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ABSTRACT
Pt(Cu) nanoparticles supported on carbon nanofibers (CNFs), multi-walled carbon
nanotubes (MWCNTs) and Vulcan carbon XC72, have been synthesized by electroless
deposition and galvanic exchange. The structural analyses show contracted Pt fcc lattices
due to the formation of a PtCu alloy core covered by a Pt-rich shell, mean crystallite sizes
of about 3 nm, as well as good dispersion and carbon attachment. The electrochemical
surface areas (ECSAs) of Pt(Cu)/CNF and Pt(Cu)/XC72 are comparable to those of
commercial Pt/C and PtCu/C. The Pt(Cu) electrocatalysts show more negative onset
potentials for CO oxidation than Pt/C and PtCu/C, thus indicating their greater CO
tolerance. Pt(Cu)/CNF and Pt(Cu)/MWCNT present the highest mass activity and
specific activity for the Oz reduction, respectively, both with better relative stability than
Pt(Cu)/XC72. Pt(Cu)/CNF and Pt(Cu)/MWCNT are then considered good cathode
catalysts, yielding estimated savings of about 50 wt.% Pt, when applied to low-

temperature fuel cells.

Keywords: CO oxidation; galvanic exchange; low-temperature fuel cells; oxygen

reduction reaction; Pt(Cu) electrocatalysts.



1. Introduction

The energy demand has increased considerably in recent years and the needs have been
mainly fulfilled by using fossil fuels, which are rapidly depleting and cause a huge impact
on the environment because of the emission of greenhouse gases and pollutants, thereby
contributing to the climate change, health problems and acid rain [1-3]. Therefore, it is
mandatory to increase the use and development of renewable energy. Fuel cells are one
of the most promising green alternatives because they can operate more efficiently than
other energy sources, being only dependent on an unlimited renewable source of reactants

and approaching zero carbon emissions [4].

It is well known that a large part of the greenhouse gas emissions and release of
atmospheric pollutants arises from the use of fossil fuels for transportation. The proton
exchange membrane fuel cells (PEMFCs) represent a big advantage over internal
combustion engines in automotive vehicles, as they produce zero emissions when using
hydrogen as the fuel and oxygen from the air as the oxidant [2,5]. In PEMFCs, the
catalysts are generally based on Pt, which is the best material to promote the hydrogen
oxidation reaction (HOR) and the oxygen reduction reaction (ORR). However, this metal
is too expensive and scarce on the Earth and, moreover, when used at the anode in
PEMEFCs, it can be easily poisoned by the CO impurities contained in the H> gas of
industrial grade [6]. To counteract this problem, the use of PtRu electrocatalysts has been

proposed [7-9], but the high price of Ru is still a major drawback.

As a strategy to economize Pt, the synthesis of carbon-supported multi-metallic
catalysts may allow the reduction of the Pt content. Core-shell nanoparticles, in which a
Pt shell coats the surface of a sacrificial metal core that is cheaper and/or more abundant

[10—12], are particularly interesting among such materials. The structural properties of



the noble catalyst undergo significant changes due to its interactions with the core. The
surface stress and changes in the electronic properties of the noble coating can eventually

lead to a remarkable improvement of its catalytic properties.

The Pt-Cu bimetallic system is the object of recent interest [11-36]. Cu covered by
noble metals without carbon support [11,12] and PtCu alloys, Pt(Cu) core-shells and Cu-
dealloyed PtCu supported on carbon blacks [13—-30] have been studied to determine their
structure and activity in front of CO and methanol oxidation, ethanol oxidation and the
oxygen reduction reaction (ORR). Promising results regarding the reduction of Pt amount
and CO poisoning have been obtained. These catalysts have been mainly supported on
Vulcan carbon XC72 and XC72R using different procedures [14-28]. In aqueous media,
the Pt(Cu) core-shell electrocatalysts have been prepared either by direct current
deposition [18,23,24] or electroless deposition of Cu using NaBH4 [19,25], formaldehyde
[26] and water-ethylene glycol mixtures with NaBH4 and ascorbic acid [20,27-31], both

methods followed by a galvanic exchange of Cu by Pt.

Most of the Pt-based nanoparticle catalysts for PEMFCs are supported on porous
materials with high specific surface area because this allows using a small amount of Pt
and obtaining a high dispersion and narrow size distribution of Pt nanoparticles, an
important requirement for their high catalytic performance [37]. Carbon blacks are the
most employed supports due to their high surface area, electrical conductivity, porosity
and low cost [23]. However, they have several disadvantages [37,38] such as the presence
of impurities, mainly organo-sulphur groups (that can poison the catalyst) and the
existence of deep micropores that can trap the catalyst nanoparticles (thus making them
inaccessible to reactants). In addition, carbon blacks are thermochemically unstable and
therefore, they can suffer corrosion with the consequent disintegration of the catalyst

layer.



Multi-walled carbon nanotubes (MWCNTSs) and carbon nanofibers (CNFs) present
some advantages as compared to carbon blacks. They exhibit a unique structure and
properties that provide high electrical performance and a specific metal-support
interaction (between the delocalized n-electrons of the carbon support and Pt d-electrons)
[38,39]. In addition, CNTs and CNFs have few impurities, they do not show deep cracks
and can enhance the cell performance with their ordered structure, thereby favoring the
mass transport and the electron conductivity. The carbon support may be oxidized in the
PEMFC cathode, due to the O2 feed, especially under standby conditions, thus causing
the detachment of the Pt nanoparticles with the corresponding activity loss. CNTs have
shown to improve the durability of catalysts as compared with Vulcan XC72 [22,39-41].
An accelerated degradation test in diluted acidic solution at high potential (1.2 V vs RHE)
has been made to study de durability of both, the support and the supported catalysts. It
was observed that the oxygen content in Vulcan XC72 was much higher than that in
CNTs, whereas the degradation of the surface area of the Pt nanoparticles was greatly
suppressed when supported on the latter, which was attributed to their larger resistance to
corrosion. Previous works have studied the synthesis and characterization of Cu-
dealloyed PtCu alloys supported on CNTs and multi-walled carbon nanotubes
(MWCNTs), showing an enhancement of both, the catalytic activity related to the ORR

and the electrochemical surface arca [42—44].

Considering all this, the main objective of this work is to synthesize and test Pt(Cu)
electrocatalysts, supported on CNFs and MWCNTs, for CO oxidation and ORR. The
Pt(Cu)/CNF and Pt(Cu)/MWCNT catalysts have been prepared by electroless deposition
of copper on the CNFs and the MWCNTs followed by galvanic exchange with Pt. They
have been characterized by means of structural and electrochemical techniques and the

corresponding results were compared (i) to those obtained with synthesized Pt(Cu)



catalysts supported on carbon XC72 (Pt(Cu)/XC72), prepared in the same manner as

Pt(Cu)/CNF and Pt(Cu)/MWCNT, and (ii) to commercial Pt/C and PtCu/C.
2. Materials and methods

2.1. Reagents

All the reagents were of analytical grade. HNO3;, NaOH, H2SO4 (98 wt.%),
CuS04-5H20, ethanol (96 wt.%) and 2-propanol (dry) were from Panreac. The H2PtCle
aqueous solution (10 wt.%) was from Merck. NaBH4 and the Nafion® solution (5 wt.%)
were from Sigma-Aldrich. The solutions were prepared using Millipore Milli-Q high-
purity water (resistivity >18.2 MQ cm at 25 °C). The carbon supports were Vulcan carbon
XC72 from Cabot Corporation and CNFs and MWCNTs from Sigma-Aldrich. The
catalysts obtained were compared to Pt/C (20 wt.%) and PtCu/C (1:1, 20 wt.%)
commercial catalysts from Premetek, which employ Vulcan XC72 as the carbonaceous

support. N2 and CO gases were Linde 3.0 (purity > 99.9%).
2.2. Synthesis of the carbon-supported Pt(Cu) catalysts

The catalysts were prepared following a similar procedure to the two-step synthesis
reported by Mintsouli et al. [19], consisting of an electroless deposition of copper ions on
the carbon supports followed by partial galvanic replacement of Cu by Pt. The XC72,
CNF and MWCNT supports were used as received and also after activation in 2.0 M
HNO:s for 30 min at boiling temperature, the activated specimens being denoted as XC72-

A, CNF-A and MWCNT-A, respectively.

First, weighted amounts of CuSO4-5H20 and the carbon support were dispersed in
1.0 M NaOH using an ultrasonic bath. Then, a determined amount of NaBH4 was slowly

added to stimulate the copper deposition. The sonication was prolonged for 30 min and



then, the suspension was filtered. The powder obtained was resuspended in 0.1 M HCI +
1.5 mM H2PtCls using the ultrasonic bath for 45 min to ensure the galvanic replacement

according to reaction (1):

2Cu + PtCls>” — 2Cu*" + Pt + 6CI- (1)

which has a standard redox potential of £° = 0.404 V. Finally, the suspension was filtered
and the powder was dried at 80 °C. The catalysts thus synthesized were Pt(Cu)/XC72,

Pt(Cu)/XC72-A, Pt(Cu)/CNF, Pt(Cu)/CNF-A, Pt(Cu)/ MWCNT and Pt(Cu)/MWCNT-A.

2.3. Structural characterization

The X-ray diffraction (XRD) of the supports and the catalysts was performed by
means of a PANalytical X’Pert PRO MPD 6/6 powder diffractometer (Cu anode, 45 kV,
40 mA), using a Cu Ke-filtered radiation (A = 1.5418 A), 26 step size of 0.026° and a
measuring time of 200 s per step. The powder samples were sandwiched between films

of polyester of 3.6 um in thickness.

The catalysts were examined by means of transmission electron microscopy (TEM)
using a 200 kV JEOL JEM 2100, which also allowed obtaining the corresponding energy-
dispersive X-ray spectroscopy (EDS) analyses. In this case, the catalyst powder was
sonicated in 3 mL of ethanol for 10 min. A drop of suspension was placed over a holey-
carbon Ni grid and then, the solvent was evaporated until total drying using a 40 W lamp
for 5 min. For the EDS analyses, about ten different regions of the same sample were
examined, taking the corresponding result in composition as the mean value of all of

them.

The X-ray photoelectron spectroscopy (XPS) analyses were performed by means

of a Physical Electronics PHI 5500 Multitechnique System spectrometer with a
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monochromatic X-ray source (Al Ka line of 1486.6 eV, powered at 350 W). The energy
was calibrated using the 3ds. line of Ag with a full width at half maximum (FWHM) of
0.8 eV. The catalyst powders were disposed on a carbon tape for the analyses. The
analyzer was placed 20° with respect to the tape for a better detection of the composition
of the external layers. After the initial survey spectrum (187.85 eV of Pass Energy and
0.8 eV/step), the high-resolution spectra (23.5 eV of Pass Energy and 0.1 eV/step) was
obtained. The corresponding XPS spectra, acquired without sputtering and after Ar*

sputtering for 60 s, were analyzed using the MultiPak V8.2B software.
2.4. Electrochemical tests

The electrochemical characterization of the catalysts was performed in a 200 mL
conventional three-electrode cell from Metrohm, provided with a double wall to keep a
constant temperature of 25.0 = 0.1 °C with the help of a Julabo MP-5 thermostat. The
reference and auxiliary electrodes were a reversible hydrogen electrode (RHE) from
Gaskatel GmbH and a Pt wire, respectively. All the potentials reported in this work are
referred to the RHE. The working electrode for the electrochemical tests was a Metrohm
glassy carbon (GC) tip (5 mm in diameter, section of 0.196 cm?) for Autolab rotating disk
electrode (RDE). It was polished with Micropolish II deagglomerated alumina of 0.3 and
0.05 um on a PSA-backed White Felt cloth from Buehler. After each polishing step, the
GC was sonicated in water. Suitable amounts of the catalysts were deposited onto the tip
of the GC. The catalyst inks were prepared from 1 mg of the catalyst powder, sonicated
in 500 pL of a mixture of isopropanol and water (1:1 in volume) for 30 min. Volumes of
20 pL of the ink were dropped onto the GC tip and, after being dried at room temperature,
a thin Nafion® film was applied on the catalyst ink. For the cyclic voltammetry (CV)
trials, the catalyst was coated with 2.5 uL of 5 wt.% Nafion® solution, whereas to study

the ORR, it was coated with 5 uL of 0.1 wt.% Nafion® solution.



The electrochemical experiments were performed in 0.50 M H2SOs using a
Solartron S1 1287 potentiostat-galvanostat, commanded by a CorrWare software, version
2.6b. Before the CV tests, N2 was bubbled for 30 min through the solution in order to
remove the dissolved O: and it was kept over the liquid surface during these
measurements. After the Oz removal, the working electrode was scanned repeatedly at a
scan rate of 100 mV s™! within the potential range from 0.0 to 1.2 V until reaching a
stationary profile to ensure the removal of any adsorbed impurity. Afterwards, steady
cyclic voltammograms were recorded at 20 mV s™! within the same potential range. To
obtain the CO stripping curves, CO was first bubbled through the solution for 15 min,
whereas a potential of 0.1 V was applied to the working electrode. The dissolved CO was
removed by N2 bubbling through the solution for 30 min and then, the adsorbed CO
monolayer was oxidized by CV within the range 0.0-1.2 V at 20 mV s’'. The ORR was
studied using the RDE with the catalyst-coated GC employing a 0.50 M H2SO4 solution,
after bubbling pure O2 through it. The potential was scanned linearly from 0.8 to 0.0 V at

5mV s and at different rotational speeds between 500 and 2500 rpm.

3. Results and discussion

3.1. Structural characterization

The XRD diffractograms of the different carbon supports are shown in Fig. la,
where the diffraction lines corresponding to different carbon planes have been
highlighted. It is evident that the carbon peak corresponding to the (002) plane at about
26° was much thinner for MWCNTs and CNFs than for Vulcan XC72, suggesting a
greater crystallinity of the two former carbons. Although it is not a very relevant factor
for the catalyst deposition, the crystallite sizes of the MWCNTs and the CNFs were

estimated from that peak using the Scherrer equation:



KA
" Bcos6 (2)

where K = 0.9, 4 is the wavelength of the X-ray radiation, and B is the width (in radians)
of the measured diffraction peak at an intensity equal to half the maximum intensity. The
sizes were thus estimated to be 9.3 and 12 nm for CNFs and MWCNTs, respectively.
Considering the C(100) peak, a crystallite size value of 1.3 nm was obtained for XC72.
According to the furnishers, the diameter of the CNFs and the MWCNTs was about 100
nm, whereas their lengths were in the range 20-200 and 5-9 pm, respectively. The
diameter of the XC72 nearly spherical particles was about 50 nm. The small values of the
crystallite sizes with respect to the dimensions of the carbonaceous structures indicate

their small range of crystallinity.
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Fig. 1 — XRD diffractograms of (a) carbon supports and (b) supported
catalysts under study. (c) Magnification of the main peaks of plot (b), which
correspond to (111) and (200) Pt and Cu planes.

The XRD diffractograms of the different catalysts studied are depicted in Fig. 1b
and c. Fig. 1b shows those corresponding to the carbon-supported Pt(Cu) ones, which are
compared to those obtained for commercial Pt/C and PtCu/C. The diffractograms of the
synthesized ones have all similar shape and Pt appears to predominate. The Cu structure

is not clearly identified and no XRD peaks corresponding to copper oxides can be
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observed. The XRD peaks of these carbon-supported Pt(Cu) catalysts can be related to
fcc Pt (111), (200) and (220) planes and they are located at 26 values of 40.8°, 47.2° and
69.2°, respectively (PDF #00-001-1194) [45]. As shown in Fig. 1b, the Pt peaks
corresponding to commercial Pt/C are located at 40.0°, 46.3° and 67.5°. The shift of the
Pt peaks in the synthesized Pt(Cu) samples indicates that a PtCu alloy is probably formed.
Shifting to higher angles with respect to pure Pt can be explained by a lattice contraction
as a consequence of the formation of the PtCu alloy, because the atomic radius of Cu (145
pm) is smaller than that of Pt (177 pm). The XRD diffractogram of commercial PtCu/C
also included in Fig. 1b and c shows diffraction peaks related to those of the three
mentioned planes of Pt at 41.1°, 48.1° and 69.8°, respectively. The diffraction angles of
the synthesized carbon-supported Pt(Cu) catalysts are between those of pure Pt and PtCu.
Accepting that the Pt signal shift is due to Cu alloying, the Cu content in commercial
PtCu should be higher. The composition of the PtCu alloys in the samples studied can be
estimated from Vegard’s law, which relates the lattice parameter apicu of the PtCu alloy

with the atomic fraction of Cu (x):

aptcu = (1-X) apt + X acu 3)

where apt and acy are the lattice parameter of Pt (0.3916 nm) and Cu (0.3608 nm) [45].
The corresponding results are shown in Table 1. As shown in this table, the amount of Pt
in the PtCu alloy lattice of the Pt(Cu) catalysts is in the range 1.6-2.7 times greater than
that of Cu, whereas that of the commercial one approaches the Pt:Cu 1:1 ratio. This
indicates that in the galvanic exchange of Cu by Pt, the external Cu atoms are oxidized
and replaced by Pt and that some lattice reordering takes place to form a PtCu alloy, in
agreement with previous results in the literature [20,31,32]. If residual Cu oxidized
species remained on the catalyst surface, they should be amorphous or in rather small

amounts, since no Cu(Il) crystalline phases were found in the diffractograms.

12



As shown in Fig. 1b and c, the Pt diffraction peaks are broad. This peak broadening

could be caused, apart from the small size of the nanoparticles, by their non-uniform

composition and therefore, the superposition of the peaks of different phases, as

previously reported by Guterman et al. [30]. In spite of not being pure metals, the

crystallite size of the nanoparticles was estimated from Scherrer’s equation (2), with the

values also listed in Table 1. Note that these values are around 3 nm, which is considered

a suitable size for PEMFCs application.

Table 1 — Crystallite sizes of the catalyst nanoparticles and PtCu alloying

obtained from the XRD diffractograms of Fig. 1 and catalyst composition

from EDS analyses.

Crystallite Pt:Cu Metal content’ / wt % Pt:Cu
Catalyst ) ) )
size/nm  at % ratio” Pt Cu at % ratio®

Pt(Cu)/CNF 2.9 71:29 5.1 4.1 29:71
Pt(Cu)/CNF-A 2.3 66:34 5.9 6.2 24:76
Pt(Cu)/MWCNT 3.0 62:38 7.4 5.9 29:71
Pt(Cu)/MWCNT-A 2.8 66:34 8.1 6.2 30:70
Pt(Cu)/XC72 2.0 73:27 7.4 7.3 25:75
Pt(Cu)/XC72-A 4.7 70:30 5.7 4.2 31:69
PtCu/C (commercial) 3.4 57:43 15.1 4.9 50:50
Pt/C (commercial) 2.6 100:0 20.0 0.0 100:0

4 Pt:Cu atomic ratio of the PtCu alloy from XRD (Vegard’s law)

b Overall content in the catalyst from EDS (mean standard deviation of 1.5 wt %)

¢ Pt:Cu atomic ratio in the catalyst from EDS

Fig. 2 shows TEM images of the synthesized catalysts, where the Pt(Cu)

nanoparticles can be seen as black spots. These images also show the morphology of the

carbonaceous supports, displaying the shape of fibers for Pt(Cu)/CNF and Pt(Cu)/CNF-
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A (Fig. 1a and b, respectively), nanotubes for Pt(Cu)/MWCNT and Pt(Cu)/MWCNT-A
(Fig. 1c and d), and spherules for Pt(Cu)/XC72 and Pt(Cu)/XC72-A (Fig. 1 e and f). As
shown in these figures, the diameter of the carbonaceous materials and their length in the
case of the nanofibers and nanotubes correspond to the values provided by the furnishers,
mentioned in the experimental part. The Pt(Cu) nanoparticles appear to be organized in a
variety of sizes, with relative dispersion over the supports and some aggregation. There
is a clear evidence in these images of the successful attachment of Pt(Cu) nanoparticles
to the carbon support both, using the carbonaceous material as received and after
activation. It can also be observed in these figures that the deposited Pt(Cu) crystallites
have elongated forms, developed over the support, with little vertical growth. The
composition of the supported Pt(Cu) nanoparticles was semiquantitatively determined by
EDS, obtaining the values summarized in Table 1. These values are the result of the
synthesis history, and it is expected that they strongly depend on the support properties.
Accordingly, they will also depend on the crystallite size of the previously deposited Cu

nanoparticles.

It is interesting to note that the weights of Pt and Cu are in the same order of
magnitude, thus indicating that the amount of Pt has been reduced by about 50 wt.%.
However, these weights correspond to different atomic amounts of Pt and Cu, the latter
being dominant by 2-3 folds. The difference with respect to the PtCu alloy composition
obtained from Vegard’s law is significant, thus indicating that there many Cu species

(oxidized or not) without Pt bonding.
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Fig. 2 - TEM images of (a) Pt(Cu)/CNF, (b) Pt(Cu)/CNF-A, (c)
Pt(Cu)/MWCNT, (d) Pt(Cu)/MWCNT-A, (e) Pt(Cu)/XC72 and (f)
Pt(Cu)/XC72-A.
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EDS line profiles to ascertain the Cu and Pt distribution in the nanoparticles were
attempted. However, the resolution was no sufficient because of their small size. For this
reason, XPS surface analyses were performed, as suggested by Maya-Cornejo et al [31].
In our case, the spectra were acquired with the analyzer placed 20° with respect to the
plane of the samples to obtain a better approach of the composition of the most external
layers. No mild sputtering was carried out to avoid the removal of Pt and Cu surface
species apart from adventitious carbon. These analyses were performed then without
sputtering and with Ar" sputtering for 60 s. The Pt and Cu high resolution spectra
measured for Pt(Cu)/CNF are shown in Fig. 3. Fig. 3a and ¢ correspond to the Cu binding
energy (BE) region, before sputtering and after sputtering, respectively, and Fig. 3b and
d, to the Pt BE region, before sputtering and after sputtering, also respectively. The
deconvolution of the spectra revealed the presence of Cu and Pt oxidized species. The
atomic percentages of the metallic form with respect to the other forms of the element
together with the overall Pt:Cu atomic ratios are listed in Table 2. From these data, the

Pt(0):Cu(0) atomic ratio has been derived and also given in the table.
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Fig. 3 — Deconvoluted high-resolution XPS spectra of the Pt(Cu)/CNF
catalyst in the BE region of Cu: a) before and c) after sputtering; and in the
BE region of Pt: b) before and d) after sputtering.

Table 2 — Relative atomic composition of the different oxidation states of Cu
and Pt species in different catalysts. The atomic ratio of the overall forms and

of the metallic forms of Pt and Cu is also given.

Species Art Pt(Cu))CNF Pt(CuMWCNT Commercial PtCu/C
Pt(0):Pt(I):Pt(IV) N 62:10:28 61:17:22 66:11:23
Cu(0):Cu(II) N 30:70 25:75 43:57
Pt(0):Pt(I):Pt(IV) Y 66:11:23 50:40:10 43:31:26
Cu(0):Cu(Il) Y 81:19 77:23 72:28
Overall Pt:Cu N 66:34 57:43 85:15
Overall Pt:Cu Y 70:30 58:42 76:24
Pt(0):Cu(0) N 81:19 77:23 90:10
Pt(0):Cu(0) Y 65:35 48:52 65:35
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The data given in Table 2 show for non-sputtered samples the presence of some
significant amounts of oxidized Pt and also of big amounts of oxidized copper. It is also
shown that oxidized copper largely disappears after Ar' sputtering and therefore, it is
essentially a residual oxidized copper on the surface. On the other hand, the overall Pt:Cu
ratio of the Pt(Cu) catalysts does not significantly vary upon sputtering, whereas the
Pt(0):Cu(0) ratio, related to the alloy formation, changes significantly, with a marked
decrease of the Pt content in this ratio upon sputtering. This strongly suggests that the
surface of the catalyst nanoparticles are Pt-enriched and that they can be visualized as a

PtCu alloy core covered by a Pt shell or at least by a Pt-rich shell.
3.2. Electrochemical characterization

Representative steady cyclic voltammograms of the catalysts under study, using the
mass activities jm (current values referred to the Pt load), at 20 mV s™! in deaerated 0.50
M H2SO4, are shown in Fig. 4. The jm vs E curves in Fig. 4a correspond to Pt(Cu)/CNF,
Pt(Cu)/MWCNT and Pt(Cu)/XC72. The same catalysts prepared from the activated
carbonaceous supports had the same shape as those without activation, but they presented
smaller current density values. The shape of these cyclic voltammograms were the same
as that of Pt and there was no evidence about Cu dissolution because no additional peaks
appeared. This indicates that the Pt-rich shell may avoid the oxidation of the internal Cu.
The potential region within the range 0.0-0.3 V corresponded to desorption (anodic
sweep) and adsorption (cathodic sweep) of atomic hydrogen. These peaks are not as well
defined as in the case of a perfect crystal faceting because the Pt structure appears to be
conditioned by the Cu alloying [18,46,47]. The Pt oxidation can be identified from
potentials around 0.65 V in the anodic sweep, with the corresponding reduction peak in
the cathodic sweep at about 0.8 V. The cyclic voltammogram of PtCu/C (Fig. 4b, curve

d), presents also the same features as that of Pt/C (Fig. 4b, curve e), without additional
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peaks for Cu dissolution, thus being in agreement with the existence of a Pt-rich shell
(Table 2). Note that the currents per mass of the cyclic voltammogram of Pt(Cu)/CNF
(Fig. 4a, curve a) are close to those of the curves shown in Fig. 4b. Overlapping of these

three curves indicates that they have comparable electrochemical surface areas (ECSAs).

The ECSAs of the catalysts were estimated from the hydrogen potential region of
the corresponding cyclic voltammograms. The overall charge of hydrogen desorption
(QOt-des, in pC) for a given Pt load (gpt, in uge: cm™?) was determined, and considering that
the charge associated with the formation or stripping of an atomic hydrogen monolayer

is 210 pC-cm™ [46], the ECSAs were obtained using equation (4):

ECSA = jfite (4)
The obtained values, collected in Table 3, are about 70-80 m? gpi! for all the catalysts
except for the MWCNTs and those using the activated carbons. Activation is typically
performed to increase the number of nucleation centers for the nanoparticles. However,

in this case, it did not yield a larger ECSA, probably because there is a larger

agglomeration as compared to the non-activated ones and they are then less accessible.
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Fig. 4 — Cyclic voltammograms of the carbon-supported catalysts in
deaerated 0.50 M H2SOs4 at a scan rate of 20 mVs'. (a) Synthesized
Pt(Cu)/CNF (a), Pt(Cu)/MWCNT (b) and Pt(Cu)/XC72 (¢). (b) Commercial
PtCu/C (d) and Pt/C (e).

Table 3 — ECSAs of the studied catalysts, estimated from desorption of
atomic hydrogen and from CO stripping. The corresponding Pt loadings are

also indicated.

Pt loading ECSAH-des ECSACcOo-des

Catalyst
/ pg cm2 / m? gpyt I m? gpt
Pt(Cu)/CNF 10.4 70.1 70.7
Pt(Cu)/CNF-A 12.0 19.6 20.8
Pt(Cu)/MWCNT 15.1 44.6 44.6
Pt(Cu)/MWCNT-A 16.5 10.7 11.3
Pt(Cu)/XC72 15.1 78.4 78.6
Pt(Cu)/XC72-A 11.6 40.8 41.3
PtCu/C (commercial) 18.5 86.4 87.2
Pt/C (commercial) 20.4 73.3 74.5
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The cyclic voltammograms corresponding to CO stripping, using also the mass
activities jm, are shown in Fig. 5. The oxidation peak between about 0.6 and 1.0 V
corresponds in all cases to the oxidative stripping of the pre-adsorbed CO monolayer.
Note, however, that there is a significant shift of the onset potential for CO oxidation to
more negative potentials, from ca. 0.7 V for PtCu/C (curve c¢) and Pt/C (curve d) to ca.
0.65V for Pt(Cu)/CNF (curve a) and Pt(Cu)/XC72 (curve b). This is in agreement with
previous work of the authors using Pt(Cu) catalysts prepared by electrodeposition of Cu
nanoparticles on Vulcan carbon XC72R and further galvanic exchange with Pt [18,23,24],
in which the same shift with respect to Pt/C was found. This can be explained by the Pt-
CO bond weakening due to the effect of the Cu alloying, with the consequent increase in
the CO oxidation rate [18,26,48]. The Pt-rich shell in these Pt(Cu) catalysts is then more
active for CO oxidation, thus meaning that they are more tolerant to CO. Note that the
onset potential for CO oxidation on PtCu/C (Fig. 5, curve ¢) is practically the same as
that using Pt/C (curve d). The main difference as compared to the carbon-supported
Pt(Cu) catalysts is that PtCu appears to have more Pt in the external part (see Table 2),
being less effective on the Pt-CO bond. The ECSAs of the catalysts were also determined
from the CO stripping curves, considering the charge for the CO desorption (Qco-des) and
that the oxidation of a monolayer of adsorbed CO on polycrystalline Pt requires 420
uC-cm?[18,46]. The corresponding results are also listed in Table 3, which shows the

excellent agreement with the ECSAs obtained from atomic hydrogen desorption.
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Fig. 5 — CO stripping curves in deaerated 0.50 M H2SOs at scan rate of 20 mV
s'! corresponding to Pt(Cu)/CNF (a), Pt(Cu)/XC72 (b), PtCu/C (c) and Pt/C (d).

The catalytic activity of the catalysts in front of the ORR was studied by linear
sweep voltammetry in Oz-saturated 0.50 M H2SOs4, using the RDE. The polarization
curves using the mass activities jm obtained at a rotational speed of 1500 rpm are shown
in Fig. 6a. It is shown that in all cases, the current approaches a limiting value at large
overpotentials. The highest jm values were obtained using the Pt(Cu)/CNF (curve a),
followed by the commercial PtCu/C catalyst (curve d). According to Fig. 6a, the
respective limiting values were about 260 and 180 mA mgpc!. Note that the latter is
comparable to that obtained for Cu-dealloyed PtCu supported on synthesized CNTs, of
about 150 mA mgp!, under the same conditions [44]. There were no significant
differences between Pt(Cu)/MWCNT (curve b), Pt(Cu)/XC72 (curve c¢) and the
commercial Pt/C (curve e). Note however, that the onset potential for Pt(Cu)/MWCNT

(and also for Pt(Cu)/MWCNT-A) were more positive than those of the other catalysts.
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This should entail a greater activity, which is not reflected in the limiting currents per

mass, probably because its ECSA is smaller (Table 3).
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Fig. 6 — Linear sweep voltammograms for oxygen reduction in Oz-saturated 0.50
M H2SO0s4, (a) considering the current per mass jm and (b) the current per ECSA Js,
corresponding to Pt(Cu)/CNF (a), Pt(Cu)/MWCNT (b), Pt(Cu)/XC72 (c), PtCu/C
(d) and Pt/C (e). Sweep rate: 5 mV s'. RDE rotation rate of 1500 rpm.
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This behavior, which is very probably related to the catalyst-support interaction,
merits to be further explored in depth. In fact, the specific activities js (currents referred
to the ECSA) are more indicative of the electrocatalyst activity than the mass activities
and current densities relative to the electrode section [49,50]. This is of particular interest
when comparing electrocatalysts with nanoparticles having quite different size, as in our
case. When the metal load and nanoparticle size are the same for different catalysts, it is
expected that the surface specific activity at a given potential keeps the same order of
magnitude as that of the current densities referred to the electrode section [50]. Then, both
indicate their different electrocatalytic activity. For this reason, the js vs £ plots, obtained
dividing jm by the corresponding ECSAs, have been depicted in Fig. 6b. As shown in this
figure, Pt(Cu)/MWCNT not only presented the most positive onset potential but also the
highest surface specific currents, being correlated to a greater electrocatalytic activity.
Then, according to Fig. 6a and b, Pt(Cu)/CNF possessed higher mass activities than the
others, but Pt(Cu)/MWCNT yielded greater specific activity. As the Pt(Cu) nanoparticles
were prepared in the same manner, there must be a notable effect of the support on their

behavior.

It is also of interest to analyze the relative stability of the synthesized catalysts. This
can be done by continuously cycling the specimens between 0.0 and 1.2 V, from hydrogen
adsorption to Pt and carbon oxidation [24], in deaerated 0.50 M H2SO4, employing a large
number of cycles. The curves depicted in Fig. 7a, b and ¢ show the initial cyclic
voltammogram (curve a, ¢, e) using Pt(Cu)/CNF, Pt(Cu)/MWCNT and Pt(Cu)/XC72,
respectively, in deaerated 0.5 M H2SO4 at 20 mVs™! and the corresponding final cyclic
voltammogram (curve b, d, f) at the same scan rate, obtained after 1000 cycles at 200 mV
s'!. The occurrence of certain atomic restructuration can be inferred, which may result

from the carbon and Pt oxidation with further Pt oxide reduction together with the local

25



restructuration and possible aggregation of the nanoparticles. After these tests, the final
ECSAs were 53.1,39.7 and 45.5 m? gpi'!, respectively, accounting for by ECSA losses of
about 25%, 11% and 42%, respectively. These values are comparable to previous ones
reported in the literature for somewhat different systems and protocols [40,41]. Thus,
ECSA losses of 22% and 46% were reported for Pt nanoparticles deposited on MWCNTs
(PtYMWCNTs) and commercial Pt/C, respectively [41]. This confirms the much greater
stability of the CNFs and the MWCNTs as compared to XC72. The greater loss in the
case of Pt(Cu)/XC72 could then be related to its poorer corrosion resistance when
compared with the CNFs and MWCNTs. The ECSA decrease for XC72 could be
particularly enhanced by the rather spherical shape of the carbon particles (see Fig. 2¢),
which may stimulate the nanoparticle aggregation during carbon oxidation. In spite of
undergoing an intermediate ECSA loss, the Pt(Cu)/CNF catalysts eventually exhibited

the greatest ECSA.

Then, Pt(Cu)/CNF and Pt(Cu)/MWCNT, apart from presenting relatively good
stability and contributing with high mass and specific activities, respectively, allow
saving about 50% of Pt. These results suggest that they could be good candidates as

cathodes for the ORR in low-temperature fuels cells.
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Fig. 7 — Cyclic voltammograms of (a) Pt(Cu)/CNF, (b) Pt(Cu)/MWCNT and
(c) Pt(Cu)/XC72 in deaerated 0.50 M H2SO4 at 20 mV s™!, before the stability
test (curves a, ¢, e) and after 1000 cycles within the same potential region at

200 mV s! (curves b, d, f).
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4. Conclusions

Pt(Cu) nanoparticle electrocatalysts, supported on CNFs, MWCNTSs and Vulcan
carbon XC72, were synthesized by electroless deposition of Cu and further galvanic
exchange with PtCls>. The XRD analyses of Pt(Cu)/CNF, Pt(Cu)/MWCNT and
Pt(Cu)/XC72 catalysts revealed Pt-like fcc structures with diffraction peaks between
those corresponding to pure Pt and Cu, thus indicating the formation of a PtCu alloy. The
mean crystallite sizes of the Pt(Cu) nanoparticles were about 3 nm. TEM observations
revealed the carbon morphology of nanofibers, nanotubes and spherules along with a
good dispersion and carbon attachment of the Pt(Cu) nanoparticles. The XPS analyses

showed that the Pt(Cu) nanoparticles consisted of a PtCu alloy covered by a Pt-rich shell.

The ECSAs were determined from desorption of atomic hydrogen and also from
CO stripping, yielding values of 70.5 and 78.5 m? gpi'! for Pt(Cu)/CNF and Pt(Cu)/XC72,
respectively, which were comparable to those of commercial Pt/C and PtCu/C. A smaller
value of 41.0 m?> gp! was obtained for Pt(Cu)/MWCNT. The activation of the
carbonaceous materials did not allow obtaining greater ECSAs. The carbon-supported
Pt(Cu) catalysts showed onset potentials for CO oxidation about 50 mV more negative
that those corresponding to Pt/C and PtCu/C, thus indicating the electronic effect of the
Cu on Pt. This resulted in an easier CO oxidation and higher CO tolerance as compared

to pure Pt.

The ORR curves obtained in Oz-saturated 0.50 M H2SO4 using the RDE showed
that the mass activity of Pt(Cu)/CNF was higher than that of commercial Pt/C and of
PtCu/C, whereas those of Pt(Cu)/MWCNT and Pt(Cu)/XC72 were comparable to that of
Pt/C. On the other hand, Pt(Cu)/MWCNT possessed higher specific activity than the

others. According to the relative stability tests, Pt(Cu)/CNF and Pt(Cu)/MWCNT were
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more resistant to corrosion and presented much smaller ECSA loss than Pt(Cu)/XC72.
These results suggest that Pt(Cu)/CNF and Pt(Cu)/MWCNT could be suitable candidates
for the ORR in the low-temperature fuel cells, eventually allowing a significant
electrocatalyst cost decrease thanks to the 50 wt.% reduction in the amount of Pt

employed.
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