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ABSTRACT: A single-source approach was used to synthesize bimetallic nanoparticles on a high-surface-area carbon-support
surface. The synthesis of palladium and palladium—cobalt nanoparticles on carbon black (Vulcan XC-72R) by chemical and
thermal reduction using organometallic complexes as precursors is described. The electrocatalysts studied were Pd/C, Pd,Co/C,
and PdCo,/C. The nanoparticles composition and morphology were characterized using inductively coupled plasma mass
spectrophotometer (ICP—MS), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray fluorescence spectroscopy
(EDS), X-ray diffraction (XRD), and transmission electron microscopy (TEM) techniques. Electrocatalytic activity towards the
oxygen reduction reaction (ORR) and methanol tolerance in oxygen-saturated acid solution were determined. The bimetallic
catalyst on carbon support synthetized by thermal reduction of the Pd,Co precursor has ORR electrocatalytic activity and a

higher methanol tolerance than a Pt/C catalyst.
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B INTRODUCTION

Proton-exchange membrane fuel cells (PEMFC) promise to be
a power source for space application, transportation, stationary
power, and portable devices with low or zero emissions and
high efficiency."”” One type of PEMFC is the direct methanol
fuel cell (DMFC), which has the advantage of the fuel being
liquid, allowing easy transportation and storage. Unfortunately,
in the DMFC, the low-temperature electrolyte requires
platinum (Pt) electrocatalysts that are easily poisoned and
costly. Also, DMFCs suffer methanol crossover through the
membrane that degrades the cathode catalysts. Platinum alloy-
and non-Pt alloy-based catalysts were studied to reduce catalyst
cost and to improve the catalytic activity toward the oxygen
reduction reaction (ORR).>™® For example, the palladium—
cobalt alloy resulted in being an extremely active catalyst for the
ORR with high methanol tolerance.'%™'*

The support type, precursors used, and heat-treatment step
are very important parameters to consider during the catalysts
synthesis. The synthesis procedures for the catalysts are vital
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because the electrocatalysts performance will depend on
them."> Various methods have been used for the electro-
catalysts synthesis.'®"'® Chemical reduction of metal salts with
a reducing agent is widely used for the synthesis of metallic and
bimetallic nanoparticles on carbon supports.'”** Commonly,
the alloys are prepared by deposition of a transition metal(1)
and the catalyst metal(2) on the carbon support followed by
the reduction process.”"** Simultaneous deposition and
reduction of metals are used to avoid the problems of large
particle sizes and difficult control of composition ratio. Serova
et al. concluded that the selection of the precursor for the
preparation of alloys can significantly affect the catalytic activity
because differences in the catalysts morphology and electronic
structure can be observed.”® The electrocatalysts performance
depends of the synthesis method. The demand for tailored
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catalytic nanoparticles has encouraged the use of hetero-
bimetallic molecular precursors.**~>" The advantage of the
heterobimetallic molecular precursors for the synthesis of
bimetallic and alloy nanoparticles is that the metal ratio is
predetermined by the stoichiometry of the precursor.

This research focuses on the development of palladium and
palladium—cobalt nanocatalysts on carbon support. The goal of
this research is the synthesis of bimetallic catalytic nanoparticles
using single organometallic precursors with the metal ratio
predetermined. In this work, a simple synthesis of Pd, Pd,Co,
and PdCo, nanoparticles on Vulcan XC-27R has been
accomplished. The morphology and composition of the
carbon-supported catalysts were characterized by surface-
analysis techniques. Electrochemical measurements have
determined the electrocatalytic activity toward oxygen reduc-
tion reaction (ORR) and methanol tolerance.

B EXPERIMENTAL SECTION

Synthesis of Nanoparticles on Vulcan XC-72R Using
Organometallic Precursors. The organometallic complex [Pd;(-
3-PhPz)s] (Pdy precursor), [NH,],[CoPd,(Me,lpz),Cl,] (Pd,Co
precursor), and [NH,],[Co,Pd(Me,lpz),Cl,] (PdCo, precursor)
were synthesized following published procedures.”**® Carbon black
(Vulcan XC-72R) from Cabot was used as the carbon support for the
nanoparticles synthesis by chemical and thermal reduction. These
synthesis methods were used with the Pd;, Pd,Co, and PdCo,
precursors for the deposition of carbon-supported catalytic nano-
particles. For both methods, the catalysts were prepared, giving a total
metal loading of 20 wt % (theoretical). All reagents and solvents were
analytical grade and used as received.

The chemical reduction (CR) was carried out by mixing the
precursor in 150 mL of tetrahydrofuran (THF, Aldrich) solvent with
the Vulcan XC-72R (S0 mg) under sonication for 30 min followed by
stirring for 15 min. The reducing agent was 65 and 90 mg of sodium
borohydride (NaBH,, Aldrich) in S0 mL of THF for the palladium
and palladium—cobalt precursors, respectively. After thoroughly
dispersing the precursor in the Vulcan, an excess of reducing agent
was slowly added drop by drop while stirring followed by further
stirring for 2 h. Afterwards, the solution was filtered and washed
copiously with deionized water. The sample was dried overnight at
room temperature and then in air in an oven at 115 °C for 1 h. The
heat treatment (or annealing step) was carried out at 600 °C under a
N, atmosphere (CRht). The samples were labelled according to the
precursor used as Pd/C (CRht), Pd,Co/C (CRht), and PdCo,/C
(CRAt), respectively.

The thermal reduction (TR) of the organometallic complex on
Vulcan XC-72R was carried out as follows. The deposition of the
precursors on Vulcan XC-72R was carried out by mixing the precursor
in dichloromethane (CH,Cl,) solvent with Vulcan XC-72R under
constant stirring for 30 min and sonication until the solvent
evaporation. Then, the reduction process was performed in a closed-
tube furnace by increasing the temperature to over 600 °C under a
reductive hydrogen (H,) atmosphere. The Pd, Pd,Co, and PdCo,
precursors in Vulcan were reduced at temperatures of over 620, 660,
and 660 °C, respectively. The samples were labelled according to the
precursor used as Pd/C (TR), Pd,Co/C (TR), and PdCo,/C (TR),
respectively.

Physical Characterization. Surface-analysis techniques were used
for the determination of the physical and chemical properties of the
catalysts. The metal loading and the Pd and Co content in the catalyst
samples was determined using an inductively coupled plasma-mass
spectrophotometer (ICP—MS) from Agilent Technologies, model
7500ce. X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical composition of the nanocatalysts. A PHI
5600ci spectrometer with an Al Ka monochromatic X-ray source at 15
kV and 350.0 W was used to obtain a survey and multiplex XPS
spectra. Spectra ware recorded at a take-off angle of 45° and a pass
energy of 187.8 eV for the survey analysis and 58.7 eV for the high-

energy resolution studies. The binding energies were corrected using
the carbon (C 1s) contamination peak at 284.5 eV as a reference. The
morphology of the nanoparticles was determined by electron
microscopy techniques. A Carl Zeiss LEO-922 TEM microscope was
used to obtain transmission electron microscopy images of the carbon-
supported nanoparticles. Also, a FEI T12 Spirit TEM STEM with
accelerating voltage of 120 kV was used to obtain the scanning
transmission electron microscopy images. X-ray diffraction (XRD)
patterns of the samples were measured by a Scintag Theta—Theta X-
ray diffractometer using Cu Ka radiation (4 = 1.5406 A) at scan rate of
0.60° /min.

Electrochemical Characterization. The electrochemical meas-
urements were performed using an AutoLab (PGSTAT 30)
potentiostat. A three-electrode cell was employed in all experiments,
with a Pt spiral auxiliary electrode, and HglHg,SO, in K,SO,(satd)
(0.64 V vs NHE) as the reference electrode. The catalyst ink was
prepared by mixing 1 mg of catalyst, 250 uL of 2-propanol (Aldrich),
and 8 uL Nafion® S wt % (Aldrich) followed by sonication for 1 h.
Glassy carbon electrodes (3.0 mm dia, BASi) modified with the
catalyst inks were used as working electrodes. First, glassy carbon
electrodes (GCE) were polished mechanically with 1.0, 0.3, and 0.0S
um alumina (@-Al,0;) micropolishing (Buehler) until a mirrorlike
surface was obtained followed by sonication in deionized water for 15
min to remove the alumina residues and then electrochemical
polishing in 0.5 M H,SO,. Second, the GCE surface was modified
with 8 uL of the catalysts ink mixture, and when it completely dried,
the voltammetry was carried out. The Pd/C (TR), Pd/C (CRht),
Pd,Co/C (TR), Pd,Co/C (CRht), PdCo,/C (TR), and PdCo,/C
(CRht) catalysts were used. The commercial catalysts on carbon black
used were 20% Pd/C (BASF), 20% Pt/C (Alfa Aesar), and 20% PtCo/
C (1:1; BASF).

Cyclic voltammetry (CV) was carried out in a potential window
between —0.65 and 0.90 V versus HglHg,SO, in 0.5 M H,SO, at a
scan rate of 100 mV/s. The potential window for Pt was —0.64 to 0.66
V versus HglHg,SO,. The electroactive surface area (ESA) was
determined by measuring the charge of the Pd oxide reduction region
from the cyclic voltammetry in 0.5 M H,SO, divided by the theoretical
charge for a palladium oxide monolayer reduction (424 uC/ cm?).3%3!
For platinum, ESA was determined by measuring the charge of the Pt
hydrogen desorption region from the cyclic voltammetry in 0.5 M
H,SO, divided by the theoretical charge of 210 uC/ cm?3** The mass
activity (MA) was determined by dividing the current by the Pd mass
in the ink. Linear sweep voltammetry (LSV) was done at potentials
between 0.6 to —0.5 V versus HglHg,SO, in an oxygen saturated 0.5
M H,SO, solution for 15 min at a scan rate of S mV/s. The study of
the nanocatalysts tolerance toward methanol was done in 1.0 M
MeOH in 0.5 M H,SO, solution saturated with oxygen at a scan rate
of S mV/s. All electrochemical experiments were carried out at room
temperature. The deionized water used for the experiments was
previously distilled and pumped through a Nanopure system
(Barnstead) to give 18 MQ cm resistivity.

B RESULTS AND DISCUSSION

Characterization of the Pd/C Nanoparticles. The
electrocatalysts synthesis was carried out by two synthetic
routes: chemical and thermal reduction. The synthesis of the
carbon-supported nanoparticles was carried out by the chemical
reduction of the precursor in the Vulcan followed by annealing
to form the catalytic nanoparticles. Another method used for
the synthesis of the nanoparticles consisted of the deposition of
the precursor in Vulcan followed by thermal reduction under
H, to form the carbon-supported catalytic nanoparticles. Table
1 summarizes the metal loading and composition of the carbon-
supported catalysts determined by inductively coupled plasma
mass spectrometry (ICP—MS). The metal loadings determined
by ICP—MS analyses were 16.9 and 152% for the Pd/C
(CRht) and Pd/C (TR) catalysts, respectively.
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Table 1. Determination of the Metal Content in the Carbon-
Supported Catalysts Using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) Analysis and the Crystalline Particle
Size and Lattice Parameter of Pd/C, Pd,Co/C, and PdCo,/
C Catalysts Synthesized by Chemical and Thermal
Reduction from X-ray Diffraction Patterns

crystallite lattice
ICP (% w/w) size parameter

catalyst Pd Co total (nm)“ (nm)“
Pd/C (CRht) 16.90 16.90 3.9 0.3948
Pd/C (TR) 15.16 15.16 27 0.3898
Pd,Co/C (CRht) 586 201  7.87 59 0.3794
Pd,Co/C (TR) 727 445 1172 25 03897
PdCo,/C (CRht) 404 314 7.8 12 0.4024
PdCo,/C (TR) 854 638 1492 35 0.3865

“Crystallite size and lattice parameter were determined using the Pd

(111) peaks.

The chemical composition characterization of the Pd;
precursor on HOPG before and after thermal reduction using
X-ray photoelectron spectroscopy (XPS) was previously
reported.***> The chemical composition of the catalytic
nanoparticles on Vulcan XC-72R was also characterized by
XPS. HR-XPS spectrum for Pd; precursor on Vulcan after
chemical reduction (CR) shows the binding energies (BE) that
correspond to the N (1s) peak and two doublet peaks assigned
to Pd 3d,/, and Pd 3d;,, (Figure 1la). After heat treatment, the

(@) (b)
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Figure 1. High-resolution XPS spectra for the Pd (3d) region in
Vulcan XC-72R (dotted line). (a) Pd; precursor chemically reduced
(dashed line) and after heat treatment (straight line) on Vulcan. (b)
Pd, precursor deposited (dashed line) and thermally reduced (straight
line) on Vulcan.

N (1s) signal vanishes and the Pd (3d) signal shifts to a lower
BE (Figure 1a). The spectrum of the Pd; precursor deposited
on Vulcan shows a N (1s) peak that disappears after the
thermal-reduction process. After thermal reduction, a displace-
ment toward lower BE for the Pd 3d peaks is observed (Figure
1b). The absence of the photoemission peak of the N (1s) in
the XPS spectrum confirms the elimination of the organic
functional group (pyrazolate). The binding-energy shifts
provide information about the change of the oxidation state
in palladium.

To obtain more information about the chemical composition
and oxidation state, curve fitting of the spectra for Vulcan, Pd/
C (CR), and Pd/C (CRht) was carried out. For Pd/C (CR),
the O (1s) region has the smallest peak, with a BE of 531.0 eV
for PdO.*® The palladium oxide may have been generated
during the catalyst drying process, which was carried out after
filtration. In the Pd/C (CRht), the O (1s) region shows only

the peak corresponding to the oxides in the carbon support.
For Pd/C (CR), the Pd 3d;,, region has peaks with BE values
of 338.5, 336.8, and 335.5 eV, corresponding to Pd in the
precursor, Pd oxide, and metallic Pd, respectively. In the Pd
(3d) region for Pd/C (CRht), the peak corresponding to Pd in
the precursor almost disappears, whereas the peak for Pd°
(335.4 eV) has the highest intensity. The PdO peak (336.2 V)
can be the result of surface oxide and/or chemisorption of
environmental oxygen.”” From these results, it was determined
that chemical reduction alone does not allow for the formation
of metal nanoparticles and that the heat treatment is necessary
to completely eliminate the pyrazolate ligands of the precursor
and to form Pd nanoparticles on Vulcan.

The curve-fitted HR-XPS spectrum for the Pd (3d) region
for the Pd; precursor deposited on Vulcan shows a peak at a BE
value of 338.6 eV that corresponds to Pd** in the pyrazolate.
For the Pd/C (TR) catalysts, the Pd (3d) region contains three
peaks corresponding to the metallic Pd (335.3 eV), PdO (336.3
eV), and PdO, (337.9 eV). The binding-energy displacement of
3.3 eV toward lower a BE in the Pd region shows the change of
the oxidation state and demonstrates that the composition of
the modified Vulcan surface changes after the reduction
process. The palladium oxide formation can be explained by
different effects: during the cooling process, oxygen diffused out
of the Vulcan, or atmospheric oxygen was chemisorbed when
the furnace was opened at 30 °C. The thermal-reduction
process under H, removes the ligands and promotes the
formation of the Pd metallic nanoparticles on Vulcan.

Transmission electron microscopy images for the chemically
reduced palladium precursor show nanoparticles with good
distribution through the carbon surfaces and an average size of
(2.3 £ 1.1) nm. After the heat treatment, these particles grow
to (3.3 £ 12) nm (Figure 2). In the literature, Pd/C

Figure 2. Transmission electron microscopy (TEM) images for the

(a) Pd/C (CR) and (b) Pd/C (CRht) catalysts.

nanoparticles with a particle size range from 4.5 to 7.5 nm,
formed by the polyol process, have been reported.*® In TEM
images for the thermally reduced Pd; precursor, the average
particles size was (24 =+ 11) nm (Figure 3).

X-ray diffraction (XRD) analysis was used for the phase
identification of the crystalline catalyst and for the determi-
nation of its average particle size. The palladium carbon-
supported catalyst has a face-centered cubic (fcc) structure, and
the Pd (111) plane was used to determine the crystalline
particle size and lattice parameter. The diffraction pattern for
the Pd/C (CR) shows broad peaks at 26 angles of 24.6° and
39.8°, corresponding to carbon (Vulcan) and the Pd (111)
plane, respectively (see Figure Sla in the Supporting
Information). The position of the Pd (111) plane is at a 26
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200 nm

Figure 3. Transmission electron microscopy (TEM) images for the
Pd/C (TR) catalyst.

angle of 40.1°, and the corresponding lattice parameter (a,) is
0.3890 nm, according to the power diffraction database.®” The
peak at the 26 angle of 39.5° corresponding to the Pd (111)
plane becomes narrower after the heat treatment (Pd/C
(CRht)). More crystalline nanoparticles were obtained after the
heat-treatment process. Figure S1b shows the X-ray diffraction
patterns for Pd/C catalysts synthesized by thermal reduction.
The diffraction pattern consists of five peaks at 40.0°, 46.5°,
68.0°, 82.0°, and 86.5° for Pd planes (111), (200), (220),
(311), and (222), respectively. The peaks for Pd/C (TR) are
narrower and more intense than the peaks for the Pd/C
(CRht). The particle sizes in the catalysts can be calculated
with the Scherrer equation using the Pd (111) peak.”"** For
Pd/C (CR), the particles are amorphous and change to
crystalline after the heat treatment under nitrogen. In the Pd
catalysts synthesized by thermal reduction, the particles were
crystalline. The crystallite size for Pd/C (CRht) and Pd (TR) is
3.9 and 27 nm, respectively. Pd/C (CRht) has a particle size
similar to those determined by TEM. The crystallite size is
bigger for the Pd/C (TR) catalysts, and the lattice parameter is
closer to the Pd standard value. Table 1 summarizes the results
of the X-ray diffraction analysis for the crystallite size and lattice
parameter for the catalysts synthesized by chemical and thermal
reduction.

Characterization of the Pd,Co/C Nanoparticles. The
bimetallic nanoparticles synthesis on Vulcan was carried out
using a single precursor with the palladium—cobalt ratio (2:1 or
1:2) predetermined. In this section, the characterization by
surface-analysis techniques of the Pd,Co/C catalytic nano-
particles synthesized by chemical reduction and thermal
reduction of the Pd,Co precursor will be discussed. The
ICP—MS analyses presented a total metals loading of 7.9 and
11.7% for Pd,Co/C (CRht) and Pd,Co/C (TR) catalysts,
respectively. The metal loading obtained by ICP—MS analysis
was lower than expected. The Pd/Co metal ratio was 2:1 in the
precursor. From Table 1, the metal ratios (Pd/Co) were 2.9:1
for Pd,Co/C (CRht) and 1.6:1 for Pd,Co/C (TR) from ICP—
MS analysis. For Pd,Co/C (TR), the metal ratio is closer to the
organometallic precursor.

The XPS spectrum for Pd,Co/C (CR) shows the photo-
emission peaks at BE values corresponding to Pd (3d), Co
(2p), C (1s), O (1s), I (3d), and N (1s). The peak at BE
corresponding to the Cl (2p) atom is not present. The chemical
reduction eliminates the chloride ligand but not the pyrazolates.
As in the Pd; precursor, heat treatment is necessary for the
complete metallic nanoparticles formation. Figure 4 shows the
HR-XPS spectra for the regions of Pd, Co, I, and N of the
Vulcan (red), the chemically reduced Pd,Co precursor (blue),
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Figure 4. High-resolution XPS spectra for the Pd (3d), Co (2p), I
(3d), and N (1s) regions in the chemically reduced Pd,Co precursor
(dashed line) and after heat treatment (straight line) on Vulcan.

and after heat treatment (cyan) on Vulcan. In the HR-XPS for
the I (3d) region, it was observed that the peaks have a
displacement of BE after heat treatment but do not disappear
(Figure 4). The N and Cl peaks disappear after the heat
treatment. The Pd 3ds,, region in Pd,Co/C (CR) has two
peaks, and after the heat treatment they have a displacement to
a lower BE.

Table S1 presents the results for the BE values obtained from
HR-XPS curve-fitting studies for the Pd,Co precursor chemi-
cally reduced and after heat treatment on Vulcan XC-72R. The
peaks at BE values of 335.6 and 337.9 eV can be attributed to
Pd° and Pd*?, respectively. For the Co 2p;), region, the peak
with BE of 781.2 eV and a shakeup satellite peak at 786.4 eV
are attributed to cobalt in the precursor.*' Pd,Co/C (CRht)
has BE at 335.7, 337.0, and 338.9 eV for Pd 3ds,, that can be
attributed to Pd® and Pd*™. The literature reports BE values of
335.1 eV for metallic Pd,** 335.7 eV for PdCo 21110}7,43_45 337.9
eV for PdO,, and 339.0 eV for Pd**.** In the Co (2p) region,
the peak at 781.8 €V has a higher BE than metallic cobalt** and
can be attributed to cobalt-containing bimetallic alloy because
of its similarity to the reported value of 781.9 eV for PtCo.*

The XPS spectrum for the Pd,Co precursor on Vulcan shows
the characteristic element peaks for the complex (Pd, Co, C, N,
I, and Cl) and for the carbon support (C and O elements).
After thermal reduction, the Pd and Co peaks from the complex
and the C and O peaks from the support are the only ones
remaining. The thermal-reduction process completely elimi-
nates the ligands and forms the Pd,Co/C catalytic nano-
particles, contrary to the chemical reduction with heat
treatment process.

Table S1 lists the BE values obtained from the HR-XPS
spectral curve fitting for the Pd,Co precursor deposited on
Vulcan and Pd,Co/C (TR) catalysts. The Pd (3d) region
clearly shows a shift to lower BE, which demonstrates the
change in the chemical environment and the oxidation state of
the palladium The BE values at 338.2 and 339.3 eV can be
attributed to the two species at the precursor. A BE value of

dx.doi.org/10.1021/am402932h | ACS Appl. Mater. Interfaces 2013, 5, 11603—11612
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Figure 5. Transmission electron microscopy (TEM) images for the (a) Pd,Co/C (CR) and (b) Pd,Co/C (CRht) catalysts. (c) Scanning
transmission electron microscopy (STEM) images for the Pd,Co/C (TR) catalyst.
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Figure 6. X-ray diffraction patterns for the Pd,Co/C catalysts synthesized by (a) chemical reduction and (b) thermal reduction of the Pd,Co

precursor on Vulcan.

3384 eV was reported for the Pd,Co precursor on HOPG
surface.”” The peak at a BE of 335.7 eV for the Pd’ and 338.4
eV for the Pd** oxidation state was observed in the Pd,Co/C
(TR) catalyst. For Pd alloy, the shift to a higher BE in the d-
band of Pd is due to the d—d band hybridization upon alloying
with Co.*** This shift indicates a decrease in the density of
states at the Fermi level, which might weaken the
chemisorption of O and OH on the Pd sites and could
enhance of the ORR activity.” In the Co 2p;, region, the peak
with a BE of 781.6 €V and a shakeup satellite peak at 786.9 eV
are attributed to cobalt in the precursor. After thermal
reduction, the peak at BE value of 781.8 eV can correspond
to Co’ for the formation of the alloy with palladium, as
discussed above.

Figure Sab shows TEM images for the Pd,Co precursor
chemically reduced and after heat treatment. These images
show a good distribution of the nanoparticles throughout the
carbon support and an average size of (2.6 + 1.3) nm. After the
heat treatment, these particles grow to (6.0 = 3.1) nm. The
thermal reduction of the Pd,Co precursor gives bigger particles
than the chemical reduction (Figure Sc). The Pd,Co/C (TR)
catalysts have an average particle size of (62 + 21) nm. Particles
synthesized by thermal reduction tend to agglomerate, and the
particle sizes are larger. The average particle sizes of the
Pd,Co/C catalysts were larger than Pd/C catalysts, as expected.
In the literature, it has been reported that the bimetallic
nanoparticles have a tendency to agglomerate.*” STEM/EDS
map line scans of Pd,Co/C (TR) catalysts show that the
nanoparticle is composed of the elements palladium and cobalt
(Figure S2). The nanoparticle is bimetallic and is not an oxide

of the metals. Also, SEM/EDS mapping images for the Pd, Co,
and C elements show the composition and metal distribution of
the PdCo,/C (TR) catalyst (Figure S3). The literature explains
that homogeneous alloys on the surface of a metal with a high
negative free energy for oxide formation (Co) and a metal with
high standard reduction potential (Pd) can increase the ORR
catalytic activity.'>>

XRD analysis for the chemically reduced Pd,Co precursor
shows that the amorphous particles will crystallize after the heat
treatment under nitrogen, as occurs with the Pd; precursor
(Figure 6a). Table 1 summarizes the results of the lattice
parameters obtained for the catalysts. The diffraction pattern
for the chemical reduction of the Pd,Co precursor on Vulcan
shows broad peaks at 24.7°, 38.9°, and 44.3°, corresponding to
carbon and the Pd (111) and Co (111) planes, respectively.
The peak narrowed and new peaks appeared after the heat
treatment. The Pd reflections were shifted to a higher 26 angle
value because of the substitution with smaller Co atoms and the
formation of alloyed particles.*”*" Figure 6b shows the X-ray
diffraction patterns for Pd,Co/C catalysts synthesized by
thermal reduction. The lattice parameter for Pd,Co (TR) (a,
= 0.3897 nm) is slightly higher than that for palladium (0.3890
nm) and can be attributed to alloy formation.”> The crystalline
particle sizes for Pd,Co/C (CRht) and Pd,Co (TR) were 5.9
and 25 nm, respectively. The crystalline size is bigger for
thermal reduction, and the lattice parameter value is very close
to the Pd/C (TR) catalysts (Table 1). The particle size for
Pd,Co/C (CRAht) is similar to that determined by TEM.

Characterization of the PdCo,/C Nanoparticles. The
metal loadings, determined by ICP—MS analysis, were 7.18%

11607 dx.doi.org/10.1021/am402932h | ACS Appl. Mater. Interfaces 2013, 5, 1160311612
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Figure 7. High-resolution XPS spectra for the Pd (3d), Co (2p), and I (3d) signals in the chemically reduced PdCo, precursor (dashed line) and

after heat treatment (straight line) on Vulcan.

for PdCo,/C (CRht) and 14.9% for PdCo,/C (TR) catalysts.
The Pd/Co ratio was 1.3:1 for PdCo,/C (CRht) and Pd,Co/C
(TR) catalysts (Table 1). These results do not match the
expected metal ratio of the precursor. From the XPS atomic
percent, Pd;yCog; and Pdg;Co,y stoichiometries were obtained
for the catalysts synthesized by chemical reduction and thermal
reduction, respectively. From the XPS analysis, the carbon-
supported catalyst synthesized by chemical reduction was
obtained with the metals ratio close to those of the precursor.

The XPS spectrum for PdCo,/C (CR) shows BE for the Pd
(3d), Co (2p), C (1s), O (1s), and I (3d) peaks but not for the
Cl (2p) and N (1s) peaks. After the heat treatment, the Pd, Co,
C, O, and I peaks shifted to lower BE values (Figure 7). In the
PdCo,/C (CRht), the I (3d) peak remained after the heat
treatment, showing the same behavior as in the Pd,Co/C
(CRht). It is not understood why peak I remains after the heat
treatment, whereas the pyrazolate ligand (N peak) disappears.
Table S2 summarizes the results of the values obtained from
HR-XPS curve fitting for the chemically reduced PdCo,
precursor and after heat treatment as well as of the PdCo,
precursor deposited and after thermal reduction on Vulcan XC-
72R. For PdCo,/C (CR), the Pd 3d/, region shows two peaks
at BE values of 335.6 and 338.3 eV, corresponding to the
metallic Pd and Pd** in the precursor, respectively. For Co
2p;3/y the peaks at BE values of 781.5 and 786.0 eV can be
attributed to cobalt in the precursor and a shakeup satellite
peak, respectively. For the PdCo,/C (CRht) catalysts, in the Pd
(3d) region the peaks at BE of 335.6 (Pd’) and 338.3 eV (Pd—
N) have a lower intensity than the new peak at 337.1 eV
attributed to Pd oxides. In the Co (2p) region, a BE shift is not
observed for the peak corresponding to cobalt in the precursor.
The PdCo, precursor has a peak at a BE value of 781.6 eV for
the Co 2p;, signal, and the literature reports a BE value of
781.9 eV for Co 2p;,, in PtCo alloy.*® Because of the results
discussed above for the cobalt region in the PdCo,/C (CRht),
it is difficult to determine if the chemical-reduction process
reduced Co*? to Co’.

After thermal reduction of the PdCo, precursor deposited on
Vulcan, the characteristic peaks for I, Cl, and N disappear, and
only the Pd and Co peaks (from the complex) and the C and O
peaks (from the support) remained. Table S2 presents the BE
values obtained for the PdCo,/C (TR) catalysts. For the Pd
3ds, region, the peaks at BE values of 335.8 eV can be
attributed to metallic Pd or bimetallic Pd,** and the peak at
338.5 eV can be attributed to the Pd—N in the precursor. The
XRD data discussed below present a decrease in the lattice
dimensions compared with pure Pd, which can be attributed to

the formation of PdCo alloy. For the Co 2p;,, region, the peak

at a BE value of 780.8 eV corresponds to metallic cobalt.
Figure 8 shows the electron microscopy images for the

PdCo,/C (CRht) and PdCo,/C (TR) catalysts. The particles

Figure 8. Scanning transmission electron microscopy (STEM) images
for the (a) PdCo,/C (CRht) and (b) PdCo,/C (TR) catalysts.

size was between 2.6 and 22 nm for PdCo,/C (CRht). Thermal
reduction of the PdCo, precursor produced larger particles with
particles sizes between 29 and 309 nm (Figure 8b). Average
particle sizes of (9.1 + 4.9) nm for PdCo,/C (CRht) and (138
+ 75) nm for PdCo,/C (TR) were determined. For both
synthetic methods, chemical and thermal reduction, the
particles sizes for the PdCo,/C catalysts were bigger than
those of the Pd/C and Pd,Co/C catalysts. The nanoparticles
synthesis by chemical reduction results in a more homogeneous
particle-size distribution when compared with the thermal-
reduction process. Optimizations of the catalyst’s synthesis by
thermal reduction of the precursor is needed if a more
homogeneous particle distribution is desired and/or to obtain
smaller nanoparticles.

The X-ray diffraction pattern for PdCo,/C (CR) and PdCo,/
C (CRht) shows broad peaks that make them difficult to assign
to their corresponding planes (Figure S4a). PdCo,/C (TR) has
a similar crystal structure as Pd,Co/C (TR), as shown in Figure
S4b. For PdCo,/C (TR), the lattice parameter is lower than for
Pd because of the increase in the cobalt content. The crystalline
particle sizes for PdCo,/C (CRht) and PdCo,/C (TR) are 12
and 35 nm, respectively. The lattice parameter value for the
PdCo,/C (TR) was smaller than the values for the Pd/C (TR)
and Pd,Co/C (TR) catalysts (Table 1) and can be attributed to
the formation of the alloy. This contraction of the lattice was
expected for the incorporation of the smaller Co atoms in the
Pd fec structure.*’

Electrochemical Characterization. Cyclic voltammetry
(CV) was used to study the electrochemical behavior of the
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bare glassy carbon electrode and the Pd/C, Pd,Co/C, and
PdCo,/C nanocatalysts synthesized by chemical and thermal
reduction (Figure 9). Figure 9a shows the cyclic voltammo-
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Figure 9. Cyclic voltammograms for the bare glassy carbon electrode
(dotted line) and (2) Pd/C, (b) Pd,Co/C, and (c) PdCo,/C catalysts
synthesized by chemical (straight line) and thermal (dashed line)
reduction in 0.5 M H,SO,. Scan rate = 100 mV/s.

grams for the Pd/C catalysts synthesized by chemical (straight
line) and thermal (dash line) reduction of the Pd; precursor on
Vulcan. Pd/C (CRht) has a lower current in the Pd oxide
reduction and hydrogen ad/desorption regions than Pd/C
(TR). The Pd oxide reduction peak for the Pd/C (TR) has a
negative shift of 19 mV compared to Pd/C (CRht). Figure 9b
shows the cyclic voltammograms for the Pd,Co/C catalysts
synthesized by chemical and thermal reduction of the Pd,Co
precursor on Vulcan. The Pd,Co/C (CRht) catalyst does not
have Pd oxide reduction and hydrogen ad/desorption peaks.
This is expected because in the XPS analysis traces of iodine
from the precursor was found. Pd,Co/C (TR) showed Pd
oxide reduction but not peaks for the hydrogen region. The
cobalt in the catalysts can be the reason that the peaks in the

hydrogen region do not appear. Tominaka et al. point out that
alloying Pd with Co inhibits hydrogen absorption into the Pd—
Co catalyst.>* Similar voltammograms were obtained with the
PdCo,/C catalysts synthesized by chemical and thermal
reduction of the PdCo, precursor on Vulcan (Figure 9c).
Table 2 presents the charges and the electrochemical surface

Table 2. Cathodic Current Density and Mass Activity for the
Oxygen Reduction Reaction at 0.100 V vs HglHg,SO, in 0.5
M H,SO, and Electrochemical Charge and Calculated

Electrochemical Surface Area for the Catalytic Nanoparticles

surface
current density mass activity charge area
electrocatalysts (A/cm?)* (A/mgy)” uC)®  (m?)*
Pd/C (CRht) —7.45 X 107° —1.38 x 1073 411 0.968
Pd/C (TR) —4.65 X 107° —579 x 1073 248 0.585
Pd,Co/C
(CRht)
Pd,Co/C —145 x 107° —1.55 x 107 102 0.240
(TR)
PdCo,/C
(CRht)
PdCo,/C -122 x 107° —8.75 x 107* 80.9 0.191
(TR)
Pd/C —9.67 X 107° —4.17 x 1073 1117 2.634
commercial
Pt/C -147 x 107 —1.37 x 107 116 0.551
commercial
PtCo/C —-1.84 x 107 —2.75 x 107 95.6 0.455
commercial

“Cathodic current density and mass activity for the oxygen reduction
reaction at 0.100 V vs HglHg,SO,. For ORR activity, the solution was
urged with oxygen for 15 min before each experiment.
Electrochemical charge of the palladium surface oxide reduction
and platinum hydrogen desorption. “Electrochemical surface areas
were calculated from the electrochemical palladium surface oxide
reduction charge and a conversion factor of 424 uC cm™ For
platinum, electrochemical surface areas were calculated from the

hydrogen desorption charge and a conversion factor of 210 uC cm™.

areas (ESA) determined for the catalysts. A greater electro-
chemical surface area translates to more active sites for carrying
out the catalytic activity. The Pd/C (CRht) nanocatalyst has a
smaller particle size and larger electrochemical surface area.
Linear sweep voltammetry (LSV) in acidic solution saturated
with oxygen was used to determine the catalytic activity toward
the oxygen reduction reaction (ORR). Figure 10 shows the
linear sweep voltammograms for the Pd/C, Pd,Co/C, and
PdCo,/C nanocatalysts synthesized by chemical and thermal
reduction in a 0.5 M H,SO, and 1.0 M MeOH/0.5 M H,SO,
solution saturated with oxygen at 5 mV/s. Figure 10a shows
that Pd/C (CRht) has similar ORR activity as the Pd/C (TR)
catalyst. Pd/C (TR) has a positive onset potential of 25 mV at a
current of —20 yA compared with Pd/C (CRht). This result
was not expected because the Pd/C (CRht) has the smallest
particle size and therefore more surface area and should have a
greater catalytic activity. Figure 10b,c shows that Pd,Co/C
(CRht) and PdCo,/C (CRht) have poor ORR activity. The
crystalline size and the alloy degree can affect the ORR
activity.'> As discussed above, these catalysts have iodine
residues that can be the reason for the low ORR electrocatalytic
activity. The oxygen reduction reaction in Pd,Co/C (TR) has a
positive onset potential of 12 mV when compared with PdCo2/
C (TR). From LSV, similar ORR activity with and without
methanol is observed. The only difference in the ORR activities
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Figure 10. Linear sweep voltammograms for the catalysts synthesized
by chemical (CRht) and thermal (TR) reduction without (filled
symbols) and with a 1 M MeOH in 0.5 M H,SO, (open symbols)
solution purged with oxygen for 15 min before each experiment: (a)
Pd/C (CRht) (square) and Pd/C (TR) (triangle), (b) Pd,Co/C
(CRAht) (circle) and Pd,Co/C (TR) (triangle down), and (c) PdCo,/
C (CRht) (diamond) and PdCo,/C (TR) (triangle right). Scan rate =
S mV/s.

with methanol for the Pd,Co/C and PdCo,/C catalysts is that
they have a negative potential shift of only a few millivolts. The
commercial Pd/C, Pt/C, and PtCo/C catalysts were used to
compare the ORR activity and methanol tolerance to that of
our catalysts (see Figure SS in the Supporting Information).
The Pd/C commercial catalyst has negative potential shifts
when compared with the Pt/C and PtCo/C commercial
catalysts. The Pd/C catalyst has no potential loss in comparison
with the Pt/C and PtCo/C catalysts in the presence of MeOH.
Pt/C and PtCo/C have higher ORR activity but the lowest
methanol tolerance. It is well known that Pd is used for alcohol
electrooxidation in alkaline media, but alcohol electrooxidation
in acidic solutions does not occur.”®> The MeOH crossover
from the anode to the cathode causes cell voltage loss in the
DMEFC. This is why it is important to find non-Pt-based
catalysts with excellent methanol tolerance. The high methanol

tolerance of the palladium catalysts in acid media was
confirmed. Our palladium-based nanocatalysts have higher
methanol tolerance than the platinum and platinum—cobalt
commercial catalysts.

Table 3 summarizes the ORR onset potential for our Pd/C,
Pd,Co/C, and PdCo,/C nanocatalysts as well as the

Table 3. Oxygen Reduction Reaction Onset Potentials at
Specific Current Density as Well as Mass Activity for Our
Pd/C, Pd,Co/C, and PdCo,/C and the Commercial Pd/C,
Pt/C, and PtCo/C Catalysts with and without Methanol®

—0.20 pA/cm* —2 mA/mgy
E (V) w/ E (V) w/
nanocatalysts E (V) MeOH E (V) MeOH
Pd/C (CRht) 0.081 0077 0.091 0.091
Pd/C (TR) 0.121 0.122 0.114 0.094
Pd,Co/C (TR) 0.095 0.090 0.095 0.112
PdCo,/C (TR) 0.091 0.067 0.085 0.107
Pd/C commercial 0.088 0.087 0.113 0.089
Pt/C commercial 0.204 0.199
PtCo/C commercial  0.196 0.218

“All potentials are versus HglHg,SO,. Current densities were
determined using the electrochemical surface area. Mass activities
were determined for our catalysts using the milligrams of Pd metal
from the ICP—MS analysis and for the commercial catalysts using the
percent metal provided by the company.

commercial Pt/C, PtCo/C, and Pd/C at a current density of
—20 pA/cm* and a mass activity of —2 mA/mgy. The trend
from the best to worst catalyst is: Pt/C (commercial) > PtCo/
C (commercial) > Pd/C (TR) > Pd,Co/C (TR) > PdCo,Co/
C (TR) > Pd/C (commercial) when ORR activity has a current
normalized by the electrochemical surface area (Figure 11la).
These results demonstrate that our Pd/C, Pd,Co/C, and
PdCo,/C catalysts synthesized by thermal reduction have
better ORR activity than commercial Pd/C. Figure 11b shows
that the ORR activity with the current normalized by the mass,
in mg, of the Pd or Pt metal (mass activity) has a trend from
the best to worst catalyst as follows: PtCo/C (commercial) >
Pt/C (commercial) > Pd/C (TR) > Pd/C (commercial) >
Pd,Co/C (TR) > PdCo,/C (TR). In the presence of methanol,
the PdCo/C catalysts have better ORR activity than the Pd/C
catalysts at —2 mA/mgps. A study of the kinetics and
mechanism of the oxygen reduction reaction using a rotating
disk electrode (RDE) and rotating ring-disk electrode (RRDE)
is underway.

B CONCLUSIONS

Three organometallic complexes were used to synthesize
palladium and palladium—cobalt carbon-supported catalytic
nanoparticles. The palladium—cobalt nanoparticles on Vulcan
XC-72R were synthesized by chemical and thermal reduction
using a single precursor with a predetermined metal ratio. The
EDS, XPS, and XRD results demonstrate that the single
organometallic complex can be used as precursor for the
bimetallic and alloy nanocatalysts synthesis on carbon supports.
The chemical reduction of the precursors gives a smaller
particle size than the thermal-reduction procedure. The particle
size of the carbon-supported nanoparticles increases with the
incorporation of the second metal. The carbon-supported
palladium nanoparticles are electroactive for the oxygen
reduction reaction. The Pd,Co/C and PdCo,/C catalysts
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Figure 11. Oxygen reduction reaction activity normalized by (a) current density and (b) mass activity for Pt/C (straight line), PtCo/C (dashed
line), and Pd/C (dotted line) commercial catalysts and our Pd/C (dash-dotted line), Pd,Co/C (dash-dot-dotted line), and PdCo,/C (short dashed
line) catalysts synthesized by thermal reduction (TR) in a 0.5 M H,SO, saturated oxygen solution at scan rate of S mV/s.

synthesized by thermal reduction have better ORR activity than
catalysts synthesized by chemical reduction. All of our catalysts
have better methanol tolerance than Pt/C and PtCo/C
commercial catalysts. The Pd/C and PdCo/C catalysts
demonstrated that they are selective for ORR.
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XRD for Pd/C and PdCo,/C catalysts, STEM image and
elemental line scan, SEM/EDS elemental mapping image, ORR
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