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Abstract: An efficient ethanol oxidation reaction (EOR) is required to enhance energy production in
alcohol-based fuel cells. The use of bimetallic catalysts promises decreasing reliance on platinum
group metal (PGM) electrocatalysts by minimizing the use of these expensive materials in the over-
all electrocatalyst composition. In this article, an alternative method of bimetallic electrocatalyst
synthesis based on the use of polymeric precursors is explored. PdAg/C electrocatalysts were
synthesized by thermal decomposition of polymeric precursors and used as the anode electrocat-
alyst for EOR. Different compositions, including pristine Pd/C and Ag/C, as well as bimetallic
Pd80Ag20/C, and Pd60Ag40/C electrocatalysts, were evaluated. Synthesized catalysts were character-
ized, and electrochemical activity evaluated. X-ray diffraction showed a notable change at diffraction
peak values for Pd80Ag20/C and Pd60Ag40/C electrocatalysts, suggesting alloying (solid solution)
and smaller crystallite sizes for Pd60Ag40/C. In a thermogravimetric analysis, the electrocatalyst
Pd60Ag40/C presented changes in the profile of the curves compared to the other electrocatalysts.
In the cyclic voltammetry results for EOR in alkaline medium, Pd60Ag40/C presented a more negative
onset potential, a higher current density at the oxidation peak, and a larger electrically active area.
Chronoamperometry tests indicated a lower poisoning rate for Pd60Ag40/C, a fact also observed
in the CO-stripping voltammetry analysis due to its low onset potential. As the best performing
electrocatalyst, Pd60Ag40/C has a lower mass of Pd (a noble and expensive metal) in its composition.
It can be inferred that this bimetallic composition can contribute to decreasing the amount of Pd
required while increasing the fuel cell performance and expected life. PdAg-type electrocatalysts can
provide an economically feasible alternative to pure PGM-electrocatalysts for use as the anode in
EOR in fuel cells.

Keywords: alkaline direct ethanol fuel cell; electrocatalysts; ethanol oxidation; PdAg/C; performance
with the economy

1. Introduction

Bimetallic nanostructures can benefit from synergistic effects at the nanoscale that
result in enhanced performance when compared with pristine monometallic structures [1].
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An important application of these nanostructures in the energy nexus is the oxidation
reaction of low molecular weight alcohols in fuel cells, such as methanol, ethanol, and
ethylene glycol. Electrochemical oxidation of alcohols has been highlighted as an alternative
to replace hydrogen because, despite hydrogen showing high-power densities, it is difficult
to transport and store [2]. Ethanol is an alcohol produced from renewable sources, non-toxic,
and produces energy with good power densities [2].

Ethanol oxidation can exhibit remarkably high efficiency if it is completely oxidized
to CO2 and H2O. However, breaking the C-C bond of ethanol is not easy, and complete
electrochemical oxidation to CO2 might be incomplete, yielding CO. Evolution of CO can
result in electrocatalyst poisoning and decrease catalytic activity over time [2–6].

Pt and Pt-based bimetallic electrocatalyst nanostructures can activate the ethanol ox-
idation reaction (EOR) under ambient conditions, but this process generates CO, which
strongly combines with Pt, blocking its active sites for the oxidation of new ethanol
molecules [5]. In this context, the proposed replacement of Pt with Pd-based electrocata-
lysts for reactions in the alkaline medium has been found promising to decrease unwanted
poisoning, and it has been observed that Pd-based bimetallic electrocatalysts can decrease
undesired poisoning and minimize the usage of Pd [1,7–26].

The enhanced electrocatalytic performance exhibited by bimetallic electrocatalysts may
be related to several factors, such as particle size, structure, ligands, crystal facets, surface
area, and electronic effects [10,16,21,22]. Therefore, elucidating fundamental aspects of
novel bimetallic catalysts is essential for the strategic engineering design of electrocatalysts
for EOR.

Recent literature reports demonstrate that PdM (where M is a different non-PGM
metal) electrocatalyst synthesis methods play an essential role in the electrocatalysts mor-
phology and significantly affect the synergistic catalytic performance [22]. Table 1 presents
a brief summary of the synthesis methods most commonly reported in the literature, their
basic principles, as well their advantages and disadvantages.

Table 1. Main synthesis methods for Pd-based electrocatalysts.

Method Principle Advantages Disadvantages References

Impregnation-
reduction

Reduction of salts in alkaline pH
and ethylene glycol

Low-cost and quick
reaction

Difficulty in
maintaining pH at ~12 [10]

Modified impregnation
(sodium

borohydride method)

Impregnation of salts at acid pH
and citrate with excess NaBH4

Low-cost and fast
reaction routes

Harmful to humans
and the environment [16]

Hydrothermal
Reduction and polymerization in

the presence of ethylene glycol
and citrate at alkaline pH

Low cost, easy to
handle materials

Long reaction time and
strict temperature

control
[17]

Thermal decomposition
of polymeric precursors

(Pechini method)

Esterification, polymerization, and
calcination of percussion salts

from ethylene glycol and
citric acid

Easy handling, low
cost, and insensitivity

to the presence of water

Forms large and
usually agglomerated

particles
[23]

Hydrogen Reduction of metal salts using
hydrogen as reducing agent

Simple, cheap, fast, and
clean method

Flammable, explosive,
and hydrogen is an

expensive and difficult
gas to transport.

[24]

Ascorbic acid
Ascorbic acid is used to reduce
metal salts at temperatures of

80 ◦C

Easy application and
low toxicity

Sensitive to heat
and light [25]

Polyol

Reduction of metals by
poly-alcohols, such as ethylene

glycol and subsequent
heat treatment

Low-cost and
low toxicity

Forms large and
agglomerated particles [26]
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Silver (Ag) is an earth-abundant and relatively cheap raw material. The use of chem-
ical salts of Ag to prepare PdAg exhibited good electrochemical results [27,28]. Unlike
other PdM electrocatalysts, PdAg is known to form homogeneous solid solutions in all
compositions. The formation of homogeneous solid domains can enable alloy formation
with integrated bimetallic catalytic sites (similar to single-atom catalysts) which make
PdAg catalysts very attractive for electrochemical studies [27,29,30]. Li et al. observed
that PdAg/C electrocatalysts prepared by non-electrolytic methods showed electrocat-
alytic activities and enhanced stability for EOR compared to Pd/C and Ag/C on alkaline
medium [31]. Carrera-Cerritos et al. observed a significant improvement in electrocatalytic
activity in their studies of PdAg electrocatalysts in EOR [29]. Feng et al. observed that
electrochemical results of PdAg alloys for EOR on an alkaline medium showed remarkable
improvement due to the physical changes on the Pd structure with the insertion of Ag into
the Pd structure [32]. However, the method of preparation can affect the structure and
influence performance of the electrocatalyst.

This study explores the preparation of PdAg/C electrocatalysts using a novel method
based on the thermal decomposition of polymeric precursors. The thermal decomposition
method is an easily scalable process that increases economic feasibility and eases technology
translation. Electrocatalysts of Pd80Ag20/C and Pd60Ag40/C were selected as providing repre-
sentative thresholds of composition that maintain relevant activity associated with Pd catalysts
while minimizing the need for platinum group metal bulk materials by including alloyed Ag.
This approach can provide a path to reducing the cost of electrocatalyst production.

2. Results and Discussion
2.1. Characterizing the Electrocatalyst

Figure 1 presents the XRD patterns of the synthesized Pd/C, PdAg/C, and Ag/C
electrocatalysts. The diffractogram of Pd/C showed characteristic peaks at 2θ of 40.0◦,
46.3◦, 67.9◦, and 85.6◦ that correspond to the Miller index planes (111), (200), (220), and
(222), respectively (JCPDS 05-0681) [10,16]. Interestingly, the pristine Pd electrocatalyst also
presented peaks associated with the tetragonal structure of PdO that allowed the inference
of a partial Pd oxidation calcination process at 573 K. The characteristic peaks of PdO
observed at 2θ of 33.5◦, 41.5◦, 54.3◦, 59.9◦, 60.5◦, and 81.8◦ correspond to the planes (101),
(110), (112), (103), (220), and (222), respectively (JCPDS 41-1107) [23], presenting 60% peaks
of this oxide and consequently a relative proportion of 1.5 in relation to the Pd peaks.

Conversely, the pristine Ag/C electrocatalyst only showed peaks associated with the
fcc structure of silver domains with the absence of silver oxide structures. The characteristic
peaks of Ag at 37.9◦, 43.9◦, 63.8◦, 76.8◦, and 81.1◦ were associated with the Miller index
planes (111), (200), (220), (311), and (222), respectively.

The bimetallic electrocatalysts did not show peaks associated with PdO which indicates
a stabilizing effect of Ag. The composition Pd80Ag20/C showed diffraction peaks at 39.9,
46.4, 67.6, and 86.1◦ corresponding to the Pd planes in fcc structure at (111), (200), (220),
and (222) (JCPDS 87-0643), whereas the higher Ag substitution resulted in peak shifting
towards low diffraction angles as the Ag atom is smaller than the Pd atom. In consequence,
Pd60Ag40/C showed diffraction peaks at 39.4, 45.8, 67.1, and 84.9◦ corresponding to Pd
planes in fcc structure at (111), (200), (220), and (222), respectively (JCPDS 87-0641) [30]. It is
important to note that the diffraction peaks observed showed a shift in relation to pristine
Pd/C and Ag/C. These results imply the formation of an alloy solution with fcc crystalline
structure, as has been previously reported in the literature for PdAg electrocatalysts [20].
Similar behavior has been observed for other bimetallic Pd-based catalysts with other
metals, such as Sn, Ni, and Mo [10,17].

Table 2 presents the lattice parameters a, b, and c, volume (V), and the estimated
crystallite sizes (D) for the electrocatalysts. It is important to note that PdAg electrocatalysts
present intermediate values for all parameters between those of pristine Pd and Ag. These
results corroborate the hypothesis of the formation of a solid solution instead of the defined
crystallographic domains of Ag and Pd. The addition of metals with an atomic radius
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greater than Pd (1.28 Å) to its structure, as for Ag (1.34 Å), increases the values of the
lattice parameters, indicating an expansion of the crystalline lattice of Pd. Similar results
are observed for other alloyed metals to Pd, such as Mo (1.29 Å), Au (1.34 Å), and Sn
(1.40 Å) [23,33], whereas, the crystallite size decreases with the addition of alloyed metal
atoms of larger atomic radii. This behavior is consistent with previous reports in the
literature [10,16,17,23]. Yin et al. evaluated the influence of Ag concentration on the particle
size and particle size distribution of Pd and observed decreasing crystallite size with
increasing content of Ag [34] (see Table S1 in the Supplementary Materials), an observation
in agreement with our results.
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 Figure 1. X-ray diffraction patterns of the electrocatalysts 40% metals-based/C; 2θ range 20–90◦

registering at 0.01◦ steps with Cu Kα1 radiation (1.54060 Å). The predicted diffraction peaks for Ag,
Pd, and PdO were also included.

Table 2. Characteristic crystallographic parameter of each electrocatalyst defined from XRD analyses.

Catalyst Phase a = b (Å) c (Å) V (Å)3
D (nm) Pd

(111) (200) (220) (311)

Pd/C
Pd 3.89 - 58.9 40.9 29.4 21.3 16.4

PdO 3.05 5.34 49.5 - - - -
Ag/C Ag 4.09 - 68.2 62.5 52.4 39.3 33.5

Pd80Ag20/C Pd 3.91 - 59.7 31.7 24.9 18.3 15.9
Pd60Ag40/C Pd 3.96 - 62.0 25.5 20.9 16.4 14.3

Lattice parameters (a, b and c), volume (V), and the estimated crystallite sizes (D) for the catalysts.

The TG/DTG analyses of Figure 2 were performed in the temperature range 273–1200 K.
The loss of mass observed is associated with the oxidation of carbon that occurs in the
temperature range 600–900 K, which then allows estimation of the amount of metal, based
on the remaining mass of the samples [10,23,35]. The mass percentage, in combination
with the EDX results, provides an accurate value of the content of Pd and Ag mass that
will be used in the discussion of electrochemical properties [23]. The peaks observed in the
inflections of the DTG curves identify the temperature at which the total degradation of
the carbon support occurs. It is observed that the electrocatalyst Pd60Ag40/C presented a
lower value of temperature in the inflection peak (~770 K) in relation to the other studied
electrocatalysts (i.e., above 800 K). The TG curves of the Pd/C, Pd80Ag20/C, and Ag/C
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electrocatalysts presented profiles similar to those reported by Holade et al. [35]. The es-
timated C and metal values are summarized in Table 3. It is important to note the good
agreement between the theoretical compositions and experimental observations from the
EDX analyses.
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Figure 2. Thermogravimetric profiles of the electrocatalysts 40% metals-based/C—temperature range
of 273–1200 K (a) TG (b) DTG.

Table 3. The experimental composition was obtained by EDX, reaction yield, and thermogravimetry
data for the electrocatalysts.

Nominal
Composition (%)

Exp. Composition a

(% mol)
Synthesis
Yield (%) % Exp. Metal b % Exp. C b

Pd/C Pd/C 97.1 45.5 54.5
Pd80Ag20/C Pd79Ag21/C 98.6 49.0 51.0
Pd60Ag40/C Pd58Ag42/C 96.5 58.0 42.0

Ag/C Ag/C 97.9 46.0 54.0
a Results estimated by EDX; b Estimated by TG; % metal nominal = 40% w/w; % C nominal = 60% w/w.

2.2. Benchmarking the Electrocatalytic Behavior of Bimetallic Catalysts

The electrocatalytic response was analyzed by cyclic voltammetry. Figure 3 presents
the voltammetric profile of the electrocatalysts in an alkaline medium with similar anodic
and cathodic current densities in the potential range between −0.8 and 0.4 V vs. SCE.
This potential range was adopted since the voltammetric curve of compounds containing
Pd generally presents three distinct regions during the scan (direct and/or reverse): the
so-called hydrogen region, observed between −0.8 and −0.4 V vs. SCE, the oxidation
region of Pd/PdO, observed in the potential range between −0.4 and 0.4 V vs. SCE
(Equations (1) and (2)) [35] and the reduction of PdO, observed between −0.6 and −0.4 V
vs. SCE (Equation (3)) [10,16].

Pd + OH− → Pd-OHads + e− (1)

Pd-OHads + OH− → PdO + H2O + e− (2)

PdO + H2O + 2 e− → Pd + 2 OH− (3)
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The pristine Pd/C clear cathodic peak (Ecat) observed at ca.−0.42 V vs. SCE is associ-
ated with the reduction of PdO described by reaction (3). Meanwhile, the pristine Ag/C
showed a cathodic peak at approximately −0.030 V vs. SCE related to the Ag2O reduction
described by Equation (4). [35].

Ag2O + H2O + 2 e−→ 2 Ag + 2 OH− (4)

In contrast, the bimetallic Pd80Ag20/C and Pd60Ag40/C electrocatalysts showed slight
differences. It can be observed in Figure 3 that Ecat for PdO was displaced to more negative
values when compared to the Pd/C. Table 4 collects characteristic electrochemical figures of
merit for easier comparison between pristine monometallic and bimetallic electrocatalysts.
The observed displacement of the peak suggests an improvement of catalytic activity in the
alkaline medium for both electrocatalysts. The formation of alloys and intermetallic phases
have been demonstrated to enhance electrocatalytic responses. This improvement may be
related to alloy formation in both bimetallic electrocatalysts, which would facilitate the elec-
tronic effect mechanism (an intrinsic mechanism) in which the presence of a second metal
modifies the electronic structure of Pd, weakening its adsorption of oxygen-containing
species [36–38].

Table 4. Electrochemical data obtained by cyclic voltammetry and chronoamperometry.

Electrocatalyst m Pd
(mg) a Ecat (V) b Eonset (V) c jpeak

(mA cm−2) d
ipeak

(mA mg Pd−1) e
j(−0.4 V)

(mA cm−2) f
δ·10−3

(% s−1) g µ h ECSA
(m2 g−1) i Q (mC) j

Pd/C 0.501 −0.42 −0.43 17.8 23.8 12.8 −0.450 0.371 6.00 100

Ag/C - −0.030 - - - - - - -

Pd80Ag20/C 0.425 −0.49 −0.59 44.7 69.0 42.1 −1.36 1.10 7.62 1053

Pd60Ag40/C 0.319 −0.58 −0.61 64.8 134 53.4 −1.53 0.618 11.4 1105

a—Estimated by EDX and TG from 1.0 mg of electrocatalyst at the working electrode; b—Peaks of cathodic poten-
tials, Ecat (Figure 3); c—EOR initiation potential, Eonset (Figure 4); d—Maximum current density, jpeak (Figure 4);
e—Maximum current for Pd mass (Figure S2 Supplementary Materials); f—Current density at −0.4 V vs. SCE,
j(−0.4 V) (Figure 4); g—Poisoning rate (Equation (10)); h—Tolerance of catalysts (Equation (9)); i—Electrochemical
surface-active area (Equation (15)); j—Charge involved in EOR (Equation (11)).
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The bimetallic electrocatalysts could even lead to a rate-determining step with lower
activation energy, which would translate into faster electrokinetics [10,36]. The decrease
in activation energy has been recently assessed through density functional theory (DFT)
calculations [39]. The DFT results corroborated a strong PdAg interaction that would favor
the formation of PdAg alloys with approximately equal concentrations of Pd and Ag as
the energetically stable and favorable structure. The replacement of Pd by Ag leads to
weaker intermetallic bonds that decrease CO adsorption and favor reactivity, according to
DFT calculations [39]. Our research provides experimental support for these theoretical
considerations. In Figure 3 it is possible to observe a lower Ecat value for the catalyst
Pd60Ag40/C in relation to Pd80Ag20/C (Table 4), suggesting that the decrease in the amount
of Pd favored the improvement of catalytic activity. The ECSA values (calculated according
to Equation (15)) observed in Table 4 are related to several factors, including the crystallite
size [40]. The PdAg/C electrocatalysts present higher ECSA, favoring accessibility to
electrocatalytic sites on the surface, which would be in good agreement with the smaller
crystallite sizes observed in the previous XRD analyses (see Table 3).

The relevant aspect of these novel bimetallic electrocatalysts is their enhanced ethanol
oxidation capabilities. Figure 4 presents the electrochemical response of the electrocatalysts
in alkaline solution in the presence of ethanol as fuel (Ag/C did not show electrochemical
activity for EOR). Comparing the voltammograms obtained in the presence and absence
of ethanol (Figure 3), the profiles of the curves have, as a differential element, the peak
of ethanol oxidation as the main trait. Two peaks are observed in the voltammograms of
EOR, related to ethanol oxidation. In the anodic scan, the peak observed corresponds to the
oxidation of adsorbed species from the dissociative adsorption of ethanol. However, during
the cathodic scan, the peak is associated with the removal of carbonaceous species that were
not completely oxidized on the anodic scan [37]. According to Fornazier Filho et al. [23]
and Hammed [41] the ethanol oxidation reaction on the Pd electrocatalyst results from the
adsorption of ethanol on the electrocatalytic surface, where it is not completely oxidized in
an alkaline medium and can be represented by Equations (5)–(8).

Pd + C2H6O→ Pd + (C2H6O)ads (5)

Pd(C2H6O)ads + 3 OH− → Pd(CH3CO)ads + 3 H2O + 3 e− (6)

Pd(CH3CO)ads + Pd(OH)ads → Pd(C2H2O2)ads + Pd (7)
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Pd(C2H2O2)ads + OH− → Pd + CH3COO− + H2O (8)

The values of the EOR initiation potentials (Eonset) collected in Table 4 indicate which
are the best electrocatalysts for this process. The addition of Ag to Pd shifts the Eonset values
towards desired, more negative, values [40]. It can be inferred from Table 4 that more
negative Eonset values can be achieved as the amount of Ag increases. This result suggested
a higher facility to initiate the ethanol oxidation [10] due to the Pd structure modification by
Ag occurring in the bimetallic compositions. The values of the maximum peaks of current
densities are also presented in Table 4. It can be observed that the addition of Ag promotes
an increase in the values of j, demonstrating a higher catalytic activity for PdAg/C.

It was also observed that the decrease in Pd mass favored an increase in current (Table 4
and Figure S2 Supplementary Materials). Regarding the Pd80Ag20/C electrocatalyst, there
was a decrease of approximately 15% in mass and an observed increase in current of
approximately 65%. Regarding the Pd60Ag40/C electrocatalyst, there was a decrease in
mass by approximately 36% and an observed increase in current of approximately 80%.
These results confirm the improvement in the catalytic activity of the electrocatalysts with
decrease in Pd mass.

The values observed in Figure 4 and Table 4 also show that the presence of PdO in
the electrocatalyst structure (Figure 1) did not exert an influence or enhance the catalytic
activity of the electrocatalyst, as has been reported for other oxides, such as NiO2 [10] and
RuO2 [16,23]. The tolerance of the electrocatalysts (µ) by accumulated carbonaceous species
can be described by Equation (9) [20].

µ =
I f

Ib
(9)

where If is the current density peak in the anodic direction and Ib is the current density
peak in the reverse direction. The higher the values of µ, the more effective is the removal
of carbonaceous intermediates that poison the catalyst surface [20]. Table 4 presents the
values of µ for Pd/C and PdAg/C. According to the data presented in Table 4, the value
of µ for the PdAg/C is higher than Pd/C, suggesting that bimetallic electrocatalysts have
greater effectiveness in removing carbonaceous intermediates that promote poisoning. This
resistance to CO poisoning is of great relevance when considering the long-term application
of electrocatalysts in commercial settings after technology translation.

Chronoamperometric studies can provide information to estimate the poisoning rate
in ROE by calculating the slope of the straight line when the reaction stabilizes, calculate
the charge involved in ROE by integrating the curve obtained in the chronoamperometry
measurements, and determine which catalyst has the highest catalytic activity by comparing
current density values observed for alcohol fuel cell systems [17,20,23].

As illustrated in Figure 4, the peak of ethanol oxidation in alkaline medium is charac-
teristically wide [16,23]. The potential region between −0.6 to −0.2 V vs. SCE defines the
range between the onset potential to the maximum current of the peak. Thus, −0.4 V vs.
SCE defines an intermediate potential for effective benchmarking of electrocatalytic ethanol
oxidation under chronoamperometric conditions. Figure 5 illustrates that Pd/C has a
notably lower current response than bimetallic PdAg/C electrocatalysts, demonstrating the
higher activity of PdAg/C for ethanol oxidation. It can be observed that all electrocatalysts
show an accentuated decrease in current density after the first minutes of electrolysis,
followed by a slight drift until the end of the analysis (t = 7200 s). This behavior can be
ascribed to the electrocatalytic sites being blocked by smaller organic molecules resulting
from ethanol oxidation (e.g., CH3CH2OH, CH3CO, and CH3COOH) [23]. The higher initial
response of electrodes shows high activity given the clean surface where only ethanol
is adsorbed without significant competitiveness of other molecules. However, after the
initial stage, the blocking of active sites by shorter molecules (i.e., ethanol oxidation by-
products) would result in a decreased rate of adsorption of new ethanol molecules. The
slower adsorption rate of ethanol and ethanol availability on the electrocatalyst surface
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will consequently result in a lower ratio of EOR charge transfer events, with consequent
decrease in the current response. Further analysis of Figure 5 shows that stabilization
occurs in approximately 250, 700, and 850 s for Pd/C, Pd80Ag20/C, and Pd60Ag40/C, re-
spectively. From these stabilization times, the variation in the surface poisoning rate (δ) can
be estimated from Equation (10) in units of % change s−1 [16,23]:

δ =
100

j
∆j
∆t

(10)

where ∆j/∆t is the rate of change in the slope of the linear portion of the current density
decline, and j is the current density at −0.4 V vs. SCE (Figure 5). The δ values collected
in Table 4 demonstrate that the addition of Ag shifts the poisoning rate values to more
negative values, suggesting that there is an Ag contribution to decreasing the poisoning
of PdAg/C in relation to Pd/C. The synergistic role of Ag in the allowed structure of
bimetallic PdAg/C electrocatalysts can be explained by the modification of the electronic
structure of Pd, decreasing both the poisoning of the active sites and the activation energy
of EOR [29,30,40]. These results are consistent with the CV results, where PdAg showed
higher catalytic activity (Figure 4 and Table 4).
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The charge Q involved in EOR can be calculated by integrating the area under the
curve on the chronoamperometry experiment from Equation (11):

Q =
∫ 7200

0
j dt (11)

The analysis of Q corroborates the enhanced performance of bimetallic catalysts
that present an over 10-fold higher charge circulation associated with ethanol oxidation
through EOR.

2.3. Understanding Poisoning Resistance through CO Stripping

Carbon monoxide (CO) is an intermediate of the incomplete oxidation on the EOR in
fuel cells at low temperatures, being responsible for the poisoning of the electrocatalyst
surface. In this context, the study of CO tolerance on Pd/C, Pd80Ag20/C, and Pd60Ag40/C
was performed to evaluate the behavior of these electrocatalysts when contaminated with
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CO. Evaluation of CO tolerance is conventionally evaluated in terms of the initial potential
of ethanol oxidation to CO-species. The more negative the initial potential of oxidation of
CO adsorbed on the electrocatalyst, the better is its performance for EOR [42].

Figure 6 presents the CO stripping curves of Pd/C, Pd80Ag20/C, and Pd60Ag40/C
electrocatalysts. The peak observed in the first cycle is related to CO adsorption on the
electrocatalyst surface. The onset potential of CO adsorption is displaced to a more negative
potential when increasing the silver content in the electrocatalysts. The onset potentials
of CO adsorption at −0.286, −0.419, and −0.484 V are shown for Pd/C, Pd80Ag20/C, and
Pd60Ag40/C, respectively. The lower value of the onset potential of Pd60Ag40/C indicates
that this electrocatalyst had a greater ability to remove the CO intermediate from the
Pd active sites, facilitating the EOR. These results agree with the chronoamperometric
results (Figure 5 and Table 4), in which Pd60Ag40/C was found to be less susceptible to
CO poisoning. Overall, the benefits of eased CO removal from the surface and lower CO
poisoning align to enhance the electrocatalytic performance and the sustained response
over time. The experimental results suggest that Pd60Ag40/C is more effective for EOR
given the alloyed Pd-Ag phases.
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The results observed in this study suggest that the electrocatalyst Pd60Ag40/C pre-
sented a better catalytic performance for EOR. As proposed by Mostashari et al. [40], the
improvement in the catalytic performance of PdAg/C electrocatalysts can be explained by
the following factors: better dispersion of the particles in the support material, formation
of PdAg solid solution, and increased ECSA. From the results presented by XRD (Figure 1),
the diffraction angles of the bimetallic electrocatalysts are shifted to lower values. This shift
demonstrates the alteration of the crystalline structure and hints at the formation of alloys
(solid solutions). Solid solutions of metals at the interface can favor the adsorption of OH−

on the Pd surface and facilitate the removal of CO-type intermediate species, releasing
the active sites on the surface of the electrocatalyst surface [40]. It is also reported that
the excellent catalytic activity is related to the alloy composition and electronic structure
modulation by d-band electronic effects, with strong synergistic effects observed for the
PdAg binary alloy. It can be concluded that the addition of Ag to Pd favors the intrinsic
mechanism [43–45], a catalysis mechanism that results in a modification of the electronic
properties of Pd by a second or third metal. In this mechanism, the 5d bands are emptied or
filled, and this effect causes a decrease in the binding strength of CO on the catalyst surface,
weakening its adsorption of oxygen-containing species. This is a theoretical result pre-
dicted by DFT calculations [39] where the favoring of an energetically stable and favorable
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structure was observed for PdAg alloys with approximately equal concentrations of Pd
and Ag. It was also reported that higher ECSA values expose the electrocatalyst surface to
numerous active sites and EOR is facilitated [43]. Therefore, the better catalytic performance
of Pd60Ag40/C may be related to several factors: the smaller crystallite size [10] (Table 2),
solid solution formation, intrinsic mechanism, and higher ECSA (Table 4).

2.4. Feasibility and Economy

The results presented and discussed in Table 4, Figures 3–5 showed that, as predicted
by theoretical calculations [39], by decreasing the amount of Pd and increasing Ag, it was
possible to obtain better electrochemical results for EOR. With a view to understanding
the Pd salt economy, Table 5 presents an estimate of the expected economics for the
electrocatalysts studied in this study, in which $ is the average value of the amount of Pd in
the respective catalyst, assuming a value of USD 150.00/g of Pd salt (Pd(NO3)2·2H2O) [45],
and ∆$ is the percentage of the cost of PdAg/C catalysts in relation to Pd/C.

Table 5. Estimated savings for PdAg/C electrocatalysts compared to Pd/C, considering a value of
USD 150.00/g of Pd salt *.

Electrocatalyst m Pd (mg) $ a (US$) ∆$ b (%)

Pd/C 0.501 0.0752 -

Pd80Ag20/C 0.425 0.0638 15.2

Pd60Ag40/C 0.319 0.0479 36.6
a Average value in USD in relation to the amount of Pd in the electrocatalyst; b Percentage of cost reduction in
relation to Pd/C; * Pd(NO3)2·2H2O.

Relating the values observed in Tables 4 and 5, Figures 3–5, it can be suggested
that the catalyst Pd60Ag40/C presented the most promising results. This implies that the
synthesis method studied in this study has been shown to be feasible for the synthesis of
PdAg catalysts combining Pd salt, which has a high market value, with Ag salt, a cheaper
material. Therefore, the technique of thermal decomposition of polymeric precursors is
confirmed to be efficient for the reduction of the amount of palladium salt in the synthesis,
both economically and in terms of electrochemical activity. For comparison purposes,
Table 6 presents a brief summary of results observed in the literature for PdAg catalysts
and the Pd60Ag40/C evaluated in this study.

Table 6. Comparison between some PdAg electrocatalysts presented in the literature with
Pd60Ag40/C evaluated in this study.

Used Technique Remarks on the Amount of Pd or Ag References

Thermal decomposition of polymeric
precursors Best catalytic activity for Pd60Ag40 This study

Electroless method Best catalytic activity for Pd79Ag21 [27]
Impregnation-reduction Best catalytic activity for 25–33% of Ag [29]

Synthesis using ethanolic NaOH Best catalytic activity for Pd3Ag1 [40]
Hydrothermal Best catalytic activity for Pd4Ag1 [46]

CL bromide Best catalytic activity for Pd2Ag1 [47]
Reduction for NaBH4 Best catalytic activity for Pd67Ag33 [48]

Synthesis using DODAC as a surfactant
template and AA as a reductant Best catalytic activity for Pd2Ag1 [49]

Observing the results presented in Tables 5 and 6, it is possible to conclude that
Pd60Ag40/C produced by the technique of thermal decomposition of polymeric precursors
has been shown to be a viable alternative for anodes in fuel cells in EOR [27,29,40,46–49],
because it requires lower amounts of Pd with good catalytic activities and consequent
economy in the cost of the Pd salt.
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3. Materials and Methods
3.1. Chemicals and Materials

Precursor salts Pd(NO3)2·2H2O 99%, AgNO3 99% were purchased from Sigma-Aldrich
(Budimpest, Hungary). Nafion TM 117 solution and anhydrous citric acid (C6H8O7) (CA)
99.5% were acquired from Sigma-Aldrich (Budimpest, Hungary). The carbon Vulcan
XC72 used as catalyst support was provided by Carbot (Billerica, MA, USA). Other chemi-
cals used in this study were provided by different suppliers: ethanol 99.9% (Vetec—São
Paulo, Brazil), ethylene glycol (EG) 99.8% (Dinâmica, Cotia, Brazil), alumina suspension
n◦ 3–0.3 µm (Skill-Tec, São Paulo, Brazil), KOH (Proquímios—Duque de Caxias, Brazil),
HNO3 65% (Neon, São Paulo, Brazil), N2 5.0–99.9% purity (White Martins—Serra, Brazil),
and CO 4.0–99.9% purity (White Martins—Serra, Brazil). Ultrapure water purified in the
equipment Sartorius mini, AriumTM, model MA-UVT (São Bernado do Campo, Brazil) with
a resistivity of 18.0 MΩ cm at 22 ◦C was used to prepare all the solutions for the synthesis
and electrochemical tests.

3.2. Electrocatalysts Preparation

Carbon Vulcan XC72 was selected as the substrate for the metallic catalysts given its
extensive use in fuel cells. The material selection criteria for carbon Vulcan XC72 was based
on its excellent properties as a substrate with outstanding conductivity at relatively low
charge levels and the ease of dispersion of the metals on its surface. It has been reported
that its treatment with HNO3 improved the catalytic activity of electrocatalysts, suggesting
that the treated carbon may assist in the transport of ions in the reaction phase, improving
the continuity of the oxireduction reactions [10,23].

Pd/C, Ag/C, and PdAg/C electrocatalysts were synthesized by thermal decomposi-
tion of a polymeric precursor coating. Briefly, carbon Vulcan XC72 (Cvulcan) used as support
was treated with 100 mL of a 2.0 molL−1 HNO3 solution and kept in an ultrasonic bath
for 30 min. Afterwards, the mixture was stirred at reflux at 80 ◦C for 24 h and filtered
under vacuum [23]. Then, specific precursor mixtures were prepared to attain a theoretical
molar ratio in the final catalyst corresponding to Pd100/C (termed Pd/C), Ag100/C (termed
Ag/C), Pd80Ag20/C, and Pd60Ag40/C. Note that calculations were conducted considering
that the Cvulcan will correspond to 60% of the final mass [23,50], and the remaining 40%
will correspond to the metals (Pd and Ag). The required mass of each metal was calculated
from their respective molar fractions using Equation (12):

mi = xi Mi

(
mt

∑ Mi

)
(12)

where mi is the mass of species i (i = Ag or Pd), Mi is the molar mass, xi is the molar
fraction, and mt is the total metal mass. To prepare the precursor polymeric solution,
Pd(NO3)2·2H2O and AgNO3 were mixed in a solution of citric acid and ethylene glycol at
a 1:4:16 molar ratio and then added to Cvulcan [23]. The formed suspension was stirred at
approximately 353–363 K for 2 h. After this time, the suspension temperature was raised to
403 K and later left to dry. Subsequently, the samples were placed in an oven and annealed
at 573 K until constant mass was reached (evaluating mass loss every 5 min). Detailed
information is provided in the Supplementary Materials.

3.3. Material Characterization

The obtained electrocatalysts were characterized. XRD diffractograms were recorded
in a Bruker D8 Advance diffractometer within a 2θ range 10–90◦ registering at 0.01◦ steps
with a Cu Kα1 radiation (1.54060 Å) source. The diffractograms were evaluated using the
program “Evolution” (EVA) (BrukerTM) obtaining characteristic crystallographic planes and
lattice parameters. The crystallite size was estimated using the Scherrer equation [23,24,51].
Scanning electron microscopy (SEM) images were acquired on a Jeol JSM 6610L microscope
coupled with energy dispersive X-Ray analysis (EDX). Samples were prepared before
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SEM/EDX analyses by adding the electrocatalyst samples on a carbon strip attached to an
aluminum holder and covered with gold using a Denton Vacuum Desk V metallizer. Ther-
mal analysis was processed on a Shimadzu TGA50-H thermal analyzer under a synthetic
air atmosphere at a heating rate of 283 K·min−1 from 298 to 1173 K.

3.4. Electrochemical Characterization

Cyclic voltammetry (CV) and chronoamperometry (CA) were performed with a glassy
carbon working electrode (area 0.066 cm2) with catalyst ink, a graphite counter electrode
(area 12.05 cm2), and a saturated calomel electrode (SCE) (Analyzer, model 3A41) as a
reference electrode. The working electrode was previously polished with an alumina
suspension (n◦ 3–0.3 µm Skill-Tec). Electrocatalysts were deposited by drop-casting on the
polished working electrode surface and dried at 60 ◦C. Catalytic inks were composed of
1.0 mg of electrocatalyst, 95 µL ethanol, and 5 µL of NafionTM 117 solution, all homogenized
for 30 min in an ultrasonic bath.

CV measurements were performed using a PAR-Ametek VersaStat 4TM potentio-
stat/galvanostat in the potential range from −0.8 to 0.4 V vs. SCE, 2 cycles with a scan
rate of 20 mV·s−1 for KOH 1.0 mol L−1 and a solution composed of 5.83 mL ethanol and
100 mL KOH 1.0 mol L−1. CA was performed by applying a fixed potential at −0.4 V
vs. SCE for 2 h to a solution composed of 5.83 mL ethanol and 100 mL KOH 1.0 mol L−1.
The electrolytes were purged with N2 for 10 min before each CV measurement.

For the CO-stripping voltammetry, the electrochemical cell was assembled using
SCE as reference electrode and KOH 1.0 mol·L−1 solution as the electrolyte, using the
Vertex potentiostat/galvanostat controlled through Ivium softwareTM. A fixed potential
at −0.4 V was applied for 15 min with the passage of CO. To obtain the CV curves, they
were performed in the potential range between −0.8 and 0.4 V vs. SCE with a scan rate of
20 mV s−1. The excess of CO from the electrolyte was removed using N2.

The electrochemical active surface area (ECSA) was calculated using the PdO re-
duction region in the CV-curves because it cannot be obtained in the hydrogen adsorp-
tion/desorption region [52]. The calculation of the charge (q) used for PdO reduction was
performed using Equation (13).

q =
A
v

(13)

where A is the area of PdO reduction peak and v is the scan rate used in the CV. The surface
area (SA) was calculated using Equation (14).

SA =
q

qPd
(14)

where qPd has a constant reported value of 0.405 mC cm−2 [10]. Then, the ECSA was calcu-
lated using Equation (15), where m is the mass of Pd deposited on the working electrode.

ECSA =
SA
m

(15)

4. Conclusions

This paper reports a facile stoichiometric control of the synthesis of PdAg/C elec-
trocatalysts based on the thermal decomposition of polymeric precursors. Synthesized
electrocatalysts presented an excellent electrocatalytic response as an anode in fuel cells for
ethanol oxidation. The material characterization demonstrated that the synthesis method
enabled the formation of bimetallic PdAg electrocatalysts with alloyed phases. The for-
mation of a solid solution of PdAg resulted in a beneficial arrangement of bimetallic
electrocatalytic sites that minimized CO poisoning and enhanced their recovery through
stripping. The experimental results demonstrated the higher electrocatalytic activity of
PdAg/C electrocatalysts when benchmarked against pristine Pd.
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Bimetallic electrocatalysts of PdAg/C demonstrated a lower poisoning rate and sus-
tained stability for a longer time. Furthermore, bimetallic catalysts enabled faster surface
regeneration driven by CO complete oxidation to CO2. The Pd60Ag40/C composition was
identified as the most competitive stoichiometric composition in terms of electrocatalytic
response. Pd60Ag40/C showed an increase of ~3.3% on ∆Eonset and ~31.1% on ∆jpeak, with
respect to pristine Pd/C. Therefore, the method of thermal decomposition of polymeric
precursors has been shown to be an efficient method of synthesis that provides accurate
control over bimetallic catalyst composition. The results demonstrate that, through this
alternative method, it is possible to minimize the content of Pd while maximizing the
electrocatalytic response.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12010096/s1: Table S1: Amount of the reagents used for the synthesis of each electrocata-
lysts; Table S2: Atomic compositions of electrocatalysts obtained by EDX; Figure S1: SEM micrographs
of electrocatalysts; Figure S2: Cyclic voltammograms of the electrocatalysts (mA mgPd−1); Figure S3:
Chronoamperometry curves of the electrocatalysts (mA mgPd−1).
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