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A B S T R A C T   

In this paper, we study the electrocatalytic reduction of methyl vinyl ketone on Pt(111) and Pd-modified Pt(111) 
electrodes, as well as some of its expected hydrogenation derivatives and isolated functional moieties. The 
selectivity and Faraday efficiency have been calculated via sampling the catholyte solution after two hours of 
electrolysis. Furthermore, the adsorbates involved in the deactivation process on both surfaces were studied by 
means of potential opening experiments and in situ infrared spectroscopy. The Pd-modified Pt(111) electrode is 
very active (even mass transport limited) for the selective electrochemical hydrogenation of the C=C to 2-buta
none, in the hydrogen underpotential deposition potential window (between 0 and 0.2 VRHE), with limited 
poisoning. Pt(111) is much less active, and poisons rapidly with adsorbed CO. The poison is formed from the C=C 
bond, not from the C=O moiety, as evidenced by the same poisoning occurring for ethylene. Further hydroge
nation to the saturated alcohol happens at more negative potentials, but with 2-butenol as intermediate, not 2- 
butanone, as the latter species interacts too weakly with the (111) surface.   

1. Introduction 

Selective hydrogenation is a key reaction in catalytic chemistry 
because it is one of the most important processes towards upgrading 
biobased sources to chemical intermediates. Obtaining high selectivity 
remains one of the main challenges of current catalytic methods [1]. 
Electrocatalytic Hydrogenation (ECH) could offer advantages because a) 
it is a clean procedure using renewable electricity (electrons are the 
reducing agent), b) in addition to the catalyst, also the potential can be 
tuned to hopefully benefit selectivity, and c) it may involve full utili
zation of (renewable) energy by pairing two different reactions on both 
the anode and the cathode [2]. 

It is well known that the hydrogenation of the C=C bond is ther
modynamically preferred over hydrogenation of the C=O bond [3]. 
However, chemoselectivity is more unpredictable when both carbonyl 
and vinyl groups are present in a single molecule, such as in 
α,β-unsaturated ketones and aldehydes. A review by Murzin et al. 
summarized the extensive experimental results regarding heterogeneous 
catalysts and structure of the organic reagent [4]. More recently, it has 
been demonstrated, using computational tools, that steric effects are one 
of the most important factors in governing selectivity [5]. For example, 
adding more bulky groups adjacent to C=C in the unsaturated aldehyde 

lowers the total selectivity towards production of alkyl aldehydes [6]. 
Another related property is the preferred adsorption mode of the reac
tant, which has been addressed computationally for simple unsaturated 
molecules on different Pt and Pd surfaces [7]. Especially for unsaturated 
aldehydes, the Pt(111) surface strengthens the di-σC-C interaction 
compared to ethylene (-17.8 vs -15.3 kcal/mol, respectively), with the 
C=O dangling free. On Pd(111), a new mode involving coplanar 
adsorption of πC-C and πC-O gives a major stabilization effect (-39 
kcal/mol) and is therefore the proposed configuration. Experimental 
results obtained under UHV conditions showed the high selectivity for 
acrolein hydrogenation to propylene on Pt(111) via η2-trans adsorbed 
species [8], while propenol is the main product on the Pd(111) surface, 
via an oxopropyl intermediate [9]. In aqueous solution, crotonaldehyde 
is fully hydrogenated to its corresponding saturated ketone on a Pd/C 
catalyst, whereas on a Pt/C catalyst 85% of butanal is obtained plus 10% 
and 5% of the unsaturated and saturated alcohol, respectively [10]. 

There is extensive literature on the ECH of individual unsaturated 
bonds (vinyl [11], carbonyl [12] or even aryl [13]). As for the electro
catalyst, Pt group elements have been extensively utilized for ECH of 
carbonyl groups [14] (primarily in ketones and aldehydes) and hydro
genation of C-C double bonds [11,15] at potentials above 0 V vs RHE. 
However, it is still unclear which double bond will be reduced first, or in 

* Corresponding author. 
E-mail address: m.koper@chem.leidenuniv.nl (M.T.M. Koper).  

Contents lists available at ScienceDirect 

Electrochimica Acta 

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

https://doi.org/10.1016/j.electacta.2022.140264 
Received 10 December 2021; Received in revised form 18 February 2022; Accepted 21 March 2022   

mailto:m.koper@chem.leidenuniv.nl
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2022.140264
https://doi.org/10.1016/j.electacta.2022.140264
https://doi.org/10.1016/j.electacta.2022.140264
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2022.140264&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Electrochimica Acta 417 (2022) 140264

2

which sequence they are reduced, when both unsaturated functional 
groups are present in the same molecule. It has been observed that the 
vinyl group requires a lower cathodic potential for its reduction than the 
carbonyl moiety [16]. An example of this preference is the reduction of 
crotonaldehyde on a Cu electrode [17], which has butanal as the most 
abundant reaction product at -0.2 V vs. RHE. 

Besides the electrode material, the product distribution can be 
altered by changing the potential and the atomic structure of the cata
lyst. For instance, Shimazu and Kita observed that if the potential of the 
bulk electrolysis is made more negative, the selectivity of the ECH of 1,3- 
butendiene on a Pd foil or film electrode shifts from 55% of 1-butene 
(partially hydrogenated product) to ca. 70% of butane (fully hydroge
nated product) [18]. The crystallographic structure also plays an 
important role on the adsorption mode (e.g. ethyl pyruvate [19] and 
methane [20]) and hence on the selectivity. 

In this work, we use Pt and Pd-monolayer-modified Pt single-crystal 
(111) electrodes to evaluate the reactivity and selectivity of the elec
trochemical hydrogenation of vinyl methyl ketone, an α,β-unsaturated 
ketone. The isolated moieties (primarily ethylene) are also reduced to 
study their hydrogenation potential window, their dissociation leading 
to poisoning species, and to propose potential reaction pathways. Our 
results will contribute to the aim of selective ECH of complex organic 
molecules, by improving our mechanistic understanding of the path
ways involved. 

2. Material and methods 

All solutions were prepared using ultrapure water (MilliQ gradient, 
≥18.2 MΩcm, TOC < 5 ppb) containing suprapur sulfuric or perchloric 
acid, 96 and 70% respectively, as supporting electrolyte (Sigma 
Aldrich). The palladium precursor employed for the electrodeposition 
was PdSO4 98% (Sigma Aldrich). The organic substrates 1-buten-2-one 
(methyl vinyl ketone, MVK), 1-buten-3-ol, 2-butanone, 3-butanol were 
90% (with 0.3-1.0% hydroquinone as stabilizer), 97%, >99% and 

99.5%, respectively, all provided by Sigma Aldrich. The ethylene 
employed was grade 4.5 supplied by Air Liquide. 

The platinum single crystals were flame annealed before each 
experiment. They were either a 3 mm bead for the voltammetric ex
periments or a 1 cm disk for the bulk electrolysis and spectroelec
trochemical experiments. A palladium monolayer was electrodeposited 
on Pt(111) followed a previously reported procedure [21]. Briefly, the 
potential was cycled between 0.9 to 0.06V in a solution containing 
1.10− 4 M of PdSO4 for ca. 15 cycles with a scan rate of 50 mV s− 1. 

All the experiments were conducted after purging the solution and 
the headspace of the cell with Ar for at least 20 minutes, except when the 
organic reagent was gaseous (ethylene). All the potentials were 
measured and referred to the Reversible Hydrogen Electrode (RHE), and 
a platinum mesh was used as counter electrode. To ensure the cleanli
ness of the glassware and Teflon o-rings/septa, all the materials were 
kept in permanganate solution overnight, rinsed with an acidic solution 
of diluted hydrogen peroxide and finally boiled five times in MilliQ 
water. 

The voltammetric studies were performed in a conventional three- 
electrode cell with the single-crystal working electrode in hanging 
meniscus configuration. For static electrode experiments, an Autolab 
PGSTAT12 potentiostat was used to control the potential, and the so
lution resistance was compensated via positive feedback technique. A 
Biologic SP-300 multichannel potentiostat was utilized for experiments 
under rotating electrode conditions, using impedance spectroscopy for 
the ohmic resistance determination. The rotation rates were adjusted 
with a Modulated Speed Rotator from Pine Research Instrumentation 
and a home-made connector for single crystal electrodes was employed. 
Electrolysis at constant potential was performed in the hanging 
meniscus configuration in a two-compartment H-cell separated with a 
Nafion proton exchange membrane. The sampling procedure was con
ducted via a septa system without stopping the reaction nor breaking the 
contact of the electrode with the solution. The reactant and products 
during bulk electrolysis were analyzed by an HPLC Shimadzu LC-20A 

Fig. 1. Consecutive cyclic voltammetry of 10 mM MVK in 0.1M sulfuric acid solution for A) Pt(111) and B) PdML-Pt(111) electrodes at 50 mV s− 1 starting from and 
ending at Eads= 0.5 V. 1st and the 10th cycle (red and blue lines, respectively) at 50 mV s− 1, and anodic scan at 10mV s− 1 of dissolved and pre-adsorbed MVK at Eads=

0.5 V (orange lines) for C) Pt(111) and D) PdML-Pt(111) electrodes. The black dashed line is the blank CV at 10 mV s− 1. 
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system with sample volumes of 20 μL, using an Aminex HPX-87H col
umn at 45◦C and mobile phase pH-adjusted with sulfuric acid (0.5 mM) 
solution. 

In situ Fourier Transform Infra-Red (FTIR) Spectroscopy experiments 
used a home-made cell with a Pt foil counter electrode surrounding the 
working electrode for a homogeneous current distribution. The refer
ence electrode was a self-contained RHE. Ar or ethylene was used to 
purge the solution and headspace. Experiments were performed with a 
Bruker Vertex 80v IR spectrophotometer in external reflection config
uration using a CaF2 prism beveled at 60◦. The single-crystal electrode 
was pressed against the optical window creating a thin layer. The ex
periments were performed with p- or s-polarized light for differentiation 
of soluble and adsorbed species. The presented spectra correspond to an 
average of 200 interferograms with 4 cm− 1 resolution. The spectra in 
this work are presented as difference spectra between the working po
tential and a reference potential, controlled by an Autolab PGSTAT101. 
Therefore, positive bands indicate consumption of solution or adsorbed 
species, while negative bands indicate generation of species, or a cor
responding reorientation of (adsorbed) species. 

3. Results and Discussion 

A fingerprint of the electrochemical behavior of MVK in acidic media 
is gained via cyclic voltammetry. Figure 1 shows the voltammetric 
measurement starting from and ending at the adsorption potential (0.5 
V) in presence of 10 mM of MVK for both Pt(111) and PdML-Pt(111) 
electrodes in panel A and B, respectively. Additionally, the electro- 
oxidation of pre-adsorbed MVK at low scan rate (normalized by scan 
rate), using the same color notation, is plotted for comparison in panels 
C and D. The blank CVs are given in Fig. S1 (see Supporting 

information). 
On the Pt(111) electrode, a catalytic reduction current with an onset 

potential of ca. 0.13 V is observed, the intensity of which decreases upon 
cycling. This deactivation process is irreversible in the scanned potential 
window; a stable CV profile is obtained after about 10 cycles (Fig. 1A). 
By contrast, an apparently mass-transport limited reduction wave with 
an onset potential of around 0.2 V is observed on PdML-Pt(111) 
(Fig. 1B). In the first cycle the cathodic current reaches a maximum 
value of ca. -3 mA.cm− 2 at 0.11 V while from the second cycle onwards, 
the peak potential shifts cathodically by 20 mV and the current drops 
continuously for at least ten cycles and then stabilizes. Two important 
observations can be extracted from these voltammetric experiments. 
First, the reduction of the MVK starts at the potential where the 
hydrogen displaces the adsorbed sulfate on PdML-Pt(111) [22], whilst 
on Pt(111), MVK reduction is much slower and starts closer to the onset 
potential for hydrogen evolution. Second, the current density drops 
drastically on both materials; it almost reaches the values for the blank 
CV for the Pt(111) electrode, whereas the PdML-Pt(111) electrode re
tains part of the initial electroactivity (that is, it is more resistant to total 
deactivation). 

Under mass-controlled conditions in a hanging meniscus configura
tion, using the Hanging Meniscus Rotating Disk (HMRD) technique, the 
limiting current is attained at E≤0.1V, coinciding with the potential for 
the mixed-controlled current using a stagnant electrode. Furthermore, 
the slope from Koutecky-Levich plot (see Fig. S2 in the Supporting In
formation) on PdML-Pt(111) gives a diffusion coefficient of 8.07×10− 7 

cm2 s− 1, considering a 2-electron process and the kinematic viscosity of 
pure water. The calculated value differs by one order of magnitude from 
the reported diffusion coefficient of acrolein or methyl ethyl ketone 
(1.2×10− 5 and 9.8×10− 6 cm2 s− 1) [23], which suggests that MVK 

Fig. 2. Faraday Efficiency and reagent consumption after 2 hours of ECH of MVK using A) Pt(111) and B) PdML-Pt(111) electrodes as a function of the applied 
potential. Main product on both electrodes is 2-butanone. 
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reduction is coupled to a solution-phase chemical reaction [24]. 
The electroactivity towards ECH of MVK can be almost fully recov

ered by expanding the potential window to 1.2 V and remains invariant 
when this anodic potential limit is included in every scan. After 10 cycles 
in the supporting electrolyte, the CV of the Pt(111) surface remains 

practically the same, whereas the CV of PdML electrode shows a partial 
dissolution of the film (data not shown). On Pt(111), when MVK is 
present in the solution, two oxidation waves at ca. 0.9 V and 1.1 V are 
observed (red and blue curves in Fig. 1B). When MVK is pre-adsorbed on 
the electrode and oxidation of the corresponding adsorbate is carried out 

Fig. 3. FTIR spectra using p-polarized light of 10mM MVK in 0.1M sulfuric acid solution during the cathodic (upper panels) and subsequent anodic (lower panels) 
potential excursions on A) Pt(111) and B) PdML-Pt(111) electrodes. The reference spectrum was collected at Eads = 0.5 V before each set of experiments. * is assigned 
to water bending band. 
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without MVK in solution (light blue curve in Fig. 1B), an oxidation wave 
at a much more positive potential of 1.25 V is observed. Hence, the 
oxidation waves below 1.1 V must correspond primarily to dissolved 
MVK. It is clear that during the oxidative scan a poisoning species is 
removed from the surface, most likely adsorbed CO. On PdML-Pt(111), 
one oxidation wave above 1.2 V is observed when MVK is pre-adsorbed 
on the electrode or dissolved in the solution. Therefore, the oxidative 
process includes mainly adsorbed species. After expanding anodic po
tential up to 1.4V, the Pt(111) was flamed annealed and the PdML re- 
deposited, if applicable. The deactivation process on both surfaces 
immediately restarts by narrowing the potential window between 0.5 
and 0.0 V. 

The selectivity of the MVK hydrogenation was studied by carrying 
out bulk electrolysis for two hours at different potentials, while sampling 
the catholyte solution at regular time intervals. The overall Faraday 
Efficiency (FE) and the reagent consumption as function of potential are 
shown in Figure 2. The product distribution at each potential is dis
played on Table S1 in the Supporting Information. An more negative 
potential boundary compared to the voltammetric studies was used only 
to confirm or rule out the hydrogenation of C=O moiety at extreme 
cathodic conditions. 

The Pt(111) electrode reduces MVK to 2-butanone for all studied 
potentials. The FE passes through a maximum of 60% at 0.0 V and then 
decays for E≤-0.1V. The MVK consumed after the two hours of elec
trolysis increases monotonically with more negative potentials, sug
gesting that the lowering of the FE is due to concomitant hydrogen 
evolution. 

The ECH products of MVK on PdML-Pt(111) electrode differ slightly 
from Pt(111): only the C=C bond is reduced above 0.0 V giving 2-buta
none as the main product, whereas a very small percentage of 2-butanol 
and 3-buten-2-ol (ca. 0.1%) are observed for E ≤ -0.1 V (see Table S1 in 
the Supporting Information). Both the FE and reagent consumption 
follow the same trend as a function of the applied potential, again due to 
concomitant hydrogen evolution. 

Figure 2 confirms that above 0 V the conversion on the PdML-Pt(111) 
is higher than on Pt(111), as expected from the CVs in Fig. 1. However, 
in general the consumption rates should be not compared too literally as 
the conditions of the experiments in Figs. 1 and 2 are very different. 

In order to shed light on the identity of the poisoning species, in situ 
FTIR spectroscopy was performed. Figure 3 reports the spectra of MVK- 
containing solution on Pt(111) and PdML-Pt(111). Initially, the poten
tial is stepped from 0.5 V (Eads, potential chosen as the reference spec
trum) down to 0.0 V in 0.1 V steps and subsequently stepped back to the 
initial potential and then further up to 1.0 V. Prior to switching the di
rection of the potential in the positive direction, a stabilization time is 
imposed at Eads. The Eads was chosen to avoid or minimize faradaic 
processes (the C=C dissociative adsorption occurs inevitably also for E ≤
0.5V as evidenced later by a potential-opening experiment). The results 
are derived from p-polarized light. Only the spectral window between 
1800 to 2400 cm− 1 proved to be related to adsorbed species, as dis
cerned by comparison with the spectra using s-polarized light (see Fig S3 
in the Supporting Information). 

On Pt(111) (Fig. 3A), one weak bimodal-type signal is observed at E 
≤ 0.4V, with the positive and negative branch located at 2059 and 2018 
cm− 1, respectively. This band can be assigned to the C-O stretching of 
CO adsorbed atop (COatop) as the frequencies agree with those reported 
in the literature [21]. The bimodal character indicates that the CO was 
adsorbed already at Eads. A second faint bimodal-type band can be 
distinguished at 1814 cm− 1 for E ≤ 0.3V and implies the existence of 
CObridge on the Pt(111) electrode [25]. When the potential is below 0.05 
V, two weak negative-going bands centered at 1695 and 1516 cm− 1 start 
growing, corresponding to a dissolved species, because they are also 
observed with s-polarized light (Fig. S3A). The band at 1695 cm− 1 can 
be attributed to the carbonyl stretching from a saturated ketone, in this 
case, 2-butanone (see Fig S3 in the Supporting Information for refer
ences in aqueous media). Unfortunately, its detection is highly con
cealed by the water bending band at 1640 cm− 1. Since the band at 1516 
cm− 1 is absent in any of the expected MVK reduction by-products 

Fig. 4. Consecutive cyclic voltammetry of ethylene-saturated 0.1 M sulfuric acid solution for A) Pt(111) and B) PdML-Pt(111) electrodes at 50 mV s− 1 starting from 
and ending at Eads= 0.5 V. 1st and 10th cycle (red and blue lines, respectively) at 50 mV s− 1 and anodic stripping at 10 mV s− 1 of pre-adsorbed ethylene at Eads= 0.5 V 
(light blue lines) for C) Pt(111) and D) PdML-Pt(111) electrodes. The blank CV for each surface is shown in black dashed lines. 
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(derivatives without carbon loss) listed in Fig. S4 and in possible soluble 
C-C breaking products resulting from the CO formation (such as 
acetone), its identity is not resolved. 

When E ≥ 0.6, a strong negative band at 2345 cm− 1 grows simul
taneously with a positive band at 2044 cm− 1. The band at 2345 cm− 1, 
observed with both s- and p-polarized light, indicates the evolution of 
CO2. The positive band at 2044 cm− 1, corresponding to the consumption 
of COtop, evolves concomitantly and therefore they are likely connected. 

On PdML-Pt(111) (Fig. 3B), three negative-going bands corre
sponding to νC=O (at 1697 cm− 1), a symmetric bend C=CH2 (1460 cm− 1) 
and central νC-C (1380 cm− 1) [26], start growing when the potential is ≤
0.2 V. All bands are also observed using s-polarized light, confirming 
that they belong to a dissolved species. All bands are present in the 
reference spectrum of 2-butanone (see Fig. S2) and therefore confirm its 
synthesis in the bulk at Eonset≈0.2V. Moreover, the ECH of the C=C is 
confirmed by two positive bands at 1617 (νC=C) and 1266 cm− 1 

(assigned to the out-of-phase δC-H of the vinyl group). The more intense 
bands of 2-butanone observed on this surface compared to Pt(111) 
confirms that the rate of MVK reduction is slower on Pt(111). 

When the potential is made more positive than Eads, a negative and 
potential-dependent band at 1875 cm− 1 is detected at E ≥ 0.6 V. This 
band corresponds to νC=O of CObridge corroborated by energies and Stark 
effect matching with the ones reported in the literature [25]. Its po
tential of oxidation agrees with the values reported for a Pd(111) single 
crystal under similar electrochemical conditions for low-to-medium 
coverage (ranging from 0.38 to 0.6) [27], and also with the first 
oxidation wave in the CV (see Fig. 1D). Furthermore, the corresponding 
Stark tuning slope (58 cm− 1.V− 1, see inset of Fig 3B) agrees with the 
values ranging from 42 to 50 cm− 1.V− 1 reported in the literature [28, 
29]. For E ≥ 0.7 V, the FTIR spectrum shows the evolution of CO2 
(represented by narrow downward signal at 2344 cm− 1). However, no 
clear spectroscopic evidence of the CO2 precursor is obtained and hence 
its origin remains elusive. Considering that CObridge band appears at a 
lower potential than CO2 formation and its intensity does not decrease 
upon increasing the potential, it can be concluded that CO2 is not only 
generated from CO but also from another adsorbate whose IR signals are 
masked by dissolved species. 

Further mechanistic conclusions can be drawn from complementary 
studies on the reduction of the separate C=C and C=O functionalities. 
The electrochemical behavior of 3-buten-2-ol and 2-butanone on both 
surfaces is shown in Figure S5 in the Supporting information. First, 
similar reductive voltammetric behavior is found for 3-buten-2-ol (un
saturated alcohol) compared to MVK. The fact that the features in the 
cyclic voltammograms are analogous for the same electrode material in 
a solution containing either the α,β-unsaturated ketone or the 
α,β-unsaturated alcohol points to the reduction reaction of the same 
functional group, in this case, the vinyl moiety. The current decay upon 
cycling also suggests same deactivation process coming from the elec
troreduction of C=C bond. Secondly, 2-butanone absorbs very weakly (if 
at all) and cannot be reduced on atomically flat surfaces, as has been 
previously reported for the simplest ketone, e.g. acetone [12]. This is 
concluded from the cyclic voltammetry measurements on both Pt(111) 
and PdML-Pt(111), giving practically identical signals to their blanks in 
the same electrolyte solution (panels C and D, respectively). 

The process of deactivation indicates an early and relatively exten
sive CO formation on Pt(111) whereas there is only limited CO forma
tion on PdML-Pt(111). The poisoning occurs during the reduction of 
vinyl moiety in MVK. To confirm this conclusion, we decided to study 
the ECH of ethylene by electrochemical and spectro-electrochemical 
experiments, to see if the same effects occur with ethylene. 

Figure 4 shows the cyclic voltammetry results for Pt(111) and PdML- 
Pt(111) electrodes in a solution saturated with ethylene (ca. 4.6 mM 
[30]) initially biased at 0.5 V. When the Pt(111) is polarized cathodi
cally, the current starts flowing at 0.15 V during the first scan without 
becoming mass-transport limited, while in the positive-going scan a 
crossing point exists around 0.03 V. The intensity decreases with a 

progressive number of cycles, in a similar fashion to MVK and 3-bute
n-2-ol (Fig. 1A and S4); note that after the third cycle there is no 
longer a crossing point and after ten cycles the profile does not change 
substantially. 

The electrochemical response of ethylene reduction on the PdML-Pt 
(111) electrode also shows similar features to the voltammetric mea
surements of MVK. During the first cycle, a reductive wave centered at 
0.03 V is observed in the cathodic sweep. When the direction of the scan 
is reversed, current continues flowing and becomes even larger for a 
small potential window related to the presence of two crossing points. In 
the following cycles, the peak potential shifts progressively to more 
positive values whereas the current density decreases until a stable CV is 
obtained after ca. 10 scans. In the final CV, the peak potential and the 
maximum current density are equivalent to the CV in presence of MVK. 
Finally, as with MVK, the electrocatalytic current for the ECH of 
ethylene is fully recovered on both surfaces by going to oxidative po
tential values (1.2 V), resulting in constant CV features for a minimum of 
10 cycles. 

On both electrodes, a similar voltametric response is obtained in the 
presence of MVK and ethylene, which verifies the reduction of the vinyl 
group during ECH of MVK molecule and suggests that the poisoning 
process occurs in a similar manner for both molecules. 

If a Koutecky-Levich analysis is applied to RDE data for ethylene 
reduction on PdML-Pt(111) electrode (see Fig. S6 in the Supporting 
Information), a diffusion coefficient of 4.48×10− 6 cm2 s− 1 is obtained 
and, analogously to MVK, it is ca. one order of magnitude lower than the 
value reported in the literature (1.51×10− 5 cm2 s− 1) [31]. Therefore, we 
believe that the ECH mechanism of both reagents are similar and involve 
a coupled homogeneous reaction, possibly the protonation of the 
molecule. 

The observed trace crossings may be ascribed to the formation of 
intermediates that are more reactive than the parent reagent [32], [33]. 
In the ECH of ethylene, this intermediate might be vinylidene and/or 
ethylidyne, relying on the experimental evidences for ethylene adsorp
tion under electrochemical conditions [34], UHV dissociative adsorp
tion of ethane [35] and ethylene [36] and DFT calculations of 
chemisorbed C2Hx [37] on the Pt(111) surface. Furthermore, ethylene 
dissociative adsorption is not only specific for Pt as ethylidyne formation 
has also been detected on other substrates, e.g. Pd(111) [38] and Rh 
(111) [39]. 

Insights about the ethylene adsorbates are obtained again from the 
electro-oxidation of pre-adsorbed C2H4 at 0.5V. On Pt(111), four 
oxidative waves are observed. It is likely that the second wave (E =
0.74V) corresponds to the oxidation of CO residues as it coincides with 
the reported potential for its oxidative stripping [40]. The adsorbed CO 
must originate from the dissociative adsorption at the immersion po
tential. The third band (located at 1.3 V) matches with the onset po
tential for PtOx formation. On the other hand, only one anodic wave 
centered at approximately 1.2 V is observed using a PdML-Pt(111) 
electrode, implicating simultaneous oxidation of organic adsorbates 
and partial oxidation of the Pd monolayer. 

Integrating the anodic sweep between 0.5 and 1.45 V and subtracting 
the charge of the blank CV, total anodic charges equal to 360 and 230 µC 
cm− 2 were calculated on Pt(111) and PdML-Pt(111), respectively. 
Assuming full oxidation to CO2 (involving 12 electrons) then the surface 
excesses of ethylene would correspond to 3.1×10− 10 mol cm− 2 for Pt 
(111) and 2.0×10− 10 mol cm− 2 for PdML electrode (ca. 0.2-0.3 ML), 
which are quite close to the ones obtained for pre-adsorbed MVK. These 
values, particularly on Pt(111) surface, agree remarkably well with the 
maximum surface coverage reported for ethylene on Pt [41] and 
therefore suggests both molecules comprise 4 Pt atoms on (111) 
orientation. 

In presence of dissolved ethylene, a similar oxidation profile is ob
tained as in MVK-containing solution. There are two anodic waves 
located at 0.74 and 1.1 V during the first oxidative sweep up to 1.2 V, 
while only the more positive wave remains for the 10th cycle on the Pt 
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(111) electrode. Along the same line, PdML-Pt(111) only gives one 
positive wave centered at 1.12 V. As we mentioned before for electro- 
oxidation of adsorbed ethylene, the absence of oxidation waves below 
1.1 V indicates that CO poisoning does not happen to a significant extent 
on Pd. 

To determine the potential at which deactivation starts, we started 
from a potential of 0.1 V where hydrogen is the dominant species on the 
surface and then scan it up to increasing upper vertex potential Eup. 
Figures 5 and 6 show these potential-opening experiments in ethylene- 
saturated solution for Pt(111) and PdML-Pt(111) electrodes, 
respectively. 

In the narrowest potential range scanned (from 0.1 V to 0.0 V), the 
current on Pt(111) immediately starts flowing after the potential is being 
ramped negatively and evolves into a the plateau-like current right 
above 0.0 V with increasing number of cycles. The current density de
creases continuously upon cycling, showing that the poisoning adsor
bate is formed already at low potentials. With more positive Eup, the 
deactivation appears faster but it is limited and does not progress over 
time. Only if the Eup reaches the potential where the ethylene adsorbate 
is oxidized (1.0 V and higher), the ethylene reduction reactivates (see 
the CVs for Eup = 1.0 and 1.2 V). 

On the PdML-Pt(111) electrode, the potential window-opening ex
periments reveal a different picture (Figure 6). Cycling between 0 and 
0.1 V, a fairly constant negative current is measured, followed by an 
increase close to 0.0 V due to HER. The lack of progressive deactivation 
on PdML-Pt(111) suggests that a poisoning species is not formed in this 

potential range. Two cathodic peaks (labeled P1 and P2) start appearing 
when Eup= 0.2 V, which become more intense and shift slightly towards 
lower potentials upon expanding the potential window up to 1.0 V. For 
Eup= 1.2 V, only one broad cathodic peak (P3) is observed, with a peak 
potential and current coinciding with the first scan of the CV initiated at 
Eads=0.5V. Similar to MVK, a total recovery of electrocatalytic current is 
observed by expanding the potential window to very oxidative values 
(1.2 V). 

Figure 7 depicts in situ FTIR spectra of ethylene-saturated solution in 
contact with Pt(111) or PdML-Pt(111) electrodes polarized at the 
labeled potentials. The potential sequence and the polarization of the 
light are identical to the ones used above for MVK. Experiments using s- 
polarized light were also performed for comparison (see Fig. S7 in the 
Supporting Information). 

At potentials slightly lower than Eads, the formation of COtop is 
observed through a bimodal band (positive-going side centered at 2044- 
2050 cm− 1 and a negative-going side centered at 2016-2023 cm− 1) on 
both surfaces, analogous to what was observed in MVK-containing so
lution (Fig. 3A and B). The generation of the same adsorbate in absence 
of carbonyl groups indicates that the CO comes from the dissociative 
adsorption of the C=C moiety [42]. However, the COtop adsorbate is 
much more dominant on Pt(111), while the band intensity is much 
smaller on the PdML-coated electrode. 

Other two IR features observed on both electrode materials are a 
weak negative-going band at 2885 cm− 1, appearing simultaneously with 
a weak bimodal band with positive and negative sides centered at 1442 

Fig. 5. Potential window-opening experiments in ethylene-saturated 0.1M sulfuric acid solution for Pt(111) electrode at 50 mV.s− 1 starting from Eads= 0.1 V. The red 
curve is the 10th cycle and the arrow shows the direction of the evolution. 
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and 1466 cm− 1, respectively. The onset potential for these bands are 
0.15 and ca. 0.0V for the PdML-Pt(111) and Pt(111) electrode, respec
tively. These bands correspond to soluble species: a) alkyl compounds 
with a band above 2800 cm− 1 belonging to C-H stretching, more intense 
for (C(sp3)) than vinyl compounds (C(sp2)) [43], and b) the bimodal 
band arises from the convolution of C-H scissoring bands from the 
ethane formed, leading to the negative feature at 1466 cm− 1, and the 
ethylene consumed, leading to the positive feature at 1442 cm− 1. 

Below Eads, the Pt(111) surface exposes a bimodal-type band at ca. 
1625 cm− 1. This wavenumber lays in the spectral window of (µ-C=CH2) 
[34,44] and might represent the formation of vinylidene adsorbates at 
the contact potential. Also, at potentials of ca. 0.1 V, a weak negative 
signal at 1336 cm− 1 becomes visible. It is absent in spectra obtained with 
s-polarized light, which means that it corresponds to an adsorbate. 
Screening possible ethylene adsorbates, we found that ethylidyne spe
cies (–––C-CH3) [45] has an IR active mode close to the wavenumber 
observed in our experiments, attributed to the symmetric (umbrella) 
mode of CH3. Fragments of this adsorbate are predicted by DFT [38] to 
be formed at high hydrogen coverage and they should present another 
symmetric stretching mode at 2882-2886 cm− 1, which might be masked 
by νCH3 mode of the ethane produced in the bulk of the solution. We can 
argue that these two bands are interconnected as their intensities change 
in opposite direction below E = 0.1 V, which indicates interconversion 
of µ-vinylidene into ethylidyne adsorbate. Furthermore, they do not 

disappear upon synthesis of ethane at ca. 0.0 V, meaning that these 
fragments act as spectators. 

The ramp towards oxidative potentials also shows good agreement 
with the spectra compared to the electro-oxidation of MVK. CO2 is 
quantitatively produced in the solution together with the consumption 
of adsorbed COtop on both surfaces. Concomitantly, the vinylidene 
(1680 cm− 1) and ethylidyne (1337 cm− 1) adsorbates are also consumed 
on Pt(111), evidencing multiple CO2 precursors. On PdML-Pt(111), two 
extra signals are observed between 0.7 and 1.0 V: a) a weak negative- 
going band at 1718 cm− 1, which can probably be assigned to an 
oxygenated carbon species (possibly carbonyl or carboxylate group 
[46]), and b) potential-dependent red-shifted band between 1830 and 
1890 cm− 1, wavenumbers that match with CO3-fold [29]. The former 
species might be the second poisoning agent, difficult to observe during 
the ECH of MVK due to the total concealment by the carbonyl band. 

Sulfate adsorption is also observed on Pt(111) by a negative-going 
band in the range of 1225-1270 cm− 1 with a Stark slope value of 153 
cm− 1/V, both in good agreement with reported values [47]. The process 
takes place simultaneously to the CO oxidation, from which we argue 
that CO impedes the anion adsorption. On PdML-Pt(111) it is more 
difficult to observe as the sulfate band is centered at 1220 cm− 1, as re
ported elsewhere [48], coinciding with the instrumental limit. However, 
part of the band starts to develop at ca. 0.15 V, which agrees with the 
potential of H/(bi)sulfate exchange on the electrode surface [22], while 

Fig. 6. Potential window-opening experiments in ethylene-saturated 0.1M sulfuric acid solution for PdML-Pt(111) electrode at 50 mV.s− 1 starting from Eads= 0.1 V. 
The red curve is the 10th cycle and the arrow shows the direction of the evolution. 
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it changes direction above E = 0.7 V. The fact that sulfate can adsorb in 
almost the full potential window indicates that the surface is not blocked 
by organics or CO and further suggests that vinyl compounds adsorb 
weakly (or not at all) on PdML-Pt(111). 

3.1. General discussion and conclusions 

From the evaluation of the above results, we conclude that the hy
drogenation of the vinyl moiety is preferred over the carbonyl group of 
the MVK molecule on both studied surfaces. This is confirmed by the 
almost identical electrochemical behavior during the hydrogenation of 
MVK and ethylene above 0.0 V vs. RHE on both surfaces. Ethane is the 

Fig. 7. FTIR spectra of ethylene-saturated electrolyte solution during the negative (upper panels) and subsequent positive potentials (lower panels) on A) Pt(111) and 
B) PdML-Pt(111) electrodes, using p-polarized light. The background was collected at Eads = 0.5 V before acquiring each set of FTIR spectra. * is assigned to water 
bending band. 
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only detectable product of ethylene ECH, and adsorbed CO is formed at 
the adsorption potential on Pt(111) to a much larger extent than on 
PdML-Pt(111). In parallel, the carbonyl moiety alone, as in 2-butanone, 
is not reduced on the studied surfaces within the HUPD potential win
dows, as evidenced by the identical cyclic voltammograms in presence 
and absence of the saturated ketone. The lack of reactivity might be 
related to a weak interaction of the molecule with the surface of the 
catalysts under aqueous electrochemical conditions. 

Below 0.0 V, the formation of small quantities of 2-butanol and 3- 
buten-2-ol from the reduction of MVK verifies the feasibility of the 
carbonyl group to be hydrogenated with an additional overpotential. On 
mercury electrodes, the C=C reduction is favored by ca. 400 mV vs. 
carbonyl reduction [49], depending on pH and the carbonyl group [50, 
51]. Taking into account the lack of reactivity of the 2-butanone above 
0.0V (no carbonyl reduction) and the low overpotential required for the 
electroreduction of the vinyl group in the 3-buten-2-ol (same potential 
as MVK and ethylene), the proposed reaction pathway for the formation 
of the saturated alcohol is most likely two sequential 2e-/2H+ reactions 
with 3-buten-2-ol acting as the intermediate. The proposed mechanism 
is summarized in Scheme 1. 

On Pt(111), three different adsorbates (vinylidene, ethylidene and 
CO) are generated from the C=C moiety at E = 0.5 V, but they do not 
participate in the reaction, as it also has been reported by DFT [38]. 
These species block the adsorption of hydrogen for E > 0 V, coinciding 
with the potential windows of ECH inactivity, whereas the hydrogena
tion reaction commences concomitantly to the evolution of hydrogen. 
Conversely, the absence of vinylidene and ethylidene adsorbates on 
PdML-Pt(111) indicates no reactant dehydrogenation upon adsorption, 
which is in good agreement with the observations in heterogeneous 
catalysis [52], allowing the surface adsorption processes of the pristine 
electrode (H/sulfate exchange). Under these conditions, the ECH takes 
place at the Hads-covered surface, concluded from the potential opening 
experiments, preceded by a chemical reaction in solution (as derived 
from the discrepancy in diffusion coefficients). The evidence points to 
the necessity of hydrogen co-adsorbed on both surfaces for the ECH 
reaction to proceed. However, more information about the nature of the 
adsorbed hydrogen is needed in order to fully explain the difference in 

activity between Pd and Pt substrates. Finally, the surface deactivating 
species on Pt(111) is COatop, whereas PdML-Pt(111) is more resistant to 
CO-poisoning (it only forms at E ≥ 0.7 V), keeping a significant activity 
with only a relatively small loss in current. 
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[4] P. Mäki-Arvela, J. Hájek, T. Salmi, D.Y. Murzin, Chemoselective hydrogenation of 
carbonyl compounds over heterogeneous catalysts, Appl. Catal. A 292 (2005) 1–49. 

[5] S. Tuokko, P.M. Pihko, K. Honkala, First principles calculations for hydrogenation 
of acrolein on pd and pt: chemoselectivity depends on steric effects on the surface, 
Angew Chem. 55 (2016) 1670–1674. 

[6] T.B.L.W. Marinelli, S. Nabuurs, V. Ponec, Activity and selectivity in the reactions of 
substituted α,β-unsaturated aldehydes, J. Catal. 151 (1995) 431–438. 

[7] F. Delbecq, P. Sautet, Competitive C=C and C=O adsorption of α,β-unsaturated 
aldehydes on pt and pd surfaces in relation with the selectivity of hydrogenation 
reactions: a theoretical approach, J. Catal. 152 (1995) 217–236. 

[8] C.J. Kliewer, M. Bieri, G.A. Somorjai, Hydrogenation of the α,β-unsaturated 
aldehydes acrolein, crotonaldehyde, and prenal over Pt single crystals: a kinetic 
and sum-frequency generation vibrational spectroscopy study, J. Am. Chem. Soc. 
131 (2009) 9958–9966. 

[9] K.-H. Dostert, C.P. O’Brien, F. Mirabella, F. Ivars-Barceló, S. Attia, E. Spadafora, 
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