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ABSTRACT

Six different carbon-supported Cu core Pt—Pd shell (Cu@Pt—Pd) catalysts have been suc-
cessfully synthesized by the galvanic replacement of Cu atoms by Pt** and Pd*" ions at
room temperature and their electrocatalytic activity for methanol and ethanol oxidation
have been evaluated in acid media. Cu@Pt—Pd core shell nanoparticles with a narrow size
distribution and an average diameter in the range of 3.1-3.5 nm were generated onto the
carbon support. The compositional and the structural analysis of the as-prepared materials
pointed out that the nanoparticles are formed by a Cu rich core covered by a Pt—Pd rich
shell due to the interdiffusion of the metals after the galvanic replacement reaction. The
electrocatalytic properties of the Cu@Pt—Pd electrodes in the electro-oxidation of methanol
and ethanol was found to be dependent on the electrochemical surface area, lattice strain
of the surface, composition and thickness of the Pt—Pd shell surrounding the Cu core. The
optimum catalyst composition to obtain the best performance for methanol and ethanol
electro-oxidation was determined to be Pty soPdg 324CU0 167/C (6.2 Wt.% Pt, 2.2 wt.% Pd and
0.7 wt.% Cu). This catalyst has a greatly enhanced mass activity, lower onset potential and
poisoning rate, and higher turnover number in the MOR and EOR reactions compared to a
commercial Pty siRup4o/C (20 wt.% Pt and 10 wt.% Ru). Consequently, this simple prepa-
ration method is a viable approach to making a highly active catalyst with low platinum
content for application in direct alcohol fuel cells (DAFCs).
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

At present, the major bottlenecks for a widespread utilization
of direct alcohol fuel cell (DAFC) technologies for stationary,

portable and transportation applications are the high cost for
market introduction, the reduced lifetime of the stacks and
the low energy efficiency. A number of different strategies
have been undertaken by the governments, technology pro-
viders and research institutions in order to reduce the cost of
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the most expensive parts of the stacks (i.e.,, gas diffusion
layer, membrane-electrode assembly and bipolar plates), to
develop more stable membranes with reduced alcohol
crossover and to increase the catalyst activity and platinum
utilization.

In current electrodes of DAFCs more than half of the
catalyst is inactive and the kinetic rate of the alcohol oxida-
tion reaction is still rather slow [1,2]. The new strategies to
prepare highly active and durable catalysts with low Pt
loading (below 0.2 mg cm~?) involves the production of multi-
metallic nanoparticles with a core—shell structure [3—10]. The
core—shell architecture makes possible the design of catalysts
with several unique properties just by choosing the metals
that form the shell and core. These elements can be selected
taking into account the segregation properties of the metals
and their electronic and strain-inducing effects on the Pt
surface atoms [11,12]. The most common and cost-effective
method of fabricating core—shell nanoparticles is the
galvanic displacement of a non noble metal (classically Cu) by
platinum ions to leave Pt on the surface of the nanoparticles
[9,13,14]. Sarkar et al. [13] and Zhu et al. [15] prepared a series
of carbon-supported Pt—Cu nanoparticles catalysts with cor-
e—shell structure via chemical reduction method and subse-
quent galvanic replacement. The authors found an enhanced
electrocatalytic activity for the oxygen reduction reaction on
the core—shell electrodes compared to that found with com-
mercial Pt catalysts. This observation was attributed to the
electronic modification of the Pt shell by the inner Pt—Cu core.
Recently, Chen et al. [6] reported that the activity of Ru core Pt
shell nanoparticles in electro-oxidation of methanol is found
to be dependent on the crystalline structure of the core and
the lattice strain at the core—shell interface. Wan et al. [16]
studied the electro-oxidation of methanol and the reduction
of oxygen on Cu—Pd core Pt shell catalysts prepared by
chemical reduction and galvanic displacement. The authors
claimed that the enhanced activity of the core—shell elec-
trodes with respect to Pt/C and PtRu/C is a result of improved
Pt utilization. The electro-oxidation of ethanol in acid media
on Cu@Pt carbon supported materials has been recently
studied by Amman et al. [17]. The core—shell catalysts dis-
played a better activity with respect to Pt/C in terms of
oxidation current and onset potential. They deduced that the
Cu core and the presence of Cu atoms in the Pt lattice promote
a different oxidation mechanism by preventing formation of
adsorbed species originated from the decomposition of
ethanol.

In a recent study, we have reported that several Cu@Pt—Ru
core—shell supported catalysts synthesized by galvanic
displacement exhibit enhanced catalytic activity and higher
tolerance to poisoning towards methanol and ethanol electro-
oxidation compared to a commercial Pt—Ru/C material with
higher Pt loading [9]. In the present work, the synthesis of a
series of carbon supported Cu@Pt—Pd core—shell catalysts via
galvanic displacement of Cu by Pt** and Pd*>" ions was carried
out. The structural, morphological and electrochemical char-
acteristics of the as-prepared core—shell nanoparticles were
studied by TEM, EDX, ICP, XRD and cyclic voltammetry. In
addition, their electrocatalytic activities towards methanol
and ethanol oxidation in acid media were evaluated and
compared with respect to a commercial Pt—Ru/C.

Experimental
Chemical reagents

Hexachloroplatinic(IV) acid hexahydrate (H,PtCls-6H,0, 40%
Pt) and palladium(Il) chloride (PdCl,, 99%) were purchased
from Sigma—Aldrich, while copper(ll) sulfate anhydrous
(CuS0Qy, p.a.) was obtained from Merck. Potassium hydroxide
(KOH, >85%) and sodium borohydride (NaBH,, >94%) were
also supplied by Sigma—Aldrich. Citrate buffer solution
(pH = 3.0-3.5) was prepared by mixing 17.5 ml of a 0.1 M
Na3CeHsO7 (99.9% from Anedra) solution and 232.5 ml of a
0.1 M CgHgO7 (99.9% from Anedra) solution with 247 ml of
bidistilled water. Sulfuric acid (96%) was obtained from Carlo
Erba, while CH30H (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 so-
lutions were prepared with bidistilled water.

Pretreated Vulcan XC-72 R carbon black (Sger = 241 m? g%,
and d, = 40 nm, Cabot Corp.) was used as substrate. The car-
bon pretreatment was carried out in 3 M HNO; 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 KOH solution. The pretreated carbon
powder was then filtered, washed with bidistilled water and
ethanol, and dried in an oven at 60 °C overnight.

Catalysts synthesis

A series of trimetallic Pt—Pd—Cu core—shell catalysts sup-
ported over the pretreated carbon powder were synthesized
by a two-step route. First, copper nanoparticles supported on
the pretreated carbon were synthesized by reduction of the
metal precursor with NaBH, in the buffered aqueous solution
at room temperature. Briefly, a given amount of CuSO, was
dissolved into 100 ml of sodium citrate/citric acid buffer so-
lution under vigorous stirring. Following, 100.0 mg of Vulcan
XC-72 R was added into the solution, and then sonicated for
60 min. After that, the metal precursor was reduced to give
60 wt.% Cu in carbon by adding solid NaBH, to the slurry in a
reductant to metal weight ratio of 4:1. The Cu/C material was
collected via suction filtration, washed thoroughly with
bidistilled water and ethanol and finally dried at 70 °C
overnight.

The Cu@Pt—Pd core—shell particles were prepared by
galvanic displacement reaction of Cu with Pt and Pd. 100.0 mg
of the as-prepared carbon supported Cu material were sus-
pended in 100 ml of the sodium citrate/citric acid buffer so-
lution and sonicated for 30 min. Afterward, appropriate
amounts of H,PtCls-6H,0 and PdCl, acidic aqueous solutions
were added and left to react for 2 h under magnetic stirring.
The solid product that remained at the end of the reaction was
collected via suction filtration, washed with bidistilled water
and ethanol and dried in an oven overnight. In order to
remove any unreacted copper nanoparticle as well as any
oxide formed due to the handling of the samples, the as-
prepared samples were digested for 2 h by using 9 M H,SO,
solution [13]. Finally, the powders were filtered, washed
repeatedly with bidistilled water and ethanol and dried in an
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Table 1 — Nominal atomic ratios used during the galvanic

replacement reaction and catalyst composition
determined by ICP-AES.

MeOH or 1 M EtOH +0.5 M H,S0, solutions by applying a po-
tential sweep at a scan rate of 50 mV s~ *. Stationary mea-
surements (chronoamperometry) were performed applying
pulses from an initial potential of 0 V for 15 min. Current

Catalyst Pt bd Pt Ru Pd_Cu < densities for methanol and ethanol electro-oxidation were
At. ratios wt.% normalized per milligram of Pt. A commercial Pt—Ru/C elec-
PPC1 55 45 2.6 - 13 05 956 trocatalyst (20 wt.% Pt and 10 wt.% Ru loading, Sigma Aldrich)
PPC2 65 35 62 - 2207 909 was used for comparison.
(I = o Hok - o2 O GAE Furthermore, the electroactive surface area of the different
g;g: iz gg 1?'2 a 1(1)';} 1: Zé'g electrodes was estimated by copper underpotential deposition
PhCE cc a0 o oo s method (Cu-UPD). Experimental details have been described
Commercial ~ — - 200 100 - - 700 in a previous paper [18].

oven at 70 °C overnight. The composition of the as-prepared
catalysts and the nominal atomic ratios of Pt and Pd used
during the synthesis are presented in Table 1.

Electrochemical characterization

Conventional three-compartment glass cells were used to run
the electrochemical experiments at room temperature with a
PAR 273 potentiostat/galvanostat controlled by software
ECHEM-M270. The counter electrode was a platinum wire
separated from the working electrode compartment by a
porous glass diaphragm. The reference electrode was a satu-
rated calomel electrode (SCE, +0.241 V vs. RHE) located in a
Luggin capillary. The potentials mentioned in this work are
referred to this electrode. The working electrode was prepared
by dispersing 20 ul of catalyst ink over the surface of a polished
to mirror glassy carbon rod (3 mm diameter). After that, the
electrodes were dried at 60 °C for 30 min to ensure the catalyst
binding to the glassy carbon support. The catalyst ink
(1 mg ml™") was prepared as follows: 5 mg of catalyst powder
were dispersed in 3.98 ml of bidistilled water, 1 ml of isopropyl
alcohol and 20 pl of Nafion solution by sonication for 30 min.
All solutions were deaerated by bubbling N, for 30 min and
then the inert atmosphere was maintained over the solution
during the tests.

The characterization of the as-synthesized materials was
carried out by cyclic voltammetry (CV) experiments in 0.5 M
H,SO, at a scan rate of 50 mV s~ *. The stable voltammograms
were obtained after 40 cycles. Thereafter, the electrode ac-
tivity for the alcohols electro-oxidation was evaluated in 1 M

Physicochemical characterization

The morphology of the catalyst surface and the particle size
were analyzed using transmission electronic microscopy
(TEM, JEOL, 100CX II) operated at 200 keV. Bulk composition
analysis was performed by an energy dispersive X-ray spec-
troscopy probe attached to a scanning electron microscope
(SEM, JEOL 100). X-ray diffraction (XRD) patterns of the
Pt—Pd—Cu/C catalysts were recorded over the 26 region of
30—80° using a Rigaku Dmax III C diffractometer with mono-
chromated CuKo radiation source operated at 40 keV and
30 mA at a scan rate of 0.05° s™*. The peak profiles in XRD
patterns of the catalysts were fitted with the pseudo-Voigt
function, using non-linear least-squares refinement pro-
cedures based on a finite difference Marquardt algorithm and
the lattice parameters were estimated using Bragg's law.

The amount of Pt, Pd and Cu deposited on the carbon
substrate was estimated using inductively coupled plasma
optical emission spectrometry ICP-AES (Shimadzu 1000 model
ITI). For this purpose, 10.0 mg of each sample were digested in
aqua regia for at least 10 h and filtered off to separate the
carbonaceous material from the solution containing the metal
ions.

Results and discussion
Materials characterization

Table 1 presents the composition of the electrodes, as a weight
percentage, with respect to the carbon support. The ternary

Table 2 — Characterization parameters of the as-prepared core—shell and commercial catalysts.

Catalyst Pt Ru Pd Atec °d. “ly ‘ECSA
aAt.% nm m? g piipa
PPC1 38.9 = 36.8 24.3 0.3911 3.1 3.22 67.9
PPC2 50.9 - 324 16.7 0.3891 29 3.10 135.8
PPC3 43.0 = 46.0 11.0 0.3886 3.6 3.45 73.0
PPC4 34.5 = 55.4 10.1 0.3892 4.0 3.55 54.8
PPC5 43.5 = 45.7 10.8 0.3913 3.5 3.55 47.8
PPC6 45.2 - 43.2 116 0.3892 3.4 3.20 40.0
Commercial 51.0 49.0 = = 0.3918 3.0 2.90 60.3

@ From EDX and ICP-AES analysis.

® From XRD (Debye—Scherrer equation).
¢ From TEM.

4 From Cu-UPD and ICP-AES analysis.
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metal composition was confirmed by EDX (Table 2), showing
that the Pt and Pd contents are very close to the nominal
values used in the galvanic displacement reaction.

The atomic ratios determined by EDX and ICP analysis, as
well as the average diameter particle (d,) are summarized in
Table 2. The platinum and palladium contents in the as-
prepared catalysts are between 32 and 55 at.%, while Cu
content is in the range of 10—24 at.%. The electrochemical
surface area per unit mass (ECSA) of the catalysts were
calculated to be in the range of 40-136 m? g %, while the ECSA
of the commercial material was in the order of 60 m? g~*. As
can be observed, the ECSA reaches the maximum value
(136 m? g~) when the noble metals content (Pt + Pd) in the
catalyst is 8.4 wt.% (PPC2) but then decreased gradually down
to 40 m? g~! with increasing noble metal content (PPCS,
35.7 wt.% Pt + Pd).

Fig. 1 presents the stabilized cyclic voltammetry response
of the as-prepared Pt—Pd—Cu/C catalysts in N, purged 0.5 M
H,S0, solution at a sweep rate of 50 mV s~*. The voltammo-
grams display a well defined region of hydrogen adsorption/
desorption which suggests that the surface of the nano-
particles is mostly composed of Pt and Pd atoms. The anodic
peak current indicative of the dissolution of Cu from the lat-
tice upon cycling was absent for all electrodes. This perfor-
mance confirms the core—shell structure of the nanoparticles
having Cu atoms in the core and Pt or Pd atoms forming the
shell, which in turn prevents the oxidation of Cu as Cu®"
during the potential cycling. This behavior is very similar to
that recently reported by Amman an Easton for Pt—Cu/C cor-
e—shell catalysts [17]. Furthermore, most of the voltammo-
grams developed a broad shoulder region, at approximately
0.35V, associated with the presence of oxygen moieties on the
surface of the carbonaceous substrate.

Fig. 2 presents representative TEM images of the as-
synthesized catalysts and the commercial material. The
average particle sizes of the as-synthesized materials are
enlisted in Table 2. The micrographies reveal the presence of a
large amount of almost rounded nanoparticles with sizes in
the range of 2.9-3.6 nm, which appear regularly distributed
over the carbon support material, whereas the nanoparticles

40t

EIV

Fig. 1 — Stabilized cyclic voltammograms of the different
Cu@Pt—Pd core—shell catalysts supported on Vulcan XC72R
carbon black in 0.5 M H,SO,4. v = 50 mV s~ 2.

showed in the TEM image of the commercial Pt—Ru/C catalyst
have diameters between 2.9 and 3.1 nm. Nevertheless, some
small agglomerates with characteristic lengths in the range of
8—12.0 nm are also observed in Fig. 2(f and g). The minor
change in particle size with the increase of platinum and
palladium contents suggest a redox deposition process in
which only the outermost copper layers are replaced by Pt and
Pd atoms. Furthermore, the dissolution of Cu and deposition
of platinum and palladium on the remaining Cu nanoparticles
prevents to a great extent the formation of new agglomerates.

Therefore, the ECSA values reported in Table 2 could be
interpreted in terms of the exposed percentage of Pt and Pd
atoms available for the Cu-UPD reaction. In other words, the
increase in Pt and Pd contents only results in thicker Pt—Pd
layers on the core—shell nanoparticles. There exists however
a discrepancy between the ECSA value of PCC1 and that ex-
pected for the noble metals content in this electrode. This
disagreement could be due to a significant diminution of the
available Pt and Pd sites at the nanoparticles surface because
of the spontaneous interdiffusion process of the metals after
the galvanic replacement reaction [19]; i.e. the migration of Pt
and Pd atoms into the vacancies in the particle bulk and the
migration of copper atoms from the core to the surface of the
particles during this time, would result in less than an atomic
layer of the noble metals at the nanoparticles surface.

The XRD diffraction patterns for the as-synthesized cata-
lysts are shown in Fig. 3. The diffractograms of the as-prepared
materials have three diffraction peaks centered at Bragg angles
of about 40°, 47° and 69°, which can be assigned to the (111),
(200) and (220) facets of the platinum and palladium face
centered cubic (fcc) lattice structures. These three diffraction
peaks appear slightly shifted toward higher 26 values in the
core—shell materials with respect to the corresponding peaks
in pure Pt and Pd because of the difference in size between Pt,
Pd and Cu. Furthermore, the XRD patterns do not show any
peak corresponding to the fcc arrangement of Cu [20], which
suggests the formation of a solid solution between Cu, Pt and
Pd. Hence, it is assumed that the nanoparticles are composed
of a Cu rich Pt—Pd—Cu core covered by a rich Pt—Pd shell [13].
This behavior has been also observed by several authors
[19,21,22]. As was noted by Shibata et al. [19], for small nano-
particles (<5 nm) the metals are randomly distributed within
the particle due to the interdiffusion across the core—shell
interface, with the penetration of the surface atoms being
dependent on both the core size and the total particle size.

Table 2 gives the lattice parameter values of all samples
estimated by using Bragg's law. It can be noted that the as-
prepared catalysts have smaller lattice constants compared
to Pt (3.923 A) and very close to that of Pd (3.8902 A). Further-
more, the incorporation of Cu, which has a smaller atomic
radius than Pt and Pd, induces the contraction of the Pt fcc
network upon alloying, leading, therefore, to a decrease in the
lattice parameter (or d-spacing).

Additionally Debye—Scherrer's equation [23] was used to
estimate the average crystallite size of Pt—Pd—Cu/C and
Pt—Ru/C catalysts from the (111) and (220) peaks centered at 20
values of about 40° and 69°, respectively:

_ 0.941}(0{1
¢ By COS 05

(1)
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Fig. 2 — TEM images and histogram of particle size distribution of the as-synthesized Cu@Pt—Pt/C electrocatalysts used in
this work: PPC1 (a), PPC2 (b), PPC3 (c), PPC4 (d), PPC5 (e) and PPC6 (f); and Pt—Ru/C catalyst (g).

where, A, is the wavelength of X-ray, 6 is the angle of the
peak, and By is the full width at half-maximum (FWHM) of
the peak broadening in radians and the value 0.94 comes from
considering spherical crystallite geometry (or cubo-octahedral
shape). The average crystallite size of the Pt—Pd—Cu/C

1500

1200

900

600

Intensity / a.u.

300

20 /°

Fig. 3 — XRD diffractograms of the as-prepared catalysts
and Pt—Ru/C by Sigma Aldrich.

catalysts falls in the range of 3.0—3.5 nm. Furthermore, the
commercial Pt—Ru/C catalyst has a crystallite diameter of
3.0 nm. The crystallite sizes determined by Debye—Scherrer's
equation are in good agreement with the previous TEM
results.

Electrochemical performance of the as-prepared Pt—Pd—Cu
catalysts

The steady cyclic voltammetry curves recorded for methanol
and ethanol electro-oxidation in acid media at the as-
synthesized trimetallic catalysts at room temperature are
shown in Fig. 4(a and b), respectively. Insets of Fig. 4(a and b)
shows the comparison between the mass activity of the most
active as-prepared catalyst, PPC2, and the commercial Pt—Ru/C.

Interestingly, the onset potential of the as-synthesized
catalysts for the methanol oxidation reaction (MOR) is
slightly lower to that of the commercial Pt—Ru/C material.
This means that the incorporation of Cu and Pd have a
favorable activation effect in the electro-oxidation of the
alcohol. The onset potential of methanol oxidation for PPC2
electrode is found to be 0.19 V, and it is shifted gradually to
more positive potentials with the increase in platinum and
palladium contents (up to 0.25 V for PPC6). However, the onset
potential for PPC1 is very similar to that of PPC6 electrode. The
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Fig. 4 — Stabilized cyclic voltammograms for the different
electrode materials in 1 M CH;0H/0.5 M H,SO, (a), and 1 M
CH3CH,0H/0.5 M H,SO, (b) at room temperature. The

sweep rate was 50 mV s~ ! and the arrows indicate the scan
direction. Insets: comparison between PPC2 and Pt—Ru/C.

voltammetric curves also indicated that PPC2 has the highest
activity over the entire potential range, and the electro-
catalytic activity for methanol oxidation decreases in the
order PPC3 > PPC4 > PPC5 > PPC1 > PPC6. Moreover, the cur-
rent density of PPC2 electrode is almost three times higher
than that of Pt—Ru/C over the whole forward scan. The peak
current density at PPC2 electrode is reached at 0.59 V, about
30 mV more negative than that at the commercial Pt—Ru/C
catalyst, indicating that the alcohol oxidation is facilitated and
needs less overpotential with this electrode. Further increase
of Pt and Pd contents in the core—shell materials shifts the
position of the anodic peak towards more positive potentials
up to values very close to that at the commercial material
(~0.62 V at PPC6).

On the other hand, the onset of the ethanol oxidation re-
action (EOR) for PPC2 is shifted about 18 mV to a more positive
potential value than that observed for MeOH oxidation, while
the oxidation reaction starts at about 0.4 V for the commercial
catalyst (Fig. 4(b)). As in the case of methanol electro-
oxidation, a gradually shift of the onset potential in the di-
rection of more positive values with the noble metal contents
is noted down with the other as-synthesized electrodes. In the
present case, the PPC2 electrode has the greatest activity for
ethanol electro-oxidation and the intensity of the anodic
current during the forward scan is found to follow the order of

PPC1 > PPC4 > PPC3 > PPC5 > PPC6. Furthermore, the elec-
trocatalytic activity of PPC2 is as high as ten times that of
Pt—Ru/C at the low potential region (0.3—0.4 V, a relevant re-
gion for fuel cells operation). However, this current density
improvement is reduced by more than a half in the potential
region close to the oxidation peak. This change may be
explained by the difference in the nature of the synergistic
effects of Ru, Pd and Cu atoms on the Pt-based catalysts. In the
case of the commercial catalyst, the facilitation of ethanol
oxidation reaction is produced via oxygen-containing species
adsorbed on Ru atoms (bifunctional mechanism), whereas the
presence of Pd and Cu atoms on the Pt-based core—shell ma-
terial modifies the electronic structure of Pt atoms by a change
in the electronic density of state at the Fermi level that
weakens the adsorption of CO and other intermediates spe-
cies, limiting catalysts poisoning [9,14,24]. It is also noted that
the oxidation peak potential for both electrodes are very
similar (~0.67 V). However, the peak potential of ethanol
oxidation is observed at more positive potential values than
those reported for the electro-oxidation of methanol (between
50 and 90 mV for Pt—Ru/C and PPC2, respectively). Also the
progressive increment of Pt and Pd contents causes a shift of
the peak potential to more positive compared with that on the
Pt—Ru/C.

As can be seen from the above analysis, except for PPC1
electrode, the core—shell catalysts depict similar trends for
the electro-oxidation of methanol and ethanol, i.e. the elec-
trocatalytic activity of the as-synthesized electrodes
decreased with an increase in the noble metals content due to
the increase in Pt and Pd contents only results in thicker Pt—Pd
layers on the core—shell nanoparticles and lower specific
surface areas. These results are in good accordance with those
reported in the literature [14]. On the other hand, PPC1 has one
of the lowest catalytic activities for methanol oxidation, while
it exhibits the second highest performance for ethanol
oxidation. This anomalous behavior can be ascribed to a dis-
similar tolerance to poisoning of this electrode for methanol
and ethanol oxidation. This means that the Cu-rich core
strongly promotes the oxidation of ethanol by favoring the
splitting of the C—C bond or limiting substantially the accu-
mulation of ethanolic residues as a result of electronic and
strain effects. On the contrary, the inability of Pd and Cu
atoms to supply OH,q4s Species at the low potential region,
which inhibits the oxidation of methanol by the earlier poison
of the available Pt sites or slows up the alcohol adsorption/
dehydrogenation process [25].

Furthermore, the results point out that PPC1 and PPC2
catalysts are more active for electro-oxidation of ethanol than
methanol. It is therefore interesting to note that, for PPC1 and
PPC2, the presence of the Cu core has a higher impact in the
EOR activity than in the MOR activity. This must indicate that
the electronic and lattice strain effects of Cu core and Cu
atoms in the Pt—Pd sublayers have a more pronounced influ-
ence in the global oxidation mechanism of ethanol in acid
media than in the MOR mechanism. As we have previously
indicated, the lattice mismatch in the Pt rich shell and the
modification of the surface electronic structure may catalyze
the C—C bond cleavage and consequently increases the effi-
ciency of ethanol conversion to CO,. On the contrary, the
catalysts with higher Pt and Pd contents have higher activity


http://dx.doi.org/10.1016/j.ijhydene.2014.05.123
http://dx.doi.org/10.1016/j.ijhydene.2014.05.123

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 11547—11556

11553

for MOR than EOR, which means that the Cu core has a very
low impact in the catalytic process probably due to the thicker
Pt—Pd shell. This behavior is in good agreement with results
reported in the literature [26—28]. For instance, Kadirgan et al.
[26] and Ozturk et al. [27] observed that Pt—Pd/C catalysts
exhibited higher electrochemical activity for oxidation of
methanol than ethanol in acid media. Liu et al. [28] also re-
ported that some Pt—Pd alloy foam electrodes were more
active for oxidation of methanol than ethanol.

In addition, the electrocatalytic performance in quasi-
stationary conditions and the poisoning resistance of the as-
prepared Pt—Pd—Cu/C and the commercial PtRu/C electro-
catalysts were evaluated by chronoamperometric experi-
ments at different constant potentials. The current—time
curves of all electrodes at 0.4 V are shown in Fig. 5, and the
electrocatalytic activities at different constant potentials are
summarized in Fig. 6. It is noted that the electrodes have the
same behavior as in the previous CV experiments, but the
current densities obtained in the j-t curves are lower than
those obtained in the CV experiments due to the partial
blocking of the active sites by the accumulation of poisoning
species such as CO, CH;COOH, CH3CHO, etc. [29—31]. The area-
specific activities of the electrodes towards methanol and
ethanol oxidation at 0.4 V are gathered in Table 3. Overall, the
PPC2 electrode exhibits the highest current densities in com-
parison with the other as-prepared catalysts. Furthermore,
the PPC2 electrode depicts catalytic activities 25% higher than
that of Pt—Ru/C (0.121 vs. 0.095 mA cm %pi_pq for methanol
oxidation and 0.146 vs. 0.116 mA cm %p_pg for ethanol
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Fig. 5 — Chronoamperometry curves at 0.4 V vs. SCE for as-
prepared electrodes and Pt—Ru/C in 1 M CH;0H/0.5 M
H,S0, (a), and 1 M CH;CH,0H/0.5 M H,S0, (b) at room
temperature.

(b) | 400

Fig. 6 — Electrocatalytic performance of the electrodes in M
CH;0H/0.5 M H,S0, (a), and 1 M CH;CH,0H/0.5 M H,S0, (b).
Data taken from potentiostatic experiments at various
potentials after 15 min.

oxidation). Moreover, the as-prepared catalysts with similar
or smaller ECSA to the Pt—Ru/C catalyst also display enhanced
area-activities than the commercial Pt—Ru/C electrode. This
behavior can be associated with the electronic effects between
Pt, Pd and Cu atoms and the high number of surface defects in
the Pt—Pd shell.

In all chronoamperometric curves there is an initial cur-
rent drop during the first 200 s followed by a relatively slower
decay. Jiang and Kucernak [32] have indicated that the
chemisorption of poisoning species originates the fast drop in
the current density at short times, while the low current decay
at longer times is ascribed to anion adsorption. These authors
proposed to quantify the poisoning rate (0) of the different
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electrodes in the electro-oxidation of methanol and ethanol
by the following equation [32]:

100 /dI
s="|= 2
Io (dt>t>5005 ( )

where (dI/dt)>sq is the slope of the linear portion of the current
decay (A s7%), and I, is the current at the start of polarization
back extrapolated from the linear current decay (A). This
parameter is tabulated in Table 3. The poisoning rate of all
electrodes for methanol and ethanol electro-oxidation does
not change significantly between 0.4 V and 0.5 V [33]. As it can
be noted, the long-term poisoning rate of the as-synthesized
catalysts (expect PPC1) is lower than that of Pt—Ru/C for
both methanol and ethanol oxidation reaction. Furthermore,
the poisoning rate parameter confirms the dissimilar toler-
ance to poisoning of PPC1 electrode for methanol and ethanol
electro-oxidation.

The turnover frequency (TOF) or turnover number (TON) is
an important figure of merit in heterogeneous catalysis
because it permits the most accurate comparison of activity
between catalysts with dissimilar compositions and struc-
tures [34]. This parameter can be defined as the rate of mol-
ecules converted per active surface site per second at a given
potential and experimental condition [35]:

TON (molecules) jNa

sites )  nFL.3x 105 ()

where, j is the steady-state current density (A cm™2), n is the
number of electrons produced by the oxidation of one alcohol
molecule (6 and 12 e~ for methanol and ethanol conversion to
CO,, respectively), N, is the Avogadro constant, F is the
Faraday constant, and 1.30 x 10'° is the mean surface atomic
density of the Pt-based catalysts (platinum sites per 1 cm? of
the real surface area [35]). Table 3 also summarized the turn-
over numbers of the different catalyst materials at 0.4 V and
0.5 V. As can be noted the TON parameter increases as the
applied potential increase because the electrodes becomes
more active [32,36,37]. From Table 3, it can also be seen that
the as-synthesized core—shell catalysts (except PPC1) have
higher TON values than Pt—Ru/C for both alcohols, which
means that these electrodes can oxidize more methanol or
ethanol molecules during the same period of time using the
same number of active sites than Pt—Ru/C. For instance, the
number of methanol or ethanol reacting molecules on PPC2
increases between 20 and 45% with respect to Pt—Ru/C at an
applied potential of 0.5 V. Sung et al. [36] reported TON values
of 0.0827 and 0.059 molec. site~* s~* for the electro-oxidation
of 2 M MeOH/0.5 M H,SO,4 on Pt—Ru—Ni (5:4:1) and Pt—Ru(1:1)
unsupported catalysts at 0.65 V (NHE) and 25 °C. Recently, Ye
et al. [38] reported a TON value of 0.89 molec. site™* s~ for the
oxidation of 1 M MeOH/0.5 M H,S0O, on Pt4Au4/ITO electrode at
0.75 V (SCE) and room temperature. However, in this study the
measurements were performed at a polarization potential
that is not relevant for fuel cells operation. Overall, the
elevated TON values of the as-synthesized catalysts can be
associated with the core—shell structure of the nanoparticles.
The enhanced performance of core—shell electrocatalysts
with respect to the conventional ones has been demonstrated
by several authors [4,6,39].
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When comparing the catalytic activity, poisoning rate and
TON of the as-synthesized catalysts, it becomes evident that
the increasing contents of platinum and palladium, i.e. the
increasing thickness of the shell, limit the effects of the Cu
core. This can be understood in terms of the electronic and
lattice strain effects and the fraction of the surface Pt atoms
exposed to the reaction. As a result, the optimum catalyst
composition for methanol and ethanol electro-oxidation was
determined to be Pty s9Pdp 324CU0 167/C (6.2 Wt.% Pt, 2.2 wt.% Pd
and 0.7 wt.% Cu). Notably, this catalyst has greatly enhanced
catalytic activity for the MOR and EOR reactions compared to
commercial Pts;RuU049/C (20 wt.% Pt and 10 wt.% Ru). Note
that the bifunctional effect is less important for this system
because Pd and Cu have a more limited ability than Ru for
breaking the water molecule to form OH,q4 so the increase in
activity and the turnover number TON, and the decrease in
the poisoning rate are attributed to the higher electroactive
surface area of the core—shell material and to ligand (i.e.,
electronic effects due to the shift of Pt d-band position) and
lattice strain effects [4,40,41].

The finding of this study suggests that the two-step process
is a viable approach to making a highly active catalyst with
good stability and low platinum content for application in
direct alcohol fuel cells (DAFCs). However, further work
should be done in order to understand how the MOR or the
EOR mechanisms are influenced by the structure and
composition of the Cu core/Pt—Pd shell supported catalysts.

Conclusions

The electrocatalytic activity for the methanol and ethanol
oxidation reactions on carbon supported Cu@Pt—Pd core—-
shell catalysts synthesized by a two-step process that involves
a galvanic displacement reaction was investigated in acid
media and compared with a commercial Pt—Ru/C catalyst.
The synthesis method allowed us to prepare catalysts of
different compositions but with similar average particle size,
narrow particle distribution and electrochemical surface
areas in the range of 40—136 m? g—*. The structural analysis of
the as-prepared materials pointed out that the nanoparticles
are composed of a Cu rich core covered by a Pt—Pd rich shell.

Cyclic voltammetry and chronoamperometry experiments
indicated that the mass electrocatalytic activity of the as-
synthesized electrodes decreased with an increase in the
noble metals content due to the reduction of the fraction of Pt
atoms in the catalyst surface exposed to the reaction (i.e.,
reduction of the ECSA). The Cu core has only a high impact on
the electrochemical properties of the catalysts with low Pt and
Pd contents. On the contrary, the Cu core has a very low
impactin the electrochemical properties of the materials with
high Pt and Pd contents due to the thickness of the Pt—Pd
shell. Overall, the electroactive surface area, the lattice strain
of the surface layer, the composition and the thickness of the
Pt—Pd shell surrounding the Cu core are decisive to achieve a
high activity, a facilitated oxidation process and a low
poisoning rate in the electro-oxidation of the alcohols.

The electrochemical investigations also revealed that the
PPC2 electrode (6.2 wt.% Pt, 2.2 wt.% Pd and 0.7 wt.% Cu) ex-
hibits a better performance towards MOR and EOR reactions

compared to a commercial Pt—Ru/C sample with higher Pt
loading, in terms of mass activity, onset potential, poisoning
rate and turnover number. The outstanding performance of
PPC2 was attributed to the high electrochemical surface area
of the metallic catalyst, the lattice strain in the Pt—Pd shell and
changes induced in the electronic properties of the Pt rich
surface layer.
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