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The effect of different alloying conditions (alloying temperature, annealing period) on the electrocatalytic
activities for the oxygen reduction reaction (ORR) by three carbon-supported Pt alloy electrocatalysts (Pt/Cr,
Pt/Co, Pt/Ni) was investigated and correlated with electronic and structural parameters determined by in-situ
XAS. The results indicate that all the Pt alloys show enhanced ORR activities relative to a Pt/C electrocatalyst.
However, the electrocatalytic activity and activation energy for ORR in the case of Pt/Ni and Pt/Co alloys
show marked effect due to different alloying conditions. This was in contrast to Pt/Cr alloy, where both
parameters remained unchanged over the range of alloying conditions. Those electrochemical results were
correlated with those obtained from in-situ X-ray absorption spectroscopic (XAS) investigations, which provided
information on the electronic (Pt 5d-orbital vacancy, from the X-ray absorption near-edge structure) and
geometric (Pt—Pt bond distances, from the extended X-ray absorption fine structure) factors. In—situ XAS
results indicate that the supported alloys possess higher Pt 5d-orbital vacancies and shorter Pt—Pt bond distances.
In addition, the XAS results showed that alloying inhibited chemisorption of oxygenated species (OH) on the
Pt at potentials above 0.8 V vs RHE. Correlation of electrocatalytic activities and activation energies for
ORR with parameters obtained from in—situ XAS studies indicates that, in the case of Pt/Ni and Pt/Co alloys,
higher alloying temperature and longer annealing periods result in higher Pt 5d-orbital vacancies with the
geometric parameters remaining unchanged. The Pt/Cr alloy on the other hand revealed no dependence of
either the Pt d-orbital vacancies or the geometric parameters on alloying temperature. These observations
indicate that the dependence of electrocatalytic activities and activation energy for Pt/Co and Pt/Ni alloys on
the thermal history and the absence of such an effect in the Pt/Cr alloy could be related to the differences in

the Pt 5d-orbital vacancies.

Introduction

Enhancement of electrocatalytic activities for an oxygen
reduction reaction (ORR) by alloying Pt with first-row transition
elements was first reported in phosphoric acid!?and more
recently in proton exchange membrane fuel cells (PEMFCs).>*
Based on early findings of activity enhancements in phosphoric
acid fuel cells (PAFCs), several investigations were conducted
to ascertain the role of alloying on the electrocatalytic activity
for ORR, detailed reviews of which have been presented
elsewhere.>® Recent investigations on five binary carbon-
supported Pt alloy electrocatalysts in a PEMFC environment
(Pt/Cr, Pt/Mn, Pt/Fe, Pt/Co, Pt/Ni) involving both ex-situ XRD
and in-situ XAS spectroscopy have revealed interesting cor-
relations between the electronic, geometric, and electrocatalytic
activities for ORR by Pt and Pt alloys.” Of special relevance
was the application of in-situ XAS spectroscopy, which consists
of the near-edge part, X-ray absorption near-edge structure
(XANES), and extended X-ray absorption fine structure (EX-
AFS). The electronic (Pt 5d-band vacancies) were obtained
from the near-edge structure (XANES, £+50 eV relative to the
absorption edge). The structural properties (bond distances,
coordination numbers) were obtained from the analysis of the
EXAFS (50-1500 eV beyond the absorption edge). Correlation
of the electrocatalytic activities for ORR in a PEM fuel cell
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and the electronic and geometric factors derived from XAS
revealed a volcano-type behavior, with the Pt/Cr alloy at the
top of the curve. On the basis of the theory for volcano-type
behavior as applied to the ORR electrocatalysis,? at a fixed Po,
and {H*}, the rate (log i) should illustrate ascending and
descending linear functions of AGoy with the maximum being
at AGoy = 0. This approach therefore implied that the Pt/C
and Pt/Mn electrocatalysts have high overpotentials with AGoyn
<Q followed by Pt/Cr with AGoy =~ 0 and Pt/Fe, Pt/Ni, and
Pt/Co electrocatalysts again having high overpotentials with
AGon >0.7 These studies therefore revealed that alloying Pt
with first-row transition elements results in alterations of both
electronic and geometric parameters of Pt, which together effect
the chemisorption behavior of oxygenated species from the
electrolyte in the potential region where unalloyed Pt surfaces
are normally oxide covered (above 0.8 V vs RHE).

In the context of these previous results, however, questions
still remain regarding the influence of alloying conditions
(alloying temperature, duration of alloying, annealing period)
on electronic, geometric, and electrocatalytic activities for ORR.
The motivation for this was provided by previous studies in a
PAFC environment, which showed no enhancement for ORR
electrocatalytic activities in bulk alloys in contrast to those
observed for the smaller crystallites in the supported electro-
catalysts.” Further studies in the PAFC environment have shown
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the bulk alloys to be unstable in terms of the dissolution/
corrosion of the first-row transition alloying element.!®!! In
contrast, the supported alloy electrocatalysts have shown very
high stabilities in terms of retaining the nonnoble alloying
element during long periods (6000—9000 h) of operation in
PAFCs!? and more recently in PEMFCs.*

This investigation presents a study of carbon-supported Pt
and three selected Pt alloy electrocatalysts (Pt/Cr, Pt/Co, Pt/
Ni) prepared using different alloying conditions (alloying
temperature, annealing period). Correlation is made between
the electrocatalytic activities for ORR in a PEMFCs environment
and the electronic and geometric parameters of Pt derived from
ex-situ XRD and in-situ XAS analysis. . The primary aim is to
present explanations of the presence or absence of differences
in the electrocatalytic activities of the Pt alloys prepared using
different alloying conditions and correlate the observed results
with the properties unique to small crystallites of the supported
electrocatalysts.

Experimental Section

Electrocatalysts, Electrodes, and Preparation of Mem-
brane Electrode Assembly. Pt/Cr, P/Co, and Pt/Ni alloy
electrocatalysts supported on high surface area carbon (Vulcan
XC-72, Cabot Corp.) were procured from ETEK Inc. (Framing-
ham, MA) and Johnson Matthey Inc. (West Deptford, NJ). For
comparison, a conventional carbon-supported Pt (Pt/C) elec-
trocatalyst, from ETEK Inc., was used. All the electrocatalysts
contained a metal loading of 20 wt % on carbon support, as
used in PEMFCs, based on previous investigations.!3!4

The alloying conditions for the ETEK alloys involved a
temperature of 900 °C and an annealing period of 12 h under
an inert atmosphere (Ar). The Johnson Matthey (JMRC) alloys
were alloyed at a higher temperature of 950 °C and were
annealed for a longer period of 15 h under an inert atmosphere
(Ar). The duration of alloying in both ETEK and JMRC alloys
was 1 h. All the alloy electrocatalysts contained approximately
80—90% Pt by weight or an atom percent ratio of 75:25 for Pt
and the alloying element. The primary motivation for these
choices was based on the Pt/Cr,'S Pt/Ni,'6~'8 and Pt/Co!”"'% phase
diagrams, which pointed to the possibility of forming intermedi-
ate crystalline alloys with fcc cubic lattice of Pt;M type (where
M denotes the Cr, Ni, and Co alloying element). The porous
gas diffusion electrodes, prepared with these electrocatalysts,
contained 40% PTFE and had a Pt loading of 0.3 mg/cm?
(confirmed by atomic absorption spectrometry).

Two types of proton exchange membranes were used in this
investigation, namely, Dow membrane (XUS 13204.10 devel-
opmental fuel cell membrane, Dow Chemical Co.) and Asahi
membrane (Aciplex-S1004, Asahi Chemical Co.). All electro-
chemical characterizations on ETEK electrodes in the PEM half-
cell environment were obtained with Dow membranes. The
Johnson Matthey electrodes were, however, tested using the
Asahi membranes. In previous studies from our laboratories,?
it was demonstrated that the performances of PEMFCs with
Dow and Asahi membranes are practically identical up to current
densities of 1 A/em?. Above this current density, there are
differences in performance due to differences in the mass
transport characteristics of protons and/or of water molecules
within the temperature. The membranes were pretreated ac-
cording to procedures described elsewhere.?#!920 The primary
purpose of the pretreatment was to remove organic and metallic
impurities from the membrane by heating in aqueous solutions
of HzOz and HzSO4.

As described in previous communications,>*!'%2 the elec-
trodes were impregnated with Nafion solution (Nafion 1100,
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5% by weight, in a mixture of lower alcohols, Aldrich Chemical
Co.) by a brushing technique to extend the three-dimensional
reaction zone for ORR. This was followed by air-drying at 80
°C and weighing to ensure a Nafion loading of ~0.6 mg/cm?.
Finally the electrodes were hot pressed to the membrane at 1000
psig pressure and 150—155 °C for 90 s. This temperature was
chosen because it is close to the glass transition temperature of
both the membranes.

Assembly of Single Cells and Electrochemical Charac-
terization. The membrane and electrode assembly (MEA) was
incorporated in a single cell test fixture. Details of the single
cell test fixture, PEMFC test station, and methods to obtain the
optimum humidification conditions are given elsewhere,?
Comparisons of the electrocatalytic activities for ORR were
made by measurement of the cell and half-cell potentials at 5
atm and 95 °C with the oxygen and hydrogen gases being
humidified at 100 and 105 °C. Similar measurements were then
made at several temperatures and pressures for the determination
of activation energy and reaction order for the oxygen reduction
reaction. The temperature variations (35—80 °C) were carried
out at a nominal constant pressure of 1.33 atm. The pressure
variations (1—5 atm) were similarly carried out at a constant
temperature of 70 °C.

The cyclic voltammetry experiment was carried out with
argon flowing through the working electrode (cathode, oxygen
electrode) and hydrogen through the counter electrode compart-
ment. The electrodes were initially subjected to potential
cycling (50 times) at 25 mV/s. The cyclic voltammogram (CV)
was then recorded in order to determine the electrochemically
active surface area. The potential was scanned between 120
mV and 1 V vs RHE, and sweep rates in the range 10—50 mV/s
were used with the cell operating conditions of 95 °C and 5
atm pressure. For the measurement of the Coulombic charge
due to hydrogen adsorption or desorption, lower sweep rates
are preferred in order to minimize the pseudo-transmission-line
effects in the porous electrode. The electrochemically active
surface area of the electrode was obtained from the charge
required for hydrogen desorption from the Pt surface in the
electrocatalyst.

X-ray Diffraction. The characteristics of the crystalline
structure of supported Pt/C and binary Pt alloys (formation of
superlattices, etc.) were determined from powder X-ray dif-
fraction technique (XRD). The data were obtained using a
Sintag automated diffractometer with a Cu Ka radiation source.
The powdered electrocatalyst samples were keptina 2.5 x 2.5
cm x 1 mm quartz block. The powders were pressed onto the
quartz block using a glass slide, so as to obtain a uniform
distribution. The diffractometer was interfaced with a PDP 11/
23 computer for data analysis and plotting. The 26 Bragg angles
were scanned over a range of 0—80°. The diffraction patterns
were recorded and analyzed by comparison with standard
powder diffraction data such as the JCPDS powder diffraction
patterns (NIST). All the powder diffraction patterns were
obtained by using an internal standard of Al powders [20 #um
spherical particles, AESER (Johnson Matthey)] for calibration
of X-ray diffraction line positions and for particle size estima-
tions.

In-Situ XANES and EXAFS Investigations. The X-ray
absorption spectroscopic measurements were carried out at the
National Synchrotron Light Source (NSLS), Brookhaven Na-
tional Laboratory (BNL), using the beam line X23-A2 belonging
to the National Institute of Science and Technology (NIST).
The monochromator used was a two-crystal (Si (311)) upwardly
reflecting fixed exit Golovchenko—Cowan design with an
energy resolution (AE/E) of 2 x 107% The in-situ X-ray
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absorption spectroscopic (XAS) studies on the Pt and Pt alloy
electrocatalysts were conducted in both transmission and
fluorescence modes using an electrochemical cell and data
acquisition setup described in detail elsewhere.”?! The cell
comprised of plexiglass end plates with windows for passing
the X-ray beam and contained channels for incorporation of a
calomel reference electrode with a built in Luggin capillary in
contact with the working electrode (Pt/C or the binary Pt alloy
electrodes). The saturated calomel reference electrode contained
a special arrangement of a double Nafion salt bridge in order
to avoid chloride contamination. The anode and cathode
compartments were separated using an electrolyte barrier
comprised of Nafion 117 (DuPont) proton exchange membrane.
The anode was an uncatalyzed carbon electrode so as to avoid
any interference in the transmitted working electrode signal.
The test electrodes were prepared by a vacuum table paper
making technique?' and contained 12 wt % PTFE binder. Since
XAS is a bulk-averaging technique, it is difficult to analyze
the data when the element of interest is present in more than
one chemical form or phase. This can be a major problem in
a PEM cell if all the catalyst is not in the same state. To ensure
a uniform electrochemical environment for the catalyst, XAS
measurements were done in 1 M HC1O4 with the electrodes in
the flooded mode. Like the PEM, HClO4 is an acid with a
nonabsorbing anion.” Previous tests had shown that, once anion
absorption is eliminated as a factor, the XAS data can be directly
correlated with the catalyst behavior in a PEM cell.” This
arrangement also allowed the use of thicker samples and a
greater signal to noise ratio in the XAS data. Prior to fabrication
of these electrodes, the Pt/C and binary Pt alloy electrocatalysts
were soaked in 1 M HClO4 to remove any residual oxides and
unalloyed first-row transition metal elements. The Pt/Cr alloys
were also soaked in 2 M KOH. This yielded a yellow solution
indicating the presence of chromium oxides. To ensure
complete wetting of the catalyst, all electrodes were soaked in
1 M HCIO4 (the test electrolyte) for 24 h prior to XAS analysis.
The electrodes were formulated to yield an absorption length,
ux = 1 at the Pt L3 edge. In most cases, this yielded adequate
step heights for XAS measurements at the respective transition
metal element K edges in the transmission mode. Only in the
case of Cr was it necessary to resort to measurement in the
fluorescence mode.

The potential control for the in-situ XAS measurements was
carried out using a potentiostat (Stonehart Associates, Model
BC-1200) and a function generator (Princeton Applied Research
Model PAR-175). XAS data were first recorded at the Pt L3
and L, edges and then at the K edge of the respective alloying
element. The measurements were made at the open circuit
potential and at potentials of —0.24, 0.0, 0.3, and 0.6 V vs SCE
(or 0.0, 0.24, 0.54, and 0.84 V vs RHE). The potential was
changed from one value to the next at a sweep rate of 1 mV/s.
The K-edge XAS measurements for the alloying element were
also carried out at 0.9 V vs SCE (1.14 V vs RHE) to check for
its stability. (Unless otherwise stated, all electrode potentials
are quoted vs the potential of a reversible hydrogen electrode.)
Detailed XANES and EXAFS analysis was carried out only at
potentials of 0.54 and 0.84 V vs RHE, the primary motivation
being the fact that the former potential is in the double-layer
region where there is minimal interference due to hydrogen,
oxygen, or ionic adsorption.” Thus, the electronic and geometric
parameters obtained at this potential using the Pt L; edge XAS
data should reflect those due to Pt on the carbon-supported Pt
and Pt alloy electrocatalyst. The potential at 0.84 V on the
other hand is in the region where there is adsorption of an
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oxygenated species (hydroxyl) on the unalloyed Pt surface and
lies in the activation-controlled region of the oxygen reduction
reaction.

Results and Discussion

X-ray Powder Diffraction Analysis. The powder diffraction
pattern for the Pt alloy electrocatalysts reveal that all the alloy
electrocatalysts form intermetallic crystalline structures compris-
ing a primary superlattice phase with PtsM (where M is the
first-row transition element) stoichiometry possessing an LI>-
type lattice with fcc structure. This was based on comparisons
with the standard JCPDS data base and refs 16—18, 22, and
23. Figure 1, which shows the representative X-ray powder
diffraction patterns for Pt/C (ETEK, Inc.) and Pt/Cr alloy
electrocatalysts (JMRC), indicates the positions of various
superlattice diffraction lines. Comparisons of the Pt/C powder
diffraction pattern (Figure 1a) with the standard JCPDS data??
indicates that the Pt/C has an fcc lattice similar to bulk Pt. In
the alloy electrocatalysts, a secondary phase of the type PtM
possessing LL-type lattice with tetragonal structure is also
evident. The extent of contribution of this secondary phase, as
estimated from the relative intensities of diffraction lines for a
PtM-type phase (presented by an asterisk on the respective
diffraction line in Figure 1b), are presented in Table 1. The
extent of contribution from the secondary phase in the Pt/Ni
and Pt/Co alloys (from ETEK and JMRC) indicates that the
JMRC alloy electrocatalysts possess a more ordered superlattice.
In contrast, the Pt/Cr alloy electrocatalysts prepared using
different alloying conditions do not exhibit any significant
variation in their crystalline structure, as evident from the
corresponding secondary phase contributions (Table 1). The
lattice parameters for all the Pt alloys based on PtsM-type fcc
lattice (primary phase) reveal lattice contractions in comparison
to that for the Pt/C electrocatalyst (Table 1). Based on X-ray
line broadening (line width at half-maximum intensity), the
particle sizes were obtained using the Scherrer equation®* after
correction for instrument broadening using the Warrens equa-
tion.” For this purpose, broadening of the {(111) diffraction
line of the primary phase in Pt and Pt alloy electrocatalysts was
used relative to the (220} diffraction line of the 20 um spherical
Al particles used as an internal standard (26 peak position at
44.6°). :

Electrode Kinetic Parameters for Oxygen Reduction.
Figure 2 shows that the half-cell potential (E) vs current density
(i) data fit the equation'*

E=E —blogi—Ri (1)
where
E,=E +blogi, 2)

In eqs 1 and 2, i, is the exchange current density for oxygen
reduction, b is the Tafel slope, E; is the reversible potential for
the oxygen electrode reaction, and R represents the resistance
(predominantly the ohmic resistance of the electrolyte) respon-
sible for the linear variation of potential vs current density plot.
Equation 1 valid up to the end of the pseudolinear region of
the half-cell potential vs current density plot. At very high
current densities, the depature of of the E vs i data from eq 1
is due to the rapidly increasing contributions of mass transport
overpotentials. The parameters E,, b, and R were evaluated by
a nonlinear least-squares fitting of eq 1 to the experimental data.
Using the R values, the iR-corrected Tafel plots [(E + iR vs
log i)] were constructed.

As is evident from Figure 2, all the Pt alloy electrocatalysts
show enhancement of electrocatalytic activity for ORR as
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Figure 1. X-ray powder diffraction pattern for (a, top) Pt/C (ETEK) and (b, bottom) Pt/Cr (JMRC) electrocatalysts. Primary phase in the case of
the alloy electrocatalyst is LI, type with fcc lattice and a secondary phase (*) of LI, type with tetragonal lattice structure with a contribution of

~9%.
TABLE 1: Results from X-ray Powder Diffraction Studies
of the Pt and Pt Alloy Electrocatalysts®
lattice
par ameter average
secondary phase (Pt—Pt bond particle
electrocatalyst contribution (%) distance) (A) size (A)
Pt/C 3.927 35
Q.777)
Pt/Cr (ETEK) 11 3.873 58
(2.738)
Pt/Cr (JMRC) 9 3.873 57
(2.738)
Pt/Co (ETEK) 15 3.854 56
(2.725)
Pt/Co (JMRC) 6 3.854 69
(2.725)
Pt/Ni (ETEK) 15 3.812 56
(2.695)
Pt/Ni (JMRC) 7 3.812 58
(2.695)

% Primary phase, Pt:M type (fcc structure); secondary phase, PtM
type (tetragonal structure).

compared to the Pt/C electrocatalyst (all electrodes containing
the same Pt loading of 0.3 mg/cm?). The extent of enhancement
is indicated by the values of the electrode kinetic parameters
obtained from half-cell data (Table 2). Comparison of the Pt/

Cr, Pt/Co, and Pt/Ni alloys prepared under different alloying
conditions shows that the Pt/Ni and Pt/Co alloys behave
differently from the Pt/Cr alloy electrocatalyst. The Pt/Co and
Pt/Ni alloys prepared by use of lower alloying temperatures and
shorter annealing periods show ~2—3-fold enhancement, re-
spectively, in terms of exchange current density compared to
the baseline performance of the Pt/C electrocatalyst. Compari-
son of the current density at 900 mV vs RHE and potential at
10 mA/cm? (the activation-controlled Tafel region for ORR)
shows similar results, indicating a ~2-fold enhancement. The
Pt/Co and P/Ni binary alloy electrodes prepared by using higher
alloying temperatures and longer annealing periods, however,
showed a lower enhancement in electrocatalytic activity (Table
2). In contrast to this, the Pt/Cr alloys, prepared under different
alloying conditions, did not show any significant difference in
their electrocatalytic activities for ORR. The extent of enhance-
ment with respect to the Pt/C electrocatalyst, in terms of
potential at 10 mA/cm? and current density at 900 mV, was
higher than those for Pt/Ni and Pt/Co electrodes prepared by
using lower alloying temperature and shorter annealing period
~4-fold). Besides these results, based on geometric area, the
electrocatalytic activity for ORR was also compared on a true
surface area basis (electrochemically active Pt surface area). The
electrochemically active surface area for Pt was obtained from
the hydrogen desorption regions of the cyclic voltammogram



Effect of Preparation Conditions on Activities

J. Phys. Chem., Vol. 99, No. 13, 1995 4581

TABLE 2: Electrode Kinetic Parameters for Oxygen Reduction in Proton Exchange Membrane Fuel Cells at 95 °C and § atm

Pressure Using Pt and Pt Alloy Electrocatalysts®

E, b R i (104 i900mv Elomafem? roughness i? (10%) i900mv?®
electrocatalyst  (mV)  (mV/decade) (Qcm?) (mA/em?)  (mA/cm?) (mV) factor (cm*cm?)  (mA/cm?)  (mA/cm?)
PyC 982 63 0.14 3.46 22.1 915 61 0.56 0.36
Pt/Cr (ETEK) 997 62 0.10 5.6 76.4 949 48 1.16 1.09
Pt/Cr JMRC) 1005 62 0.09 7.15 83.8 951 50 1.43 1.67
Pt/Co (ETEK) 1007 65 0.09 10.7 459 947 56 1.90 0.85
Pt/Co (JMRC) 990 65 0.11 5.87 37.2 935 49 1.19 0.76
Pt/Ni (ETEK) 1009 66 0.10 12.5 47.6 947 51 2.45 0.93
Pt/Ni (JMRC) 988 64 0.11 4.86 26.4 924 48 1.01 0.55

@ Pt Loading in Electrodes, 0.3 mg/cm?. ® Normalized with respect to the roughness factor.

Potential, V, vs. RHE

bl 1 L M S SR ! I B

10 100 1000

Current Density, mA/cm?

Figure 2. iR-corrected Tafel plots for oxygen reduction in proton
exchange membrane fuel cells at 95 °C and 5 atm pressure for Pt and
Pt alloy electrocatalysts. Pt loading on electrodes 0.3 mg/cm?. Pt/Co,
ETEK (O); Pt/Co, JMRC (@); PuNi, ETEK (O); Pt/Ni, IMRC (H);
Pt/Cr, ETEK (<); Pt/Cr, IMRC (#); Pt/C (A).

for all the electrodes. The extent of contribution of the alloying
element to the values of the roughness factors was, however,
difficult to ascertain and was assumed to be negligible. The
Coulombic charge for the adsorption of molecular hydrogen
(area under the anodic peak minus the double-layer charge at
0.4 V vs RHE) was used to evaluate the roughness factor of
the electrode, assuming a value of 220 uC/cm? for the oxidation
of atomic hydrogen on a smooth Pt surface. The values of
roughness factors for the electrodes (Table 2) show that the
electrodes with the Pt alloy electrocatalysts have slightly lower
values than those for the Pt/C electrocatalyst. This result is in
agreement with bigger particle sizes of the carbon-supported
Pt alloys as compared to the Pt/C electrocatalyst (Table 1). The
enhanced electrocatalytic activities exhibited by the alloys could
therefore be primarily due to differences in the electronic and
structural characteristics of the Pt atom caused by alloying. Thus,
based on the real surface areas of the electrodes, the Pt alloys
exhibit an even higher enhancement in electrocatalytic activity
for ORR than on the Pt/C electrocatalyst.

Effect of Temperature and Pressure on Electrode Kinetic
Parameters. The Tafel kinetic parameters [exchange current
density (i,), potential at 10 mA/cm? (Ejoma/cm?), current density
at 900 mV (isoomv)] were obtained from iR-corrected Tafel plots
as a function of temperature (35—80 °C) for Pt and Pt alloy
electrocatalysts. The activation energies for ORR, obtained from
the slopes of the Arrhenius-type plots (log isoomv Vs 1/T), show
that the Pt alloys are lower than (Table 3) the Pt/C electrocata-
lyst. The activation energy value determined for the Pt/C

TABLE 3: Activation Energies and Reaction Orders for
Oxygen Reduction for Pt and Pt Alloy Electrocatalysts in a
Proton Exchange Membrane Fuel Cell

AHqctivation n0; nO,
electrocatalyst  (kJ/mol)  log i,/log PO, (OEumasen’/d log P)/b
Pt/C 62.17 0.96 0.95
Pt/Cr (ETEK) 28.72 1.08 1.25
Pt/Cr JMRC) 27.63 0.97 0.89
Pt/Co (ETEK) 23.74 0.77 0.85
Pt/Co (JMRC) 35.44 0.80 0.90
PtNi (ETEK) 23.84 0.79 0.95
PuUNi JMRC) 43.23 0.89 1.05

electrocatalyst was comparable to those determined earlier in a
PEM environment.?® Arrhenius analysis using exchange current
densities (i,) instead of iggomv values also gave similar results;
however, it is preferable to use current densities at 900 mV so
as to avoid errors related to extrapolation over several decades
of current density in determinations of exchange current density.
These lower activation energy values can account for the
enhanced electrocatalytic performance of the Pt alloys toward
ORR. More importantly, the electrocatalytic activities for ORR
at 95 °C and 5 atm pressure obtained for the Pt alloys prepared
using different alloying conditions (Table 2) follow trends
similar to their corresponding activation energies (Table 3). It
therefore indicates that the lower electrocatalytic enhancement
observed for the Pt/Co and Pt/Ni alloys prepared by using higher
alloying temperature and longer annealing periods can be
correlated with the increased values of the activation energies.
Similarly, for the Pt/Cr alloys, the invariance of the electro-
catalytic activity for ORR with different alloying conditions is
also reflected in their constant activation energies.

The Tafel kinetic parameters were obtained from iR-corrected
Tafel plots as a function of pressure (1—5 atm) for Pt and Pt
alloy electrocatalysts. The reaction orders were obtained from
the slopes of log i, vs log P, plots (Table 3). They indicate
that all the electrocatalysts under investigation (Pt and Pt/Cr,
Pt/Ni and Pt/Co alloys prepared by different alloying conditions)
have values close to unity. These values of reaction order were
confirmed using the expression?’

(AE/Alog P,), = bnO, 3)

where nO, is the reaction order for ORR rate-limiting step and
b is the average Tafel slope. The values of reaction orders
(Table 3) determined from the slopes of the log Eiomascm? Vs
log P, for the Pt and Pt alloys prepared by using different
alloying conditions confirm that all electrocatalysts under
investigation have reaction orders close to unity. This implies
that the rate-determining step of ORR remains the same in both
Pt and Pt alloy electrocatalysts and is first order with respect to
oxygen pressure.

In-Situ XAS Data Analysis. One of the significant aspects
of XANES analysis is that it can provide important information
on the Pt d-band vacancies. The d-band vacancies are derived
from an analysis of the Pt L; and L, white lines. The respective
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L, and L; edges are due to excitation of 2p1/, and 2ps; electrons.
These electrons can undergo transition to empty states in the
vicinity of the Fermi level. Since the dipole selection rules in
the XANES region restrict transitions to AL = +1 and AJ =
0, 21 (L and J are the respective orbital angular and total angular
quantum numbers), the transitions to the d-orbitals are most
strongly favored.?® In the case of Pt, it has been shown that
final states with J = 5/, contribute 14 times more than those
with J = 3/,.2930 Ag a result of this, the L; transitions (2p3s to
5dss) are more favored by selection rules than L; transitions
(2p12 to 5dsp). Since the intensity of the Lz and to a lesser
extent the L, peaks increase with Pt d-band vacancy, they can
been used to make quantitative determination of Pt d-band
occupancy. On the basis of this premise, it has been shown?!
that the difference in areas under the Pt L; and L; absorption
edges between the test sample (Pt/C and Pt alloy electrocatalyst)
and a pure Pt reference foil provides the fractional change in
the number of d-band vacancies relative to the reference material
(fa) using the relation

fa=(AA; + 1.11AA)/(A; + 1.11A)r C)]
where AAj and AA; can be expressed as
AA, = (Ay— Ay) and AA;=(A;—A;) 5

Here A, and Aj; refer to the area under the L; and L absorption
edges of the sample (s) and reference (r) material. The total
number of unoccupied d-states, characterized by the total angular
moment J (A1 = A3z + hsp) for pure Pt, has been evaluated
from band structure calculations to be 0.3.2%3 Therefore the
d-band vacancies of Pt in the sample can evaluated using the
expression

(hj)to!al,sample = (10 +fd)(hl)mta1,reference (6)

Details of this methodology are described by Mansour et
al.?32 Previous efforts have included the determination of the
Pt d-band occupancy in alumina- and titania-supported Pt
catalyst’' =33 and the role of small Pt clusters in Y zeolites.>*
This technique therefore constitutes a new way of examining
the role of alloying element in binary Pt alloys in terms of the
d-band occupancy of Pt and hence is used in this investigation

Mukerjee et al.

to explain the differences in ORR electrocatalysis on Pt alloys
vs Pt/C electrocatalyst.

The data analysis package used for XANES was the
University of Washington data analysis program.’® The first
step in the data analysis of XANES spectra involved background
removal by fitting the pre-edge data to a Victoreen-type formula
over a range of —200 to —40 eV relative to the edge (this range
was same for all the samples, at both the alloying element and
the Pt edge), followed by extrapolation over the energy range
of interest and subtraction from the data. After the removal of
background, the spectra were corrected for edge shifts using
the second derivatives of the inflection points of data from the
reference channel (5 um Pt or alloying element reference foil).
The procedures used for normalization were similar to those
described by Wong et al.* The normalization value was chosen
as the absorbance at the inflection point of one of the EXAFS
oscillations. The spectrum was therefore normalized by dividing
each data point by the normalization value. The edge areas
(Azs and Asg) were calculated by numerical integration using
Simpson’s rule. The spectral window used for such an
integration was —10 to 13 eV relative to the absorption edge.
The denominator in eq 4, (A3 + 1.11A;), was determined
following the procedure of Brown et al.?° All the areas (AA,,
AAs, Asr, and Ay) were normalized by the X-ray cross section
at the edge jump and the density of the absorbing material.?’

The EXAFS data analysis involved using computer algorithms
developed by Koningsberger and co-workers.*®3 The EXAFS
analysis involved subjecting the raw data to pre-edge subtraction
(—200 to —50 eV relative to the respective element edge) using
a second-order polynomial. This had the advantage of com-
pensating more adequately for the contribution of the ionization
chambers.’® This was followed by background removal using
cubic spline functions in the energy range of 20—1500 eV
relative to the Pt L; edge and 20—1000 eV relative to the Cr,
Ni, and Co K edges. The normalization of the data was then
carried out by determining the height of the edge jump. The
edge jump height was the difference between the extrapolated
pre-edge background and the extrapolated background (in the
post-edge region) at the threshold region of 50 eV above the
absorption edge. The isolated EXAFS spectrum was of very
high quality and did not require deglitching. The Fourier
filtering and analysis of the EXAFS were conducted according
to the procedure described in detail elsewhere.”*0™%2 The

TABLE 4: Fourier Transformation Ranges of the Forward and Inverse Transforms

For Pt/C and Pt Alloy Electrocatalyst at 0.54 and 0.84 V vs RHE

0.54 V vs RHE 0.84 V vs RHE
Pt edge M edge Pt edge M edge
electrocatalyst Ak (A7 Ar (&) Ak (A7) Ar(A) Ak (A7) Ar(A) Ak (A~ Ar(A)
pPyC 3.13—-15.01 1.40—-3.05 3.20—15.03 1.30—-3.04
Pt/Cr (ETEK) 3.17—15.34 1.50—3.50 3.17—15.27 1.5—-3.20
Pt/Cr (JMRC) 3.06—14.68 1.40—3.40 3.06—14.68 1.50—3.40
Pt/Co (ETEK) 3.16—15.24 1.50—3.50 3.25—-14.38 1.50—2.85 3.16—15.54 1.60—3.20 3.13—-14.40 1.20—2.85
Pt/Co (JMRC) 3.22-14.61 1.50—3.50 3.28—14.45 1.64—2.90 3.22-14.76 1.50—3.40 3.28—14.52 1.70—2.80
PtNi (ETEK) 3.57-15.25 1.54-3.54 3.54—14.50 1.50—3.00 3.57-15.25 1.55—3.50 3.54—14.50 1.50-3.00
PtNi (JMRC) 3.55-14.64 1.50-3.50 3.17-14.28 1.80—-3.20 3.55—14.85 1.30—3.50 3.70—-14.24 1.70-3.10
For the Reference Standards
reference standard Ak (A Ar (A) Niet Riet

Pt—Pt, Pt foil at 77 °K 3.55-19.22 1.04-3.52 12 2.774

Pt—0, Na,Pt(OH)s at 77 °K 3.52—17.18 1.05-2.40 6 2.052

Pt—Co, FEFF program 2.92-19.17 1.40—-3.40 12 2.774

Pt—Ni, FEFF program 2.55—-19.25 1.50—3.50 12 2.774

Ni—Ni, Ni foil at 77 °K 3.40—15.24 1.10-2.80 12 2.492

Co—Co, Co foil at 77 °K 3.42-15.21 1.55-2.80 12 2,502

Ni—O, NiO at 77 °K 3.35—14.49 1.05-3.03 6 2.084
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Figure 3. XANES spectra at the Pt L edge (0.54 V) for (a, top) Pt/C,
ETEK (2); (b, middle) Pt/Cr, ETEK (¢) and Pt/Cr, IMRC (4); and (c,
bottom) Pt/Ni, ETEK (O), and Pt/Ni, JMRC (). The data for a Pt
foil (V) are shown in each figure.

isolation of a limited number of shells in the r-space, by an
inverse Fourier transform, reduces the number of parameters
that must be determined. The analysis of the EXAFS spectrum
of the alloys was therefore carried out with either one, two, or
three shell fits using an iterative least-squares technique. Phase
and amplitude parameters were derived from standard materials
or were calculated theoretically using the University of Wash-
ington FEFF programs (version 4.08).%> The standard reference
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Figure 4. XANES spectra at the Pt L, edge (0.54 V) for (a, top) P/C,
ETEK (A); (b, middle) Pt/Cr, ETEK (¢), and Pt/Cr, IMRC (#); and (c,
bottom) Pt/Ni, ETEK (0O) and PYNi, JMRC (B). The data for a Pt foil

(V) are shown in each figure.

materials employed were the liquid N, data for a pure Pt foil
(5 pm thick), and the octahedrally coordinated complex Nao-
Pt(OH)s for Pt—Pt and Pt—O phase and amplitude parameters,
respectively. The Pt M phase and amplitude parameters were
obtained from theoretical calculation using the FEFF programs*}
based on Cartesian coordinate inputs for a fcc lattice structure
(assumption based on previous resuits using XRD). In these
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TABLE 5: Comparison of Activation Energy for Oxygen Reduction with Results from the In-Siru EXAFS and XANES
Analysis on Pt and Pt Alloy Electrocatalysts at 0.54 and 0.84 V vs RHE*

0.54 V vs RHE 0.84 V vs RHE
Pt—Pt Pt—M Pt—Pt Pt-M

electrocatalyst AH (kl/mol) (h)s (A) N (A N M-M@A) M-PtA) tp, A N A N M-M@A) M-Pt(A)

pu/Ct 62.17 0329 277 87 0370 2.77 68

PU/Cr (ETEK) 2872 0360 270 7.2 267 3.1 0361 271 7.0 267 32

Pt/Cr (JMRC) 27.63 0360 271 85 2.69 2.8 0358 271 88 2.70 29

PtCo (ETEK) 2374 0368 271 65 264 23 265 264 0365 269 59 264 29 267 2.64

PtCo (JMRC) 35.44 0401 268 69 263 25 263 2.51 0.390 268 76 263 23 264 2.50

PtNi (ETEK) 23.84 0375 271 7.8 266 24 255 264 0372 271 7.6 265 23 257 2.66

PtNi (JMRC) 4223 0409 268 9.1 261 27 253 263 0404 268 95 257 33 253 2.63

@ (hy).s» Pt d-orbital vacancy per atom. N, coordination number. ¢ At 0.84 V, the Pt—Q values were N = 1.69 and R = 2.04 A.

theoretical calculations, an S(Z) value of 0.87 was used through-
out. Similarly for the K-edge EXAFS analysis, the standard
reference materials were the Ni and Co foil at 77 °F (liquid N»
temperature) for the Co—Co and Ni—Ni phase and amplitude
parameters. The Co—Pt and Ni—Pt phase and amplitude
parameters were obtained from theoretical calculations using
the FEFF program*® in a manner similar to those obtained at
the Pt L; edge; the S used in this case was 0.75. The
parameters for the Ni—O and Co—O were obtained from the
NiO standard at 77 °K. The windows in the k and r space used
to obtain the forward and inverse Fourier transforms for the
standards are given in Table 4.

EXAFS and XANES Analysis at the Pt Edge. Figures 3
and 4a—c show the representative plots of in-situ XANES at
the Pt L3 and L, edges at 0.54 V vs RHE for the Pt/C, Pt/Cr,
and Pt/Ni alloy electrocatalysts. As evident from Figure 3a—
¢, the magnitudes of the Pt Ly edge white line recorded at 0.54
V (double-layer region) are greater for the alloys as compared
to the Pt/C electrocatalyst. This is evident from the broadening
of the Pt L; XANES for the Pt/Ni alloy electrocatalyst prepared
by using the lower alloying temperature and shorter annealing
periods and a more significant increase in the white line in the
case of the same alloy prepared by using higher alloying
temperatures and longer annealing periods. Similar behavior
was also evident for the Pt/Co alloy electrocatalysts. The
magnitude of the Ls white line in the case of the Pt/Cr alloy
exhibits broadening but does not show any change based on
different alloying conditions. The calculated values of Pt d-band
vacancies, evaluated from the areas under the Pt L; and L, edges
(Table 5) quantitatively reflect these observations. As shown
in Table 5, the value of d-orbital vacancies per atom at 0.54 V
is higher for the alloys compared to the Pt/C electrocatalyst. In
addition, the comparison of the Pt/Ni and Pt/Co alloys prepared
by different alloying conditions indicates that the higher alloying
temperature and longer annealing periods seem to further
increase the Pt d-orbital vacancies per atom in the respective
alloys. The corresponding values for Pt/Cr alloy prepared by
using different alloying conditions do not show any change
(Table 5).

The effect of the alloying element on the Pt—Pt bond distance
was obtained by analyzing the EXAFS at the Pt L; edge. Figure
5 shows a representative plot for the isolated EXAFS spectrum
at the Pt L3 edge for the Pt/Ni alloy from ETEK Inc., at the
potential of 0.54 V vs RHE. Table 4 gives the integration range
for the Fourier transform and the window in r-space used for
inverse Fourier transforms. The approach taken in fitting the
data was to select the simplest model first and attempt to fit
the data. Thus, at 0.54 V, the Pt/C data were fitted by using a
single Pt—Pt coordination shell. Similarly, the Pt alloy data
were fitted to a two-shell model consisting of Pt—Pt and Pt—M
contributions. At 0.54 V vs RHE, this approach was successful.
This analysis therefore indicated that no Pt—O interaction
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Figure 5. EXAFS spectrum (k* weighted) at the Pt L; edge recorded
at 0.54 V vs RHE for the Pt/Ni (ETEK) alloy electrocatalyst.

occurred in any of the electrocatalyst samples at 0.54 V. Since
there was no evidence of Pt—O interactions, all the changes in
the Pt d-orbital vacancies could be attributed to the alloying
element. The results of these in-situ EXAFS analyses in terms
of the Pt—Pt and Pt—M (in case of alloys) bond distances and
coordination numbers at the double-layer region are given in
Table 5. Examples of fits in the k and r space for the Pt/Cr
(JMRC) sample are given in Figure 6a,b. The results indicate
that there is significant contraction of the Pt—Pt bond distances
as a result of alloying Pt with Cr, Co, and Ni (Table 5). In
addition, the Pt—Pt bond distances obtained from XRD and in-
situ EXAFS analysis are in agreement (Tables 1 and 5) and
follow the same trend. There is, however, no significant
variation in bond distances between the Pt/Cr, Pt/Co, and Pt/Ni
alloys prepared by using different alloying temperatures and
annealing periods. The Pt—M distances obtained by EXAFS
analysis at the Pt L3 edge also show similar results. It is also
important to note that the coordination numbers obtained for
the Pt/C and the Pt alloy electrocatalysts were lower than those
expected for bulk samples. The primary reason for such
behavior is based on the particle size of the Pt and Pt alloy
crystallites. As a result, the Pt/C electrocatalyst exhibits a
coordination number of ~9 instead of 12 (bulk phase).
Similarly, the coordination number around Pt in the alloys (sum
of Pt—Pt and Pt—M) range between 9 and 11.8 for the alloys
instead of 12 for the bulk phase. The error limits in the EXAFS
analysis (Table 5) were obtained according to procedures
described elsewhere.** For single-shell fits, the limits of error
ranged between 1 and 8% for N and 0.005 and 0.01 A for R.
For two-shell fits, the error limits were typically in the range
of 5—14% for N and 0.007—0.012 A for R.

Analysis of the Pt L; and L, edge XANES at 0.84 V vs RHE
for the P/C and Pt alloy electrocatalysts was used to obtain the
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Pt d-orbital vacancies per atom in lines similar to those obtain
at 0.54 V. The Pt d-orbital vacancies per atom thus obtained
reflect significant increase in the value for the Pt/C electrocata-
lyst as compared to the Pt alloys when the potential is changed
from 0.54 to 0.84 V (Table 5). The increase in the values of
the Pt d-band vacancy for the Pt/C electrocatalyst in contrast
to the alloys can be explained on the basis of chemisorption of
oxygenated species from the electrolyte solution (OH) on the
Pt surface beyond 0.8 V vs RHE (oxide covered region). This
can be illustrated by comparison of the Fourier transforms of
the Pt Ly EXAFS spectrum for the Pt and Pt alloy electrocata-
lysts at 0.54 and 0.84 V. Such a comparison for the Pt/C
electrocatalyst (Figure 7a) exhibits peaks due to the presence
of oxygenated species at low R values (<2 A) at 0.84 V. This
also causes a lowering of Pt—Pt interactions at 0.84 V as shown
by lower magnitudes of transformation at this potential (Figure
7a). In contrast to this, a similar comparison for the Pt alloys
shows virtually no difference as a result of this potential change,
as illustrated by the representative plot for Pt/Cr (ETEK) in
Figure 7b. It is important to note that these comparisons are
made for k' weighted Fourier transforms in order to improve
the signals due to Pt—O interactions in comparison to higher
scattering power of the high Z elements (Pt and the alloying

elements) at high k values. Koningsberger has stressed the
importance of doing this to elucidate Pt—Pt and Pt—O contribu-
tions to the EXAFS.# In this case, however, a Pt—O contribu-
tion can be seen in the k* weighted Fourier transform (Figure
8a). The appearance of a small peak at 1.5 A for Pt/C at 0.84
V (Figure 8a) clearly indicates Pt—O contributions together with
a decrease in the Pt—Pt interactions. However, Pt—O contribu-
tions are completely absent for Pt alloys (Figure 8b) even in
the k' weighted transforms (Figure 7b). Actually, the results
of the data analysis were almost identical for the k' and &3
weighted data. Figure 9a shows that a single Pt—Pt shell does
not fit the Pt/C data at low R values. However, a two-shell fit
using both the Pt—Pt and Pt—O shells gives an excellent fit
(Figure 9b) confirming the earlier hypothesis. These results
for the Pt/C electrocatalyst are also in agreement with a previous
XAS investigation on the Pt/C electrocatalyst* and those based
on theoretical and experimental studies of the ORR mecha-
nism*”*® showing increasing coverage of OH species on the Pt
surface following the Temkin isotherm at potentials beyond 0.8
V. The contrasting results obtained on the Pt alloy electro-
catalysts imply that adsorption of oxygenated species does not
occur at 0.84 V. This could play an important role in the
enhancement of the ORR activity by the Pt alloys. A similar
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fit (—) k* weighted; Ak values in Table 4.

absence of a Pt—O contribution to the EXAFS was found for
the Pt/Ni alloy at 0.84 V.

No changes were observed in the Pt—Pt and Pt—M bond
distances in going from 0.54 to 0.84 V. The same was true for
Pt—Pt and Pt—M coordination numbers for all the Pt alloys,
within limits of error for a two-shell EXAFS fit. The Pt—Pt
bond distances in the Pt/C electrocatalysts also remain the same
for the two potentials. However, the Pt—Pt coordination number
for Pt/C electrocatalyst differs at the two potentials due to the
presence of chemisorbed oxygen at 0.84 V.

In-Situ XANES and EXAFS Analysis at the Cr, Co, and
Ni K Edges. The XANES analyses at Cr, Co, and Ni K edges
were performed at potentials of 0.54, 0.84, and 1.14 V vs RHE
to determine the presence of any redox-type processes involving
the alloying element and to evaluate the corrosion/dissolution
behavior of the alloying element at higher potentials of 1.14 V.
As evident from the representative Ni K-edge XANES of the
Pt/Ni alloy electrocatalyst (Figure 10), at the three potential
regions, no shifts in the edge positions were observed. Since a
change in oxidation state causes a shift in the appropriate
absorption edge position, a redox-type process involving the

Ni can be ruled out. Similar behavior was observed at the Cr
and Co K edges. In addition, the Ni K-edge XANES for the
Pt/Ni alloy prepared by using higher alloying temperature and
shorter annealing periods show very little variation in their white
line intensities at all three potentials (Figure 10a). This indicates
minimal corrosion/dissolution of the Ni alloying element.
Similar behavior is also observed at the Cr and Co K-edge
XANES in Pt irrespective of the alloying temperature and
annealing periods. The Ni K-edge XANES of the Pt/Ni alloy
prepared by using lower alloying temperature and shorter
annealing periods, however, exhibited some corrosion/dissolu-
tion of Ni, specially at 1.14 V vs RHE (Figure 10b). These
results strongly suggest that in the case of Pt/Cr and Pt/Co alloys
the surface of the catalyst particles are mostly Pt. Differences
observed in the case of the Pt/Ni alloy based on different
alloying conditions could be accounted for on the basis of
different surface enrichments of Pt. From a crystallographic
point of view, binary alloys with Pt;M stoichiometry have
regular termination of the LI, crystal structure, normal to the
three major crystal axes, resulting in a variety of surface
compositions. Hence, compositions starting from pure Pt ((200)
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Figure 11. EXAFS spectrum at the Co K edge (k* weighted) recorded
at 0.84 V vs RHE for Pt/Co (JMRC) alloy electrocatalyst.

and (220) crystal planes) to 25% M ({111) plane) and 50% M
({100) and (110} planes) can result. Hence, in these superlat-
tices, it is possible to have surface enrichment without surface
segregation. Such enrichment has been reported previously with
respect to equilibrium surface compositions for Pt:M-type
lattices such as those with PUTi,*® Pt/Co,° Pt/Sn,’' and PYNi
alloys.?

Attempts to conduct EXAFS analysis at the Cr K edge were
unsuccessful due to complications caused by the presence of
residual oxides of Cr. The EXAFS analysis at the Ni and Co
K edge was, however, successfully carried out for all the alloys.
Figure 11 shows the representative plot of the Co K-edge
EXAFS for the Pt/Co alloy JMRC) at 0.84 V. Table 4 provides
the windows in k and r space for the forward and inverse
transforms at the potentials of 0.54 and 0.84 V vs RHE. The
EXAFS analysis at the Ni and Co K edges exhibited excellent
two-shell fits for the M—Pt and M—M coordination shells at
both 0.54 and 0.84 V. Panels a and b of Figure 12 show
representative plots for the two-shell fits in k and r space for a
Pt/Co (JMRC) at 0.54 V vs RHE. The K-edge EXAFS analysis
provided the M—M and M—Pt bond distances and coordination
numbers (Table 5) at both 0.54 and 0.84 V. The M—M distance

at 0.54 V exhibits a decrease when the alloying element is
changed from Co to Ni. There was no evidence of change in
the M—M bond distances as a result of change in potential from
0.54 to 0.84 V vs RHE. In addition, the values for the M—M
distances for the same alloy prepared under different alloying
conditions remained unchanged. The M—Pt bond distances
obtained at the Ni and Co edge are largely in good agreement
with those obtained at the Pt L; edge.

Correlation of Results of Electrochemical and In-Situ XAS
Investigation. Correlation of the results of the electrocatalytic
activities for ORR obtained in a PEM half-cell environment (at
95 °C and 5 atm) with those obtained using in-situ XAS
spectroscopy provided several insights on the effect of alloying
conditions, the role of electronic and geometric factors, and the
ORR electrocatalysis by the Pt/Cr, Pt/Co, and Pt/Ni alloys. The
electrochemical performance characteristics of ORR (with
respect to activation energies, exchange current densities, current
density at 900 mV, and potential at 10 mA/cm?) for Pt/Cr, Pt/
Ni, and Pt/Co alloys prepared by using different alloying
conditions show several interesting properties. These are (i)
better performance for all the Pt alloys as compared to the Pt/C
electrocatalyst and (ii) a definite trend in the ORR activities,
based on alloying conditions for the Pt/Co and Pt/Ni alloys and
its absence in Pt/Cr alloy electrocatalyst within the range of
changes in the alloying conditions. The Pt/Cr alloy electro-
catalyst exhibited the highest enhancements in electrocatalytic
activities toward ORR relative to the base line performance of
the Pt. These observations can be rationalized on the basis of
three interrelated factors, controlling the electrocatalysis of ORR,
as determined from in-situ XAS spectroscopy. These are (i)
the Pt 5d-orbital vacancies, (ii) the Pt—Pt bond distance, and
(iii) the adsorption characteristics of oxygenated species on the
Pt atom from the electrolyte solution.

The enhanced activity for ORR exhibited by all the alloy
electrocatalysts can be accounted for on the basis of their higher
Pt d-band vacancies and lower Pt—Pt bond distances as
compared to the PY/C electrocatalyst. The changes in these
parameters seem to effect the adsorption characteristics of the
oxygenated species from the electrolyte solution. The effect
of alloying conditions on the electrocatalytic activity for ORR
in the case of Pt/Ni and Pt/Co alloys can be rationalized on the
basis of changes in the electronic and geometric parameters
(Table 5). The higher alloying temperatures and longer an-
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Figure 12. Two-shell fit for Pt/Co (JMRC) sample at the Co K edge (0.54 V vs RHE) in (a, left) » space and (b, right} k space. The fits are &
weighted with the sample data denoted by (=) in r and (O) in k space and the fitted data by (—) in r and (@) in & space.

nealing periods result in an increase of the Pt d-band vacancies
without significantly affecting the crystalline structure of the
alloy electrocatalysts (the Pt—Pt, Pt—M, and M—M distances
remain unchanged). Therefore, increasing the Pt d-band vacan-
cies per atom in the case of Pt/Ni and Pt/Co alloy electrocatalysts
is not beneficial toward the ORR electrocatalysis in a PEM
environment. In the case of Pt/Cr alloys, prepared by using
different alloying conditions, the d-band vacancies per atom
remain unchanged. Further, there was no change in the
crystalline structure, similar to the Pt/Ni and Pt/Co alloys. This
therefore indicates that the differences observed in the electro-
catalytic behavior of the three alloys can be accounted for on
the basis of the presence or absence of variations in the Pt d-band
vacancies caused as a result of different alloying conditions.
However, a higher alloying temperature might be beneficial to
the catalyst life.

Conclusions

The following conclusions can be drawn from this investiga-
tion: (1) The X-ray powder diffraction analyses of the carbon-
supported Pt and Pt alloy electrocatalysts exhibit a primary phase
of PtsM type with a LI>-type fcc lattice structure and a small
contribution (6—15%) of a secondary phase of PtM type with
LI,-type tetragonal structure. There was evidence of lattice
contractions (Pt—Pt bond distance) in the Pt alloys as compared
to the Pt/C electrocatalyst. The alloys exhibited slightly larger
particle sizes as compared to the Pt/C electrocatalyst.

(2) The electrocatalytic activity at 95 °C and 5 atm pressure
in a PEM half-cell environment showed up to a 4-fold activity
enhancement for the alloy electrocatalysts prepared by using
lower alloying temperatures and shorter annealing periods in
comparison to the base line performance of the Pt/C electro-
catalyst. The Pt/Co and Pt/Ni alloy electrocatalysts prepared
with higher alloying temperatures and longer annealing periods,
however, showed lower enhancements, with the performance
by the Pt/Cr alloy remaining invariant over the range of alloying
conditions. These trends were true for activity determinations
both on a geometric area and on a true surface area basis. The
activation energy for ORR exhibited lower values for all the
alloy electrocatalysts. The dependence of the activities on the
alloying conditions could be correlated with changes in the
activation energies. The reaction orders for ORR showed values
close to unity for all the electrocatalysts (Pt/C and Pt alloys).

These observations therefore imply that the electrode kinetic
parameters and activation energies are sensitive to alloying
conditions (alloying temperature and annealing periods) for the
Pt/Co and Pt/Ni alloys and insensitive for P/Cr alloy electro-
catalyst. The invariance of the reaction order from unity
however implies that the rate-limiting step remains unchanged
in all the electrocatalysts.

(3) The in-situ XANES results at a potential of 0.54 V vs
RHE reveal higher Pt d-orbital vacancies for the Pt alloys as
compared to the Pt/C electrocatalyst. Among the Pt/Co and
Pt/Ni alloy electrocatalysts, the d-orbital vacancies were higher
for the alloys prepared by using a higher alloying temperature
and longer annealing periods. The corresponding values for
the Pt/Cr alloys remained unchanged. The EXAFS analysis of
the Pt L; edge at 0.54 V showed a contraction in the Pt—Pt
bond distances of the alloys as compared to those in the Pt/C
electrocatalyst. In addition, EXAFS analysis at this potential
region revealed that there was no chemisorbed oxygen on the
Pt surface in any of the electrocatalysts (Pt and Pt alloys). The
Pt—Pt and Pt—M (where M is the Cr, Co, and Ni alloying
element) bond distances exhibited no effect due to differing
alloying conditions.

XANES analysis at 0.84 V vs RHE showed first that in
contrast to the Pt alloys the Pt/C electrocatalyst exhibits
significant increase in the Pt d-orbital vacancies relative to the
value at 0.54 V. EXAFS analysis at 0.84 V confirmed the
presence of chemisorbed oxygen on the Pt/C electrocatalyst and
its absence in the Pt alloys. Comparison of the Pt—Pt and Pt—M
bond distances and coordination numbers for all the alloy
electrocatalysts at 0.54 and 0.84 V showed no significant
difference in values. Similar results were obtained for the M—M
and the M—Pt bond distances and coordination numbers
obtained from the EXAFS analysis at the K edge of Ni and Co.
In the Pt/C electrocatalyst, the Pt—Pt bond distances remained
invariant, however, the coordination numbers at 0.84 V were
lower than those in the double-layer region due to the presence
of chemisorbed oxygen on the Pt surface. The role of redox-
type process involving the alloying element was however
rejected, based on the invariance of the K-edge XANES
positions for the respective alloying elements at 0.54, 0.84, and
1.14 V vs RHE. These K-edge XANES at 1.14 V also indicated
negligible corrosion/dissolution of the alloying element with the
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exception of Pt/Ni alloy (ETEK). This indicated that the surface
of the alloy crystallites are mostly Pt.

The correlation of the electrocatalytic activity for ORR
obtained at 95 °C and 5 atm pressure in a PEM environment
and the results of the in-situ XAS analysis revealed the interplay
of both electronic (higher Pt d-orbital vacancies) and geometric
parameters (shorter Pt—Pt bond distances) and their combined
role in affecting the chemisorption of oxygenated species from
the electrolyte solution beyond 0.8 V. The sensitivity of the
ORR electrocatalytic activities toward the Pt d-orbital vacancies
can be seen from comparisons of these parameters for the Pt/
Ni and Pt/Co alloy prepared under different alloying conditions.
This analysis therefore revealed that in the case of Pt/Ni and
Pt/Co alloy electrocatalysts the reason for the observed lower
electrocatalytic activities of the alloys prepared at a higher
alloying temperature and longer annealing periods could be
accounted for by their higher d-orbital vacancies. However,
the EXAFS indicates that the lattice parameters undergo no
observable changes with long-term annealing.
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