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ABSTRACT

This work set out to explore the influence of kind and surface condition of carbon supports
on the electrocatalytic activity of trimetallic PtRuCu alloy nanoparticles. The structure,
composition, particle size and catalyst loading were determined by XRD, EDX, XPS, TEM
and ICP-AES analysis. XRD studies revealed that support physical characteristics and
surface conditions have an important influence in lattice strain, while XPS pointed out that
a strong electronic interaction exists between the particles and the carbon support. Elec-
trochemical experiments showed that the activated carbon black supported PtRuCu cata-
lyst exhibits the best performance for methanol and ethanol oxidation and the lowest
poisoning rate. The superior catalytic activity of this electrode can be rationalized in terms
of metal-support interaction, Pt utilization efficiency and electrical conductivity of the
carbon support. Furthermore, the as-prepared electrode exhibits 13 and 7 times higher
activity towards methanol and ethanol oxidation when compared with a PtRu/C com-
mercial catalyst.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

produced directly or indirectly from agricultural and forestry
wastes, industrial residues, municipal solid waste and animal
residues, which in turn may help to reduce the carbon dioxide

Methanol and ethanol are proposed as alternative fuels for
low-temperature polymer electrolyte membrane fuel cells
because they have high energy density (ca. 6—9 kW hkg ') and
are easier to transport and distribute to the public using the
current infrastructure [1]. Besides, these alcohols can be

* Corresponding author.
E-mail address: jmsieben@uns.edu.ar (J.M. Sieben).
http://dx.doi.org/10.1016/j.ijhydene.2017.08.079

emissions to the atmosphere [2—4].

The direct alcohols fuel cells are considered the most
appropriate substitutes for rechargeable batteries in low
power mobile and portable devices such as handheld
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cameras, mobile phones, portable computers, portable radios,
medical equipment, etc., which are sold in millions allover the
world [5,6]. Today, however, the widespread production and
global commercialization of liquid-feed direct alcohol fuel cell
stacks is limited by the high cost of Pt, high fuel permeability
through the ionomer membrane (i.e., crossover phenomenon)
and deficient activity, selectivity and low stability of anode
electrocatalysts at low operating temperatures.

A new approach to obtain highly selective and active
electrocatalysts with low noble metals loading for methanol
oxidation reaction (MOR) and ethanol oxidation reaction (EOR)
involves the preparation of multifunctional nanostructured
particles [7—12]. For instance, recent investigations on atom-
ically ordered Ru@Pt [9] and Ni@Pt-Ru [12] core—shell nano-
particles have suggested enhanced activity, selectivity and
durability with respect to PtRu/C and Pt/C catalysts in the
operating conditions of direct methanol fuel cells (DMFC).
Other work has shown that trimetallic PtRuCu alloy nano-
particles with surface defects present improved activity to-
wards methanol oxidation compared to similar sized PtRu
particles [10]. Most recently, Cao and co-workers have suc-
cessfully synthesized PtCu hierarchical branched nano-
particles with greatly enhanced electrocatalytic performance
for methanol oxidation in comparison to a commercial PtRu/C
material [11]. The superior electrocatalytic performance of
these nanoparticles can be rationalized on the basis of lattice
strain effects, modification of the electronic surface structure
and high efficiency of Pt utilization. On the other hand, carbon
support nature and state are known to play a crucial role on
the activity of supported catalysts influencing not only parti-
cle morphology, size and distribution but also modifying the
electronic structure of the catalyst. For instance, the graphi-
tization degree (i.e., extension of the sp® network) [13], pres-
ence of surface functionalities [14,15] and doping with
heteroatoms (N, S, P, B) [16,17] affect effectiveness and extent
of electron transfer from particles to support. On the other
hand, textural and morphological characteristics (i.e. specific
surface area, porosity, etc.) of support materials also affect
catalyst activity and selectivity towards methanol and ethanol
oxidation [18].

Therefore, the main objective of this work is to study the
influence of structural characteristics and surface composi-
tion of two widely different carbon supports on the electro-
catalytic activity of trimetallic PtRuCu alloy nanoparticles
towards methanol and ethanol electro-oxidation in acid me-
dium. The supported trimetallic alloy nanoparticles have been
synthesized by a two-step preparation method and charac-
terized by different physicochemical techniques. Previous
studies have determined that this trimetallic systems have
high catalytic activity for the oxidation of methanol and
ethanol in acid medium [19,20].

Experimental
Reagents and carbon supports
Carbon black from Cabot (Vulcan XC-72R, particle diameter

about 40 nm, labeled as CG) and multi-walled carbon nano-
tubes from Aldrich (MWCNTSs, >98%, carbon, outer diameter

ca. 10 nm and length between 3 and 6 pm, labeled NT) were
used as supports. These carbonaceous materials were treated
with 3.0 M HNOj solution at 60 °C for 3 h. The slurry was then
cooled and its pH value was adjusted to 7.0 with 1.0 M NaOH
solution. The pretreated carbon materials (labeled as CGA and
NTA) were then filtered, rinsed thoroughly with bidistilled
water and ethanol, and dried in an oven at 80 °C overnight.
Hexachloroplatinic (IV) acid hexahydrate (H,PtCls-6H,0,
40 wt % Pt) was purchased from Sigma-Aldrich, while anhy-
drous copper (II) sulfate (CuSO,4, p.a.) and ruthenium (III)
chloride hydrate (RuCls;-xH,0, 41 wt % Ru) were obtained from
Merck. Sodium hydroxide (NaOH, > 97.0%) and sodium boro-
hydride (NaBH,, >94%) were also supplied by Sigma-Aldrich.
Sulfuric acid (96 wt %) and hydrochloric acid (37 wt %) were
obtained from Carlo Erba, while CH3;0H (99.9%), CH3CH,OH
(99.9%) and isopropyl alcohol (>99.5%) were provided by J.T.
Baker®. In addition, Nafion® 117 solution (5 wt % in a mixture
of lower aliphatic alcohols and water) was supplied by Sigma-
Aldrich. All solutions were prepared with tridistilled water.

Catalysts preparation

The trimetallic nanoparticles supported on the different car-
bon materials were synthesized via a two-step reduction
process. Ru-Cu particles were prepared by dissolving RuCls
and CuSOy salts in 50 mL of 0.25 M HCI and then adding to an
aqueous carbon support suspension (2 mg mL™?). After 45 min
constant stirring solid NaBH, was slowly added to the mixture
in a weight ratio of 5:1, and left to react for 2 h under moderate
stirring. The resulting metal-carbon material was collected via
suction filtration, washed thoroughly with bidistilled water
and ethanol and then redispersed in 50 mL of bidistilled water
by sonication for 30 min. The nominal Cu and Ru metal
loading on carbon was 22.2 and 11.1 wt %, respectively. Then,
2.65 mL of 0.0386 M H,PtCls-6H,0 aqueous solution (11.1 wt %
of Pt on carbon) was added to the suspension and left to react
for 2 h under moderate stirring. The solid product that
remained at the end of the reaction was recovered via suction
filtration, washed with water and ethanol and dried in an oven
overnight.

Physicochemical characterization

Nitrogen isotherms were determined at —196 °C using a Nova
1200e Quantachrome instrument after degassing the pro-
duced chars at 150 °C until outgassing was completed. The
specific surface area of the carbonaceous materials was
calculated by the BET equation. The total micropore volume
(Vpr-Ny) was calculated from the application of the Dubi-
nin—Radushkevich equation to the N, adsorption at —196 °C.

Carbonaceous materials conductivity was measured on
pellets by using PVDF as binder (5 wt % of the pellet weight).
The pellets of about 0.5 cm in diameter and ca. 1.5 mm in
thickness were obtained after pressing at 0.1 Ton cm™? at
room temperature for 5 min. Electrical conductivity was
calculated according to ¢ = h/(R x A); where R is the resistance
measured, h is the pellet thickness and A is the circular sur-
face area. The procedure used to measure the ohmic resis-
tance of the samples was similar to that reported elsewhere
[21,22]. To ensure reproducibility, ohmic resistance was
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measured for three different samples of each carbon material
at a pressure of 150 kPa.

X-ray diffraction (XRD) patterns of the catalysts were
collected on a Rigaku Dmax III C diffractometer with mono-
chromated CuKa radiation source operated at 40 keV at a scan
rate of 0.05° s~*. The bulk composition of the samples was
determined on a scanning electronic microscope (SEM) LEO
1450 VP equipped with an energy dispersive X-ray probe (EDX),
EDAXGenesis 2000. The microstructure of the as-synthesized
materials was analyzed on a transmission electronic micro-
scope (TEM) JEOL 100CX II.

X-ray photoelectron spectroscopy (XPS) measurements
and analyses were performed in a PHI 548 spectrometer whit a
Double Pass Cylindrical Mirror Analyser, using the Al Ko non-
monochromatic radiation at 300 W and 20 mA. The resolution
spectra were taken at 50 eV of pass energy, giving an absolute
resolution of about +0.5 eV. The operation base pressure were
better than 5 x 10~° Torr. The C 1s binding energy was taken as
a charge reference and fixed at 285.0 eV. The signal decon-
volution was made using Shirley type background subtraction
and sum of Gaussian—Lorentzian functions. The atomic ratio
estimations were done relating the peak areas after the
background subtraction and corrected relative to the corre-
sponding atomic sensitivity factors to an approximated ab-
solute error of 20%.

The amount of the metals deposited on the carbon sup-
ports was determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES, Shimadzu 1000 model III).

Electrochemical characterization

The electrochemical measurements were performed at room
temperature with a PAR 273 potentiostat/galvanostat using a
Pt wire as counter electrode and a saturated calomel electrode
(SCE, +0.241 V vs. NHE) as the reference electrode. All poten-
tials mentioned in this work are referred to this electrode. The
working electrodes were prepared by dispersing 20 uL of a
catalyst ink over the surface of a polished glassy carbon rod
(0.07 cm?). Then, the electrodes were dried at 60 °C for 30 min
with an IR-lamp to ensure the catalyst binding to the glassy
carbon support. The catalyst ink was prepared by following
the procedure described elsewhere [23]. Briefly, the inks of the
as-prepared catalysts were made by ultrasonically blending
20 mg of powder samples, 7.96 mL of tridistilled water, 2 mL
isopropyl alcohol and 40 pL Nafion ionomer solution for
30 min.

The catalytic performance of the as-prepared electrodes
for the electro-oxidation of 1 M methanol (MeOH) and 1 M
ethanol (EtOH) was determined in 0.5 M H,SO, solution by
electrochemical techniques such as cyclic voltammetry (CV)
and chronoamperometry (CA). Before starting the experi-
ments, all solutions were deaerated by bubbling N, for 30 min
and then the inert atmosphere was maintained over the so-
lution during the tests. The CV experiments were conducted
applying a potential sweep of 50 mV s~* in a potential window
of —0.2—0.9 V (vs. SCE). The steady state voltammograms were
obtained after 30 cycles, whereas the stationary measure-
ments were performed applying pulses of 0.4 and 0.5 V for
900 s. Current densities for alcohols electro-oxidation were
normalized per milligram of Pt. The active surface area of the

electrocatalysts (ECSA) was estimated by CO stripping exper-
iments by following the procedure described in a previous
paper [24]. A commercial Pt-Ru/C electrocatalyst from Sigma
Aldrich (20 wt % Pt and 10 wt % Ru loading, ECSA =60.3m? g *
and d, = 2.9 nm) was used for comparison [23].

Results and discussion
Carbon supports characterization

Table 1 shows the BET surface areas calculated from N,
adsorption data at —196 °C [VDR (N,)] and the electrical con-
ductivity of all carbon supports. The carbon materials exhibit
Type II isotherms, which are characteristic of systems con-
taining micropores and also macropores attributed to particle
agglomeration [25,26]. The BET surface area of CG was
measured as 228 m? g~* while the multiwalled carbon nano-
tubes presented a BET surface area up to 2.6 times higher than
the other supports (335 m? g~ ). These values are comparable
to results published in the literature [27,28]. Contrary to ex-
pectations, the highly conductive multiwalled carbon nano-
tubes presented lower conductivity values than carbon black.
This result is likely related to differences in the contact area
and packing density of the particles under compression,
which in turns influences contact resistance [21]. Therefore,
we presume that the contact resistance of the carbon black
powder is smaller than that of the nanotubes in the experi-
mental setup used for the measurements. Marinho et al.
indicated that the contact resistance influence is far more
pronounced in nanotubes than in carbon black, especially at
low applied pressures [21].

In addition, it can be noted that the BET surface area and
the porosity decreased about 50% after the chemical oxidation
pretreatment of the pristine carbon materials due to the
corrosion of the pore walls that causes a damage in the porous
structure. This behavior is in line with the results reported in
the bibliography [29—-31]. On the other hand, the electrical
conductivity was found also to decrease after the pretreat-
ment. Specifically, CG and NT conductivity was reduced by a
factor of three after the pretreatment due to the reduction of
the graphitic domains. A possible explanation is that the
oxidative treatment partially destroys the conjugated sp?
network and the carbon atoms decorated with oxygen func-
tionalities adopt sp® hybridization. Therefore, the electron
transference at the surface of the particles becomes much
more difficult and the interfacial resistance between the par-
ticles augments.

Furthermore, oxygen atomic content at the near surface of
the different carbonaceous materials was determined by XPS

Table 1 — Porous texture, electrical conductivity and
surface elemental composition of carbon supports.

Material ABET VDR'N2 g (S Cmil) C (at. %) (0] (at. %)
(m’g™) (m’g™)

CG 228 0.36 1.395 92.9 14
CGA 92 0.34 0.383 90.5 4.2
NT 335 0.60 0.033 90.0 23
NTA 177 0.20 0.011 88.7 9.0
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analysis. As can be seen from Table 1, the relative percentage
of oxygen raised appreciably for both CG and NT after the mild
oxidation treatment with HNOs;. The oxidation procedure
increased the atomic oxygen concentration by about 200 and
290% on the surface of CG and NT, respectively, i.e., the sur-
face oxidation degree of NT was higher than that of CG. Fig. 1
shows the O 1s core level spectra for the raw carbon materials
and the acid-treated samples. The XPS signal can be decon-
voluted into three peaks at BEs of 535.4 eV, 533.6 eV and
532.1 eV. The peak centered at 532.1 eV is assigned to the
presence of carbonyl or quinone type groups, the peak located
at 533.6 eV is attributed to oxygen single bonded to carbon
(phenol, lactones or anhydrides) and the shoulder that ap-
pears at 535.4 eV is probably associated with the presence of
chemisorbed water [32,33]. At first inspection we can note that
on CG the intensity of the peak ascribed to carbon atoms
bonded with hydroxyl and epoxy group is higher than that
attributed to C=0 species, which indicates that the C-OH
species are the dominant functional groups. On the contrary,
the O 1s spectrum of NT shows that the contribution of the
double bonded species is found to be higher than that of the
single bonded groups. Oxidation of CG results in increase of
the relative amount of carbonyl and quinone groups, while
oxidation of NT results in increase of the percentage of phe-
nols and ethers functionalities. These results suggest that the
surface oxidation of CG and NT samples proceed via different
mechanisms and it is consistent with literature reports
attributing this difference to the degree of interlayer interac-
tion between graphene sheets [34].

Catalysts characterization

After the synthesis the supported catalysts were character-
ized by TEM. Fig. 2 shows the TEM images and corresponding
particle size distribution histograms of the trimetallic PtRuCu
nanoparticles supported over the different carbonaceous
materials. The average particle size of the as-synthesized
catalysts is included in Table 2. As shown in the micro-
graphs, the different carbons appear to be covered with
nanoparticles ranging between 2.9 and 4.8 nm in diameter,

T
CGA ! —c=0
5 C-OH
E Il T II : - H20/02
= i 1 : — Envelope
5 1
£

540 538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 1 — O 1s core level XPS spectra of the different carbon
supports.

and small agglomerates (ca. 15 nm) comprised of smaller
particles. The nanoparticles deposited on CG and NT supports
have mean diameters of 2.9 nm and 4.5 nm with median
values of 2.66 and 3.93 nm, respectively. As regard of CGA the
mean diameter of the PtRuCu particles is 3.5 nm with a me-
dian of 3.1 nm, while the particles observed in the micrograph
of PRC/NTA have a mean diameter of 4.3 nm with a median of
4.0 nm. It can be noted that the specific surface area and pore
size distribution of the supports do not directly influence
particle size and distribution and agglomeration degree of the
trimetallic catalysts. The better particle distribution and lower
particle size of PRC/CG with respect to PRC/NT catalyst may be
probably attributed to the higher amount of hydroxyl and
epoxy groups on the Vulcan XC-72R surface because these
moieties can act as more effective anchoring sites for the
growth of particles than carbonyl functionalities. On the other
hand, TEM images reflect the effect of the oxidative pretreat-
ment of the carbon support on the uniformity of the size
distribution, dispersion and degree of agglomeration. Overall,
the catalysts prepared with the pretreated carbon supports
presented better particle dispersion and less agglomerates
than those prepared with the pristine powdered carbon black
and carbon nanotubes because the oxygen surface groups act
as anchoring sites for immobilizing Cu and Ru precursors via
electrostatic, coordinative and Van der Waals interactions.
Fig. 2d also shows damage to nanotubes walls (i.e., broken
and surface defects) caused by the oxidative
pretreatment.

The XRD diffraction patterns of the different catalysts are
illustrated in Fig. 3. All samples present three main Bragg
peaks characteristic of the fcc structure of platinum located at
angles of about 40°, 47° and 68°. This means that reduced
copper and ruthenium atoms do not exist as individual par-
ticles on carbon substrates. The diffractograms show broader
peaks and present a slight shift towards higher angles respect
to corresponding peaks in pure Pt/C pattern (not shown). Ac-
cording to Table 2 and Fig. 3, a relationship between peak
broadening and decreasing crystallite size can be observed. In
addition, the slight shift towards higher angles of the
diffraction peaks is probably caused by the formation of an
alloy phase between Pt, Ru and Cu according to the Vegard's
law, consequence of metals atoms interdiffusion across the
interfacial vacancy defects created during the galvanic
replacement reaction [19,35]. The lattice strain (¢) in the tri-
metallic PtRuCu particles relative to bulk Pt (lattice constant of
3.921 A), is determined by the following expression [7,36]:

walls

_ (aCuRui<l:Pt - aPt) % 100 (1)
dpt

The ¢ values are summarized in Table 2. The lattice strain
of the nanoparticles deposited over NT is almost 20 times
higher than on CG, effect that cannot be attributed to particle
size effects because lattice strain decreases with increasing
particle size [37]. Probably, the difference observed in ¢ values
can be ascribed to morphological and textural properties of
the supports. The oxidation of the carbon supports resultsin a
higher extent of lattice strain, although the increase of ¢ in
carbon black is much higher than in carbon nanotubes,
Recently, Daio et al. [38] studied the influence of the support
material on the evolution of lattice strain in Pt nanoparticles,
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4 5 6 7 8 9 X
Size (nm)

Fig. 2 — TEM Images and particle size histograms of trimetallic nanoparticles on different substrates. PRC/CG (a),

PRC/CGA (b), PRC/NT (c) and PRC/NTA (d).

founding that the stronger the metal-support interaction, the
higher the lattice strain. In this case, the metal atoms interact
strongly with the oxygen moieties formed on the carbon
surface after the oxidative pretreatment, which in turn in-
duces a higher strain in the PtRuCu nanoparticles. In other
words, the metal—oxygen moieties interaction does not only
influence the size, dispersion, and chemical state of the
catalyst particles, but also creates more strain in the sup-
ported nanoparticles.

EDX analysis confirmed that the as-synthesized nano-
particles supported over the different carbonaceous materials
contain platinum, ruthenium and copper. The atomic

Table 2 — Characteristic parameters of particles.

Catalyst 2dy, (nm) bd. (nm) “a (A) & (%)
PRC/CG 29+03 2.6 3.917 —0.09
PRC/CGA 35+07 3.4 3.853 -1.75
PRC/NT 45+1.0 3.7 3.852 -1.77
PRC/NTA 41+0.7 3.5 3.839 —2.09

& Average particle size (TEM).
b Crystallite diameter (XRD).
¢ Unit cell parameter.

composition of all samples is compiled in Table 3. With the
exception of PRC/NT, the atomic ratio of Pt:Ru:Cu in the
nanoparticles bulk was found to be about 1:1:1 which is
different than the initial atomic ratio of salts precursors
(1:2:6). The decreased amount of Cu is a consequence of the
partial galvanic replacement reaction during the synthesis

900 (111) . :
= 200
e, 200 (220); PRC/CG
. . oo -’ et
2 600 :-n-v/\\,‘_‘_ ) © PRC/CG
z A :
2 B . 0 .
8 . 2 . PRCINT
£ 300 : :
; - PRCINTA
0 2 i 2 . [ 2 1 2 N [ 2
30 40 50 60 70 80

20 (°)

Fig. 3 — XRD patterns of the as-prepared PtRuCu catalysts.
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Table 3 — Binding energies and relative contents of Pt, Ru and Cu in catalysts.

Sample Binding energy (eV) XPS (at. %) EDX (at. %)

Pt 4f,/, Ru 3ds), Ru 3ps/» Cu 2ps/, Pt Ru Cu Pt Ru Cu
PRC/CG 71.3 281.5 462.3 932.0 34.2 44.6 21.2 29.8 32.4 37.8
PRC/CGA 71.3 281.2 461.9 931.9 37.5 39.3 23.2 255 26.3 48.3
PRC/NT 71.2 281.3 462.1 931.8 30.4 40.4 29.2 42.6 38.7 18.7
PRC/NTA 70.9 282.4 462.7 933.6 34.3 41.2 245 30.5 33.9 35.7

process. On the other hand, the amount of Ru was lower than
expected from the initial precursor mass probably because a
significant quantity of Ru atoms are detached from the surface
of the Cu-Ru nanoparticles during the partial galvanic
replacement reaction.

On the other hand, the composition and the chemical state
of the surface atoms were evaluated by XPS. Fig. 4 displays the
XPS high-resolution spectra corresponding to the regions of
Pt, Cu, Ru and C different core levels and Table 3 shows the
binding energies and the atomic surface composition ob-
tained from deconvoluted spectra. Interestingly, it can be seen
that the atomic composition on the surface and the near
surface regions are slightly different to the bulk composition
of the nanoparticles.

Fig. 4a shows the Pt 4f core level spectra of the as-prepared
catalysts. Note the signals overlapped with Cu 3p and Ru 4s,
whose signals were synthesized from those obtained for the
regions of Cu 2ps/, and Ru 3ps/,, Fig. 4c and d respectively. The

pt? (a)

PRC/CG Cu3p 5 FEAf i
. I Ru 4s 1 s 1 1 L
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peaks located around 71 and 74 eV are assigned to the Pt 4f;/,
and Pt 4fs/, of metallic Pt, respectively. The Pt 4f;/, peaks en-
ergy positions of the as-prepared samples are in good agree-
ment with the expected for metallic Pt in bulk samples [39].
The position of the 4f;/, peak in Pt/C and PtRu/C is marked
with a dashed line located at 71.1 eV [40—42]. As noted, the Pt
4f,,, peak of the as-prepared samples is shifted to the right
compared to Pt/C and PtRu/C [40-42], suggesting electronic
interaction between the surface and near surface Pt atoms
and the other metals in the surface alloy, and/or the interac-
tion between Pt and the carbon support [9,43,44]. Furthermore,
the Cu 2ps/, signal (Fig. 4b) can be deconvoluted into two peaks
located at binding energies of about 932.0 and 933.7 eV. The
main peak at 932.0 eV is ascribed to the presence of metallic
Cu expected at 932.7 eV for bulk samples while the peak at
933.6 eV is associated with the presence of CuO in agreement
with the expected value for bulk material [45]. It is interesting
to note the shift between 0.7 and 1.1 eV to the lower binding

(b)

Cu
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Cu0 |
1 1 1
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L 1 I T = L —Cu0
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Fig. 4 — XPS profiles of Pt 4f (a), Cu 2p (b), Ru 3d (c) and Ru 3p (d) regions.
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energies observed for metallic Cu, indicating an alloy forma-
tion with Pt and Ru at the near surface of the nanoparticles. On
the other hand, the Cu signal observed for PRC/NTA can be
assigned to CuO. Notwithstanding the foregoing, the concen-
tration of CuO in this sample is very small and not detectable
by X-ray diffraction. This means that the appearance of cupric
oxide on the surface of PRC/NTA catalyst is probably conse-
quence of the sample exposition to atmospheric O,. The core
level spectrum of the Ru 3d region (Fig. 4c) shows a strong
overlapped with that corresponding to C 1s. Additionally, the
C 1s it is also influenced for the substrate functional groups.
Therefore, models peak obtained from pristine substrates
were used in order to consider a proper deconvolution of these
regions. In this way, the Ru 3d can be deconvoluted into two
peaks separated by an energy gap of 5 eV (281.4 and 286.4 eV).
On the other hand, the Ru 3p;/; region is characterized by a
single peak centered at about 462.3 eV (Fig. 4d). This peak can
be assigned to the presence of Ru® [42,45]. Moreover, a slight
band shift of the peak compared to bulk ruthenium can be
noted. This result is associated with the electron transfer from
Ru to Pt within the solid solution formed at the near surface,
since the work function of Pt is larger than that of Ru [46].

Additionally, an enrichment of Pt and Ru at the near-
surface of the alloy nanoparticles can be seen from the com-
parison of EDX and XPS results in Table 3. It is interesting to
note that Ruis the major component on the near surface of the
nanoparticles, while Pt is the main component of the bulk.
This result suggest that during the galvanic displacement re-
action the platinum atoms deposited on the surface interdif-
fuse into the inner of the particle through vacancy defects,
while the ruthenium atoms migrate in the opposite direction
because of the larger volume fraction and smaller curvature of
the outer layers [47]. Another plausible explanation is that the
partial dissolution of the surface Cu atoms leaves behind re-
gions of Ru-skeleton structures which are subsequently sur-
rounded by Pt atoms.

Furthermore, CO stripping was used to estimate the elec-
troactive surface area and to obtain information on the sur-
face state of the different catalyst materials. Fig. 5 displays the
CO stripping voltammograms recorded at a sweep rate of
10mV s~'in 0.1 M H,S0, electrolyte. The onset of CO oxidation
occurs at 0.18, 0.14, 0.17 and 0.16 V on PRC/CG, PRC/CGA,
PRC/NT and PRC/NTA, respectively. The results indicates that
the activation treatment of the supports has a small positive
impact on the oxidation of carbon monoxide. That is, the
electro-oxidation of CO is slightly easier on the oxidized car-
bon supported nanoparticles than on the pristine carbon
supported catalyst. Moreover, two overlapping stripping
peaks centered at potentials of about 0.32 and 0.48 V can be
observed on all catalysts. Wang and Abruna [48] have indi-
cated that the appearance of multiple peaks during CO
oxidation is attributed to different regions (i.e., with different
electronic and strain properties) at the catalyst surface, sug-
gesting that the CO,4 molecules at defect sites and Pt sites
near Ru sites (or in our case Cu-Ru sites) are likely oxidized at
low potentials (first peak zone) and these sites can then be
covered with OH,4 species, which inhibit CO repopulation
onto these sites, while the oxidation of CO molecules adsor-
bed on less active regions (i.e., Pt sites far from Ru/Cu sites or
terrace sites) occurs at high potentials (second peak zone). The

values of the electroactive surface area per unit mass of
catalyst (ECSA) are summarized in Table 4. The estimated
ECSA values were 120 m? g ' for PRC/CG, 130.3 m? g * for
PRC/CGA, 51.3m? g~ * for PRC/NT and 97.2 m? g * for PRC/NTA.
The catalyst PRC/CGA presents a minor variation of ECSA with
respect to PRC/CG (8%), while PRC/NTA exhibits a 53% higher
ECSA as compared to PRC/NT. The low enhancement in ECSA
of PRC/CGA can be explained by the combined effect of two
phenomena that progress in opposite directions: an increase
in nanoparticle size which reduce Pt utilization and an
enhancement in the dispersion of the nanoparticles due to the
presence of higher amounts of anchoring sites (i.e., oxygen
functionalities) for Cu and Ru deposition. On the other hand,
the large increase in ECSA of PRC/NTA can be attributed to the
smaller size and higher dispersion of the supported nano-
particles. Moreover, a significant difference between the
shape of the CO stripping curve of NT and those recorded for
the other catalysts can be observed. This behavior could be
attributed to differences in the surface distribution of the
metals at the nanoparticles. The Pt utilization efficiency of all
catalysts was also included in Table 4.

Methanol and ethanol electro-oxidation

Fig. 6a and Fig. 6b show the stabilized cyclic voltammetry
curves (CV's) recorded for methanol and ethanol electro-
oxidation at the different as-prepared electrodes. All curves
display a single peak during the positive-going sweep that is
characteristic of the electro-oxidation of MeOH,4s and EtOH,4¢
molecules on Pt based catalysts. After passing through the
maximum, the current density decreases progressively due to
platinum oxide formation and then starts to increase again at
potentials higher than 0.85 V due to incomplete alcohol
oxidation. In the backward scan the corresponding oxidation
peak is shifted to a less positive potential (ca. 0.45 V) and the
oxidation process proceeds with high reactivation currents.
This anodic peak is attributed to the further removal/oxida-
tion of adsorbed by-products and CO, and/or oxidation of
alcohol molecules on the freed catalytic sites.

The electrodes present similar onset potentials (Eonset) and
oxidation peak potentials (E;) for MOR and EOR. The onset
potential for MOR and EOR on PRC/CG and PRC/CGA catalysts
occurs at ca. 0.20 V, while the oxidation reactions on PRC/NT
and PRC/NTA electrodes take place at about 0.32 V. However, if
we look closely at the CV curves in the zone between 0.1 and
0.4 V (inset in Fig. 6a and b), we can noticed that the onset of
the reactions for PRC/CGA and PRC/NTA is shifted about
20 mV to a more negative potential with respect to the cata-
lysts prepared with the pristine carbon materials. This result
can be explain by the higher amount of oxygen groups on CGA
and NTA supports. Besides, the electronic interactions at the
metal—support interface decrease the adsorption strength of
poisoning species and the oxygen groups facilitate the
adsorption of water oxidation intermediates [49,14]. On the
other hand, the oxygen moieties also creates lattice strain in
the supported nanoparticles. Such lattice compression
weakens the bond strength between chemisorbed in-
termediates and Pt sites [39,50].

Over the entire potential range, the trimetallic alloy parti-
cles supported on CG and CGA exhibit about fourfold higher
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1

catalytic activities for the electro-oxidation of MeOH and EtOH
than those supported on NT and NTA materials. Apart from
that, the as-prepared catalysts are more active for the oxida-
tion of ethanol than for the oxidation of methanol. The mass
peak current densities for MOR and EOR in the positive going
scan were 790 and 1450 A gpi* for PRC/CGA, 760 and 1380 A gzt
for PRC/CG, 210 and 630 A gp for PRC/NTA and 170 and 430 A
mgpi for PRC/NT. Conversely, the area-normalized peak cur-
rent densities of PRC/CG and PRC/NT were higher than those
of the trimetallic particles supported on the treated carbon
materials (Figs. SI1 and SI2). The specific peak current den-
sities for MOR and EOR were 0.33 and 0.57 mA cm™2 for PRC/
CG, 0.20 and 0.35 mA cm™~2 for PRC/NT, 0.29 and 0.50 mA cm ™2
for PRC/CGA and 0.12 and 0.32 mA cm 2 for PRC/NTA. Mass
activity is related to platinum utilization and to the influence

of co-catalysts and the carbonaceous support on the
enhancement of the activity, while specific activity is directly
related to the number of active sites on the catalyst surface. To
explain this contradictory results one must consider that
mass activity results from the combination of area activity,
platinum utilization and Pt-support interaction as well as co-
catalyst effect. Consideration must also be given to the dimi-
nution of the electrical conductivity of the supports as a result
of the damage (i.e., diminution in the size of the graphitic
domains) produced by the oxidative treatment. Taking into
account that the electrocatalysts have similar surface
composition, it can be thus hypothesized that the mass ac-
tivity results observed on CV experiments are due to the high
Pt utilization efficiency on CGA and NTA and to the enhanced
metal-support interaction, which in turn prompts greater

Table 4 — Metal loading and ECSA of the different carbon-supported catalysts.

Sample ? Pt loading (ugp; cm ) “Composition (wt. %) ECSA (m? geatalyst) °Pt utilization (%)
Pt Ru Cu

PRC/CG 34.4 50.6 28.5 20.9 120.1 80.0

PRC/CGA 40.7 46.5 24.8 28.7 130.3 99.2

PRC/NT 66.1 61.0 29.2 9.8 51.3 60.0

PRC/NTA 53.8 51.1 29.4 19.5 97.2 92.6

& Pt loading from ICP-AES per unit of geometric electrode area.

> Metals contents on carbon supports. Data from ICP-AES and EDX analysis.
¢ Pt utilization = (ECSA/CSA) x 100. Chemical surface area (CSA, m? g *) = 6000/(p d,), where  is the density of the trimetallic system (g cm ).
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strain and electronic effects in the alloy nanoparticles. In the
case of the area-specific activities, it can be said that the
inferior performance of PRC/CGA with respect to PRC/CG and
of PRC/NTA with respect to PRC/NT electrode may be likely
attributed to the reduction of the electrical conductivity of the
carbon materials after the oxidative treatment. The
enhancement of ECSA after the oxidative treatment of the
supports is not enough to compensate the dramatic diminu-
tion in the conductivity of the supports. On the other hand,
the differences in the mass and area activities between
PRC/CG and PRC/NT, and between PRC/CGA and PRC/NTA can
be explain by the difference in ECSA and the electrical con-
ductivity of the supports. To sum up, it can be said that the
electrocatalytic performance of the trimetallic nanoparticles
supported on the as-prepared materials is dependent on the
type and amount of surface functionalities, which influence
particle size, dispersion and agglomeration extent as well as
lattice strain. Moreover, the catalytic activity of the electrodes
is strongly influenced by the electrical conductivity of the
support. The metal-support interaction, which is different for
each support, can also contribute to the observed perfor-
mance of the as prepared catalysts. The carbon support
changes the electronic structure of the trimetallic nano-
particles, thus weakening the binding energy of poisoning
intermediates. However, the influence of other important
structural characteristics as pore size and pore distribution
cannot be entirely ruled out.

To evaluate the catalytic activity under more comparable
fuel cell practical conditions, the as-prepared materials were
evaluated through potentiostatic tests and compared with the
response of a commercial catalyst in the potential region that
is relevant to MeOH and EtOH oxidation (Fig. 7 and Fig. SI3).
The j vs t curves show that the as-prepared catalysts follow
the same trend as that observed in CV experiments. For
instance, at 0.4 V PRC/CGA presented the highest mass ac-
tivity for MeOH and EtOH oxidation in acid medium (201 and
205 A mgp;) followed by PRC/CG (195 and 180 A mgpt), PRC/
NTA (26 and 63 A mgp), and PRC/NT (22 and 54 A mgz.). At the
same potential the commercial catalyst developed current
densities of 15 and 31 A gz for MOR and EOR, respectively [23].
Remarkably, the catalytic activity of the trimetallic alloy
nanoparticles supported on CGA and CG is about 13 and 7

times higher than that of the commercial system for MOR and
EOR, respectively, while in the case of PRC/NTA and PRC/NT
the mass current density is increased by 100% with respect to
PtRu/C for both MOR and EOR reactions [23].

Furthermore, the poisoning rate (3) can be calculated from
the chronoamperometric measurements by using the
following equation [51]:

100 /dI
0=— |5 2
Iy <dt>t>SOOs ( )

where (dI/dt)-s00 is the slope of the linear part of the curve (A
s~ %) and I, is the current determined from the intercept of the
regression line with the y-axis (A). The poisoning rates at 0.4 V
for MOR and EOR were 0.024 and 0.018% s~ * for PRC/CGA, 0.026
and 0.018% s~ for PRC/CG, 0.031 and 0.020% s™~* for PRC/NTA
and 0.036 and 0.024% s~* for PRC/NT. It is interesting to note
that the poisoning rate of the electrodes is influenced by the
nature of the carbon support and its degree of interaction with
the nanoparticles. On the other hand, the long-term poisoning
rates of the home-made electrodes for methanol and ethanol
electro-oxidation are between 1.5 and 2 times lower than
those of PtRu/C (0.047% s~ for MOR and 0.052% s~ for EOR
[23)).

The significant enhancement on the catalytic activity and
the improved tolerance to poisoning of the as-synthesized
catalysts compared to the commercial electrode can be
explained by the larger ECSA of the trimetallic catalysts, the
higher Pt utilization efficiency and the modification of the
surface electronic structure of Pt due to the shift of Pt d-band
position and lattice strain effects, as well as the interaction
with carbon support. According to the results, the presence of
copper in the trimetallic alloy also plays an important role in
the performance of the trimetallic system. On the one hand,
the incorporation of Cu atoms causes a reduction of the
interatomic Pt-Pt distance and on the other hand modifies the
electronic structure of Pt atoms [7], which facilitates the
oxidation of adsorbed intermediates.

Finally, the catalytic activity of the most active trimetallic
supported electrode was compared with some data available
in the literature. The mass activity obtained with PRC/CGA
electrode is better than those reported by other authors for
MOR and EOR in acid medium. For instance, Wu et al. reported
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a catalytic activity of 128 mA mgzp at 0.45 V (vs. SCE) for EOR
on a PtysSngs/XC-72 electrode (d, = 2 nm and Pt
content = 22 wt %) synthesized using microfluidic reactions in
capillary tube reactors [52], while Asgardi et al. reported a
current density of 127.8 mA mgz at 0.31 V (vs. SCE) for EOR on
a Pty 755N0.25/C electrode (d, = 4 nm, metal loading = 19 wt %
and ECSA = 87.6 m? g™') synthesized via the formic acid
method [15]. In another work, Li et al. reported that a Pt
catalyst (d, = 5 nm, ECSA = 26 m” g~ ' and Pt loading = 25 wt %)
supported on a VulcanXC72R-copper phosphide (1:1) com-
posite showed a catalytic activity of about 106 and 75 mA mgp;
at 0.6 V (vs. SCE) for MOR and OER, respectively [53]. Recently,
Poochai et al. stated a catalytic activity of 54 mA mgpi at 0.46 V
(vs. SCE) for MOR on a Cu@PtRu core-shell catalyst (d, = 9.6 nm
and ECSA = 31.3 m? gp{') supported over a carbon paper [54].
Cao etal. [11] studied the electro-oxidation of methanolin acid
medium onto hierarchical branched Pt—Cu nanoparticles
(dp = 30 nm and ECSA = 51.6 m? g %). The authors obtained a
catalytic activity of 97.6 mA mgp; at 0.57 V (vs. SCE). In general
terms, one could say that the as-prepared trimetallic PtRuCu
catalysts can be considered as a promising anodic material for
direct alcohols fuel cells. Further investigations in our
research group are ongoing to evaluate the role of the textural
and structural properties of ordered mesoporous carbons
and biocarbons on the electrocatalytic properties of

nanostructured particles with low Pt content towards ethanol
oxidation.

Conclusions

The present study was designed to determine the influence of
the nature and surface state of the carbon support on the
electrocatalytic activity of trimetallic alloy nanoparticles
synthesized by a two-step route for methanol and ethanol
oxidation in acid medium. PtRuCu particles between 3 and
4 nm in size were deposited over pretreated or pristine carbon
black and multiwalled carbon nanotubes materials. The
different physicochemical and electrochemical analysis indi-
cated that the metals are forming PtRuCu solid solution alloy
nanoparticles. XRD and TEM results pointed out that the na-
ture and state of the support have an important influence in
lattice strain, size and distribution of the trimetallic nano-
particles. Besides, XPS results indicated that a strong elec-
tronic interaction exists between the surface and the carbon
support. Cyclic voltammetry and chronoamperometry were
employed to evaluate the catalytic performance of the sup-
ported trimetallic alloy nanoparticles for MOR and EOR. The
results indicated that the activated carbon black supported
trimetallic PtRuCu catalyst exhibits the best performance for
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methanol and ethanol oxidation in terms of onset potential,
poisoning rate and mass activity. Furthermore, the pristine
and treated carbon black supported PtRuCu catalysts exhibi-
ted about fourfold higher catalytic activities for MOR and EOR
than those of pristine and treated MWCNTSs supported PtRuCu
catalysts. These results can be explained in part by the metal-
support interaction and Pt utilization efficiency. The different
electrical conductivity of the supports can also contributes to
explain this behavior.

On the other hand, the activity of the trimetallic alloy
nanoparticles supported on activated carbon black is 13 and 7
times higher than that of a commercial PtRu/C catalyst for
MOR and EOR at 0.4 V, respectively. Furthermore, the
poisoning rates for both alcohols was about 1.5 times lower
than that of the commercial material. Based on these results,
the activated carbon black supported trimetallic PtRuCu
electrode seems to be a promising anodic material for direct
alcohols fuel cells.
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