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Abstract

Electrochemical reduction provides an opportunity to convert atmospheric CO, to fuels or
chemicals using renewable energy. In this work, we demonstrate unexpected influence on the
catalytic activity and selectivity of the electrochemical CO, reduction reaction (CO,RR) through
the functionalization of Au with thiols. 2-Phenylethanethiol modified Au electrodes (2-PET-Au)
show up to a 2-fold enhancement in both Faradaic efficiency and current density for CO
evolution, between -0.6 and -0.9 V vs. the reversible hydrogen electrode. Functionalization with
2-mercaptopropionic acid, which has a readily ionized carboxylate group, leads to hydrogen
evolution with up to 100% Faradaic efficiency at the expense of CO evolution. Remarkably, the
adsorption of certain thiols on Au did not have a negative impact on the total current density
compared to blank Au. We present evidence that it is due to ligand-induced reconstruction of Au
surfaces resulting in the creation of structurally and chemically modified local reaction
environments. Thus a thiol species such as 2-PET, which does not contain any nitrogen-based
heterocycle with a charge transfer center, can induce the formation of active sites on Au that are
electrochemically active toward CO,RR within the range of electrode potential that most of the
ligand concentration remains stable on Au. Our findings suggest a simple, effective, and tunable

way to modify the activity and selectivity of Au electrodes.
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1. Introduction

The ability of nature to selectively reduce CO, using sunlight and water is a truly exquisite
process. If mankind is to develop processes to produce fuels, chemicals, and materials from
these basic ingredients using renewable energy, the overall efficiency, yields, and selectivity of
electroreduction reactions must be substantially improved. In electrochemical routes, a
fundamental challenge is the fact that the formal potentials for the CO, reduction reaction
(CO,RR) forming various products (e.g. CO, CH3;0H, HCOOH) occur close to that of the
hydrogen evolution reaction (HER) at 0 V vs. the standard hydrogen potential (denoted as Vsyg
below).! This effectively causes most conventional electrocatalysts to generate large amounts of
H, relative to desirable products such as hydrocarbons. In contrast, carbon monoxide
dehydrogenase (CODH)? enzymes such as carboxydothermus hydrogenoformans® 4 and
carboxidovorans® can reversibly reduce CO, to CO at ambient conditions, albeit at slow rates.
The active site of CODH consists of a Fe;S, cluster bonded to a Ni-Fe moiety, and the Ni and Fe
atoms are anchored by cysteine ligands. If we can understand and leverage the function of
ligands on conventional electrodes, it may be possible to develop new electrocatalysts to
effectively convert CO, into high energy density fuels in a carbon-neutral process.

Previously, Hori et al. investigated the catalytic activity of many metal electrodes for CO,
reduction. Au was reported to produce CO selectively in a 0.5 M KHCO; solution giving a
Faradaic efficiency (FE) up to 91% at -1.1 V vs. the normal hydrogen electrode (NHE) and a
partial current density of 3.7 mA/cm?. The onset potential for CO formation was -0.8 V vs. the
standard hydrogen electrode (SHE).>7 Tto et al. studied gold electrodes in a series of phosphate
buffer solutions. By tuning the pH of the electrolyte from 2.5 to 6.8, the FE of CO formation

varied from 30% to 60% with hydrocarbons produced at the more negative potentials.® In an
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attempt to overcome the constraint of high overpotential and low product selectivity, the use of
electrodes based on nano-sized Au was considered in several studies. Kauffman et al.
synthesized thiolate-stabilized Au,s nanoclusters, which catalyzed the conversion of CO, to CO
with nearly 100% FE at -1 V vs. the reversible hydrogen electrode (RHE) and a partial current
density of 15 mA/cm? in 0.1 M KHCO;, with the onset potential promoted to -0.19 Vgyg.” Zhu
et al. evaluated monodisperse Au nanoparticles (4-10 nm in diameter) in 0.5 M KHCO; and
obtained a maximum 90% FE at -0.67 Vrygg. Their theoretical calculations suggested that the
edge sites on the Au nanoparticles favor CO evolution over HER by stabilizing the key COOH
intermediate, while corner sites favor HER over CO,RR.!° Inspired by the finding, they further
synthesized ultrathin Au nanowires, which featured a high fraction of exterior sites as edge sites,
and obtain a maximum FE for CO evolution of 94% at -0.35 Vgge in 0.5 M KHCO;.!!
Significant size-dependent activity was also noted by Mistry et al. for 1.1-7.7 nm Au
nanoparticles. Those authors reported that the FE for H, increased and that for CO decreased
with decreasing particle size at -1.2 Vgyg.'?

In addition to optimizing the size and composition of metal electrocatalysts,® 13- 14 the use of
molecular redox mediators represents another promising approach. Seshadri et al. reported that
pyridinium ions reduced CO, to methanol with up to 30% FE on Pt electrodes.!> Pyridinium was
proposed to function as a one-electron shuttle between the metal and CO,.!6: 17 Cole et al. further
showed that the basicity and steric effects of substituent groups on pyridinium also correlated
with the enhanced Faradaic yield of methanol in CO, reduction.'® Homogeneous catalysts such
as Re(bipy)(CO);Cl and pterins supported on glassy carbon have also been reported as active
catalysts for CO, reduction. Re(bipy)(CO);Cl selectively reduces CO, to CO, while pterins are

capable of reducing CO, and formic acid to methanol without any metal, albeit at very low
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yields.!8: 19 Although the role of the molecular complexes in these reactions remains to be
elucidated, the ligand effect is reminiscent of nature’s use of ligands to achieve CO, reduction in
photosynthesis.

We hypothesize that ligands can be used to enhance or steer electrochemical activities in
CO,RR for solid electrodes as well as for molecular clusters. Herein we present how two thiol
ligands containing no nitrogen-based heterocycle alter the activity and selectivity of
electrochemical CO,RR. Unexpectedly, Au electrodes modified with 2-phenylethanethiol
(C¢Hs(CH;),SH, abbreviated henceforth as 2-PET; Fig. la) exhibit increased FE and partial
current density for CO formation, whereas Au electrodes modified with 2-mercaptopropanoic
acid (or thiolactic acid, CH;CHSHCOOH, abbreviated henceforth as 2-MPA; Fig. 1b) is capable
of promoting HER to nearly 100% FE at the expense of CO,RR. The total current densities on
the ligand-modified electrodes are either comparable to or higher than that on blank Au,

evidencing little poisoning effect by the thiols.

SH 7
HsC
OH
(a) SH (b)
Fig. 1 Schematic of the two thiol species used to functionalize Au electrodes in this study: (a) 2-

phenylethanethiol (C¢Hs(CH;),SH); (b) 2-mercaptopropanoic acid (CH;CHSHCOOH).

These two ligands belong to a large class of organothiol compounds, which are known for their
tendency to self-assemble into stable monolayers (“SAMs”) on Au and other metals and have
been used to functionalize solid surfaces with different chemical groups.'-2°22 S-Au bonding has
been confirmed by XPS,?* 24 and low barriers (0.3 ~ 0.4 V) for the dissociation of the thiolic H

have been shown by DFT,? 26 both of which suggest dissociative adsorption of thiols as thiolates
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at ambient conditions. Scanning tunneling microscopy (STM) studies have documented that the
morphology of Au surfaces undergo significant changes at ambient or sub-ambient temperature
with the chemisorption of many thiols, including alkyl- and phenylalkyl-thiols*? %7-32 and
mercaptopropionic acids,’!-*7 via formation of pits and vacancies that are predominantly
monoatomic deep and develop on the order on minutes. However, the effect of the
morphological changes on the chemical reactivity of Au surfaces is not understood. It has been
shown conclusively that SAMs of thiols contain Au adatoms removed from the surface.’84° The
current structural models for SAMs on Au are based on the so-called “staple” motif (with a
chemical formula of (RS),Au):2% 38 40 Sych dithiolate-Au complexes form various ordered
phases of up to 1/3 ML (coverage based on the ratio of the number of S atoms to that of surface
Au atoms) on flat terraces, although what adsorbs on defect sites is not well resolved.

Therefore we rationalize the modified CO,RR behavior in terms of thiolate-induced surface
reconstruction of Au, as illustrated in Fig. 2. The reconstruction process occurs prior to the
electrochemical experiments, starting with the submersion of an Au foil in an ethanolic thiol
solution and continuing as the Au foil is dried and later placed in a thiol-less CO, electrolysis
solution. It proceeds as follows: A thiolate molecule (RS) extracts an Au atom out of an Au(111)
surface, forming a monothiolate-Au complex (RSAu) and leaving behind a Au vacancy (Vay).
As this process repeats itself, V,’s coalesce into new extended defect sites while a steady supply
of RSAu is generated. RSAu may further decompose into dithiolate-Au complexes ((RS),Au) by
ejecting half the amount of Au adatoms, which coalesce into additional defect sites. Available
defect sites then become occupied by either RS or (RS),Au species. The net result is the

conversion of Au terraces into defects decorated and stabilized by thiolate species according to
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the following (unbalanced) overall reaction. Here ejected Au atoms and Au vacancies are

counted together as new defect sites (—):

[RS],., ~[(RS).Au]  +[RS]

Fig. 2 Schematic illustrating a reconstruction process on Au(l11): (a) thiolates (RS) cover
Au(111); (b) thiolates create point vacancies by extracting Au atoms out of the surface forming
monothiolate-Au complexes (RSAu); (c) the process repeats itself and more Au atoms are
extracted; (d) Au vacancies coalesce into new defect sites; (¢) RS and dithiolate-Au complexes
((RS),Au) occupy the new defect sites. Large spheres represent Au atoms (different shading

denotes different layers); black dots with tails denote ligands.

Consistent on this view, we present density functional theory (DFT) calculations showing that
certain thiolated Au defect sites are capable of turning over CO, reduction in the intermediate
potential range owing to a combination of local structural and electrostatic factors, supporting the
identification of such sites as the active sites for CO,RR in the presence of thiolates. Primarily
Au(111) and Au(211) facets are used as models to represent terrace and defect sites respectively,
with a combination of ligands and key reaction intermediates adsorbed at medium to high
coverage. While a sufficiently negative potential would undoubtedly cause most, if not all, thiol
ligands to desorb, our findings suggest that intriguing and potentially tunable modification of
electrocatalytic behavior may be obtained by targeted thiol modification when CO, electrolysis is

carried out at an intermediate potential positive of ca. -1 Vyyg.
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2. Experimental

2.1 Electrode preparation and characterization

Blank polycrystalline Au foil electrodes (99.99%, MTI Corp.) were rinsed with deionized water
(Mega Pure system) and used as working electrodes. Functionalized electrodes were prepared as
follows: DI water-rinsed Au foils were immersed in a 20 mM ethanolic solution of 2-
phenylethanethiol (Sigma-Aldrich, 98%) or 2-mercaptopropionic acid (Sigma-Aldrich, 95%) for
10 minutes. The thiol-functionalized electrodes were then rinsed with copious amounts of
ethanol (Pharmco-Aaper, ACS) after being taken out of the solutions to remove non-
chemisorbed species such as un-dissociated thiols.

Attenuated total reflectance infrared (ATR-IR) spectra of the functionalized gold electrodes
were taken using a smart-ITR assembled Nicolet 6700 FTIR spectrometer with a nitrogen-cooled
narrow-band MCT detector. Each Au sample (blank or functionalized) was mounted on the
sampling stage where the diamond crystal was located at the center, and the sample was fixed
with the high-pressure clamp from the top. For each ligand-modified electrode, one spectrum
was taken in the freshly prepared state. The electrodes then underwent chronoamperometry in
the same two-compartment electrochemical cell at various controlled potentials down to -1.1
Vrue, which was the most negative potential applied in CO, electrolysis in this study. Spectra
were taken again after the system was held at each potential for 15 minutes. The spectra were
recorded at a resolution of 0.5 cm! and 256 scans.

2.2 Electrochemical methods
Electrolysis of CO, was carried out using a three-electrode cell in a two-compartment glass

reactor separated by Nafion membrane (FuelCellsEtc) to prevent the products from being re-
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oxidized. The potential of the cathode was measured with respect to an Ag/AgCl (saturated with
3 M NaC(l) reference electrode (BASi, RE-5B) by a PAR 263A potentiostat/galvanostat. The Pt
wire in the anode compartment served as the counter electrode. CO, was bubbled continuously
into a 0.1 M KHCOj; (Sigma-Aldrich, ACS reagent, in Mega-Pure water) supporting electrolyte
in the electrochemical cell at a flow rate of 40 ml/min and a pressure of 1 atm while the potential
was stepped to a desired potential and held at it for 15 minutes. At the 15 minutes, the gas
products (CO and H,) in the effluent of the electrolysis were auto-sampled by the gas
chromatograph (SHIMADZ, GC 2014) with HP-Plot U column (Agilent Technologies) that was
equipped with FID and TCD detectors, and the concentrations of individual gases were analyzed.
2.3 Computational methods

All periodic DFT calculations reported in this work were performed in the generalized gradient
approximation (GGA-RPBE exchange-correlation functional*!') using the Vienna Ab initio
Simulation Package (VASP).#> The core electrons were described using the Projector
Augmented Wave (PAW) method.** The equilibrium lattice constant for Au was determined to
be 4.198 A, in good agreement with the experimental value (4.08 A).#* The valence electrons
were expanded in Kohn-Sham one-electron orbitals up to 400 eV.

The Au(111) and Au(100) surfaces were modeled with slabs that had a (2x2) or (3x3) surface
unit cell with 4 layers of Au each, with the topmost two layers relaxed. The Au(211) surface was
modeled with slabs that had a 3 atomic row deep terrace and a 2-atom-wide ((2%3)), 4-atom-wide
((4%3)), or 5-atom-wide ((5%3)) step edge and consisted of 3 layers of Au perpendicular to the
terrace. The topmost 4 atomic rows of Au were relaxed. The Au(563) surface was modeled with
a slab consisting of 4 layers of Au (in the direction normal to the terrace) for a total of 36 atoms

in the unit cell, of which the topmost 14 Au atoms were relaxed. Au atoms that were not relaxed
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were held at their bulk positions. The different surface unit cells allow different adsorbate
coverages to be modeled. All slabs were sampled on a I'-centered 5x5x1 Monkhorst-Pack k-
point grid. Neighboring slabs were separated by 20-24 A of vacuum in the z direction, with
dipole decoupling in the z direction.> The total energies of the gas-phase species were
calculated in an 18x18.2x18.4 A3 simulation cell. To compensate for a systematic error in
RPBE, a correction of 0.45 eV was applied to the total energy of the gas-phase CO, molecule.*¢
Geometry optimization was considered converged when the residual force in each relaxed degree
of freedom fell below 0.03 eV/A.

The adsorption energy (AE,;) of an adsorbate on a blank or functionalized Au slab was

calculated as:

AE =E E E

ads total ~ “slab g
where Eyu, Egq, and E, are the DFT total energies of the system, the Au slab (blank or
functionalized), and the neutral adsorbate species isolated in the gas phase, respectively.
Following prior studies,*”- 48 the adsorption energy of a thiolate molecule in a dithiolate-Au
complex was calculated as:

AE,, = l(Etoml —E,,~ EAu) -k

ads 2 g

where, without loss of generality, E4, is the energy of an Au atom in bulk Au. The DFT-
calculated total energy adsorption energies are listed in Table S1. It should be noted that for the
thiolates, which do not have appreciable partial pressures in the gas phase in this study, using a
gas-phase reference is not intended to reflect their stabilities vs. desorption, but merely to allow
the relative stabilities of different surface thiolate states to be estimated, and to facilitate
comparison with existing and future theoretical studies for adsorption of similar thiolates on Au

and other metals.
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According to the computational hydrogen electrode,* the free energy of (H" + ) can be
| :
calculated as G[H +e }: EG[Hz(g)]at pH=0 and 0 V vs. SHE. The free energy at a different

pH value can be corrected by +kgT-In[H*], where [H'] is the concentration of H* ions. Thus, for
instance, the free energy (AG,,,) of CO, reduction to COOH via the step,
COQ(g) + H+(aq) +e +* - *COOH

was calculated as:
AGY" =G| COOH' |-6[co, |- G[*]—[% Gl H,, J+k,T- 1{}1@]

Here * indicates an adsorbed species or, by itself, denotes a free site, and henceforth we will use
it to denote the surface reaction intermediates, e.g. “H and *COOH, in HER and CO,RR. Since
the RHE is related to the SHE by Uryg = Usyg + kgT'In[H"]/e, the reaction free energy of Step 1
can be re-written as:

1

AGHE = G[COOH*]_ G[COMJ— G[*}_ EG[Hz(gJ

The equilibrium potential for this reaction step is equal to U° = —AG,,,/e. The source of proton
at neutral pH is the dissociation of water prior to the onset of the 2e” reduction of water. The
reaction step can alternatively be written by replacing H*(,q) with H,O — OH~(,q), but the results
are identical on the RHE.>°

For the individual terms in the AG,,, expressions: The free energies of gas-phase H,, CO,, and

CO were calculated as:>!

G =E+AG(T.p)=E+ [E"”’ + AR(T,p ) = Ts(T,p | + &k, T ln( pp]]

Y

10
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where E and E“PF are the DFT total energy and zero-point energy (ZPE) of species H, or CO,,
respectively, T is temperature, 2 and s are the enthalpy and entropy of the gas-phase species,
respectively, and p is pressure with p° = 1 bar as the reference pressure. A# is equal to A(7T, p’) —
h(0 K, p"). In this work T and p were set to ambient conditions (298.15 K and 1 bar). The values
of the enthalpies and entropies for H,, CO,, and CO were obtained from the NIST Chemistry
WebBook.3? Using experimentally measured enthalpies and entropies better accounts for non-
ideality than a pure statistical thermodynamics approach, although the differences are likely
negligible for these simple gasses. The corresponding E“°F and AG values are listed in Table S1
in Supporting Information.

The free energy of an adsorbate on an Au surface (e.g. “H, “COOH) was calculated as:

G, =E+AG(T)+AE, , +p, 5= E+(EZPE +Au(T)—Ts(T))+AEmlv -6

where E is the DFT total energy of the system, Au is the change in internal energy from 0 K to 7,
AE,,;, is the solvation energy correction, z is static surface dipole moment at zero electric fields,
and ¢ is the electric field at the surface. E“7F (as well as E#PE term in the free energy of gas-
phase species above), Au, and s were calculated from the vibrational frequencies associated with
the normal modes of the adsorbed species, which were calculated using two-sided finite
difference approximation of the dynamical matrix with a displacement of 0.01 A. Previously
reported values*® for *CO and *COOH were used for AE,,;,. The presence of thiolate species was
not taken into consideration based on the assumption that their solvation effects were largely
canceled out in the calculation of AG,,. The dipole-field term (i ¢) is the first-order
approximation to the Stark effect, which has been found to be significant for *COOH, a key
intermediate in CO,RR, on Ag5® although its polarizability is negligible (]0.2| eA2/V or less),

which justifies the use of the approximation.’* See Table S1 for the values of EZPE, AG, AE,,

11
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and g for key adsorbed states. In this study, the direction of a dipole moment is consistent with
that of the electric field (from positive to negative charges), and a positive dipole is in the
positive z direction, which points away from the surface. A representative value of -1.0 V/A was
used for &3

For a co-adsorption system (e.g. “COOH with a thiolate species), E, EZ’E, AG and y are those
of the overall system, and the reference system (i.e. G[*]) refers to Au with the thiolate. The
minimum free energy adsorption geometry of a thiolate species on Au was determined from
multiple initial configurations, each of which was subjected to a coarse-grain ab initio molecular
dynamics simulation that thermally annealed it at 300 K, followed by energy minimization. The
vibrational and dipole-field contributions to the free energy were considered in identifying

minimum free energy structures.

3. Results and discussion

3.1 Electrochemical measurements

We determined the onset potentials for CO,RR and HER based on Tafel plots® (see Fig. S1 in
Supporting Information), which are summarized in Table 1. The only major gas products from
the electrolysis (defined as those having a FE > 0.1%) were H, and CO on all the Au electrodes.
The onset of CO evolution at ca. -0.3 Vyyg on blank Au foils is consistent with previous reports®
and has been conclusively proven by Dunwell et al. recently with surface enhanced infrared
absorption spectroscopy, which captured the vibrational signature of CO on Au under a square-
wave potential profile.’® The onset potential for CO evolution on both of the functionalized Au

electrodes (2-PET-Au and 2-MPA-Au) was shifted to -0.24 Vgyg, a 90 mV anodic shift

12
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compared to blank Au. For HER, the onset potential barely changed on 2-PET-Au, while a 160
mV anodic shift was observed on 2-MPA-Au.

Table 1 Comparison of onset
potentials (in Vyyg) of HER and
CO,RR on blank and functionalized

Au foil electrodes at room temperature

based on the Tafel plots.

Electrode HER CO,RR
blank Au -0.27 -0.33
2-PET-Au -0.26 -0.24
2-MPA-Au -0.11 -0.24

Fig. 3 compares the FE and partial current densities for CO and H, (jco and jy;) in CO,
electrolysis on blank Au, 2-PET-Au, and 2-MPA-Au. The total current density (ji¢) on blank Au
foil was similar to that obtained by Kauffman et al. over bulk Au in 0.1 M KHCOs.? In the -0.6
~ -0.9 Vyyg range, remarkably, the FE of CO was approximately doubled while the FE of H, was
suppressed by half on 2-PET-Au vs. blank Au. Both jco and ji, and especially jco, increased
(Fig. 3¢, 3d) and so did the total current density (Fig. 3e). At -0.8 Vgyg, for example, the FE for
CO formation on 2-PET-Au was twice that on blank Au, and the current density for CO on 2-
PET-Au was 7.6 times that on blank Au. At ca. -0.9 Vyryg the FE and partial current density for
CO evolution on 2-PET-Au are comparable to the performance of the anodically modified Au
reported by Kuhl et al.>’7 2-MPA-Au exhibited a different effect on product selectivity: The FE
for CO evolution was suppressed while the FE for H, was promoted to near unity around -0.6

Vrue. The partial current density for CO was somewhat lower than on blank Au while that for

13
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H, was comparable to blank Au down to ca. -0.9 Vryg, beyond which the latter rapidly increased
compared to blank Au. These findings reveal no clear sign of thiolate poisoning and passivation

of the Au electrodes.
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T -
—m— Au foil

| 2-PET-Au
—*—2-MPA-Au

s £ / i

Ji (mA/cmz)

. ‘ )
-0.6 -0.8 -1.0 -1.2
Potential vs. RHE (V)

Fig. 3 Comparison of electrolytic behavior of blank and thiol-functionalized Au foil electrodes

at room temperature and pco, = 1 atm. (a) Faradaic efficiency of CO; (b) Faradaic efficiency of
Ha; (c) partial current density of CO (jco); (d) partial current density of Hy (ju,); (€) total current

density (jio), all in CO, electrolysis carried out in CO,-saturated 0.1 M KHCOj;. Note that the y-
axis scales are made identical in (c) and (d) to facilitate comparison, which causes some data

points to be cut off. For the full version of panel (d) see Fig. S2.

3.2 Stability of the thiols on Au

To verify the stability of 2-PET and 2-MPA on Au, the electrodes were interrogated using ex situ
ATR-IR before and after they were used in CO, electrolysis. The resulting spectra are presented
in Fig. 4. On 2-PET-Au, (i) the CH, wagging mode in —CH,—S at 1260 cm’!; (ii) the —CH,—
CH,— bending mode at 1380 cm™'; (v) the -CH,— asymmetric stretching mode at 2947 cm™!; and
the aromatic ring C=C stretching modes at (iii) 1580 cm™! and (iv) 1623 cm! are detected on the
electrode both as prepared and post electrolysis at -1.1 Vyyg for 15 minutes (peak assignments as

indicated in Fig. 4a).°%%! The overall intensities of the signals are similar before and after the

15
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electrolysis. The blue shift of peak (i) to higher wavenumber and the change of relative

intensities between the —CH,—CH,— bending mode (ii) and aromatic ring C=C stretching modes

(iii and iv) may be attributed to a conformational change in the molecule.®?
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Fig. 4 ATR-IR spectra for as-prepared and post-electrolysis (a) 2-PET-Au and (b) 2-MPA-Au
electrodes. The electrolysis was done by holding each functionalized electrode in CO,-saturated

0.1 M KHCO; at each given potential for 15 minutes.

In the spectrum of the as-prepared 2-MPA-Au electrode (Fig. 4b), the peaks at (i) 1241 cm’!,
(iv) 1449 cm™!, and (vi) 1723 cm™! are assigned to C-C stretching,®® asymmetric stretching of the
—CHj; group, and C=0 stretching of the —-COOH group, respectively. After 15 minutes of CO,
electrolysis at -0.94 Vgyg, peak (vi) diminished while a new set of peaks became prominent at
(i1) 1372 em!, (iii) 1421 cm’!, and (v) 1602 cm!, which are assigned to various asymmetric and
symmetric stretching of the deprotonated —COO group, indicating that the dominant species on
the surface changed from the singly deprotonated acid-thiolate form (CH;CHSCOOH) to the
doubly deprotonated carboxylate-thiolate form (CH;CHSCOO) of 2-MPA. The assignment
regarding the deprotonation of the -COOH group is consistent with an expected increase of
interfacial pH due to highly negative electrode potentials; with infrared spectra of aqueous-phase
acetic acid vs. sodium acetate; and with surface science findings for the interaction of carboxylic
acids on metals and oxides.%*¢7 Comparison with the literature excludes the possibility that these
peaks are due to adsorbed HCO;3™ or CO3? species.’® % After 15 minutes of electrolysis at -1.0
Vrue, the intensities of most of the peaks diminished, suggesting notable loss of the ligand
molecules.

The reductive desorption of alkanethiols (including carboxylate-containing species such as
MPA) and arenethiols has been previously studied.?’-?% ¢ Most of those studies used basic
solutions, in which the peak reduction potential fell between -0.7 and -1.1 Vgaeci. The fate of

thiol ligands following electrochemical reduction is debated. Jacob et al. studied decanethiol and
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octadecanethiol on Au in 0.1 M KOH using sum frequency generation and suggested that large
hydrophobic ligands remain close to the electrode even after reductive desorption.” Our ATR-
IR experiments present clear evidence for the persistence of chemisorbed 2-PET and 2-MPA on
the Au electrodes down to ca. -0.9 Vyyg.

In addition, we performed linear sweep voltammetry (LSV) to analyze the thiol coverage
before and after CO, electrolysis (15 minutes in CO,-saturated in 0.1 M KHCO;). The LSV
experiments were conducted at a scan rate of 50 mV/s in 0.5 M KOH for 2-PET-Au and 0.1 M
KOH for 2-MPA-Au, respectively. Because the reductive desorption peak of 2-PET in 0.1 M
KOH was indiscernible, a higher concentration of 0.5 M KOH was used instead. The potential
was scanned cathodically from 0 to -1.5 Vagagc1 to reductively desorb surface thiol species,
thereby quantifying the amount of the ligands that were present on the freshly prepared samples

and on the post CO, electrolysis samples.
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—— Fresh 2-PET-Au

a> —— Post electrolysis 2-PET-Au @ -1.10 V...
=
S .05
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E
(b)
-0.1
-0.2
-0.3
— Au foil
04 —— Fresh 2-MPA-Au
’ —— Post electrolysis 2-MPA-Au @ -0.94 V.
= Post electrolysis 2-MPA-Au @ -1.00 Vg
0.5
-1.5 -1.2 -09 -0.6 -03 0

Potential vs. Ag/AgCl (V)

Fig. 5 Linear sweep voltammograms of differently treated (a) 2-PET-Au in 0.5 M KOH, and (b)

2-MPA-Au in 0.1 M KOH, at room temperature. Scan rate was 50 mV/s.

Fig. 5a shows the LSV of 2-PET-Au in 0.5 M KOH aqueous electrolyte. The difference in
background current arose from non-Faradaic capacitive charging. The reductive peak at -1.06
Vagaea 1Is integrated to give an estimated reductive charge of 116 pC/cm? for the freshly
prepared 2-PET-Au, which corresponds to a coverage of 1.2x10° mol/cm? (summarized in Table

2), or 0.49 ML based on 1.5x10" surface Au atoms per cm? on Au(111). This value is close to

19

Page 20 of 40



Page 21 of 40

Catalysis Science & Technology

those reported in the literature.”® After 15-minute electrolysis at -1.1 Vyyg in CO,-saturated 0.1
M KHCO;, 89 pC/cm? was obtained by integrating the reductive peak corresponding to
9.26x10-1° mol/cm?, which indicates that 77% of the 2-PET remained on Au surface following
CO, electrolysis at -1.1 Vyyg for 15 minutes.

Fig. 5b shows the corresponding results of 2-MPA-Au in 0.1 M KOH. The LSVs of the
freshly prepared and post—electrolysis (at -0.94 and -1.00 Vryg) 2-MPA-Au were measured. The
integrated reductive charges were 95 uC/cm?, 89 uC/cm?, and 63 pC/cm?, respectively. Thus the
freshly prepared 2-MPA-Au had a lower surface coverage of thiolates than the freshly prepared
2-PET-Au did, and a greater amount of 2-MPA was lost from the surface than 2-PET through
CO, electrolysis at a comparable potential, which suggests that 2-PET is bonded to Au more
strongly than 2-MPA, in line with our ATR-IR findings. The results of quantitative analysis
based on the LSV experiments are summarized in Table 2. A significant percentage of each
ligand did persist on Au through CO, electrolysis at ca. -1 Vrygg, which suggests that the ligands

are stable if CO, electrolysis was carried out at more modest potentials.

Table 2 Reductive charge and coverages of 2-PET and 2-MPA

on Au electrodes estimated from linear sweep voltammetry.

Ligand Sample Reductive Coverage Percent
Charge (mol/cm?) remain
(uC/cm?) (%)
2-PET Fresh 116 1.20%10° 100
-1.10 Vryg 89 9.26x10-1° 77
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2-MPA  Fresh 95 9.85x10-1° 100
-0.94 Vrue 89 9.21x10-1° 94
-1.00 Vrue 63 6.56x10-1° 72

3.3 Electrochemical activity of blank Au sites

Consistent with the general pattern of under-coordinated Au sites being more catalytically
active,”!"”3 our DFT calculations suggest that the observed electrochemical activity for CO,RR
on blank Au is most consistent with defect sites rather than terrace sites. We use the Au(111),
(100), (211), and (563) facets to represent Au sites of different morphologies (hexagonal close-
packed and square close-packed terraces, step edges, and corners, respectively), which have
different coordination numbers (9, 8, 7, and 6, respectively).”* We consider the following steps

as representing the main steps in CO, reduction (Steps 1, 2, and 3) and H; evolution (Step 4):4673

COyg + H' oy + € + * — *COOH (1)
*COOH + H () + & — *CO + Hy0(4q (2)
*CO > COy + * 3)
Hfq+te+*—"H 4)

We take the thermodynamic approach originally proposed by Nerskov at al. and take the
lowest equilibrium potential in the mechanism of a reaction to be the limiting potential for the
whole reaction. This approach only takes the intrinsic reactivity of a surface site, not the
complex interfacial kinetics, into account, but it has been fruitfully applied by a number of
researchers to elucidate the HER and CO,RR activities of electrocatalysts.!!- 12 76 Thus the
equilibrium potential of Step 4 is taken to be the limiting potential for H, evolution. The

thermodynamic barrier represented by the more negative of the equilibrium potentials for Steps 1
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and 2 controls the activity of electrochemical CO, reduction on Au since the transfer of a
proton/electron to an oxygen center generally occurs with a small additional kinetic barrier,*- >3
while calculations show that the addition of a hydrogen atom (i.e. a H'/e- pair) to "COOH on Au
results in the formation and spontaneous detachment of a water molecule. The equilibrium
potential for Step 1 is found to be negative while that of Step 2 positive on all four surfaces. CO
desorption (Step 3) from bulk Au is not expected to influence the limiting potential for CO,RR
because experimentally it is complete well below 300 K.77- 78

The calculated limiting potentials for HER and CO,RR on blank Au sites are listed in Table 3
(see Fig. S3 for snapshots and Table S1 for DFT adsorption energies for the *H and *COOH
intermediates). The cis and trans configurations of *COOH are practically isoenergetic in vacuo
on every Au surface in DFT total energy. The presence of an interfacial electric field, on the
other hand, would have a stabilizing effect on the "COOH intermediate via the last term in G4
(i.e. &, see the Computational methods section) if “COOH is in the trans state, which is what is
reported below. This stabilization amounts to -0.25 eV at -1.0 V/A5* Fig. 6 shows the
calculated reaction free energy diagram for CO,RR on blank Au(111) and Au(211), and on (2-

PETt),Au/Au(211), which will be mentioned below.
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Table 3 Calculated limiting potentials for HER and

CO;RR and their differences (in Vyyg) on blank Au sites.

surface HER CO,RR diff.
unit cell
Au(111) (3x3) -0.34 -0.66 -0.32
Au(100) (3x3) -0.35 -0.63 -0.28
Au(211) (4x3) -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 respective

surface unit cell. See Fig. S3 for snapshots of the

minimum free energy configurations.

"+ CO,
+ 2(H*+e’)
08 f

06 [

04 r

0.2

AG (eV) at 0 Ve

0.0

COCH*
+ (Hve)

T~

co*
+ H,0

Au(111)

\m\

*+CO
+H,0

SN (2-PETH,AuAU(211)

-0.2

Fig. 6 DFT calculated reaction free energy diagram (AG at 0 Vyyg) for electrochemical CO,

1

(H* + &) transferred

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

The predicted limiting potentials for CO,RR on Au(111) and (100) are ca. -0.6 Vryg, whereas
those for Au(211) and (563) are ca. -0.3 Vgyg, in close agreement with the computational
literature on CO,RR on Au.!'" ! The overpotential for CO,RR on defect Au sites is thus ca. 300

mV smaller than on terrace Au sites, whereas the overpotential for HER varies less, by ca. 100
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mV. Thus the difference in the overpotential for CO,RR vs. HER narrows as the coordination of
the Au site decreases, although HER remains more active than CO,RR on all of the blank Au
sites considered here.

3.4 Interaction of thiolates with CO,RR and HER intermediates

Consistent with the proposed reconstruction process (Fig. 2), we take thiolates directly adsorbed
on Au(111) as the reservoir of a given thiolate species in the system. It can be seen from Table
S1 that open defect sites are significantly more favorable adsorption sites for the RS or (RS),Au
thiolate states than Au(111), diffusion permitting.”®- 30 Thus thiolate species adsorbed on defect
sites are much more stable than their counterparts on Au(111), and would therefore remain on a
polycrystalline Au surface to more negative potentials when subjected to a cathodic scan. We
have taken Au(211) as the representative defect site, and minimized the energies of several 2-
PET and 2-MPA thiolate states adsorbed thereon, including directly adsorbed thiolates (referred
to below as 2-PETt and 2-MPAtt; here 2-MPAtt refers to the doubly deprotonated form) and
dithiolate-Au complexes (referred to below as (2-PETt),Au and (2-MPAtt),Au) (Fig. 7). Each
thiolate state is considered at two different edge coverages (0, defined to be the ratio of the
number of Au edge atoms occupied by a thiolate (directly bonded to any part of it) to the total
number of Au edge atoms in a unit cell; see Table 4). The dithiolate-Au complexes are aligned
with the step edge, with the Au adatom located on a top site and each S atom linking the Au
adatom to a neighboring Au atom, whereas directly adsorbed 2-PETt and 2-MPAtt bond

preferentially through the S atom on a bridge site.
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Fig. 7 Top (top panels) and tilted side (bottom panels) views of DFT-calculated minimum free
energy geometries for (a, b) 2-PETt on (4%3) and (2%3) unit cells; (c, d) (2-PETt),Au on (4x3)
and (3%3) unit cells; (e, f) 2-MPAtt on (4x3) and (2%3) unit cells; (g, h) (2-MPAtt),Au on (5%3)
and (4x3) unit cells, on step edge of Au(211). Yellow, green, red, black, and white spheres
represent Au, S, O, C, and H atoms, respectively. Green 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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Table 4 Calculated limiting potentials for HER and CO,RR and their differences (in Vgyg) on

thiolate-functionalized Au(211) step edge, size of surface unit cell used in modeling, edge

coverage (0), chemical potential of thiolate (x, in eV/RS), numbers of RS units and Au edge

atoms per unit cell (nrs, 7a,) used in computing the average edge free energy, and the

Boltzmann distribution (P, in %, calculated at 7=298.15 K and &=-1.0 V/A) for the various

thiolate states on Au(211).

HER CO,RR  diff. surface O Y7, MRS, P
unit cell Nau
2-PETt/Au(211) -0.31  -0.50 -0.19  (4x3) 24  -059 1,4 0
-0.70  -1.80 -1.10  (2x3) 1 -0.54 1,2 39
(2-PETt),Au/Au(211) -0.40  -0.52 -0.12  (4x3) 34 -055 2,4 43
-0.63  -1.21 -0.58  (3x3) 1 -0.38 2,3 18
2-MPAtt/Au(211) -0.27  -0.65 -0.38  (4x3) 24 071 1,4 1
-0.75  -1.92 -1.17 - (2x3) 1 -047 1,2 14
(2-MPAtt),Au/Au(211) -0.62  -0.92 -0.30  (5x3) 4/5  -0.78 2,5 18
-0.69 - - (4x3) 1 -0.66 2,4 67

Results are based on minimum free energy configurations for one thiolate species and one “"H

or "COOH per respective surface unit cell. See Fig. S4 for snapshots of the minimum free

energy geometries of "H and *COOH co-adsorbed with these thiolate species. Values in bold

are limiting potentials more positive than or equal to the corresponding values on blank
Au(111) in Table 3. “-” indicates no stable “COOH is obtained.

The calculated limiting potentials of HER and CO,RR in the presence of the thiolates are
summarized in Table 4. Cathodic shifts vs. blank Au(211) is observed in all cases, which we
attribute to the destabilization of the key intermediates, *H and *COOH, by the thiolates. At 0 =
1 the directly adsorbed 2-PETt significantly lowers the limiting potential for CO,RR to well

below -1.0 Vgryge. This is due to the poisoning effect of S through surface-mediated Pauli
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repulsion and covalent interactions,?'#3 and a lack of available Au edge atoms to the top of
which *COOH preferentially bonds. At a lower edge coverage (e.g. 0 = 2/4) free Au edge atoms
are available where the limiting potentials are closer to those on blank Au(211). On the other
hand, short of fully occupying the step edge (0 = 1), the dithiolate complex (2-PETt),Au has only
a mild impact on the limiting potential of CO,RR, with a small cathodic shift of 170 mV
compared to blank Au(211) at 6 = 3/4. The effect on HER follows a similar pattern. Table 4
shows that 2-MPALtt states tend to have a more cathodic impact on HER and CO,RR than 2-PETt
states do at comparable edge coverage (see Fig. S5 for illustration of the trend). This is because
the —COO group is bonded to the surface and creates additional repulsion for nearby “H or
*COOH at higher coverage.

The few limiting potentials that are more anodic than the corresponding values on blank

Au(111) are indicated in bold in Table 4. Also listed are the Boltzmann probabilities of the

]l

different thiolate states based on their average edge free energies (P, o e #7), which suggest that

edge sites should be densely occupied by various thiolate states. The average edge free energy (
g, in eV/Au) is calculated using quantities listed in Table S1, as:

(s osc i ot )

E(T,8)=%ﬂ

where u 1s the chemical potential of a RS group in an edge state relative to RS directly adsorbed
on Au(111), ngs and na, are total numbers of RS units and Au edge atoms per unit cell, and AE 4
and AG(T) as defined in Methods. The only thiolate state that occurs favorably at high edge

coverage and also promotes CO,RR compared to blank Au(111) is (2-PETt),Au (at 6 = 3/4).
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The activity of Au sites for CO,RR thus follows this order: blank defect sites (~ -0.3 Vgryg) >
defect sites with 2-PETt (~ -0.5 Vgyg) > blank terrace sites (~ -0.6 Vryg) > defect sites with 2-
MPALtt (~ -0.9 Vgyg). Since the reconstruction-induced (2-PETt),Au/defect sites are more active
than the original blank terrace sites for CO,RR (while being comparably active for HER), one
may expect 2-PET to have mild or no poisoning effect on CO,RR. This is consistent with the
observations that jco was in fact higher than blank Au following 2-PET thiol adsorption but was
suppressed on 2-MPA-Au, at -0.6 Vryg and below (Fig. 2c-2¢). Higher adsorption coverage of
2-PET than 2-MPA in the thiol solution treatment (evidenced by Table 2), and different abilities
of 2-PET and 2-MPA to reconstruct Au, may contribute to the higher total activity of 2-PET-Au
than 2-MPA-Au.

We propose that 2-PET promotes CO,RR better than 2-MPA does for two reasons: 1) The 2-
PET thiolate states set up negative dipole moments (see Table S1), which couples to and
stabilizes the positive dipole moment of a nearby “COOH, whereas the 2-MPA thiolate states do
the opposite; 2) the 2-PET thiolate states are spatially bulkier at the far end of the molecule away
from the surface, whereas the 2-MPA thiolate states have a larger footprint on the surface,
creating repulsion for "H or “COOH adsorbed nearby. The situation is not the same as thiolated
Au nanoclusters where exterior Au atoms are fully coordinated to thiolate ligands and are
therefore inactive toward CO,RR until de-ligation occurs.’6: 8 85 De-ligation exposing
reconstructed, active Au sites undoubtedly also occurs in our systems when the thiolates begin to
desorb at more negative potentials. This may explain the rapid rise in total current density below
ca. -0.9 Vyyg for 2-MPA-Au (cf. Fig. 3e).

We surmise that additional interfacial effects beyond surface reactivity contribute to the

improved selectivity for CO,RR (on 2-PET-Au) and for HER (on 2-MPA-Au) vs. blank Au. For
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instance, the carboxylate group in 2-MPA may have water/proton conduction properties similar
to Nafion that enhance proton concentrations near the electrode, whereas the hydrophobicity of
the phenyl group in 2-PET would result in lower interfacial proton concentrations. The
interfacial proton activity would further modulate the selectivity of the electrochemical

reactions.86-88

4. Conclusions

Thiol ligands containing no nitrogen-based heterocycle, introduced by simply pretreating
polycrystalline Au with ethanolic solutions of thiols, have been demonstrated to clearly alter the
activity and selectivity of Au for electrochemical CO, reduction. Between ca. -0.6 and -0.9
Vrue, up to a 2-fold enhancement in both Faradaic efficiency and current density for CO
evolution accompanied by the suppression of the competing H, evolution reaction is observed on
Au electrodes functionalized with 2-phenylethanethiol (2-PET-Au). On the other hand,
functionalization with 2-mercaptopropionic acid (2-MPA-Au) strongly favors H, evolution over
CO evolution. The total current density is either comparable to (on 2-MPA-Au), or markedly
higher than (on 2-PET-Au), that on blank Au. ATR-IR indicates the persistence of chemisorbed
2-PET and 2-MPA on the Au electrodes down to ca. -0.9 Vryg.

We propose that the thiols modify Au by inducing reconstruction of Au surfaces that converts
terrace sites into defect sites, which are preferentially occupied by the thiolates of 2-PET and 2-
MPA in various states. Among them, the dithiolate-Au complex (2-PETt),Au is distinct in
having only a mild impact on the catalytic activity of defect sites for CO,RR. This means that 2-
PET induces an increase in the surface density of sites that are also moderately active for

CO,RR, which is consistent with the experimental observations.
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Thus, within the range of electrode potential where it is stable on Au, a suitable thiol ligand
can create electrochemically active sites on polycrystalline Au electrodes in situ, contrary to the
conventional expectation that sulfur compounds such as thiols are strong catalyst poisons and
should passivate Au electrodes. While various specially prepared Au nanostructures have been
reported to exhibit improved performance for CO,RR compared to polycrystalline Au,® 1939 our
work demonstrates a simple and tunable method based on ligand chemistry to modify the activity

and selectivity of Au for electrochemical reactions.
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Graphical abstract
Simple modification of polycrystalline Au
by an appropriate thiol can selectively
C?& % enhance electrochemical CO,RR at the

expense of HER.
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