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Abstract

Pt-Pd nanoparticles, from pure Pd nanocubes to Pd-Pt core-shell nanoparticles, are syn-
thesized following different methods and intensively investigated, in view of a potential
application in fuel cells, as catalysts for the oxygen reduction reaction (ORR). The gal-
vanic replacement is an attractive method to prepare bimetallic particles with high catalytic
activity and a high control of the size, shape and chemical composition of the particles,
varying with the experimental conditions during the synthesis. The influence of the time
with the transformation from pure Pd nanocubes to concave core-shell Pt-Pd nanoparti-
cles synthesized by galvanic replacement (with a Pd core and a mix of Pt and Pd in the
surface) is examined: after different times of preparation, the morphology of the particles
was monitored by Transmission Electronic Microscopy (TEM) coupled with Energy Dis-
persive X-Ray Spectroscopy (EDS) for the chemical composition. Via X-Ray diffraction
spectroscopy (XRD), the crystallographic structure and the variation of size, lattice param-
eters, d-spacing, and composition were determined. The Extended X-ray Fine Structure
(EXAFS) measurements show the formation of a Pt-Pd alloy at the surface of the particles
for all samples. Finally, the electrochemical determination of the catalytic activity and sta-
bility tests revealed two different particle types as candidates to replace pure Pt as catalyst
in the Proton Exchange Membrane Fuel Cells (PEMFC) due to their enhanced stability,
higher catalytic activity, and lower Pt content.
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Introduction

Today the problems of climate change and the environmental pollution necessitate the re-
placement of fossil fuels by means of new energy sources and sustainable technologies. In
this regard, proton exchange membrane fuel cells (PEFMCs) with their high efficiencies at
ambient temperature represent highly promising alternatives. One of the main chemical re-
actions in PEFMCs, the oxygen reduction reaction (ORR) depends strongly on the usage of
suitable catalysts and, thus, many researchers are working on the development of new mate-
rials with a higher catalytic activity for the ORR. Unfortunately, most of the catalysts are
based on platinum, a transition metal that does not occur abundantly and is, hence, too
expensive for a large scale utilization. Different approaches are tested aiming at the reduc-
tion of the cost of the cells and the improvement of their performances. The diminution
of the amount of platinum via bimetallic catalysts (core-shell, alloys...) chatenetgilver —
platinums003, , ocampocharacterizationa,006andnanostructuredmaterial swithdi f ferentshapesandsizeso fpa
shellnanoparticles(N Ps), we followedtheevolutiono fthestructurevial EM —E D Sobservationsand EX AF Sn
Levichanalysis, theelectrochemicalpropertieso ftheparticles(catalyticactivity, kinetic, stability)werecompare
shell Pd— Ptnanoparticlescouldbepreparedbygalvanicreplacement. Furthermore, in-situX AF Smeasurement:
trans formedE X AF Sspectra, weobservedanevolutiono ftheparticles(withandwithoutoxide). Withthelteratit

Experimental section
Synthesis of Pt-Pd nanoparticles

Depending on the particles type, size, shape, and composition, different methods were used to

synthesize Pd-Pt nanoparticles (NPs) in aqueous or organic solution huangsynthesiso012, , hong.ontrolleds012, ¢
shellnanoparticleszhangy,dpt20100r Pd— Ptalloynanocages, zhangsacilea011thehexachloroplatinicacid(HyPt(
Firstlythesynthesiso f cubicPdnanoparticles, followedbypreparationo fthe Pt— Pdcore—shellnanoparticles.
The synthesis of the Pd NPs was performed in aqueous solution: 0.6 g of ascorbic acid (AA,

Sigma Aldrich, 98%), 3 g of potassium bromide (KBr, Sigma Aldrich, 99%), 1.85 g of potassium

chloride (KCI Sigma Aldrich, 99%), and 1.05 g of poly(vinylpyrrolidone) (PVP, Alfa Aesar, 98%)

were added to 80 mL of distilled water. The solution was sonicated for 2 min and heated to

80 °C. After 10 min, 30 mL of sodium tetrachloropalladate (6.5x 1072 mol.L'!, Na,PtCl,, Sigma

Aldrich, 98%) were added with a syringe (1 mL.min™'). Afterward, the solution was maintained

at 80 °C under magnetic stirring for 3.5 h. The Pt-Pd NPs were prepared in a second step: 10

mL of the solution containing Pd nanoparticles were mixed with 70 mL of an aqueous solution

composed of 3 g of KBr and 0.333 g of PVP. The solution was heated to 90 °C and 30 mL

of KoPtCl, (3x1073 mol.L !, Sigma Aldrich, 98%) were added (1 mL.min!) under magnetic

stirring. Different times of synthesis were used to study the evolution of the particles: 0.6 h, 2

h, 4 h, 6 h, 8 h, and 17 h. After the synthesis, the particles, collected by centrifugation were

washed and rinsed several times with water and ethanol. Afterwards, the solution containing

clean particles was dried in the oven at 70 °C.

Coating the particles on carbon powder

For a sample, composed of 40% particles and 60% of carbon, 40 mg of particles were added to
25 mL of ethylene glycol (VWR), and the mixture was sonicated for 15 min. A mixture of 60 mg
of Vulcan XC-72R carbon powder in 25 mL of ethylene glycol at pH 2 (adjusted with nitric acid
solution, 2 mol.L"!, Sigma Aldrich, 70%, purified by re-distillation) was sonicated for 30 min.
After sonication, both mixtures were merged, sonicated for 1 h and stirred for one night with
a magnetic stirrer. Afterwards, the mixture was heated to 40 °C and filtrated. The resulting



particles were collected by microfiltration and dried for 5 h at 70 °C in an oven. The method
was used analogously for all particles.

TEM-EDS characterization

The nanoparticles were characterized with a high-resolution transmission electron microscope
(HR-TEM) JEOL JEM-3010 operating at 300 keV and equipped with an X-Ray analyzer Oxford.
Before the experiments, the aqueous solution containing the nanoparticles was homogenized by
sonication and dispersed on a TEM grid (copper covered by a carbon film). The sample was
subsequently dried under vacuum before the introduction in the main chamber of the TEM.

EXAFS measurements

The Pt-Li1 edge and Pd-K edge EXAFS measurements were performed at the Rossendorf Beam-

line (BM20A) at the European Synchrotron X-Ray Facility (ESRF, Grenoble, France). The

synchrotron beam was monochromatized using a water-cooled Si(111) double-crystal monochro-

mator (DCM). A first, 1.4-m long, Pt-coated, meridionally bent Si mirror was used before the

DCM for collimation, and a second, 1.3-m long, Pt-coated, toroidal Si mirror after the DCM

was used for vertical and horizontal focusing. The rejection of higher harmonics of the com-

plete setup is better than 104. The measurements were done at room temperature, either in

transmission or fluorescence mode, using ionization chambers and a 13-element high-purity Ge

detector (Canberra) with a digital spectrometer (XIA X-Map). Before measurements, the par-

ticles coated on carbon (40 % particles) were compressed to form pellets (1 g) with addition of

boron nitride powder (BN, Sigma Aldrich, 98%) for a better stability. Energy calibration, averag-

ing of several scans, and dead-time correction of fluorescence signals were done with the software
SixPackwebbgixpacks005.Subsequentdatareductionstepswereper formedwiththeWinX ASsoftware.ressler:
orderpolynomial function fittedthroughthepre—edgeregion, andasecondorderpolynomial function fittedthron
edgeregion.Spectrawerethenconvertedfromenergyintophotoelectronskineticenergyunits(k—space)byarbitra:
edgeregionusingtheauto—splinealgorithmo fWinX AS.Thesuch—obtained EX AF' S functionswere
k3-weighted and then Fourier-transformed to R space using a Bessel window function across a k

range of 2 to 15 A1, Theoretical phase shift and amplitude functions for the shell fits were calcu-

lated with FEFF 8.2ankudinov,elativistici997basedon Pt, Pt— Pd, and Pdmetalclusterswitha face—
centeredcubic(fcc)crystallographicstructure. T heshell fitwasthenper formedwithWinX AStoderivecoordinat:
Waller factors( 0?), and phase shift correction (AEp).

X-Ray Diffraction (XRD)

The X-Ray Diffraction (XRD) experiments were performed using a Rigaku Miniflex600 diffrac-
tometer equipped with an energy dispersive D /teX Ultra silicon strip detector. For XRD mea-
sures, Cu K, radiation (wavelength:1.54184 A) was used at 40 kV and 15 mA. The scanning
range (20) was from 30 to 90 ° with a scan rate of 1°.min™! and an interval of 0.02 °. Before char-
acterization, about 30 mg of catalyst powder was pressed to obtain a homogeneous distribution
in the sample holder. The Rietvield analysis was done based on Pt, Pd, and Pd-Pt with fcc struc-
tures coming from the Crystal Open Database (COD)grazulis.rystallography,012withtheso ftware M AU DI.lut

Electrochemical measurements

For all the measurements, a potentiostat (Princeton Applied Research VersaStat MC) with a
standard three electrodes configuration was used with a glassy carbon rotational disc electrode
(RDE, Princeton Applied Research, model 636A, geometric area of 0.1963 cm?) as the working
electrode, a Hg/Hg,SO, as the reference electrode, and a platinum wire as counter electrode.
The electrochemical studies were carried out in 70 mL of HCIO,, (1x 10" mol. L) electrolytic



solution made from 18 Mf2 microfiltrated water. Before experiments, the RDE was polished and
ringed with high purity water. All potentials are given versus the Standard Hydrogen Electrode
(SHE).

The different nanoparticles were characterized in the form of an ink made by dissolution of 9
mg of PtPd/C catalyst powder in a mixture of 0.25 mL of water and 2.25 mL of isopropyl
alcohol (IPA, Merck, 99.5%). After 15 min of sonication, 12 puL of the ink are deposited on
the RDE glassy carbon support (3 x 4 pL) and the film was protected by the deposition of
7 uL of Nafion® (perfluorinated resin solution, 5 wt.%, Sigma Aldrich) diluted in methanol
(1:100). After deposition, the fresh film was electrochemically cleaned by cyclic voltammetry
(60 cycles) in a range from 0.050 to 1.200 V at 0.100 V.s'. The determination ECSA was
done with the same method in the same potential range at a scan rate of 0.020 V.s' with the
electrolyte saturated with N,. After the ECSA determination, the oxygen reduction reaction
(ORR) test and the electrochemical impedance spectroscopy (EIS) experiments were conducted
in an HCIO, (0.1 M) Oy-saturated solution. The EIS was measured at a dc potential of 0.5 V,
applying ac frequencies from 1x 10° to 5x 1072 Hz and an ac amplitude of 0.010 V as well as an
RDE rotation velocity of 1600 rpm. The catalytic activity was calculated after measurements
by linear scan voltammetry (LSV) within a potential range from 0.3 to 1.2 V under rotation
(1600 rpm) at 0.005 V.s~1. All electrochemical experiments were done at ambient temperature
(25 °C).

Results and discussion
Characterization of the Pt-Pd nanoparticles by TEM and EDS

The Pt-Pd nanoparticles were prepared using the galvanic replacement method and the evolution
of their structure was studied after different times of synthesis. The TEM-EDS investigations
permitted the analysis of the structure of the NPs (size, shape, repartition and composition)
without modification of the samples (the particles were directly deposited on a TEM grid). The
TEM observations revealed a progressive evolution of the NPs with the time of synthesis (Figure
1), with a particle size of around 20 nm for all the samples.



Figure 1: FEvolution of the nanoparticles structure followed by TEM after different times of
synthesis. (a) Pure Pd nanocubes, (b) Pt-Pd 0.6 h ,(c) Pt-Pd 2 h, (d) Pt-Pd 4 h, (e) Pt-Pd 6
h, (f) Pt-Pd 8 h and (g) Pt-Pt 17 h.

The core of the particles, constituted of Pd, is darker due to the smaller atomic number of Pd
(Z=46) compared to Pt (Z=78). Before the galvanic replacement and the addition of Pt, pure
Pd NPs with a well-defined cubic shape and an average size of 18 nm (without aggregates) were
visible on TEM pictures. Through the addition of a Pt solution, the formation of PtPd NPs
began via galvanic replacement and co-deposition of Pt.

For the particles prepared within 0.6 h, a thin layer of Pt (confirmed by EDS) appeared on the
surface of the particles. The Pt film formation started at the corners of the Pd cubes and the
thickness of the Pt shell increased to form a layer of Pt over the Pd core.

The concavity of the NPs and the thickness of Pt layer increased with the time of synthesis.
After 4 h, a concave Pd core became apparent. There were no significant variations of the size of
the particles with the time of synthesis. No aggregates were visible and the shape of the particles
was homogeneous (excepted for some samples where some core-shell nanoparticles with a flower
structure were visible after 6 h and 8 h of synthesis). After the characterization of the particles
via TEM, the EDS confirmed that the particles are composed of Pt, Pd and small quantities
of Br. The presence of bromine in the spectra was due to an incomplete galvanic replacement,
i.e. the bromide was not completely replaced by the Pt. An evolution of the amounts of Pt and
Pd with the time of synthesis was observable (Table 1): The ratio of Pt increased until 4 h and



decreased for the particles synthesized in 6 h, with 22 wt. % of Pt. After 8 h, there was again
an increase (26 wt. % of Pt) and, finally, for the particles synthesized in 17 h, the ratio of Pt
was equivalent to the 4 h particles (35 wt. %).

XRD analysis

On the XRD spectra (Figure 2), the main characteristic peaks of the fec Pt and Pd crystals,
corresponding to the planes (111), (200), (220) and (311), are visible, confirming an fec crystalline
structure composed of Pd and Pt atoms for all the particles. XRD patterns for the different
particles are similar, which denotes analogous bulk compositions and no peaks that correspond
to Pt or Pd oxides are observable.
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Figure 2: Shift-corrected and normalized XRD spectra with the Miller indices of the different
catalysts. Inset: Magnification of the (111) peak.

After the normalization of the spectra with respect to the intensity of the well-defined (111)-
based peak, the inter-planar distances d were calculated using the Bragg’s law:

2.d.sin(0) = n.A (1)

where n is the integer factor, 6 is the Bragg’s angle (degrees), and A is the wavelength of the
X-rays, (Cu Kqy radiation, 1.54184 A).

The average size of the particles, 7, was calculated from the widths of the (220) diffraction peaks
on the spectra via Scherrer’s equation, which is valid for nanometric objects:

K.A
T = ——
B.cos(6)
where K is a shape factor (between 0.9 and 1.0, here 0.94) considering an fec isotropic structure,

A is the wavelength of the X-rays, § (radians) the FWMH, and € the Bragg’s angle (degrees) of
the peak that was selected to calculate the particles size.

(2)



To obtain an estimation of the quantity of Pt and Pd in the particles and to compare these values
to the results coming from the EDS measurements, the Vegard’s law was applied. duttasigni ficant2013T hiswas;
So, thecompositiono fthemixtureisapproximatelydeterminedbytheequation :

api(1-z)Pde = (1 — x).apt + z.apg (3)

with z as the molar fraction of Pd in the particles. The lattice parameters of the solid solution
4(Pt(1—xz)Pdz), Were measured by XRD, and the theoretical values of the lattice parameters of
Pt, (apy), and Pd, (apg), were the theoretical values for Pt and Pd with a fec structure coming
from the C.0.D grazulis.rystallography2012, 3.923and3.891, respectively.

After the analysis of the spectra, the evolution of the lattice parameters for the different samples
was studied (Table 1).

Table 1: Summary of the results from the XRD measurements and composition of the particles
measured by EDS.

. Pdmolar o, L oioht TP Pd
Lattice . fraction weight
d-  Particle (wt.%) molar
parame- . . (%) (wt.%) .
Sample spacing  size (error, fraction
ter (XRD), (error,
(A)  (nm) %) (%)
(A) error: (EDS) %) (EDS)
~ 10% (EDS)
Pd
3.891 2.2468  19.24 100 100 0 100
nanocubes
Pt-Pd 0.6 h  3.892 2.2471  20.03 94 o 0 95.9
. . . . (3) (10) .
Pt-Pd 2 h 3.894 2.2482  15.53 88 81 19 87.2
' ‘ ' (8) (6) '
Pt-Pd 4 h 3.900 22517 14.39 70 (675) 35 (11) 70.5
Pt-Pd 6 h 3.897 22496  13.43 78 s 22 80.5
(8) (7)
Pt-Pd 8 h 3.893 22479  16.74 91 IS 26 80.4
(8) (8)
Pt-Pd 17 h 3.896 2.2498  16.06 82 05 35 71

(8) (11)

For the commercial Pt and Pd spectra, the same diffraction profile as for a standard material
appears, with lattice parameters of 3.894 A for the Pd and 3.913 A for the Pt, which deviate
negligibly from the theoretical ones due to inhomogeneities. For the particles, the lattice param-
eters and the d-spacing (interatomic distance between plane on the crystal) are between those of
pure Pd and pure Pt. The lattice parameters and d-spacing values evolved in accordance with
the ratio of Pt in the particles (measured by EDS): the Pt-rich particles feature higher lattice
parameters and d-spacing values, corresponding to the expansion of the crystalline structure
with the replacement of Pd atoms by Pt. The different sizes of particles found by application
of Scherrer s equation (Eq. 2) were comparable to the sizes estimated from the TEM pictures.
With progressing synthesis times, the particle size decreased from 20 nm for the Pd nanocubes



and the Pd-Pt 0.6 h core-shell nanoparticles to 13.4 nm after 6 h. For longer times, the size
increased again to about 16 nm.

The first step of the evolution of the chemical composition of the particles, determined using
Vegard’s law and the weight fraction measured by EDS, was similar. An increasing Pt ratio
for 4 h (35 wt % Pt), followed by a diminution of the Pt content after 6 h. Afterwards, XRD
experimental results indicate a further decreasing Pt content (8 h), which rises again for the 17
h samples. In contrast, according to EDS, the Pt content is continuously increasing from 6 h to
17 h. These differences probably come from derivations of the law, which were already observed
by other researchers working on alloys kuo,egards2004, , lubarda, f fectives003.

EXAFS measurements

The EXAFS measurements at Pt-Ly; for the different PtPd nanoparticles coated on carbon
were compared to pure Pt foil, to see the differences between pure Pt and the particles. The
Fourier-transformed spectra are presented in Figure 3. The data collected at the Pt-Lyp edge
showed a well-defined double peak between 2 and 3 A (uncorrected for phase shift) for all the
nanoparticles. The FEFF modeling using clusters with different ratios of Pd and Pt revealed
that this double peak arises from the presence of both Pt and Pd neighbors in a (nearly) equal
proportion within the first shell. By comparison, the commercial Pt showed only one peak as
expected from the exclusive presence of Pt neighbors.

Pd-K edge Pt-L,, edge
0.3
0.6 - 8 1 4
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Figure 3: Fourier-transformed EXAFS spectra of the nanoparticles. Pure Pd or Pt (black),
0.6 h (red), 2 h (green), 4 h (orange), 6 h (violet), 8 h (brown), 17 h (blue) at Pd-K (left) and
Pt-Lyr edges (right).



At the Pd-K edge, the main strong peak in the Fourier-transformed spectra at R ~ 2.74 suggests
the predominance of only one type of neighbors (Figure 3), most likely the Pd, which was
confirmed by the shell fit of the data (Table 2 and 3). As shown by the Pt-Pt and Pt-Pd
data, Pt is surrounded by both Pt and Pd neighbors at distances of 2.72 to 2.74 A, which
is in line with the crystallographic value of 2.74 A.toshimagimetallic,998T hesumofbothPt —
PtandPt — PdC N sisclosetol2, consideringtherelativelyhigherrorof ~ 25 %, and the Pd:Pt
ratio is slightly above 1. Relatively small Debye-Waller factors indicate a small static and
vibrational disorder. All these results are in line with the fce structure (also validated by XRD),
where the Pt resides in a local structure surrounded by Pd and Pt atoms.

Table 2: Coordination numbers (CN), interatomic distances R, Debye Waller factors (02), and
energy shifts (AEy) at the Pt-Ly; edge.

Pt-Lr edge
Pt-Pt shell Pt-Pd shell AE¢ Rigactor?
CN R [A] 02 [A2] CN R [A] 02 [A2] [€V] res (%)
Pt-Pd 0.6 h 6.7 2.72 0.0058 4.8 272 0.0058 5.9 5.4
Pt-Pd2h 62 273 0.0057 51 273 00057 7.1 4.0
Pt-Pd4h 87 275 0.0055 35 274 0.0065 8.3 2.3
Pt-Pd6h 6.7 274 0.0061 48 274 00061 7.8 3.3
Pt-Pd8h 73 274 0.0056 4.8 274 0.0056 7.7 2.2
Pt-Pd17h 76 274 0.0056 4.3 274 0.0066 7.8 2.7

Sample

For the data at the Pd-K edge (Table 3), the Pd-Pd distance of the nanoparticles as well as
for the Pd reference is also 2.74 A, as expected for the fee structure.Zhang2011a In contrast,
the Pd-Pt bond length of 2.71 A was slightly but significantly smaller than the bond length
measured for the Pd-Pd pairs.

Table 3: Coordination numbers (CN), interatomic distances R, Debye Waller factors (02), and
energy shifts (AEy) at the Pd-K edge.

Pd-K edge
Pd-Pt shell Pd-Pd shell AEg Riactor?
CN R [A] 02 [A2] CN R [A] o2 [A2] [eV] res (%)
Pt-Pd 0.6 h 0.6 2.71 0.0051 11.2 274 0.0009 9.1 0.3
Pt-Pd2h 14 271 0.0054 10.7 274 0.00564 5.4 1.6
Pt-Pd4h 1.7 271 0.0063 105 2.74 0.0063 5.6 1.7
Pt-Pd6h 1.7 272 0.00563 9.5 274 0.0056 8.7 4.2
Pt-Pd8 h 1.7 270 0.0053 10.2 2.74 0.0053 5.1 1.3
Pt-Pd 17 h 1.8 271 0.0052 102 274 0.0052 5.3 1.5

Sample

In contrast to the Pt values, the Pd-K edge based CNs suggested that the Pd is prevalently
surrounded by other Pd atoms (CNs between 9.5 and 11.2) and only by a smaller number of
Pt atoms (CNs between 0.6 and 1.8); the variation of CNs among the different samples was not
statistically significant.



The results of the analysis of the EXAFS spectra from both the Pd-K and Pt-Lip edges can
be explained with a well-structured Pd metal core where most of the Pd atoms possess Pd
neighbors and that is surrounded by a thin Pt shell with most of the Pt atoms having Pd
neighbors. Confirming the TEM and EDS observations, the higher coordination numbers for
the Pt-Pt bond from the Pt-Lj;; measurements (Table 2) suggest an aggregation of Pt in the
surface, with a little increase after 8 and 17 hours of synthesis.

Electrochemical properties
Electrochemically active surface area (ECSA)

The ECSA was calculated using the charge transferred during the hydrogen adsorption/desorption

on the surface of the electrode (Qp) and the mass (m) of deposited catalyst PtPd/C. These

chemical processes appear on the voltammograms between 0.05 and 0.30 V (Figure 4). Qg was

calculated by integration of the area under the CV curve (Eq. 4). The ECSA was determined fol-

lowing Eq. 5, considering a reference charge density for the oxidation of a monolayer of hydrogen

of 2.4x10°* C.cm™ for the pure Pd and 2.1x10™* C.cm™ for the pure Pt and PtPd nanoparticles.

The roughness factor mayrhofer,, easuremento008( Eq.6)permitsthecomparisono ftheactivesur facearea( A eqr)

 JidE

v

Qn (4)

wheres is the current, F is the potential, and v is the scan rate.

1 Qu

X
2,1 x104C. cm™2 ~ mptpa

ECSA = (5)

Areal . QH
_ Wlth A =
real T 9 1% 10-4C. cm 2

R Ageometric (6)
All ECSA and roughness factor values possess an estimated error of more than 10 % with
three samples per particle batch. The total error included the experimental error (the reference
electrode, the shift of the potential, the homogeneity of the deposition on the electrode) and the
mathematical error of the charge calculation by integration. The ECSA values are in the same
range like the literature values for Pt-Pd NPs on carbon zhougurability010.

For all CVs (Figure 4), three characteristic regions are visible on the voltammograms: Firstly,
the hydrogen adsorption-desorption occurs between 0.05 and 0.30 V, with the adsorption of
hydrogen from 0.05 to 0.075 V and the desorption until 0.30 V. Subsequently, the double layer
charging (0.30 to 0.65 V), and, between 0.65 and 1.20 V, the formation and adsorption of
hydroxide anions and oxygen on the catalyst followed by their reduction take place (Figure 4).
The ECSA for the 4 h Pt-Pd nanoparticles (100.6 m2. g'), is higher than for the commercial Pt
coated on carbon (84.04 m?. g'!), while the ECSA of the particles synthesized in 2 h is similar.
A significant increase of the ECSA between pure Pd and PdPt core-shell nanoparticles is ap-
parent, with high ECSA values for the particles (Table 4) with a concave shape and a thin layer
of Pt-Pd visible on the TEM images (cf. Figure 1). For the particles with a longer synthesis
time (6 and 8 h), the ECSA decreases, with values lower than the pure Pd nanocubes. After
17 h, the ECSA is higher than for pure Pd nanoparticles again and in the same range like the
particles that had been synthesized in less than 4 h.

The higher ECSA values for the core-shell Pt-Pd NPs (except for the particles synthesized within
6 and 8 h) compared to the pure Pd nanocubes are caused by different factors.

10
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Figure 4: ECSA typical voltammograms: Pure Pd (black), 0.6 h (red), 2 h (green), 4 h (orange),
6 h (violet), 8 h (brown), 17 h (blue).

Using the galvanic replacement, the formation of a thin Pt or Pt-Pd layer on the surface of the

Pd core occurs, which is visible in the TEM images and confirmed by the EDS measurements.

The Pt shell thickness is a main parameter to control the activity of core-shell catalysts!.

Furthermore, the geometric and electronic structure of the core is also important for the catalytic

performances.

With the development of concave nanoparticles, the structure changes significantly and impor-

tant modifications of the particle shape and the thickness of the shell occur. The co-deposition of

Pt and the replacement of bromine atoms during the galvanic replacement, with the formation of

a Pt-Pd alloy (cf. EXAFS results) with a different electronic structure, leads to additional chemi-

cal active sites jebaraj,xygens016, whichmayalsocauseahigher EC'S Avalue.Inaddition, thePt :
Pdratiowithintheparticleshasagreatin fluenceonthe EC'S AandtheO R Rper formanceszhang,queous — phase
Pdalloythatis formedintheshello ftheparticles(detectedby EX AF S)changes, withanevolutiono fthecrystallin,
The evolution of the shape of the particles, from pure Pd nanocubes to concave core-shell

concave nanocubes and the different Pt:Pd ratios with the time of synthesis also contribute to

new chemical properties. A quantification by ICP-MS, and XPS measurements is necessary to

gain more information, in particular via the detection of very small concentrations and their

distribution on the surface of the particles.
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Figure 5: Electrochemically active surface area (red) with errors (black) and roughness factors
(blue) for the different samples.

Oxygen reduction reaction

The ORR kinetics were studied applying the Koutecky-Levich equation on the parameters ex-
tracted from the voltammetric experiments. The electrical current (i), measured by licyclic
voltammetry, was transformed into the current density j using the geometric area of the elec-
trode (0.1963 cm?). Three different regions are apparent on the voltammograms: Until 0.60 V,
the reaction on the surface of the electrode is controlled by diffusion processes (the mass trans-
port). When the potential increases, between 0.60 and 0.85 V, diffusional and kinetic processes
occur on the surface of the electrode with adsorption and desorption of oxygen atoms and OH
radicals, and a possible formation of HyOs. Finally, up to 0.85 V, the dominant processes are
pure kinetic phenomena.
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Figure 6: Characteristic voltammograms for the ORR of NPs: Pd (black), 0.6 h (red), 2 h
(green), 4 h (orange), 6 h (violet), 8 h (brown), 17 h (blue) in aqueous HCIO, saturated with O,
(5 mV.s1, 1600 rpm,).

On the voltammograms (Figure 6), the onset of the ORR for the pure Pd is found at 0.75 V. For
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the different Pt-Pd NPs and the pure Pt sample, the onset potential increases gradually until
0.87 V. Working with a RDE at 1600 rpm ensures fast convective transport of the active species.
The catalytic activities of the particles were compared via the mass activity jyaqss, defined as the
kinetic current density jg, normalized to the mass of catalyst that is deposited on the surface
of the electrode mpipg. The current density j from the measurement using an RDE at 1600
rpm is composed of the kinetic current density j; and the Levich current density j; by the
Koutecky-Levich equation:

1 1 1

-—=— 4+ =
J JL  Jk
The kinetic current density j  is calculated with the values of the current densities j at 0.85 V
and jr at 0.50 V for the anodic scan.

The received kinetic current density at 0.85 V was normalized to the mass of catalyst mpspg to
compare the catalytic performances of the particles for the ORR:

(7)

jmass = jik (8)
mptPd
For the different samples, the ORR mass activities were determined (Table 4) whereas the Pd
nanocubes show the lowest mass activity (7.6 A.g’!) due to the absence of Pt. It is known
from literature that Pd possesses a significantly lower catalytic activity for the oxygen reduction
reaction in acid media than Pt or bimetallic NPs based on Pd (alloys savadogo,, ew004o0rcore —
shellstructuresguptaclectrochemicalo014, | golikandstudy2011).T headditiono fanothermetalbeleypighly2014, | |

Table 4: Catalytic properties and their evolution for the oxygen reduction reaction.

ECSA Roughness ORR (0.85 V) A.g’!

Sample

(m?.g™) factor Fresh Degraded Change
Pd pure 33.3 3.7 7.6 74 2%
Pt-Pd 0.6 h 80.8 7.9 17.4 15.2 13 %
Pt-Pd 2 h 86.8 8.4 25.9 19.9 23 %
Pt-Pd 4 h 100.6 8.5 33.5 32.9 2%
Pt-Pd 6 h 34.7 3.4 8.9 7.3 19 %
Pt-Pd 8 h 22.6 2.2 8.8 9 2%
Pt-Pd 17 h 69.3 6.7 11.6 11.5 1%
Commercial Pt  84.0 7.1 18.7 16.1 14 %

After 0.6 h, the mass activity of the NPs is more than two times higher (17.4 A.g’!) than

the for Pd nanocubes and close to the commercial Pt nanoparticles (18.7 A.g’!). From 0.6

to 4 h, the ORR activity of the particles increases further and is superior to the commer-

cial Pt after 2 h (25.9 A.g’!) and 4 h (33.5 A.g!). The galvanic replacement increases the

concentration of Pt by co-deposition and replacement of Br atoms by Pt atoms increasing

the number of the active sites for the ORR. The most promising particles were synthesized

in 4 h, with a molar fraction for Pd of 0.7, which is favorable for the ORR. oezaslan,t —

based2013, savadogo,ew2004, , zhang,dpt2010T heratioPt : Pdintheoutershello ftheparticlesin fluencestheele:
Thecatalyticper formances fortheORRcorrelatewellwiththe EC'S Awithahighcatalyticactivityo ftheO RRinca
Pdalloywithdif ferentcrystallineproperties(X RD, T EM).Furthermore, theshapeo fnanoparticleshasalsoan
PdalloyN Pswithdif ferentsizes, wasobservedviaX RDandT' EM.
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Stability of the catalyst

In addition to their catalytic performances, the particles deposited on the electrode need to be
stable with no decrease of mass activity even after long times of utilization. To study the stability
of the NPs, their mass activities were determined before and after 2000 CV cycles (between 0.05
V and 1.20 V with a scan range of 0.1 V.s'!), revealing a different stability behavior (Table
4). Taking in account the experimental error (~ 10 %), the mass activity was stable for the Pd
nanocubes and the PtPd NPs that were synthesized in 4 h, 8 h, and 17 h. For the other samples,
a decrease of the mass activity was observed, namely for the particles synthesized in 0.6 h (13
%), 2 h (23 %), and 6 h (19 %) as well as for the commercial Pt (14 %). The composition of
the particles, as well as the atomic structure, influence significantly the catalytic performances
and the stability of particles. In general, the main processes involved in the deterioration of
core-shell nanoparticles are the depletion of metal atoms from the core to the particles shell,
inducing an altered chemical composition and a thicker shell, as well as the coalescence and
re-deposition on the metal in the surface of the particles. Furthermore, hollow nanoparticles are
formed by degradation of the core-shell structure and the dissolution of Pt and Pd atoms. For
the studied samples, the particles synthesized with a molar fraction of Pd of 0.70 and 0.95 show
a stable catalytic activity, with a high chemical and physical stability, and are more stable than
the other particles.

Comparison of the kinetic properties of the NPs for the ORR

The oxygen reduction reaction in HCIO, aqueous solution at the surface of the electrode is di-

vided in different steps following two different mechanisms, gomez-marin,e flectionss013, norskov,rigins004—
1thedissociativeandtheassociativeone.

The dissociative mechanism appears like the break of the O-O bond by adsorption of O atoms

on chemically active site (M) on the surface of the electrode and the formation of oxides (Pt or

Pd oxide) (I). The reaction of the oxide with a proton and one electron creates a hydroxide (II).

The bond between Pd or Pt and OH dissociates in acid solution and water is formed.

0, +M—-0-M (1)
O-M+H"+e — OH-M (IT)
OH-M+H' +e~ - H,0+M (I11)

The associative mechanism includes the oxygen reduction via the formation of peroxide inter-
mediates:

Oy +M — 00 - M (IV)
OO0 -M+HT +e” —HOO-M (V)
HOO-M+H"+e” - H,0+0-M (VI)
O-M+H"+e - HO-M (VII)
HO-M+H"+e - H,0+M (VIII)

The formation of H,0, is also possible in step VI via the desorption of HO9 from the surface.
The occurrence of hydrogen peroxide as a stable compound in the acidic solution indicates an
incomplete electron transfer.

Via Tafel and Levich analysis, the limiting step in the ORR process was investigated. The
Levich analysis was executed using different rotational speeds (0, 100, 400, 900, 1600, and 2500
rpm) and the number of exchanged electrons n was calculated via the Levich equation:
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i = 0.602.n.F.A.Co.D5 46 .w? (9)

where i, ist the Levich current (or diffusion current) measured at 0.5 V, n the number of elec-
trons, F' the Faraday constant (96485 C.mol™!), A the geometric area of the electrode (0.1963 cm
%), Cp the concentration of the molecular oxygen in saturated solution, (1.26 x107% mol.cm™),
D the diffusion coefficient of the oxygen in the solution (1.67 x107% mol.cm™2), v the kinetic
viscosity of the electrolyte (1.009 x1072 cm?.s’!) and w the rotational speed of the RDE (in
rad.s!). The analysis revealed that the number of exchanged electrons was close to 1 (Table
5) before and after the stability test (measurements at 1600 rpm), with a diminution for the
damaged samples, confirming the decrease of the catalytic activity, which was determined by
the other experiments. Applying a Tafel plot, the exchange current density, jp, an important
parameter for the comparison of the catalytic properties of the NPs, was determined by the
extrapolation of the experimental Tafel line to the thermodynamic potential for the oxygen
reduction reaction (1.23 V) using the simplified Tafel equation:)

E =a+bxlog(jo) (10)

The analysis of the Tafel plots (Figure 7, Table 5) revealed a pseudo-linear region of the curves
between 0.7 and 0.9 V with two slopes, between -0.054 and 0.071 V.dec™! for low current densi-
ties and between 0.107 and 0.147 V.dec™! for high current densities. These slopes are in the same
range as in literaturebeard,reparations009, ,jukkpdpt2015(0.06OVdec'1forlowand().120V.dec‘1f07“highcurrentn
The presence of a slope close to 0.120 V. dec™! indicates that the first electron transfer is the rate
determining step of the oxygen reduction reaction (with the assumption of the adsorption of O,
according to a Langmuir isotherm). holewinski.lementary,012T hecoverageoradsorptiono foxygencontainings;
thecatalyticactivity fortheO RRishigher fortheparticlessynthesizedin0.6hand2h, withthecurrentexchangede:
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Table 5: Evolution of the kinetic parameters determined by Tafel and Levich analysis.

Tafel analysis Levich analysis
15t Tafel 2nd Tafel Jo 1 n
Sample slope slope (1077 (10~* A) at (1600
(V.dec!)  (V.dec?) A.cm2) 0.5V rpm)
Fresh samples
Pt-Pd 0.6 h 0.060 0.119 1.8 3.68 1.28
Pt-Pd 2 h 0.069 0.130 3.6 2.33 0.81
Pt-Pd 4 h 0.066 0.125 9.6 2.64 0.92
Pt-Pd 6 h 0.054 0.112 0.3 2.37 0.82
Pt-Pd 8 h 0.064 0.112 0.8 2.56 0.89
Pt-Pd 17 h 0.059 0.132 8.7 2.68 0.93
gfmmemial 0.071 0.139 10.0 2.52 1.24

Degraded samples

Pt-Pd 0.6 h 0.061 0.120 1.8 2.24 0.78
Pt-Pd 2 h 0.070 0.134 3.2 2.05 0.71
Pt-Pd 4 h 0.067 0.147 7.9 2.35 0.82
Pt-Pd 6 h 0.059 0.118 0.8 2.13 0.74
Pt-Pd 8 h 0.068 0.121 1.5 2.25 0.78
Pt-Pd 17 h 0.065 0.135 9.3 2.14 0.74
gfmme“’ial 0.071 0.138 8.2 2.42 0.81

0.90 4 -0.90

40.85

3

vs SHE (V)

E

(7 e

0.80 4 -0.80

0.75 : T T : 0.75
A
log J,

log J, A

Figure 7: Tafel diagrams plot before (left) and after (right) stability test: 0.6 h (red), 2 h
(green), 4 h (orange), 6 h (violet), 8 h (brown), 17 h (blue).
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The catalytic performances of the particles could be higher with more active sites on the sur-
face, with an easier adsorption-desorption, and with less formation of hydrogen peroxide, which
poisons the ORR. For the majority of the samples, the exchange current density decreases af-
ter the stability test, indicating a degradation of the particles, leading to deteriorated catalytic
properties.

Study of the mass transport phenomena by electrochemical impedance spectroscopy
(EIS)

The EIS measurements were done applying a constant convection with a RDE at 1600 rpm with
one aqueous HCIO, (0.1 mol.L ") solution as electrolyte support ensuring negligible migration
phenomena macdonald haracterizing; 998andaconstantoxygenconcentrationattheinter faceelectrode /electrol
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Figure 8: Ezperimental (black dots) and fitted (red lines) Nyquist diagrams for the nanoparticles
in function of the time of synthesis.

The impedance was measured at a dc potential of 0.5 V, enabling a reaction that is controlled
by the diffusion processes. The resulting EIS spectra, typical from diffusion controlled reaction,
feature two different parts in the Nyquist plots (Figure 8).
At high frequencies, a straight line with an angle versus the x-axis that is close to 45 ° occurs
for all the samples. It is followed by a degenerated arc for the 6 h and 8 h samples, while a line
with an angle versus the x-axis close to 90 ° appears at low frequencies for the other samples
(including pure Pt). These plots are hence similar to the theoretical diagrams of a Randles circuit
macdonald.haracterizing; 998, randlesyinetics947(Figure9)with finitedi f fusionwithre flectiveortransmiss
Within the Randles model circuit, the first resistor (Rg) corresponds to the resistance of the
electrolyte between the working and the counter electrode. The presence of one inductor (L),
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Figure 9: Theoretical Nyquist diagrams for an finite reflective (left) and transmissive (right)
diffusion, with the equivalent Randles circuit (insert)

connected in serie with the resistor Rg traduces the experimental errors. The Faradaic processes
are represented by the combination of a resistor, the charge transfer resistor (Rcr), which rep-
resents the resistance for charge carriers to pass the electrolyte/electrode interface, a Warburg
element to model the diffusion phenomena, and a constant phase element (CPE), a non ideal
capacitor, which is connected in parallel and describes the capacitance of the double layer be-
tween the electrolyte and the electrode surface. The double layer is formed by the separation
of the ions and charged species accumulated at the surface of the electrode under the influence
of the applied potential. The resulting capacitance is not represented by an ideal capacitor
due to heterogeneities in the electrodes: rough and porous electrodes, inhomogeneous catalyst
repartition on the surface of the electrode, and the Nafion layer covering the particles.

The total impedance of the system is a combination of the individual impedances of the electrical
components present in the equivalent circuit:

Zrorar = Zrs + Z1 + Z(cPE,Ror,W) (11)

with the different impedances: Zgg for the resistance of the electrolyte and Zg,,. for the
charge transfer resistance, Z; = jwL (with the inductance L) for the inductor, Z cpp = Q(jlw)n

(with 0 < n < 1) for the CPE and Zw for the Warburg element.

Considering a finite diffusion in the diffusion controlled region, the impedance of the Warburg
element, 7, can be represented by the equation:

R jwL?
Zo = D _ tanh I ) for a transmitting diffusion (12)
ijZD D
D
and
R jwL?
Z, = D coth IED ) for a reflective diffusion (13)
ij% D
D

Rp is the diffusion resistance, D is the diffusion coefficient, Ly is the thickness of the diffusion
layer and w the radial frequency (w = 27f).
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In the case of finite diffusions, Nyquist diagrams are separated in two different regions at the
diffusion frequency wp. Up to this, the impedance response is a pure Warburg diffusion while
at lower frequencies (w — 0), the impedance response depends on the chemical diffusing species:
when a accumulation of species occurs at the surface of the electrode (x — Lp), the diffusion is
reflective, with a diffusion capacitance Cp and, in case of transmitting or absorbing diffusion, the
diffusing species at the surface of the electrode are directly consumed with a limiting diffusion
resistance Rp, Rp ~ C,ﬁ%' These values are dependent of the chemical system and the potential
applied, without distinction between the charged species (metal, carbon support, Nafion and
ionic species). The constant of diffusion for the layer of effective diffusion thickness L is defined
as T = %.

All the Nyquist plots (Figure 8) show finite diffusion phenomena during the impedance mea-
surements at 0.5 V. After the Warburg diffusion at high frequencies (straight line at 45 °), two
different features were found: a straight line with an angle versus the x-axis close to 90 °, char-
acteristic of a finite diffusion with reflective boundaries, corresponding to an accumulation of
charges at the surface of the electrode occur for all the samples except for Pt-Pd 8 h and Pt-Pd 6
h . For these two samples, the impedance spectra are composed of a straight line at 45 ° at high
frequencies and a semi-circle for the low frequencies, which is characteristic of a diffusion layer
with transmissive boundary, the charges are directly consumed at the surface of the electrode.
After fitting, small differences were visible between the investigated samples (Table 6).

Table 6: Characteristics of the equivalent circuit after fitting of the impedance spectra for the
different NPs.

Sample Rs Rcr L (H) Q (F) L, Bw Tw (s) W L

() (2) x107° x1074 (Q) x1073 (pm)
gfmmemal 246 0.16 14 139 085 179 37.8 047 7.95
Pt-Pd 0.6 h 303 101 1.6 113 094 114 7.6 047 3.56
Pt-Pd 2 h 305 078 1.6 560 084 496 421 047 838
Pt-Pd 4 h 280 053 1.7  0.04 090 113 127 047 461
Pt-Pd 6 h 93.7 048 14 030 080 142 137 046 478
Pt-Pd 8 h 348 088 1.9 38 094 738 102 047 413

Pt-Pd 17 h 314 052 1.7 1.88 093 187 4.9 0.48 2.86

The resistance of the electrolyte (Rg) is close to 30 © and shows only small variations. For all
impedance measurements, the resistance for the charge transfer is small, around 0.5 to 1.0 € for
the PtPd NPs and even 0.2 €2 for the pure Pt, indicating a facile charge transfer. After the fitting,
Ret is decreasing for the particles with one higher concentration of Pt: 1.01 Q for the particles
synthesized in 0.6 h (Pt molar fraction 4.1 %) to 0.16 Q for the pure Pt. The particles prepared in
6 h are one exception, with the smaller resistance for the charge transfer and one Pt molar fraction
of 19.5 %. This can be a result of a Pt-rich surface but in contradiction to the bad catalytic prop-
erties. The dimensionless factor of the CPE, n, is close to 1, so the parameter () can be considered
as a capacitance indicating the accumulation of charged species in the diffusion layer. The small
values of Q, depending on different parameters, wu;mpedances015varybetween310CF (Pt —
Pd4h)tol.391073 F(Commercial Pt).Forallthe Pt Pdparticles, accordingtothevaluesafter fitting, theionicaccus
6 and 3 x107° F respectively). These results are in contradiction with the ECSA: the particles
synthesized in 4 h have the best ECSA but the lower capacitance. The transmitting diffusion
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phenomena resorting from the impedance spectra of the particles prepared in 6 and 8 h, can
reflect the low adsorption of the chemical active species (especially the oxygen) at the surface
of the particles and so contribute to justify the low catalytic performances of these particles.
The higher Warburg resistance, with a lower diffusion of charged species is also reducing the
catalytic activity of the particles synthesized in 8 h.

For the other samples, the reflecting diffusion can traduce the adsorption of oxygen atoms and
better catalytic properties but without clear link with the catalytic performances. The mass
transport, represented by the Warburg diffusion resistance is dependent of the shape and chem-
ical composition of the particles. For the particles prepared in 2 h (with the second ECSA and
ORR properties) can be compensated by a higher capacitance but for the particles synthesized
in 4 h, the low capacitance can not.

The diffusion of the charged species in the layer of thickness between 2.86 to 8.38 pm and with
diffusion constants (7) from 4.9 to 42.1 x1073 s is also a parameter to compare the samples. In
the case of the ORR, the diffusion constant can be associated to the potential dependent adsorp-
tion of Oy, the dissociation of the O-O bond and the different chemical steps of the reaction, in
function of the potential applied. The inverse of the diffusion constant, 7—1 can be assigned to
the desorption rate constant of the intermediates of the ORR. At 0.5 V, the higher desorption
rate is for the particles synthesized in 17 h (204.08 s7!) followed by the particles synthesized in
0.6 h, 8 h, 4 h, 6 h, Pt Commercial and 2 h with significant inferior values. Compare to the
particles PtPd 17 h, the diffusion layer is really thick for the pure Pt and the PtPd 2h NPs.
The small values of the Warburg resistances (between 11.4 and 73.8 2), and the charge transfer
resistances agree with structured nanoparticles possessing an high number of chemical active
sites, enhancing the charge transfer and confirm the phenomena of mass transport at 0.5 V but
the results of the impedance fitting are not clearly confirming the catalytic performances and
the physico-chemical properties of the particles determined by TEM-EDS, XRD, EXAFS and
LSV. New measurements with an higher frequency range and with an electromagnetic protection
(Faraday cage) can improve the EIS characterization.

Conclusion

The palladium (core) - platinum (shell) nanoparticles were synthesized by galvanic replacement
and studied after different times of synthesis to establish relationships between the physical
properties, the chemical composition and the catalytic properties regarding the oxygen reduc-
tion reaction, a crucial reaction in fuel cells. TEM measurements revealed the evolution of
the shape of the particles, from fce-cubic pure palladium to cubic-concave core-shell bimetallic
nanoparticles. The chemical composition of the particles varies, with an increasing amount of
platinum until 4 h of synthesis (Pt molar fraction 0.3), and a subsequent decrease until 8 h,
followed by a final increase up to 17h. However, future experiments that offer a higher pre-
cision (ICP-MS) are necessary. The formation of a platinum-palladium alloy within the outer
shell of the particles and a modification of the structure of the nanoparticles was revealed by
EXAFS studies and by XRD measurements, respectively. Further XPS and in-situ XPS exper-
iments would be helpful to complete the characterization of the particles. The determination
of the electrochemically active surface area and of the activities for the oxygen reduction reac-
tion by cyclic voltammetry permitted to compare the catalytic performances and stabilities of
the nanoparticles. Expectedly, the addition of platinum with the formation of an alloy in the
shell of the particles influences the catalytic activity and stability. After 0.6 h, particles with a
small amount of platinum (molar fraction of 0.05) and an activity and stability close to a pure
commercial platinum catalyst are obtained. After 2 h, the catalyst shows a superior catalytic
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activity compared to the pure platinum and the best performance is achieved for the particles
synthesized within 4 h, with a stable catalytic activity that is two times higher than for pure
platinum and a lower amount of the expensive metal (Pt molar fraction of 0.7).
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