INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 937—951

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com

International Journal of

EN

. . HYDROG
ScienceDirect ENER

Structural analysis of PdARh/C and PdSn/C and its
use as electrocatalysts for ethanol oxidation in
alkaline medium

Check for
updates

Eric H. Fontes %, Carlos Eduardo D. Ramos ?, Julio Nandenha °,
Ricardo M. Piasentin ¢, Almir O. Neto %, Richard Landers °

2 Instituto de Pesquisas Energéticas e Nucleares, IPEN/CNEN, Centro de Células a Combustivel e Hidrogénio,

Sao Paulo, CEP 05508-000, Brazil

® Universidade Estadual de Campinas, Instituto de Fisica Gleb Wataghin, Campinas, CEP 13083-859, Brazil

ARTICLE INFO

Article history:

Received 19 August 2018
Received in revised form

23 October 2018

Accepted 8 November 2018
Available online 1 December 2018

Keywords:

PdSn/C electrocatalyst
PdRh/C electrocatalyst
Ethanol electro-oxidation
DEFC

ABSTRACT

The Pd/C, PdRh(50:50)/C and PdSn(50:50)/C nanomaterials were used as electrocatalysts for
ethanol (EtOH) oxidation in Direct Ethanol Fuel Cell (DEFC) in an alkaline medium. This
work aims to provide a complete physical characterization of the nanomaterials, elucidate
the bifunctional mechanism concerning ethanol oxidation reaction and understand the
influence of carbon — metal bonding in the electrochemical activity. These nanomaterials
were investigated by X-ray photoelectron spectroscopy (XPS) and revealed that the atomic
percentage of the surface is different of those obtained by Energy Dispersive X-ray spec-
troscopy (EDS). Raman spectroscopy showed a bonding between palladium and carbon
atoms which can play a decisive role in the performance of the materials. Attenuated Total
Reflectance technique coupled to the Fourier Transform Infrared spectroscopy (ATR-FTIR)
made possible to investigate the oxidation products originated by the ethanol oxidation,
and all the electrocatalysts showed the presence of acetaldehyde, carbonate ions, acetate
and carbon dioxide, suggesting that the mechanism of oxidation is incomplete. Among all
the nanomaterials studied, PdSn(50:50)/C showed the best electrochemical and Fuel Cell's
results. It is about 33% better than Pd/C. The micrographs obtained by Transmission
Electron Microscopy (TEM) revealed some agglomerate regions, but they are consistent
with the literature data.

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

Introduction

Recently, ethanol has shown a variety of applications in
technological segments [1]. One of these is the fuel cells. The
energy produced by a DEFC is higher when compared to a

6.0 kW h 'kg . Besides that, ethanol is less toxic than
methanol, it is produced in larger amounts, and it is easier to
transport and storage [1,2]. But it is still a challenge to use
ethanol in DEFC, mainly due to lower kinetics in acidic me-
dium and it is challenging to cleavage the C-C bond, a neces-
sary requisite to achieve the carbon dioxide production [3].

(DMFC) Direct Methanol Fuel Cell, 8.0 kW h 'kg? vs
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Some studies revealed that OH™ strong adsorption on active
sites of ruthenium could improve the (EOR) ethanol oxidation
reaction [4], so it is essential to have a reactional medium rich
in OH™ species. Recent studies have shown that palladium is a
better electrocatalyst in an alkaline medium when it is
compared to platinum [1]. Zhang et al., 2011 [5] showed that
palladium exhibited almost four times the peak current den-
sity of the platinum in cyclic voltammetry experiment. But
palladium is expensive, even when compared to platinum. So,
it is necessary to reduce the amount of first metal (palladium)
and add other types of less expansive metals. In this study, we
used two different metals coupled to palladium - tin and
rhodium. Tin metals are less noble and less expansive. They
can provide a significant amount of oxygenating species, so
that the electrocatalytic activity may be due exclusively to the
bifunctional mechanism, where the intermediate species can
be oxidized in lower potentials [6]. By the other side, rhodium
can cleave the C-C bond easier, so the amount of carbon di-
oxide should be more significant, and the oxidation mecha-
nism will be said to be complete, in which twelve electrons are
emitted when one ethanol molecule is completed oxidized.
But if the addition of the second metal forms a metallic alloy
with palladium, the energy of adsorption with the interme-
diate species will decrease, and the poisoning effect will also
decrease, leading to a better electrocatalytic activity [7].
Maksic' et al., 2016 [8] showed that bimetallic Rh/Pd (poly)
prepared by spontaneous deposition of nanoislands of
rhodium on polycrystalline palladium, with 50% of rhodium
coverage, presented a better performance than bare palla-
dium toward (EOR). They proposed that this improvement was
mainly due to the capacity of Rh/Pd oxidize intermediates like
carbon monoxide, and, at some level, this capacity led to the
formation of carbon dioxide. Other study showed that the
addition of rhodium to palladium nanoparticles improved the
thermodynamics of methanol oxidation reaction on the
catalyst surface [9]. Some works in literature [10] showed that
the addition of tin on Pd/C and Pd/MWCNT (Multi-Walled
Carbon Nanotube) in alkaline medium, made it possible to
oxidize intermediates adsorbed on palladium active sites at
lower potentials, and this was explained by the bifunctional
mechanism. Besides that [11], could not fully characterize the
PdSn/C material, although they have proposed that the
mechanism should happen following the bifunctional mech-
anism. In this context, this work aimed to prepare Pd/C,
PdRh(50:50)/C and PdSn(50:50)/C electrocatalysts, in different
atomic ratios indicated by the number in parenthesis, by
borohydride reduction method. It also aims to perform
structural analysis and test them for ethanol electro-oxidation
in an alkaline medium through cyclic voltammetry (CV),
chronoamperometry and in a DEFC.

Results

Structural characterization: Raman spectroscopy, XPS, EDS-
SEM, TEM and XRD

In 2.1, we will present the structural characterization of Pd/C,
PdSn(50:50)/C and PdRh(50:50)/C electrocatalysts.

Raman spectroscopy

Fig. 1 shows the Raman spectra of Carbon Vulcan XC72, Pd/C,
PdRh(50:50)/C and Rh/C and PdSn(50:50)/C. In supplemental
material, S1 shows the curve fitting of the D and G bands of
Carbon Vulcan XC72. In S1, at first, it is possible to see two
peaks, one in 1315 and the other one in 1595 cm ! related to
the D and G bands; these bands are characteristics of carbon
structures. However, when these peaks are deconvoluted,
there can be seen five different Gaussian functions at 1213.6,
1314.9, 1560.6, 1613 and 1420.6 cm ™. These bands are related
to the modes D/, G, D3, D and D4 which are characteristics of
carbon black structure [12].

X-ray photoelectron spectroscopy

Figs. 2—4, and in supplemental material S2 and S3, show the
XPS spectra of Pd/C, PdRh(50:50)/C, PdSn(50:50)/C electro-
catalysts and the oxidation states of these metals as well as
the bonds with carbon and oxygen. The curve fitting agrees
with the XPS theory and some reports, for instance, Pd3d
doublet peak separation obtained was 5.28 eV for Pd/C, and
(Moulder, 1992) [13] shows that this separation is 5.25 eV. The
ratio area in Pd3ds, and Pd3dss, Sn3ds,, and Sn3ds/,, Rh3ds,,
and Rh3ds/, peaks used in the curve fitting was 1.5, and as it
can be seen, these fits match the experimental curves, and it's
in accordance with the XPS theory [14]. In Pd/C, it was possible
to observe the presence of Pd3ds,, and Pd3ds/,, doublet peaks.
When curve fitting was made on these peaks, using Gaussian
functions [15], it was possible to identify different metal
oxidation states, as well as the Pd metallic. Taking the Pd3ds/,
as the main peak, we can locate Pd° in 335.3 eV, while [13]
report this peak at 334.9 eV. So, we can say that Pd° is pre-
sent in Pd/C. It was also possible to identify the presence of
PdO in Pd/C. Curve fitting showed the existence of this metal
oxide in approximately 337.5 eV, while [15] report this pres-
ence in 337.1 eV and [13] in 336.1 eV. It is also interesting to
notice the presence of palladium through Pd3ps;», on Ols
spectra. But the signal is less intense, so it is not possible to
analyze different chemical shifts of palladium in this band.
The distance between the Pd3d experimental doublets peaks
center is about 5.28 eV, while [13] report this distance as
5.25 eV, showing a good agreement between the results and
the literature. In PdRh(50:50)/C, it was possible to identify the
Rh3d doublet, Rh3ds/, and Rh3ds,,. The curve fitting was also
made using Gaussian functions, although it is not very com-
mon when it comes to rhodium, due to its asymmetry band.
For this case, the more indicated line shape function to be
used is the Doniach-Sunjic [16]. Although, some authors have
used Gaussian functions for the purpose to do Rh3d curve
fitting, for instance [17]. Through the Rh3d curve fitting, it was
possible to identify Rh® at 312.68 and 307.92 eV, Rh,05 at 313.80
and 309.46 eV and RhO, at 315.08 and 310.97 eV. These results
are following [17—19]. In PARh(50:50)/C, it was also possible to
identify the Pd3d doublets, Pd3ds, and Pd3ds,. The curve
fitting was also made using Gaussian functions, but the metal
oxide observed in PdRh(50:50)/C was different from the metal
oxide observed in Pd/C. Pd° was observed in 341.18 and
335.92 eV and PdO, in 342.62 and 338.06 eV. It is possible to see
a small shift in the main peak Pd3ds,,, and this can occur by
the addition of Rh to the nanomaterial. In PdSn(50:50)/C
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Fig. 1 — Raman spectra of a) Garbon Vulcan XC72, b) Pd/C, c) PARh(50:50)/C and d) PdSn(50:50)/C and Rh/C.

electrocatalyst, it was also possible to identify the Pd3d dou-
blets, Pd3ds/, at 341.49 eV and Pd3ds,, at 336.21 eV. It is inter-
esting to note that, the Pd3d doublets from PdSn(50:50)/C are
very similar to those obtained from PdRh(50:50)/C, this sug-
gests that the addition of a co-catalyst promotes the same
effect in Pd3d doublets peaks.

Energy dispersive X-ray spectroscopy and scanning electron
microscopy

EDS can provide information about elemental composition in
the bulk of the material [20]. The EDS performed in the SEM
(Scanning electron microscopy) mode has a depth resolution
about 1-3 um, while XPS has a depth resolution lower than
5 nm [21]. That is why both techniques are complementary,
and we expect to see different results between them. Also, this
information may help to explain other results obtained by
other methods. In supplemental material, S4 and S6 show the
spectra obtained by EDS, and as it can be seen, all the metals
are present. Pd is observed in Pd/C, Pd and Rh are present in
PdRh(50:50)/C, and Pd and Sn are present in PdSn(50:50)/C.
Also, in supplemental material, S5 and S7 show the images
obtained by SEM. They reveal the topographical and
morphological distribution of the material. The white spots
may also be attributed to the metal nanoparticles; therefore,
we can see proper distribution in the carbon support. These
images were taken before any kinds of experiments, but if

they were compared after CV, for instance, it would be
possible to see the attrition of the material.

Transmission electron microscopy

Figs. 5-10 show the TEM micrographs taken in the bright field
mode and the mean Feret's diameter for all materials. Table 1
also shows the Feret's mean diameter for all materials.
PdSn(50:50)/C electrocatalyst shows the smallest size while
PdRh(50:50)/C electrocatalyst shows the largest one.

X-ray diffraction

Fig. 11 shows the diffraction pattern of Pd/C electrocatalyst
and the curve fitting for all crystalline planes. The peak at
20 = 24.5° is associated with the crystalline plane (002) of the
carbon support [22] and it is observed for all materials studied.
20 = 40°, 47°, 68°, 82° and 85° are observed, and it is respec-
tively associated with (111), (200), (220), (311) and (222) crys-
talline planes (PDF Number 1-1201) characteristic of palladium
FCC structure. Fig. 12a and c¢ show the diffraction pattern of
PdSn(50:50)/C and PdRh(50:50)/C. In Fig. 12b, it is possible to
observe the presence of Pd and Sn atoms through its crystal-
line structure. The 29 = 39°, 65° and 80° are respectively related
to the (111), (220) and (311) crystalline planes of Pd FCC
structure (PDF Number 1-1310). 2¢ = 30° and 42° are respec-
tively related to the (200) and (211) crystalline planes of Sn
tetragonal (PDF Number 1-926). Fig. 12c shows the diffraction
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Fig. 2 — XPS spectra of Pd3d band, C1s band and O1s band. The black lines represent the experimental curve, the green lines
are the individual curves that were obtained by curve fitting and the red lines are the sum of the green lines. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8 — TEM image of PdRh(50:50)/C electrocatalyst.
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Fig. 9 — Feret diameter distribution of PdSn(50:50)/C
electrocatalyst.

pattern of PARh(50:50)/C electrocatalyst and Fig. 12d shows the
curve fitting for all crystalline planes. 20 = 40°, 47°, 69° and 84°
are observed, and it is respectively associated with (111), (200),
(220), (311) crystalline planes characteristic of rhodium FCC
structure [3], while the other peaks are related to the palla-
dium FCC structure.

Cyclic voltammetry, linear sweep voltammetry and
chronoamperometry

Fig. 13 shows the cyclic voltammetry of Pd/C, PdSn(50:50)/C
and PdRh(50:50)/C electrocatalysts in 1.0 mol L™* KOH + 1.0
mol L~? EtOH. Fig. 14 shows the linear sweep voltammetry of
Pd/C, PdSn(50:50)/C and PdRh(50:50)/C electrocatalysts in
1.0 mol L' KOH + 1.0 mol L~! EtOH. All the curves represent
the linear anodic sweep and the electrocatalytic activity to-
ward ethanol oxidation. As it can be seen, Pd/C and
PdSn(50:50)/C exhibit the lowest onset potential, while
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Fig. 10 — TEM image of PdSn(50:50)/C electrocatalyst.

PdRh(50:50)/C exhibits a higher one. Besides that, PdSn(50:50)/
C shows the highest final current density when compared to
the other materials. Fig. 15 shows the chronoamperometric
curve for Pd/C, PdSn(50:50)/C and PdRh(50:50)/C in 1.0 mol L~*
KOH +1.0 mol L~ EtOH at —0.35 V. PdSn(50:50)/C and Pd/C
show a similar final density current value, but PdSn(50:50)/C is
slightly higher. It should be emphasized that because of the

Table 1 — Feret's mean diameter.

Pd/C PARh(50:50)/C  PdSn(50:50)/C

coating technique employed, ultrathin porous coating, the
current density values are smaller than electrode prepared by
thin porous coating.

Atennuated total reflection - Fourier transform infrared

Figs. 16—18 and in supplemental material S8, S9 and S10 show
the FTIR spectra, product formation and the 1st derivative of
the product formation for all the materials studied. They were
performed at in situ conditions. For all of them, it was possible
to see the asymmetric stretching of carbon dioxide (2343 cm™?),
the stretching of the CO bond of carbonate ion (1376 cm™?), the
symmetric stretching of acetate (1407 cm™ %) and the rocking of
acetaldehyde (928 cm™ %) [3,23]. All the bands were deconvolved
using Lorentzian and Gaussian functions [3,23].

Fuel cell experiment

As we can observe in Figs. 19 and 20, PdSn(50:50)/C promotes
the best DEFC performance, 20 mW cm ™2 against 15 mW cm 2
of Pd/C. Similarly, to the other results in the literature [24,44]
Pd/C and PdSn(50:50)/C have a similar performance in DEFC,
but PdSn(50:50)/C is slightly better when compared to Pd/C.

Discussion

We can notice that in Fig. 1d Rh/C and in Fig. 1a Carbon Vulcan
XC72, the peaks are very similar. This occurs, probably,
because the metals are not bonded to the carbon atoms. They
do not modify the carbon structure. Therefore, it is possible
that rhodium atoms are bonded only with oxygen or hydrogen
atoms. But in Fig. 1b—d PdSn(50:50)/C, it can be seen a modi-
fication in the D/, G, D3, D and D4 bands of the Carbon Vulcan
XC72. Alot of new peaks emerge and overlap with D', G, D3, D,
and D4 bands. This change can be explained by the fact that
palladium atoms were incorporated on the carbon structure.
Nanoparticles of palladium anchored to the carbon nano-

Feret's 8.88 +2.07 nm) (10.77 +2.30 nm) (7.15 + 2.61 nm, .
mean ( ) ) ) structure tend to form = stable complexes with the unsatu-
emciar rated C-C bond C,. The unsaturated C-C bond can act like a
donator of efficient active sites to form bondings with
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Fig. 11 — X-ray diffraction pattern for Pd/C and curve fitting for all crystalline planes.
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Fig. 16 — Product formation vs potential applied and the 1st
derivative of the products formation vs potential applied
for Pd/C.

palladium atoms, and they also act in the formation of hybrids
Pd-C bonds [25]. It was not possible with Raman spectroscopy
to observe some metal oxides, like, for instance, 284 cm™!
(RhOs), 650 cm~* (PAO) and 523 cm~* (PARhO,) [26]. The signal to
noise ratio was feeble and, besides that, the measure was not
made on the surface, instead, it was made in bulk. But it was
also possible to observe metal oxides in the surface using x-
ray photoelectron spectroscopy technique. Even though metal
oxides were not formed at the bulk, many different peaks
emerged as the presence of palladium atoms increased. This
result is supported by Ref. [27]. This can be explained because
the disorder promoted in the crystalline structure of Carbon
Vulcan XC72, due to the presence of palladium atoms, it de-
creases the ratio (Ip/Ig = 2 — 1.95), where I and I are the D
and G band intensity and relaxes the selection rules which
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Fig. 17 — Product formation vs potential applied and the 1st

derivative of the products formation vs potential applied

for PdSn(50:50)/C.
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Fig. 18 — Product formation vs potential applied and the 1st
derivative of the products formation vs potential applied
for PARh(50:50)/C.

concerns to the crystal momentum conservation. That is why
the phonons through the Brillouin zone contribute to a large
Raman scattering according to the intensity of the symmetry
break caused by the perturbation introduced by palladium
atoms on the carbon structure.

Concerning XPS results, the formation of PdO, in
PdRh(50:50)/C can be attributed to the sodium borohydride
reduction method employed [28]. The release of H, and H+ in
aqueous medium changes the surface of the palladium atoms,
leading to a significant amount of PdO, that is stable in this
medium. Besides that, some authors have reported the pres-
ence of PdO, through XPS measurements [29,30]. The distance
between the experimental Rh3d doublets peaks center is
about 4.65 eV, while (Moulder, 1992) [13] report this distance as
4.75 eV, also showing a good agreement between the results
and the literature. The curve fitting in PdSn(50:50)/C was also


https://doi.org/10.1016/j.ijhydene.2018.11.049
https://doi.org/10.1016/j.ijhydene.2018.11.049

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 937—951 947

——PdiC
12 - —— PASN(50:50)/C
—— PARN(50:50)/C

104

038

06

Potential / V

04

02

0.0

10 20 30 40 50

o

Curment density / mA cm2

Fig. 19 — Polarization curve of a 5 cm? DEFC at 50°C using
1.0 mol L~* KOH and 2.0 mol L~" of EtOH for all
electrocatalysts.

——PdiC
2] [——Pdsn(s0:50yC
—— PARN(50:50)C

Power density / mW cm2

T T T T 1
0 10 20 30 40 50
Current density / mA cm2

Fig. 20 — Power density curve of a 5 cm? DEFC at 50°C using
1.0 mol L™* of KOH and 2.0 mol L™ of EtOH for all
electrocatalysts.

made using Gaussian functions, but the metal oxide observed
was PdO. PdO formation can also be attributed to the syn-
thesis method employed [28], but the influence of the syn-
thesis in the formation of PdO in PdRh(50:50)/C and PdO, in
PdSn(50:50)/C remains a challenge. But it is very known that
the most likely of palladium species is the PdO [28]. Curve
fitting showed the presence of PdO approximately at 337.03 eV
and 342.20 eV Sn3d doublets peaks were also identified in
PdSn(50:50)/C. Sn° doublet was observed in 485.67 eV and
494.17 eV. The experimental distance between the two peaks
is 8.5 eV, the same value reported in Ref. [13]. But it is very
interesting to note the small shift to a higher value of binding
energy, 485.67 eV, while [13] reports as 484.65 eV. This differ-
ence can be explained by the fact that Pd and Sn may have
formed a metallic alloy like it was mentioned before. [Sn0]3ds,
, was observed in 487.38 eV and [SnO]3ds,, was observed in
495.88 eV.

It was also possible to observe SnO, species. [Sn0,]3ds,, was
observed at 487.74 eV and [Sn0,]3ds;, was observed at
496.25 eV. These results are following [13,31,32]. Both tin and
rhodium oxide species are present in these materials mainly
due to the method of synthesis employed. Also, the ambient
exposure can influence the formation of these species. But the
dynamics of how these metal oxides are formed need to be
explored better using complementary physical and chemical
characterization techniques. The chemical shifts caused by
the presence of metal oxides can be explained by the effective
charge potential change on palladium or rhodium or tin and
oxygen atoms [14]. When Palladium or rhodium or tin is
bonded to oxygen, which has a higher electronegativity, a
charge transferred to oxygen makes palladium or rhodium or
tin become more positively charged, so the binding energy
increases. That's why we can observe small shifts to higher
values of binding energy for PdO or PdO, when compared to
Pd°. Also, for Sn° or Sn0O, when compared to Sn0, and also for
RhO, and Rh,0; when compared to Rh°. Due to large amounts
of carbon in the sample, the intensity of Cls band is higher
when compared to the intensity of Pd3d, O1s, Rh3d, and Sn3d.
All these materials, Pd/C, PdRh(50:50)/C and PdSn(50:50)/C,
exhibited the same C1s features. Making curve fitting on Cls,
it was possible to observe different types of bonds. There were
observed bonds of the type (C-O-C), with binding energy
approximately as 286.13 eV for Pd/C; 285.80 eV for PdRh(50:50)/
C; 285.88 eV for PdSn(50:50)/C there were also observed bonds
of the type (C-C) assign to the sp? carbon, with binding energy
approximately as 284.57 eV for Pd/C; 284.83 eV for PARh(50:50)/
C; 285.18 €V for PASn(50:50)/C and the satellite-peak of shake-
up type of #— 7* transition at approximately 289.13 eV for Pd/
C; 289.43 eV for PdRh(50:50)/C; 288.67 eV for PdSn(50:50)/C. All
these carbon bonds results agree with [33—35]. Due to the
ambient exposure of these materials and the reduction
method used [28], it was possible to observe for all of them, the
O1s valence spectra band. Unfortunately, it was not possible
to observe the metal oxide bond through the O1s band,
probably, because the main peak at 533.38 eV for Pd/C;
533.51 eV for PdRh(50:50)/C; 533.50 eV for PdSn(50:50)/C is too
intense. But, through curve fitting, also using Gaussian func-
tions, it was possible to observe the C-O-C bond at 532.34 eV
for Pd/C; 532.15 eV for PARh(50:50)/C; 530.98 eV for PdSn(50:50)/
C and the Pd3ps, at 530.48 eV for Pd/C; 530.61 eV for
PdRh(50:50)/C; 530.08 eV for PdSn(50:50)/C. These results are
following [13.33]. The atomic composition of metal oxides and
metals were obtained by XPS and EDS analyses. In theory,
both techniques have their peculiarities. For instance, XPS
analysis can be made at the interface between the material,
and the environment and this region comprehends about
5 nm at the surface of the material [17]. While EDS can
investigate the bulk of the material, reaching a few micro-
meters instead of nanometers [14,20]. So, we can say that both
techniques are complementary. It is expected to observe some
differences between these techniques because the samples
prepared have a few micrometers of thickness. The quanti-
tative analysis was made using the relation [13,36]:

I =nfoOyrAT 1)

where I is the intensity of a specific spectral peak, n is the
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number of atoms of the element per cm® of sample, f is the x-
ray flux in photons/cm?sec, ¢ is the photoelectric cross section
for the atomic orbital of interest in cm?, ¢ is an angular effi-
ciency factor for the instrumental arrangement based on the
angle between the photon path and detected electron, y is the
efficiency in the photoelectric process for formation of pho-
toelectrons of the normal photoelectron energy, 2 is the in-
elastic mean free path, A is the area of the sample from which
photoelectrons are detected and T is the detection efficiency
for electrons emitted from the sample.

n = I/(fcOVAAT) 2

defining a new quantity, called S (atomic sensitivity factor),
and considering the strong line between two elements, then:

L {(1)y/50)/12/52) )
2

the photoelectric cross section used was the theoretical one
proposed by Scofield [37]. Generalizing the expression above,
we have:

Ny
Cx = ﬁ = (IX/SX)/ (ZL/&) (4)

where C, is the atomic fraction of any constituent in a sample.

Table 2 shows the results of all the materials studied. It is
clear the difference obtained by the two techniques. XPS mea-
surements revealed the presence of metal oxides and metals,
while EDS measurements revealed only the presence of metals.
But, EDS measurements were closer to the nominal composi-
tions than XPS measurements. This can be attributed to the
randomness of the metal oxide formation during the metal
salts reduction process. Electrocatalysis is a surface phenome-
non, so the XPS results can provide wealth information that
may explain many results obtained by other techniques, like,
for instance, cyclic voltammetry and Fuel Cells experiment. It is
noteworthy that PdSn(50:50)/C has a significant amount of SnO,
species and a considerable amount of PdO. That is why we had

Table 2 — Atomic composition of metal oxides and

metals. A comparison between XPS, EDS and nominal
composition.

XPS EDS Nominal composition
Pd/C
Pd° 75% 100% 100%
PdO 25%
Pd02
PdRh(50:50)/C
Pd° 32% 60% 50%
PdO
PdO, 6%
RR° 38% 40% 50%
RhO, 11%
Rh,05 13%
PdSn(50:50)/C
Pd° 17% 55% 50%
PdO 21%
PdO,
Sn° 6% 45% 50%
Sno 2%
Sno, 54%

good results obtained by CV and polarization curves also
proving that the bifunctional mechanism is prominent in this
material. It can also be noted that palladium atoms in
PdSn(50:50)/C do not present intense bound with carbon at the
bulk of the material. This can be observed through the less
intense new peaks in Raman spectroscopy at Fig. 1. Also, this
can provide more active sites for palladium atoms to oxidize
the fuel. In fact, Table 2 shows that the EDS results for
PdSn(50:50)/C have a lower content of palladium atoms at the
bulk when compared to the other materials. It is obvious that
both techniques are complementary, while EDS can provide
information about the bulk of the material, XPS can provide
information on the surface of the material. Besides that,
palladium atoms tend to be bond with carbon structures, as it
can be observed by the Raman spectroscopy results, and XPS
revealed that the second metal (Rh or Sn) tends to be observed
at the surface of the material, in form of oxide as in the case of
tin atoms, and in metallic form as in the case of rhodium atoms.

Figs. 5-10 show the TEM images and the Feret's size distri-
bution. Pd/C shows a good dispersion over the support, but
some nanoparticles are still too close to each other, leading to a
higher nanoparticle's mean Feret's diameter when compared to
PdSn(50:50)/C. Also because of this agglomeration, PdRh(50:50)/
C has shown a higher Feret's mean diameter. It is also inter-
esting to notice the possible Z contrast between the metal
nanoparticles and the carbon support or the different crystal
orientations, which at the end turn into possible differentiate of
the metals nanoparticles. The agglomerations observed for all
materials are consistent with some results in the literature
[17,38]. The excess of agglomeration can lead to a little avail-
ability of nanoparticle's active sites, decreasing the electro-
catalytic activity, that is why we can also attribute the good
electrocatalytic activity of PdSn(50:50)/C. Despite this, all the
materials showed a narrow mean Feret's diameter distribution,
characteristic of sodium borohydride reducing agent [17].

All curves obtained by curve fitting in the XRD experiments
are shown in green, and they correspond to the most intense
crystalline planes. All other crystalline planes are much less
intense, and besides that, tin exhibits a lot of narrow and strait
peaks, making it difficult to do curve fitting. Nevertheless, it is
still possible to observe the presence of tin and palladium
atoms by XRD. It is also important to note that the measure is
done at the bulk, so it wasn't possible to observe the presence
of metal oxides as we can observe in XPS. Because of the
interference caused by the tin crystalline structure, it was also
not able to identify the presence of possible metallic alloy.
Because SNR was not high enough, the identification of the
lattice parameter modifications in palladium and rhodium
materials were compromised.

The lower onset potential observed in Pd/C and PdSn(50:50)/
C is attributed to the capability of production of intermediate
products of ethanol oxidation. The ATR-FTIR results will show
this forward. Besides that, the best performance for EOR
observed through PdSn(50:50)/C can be ascribed by the high rate
of metal oxide species (XPS), to the high availability of active
sites for ethanol to be adsorbed (Raman spectroscopy) and to
the lowest Feret's mean diameter (TEM). So, we can again infer
that the bifunctional mechanism is genuinely prominent and
essential for this material [11,39]. Fig. 15 shows the chro-
noamperometric curve for Pd/C, PdSn(50:50)/C and PdRh(50:50)/
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C in 1.0 mol L™* KOH + 1.0 mol L~! EtOH and at —0.35 V. It is
interesting to notice that it is not possible to observe the
potentiostatic transient in all these materials. But it is possible
to simulate the stability and evaluate the electrocatalytic ac-
tivity of these materials toward ethanol oxidation. PdSn(50:50)/
C and Pd/C show a similar final density current value, but
PdSn(50:50)/C is slightly higher. Again, the surface composition
of PdSn(50:50)/C can play a decisive role in the performance of
ethanol oxidation. As we can see further through FTIR results,
PdRh(50:50)/Chas shown a poor behavior compared to the other
materials, because of the poisoning effect caused by the inter-
mediate product of ethanol oxidation [3].

The electrochemical activity toward ethanol oxidation can
be explained through FTIR results, and it is possible to propose a
reaction mechanism qualitatively. The use of Pd/C as anode
electrocatalyst promotes the formation of acetate rather than
other ethanol oxidation products. It is also interesting to notice
that the variation in products formation along the applied po-
tentials is remarkably lower compared to the other materials
studied. The current density observed in Figs. 14 and 15 is
mainly attributed to the acetate formation. PdSn(50:50)/C shows
to be a promising material because the CO, production is rela-
tively higher, the acetate production is also higher, and the
carbonate ions production is lower for almost all potentials
applied. PdRh(50:50)/C also has significant production in CO,
and acetate, but the carbonate ions production is even higher,
and because of this higher production the electrocatalytic ac-
tivity decrease, due to the carbonate ions can block the active
sites of the electrocatalysts [3,38,40]. Itis important to stress out
that the kinetics of the overall reaction is fast for all materials
studied [23]. The carbonate ions production is smaller for
PdSn(50:50)/C, and the acetate/CO, ratio in —0.35 V is also
smaller, suggesting that despite the mechanism ranin a parallel
mode (incomplete leading to acetate, carbonate ions and acet-
aldehyde and complete leading to CO,), PdSn(50:50)/C has a
predominant complete mechanism over all other materials
studied, as we can see in the Fig. 17. That is why we can also
observe a better current density in chronoamperometric ex-
periments for PdSn(50:50)/C. Now we can understand why
PdSn(50:50)/C has a better performance in electrochemical and
in fuel cell experiments. This material has 54% of SnO, on the
surface, contributing to the CO, formation through the bifunc-
tional mechanism and this is supported in the literature by
Ref. [41]. Besides that, a lower amount of Pd atoms were bonded
to the carbon structure, leading to a larger area of Pd active sites,
as we can observe through the Raman spectroscopy results.
PdRh(50:50)/C has produced a significant amount of carbonate
ions, and this can block the active sites of Pd and Rh, dimin-
ishing the performance in DEFC. Besides that, PARh(50:50)/C
showed a significant variation in CO, production, in such a way
that acetate/CO, ratio was higher when compared to the other
materials. Also, PdSn(50:50)/C presented a better performance
in the diffusional regime when compared to Pd/C, and the tin
effect can explain this along with the synthesis employed.

Methods

Pd/C, PdSn(50:50)/C and PdRh(50:50)/C electrocatalysts (20 wt
% of metals loading) were prepared using RhCl;.xH,0,

Pd(NO3),.2H,0, Tin(ll) Chloride dihydrate (SnCl,.2H,0) as
metals sources, all from Sigma Aldrich and the support used
was Carbon Vulcan XC72 (Cabot). The reducing agent used
was sodium borohydride (Sigma Aldrich) dispersed in a so-
lution of 0.01 mol L~ NaOH (a stabilizing agent). The metal
salts were added in a mixture of water/2-propanol (50/50, v/v)
along with Carbon Vulcan XC72. The mixture was taken to an
ultrasonic homogenizer for 10 min and then the reducing
agent was added swiftly under stirring at room temperature
acting for 1 h. Immediately after this, the mixture was filtered
and washed with (milli-Q water) and then dried at 70°C for
2 h [3]. The electrocatalysts were characterized by Trans-
mission Electron Microscopy (TEM) analysis. The equipment
used was the JEOL JEM-2100 electron microscope operated at
200 kV. This technique was used to determine the size dis-
tribution, morphology, and nanoparticles Feret's mean
diameter. X-ray diffraction (XRD) analysis was performed on
Rigaku Diffractometer model Miniflex Il using CuK« radiation
source (A = 0.15406 nm). The diffractograms were recorded
from 26 = 20° to 90° with a step size of 0.05° and a scan time of
2 s per step. The cyclic voltammetry (CV) and chro-
noamperometry measurements were carried out in the
Potentiostat PGSTAT30 AutoLab. The working electrode was
prepared by the ultrathin porous coating technique, which
consists in an electrode of 3 mm of diameter, 8 mg of catalyst,
20 uL of Nafion 5%, 600 uL of milli-Q H,O and 400 uL of iso-
propyl alcohol. The reference electrode was Ag/AgCl
(3.0 mol L-*KCl) and the counter electrode was a Pt plate with
2 x 2 cm of dimensions. The electrochemical measurements
were realized in the presence of 1.0 mol L' of
ethanol + 1.0 mol L~* KOH solutions saturated with N,. Direct
ethanol fuel cell (DEFC) experiment was done using a single
cell with 5 cm? of area. The temperature was set to 60°C for
the fuel cell and 85°C for the oxygen humidifier. All elec-
trodes were made by 1.0 mg of metal per cm? in the anode and
the cathode. In all experiments, a commercial Pt/C (BASF)
was used as the cathode. All the electrocatalysts were pain-
ted over a carbon cloth in the form of a homogeneous
dispersion prepared using Nafion solution (5 wt%, Aldrich).
After the preparation, the electrodes were hot pressed on
both sides of a Nafion ® 117 membranes at 125 °C for 3 min
under a pressure of 247 kgf cm~2. Before being used, the
membranes were exposed to 6 mol L~! KOH for 24 h at least.
The fuel, 2.0 mol L™! of ethanol and 1.0 mol L™! KOH were
delivered at 1.0 mL min~' and the oxygen flow was regulated
at 150 mL min~". Polarization curves were obtained using a
Potentiostat/galvanostat PGSTAT302N AutoLab. The spectro-
electrochemical IN-SITU measurements were made using
the Nicolet 6700 FT-IR spectrometer equipped with an MCT
detector cooled with liquid nitrogen, the electrochemical cell
made with Nafion and ATR accessory Miracle Pike (which the
internal reflection element is ZnSe). The working electrodes
and the operational parameters concerning the electro-
chemical view are the same as the electrochemical mea-
surements. The FTIR parameters can be found in reference
[3] and the background collection is performed at —0.85 V.
Raman spectroscopy was performed using the MacroRam
Raman spectroscopy by Horiba Scientific. The wavelength
used was 785 nm and all the materials were measured using
7% of laser power, 40 s set for the acquisition and real-time
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display and the accumulation was equal to 5. X-ray photo-
electron spectroscopy was done using an aluminum source
and strainer energy equal to 44 eV. The pressure during the
analysis was approximately 5.6 102 mbar and the x-ray spot
was about 10 mm in diameter. The samples were pressed at
247 kgf cm~2 for 5 s and after this, it was placed on a carbon
ribbon. For the determination of the metallic elements pre-
sent in the electrocatalysts, (SEM) Scanning Electron Micro-
scope was used. The microscope is the Philips XL 30, whose
electron beam is of the order of 20 KeV coupled to an EDAX
DX-4 microanalyzer. The powder samples were placed in a
copper sample port using a double-sided tape [42].

Conclusion

Pd/C, PdSn(50:50)/C and PdRh(50:50)/C electrocatalysts
showed some modifications in the D and G bands of the car-
bon, and this factis related to the electrochemical oxidation of
the ethanol. We also show the difference in quantification
using two different techniques, XPS and EDS, in which the first
one can identify different chemical states of the metals in
question. Besides that, XPS revealed 54% of SnO, in the surface
of PdSn(50:50)/C electrocatalyst, and this can endorse the
bifunctional mechanism observed in FTIR spectra and elec-
trochemical measurements. PdSn(50:50)/C proved to be the
best material to be used in a DEFC when compared to Pd/C and
PdRh(50:50)/C electrocatalysts, because the acetate/CO, ratio
is lower than the other ones.
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