction of CO2 to methanol at low 

overpotential and low pH, but the Faradaic efficiencies for methanol production are low.
40,41

 

Looking more broadly beyond CO2 reduction, the majority of SAMs used for 

electrocatalysis have been performed on noble metal surfaces such as Pt, Au, and Ag, metals that 

by themselves are not generally used in CO2 electrocatalysts for highly reduced products such as 

methanol.
31,33,37,41-43

 We therefore wondered about the selectivity of thiol SAMs for CO2 

reduction on more catalytically active metal and metal oxide surfaces such as Cu, Zn, and ZnO. 

In this manuscript, we describe how investigations of SAMs fabricated on these more 

catalytically active electrodes led us to develop thiol SAMs on ZnO electrodes that exhibit 

remarkably high selectivity for methanol with up to 92% Faradaic efficiency. We systematically 

study the role of the physicochemical properties of the SAMs on catalyst selectivity. These 

experiments combined with density functional theory (DFT) calculations enable us to propose a 

mechanistic rationale for this high selectivity, which involves the co-catalysis of thiol-modified 

surface sites and unmodified surface sites exposed due to SAM defects. This defect-driven 

catalysis represents an exciting, alternate paradigm for the fabrication of selective CO2 reduction 

electrocatalysts.  

2. Experimental details 

 



5 
 

2.1. Materials  

Zn, Cu, Ti, and Ni foils were purchased from Belmont Metals, Inc. while Ag foil was 

purchased from Rio Grande, Inc. Zinc nitrate (Zn(NO3)2, 99%), potassium chloride (KCl, 99%), 

sodium bicarbonate (NaHCO3), and acetonitrile were obtained from Oakwood Chemical, Inc. 

3-mercaptopropanoic acid (98%), 3 amino-1-propanethiol (99%), 3-mercapto-1-propane 

sulfonate (99%), (3-mercaptopropyl) trimethoxysilane, (95%), and 3-mercato-1-propanol (99%) 

were purchased from Sigma Aldrich. 1-propanethiol (99%), 1-butanethiol (99%), 1-hexanethiol 

(C6H14S, 99%), 1-octanethiol (99%), and 1-decanethiol (99%) were purchased from Oakwood 

Chemical, Inc. 3,3,3-trifluoro-1-propanethiol (99%) was purchased from Fischer Scientific, Inc. 

2.2. Electrode Preparation 

Metal foils were polished using 1500-grit sandpaper. Then, they were rinsed with 

deionized water, subjected to sonication for 25-30 s, and rinsed thoroughly with water. To 

electrodeposit ZnO onto Zn foil, an aqueous solution of Zn(NO3)2 (50 mM) and KCl (100 mM) 

was utilized in a three-electrode cell by applying -1.2 V vs. Ag/AgCl for 10 min (Fig. S1). SAMs 

were deposited on all metal foils, including the ZnO deposited on Zn, using various thiols, and 

the presence of S on the SAM is confirmed by SEM (Fig. S2) experiment. For SAM deposition, 

thiol solutions in ethanol at a concentration of 10 mM were used except for the amino, sulfonate, 

and trimethoxysilane SAMs in which water was used because these molecules are not soluble in 

ethanol at 10 mM. The surfaces were then soaked for 12-14 hr to form the SAMs. Afterwards, 

the surfaces were rinsed with ethanol, followed by ample amounts of water. 

ZnO nanoparticle electrodes were prepared using ZnO nanoparticles (30-80 nm in 

diameter, Jiangsu Xfnano Materials Tech.) and carbon paper (AvCarb GDS3260). Initially, ZnO 

nanoparticles (10 wt. %) were mixed with ethanol and sonicated for 30 min. This dispersion was 
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drop cast onto the carbon paper and dried under ambient air. The surface was then modified with 

a SAM of C3SH, using the method previously mentioned, followed by rinsing with ethanol and 

water.  

2.3. Electrochemical Measurements 

All electrochemical measurements were conducted using a VSP-300 Biologic 

Potentiostat. Electrochemical data were measured against a Ag/AgCl reference electrode, and 

then converted to the reversible hydrogen electrode (RHE) scale using V (vs. RHE) = (V 

measured vs. Ag/AgCl) + 0.21 + 0.059*6.8, where 6.8 is the pH of the CO2-sparged 0.1 M 

NaHCO3 electrolyte. All values mentioned in this manuscript are reported versus RHE. For the 

K3Fe(CN)6 blocking experiment CVs, the geometric area of the working electrode was 0.22 cm
2
, 

and a Pt wire was used as the counter electrode. Chronoamperometry experiments were 

conducted after the electrodes were immersed in the electrolyte for 1 hr. 

2.4. Product Determination 

For product determination, three-electrode chronoamperometry experiments with a 

geometric working electrode area of 5.0 cm
2
 were performed. The geometric areas of the 

working electrodes were used to report current densities. Prior to each experiment, the 0.1 M 

NaHCO3 buffer solution was sparged with CO2 gas for at least 30 min. A two-compartment cell 

with a Nafion 117 membrane (Fuel Cell Store, Inc.) separator was used when ascertaining liquid 

and solid products. In this setup, the graphite counter electrode was placed in one compartment, 

while the working and reference electrodes were separated from it by the Nafion membrane (Fig. 

S3).  

A custom-designed electrochemical cell was used for determination of gaseous products 

(Fig. S4). The solution volume was 2.5 mL for gaseous products and 20 mL for liquid products 
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with continuous CO2 sparging during chronoamperometry at a rate of 5 cm
3
 min

‑1
. To detect 

gaseous products, this flow rate was used to ensure that the products were swept away from the 

counter electrode before oxidation occurred. This interpretation is confirmed by careful 

experiments on known literature catalysts performed previously.
44-51

 A SRI 8610C gas 

chromatograph equipped with a flame ionization detector and a methanizer was used to quantify 

gaseous products. Liquid products were analyzed using an Agilent 7890A gas chromatograph 

coupled to a 5975C quadrupole mass spectrometer (GC-MS). To determine liquid product 

concentration, an equal volume of acetonitrile was added to the electrolyte after 

chronoamperometry, and the mixture was stored overnight at -15°C. During this process, two 

separate layers formed, with the top organic layer separated and dried with anhydrous Na2SO4 

before conducting GC-MS analysis. The efficiency of this extraction protocol was quantified 

using standards and accounted for when calculating Faradaic efficiency. The validity of this 

GC-MS method for quantifying methanol concentration was corroborated by independent 
1
H 

NMR experiments (Fig. S5). For solid product analysis, the bottom aqueous layer was 

evaporated under reduced pressure, and sodium formate and other electrolyte residues were 

dissolved in D2O for 
1
H NMR analysis. 

1
H NMR spectroscopy was conducted with a Varian 400 

MHz NMR Spectrometer using DMF as an internal standard. All experiments were replicated, 

and error bars presented represent the standard deviation among the multiple trials. The detection 

limits for gases, liquid products, and formate are 1 ppm, 85 µM, and 11 µM, respectively. 

Faradaic efficiencies were calculated using the formula below:  

Faradaic efficiency = nFzQ * 100% 
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where n is the number of moles from the generated product, F is Faraday’s constant, z is the 

number of electrons transferred per molecule of the product, and Q is the total charge that is 

passed during CO2 reduction. 

2.5. Material Characterization  

  We obtained scanning electron microscopy (SEM) images and energy-dispersive X-ray 

(EDS) analysis using a JEOL JSN-7100F field emission SEM at an acceleration voltage of 15 

kV. X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Fischer Scientific 

Nexsa G2 Surface Analysis System using a monochromatic Al X-ray source and a spot size of 

400 μm. The energies of the spectra were calibrated against the C 1s peak of adventitious carbon 

at 248.6 eV. 

2.6. Periodic DFT Calculations  

 Periodic DFT computations within the projector-augmented wave (PAW) formalism 

were performed with the Vienna ab initio package (VASP)
52-55

 while employing the PBE
56

 

functional with the D3BJ
57,58 

damping correction and a plane wave basis with an energy cutoff of 

500 eV. Starting from the wurtzite structure of ZnO, we modelled the non-polar (10 ̃0) surface 

as a five-layer slab of 120 atoms, with a vacuum spacing of 25 Å between periodic images to 

avoid spurious interactions in the Z-axis. On bare ZnO(10 ̃0), we considered stepwise reduction 

of CO2 to the *COH and *CHO intermediates via *COOH. To describe the impact of surface 

functionalization on CO2 reduction, we added a propanethiolate ligand (CH3CH2CH2S) to the top 

surface of the slab, labelled as C3SH-ZnO(10 ̃0). The presence of this thiolate yields new 

binding modes for CO2 and the CO intermediates. We fully relaxed the reaction intermediates, 

thiolates, as well as the top two layers of the slab until the maximum force on each atom was less 

than 0.01 eV Å
−1

. The bottom three layers were always kept fixed. Dipole moment corrections to 
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the total energy were employed in the Z-direction, and the total energy convergence criterion 

was set at 1×10
−5

 eV. The Brillouin zone was sampled with a 2×2×1 Monkhorst-Pack k-point 

mesh for all calculations. In all calculations, we assumed spin polarization (ISPIN = 2) and 

accounted for solvation effects, using the VASPsol
59,60

 module with water as the solvent. To 

compute the Gibbs free energies of adsorbed species, we incorporate zero-point energy (ZPE) 

and entropy corrections. ZPE values are obtained from the frequencies of all vibrations of the 

surface adsorbates on the slab. To compute these frequencies, all atoms of the ZnO slab were 

held fixed. Vibrational contribution to the entropy of the molecules and the adsorbed species are 

calculated in the usual way from these frequencies using 298.15 K as the temperature and a 

pressure of 1 atm. In the solid state, volume changes are typically very small, and therefore the 

small difference between enthalpy and energy is not considered. These analyses were performed 

with VASPKIT.
61

 

 

3. Results and Discussion 

3.1. Rationale for Designing SAM-modified Electrodes for Selective CO2 Reduction 

Our laboratory previously demonstrated that fluoropolymer-modified metal electrodes 

can be used to elicit CO2 reduction with high selectivity.
44-50

 In particular, we found that Cu 

electrodes modified with an overlayer of Nafion produce CH4 with high Faradaic efficiencies up 

to 88% (Fig. 1A) during the electrochemical reduction of CO2.
44

 This high selectivity is 

attributed to the stabilization of a metal-bound CO intermediate that interacts with the sulfonate 

groups of the Nafion layer. By modulating the hydrophobicity of the fluoropolymer overlayer 

and the underlying metal electrode used, we were able to design polymer-modified electrodes 

that exhibit high Faradaic efficiencies for several other CO2 reduction products including 

ethylene and ethanol.
45
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Although electrodes covered with fluoropolymers such as Nafion are effective in 

facilitating selective CO2 conversion, the polymer layers used are tens of microns thick, which 

makes the electrodes expensive to fabricate and causes them to exhibit poor durability due to 

delamination from the electrode surface during catalysis.
44-46,51,62

 As such, we were inspired to 

replace the physiosorbed polymer overlayers with chemisorbed thiol-based SAMs that should 

exhibit increased durability. Furthermore, the chemical structure of the SAMs can be tuned to 

mimic the chemical properties of the polymer layers and elucidate the chemical origins of 

catalyst selectivity and reactivity.
63

  

 

Figure 1. Schematic of a Nafion-polymer modified Cu electrode for the selective reduction of CO2 to 

CH4 (A) and a ZnO electrode modified with a SAM of 1-propanethiol (C3SH) for the selective reduction 

of CO2 to methanol (B). 

We discovered that SAMs of 1-propanethiol (C3SH) on ZnO (Fig. 1B) yield 

electrocatalysts that convert CO2 to methanol with a Faradaic efficiency as high as 92%. DFT 

calculations and surface characterization experiments suggest that the high selectivity for 

methanol production results from an interplay between the thiol-modified ZnO sites on the 

electrode and unmodified ZnO defect sites present on the surface. 

 

3.2. SAM-Modified ZnO Electrodes for Selective Methanol Production 

ZnO is a well-known CO2 reduction electrocatalyst, and it can produce over 90% 

Faradaic efficiency for CO, which is a crucial intermediate in the generation of more highly 

reduced products.
64

 Because there is precedence for forming thiol SAMs on ZnO surfaces,
64,65

 

A) B) 
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we were inspired to use SAMs on ZnO electrodes for CO2 reduction to impart molecular level 

control over reactivity. Remarkably, a SAM of C3SH on a ZnO electrode yields 88% Faradaic 

efficiency for methanol after 1 hour of chronoamperometry at -1.4 V vs. RHE (Fig. S6) with 

only minor amounts of HCOOH, ethanol, and H2 side products (Fig. 2A, rightmost set of bars). 

Additional experiments indicate that the combination of ZnO and C3SH is needed to produce 

methanol. Unmodified Zn and ZnO electrodes produce predominantly CO without any methanol 

as is known in the literature,
64,66

 and C3SH deposited on Zn also does not generate any methanol. 

Additionally, CO2 reduction performed on C3SH SAMs on other metal electrodes including Ni, 

Ag, Cu, and Ti (Fig. S7) do not yield any methanol (Fig. S8). Taken together, these results 

demonstrate that C3SH and ZnO function synergistically to enable selective methanol 

production. 

 
Figure 2. Faradaic efficiencies (A) and rates of formation (B) for CO (black), methanol (red), C2H5OH 

(green), HCOOH (blue), and H2 (yellow) after 1 hr of CO2 reduction at -1.4 V vs. RHE using electrodes 

consisting of unmodified Zn metal, Zn modified with a C3SH SAM, unmodified ZnO, and ZnO modified 

with a C3SH SAM. 

After establishing that a SAM of C3SH on the ZnO electrode facilitates methanol 

generation, we investigated the effect of different voltages on catalyst selectivity (Fig. S9). 

At -0.6 V vs RHE, H2 is the primary product with minor selectivity for CO, methanol, and 

A) B) 
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formate (Fig. S10). At -0.9 V vs. RHE, the selectivity of methanol is maximized at 92% Faradaic 

efficiency, and the methanol Faradaic efficiency progressively degreases at more negative 

voltages. The C3SH-modified ZnO electrode also facilitates CO reduction to methanol with a 

high Faradaic efficiency of 91% at -0.9 V vs. RHE (Fig. S11). This result indicates that CO is a 

key intermediate in the reduction of CO2 to methanol via this catalyst. 

We also tested the effect of various functional groups on ZnO SAMs with three-carbon 

chain lengths (Fig. 3 and Fig. S12). Interestingly, hydrophilic functional groups on the tail of the 

SAM including carboxylate, amino, alcohol, and sulfonate completely inhibit methanol 

production, while a trifluoromethyl group only partially hinders the catalyst’s selectivity for 

methanol. These results demonstrate that hydrophobic SAMs are necessary for methanol 

production on ZnO electrodes.  

 

A) 
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Figure 3. Faradaic efficiencies (A) and rates of formation (B) for CO (black), methanol (red), C2H5OH 

(green), HCOOH (blue), and H2 (purple) after 1 hr of CO2 reduction at -0.9 V vs. RHE using ZnO 

deposited Zn electrode fabricated by different thiol group. CO2HC2SH, NH2C3SH, SO3C3SH, OHC3SH, 

C3SH, and F3C3SH, represent 3-mercaptopropanoic acid, 3-amino-1-propanethiol, 3-mercapto-1-propane 

sulfonate, 3-mercapto-1-propanol, 1-propanethiol, and 3,3,3-trifluoro-1-propanethiol, respectively. 

 

3.3. Mechanistic Interpretations: Evidence for Defect-driven Catalysis from DFT Calculations 

 From the results above, we demonstrate that a hydrophobic SAM on ZnO exhibits unique 

chemical reactivity that gives rise to the selective electroreduction of CO2 to methanol. We 

therefore utilize DFT calculations to interrogate what mechanistic attributes of the C3SH-ZnO 

catalyst enable methanol formation. These calculations provide Gibbs free energies of 

electrochemical reactions, with corrections for solvation at 0 V versus the RHE. Adsorption free 

energies,   , for CO2 or CO are defined by 

                       

where          is the free energy of the substrate with bound adsorbate,      is the total 

electronic energy of the substrate, and      is the free energy of the adsorbate in the gas phase.  

CO2 binds to ZnO(10 ̃0) as a tridentate carbonate, with a binding energy of 0.89 eV (Fig. 

4). On a C3SH-ZnO(10 ̃0) model with one thiolate ligand, the surface-bound tridentate carbonate 

B) 
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mode remains the most stable binding mode, 0.93 eV, significantly more so than the 

thiocarbonate mode, 0.12 eV, where CO2 is bound directly to the thiolate. Thus, the CO2 

adsorption free energy is not affected by the thiolate, at least at the considered surface coverage, 

and there is very little impetus for CO2 to bind directly to the thiol. CO2 reduction will therefore 

mostly commence at exposed ZnO islands on surfaces coated with C3SH SAMS. 

Figure 4. Energy diagram for CO2 reduction on ZnO(10 ̃0). Binding modes of CO2 on C3SH-

ZnO(10 ̃0) are shown in the inset.  

 

Regarding CO2 reduction, the Gibbs free energy for forming *COOH on ZnO(10 ̃0) is 

0.79 eV. Further reduction of *COOH to *CO and desorbed water brings the total free energy to 

0.90 eV. In Fig. 5, *CO is adsorbed on ZnO(10 ̃0) in a near-linear mode, through the end of the 

carbon, to a surface Zn atom. Further reduction of *CO to either *HCO or *COH is significantly 

disfavored on ZnO(10 ̃0), by +1.15 eV or +1.18 eV, respectively. Interestingly, desorption of 

CO from the ZnO(10 ̃0) surface costs +0.17 eV, far smaller than the *CO → *COH/*HCO 

reduction energies, and it is thus easy to rationalize why the pristine ZnO(10 ̃0) surface is a CO2 

to CO reduction electrocatalyst. 
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Figure 5. Energy diagram for CO reduction on the C3SH-ZnO(10 ̃0) surface. 

 

Having established that CO2 preferentially binds to the ZnO surface where 

electrochemical reduction to CO is facilitated, we consider the binding configurations of CO on 

C3SH-ZnO(10 ̃0). Indeed, there are two binding configurations for CO on C3SH-ZnO(10 ̃0), 

either, like for pristine ZnO(10 ̃0), to a Zn atom, or as a thiocarbonyl, interacting with the 

thiolate sulfur atom (C-S distance of 1.87 Å) and also with a surface Zn atom (C-Zn distance of 

2.10 Å, Fig. 5). Interestingly, the thiocarbonyl binding mode for CO on C3SH-ZnO(10 ̃0) is 0.23 

eV stronger than the *CO surface-binding mode on this substrate, indicating that the thiolate 

ligand provides a new destination for desorbed CO previously formed on exposed ZnO(10 ̃0) 

islands. Moreover, the thiocarbonyl is much readily reduced to thio-COH, costing only 0.47 eV. 

Thus, this new binding mode afforded by the thiolate allows for further reduction of CO 

produced on ZnO. Downstream reduction of the thio-COH to thio-HCOH and subsequently to 

thio-CH2OH and finally surface-bound methanol, *CH3OH, are energetically favored, and 

significantly preferred to dehydration alternatives (specifically thio-C and thio-CH) that would 

otherwise lead to formation of CH4.             
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3.4. Further Evidence for Defect-driven Catalysis from Chain Length Studies 

 Given that the DFT analysis above suggests that the interplay between unmodified ZnO 

defect sites and C3SH-ZnO sites facilitates methanol production, we studied the effect of 

different SAM chain lengths with different defect densities on catalyst selectivity. In SAMs, 

defect sites commonly occur, and the defects refer to the exposed, unmodified portions of the 

electrode. Higher chain length SAMs generally have a greater packing density due to favorable 

van der Waals interactions between the methylene groups, which results in a lower SAM defect 

density.
67,68

 To confirm that this trend is true for ZnO surfaces, we conducted standard 

K3Fe(CN)6 blocking experiments on various alkylthiol ZnO SAMs. A cyclic voltammogram 

(CV) of a ZnO electrode modified with C3SH exhibits substantially less current density than that 

of an unmodified ZnO electrode (Fig. 6A). This result is expected because the C3SH SAM 

impedes electron transfer kinetics to the solution-phase Fe(CN)6
3-

 redox couple. However, the 

Fe(CN)6
3-

 redox couple is still clearly present with the C3SH SAM. Although impeded, electron 

transfer from the surface to Fe(CN)6
3-

 still occurs through unmodified ZnO sites on the electrode 

(SAM defect sites) and via electron tunneling through the SAM. As the chain length of the SAM 

is increased from C3 to C10, the ratio of integrated charge passed in the Fe(CN)6
3-

 blocking CV 

for the SAM electrode compared to the unmodified ZnO electrode progressively decreases from 

0.11 to 0.06 (Fig. S13A). Furthermore, in general, there is a progressive increase in the peak-to-

peak separation with increased SAM chain length, which is diagnostic of increasingly hindered 

electron transfer rates (Fig. 6B). Interestingly, however, the peak-to-peak separation is larger for 

C3 than it is for C4, which goes against this trend and suggests that the electron transfer rate of 

the C3-modified SAM is slower than that of the C4-modified SAM. Laviron electron transfer 

rates calculated from CVs conducted at variable scan rates
69

 confirm this behavior (Figs. S13B 

and S13C), which possibly originates from poorer packing dynamics of the C4 SAM. Lastly, 
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water contact angle measurements demonstrate that the longer chain length SAMs are more 

hydrophobic (Fig. S14 and Table S2). The K3Fe(CN)6 blocking and water contact angle 

measurements both provide evidence that higher chain length ZnO SAMs exhibit greater packing 

densities and lower defect densities.  

 
Figure 6. Cyclic voltammograms of bare ZnO (A, black) and C3SH-modified ZnO electrodes (A, red) and 

ZnO modified with SAMs with different alkanethiol carbon chain lengths including C3 (B, black), C4 (B, 

red), C6 (B, green), C8 (B, blue), and C10 (B, purple) at 5 mV s
-1

 in 5 mM K3Fe(CN)6 with 0.1 M KCl in 

H2O. 

 

K3Fe(CN)6 blocking experiments conducted on ZnO C3 SAMs with various tail 

functional groups do not yield significantly different CVs because the lengths of the SAMs are 

all similar (Fig. S15). However, as discussed earlier, the CO2 product distribution is very 

sensitive to the identity of the tail functional group (Fig. 3). The methyl and trifluoromethyl 

SAMs are the most hydrophobic as indicated by water contact angle measurements (Fig. S16 and 

Table S3), the two C3 SAMs that yield significant quantities of methanol.  

B) 
A) 
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Figure 7. Faradaic efficiencies (A) and rates of formation (B) for CO (black), methanol (red), C2H5OH 

(green), HCOOH (blue), and H2 (purple) after 1 hr of CO2 reduction at -0.9 V vs. RHE using ZnO 

electrodes modified with alkanethiol SAMs containing different carbon chain lengths. Representative 

chronoamperometry data are presented in Figure S16.  

 

The data in Fig. 7 (Fig. S17) demonstrate that the selectivity for methanol production 

decreases as the SAM chain length increases from C3 to C6, and no methanol was detected for 

the C8 and C10 SAMs. The C3SH-ZnO electrode exhibits the highest Faradaic efficiency as this 

monolayer is the least densely packed, and thus contains the highest number of defect sites that 

the previously discussed DFT calculations indicate are necessary for methanol generation. Taken 

together, these results demonstrate that defect density and tail functional groups both affect 

product distribution and that defect-rich SAMs with hydrophobic tail groups are the most 

selective for methanol.  

3.5. Practical Considerations: Catalyst Durability and Nanostructuring 

 After gaining mechanistic insight into the origin of methanol selectivity facilitated by the 

C3SH-ZnO catalyst, we evaluated its catalytic stability through a 21-hour test at -0.9 V vs RHE. 

The results are impressive, showing that the catalyst is relatively stable, with the Faradaic 

efficiency slightly decreasing from 92% to 86% during the first 10 hours of the test before 

A) B) 
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decreasing further to 78% after 21 hours (Fig. 8). XPS experiments show that the SAM remains 

mostly intact after CO2 reduction as evidenced by the S peak at 164 eV (Fig. S18), which 

originates from the thiol group of C3SH. However, the intensity of the S peak relative to the Zn 

peaks decreases after chronoamperometry, suggesting that some C3SH is lost from the surface 

during catalysis. This decrease in C3SH surface coverage likely explains the decrease in Faradaic 

efficiency for methanol production witnessed over the course of 21 hours of catalysis. 

 
Figure 8. Faradaic efficiency for methanol production over time of a ZnO electrode modified with a 

C3SH SAM using chronoamperometry at -0.9 V vs. RHE. 

 

In addition to durability, current density is another important practical consideration for 

catalysts. Compared to several other reported CO2 reduction catalysts,
44-49,70

 the relatively low 

current densities reported thus far in this manuscript are expected because the electrodes we use 

are nominally flat, unlike highly porous electrodes designed to maximize current density. The 

behavior of SAMs on flat electrodes, however, is much simpler than highly porous electrodes, 

and there are fewer types of active sites on flat electrodes, which aids in mechanistic 

understanding and allows for more accurate DFT modeling. After elucidating the chemical 
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properties that give rise to high methanol Faradaic efficiencies on the flat C3SH-ZnO catalyst, we 

next nanostructured the catalyst as a first step towards developing a practical catalytic system 

with increased current density. 

 
Figure 9. Faradaic efficiencies (A) and rates of formation (B) for CO (black), methanol (red), HCOOH 

(blue), and H2 (purple) after 1 hr of CO2 reduction at -0.9 V vs. RHE using carbon paper, carbon paper 

modified with ZnO nanoparticles, and carbon paper modified with ZnO nanoparticles with a SAM of 

C3SH. 

 

The nanostructured catalyst (nZnO/C3SH) consists of C3SH deposited on commercially 

available 30-80 nm in diameter ZnO drop cast on carbon paper. This nZnO/C3SH catalyst retains 

high selectivity for methanol during CO2 reduction with a Faradaic efficiency of 88% (Fig. 9 and 

Fig. S19). In a manner analogous to the flat electrodes, the nanostructured catalyst with C3SH or 

without ZnO does not generate any methanol. These results indicate that the synergism between 

ZnO and C3SH for methanol selectivity is maintained even when the catalyst is nanostructured in 

a form that is amenable for more practical CO2 reduction devices. 

4. Conclusions  

In summary, we describe SAM-modified metal and metal oxide electrocatalysts that 

enable highly selective CO2 conversion. This general class of catalysts enables selective 

production of CH4 in the case of Cu and methanol in the case of ZnO. In particular, a SAM of 

A) 
B) 
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C3SH on a ZnO electrode yields methanol at 92% Faradaic efficiency at -0.9 V vs. RHE. In 

contrast, ZnO electrodes without SAMs do not produce any methanol and instead predominantly 

generate CO. Based on systematic studies with various SAMs and DFT calculations, we propose 

a novel defect-driven mechanism for electrochemical CO2 conversion that explains the high 

selectivity observed. In this mechanism, CO is produced at unmodified ZnO exposed as defect 

sites in the SAM, and the thiol moiety of C3SH facilitates the subsequent conversion of CO to 

methanol. This mechanism outlines a new paradigm for the rational design of selective 

CO2 conversion electrocatalysts using defect-rich SAMs as a platform for co-catalysis. 
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