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Abstract: The effect of the addition of three oxophilic co-metals (Sn, Mo and Re) on the electrochemical
performance of Pd in the ethanol oxidation reaction (EOR) was investigated by performing half-cell
and membrane-less electrolysis cell experiments. While the additions of Sn and Re were found to
improve significantly the EOR performance of Pd, Mo produced no significant promotional effect.
When added in significant amounts (50:50 ratio), Sn and Re produced a 3–4 fold increase in the
mass-normalized oxidation peak current as compared to the monometallic Pd/C material. Both the
electrochemical surface area and the onset potential also improved upon addition of Sn and Re,
although this effect was more evident for Sn. Cyclic voltammetry (CV) measurements revealed
a higher ability of Sn for accommodating OH- species as compared to Re, which could explain
these results. Additional tests were carried out in a membrane-less electrolysis system. Pd50Re50/C
and Pd50Sn50/C both showed higher activity than Pd/C in this system. Chronopotentiometric
measurements at constant current were carried out to test the stability of both catalysts in the
absence of a membrane. Pd50Sn50/C was significantly more stable than Pd50Re50/C, which showed
a rapid increase in the potential with time. Despite operating in the absence of a membrane, both
catalysts generated a high-purity (e.g., 99.99%) hydrogen stream at high intensities and low voltages.
These conditions could lead to significant energy consumption savings compared to commercial
water electrolyzers.

Keywords: Ethanol electrooxidation; alkaline media; Membrane-less system; hydrogen production

1. Introduction

The reduction of anthropogenic carbon dioxide emissions is a priority worldwide.
However, most of the energy consumed is currently supplied by fossil fuels, which in-
evitably results in growing concentrations of carbon dioxide in the atmosphere. The uti-
lization of hydrogen in fuel-cell driven electrochemical devices is a promising strategy to
decarbonize important sectors such as transportation and industry. Efforts are currently
focused on developing technologies allowing generation of hydrogen from renewable
sources instead of fossil fuels [1]. In this sense, water electrolysis is one of the most studied
and used methods for obtaining green hydrogen [2–4]. However, despite the important
advances made in this field, the high energy required to break the water molecule rep-
resents an important barrier and increases the production costs significantly. Recently,
electrochemical reforming of alcohols (alcohols electrolysis) has demonstrated potential
for producing pure hydrogen at lower potentials than those required for water electrol-
ysis, thereby allowing significant energy savings [5,6]. For instance, the higher chemical
reactivity of ethanol compared to water allows generating hydrogen with electrical energy
savings higher than 50% (2.3 vs. 4.7 kW h/Nm3 H2).
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Since ethanol can be obtained from renewable sources (i.e., biomass) by well-developed
and simple fermentation technologies, this compound has been commonly used to generate
green hydrogen by means of this technology. The ethanol electrooxidation reaction (EOR)
has been historically carried out in acidic media over platinum-based electrocatalysts [7,8].
However, recent studies have demonstrated that carrying out the EOR in alkaline media can
be advantageous [9], with Pd showing high activity under these conditions [10]. With the
aim to explain the high EOR activity of Pd in alkaline media, Liang et al. [11] proposed a
four-step mechanism (Equations (1)–(4)). In this mechanism, OH- species adsorbed over
Pd (i.e., OHads) were proposed to play a key role in the overall process by facilitating
the oxidization of intermediate organic species strongly adsorbed on Pd (Equation (3)).
This reaction has been identified as the rate-determining step of the overall process by
several authors in previous works [11–14]. Once oxidized, these organic species are more
easily released, allowing Pd sites to be recovered for a new oxidation cycle (Equation (4)).

Pd + CH3CH2OH ↔ Pd− (CH3CH2OH)ads (1)

Pd− (CH3CH2OH)ads + 3OH− → Pd− (CH3CO)ads + 3H2O + 3e− (2)

Pd− (CH3CO)ads + Pd−OHads → Pd−CH3COOH + Pd rate determining step (3)

Pd−CH3COO− + H2O→ Pd + CH3COO− + H2O (4)

According to this mechanism, the presence of OHads species in the vicinities of Pd
can help increase both the EOR activity and stability of the noble metal. In line with this
approach, the addition of a second metal able to accommodate OH− species has been
commonly used to improve the EOR performance of Pd. Metals such as Ru, Cu, Ni, Pb,
Ag, Au and Sn have been typically added to Pd, resulting in catalysts with improved
EOR performance as compared to their monometallic counterparts [15–26]. This strategy
has also allowed us to significantly reduce the Pd content of the electrocatalysts, which is
desirable in view of the high cost and low abundance of this noble metal.

While Sn has been widely studied as a EOR Pd co-metal in basic media [20,27–30],
other co-metals such as Mo and Re have received significantly less attention despite
their well-known oxophilicity and their outstanding ability to accommodate hydroxyl
species [31–36]. Mo has been used in combination with Pt to electrooxydize several biomass-
derived oxygenated molecules such as ethanol [31] and glycerol [32]. Pd-Mo catalysts
have demonstrated high activity towards the electrooxidation of ethylene glycol [33].
Lim et al. [34] studied the electrooxidation of methanol and ethanol in alkaline media over
different MoOx-Pd materials and found a significant improvement in the mass activity as
compared to monometallic Pd/C. With regard to Re, in addition to its ability to adsorb
OHads species, it has also demonstrated significant activity to promote C–C cleavage of
oxygenated molecules such as glycerol when combined with Pt [36]. In this sense, the
addition of Re to Pt/C and Pt-Sn/C catalysts improved the ethanol electrooxidation activity
of these materials, and this was ascribed to the ability of Re to promote C–C breaking of
intermediates adsorbed on the noble metal [36].

In this work, we explored the effects of Mo and Re on the EOR performance of
Pd in alkaline media (mostly activity and stability). These effects were compared with
those produced by a more common and well-known additive such as Sn. The structures
of the bimetallic catalysts prepared were studied by X-ray diffraction (XRD), and their
electrooxidation performances were evaluated by cyclic voltammetry (CV) measurements
via half-cell experiments. The performance of the most promising catalysts was additionally
studied in detail in a membrane-less electrolysis cell [6]. This membrane-less configuration
uses a liquid electrolyte instead of commercial polymeric membranes. This configuration
is interesting in that it allows operating without membranes, which are one of the critical
components of electrolysers, being responsible for the high prices and limited life-times of
these devices. Thus, a membrane-less electrolyser can potentially overcome mechanical,
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chemical or electrochemical failures produced by membrane degradation while reducing
the capital costs of these devices [37–39].

2. Results and Discussion
2.1. Structural Characterization

The diffraction patterns of 20% Pd/C and the bimetallic 20% Pd-metal/C materials
are shown in Figure 1. Additionally, the XRD patterns of monometallic Sn, Re and Mo
catalysts and C Vulcan are shown in Figure S1 for the sake of comparison. As shown in
Figure 1, all the samples showed a peak at ca. 25◦, which was ascribed to the (002) plane
of the hexagonal structure of the carbon material used as a support (denoted as C (002)).
The presence of Pd nanoparticles with a face-centered cubic (fcc) structure was confirmed
by their characteristic peaks at ca. 40, 47, 68 and 83◦, corresponding to the (111), (200), (220),
(311) and (222) planes, respectively. No significant shifts in the diffraction angles of these
Pd diffraction peaks were observed upon addition of any of the co-metals tested herein.
A slight shift (below 0.14◦) was found in the case of 20% Pd50Re50/C. However, this
shift is not high enough to be considered as a proof of an alloy formation, according to
previous works [29]. The intensity of the Pd diffraction peaks decreased when increasing
the co-metal loading from a 70:30 to 50:50 ratio. As shown in Table 1, the addition of a
second metal to Pd resulted in slight changes in the Pd crystallite size. These particle sizes
were calculated by the Scherrer equation using the full width at half maximum (FWHM) of
the Pd(111) peak (Table 1). Both the decrease in intensity of the Pd diffraction peaks and
the changes in particle size revealed a certain degree of interaction between Pd and the
co-metal. No evidence of peaks ascribed to co-metals used (i.e., Sn, Mo and Re) or their
oxides was found in the diffractograms. However, it is likely that they were present as
amorphous oxide or hydroxide phases or formed alloys with Pd, as previously reported in
similar Pd-metals systems [27,29,40].
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Figure 1. XRD diffractograms of 20% Pd/C and the bimetallic samples of 20% Pd-metal/C. 

Figure 1. XRD diffractograms of 20% Pd/C and the bimetallic samples of 20% Pd-metal/C.
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Table 1. Crystallite size obtained from X-ray diffraction analyses and electrochemical surface area
(ECSA) obtained from electrochemical measurements.

Catalyst. FWHM (◦)
Pd mean Crystallite

Size
(nm)

ECSA
(m2 g−1)

20% Pd/C 0.8826 9.580 6.78
20% Pd70Sn30/C 0.9999 8.456 9.17
20% Pd50Sn50/C 0.7537 11.218 67.61
20% Pd70Mo30/C 0.8314 10.172 4.80
20% Pd50Mo50/C 1.0331 8.186 5.52
20% Pd70Re30/C 0.8633 9.798 2.44
20% Pd50Re50/C 0.9738 8.680 21.22

2.2. Electrochemical Measurements
2.2.1. CV in Aqueous KOH

Figure 2 and Figure S3 show the CV profiles of the different catalysts prepared herein.
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Figure 2. Cyclic voltammograms of 20% Pd/C, 20% Pd70Sn30/C, 20% Pd50Sn50/C, 20% Pd70Mo30/C,
20% Pd50Mo50/C, 20% Pd70Re30/C and 20% Pd50Re50/C in KOH 1.0 M. E (mV) vs. Ag/AgCl (3 M).
(Scan rate: 50 mV s−1 at room temperature).

Five different peaks were observed in the CV profiles, in line with previous works [11,41].
As shown in Figure 2, the positive-scan revealed three oxidation peaks (I, II and III). Peak I
between −900 and −800 mV was ascribed to the electrochemical oxidation of the hydrogen
adsorbed on Pd, according to the following Equation:

Pd−Habs−ads + OH− → Pd + H2O + e− (5)

Peak II, centered at around −650 mV, corresponds to the adsorption of hydroxyl
groups on Pd:

Pd + OH− → Pd−OHads + e− (6)
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Peak III at ca. −300 mV was ascribed to the formation of Pd (II) oxide in virtue of
processes (7) and (8):

Pd−OHads + OH− → Pd−O + H2O + e− (7)

Pd−OHads + Pd−OHads → Pd−O + H2O (8)

In regard to the cathodic scan, an intense and well-defined peak was observed at ca.
−450 mV (peak IV). This large peak was ascribed to the reduction of the Pd oxide layers
previously formed by Equations (7) and (8).

Pd−O + H2O + 2e− → Pd + 2OH− (9)

An additional reduction peak (peak V) was observed during the backward scan.
This reduction peak was ascribed to the adsorption of hydrogen on Pd.

The electrochemical surface area of the catalysts (ECSA, Table 1) was calculated from
the CV curves in Figure 2, considering the area under the large reduction current of PdO
(peak IV) [14,29,42,43]. These ECSA values were obtained as follows:

ECSA =
Q(µC)

QPdO

(
µC·cm−2

Pd

)
·Pdloading(mg)·10

(10)

where QPdO is the charge required to reduce a PdO monolayer (405 µC cm−2) [14,29], Q is
the columbic charge estimated as the area under the reduction peak IV and Pdloading is the
mass of Pd of the electrode. Note that the contribution of cometal oxides to the reduction
peak IV have been neglected (Sn and Mo) and/or corrected (Re) according to the CV tests
developed with 20% Sn/C, 20% Mo/C and 20% Re/C in a solution of KOH 1 M (Figure S2).
Remarkably, 20% Pd50Sn50/C and 20% Pd50Re50/C showed ECSA values significantly
higher than the rest of catalysts, including monometallic 20% Pd/C. As shown in Table 1,
ECSA followed the trend 20% Pd50Sn50/C > 20% Pd50Re50/C > 20% Pd70Sn30/C > 20%
Pd/C > 20% Pd50Mo50/C > 20% Pd70Mo30/C > 20% Pd70Re30/C.

2.2.2. EOR Performance in KOH-EtOH Aqueous Solutions

The EOR electrochemical activity of the synthesized catalysts was investigated in a
half-cell at room temperature in KOH–ethanol aqueous solutions. The CV profiles of the
catalysts are shown in Figure 3, and the most relevant electrochemical parameters obtained
from these CV curves are summarized in Table 2. For the sake of comparison, we performed
CV analyses over monometallic Sn, Mo and Re catalysts (Figure S4). As shown in Figure S4,
monometallic Sn, Mo and Re materials showed no EOR activity. As can be inferred from
Figure S4, the support (carbon Vulcan) was unreactive towards the EOR.

Table 2. Main electrochemical parameters for the different catalysts studied obtained from cyclic
voltammograms in KOH 1.0 mol L−1 solution containing EtOH 1.0 mol L −1. (Scan rate = 50 mV s−1

at room temperature).

Catalyst Eonset (mV) a im (mA µgPd−1) b

20% Pd/C −700 0.063
20% Pd70Sn30/C −725 0.216
20% Pd50Sn50/C −750 0.292
20% Pd70Mo30/C −670 0.063
20% Pd50Mo50/C −660 0.068
20% Pd70Re30/C −680 0.060
20% Pd50Re50/C −740 0.237

a Onset potential (mV vs. Ag/AgCl 3 M). b Mass-normalized peak current (mA µgPd−1).
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Figure 3. Cyclic voltammograms of 20% Pd/C, 20% Pd70Sn30/C, 20% Pd50Sn50/C, 20% Pd70Mo30/C, 20% Pd50Mo50/C,
20% Pd70Re30/C and 20% Pd50Re50/C in a solution of KOH 1.0 mol L−1 + EtOH 1.0 mol L−1. (a) Current density (mA cm−2)
versus Voltage (mV); (b) Mass-normalized current (mA µg Pd−1) versus Voltage (mV). E (mV) vs. Ag/AgCl (3 M). (Scan rate:
50 mV s−1 at room temperature).

As shown in Figure 3a, ethanol oxidation started below −600 mV for the most active
catalysts. At this point, ethanol is adsorbed, generating intermediate species as a result of
the oxidation process (Equation (2)). Hydroxyl groups are also adsorbed at this range of
potential (Equation (6)), favoring the desorption of intermediates and allowing electrooxi-
dation to proceed continuously before reaching the maximum of the current density (peak
A). At this point, the build-up of Pd-O (Equations (7) and (8)) at higher potentials blocks
Pd active sites and the current density drops as a result. Nonetheless, the electro activity of
the catalyst is recovered during the backward scan, as evidence by the presence of a further
peak (peak B) generated by the oxidation of the reaction intermediates [11,17]. As shown in
Figure 3a, the addition of Sn and Re (at 50:50 ratio) significantly increased the EOR activity
of Pd. When expressed in terms of mass of Pd (mA µg Pd−1; Figure 3b), the promotional
effects of Sn and Re are clearly appreciated. Sn-containing catalysts and 20% Pd50Re50/C
showed mass-normalized peak currents (im) 3–4 times higher than that of 20% Pd/C,
whereas the rest of catalysts showed peak currents similar to that of the monometallic
material. In the case of 20% Pd50Sn50/C, this high electrooxidation activity correlates well
with the presence of an intense peak II (Figure 2) corresponding to the adsorption of OHads
species. As indicated previously, these OHads species can subsequently participate in the
oxidation of intermediates strongly adsorbed on Pd. Peak II was less prominent for the
20% Pd70Sn30/C and 20% Pd50Re50/C catalysts. Remarkably, 20% Pd50Re50/C showed
current densities comparable to those of 20% Pd50Sn50/C despite having three times lower
ECSA (Table 1).

As pointed out in the Introduction, the electrochemical reforming of ethanol can be
highly beneficial, since it happens at lower potentials than water electrolysis, resulting in
a reduction in the electrical power necessary to produce hydrogen. Hence, the lower the
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onset potential, the higher the potential beneficial effect. Table 2 shows the onset potential
(obtained from Figure S5) for the monometallic Pd and the bimetallic catalysts. Additionally,
20% Pd50Sn50/C, 20% Pd50Re50/C and 20% Pd70Sn30/C showed onset potentials 50, 40
and 25 mV lower than that of 20% Pd/C, respectively. It is interesting to note that the onset
potential trend agrees well with that of the ECSA.

Unlike Sn and Re, the addition of Mo produced no significant promotional effect on
the EOR performance of Pd: 20% Mo-containing bimetallic catalysts showed similar mass-
normalized peak currents and slightly higher onset potentials than 20% Pd/C (Table 2).
Thus, despite its high oxophilicity [44], Mo did not increase significantly the EOR activity of
Pd. Previous results from Robinson et al. pointed out that, when added in large amounts, Mo
tends to form molybdenum oxide, which can block active Pd surface sites [45,46]. Similarly,
Ordoñez et al. [47] found that high loadings of Mo decreased the activity of Pt during the
electrooxidation of methanol in acidic medium.

2.2.3. Membrane-Less Electrochemical Reforming Experiments.

We selected the most promising catalysts in terms of ECSAs, onset potentials and
mass-normalized peak current (20% Pd50Sn50/C and 20% Pd50Re50/C) for subsequent
membrane-less ethanol electrolysis experiments. The performance of these catalysts was
compared with that of 20% Pt/C. The electrochemical tests were carried out under optimal
conditions, which were identified in a previous study [6]. The linear sweep voltammetry
profiles of the three catalysts are shown Figure 4. None of the catalysts showed mass
transfer limitations, with both bi-metallic catalysts showing higher mass activity than
Pd/C, in line with half-cell experiments.
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We tested the stability of both bimetallic catalysts by monitoring the variation of the
potential versus time at constant intensity (0.5 A). Eight cycles of 1 h duration were carried
out (Figure 5). Open circuit conditions were applied for 30 s after each cycle.
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As shown in Figure 5, 20% Pd50Sn50/C was significantly more stable than Pd50Re50/C,
which showed a continuous increase in voltage with time. This behavior has been pre-
viously ascribed to intermediate species remaining adsorbed on the catalyst surface, in-
creasing the anodic polarization resistance as a result [6,43,46]. Open circuit conditions
allowed these intermediates to desorb, recovering the initial voltage values. These results
are in line with those reported by Bonarowska et al. [48]. These authors reported higher
hydrocarbon hydrogenolysis activities and lower stability of Pd/Al2O3 catalysts upon
addition of Re. The poorer stability of the bimetallic materials was ascribed to deactivation
of the catalyst surface by strongly adsorbed reaction intermediates. The lower ECSA of the
20% Pd50Re50/C catalyst compared to 20% Pd50Sn50/C (22 vs. 67 m2 g−1) can also explain
its faster deactivation. The 20% Pd50Sn50/C catalysts maintained good stability with time
while operating at voltages significantly lower than Pd50Re50/C. As revealed by the CV
profiles (peak II in Figure 2), 20% Pd50Sn50/C showed higher affinity for OHads species than
its Re counterpart, and this could facilitate the release of adsorbed reaction intermediates
during the electrooxidation process, avoiding anodic polarization resistance issues.

One of the key elements of the EOR technology is the possibility of producing hydrogen
at voltages significantly lower than those required for water electrolysis, thereby reducing the
energy consumption. The energy requirements for the production of 1 kg of hydrogen over
both bimetallic catalysts were calculated and the results are shown in Figure 6. Galvanostatic
transients were carried from 0.1 to 0.7 A for 20% Pd50Re50/C and from 0.1 to 2.0 A for
20% Pd50Sn50/C. These limits were set to avoid high voltages leading to water oxidation.
The hydrogen production rate was experimentally measured, obtaining faradaic values in all
cases. Despite operating without a separating membrane, high purity (99.99%) hydrogen
was obtained in the cathodic chamber in all cases. As shown in Figure 6, Pd50Sn50/C showed
lower energy consumption values than Pd50Re50/C over the entire range of intensities tested
herein. However, both catalysts present energy consumption well below those reported
for commercial water PEM or alkaline electrolyzers (50–60 kWh·kgH2

−1) [47]. Remarkably,
the membrane-less configuration tested herein showed similar energy consumptions than
ethanol electrolyzers containing a membrane as an electrolyte and operating under similar
conditions (18–30 kWh·kgH2

−1) [49,50].
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3. Materials and Methods
3.1. Synthesis and Characterization of Pd-Based Catalyst Powders

The synthesis of the different mono and bimetallic catalysts was carried out by the co-
reduction method of mixed precursor salts as described elsewhere [51,52]. Firstly, the corre-
sponding active phase precursors were diluted in 50 mL of ethylene glycol. The active precur-
sors used were PdCl2 (Sigma Aldrich, St. Louis, MO, United States), H24Mo7N6O24·4H2O
(Fluka Analytical, München, Germany), NH4ReO4 (Sigma Aldrich, St. Louis, MO, United
States) and C4H6O4Sn (Alfa Aesar, Kandel, Germany). Sodium hydroxide was added to the
solution to prepare a 0.2 M NaOH (basic pH close to 9). The resulting solutions were stirred
for 2 h at 190 ◦C, achieving a colloidal suspension. Carbon Vulcan XC-72 with a typical bulk
density of 96 kg/m3 (6 lbs/ft3) and an average particle size of 50 nm (Fuel Cell Store) was
added to the colloidal suspension and the resulting suspension was stirred for additional 48
h at room temperature. The catalysts powder obtained was washed with water, filtered and
dried before use.

The three different co-metals used herein (Sn, Mo and Re) were added to Pd in varying
amounts. Moreover, monometallic Pd (reference catalyst) Sn, Mo and Re catalysts were
also synthesized for the sake of comparison. All these catalysts were supported on carbon
Vulcan XC-72, and the overall metal loading was 20 wt% in all cases. The actual metal
loadings were close to the nominal values, as determined by inductively coupled plasma
(ICP) (nominal value ± 0.4%). ICP analyses were developed using a VARIAN Liberty
RL sequential ICP-AES. Prior to the analysis, 0.5 g of the samples were treated with 2
mL of hydrochloric acid, 3 mL of hydrofluoric acid and 2 mL of hydrogen peroxide,
followed by microwave digestion at 250 ◦C. Table 3 lists all the catalysts prepared and their
corresponding metal contents.

XRD analysis was performed to identify the different crystalline structures of the
synthesized catalysts. A PHILIPS PW-1710 diffractometer (Almelo, The Netherlands) with
nickel-filtered Cu-Kα radiation (λ = 1.5404 Å) was used herein. Samples were scanned at
a rate of 0.02◦·step−1 over the range 5◦ ≤ 2θ ≤ 90◦ (scan time = 2 s·step−1). The average
crystallite size of each sample was calculated from the peak position and full width at half
maximum (FWHM) of the peak corresponding to Pd (111) by using the Scherrer equation.
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Table 3. Nominal catalysts metal composition and nomenclature.

Catalyst
Nomenclature Pd Content (%*) Sn Content (%*) Mo Content

(%*) Re Content (%*)

20% Pd/C 100 - - -
20% Sn/C - 100 - -
20% Mo/C - - 100 -
20% Re/C - - - 100

20% Pd70Sn30/C 70 30 - -
20% Pd50Sn50/C 50 50 - -

20%
Pd70Mo30/C 70 - 30 -

20%
Pd50Mo50/C 50 - 50 -

20% Pd70Re30/C 70 - - 30
20% Pd50Re50/C 50 - - 50

* All percentages were referred only to the metal phase, which constituted a 20% of the total weight of the catalyst.

3.2. Electrochemical Characterization in Half-Cell Configuration

Electrochemical characterization was performed on a half-cell configuration three-
electrode system. In this system, a glass cell contained three electrodes namely, a glassy
carbon working electrode, where the catalyst ink was deposited with a geometric area of
0.303 cm2 (Metrohm), an Ag/AgCl reference electrode (KCl, 3 M, Metrohm) and a Pt foil
counter electrode (Metrohm). Optical microscopy images of the catalysts supported over
the glassy carbon electrode were taken before and after the electrochemical reaction to
verify the integrity of the different catalysts studied (Figure S6).

The deposited catalyst ink was prepared by mixing 7 mg of catalyst powder, 20
µL of a 5 wt% Nafion solution, 0.25 mL of milli-Q water and 0.75 mL of isopropanol
solvent. The mixture was sonicated for 1 h until a homogeneous catalyst ink was formed.
10 µL of this ink were deposited on the glassy carbon electrode surface and dried at room
temperature. Lastly, 2 µL of a 5 wt% Nafion solution was also deposited on the surface in
order to immobilize the catalyst ink.

Electrochemical tests were performed on a Voltalab PGZ 301 potentiostat–galvanostat
(Radiometer Analytical, Loveland, CO, USA). All the CV measurements were conducted
at room temperature. CV measurements from −1.0 V to 0.6 V at 50 mV·s−1 in 1.0 mol
l−1 KOH solution were carried out in order to measure the electrochemical active surface
area of the catalysts. Afterward, for EOR measurement, CV measurements in 1 M EtOH
and 1 mol L−1 KOH solution were carried out from −1.0 V to 0.6 V at 10 mV·s−1. All the
solutions were purged with nitrogen before the measurements. In order to ensure that
the steady state was reached, more than 40 consecutive cycles were performed for each
voltammogram, and results for 30 and 35 cycles are shown in Figure S7.

3.3. Electrochemical Performance in a Membrane-Less Electrolyzer

A membrane-less electrochemical electrolyzer with a geometric electrode area of
10.5 cm2 and a liquid solution as electrolyte was used to test the performance of the
electrocatalysts. In this system (described in detail elsewhere [6]), the cathode and the
anode were arranged in a single chamber reactor configuration where both electrodes were
in contact with the same fuel-electrolyte mixture solution. Electrodes (distanced 3.5 mm
from each other) were placed between ethylene propylene diene monomer (EPDM) gaskets
and Teflon (PTFE) frames, being contact with the bipolar plates which served as current
collectors. Two external Teflon plates covered with metallic end plates finally sealed the
uniformly tight cell.

Commercial Pt on carbon black (20% Pt/C; Alfa Aesar) was used as the cathodic
catalyst, and the different synthesized catalysts served as anodes. In each case, a catalyst
ink was prepared (by mixing each catalyst powder with isopropanol) and then dispersed
on the carbon paper (Fuel Cell Earth) using a preeflow eco-SPRAY controlled by ecocontrol
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SC1200 and ecocontrol EC200 (ViscoTEC). The metal loading was controlled by weight
measurements until it reached a value of 1 mg·cm−2 for each electrode.

Electrochemical tests were performed using a Vertex 5 A.DC potentiostat–galvanostat
electrochemical analyser (Ivium Technologies, Eindhoven, Netherlands). The anodic and
cathodic compartments were fed with 1 M EtOH and 4 M KOH aqueous solutions at a
constant flow rate of 23 mL·min−1 using a peristaltic pump (Pumpdrive 5001, Heidolph,
Schwabach, Germany). The gas phase of the outlet-stream was separated from the liquid
one (by condensation) and measured by a gas volumetric flowmeter. In order to check
the purity of the H2 gas-flow rate obtained, the outlet-stream was also analyzed via gas
chromatography (Bruker 450-GC, Bruker Daltonik GmbH, Bremen, Germany). Then, the
measured H2 gas-flow rate was crosschecked via Faraday’s Law calculations, based on the
cell current. The liquid feed streams were recirculated to the feeding reservoirs with an
overall solution volume of 2 L. Three kinds of electrochemical tests were performed at 85 ◦C:
linear sweep voltammetry measurements at a scan rate of 10 mV·s−1 in a potential range
between 0 and 1.4 V, galvanostatic transients from 0 to 1 A (to experimentally measure
hydrogen production rates) and a chronopotentiometry test at 0.5 A for 8 h for stability
analysis.

4. Conclusions

The effects of the addition of several oxophilic co-metals (i.e., Sn, Re and Mo) on
the EOR performance of Pd were compared herein. XRD revealed slight changes in the
size of the Pd nanoparticles upon addition of these co-metals, with no signs of Sn, Re or
Mo crystalline phases. The three co-metals tested herein changed the EOR activity of Pd
significantly. Sn and Re were found to improve the EOR activity of Pd to a large extent,
resulting in normalized peak currents 3–4 times higher than those of the monometallic
Pd/C catalyst. When added in significant amounts (50:50 ratio), Sn and Re also increased
the electrochemical surface area of Pd while allowing the oxidation process at lower Eonset
potentials compared to monometallic Pd/C. Overall, Sn was more effective than Re in
promoting the EOR activity of Pd, in line with CV measurements revealing a higher ability
of Sn to adsorb OH species. Unlike Sn and Re, Mo did not improve the EOR activity of Pd.

The most promising catalysts (Pd50Re50/C and Pd50Sn50/C) were additionally tested
on a membrane-less electrochemical cell. Both catalysts showed higher activities than the
monometallic catalysts in the absence of a membrane, although Pd50Re50/C was signifi-
cantly more stable than Pd50Re50/C. Both catalysts generated high-purity hydrogen at high
intensity and low voltage conditions, which could lead to significant energy consumption
savings compared to commercial water electrolyzers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11050541/s1. Figure S1: XRD pattern of carbon Vulcan and different metals studied over
carbon: (a) Carbon Vulcan; (b) 20 % Pd/C; (c) 20 % Sn/C; (d) 20 % Mo/C; (e) 20 % Re/C. Figure S2:
Comparison of cyclic voltammograms obtained for the different co-metals (20% Sn, Mo and Re over
carbon) and 20% Pd/C catalyst in a solution of KOH 1.0 mol l−1. E (mV) vs. Ag/AgCl (3 M)). (Scan
rate: 50 mV s−1 at room temperature). Figure S3: Comparison of cyclic voltammograms obtained for
bimetallic catalysts with different co-metals (Sn, Mo and Re) and Pd/C catalyst in a solution of KOH
1.0 mol L−1. Figure S4: Performance of the different cometals over carbon in a solution of KOH 1.0
mol L−1 + EtOH 1.0 mol L−1. Figure S5: Onset potential for the different catalysts studied.Figure
S6: Microscopy images of the sample over the glassy carbon electrode before (left) and after (right)
the electrochemical reaction in a solution of KOH 1 mol L−1 containing EtOH 1 mol L−1.Figure S7:
Consecutive CVs cycles in a solution of KOH 1 mol l−1 for: a) Pd/C catalysts; b) Pd-Sn/C catalysts;
c) Pd-Mo/C catalysts; d) Pd-Re/C catalysts.
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