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Abstract 
 

The extensive use of fossil fuels has increased the atmospheric concentration of CO2, resulting in 

global climate change.  One way to mitigate the CO2 challenge is to convert it into useful 

chemicals electrocatalytically using renewable energies.  Recent studies suggest that ligand-

modified gold electrodes can enhance the Faradaic efficiency (FE) and selectivity of the 

electrochemical CO2 reduction reaction (CO2RR).  This theoretical research, primarily based on 

density functional theory (DFT), has been carried out to understand the interactions of ligands 

with Au and possible effects on electrocatalytic activities.  We systematically modeled and 

studied the adsorption of three different types of ligands, which bond through C, N, and S 

respectively, on Au surfaces in conjunction with various experimental techniques to clarify how 

the type of ligand, bonding site on Au surfaces, and many environmental factors such as 

electrode potential and aqueous solution influence the strength of the interaction.  In addition, we 

theoretically investigated the enhancement of catalytic activity of Au electrode induced by the 

interaction between thiol ligands and Au electrode.  We demonstrated that thiol ligands, such as 

2-phenylethanethiol (2-PET) and 2-mercaptopropionic acid (2-MPA), modified Au electrodes by 

reconstructing the electrode surfaces to generate active Au defect sites, which promoted CO and 

hydrogen evolution reactions (HER).  Our studies provide strong theoretical evidence for future 

research on the synthesis of novel ligand-Au catalysts. 
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Chapter 1. Introduction 

1.1. Excessive atmospheric CO2 concentration induced climate change  

The concentration of CO2 in the atmosphere exceeded 400 parts per million (ppm) in 2018 

according to the National Oceanic and Atmospheric Administration (NOAA).1  The increase of 

the atmospheric CO2 concentration in the past two centuries was due to the continued 

combustion of fossil fuels for energy.2  Researchers from the Intergovernmental Panel on 

Climate Change (IPCC) reported that the safe upper atmospheric CO2 concentration is 350 ppm.3  

The excessive CO2 molecules in the atmosphere caused global warming and ocean acidification.  

The earth emitted heat rays (longwave radiation) are adsorbed by CO2 molecules in the 

atmosphere, and the adsorption of heat rays heats the atmosphere which in turn re-radiate 

longwave radiation back to the surface of the earth, leading to the phenomenon of global 

warming.4  The adsorbed CO2 in the ocean reacts with water molecules to produce hydrogen ion 

(H+) and bicarbonate (HCO3¯), making the ocean more acidic.5  Thus, scientists have developed 

various methods to reduce the CO2 concentration in the atmosphere, such as photoreduction of 

CO2 and electrochemical CO2RR.  We focused on the electrochemical CO2RR in our research 

works. 

1.2. Electroreduction of CO2  

Electrochemical CO2RR reduces CO2 to various chemicals and fuels in aqueous solutions under 

ambient conditions.6, 7  The electricity needed for electrochemical CO2RR can be generated from 

renewable sources, such as wind, water, and the sun.3  In the simplest setup, electrochemical 

CO2RR is conducted on two electrodes separated with a membrane (Figure 1.1).8  H2O is 

oxidized to molecular oxygen on the anode, and CO2 is reduced by electrons on the cathode.8  

The reaction rate of electrochemical CO2RR can be easily tuned by changing the potential of 
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electrode.8  The activity of electrochemical CO2RR is controlled by catalyst’s electronic structure, 

catalyst nano-structuring, mass transport, the interfacial electric field, pH, and the electrolyte 

composition.9  The modularity and scale-up of electrochemical CO2RR are relative simple.10 

 

 

Figure 1.1. Schematic of a typical electrolyzer for electrochemical CO2RR.  Reprinted with 

permission from Q. Lu and F. Jiao, Nano Energy 2016, 29, 439-456.  © 2016 Elsevier. 

 

The one-electron reduction of CO2 to surface-bounded CO2¯ at -1.90 V vs. standard 

hydrogen electrode (SHE) is thermodynamically unfavorable.8  CO2 can be reduced to various 

products, such as HCOOH, CO and HCHO, in pH = 7 aqueous solutions at the potential range of 

-0.20 to -0.61 V vs. SHE (Table 1.1).8  The selectivity of electrochemical CO2RRs is usually low 

because the reduction potentials of CO2RRs are in a small potential range of 0.4 V, where the 

HER is a competing reaction.  As a result, large amounts of H2 are generated on electrode in 

electrochemical CO2RRs, which suppresses the FE of desirable products of hydrocarbons.  
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Table 1.1. Possible electrochemical reduction reactions of CO2 with their standard potentials.  

Reprinted with permission from Q. Lu and F. Jiao, Nano Energy, 2016, 29, 439-456.  © 2016 

Elsevier. 

 

 

In 1985, Hori and co-workers first investigated CO2RR using bulk metal electrodes, and 

obtained products of HCOO¯, CH4, CO and H2.
11  Cd, Sn, Pb and Zn electrodes produced 

HCOO¯ and H2.  In electrode produced HCOO¯ selectively at a FE more than 92%, and gave 

byproducts of CO and H2.  The reproducibility of Zn was poor, the FE of HCOO¯ was in the 

range of 17.6% to 85.0%, whereas the FE of CO was in the range of 63.3% to 3.3%.  Cu 

produced a significant amount of CH4.  Ag and Au predominantly produced CO.  H2 was the 

exclusive product on Ni and Fe.11  Formate and CO are the two main products on metal 

electrodes.  The FE and current density of these two products on various metal electrodes are 

shown in Table 1.2 and 1.3.6 
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Table 1.2. The formation of formate on metal electrodes in aqueous solutions.  Adapted with 

permission from J.-P. Jones, G. K. S. Prakash and G. A. Olah, Isr. J. Chem. 2014, 54, 1451-1466.  

© 2014 John Wiley and Sons. 

 

 

Table 1.3. The formation of CO on metal electrodes in aqueous solutions.  Adapted with 

permission from J.-P. Jones, G. K. S. Prakash and G. A. Olah, Isr. J. Chem. 2014, 54, 1451-1466.  

© 2014 John Wiley and Sons. 

 
 

The proposed mechanisms of electrochemical CO2RR on metal electrodes are shown in 

Figure 1.2.  The reduction of CO2 to CO2¯ is the rate limiting step.  The surface-bounded CO2¯ 

is reduced to CO, whereas the CO2¯ in solution is reduced to HCOO¯.  The metal electrodes can 

be divided into three groups based on their abilities to bind CO2¯ and whether they can reduce 

CO.  The metals in Group 1 can not bind CO2¯ and reduce CO.  The metals in group 2 bind 

CO2¯, but can not reduce CO.  The Cu electrode can binds CO2¯ and reduce CO.6 
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Figure 1.2. Mechanisms of electrochemical CO2RR on metal electrodes in aqueous solutions.  

Reprinted with permission from J.-P. Jones, G. K. S. Prakash and G. A. Olah, Isr. J. Chem. 2014, 

54, 1451-1466.  © 2014 John Wiley and Sons. 

 

Kuhl et al. investigated the electrocatalytic behaviors on transition metal electrodes using 

both experimental and computational methods (Figure 1.3).12  The vertical line in Figure 1.3 

indicates the CO binding energy of reaction CO* = CO(g) + *, where * denotes a free site on 

surfaces.13  The metals that favor adsorbed CO lie on the left side of the vertical line, whereas the 

metals that favor CO in gas phase lie on the right side of the vertical line.12  Au produces CO gas 

in electrochemical CO2RRs at a high current density and low overpotential.  We focused on the 

study of Au electrodes in our research.   
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Figure 1.3. (a) Volcano plot of CO2RR current density vs. CO binding energy at −0.8 V vs. RHE.  

(b) Volcano plot of onset potential vs CO binding energy.  Reprinted with permission from K. P. 

Kuhl, T. Hatsukade, E. R. Cave, D. N. Abram, J. Kibsgaard and T. F. Jaramillo, J. Am. Chem. 

Soc. 2014, 136, 14107-14113.  © 2014 American Chemical Society. 

 

In the literature, the FE of CO evolution was found to be 91% on an Au electrode in a 0.5 

M KHCO3 solution at -1.1 V vs. normal hydrogen electrode (NHE).  The partial current density 

and onset potential of the CO evolution are 3.7 mA cm-2 and -0.8 V vs. SHE, respectively.11, 14, 15  

The pH of phosphate buffer solution has a significant effect on the FE and current density of the 

CO evolution on Au electrode.  The FE increased from 30% to 60% as the pH of the solution 

increased from 2.5 to 6.8 at -1.3 V vs. Ag/AgCl.16  The current density of CO was dependent on 

the pH of the solutions in pH = 6.2 or 6.8 solution, whereas the current density of CO was not 

dependent on the pH of the solutions in pH = 2.5, 4.3 or 5.2 solution.16 
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To improve the catalytic activity of Au electrodes, researchers have prepared nano-sized 

Au catalysts for electrochemical CO2RRs.  The thiolate-stabilized Au25 nanoclusters converted 

CO2 to CO in 0.1 M KHCO3 solution with approximately 100% FE and a partial current density 

of 15 mA cm−2 at −1 V vs. reversible hydrogen electrode (RHE), and the onset potential of the 

CO evolution was measured to be −0.19 V vs. RHE.17  DFT calculations showed that an oxygen 

atom of CO2 interacted with sulfur atoms in the thiolate-stabilized Au25 nanoclusters, and the 

adsorption of CO2 molecules depleted the electrons in S atoms (Figure 1.4).17 

 

 

Figure 1.4. (a) DFT modeled stable geometry of CO2 adsorption on the thiolate-stabilized Au25 

nanoclusters.  (b) The change of electrons upon CO2 adsorption; negative values represent 

electron loss.  Reprinted with permission from D. R. Kauffman, D. Alfonso, C. Matranga, H. 

Qian and R. Jin, J. Am. Chem. Soc. 2012, 134, 10237-10243.  © 2012 American Chemical 

Society. 

 

Zhu et al. reported that 8nm monodisperse Au nanoparticles reduced CO2 in 0.5 M 

KHCO3 with a maximum 90% FE at -0.67 V vs. RHE.  The theoretical investigation of CO2RR 

on Au nanoparticles showed that the edge sites stabilized the key intermediate *COOH, favoring 

the CO evolution over the HER.  However, the corner sites on Au nanoparticles stabilized the 

intermediate *H, favoring the HER over the CO evolution (Figure 1.5).18 
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Figure 1.5. Free energy diagrams for the electrochemical (a) CO2RR and (b) HER on Au(111), 

Au(211), or Au13 cluster at -0.11 V vs. RHE.  Reprinted with permission from W. Zhu, R. 

Michalsky, Ö. Metin, A. A. Peterson, S. Sun et al., J. Am. Chem. Soc. 2013, 135, 16833-16836.  

© 2013 American Chemical Society. 

 

To increase the number of edge sites on Au electrodes and improve the CO evolution, 

Zhu et al. synthesized ultrathin Au nanowires.19   The edge site weight percentage on Au 

nanowires is larger than that on Au nanoparticles.  The ultrathin Au nanowires in 0.5 M KHCO3 

solution exhibited a 94% FE for the CO evolution at −0.35 V vs. RHE.19  DFT calculations 

showed that the CO binding is relative weak on Au nanowires, whereas the COOH binding is 

relative strong on Au nanowires (Figure 1.6).  Mistry et al. investigated the size-dependent 

catalytic activities of 1.1–7.7 nm Au nanoparticles at −1.2 V vs. RHE, and found that the FE of 

the CO evolution became smaller and the FE of the HER became larger as the particle size 

decreased.20  Unfortunately, the agglomeration of Au nanoparticles could reduce the surface 

areas of Au catalysts, causing the deactivation of the catalysts.21 
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Figure 1.6. DFT calculated minimum energy geometries of (a) COOH and (b) CO on Au 

nanowires.  The calculated binding energy of (c) COOH and (d) CO on the Au13 cluster, Au 

nanowires and Au(211). Reprinted with permission from W. Zhu, Y.-J. Zhang, H. Zhang, A. A. 

Peterson, S. Sun et al., J. Am. Chem. Soc. 2014, 136, 16132-16135.  © 2014 American Chemical 

Society. 

 

Alloy catalyst consists of two or more than two metals, and it shows special catalytic 

property for electrochemical CO2RR.  Watanabe et al. catalyzed CO2RR using Cu alloy catalysts 

in 0.05 M KHCO3 solutions.22  The Cu-Ni catalyst produced CH3OH and HCOOH selectively.  

Both the Cu-Sn and Cu-Pb catalysts produced HCOOH at a FE larger than 50%.22  Rasul 

prepared Cu-In bimetallic electrocatalyst for CO2RR.23  The FEs of CO evolution and HER were 

23% and 3% respectively on the Cu-In catalysts in 0.1 M KHCO3 solution.  The FE of CO 

evolution reached 90% at a potential of -0.5 V vs. RHE.23  Christophe et al. prepared AuPd and 

AuCu alloys for electrochemical CO2RRs.24, 25  The AuPd electrodes produced H2, CO, and 

HCOO¯ in 0.1 M KHCO3 solutions, and showed higher activity and selectivity for HCOO¯ than 
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either pure Au or Pd.24  The AuxCu100-x alloys were synthesized by melting Au and Cu metal 

together, where x denotes the atomic percent of gold.  The electroreductions of CO2 on AuCu 

alloys were conducted in the electrolyte of 0.01 M KH2PO4/0.1 M K2HPO4.  Au1Cu99 produced 

CO, CH4, C2H4 and trace amount of C2H6.  As the value of x increased, the AuxCu100-x alloys 

produced more CO and less CH4.
25  Jia et al. prepared nanostructured Cu-Au alloys on a template 

of nanoporous Cu film (NCF).26  The Cu63.9Au36.1/NCF in 0.5 M KHCO3 produced methanol and 

ethanol at a FE of 15.9% and 12%, respectively.  The FE of alcohols on Cu63.9Au36.1/NCF was ca. 

6 times as large as that on pure Cu.  Unfortunately, the dispersions of metals are hard to control 

in the synthesis of alloy catalysts.27 

Andrews et al. prepared electrodes by combining Au nanoparticles and polymer binders 

together, and tested the electrocatalysis behavior on the prepared electrodes.28  He used two 

polymer binders, porous Nafion and polyvinylidene fluoride (PVDF).  The sulfonate moieties of 

Nafion are able to transfer protons within the porous Nafion, and chemisorb on Au surfaces.29  

PVDF is a sulfonate-free polymer.  The current densities of CO2RR on Au25/PVDF, Au25/Nafion, 

and gold foil are shown in Figure 1.7.  The incorporation of Nafion in Au25 nanoparticles shifted 

the onset potentials of CO2RR and HER by 190 mV anodically and 300 mV cathodically 

respectively, indicating Au25/Nafion promoted the selectivity of electrochemical CO2RR.  On the 

other hand, the incorporation of (sulfonate-free) PVDF in Au25 nanoparticles shifted the onset 

potentials of CO2RR by 110 mV anodically. 
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Figure 1.7. Linear voltammograms of Au25/PVDF, Au25/Nafion, and gold foil in CO2 saturated 

0.1 M KHCO3 solutions. Reprinted with permission from E. Andrews, S. Katla, C. Kumar, M. 

Patterson, P. Sprunger and J. Flake, J. Electrochem. Soc. 2015, 162, F1373-F1378.  © 2015 The 

Electrochemical Society. 

 

The FE of CO2RR on Au/polymer catalysts are shown in Figure 1.8.  The FE of CO2RR 

on Au25/Nafion was measured to be almost 90% at 0.8 V vs. RHE.  Nafion binder promoted both 

the FE and current density of electrochemical CO2RR.  The FE of CO2RR on Au25 nanoparticles 

was higher than that on 5nm Au nanoparticles.  X-ray photoelectron spectroscopy spectrum 

showed that sulfonate moieties altered the binding energies of key species and induced favorable 

reconstruction, enhancing the catalytic activities of Au nanoparticles.28 
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Figure 1.8. Faradayic efficiency plots of CO2RR on Au25/PVDF, Au25/Nafion, 5 nm Au/Nafion, 

and 5 nm Au/PVDF catalysts, respectively.  Reprinted with permission from E. Andrews, S. 

Katla, C. Kumar, M. Patterson, P. Sprunger and J. Flake, J. Electrochem. Soc. 2015, 162, F1373-

F1378.  © 2015 The Electrochemical Society. 

 

Molecular catalysts catalyze electrochemical CO2RRs in either homogeneous or 

heterogeneous reaction.  Typically, the molecular catalyst reduces CO2 at a low potential and 

high selectivity relative to the metal catalyst.  The reductions of CO2 using molecular catalysts 

are shown in Table 1.4.  The current densities of homogeneous molecular catalytic reactions are 

low relative to the heterogeneous metal catalytic reactions.  Thus, scientist deposited molecular 

catalysts on solid supports, and the solid-molecule catalysts gave high current densities.  For 

example, the entries 3-6 in Table 1.4.6 
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Table 1.4. The reductions of CO2 using molecular catalysts.  Adapted with permission from J.-P. 

Jones, G. K. S. Prakash and G. A. Olah, Isr. J. Chem., 2014, 54, 1451-1466.  Copyright 2014 

John Wiley and Sons. 

 

 

Bocarsly et al. reported that pyridinium ions catalyzed the reduction of CO2 to methanol 

at a 30% FE on hydrogenated Pd electrodes30, and formic acid and formaldehyde were observed 

as intermediates in this reaction.31  Theoretical calculations suggested that pyridinium radicals 

were capable of reducing CO2 to methanol without the metal-based electron transfer.31  Bocarsly 

et al. further investigated a series of substituted pyridines for their catalytic activities in 

electrochemical CO2RRs.32  Typically, a substituted pyridine molecule with a higher basicity and 

LUMO energy gave more yields of CO2 reduction.32  Carter et al. proposed that electrode surface 

played a significant role in the pyridinium catalyzed CO2RR.33-35  Both the proton reduction and 

pyridinium reduction were thermodynamically unfavorable on the electrode surface, whereas the 

reduction of pyridine into dihydropyridine was thermodynamically favorable.33  Figure 1.9 

shows the proposed mechanism for dihydropyridine catalyzed CO2RR.  A hydride ion and a 

proton are first transferred to a pyridine to produce dihydropyridine on the surface, and then 

transferred from the formed dihydropyridine to a CO2 molecule to produce HCOOH molecule.  
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The reduction potential for converting pyridine to dihydropyridine is similar to that for 

converting CO2 to reduced species.33 

 

 

Figure 1.9. The mechanism for dihydropyridine catalyzed CO2RR on electrode surface.  

Reprinted with permission from J. A. Keith and E. A. Carter, J. Phys. Chem. Lett. 2013, 4, 4058-

4063.  © 2013 American Chemical Society. 

 

Re(bipy)(CO)3Cl (bipy = 2,2′-bipyridine) and 6,7-dimethyl-4-hydroxy-2-mercaptopteridine 

(PTE) are homogeneous catalysts for CO2RR.36, 37  Re(bipy)(CO)3Cl reduced CO2 to CO in 0.1 

M Et4NCl solution at -1.25 V vs. NHE.36  PTE catalyst gave methanol, formate and 

formaldehyde in 100 mM KCl solution at -0.65 V vs. Ag/AgCl.37 

 

1.3. Enzyme catalyzed reduction of CO2  

Intriguingly, enzymes were found to be able to reduce CO2.  Carbon monoxide dehydrogenase 

(CODH) enzymes catalyzed both the oxidation of CO and the reduction of CO2 at ambient 

conditions.38-40  The CODH enzymes in Carboxydothermus hydrogenoformans and 

Methanosarcina barkeri were named as ChCODH Ⅱ and MbCODH, respectively.39, 41  Hansen et 

al. investigated the kinetic activity for CO evolution on transition metals, ChCODH Ⅱ, and 

MbCODH respectively using computational methods (Figure 1.10).42  The activities for CO 
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evolutions were calculated as a function of the adsorption energies of COOH (ΔECOOH) and CO 

(ΔECO) at the pressures of 𝑝𝐶𝑂2
= 1atm and 𝑝𝐶𝑂 = 1atm.  The metals of Cu, Au and Ag showed 

high activities for CO evolution, with Au was the best one.  The kinetic activities for CO 

evolutions on enzymes are higher than that on transition metals. 

 

 

Figure 1.10. Kinetic activity for CO evolution on transition metals at a 0.35 V vs. RHE 

overpotential.  The CO evolutions on ChCODH Ⅱ and MbCODH are shown in the figure.  

Reprinted with permission from H. A. Hansen, J. B. Varley, A. A. Peterson and J. K. Nørskov, J. 

Phys. Chem. Lett. 2013, 4, 388-392.  © 2013 American Chemical Society. 

 

Hansen et al. modeled the adsorption of COOH on ChCODH enzyme (Figure 1.11)42.  

The ChCODH enzyme contains NiFe4S5 clusters and cysteine residues.  The COOH molecule 

was coordinated to the ChCODH enzyme through both the C-Ni bond and the O-Fe bond, 

whereas the COOH molecule was bonded to the Au(211) only through the C-Au bond.  Thus, the 

ΔECOOH on the ChCODH enzyme is more negative than that on the Au(211). 
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Figure 1.11. The binding geometries of COOH on (a) ChCODH and (b) Au(211).  Au and Ni 

atoms are golden, Fe atoms are purple, C atoms are black, S atoms are yellow, O atoms are red, 

N atoms are blue, and H atoms are white.  Reprinted with permission from H. A. Hansen, J. B. 

Varley, A. A. Peterson and J. K. Nørskov, J. Phys. Chem. Lett. 2013, 4, 388-392.  © 2013 

American Chemical Society. 

 

As mentioned above: 1) Au electrodes exhibited high FE for the CO evolution at low 

overpotentials; 2) cysteine ligands modified NiFe4S5 clusters promoted CO2RR by stabilizing 

COOH without stabilizing CO by a similar amount.  Inspired by these two findings, we 

investigated the interaction of ligands with gold and the interaction effects on CO2RR. 

1.4. Interaction of thiols with Au 

Thiol molecules are able to form stable and highly ordered SAMs spontaneously on noble metal 

surfaces.43-45  Thiol SAMs modify metal surfaces with various chemical groups, such as -S, and -

S-S-.46-48  The dissociation of the thiolic H atoms from thiol molecules requires small energies of 

0.3~0.4 eV,49, 50 indicating that the dissociation takes place at ambient conditions.  Scientists 

confirmed the formation of Au-S bonds in thiol SAMs.51, 52 

Scientists have found that the adsorption of thiols on Au surfaces induced the 

reconstruction of Au surfaces.53-57  Figure 1.12 shows the scanning tunneling microscopy (STM) 
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images of MPA SAMs on Au(111).  The MPA SAMs changed the morphology of Au(111).  Pits 

and vacancy islands were formed on the reconstructed Au surfaces.58 

 

 

Figure 1.12. (a) The STM image of MPA SAMs on Au(111) in 0.1 M H2SO4 at ESCE = -0.1 V.  

Images (b) to (f) were taken later than (a) by 3, 5, 10, 13 and 15 min, respectively.  Reprinted 

with permission from M. Petri, D. M. Kolb, U. Memmert and H. Meyer, Electrochim. Acta 2003, 

49, 175-182.  © 2003 Elsevier. 

 

Mobile Au adatoms were observed on thiol SAMs modified Au surfaces.56, 57, 59  The Au 

adatoms were probably extracted out of the surfaces by adsorbed thiolates.  Theoretical 

calculations demonstrated that the formation of Au-thiolate complex was thermodynamically 

favorable, and the complexes on reconstructed Au surfaces were more stable than that on 

unreconstructed Au surfaces.60  STM images showed that two thiolates linked by one Au adatom 

formed a dithiolate-Au complex (the chemical formula of the dithiolate-Au complex is (RS)2Au), 

and the complex was like a “staple” motif.46, 57, 59  The coverage of (RS)2Au on Au flat terraces 

was calculated to be 1/3 monolayer (ML, the coverage is equal to the ratio of the number of S 

atoms to the number of Au atoms in a unit cell).61  To the best of our knowledge, the 

configurations of thiolates on Au defect sites are not well understood. 
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Figure 1.13 shows the proposed scheme for thiolate induced reconstruction of Au(111).  

After we placed an Au foil into a 20 mM ethanolic solution of thiols, thiols formed SAMs on the 

surfaces of Au.  The adsorption of thiols induced the reconstruction of Au(111) surfaces.  Mobile 

thiolate molecules (RS) took Au atoms out of the Au(111) surfaces, generating thiolate-Au 

complexes (RSAu) and Au vacancies (VAu).  As more and more Au atoms were extracted out of 

the Au(111) surfaces, the VAu coalesced into vacancy islands.  Two RSAu reacted to produce 

(RS)2Au, releasing one Au adatom to the surfaces.  The Au adatoms then formed step edges and 

islands on the Au(111) surfaces. 

 

Figure 1.13.  The proposed scheme of Au(111) reconstruction. (a) thiolates covered Au(111); (b)  

the formation of RSAu and VAu on Au(111); (c) the Au atoms were extracted out of the surfaces; 

(d) VAu coalesce into vacancy islands; (e) RS and (RS)2Au on the defect sites.  Orange spheres 

are Au atoms, white spheres are Au adatoms, and blank dots are adsorbed ligands.  Reprinted 

with permission from Y. Fang, X. Cheng, J. C. Flake and Y. Xu, Catal. Sci. Technol. 2019, 9, 

2689-2701.  © 2019 The Royal Society of Chemistry.  
 

The proposed reconstruction process transformed the Au(111) surfaces into higher-index 

Au surfaces.  The reactions in this process were written as below. 

 

where ( ) represents the generated defect sites, such as Au adatoms and VAu. 

1.5. Stability of thiols on Au  

The electrochemical stability of thiols on Au in aqueous solutions has been studied using infrared, 

linear sweep and cyclic voltammetry techniques.  Azzaroni et al. measured the desorption 

potentials of various alkanethiols on Au(111) surfaces in 0.1 M NaOH solutions.  The desorption 
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potentials of propanethiol, butanethiol, hexanethiol, dodecanethiol, and hexadecanethiol on 

Au(111) surfaces were determined to be -0.82, -0.86, -0.97, -1.15, and -1.22 V vs. saturated 

calomel electrode (SCE), respectively.  The desorption potential of an alkanethiol shifted 

negatively as the chain length of that alkanethiol increased.62  Munakata et al. measured the 

desorption potentials of ethanethiol, propanethiol, octanethiol, and decanethiol on Au(111) in 0.1 

mol dm-3 phosphate buffer, respectively.  They also found that the desorption potentials of an 

alkanethiol was more negative as that alkanethiol had a longer chain length (Figure 1.14).   

 

 

Figure 1.14. Desorption potentials of CH3-terminated alkanethiol SAMs of ethanethiol (○), 

propanethiol (Δ), octanethiol (□), and decanethiol (▽) on Au(111) as a function of the pH of the 

electrolyte solution.  Voltammograms were measured at 200 mV s-1 in 0.1 mol dm-3 phosphate 

buffer.  Reprinted with permission from H. Munakata, D. Oyamatsu and S. Kuwabata, Langmuir, 

2004, 20, 10123-10128.  © 2004 American Chemical Society.  

 

The pH of the solution also influenced the desorption potentials.  The increase of pH of 

the solutions made the desorption potentials of alkanethiols more negative.63  The solubilities of 

alkanethiols have been studied.  1-propanethiol and 1-hexadecanethiol molecules formed 
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aggregates in the vicinity of Au(111) surfaces in 0.5 M KOH solutions.64  The solubility of 

nonanethiol in aqueous solution reduced as the pH of the electrolyte solution decreased.65 

The linear sweep voltammetry curve for Au-S-CH2-C6H5 is shown in Figure 1.15.  The 

peaks in the curve represent the desorption of the monolayer from the Au surfaces.  It is noted 

that the curve has a sharp peak at -950 mV vs. Ag/AgCl and a broad peak at -1100 mV vs. 

Ag/AgCl.  The appearance of two different peaks could be attributed to the desorption of two 

different ligand states from the Au surfaces.66 

 

 

Figure 1.15. Cyclic voltammetry curves for Au-S-CH2-C6H5, Au-S-CH2-C6H4-O-CH3, and Au-

S-CH2-C6H4-O-C16H33 monolayers on Au(111) in 0.5 M KOH solution.  Reprinted with 

permission from Y.-T. Tao, C.-C. Wu, J.-Y. Eu, W.-L. Lin, K.-C. Wu and C.-h. Chen, Langmuir, 

1997, 13, 4018-4023..  © 1997 American Chemical Society.  
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Thiophenol, phenylmethanethiol (PMT) and 2-PET belong to the class of phenyl-

terminated alkanethiols.  The numbers of methyl group between the aryl and the mercapto group 

of thiophenol, PMT, and 2-PET are 0, 1, and 2, respectively.  The desorption potentials of 

thiophenol and PMT on Au(111) in 0.5 M KOH solution were measured to be -0.85 and -0.92 V 

vs. Ag/AgCl, respectively.  The desorption peak potential of PMT was sharp and well-defined, 

indicating that PMT formed closely packed and ordered monolayers on the surface.66  On the 

other hand, the peak potential of thiophenol was broad and ill-defined, indicating that thiophenol 

molecules formed disordered SAMs on the surface.66, 67  The aromatic rings in thiophenol 

molecules were found to transfer electrons from the Au electrode to the thiophenol SAMs.67 

The -COOH and -NH2 groups influence the desorption potentials of alkanethiols on 

Au(111).  The interaction between -COOH groups made alkanethiol molecules less stable on Au 

surfaces, which was due to the repulsive forces between carboxyl groups.62  The desorption of 

HOOC-(CH2)5-SH SAMs on Au(111) surfaces took place at ca. -0.8 V vs. Ag/AgCl in 0.5 M 

KOH solution.68  The adhesion force between -NH2 groups was found to be stronger than that 

between -COOH groups.69-71  The desorption of NH2-(CH2)6-SH SAMs on an Au electrode took 

place at ca. -1.1 V vs. Ag/AgCl in 0.5 M KOH solution.72  The basicity of an alkanethiol 

molecule could be estimated in experiments if the alkanethiol molecule has pH-sensitive groups, 

such as amino and carboxyl groups.  The -COOH groups of adsorbed COOH-terminated 

alkanethiols were deprotonated in pH > 7.5 solutions, whereas the -NH2 groups of adsorbed 

NH2-terminated alkanethiols were protonated in pH < 6.4 solutions.63  The desorbed 3-

mercaptopropionic acid (3-MPA) molecule dissolved into the solutions because of the high 

solubility of the -COOH group.64 
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Although state-of-the-art experimental techniques have generated considerable insight 

into the adsorption and desorption of thiols on Au surfaces, many details remain unclear, 

including what the desorbing species is, and what state it originates from. 

1.6. Influence of ligands on catalytic activity of metals 

Adsorbed ligands on gold influence the catalytic activity of Au significantly.  Liu et al. reported 

that Schiff base functionalized Au catalysts dehydrogenated formic acid to H2 without any additives, 

which was attributed to Schiff base induced increase of electron density of the Au active centers and 

the β-hydride elimination in the Au-formate complex.73  Rodriguez et al. promoted the electrocatalytic 

alcohols oxidation activity of Au(111) by depositing CO on the surface irreversibly, and they 

concluded that adsorbed CO enhanced the adsorption of OH on Au, which catalyzed beta-hydrogen 

elimination in the oxidation of alcohols.74  Rao et al. demonstrated that DNAzyme-Au NP dual 

catalyst can effectively catalyze the H2O2-mediated oxidation of 2,2′-azino-bis(3-

ethylbenzothiazoline)-6-sulfonic acid (ABTS) for the colorimetric detection of thrombin.75  Qiu 

et al. prepared poly(allylamine hydrochloride) (PAH)/Prussian blue (PB)@Au electrode, which 

showed excellent electrocatalytic activity toward the reduction of hydrogen peroxide.76 

Ligands have also been used to modify other metals.  Tartaric acid modified nickel and 

cinchona alkaloids modified platinum catalysts are used to heterogeneous asymmetric catalyze 

the hydrogenation of 2-alkanones and a-ketoesters, respectively.77  Hwang et al. showed that 

potassium-modified Ni metal was more active and selective for the water–gas shift (WGS) 

reaction than unmodified Ni catalysts due to potassium induced formation of active hydroxyl 

group.78  Zhang et al. modified acetylacetone-metal catalyst with pyridinium salt, and they noted 

that pyridinium salt was able to withdraw electrons and accelerate the decomposition of alkyl 

hydroperoxide.79  McKenna et al. found that the modification of Pd/TiO2 catalyst using 

javascript:popupOBO('CHEBI:61050','c1cy00186h','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=61050')
javascript:popupOBO('CHEBI:61050','c1cy00186h','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=61050')
javascript:popupOBO('CHEBI:35223','c0cc01742f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35223')
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triphenylphosphine and phenyl sulfide would enhance selectivity for acetylene hydrogenation, and 

they proposed that ligands induced electronic promotion and geometric effects on the catalyst.80  Gong 

et al. demonstrated that active carbon (AC)-SO3H modified Cu catalyst enhanced the selective 

hydrogenation of furfural to furfuryl alcohol, and SO3H group was responsible for higher reduction 

degree of Cu, better dispersion of NPs, and stronger adsorption of furfural.81  Sulfur modification of 

Ru deactivated carbonyl hydrogenation and C-C and C-O hydrogenolysis, and the electron 

transfer from Ru to S lead to the generation of hydroxylated Ru.82 

1.7. Overview of research works 

First of all, we investigated the Au-C bond formation on Au(111) (Chapter 3.1).  Our 

computational calculations suggested that the strength of the Au-C bond of Au−C6H4−SH was ca. 

0.4 eV stronger than that of the Au-S bond of Au−S−C6H5 on Au(111).  Since the stabilities of 

modified gold electrodes are very important in catalytic reactions, we expected that the formation 

of Au-C bonds would stabilize the modified gold electrodes in electrochemical CO2RRs. 

Secondly, we investigated the nitrogen compound (adenine) on Au (Chapter 3.2).  Our 

DFT calculations demonstrated that adenine in upright configuration was ca. 0.2 eV more stable 

than that in parallel configuration.  Thus, to maintain the stability of adenine modified Au 

electrode in electrochemical CO2RRs, the adenine molecules should be deposited in upright 

configurations on the surface. 

Thirdly, we investigated the electrochemical stability of 2-PET thiolate on Au (Chapter 

3.3).  Our calculations suggested that 2-PET thiolate molecules persisted on the Au(211) surfaces 

in the potential range of 0 to -1.3 V vs. RHE, indicating that 2-PET-Au was stable in 

electrochemical CO2RR experiments (The CO2RRs were conducted at -0.24 V vs. RHE in 

experiments83). 

http://www.chemspider.com/Chemical-Structure.11283.html
http://www.chemspider.com/Chemical-Structure.8436.html
javascript:popupOBO('CHEBI:33644','c0cc01742f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=33644')
javascript:popupOBO('MOP:0000589','c0cc01742f')
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Finally, we investigated the electrochemical CO2RR on thiolated-Au (Chapter 3.4).  We 

selected two thiol ligands, 2-PET (C6H5(CH2)2SH, Figure 1.16a) and 2-MPA (CH3CHSHCOOH, 

Figure 1.16b), to study in our research.  2-PET has a phenyl group, whereas 2-MPA has a 

carboxyl group.   

 

Figure 1.16. The molecular configurations of (a) 2-PET and (b) 2-MPA.  Reprinted with 

permission from Y. Fang, X. Cheng, J. C. Flake and Y. Xu, Catal. Sci. Technol. 2019, 9, 2689-

2701.  © 2019 The Royal Society of Chemistry. 

 

We performed DFT calculations to investigate the interactions of 2-PET or 2-MPA with 

gold on defect sites.  The calculated results demonstrated that adsorbed ligands changed the 

structural and electronic properties of the defect sites, enhancing the catalytic activities of Au 

electrodes.  The adsorbed ligands had negligible poisoning effects on the Au catalysts.  Thus, the 

modification of Au electrodes with specific ligands is a simple and effective way to improve the 

catalytic activity and selectivity of electrochemical CO2RRs. 
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Chapter 2. Computational Methods 

All periodic DFT calculations were performed using the Vienna Ab initio Simulations Package 

(VASP, v.5.4)84, 85 in the optB86b86-88 and optB8887 van der Waals (vdW) functionals, and the 

generalized gradient approximation revised Perdew-Burke-Ernzerhof (GGA-RPBE) functional89.  

Functionals were used to estimated the exchange and correlation interactions between electrons.  

The RPBE functional estimates the chemisorption energies of molecules accurately,90 but it can 

not gain the information of the vdW interactions.  On the other hand, the optB8x functionals are 

well known for the calculations for the vdW forces.86  The adaptive sum method91 combines the 

RPBE and optB8x functionals, improving the accuracy of DFT calculations.  The delocalized 

charge densities of adenine and thiophenol molecules contributed to vdW interactions and 

covalent bonding.  Thus, we used both the optB8x and RPBE functionals in our calculations. 

The core electrons were described using the projector-augmented wave (PAW) method,89 

and the valence electrons [Au(1s10d), S(2s4p), O(2s2p), N(2s2p), C(2s2p), H(1s)] were expanded in 

Kohn-Sham one-electron orbitals up to 400-700 eV.  The PAW method is a generalization of 

pseudopotential and linear augmented wave methods, and increases the computational efficiency 

of DFT calculations.92  The Kohn-Sham equation is the one electron Schrödinger-like equation of 

a fictitious system of non-interacting particles that have the same density as any system of 

interacting particles.93  DFT calculations have convergence problems when electron occupation 

is changed by small perturbations.  To lessen the effect of perturbation, the electronic states were 

smeared with a width of 0.1 eV using the Methfessel-Paxton approach94, and all total energies 

were extrapolated back to 0 K.  The RPBE, optB88-vdW and optB86-vdW lattice constants for 

Au were determined to be 4.198, 4.177 and 4.122 Å respectively,95 which are in close agreement 

with the experimental value 4.08 Å96.  
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The Au surfaces were modeled with semi-infinite slabs (Figure 2.1) that were repeated in 

x, y directions, and neighboring slabs in the z direction were separated by 19-24 Å vacuum, with 

dipole decoupling in the z direction.97  The top two layers and any adsorbates thereon were fully 

relaxed, and Au atoms that were not relaxed were held at bulk positions.  All slabs were sampled 

on a Γ-centered Monkhorst-Pack k-point grid (k-points is 3×3×1 or 5×5×1 or 7×7×1).  The 

Monkhorst-Pack method constructs equally spaced mesh in Brillouin zone.  Geometry 

optimization was considered converged when the residual force in every relaxed degree of 

freedom in the system was lower than 0.03 eV/Å. 

 

 
Figure 2.1. The geometries of blank Au surfaces: (a) Au(111), (b) Au(100), (c) Au(211), and (d) 

Au(563).  The top panels are side views and the bottom panels are top views.  The blue dashed 

lines indicate the step edges. 

 

The total energies of the gas-phase species were calculated in an 18×18.2×18.4 Å3 

simulation cell.  To compensate for a systematic error in RPBE, a correction of 0.45 eV was 

applied to the gas-phase CO2 molecule.42  A neutralizing background charge was added for the 

calculation of an isolated anion.  The Gibbs free energies (GA) of 2-PET, phenethyl disulfide and 
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2-PET anion (2-PET¯) molecules were determined by the equation (2.1),98 assuming ideal gas 

behavior and standard state (1 bar and 298 K): 

GA = EDFT + ΔG(T, p) 

= EDFT + (EZPE + kBT + Etrans + Evib + Erot – T(Strans + Svib + Srot))  (2.1) 

where EZPE, kB and T are zero-point energy (ZPE), Boltzmann constant and temperature, 

respectively.  Etrans, Evib, Erot, Strans, Svib, and Srot are the translational, vibrational and rotational 

thermodynamic contributions to the gas-phase species (E and S stand for enthalpy and entropy, 

respectively).  The enthalpies and entropies of molecules were calculated using statistical 

mechanics methods because tabulated data are not available. 

The Gibbs free energies of 2-PET, phenethyl disulfide and 2-PET¯ molecules in aqueous 

phase (GA(aq)) were determined by the equation (2.2)99, assuming ideal solution behavior and 

standard state (1 M and 298 K): 

GA(aq) = GA + ΔG1bar→1M + ΔGsol + kBT×ln[A]  (2.2) 

where ΔG1bar→1M represents the energy for changing the standard state from 1 bar to 1M, ΔGsol is 

the solvation energies of molecules in aqueous solutions, and [A] is the concentration of solute.  

ΔGsol was calculated using the implicit solvation model implemented in VASPsol.100  The 

implicit solvation model estimated the solvation energies of thiols adequately (the implicit 

solvation energies of 2-PET and phenylethyl disulfide are -0.12 and -0.17 eV, respectively), but 

it failed to estimate the solvation energies of thiol anions.101  The incorporation of three explicit 

water molecules into the implicit solvation model stabilized the PMT anion by -0.52 eV.101  

Since the molecular structure of 2-PET is similar to that of PMT, we corrected the implicit 

solvation energies of 2-PET anion by -0.52 eV in our calculations.  The value of ΔG1bar→1M (0.08 

eV) was taken from literature.102 
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The adsorption energy (ΔEads) of adsorbates on blank or functionalized Au slabs were 

calculated as: 

DE
ads

= E
total

-E
slab

-E
g  

where Etotal, Eslab and Eg are the DFT total energies of the system, the energies of blank or 

functionalized Au slabs, and the energies of adsorbate species isolated in the gas phase, 

respectively. 

According to previous studies103, 104, the average adsorption energy of dithiolate-Au 

complex on Au surfaces was calculated as: 

DE
ads

=
1

2
E
total

-E
slab

-E
Au( ) -E

g  

where EAu is the energy of a bulk Au atom.  In this study, the thiolates do not have partial 

pressures in the gas phase.  The adsorption energies of thiolates on the surfaces can not be 

calculated by using the gas phase as reference state.  We calculated the Eg for the comparison of 

the relative stabilities between different thiolate states. 

The Gibbs free energy of (H+ + e-) was calculated as 𝐺[H+ + 𝑒−] =
1

2
𝐺[H2(g)] at pH = 0 

and 0 V vs. SHE.105  When the pH of the solution is not equal to 0, the Gibbs free energy was 

corrected by +kBT∙ln[H+], where [H+] represents the concentration of H+ ions. 

The Gibbs free energy (ΔGrxn) of the reaction CO2(g) + H+
(aq) + e- + * → COOH* was 

calculated as: 
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where * denotes a free site, and COOH* denotes reaction intermediate COOH on surfaces. 
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The potential of the RHE is related to that of the SHE as URHE = USHE + kBT∙ln[H+]/e.  

The ΔGrxn on RHE was calculated as: 

DG
rxn
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ë

ù
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The equilibrium potential was calculated as U° = −ΔGrxn/e. The protons in neutral 

solutions were generated from the dissociation of water molecules: H2O − OH-
(aq) → H+

(aq).  The 

energy of (H2O − OH-
(aq)) is identical to that of H+

(aq) on RHE.106 

The Gibbs free energies (Gg) of H2, CO2 and CO in gas phase were calculated as107: 

   (2.3) 

where E is the DFT total energy of gas phase H2 or CO2 or CO, kB is the Boltzmann constant, T 

is temperature, p is pressure with p° = 1 bar as the reference pressure, and h and s represent the 

enthalpy and entropy contributions to the free energies, respectively.  Δh was calculated as 

ℎ(𝑇, 𝑝°) − ℎ(0 K, 𝑝°).  The values of T and p were taken as 298.15 K and 1 bar.  The values of h 

and s for gas phase H2, CO2 and CO were taken from the NIST WebBook.108  We used 

experimentally measured h and s of gas phase H2, CO2 and CO for accuracy.  The statistical 

calculations for h and s assumes gases are in the ideal conditions, thus producing errors in the 

calculations. 

The Gibbs free energies (Gads) of adsorbates on Au surfaces were calculated as: 

  (2.4) 

where E is the DFT total energy of adsorbate on surface, ΔEsolv is the solvation energy of the 

system, 0 represents the static surface dipole moment at zero electric field, and  represents the 

local electric field, Δu is the internal energetic difference between T and 0 K.  The EZPE in 

G
ads

= E +DG T( )+DE
solv

+m
0
×e = E + EZPE +Du T( ) -Ts T( )( )+DE

solv
+m

0
×e



30 

 

equations (2.1), (2.3) and (2.4), Δu and s in equation (2.4) were determined by the calculations of 

the vibrational normal modes and their frequencies using two-sided finite difference 

approximation of the dynamical matrix, with the magnitude of the displacement was 0.01 Å in 

each degree of freedom.  The ΔEsolv for *COOH and *CO were taken from literature.42  The term 

of 0∙  is the interfacial electric field effects on the energies of adsorbed species, and is 

approximated as the first-order Stark effect.  Although the polarizability of *COOH was |0.2| 

eÅ2/V or less on Ag surfaces,109 the 0∙  for *COOH was significant, thus the 0∙  correction 

should be considered in our calculations.110  The dipole moment pointed from positive to 

negative charges along the positive z direction in our models.  The value of  was estimated to 

be -1.0 V Å-1.109 

For a slab with two adsorbates on it, such as *COOH and 2-PET* on Au(211), E, ΔG, 

EZPE and µ0 represent the DFT total energy, Gibbs free energy, ZPE and static surface dipole 

moment of the overall system, respectively.  G[*] is the sum of the Gibbs free energies of 

adsorbed thiolate and Au slab.  The initial configuration of any system was first optimized using 

ab initio molecular dynamics simulation at 300 K.  Then the minimum free energy configuration 

from the coarse-grain optimization was further optimized using DFT methods. 

Three types of desorption reactions were considered: 

I) Reductive desorption with the transfer of a couple of proton and electron (RS denotes a 

thiolate species):  

𝑅𝑆∗ + 𝐻(𝑎𝑞)
+ + 𝑒− = 𝑅𝑆𝐻(𝑎𝑞) 

II) Reductive desorption with the transfer of one electron: 

𝑅𝑆∗ + 𝑒− = 𝑅𝑆(𝑎𝑞)
−  

III) Thermal desorption to produce disulfide: 
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2𝑅𝑆∗ = 𝑅𝑆𝑆𝑅(𝑎𝑞) 

The total Gibbs free energy of (𝐻(𝑎𝑞)
+ + 𝑒−) was equal to that of H2 gas at 0 V vs. SHE at 

standard conditions (1 bar and 298 K).  At a certain proton concentration (represented by pH) or 

electrode potential (represented as USHE), the Gibbs free energy of a couple of proton and 

electron was calculated as G(H+ + e-) = 
1

2
𝐺𝐻2(𝑔)

 – eUSHE – kBT∙ln(10)∙pH.105 

In the case of an electron transfer without a simultaneous proton transfer, the calculated 

absolute electrode potential is equal to the sum of the SHE potential and 4.3 V in aqueous 

electrolytes consistent with literature111, 112, i.e., the free energy of an electron is -4.3 eV at 0 V 

vs. SHE.  We noted that the EDFT of H2 and H+, coupled with calculated and literature values for 

various free energy contributions, imply the absolute electrode potential to be +4.44 VSHE using 

the optB86b-vdW functional.   The application of +4.44 VSHE in calculations caused a gap of 

0.14 V between the redox potential of coupled proton/electron transfer and that of one electron 

transfer in the pH = pKa (see below) solution, which was due to the intrinsic limits of the 

accuracy of DFT methods as well as errors in various free energy contributions.  The errors are 

unavoidable given the current state of theory. 

The pKa of 2-PET in water was determined by113: 

pKa = 
−(𝐺2­𝑃𝐸𝑇𝑡−

(𝑎𝑞)
+ 𝐺

𝐻(𝑎𝑞)
+ −𝐺2­𝑃𝐸𝑇(𝑎𝑞))

ln(10)·𝑅𝑇
 

to be 10.63.  The calculated pKa of PMT is 9.86, which is similar to the experimental pKa of 

PMT (9.43).  The pKa of various alkanethiols are in the range of 10~11114.  The molecular 

structure of 2-PET is similar to the PMT, thus the calculated pKa of 10.63 was reasonable.  To 

calculate 𝐺𝐻(𝑎𝑞)
+  at 1 M, the Eq. 2.2 was used.  Δ𝐺𝑠𝑜𝑙𝑣(𝐻+)  = -11.53 eV was taken from 

literatures.102, 111, 112, 115  
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Chapter 3. Results and Discussion 

3.1. Au-C bond formation on Au 

3.1.1. Experimental findings 

Guo et al. prepared Au−C6H4−SH films on gold by electro-reducing of an aryl diazonium salt of 

4,4′-disulfanediyldibenzenediazonium (DSBD) on a gold disk electrode.  The formed 

monolayers (Au−Ar−S¯) were found to be more stable than the well-known SAMs of 

Au−S−C6H5, indicating that it is promising to modify Au electrodes with Au−C6H4−SH films in 

electrochemical CO2RRs.  Scheme 3.1 shows the process for the formation of Au−Ar−S¯ 

monolayers.  The electroreduction of DSBD produced multilayers of Au−(Ar−S−S−Ar)n.  Then, 

the multilayers were further cut into monolayers of Au−Ar−S¯ using electrochemical methods. 

 

Scheme 3.1. The mechanism for the formation of Au−Ar−S¯ monolayers.  

 

____________________ 

This chapter contains materials from three previous published articles: 1) L. Guo, L. Ma, Y. 

Zhang, X. Cheng, Y. Xu, J. Wang, E. Wang*, Z. Peng*, “Spectroscopic Identification of the Au–

C Bond Formation Upon Electroreduction of an Aryl Diazonium Salt on Gold” Langmuir 2016, 

32, 11514-11519. © 2016 American Chemical Society; 2) R.G. Acres, X. Cheng, K. Beranová, 

S. Bercha, S. Skála, V. Matolín, Y. Xu, K.C. Prince, N. Tsud*, “An Experimental and 

Theoretical Study of Adenine Adsorption on Au(111)” Phys Chem Chem Phys 2018, 20, 4688-

4698. © 2018 The Royal Society of Chemistry; 3) Y. Fang, X. Cheng, J. Flake*, Y. Xu*, “CO2 

Electrochemical Reduction at Thiolate-Modified Bulk Au Electrodes” Catal Sci Technol 2019, 9, 

2689-2701. © 2019 The Royal Society of Chemistry. Adapted by permission of American 

Chemical Society and The Royal Society of Chemistry, respectively.
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Figure 3.1a shows the cyclic voltammetry spectrum of the electroreduction of DSBD on a gold electrode.  The 

current density decreased after a few potential cycles, indicating that insulating films had been deposited on the 

electrode.116  The integration of the charge on the electrode gave 1226 µC cm-2, which corresponded to the formation 

of multilayers of −(Ar−S−S−Ar)n on the electrode.117, 118  Figure 3.1b shows the in situ surface-enhanced Raman 

spectroscopy (SERS) spectrum of the multilayers on gold electrode and the Raman spectrum of DSBD powder.  The 

band at 419 cm-1 was assigned to the vibration of Au-C bond.119, 120  

 

 

Figure 3.1. (a) Cyclic voltammetry spectrum of electroreduction of 2 mM DSBD on gold in 0.1 

M TBAClO4 DMSO solution at a potential scan rate of 0.1 V s−1.  (b) SERS spectrum of grafted 

multilayer on gold (red curve) and Raman spectrum of DSBD powder (black curve).  
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Figure 3.2. (a) 1st (black) and 10th (red) cycles of the degradation of a −(Ar−S−S−Ar)n 

multilayer on a gold electrode; scan rate is 0.1 V s−1.  (b) SERS spectra of Au−Ar−S¯ monolayer 

on a gold electrode: (green) in reduced state at −1.4 V; (blue) in oxidized state at 0.5 V. SERS 

spectra of −(Ar−S−S−Ar)n on a gold electrode: (red) after the degradation at −1.4 V; (black) 

before the degradation. 

 

The degradation of the multilayers of Au−(Ar−S−S−Ar)n were conducted using 

electrochemical methods.116  In Figure 3.2a, the reduction peak of the 1st (black) potential cycle 

corresponded to the formation of Au−Ar−S¯ moieties.116  In Figure 3.2.b, the red curve shows 

the spectrum of the electrode after the degradation.  The vibrational modes of S-S group29 at 532 

and 545 cm-1 disappeared in the red curve, indicating that the degradation broke the S−S bonds.  

The vibrational mode of Au-C stretching at 415 cm-1 was observed at both −1.4 and 0.5 V, which 

showed that Au-C bonds were stable on the electrode in the potential range of -1.4 to 0.5 V. 
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3.1.2. Theoretical results 

We investigated the Au-C and Au-S bonds of the given compounds on Au(111) using DFT 

methods.  We modeled the Au(111) facet since it is the most stable facet of Au.  The DFT 

calculated minimum energy structures for Au−C6H4−SH and Au−S−C6H5 are shown in Figure 

3.3.  For Au−C6H4−SH, the H atom para to the SH group was removed from the thiophenol 

molecule.  The ligand of −C6H4−SH preferred to adsorb on the top site of an Au atom in upright 

configuration (Figure 3.3a).  For Au−S−C6H5, the H atom in the SH group was removed from 

the thiophenol molecule.  The S headgroup were located on somewhere between a bridge site 

and a three-fold fcc site on the surface (Figure 3.3b).  The C-S bond of Au−S−C6H5 tilted to the 

Au surfaces, which was in agreement with literature.46 

 

 

Figure 3.3. (Top) Top view and (bottom) side view of DFT-calculated minimum-energy 

structures for: (a) Au−C6H4−SH and (b) Au−S−C6H5 on Au(111).  Gold, green, black and white 

spheres represent Au, S, C, and H atoms, respectively.  Periodic images of the adsorbates have 

been removed.  

 

The bonding sites, geometries and bonding energies for Au−S−C6H5 and Au−C6H4−SH 

on Au(111) are summarized in Table 3.1.  The delocalized charge density of thiophenol 
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contributed to both the covalent bonding and van der Waals interactions.121  We estimated the 

van der Waals interactions between thiophenol and Au(111) using the optB88-vdW functional.  

The calculated strength of the Au−C bond in the Au−C6H4−SH model was found to be ca. 0.4 eV 

stronger than that of the Au−S bond in the Au−S−C6H5 model, which demonstrated that the 

Au−C6H4−SH monolayers formed by the electroreduction were more stable than the Au−S−C6H5  

SAMs on Au surfaces. 

 

Table 3.1. DFT calculated bonding Sites, geometries, and bond Energies (ΔE, in eV) for 

Au−C6H4−SH and Au−S−C6H5 on Au(111)  

    RPBE  OptB88-vdW 

 site geometry ΔE, 500eV a ΔE, 750 

eV 

 ΔE, 500 eV ΔE, 750 

eV 
Au−C6H4−SH atop upright -1.22 -1.25  -2.31 -2.34 
Au−S−C6H5 off-bridge tilted -0.76 -0.81  -1.94 -1.98 

  Δ(ΔE)=  0.45  0.44   0.37  0.36 
 

a 500 and 750 eV denote the cutoff energies in the DFT calculations.  Δ(ΔE) is the energetic 

difference between tilted and upright geometries.  The C−H and S−H bond energies in gas phase 

were calculated to be 5.24 and 3.66 eV using the optB88-vdW functional, and 4.94 and 3.44 eV 

using the RPBE functional. 

 

Santiago-Rodriguez et al. calculated binding energies of various molecules on Au(111) 

using the PW91 and RPBE functionals, respectively.122  They found that the strength of the Au-C 

bond was stronger than that of the Au-S bond by ca. 0.5 eV, which is similar to our calculated 

number (0.4 eV) using the optB88-vdW functional.  In our models, the calculated energies using 

a 750 eV cutoff energy and 8 × 8 × 1 k-point grid were only more negative than that using a 500 

eV cutoff energy and 7 × 7 × 1 k-point grid by < 0.05 eV, indicating that the calculations using a 

500 eV cutoff energy and 7 × 7 × 1 k-point grid were well converged.  Our calculations are 

accurate enough.  The calculated bond energies using the optB88-vdW functional were ca. 1.1 

eV stronger than that using the RPBE functional, indicating that thiophenol molecules interacted 
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with gold through strong vdW forces.  The calculated vibrational frequency of the Au−C bond in 

the Au−C6H4−SH model was 444 cm−1, which demonstrated that the 415 cm−1 in Figure 3.2b 

was the characteristic band of the Au−C stretching. 

3.2. Nitrogen compound on Au: Adenine 

 

3.2.1. Experimental findings 

Bocarsly et al. reported that pyridinium ions catalyzed the reduction of CO2 to methanol in 

electrochemical reactions.30-32  They proposed that the electrons for CO2 reduction were 

transferred from pyridinium ions to CO2 molecules through the N atoms in the ions.31  Adenine 

molecule shares a similar molecular structure with pyridinium ion, and the number of N atoms in 

adenine molecule is larger than that in pyridinium ion.  Thus, the modification of electrodes with 

adenine is likely to promote electrochemical CO2RR. 

Acres et al. prepared adenine films on Au(111) surfaces in vacuum and aqueous solution, 

respectively.123  In vacuum, the adenine films were deposited by a evaporator at room 

temperature.  In solution, the deposition of adenine on Au(111) was prepared by placing a few 

drops of adenine saturated solution on the surface of a gold crystal. 

The near edge X-ray absorption fine structure (NEXAFS) spectra of adenine films on 

Au(111) are shown in Figure 3.4.  The grazing incidence (GI) and normal incidence (NI) photon 

beam excited the electronic states perpendicular to the surface and the in-plane electronic states, 

respectively.  The peaks at 399.6 (I)124 and 401.2 (II)125 eV reflected the π* resonances at 

nitrogen K-edge.  The peaks at 286.8 (V)124 and 287.4 (VI)126 eV reflected the π* resonances at 

carbon K-edge.  In vacuum, the peaks I, II, V and VI disappeared on the red line, indicating that 

adenine planes were parallel to the Au(111) surface. 
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Figure 3.4. NEXAFS spectra of adenine on Au(111) in vacuum and solution at (a) N K-edge; (b) 

C K-edge after annealing at 75 °C.  Red and black lines represent NI and GI, respectively. 

 

The core band spectra of adenine on Au(111) are shown in Figure 3.5.  The peaks at 

400.2 (A) and 398.6 (B) eV corresponded to the binding energies of amino (-NH-, -NH2) and 

imino (-N=) groups.127  The peaks at (C), (D) and (E) showed the binding energies of five C 

atoms.  The peaks at 286.6 (C) and 284.9 (E) eV were linked to binding energies of the C6 and 

C5 atoms (see Figure 3.6 for the location of each C atom), respectively.  The peak at 286.0 eV 

(D) corresponded to binding energies of C2, C4 and C8 atoms.128, 129  In vacuum, all of peaks 

disappeared after annealing the adenine films at 125 °C, indicating that adenine molecules 

desorbed from the surface at 125 °C.   

The deposition in solution gave residual carbon contamination on Au surfaces, which 

caused the appearance of peak (F) in Figure 3.5d.  Compared to the core band spectra of 

adenine/Au(111) in vacuum, the core band spectra of adenine/Au(111) in solution gave higher 
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peaks at 125 and 150 °C, indicating that the binding of adenine films on Au(111) in solution 

were more stronger than that in vacuum.   

 

 

Figure 3.5. Core band spectra of adenine films on Au(111) in vacuum (a and c) and solution (b 

and d) after annealing at indicated temperatures.  The black line is the spectrum of the clean 

Au(111). 

 

In Figure 3.4, the peaks on the solution black line (GI) are similar to that on the solution 

red line (NI), indicating that the π* resonances in solution are not strongly dependent on the 

angle of the incidence.  The adenine films were disordered in aqueous solution, and adenine 

planes had various orientations on the Au surfaces. 
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3.2.2. Theoretical results 

We investigated the adsorption energies and configurations of adenine molecules on Au(111) 

using DFT methods.  The N9H tautomer (Figure 3.6) was found to be the most stable form of 

adenine in the gas phase.130  Thus, we modeled the N9H tautomer on Au(111) in several parallel 

and upright geometries.  In parallel geometries, the center of the 6-member ring of the N9H 

tautomer was placed on high-symmetry surface sites, such as bridge, top, fcc and hcp sites.  The 

orientations of the N9H tautomer were changed by rotating the molecule 0, 30, 60, 90, 120 and 

150° clockwise. 

 

 

Figure 3.6. Top view of calculated minimum-energy parallel geometries of N9H adenine on 

Au(111): (a) top0; (b) top30; (c) top60; (d) top90; (e) br0; (f) br30; (g) br60; (h) br90; (i) fcc60; 

(j) fcc90; (k) fcc120; (l) fcc150.  The location of each atom is shown in (a), and the surface 

directions are indicated in (l).  Gold, black, blue and white spheres represent Au, C, N and H 

atoms, respectively.  Periodic images of the adsorbates have been removed. 
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The calculated adsorption energies of adenine on Au(111) are shown in Table 3.2.  The 

adsorption energies of N9H adenines in parallel geometries were calculated to be ca. 0 eV using 

the RPBE functional, indicating that adenines in parallel geometries interacted with the surface 

weakly.  The orientation of N9H adenines in parallel geometries had negligible effect on the 

adsorption energies. 

 

Table 3.2. Adsorption energies (ΔEads, eV) of adenine on Au(111) in various modes.  The 

geometries of adenine molecules are indicated.  Coverage is 1/9 ML except where noted. 

 Adsorption modes GGA-

RPBE 

500 eV 

GGA-

RPBE 

750 eVa 

optB86b-

vdW 

500 eV 

optB86b-

vdW 

750 eVa 

N9H (parallel geometry) 

top0 (= top120) 0.00 +0.04 -1.18 -1.17 

br60 −0.01 +0.02 -1.14 -1.14 

fcc0 (= fcc120) +0.01 +0.05 -1.13 -1.13 

hcp0 (= hcp120) 0.00 +0.03 -1.15 -1.14 

hydrogen-bonded parallel chainb -0.40 -0.40 -1.66 -1.66 

N9H (upright geometry) 

N1 +0.06 +0.12 -0.82 -0.76 

N3 -0.12  -0.09 -1.09 -1.01 

N3 (N9H dissociated) +0.87 +1.03 -0.49 -0.28 

N7 +0.06 +0.11 -0.82 -0.79 

N3H (upright geometry) 

N9 +0.08 +0.15 -0.94 -0.86 

N9c -0.21 -0.14 -1.24 -1.16 

N7H (upright geometry) 

N3,N9 +0.46 +0.51 -0.47 -0.39 

N3,N9c +0.14 +0.19 -0.80 -0.73 
a The structures of adsorbates were optimized using 500 eV cutoff energy, and the 

optimized structures were frozen in calculations at 750 eV cutoff energy.  b Calculated on 

the surface with (4 × 4) unit cell (coverage is 1/8 ML).  c The gas phase adenine were N3H 

or N7H tautomer. 

 

The ΔEads of N9H adenines in parallel geometries were calculated to be in the range of -

1.13 to -1.18 eV using the optB86b-vdW functional.  The calculated distance between N atoms 

of parallel adenine molecules and the un-relaxed Au(111) surfaces was 3.42 ± 0.11 and 3.89 ± 



42 

 

0.16 Å using the optB86b-vdW and RPBE functionals, respectively.  We also modelled 

hydrogen-bonded adenine chains on Au(111) with a 4×4 surface unit cell (the surface coverage 

is 1/8 ML).  The ΔEads of the adenine chains was found to be ca. 0.5 eV more stable than that of 

an isolated adenine molecule.  In experiments, the hydrogen-bonded adenine chains were 

observed at a temperature lower than 25 °C using the STM technique.131-133  At a temperature 

higher than 25 °C, adenine molecules are mobile on Au(111) surfaces,132 instant intermolecular 

hydrogen bonding is hardly to be observed using the STM technique. 

 

 

Figure 3.7. Side view of calculated minimum-energy upright geometries of adenine on Au(111): for 

N9H tautomer – (a) N1; (b) N3; (c) N3 with H on N9 dissociated to the surface; (d) N7; for N3H 

tautomer – (e) N9; for N7H tautomer – (f) N3, N9.  Gold, black, blue and white spheres represent Au, 

C, N and H atoms, respectively.  For clarity, periodic images of the adsorbates have been removed. 

 

Adenine molecules in upright configurations adsorbed on top sites of surface Au atoms 

(Figure 3.7).  The N9H tautomer bonded to the Au(111) surface through the N1, N3, and N7 

atoms, respectively (Figure 3.7a,b and d).  Among these three geometries, the N3 adsorption 

mode was the most stable one with a ΔEads of -1.01 and -0.09 eV using the optB86b-vdW and 
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RPBE functionals, respectively.  Figure 3.7c showed the dissociation of acidic hydrogen from 

the N9 site of the N3 adsorption mode.  The dissociation was very difficult with a reaction 

energy of 0.73 eV (optB86b-vdW) or 1.12 eV (RPBE). 

Based on the classic analysis developed by Redhead134 (parameters are: heating rate 

10 °C s-1, initial surface coverage 1/9 ML, desorption prefactor 1013 s-1, first-order desorption 

reaction), a ΔEads of -1.0 to -1.2 eV meant that the desorption reactions took place at 

temperatures 112–147 °C, which were in agreement with the reported desorption temperatures 

125-150 °C in literature.133  The adsorption energy of the N9H tautomer (N3 adsorption mode) 

on Au(111) was calculated to be -1.01 eV using the adaptive sum method91, indicating that the 

N9H tautomer interacted with the Au(111) surface through strong vdW forces.  The ZPE 

contribution to adsorption energy was less than 0.02 eV in each adsorption mode, which 

demonstrated that ZPEs were negligible in calculations. 

In the gas phase, the N3H and N7H tautomers were found to be less stable than the N9H 

tautomer by 0.29 and 0.32 eV using the RPBE functional, respectively.  The energetic 

differences became 0.30 and 0.34 eV using the optB86b-vdW functional, which were consistent 

with the values published in literature.130  Based on Arrhenius equation, the number of the N9H 

tautomer was 10 times as large as that of other tautomers at room temperature. 

The adsorption of adenine on Au(111) would change the energies of adenine molecules.  

Thus, we calculated the adsorption energies of N3H and N7H modes (Table 3.2).  Assuming the 

adenine molecules in the gas phase were the N9H tautomers, the adsorption energies of the N3H, 

N7H and N9H tautomer on Au(111) were calculated to be +0.15, +0.51 and -0.09 eV using the 

RPBE functional, respectively.  The adsorption energies became -0.86, -0.39 and -1.01 eV using 
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the optB86b functional. The N9H tautomer was found to be the most stable adsorbed species 

among three tautomers. 

On the other hand, Assuming the adenine molecules in the gas phase were the N3H 

tautomers, the adsorption energy of the N3H tautomer on Au(111) was calculated to be -0.14 and 

-1.16 eV using the RPBE and optB86b functionals, respectively.  In that case, the adsorbed N3H 

tautomer would be more stable than the adsorbed N9H tautomer on Au(111). 

3.3. Electrochemical stability of thiolate on Au: 2-PET 

 

3.3.1. Theoretical analysis 

Fang et al. reported that the 2-PET modified Au electrode exhibited excellent catalytic activity 

and selectivity for the CO evolution in electrochemical CO2RR.83  We would like to understand 

whether the 2-PET molecules were stable on the electrode or not.  We investigated the stability 

of 2-PET on Au surfaces using DFT methods. 

The thiolic S-H bonds break easily with low barriers (0.3-0.4 eV)49, 50 and the generated 

H radicals react to desorb as H2
135

.  As a result, thiols adsorb on Au surfaces through strong S-Au 

covalent bonds at ambient conditions.52, 136  Thus the physisorption of thiols on Au was not 

considered in our calculations.  Three chemisorbed thiolate states of 2-PET are directly adsorbed 

thiolates (2-PETt), monothiolate-Au complexes ((2-PETt)Au), and dithiolate-Au complexes ((2-

PETt)2Au).  The DFT-calculated minimum-energy geometries of these thiolate states on Au 

terrace (Au(111)) and step sites (Au(211)) are shown in Figure 3.8.  Consistent with literature, 

we modeled both 2-PETt and (2-PETt)2Au at 1/3 ML on Au(111) (coverage based on the ratio of 

the number of S atoms to that of surface Au atoms in a surface unit cell).  2-PETt and (2-

PETt)2Au were placed on the Au(211) step edge at the highest edge coverage, and neighboring S 

atoms were not allowed to bond to the same Au atoms.  (2-PETt)Au was modeled on the same 
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surface unit cell as (2-PETt)2Au, and was regarded as the intermediate product state of the 

desorption of (2-PETt)2Au on Au surfaces. 

 

  

Figure 3.8. Top (top panels) and side (bottom panels) views of DFT-calculated minimum free 

energy geometries for, on Au(111), (a) 2-PETt on a (√3×√3) R30° surface unit cell, (b) (2-

PETt)Au on a (2×3) surface unit cell, and (c) (2-PETt)2Au on a (2×3) surface unit cell; on 

Au(211), (d) 2-PETt on a (2×3) unit cell, (e) (2-PETt)Au on a (4×3) surface unit cell, and (f) (2-

PETt)2Au on a (4×3) surface unit cell.  Yellow, green, black, and white spheres represent Au, S, 

C, and H atoms, respectively.  Blue and black dashed lines in top views indicate step edge and 

surface unit cells, respectively.  For clarity, periodic images of adsorbates have been removed 

from the side views. 
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Three possible desorption products were considered, i.e. the thiol (2-PET), the thiolate 

anion (2-PETt¯), and phenylethyl disulfide (C6H5(CH2)2SS(CH2)2C6H5).  The geometries of these 

species as optimized in the gas phase are shown in Figure 3.9.  The disulfide was found to be 

more stable in the trans configuration than in the cis configuration. 

 

 

Figure 3.9. The DFT-calculated minimum-energy geometries of (a) 2-PET, (b) 2-PETt¯ and (c) 

phenethyl disulfide in gas phase with implicit solvation model.  Green, black and white spheres 

represent S, C and H atoms, respectively.  

 

The surface coverages of thiol species were set to be θ=1/3, 1/6 and 1/12 ML.  Phenyl 

rings in all thiol species orient nearly vertical to the gold surfaces, which is attributed to the bent 

Au-S-C bond angle.66  Two thiolate molecules linked by an Au adatom form dithiolate-Au 

complex (RS-Au-SR), and the “staple” motifs of dithiolate-Au complexes have been observed 

using STM technique.137-139  For 2-PETt on Au(111), the S headgroups were located somewhere 

between the fcc-hollows and the bridge sites, which is in agreement with the literature.61  For 2-

PETt on Au(211), the S headgroups were located on the bridge sites of the step edges.  For (2-

PETt)Au on Au(111), the Au adatoms were located on fcc sites and the 2-PETts were on the top 

of the Au adatoms.  For (2-PETt)2Au on Au(111), 2-PETts were on the top sites and Au adatoms 

were on the bridge sites.  For (2-PETt)Au on Au(211), the Au adatoms were located on 3-fold 

hollow sites and the 2-PETts were on the top of the Au adatoms.  For (2-PETt)2Au on Au(211), 
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the (2-PETt)2Au complexes were aligned on the step edges with the S headgroups and the Au 

adatoms located on the top sites. 

Based on these adsorbed states and desorption products, we considered the following 

adsorption/desorption steps: 

2­𝑃𝐸𝑇𝑡∗ + 𝐻(𝑎𝑞)
+ + 𝑒− = 2­𝑃𝐸𝑇(𝑎𝑞) + ∗ (1A) 

(2­𝑃𝐸𝑇𝑡)2𝐴𝑢∗ + 𝐻(𝑎𝑞)
+ + 𝑒− = 2­𝑃𝐸𝑇(𝑎𝑞) + (2­𝑃𝐸𝑇𝑡)𝐴𝑢∗ (1B) 

(2­𝑃𝐸𝑇𝑡)𝐴𝑢∗ + 𝐻(𝑎𝑞)
+ + 𝑒− = 2­𝑃𝐸𝑇(𝑎𝑞) + 𝐴𝑢∗ (1C) 

2­𝑃𝐸𝑇𝑡∗  +  𝑒− = 2­𝑃𝐸𝑇𝑡−
(𝑎𝑞) + ∗ (2A) 

(2­𝑃𝐸𝑇)2𝐴𝑢∗  +  𝑒− = 2­𝑃𝐸𝑇𝑡−
(𝑎𝑞)  + (2­𝑃𝐸𝑇𝑡)𝐴𝑢∗ (2B) 

(2­𝑃𝐸𝑇𝑡)𝐴𝑢∗  +  𝑒− = 2­𝑃𝐸𝑇𝑡−
(𝑎𝑞)  + 𝐴𝑢∗ (2C) 

2(2­𝑃𝐸𝑇𝑡∗) = (𝐶6𝐻5(𝐶𝐻2)2𝑆𝑆(𝐶𝐻2)2𝐶6𝐻5)(𝑎𝑞) + 2 ∗ (3) 

The lines corresponding Grxn(U, pH)=0 eV for the steps above were plotted in Figure 

3.10, which delineated the thermodynamically favorable and unfavorable (U, pH) phase space 

for each step.  When there were two Grxn(U, pH)=0 eV lines for a given adsorbed state, the 

lower one showed the desorption potentials for that state.  The aggregate of such boundary lines 

delineates the stability limit of an adsorbed state.  Furthermore, since the activation barrier for 

electron or proton/electron transfer is small, the desorption of an adsorbed state took place 

without activation barrier. 

Thermal desorption as disulfide (Step 3) was thermodynamically unfavorable (0.51 eV) 

under ambient conditions.  Steps 1C and 2C of 2-PETt desorption from the monothiolate-Au 

complexes was found to occur at more positive potentials than 2-PETt desorption from the 

dithiolate-Au complexes (Steps 1B and 2B), which implied that the second thiolate in a 
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dithiolate-Au complex desorbed immediately after the desorption of the first thiolate in 

dithiolate-Au complex. 

 

 

Figure 3.10. Calculated Surface Pourbaix diagram of 2-PETt on Au in aqueous solutions.  The 

dashed lines indicate the respective reference electrodes, whereas the solid lines indicate Grxn(U, 

pH) = 0 eV for steps and Au facets as labeled. 
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The desorption lines for type 1 steps exhibit a slope of 59.2 mV/pH due to pH 

dependence at ambient temperature, whereas the desorption lines for type 2 steps are 

independent of pH because they do not involve proton transfer.  The desorption lines for types 1 

and 2 steps intersect at pH=10.65 for both 2-PETt* and (2-PETt)2Au, on Au(111) and Au(211), 

which is nearly exactly equal to the predicted pKa of 2-PET in aqueous solutions.  Thus, the pKa 

of 2-PET demarcates the transition between desorption of 2-PET from Au as the neutral thiol and 

as the anionic thiolate, and determines the stability of the 2-PET/2-PET¯ couple in the aqueous 

phase. 

At pH = 0, 2-PETt, 2-PETt of (2-PETt)Au complex, and 2-PETt of (2-PETt)2Au complex 

desorb from Au(111) and Au(211) surfaces at the potentials of -0.31 and -0.77 V, -0.77 and -0.92 

V, and -1.3 and -1.0 V vs. SHE, respectively.  At pH greater or equal to the pKa, 2-PETt, 2-PETt 

of (2-PETt)Au complex, and 2-PETt of (2-PETt)2Au complex desorb from Au(111) and Au(211) 

surfaces at the potentials of -0.94 and -1.40 V, -1.40 and -1.55 V, and -1.93 and -1.63 V vs. SHE, 

respectively.  We compared the desorption potentials of step 1A on Au(111) with that of 

alkanethiol on Au(111) in experiments.  Intriguingly, the desorption potentials of step 1A on 

Au(111) were similar to that of octanethiol on Au(111).  The calculated desorption potentials of 

step 1A on Au(111) were -0.73 and -0.94 V vs. SHE at pH = 7 and 12, respectively.  The 

experimental desorption potentials of octanethiol on Au(111) were -0.95 and -1.10 V vs. 

Ag/AgCl (which were equal to -0.75 and -0.90 V vs. SHE140) at pH = 7 and 12, respectively.63  

The experimental desorption potentials of alkanethiol on Au(111) shifted negatively and were 

not dependent on pH at pH < pKa and pH > pKa63, respectively, which is similar to our 

simulated desorption potential line of step 1A on Au(111).  The slop of the experimental 
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desorption potential lines at pH < pKa was estimated to be -33 mV/pH, which is different from 

the calculated value -59.2 mV/pH due to the corrosion of surfaces at small pH. 

3.3.2. Experimental findings 

The stability of thiolates on Au were examined using ex situ attenuated total reflectance infrared 

(ATR-IR) technique (Figure 3.11).  In the spectra of 2-PET-Au, the shape of each peak of the 

post-electrolysis sample was similar to that of the fresh sample, indicating that 2-PET thiolates 

were stable on the surfaces during the electrochemical reactions.  The peaks iii and iv (the 

characteristic peaks of C=C vibration in phenyl group141) increased in intensities and the peak i 

(the characteristic peak of –CH2–CH2– vibration142) shifted after the electrolysis reactions at -1.1 

V vs. RHE, which were due to the conformational change of the 2-PET thiolates.143  In the 

spectra of 2-MPA-Au, the peak vi (the characteristic peak of C-C vibration142) disappeared and 

the peaks ii, iii and v (the characteristic peaks of -COO group vibration144-148) increased in 

intensities after the electrolysis reactions at -0.94 V vs. RHE, indicating that the -COOH group in 

the 2-MPA thiolate was converted to the -COO group at -0.94 V vs. RHE.  The CO3
2- and HCO3

- 

species in the solution can not change the intensities of peaks ii, iii and v in the spectra.149, 150  

The ATR-IR spectra demonstrated that 2-PETt and 2-MPAtt were stable on Au electrodes down 

to -0.9 V vs. RHE, and 2-MPAtt desorbed from the surfaces at -1.0 V vs. RHE. 
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Figure 3.11. ATR-IR spectra for fresh and post-electrolysis (a) 2-PET-Au and (b) 2-MPA-Au 

electrodes.  The electrolysis reactions were conducted in CO2-saturated 0.1 M KHCO3 solution 

for 15 minutes. 

 

We postulated that voltammetry technique only measured the desorption potentials of 

directly adsorbed thiolate species on Au(111) surfaces, whereas the thiolate species persist on 

surfaces as Au-dithiolate complexes at much negative potentials, which has an effect on the 

catalytic activities of Au surfaces. 
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3.4. Electrochemical CO2 reduction reaction on thiolated-Au 

3.4.1. Experimental findings 

Fang et al. prepared the thiolate-modified Au by immersing Au foils in a 20 mM ethanolic 

solution of thiol.  The electrolysis of CO2 was conducted in a three-electrode cell using 0.1 M 

KHCO3 as electrolyte at room temperature and a CO2 pressure of 1 atm.  The cathode and anode 

were separately placed in a two-compartment glass reactor. A Nafion membrane was used to 

prevent the transfer of products from one compartment to another.  Counter electrode was 

fabricated from platinum. 

The onset potentials for CO2RR and HER were determined using Tafel plots151, and were 

summarized in Table 3.3.  The onset potential of CO2RR on blank Au was measured to be -0.33 

V vs. RHE, which was in agreement with previous experimental results.14  The onset potentials 

of CO2RR on both the 2-PET-Au and 2-MPA-Au were measured to be -0.24 V vs. RHE, which 

were 90 mV more positive than that on the blank Au.  The onset potentials of HER on the 2-

MPA-Au was 160 mV more positive than that on the blank Au, whereas the onset potentials of 

HER on the 2-PET-Au was similar to that on the blank Au.  The 2-MPA-Au and 2-PET-Au 

promoted HER and CO2RR, respectively. 

 

Table 3.3. The onset potentials (in VRHE) of HER and CO2RR on blank and functionalized Au 

electrodes at room temperature (Tafel plots analysis). 

Electrode HER CO2RR 

blank Au -0.27 -0.33 

2-PET-Au -0.26 -0.24 

2-MPA-Au -0.11 -0.24 
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The FE and partial current densities of CO and H2 are shown in Figure 3.12.  The total 

current density on blank Au was comparable to that on bulk Au in literature.17  In the potential 

range of -0.6 to -0.9 V vs. RHE, the FE of CO on 2-PET-Au was twice as large as that on blank 

Au, whereas the FE of H2 on 2-PET-Au was half of that on blank Au.  At -0.9 V vs. RHE, the 

current density and FE of CO on 2-PET-Au were comparable to that on the anodically modified 

Au in literature.12 

On the other hand, the FE of CO was suppressed and the FE of H2 was enhanced on 2-

MPA-Au in the potential range of -0.6 to -0.75 V vs. RHE.  The current density of H2 on 2-

MPA-Au was larger than that on blank Au at a potential more negative than -0.9 V vs. RHE.  

The experimental results showed that Au electrodes were not poisoned by the adsorbed thiols at 

certain electrode potentials. 
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Figure 3.12. The CO2RR and HER behavior on blank and thiol-functionalized Au electrodes in 

CO2-saturated 0.1 M KHCO3 solution at 𝑝𝐶𝑂2
= 1 atm and room temperature.  (a) Faradaic 

efficiency of CO; (b) Faradaic efficiency of H2; (c) partial current density of CO (jCO); (d) partial 

current density of H2 (jH2 ); (e) total current density (jtot).  To compare the partial current 

densities of CO and H2, the y-axis scales are made identical in images (c) and (d). 
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3.4.2. Theoretical analysis of CO2RR on blank Au 

Previous research work showed that under-coordinated Au atoms were more active than high-

coordinated Au atoms in catalytic reactions.152-154  We studied the Au atoms’ effects on CO2RR 

and HER by investigating the catalytic activities of CO2RR and HER on various Au sites.  The 

model surfaces of Au(111), Au(100), Au(211), and Au(563) contain hexagonal close-packed 

terrace sites (coordination number is 9), square close-packed terrace sites (coordination number 

is 8), step edge sites (coordination number is 7) and corner sites (coordination number is 6), 

respectively.155  

The reactions of CO2RR and HER on Au surfaces were written as below42, 156: 

CO2(g)
+ H+

(aq) + 𝑒−  + ∗ → COOH∗ (3.1) 

COOH∗  +  H+
(aq) + 𝑒−  → CO∗ +  H2O(aq) (3.2) 

CO∗ ↔ CO(g) + ∗ (3.3) 

H+
(aq) +  𝑒−  + ∗ →  H∗ (3.4) 

We calculated the equilibrium potentials of the above four reactions.  Among reactions 

(3.1), (3.2) and (3.3), the calculated lowest equilibrium potential was equal to the limiting 

potential of CO2RR.  The equilibrium potential of reaction (3.4) was equal to the limiting 

potential of HER.  Many scientists have determined the limiting potential of CO2RR and HER 

using equilibrium potentials.19, 20, 157  The desorption of CO from Au surfaces (reaction (3.3)) 

was thermodynamically favorable below 300K in experiments158, 159, indicating that the reaction 

(3.3) was not the limiting reaction.  The equilibrium potentials of reaction (3.1) and (3.2) were 

calculated to be negative and positive, respectively.  Thus, the limiting potential of CO2RR was 

equal to the equilibrium potential of reaction (3.1).  The transfer of a pair of proton and electron 
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to an oxygen atom requires a small kinetic barrier.105, 109  The minimum free energy geometries 

for H, COOH and CO on Au surfaces are shown in Figure 3.13. 

 

 

Figure 3.13. DFT-calculated minimum free energy geometries for H, COOH and CO on (a, b 

and c) Au(111), (d, e and f) Au(100), (g, h and i) Au(211) and (j, k and l) Au(563), respectively.  

Yellow, black, red and white spheres represent Au, C, O and H atoms, respectively.  For clarity, 

periodic images of adsorbates have been removed. 

 

CO molecules prefer to adsorb on the top sites of Au atoms.155  The DFT total energy of 

COOH in cis configuration is similar to that of COOH in trans configuration.  The electric field 
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(-1.0 V/Å109) on the interfaces stabilized the *COOH intermediate by -0.25 eV, and made the 

acidic proton of the *COOH to point toward the surfaces.   

Table 3.4. The calculated limiting potentials of HER and CO2RR on various blank Au sites.  The 

energetic differences between CO2RR and HER are listed. 

 surface unit cell HER CO2RR  diff. 

Au(111) (3×3) -0.34 -0.66  -0.32 

Au(100) (3×3) -0.35 -0.63  -0.28 

Au(211) (4×3) -0.22 -0.35  -0.13 

Au(563) 9 Au/layer -0.23 -0.26  -0.03 

Results are based on minimum free energy configurations for one *H or *COOH per surface 

unit cell.   

Table 3.4 showed the calculated limiting potentials on Au(111), Au(100), Au(211), and 

Au(563), respectively.  The calculated limiting potentials for CO evolution on Au(111) and 

Au(100) are ca. -0.65 V vs. RHE, whereas the limiting potentials on Au(211) and Au(563) are ca. 

-0.3 V vs. RHE.  The calculated limiting potentials for CO evolution were consistent with the 

reported potentials in literature.18, 19  We found that the energetic difference between the limiting 

potentials of HER and CO2RR was only 0.03 eV on Au(563), whereas the difference was 0.32 

eV on Au(111).  The promotion of CO2RR was significant on high-index Au facets. 
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3.4.3. Theoretical analysis of CO2RR on thiol-modified Au 

Figure 3.14 shows the DFT calculated reaction free energy diagram for CO2RR on Au(111), 

Au(211), and (2-PETt)2Au/Au(211), respectively. The limiting potential of CO2RR on (2-

PETt)2Au/Au(211) is lower than that on blank Au(111). 

 

 

Figure 3.14. DFT calculated reaction free energy diagram for electrochemical CO2RR on blank 

Au(111), blank Au(211), and (2-PETt)2Au/Au(211), respectively. 

 

The calculated adsorption energies, ZPEs, Gibbs free energy contributions, solvation 

energies and dipole moments of thiolate species on Au surfaces are shown in Table 3.5.  The 

thiolates are mobile on Au surfaces.122, 160  The calculated results showed that RS and (RS)2Au 

thiolate species preferred to adsorb on the edge sites of the Au(211) rather than the terraces of 

the Au(111).  At a negative electrode potential, thiolate species on defect sites (Au(211)) are 

more stable than that on terrace sites (Au(111)).   
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Table 3.5. DFT-calculated adsorption energies (Eads, eV), zero-point energies (EZPE, eV), free 

energies corrections (G(T), eV, T = 298.15 K, p = 1 bar), solvation energies (Esolv, eV), and 

dipole moments at zero fields (0, eÅ) for various species. 

Species   Eads EZPE G(T) Esolv 0 

H2 gas phase   0.27 -0.05   

CO2 gas phase   0.31 -0.30   

H Au(111) (3×3) -2.08 0.13 0.13    0.00 

 Au(100) (3×3) -2.06 0.16 0.15  +0.04 

 Au(211) (4×3) -2.19 0.15 0.15  +0.02 

 Au(563) 9/layer -2.16 0.16 0.15  +0.04 

COOH Au(111) (3×3) -1.17 0.61 0.47 -0.25 a +0.25 

 Au(100) (3×3) -1.15 0.61 0.47 -0.25 a +0.30 

 Au(211) (4×3) -1.42 0.61 0.48 -0.25 a +0.31 

 Au(563) 9/layer -1.50 0.61 0.47 -0.25 a +0.33 

2PETt, C6H5(CH2)2S Au(111) (2×2) -1.38 3.96 3.71  -0.18 

 Au(211) (4×3) -2.02 3.95 3.67  -0.27 

 Au(211) (2×3) -1.91 3.95 3.65  -0.23 

(2PETt)2Au Au(211) (4×3) -1.91 b 3.97 b 3.65 b  -0.45 

 Au(211) (3×3) -1.71 b 3.98 b 3.66 b  -0.37 

2MPAtt, CH3CHSCOO Au(111) (2×2) +0.19 c 1.83 1.60  +0.12 

 Au(211) (4×3) -0.34 c 1.84 1.62  +0.32 

 Au(211) (2×3) -0.21 c 1.84 1.62  +0.21 

(2MPAtt)2Au Au(211) (5×3) -0.40 b,c 1.87 b 1.62 b  +0.31 

 Au(211) (4×3) -0.37 b,c 1.86 b 1.60 b  +0.22 

a The solvation energies of adsorbed COOH and CO are taken from Ref. 42 . 

b Average energy of each thiolate. 

c With respect to gas-phase CO2 and CH3CHS because CH3CHSCOO spontaneously dissociate 

into CO2 and CH3CHS in gas phase. 
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We named the directly adsorbed thiolates as 2-PETt and 2-MPAtt (the chemical formula 

of 2-MPAtt is CH3CHSCOO); and the adsorbed dithiolate–Au complexes as (2-PETt)2Au and 

(2-MPAtt)2Au.  The thiolate coverage effects on the limiting potentials were considered.  The 

coverage (θ) of thiolate species on Au surface was equal to the ratio of the number of thiolate-

occupied Au edge atoms (an Au atom is occupied if it forms Au-S bond with thiolates) to the 

number of Au edge atoms in a unit cell.  The calculated minimum free energy geometries of 

thiolate species on Au(211) are shown in Figure 3.15.  The directly adsorbed thiolates preferred 

to adsorb on the bridge sites of step edges.  The dithiolate-Au complexes were aligned on the 

step edges with the S headgroups and the Au adatoms located on the top sites, and the two 

thiolates were linked by the Au adatom.  The adsorbed 2-PETt molecules tilted to the surfaces.  

The adsorbed 2-MPAtt molecules were bonded to the surfaces through both S and O atoms. 
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Figure 3.15. Top (top panels) and tilted side (bottom panels) views of DFT-calculated minimum 

free energy geometries of (a and b) 2-PETt on (4 × 3) and (2 × 3) unit cells; (c and d) (2-

PETt)2Au on (4 × 3) and (3 × 3) unit cells; (e and f) 2-MPAtt on (4 × 3) and (2 × 3) unit cells; (g 

and h) (2-MPAtt)2Au on (5 × 3) and (4 × 3) unit cells, on step edges of Au(211) surfaces.  

Yellow, green, black, red and white spheres represent Au, S, C, O, and H atoms, respectively.  

Black and blue dashed lines indicate surface unit cells and step edges, respectively.  For clarity, 

periodic images of adsorbates have been removed from the side views. 
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The calculated limiting potentials of CO2RR and HER on thiolate-modified Au(211) 

were summarized in Table 3.6.  The limiting potentials on thiolate-modified Au(211) were more 

negative than that on blank Au(211), which is due to the thiolate-induced destabilization of the 

intermediates *H and *COOH.  The limiting potential of CO2RR was below −1.0 V vs. RHE at 

the surface coverage of θ = 1.  The high surface coverage of 2-PETt would lead to the covalent 

interactions and Pauli repulsion161-163 between atoms, and the lack of available edge sites for 

*COOH to adsorb on.  At a θ=2/4 surface coverage of 2-PETt, the limiting potential of CO2RR 

on 2-PETt modified Au(211) was calculated to be -0.50 V vs. RHE, which was only 150 mV 

more negative than that on blank Au(211).  At a θ=3/4 surface coverage of (2-PETt)2Au, the 

limiting potential of CO2RR on (2-PETt)2Au modified Au(211) was calculated to be -0.52 V vs. 

RHE, which was only 170 mV more negative than that on blank Au(211).  The limiting 

potentials of CO2RR and HER on 2-MPAtt/Au(211) were more negative than that on 2-

PETt/Au(211), which is due to the -COO group induced strong repulsion effects on the 

intermediates *H and *COOH. 
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Table 3.6. Calculated limiting potentials of HER and CO2RR, energetic differences (in VRHE) 

between CO2RR and HER, sizes of surface unit cells, edge coverage (), chemical potentials of 

thiolates (, eV/RS), numbers of RS and Au edge atoms per unit cell (nRS, nAu), and the 

Boltzmann distribution (P, %, calculated at T=298.15 K and =-1.0 V/Å) for the various thiolate 

states on thiolate-functionalized Au(211) step edges. 

 HER CO2RR diff. surface 

unit cell 

  nRS, 

nAu  

P 

2-PETt/Au(211) -0.31 -0.50 -0.19 (4×3) 2/4 -0.59 1, 4 0 

 -0.70 -1.80 -1.10 (2×3) 1 -0.54 1, 2 39 

(2-PETt)2Au/Au(211) -0.40 -0.52 -0.12 (4×3) 3/4 -0.55 2, 4 43 

 -0.63 -1.21 -0.58 (3×3) 1 -0.38 2, 3 18 

2-MPAtt/Au(211) -0.27 -0.65 -0.38 (4×3)  2/4 -0.71 1, 4 1 

 -0.75 -1.92 -1.17 (2×3) 1 -0.47 1, 2 14 

(2-MPAtt)2Au/Au(211) -0.62 -0.92 -0.30 (5×3) 4/5 -0.78 2, 5 18 

 -0.69 - - (4×3) 1 -0.66 2, 4 67 

Results are based on minimum free energy configurations of one thiolate species and one *H or 
*COOH per surface unit cell.  Limiting potentials in bold are more positive than or equal to the 

limiting potentials on blank Au(111) from Table 3.4.  “-” indicates *COOH is not stable on that 

surface. 

 

In Table 3.6, the limiting potentials that are more positive than or equal to the limiting 

potentials on blank Au(111) were marked in bold.  The probabilities of various thiolate species 

on Au(211) were calculated using the Boltzmann distribution equation ( ). 

The average edge free energy  was calculated as below: 
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where ΔEads, ΔG(T) and 0 were obtained from Table 3.5.  In Table 3.6, (2-PETt)2Au is the only 

thiolate species that promotes the CO2RR at high surface coverages.  The calculated minimum 

free energy geometries for intermediates on thiolate modified Au(211) are shown in Figure 3.16. 

 

 

Figure 3.16. Top (top panels) and tilted side (bottom panels) views of DFT-calculated minimum 

free energy geometries of (a, b, c and d) intermediates on 2-PETt/Au(211); (e, f, g and h) 

intermediates on (2-PETt)2Au/Au(211); (i, j, k and l) intermediates on 2-MPAtt/Au(211); (m, n 

and o) intermediates on (2-MPAtt)2Au/Au(211).  Yellow, green, black, red and white spheres 

represent Au, S, C, O and H atoms, respectively.  Black and blue dashed lines indicate surface 

unit cells and step edges, respectively.  For clarity, periodic images of adsorbates have been 

removed from the side views. 
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The catalytic activities of CO2RR on various Au sites are in the order: defect sites on 

blank Au surfaces (ca. -0.3 V vs. RHE) > defect sites on 2-PETt modified Au surfaces (ca. -0.5 

V vs. RHE) > terrace sites on blank Au surfaces (ca. -0.6 V vs. RHE) > defect sites on 2-MPAtt 

modified surfaces (ca. -0.9 V vs. RHE).  The calculated limiting potential of CO2RR on 2-PETt 

modified Au(211) is more positive than that on blank Au(111).  The current density of CO on 2-

PETt modified Au surfaces is larger than that on blank Au surfaces, and the current density of 

HER on 2-MPAtt modified Au surfaces is larger than that on blank Au surfaces.  Thus, the 

adsorbed thiolate species had negligible poisoning effect on the catalytic activities of Au 

electrodes in electrochemical CO2RR. 

The differences between 2-PET-Au and 2-MPAtt-Au in electrochemical CO2RR are: 1) 

2-PET thiolate species generated negative dipole moments on Au surfaces, stabilizing the 

intermediate *COOH (the dipole moments of *COOH on Au surfaces are positive).  However, 2-

MPAtt species generated positive dipole moments on Au surfaces, destabilizing the intermediate 

*COOH (Table 3.5); 2) the -COO groups of 2-MPAtt species induced strong repulsion effects on 

the intermediate *COOH and *H, whereas 2-PETt species induced weak repulsion effects on the 

intermediates. 

 In literature, thiolate-modified Au nanoclusters did not promote the CO2RR since the 

exterior Au atoms were fully occupied by thiolates.157, 164, 165  The desorption of thiolates from 

Au surfaces would expose active Au atoms for the CO2RR.  In Figure 3.12e, the total current 

density on 2-MPA-Au rose rapidly in the potential range of -0.9 to -1.0V vs. RHE because the 2-

MPAtt species desorbed from the surfaces at -0.9 vs. RHE. 

In addition, the interfacial environment on the thiolate modified Au surfaces tuned the 

selectivity of CO2RR and HER.  The -COO group of 2-MPAtt transfers the protons from the 
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solutions to the vicinity of the electrode surfaces, whereas the phenyl group in 2-PET would push 

protons away from the surfaces since the phenyl group is hydrophobicity.  The concentration of 

protons near the electrode has an effect on the selectivity of electrochemical CO2RRs.166-168 
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Chapter 4. Summary 

We investigated the orientations of ligands on Au surfaces.  We found that −C6H4−SH and 

−S−C6H5 adsorbed on Au(111) surfaces in upright and tilt configurations through Au-C and Au-

S bonds, respectively.  Adenine molecule has various orientations on Au(111) surfaces.  In 

vacuum, the plane of adenine is parallel to the surfaces and adenine adsorbs on Au(111) with an 

adsorption energy of ca. -1.1 eV (calculated using optB86b functional), whereas the plane of 

adenine might be upright on the surfaces in solution and the adsorption energy of upright adenine 

on Au(111) surfaces was calculated to be ca. -1.3 eV (optB86b functional).  2-PET thiolate 

molecule is tilt on Au surfaces due to the sp3 hybridization in the sulfur atom.  Therefore, the 

orientation of adsorbed ligand on Au is controlled by the strength of the Au-ligand bond, the 

environmental conditions, and the electronic structure of the ligand. 

We studied the adsorption sites of ligands on Au surfaces. We demonstrated that the 

ligand of −C6H4−SH preferred to adsorb on the top site of a surface Au atom on Au(111), 

whereas the ligand of −S−C6H5 preferred to adsorb on somewhere between a bridge and a fcc 

site on Au(111).  Adenine adsorbs on top sites of Au(111) surfaces through N-Au bonds.  For 2-

PETt on Au surfaces, the S head group is located on fcc hollow and bridge sites on Au(111) and 

Au(211), respectively.  For (2-PETt)2Au on Au surfaces, the S head groups are on the top sites of 

surface Au atoms.  Thus, ligands are able to adsorb on three different sites, top, bridge, and 3-

fold hollow, on Au surfaces through various head groups. 

We also studied the stability of ligands on Au surfaces.  The Au-C bond of Au−C6H4−SH 

was found to be ca. 0.4 eV (optB88 functional) stronger than the Au-S bond of Au−S−C6H5, 

which explained the excellent stability of the Au-C bond at a wide range of potentials in 

experiments.  The Au-N bond of upright adenine on Au(111) is stronger than that of parallel 
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adenine on Au(111).  The (2-PETt)2Au complex was found to be stable on Au(111) surfaces at a 

potential range of 0 to -1.3 V vs. RHE. 

In addition, we studied the adsorption states and desorption species of ligands on Au 

surfaces.  The calculated vibrational frequency of the Au-C stretching was observed in the 

Raman spectra of Au-Ar-S¯ monolayers on Au(111), indicating that prepared monolayers 

formed Au-C bond on Au(111).  The N9H tautomer of adenine was found to be the most stable 

tautomer on Au(111) surfaces, and it adsorbed on Au(111) surfaces through N1, N3, or N7 atom, 

with N3 mode the most stable one.  The dissociation of acidic N9 hydrogen of N3 mode was 

thermodynamically unfavorable.  The calculated desorption temperatures of adenine on Au(111) 

surfaces were in agreement with the measured desorption temperatures in experiments.  If the 

interconversion between tautomers is inhibited, the desorption temperature of N3H tautomer on 

Au(111) surfaces is higher than that of N9H tautomer on Au(111) surfaces.  2-PET molecules 

form 2-PETt, (2-PETt)Au and (2-PETt)2Au complexes on Au surfaces.  The thermal desorption 

to produce phenylethyl disulfide is thermodynamically unfavorable with a reaction energy of 

0.51 eV (optB86b functional).  The pKa of 2-PET was calculated to be 10.65 which was 

consistent with the pKa value in literature.  2-PET thiolate species on Au surfaces desorb as 2-

PET molecules and 2-PET anions at pH < pKa and pH > pKa, respectively.  The stability order 

of 2-PET thiolate states on Au surfaces is: (2-PETt)2Au/Au(111) > (2-PETt)2Au/Au(211) > (2-

PETt)Au/Au(211) > 2-PETt/Au(211) = (2-PETt)Au/Au(111) > 2-PETt/Au(111).  The calculated 

desorption potentials of 2-PET thiolate states shifted negatively as the pH of solutions increased 

at pH < pKa, whereas the calculated desorption potentials of 2-PET thiolate species on Au 

surfaces were not dependent on pH at pH > pKa.   
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Finally, we investigated the catalytic activities of ligands modified Au electrodes in 

electrochemical CO2RR using DFT methods.  The limiting potential of CO evolution on (2-

PETt)2Au/Au(211) was found to be 0.14 eV (RPBE functional) more positive than that on blank 

Au(111), whereas the limiting potential of CO evolution on (2-MPAtt)2Au was found to be 0.26 

eV (RPBE functional) more negative than that on blank Au(111).  Our calculated results were in 

agreement with the experimental evidences that 2-PET and 2-MPA promoted the CO evolution 

and HER respectively on Au electrodes.  (2-PETt)2Au complexes were predicted to be prevalent 

on Au(211) surfaces, and was the only thiolate state that promoted CO2RR at high edge coverage 

(θ=3/4).  We demonstrated that 2-PETt molecules induced negative dipole moments on Au 

electrodes, which stabilized the intermediate *COOH species (the dipole moment of *COOH 

was positive).  The -COO groups of 2-MPAtt molecules generated repulsive forces on Au 

electrodes, pushing the intermediate *COOH away from the surfaces.  The hydrophobicity of the 

phenyl groups of 2-PETt molecules and the hydrophilism of the -COO groups of 2-MPAtt 

molecules changed the proton concentrations in the vicinity of the electrode surfaces.  The 

modification of Au electrodes with certain ligands is an effective and simple way to promote the 

catalytic activity and selectivity of electrochemical CO2RR. 

To provide guidelines for rational selection of ligands to modify metallic catalysts, many 

systematic studies on the interaction of ligands with metals should be carried out in the future.  

Literatures have shown that several ligands, such as chemisorbed oxygen169, graphene170, and 

atomic nitrogen171 induced the surface reconstructions of Cu surfaces.  Ag and Pd surfaces were 

reconstructed by chemisorbed oxygen172 and CO173, respectively.  The kinetics of different 

ligands reconstructing different metals could be investigated using climbing image nudged 

elastic band (CI-NEB) method.174, 175  The nudged elastic band method is used to find minimum 
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energy paths and saddle points between known reactants and products, and the climbing image 

method is used to find an accurate saddle point with a few images.  Ligand is promising to create 

more active sites on metal catalysts if it is able to reconstruct metal surfaces. 

Another systematic study is different functional groups’ effects on the selectivity of 

electrochemical CO2RR.  Fang and co-workers have reported that the formation of HCOO¯ and 

CO on Au electrodes using ligands which possessing pyridine and NH2 functional groups 

respectively in the same electrochemical conditions.176  The mechanisms of those reactions could 

be investigated using theoretical methods. 
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