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Abstract: Proton exchange membrane fuel cells and direct alcohol fuel cells have been extensively
studied over the last three decades or so. They have emerged as potential systems to power portable
applications, providing clean energy, and offering good commercial viability. Ethanol is considered
one of the most interesting fuels in this field. Herein, platinum-rare earth (Pt-RE) binary alloys
(RE = Ce, Sm, Ho, Dy, nominal composition 50 at.% Pt) were produced and studied as anodes for
ethanol oxidation reaction (EOR) in alkaline medium. A Pt-Dy alloy with nominal composition
40 at.% Pt was also tested. Their electrocatalytic performance was evaluated by voltammetric and
chronoamperometric measurements in 2 M NaOH solution with different ethanol concentrations
(0.2-0.8 M) in the 25-45 °C temperature range. Several EOR kinetic parameters were determined for
the Pt-RE alloys, namely the charge transfer and diffusion coefficients, and the number of exchanged
electrons. Charge transfer coefficients ranging from 0.60 to 0.69 and n values as high as 0.7 were
obtained for the Pty 55mg 5 electrode. The EOR reaction order at the Pt-RE alloys was found to vary
between 0.4 and 0.9. The Pt-RE electrodes displayed superior performance for EOR than bare Pt, with
Pty 55Smy 5 exhibiting the highest electrocatalytic activity. The improved electrocatalytic activity in all
of the evaluated Pt-RE binary alloys suggests a strategy for the solution of the existing anode issues
due to the structure-sensitive EOR.

Keywords: ethanol electrooxidation; Pt-RE alloys; direct ethanol fuel cell; electrocatalysis

1. Introduction

Rising demands for energy, coupled with concerns over environmental pollution and growing
fossil fuel costs, have contributed to a great need for clean and efficient power sources [1-4]. To achieve
the goal of reducing more than 50% of CO, emissions by the year 2050, compared to CO, emissions in
2009, as proposed by the International Energy Agency (IEA), the transportation sector must reduce
CO; emissions dramatically. It is very clear that simply improving the efficiency of internal combustion
engines that are subject to Carnot cycle limitations will not be able to achieve such a goal [5,6]. Thus,
another high-efficiency conversion device is required as an alternative to the internal combustion
engine, or another fuel as an alternative to gasoline is required to reduce CO, emissions [1,7,8].

Electrochemical oxidation of small organic molecules is regarded as the most promising technology
due to its high thermodynamic efficiency (up to 97%) via low-temperature direct fuel cell reaction [9-12].
Compared with hydrogen, i.e., the fuel used in proton exchange membrane fuel cells (PEMFCs),
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room-temperature liquid alcohols, such as ethanol and methanol, are more promising in fuel cell
devices for their high volumetric energy densities, better safety, and low-cost generation and storage.
While many exciting studies have been reported, there is much to be done to further understand
the reactivity, selectivity, and durability of the electrocatalytic processes in the ethanol and methanol
oxidation reactions (EOR/MOR) in fuel cells (FCs) [13,14]. As a new energy technology, fuel cells,
which are electrochemical power generation devices converting the chemical energy of fuel into
electrical energy by an electrochemical reaction, are rapidly developing, and their performance is
continually improving. They have the advantages of high-energy-density, clean and environmental
protection, self-generation, and high efficiency without Carnot cycle limitation [3,10,13]. The fuel cell
stack composed of multiple single-cells is gradually being used in portable electronic products. Direct
methanol fuel cells (DMFCs) use methanol (CH3OH) as a reactant, which has the advantages of being
an abundant fuel source, low price, convenient operation, and easy miniaturization. It is suitable as a
power source for portable devices [14-16], and it has been considered the most appropriate fuel cell
among the direct alcohol fuel cells (DAFCs) [17-19] since methanol is more easily oxidized than other
alcohols due to the absence of C-C bonds. However, methanol is a toxic product with sluggish kinetics
at the anode, its main limitation being its crossover from the anode to the cathode compartments of
the FC, which reduces the cell potential and leads to the formation of undesirable products [17-20].
Further studies have found that temperature affects the quality and momentum transfer of DMFC,
methanol concentration, percolation current density, polarization curve, and CO; distribution [21,22].

Thus, ethanol (C;HsOH) has emerged as an excellent alternative to methanol since it is also a
hydrogen-rich liquid fuel but with lower toxicity and higher specific energy (8.0 kWh kg~!) than
methanol (6.1 kWh kg™') [23]. Moreover, ethanol can be produced from renewable sources, such as by
fermentation from biomass, which makes it an attractive fuel from both an economic and environmental
perspective. The major drawback of using ethanol as a fuel is the necessary C—C bond cleavage
to oxidize In v plots (Figure 5a) completely and by ethanol to carbon dioxide (CO;). This reaction
withdraws 12 electrons per molecule of ethanol, as shown in Equation (1) [18], which makes this a
slow process compared to the electrochemical oxidation of hydrogen and methanol, involving 2 and
6 electrons, respectively [23,24].

CH;CH,OH + 120H™ —2CO; + 9H,O + 12 e~ 1)

This oxidation reaction going on at the anode of the DEFC (EOR) is accompanied by an oxygen
reduction reaction, as shown in Equation (2), at the cathode of the DEFC (ORR), giving an overall
reaction expressed by Equation (3).

30, +6H,0+12e” - 120H" )

CH3CH,OH + 3 0, - 3H,O +2CO;, (3)

A comprehensive description of the mechanism of EOR is still under investigation by the scientific
community, but some general steps are largely accepted. An initial step may involve dehydrogenation,
while subsequent steps may lead to intermediates such as acetaldehyde (CH3CHO) and acetic acid
(CH3COOH) [25,26]. A large number of other intermediates are formed due to the numerous C-H, C-O,
and C-C bond scissions that occur during ethanol oxidation. The scientific community has not been
able to determine the precise mechanism but only that two general class of adsorbed intermediates,
Cl,q and C2,4, which represent fragments with one and two carbon atoms respectively, are formed,
as shown in Equations (4) and (5).

CH3CH,OH — [CH3CH,OH],q — Cl,4, C2,q4 — CO, (total oxidation) (4)

CH3CH,0OH — [CH3CH,0H],q4 — CH3CHO — CH3COOH (partial oxidation) 5)
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A simple bond analysis between the intermediate and the final product, CO,, shows that breaking a
C-Cbond is inevitable. This is one of the most important steps in ethanol electrocatalysis. The difficulty
of breaking the C-C bond results in a high concentration of partial oxidation products, CH3CHO and
CH3COOH, at the surface of platinum (Pt) catalysts, which causes a significant drop in the efficiency
of the DEFC. It also substantially alters the environmental aspects of such a device by producing
undesirable byproducts, as reported above for DMFCs.

The difficulties to precisely establish the mechanism of the ethanol oxidation reaction (EOR)
have led the scientist community to try different ways to understand this reaction. One common
approach is to try to improve the reaction associated with the rate-determining step (RDS). For the
ethanol decomposition reaction, and more precisely for the C-C bond breaking reaction, the RDS over
transition metal has been suggested by different DFT studies [27-31] to be the following step expressed
in Equation (6).

CHCOads - CHads + Coads (6)

It should be noted that these results were obtained considering the ethanol decomposition and not
the ethanol oxidation (the reaction occurring in a fuel cell), but this approach was recently shown to give
results in agreement with the experiment to compare pure Pt to pure iridium and Ir/Ru alloy [32,33].
Experimental studies also proposed the same intermediates for the C-C bond breaking reaction at the
surface of a Pt or iridium catalyst [26,34-36].

Catalysis is a surface effect, so the size of the surface has a crucial importance on the performance
of the catalyst since the more extensive the surface, the more adsorption sites are available for the
reactants. Consequently, since only the surface (and the few layers underneath are of importance)
a typical type of catalyst is made by dispersing the active phase on conductive support like carbon,
to avoid excessive use of catalyst material and, thus, saving money. Although carbon-supported Pt is
one of the most used anode catalysts in low-temperature fuel cells, it is far from being the most efficient
one for the DEFC.

To improve the catalyst efficiency for the EOR, and also for the ORR, it is necessary to find
new electrocatalysts that would increase the overall kinetics of the reactions, but also to shift the
EOR towards complete oxidation. This would release more electrons, and thus more energy at
the outlet of the fuel cell. In other words, it increases the selectivity of the reaction towards CO,
formation [37]. Indeed, on the current Pt-based anode catalyst, the incomplete oxidation of ethanol
produces acetaldehyde (Equation (7)) and acetic acid (Equation (8)), which delivers only 2 and 4
electrons [25,26]. This incomplete oxidation process needs to be compared to the complete oxidation
that forms CO, and releases a set of 12 electrons [25,26].

CH;CH,OH + 2 OH™ — CH3CHO + 2 H,0 + 2 e~ ?)

CH3CH,OH + 4 OH™ — CH;COOH + 3 H,O + 4 e 8)

DEFC anode catalysts have been extensively studied, but most of the work has been performed
using Pt [38—42]. Nevertheless, it has been shown that the loading of Pt needs to be reduced by a factor
of 3 to achieve an economically viable device [43]. Different methods have been employed to do so,
such as reducing the Pt loading by using alloys instead or a pure Pt catalyst, by using carbon supports,
or even using other materials like carbides and oxides as an anode catalyst [44].

One major challenge encountered by the current ethanol fuel cell catalyst based on Pt is its strong
tendency to be poisoned by CO [45,46], which is an intermediate in the oxidation reaction or can be
present in fuel streams. Pt binds too strongly with the molecule, leading to a catalyst surface almost
saturated with carbon monoxide [36]; this results in not having enough free surface area for the oxygen
to adsorb and, consequently, to oxidize CO into CO, [36,47].

This poisoning effect needs to be overcome by modifying the surface so that the oxygen coverage
can be increased via the adsorption of OH coming from the dissociation of water. The modification
of the surface is often done by adding another element [37,47-51] that changes the properties or by
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even adding a third one in some cases [48]. Other methodologies include the control of the catalyst
morphology and choosing appropriate support materials [52-54]. The incorporation of a second metal
into Pt can provide oxygen-containing species at lower potentials and reduce the bond strength of
Pt-CO,q4s and then support the oxidation removal of CO to CO; [53], helping the development of
liquid fuel oxidation kinetics considerably [52,55-57]. Different alloy structures have been studied,
from doping to near-surface alloys (NSA) [58], or even core/shell structures [46,59]. NSA’s regroup
the catalysts that are made of an atomic layer of a transition metal inserted in the top or second layer
of a catalyst, while a core/shell structure is a structure where strong segregation between the metals
constituting the alloy exists, and where one of them tends to segregate towards the surface (the shell)
and the other preferentially stays inside (the core). Finally, doping is a technique that consists of
introducing a few atoms in the structure of a catalyst to slightly modify its electronic properties. Two of
the most efficient catalysts involving Pt deserve some considerations, as discussed below.

Concerning the oxidation mechanism of ethanol, Schmidt et al. [60] observed that the presence
of ruthenium partially inhibits the formation of chemisorbed species coming from dissolved ethanol.
Hence, in oxidation happening mostly with weakly adsorbed species, the selectivity between partial
and complete oxidation of ethanol was found to be higher compared to pure Pt. Indeed, the authors
claim that ruthenium addition enhanced ethanol oxidation performance, probably due to the strong
adsorption of OH on the Ru sites. Tests in direct ethanol fuel cells showed that the cells with Pt-Ru/C as
anode material perform better than those with Pt/C [60-63]. Pt-Ru/C always demonstrated a maximum
power density (MPD) for a single DEFC in the range 70-100 °C superior to the one with Pt/C as
anode catalyst.

The other efficient binary catalyst is typically composed of an fcc Pt-Sn alloy and Sn and Pt oxides.
The relative amount of Pt-Sn alloy versus SnO, affects strongly the electrochemical activity of these
catalysts. DEFCs with Pt-Sn/C as anode material performed better than those with Pt-Ru/C [60,61,64,65].

The performance of various Pt-Sn/C (2:1) and Pt-Ru/C (1:1) catalysts as anode materials were
compared by Song et al. [66], and they showed that the preparation method has a significant effect.
They prepared a binary catalyst Pt-Sn/C in two different ways and obtained different results depending
on the current density. Pt-Sn/C with different preparation methods shows almost similar behavior for
low current density, however, increasing the current density results in a variation of the performance
of the cell. This difference is attributed, according to the authors, to the higher content of Sn oxide one
of the two preparations, leading to a higher internal cell resistance, which consequently affects the
cell performance.

The advantage of alloy structures is no longer required to be proven, with numerous binary
structure already tested; for example, Pt-M, with M = W, Pd, Rh, Re, Mo, Ti, Ce, Mn, Ni, and Cu always
demonstrating a higher EOR activity than pure Pt as an anode catalyst [48,67-74].

The incorporation of Rh and SnO; into Pt has been recognized to considerably enhance the
liquid fuel oxidation kinetics. SnO, provides OH species to oxidize adsorbed residues and enhances
the formation of acetaldehyde and acetic acid. On the other hand, the addition of Rh further
increases the EOR activity and stability by promoting the C-C bond cleavage, thus improving the
electrocatalytic performance in DEFCs [29,75-77]. In this context, Adzic’s group showed by in
situ infrared reflection-absorption spectroscopy (IRRAS) that the integrated band intensities of CO,
(2343 cm™1), CH3CHO (933 cm™!), and CH3;COOH (1280 cm ™) for both Pt-Rh-SnO,/C and Pt-SnO,/C
samples proved the enhanced cleavage of the C-C bond in ethanol and all three constituents Pt, Rh,
and SnO, are needed to gain the synergistic effect in facilitating the total oxidation of ethanol [78].
Their promising family of EOR nanocatalysts based on mixtures of Pt, Rh, and Sn has been studied in
alkaline and acid media, showing the highest activity for a composition of Pt:Rh:Sn = 3:1:4 [78,79] for
EOR in acidic solutions.

It should be noted at this point, that apart from Adzic’s group, many other workers are currently
reporting EOR studies in both alkaline and acidic solutions, which seems acceptable because, in both
media, the same reaction mechanism applies [80-82]. However, the increase in pH will change the
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reaction product distribution. With spectroscopic experiments, it has been found that on a Pt surface,
the main ethanol oxidation product is acetate [83] (acetic acid in alkaline medium dissociates rapidly
to acetate ion, CH3COO™). Moreover, the C-C cleavage most probably occurs via an acetaldehyde
molecule where the o-hydrogen atom (in the CHj group) is slightly acidic, causing deprotonation of
acetaldehyde in high pH electrolytes. When the charge is delocalized at the one end of the molecule,
the C-C bond becomes less shielded and is easier to break. Combining more facile C-C bond cleavage
and the fact that CHy [84] and CO,q45 [85,86] can be adsorbed at the lower potential in an alkaline
medium, it could be deduced that selectivity towards a C-C bond rupture pathway is enhanced.

The use of the computation-guided method and the discovered structure-property relationship
established a rational strategy to aid the development of EOR catalysts for possible commercialization
of DEFCs. Accordingly, Abrufia et al. [87] investigated the promotion roles of additive metals in ternary
Pt-5n-M (M = Fe, Ni, Pd, Ru) catalysts toward EOR, via a combination of theoretical calculations
and experimental evidence. They found that the variation and combination of different compounds
could exert better electrocatalytic performance with different electronic effects. Their Fe-containing
catalysts exhibited the highest activity, followed by Ni- and Pd-containing materials with similar results.
Bimetallic or ternary nanocrystals (NCs) have also been studied to explore the optimum combination of
higher activity surface facets and electronic effects. In this context, a powerful conceptual approach to
design, synthesize, and optimize single-crystalline Pt-Pd-Rh NCs of altered shapes and compositions
based on combined density functional theory (DFT) calculations and experimental study was reported
by Zhu et al. [88]. They prepared (111)-terminated Pt-Pd-Rh nanotruncated-octahedrons (NTOs) and
(100)-terminated Pt-Pd-Rh nanocubes (NCus) with varied compositions, by regulating the reduction
tendency of metal precursors in a facile hydrothermal method. Among their catalysts, PtPdRh NTOs
exhibited the highest selectivity to carbon dioxide, and PtPdRh NCus possessed the best durability.
Combined with in situ FTIR and by adjusting the surface composition and morphology of PtPdRh
NCs, it was found that (100)-bounded surface is favorable to the cleavage of the C-C bond, while
(111)-bounded surface tends to oxidize CO more easily. As discussed above, Pt and alloys of Pt with
3d metals have been optimized to producing promising new groups of catalysts. However, further
work into phase purity and alloying conditions are needed to fully realize their potential. In fact,
in accelerated testing these alloys can also exhibit great stability if the catalyst is annealed before testing,
however, long term stability is still uncertain [89,90]. Under reaction conditions, the driving force for
the dissolution of the solute metal is substantial, and the factors that will determine long-term stability
are thermodynamic stability of the alloy and kinetic barriers for intermediate diffusion [91,92].

In 2009, Greeley et al. published an article describing a new class of alloys that were screened using
the thermodynamic stability as a parameter together with the weakening of the *O binding energy [93].
When performing the theoretical work, Pt;Y was identified as a suiting candidate, exhibiting high
alloying energy and a weakened *O binding energy. The subsequent electrochemical measurements of
the polycrystalline sample revealed a six-fold activity enhancement for ORR compared to pure Pt.

Since the initial publication, many other groups around the world have continued to work with
this design philosophy of thermodynamic stability. With this work, they have brought new insight into
the activity, structure, and stability of the Pt3Y alloy and subsequent alloys containing lanthanide and
alkali earth metals [94-97]. Malacrida et al. [98] expanded the group of alloys studied by Greeley [93],
including many of the lanthanide metals and even alkali earth metals [94-98]. The enthalpy of
formation for the examined platinum-rare earth (Pt-RE) alloys are significantly more negative than
that for the well-known 3d metal alloys [99-103]. Under the assumption that thermodynamic stability
plays a role for long-term stability, these Pt\M alloys, where M =Y, La, Ce, Gd, and x = 3 or 5, exhibit
the right trend in alloying energy.

A theoretical study from 2015 by Vej-Hansen et al. [92] into diffusion barriers of alloys revealed an
overall correlation between alloying energy and barriers for bulk diffusion of solute metal. For alloys
of M3X with M = Pt, Pd, Al, and X = Fe, Co, Cu, Ni, the barriers for interatomic diffusion increased
with the alloying energy. While these calculations were carried out on alloys with the cubic CuzAu
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structure, the authors argue that this correlation should also hold for other structures, however, the
dependence may change [92]. As a result, the substantial enthalpy of formation for the Pt-RE alloys
provides them with kinetic stability through barriers for bulk diffusion. However, the standard
potential for dissolution of the various rare earth (RE) metals fall below —2.3 V, meaning that the overall
thermodynamic driving force for dissolution is #—10 eV at a potential of 1 V. When factoring in the
stabilization offered by alloying of =4 eV, the thermodynamic driving force for dissolution becomes
~—6 eV. The thermodynamic driving force for dissolution of the RE is therefore strong even when
factoring in the strong heat of formation for these alloys.

The initial modeling of the active Pt3Y assumed a single monolayer of pure Pt on top, the Pt-skin
surface that was observed for the Pt3Ni system. In doing so, the ligand effect was the main contributor
to the weakening of the *O binding energy [93]. For later publications by Stephens et al. [94,95] and
Escudero-Escribano et al. [96] used angle-resolved X-ray photoelectron spectroscopy (AR-XPS) to
probe the elemental composition of the alloys before and after electrochemical measurements [94-96].
After electrochemical measurements, an overlayer of Pt had formed of two to four monolayers (MLs)
in thickness. The third overlayer of pure Pt excludes the ligand effect from having any influence on the
activity and leaves only strain effects to alter the binding energies [94-104]. At the same time, over
the accelerated stability measurement, these alloys retain most of their activity. While PtsTb has the
highest initial activity, PtsGd retains the most activity and is still five times as active as Pt after stability
measurements. From the work by Escudero-Escribano et al. [97] it is possible to order the alloys by
initial specific activity at 0.9 V vs. RHE of Pt and show that for the PtsM alloys their highest activity
begins with PtsTb and decreases as one goes to the right, with pure Pt at the end: Tb, Gd, Sm, Dy, Tm,
Ce, La, and Pt. In addition, the ORR activity of Pt5Ca is similar to that of Pt;Dy. Studies by Stephens et
al. [94], Escudero-Escribano et al. [97], and Strasser et al. [105] reveal that by comparing the bulk lattice
parameters of the Pt5-RE alloys to that of pure Pt, it can be observed that the strain would range from
3% to 6%, more than predicted for optimal *OH binding energy. In the real system, approaching the
high levels of strain in these structures would cause dislocations in the Pt overlayers and relaxation,
lowering the overall strain on the surface [105]. This relaxation can explain the decrease in activity
observed as the alloys go beyond Tb in the lanthanide series. The actual stability of these alloys can
be questioned, with the observation that the higher the initial activity, the higher the leaching of the
alloying metal. Erlebacher et al. [106] argue that for core-shell nanoparticles, surface diffusion of Pt
is sufficient for creating pinholes in the surface, allowing the dissolution of the alloying metal in the
core. Coupled with this, Shao-Horn et al. [107] have shown that the decreased dissolution potential
observed for alloys with increased alloying energy causes excessive and continued leaching of the
metal for similar-sized particles. With this, the Pt-RE alloys and their proposed stability seem less likely.
However, the intermediate structure of the Pt-RE alloys and the increased kinetic barriers predicted for
these could still prove indispensable for real long-term stability. To further understand the activity and
stability of the Pt-RE catalysts, more studies are required, namely for these alloys in nanoparticulate
form, as are beginning to appear more recently [108-110]. Still in this context, the electronic interactions
and the microstrain effects on the enhancement of the catalytic activity of Pt for ethanol electrooxidation
through synergetic interactions was very recently reported by Paulo et al. [111], using Pt nanoparticles
modified with small amounts (<5 wt.%) of CeO, in acid medium. By investigating this system, the
authors put in evidence the oxygen donor capability of CeO, and the importance of Ce*" ions in
the reaction, as shown in Equation (9), attributing the electronic effects to the CeO, semiconductor
substrate, and the important strain of the Pt lattice during particle growth (that could change the
surface free energy of the system) to the presence of very small amounts of CeO,. Further investigation
of Pt-CeO, materials has also been published recently [112-114].

Pt-COuqs + 4 CeOy + H O +2 e —» 2 CeyO3 + Pt + CO, + 2 OH™ 9)

Novel approaches for the synthesis of noble metal-based RE nanoalloys are considered promising
for the preparation of electrocatalytic materials for fuel cell applications. For example, Xiang et al. [115]
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developed a controllable synthesis route in deep eutectic solvents of concave cubic Pt-La alloy
nanocrystals with the average size of 47.5 nm and uniform distributions, as well as adjacent high-index
facets, and this open structure can provide an abundance of surface active sites such as the high charge
density atomic steps and kinks. Combined with the high charge-transfer interactions between Pt and
La, the synthesized material exhibits enhanced specific current density and long-term durability for
the EOR.

Apart from Ce and La, other REs (e.g., Eu, Nd, Pr) have been added to Pt and Pt-based alloys,
and their effect on the ethanol oxidation efficiency and mechanism has been investigated [116-119].
Despite the progress reported above for the rational design of high-performance EOR catalysts, several
fundamental and practical issues of catalysts remain to be addressed [120-123]. In the case of Pt-RE
materials, advances have significantly propelled the development of the cathodes of DEFCs and other
FCs, but high-performance Pt-RE anodes remain in its infancy. In this domain, the authors have
developed efficient Pt-RE anodes and cathodes for direct borohydride fuel cells [124-126] and the
hydrogen evolution reaction in alkaline electrolyzers [127,128]. At present, they are also studying the
electrocatalysis of oxygen reduction at Pt-RE alloys for application in PEMFCs.

In this work, Pt-RE binary alloys, the RE elements being cerium (Ce), samarium (Sm), dysprosium
(Dy), and holmium (Ho) were produced by induction heating and analyzed by SEM/EDS and XPS.
Their electrocatalytic activity for EOR in alkaline media was evaluated using cyclic and linear scan
voltammetry and chronoamperometry in the 2545 °C temperature range. The ethanol diffusion
coefficient and several kinetic parameters were determined, including the number of exchanged
electrons, transfer coefficients, and the reaction order. The present results and conclusions are expected
to provide vital kinetic data for the Pt-RE/ethanol system and to have substantial implications for new
and efficient ethanol-based fuel cells.

2. Experimental

2.1. Preparation of the Pt-RE Electrodes

Pt-RE binary alloys were prepared as buttons by mixing stoichiometric amounts of Pt and RE
elements, namely Ce, Sm, Dy, and Ho, in tantalum crucibles, and then melted by induction heating
under Argon flow, following the previously reported procedure [128]. The synthesis in the sealed
crucible was particularly useful in the case of Sm to avoid its evaporation due to the high vapor
pressure. To ensure the buttons homogeneity, all samples were remelted up to four times. Four of the
Pt-RE alloy samples, with RE = Ce, Sm, Dy, and Ho, had a nominal composition of 50 at.% Pt, with one
additional PtDy alloy sample having 40 at.% Pt. To produce the electrodes, the alloy buttons were
glued with silver glue to copper cables, placed in Epoxy resins, and then polished until obtaining
smooth surfaces.

2.2. Catalysts Characterization

Scanning electron microscopy (SEM, Carl Zeiss SMT Ltd., Cambridge, UK) coupled with energy
dispersive X-ray analysis (EDS) was used to characterize the morphology of the five tested Pt-RE
alloys and to confirm their phase composition. SiC papers and diamond pastes with grain size down
to 1 mm were used to smooth the alloys’ surfaces and prepare them for microscopic observation.
An acceleration voltage of 20 kV was applied for the quantitative analysis, with calibration being done
with a Co standard. The Inca Energy software package (Oxford Instruments, Abingdon, UK) was used
to process the X-ray spectra.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos AXIS
Ultra HSA with VISION software for data acquisition and CASAXPS software for data analysis.
The analysis was carried out with a monochromatic aluminum source (Al K = 1487 eV) operating at
15 kV (90 W) in fixed analyzer transmission (FAT) mode, with a pass energy of 40 eV for the regions
of interest, and 80 eV for the survey. Data acquisition was performed with a pressure lower than
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107 Pa and using a charge neutralization system. The modeling of the spectra was performed using
the XPSPEAK41 program, in which the adjustment of the peaks was performed using peak fitting with
Gaussian-Lorentzian peak shape and Shirley type background subtraction.

2.3. Electrochemical Measurements

The electrocatalytic activity of Pt and Pt-RE (Ptg5Ceg 5, Pto55mg s, PtosHog s, PtosDygs and
Pty 4Dy ) alloy samples for EOR in alkaline medium was studied by cyclic voltammetry (CV), linear
scan voltammetry (LSV), and chronoamperometry (CA). Measurements were performed in a 125 mL
electrochemical cell using a conventional three-electrode arrangement, where a commercial Pt sheet
electrode (Metrohm 6.0305.100) or each of the five Pt-RE alloy electrodes was used as the working
electrode, a Johnson Matthey Pt mesh (A =~ 50 cm?) as the counter electrode, and a Metrohm 6.0701.100
saturated calomel electrode (SCE) as the reference. All the potential values in the paper are referred
to in relation to the SCE reference. The working electrode surfaces were polished with a Buehler
polishing microcloth pad and rinsed with deionized water before each electrochemical test. The solution
temperature inside the cell was controlled by a water jacket in the range 25-45 °C (+ 0.1 °C) set by a
recirculation water bath (Ultraterm 6000383 P-Selecta, Barcelona, Spain). The supporting electrolyte
was 2 M NaOH (99 wt.%, AnalaR Normapur), and ethanol concentration (96 % v/v) ranged between
0.2 and 0.8 M.

A PAR 273A computer-controlled potentiostat (Princeton Applied Research, Inc., Oak Ridge, USA)
and the associated PowerSUITE software package were used for controlling the experiments and data
acquisition. Preliminary tests highlighted the importance of a careful selection of the experimental
conditions and measuring procedures: CV, LSV, and CA provided a good response for the EOR
experiments, better correlations being obtained with CA at multiple potentials. Each working electrode
was pre-activated by applying a potential of —1.1 V for 10 min to ensure the surface was free from
oxides. Ethanol oxidation at the six electrodes was first characterized by recording complete CVs by
scanning the working electrode potential from the open circuit potential (OCP) up to 0.4 V and back to
OCP. LSVs were then run at ten different scan rates, ranging from 5mV s~! to 1000 mV s~!, from OCP
up to 0 V. CA measurements were also done in the 25-45 °C range at potentials ranging from 0 to 0.6 V.

3. Results and Discussion

3.1. Characterization of the Pt-RE Alloys

The SEM micrographs of the 5 prepared Pt-RE alloys are shown in Figure 1a—e, with the data
obtained from SEM/EDS characterization being summarized in Figure 1f. The phase composition
of the alloys was averaged over several quantitative measurements using different regions of the
sample. Two-phase alloys were identified for Pty 5Ceq 5, Pty 55mg 5, and Pty 4Dy ¢, with Pty sHog s and
Pty 5Dy 5 showing almost single-phase alloy (Figure 1f).

Specifically, the micrographs obtained in backscattered electron (BSE) mode show for Pty5Ceq 5
alloy (Figure la) an equiatomic PtCe grey phase and a Pt;Ce3 bright phase at the grain borders.
As for Pty 55my 5 alloy, Figure 1b shows an equiatomic PtSm grey phase and a Pt;Smj bright phase.
By opposition, the Pty sHog 5 alloy (Figure 1c) shows an almost homogeneous equiatomic PtHo phase
with small amounts of a second phase at the grain borders (not measured). This was also observed
for the Pty 5Dy 5 alloy (Figure 1d), with an almost homogeneous equiatomic PtDy phase with small
amounts of a second phase at the grain borders (not measured). On the other hand, the Pty 4Dy ¢ alloy
(Figure 1e) shows a Pt;Dys grey phase and a Pt3Dys bright phase. It should be noted that the black
spots visible in Figure 1d,e are holes.
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Micrographic appearance; EDX (f)
phases composition comp. (at.% Pt)
Two-phase alloy; PtCe (50.5 at.%
Pt) and P1,Ce; (56.8 at.% P1)

494

Two-phase alloy: PtSm (50.2 at.%
Pt) and Pt;Sm; (57.1 at.% Pt)

50.8

Almost single phase (50.8 at.% P1) 498

Single phase, homogeneous 458

Two-phase alloy: PtDys (41.2 at.%
Pt) and Pt:Dy- (35.9 at.% Pt)

Figure 1. Micrographs (BSE image mode) obtained for (a) Pty5Ceqs, (b) Ptg5Smg5, (c) PtosHog s,
(d) Pty 5Dyq5, and (e) Ptg4Dyq ¢, with (f) the corresponding energy dispersive X-ray analysis (EDS)
results for each phase. Note: Pt = platinum.

Additionally, XPS analysis was used to study the surface chemical properties of Pty55mg s,
Pty 5Cep 5, and PtysHog 5 electrodes. As for the PtDy alloys, severe surface oxidation (following the
electrochemical measurements) did not allow a proper XPS analysis to be carried out. Figure 2a shows
the Pt 4f region of the spectrum of the Pt-RE alloys; the Pt 4f spectra exhibit two peaks corresponding to
Pt 4f5/, and Pt 4f;, energy bands, at approximately 75 eV and 71 eV, respectively, which demonstrate
the existence of Pt in its metallic state. These spectra also show a similar shape for all Pt-RE catalysts,
indicating the same distribution of Pt chemical states for all Pt-RE alloys [129]. Survey data of the
mentioned Pt-RE electrodes show the standard lines of each RE element (Figure 2b—d).

3000
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(a)
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4 1120 1110 1100 1090 1080 1070
g e S p Pt Ce
> . 1200/ ST 7 ¥ ©
%‘ 15004 £ T - S ! Vi ¥
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£ 8 3, Cedd, ...
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Figure 2. XPS spectra of (a) Pt 4f in Pty5Smg 5, Pto5Ceps, and PtgsHogs and of (b) PtysSmygs,
(c) Ptyg5Ceps, and (d) PtgsHop 5 alloys in the standard binding energy range of each rare earth
(RE) element.

Peaks were observed at binding energies of 1089 to 1073 eV for Sm 3ds (Figure 2b), of 922 to
877 eV for Ce 3d; and Ce 3ds (Figure 2c), and of 174 to 155 eV for Ho 4d (Figure 2d), in agreement with
the previously reported standard lines for each RE element [129].
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3.2. Electrochemical Properties

Figure 3 displays CVs obtained for ethanol oxidation on Pt-RE alloys, exhibiting the characteristic
shape for this process in alkaline medium [130]. The measured OCPs were around -1 V and -0.8 V
for Pt and Pt-RE alloy electrodes, respectively. Figure 3a shows the full CVs recorded between OCP
and 0.4 V. Generally, the CVs were composed of a well-defined anodic peak around -0.4 V and, in the
reverse scan, a cathodic peak around the same potential. However, when the potential is scanned only
from the OCP until 0 V, the cathodic peak vanishes, and a reoxidation peak appears instead, at around
—0.4 V (Figure 3b). This reoxidation peak might be related to the reactivation of the electrode surface
for ethanol oxidation at potentials below 0 V, or it may be due to the oxidation of surface adsorbed
intermediates formed in the anodic scan direction. Figure 3a clearly shows that all the Pt-RE alloys
show better performance for EOR in the alkaline medium than the Pt electrode, the highest values of
the peak current density, j,, being obtained with the Pty 5Smg 5 electrode.

204" T Pt, Sm, (a) 204 - = Pt, Sm (b)
. 1 PtosDYus LN forward scan | Pl S
ls___-'-P‘U.JDyU.(: / /, ‘\\ ,";
---- Pt, Ce,, ; forward f, it
R scan 7 !
’ !
= - !
gL, 5
!/ » \
/7 \ 4
z e -~ ’
;7 back scan
_ 1 » 7 s
] P cthanol 04M 04 YA 4 ethanol 0.8M
-104 \ s T=25°C s T =45 °C
back scan v=50mVs’ 1 v=25mVs"
-15 T - T T -g T " T * T - T o T o T - T

L S T S ST
-1.0 -08 -06 -04 -02 00 02 04 -0.7 -06 -05 -04 -03 -02 -01 0.0
Evs. SCE/V Evs. SCE/V

Figure 3. Cyclic voltammograms (CV) of (a) Pt and Pt-RE alloys in 0.4 M ethanol + 2 M NaOH at
50 mV s~! and 25 °C and shorter-range CV of (b) Pty 5Smg 5 electrode in 0.8 M ethanol + 2 M NaOH at
25mV s~! and 45 °C.

Similar conclusions have been reported by other workers [48,61,116,117,122] that studied Pt-
and Pt-RE-based binary and ternary alloys for the electrooxidation of ethanol. In general, they
agree that these alloys show superior performance in terms of activity and stability than bare Pt
electrodes. The incorporation of small amounts of REs is largely evaluated in terms of electronic
effects. For example, Corradini et al. [116] attribute the presence of REs to the emptying of the PtLs
band due to an electronic transition from the Pt 5d orbital to the RE 4f orbital, that weakens the
adsorption of intermediate products by Pt, favoring the bifunctional EOR mechanism, since the RE
renders oxygenated species available at lower potentials.

Then, LSVs were recorded at different potential scan rates, v, in the 5-1000 mV g1 range. In general,
an anodic shift of the peak potential, Ep,, with the increase of v was observed, typical of electrochemical
irreversible processes [126,131]. However, the LSVs recorded for Pt and Pty 5Dy 5 electrodes showed
a different behavior, in which there was an insignificant change of E, with v, usually ascribed to a
reversible electrochemical process. Figure 4 shows a direct comparison between the LSVs recorded in
0.8 M ethanol solution at 35 °C for Pt and for the Pty 55m 5 electrode, where the latter clearly shows
the E, anodic shift with the v increase (Figure 4a), whereas E;, remains relatively constant for the
Pt electrode (Figure 4b). It should be noted that due to the high number of different experimental
conditions (6 electrode materials X 3 temperatures (25, 35, and 45 °C) X 3 ethanol concentrations (0.2,
0.4, and 0.8 M) = 54), representative results have been selected for presentation in Figure 4.
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Figure 4. Anodic polarization curves of (a) Pty 55mg 5 electrode and (b) Pt electrode in 0.8 M ethanol +
2 M NaOH, at 35 °C, for v ranging from 5 to 1000 mV s,

The dependences of the peak current density on the square root of the scan rate and the peak
potential on the logarithm of scan rate were found to be relatively linear for most Pt-RE electrodes,
confirming the irreversible nature of the electrode processes. Figure 5a shows the E, vs. In v plot for
Pty sHog 5 electrode in 0.2 M ethanol solution at 25 °C, and Figure 5b shows the corresponding j,, vs.
v172 plot.
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Figure 5. (a) E, vs. In v and (b) jp vs. V172 plots for Pty 5sHog 5 electrode in 0.2 M ethanol + 2 M NaOH,
at 25 °C.

From the slope of the Ep, vs. In v plots (Figure 5a) and by application of Equation (10) [132], it is
possible to calculate the anodic charge transfer coefficients o,

0 RT D (1 - a)naFv 172
Ep=E0 + {m} X {0.78 + ln(k—s)—i—ln[T] (10)

where R is the universal gas constant (8.314 ] K~ mol™), T is the temperature (K), D is the diffusion
coefficient (cm? s71), ks is the standard heterogeneous rate constant (cm s~!), n, is the number of electrons
involved in the rate-determining step (normally 1), and F is Faraday’s constant (96,485 C mol™}).
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To get « from Equation (10), it was first necessary to obtain the ethanol diffusion coefficient, D,
in 2 M NaOH solutions. The ethanol D values can be obtained by the application of Equation (11),
following chronoamperometric (CA) measurements at a microdisk electrode. The method has the
advantage of obtaining D without previous knowledge of the number of exchanged electrons in EOR,
as required by the typical Cottrell equation [133,134].

Therefore, CA measurements were performed using a gold (Au) microdisk electrode for applied
potentials ranging from 0 to 0.6 V at 25, 35, and 45 °C. Results were then linearized regarding the
steady-state current, iq ¢5, by plotting ig/ig ¢s Vs. t12, Figure 6a shows the CA curves obtained at 25 °C
for each applied electrode potential, and Figure 6b shows the corresponding linearization of the CA
curves obtained at 0.5 V for the three tested temperatures.

0.5 1.6
: Au microdisk electrode (a) ] Cetham’l =0.02M (b)
I Cethanul: 0.2 M E/vV 1.5{ E=05V ,"
044} T=25°C =06 ;
v - =05 : i
o 0.4 144 T/°C ’

i,/ A

1.2

Figure 6. (a) Current transients following application of potentials in the 0-0.6 V range in 0.02 M
ethanol + 2 M NaOH solution at 25 °C and (b) ig/iq ss Vs. 12 plots for an applied potential of 0.5 V at
25, 35, and 45 °C.

From the slope of the plots shown in Figure 6b, it is possible to determine the D values by direct
application of Equation (11) [133],

i4/iges = (m72/4) a (D2 + 1 (11)

where iq is the diffusion current, ig 45 is the diffusion current in the steady-state and a is the radius
of the Au microdisk electrode (12.5 x 107* cm). iqss Values were taken directly from Figure 6a at
30 s, after stabilization of the recorded currents. Time ranges between ca. 1 s and 16 s allowed a
good linearization of the ig ¢ Vs. t1/2 plots (Figure 6b). Thus, ethanol D values were evaluated to be
2.64 x107°,5.21 x 107% and 1.41 x 10™° cm? s™! at 25, 35, and 45 °C, respectively. The values show
a significant increase with the solution temperature, as expected. The calculated Ds could then be
applied to determine the charge transfer coefficients, «, and the number of exchanged electrons, n,
in EOR.

Accordingly, by application of Equation (10), o« values were determined for ethanol concentrations
of 0.2, 0.4, and 0.8 M in the 25-45 °C temperature range. Average o values were found to be 0.60, 0.64,
and 0.69 for PtgsHoq 5, Ptg55my 5, and Ptg 4Dy ¢ electrodes, respectively. The « values obtained for
PtpsHop 5 and Pty5Smg 5 alloys show that it tends to slightly decrease with the increase of ethanol
concentration, whereas the Pt; 4Dy ¢ alloy shows the opposite trend. Results also show a negligible
effect of the temperature on «. Additionally, the Pty5Ceq 5 electrode revealed poor stability due to
pronounced surface oxidation following the LSV measurements, leading the material to fall off the
support. For that reason, Pty 5Ceq 5 alloy was not considered for subsequent studies. This situation
was not observed with the other tested Pt-RE electrodes. Although it is not fully proven that they are
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very stable, all the tests carried out for their evaluation suggest good stability behavior. It should be
emphasized that apart from the electrocatalytic activity, lifespan and stability are crucial parameters for
electrodes, catalysts, and catalyst supports for fuel cell applications. Chronoamperometry, repetitive
potential cycling, linear scan, and derivative voltammetry, along with other ex-situ and in situ
experiments, have been employed to evaluate the EOR short-term stability, short-term durability, and
long-term structural durability. Short-term stability, usually evaluated by chronoamperometry, is the
ability to recover the activity lost during continuous operation. For example, poisoning of active
electrode surfaces by fuel contaminants or intermediate species by fuel cell reactions, and reversible
material changes explain a great part of these catalytic activity decays. Short-term durability is the
catalyst’s ability to resist permanent change in performance over time. Durability decay is due to loss
of electrochemical surface area, loss of co-catalyst, carbon corrosion, etc., is related to aging. Long-term
structural durability is one of the characteristics most necessary for fuel cells to be accepted as a viable
product. The durability of the EOR catalysts is usually evaluated by repetitive potential cycling under
an Ar atmosphere and/or CO atmosphere. Information about the stability of the electrodes is not
as common as about their catalytic activity, but there are some published stability studies on the
EOR/DEFC by Pt-RE materials [51,111,112,115,118,123].

From the slope of the jp vs. v1/2

plots (Figure 5b), and using the previously calculated « and
D values, it is now possible to obtain the number of electrons, n, exchanged in EOR by employing
Equation (12), valid for the irreversible electrochemical processes, where j, is the peak current density
in A cm~2 and C is the ethanol concentration in M. As mentioned previously, the insignificant change
of B, with v for the LSVs recorded at Pt (Figure 4b) and Pty 5Dy 5 electrodes is typical of reversible
processes, which require that n at those two electrodes be determined by the application of the classical

Randles—-Sevcik equation (Equation (13)) [132].
jp=2.99 x 10°[(1 - &) x n,]'/*nC(Dv)"/? (12)

F3 1/2
jp= 0.4463(ﬁ) n3/2C(Dv)'/2 (13)

Despite the recorded high currents, the average number of exchanged electrons, n, obtained in
0.2 M ethanol was considerably low, being 0.2 for Pty 5Hog 5, 0.7 for Pty 55mg 5, 0.4 for Pty 5Dy 5, 0.2 for
Pty 4Dy, and 0.06 for Pt. In agreement with the CV results, the Ptg55my 5 alloy led to the highest n
values, whereas Pt had the lowest. The solution temperature does not seem to have a clear effect on the
calculated n. On the other hand, the increase in ethanol concentration leads to a large decrease in the
EOR n values, possibly due to a decrease in reaction efficiency. It is predicted that higher n values
could be obtained at lower ethanol concentrations, although that would be meaningless for application
in a practical DEFC, where the ethanol concentration can be as high as 2 M. The EOR reaction order at
the Pt and Pt-RE electrodes can be determined by the application of Equation (14),

jp=2CP (14)

where f is the reaction order, and z is a constant.

Therefore, by running LSVs at different ethanol concentrations, the {3 values could be obtained
from the slope of the In j,, vs. In C plots. Figure 7 shows the voltammograms obtained at 50 mV s
using a Pt electrode at 45 °C, and for ethanol concentrations of 0.2, 0.4, and 0.8 M. The inset shows
the corresponding In j, vs. In C plot for calculation of the EOR reaction order at the Pt electrode.
The average reaction orders for the Pty sHog 5, Ptg 55mg 5, Ptg5Dyo 5, Ptg4Dyo6, and Pt electrodes were
0.9,04, 0.4, 0.4, and 0.7, respectively.
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Figure 7. Effect of ethanol concentration (0.2-0.8 M) on the anodic scans of Pt electrode at 50 mV s~!
and 45 °C. Inset shows the corresponding In j, vs. In C plot used for determining the reaction order.

Based on this kinetic parameter, and considering that the reaction order depends essentially on the
mechanism of the EOR and its ethanol concentration (as long as the other experimental conditions are
the same), it can be concluded that the average reaction orders for the Pt and PtysHog 5 electrodes are
relatively similar, so that the reaction mechanism for these materials is the same. If the rate constant for
the five tested electrodes is exclusively dependent on the product species for which it was calculated,
its average value of 0.4 for the other 3 electrodes means that their rate constants are lower than the rate
constants for Pt and Pty sHog 5. However, this conclusion is in contrast with the other observations
that suggest, for example, that the Pty55mg5 is the most electroactive material. It seems that the
studied electrodes have not the same kinetic mechanism, being necessary to perform further studies to
properly explain this issue. Nevertheless, the overview of the research background and the results
reported in this work show that the kinetics of EOR is very complex and requires further theoretical
and experimental studies. It is believed that the present results and corresponding reasoning contribute
to the solution to this energy problem.

4. Conclusions

In this work, the ethanol oxidation reaction (EOR) has been studied at Pt-RE electrodes by cyclic
and linear scan voltammetry as a function of the alcohol concentration (0.2-0.8 M) and the working
temperature (2545 °C). The voltammograms recorded between OCP and 0 V vs. SCE show an anodic
peak in the progressive scan and a second anodic peak in the regressive scan. When extending the CV
electroactivity domain, a clear reduction peak is observed in the regressive scan, which may be the
result of further oxidation of the electrode materials at anodic potentials well over 0 V. The first anodic
peak shows that peak current densities increase with the potential scan rate for all the tested materials.
Values of peak potential also vary with increasing scan rates for most Pt-RE electrodes but are almost
constant for the Pty 5Dy 5 and Pt electrodes in all tested conditions. From these data, it is possible
to conclude that EOR is an irreversible process in four of the Pt-RE alloys, being a quasi-reversible
process in Pty 5Dyg 5 and Pt electrodes. Ethanol diffusion coefficients of ca. 107°~107 cm? s~! were
determined by chronoamperometry. Anodic charge transfer coefficients varied between 0.60 and
0.69, and reaction orders ranged between 0.4 and 0.9. The Pty 55my 5 electrode showed the highest
activity for EOR. From the electrochemical experiments, it is evident that independent of the electrolyte
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concentration and catalyst composition, all the Pt-RE electrodes led to higher current densities than the
modest ones displayed by Pt. This is particularly interesting from the DEFCs point of view because it
can increase the cell energy density of DEFC systems and, consequently, their operation power density.
It is suggested that the differences observed in the electrodes are mainly due to different kinetics of
the oxidation reaction, which encourages further studies of their divergent behaviors occurring at the
electrochemical level, being also necessary to confirm their long-term stability.
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