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ABSTRACT

Pd,Nby/C binary electrocatalysts supported on Vulcan carbon XC72 were prepared by the
sol-gel method. The materials are characterized by transmission electron microscopy, X-
ray diffraction analysis, inductively coupled plasma—mass spectrometry and contact angle
measurements. The electrocatalytic activity for ethanol electrooxidation reaction was
studied by cyclic voltammetry, chronoamperometry, Tafel slope and accelerated durability
testing. The direct ethanol performance and the products after the experiments were
studied by Fourier transform infrared spectroscopy. Pd;Nb,/C (50:50 wt%) shows superior
activity for ethanol oxidation compared to the other electrocatalysts prepared in this work.
All electrocatalysts containing Nb show the highest current exchange density. The Tafel
slope results suggest that the Nb modified the Pd-electrocatalyst to obtain a reaction path
with high selectivity with only a single determining step with low production of the in-
termediates for the ethanol oxidation reaction. The best performance is obtained using
Pd;Nb,/C 18.11 mW cm 2. The Pd;Nb./C electrocatalyst displays the highest production of
CO; and the lowest production of acetaldehyde. Pd;Nb,/C shows the highest peak current
density during 1000 cycles of the experiment and the lowest mass loss of Pd after the
cycling test. We find that the Nb modifies the Pd electrocatalysts from the bifunctional
mechanism and reduces the loss of Pd during the accelerated durability test.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Research has been conducted all over the world to provide

electric energy with reduced heat losses. Different types of
fuel cells have been developed and investigated as promising
technologies for such energy conversion. A direct liquid fuel
cell (DLFC) has great potential because it does not require fuel

technologies for the conversion of chemical energy into
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reforming or an ultrapure gas tank. In addition, it is compact
and suitable for mobile applications.

DLFCs are divided into specific fuel cell (FC) subgroups, for
example, direct ethanol fuel cells (DEFCs), which use ethanol
as fuel at the anode and the existing oxygen from the atmo-
spheric air at the cathode. These devices are ideal for portable
applications such as electronic device chargers because they
operate at room temperature and are easy to manipulate [1].

Ethanol has numerous advantages compared to other al-
cohols such methanol, which is more toxic and volatile [2,3].
Ethanol exhibits easy handling compared to glycerol and
ethylene glycol [4]. In addition, ethanol can be produced from
a renewable source (biomass) such as maize or sugarcane
crops [5—7].

Furthermore, the ethanol oxidation reaction (EOR) that
provides 12e~ per molecule in the complete reaction is a goal
that still remains to be achieved. This difficulty is due the
cleavage of the C—C bonds for the oxidation of ethanol to CO,,
which requires selective anode catalysts [5—7]. Therefore, the
main intermediates of this reaction are acetaldehyde and
acetate in the alkaline medium [8,9].

Palladium (Pd) has been shown to be the best catalytic
metal for ethanol oxidation reaction (EOR) in alkaline medium
for fuel cells. This metal shows a high power density per mg of
catalytic metal [10]. However, the cost of Pd is too high to be
commercially employed in these devices [10]. In addition, in-
termediate products formed from the EOR, for example, CO,
poisoning the Pd surface and hindering the ethanol molecules
from approaching the active sites to undergo oxidation. This
limitation is a major challenge today for Pd and platinum (Pt)-
based electrocatalysts [10]. The stability and durability of
these Pd-based electrocatalysts is another unsolved problem.
For these reasons, the search for non-noble metals as co-
catalysts has become the focus of several researchers.

These auxiliary metals would act by the bifunctional
mechanism or electronic effect with the purpose of oxidizing
the adsorbed intermediates in the surface of the catalytic
metals and release the active site for the oxidation of a new
molecule of the fuel [10—12]. Some binary electrocatalysts
such as PdRu/C, PdIr/C, PdAu/C, PdSn/C and others have been
proposed to improve the electrocatalytic activity, tolerance to
impurities in the ethanol (and intermediate products from
EOR), stability and durability of the materials [13—17]. Alvar-
enga and collaborators [12] showed that the EOR activity of Pd
nanoparticles is strongly correlated with electronic properties
and managed to use a lower onset potential in the EOR. Chen
etal. [18] reported the use of PdRu/C for the oxidation reaction
of bioethanol and evaluated the impurities' tolerance.

The most important properties for the catalyst are nano-
particle stability, durability and capability for the oxidation of
CO to CO, [19]. Therefore, in order to proceed with the use of
bioethanol as a fuel in FCs, we need to improve the tolerance
of Pd to impurities/poisoning with the aid of an auxiliary
metal. It has been shown that there is no low-cost auxiliary
metal that exhibits all the desired effects (such as high sta-
bility and CO-tolerance). Nevertheless, there have been re-
ports of auxiliary metals that obtain some desired effects, for
example, Ru enhanced the surface area [20]; Sn improved the
CO-tolerance by an electronic effect [21]; and other noble
metals, e.g., Ag, Au, and Rh, or non-noble metals such as Fe,

Co, Ni, Cu and Mn have also been shown to improve the cat-
alytic activity [22—31].

In this work, we present the synthesis of Pd and Nb elec-
trocatalysts supported on carbon Vulcan XC72 by a simple and
fast sol-gel method. We characterized the fabricated electro-
catalysts by SEM/EDX, ICP-MS, TEM, XRD, and contact angle
measurement techniques. The electrochemical activity, sta-
bility and mechanism were evaluated, and finally, the elec-
trocatalysts were applied in the DEFC experiments.

Materials and methods
Preparation of the electrocatalysts

The electrocatalysts were prepared by a modified sol-gel
method [32]. First, 57.8 mg (125 umol) of Pd-acetylacetonate
(99%  Sigma-Aldrich®, product by USA) and 58.7
(215 pmol) mg of NbCls (99% Sigma Aldrich® product by Ger-
many) were mixed with 6 mL of isopropyl alcohol (Synth®) and
2 mL of acetic acid (Synth®). Then, 160 mg of Vulcan XC72
carbon was added. The sol-gel solution was homogenized by
magnetic stirring and heated for 60 min to dryness. The
samples were submitted to heat treatment in the muffle under
N, atmosphere. The samples were heated at the rate of 5 °C
min~? in three steps: for the Pd;Nb,/C sample, at 110 °C for
15 min, at 400 °C for 60 min and then cooled at the rate of 10 °C
min ' until the sample reached room temperature. For other
electrocatalysts, the same procedure was followed but with
changes in the quantities of reagents, which were 115.6, 28.9
and 86.7 mg for Pd-acetylacetonate and 0, 88.1 and 29.3 mg for
Niobium(V) chloride for these electrocatalysts Pd/C, Pd;Nbs/C
and Pd3;Nb,/C, respectively.

Electrochemical measurements

Electrochemical cell

The materials were electrochemically characterized, and their
catalytic activity was evaluated by cyclic voltammetry (CV)
and chronoamperometry (CA) using an Autolab 302N poten-
tiostat. The electrolyte was KOH (1.0 mol L~ with or without
ethanol (1.0 mol L™%). A conventional electrochemical cell with
a three-electrode configuration was used and included a
1.0 cm? platinum electrode as the counter electrode, Hg/
Hg,Cl, (SCE) as the reference electrode and the investigated
electrocatalyst supported on a glassy carbon electrode as the
working electrode.

The three electrodes were arranged in a 40 mL cell that
contained the N,-degassed (to reduce the O, intervention)
electrolyte solution. For the analysis in the presence of
ethanol, 2.34 mL of ethanol (99.5% Dindmica®, Brazil) was
added into the working solution to obtain a concentration of
1.0 mol L ™! for both the CV and CA tests. All experiments were
carried out at room temperature.

Preparation of the working electrode

For the preparation of the electrocatalyst, we used approxi-
mately 8 mg of the metal/carbon mixture. Next, we added
1 mL of high purity deionized water (resistivity 18.2 MQ cm,
Millipore water purification system, Millipore, Bedford, MA,
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USA) and sonicated this mixture for 40 min. Following ho-
mogenization, 20 uL of Nafion® solution (5% m/v) was added,
and the mixture was sonicated for 30 min, generating a black
and homogeneous dispersion. Finally, 20 uL of this dispersion
was added onto the working electrode (glassy carbon) and
dried using a tungsten lamp.

Physical characterization

X-ray diffraction (XRD) analysis

All electrocatalysts were physically characterized by X-ray
diffraction (XRD). XRD was performed using a Rigaku-MiniFlex
X-ray diffractometer with CuKa (A = 1.54056 A) radiation
source operating continuously (2° min~) from 20 to 80° (26) in
order to determine the crystalline phases and to estimate the
mean crystallite sizes.

Elemental composition by ICP-MS analysis

The elemental composition of the electrocatalysts was
determined using an inductively coupled plasma mass spec-
trometer (ICP-MS, Agilent 7900, Hachioji, Japan) operated with
high-purity argon (99.9999%, White Martins, Brazil). All re-
agents were of analytical grade. Nitric acid and HCI were pu-
rified by using a Teflon sub-boiling distiller (DST-100, Savillex,
USA). High-purity deionized water (resistivity 18.2 MQ cm) was
generated with a Milli-Q water purification system (Millipore,
Bedford, MA, USA). The extraction of Pd and Nb was carried
out using a closed vessel system. Approximately 30 mg of
electrocatalyst was placed into 100 mL test tubes that con-
tained 3 mL of HNO3 + 1 mL of HCI, and the test tubes were
then closed. Then, the test tubes were stored for 24 h at 25 °C.
After this step, the tubes were heated at 200 °C for 2 h in a
graphite-covered digester block (EasyDigest, Analab, France).
Finally, the volume was increased to 50 mL, and the elemental
composition was determined by ICP-MS. The °>Pd and **Nb
isotopes were monitored. The limits of detection were
0.004 pg L~ and 1.93 ug L~* for Pd and Nb, respectively. During
the analysis, we used Y (25 pg L7%) as the internal standard,
and the calibration curve was obtained in the 1-50 pg L~*
range for Pd and Nb (R? = 0.9999).

Transmission electron microscopy (TEM)

To observe the morphology and to measure the particle sizes,
transmission electron microscopy (TEM) analyses were per-
formed using a high-resolution JEOL JEM-2100 electron
transmission microscope operating at 200 kV. The samples for
the TEM studies were prepared by placing nanodispersion
droplets on a carbon-coated copper grid, followed by the
evaporation of the solvent (water) at room temperature. The
average particle sizes were measured using the Image] soft-
ware package (v.1.50i; product of Wayne Rasband, National
Institutes of Health, USA), and more than 300 different parti-
cles were analyzed.

Contact angle analysis

The contact angle measurements of Vulcan XC-72, Pd/C, Nb/C
and the PdxNbx/C-based electrocatalysts were performed
using a goniometer (GBXTM digidrop) to characterize the hy-
drophilicity of each material. Solutions of all materials with
the concentration of 3 mg mL™* (material/chloroform) were

prepared and were sonicated for 60 min in an ultrasonic bath.
Then, 60 pL aliquots of each dispersion were deposited on a
glassy carbon (GC) plate and dried in order to form a thin and
homogeneous film on the GC substrate. Thereafter, 5 uL of
distilled water was dropped on the formed film to determine
the contact angles. The contact angle measurements were
performed at the time of the drop placement and every min-
ute after, for 5 min. The measurements were performed in
triplicate using the Windrop ++ software.

Analysis of ATR-FTIR ex situ

The ATR-FTIR measurements were performed using a Varian®
660 IR spectrometer equipped with an MCT detector cooled by
liquid N, and an ATR accessory (MIRacle with a Diamond/
ZnSe Crystal Plate Pike®). The spectra were computed from
128 interferograms averaged from 4000 cm~* to 850 cm ™~ * with
the spectral resolution set to 8 cm™*. Aliquots of 20 mL of the
products (residual liquids after the reactions in the fuel cell)
generated during the 30 min of the fuel cell operation were
taken from the oxidized fuel (Ethanol + KOH solution) in the
DEFC. Then, these residues were stored in a refrigerator at the
temperature of 10 °C for 3—5 days from the day of the FTIR ex
situ analysis.

Direct ethanol fuel cell (DEFC) experiment

Treatment of Nafion

Nafion membranes (N117, DuPont®) underwent the standard
procedure for cleaning and anionic activation with successive
washing steps. The first step consisted of immersing the
membranes in H,SO, (1 mol L) and H,0, (3 vol%) solutions at
80 °C for 1 h, respectively, between immersing in solution
above the membranes and washing once with deionized
water (resistivity 18.2 MQ cm, Millipore). The second step
consisted of immersing the membranes in the KOH solution
(6 mol L% for 24 h and then subjecting the membranes to
three washings with deionized water (resistivity 18.2 MQ cm,
Millipore) at 80 °C for 1 h. Then, the Nafion® membranes were
stored in 6 mol L™! of KOH solution until the time that they
were washed and could be used in fuel cells experiments.

MEA preparation

For the membrane electrode assemblies (MEAs), the anode and
cathode were prepared using the synthesized catalysts and
Nafion® 5% solution loadings of 1.0 mg cm™ and 30 wt%,
respectively. The MEAs were prepared by hot-pressing a pre-
treated Nafion® 117 membrane placed between a BASF commer-
cial cathode (1 mgpycm2) and a homemade anode (1 mgpg cm )
at 130 °C for 420 s, under the pressure of 225 kgf cm ™2 The MEA
was placed between two bipolar plates and assembled in a single
fuel cell with a 3 Nm torque wrench.

DEFC experiment

The fuel cell operating performance characteristics were
determined in a monoplanar DEFC with the geometric surface
area of the electrodes of 5.0 cm? using a test bench obtained
from the Electrocell Group that allows the control over the fuel
cell operating parameters (flow rates, humidification and
temperature of the reactants and cell) and performs auto-
matic data acquisition of polarization curves and power
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density curves in real time. Liquid fuel alimentation was car-
ried out with the use of a Masterflex L/S Cole-Parmer peri-
staltic pump. The temperature was set between 50 and 90 °C
for the fuel cell and to 85 °C for the oxygen humidifier. The fuel
of 2.0 mol L ! of ethanol (1.0 mol L ~! of KOH) was delivered at
the rate of 1.0 mL min~?, and the oxygen flow was set to
200 mL min . The single fuel cell was stabilized for 90 min at
the constant measurement temperature. Polarization curves
were collected using a potentiostat/galvanostat Autolab
PGSTAT 302N.

Results and discussion

Physico-chemical characterizations and electrochemical
activity studies

The physico-chemical characterizations were conducted
previously and are described in a recent report by our group
[33].

Briefly, the nominal mass concentrations of Pd were 20, 15,
10 and 5%, and the mass ratios obtained by ICP-MS of Pd were
26.5+2.6,13.7+0.7,8.8 + 0.6 and 4.3 + 0.1% for Pd/C, Pd3Nb,/C,
Pd;Nb,/C and Pd;Nbs/C electrocatalysts, respectively. The
nominal mass concentrations of Nb were 5, 10 and 15%, and
the mass fractions of Nb obtained by ICP-MS were 4.55 + 0.7,
13.4 + 3.6 and 13.6 + 1.9% for Pd;Nb,/C, Pd;Nb,/C and Pd;Nbs/C
electrocatalysts, respectively. The real Pd to Nb atomic ratios
were 70:30, 40:60 and 22:78 for Pd;Nb,/C, Pd;Nb,/C and
Pd;Nbs/C electrocatalysts, respectively. The Pd mass concen-
tration values obtained by ICP-MS were used to normalize the
results of the electrochemical studies in which Pd,Nb,/C was
found to show the highest enhancement of the electro-
catalytical activity for EOR.

Souza et al. [33] have shown that the electrochemical
active surface areas (ECSA) of the electrocatalysts can be
estimated by electrochemical oxidation of a pre-adsorbed
saturated CO adlayer. The order of ECSA values obtained by
CO-stripping is PdsNb,/C < Pd/C < Pd;Nb,/C < Pd;Nbs/C, with
13, 29, 10 and 47 m? g~ ' of Pd, respectively. The Pd;Nb,/C
electrocatalyst showed the lowest onset potential (—0.54 V) for
CO oxidation that was more negative than those of the com-
mercial Pd/C (—0.50 V), PdsNb,/C (~0.38 V) and Pd;Nbs/C
(—0.35 V) catalysts. These results were reported and indicated
the existence of a bifunctional mechanism and the lowest
poisoning by the strongly bound CO.

Previous work has shown that the Pd;Nb,/C electrocatalyst
exhibits the lowest onset potential of ~—0.30 V vs. RHE
compared to the other electrocatalysts reported previously.
Therefore, DEFC applications (AEce; = Ec - Eq = ~0.85 — (—0.30))
are operated at ~1.15 V (considering that a fuel cell cathode
typically operates at ~0.85 V RHE). Therefore, we will further
evaluate and validate these values in DEFC experiments in
this work because of the great potential for DEFCs in the
alkaline medium.

The results of the XRD analysis showed that the electro-
catalysts are a mixture of metals and oxides of Pd and Nb. No
shift of the metallic Pd or Nb peaks was observed because the
network parameter derived from XRD results was 0.388 nm for
all electrocatalysts studied. This suggests that there is no

alloying of the Pd with the Nb. Therefore, the electronic effect
should not be dominant, while the bifunctional effect could be
dominant for the EOR [34]. The presence of Nb slightly in-
creases the mean crystallite size of the Pd nanoparticles ac-
cording to the Debye-Scherrer formula [33] because the
average crystallite sizes were 4.0 + 1.6, 4.1 + 1.1, 4.6 + 1.3 and
4.7 + 1.0 nm for the Pd/C, Pd,Nb,/C, Pds;Nb;/C and Pd;Nbs/C
electrocatalysts, respectively.

TEM images showed a random distribution of the nano-
particles on the Vulcan XC72 carbon support with the average
particle diameters of 9.1 + 34, 64 + 3.0, 34 + 1.2 and
12.5 + 4.5 nm, respectively, for Pd/C, Pd;Nb,/C, Pd;Nb,/C and
Pd;Nbs/C. It can be seen in Fig. 1 that Pd nanoparticles are
spherically shaped, and for both metals, the nanoparticles are
found in some clusters, and the spherically shaped nano-
particles are totally dispersed.

The Pd3;Nb,/C and Pd;Nb,/C electrocatalysts showed the
smallest nanoparticle average diameter. These results indi-
cate that these electrocatalysts had a higher surface area per
mass of catalytic metal.

Electrocatalyst property studies

Contact angle results
Although the hydrophilicity of the electrocatalysts is impor-
tant to the management of the reagents and product diffusion
in DEFC, it plays a significant role in the EOR of the electro-
catalysts for the alkaline medium, as discussed below.

Based on a previous study [35], the mechanism of EOR on
Pd in an alkaline medium can be described by the following
Reactions (1)—(4):

Pd + CH;CH,0H < Pd — (CH3CH,OH) (1)
Pd — (CH;CH,OH),,, + 30H —Pd — (CH3CO),, + 3H,0 + 3e"
2
Pd — (CH;CO), . + Pd — OH,g; —Pd — CH;COOH + Pd 3)
Pd — CH;COOH + OH™ —Pd + CH;COO"™ + H,0 )

Reactions (1) and (2) are generally accepted to occur at the
potential region less than —0.7 V vs. SCE in the anodic sweep.
The CH3CO,q4s Or other carbonaceous reactive intermediates
will strongly absorb on the surface of Pd and block the active
sites. Reactions (3) and (4) occur in the region higher than
—0.7 V vs. SCE, where Pd begins to adsorb OH™. With the
adsorption of hydroxyl on Pd or Nb, the strongly absorbed
carbonaceous species will be quickly stripped away and result
in the increase of the current. However, to preserve the
adsorption of OH™ on the Pd, it is necessary that the water
molecules adsorb on Pd and then dissociate, as described by
Reaction (5) [36].

H,0,4s(weakly adsorbed) > OHyqgs + H' + e~ (5)

Thus, the dissociation Reaction (5) on the surface near the
active sites of the Pd should be favored for the continuity of
the ethanol dehydrogenation reaction, Reaction (3). However,
it is likely that the water adsorption and dissociation are
governed by the potential at which Reaction (5) occurs, and in
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Fig. 1 — TEM electrocatalyst images.

this case, Pd and Nb oxides can contribute by oxidizing the
strongly bound intermediates such as CO because CO strip-
ping is followed by the reaction between the formed Pd or Nb-
OH,gs and Pd-CO,q4s, Reaction (6):

Pd — COa4s + 2 Nb — OHggs — CO, + H,O + Pd + Nb (6)

because Reaction 5 can occur at the low potentials for
Pd,Nb, electrocatalysts [37,38].

Through the analysis of the contact angle, we can under-
stand how the hydrophilicity of the materials was modified
compared to the Vulcan XC72 precursor material. Table 1
shows the contact angle of the materials that is related to
the hydrophilicity of the electrocatalysts.

According to Table 1, all synthesized electrocatalysts
became more hydrophobic after the synthesis. We noticed that
Nb is more hydrophobic than Pd, but this did not govern the
properties of the electrocatalyst after the sol-gel synthesis. In
general, no relevant differences in the hydrophilicities of all of
the Pd,Nby/C electrocatalysts were found to justify the
different electrocatalytical activities of the studied

Table 1 — Average contact angles of the electrocatalysts.

Electrocatalyst Contact angle
C (Vulcan XC72) 66 + 4
Nb/C 94 + 2
Pd/C 76 + 3
Pd;Nb,/C 76 +2
Pd;Nbs/C 72+1
PdsNb,/C 71+1

electrocatalysts. This suggests that water does not have a
major influence on the EOR catalysis, in accordance with
Reactions 3—5.

Kinetic study for EOR

The kinetic study for EOR allowed us to explain the role of Nb.
We performed an LSV at the sweep rate of 1 mV s~* experi-
ment near a pseudo steady-state within the range of the po-
tential, 0.50 to —0.32 V vs. SCE. From the EOR curves obtained
in this experiment, it was possible to obtain the Tafel slope, as
defined by the mathematical relation of Eq. (6)

_2.303RT i+ 2.303RT

n= T ].Og 1o GF

where 7 is the overpotential, 8 is the anodic transfer coeffi-
cient or symmetry, i is the exchange current density, i is the
current density, R is the universal gas constant, F is the
Faraday constant and T is the temperature [39]. This equation
shows the linear relationship between the overpotential and
the current density logarithm, which is displayed in Fig. 1. The
slope of the line in Fig. 2 is the Tafel slope, which is equal to
2.303RT/BF, and the obtained Tafel slope was derived in the
low potential range from —0.50 to —0.32 V vs. SCE by plotting
the overpotential, n, versus the logarithm of the current
density. The exchange current density (ip) was obtained by
extrapolating the fitted Tafel line to where the overpotential
equals zero, and from the linear coefficient of the curve, it is
possible to obtain 8.

We can observe that only the Pd/C electrocatalyst has the
EOR governed by two determining steps because it shows two

logi (6)
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Fig. 2 — Tafel plot of EOR from LSV using 1.0 mol L~? of
ethanol and 1.0 mol L~! of KOH, measured over potential
range from —0.50 to —0.32 V vs. SCE at temperature room.
The potentials measured versus SCE were rescaled to the
reversible hydrogen electrode (RHE) scale according to the
Nernst equation: Exyg = Escp+0.242 + 0.059 pH.

straight lines between 570 mV and 730 mV, i.e., two different
slopes (a and b in Fig. 2). Unlike for the other electrocatalysts
that contain Nb, here, the EOR occurs by a single determining
step due to the presence of only one slope in Fig. 2. The EOR is
complex and may result in several final byproducts, including
an undesirable acetaldehyde (CH3CHO) and acetic acid
(CH3COOH) or acetate (CH3COO™) products, described by
Reactions (7) and (8), respectively. Carbon dioxide (CO,) is the
desirable product, obtained as described by Reaction (9) [40].

CH3CH,0Hggs + 20H 3, — CH3CHOggs 4 2H50qgs + 2~ (7)
CH3CH,0H,qs + 50H,;, — CH5CHO,;, + 4H,044s + 4€~ (8)
CH3CH,0H,gs + 160H,,;, —2C03~ + 11H,0 + 1 e~ ©9)

Each of these reactions has different pathways and at
least one rate determining step. In actual reaction conditions,
the pathways (7), (8) and (9) compete with each other. Hence,
the presence of Nb may have changed the reaction mecha-
nism for EOR, avoiding some unnecessary reaction steps and
making EOR proceed by a pathway with only a single rate-
determining electrochemical step [40]. Based on the high
Tafel slopes (e.g. 217 mV dec™?) in electrocatalysts for EOR,
the results indicated that kinetics are too complex according
to the results of references [39,41], which found the Tafel
slope values in the 200—-500 mV dec* range at low and high
potentials, respectively. This indicates that the whole pro-
cess is not only controlled by the adsorbed OH™ ions
(Reaction (5)) but also affected by the surface reactions as
oxides in addition to the hydroxyl ion adsorption. The
alloying with Nb most likely does not only modify the
intrinsic activity of Pd but also exposes more active sites. If
the number of exposed sites of palladium in the presence of

niobium oxides is enhanced, we can expect a low poisoning
by adsorbed CO, as we can see on page 12, as previously re-
ported [33] and in Reaction (6) above. Another important
point is that in the presence of niobium oxides, the OH spe-
cies that could be formed on Pd are formed at low potentials,
liberating the Pd sites for EOR.

The results summarized in Table 2 show the exchange
current density toward EOR on Pd/C and Pd;Nb,/C electro-
catalysts. We note that the highest current exchange densities
are obtained using the electrocatalysts with Nb. The highest
exchange current density is achieved on Pd;Nb,/C obtaining
6.6 x 107'° A cm 2, which is 244 times larger than the current
density for Pd/C (2.7 x 107*> A cm™?). This showed that Nb
increased the electron exchange rate at the analyte/electrode
interface, enhancing the kinetics of the EOR reaction [42].

The anodic transfer coefficient (B) is a measure of the
symmetry of the activation barrier and varies from 0 to 1 for
both the direct and inverse reactions. In the case of the EOR,
the B value closer to zero has a smaller activation barrier for
the continuation of the reaction in the determinant slow step

Table 2 — Tafel slope, anodic transfer coefficient and
exchange current density results.

Electrocatalysts Tafel slope B — anodic iy (A cm )
(mV dec™) transfer
coefficient
pd/c? 68.8 0.85 23 x 107V
Pd/cP 156.8 0.37 27 x 10712
Pd,Nb,/C 217.4 0.27 6.6 x 107 %
Pd;Nb,/C 180.9 0.32 3.6 x 1071
Pd;Nby/C 184.8 0.32 73 x 1071

3 Refers to the first (red line) and ® the second (line black) slope of
the Tafel curve of Pd/C in Fig. 2.
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Fig. 3 — Peak current density for EOR using Pd,Nb,/C
electrocatalysts in the accelerated durability test during
1000 voltammetric cycles using 1.0 mol L= of ethanol and
1.0 mol L~* of KOH, measured over the potential range

from —0.80 to +0.20 V vs. SCE, at the scan rate of
100 mV s~ ! at room temperature.
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[42]. From the data presented in Table 2, we can see that Accelerated durability test (ADT) experiment with ICP-MS
Pd;Nb,/C has the lowest B (close to zero), suggesting that analysis
Pd;Nb,/C has a smaller activation barrier, providing additional

support for the conclusion that the best electrocatalytic ac- The stability of the nanoparticles and the durability of the
tivity is displayed by Pd;Nb,/C [21]. catalytic activity of the electrocatalysts is another challenge
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Fig. 4 — Cyclic voltammograms for EOR using the electrocatalysts a) Pd/C, b) Pd;Nb,/C, c) Pd;Nb,/C and d) Pd,;Nbs/C with
1.0 mol L7 of ethanol and 1.0 mol L~* of KOH, measured over the potential range from —0.80 to +0.20 V vs. SCE, at the
sweep rate of 100 mV s~ ' at room temperature.
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Fig. 5 — Metal mass of a) Pd and b) Nb worn out from the electrocatalysts during the accelerated durability test. All
electrocatalysts have equal Pd amounts at the beginning of the experiment.
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that must be overcome for the application of DEFC technology.
To evaluate the durability of the Pd,Nb,/C electrocatalysts,
ADT was performed by 1000 voltammetric cycles of EOR,
monitoring the dissolution of the Pd and Nb metals from the
electrocatalysts, after each 200 cycles by ICP-MS analysis. All
electrocatalysts showed some stability at the peak current
density for EOR. However, Pd;Nb,/C showed the highest peak
current density as well as the greatest stability along the ADT,
as shown in Figs. 3 and 4.

From Fig. 5 we observe the metal dissolution from the
electrocatalysts to the electrolyte due to the electro-
chemical stress conditioned by the ADT experiment. The
Pd;Nb,/C electrocatalyst shows the lowest dissolution of
the Pd metal into the solution, justifying its higher peak
current densities shown in Fig. 5a. Meanwhile, Pds;Nb,/C
had the lowest dissolution of Nb, as expected, because it
has the lowest amount of Nb in the electrocatalysts, as
shown in Fig. 5b.

Pd;Nb,/C electrocatalysts had the lowest Pd mass loss after
the ADT of 1.49% compared to the initial mass of the experi-
ment and lower loss of mass of Nb than Pd;Nb,/C, although
Pd;Nb,/C had a lower amount of Nb at the start of the exper-
iment, according to Table 3.

These results indicated that Pd;Nb,/C has high electro-
chemical activity and good durability for EOR, showing it to be
a promising electrocatalyst for application in DEFCs.

Direct ethanol fuel cell (DEFC) experiment

The performance of the Pd,Nby/C electrocatalysts was evalu-
ated in a monoplanar DEFC. First, the ideal working temper-
ature was evaluated using the commercial reference material
Pd/C, as shown in Fig. 6a. We can see that the best perfor-
mance for the Pd/C electrocatalyst was obtained at 50 °C.
Using this information, we performed the test for all electro-
catalysts at this same temperature, following Fig. 6b. All
electrocatalysts with different proportions of Niobium
showed better performance than Pd/C. The Pd;Nb,/C electro-
catalyst achieved the best catalytic performance, which was
1.80 times higher than that of Pd/C (with power densities of
13.53 and 7.50 mW cm™?, respectively). In other words, Nb
improved the catalytic activity of Pd for EOR in the alkaline
medium, supporting the previous electrochemical results.
Finally, the experiments to optimize the working temperature
for the Pd;Nb,/C electrocatalyst were performed. According to

Table 3 — Results of Pd and Nb metal loss after accelerated
durability.

Electrocatalyst Loss of Pd Loss of Nb
after ADT (%) after ADT (%)
Pd/C 5.41 + 0.09 n.d.
Pd;Nb,/C 1.49 + 0.03 14.40 + 0.39
Pd3Nb,/C 4.02 +£0.11 15.09 + 0.22
Pd;Nbs/C 7.82 +0.81 37.13 £ 0.76

Obs.: Amount in weight percentage of metal loss compared to the
initial metal mass in the catalytic layer on the surface of the glassy
carbon electrode. All electrocatalysts' initial masses were deter-
mined by ICP-MS.
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Fig. 6 — Polarization and power density curves in DEFC a)
Pd/C in different temperatures, b) Pd/C and PdNb,C
electrocatalysts at 50 °C and c) Pd;Nb,/C in different
temperatures.

Fig. 6¢, the best performance was obtained at 70 °C for Pd;Nb,/
C, reaching 18.11 mW cm™2. We suggest that the obtained
results mainly originate from the bifunctional effect due to
niobium oxide [43].

While some results for the alkaline DEFC have been re-
ported in the literature, the comparison of our results with
these studies is very difficult due the different materials
(anionic membranes and catalysts) and conditions used
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(quantity of catalysts on anodes and cathodes, temperature,
etc.). For comparison, we can use the PdSn alloy in the 90:10
ratio that was reported by Da Silva [44], which achieved the
maximum power density of 15 mW cm~2 under the conditions
similar to those of our work, compared to the power density of
18 mW cm? at the 50:50 ratio achieved in this work. PdSn
alloys have been the most developed materials for alkaline
DEFCs recently.

FTIR experiment

ATR-FTIR experiments were performed to correlate the ac-
tivity of ethanol electrooxidation with a preferential mecha-
nism. The FTIR spectra in the region between 2500 and
850 cm™~* were recorded after the collection of the products
from a single DEFC in the alkaline media, using 1 mol L™* of
KOH and 2 mol L of CH;CH,OH for all electrocatalysts, as
shown in Fig. 7. From the ATR-FTIR results, it was possible to
observe the appearance of bands at 2343 cm* related to the
CO, formation [45]. The acetate was displayed as two intense
peaks at 1553 and 1410 cm ™, arising from asymmetric and
symmetric C—O bond vibrations [46]. A carbonate ion band at
1370 cm™" was not clearly visible in the spectra, due to the

Pd/C

CH,CH,0H

Absorbance / a.u.

1000 1200 1400 1600
Wavenumber / cm™

Pd,Nb,/C

CHyCH,0H —

Pd,Nb,/C

[CH,CO,T
[co,” \

Absorbance f a.u.

1000 1200 1400 1600
Wavenumber / cm™

overlap with the acetate band at 1410 cm™?, even though its

presence can be inferred by the deconvolution of the spectra,
as reported by Neto et al. [47]. Even though the peak at
926 cm™' is associated with the acetaldehyde C—C—O
stretching vibrations, the appearance of this peak was not
pronounced in the electrocatalysts, except for Pd/C. This
suggests that the addition of Nb to Pd-based electrocatalysts
showed a single rate-determining step for EOR as indicated by
the Tafel analysis results in this work. In the spectra, it is also
possible to observe the presence of bands of ethanol that were
not consumed during the DEFC experiment (1080 cm™,
1036 cm™* and 874 cm™Y) [45].

Fig. 8a shows an FTIR spectrum in a large spectral window
in which we can see qualitatively that Pd;Nb,/C has the largest
band for CO, formation after a single DEFC test. This can be
seen more clearly after all bands were deconvoluted to Lor-
entzian line forms [47] of the CO, and acetate. Then, we in-
tegrated the intensities of the bands specific to these chemical
species, as shown in Fig. 8b, c and d.

We note that the most active electrocatalysts (Pd;Nb,/C) in
the EOR experiments show an increase in the signal intensity
of CO, production despite the higher formation of both acetate
and CO35™.
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Fig. 7 — ATR-FTIR spectra collected from the products of the single DEFC in the alkaline medium, using 1 mol L " of KOH and
2 mol L~! of CH;CH,OH of the prepared electrocatalysts. Aliquots from the experiment of Fig. 6b.
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In summary, the experiments showed that the Pd;Nb,/C
electrocatalyst exhibits promising activity for EOR, and the
FTIR results strengthened the evidence that the presence of
Nb modified the mechanism for EOR on Pd electrocatalysis to
a mechanism that shows almost no formation of acetalde-
hyde, avoiding Reaction (7) [48]. Bianchini et al. [49] showed
that the oxidative C—C bond cleavage of ethanol on Pd can
occur when pH is in the 12—13 range, and metal oxides would
increase the concentration of OH,q4s species on the catalyst
surface, favoring the reaction of the acetaldehyde into the
carboxylic acid via acyl.qs-OHaqgs coupling [49]. In this case, the
presence Nb,Os in our Pd,Nb,/C electrocatalysts probably
conducts the reaction at the same pathway as that reported in
Ref. [49].

Conclusions

The Pd;Nb,/C electrocatalyst with the Pd/Nb mass ratio of
50:50 showed superior activity for EOR compared to Pd/C,
Pd;Nb,/C and Pd;Nbs/C. The use of Nb in the Pd-electrocatalyst
provided selectivity for a single rate-determining step for EOR,

which gave rise to the reduced formation of acetaldehyde, an
undesirable intermediate product. All electrocatalysts with Nb
showed higher current exchange density values for EOR than
Pd/C. The best performance for DEFC was obtained using
Pd;Nb,/C, achieving the power density of 18.11 mW cm 2,
which confirmed the previous results of activity for EOR. The
FTIR spectra indicated that Pd;Nb,/C displayed the highest
production of CO, and the lowest production of acetaldehyde.
Furthermore, the ADT experiments with ICP-MS analysis
showed that Pd;Nb,/C obtained the highest peak current
density during 1000 cycles of the experiment, presenting the
lowest Pd mass loss after the ADT. Therefore, Pd:Nb binary
electrocatalysts are a very promising choice for electro-
catalysts in DEFCs using the alkaline media.
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