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A B S T R A C T   

Thiolate self-assembled monolayers (SAMs) are often used to modify surface properties, including catalytic ac-
tivity. These SAMs can also induce reconstruction of some metallic surfaces. Here we show, through formation 
and subsequent removal of thiolate SAMs from Au polycrystalline electrocatalysts, that irreversible changes to 
the underlying metal surface can lead to significant changes in catalytic properties, irrespective of specific in-
teractions that might occur between thiolate molecules and various reactants. Using underpotential deposition of 
Pb as a surface probe, we find that across a range of different thiolates, SAMs tend to increase the proportion of 
(111)-facets on Au, but they simultaneously increase the defect density upon these and other facets. These 
changes generally lead to delayed onset but higher maximum activity toward formic acid oxidation, which is 
hypothesized to relate to changes in both the density of appropriate active site ensembles and interactions of 
intermediates and site-blocking hydroxyl species with newly generated defects. The impacts of reconstruction are 
further illustrated through measured shifts in selectivity for electroreduction of crotonaldehyde, with recon-
structed catalysts changing the favored product from butanal to crotyl alcohol. Thus, complex surface reorga-
nization may play a significant role in the catalytic behaviors of SAM-modified surfaces.   

1. Introduction 

Metallic substrates modified by thiolate-based self-assembled 
monolayers (SAMs) have been used in diverse technological applications 
including molecular electronics, biotechnology, and for modification of 
various surface properties [1,2]. They have also been used to modify 
reactivity and selectivity toward thermo- and electro-chemical catalyzed 
surface reactions [3–9]. Thiolate SAMs can be deposited on different 
metallic surfaces by gas-phase or liquid-phase adsorption of precursors 
such as thiols, disulfides, or thioalkoxide salt solutions. It has been 
shown that the final (equilibrium) saturation coverage and corre-
sponding SAM structure do not depend on the preparation method [10]. 
Thus, on a perfectly flat and defect-free surface, the configuration of a 
SAM tends toward a dense, organized upright arrangement as the thiol 
concentration/dose or adsorption time increases. The evolution and 
geometry of these structures are driven mainly by the stabilization 
resulting from van der Waals (vdW) interactions between adjacent 
adsorbed molecules [1,2]. However, in addition to the molecular 

phenomenon of self-organization, it has also been demonstrated that, on 
some surfaces, the adsorption of thiol molecules can cause considerable 
reorganization or reconstruction of the surface itself. 

On Au(111), for example, thiol-induced reconstruction is associated 
with formation of atomic vacancies (VAu) and corresponding gold 
adatom-thiolate complexes ((RS)x−Auad, x = 1 – 4), where the Auad 
species is generally bonded to threefold hollow sites on the underlying 
Au(111) substrate [11]. Increasing coverage (θ) of the thiol promotes 
increasing degrees of surface reconstruction [12]. For linear 
alkanethiolate-based SAMs, (RS)2–Auad species are mainly formed, with 
a thiolate saturation surface coverage of 0.33. This requires an Auad 
coverage of 0.16 [13], which may mainly be provided by removal from 
step edges [14], but also by the uptake of Au surface atoms from terraces 
or uplifted islands/defects [1,2], depending on the location and mech-
anism of thiolate adsorption. Atomic vacancies (VAu, θvac ≈ 0.12)[13,14] 
can later coalesce to form vacancy islands at terraces or diffuse to yield 
serration-like steps [14,15]. A more complex dynamic is observed for 
thiols with terminal groups distinct from alkyl. As examples, thiophenol 

* Corresponding author. 
E-mail address: adam.holewinski@colorado.edu (A. Holewinski).  

Contents lists available at ScienceDirect 

Electrochimica Acta 
journal homepage: www.journals.elsevier.com/electrochimica-acta 

https://doi.org/10.1016/j.electacta.2023.142586 
Received 4 March 2023; Received in revised form 6 May 2023; Accepted 11 May 2023   

mailto:adam.holewinski@colorado.edu
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2023.142586
https://doi.org/10.1016/j.electacta.2023.142586


Electrochimica Acta 459 (2023) 142586

2

(PhSH)[16] and 4-mercaptopyridine (4MPy)[17] form ordered SAMs 
with lower surface saturation coverage, 0.2 < θ < 0.25. Whereas 
alkanethiolate-based SAMs show both VAu and Auad, VAu and vacancy 
islands have not been observed on Au(111) reconstructed by 
PhSH-SAMs, and only isolated VAu have been found for 4MPy-SAMs [17, 
18]. 

While reconstruction phenomena have been studied on Au (and 
many other metals)[1] extensively using high-resolution STM, only flat, 
nearly defect-free, and generally single-crystalline surfaces have been 
studied. Little is known about the dynamics and progression of recon-
struction on polycrystalline surfaces—for example, whether native de-
fects are etched or modified, and the extent to which edges and kinks are 
modified relative to terraces, remain open questions. It may nonetheless 
be expected that reorganization phenomena occur and could influence 
the chemical reactivity of the surface. 

In the context of catalysis, thiols present in the substrate/SAM system 
can have different functions: (i) they can be the actual catalytic sites by 
anchoring a catalytic head group—this motif has been successfully 
employed on a multitude of reactions[19]—or, (ii) they can tune the 
interface environment and/or underlying catalyst surface reactivity. For 
example, steric impediment of specific sites (terraces vs. edges) and 
interaction between thiols and reactants have been found to influence 
the adsorption geometry of reactants on catalytic sites, promoting sub-
stantial selectivity shifts for various (thermo)catalytic reactions [3, 
20–25]. Examples in electrocatalysis have also recently been increas-
ingly reported. Enhancement of formic acid oxidation has been observed 
on Au(111) electrodes modified with 4-mercaptopyridine SAM [4]. The 
improvements were suggested to relate to changes in local hydropho-
bicity promoted by the presence of thiol, as well as interactions (acid--
base and electrostatic) between thiol and reactants/intermediates [4]. In 
addition, diverse examples of the catalytic effects promoted by SAMs 
have been shown for the CO2 reduction reaction, where the selectivity 
and activity have been proposed to be affected by CO2 gas trapping in 
the hydrophobic thiol layer [7], dipole interaction between thiols and 
adsorbed intermediates on the catalytic surface [8], and/or stabilization 
of a cationic-state of the metallic substrate [9]. Similar phenomena have 
also been invoked with respect to electrocatalytic nitrogen reduction [5, 
6]. 

Despite widespread examples where coating catalysts with thiol- 
SAMs has promoted interesting catalytic behaviors, a remaining unex-
plored question involves the degree to which reconstruction may 
contribute to observed catalytic differences. Even in cases where the 
sulfur content on the catalyst is unaltered during the reaction, the SAM 
structure may be dynamic or the reaction may occur on reconstructed 
thiol-free regions present on SAM-coated catalysts. Herein, we analyze 
SAM-induced surface reconstruction on polycrystalline Au surfaces by 
deposition and subsequent removal of thiol SAMs. The surface facet 
distribution and defect morphology are probed through underpotential- 
deposited Pb-stripping experiments, where SAMs are found to increase 
the population of (111)-surface domains while also increasing the den-
sity of defects within those domains. We then explore how the changes 
in surface structure impact two reactions: oxidation of formic acid 
(which is known to be sensitive to various surface facets and defects), 
and the reduction of crotonaldehyde, an α,β unsaturated carbonyl 
compound for which selectivity in reduction is critical and could be 
influenced by reconstruction phenomena. Formic acid oxidation is 
found to have a later onset but higher maximum activity on recon-
structed surfaces, while crotonaldehyde reduction exhibits significant 
shifts in product selectivity due to reconstruction. 

2. Experimental 

2.1. Materials and chemicals 

All analytical grade chemicals were obtained from Sigma-Aldrich 
(when not specified) and used directly without further purification. 

Sodium thiomethoxide (precursor of methanethiol, C1SH, 95%), 1-Pro-
panethiol (C3SH, 99%), 1-Hexanethiol (C6SH, 95%), 1-Adamantane-
thiol (AdmT, 95%), Thiophenol (PhSH, 97%), 4-Mercaptopyridine 
(4MPy, 95%), anhydrous ethyl alcohol (≥ 99.5%), NaOH (99.995% 
trace metals basis), NaClO4 (>99.9%), Pb(ClO4)2 (> 98%), NaHCO3 (>
99.5%), Suprapure HClO4 (> 99.999%), NaH2PO4 (Synth, >95%), 
Na2HPO4 (Synth, >95%), formic acid (≥ 95%), crotonaldehyde (≥ 99%, 
predominantly trans, 0.1–0.2% BHT and 1% H2O as stabilizers), crotyl 
alcohol (≥ 96%, cis and trans mixture), butyraldehyde (≥ 96%), 1- 
Butanol (anhydrous, ≥ 99.8%), 0.05 wt.% sodium 3-(trimethylsilyl)−
2,2,3,3-tetradeuteropropionate (TMSP) in D2O (99.9 at.% D), Argon 
(UHP, Airgas Inc.). Au plate (Goodfellow, 0.25 mm thickness, 99.99% 
purity), Au wire (Goodfellow, 0.75 mm diameter, ≥99.95% purity), 
ultra-pure deionized water (specific resistance >18.2 MΩ cm, Elga 
Purelab Flex water purification system) was used to prepare all 
solutions. 

2.2. Electrochemical experiments 

Electrochemical experiments were carried out using a potentiostat/ 
galvanostat (Gamry Instruments, Reference 3000). Two different three- 
electrode cells were used for specific experiments: a conventional H-type 
cell and a homemade µ-cell (more details can be found in Supporting 
Information, Fig. S1). The H-cell had cathodic and anodic compartments 
of 10 mL each, while the µ-cell had compartments of 450 µL. For both 
cells, the compartments were separated by a proton- or anion-exchange 
membrane (Fuel Cell Store Nafion® 117 or Fumapem® FAA-3–50, 
respectively), depending on pH. A leak-free Ag/AgCl/Cl−(sat. KCl) or Hg/ 
HgO(0.1 M NaOH) (for experiments at pH 13) electrode was used as the 
reference electrode (RE), and Au plates or wires were used as auxiliary 
electrodes (AE). A reversible hydrogen electrode (RHE) was used to 
calibrate the RE, and all potentials in this work are referenced to RHE, 
unless otherwise noted. Uncompensated resistance (Ru) was measured 
by current interrupt and/or electrochemical impedance spectroscopy 
(EIS), and all measurements were Ru corrected. The systems were 
degassed with Ar(g) and the H-cell temperature was controlled by a 
thermostatic bath (Fisher Scientific). 

2.2.1. Self-assembled monolayer formation, and electrochemical 
characterization and removal 

Six different thiolate self-assembled films were grown on Au elec-
trodes at room temperature from ethanolic thiol solutions, with con-
centrations of 1 or 5 mM. Before the deposition process, the Au surface 
was, sequentially, cleaned in perchloric-piranha solution (PP-cleaning), 
flame polished, electrochemically polished, and soaked in anhydrous 
ethanol for 5 min (for surface conditioning and removal of remaining 
AuOx)[26] —additional details can be found for individual cases below. 
Then, the substrate was transferred to the respective fresh-prepared 
ethanolic thiol solution and left soaking for 30 min at room tempera-
ture. After the self-assembly process, the electrode (Au-SAM) was 
vigorously rinsed with pure ethanol (for elimination of non-chemically 
bound thiols) and immediately used for electrochemical experiments. 
The thiols used in this work were (structures shown in Supporting In-
formation, Fig. S2): Methanethiol (C1SH), 1-propanethiol (C3SH), 
1-hexanethiol (C6SH), 1-adamantanethiol (AdmT), thiophenol (PhSH), 
and 4-mercaptopyridine (4MPy). A control sample, referred to as 
“unreconstructed-Au (ur-Au)” was also submitted to the same prepara-
tion process, except without the deposition in thiol solution. 

Electrochemical desorption of thiols (reductive stripping) was char-
acterized by linear sweep voltammetry (LSV) in 0.1 M NaOH (as sup-
porting electrolyte, pH 13) at a scan rate of 20 mV s − 1 and potential 
window from −0.3 to −1.4 V vs. Ag/AgCl(sat KCl). The voltammograms 
can be seen in the Supporting Information (Fig. S3) and show that all the 
thiols used in this work can be electrochemically stripped prior to 
reaching −1.4 V vs. Ag/AgCl(sat KCl). This was further confirmed by XPS 
measurements shown in Fig. S6. Thus, the removal of the thiols from the 
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Au surfaces was performed potentiostatically by polarizing the electrode 
at −1.4 V vs. Ag/AgCl(sat KCl) for 2 min in 0.1 M NaOH under vigorous Ar 
bubbling and mechanical stirring; this facilitates mass transport of the 
thiols away from the electrode and eliminates re-adsorption. These 
electrodes will be called “reconstructed (r-)” from now on in the text. It 
is worth emphasizing here that “reconstructed electrodes”, in this 
context, are thiol-free/sulfur-free electrodes with surface reconstruction 
induced by SAM adsorption and retained after electrochemical removal 
of the SAM. While it is challenging to determine the extent to which 
reconstructions may evolve further during potential cycling, it has 
nonetheless been demonstrated that Au surfaces continue to exhibit 
structural differences (relative to pristine Au) after electrochemical 
removal of thiols (i.e., Auad and VAu defects are still present on the 
surface) [14,27,28]. This stands in contrast to thermal desorption of 
SAMs, where defects have higher mobility and can be diminished by 
annealing processes [29]. 

To determine the electrochemical surface area (ECSA), capacitance 
measurements were calibrated against Au surface oxide reduction. The 
reason that the oxide reduction peak could not be used directly is that 
high oxidizing potentials can alter the surface in comparison to what is 
formed by interactions with the SAMs. For this experiment, electrodes 
were first cleaned by electropolishing in 0.1 M HClO4 (pH 1) by cycling 
50 times from 0.5 to 1.7 V vs. RHE, at 300 mV s − 1. Then, the ECSAs of 
eight (8) different ur-electrodes were measured by integrating the 
charge of the AuOx reduction peak (where 390 µC is equivalent to 1 cm2) 
[30] from cyclic voltammograms (CV) collected in 0.1 M HClO4 (pH 1) 
from 0.24 to 1.44 V vs. Ag/AgCl(sat KCl) (0.5 to 1.7 V vs. RHE) at 20 mV s 
− 1. The respective specific capacitance of each electrode was also 
measured in the same supporting electrolyte using CVs collected be-
tween 0.3 to 0.7 V vs. Ag/AgCl(sat KCl)— the pure capacitive region— at 
different scan rates (50, 100, 150, 200, 250, and 300 mV s − 1). The 
voltammograms and plots of capacitance vs. scan rate for this experi-
ment can be seen in the Supporting Information (Fig. S4). The rela-
tionship between capacitance at 0.5 V and ECSA obtained from the 
polycrystalline Au electrodes was 32.4 ± 2.6 (n = 8) µF cm−2ECSA. From 
this method, complete thiol removal was confirmed before every 
experiment [34]—see Figs. S5 and S9. 

2.2.2. Lead underpotential deposition 
For lead underpotential deposition (Pb-UPD) experiments, a Au-bead 

electrode was used. To make this electrode, a gold wire (Goodfellow, 
0.75 mm diameter, ≥99.95% purity) was cleaned for ca. 30 min in hot 
perchloric-piranha solution (PP-cleaning, 3 parts concentrated HClO4 to 
one part 30% H2O2 by volume) followed by rinsing with ultrapure water 
and ultrasonication for 5 min. After PP-cleaning, the wire was melted 
into a spherical bead of approximately 2.5 mm in diameter and left to 
slowly cool in the air (room temperature of 18 ◦C) for 1 min before being 
rinsed with ultrapure water. To improve reproducibility and simulate 
the treatment done on Au plates used in electrolysis experiments (cro-
tonaldehyde reduction further below), the bead electrode was always 
submitted to PP-cleaning, flame polishing and electropolishing between 
each experiment with thiols. 

Pb-UPD experiments were performed on ur- and r- electrodes (six 
different thiolate-SAM depositions for reconstruction). An oxygen-free 
H-cell was used, and a Pb-UPD monolayer was potentiostatically 
deposited at −0.4 V vs. Ag/AgCl(sat KCl) for 1 min from a solution con-
taining 0.1 M NaClO4, 0.01 M HClO4, and 0.001 M Pb(ClO4)2, following 
well-established procedures [31,32]. Stripping linear sweep voltam-
mograms were collected at a scan rate of 20 mV s − 1, from −0.4 to 0.4 V 
vs. Ag/AgCl(sat KCl). Stripping peaks were deconvoluted using Gaussian 
functions and can be observed in the Supporting Information (Fig. S7). 

2.2.3. Electro-oxidation of formic acid 
The formic acid oxidation reaction (FAOR) was performed on ur- and 

r- Au-bead electrodes, prepared identically to the description for Pb-UPD 
experiments. Each electrode was studied by cyclic voltammograms 

collected in 0.1 M HClO4 + 0.1 M HCOOH, from 0 to 1.2 V vs. RHE, at a 
scan rate of 20 mV s − 1, in an H-cell. Differential electrochemical mass 
spectroscopy (DEMS) was also used to confirm CO2 production and 
probe the possible production of H2 during FAOR, since several works 
have demonstrated small amounts of H2 production from FA on other 
metals [33]. DEMS experiments were only performed on ur-Au in the 
µ-cell. For these tests, an Au film was deposited on a gas diffusion layer 
and, using an MS capillary probe, the µ-cell was coupled to the quad-
rupole vacuum system of a Hiden HPR40 mass spectrometer during LSV 
and pulsed-potential experiments (more details can be found in Sup-
porting Information, Fig. S8). An electron energy of 70 eV and emission 
current of 700 μA were used for ionizing all species. A scanning electron 
multiplier (multiple ion detection mode) with a multiplier voltage of 1.4 
kV was applied to simultaneously detect H2 (m/z = 2) and CO2 (m/z =
44). 

2.2.4. Electro-reduction of crotonaldehyde 
The electrochemical reduction of crotonaldehyde (CRAL) was 

initially performed in a gas-tight H-cell with headspace sampling by gas 
chromatography. After verifying H2 and other gasses were negligible 
(Fig. S10 Supporting Information), a µ-cell was utilized for electrolyses, 
with Au-plates (ur- and r-) used as working electrodes. These plates were 
mechanically polished with alumina slurry (0.05 μm, Allied High Tech 
Products Inc.) to a mirror-like finish, followed by ultrasonic cleaning (in 
ultrapure water and ethanol for 5 min each) to remove residual alumina. 
Then, similarly to what was done to the Au-bead electrodes, the plates 
were subjected to flame polishing, electropolishing, and ethanol soak-
ing. The reconstruction induced by thiolate-SAMs was created using the 
same procedure mentioned in previous sections (i.e., thiol deposition 
and removal, followed by capacitance check to make sure the surface 
was thiol-free[34]—see Fig. S5). 

A quick pH and electrolyte screening was first performed using LSV 
as an optimization guide. Then, electrolyses were performed at four 
different potentials (−0.55, −0.70, −0.85, and −1.00 V vs. RHE) and 
two different charges (1 and 2 F per mol of CRAL), using an initial CRAL 
concentration of 50 mM. Based on these exploratory experiments (data 
and discussion are presented in the Supporting Information), electro-
catalytic studies were performed with ur- and r- electrodes in 0.1 M 
NaClO4 + 0.1 M NaHCO3 (buffered pH 8) as the supporting electrolyte, 
at −0.70 V vs. RHE and room temperature, passing a total charge of 1F 
per mol of CRAL (i.e., 2.17 C for 450 µL of 50 mM CRAL). The product 
analysis was performed by 1H NMR and liquid chromatography (LC); 
analytical procedure details are organized in the Supporting Information 
(and Figs. S11–S13). For NMR analysis, a Bruker AVANCE-III 400 MHz 
NMR spectrometer was used, and LC analyses were performed on an 
Advion 2000 HPLC equipped with a 300 mm x 6.5 mm sulfonated 
polystyrene gel column (Hi-Plex H, Agilent) and a UV diode array de-
tector (DAD). 

3. Results and discussion 

3.1. Signatures of reconstruction from lead underpotential deposition 

Direct measurement of surface reconstruction on Au particles, e.g. 
via microscopy, is challenging. A more straightforward approach is to 
use indirect probes of the distribution of surface sites. It has been well- 
established that the phenomenon of underpotential deposition (UPD) is 
very sensitive to the crystalline structure of the substrate surface. Lead- 
UPD and its subsequent monolayer stripping have been extensively 
studied on Au, Ag, Cu, and Pt single- and poly-crystalline surfaces [35, 
36]. For this reason, Pb-UPD was chosen as a probe for studying the 
surface reconstruction of polycrystalline Au caused by SAM deposition. 
Reconstruction was studied with six different thiols: Methanethiol 
(C1SH), 1-propanethiol (C3SH), 1-hexanethiol (C6SH), 1-adamantane-
thiol (AdmT), thiophenol (PhSH), and 4-mercaptopyridine (4MPy). 
Capacitance and XPS measurements performed before and after SAM 
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removal on the reconstructed surfaces showed that the thiols were 
completely removed by voltammetric stripping prior to UPD, as dis-
cussed in the Experimental section and the Supporting Information 
(Figs. S5 and S6). Linear sweep voltammograms (LSVs) of Pb-UPD 
monolayer stripping were collected on each unreconstructed (ur) and 
reconstructed (r) polycrystalline Au surface and are shown in Fig. 1a. 

Five main Pb-adlayer stripping peaks are observed and labeled as 
follows: (a) with peak potential (Epeak) ca. −0.32 V, (b) at ca. −0.21 V, 
(c) at ca. −0.16 V, (d) a small shoulder at ca. −0.12 V (more evident in 
ur-Au), and (e) between 0 and 0.03 V, all vs. Ag/AgCl(Sat. KCl). Peak-a is 
known to be partial stripping from very compact adlayers formed with a 
reorganization of Pb adatoms already deposited at less negative poten-
tials on (110) and (100) terraces [31,32]. This reorganization, which 
compresses the adlayers and accommodates extra adatoms, does not 
happen on wide (111)-terraces (at least 6 atoms wide). Peak-b and 
peak-c next correspond to the stripping of Pb from the (111)-terraces, 
which begins with coverage of roughly 0.9. Thermodynamic and kinetic 

effects make the (111)-adlayer, present before the stripping at peak-b, 
convert into stable Pb-islands that are next stripped at peak-c [31,32, 
35]. The presence of peak-c is thus associated with large, extended 
(111)-facets [37–40]. Finally, peak-d is associated with the majority of 
stripping from (100)-terraces [31,32,41], while the broad peak-e is 
composed of several processes, including removal of some residual Pb on 
(100)-surfaces, stripping from (110)-facets, and steps and kinks on 
various faces. Contributions from atomic defects (e.g., vacancies and 
adatoms) have not been systematically probed in past studies [31,32], 
but we expect that scattered atomic defects most distinctively lead to 
broadening of the signature peaks for the various faces upon which they 
form. 

To evaluate differences between r- and ur-surfaces, Fig. 1b shows 
relative changes in peak potential (ΔEpeak), full widths at half maximum 
(FWHMpeak), and integrated peak charges (Qpeak) relative to ur-Au. 
These metrics come from deconvolution of all peaks present in the 
stripping signatures with Gaussian functions, as shown in the Supporting 

Fig. 1. Pb-UPD adlayer desorption experiments on 
different polycrystalline Au surfaces (unreconstructed, 
ur-, and reconstructed, r-) by different thiol-SAMs after 
deposition and removal: a) stripping linear sweep vol-
tammograms after Pb monolayer was grown at −0.4 V 
for 60 s, and b) relative peak potential shifts (ΔEpeak =
Epeak – Epeak [ur-Au]), full widths at half maximum (Rel. 
FWHMpeak = FWHMpeak / FWHMpeak [ur-Au]), and 
peak-charges (Rel. Qpeak = Qpeak / Qpeak [ur-Au], where 
Qpeak is defined by the charge fraction [peak-b + peak-c] 
/ [total] for (111) peaks or [peak-c] / [peak-b + peak-c] 
for (111)-islands).   
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Information, Fig. S7 and Table S1. To also help visualize effects created 
by reconstruction, Fig. 2 schematically shows a variety of structural 
motifs that will be referenced below. 

The combined analysis of UPD data shown in Fig. 1b suggests that 
reconstruction via thiolate deposition and stripping results in an 
increased prevalence of defect-laden (111) terraces with a broad size 
distribution. First, observing ΔEpeak values in the left frame in Fig. 1b, 
the modest variation (< 10 mV) for peak-b and peak-c (Pbad on (111)- 
terraces) suggests that changes in defects on the (111)-terraces (pro-
moted by reconstruction) do not significantly affect the average strip-
ping energy of Pb-islands or Pb-full-adlayers on these facets relative to 
ur-Au. However, as shown in the right frame of Fig. 1b, the relative 
stripping charge (rel. Qpeak, defined by fraction of total charge for a 
peak, normalized to the same quantity on ur-Au) for the sum of peak-b 
and peak-c (the (111) peaks) increases for almost all reconstructed 
surfaces (all except for C6SH, which forms the most ordered and stable 
SAM among all thiols studied in this work). This suggests that (111)- 
terraces are extended/created by etching large native defects (e.g. 
uplifted steps or clusters/islands) and/or relocating atoms to add to 
(111)-domains, as depicted in Fig. 2. Despite the increased charge 
associated with (111)-facets, there is also a general growth in FWHMpeak 
values for peak-b and peak-c (center frame in Fig. 1b); these grow for all 
explored thiols except PhSH, which yields some narrowing in peak-b. 
Peak broadening can be considered an indicator of a widening distri-
bution of ensemble sizes (number of atoms composing the continuous 
domains), and/or the existence of more atomic defects upon those en-
sembles. Thus, combining both Qpeak and FWHMpeak for the (111)- 
domain features, the data suggest a general increase in the total quantity 
of (111)-terrace domains, although it cannot alone reveal whether their 
size distribution widens, the density of vacancies or adatoms grew, or a 
combination of these options occurred. The FWHMpeak for peak-c is less 
affected than peak-b since peak-c is associated with stripping of Pb 
islands (e.g., at the center of (111)-terraces); the initiation events that 
cause peak-b would be more variable with the creation of more Auad 
and/or VAu species by reconstruction. Moving to peak-d and peak-e in 
Fig. 1, ΔEpeak values are associated with the character and density of 
surface steps, kinks, and defects present outside of the (111)-terrace 
domains (peak-d mainly varying due to interference from peak-e). 
Although it is not possible to deconvolute and specify all types of 

defects sampled in this feature, it is evident from the ΔEpeak of peak-e 
that reconstruction by different thiols causes distinct and complex 
restructuring dynamics outside of the (111)-terraces (shifting distribu-
tions of defect types and relative degrees of facet exposure). C3SH and 
AdmT promoted these effects to the greatest degree, based on their 
outsized influence on peak-e. 

In summary, SAM-induced reconstruction generally appears to in-
crease the total surface area contribution of (111)-terrace domains. It 
also changes either the distribution of domain sizes, or (as will be argued 
below) the nature and distribution of defects across all domains. AdmT 
made the total quantity of (111)-terraces increase the most (AdmT >
4MPy > C1SH > C3SH ≈ PhSH > ur > C6SH, from Qpeak), while C3SH 
promoted the most dispersion in the (111)-associated stripping pro-
cesses (C3SH > C1SH ≈ 4MPy > C6SH ≈ AdmT > ur > PhSH, from 
FWHMpeak). C3SH, AdmT, and 4MPy promoted the highest degree of 
restructuring outside of (111)-terraces (based on ΔEpeak for peak-e). 
While deconvoluting the contribution of each existent face or group of 
defects in finer detail from Pb-UPD is difficult, the changes in the overall 
stripping profiles themselves are strong evidence for the complex surface 
reorganization promoted by different thiolate-SAMs. These must, in 
turn, affect the catalytic properties of the respective surfaces. This is 
explored in the following two sections. 

3.2. Formic acid oxidation 

The electrochemical formic acid oxidation reaction (FAOR) is known 
to be most rapid on (111)-terraces of Au [42,43], so it would be expected 
that SAM-induced restructuring should impact the specific activity of Au 
for FAOR. Fig. 3a shows CVs for FAOR on ur-Au and r-Au surfaces, with a 
comparison of extracted metrics compiled in Fig. 3b (also provided in 
tabular form in Table S2): (i) relative peak potential shifts (ΔEpeak) vs. 
ur-Au; (ii) “onset” potential shift, defined as the relative overpotential 
(ΔE vs. ur-Au) to reach current density 10 µA/cm2; (iii) relative rate at 
1.00 V (rel-RFAOR, the ratio between current density for r-Au catalysts 
and ur-Au at its Epeak, 1.00 V); and (iv) hysteresis factor (potential span 
between forward and backward scan at half maximum current density, 
HEM/2). A quick analysis of the figure makes clear that all r-surfaces 
show small positive ΔE at i = 10 µA cm2ECSA (delayed onset), but 
generally have much higher rel-RFAOR values. We stress that the upper 

Fig. 2. Schematic representation of hypothesized surface reconstruction effects.  
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potential limit is well below the gold oxide formation potential, so these 
effects are solely introduced by structural changes created by the 
adsorption and removal of SAMs. Plateaus and decreases in the current 
at high potential are also not caused by mass transfer limitations 
(confirmed with variation of stirring), but rather by competition be-
tween the reactant and surface hydroxyl groups that block active sites 
[42]:  
H2O(l) + * → e− + OHad + H+

(sol.)                                                    (1) 
By comparing UPD features and FAOR profiles, it appears that 

increasing the quantity of (111)-surface area could contribute to accel-
erating the reaction, but it cannot fully explain (i) delayed onset po-
tentials, and (ii) that the maximum currents generally grow by larger 
factors than the gains in (111)-surface area (based on Qpeak for peaks b 
and c). 

To help interpret the role of reconstruction, we note that FAOR oc-
curs on Au electrodes via a single direct path [42]. The mechanism 

involves electroadsorption of formic acid dimers, (HCOOH)2, (trans-
ferring one electron and one proton per monomer) to yield surface 
formates (HCOOad). This is followed by a purely chemical, 
rate-determining bimolecular decomposition reaction between adjacent 
surface formates, producing one H2 and two CO2 molecules for each 
dimeric unit. This is notably in contrast to FAOR on Pt-group metals, 
where indirect paths (via COad intermediate) can also be present and 
require participation of OHad [33]. Two additional electrons are gained 
from oxidation of H2, as the potential is generally high above the 
threshold for that reaction. We confirmed that H2 gas generation was 
negligible by DEMS experiments (Supporting Information, Fig. S8). The 
aforementioned steps are summarized below:  
(HCOOH)2(sol.) + 4* → 2e− + 2HCOOad + 2H+

(sol.)                              (2)  
2HCOOad → 2CO2(g, sol.) + H2(g, sol.) + 4*                                          (3)  
H2(g, sol.) → 2e− + 2H+

(sol.)                                                                 (4) 

Fig. 3. a) Cyclic voltammograms for formic acid oxidation 
on different polycrystalline Au surfaces at a scan rate of 
20 mV s − 1 in 0.1 M HClO4 + 0.1 M HCOOH solution. b) 
Shifts for peak potential (ΔEpeak, where applicable) and 
potential at a current density of 10 µA cm−2 (left), relative 
rate at 1.00 V (center), and hysteresis factor (potential 
span between forward and backward scan at half 
maximum current density, HEM/2, right). Labels signify 
unreconstructed (ur-), and reconstructed (r-) surfaces 
exposed to different thiol-SAMs (after complete electro-
chemical removal of the thiol molecules).   
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Since bimolecular decomposition (eq. (3)) requires terrace ensem-
bles with at least four sites that can accommodate two adjacent HCOOad, 
we suggest that the delayed onset behavior of reconstructed catalysts is 
likely a byproduct of an increase in defect density on the expanded 
(111)-terraces. Although we cannot comment on the precise geometry or 
distributions of available ensembles, Fig. 2 illustrates examples of some 
possible four-site configurations on (111)-terraces. Defects may disrupt 
site ensembles with appropriate symmetry for HCOOad pairs to undergo 
second-order surface reactions. Increased defect density could also 
directly stabilize formate species and slow their rate of surface diffusion 
(slowing rate of forming reactive dimers). This could even manifest 
indirectly through interactions with OHad, since these species will tend 
to accumulate at defect sites at low potentials[44,45] and could offer 
H-bonding stabilization. 

At higher potentials that permit rapid adsorption, high coverages of 
HCOOad will be reached, removing limitations by the rates of surface 
diffusion and revealing a maximum rate dictated by competition be-
tween the (pure chemical) rate of bimolecular decomposition between 
adjacent HCOOHad pairs and growth of the site-blocking OHad popula-
tion. The order of maximum FAOR activity at 1.0 V (from rel-RFAOR) is 
C3SH > PhSH > C6SH ≈ AdmT > C1SH > ur > 4MPy, although C1SH 
and AdmT continue to increase in current and do not reach a peak prior 
to the potential region where reconstructions can be damaged at high 
potential (~1.3 V). The increase in currents for r-catalysts could partly 
be attributable to higher overall populations of (111)-domains, although 
we could not fit a strong correlation with any particular metric. 4MPy 
also presents very different behavior from the other SAMs (addressed 
below). The poor correlation between (111)-facet area and activity is a 
challenging result to interpret, but we speculate that either (a) defects 
can scavenge OHad species in a manner that increases the available 
quantity of reaction-capable ensembles on the (111)-terraces, or (b) 
there can be beneficial adsorbate-adsorbate interactions with OHad 
when anchored to defect sites [44,45], which might stabilize a key in-
termediate or transition state. Neither effect would be seen at low po-
tentials due to the low adsorbate coverages. Regarding the first 
hypothesis, the adsorption of OHad to terraces can be probed from the 

values of ΔEpeak (potential where it outcompetes formate) as well as 
HEM/2 (since hysteresis is created by reaching high OHad coverages and 
slowing the subsequent desorption on the reverse scan), both given in 
Fig. 3b. These signatures suggest that all r-surfaces have a lower OHad 
coverage on open terraces than ur-Au for any given potential. Regardless 
of the exact interpretation, rough surfaces are not in general beneficial 
for FAOR, so it appears that combining (111)-facets with highly 
dispersed defects may be a key factor in raising the activity. 

Summarizing, FAOR reveals significant impacts of reconstruction 
phenomena promoted by different thiolate-SAMs deposited on poly-
crystalline Au. Complementing insights from Pb-UPD experiments, we 
observe that most of the thiols promoted an etching of low-coordinated 
features and large defects, enlarging (111)-surface ensembles, though 
likely leaving significant residual defects such as adatoms and vacancies. 
These defects in turn may lead to a reduction in site ensembles having 
ideal symmetry for the FAOR (slowing onset), but the larger quantity of 
terraces and some synergistic benefit to highly dispersed defects 
apparently raises the rel-RFAOR at high overpotential. A notable excep-
tion is that the 4MPy SAM leads to very late onset and low maximum 
activity, near to ur-Au. 4MPy was the only nitrogen containing SAM, and 
such compounds are well-known to complex with Au ions; pyridinic 
SAMs have been documented to cause significant leaching of Au, with 
predominantly vacancy defects [17,18]. These types of defects (as 
opposed to adatoms) may be detrimental, or they may reach such a high 
density that bimolecular reaction steps are impeded even at high reac-
tant surface coverage. 

3.3. Electrochemical reduction of crotonaldehyde 

The effects of reconstruction were next explored for a reaction with 
surface-sensitive selectivity. Achieving high selectivity, yield, and fara-
daic efficiency for (electro)reduction of α,β-unsaturated carbonyl com-
pounds such as (E, Z)−2-butenal (crotonaldehyde, CRAL) is a major 
challenge. It has been found that CRAL can be unselectively reduced not 
only to crotyl alcohol (CROL), butyraldehyde (BuAL), and 1-Butanol 
(BuOL), but also to highly hydrogenated C4-hydrocarbons (e.g. 1- 

Scheme 1. Electrochemical reduction of crotonaldehyde (CRAL). Adsorption configurations will favor formation of crotyl alcohol (CROL) or butanal (BuAL). In-
termediate radical anions (or adsorbed anions) can lead to polymerization side reactions. Homogenous hydrolysis reactions are not shown. 
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butene, n-butane, cis,trans-2-butene), as shown in Scheme 1. [46–48] In 
addition, the mass balance and faradaic efficiency (FE) can be greatly 
affected by competing polymerization paths and the hydrogen evolution 
reaction (HER). Under commonly studied conditions, Ni, Co, Cu, Au, Pd, 
and Pt are all found to be most selective toward BuAL (selectivity over 
50%), while Ag is more selective to CROL, and Fe to BuOL. However, in 
addition to conditions such as supporting electrolyte composition, po-
tential, and charge passage, catalyst surface morphology can also play 
an important role in the observed selectivity [46]. 

Part of the challenge in selective reduction of CRAL is that the hy-
bridization of multiple molecular orbitals (some more localized on C =
O, others on C = C) with d-states from metallic catalysts makes 
adsorption paths through C = O and C = C both favorable in many cases 
[49,50]. It has also been discussed that coverage effects (associated with 
steric and lateral interactions) can make the adsorption mode shift from 
C = C (lower coverage) to C = O (higher coverage). Because of this 
complexity and sensitivity toward surface properties, this reaction was 

chosen to extend the illustration of reconstruction effects toward 
selectivity. 

Based on an optimization of reaction conditions (shown in Sup-
porting Information Section 3), electrocatalytic studies were performed 
on the ur- and r- electrodes using 0.1 M NaClO4 + 0.1 M NaHCO3 
(buffered pH 8) as the supporting electrolyte, applying a constant po-
tential of −0.70 V vs. RHE and passing a total charge of 1F per mol of 
CRAL. Fig. 4 shows the resulting rates (average over reaction), selec-
tivity, mass balance (MB), and faradaic efficiency (FE) for CRAL 
reduction on ur- and various r-Au electrodes. 

Analyzing Fig. 4, we can clearly see that the reconstruction promoted 
by thiolate-SAMs impacts CRAL reduction; the selectivity on all r-cata-
lyst shifted 20 − 40% toward CROL compared to the ur-catalyst. Even 
though very little is known about the reactivity of CRAL on different 
sites (terraces, edges, kinks, general defects) present on polycrystalline 
Au, this result suggests that, compared to ur-Au, the r-electrodes have a 
higher density of sites (per ECSA) that: i) bind CRAL molecules through 

Fig. 4. a) Selectivity, and b) mass balance, faradaic efficiency 
(FECRALR), and total product formation rate for CRALR on 
polycrystalline-Au surfaces, unreconstructed (ur-) and recon-
structed (r-) by different thiol-SAMs (after complete electro-
chemical removal of the thiol molecules). Electrolyses were 
performed with 50 mM CRAL in 0.1 M NaClO4 + 0.1 M NaHCO3 
(buffered pH 8), at −0.70 V vs. RHE (iR-corrected) and room 
temperature, passing a total charge of 1F per mol of CRAL. Error 
bars are shown for the most selective surfaces toward either 
product.   
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C = O, promoting reduction of CRAL into CROL; and/or ii) promote 
higher CRAL coverage, making the adsorption through C = O favored; 
or/and even iii) have a higher turnover frequency for CROL production. 
Aside from the selectivity gains, r-catalysts showed FE’s and MB’s that 
are somewhat higher than observed for ur-Au; thus, we can speculate 
that the reaction pathway toward CROL (reduction of C = O instead of C 
= C) is less susceptible to side polymerization reactions, or that the 
reconstructed films have a lower density of sites that catalyze side re-
actions (e.g., these could happen on defects or higher index facets). 
Reaction rates also had small improvements with reconstruction, with 
the most substantial rate gains (factor of 2–3) on surfaces reconstructed 
by C1SH and C3SH. Given that C1SH and C3SH also had the greatest 
selectivities toward CROL, this may indicate that the turnover frequency 
on the sites that favor CROL is slightly higher than that on the sites se-
lective to BuAL—in other words, the selectivity comes from accelerating 
CROL formation more than from suppressing BuAL formation. 

4. Conclusions 

The catalytic behaviors of thiol-free polycrystalline Au catalysts 
subjected to SAM-induced reconstruction were studied by different 
electrochemical probes: Pb underpotential deposition, formic acid 
oxidation, and reduction of an α,β unsaturated carbonyl compound 
(crotonaldehyde). Based on Pb-UPD, the reconstruction seems to in-
crease the quantity of (111)-terraces. A simultaneous change in the 
nature and distribution of defects within all domains was also observed. 
This complex surface reorganization promoted a slower onset but higher 
activity for FAOR, and a 20 − 40% shift of CRAL selectivity toward 
CROL, giving collective evidence that this effect may have a significant 
contribution to the catalytic behaviors of thiol-modified SAM surfaces, 
whether or not the SAM is removed. 
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