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ABSTRACT: PtPd bimetallic catalysts supported on hierarchical porous carbon
(HPC) with different porous sizes were developed for the oxygen reduction reaction
(ORR) toward fuel cell applications. The HPC pore size was controlled by using SiO,
nanoparticles as a template with different sizes, 287, 371, and 425 nm, to obtain three “00
HPC materials denoted as HPC-1, HPC-2, and HPC-3, respectively. PtPd/HPC 500
catalysts were characterized by scanning electron microscopy, X-ray photoelectron
spectroscopy, X-ray diffraction, and high-resolution transmission electron microscopy. ,
The electrochemical performance was examined by cyclic voltammetry and linear .4 ORR
sweep voltammetry. PtPd/HPC-2 turned out to be the most optimal catalyst with an .4z ;
electroactive surface area (ESA) of 40.2 m* ¢! and a current density for ORR of
—1285 A g' at 2 mV s™' and 1600 rpm. In addition, we conducted a density PN
functional theory computational study to examine the interactions between a PtPd S ElVee

cluster and a graphitic domain of HPC, as well as the interaction between the catalyst

and the oxygen molecule. These results reveal the strong influence of the porous size (in HPC) and ESA values (in PtPd
nanoparticles) in the mass transport process which rules the electrochemical performance.
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1. INTRODUCTION

The consumption of fossil fuels, such as reserves of oil, gas, and
even easily extracted carbon'™’ has significantly raised
greenhouse gas emissions causing a global average temperature
increase of around 1 °C.* Therefore, it is necessary to obtain
efficient alternative sources of energy, such as fuel cells (FC),
that use electrochemical processes for the conversion of
chemical energy into electrical energy from a fuel oxidation
reaction.””’ In addition, proton exchange membrane FC,
direct methanol FC (DMFC), and alkaline FC have attracted
increasing attention over the past decades due to their high
power density and high efficiency in energy conversion.®” "
However, the biggest challenge is still improving their cost and
durability. A key factor in DMFC design is the choice of the
catalysts employed as electrodes.'’ Due to the catalytic
properties of Pt-based nanomaterials, they are the most widely
used electrocatalysts to accelerate the oxidation of the fuel at
the anode and the reduction of oxygen at the cathode.'” The
oxygen reduction reaction (ORR) is widely considered the
most relevant reaction in FC, which must fulfill three key
requirements: to be active, selective, and long lasting.“’m
However, the slow oxygen reduction kinetics at the cathode is
a concern that still restricts the widespread commercialization
of FC."

To decrease Pt load and prevent catalyst agglomeration, the
noble metal is supported on porous carbon-based materials,
where the support avoids the reduction of the active surface
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area, which is related to the catalytic performance and
facilitates mass transport.' ' Therefore, to optimize the
catalytic activity, reduce the cost and increase the durability
of Pt-based catalysts, new bi, tri, or multimetallic nano-catalysts
are used.'”'>'® There is a vast amount of literature on Pd/Pt
alloys due to their excellent catalytic activity, stability, and
durability to be used in ORR compared to commercial Pt/C,
and they can be easily synthesized in different structures and
compositions.'”"” Pd/Pt nanosheets have specific mass
catalytic activity 2.2 times higher than commercial Pt/C with
a lower loss of mass activity (18.9 vs 50%) considering 10,000
cycles with the catalytic activity of 0.74 mA cm™ at 0.9 V.'*
Pd/Pt nanoflowers have a large surface area and lower density
which provides more reaction sites reaching a specific activity
of 0.70 mA cm™? after 500 cycles with a loss of 1.6%, compared
to 35.2% of the Pt/C in current density,'” and those that are
supported on graphene oxide exhibit up to 70% catalytic
activity (even up to § °C) compared to 57% of Pt/C.”° Also,
Pd/Pt nanocrystals supported on ionic polymer functionalized
graphene exhibit improved ORR activity (specific activity: 1.89
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mA cm™? at 0.9 Vyyp) and greater durability with respect to
commercial Pt/C (specific activity: 0.23 mA cm™ at 0.9
Viue).. Remarkably, Pd/Pt nanospheres supported on
reduced graphene oxide (rGO-PtPd) exhibit a higher surface
than Pt/C black (1.68:1), resulting in a greater specific activity
of 0.54 versus 0.32 mA cm™%>

Another way to improve ORR is to support the catalysts in
porous carbon, specifically, hierarchical porous carbons
(HPCs). These promising materials present pores with sizes
between 2 and 500 nm, with adjustable void spaces to avoid
agglomeration and allow easy control of the metal catalyst load.
The void spaces also promote the diffusion and migration of
reactants and products inside the carbon matrix during the
ORR reactions.””** For example, HPC materials doped with
different elements such as Fe, N, and P exhibit an ORR
behavior similar to commercial catalyst Pt/C, reaching current
densities in the same order of magnitude, without using a
noble metal. The catalytic efficiency of these materials is due to
the combination of micro, meso, and macropores structures
that g_romotes the oxygen transfer and diffusion to the active
sites.””>* In the case of catalysts supported on carbon
materials and HPC, results for Co and the bimetallic PtCo and
PtPd are remarkable. These materials exhibit similar values of
current densities relative to the commercial Pt/C, but with an
increase in catalyst stability.””

In this work, PtPd nanoparticles supported on HPCs with
different porous sizes are evaluated as ORR catalysts, given the
still unclear relationships among pore dimensions, mass
transport, and catalytics performance in FC cathodes. The
catalyst characterization was conducted by surface and bulk
techniques such as scanning electron microscopy—energy-
dispersive X-ray spectroscopy (SEM—EDX), high-resolution
transmission electron microscopy—EDX (HRTEM—EDX), X-
ray photoelectron spectroscopy (XPS), and X-ray diffraction
(XRD), which are important tools in the characterization of
PtPd composites. The influence of the surface electroactive
area of PtPd nanoparticles and the HPC porous sizes in the
ORR efficiency was evaluated by linear sweep voltammetry
(LSV). Finally, a computational study in the framework of
density functional theory (DFT) provides insights into the
interaction between the bimetallic catalyst and a graphitic
domain of HPC, as well as the interaction between the catalyst
and the oxygen molecule.

2. METHODOLOGY

2.1. Synthesis of Hierarchical Porous Carbon. SiO,
nanoparticles (SiO,-NPs) of different sizes (300, 400, and 500
nm) were used as templates for the synthesis of the HPCs. The
synthesis of $i0,-NPs was carried out by the Stober method,**
where a tetraethyl orthosilicate (TEOS) solution 0.4 mol L™*
in ethanolic medium (solution 1) was mixed with an ethanolic
solution of ammonium hydroxide 0.4 mol L™ and water 34
mol L™ (solution 2). Both solutions were gently mixed at
room temperature for 6 h.>* The obtained SiO,-NPs were
washed with ethanol at pH ~ 7. This process was repeated
with ammonium hydroxide 1.2 and 3.04 mol L™" in order to
obtain SiO,-NPs of different sizes.

The resulting SiO,-NPs was thermally treated to form an
interconnected opal at 1000 °C in the presence of oxygen.
Then, SiO, opals were impregnated with the resorcinol/
formaldehyde resin. This resin is made up of a mixture of 1.0 g
of resorcinol, 1.6 mL of formaldehyde, and 0.4 mL of 0.1 mol
L~ ! sodium carbonate as a catalyst. Then, a post-treatment was

carried out at 100 °C. The samples were then placed in a
furnace and carbonized at 850 °C under an inert atmosphere
for 24 h. Finally, the SiO,-NP template was removed through
treatment with 10% hydrofluoric acid in an ethanol/water
medium (1:1).>

2.2. Pt/Pd Catalysts Supported on Hierarchical
Porous Carbon. For the synthesis of the PtPd/HPC catalysts,
100 mg of HPC with sizes of 300, 400, and 500 nm were
weighted, and a mixture containing 348 uL of H,PtCls and
77.33 mg of PACl, in 50 mL of water was added. This mixture
was left stirring for approximately 12 h. Then, the pH was
adjusted to S by adding NaOH (final volume ~ 70 mL) and
stirring was continued for 6 h. The reduction was carried out
using NaBH, (50 mg/S0 mL of H,0) as the reducing agent, 1
mL was added every 3 min, and stirring was continued for
about 24 h. Finally, the obtained catalyst was filtered, washed
with distilled water, and dried.

2.3. Structural, Chemical, and Morphological Char-
acterizations. The size of the synthesized silicon oxide
nanoparticles was measured by the dynamic light scattering
(DLS) technique with Particle Sizing Systems, Inc. The
thermogravimetric Analysis—differential scanning calorimetry
(TGA-DSC) study of carbon material was performed by
PerkinElmer equipment, in a temperature range of 25—1000
°C in the presence of O,. Raman spectroscopy measurement
was obtained using HORIBA Scientific equipment, with a laser
length of 532 nm and a laser power of 10%.

Catalyst morphologies were obtained by SEM using a Carl
Zeiss EVO 10-MA with an EDX micro-analyzer, Oxford-
INCA.

Diffraction patterns were obtained by a PANalytical X 'Pert
diffractometer using a polychromatic X-ray of Cu Ka, , and in
Bragg—Brentano configuration, 26 values ranging from 20 to
80° at a step size of 0.02°. The lattice parameter a and
crystallite size were calculated from Rietveld refinements using
FullProf software. The Pt/Pd crystallographic parameters
(space group, atomic positions, and unit cell parameters)
reported in the literature’” were used to initiate the refinement
of these three materials. A pseudo-Voigt profile function was
used to model the Bragg reflection peak shapes. The
background was manually selected using the WinPLOTR
program. The maximum theoretical occupancies for Pt and Pd
were fixed according to the appropriate Wyckoff positions
sharing an occupancy of 1.

Analytical measurements of the functional ionic groups in
the samples were made from Fourier transform infrared
spectroscopy (FTIR), using a Shimadzu model IR-Prestige 21
equipment. Measurements were made by the transmission
mode using the KBr powder. The measurement conditions
were as follows: wavelength range between 400 and 4000
cm™, resolution of 4 cm™" and scan of 150 times per sample.

XPS measurements for metal oxidation states of PtPd/HPC
were carried out using a Thermo Scientific spectrometer with
Al Ka, , radiation. The high-energy resolution binding energy
obtained at C Is, O 1s, Pt 4f, and Pd 3d lines was 0.1 eV. Due
to good material conductivity, the use of a flood gun was not
necessary. In this way, the C Is line at a binding energy of
284.7 + 0.1 eV was used for energy calibration. For fitting the
peaks of palladium and platinum, the difference between the
3ds/, and 3d;, levels (5.26 eV) as well as that between 4f;/,
and 4f;, levels (3.33 eV) were considered.

Transmission electron microscopy (TEM) studies were
conducted using a Fei Tecnai Spirit transmission electron

https://doi.org/10.1021/acsomega.2c01457
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microscope operating at 120 kV and a probe-corrected Fei
Titan equipped with an energy-dispersive X-ray spectroscope
operating at 300 kV on TEM and scanning TEM (STEM)
modes. The samples were diluted in ethanol and sonicated for
a while, and finally, a single drop was placed in a conventional
TEM copper grid having a thin holey carbon film.

2.4, Electrochemical Characterization. The PtPd/HPC
catalysts were prepared from an aqueous suspension
containing 2 mg mL™" of the catalyst in 15 yL of Nafion (5
wt %, Aldrich) and 500 uL of distilled water. An aliquot (10
uL) of the suspension was deposited on a glassy carbon disk
(¢ = 3 mm) in order to cover its entire surface and dried at
room temperature under an Ar atmosphere.

Electrochemical measurements were carried out using an
Autolab PGSTAT30 potentiostat—galvanostat, in a conven-
tional three-electrode cell: a glassy carbon plate with a high
surface area was used as an auxiliary electrode; a 3 mm
diameter glassy carbon disk as the working electrode; a normal
hydrogen electrode RHE as the reference electrode, and
H,SO, 0.5 mol L7' is the supporting electrolyte. The
electrochemical active areas of the catalysts were measured
from the CO stripping by integration of the oxidation peak,
assuming a load of 420 uC cm™. These electroactive areas
were then used to calculate the current densities J (mA cm™2).
CO was adsorbed at 0.2 V, bubbling this gas in the electrolyte
for 15 min. The CO excess was removed from the solution by
bubbling Ar gas for 20 min, keeping control of the potential.
Finally, it was cycled between 0.05 and 1.0 V at 20 mV s™', and
the current of the oxidation peak was integrated. The
electroactive surface area (ESA) values were divided between
the amount of catalyst present in the electrode according to
EDX analysis in order to express them in m* g~ for the sake of
comparison.

Polarization curves for the electrochemical oxygen reduction
were made by LSV using O, gas (air liquid; 99.995%) between
1 and 0.1 V at 2 mV s at different rotation speeds (400, 600,
900, 1600, and 2500 rpm). Before each experiment, oxygen
was bubbled for 20 minm, with H,SO, 0.5 mol L™ as the
supporting electrolyte.

2.5. Computational Study. A computational study in the
framework of density functional theory (DFT) has been
conducted to estimate the magnitude of the interactions
between the PtPd nanoparticles and a graphitic domain of the
HPC, as well as the interactions between the catalyst and an
oxygen molecule. The DFT calculations were carried out using
the Gaussian16 software package,”>” tightening self-consistent
field convergence thresholds (107'° awu.). The MO06-2X
functional®® and the 6-311G(d)/LANL2DZ basis set were
employed for geometry optimizations without symmetry
constraints, and the subsequent frequency calculations to
ensure that the calculated geometry corresponds to energy
minima. The bimetallic nanoparticle was modeled by using the
most stable structure of a neutral Pt,Pd, cluster, as proposed
by Alexandrova et al,,*" which interacts with a graphitic domain
of HPC, represented by a circumcoronene molecule (Cs,H;s).
For the overall system, two configurations were considered
that differ in the cluster atom (Pt or Pd) pointing to the
oxygen molecule. The interaction energy is obtained by a
fragments calculation, where the energies of selected fragments
are subtracted from the overall energy. The solvent effects of
water were included according to the polarizable continuum
model*”~*" where the solute is placed in a cavity of molecular

shape, and the solvent dielectric response is projected on the
surface of such a cavity.

3. RESULTS AND DISCUSSION

SiO,-NPs were used as templates to obtain HPCs with
different porous sizes. The synthesis mechanism consists of
catalyzed hydrolysis of TEOS. The reaction starts with
chemical hydrolysis and follows the condensation reaction,
studied by Stober.**?¥#94¢

Si(OC,Hy), + 4H,00H" = Si(OH), + 4C,H,OH
(1)
Si(OH),OH" = SiO, | +H,0 (2)

Figure S1 indicates the dispersion of SiO,-NP by the
hydrodynamic diameter size and shows the average values of
the SiO,-NP diameters (287, 371, and 425 nm, approx-
imately). SEM images of the synthetized carbon obtained using
SiO,-NP as the template are given in Figure S2. For the same
magnification, it is observed an increment of the pore diameter
as the size of the nanoparticle increases, showing an inverse
replica of these templates. The hierarchical porous materials
were named HPC-1, HPC-2, and HPC-3 according to SiO,-
NP diameters 287, 371, and 425 nm, respectively.

Figure S3 presents the TGA—DSC and Raman spectroscopy
analysis of the different HPCs (HPC-1, HPC-2, and HPC-3).
The thermal analysis was performed in the presence of oxygen.
A mass loss of HPC materials at a temperature below ~150 °C
is observed (Figure S3a,b), this mass loss can be attributed to
the H,O molecules present in the environment and some
volatile organic compounds. The DSC analysis reveals an
endothermic process due to the decrease in the heat flow.
Between ~150 and 400 °C, the TGA analysis of the HPCs
does not show a noticeable mass loss, except for the HPC-3.
The DSC displays a small variation in endothermic heat flux at
~350 °C. In the range of 400—600 °C, the total oxidation of
the HPC occurred, and a notorious endothermic process with
a large variation in heat flow due to oxidation is observed. At
temperatures above 600 °C, with less than ~5% mass of HPC
remaining, an exothermic process is carried out with an
increase in heat flux and ashes formation.*” Figure S3c
indicates the Raman measurement of HPC samples using a
532 nm laser. The intense band at 1600 cm™’, represents the G
band typical of s.p2 hybridization, and another weaker G’ band
at 2695 cm™' corresponds to the second-order of the G
vibration. A D band at 1300 cm™" was also observed along with
a D’ + D band at 2900 cm™". The D band represents the sp*
hybridization present in the HPC. The shifts of D and G bands
(Figure S3c) with respect to the diamond and graphite
crystalline structures reveal a disordered structure in the HPC
samples. In addition, the weak G’ and D’ + D bands confirm
the amorphous structure present in the 3D network of HPC
samples.”®

The synthesis of PtPd/HPC was performed using NaBH, as
the reducing agent, with a PtPd load of 20% in relation to the
weight of carbon. By EDX analysis (Figure S4) it was
determined that the three synthesized catalysts have a 1:1 ratio
with respect to Pt/Pd, although the metallic load displays a
variable distribution between 17 and 28.5% in relation to the
weight of carbon (Table 1), being PtPd/HPC-1 the catalyst
with the highest percent of 28.5%. This value is probably due
to the remaining SiO, in HPC-1 that was dissolved during
PtPd impregnation.
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Table 1. Pt/Pd Ratio, Pt—Pd to Carbon Mass Ratio (PtPd/
C %) by EDX Analysis

catalyst Pt/Pd ratio Pt—Pd/C %
PtPd/HPC-1 53:47 28.5
PtPd/HPC-2 52:48 17.0
PtPd/HPC-3 53:47 17.6

The XRD patterns of the three samples and the Rietveld
refinement results are observed in Figure 1 (right). The
samples exhibit the (111), (200), (220), (311), and (222)
planes that correspond to the face-centered cubic structure
(FCC) of the Fm3m space group. The Rietveld refinement of
the XRD patterns was achieved by considering the Pt/Pd ratio
obtained by EDX (Figure 1). The refinement determined that
Pd° has a similar occupancy proportion in the Pt° unit cell,
confirming a PtPd alloy, see Table 2. Besides, the lattice
parameters of the samples were next to the unit cell of Pd° (a =
3.8902 A) related to a microstrain caused by compression (& ~
2.5 X 10°) observed in all analyzed samples. Furthermore, it
was possible to calculate the crystallite size of the materials
using the Williamson-Hall method, where the results are in the
order of § nm for all PtPd nanoparticles (PtPd-NP) (Table 2).

The synthesized PtPd/HPC samples were also characterized
by XPS. Figure 2 shows the XPS spectrum at high-ener
resolutions of the Pd 3d and Pt 4f lines for the 3 samples.*””
The level of Pt 4f,/, revealed two adjusted peaks at ~71.4 and
~72.6 eV representing typical binding energies (BEs) of
metallic (Pt°) and II (Pt**) oxidation states, respectively.SI’52
The Pd 3d envelope also exhibits two binding energies (BEs)
with Pd 3ds,, at ~335.5 and ~336.6 eV, which represent the
oxidation state of Pd® and Pd?*, respectively’' (see Table 3).
The atomic concentration relation at the surface for all
elements observed by XPS spectra is presented in Table 3. The

Table 2. Microstructure Parameters of the PtPd/HPC
Samples”

sample lattice parameter (A)  occupation crystallite size (nm)
PtPd/HPC-1 3.904 Pt = 50% 54
Pd = 50%
PtPd/HPC-2 3.904 Pt = 50% 4.7
Pd = 50%
PtPd/HPC-3 3.894 Pt = 50% 5.9
Pd = 50%

“Pt° lattice parameter, a = 3.9232 A. Pd’ lattice parameter, a = 3.8902
A

Pt’/Pd° ratio for the 3 samples shows a variation between 1.7
and 2.5 that can be attributed to the formation of oxides and
other carbon species on the surface. The interface between the
PtPd crystalline nanodomains and the HPC was also analyzed
by XPS. Table 3 illustrates the presence of COOH— and
COH- functional groups with high hydroxide contribu-
tion.>">® The formation of Pt—OH (Pt** oxidation state)
and Pd—O (Pd** oxidation state)>">* suggests the possibility
of OH—Pt—Pd—O—COOH chemical complexes at the surface
of PtPd metallic or at the interface between PtPd and HPC
structures. By FTIR, O=C—-OH— or O=C- ions were not
observed (Figure SS), which confirms the hypothesis that PtPd
nanoparticles are linked with HPC through OH groups and
oxides.

At the nanoscale, the three PtPd/HPC catalysts exhibit
similar results with similar PtPd-NP size distribution and
moderate aggregation in all samples. Figure 3a shows the TEM
image of PtPd-NP on the HPC-2 sample. HRTEM (Figure 3b)
images confirm the high crystallinity degree of PtPd-NP with
sizes below 10 nm and an average size close to 4 nm, as given
in the inset of Figure 3a.
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Figure 1. (Left) XRD patterns of (a) PtPd/HPC-1, (b) PtPd/HPC-2, and (c) PtPd/HPC-3 catalysts. (Right) Rietveld refinement using FullProf

software of PtPd/HPC-1 and PtPd/HPC-3 samples.
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Figure 2. High-energy resolution XPS spectra showing (a) Pd 3d and (b) Pt 4f peaks of the PtPd/HPC-1 sample, (c) Pd 3d and (d) Pt 4f peaks of
the PtPd/HPC-2 sample, and (e) Pd 3d and (f) Pt 4f lines of the PtPd/HPC-3 sample.

The EDX chemical analysis is presented in Figure 4. A PtPd Figure 4. EDX maps were collected in areas of 20 X 20 nm®

alloy was formed, confirming the atomic concentration
observed by the Rietveld refinement (Table 2), where, particles
of a single element (Pt or Pd) were not found. Several particles
of the HPC-2 sample were measured, and similar spectra were
obtained. A representative spectrum is displayed in the inset of
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confirming alloy formation, where the elements Pt and Pd are
homogeneously distributed (i.e,, 50% Pt and 50% Pd). Other
TEM and HRTEM measurements are presented in the
Supporting Information, Figures S6—S9.
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Table 3. BE and Percentual Atomic Concentration (at. %) Obtained from XPS Data for the Three HPC Samples

HPC-1 HPC-2 HPC-3
level BE (eV) at. % BE (eV) at. % BE (eV) at. % binding type
Cls 284.8 722 284.8 70.6 284.7 727 C-C/C-H,
286.6 11.6 286.5 11.3 286.5 11.9 C-OH
288.9 4.3 288.9 6.1 288.9 42 0=C-OH
0 1s 530.7 3.5 530.7 0.9 530.3 1.3 O-metal
5322 54 5322 49 5322 7.1 OH"
533.3 0.6 533.7 4.1 533.7 2.0 0=C-
Pd 3d;), 335.5 0.6 3354 0.6 335.6 0.2 Pd—Pd (Pd°)
336.4 0.2 336.3 0.2 337.0 0.1 Pd—-0O (Pd**)
Pt 4f,), 71.4 14 71.2 1.0 71.5 0.5 Pt—Pt (Pt°)
72.6 0.3 724 0.3 729 0.1 Pt—OH (Pt**)

Figure 3. TEM images of (a) PtPd/HPC-2 and (b) HRTEM of PtPd-NP in HPC-2. The inset in (a) shows a representative particle diameter

distribution of PtPd-NP in HPC-2 sample.

The CO stripping curves for the synthesized catalysts are
presented in Figure Sa. The electrochemically active surface
areas (ESA, expressed in m*> g”') are given in Table 4. PtPd/
HPC-3 presents the highest surface area of 49.6 m> g™', which
suggests a better dispersion of PtPd-NP on the HPC-3 surface
in contrast to PtPd/HPC-1 and PtPd/HPC-2 with ESA values
of 38.8 and 40.2 m” g/, respectively. For ORR measurements
in oxygen saturated solution of H,SO, 0.5 mol L™, similar
shapes are observed for PtPd/HPC-1 and PtPd/HPC-3,
achieving a limited current at potentials more positive than
PtPd/HPC-2 (Figures Sb and S10). Remarkably, materials do
not follow the Koutecky—Levich approximation and both, the
geometric surface area (0.0706 cm?) and ESA values, are not
appropriate for the calculation of the number of electrons
involved in the process.”>*® The hierarchical nature of the
carbonaceous material (see Supporting Information) makes
this calculation difficult, resulting in n values (see Table S1)
that are not in good agreement with the reported values of 4
electrons for PtPd catalyst.”” " The main weakness is the lack
of information about the real electroactive surface area (ESA)
accessible for dissolved O, for a given condition. Even more,
probably due to differences in carbon support pore size, the
accessible surface (or ESA) depends on the support porosity.

Accordingly, in this work, for a suitable comparison, the
polarization curves were represented by normalizing the
current by PtPd mass (the active material), PtPd/HPC-2
being the catalyst with the highest value of —1285 A g™' for the
ORR at 1600 rpm, followed by PtPd/HPC-3 (—856 A g™')
and PtPd/HPC-1 (—789 A g™') (Figure Sc).

In order to explain the use of PtPd mass for current
normalization and the importance of the pore size, as well as
the ESA, here, we assume that the ESA of PtPd catalysts is the
main descriptor for catalysts performance. This hypothesis is
reasonable and implies that current, as expressed in this text (A
g™'), should be finally determined by the metal surface
extension for a given mass of catalysts. Given that the ESA
values (m® g™') of PtPd catalysts follow the sequence: PtPd/
HPC-3 (49.6 m* g') > PtPd/HPC-2 (40.2 m*> g™') > PtPd/
HPC-1 (38.8 m* g'), we could expect the same trend for the
mass activity, that is, PtPd/HPC-3 > PtPd/HPC-2 > PtPd/
HPC-1, which is the same one we would obtain if only the
pore size governed the activity. However, the results above
discussed clearly show this order: PtPd/HPC-2 > PtPd/HPC-
3 > PtPd/HPC-1, which, by itself, does not relieve the PtPd
surface from a key role in the final result. The results
interpretation, however, is not so straightforward. A tentative
explanation could be given by assuming a compromise
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Figure 4. STEM image and zoomed region where EDX maps were collected. The inset presents a representative EDX spectrum of PtPd-NP.
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Table 4. Reported ORR Values for Different Pt or Pd Based-Catalyst Supported on Carbon Materials during the LSV

Measurements at 1600 rpm

catalyst catalyst description

PtPd/f-p-CNF PtPd alloy catalysts supported on self-nitrogen-doped

porous carbon nanofibers

PtPd/CKN porous carbon-supported PtPd alloy nanoparticles
derived from N-heterocyclic carbene bimetal complex

Pt/HSAG300 Pt nanoparticles supported on high surface area graphite
Timcal

Pt/OMC Pt nanoparticles supported on ordered mesoporous
carbon (OMC, ACS Materials)

PdCo@NPNCs  PdCo bimetallic nanoparticles encapsulated on N-doped
porous carbon nanocapsules

Pt/C commercial Pt/C (20 wt %)

Pt/DPC Pt catalyst supported on doped porous carbon
nanostructure

PtPd/HPC-1 PtPd catalyst supported on HPC using SiO,-NP of
300 nm as the template.

PtPd/HPC-2 PtPd catalyst supported on HPC using SiO,-NP of
400 nm as the template.

PtPd/HPC-3 PtPd catalyst supported on HPC using SiO,-NP of

500 nm as the template.

onset scan
ESA/m? g_1 potential/V  E,/,/V  velocity/mV g electrolyte reference
69 0.95 0.826 S 0.1 mol L™! 33
HCIO,
0.9 0.821 S 0.1 mol L™* 60
KOH
26.69 0.8 S 0.5 mol L™* 61
H,SO,
3229 0.8 5 0.5 mol L™! 61
H,S0,
0.914 5 0.1 mol L™* 62
KOH
46 0.89 10 0.1 mol L™! 32
HCIO,
0.9 0.83 1 0.1 mol L™} 63
HCIO,
38.8 0.94 0.851 2 0.5 mol L™* this
H,SO, work
402 0.94 0.84 2 0.5 mol L™* this
H,SO, work
49.6 0.92 0.845 2 0.5 mol L™* this
H,SO, work

Pt Pd C O H

Figure 6. Optimized structures of Pt,Pd, clusters interacting with a circumcoronene molecule, and oxygen through Pd (a) and Pt (b), at the M06-
2X/6-311G(d)/LANL2DZ level of theory. Interatomic distances are expressed in Angstroms.

between effective diffusion lengths for dissolved oxygen in a
given porous structure, and the neat PtPd catalysts load
accessible in such portion of the catalytic layer. Under such a
hypothesis, an improved mass transport support is also
characterized by a less compact catalyst distribution.
Consequently, in such an improved mass transport support
(as PtPd/HPC-3) a significant portion of catalyst particles
would leave out of the active layer, diminishing the
performance of the catalyst as a whole. On the other hand,
in the most densely packed catalysts (i.e, PtPd/HPC-1) a
sufficient number of metal nanoparticles are closer to the
surface, but the diffusion length provided by the porous
support is now excessively short. Additional evidence
supporting this hypothesis is the unusual number of electrons
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that results from the RDE experiments (as stated above and
shown in Table S1).

In contrast with commercial Pt/C catalysts (or others
supported onto the “vulcan type” carbon nanoparticles), this
work explores the use of highly porous, low-density carbon as
support for PtPd nanoparticles. Contrasting with the former
supports, here the primary open structure of the HPC prevents
further agglomeration during film formation, assuring an open,
free access porous structure.

Based on the state-of-the-art Pt or Pd based-catalysts
supported on carbon materials, it is observed from Table 4
that the catalysts prepared in this work are in good agreement
with the previous ones reported by other authors.
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A stability test was performed in the presence of oxygen by
chronoamperometry at three different potentials: at the onset
potential (at 0.9 V), after the onset (at 0.5 V), and in the
diffusion-controlled region (at 0.1 V) (see Figure S11 in the
Supporting Information) in H,SO, 0.5 mol L' First, a
decrease in the current is observed after the application of 0.9
V from an initial potential of 1.0 V, remaining positive (anodic
currents) as expected and stable after 4000 s until the 7000 s of
the experiment. Cathodic currents, indicating that the
reduction of oxygen takes place, are recorded at 0.5 and 0.1
V. At the former potential, after a first increase, the currents
remain quite stable for PtPd/HPC-1 and PtPd/HPC-2 around
—2.5 and —3.7 A g_l, whereas some oscillations are recorded
for PtPd/HPC-3 with a continuous increase in the signal (it
seems that this electrode activates with the time) achieving a
final value around —6.55 A g_l. Finally, at 0.1 V, the negative
currents achieve more cathodic values (final currents at 7000 s
are —5.2, —8.2, and —10.6 A g for PtPd/HPC-1, PtPd/HPC-
2, and PtPd/HPC-3, respectively) but the behavior with the
time is different. However, PtPd/HPC-1 is quite stable, the
current for PtPd/HPC-2 continuously decreases while that for
PtPd/HPC-3 increases. From these curves, it seems that the
catalysts are quite stable without losing stability during 2 h.
Accordingly, the enhancement of the catalyst stability when the
catalyst was supported on porous carbons has been previously
reported.>**~¢”

By considering a tetrahedral bimetallic cluster Pt,Pd,,
according to the model proposed by Alexandrova et al,,*' the
interaction between the PtPd 1:1 nanoparticles with a graphitic
domain of an HPC pore®® and molecular oxygen was
theoretically explored. Remarkably, this cluster corresponds
to the minimum energy Pt/Pd tetramer calculated through a
DFT approach and reflects the nanoparticle Pt/Pd ratio
revealed by the EDX analysis for the three catalysts herein
obtained (see Table 1). Two interaction situations were
considered with molecular oxygen interacting through Pd
(Figure 6a) or Pt (Figure 6b). The optimized structures of the
three-fragments arrays are presented in Figure 6 where the
cluster exhibits a distorted tetrahedral structure in both cases.
The fragments calculation reveals a more stable situation when
Pt,Pd, interacts with oxygen through Pt (Figure 6b), with
more intense Pt,Pd,—Cs,H,5 (—24.8 kcal mol™") and Pt,Pd,—
0, (—142.4 kcal mol™) contacts, in comparison to the Pd
situation (—18.9 and —136.1 kcal mol™, respectively). The
higher stability of the configuration favoring Pt—O,
interactions is also evidenced by the shorter Pd—C interatomic
distances involving the cluster and the circumcoronene
molecule (2.53 and 3.15 A), relative to the Pt—C distances
in its counterpart (3.24 and 3.54 A). On the other hand, the
Pd—O (2.05 A) and Pt—O (2.01 A) distances are very similar
and lower than the corresponding sum of van der Waals radii
(Pt: 1.75 A, Pd: 1.63 A, and O: 1.52 A) in line with a
chemisorption process. These results suggest a more stable
array when the catalyst is anchored to the HPC support
through the palladium atoms, thus exposing the platinum
atoms to the oxygen interaction that initiates ORR.

For the three synthetized catalysts, similar structural and
surface characteristics are observed. All catalyst has a Pt/Pd
ratio of 1:1 according to EDX, and from SEM and TEM
measurements, the surface is composed of Pt’/Pt** and Pd°/
Pd* (from XPS data) with a similar crystallite size of ~5—6
nm (from XRD). Accordingly, we conclude that there are no
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substantial differences in PtPd-NP surface which would suggest
different “inherent” catalytic activity.

Our results also indicate that there is no correlation between
the neat catalyst surface and the current density obtained for all
catalysts during ORR (Figure Sc and Table 4). In addition,
PtPd/HPC-3 catalyst presents the highest surface/mass
relationship due to the better PtPd-NP dispersion on the
carbon surface (Table 4). Surprisingly, the highest surface area
(m* g™") of PtPd/HPC-3 would demand greater mass transfer,
adversely affecting the observed j. The experimental data,
however, reveals a relationship between the current density
and the primary porous structure of the support.

The single most striking observation emerging from the data
comparison is that not only the porous size of carbonaceous
materials is a determinant for the ORR but also the PtPd
catalysts load. Therefore, the results obtained in this work
reveal that a well-developed pore structure (combination of
macro-mesopores) promotes the catalyst dispersion, improving
its electrochemical performance in the ORR process. This
effect has been observed in our previous works where HPCs
have been used to support NP of PtRu, PtPd, PtFe, and PtAu
for applications in FC.*>*~7?

4. CONCLUSIONS

This work reports the synthesis of PtPd catalysts supported on
HPC with different macropore sizes to be used for the study of
the ORR. The CO stripping analysis shows that PtPd/HPC-3
exhibits the biggest ESA value of 49.6 m* g™', followed by
PtPd/HPC-2 with 40.2 m* ¢! and PtPd/HPC-1 with 38.8 m
g~'. For the three considered electrocatalysts, similar
morphological and surface characteristics were observed by
XRD, TEM, EDX, and XPS. The electrocatalysts were
evaluated by electrochemical techniques such as cyclic
voltammetry (CV) and linear scanning voltammetry for the
ORR, obtaining the highest current density of —1285 A g™* for
the PtPd/HPC-2 catalyst in the oxygen saturated H,SO, 0.5
mol L™ solution. The computational DFT study offers a
chemically intuitive picture of the preference of oxygen for the
bimetallic cluster Pt atoms, as well as the more stable
configuration when the cluster interacts with the HPC through
the palladium atoms. The results of this study support the idea
of a synergic effect between PtPd-NP and the porous supports,
where the macropores on carbon material play a key role in
catalyst dispersion and performance for the ORR. Con-
sequently, PtPd-NP supported on HPCs can be considered
good candidates as cathodes in FC.
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