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PdiNb1/C on different kinds of carbon black were prepared by a modified sol-gel method. The alkaline
direct ethanol fuel cell (ADEFC) performance was performed first with the Pd;Nb; electrocatalysts and
then by varying the fuel concentration. In CV, Pd{Nb;/Printex 6L (50:50 wt%) exhibited 2.2 times higher
mass activity than that of the Pd/C (Alfa Aesar); their mass activities were 1300 and 590 mA mgg(},
respectively. The best performance for the ADEFC was obtained using Pd{Nb1/Printex 6L, which yielded a
maximum power density and cell voltage of 28 mW cm 2 and 1.17 V, respectively. The Pd;Nb;/Printex 6L
electrocatalyst exhibited a more negative onset potential for the CO stripping reaction. We suggest that
the higher hydrophilicity (contact angle) and higher degree of disorder of Printex 6L (Raman) corrobo-
rates these results. In addition, both bifunctional and electronic effects operated on the electrocatalyst
due to the presence of metal oxides and alloys of PANb (XRD), respectively, in the synthesized electro-
catalysts. Therefore, it was notable that the support has an essential role—as important as the cocata-
lyst—in the electrocatalytic performance.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Alkaline direct ethanol fuel cells (ADEFC) are known devices for
portable applications working at 30 to 70 °C and with easy oper-
ation [1].

ADEFC have noteworthy advantages related to hydrogen fuel
cells [2,3]. For instance, ethanol is liquid at 298 K and 1 bar, and it is
easy to store and handle. In addition, when produced from biomass,
ethanol is a renewable resource, thus closing a carbon neutral cycle
[4—6]. Furthermore, ADEFC have a high theoretical energy effi-
ciency of approximately 60—90%, whereas the use of heat to
generate electricity has a maximum energy efficiency of 35%.
Additionally, ADEFC are mobile, which means that they do not
require transmission line costs, and they have a low emission of
pollutants.

* Corresponding author.
E-mail address: mauro.santos@ufabc.edu.br (M.C. Santos).
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0960-1481/© 2020 Elsevier Ltd. All rights reserved.

Although many advances have been made in ADEFC, the major
challenge in the ethanol oxidation reaction (EOR) has been the
breakdown of the C—C bond [4—6]. Furthermore, the main
byproducts and/or intermediates of this reaction are ethanal and
acetate in alkaline media [7,8].

Palladium (Pd) is a more effective EOR catalyst in alkaline media
than any other catalytic metal. However, its high cost has limited its
widespread commercial use in these devices [9]. In addition, CO
poisoning at the catalytic sites of Pd decreases the energy efficiency
of Pd due to its long periods of use. Therefore, the use of auxiliary
metals as cocatalysts proved to be promising to overcome this
challenge.

There are two interesting effects from the auxiliary metals: the
electronic effect and the bifunctional effect. Both effects act by
facilitating the oxidation of intermediates on the surface of catalytic
metals [10,11].

The results of previous studies have reported that Nb is a
promising alternative metal to act as a cocatalyst of Pd in alkaline
media [12]. The Nb metallic nanoparticles facilitated the oxidation
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of acetaldehyde and carbon monoxide mainly by the bifunctional
effect [13].

Usually, fuel cell devices use a material as a support where the
metallic nanoparticles will be dispersed, and the materials typically
have the following properties: high surface area, high corrosion
resistance, and low electrical resistance. Carbon black (CB) is
manufactured from the partial combustion or thermal decompo-
sition of hydrocarbons in the form of gases or liquids under
controlled conditions. This material has been widely used as a
reinforcing agent in paints, rubbers, plastics and coatings in com-
mercial applications for approximately 100 years [14]. Basically, this
material is a fine black powder that is similar to pure elemental
carbon, and it has an almost graphitic structure with low amounts
of organic and inorganic compounds [15]. This minimal amount of
organic material differentiates it from combustion soot [16]. In
addition, CB has a characteristic particle morphology consisting of
aciniform (grape-like) aggregates. In addition, depending on the
origin of the carbon black, the physical and chemical properties can
vary substantially [15,17].

The most widely used carbon black supports for electrocatalysts
are the Vulcan XC72 and Vulcan XC72R (Cabot) [18]. Both materials
have a high surface area (approximately 250 m? g~!) and a low
price, and their electric conductivity is approximately 2.7 Sem™,
which makes them interesting and feasible alternatives for the
support of nanoparticles. Another carbon is Printex L6 (Degussa),
which is a low-cost alkaline furnace pigment with a surface area of
265 m? g ! [19], a density of 1.8 g cm3, and a high electrical
conductivity [20]. However, even though they possess interesting
characteristics for nanoparticle support, Printex L6 is not as widely
used as Vulcan XC72 carbon black.

In this way, the performance of metal electrocatalysts depends
strongly on the support material characteristics. Since the nano-
particles are distributed on the support surface, the electron
transfer resistance and the chemical environment of the reaction
site directly affect the efficiency of the electrocatalytic activity of an
electrocatalyst [21]. For the reasons noted above, the study of these
different types of carbon blacks in electrocatalysts to ADEFC is
important [22].

In this work, we present PANb binary electrocatalysts at a ratio
of 1:1 of mass, which are supported by different kind of black
carbon synthesized by the sol-gel method. The comparative study
for ethanol oxidation reaction and ADEFC experiments in this paper
will contribute to clarifying the importance of support in hetero-
geneous catalysis, since carbon black is usually 80% of the compo-
sition of the electrocatalysts.

2. Materials and methods
2.1. Preparation of the electrocatalysts

A modified sol-gel method was used to synthesize the PdNb/C
materials [23], Briefly, the electrocatalysts were synthesized by a
modified sol-gel method [23]. For this, Pd-acetylacetonate (99%
Sigma-Aldrich, product by USA) and NbCl5 (99% Sigma Aldrich,
product by Germany) were mixed with 6 mL of isopropyl alcohol
(Synth) and 2 mL of acetic acid (Synth). Next, Vulcan XC72R, Vulcan
XC72 or Printex 6L carbon black was added. The sol-gel solution
was homogenized by magnetic stirring and then heated for 60 min
until dry. The samples were submitted to heat treatment in a muffle
furnace under a N, atmosphere. The samples were heated at 5 °C
min~! in two steps. First, the samples were heated from room
temperature to 110 °C, and this temperature was maintained for
15 min. Then, the samples were heated from 110 °C to 400 °C, and
this temperature was maintained for 60 min. After the heat treat-
ment process, the samples were slowly cooled until they reached

room temperature. The electrocatalyst Pd/C (Alfa Aesar) will be
investigated for comparison with the synthesized ones and it was
purchased by the company Alfa Aesar in the composition of 20% Pd
supported on wet activated carbon.

2.2. Electrochemical measurements

2.2.1. Electrochemical cell

The catalytic activity and electrochemical characterization of the
materials were performed using cyclic voltammetry (CV) and
chronoamperometry (CA) with a potentiostat Autolab 302N. KOH
(1.0 mol L~1) was used as electrolyte in the presence or absence of
ethanol (1.0 mol L™1). An electrochemical cell for a three-electrode
configuration was used, a platinum electrode of 1.0 cm? was the
auxiliary electrode and a Hg/Hg,Cl, (SCE) was the reference elec-
trode and the studied electrocatalyst supported on a glassy carbon
electrode with 0.5 cm™2 of geometric area was used as working
electrode.

The system above was arranged in a 40 mL cell with Nj-
degassed. The concentration of ethanol 1.0 mol L~! for both CV and
CA tests was used into the electrolyte solution. The temperature
was the room one.

2.2.2. Preparation of the working electrode
This step is the same one as our previous publications [12,13].

2.2.3. CO-stripping analysis

The CO stripping analysis was carried out using a 1 mol L~! KOH
electrolyte between —0.8 V and 0.2 V, and the sweep rate was
20 mV s~ L Ultra-pure N; (99.99%) was bubbled before the experi-
ment through the electrolyte during 30 min. Subsequently, the
working electrode was immersed into the electrolyte solution, and
CO (99.9%) was purged (10 min) to form the CO monolayer onto the
surface of the working electrode at —0.1 V vs. SCE. CO excess from
electrolyte was removed with Ny (99.99%) during 20 min.

2.3. Experimental characterization

2.3.1. X-ray diffraction (XRD) and BET analysis

All electrocatalysts were physically characterized using X-ray
diffraction (XRD). A Rigaku-MiniFlex X-ray diffractometer with a
CuKo (A = 1.54056 A) using a radiation source operating continu-
ously (2° min~!) from 20° to 80° (20) was used to both discuss
about the metallic or oxide phases and the mean crystalline size
estimation. The carbon materials used in this study were Vulcan
XC72R, Vulcan XC72 and Printex 6L carbon black, which were
purchased from Cabot. The Brunauer-Emmett-Teller (BET) surface
areas of the carbon materials were measured following the pro-
cedure adopted in Ref. [24].

2.3.2. Elemental composition by ICP-MS analysis

The elemental composition of the electrocatalyst was measured
using an inductively coupled plasma mass spectrometer (ICP-MS,
Agilent 7900, Hachioji, Japan) operated with high-purity argon
(99.9999%, White Martins, Brazil). All the conditions for these
measurements were described earlier in our previous publications
[12,13].

2.3.3. Energy dispersive X-ray spectroscopy (EDS)

The energy dispersive spectroscopy (EDS) analyses were per-
formed using an EDS chemical microanalysis module that was
coupled to a JSM-6010LA Compact Sweep Electron Microscope
(JEOL) at an acceleration voltage of 20 kV. The EDS analyses were
obtained using the map mode with twenty measurements, and the
average concentration was acquired from each mapped part of the
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sample. The samples of catalysts synthesized were analysed in
powder form placed on a copper adhesive tape.

2.3.4. Transmission electron microscopy (TEM)

To both measure their sizes and morphology of the particles
transmission electron microscopy (TEM) was carried out with a
high-resolution TEM (JEOL model JEM 2100F) operating at 200 kV.
Samples for TEM studies were prepared as before [12,13]. The
compositional distribution (mapping) and the average particle size
was performed like references [12,13].

2.3.5. Contact angle

The contact angle measurements of the Vulcan XC72, Pd/C, and
PdxNbx/C-based electrocatalysts were performed using a goni-
ometer (GBXTM digidrop) to characterize the hydrophilicity of each
material studied [13].

2.3.6. Raman spectroscopy

Raman spectroscopy was carried out to study the structure of
the electrocatalysts. D and G band peaks for carbon black is the
main focus of this technique. The Raman spectra were recorded
using a Triple T64000 Raman spectrometer (Horiba Jobin-Yvon
S.A.S., France) with a microanalysis option and a CCD detector
(1024 x 256—0PEN-3LD/R) with a quantum response of ~40% and
a spectral resolution of 0.5 cm™ The excitation laser was 532 nm
(Verdi G5, Coherent Inc., United States) and focused on a spot. The
measurements were performed by using a plan achromatic 50X
objective (0.20 mm/NA = 0.50). The curve fitting of the Raman
spectra was obtained with the software LabSpec, and 10 spectra of
the electrocatalysts were collected at different points in the sam-
ples for assignment of mean values and standard deviation of the D
and G band peak. The experiments were performed according to
our previous publication [38].

2.3.7. Thermogravimetric analysis (TGA)

The carbons were characterized by thermogravimetric analysis
(TGA) using a LABSYS EVO STA SETARAM thermal analyzer in an
alumina crucible (Al;03) and argon atmosphere with a sample mass
of approximately 20 mg. The heating was from 0 °C to 1600 °C, with
a heating rate of 10 °C min~. The results of the measurement and
discussion are available in the supplementary material.

2.3.8. Brunauer-Emmet-Teller (BET) surface area

The carbon materials used herein were Vulcan XC72R, Vulcan
XC72 and Printex 6L carbon black purchased from Cabot. Nj-
physisorption analysis was performed using Quantachrome In-
struments Surface Area & Pore Size Analyzer with Nova 2200e
software and the isotherm was measured at —196 °C. The samples
were weighed, placed on the analysis port, and prior to analysis
they were heated at 350 °C for 4 h under vacuum. The specific
surface area data was obtained following the Brunauer-Emmett-
Teller (BET) theory and the pore size distribution was obtained
from t-plot method model [25].

2.4. Direct ethanol fuel cell (DEFC) experiment

2.4.1. Treatment of Nafion and membrane electrode assembly
preparation

The Nafion® membranes (N117, DuPont) underwent the stan-
dard procedure for cleaning and anionic activation with successive
washing steps [13]. The MEAs were prepared as before [13] in
which a Pt/Vulcan XC72 (BASF) commercial cathode (1 mgpy) cm™2)
and either a homemade Pdi{Nb¢/carbon black anode (1 mggpq)
cm~2) or a Pd/C (Alfa Aesar) commercial anode (1 mgpqy cm™2) at
125 °C for 420 s under a pressure of 247 kgf cm~2 were used. The

MEA was placed between two bipolar plates and assembled in a
single fuel cell [13].

2.4.2. DEFC test

The fuel cell operating performances were determined in a
single DEFC with a geometric surface area of electrodes equal to
5.0 cm? using a test bench from the Electrocell® Group that allows
control over the fuel cell operating parameters according to the
previous publication [13] and the modifications carried out were
inserted in the captions of Figs. 11, 12a and 12b.

3. Results and discussion
3.1. Physical-chemical characterization

3.1.1. Concentration by ICP-MS and EDS

The mass ratios of Pd and Nb for the electrocatalysts were ob-
tained by SEM/EDS and ICP-MS analyses and are summarized in
Table 1, in addition to Pd/C (Alfa Aesar). Fig. S2 shows an SEM image
of the Pd/C (Alfa Aesar) electrocatalyst where the activated carbon
support has a different morphology compared to the carbon black
investigated. Both techniques, ICP-MS and EDS, showed similar Pd
and Nb mass ratios in the electrocatalysts, which were close to the
nominal mass ratio. The mass concentration values of Pd by ICP-MS
were used to normalize the results of the electrocatalytic activity
studies in this work. The real Pd-to-Nb atomic ratios were 48:52,
48:52 and 40:60 for Pd{Nbq/Vulcan XC72, Pd;Nb;/Vulcan XC72R
and PdiNb;/Printex 6L electrocatalysts, respectively.

3.1.2. Contact angle results

The three substrates studied in this work have different hy-
drophilicity, and the Printex 6L carbon black is the most hydro-
philic, as shown in Fig. 1. According to Fig. 1, all synthesized
electrocatalysts became more hydrophilic after synthesis. The
reference material Pd/C (Alfa Aesar) has a lower hydrophobicity
than Pd{Nb;/Vulcan XC72 and Pd{Nb;/Vulcan XC72R and a higher
hydrophobicity than Pd;Nbq/Printex 6L.

The intense decrease of Printex 6L hydrophobicity after the
addition of Pd and Nb nanoparticles (NPs) may be related to the
structure of Printex 6L relative to carbon black Vulcan. We suggest
that Pd and Nb NPs were better allocated on the carbon surface,
possibly due to a large number of micropores in Printex 6L.

Generally, the more hydrophilic the material is, the better it is
for kinetic adsorption and dehydrogenation of H,O molecules on
the surface of the electrocatalyst [26]. When carbonic species are
strongly adsorbed on Pd, hydrogen will be rapidly removed if there
is a hydroxyl adsorbed (OH,q45) at a nearby catalytic site, which
results in an increased electrical current. In contrast, to maintain
the constant adsorption of OH on Pd or Nb, it is necessary that the
water molecules adsorb in them and then dissociate, as described
by the reaction: H,0,4s (Weakly adsorbed) — OH,qs + H™ +

e [36]. The reaction that follows this bifunctional mechanism is
Pd-CO,q4s + 2Nb-OHags — CO2 + H,0 + Pd + Nb, where the formed
Pd-OH,qs or Nb-OH,4s favors the oxidation of Pd-CO,qs. Therefore,
the hydrophilicity of an electrocatalyst plays an important role in
heterogeneous catalysis.

3.1.3. Raman spectroscopy results

The Raman spectra of the electrocatalysts (Figs. 2 and 3) show
the well-known peaks of the D-band at 1350 cm~! and the G-band
at 1580 cm™! for carbon black [27]. The vibrational D-band is
associated to the relaxation movement of the hexagonal carbon
network and the existence of structural disorder [28]. The G-band is
essentially caused by vibration and stretching in the plane of the
sp? carbon [29]. The ratio between the intensities of the Ip/Ig bands



296 EM. Souza et al. /| Renewable Energy 150 (2020) 293—306

Table 1
Pd and Nb concentrations (mass ratios) determined by using ICP-MS and EDS.

Electrocatalyst Pd nominal (%) Pd ICP-MS (%)

Pd EDS (%)

Nb nominal (%) Nb ICP-MS (%) Nb EDS (%)

Pd;Nb;/Vulcan XC72 10 9.5 + 0.004
Pd;Nb;/Vulcan XC72R 10 9.6 + 0.013
Pd;Nb;/Printex 6L 10 7.4 + 0.002
Pd/C (Alfa Aesar) 20 21.9 + 0.005

98 +14 10 9.0 + 0.05 93+04
9.9+ 0.8 10 8.8 +0.14 94 +09
9.6 + 0.6 10 9.8 +0.11 8.7+ 0.5
227 +18 n.d. n.d. n.d.

n.d. = Not determined.
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Fig. 1. Hydrophilicity results from the contact angle tests.

leading information on the number of defects in the material [30].
Therefore, high values indicate a greater number of defects in the
structure of the hexagonal carbon, and low values indicate a lower
number of defects. In Fig. 2, we see that the Printex 6L support has
the highest Ip/I; ratio. This difference in defects in the structure of
Printex 6L is possibly due to the presence of a greater number of
oxygenated functional groups in the carbon structures [27]; this
condition reinforces the contact angle results, which showed that
this material had the highest hydrophilicity.

After synthesis, all carbon supports increased the Ip/Ig ratio, as
shown in Table 2. These results were expected because we inserted
NPs on the hexagonal carbon structures, which generated a greater

number of defects. In Fig. 3, we can see how the D-band increased
for the synthesized electrocatalysts and how the Pd/C also has an
Ip/Ig ratio greater than 1. In addition, we see that Pd{Nbq/Printex 6L
has a substantially superior Ip/I¢ ratio in comparison to those of the
other electrocatalysts in this study, as shown in Table 2.

The greater the increase in the degree of structural disorder of
carbon black, the more points that are created in the structure that
are similar to graphene. In this way, carbon black becomes less
resistive, and the electron-transfer rate increases between the
electrode interface and solution [30—32].

3.1.4. Brunauer-Emmet-Teller (BET) surface area results

The N, adsorption-desorption technique allows the assessment
of the textural properties of porous materials by using N, as a
probing molecule [33]. BET surface area experiments were taken
from the catalyst supports to first estimate the surface area of the
carbon supports used in this work, and the results are shown in
Table 3. The literature reports specific surface area values (Sggr) for
the Vulcan XC72R, Vulcan XC72 and Printex 6L carbon supports as
241,230 and 265 m? g, respectively. In this way, the carbon blacks
used in this study are close to those reported in the literature
[22,28].

The Printex 6L support material has a higher surface area than
that of Vulcan XC72R or Vulcan XC72 (Table 3). In addition, Printex
6L had a higher volume of micropores than other carbon blacks
(Table 3). Activated carbons with high surface area usually have a
high volume of micropores, given that micropores have a high
surface area-to-volume ratio [34]. In this way, the micropores have
a greater contribution to the superficial area of the material than
that of mesopores or macropores [35]. Besides, the micropores play
an important role in processes based on adsorption, as in the case of
adsorption of water, oxygen and ethanol molecules (small mole-
cules) [34]. Finally, the micropores are related to adsorbent-
adsorbate affinity because adsorbent molecules are forced against
the walls of the micropore [36]. These properties of electrocatalyst
microporosity are interesting for heterogeneous catalysis.

Vulcan XC72R
——D band
G band

—— Vulcan XC72
——D band
G band

Intensity / a.u
Intensity / a.u.

Printex 6L
—— D band
G band

Intensity / a.u.

x

T T T T T T T T
1200 1300 1400 1500 1600 1700 1200 1300 1400

Raman shift / cm™

Raman shift / cm™

T T T T T T T
1500 1600 1700 1200 1300 1400 1500 1600 1700
Raman shift / cm™

Fig. 2. Raman spectra of the carbon black supports.
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Fig. 3. Raman spectra of the electrocatalysts.
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The ratio of the D/G bands integrated from the Raman spectra.
Materials Ip/I ratio
Printex 6L 1.06 + 0.01
Vulcan XC72 0.98 + 0.01
Vulcan XC72R 0.98 + 0.008
Pd;Nb/Printex 6L 1.08 + 0.03
Pd;Nb;/Vulcan XC72 1.01 + 0.02
Pd{Nb;/Vulcan XC72R 1.01 + 0.01
Pd/C (Alfa Aesar) 1.02 + 0.005
Table 3
Physical properties of the carbon supports.
N, adsorption-desorption Vulcan XC72R Vulcan XC72 Printex 6 L
Sger (m” g~ ) 226 236 255
Pore Volume (cc g71) Viotal 0.20 0.22 0.18
Vineso 0.18 0.19 0.12
Vmicro 0.02 0.03 0.06

Sger = specific surface area BET.

3.1.5. X-ray diffraction results

The X-ray diffractograms presented in Fig. 4 show the presence
of a mixture of metallic and oxidized Pd in the synthesized elec-
trocatalysts and in Pd/C (Alfa Aesar). These crystallographic struc-
tures are in the XRD pattern database called the Joint Committee on
Powder Diffraction Standards (JCPDS) with codes 46—1043 and

41-1107 for Pd and PdO, respectively [13]. The Pd is in the face-
centered cubic (fcc) crystalline system with a typical Cu-fcc struc-
ture [37], and the PdO is in the tetragonal crystalline system with a
typical paladinite structure [38].

Although the presence of crystalline Nb faces was not detected,
it is possible to verify that there is a displacement in the peaks of Pd
to lower values for the electrocatalysts with Nb in the structure. The
XRD technique was unable to detect Nb because it is in an amor-
phous form adsorbed on carbon. The sol-gel method used naturally
results in the species a-Nb,0O5 (amorphous Nb,0s), to obtain the
other polymorphic forms of Nb;Os a controlled hydrothermal
process is required [39]. We suggest that this well-known form in
the literature is present in electrocatalysts. There are some reports
that report this amorphous condition of Nb that does not allow XRD
detection [40,41]. However, it is present in an amount like Pd as
evidenced by ICP-MS. In addition, there is a broad peak that is
centered at about 20 = 25° (Bragg angle), which is well known to be
from the reflection plane (002) of the hexagonal structure of the
carbon black support [42].

The average crystallite size was estimated using the Scherrer
formula [12] and was calculated from the full width at half
maximum (FWHM) of the peak (11 1) at 20 = 40° for all electro-
catalysts because it is a peak with less interference than the broad
peak of semicrystalline carbon. The average crystallite sizes for the
Pd/C (Alfa Aesar), Pd{Nbq/Printex 6L, Pd{Nb;/Vulcan XC72R and
Pd{Nb1/Vulcan XC72 electrocatalysts were 0.9, 2.3, 3.4 and 4.7 nm,
respectively. This sequence suggests that the mean crystallite sizes
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Fig. 4. X-ray diffraction patterns for the electrocatalysts.

of nanoparticles (NPs) prepared are larger than the Alfa Aesar© Pd
NPs.

The interplanar distance and the lattice parameter were calcu-
lated using the peak pattern for Pd (11 1) in the Bragg’s law [43]
equation to determine the interplanar spacing and the standard
formula for the cubic crystal system [12]. The results in Table 4
indicate that the addition of Nb promoted increased lattice
parameter however this increase was not so significant as to be
strong evidence of alloy formation.

3.1.6. Transmission electronic microscopy results

Fig. 5 shows TEM images and histogram of the particle size
distribution of the electrocatalysts. The spheres with a darker
contrast are the metallic NPs, while the pattern of sinuous lines
with the lighter contrast is the carbon black backing. From a large
group of images, the metallic NPs of Pd are spherical and are
sometimes elongated due to the close proximity of Nb. The elec-
trocatalyst showed a random distribution of NPs on the carbon
support; the average particle diameter was approximately
2—20 nm. As shown in Fig. 5, the particle diameters of the carbon
blacks in increasing order is as follows: Pd/C < Pd{Nb;/Printex
6L < Pd{Nbq/Vulcan XC72 < Pd{Nb;/Vulcan XC72R. Again, the NPs
with Nb have a larger average particle diameter than without Nb,
which is in according with the estimation of mean crystallite size by
the XRD results.

Fig. 6a presents a STEM-DF image of the Pd{Nb/Printex 6L
electrocatalysts. Based on the elemental mapping by XEDS (Fig. 6b
and d), it is possible to see how the Nb and Pd NPs are dispersed on
the carbon black structures. In this case, the EDS mapping shows
that Nb is spread on the carbon black support (Fig. 6b and d),
whereas the Pd NPs—the brighter spherical-shaped nano-
particles—are concentrated in a delimited region (Fig. 6e). The
reason Nb is scattered on carbon black is that it is in the amorphous

Table 4

Interplanar distance and lattice parameter.
Electrocatalyst 20 dpy (nm) a(A)
Pd/C (Alfa Aesar) 40.34 2.23 3.86
Pd;Nb;/Vulcan XC72 40.07 2.24 3.89
Pd;Nb;/Vulcan XC72R 40.09 2.24 3.89
Pd;Nb;/Printex 6L 39.83 2.26 3.91

form a-Nb,Os, so it is not enclosed in a crystal structure like Pd. In
Fig. 6d we have evidence that Nb is in high intensity also present in
the Pd region. Although it is not evidence that Nb is in the crys-
talline structure of Pd, it shows that Nb is also adsorbed to Pd and
can act by a bifunctional mechanism [12].

In Fig. 6f, we see the Pd and Nb spectra at a point, and we see the
atomic ratio of Nb to Pd of 59%—41%. These values agree with the
abovementioned atomic ratio obtained by ICP-MS of the PdiNb/
Printex 6L electrocatalyst.

4. Electrochemical activity studies
4.1. Electrochemical characterization of electrocatalysts

The cyclic voltammetry (CV) of electrocatalysts was studied in a
1 mol L~! KOH aqueous solution at room temperature, and the
results are shown in Fig. 7. All the electrocatalysts appear to have
coulombic features that are similar to the Pd/C (Alfa Aesar). How-
ever, all Pd{Nb; electrocatalysts showed a positive potential shift
for the PAOH reduction peak compared to the Pd/C (Alfa Aesar),
whose values were —334 and —344 mV vs. SCE, respectively. The
distinct negative sweep behavior indicates that the electronic
structure of Pd varied with the addition of Nb into the synthesized
electrocatalysts. In addition, we see that the surface reactions of Pd
in increasing order is as follows: Pd{Nby/Vulcan XC72 < Pd{Nby/
Vulcan XC72R < Vulcan Printex 6L < Pd/C (Alfa Aesar). The higher
Pd/C (Alfa Aesar) normalized current for surface reactions may be
associated with the support material as this commercial electro-
catalyst uses hydrated activated carbon as support for Pd NPs.
While the preparation materials use carbon black.

These reactions are related to different electrochemical pro-
cesses that are present on the Pd electrode surface. In the positive
sweep (anodic sweep), the potential range between -0.8
and —0.7 V vs. SCE is due to the oxidation of the adsorbed and
absorbed hydrogen [44]: Pd — Hapsjads + OH™ — Pd + Hy0 + e ™. The
peak above —0.25 V vs. SCE in the positive scan can be associated to
the formation of the PdO, layer on the surface of the catalyst by
means of this sequence of reactions [45]. First, the hydroxide ion
(OH™) is adsorbed on the surface of Pd: Pd + OH™ <
Pd — OHags + e~. Then, the OH .45 species is oxidized with the
formation of water: Pd — OHaqs + OH™ < Pd — O + H,0 + e™ [46].
The adsorption of OH™ is an important step in the oxidation process
for the EOR, as discussed previously in the water contact mea-
surement. The peak centering at —0.35 V vs. SCE can be related to
the reduction of the Pd(Il) oxide during the negative sweep (the
cathodic sweep): Pd — O + Hy0 + 2e™ < Pd + 2 OH™ [47].

Therefore, this enlargement of the voltammetric profile of the
surface reactions on Pd is an indication of the capacitance and the
amount of Pd catalytic sites available [12,44,48]. Those reactions on
the Pd surface are important in the electrocatalytic process.

4.2. Ethanol oxidation reaction (EOR) results

The cyclic voltammograms that were obtained from the ethanol
oxidation reaction (EOR) on the electrocatalysts studied are shown
in Fig. 8a. The mass activity for the EOR using Pd{Nb,/Printex 6L is
2.2 times higher than that of the Pd/C (Alfa Aesar) in cyclic vol-
tammetry, whose values were 1300 and 590 mA mgl§d1, respectively
(Fig. 8a). In addition, Pd;Nb;/Printex 6L has a more negative onset
potential of oxidation than that of the other electrocatalysts; this
value is approximately —780 mV vs. SCE (Fig. 8b). When we convert
to a normal hydrogen electrode (NHE) with the following formula:
ENHE = EscE (saturated kc1) + 244 mV, the Egnser of Pd1Nbq/Printex 6L
becomes —536 mV vs. NHE. As a fuel cell, the cathode typically
works at ~850 mV vs. NHE. Thus, DEFC applications
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Fig. 5. TEM micrographs and particle

electrocatalysts.
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Fig. 6. TEM micrographs with EDS in a mode map showing Pd;Nb;/Printex 6L electrocatalysts in detail. a) Electrocatalyst image; b) RGB map; c) carbon black in the green map; d)
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of this article.)

(AEcell = Ecathodic - Eanodic = 0.85 V — (—0.54 V) = 1.39 V). This result
suggests that in ADEFC applications, PdiNbq/Printex 6L will
generate great variation in potential.

In a recent work, Moura Souza et al. [12] showed that metallic
and oxidized Nb NP supports on carbon black did not presented
electrocatalytic activity for the EOR.

Although Pd/C (Alfa Aesar) has the highest mass activity
(approximately 43 mA mggc} ) in chronoamperometry, from 1200 s,
it begins to show a more pronounced current drop than that of the
PdiNbq/Printex 6L electrocatalyst (Fig. 9). This indicates that during
a long oxidation period, Pd/C (Alfa Aesar) begins to be poisoned by
highly adsorbed intermediates on its surface. It is worth adding that
the mass activity of Pd{Nb/Printex 6L (37 mA mg;d]) was 6 times
and 18 times higher than that of Pd{Nb;/Vulcan XC72 (6 mA mggd1 )
and Pdi{Nb/Vulcan XC72R (2 mA mggd] ), respectively, which are
carbon black materials that are commonly used in electrocatalysis;
these results are shown in Table 5.

We suggest that the observed improvement in electrocatalytic
activity of the PdiNbq/Printex 6L electrocatalyst compared to
Pd{Nb1/Vulcan XC72 and PdiNb;/Vulcan XC72 is related to Printex

15
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Fig. 7. Cyclic voltammograms of the electrocatalysts in 1.0 mol L~ KOH at 25 °C, which
were measured in a potential range from —0.80 to +0.20 V vs. SCE at a scan rate of
10mv s
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Fig. 9. Chronoamperometry at —0.40 V vs. SCE of the electrocatalysts using 1.0 mol L™
ethanol in 1.0 mol L~! KOH at room temperature.

6L having lower charge transfer resistance due to vacancies
observed in Raman, a sized morphology. and ideal pore distribution
for Pd NP location as seen in surface area analysis, higher hydro-
philicity due to the higher amount of oxygenated species, etc.

4.2.1. CO-stripping results

In Fig. 10, we can see the oxidation curves of a monolayer of CO
on the surface of the Pd (CO-stripping experiment). This experi-
ment is important since one of the major challenges of ADEFC
technology is the ability to oxidize and remove CO from the surface
of catalytic metals [49]. We can identify that the Pd{Nb/Printex 6L
electrocatalyst has the most negative onset potential for CO

Table 5
Overview of the electrocatalytic activity results.

oxidation of all the electrocatalysts studied, and it showed the
highest normalized current peak per mass of Pd to oxidize CO, as
shown in Fig. 10. On the other hand, even after 3 cycles of CO-
stripping, Pd/C (Alfa Aesar), showed small signs of oxidation of
the residual CO in the Pd, as shown in Fig. 10.

The active electrochemical surface area of the electrocatalysts
was calculated from the CO-stripping experiment as before pub-
lished [12]. The ECSA by CO-stripping in increasing order is Pd{Nb/
Vulcan XC72R < Pdi{Nbq/Vulcan XC72 < Pd{Nb;/Printex 6L < Pd/C
(Alfa Aesar), whose ESCA values were 1, 8, 13 and 14 m? g/,
respectively.

4.2.2. Direct ethanol fuel cell (DEFC) experiment

The performance of the electrocatalysts was studied in a single
alkaline direct ethanol fuel cell (ADEFC). First, we performed the
test for all electrocatalysts at 70 °C, which was the best temperature
of the reference material in previous work [13]. Pd;Nbq/Printex 6L
achieved the best catalytic performance, with a higher density
power than Pd/C (Alfa Aesar): 42 and 31 mW cm 2, respectively
(Fig. 11). In this way, it is perceptive that in addition to the effect of
the Nb in the electrocatalyst, the support material has a funda-
mental importance in the catalytic performance of the electro-
catalyst. Thus, Printex 6L enhanced the electrocatalytic activity of
PdiNb; for the EOR in an alkaline medium, which supports the
previous electrochemical results.

Although it is problematic to compare the results in this study
with those in the literature due to the infinite number of conditions
and parameters that interfere with the experimental measure-
ments, we compare our results to some results from the literature
for a similar system to this work; these comparisons are shown in
Table 6.

According to Table 6, we have achieved optimum performance
in this study, as we have achieved the highest open-circuit voltage
(OCV) and a remarkable maximum power density (pmax). In

Electrocatalyst “Eonset (MV vs. NHE)

Mass activity CV (mA mgp]) Mass activity CA (mA mgpJ)

Pd;Nby/Printex 6L ~583
Pd/C (Alfa Aesar)) —486
Pd;Nb;/Vulcan XC72 —386
Pd;Nb;/Vulcan XC72R ~336

1300 37
590 43
611 6
174 2

@ Conversion of SCE to NHE by: Exng = EscE (saturated kci) + 244 mV.
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Fig. 11. Polarization and power density curves in the ADEFC. The temperature was set
at 70 °C for the fuel cell and 85 °C for the oxygen humidifier. The fuel, 2.0 mol L™
ethanol (in 1.0 mol L~! KOH), was delivered at 1.0 mL min~’, and the oxygen flow was

regulated at 200 mL min~.

addition, this result of 1.17 V vs. NHE of the OCV indicates an
excellent energy efficiency of approximately 85%; in contrast, the
predicted maximum OCV of the ADEFC calculated previously was
138 V vs. NHE, where energy efficiency = cellvoltage real

/maximum expected cell voltage x 100% = 1.17V/q 38y x 100%.

Finally, an experiment was performed to optimize the concen-
tration of ethanol and potassium hydroxide, varying 2, 5 and
7 mol L~ for ethanol and 0.5, 1, 3 and 5 mol L~! for KOH, using a
Pd1Nb;/Printex 6L electrocatalyst (Fig. 12). According to Fig. 123, the
best performance was 2 mol L' for ethanol, which shows that
increasing the ethanol concentration in the fuel did not increase the
power density of the ADEFC. This effect was also observed by Y.S. Li
and T.S. Zhao [60] when they increased the ethanol concentration
to 5 and 7 mol L™, According to the authors, high concentrations of
ethanol will break the competitive adsorption exchange between
ethanol and OH™ ions at the active sites of the anode, thus reducing
the electrochemical kinetics of the EOR. In this study, the same
effect was evidenced by the decrease in OCV in Fig. 12a. The authors
also stated that a concentration of ethanol that are too high will also
block the transport of OH™ ions, which leads to an internal resis-
tance increasing.

On the other hand, increasing the KOH concentration to
3 mol L~ of electrolyte improved the maximum power density to
27 mW cm 2, as shown in Fig. 12b. This happens mainly because
high pH values increase the EOR electrochemical kinetics, as seen in
the OCV shown in Fig. 12b. However, this effect is limited, because
5 mol L~! of KOH decreased the OCV of the cell and consequently
decreased the power density of the cell (Fig. 12b). This phenome-
non occurs because the excessive concentration of hydroxyl ions
not only reduces the coverage of ethanol at the active sites of the
anode but also increases the internal resistance, as shown by Y.S. Li
and T.S. Zhao [60] and Z. Zhang, L. Xin, and W. Li [61].
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Fig. 12. Polarization and power density curves in the ADEFC under different conditions of ethanol and KOH. The temperature was set at 70 °C for the fuel cell and 85 °C for the

oxygen humidifier. The fuel was delivered at 1.0 mL min~"

Table 6

, and the oxygen flow was regulated at 200 mL min~".

1

ADEFC performance with the open-circuit voltage (OCV) and maximum power density (pmax) reported in the literature.

Anode Cathode 0, (mLmin~')  Membrane T(C)  Pmax (MW cm™2)  OCV (V) Ref
Pd;Nb,/P Pt/C (Alfa Aesar) 200 Nafion® 117 70 28 1.17 This work
PdoSny/R Pt/C BASF 150 Fumasep® 75 15 0.89 [50]
FAA3
Pd4NisSn,/C Pt/C E-TEK Large excess Nafion® 117 100 39 0.86 [51]
Nonplatinum HYPERMEC™  Nonplatinum HYPERMEC™  Large excess Tokuyama® A201 60 30 0.82 [52]
PdoSn;/MWCNT Pd/MWCNT 500 Fumasep® FAA3 85 35 0.78 [53]
Pt/C PtRu/C 250 KOH-doped PVA/CNT 30 33 0.83 [54]
PdCe0O,/C HYPERMEC™ CoFe/C HYPERMEC™ Large excess KOH-doped Q-PVA/Q-chitosan 60 20 0.70 [55]
Pd/C CoFe/C HYPERMEC™ 100 Tokuyama® A301 80 37 0.83 [56]
Pd;Ir3/C Pt/C BASF 150 Nafion® 117 70 10 0.79 [57]
Pt4lr{Sn; Pt/C Johnson Matthey 60°? Nafion® 117 920 29 0.85 [58]
PtSn/C Pt/C E-Tek 500° Nafion® 117 100 32 0.77 [59]

P = Printex 6L; R = Vulcan XC72R; C = Vulcan XC72; MWCNT = Multi Wall Carbon Nanotubes (CNT); FWCNT = few-walled CNT; PVA = polyvinyl alcohol; Q = quaternized. All

anodes and cathodes have >1 mg metal cm~2;

We suggest that the results obtained in this study are provided
by the contribution of a few factors: 1) the superior hydrophilicity
of Printex 6L due to the greater amount of oxygenated groups on its
surface [27]; 2) the higher electron transfer rate due to the higher
degree of disorder in the hexagonal sp? carbon structure related to
vacancies in Printex 6L [32]; and 3) it is easier to oxidize CO bound
to Pd due to the presence of oxygenated specimens caused by the
bifunctional effect of Nb near the electrocatalytic site of Pd [12,13].

5. Conclusions

In CV, Pd{Nbq/Printex 6L (50:50 wt%) exhibited 2.2 times higher
mass activity than that of the Pd/C (Alfa Aesar); their mass activities
were 1300 and 590 mA mgl;(}, respectively. Moreover, the Egpget for
EOR was more negative than all the other studied electrocatalysts.
The best performance for the ADEFC was obtained using Pd;Nby/
Printex 6L, which yielded a maximum power density and open-
circuit voltage were 26 mW cm~2 and 1.17 V, respectively. The
concentration of 2 mol L™! ethanol +3 mol L™ KOH achieved the
highest maximum power density, which was 28 mW cm~2 for the
PdiNb;/Printex 6L electrocatalyst. We suggest that the higher hy-
drophilicity and higher degree of disorder of Printex 6L corroborate
these results, as shown by the contact angle and Raman spectrum
results, respectively. In addition, the electronic and bifunctional
effects were evident due to the presence of Nb in the electro-
catalysts, as indicated by the Pd crystal expansion by means of the
lattice parameter and CO-stripping experiment, respectively.
Therefore, it was notable that the support has an essential

all results are for fuel ethanol flow >1 mL min~! under 1.5 bar or ° 2 bar of pressure.

importance—as the

performance.

good  cocatalyst—in electrocatalytic
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