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a b s t r a c t

PtSnNi electrocatalysts (60: 40: 40 mass ratio) supported on Vulcan® XC-72 (Cabot) carbon and COOH-
functionalized multiwalled carbon nanotubes (Cheaptubes®) with 15% of metal loading were prepared.
The nanoparticles size of 2e3 nm for both supports was estimated by HRTEM. In the direct ethanol fuel
cell experiments, PtSnNi/C presents 50mA cm�2 reaching the maximum power density (MPD) of
12mWcm�2 and decreasing at higher currents, while PtSnNi/MWCNT-COOH obtains similar values of
MPD (60mA cm�2), but keeping the best performance. By GC (gas chromatography) technique, it was
possible to observe that the electrocatalyst supported on MWCNT-COOH favored the ethanol oxidation to
acetaldehyde and acetic acid, although the material supported on Vulcan® XC-72 carbon presented
almost 100% of selectivity for acetaldehyde. This behavior was maintained also when the current of 0.1 A
was applied for 80min. For the PtSnNi/C electrocatalyst, the selectivity to only acetaldehyde can be
related to Sn and Ni dissolution process that can become the electrocatalytic activity similar to Pt/C,
decreasing the power density as observed in our experiments. Established by EDS analysis, after 80min
of polarization, the Ni and Sn relative atomic ratio was lower on the catalytic anodic layer of PtSnNi/C
than on PtSnNi/MWCNT-COOH.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The important challenges for fuel cells technology are related to
the reduction of Pt loading on the electrocatalysts and increase the
stability of the materials under operation conditions [1,2]. Pt-based
electrocatalysts are mostly used due to its (electro)chemical sta-
bility and favorable adsorption of organic molecules on its surface,
facilitating the small organic molecules oxidation [3,4]. However,
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the wide and efficient fuel cells application as an alternative tech-
nology of clean energy conversion is limited because Pt is a rare and
expensive metal (approximately USD 27400.00 per Kg [5]). More-
over, its activity is impaired by irreversible CO poisoning on its
surface [6], an intermediate produced from the small organic
molecules (SOM) oxidation reaction such as methanol and ethanol.

Research on the direct application of these alcohols in fuel cells
aims to develop electrocatalysts [7,8] that use Pt auxiliary metals to
reduce costs while increasing activities. Moreover, it is desired that
these multimetallic materials allow the oxidation reaction of al-
cohols at potentials less positive than on Pt pure one, decreasing
the intensity of poisoning by oxidation of intermediates such as CO
[9,10] on its surface and optimizing the electrocatalytic perfor-
mance [11]. In the case of ethanol, the CeC [12] bond cleavage is
aimed to forestall the formation of acetic acid, which is inefficiently
oxidized by the known materials so far.
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For the ethanol oxidation, Sn [13,14] is often employed as an
auxiliary metal to Pt in the electrocatalyst since it affects the
adsorption and dissociation processes of ethanol molecules,
contributing to inducing the cleavage of CeC bond with greater
selectivity than the observed on pure Pt [15]. This effect is strongly
linked to the amount and distribution of Sn on the electrocatalyst as
well as the nanostructure preparation method [16,17]. Additionally,
binary and ternary alloys also have been developed in order to
oxidize the intermediate species on Pt surface and reduce its
poisoning. However, the role of the third metal is not well estab-
lished and deserve further investigations [18e24].

It has been established that Ni also can be an auxiliary metal to
Pt for the ethanol oxidation electrocatalysis [25e27]. It is suggested
that the presence of nickel oxides modify the Pt electronic prop-
erties performing the ethanol oxidation by both electronic effects
and bifunctional mechanism [28]. This leads to the weakening the
CO adsorption on Pt surface and improvements in its electro-
catalytic activity and stability. In addition, the Ni in conjunction
with Sn can facilitate the CeC bond cleavage and can promote the
adsorbed CO desorption on Pt surface by water-gas shift reaction,
increasing the selectivity for hydrogen production, as indicated by
Huber and collaborators [29].

Regarding the effect of the support, carbon is mostly used in
electrocatalysts for small organic molecules oxidation reactions
[30]. This structure presents high surface area, porous structure and
good conductivity, but is not electrocatalytic for EOR [31].
Furthermore, research indicates that Pt is able to catalyse the
degradation of carbon [32]. Aiming to improve the electrocatalyst
activity, it has been shown that carbon nanotubes and nanoribbons
[33e36], when used as a support, can increase the electroactivity of
thematerials due its electric conductivity as good or better than the
graphite carbon [37]. Multiwalled carbon nanotubes have several
applications due to its unique structural characteristics, electronic
properties, electrochemical stability and thermal conductivity [38],
being also more resistant to corrosion process than amorphous
carbon [39]. On the other hand, its hydrophobic and inert surface
hinders the metal nanoparticles anchorage, being developed
functionalization methods [40] that incorporate N and O atoms by
surface defects with the goal to intensify the affinity between
support andmetals [41], contributing to the electrocatalytic activity
of the material.

In a study performed by Shao et al. [42], Pt/CNT presented a rate
degradation twice lower than Pt/C under same conditions of
accelerated stress tests, that was attributed to a specific interaction
between Pt - functionalized support and to the carbon nanotubes
greater resistance to electrochemical oxidation.

Previously, Parreira et al. [43] studied PtNi/C and PtSnNi/C
electrocatalysts for ethanol oxidation reaction and observed that
after 1000 cyclic voltammetries, Ni presented lower dissolution
from ternary than binary material. Additional to this result, it was
possible to see, for the PtSnNi/C, a change in the formation of the
products after cycling. Before accelerated stress test (AST), acetal-
dehyde and acetic acid were the main products while after 1000
cycles the acetaldehyde was detected only.

Herein, we describe a comparison in terms of DEFC performance
for PtSnNi (nominal metal mass ratio of 60:40:40) electrocatalysts
supported on amorphous carbon black (Vulcan® XC-72) and mul-
tiwalled carbon nanotubes (Cheaptubes®) in order to unravel the
effect of the support and trimetallic compositions. The formation of
products was monitored by GC technique, and our results
demonstrated that the support and chemical composition strongly
affected the performance of the produced electrocatalysts in terms
of power density and stability.
2. Experimental section

2.1. Reagents

H2PtCl6$7H2O (8% in H2O, Sigma-Aldrich®), SnCl2$H2O (reagent
grade, 98%, Sigma-Aldrich®), NiCl2$6H2O (PA, Synth®), Citric acid
(ACS reagent, �99.5%, Sigma-Aldrich®), Ethylene glycol (PA,
Synth®), Vulcan® XC-72 carbon (Cabot) and eCOOH functionalized
multiwalled carbon nanotubes (99%, Cheaptubes®). All reagents
were used as received.

2.2. Preparation of the electrocatalysts

The nanoparticle electrocatalysts were prepared by an adapted
protocol described elsewhere [39]. Typically, the precursor resin
was formed by dissolving citric acid in ethylene glycol at 60 �C,
followed by the addition of metal precursor reagents (PtCl62�(aq),
Sn2þ

(aq), and Ni2þ(aq)) to obtain electrocatalysts Pt:Sn:Ni with mass
ratio 60:40:40 and stirred during 45min. The metal/citric acid/
ethylene glycol molar ratio corresponded to 1:50:200. The pre-
cursor resin was mixed with high surface area Vulcan® XC-72 car-
bon or functionalized MWCNT-COOH to obtain electrocatalysts
with a metal loading of 15 % wt. The resulting mixture was ho-
mogenized in an ultrasonic bath and thermally treated under an
ultrapure N2 atmosphere for 3 h at 400 �Cwith a heating rate of 5 �C
min�1.

2.3. Physicochemical characterization

X-ray diffraction (XRD) was performed using a Bruker Focus
diffractometer with a CuKa radiation (l¼ 0.1540 nm) source that
was operated in continuous scan mode (2� min�1) from 20� to 80�

(2q degrees) to determine the crystalline phases and to estimate
the mean crystallite size and the lattice parameter. High-resolution
transmission electron microscopy (HRTEM) analyses were per-
formed using a high-resolution JEOL microscope JEM 2100 oper-
ating at 300 kV to observe the morphology of the particles and to
measure their sizes. All the samples for the HRTEM analysis were
prepared ultrasonically dispersing the catalyst particles in a form-
aldehyde solution. Drops of the suspension were deposited onto a
standard Cu grid covered with a carbon film. The average particles
size was determined using the Image J software package, and more
than 250 different particles were analysed. Energy dispersive
spectroscopy (EDS) using a scanning electron microscope (FESEM
JSM e 6701F JEOL) operating at 20 kV was used to measure the
chemical composition of the PtSnNi and PtSn commercial electro-
catalysts before and after DEFC tests. X-ray photoelectron spec-
troscopy (XPS) analysis was performed with a SPECSLAB II
(Phoibos-Hsa 3500150, 9 channeltrons) SPECS spectrometer, with
Al Ka source (E¼ 1486.6 eV) working at 15 kV, Epass¼ 40 eV, 0.2 eV
energy step and 1 s per point was the acquisition time. The syn-
thesized electrocatalysts were kept on stainless steel sample-
holders and transported under an inert atmosphere to the pre-
chamber of the XPS staying there in a vacuum atmosphere for
2 h. The residual pressure inside the analysis chamber was
~1� 10�9 Torr. The binding energies (BE) of the Pt 4f, Sn 3d, Ni 2p
and O 1s spectral peaks were referenced to C 1s peak, at 284.5 eV,
providing accuracy within ±0.2 eV.

2.4. Evaluation of fuel cell performance

The performance for the electrocatalysts was measured in a
single cell with a geometric area of 5 cm2. For the membrane
electrode assemblies, the electrocatalytic films were deposited on
the gas diffusion electrodes (carbon cloth Teflon treated e EC-CC1-
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060T, ElectroChem, Inc.) from a homogeneous ink made with
Nafion® solution (5wt %, Aldrich®) and isopropanol (P.A, Synth ®).
PtSnNi/C, PtSnNi/MWCNT-COOH and the commercial PtSn/C E-TEK
(20wt %) commercial - for comparison - were used as anodes with
total metal loading (0.5 mgPtcm�2) on carbon cloth gas diffusion
electrode, while Pt/C E-TEK (20wt %) as the cathode (1mg cm�2 of
metal).

The electrodes were hot pressed on both sides of a Nafion®115
membrane at 125 �C for 3min under a pressure of 247 kgf cm�2.
Prior to use, the membranes were exposed to 3wt % H2O2 washed
thoroughly with distilled water and treated with 0.5mol L�1 H2SO4.
The temperature was set to 100 �C for the unit cell and 80 �C for the
oxygen humidifier. The ethanol (2mol L�1) was delivered at
approximately 2mLmin�1, and the oxygen flow was set to
500mLmin�1 with 2 bar of pressurization. Polarization curves
were obtained using a TDI RBL 488 electronic load connect to unit
DEFC device.

Before the tests, H2 was used in the unit cell at 500mV of
applied potential during 2 h to remove the impurities from elec-
trocatalysts preparation and deposition on electrodes and to acti-
vate the Nafion®115 membranes. Hence, the ethanol solution was
inserted into the system to obtain the polarization curves when the
open circuit voltage was kept stable. Considering the same metal
loading on the electrodes (0.5 mgPtcm�2), both current and elec-
trical power obtained from the experiments were normalized by
electrode area (5 cm2) and presented as current density j
(mA.cm�2) and power density (mW.cm�2). The polarization curves
were collected in the potential range from open circuit to minimum
voltage values.

Gas Chromatography (GC) was used to identify the ethanol
electrooxidation products using a 7890A Agilent GC System. For
this study, the operational parameters were defined as capillary
column Plot-U (30m of length and 0.53mm of diameter); thermal
conductivity detector (TCD) using hydrogen gas at a flow rate of
45mLmin�1; sample splitting at inlet (SPLIT Mode) 1/20; injected
sample volume of 1 mL. The operating temperatures were: inlet at
180 �C, detector at 200 �C and column starting at 60 �C for 2min
and increasing 20 �C min�1 until 160 �C. All the collected anodic
aliquotes were cooled in an ice bath at a constant current for
monitoring of the reaction products concentrations until values
close to the minimum voltage (during 80min) following the same
protocol used by Antoniassi et al. [44].

The injections were performed manually and the elution times
ranged from ca. 0.70min for CO2 to ca. 8.45min for acetic acid, with
excellent peak separation. Ethanol and the formed products such as
acetaldehyde, ethyl acetate and acetic acid were quantified using a
calibration curve (Fig. S1). The ethanol electrooxidation products
determined from anodic effluent were analysed with respect to
selectivity (Sp) by equation (1).

% Sp ¼ Cp
CPT

x 100% (1)

where Cp is the concentration of a specific reaction product (CAAL ¼
Acetaldehyde e CAA ¼ Acetic Acid and CPT is the total concentration
of formed products. Ethyl acetate, when determined, was converted
to acetaldehyde and acetic acid.

3. Results and discussion

3.1. Characterization of the electrocatalysts

Fig. 1 shows SEM (Fig. 1A and D) and HRTEM images (Fig. 1B and
E) for the PtSnNi NPs supported on Vulcan® XC-72 carbon (Fig. 1A
and B) and on MWCNT-COOH (Fig. 1D and E). Fig. 1C and F depict
the corresponding histograms of size distribution obtained from
(Fig. 1B and E), respectively. The SEM images reveal the granular
and tubular morphologies of the Vulcan® XC-72 carbon and
MWCNT-COOH supports (Fig. 1A and D, respectively). The particle
size for the Vulcan® XC-72 carbon support corresponded to about
40 nm in diameter, while the MWCNTs were 15 nm in diameter and
presented awall thickness of 4 nm (Fig. S2). HRTEM images indicate
that the PtSnNi NPs were uniformly dispersed at the surface of both
supports. They displayed relatively monodisperse sizes and no
significant agglomeration at the surface of the support took place.
The histograms of size distribution suggest that the PtSnNi NPs
sizes corresponded to 2.7± 0.8 and 1.9± 0.3 nm in the PtSnNi/C and
PtSnNi/MWCNT-COOHmaterials, respectively. The smaller NPs size
for the MWCNTs sample may be related to the presence of surface
COOH, which could provide more sites for NPs nucleation and
subsequent growth during the synthesis. It is plausible that this
increased number of nucleation sites, under the same concentra-
tion of metal precursors, lead to a decrease in the final diameter of
the obtained NPs [45] and possibly to a low standard deviation for
average size, as also seen by Li et al. [46].

The PtSnNi/C, PtSnNi/MWCNT-COOH and PtSn/C E-TEK elec-
trocatalysts surface composition and oxidation states of the com-
ponents are investigated by XPS. The fitting curves and
deconvoluted spectra of Pt 4f, Sn 3d and Ni 2p peaks for the cor-
responding electrocatalysts are shown in Fig. 2AeC while in Fig. 3
the C 1s and O 1s peaks are presented. The corresponding XPS
parameters for C 1s are summarized in Table 1. As can be seen in
Fig. 2A, the Pt 4f core level region was deconvoluted using three
components for all electrocatalysts. The first 4f7/2 component with
low binding energy, at 71.7e71.4 eV, can be attributed tometallic Pt
coming from the PtSn alloy. The second one, located at
72.6e73.2 eV, could be assigned to Pt2þ (PtO and Pt(OH)2-like
surface species). The third component, which had higher binding
energy (74.4e74.1 eV), corresponded to Pt4þ. According to the
literature, the binding energies values of Pt 4f7/2 levels for the three
oxidation states are reported as follow: Pt0 71.0 eV, Pt2þ 72.8 eV and
Pt4þ 74.3 eV [47]. The slight shift toward higher values of binding
energy with respect to the literature is attributed to the strong
metal-support interaction and to the ultrasmall size of Pt nano-
particles [44,48,49]. It is known that as the size of Pt particles de-
creases, the Pt 4f core level peak in XPS spectra shifts to the higher
binding energy [48]. This is expected in 2e3 nm nanoparticles, in
agreement with the HRTEM results.

Fig. 2B shows the XPS spectra of Sn 3d5/2 core level for PtSnNi/C,
PtSnNi/MWCNT-COOH, and PtSn/C E-TEK electrocatalysts. The Sn
3d5/2 peaks were adjusted with only one component located at
487.1e486.7 eV that could be ascribed to SnOx, in which oxygen is
chemisorbed. SnO2 and SnO have a very small binding energy dif-
ference, so it is difficult to distinguish between these two species.
According to the literature [47,50], the position of Sn0 that is alloyed
to a metal with different electronegativity could shift the signal
towards higher binding energy values. Considering 1.8 eV the
highest shift reported [51,52], this value is close to the position of
487.1e486.7 eV that we have attributed as SnOx. The Sn0 species
may be present in this electrocatalysts as PtSn alloy. In this work,
the PtSn/C and PtSnNi/C electrocatalysts could present a small
contribution of this reduced species in the peak attributed to SnOx
and for PtSnNi/MWCNT-COOH amajor contribution, that is why the
Sn 3d5/2 peak of PtSnNi/MWCNT-COOH shown an asymmetric
shape. This result can be corroborated by XRD analysis (Fig. S3),
where PtSnNi/MWCNT-COOH presented diffraction peaks close to
33� and 52� assigned to (101) and (211) planes of SnO2 cassiterite
phase (JCPDF 411445) with a slight shift to 2q lower values when
compared to Pt (JCPDF 040802). This indicates a partial insertion of
Sn into Pt structure extending its lattice parameter to 3.952 nm. On



Fig. 1. SEM (A and D) and HRTEM (B and E) images for PtSnNi/C (A and B) and PtSnNi/MWCNT-COOH (D and E) electrocatalysts. The scale bars in the inset correspond to 10 nm. (C)
and (F) show the histograms of size distribution obtained from (B) and (E), respectively.

Fig. 2. XPS spectra of the Pt 4f (A), Sn 3d (B), and Ni 2p (C) core-levels for the PtSnNi/MWCNT-COOH, PtSnNi/C, and commercial PtSn/C E-TEK catalysts.
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the other hand, there are no peaks from Sn oxide species in the
PtSnNi/C diffractogram. This material presented a lattice parameter
of 3.918 nm. It is indicated that Sn and Ni contribute to the Pt
structure in different ways: while Ni leads to a contraction in the
lattice parameter, Sn leads to expansion. This fact explains the
obtained lattice parameter for the ternary electrocatalyst supported
on Vulcan® XC-72 carbon being very close to Pt/C (3.911 nm)
[53,54] one.

The Ni 2p spectra showed a complex structure because of
multielectron excitation (shake-up peaks) which leads to intense
satellite signals (Fig. 2C) of high binding energy adjacent to the
main peak [55e57]. After considering the shake-up peaks, the Ni
2p3/2 peak located at 856.5e856.2 eV could be ascribed to the
presence of Ni(OH)2. The presence of the oxidized Ni species can
help to decrease the corrosion effects in the electrocatalysts during
the application, mainly to PtSnNi/MWCNT-COOH that presented
the highest concentration of these species on its surface, probably
due to the presence of segregated Ni.

Regarding the C 1s spectrum (Fig. 3A), it can be deconvoluted
into six peaks. The C 1s at 284.5 eV was considered the reference
level of calibration. The lowest binding energy and dominant peak
at about 284.5 eV corresponds to graphitic carbon phase, followed
by the peak at around 286.0 eV assigned to hydrocarbons (CeH)
from defects on the graphitic structure. It can also be observed the



Fig. 3. XPS spectra for the C 1s (A) and O 1s (B) core-levels for the PtSnNi/MWCNT-COOH, PtSnNi/C and commercial PtSn/C E-TEK electrocatalysts compared to their respective
supports.

Table 1
XPS characteristics of C 1s region for pure carbonaceous supports, PtSn/C E-TEK and PtSnNi prepared samples.

Electrocatalyst Binding energy C 1s (eV) Peak intensity (%)

Peak I CeC Peak II CeH (defects) Peak III eCeOH Peak IV> C]O Peak V -COOH Peak VI p/pa IOxy/ICb

Vulcan XC-72 284.5 (57)a 286.0 (21) 287.5 (10) 289.2 (6) 290.8 (4) 292.8 (2) 19
MWCNT-COOH 284.5 (37) 286.0 (30) 287.4 (19) 288.8 (8) 290.4 (4) 291.9 (2) 46
PtSn/C E-TEK 284.5 (55) 285.9 (24) 287.3 (11) 289.0 (5) 290.4 (3) 291.9 (2) 23
PtSnNi/C 284.5 (51) 285.9 (25) 287.3 (12) 288.8 (6) 290.4 (4) 292.0 (2) 24
PtSnNi/MWCNT-COOH 284.5 (43) 285.9 (29) 287.3 (14) 288.8 (7) 290.5 (5) 292.3 (2) 34

a Percent of species.
b Intensity of three oxygen-containing functional groups (peaks IIIeV) in % of total C 1s area.

L.S. Parreira et al. / Renewable Energy 143 (2019) 1397e1405 1401
three carbon-oxygen bonding structures for the eC-OH, >C]O and
eCOOH at approximately 287.5, 289.2 and 290.8 eV, respectively.
The subpeak located at higher than 292.8 eV is related to p / p*
plasmon excitation (Table 1). It was observed that the contribution
of carbon oxygenated species for PtSnNi/MWCNT-COOH is higher
than for the ternary material supported on Vulcan® XC-72, even
after the thermal treatment, but decreases probably due to the
consumption of the oxygenated functional groups by particles
anchorage/reduction process [58], as observed in a previous work
[59].

The XPS of the O 1s core level for electrocatalysts is shown in
Fig. 3B. The broad O 1s peak was deconvoluted in three compo-
nents. According to the literature [60], the first component (OI)
centered at 531 eV was attributed to the lattice oxygen in the ox-
ides. The second and dominant component (OII) located at 533 eV
was attributed to chemisorbed oxygen species (e.g., OH�) and
functional CeO groups. The last component (OIII), with BE around
536 eV, was characteristic of adsorbed water and oxygen-
containing carbon-functional groups.

The surface atomic ratio for Pt, Sn and Ni of electrocatalysts
obtained from the XPS spectra are given in Table S1. The commer-
cial material PtSn/C E-TEK presented a surface rich in Sn as
observed in other studies [52,61,62] - probably due to its affinity for
oxygen causing the Snmigration of the bulk electrocatalyst towards
the surface [63] - as well the PtSnNi/C electrocatalyst, which also is
supported on Vulcan® carbon. For the PtSnNi/MWCNT-COOH the
Sn is slightly enriched while it is observed a significant Ni enrich-
ment on the surface as compared to nominal bulk values, differ-
ently to works in the literature that use high Pt atomic ratio
[49,52,62]. However, the ternary materials have a higher Ni metal
atomic ratio than a commercial one and, in the case of MWCNT-
COOH support, residual Ni from catalytic growth of carbon nano-
tubes [64] could be detected from the superior metal percentages
after Ni anchorage process by the preparation method of the
electrocatalysts.
3.2. DEFC experiments

After the activation step using hydrogen, ethanol (2mol L�1)
was inserted into a unit cell with a flow of 2mLmin�1. The tem-
perature was increased to 100 �C and the oxygenwas pressurized at
2 bar. The polarization curves were obtained after the open circuit
voltage (OCV) stabilization and they are presented in Fig. 4A. The
OCV for ethanol oxidation using both prepared PtSnNi materials
was 0.65 V while for PtSn/C E-TEK the OCV was 0.64 V. For the to
PtSnNi/MWCNT-COOH material, it is possible to observe from the
polarization curve in Fig. 4A a voltage dropmore pronounced in the
activation region until around 15mA cm�2, where the electron
transfer is limited by reaction activation energy and depends on the
interaction between electrode and fuel molecule. However, for the



Fig. 4. (A) Polarization and power density curves in 5 cm2 DEFC at 100 �C using PtSnNi/C, PtSnNi/MWCNT-COOH, and PtSn/C E-TEK (blue square, red cycle and black triangle traces,
respectively) as the anode electrocatalysts (2 mgmetal cm�2) and 20wt% Pt/C E-TEK as the cathode catalyst (2 mgmetal cm�2). Nafion® 115 was used as the membrane. The ethanol
solution (2mol L�1) flow was 2mL s�1. O2 pressurization¼ 2 bar. PtSn/C E-TEK (20% wt.) was used as anode for comparison. (B) Polarization curves at i¼ 0.1 A during 80min. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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electrocatalyst supported on Vulcan® XC e 72 carbon, the voltage
drop in this region was less pronounced, indicating that the elec-
tron transfer can occur more easily on this surface. Thus, PtSnNi/C
maintained a better electrical performance until 50mA cm�2

leading to about 12mWcm�2 of maximum power density and
decreasing soon after. The PtSnNi/MWCNT-COOH yielded the same
maximumpower density (also 12mWcm�2) with a current density
of 60mA cm�2. These values were slightly higher than that ob-
tained by PtSnNi/C, but keeping the best performance until both
electrocatalysts reached their minimum potential value. Addition-
ally, the ethanol oxidation using PtSnNi/C electrocatalyst presents a
voltage drop by ohmic resistance slightly higher than using PtSnNi/
MWCNT-COOH. On the other hand, from 60mAcm�2, the curve
decreasing keeps between ohmic and mass transportation (diffu-
sion) region, becoming the voltage values, and consequently, the
power density values lower than those ones presented by PtSnNi/C.

Ribandeneira and coworkers [65], studied PtSnNi/C electro-
catalysts in 75:15:10 and 75:10:15 atomic ratios, 20% of metal
loading on Vulcan® XC-72 carbon, prepared using the reduction
method by ethylene glycol. The operating conditions were: elec-
trode with 1mgPt cm�2, ethanol 1mol L�1 (flow rate 2mLmin�1),
80 �C of temperature, an oxygen flow of 20mLmin�1 and 15 psi
pressurization. Under these conditions, they obtained for the ma-
terials PtSnNi/C (75:15:10) an open circuit voltage 0.48 V and a
maximum current density of 37mA cm�2 in a maximum power
density of 3mWcm�2. Using PtSnNi/C (75:10:15) electrocatalysts,
it was observed an open circuit voltage of 0.45 V and a maximum
current density of 23mA cm�2 in a maximum power density of
2mWcm�2. The addition of Ni electrocatalyst doubled the power
density obtained by the PtSn binary electrocatalyst prepared by the
same method. In another study, Beyhan et al. [52] studied elec-
trocatalysts PtSnNi/C (atomic ratio 80:10:10 and metal loading of
40% on carbon) prepared by the B€onnemann method for a DEFC
using 2mg of metal per cm2 of electrode (and Nafion® 117 mem-
brane) under the conditions: T¼ 80 �C, ethanol 1mol L�1 (pres-
sure¼ 1 bar) and O2 pressurization of 3 bar. The OCV for ethanol
was 0.75 V and the cell performance with the electrocatalyst was
30mWcm�2 at a current density of 120mAcm�2. Finally, Almeida
et al. [66] have prepared a set of metal electrodes and analysed their
performance in DEFC using 2mg of Pt per cm2 (Nafion® 117
membrane) under the conditions: T¼ 80 �C, ethanol 2mol L�1

(pressure¼ 1 bar) and 3 bar of O2 pressurization. For PtSnNi
(79:19:02) electrocatalyst the open circuit voltage for ethanol was
0.72 V and electrical performance with 40mWcm�2 at a current
density of 250mAcm�2.
It is noteworthy that the electrocatalysts between 75% and 80%

of Pt in terms of atomic composition, compared to only approxi-
mately 33% of Pt (atomic percentage) in the materials described
herein. In addition, the atomic ratio of Ni in the electrocatalyst bulk
corresponded to around 45%, while in the literature is around 10%.
Considering the metal atomic ratio and the metal loading on the
support, the electrocatalytic layer used on anode side for this study
is thicker than the ones presented by the works cited and sum-
marized in the Table S2 and for the commercial PtSn/C E-TEK (20wt
%.) used for comparison. The catalytic layer thickening can increase
the concentration polarization across the electrodes difficulting the
measuring intrinsic catalyst properties [67]. In addition, it can be
observed higher activation and ohmic losses when compared to
high Pt/C ratio electrocatalysts [68] motivating studies about
several methods of coating in MEAs using low-Pt-loading electro-
catalysts [69,70]. Even beingmore indicated thin catalyst layers, the
materials used in this work obtained results comparable to litera-
ture as seen in Table S2. Where the best PtSnNi electrocatalysts
presented a mass power density of 30W gPt�1 (using an anode with
2mgPtcm�2) while our nanomaterials reached to 24WgPt�1 but with
an anode electrode containing only 0.5 mgPtcm�2.

The electrical performance of the DEFC is related, among other
factors, with the formation of the reaction products during the
oxidation of the fuel at the anode of the cell. Thus, the anode
effluent aliquots were collected at maximum current and power
densities and analysed by GC (Fig. S4). It was observed the detec-
tion of CO2, acetaldehyde (CH3CHO), ethyl acetate (CH3COOeC2H5)
and acetic acid (CH3COOH). The ethyl acetate can appear due to an
esterification reaction between ethanol and acetic acid on the
catalytic layer containing eSO3H, from Nafion®. However, CO2 and
ethyl acetate were not identified for both electrocatalysts, and the
acetic acid concentration was above to quantification limit of TCD
for PtSnNi/C electrocatalyst. From information about the spectrum
area and calibration curve previously plotted (Fig. S1), the con-
centrations of reaction products present in the effluents were
calculated to obtain the selectivity relations. It was possible to
observe that the electrocatalyst supported on MWCNT-COOH
favored the ethanol oxidation to acetic acid and acetaldehyde,
with higher selectivity for the last one. Furthermore, the material
supported on Vulcan® XC- 72 carbon presented almost 100% of
selectivity for acetaldehyde formation. Taking into account the low
Pt loading and the relative high ethanol concentration used in the
unit cell (2mol L�1) would not be expected for PtSn-based



Fig. 5. Concentration of the ethanol (2mol L�1) oxidation reaction products in the DEFC anodic effluent at polarization of 0.1 A during 80min (A) PtSn/C E-TEK, (B) PtSnNi/C, and (C)
PtSnNi/MWCNT. (D) Bar graph depicting the selectivity of the PtSnNi/MWCNT material calculated from (C).
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electrocatalysts the significantly CO2 production [71]. Moreover,
electrochemical measurements using Pt-based for ethanol oxida-
tion reaction concluded that the CO2 production reduced as ethanol
concentration increase [72,73].

After obtaining the polarization curves, a current of 0.1 A was
applied for 80min. The electrical behavior and the product for-
mation during the test period were observed. The results are pre-
sented in Fig. 4, where PtSnNi/C presents a voltage decreasing more
intense than PtSnNi/MWCNT-COOH. This result can be related to
greater carbon nanotubes stability [74] under operating conditions
as well as the reaction products during the polarization.

Considering the data obtained by GC and displayed in Fig. 5, it is
possible to observe that there was no relevant change in the for-
mation of products from the fuel cell for 80min. Using the PtSnNi/C
Fig. 6. Relative mass chemical composition of PtSnNi electrocatalysts determined by EDS b
references to colour in this figure legend, the reader is referred to the Web version of this
electrocatalyst, the formation of acetaldehyde presents a slight
increase, but that can be considered constant due to the concen-
tration (about 3mmolL�1) and results from the dissolution process
or poisoning of the electrocatalyst, jeopardizing the oxidation
capability of its surface. For PtSnNi/MWCNT-COOH, the acetalde-
hyde concentration tends to increase with a decreasing of acetic
acid during the polarization experiment. However, the selectivity
for the product formation practically kept constant, which can
justify the polarization curve behavior with a soft decay when
compared to the one presented by electrocatalyst supported on
multiwalled carbon nanotubes.

Almeida et al. [75] prepared three different compositions of
PtSnNi/C electrocatalysts by thermal decomposition of polymeric
precursor and determined, by high-performance liquid
efore and after DEFC tests: Pt (red), Sn (blue) and Ni (green). (For interpretation of the
article.)
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chromatography (HPLC), that the ternary electrocatalysts favor the
acetaldehyde and acetic acid formation from the EOR. For the
PtSnNi/C electrocatalyst, the selectivity to only acetaldehyde can be
related to dissolution process during single cell operation discussed
in a previous work [43] and confirmed by EDS analysis presented in
Fig. 6.

The EDS analysis was employed to compare the chemical
composition of the electrocatalysts before and after DEFC tests. The
Ni and Sn relativemass ratiowas lower on the catalytic anodic layer
of PtSnNi/C than on PtSnNi/MWCNT-COOH. For the PtSnNi/C elec-
trocatalyst, the selectivity to only acetaldehyde can be related to Sn
and Ni dissolution process under operation conditions, that can
lead to the electrocatalytic activity similar to Pt/C [76], decreasing
the power density gradually, as observed in Fig. 4. In contrast, the
presence of Ni and Sn, with its oxide species - before and after DEFC
experiments - can help the ethanol oxidation by electronic effect
and bifunctional mechanisms [77,78] in the case of PtSnNi/
MWCNT-COOH, resulting to diverse selectivity compared to elec-
trocatalyst supported on carbon Vulcan® XC-72. Additionally, the
presence of the functional groups in the MWCNT-COOH intensifies
the metal-support interaction improving the stability of the elec-
trocatalyst as observed from the superior voltage during the po-
larization curve (Fig. 4), a similar result was obtained in a previous
work [59] using the same MWCNT-COOH, in which the PtSn/
MWCNT-COOH keeping the normalized current for the EOR
higher than when using Pt3Sn1/C E-TEK.
4. Conclusions

In this study, it was observed that the same nanoparticles
preparation protocol can generate in electrocatalysts with different
properties due to the utilization of different supports. The PtSnNi
electrocatalysts supported on eCOOH functionalized multiwalled
carbon nanotubes presented a metal enrichment on surface,
considerable formation of Sn oxides species, higher dilation of the
Pt lattice parameter, and smaller nanoparticle size than PtSnNi/C,
which presented physical characteristics very similar to Pt/C due to
the opposite contribution of Ni and Sn as auxiliary metals. From the
performance of a DEFCmonitored by GC, the material supported on
Vulcan® XC-72 carbon led to a good electrical properties in the
polarization curve activation region, while the PtSnNi/MWCNT-
COOH presented the same maximum power density
(12mWcm�2) than PtSnNi/C and less pronounced decay of voltage
at 0.1 A during 80min. This stability can be related to two main
factors: products of reaction selectivity and modification of chem-
ical composition (metal dissolution) of the electrocatalysts. While
PtSnNi/MWCNT-COOH presented selectivity for acetic acid and
acetaldehyde, the electrocatalyst supported on Vulcan® XC-72
produced only acetaldehyde. In addition, by EDS, it was indicated
higher dissolution of the Sn and Ni in PtSnNi/C from the more
intense diminution of their relative chemical contribution
comparing to electrocatalyst supported on MWCNTeCOOH. Hence,
our results indicate that PtSnNi/MWCNT-COOH represents a
promising electrocatalyst for the anode in DEFCs.
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