
Role of Structural and Electronic Properties of Pt and Pt Alloys on 
Electrocatalysis of Oxygen Reduction 

An In Situ XANES and EXAFS Investigation 
Sanjeev Mukerjee,* Supramaniam Srinivasan,* and Manuel P. Soriaga 

Center for Electrochemical Systems and Hydrogen Research and Department of Chemistry, 
Texas A&M University, College Station, Texas 77843-3402 

James McBreen* 
Brookhaven National Laboratory, Material Science Division, Department of Applied Science, Upton, New York 11973 

ABSTRACT 
The electrocatalysis of the oxygen reduction reaction (ORR) on five binary Pi alloys (PtCr/C, PtMn/C, PtFe/C, PtCo/C, 

and PtNi/C) supported on high surface area carbon in a proton exchange membrane fuel cell was investigated. All the alloy 
electrocatalysts exhibited a high degree of crystallinity with the primary phase of the type Pt3M (LI2 structure with fcc type 
lattice) and a secondary phase (only minor contribution from this phase) being of the type PtM (LIo structure with 
tetragonal lattice) as evidenced from x-ray powder diffraction (XRD) analysis. The electrode kinetic studies on the Pt 
alloys at 95~ and 5 atm pressure showed a two- to threefold increase in the exchange current densities and the current 
density at 900 mV as well as a decrease in the overvoltage at i0 mA em -2 relative to Pt/C eleetrocatalyst. The PtCr/C alloy 
exhibited the best performance. In situ EXAFS and XANES analysis at potentials in the double-layer region [0.54 V vs. 
reversible hydrogen electrode (RHE)] revealed (i) all the alloys possess higher Pt d-band vacancies per atom (with the 
exception of PtMn/C alloy) relative to Pt/C electrocatalyst and (it) contractions in the Pt-Pt bond distances which con- 
firmed the results from ex situ XRD analysis. A potential excursion to 0.84 V vs. RHE showed that, in contrast to the Pt 
alloys, the Pt/C electrocatalyst exhibits a significant increase in the Pt d-band vacancies per atom. This increase, in Pt/C 
has been rationalized as being due to adsorption of OH species from the electrolyte following a Temkin isotherm behavior, 
which does not occur on the Pt alloys. Correlation of the electronic (Pt d-band vacancies) and geometric (Pt-Pt bond 
distance) with the electrochemical performance characteristics exhibits a volcano type behavior with the PtCr/C alloy 
being at the top of the curve. The enhanced electrocatalysis by the alloys therefore can be rationalized on the basis of the 
interplay between the electronic and geometric factors on one hand and their effect on the chemisorption behavior of OH 
species from the electrolyte. 

The role of Pt/C and Pt alloys on the mechanism of the 
oxygen reduction reaction (ORR) has been investigated 
previously, 1-4 however the mechanism still remains elusive. 
One of the first investigations I of the ORR on Pt alloy elec- 
trocatalysts was in phosphoric acid; the effect of changes in 
the Pt-Pt interatomic distances, caused by alloying, was 
examined. The strength of the [M-HO2]aas bond, the inter- 
mediate formed in the rate-determining step of the molecu- 
lar dioxygen reduction, was shown to depend on the Pt-Pt 
bond distance in the alloys. A plot of the electrocatalytic 
activity vs. adsorbate bond strength exhibited a volcano 
type behavior. 5 It was shown that the lattice contractions 
due to alloying resulted in a more favorable Pt-Pt distance 
(while maintaining the favorable Pt electronic properties) 
for dissociative adsorption of 02. This view was disputed by 
Glass et al. ~ in their investigation on bulk alloys of PtCr 
(the binary alloy at the top of the volcano plot) of different 
compositions. The latter investigation showed no activity 
enhancement for the ORR in phosphoric acid. This study 
therefore suggested the possibility of differences in electro- 
chemical properties of bulk vs. supported alloy electrocata- 
lysts (small particles of 35-85 A). A recent study on sup- 
ported PtCo electrocatalysts ~ revealed the possibility that 
particle termination, primarily at the <100> vicinal planes 
in the supported alloy electrocatalyst, is the reason for the 
enhanced ORR electrocatalysis (i.e., <i00> vicinal planes 
are more active than <Iii>). Paffett et al., 3 attributed 
higher activities for the ORR on bulk PtCr alloys in phos- 
phoric acid to surface roughening, and hence increased Pt 
surface area, caused by the dissolution of the more oxidiz- 
able alloying component Cr. In contrast to these findings on 
bulk alloys, the supported alloy electrocatalysts have been 
reported to retain their nonnoble alloying element in the 
electrode during long periods (6000-9000 h) of operation in 
phosphoric acid fuel cells (PAFCs) 6 and proton exchange 
membrane fuel ceils (PEMFCs). 7 

Based on these previous investigations and in the context 
of the ORR mechanisms, the principle explanations for the 
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enhanced ORR activity could be enumerated as being due 
to (i) modification of the electronic structure of Pt (5 d-or- 
bital vacancies); (it) changes in the physical structure of 
Pt (Pt-Pt bond distance and coordination number); (iii) ad- 
sorption of oxygen-containing species from the electro- 
lyte on to the Pt or alloying element; and/or (iv) redox 
type processes involving the first row transition alloying 
element. 8 

One most powerful analytical technique which in princi- 
ple can elucidate these different explanations is in situ x-  
ray absorption spectroscopy (XAS). The application of 
XAS to electrochemical systems has been reviewed re- 
cently. 9 The spectra consists of two parts, the near-edge 
part XANES (x-ray absorption near-edge structure) which 
gives chemical information and EXAFS (extended x-ray 
absorption fine structure) which gives the structural infor- 
mation. The XANES (_+50 eV relative to the absorption 
edge) is comprised primarily of multiple scattering and 
transit ion-to-empty states in the vicinity of the Fermi level 
by low energy photoelectrons with relatively long mean- 
free paths. The XANES can provide information on the 
oxidation state from the size and shift in the edge-transi- 
tion and on the coordination symmetry of ligands around 
the excited atom from the shape of the edge transition. For 
Pt, analysis of the XANES white lines at the L3 and L2 edge 
can yield information on the d-band  vacancies. The 
EXAFS region is 40 to 1500 eu beyond the absorption edge 
and is caused by the modulation of the x-ray intensity due 
to backscattering by a small fraction of the backscattered 
photoelectron wave. This interference effect caused by sin- 
gle-scattering electrons with short mean-free paths pro- 
vides information about the short-range atomic order (co- 
ordination number  and bond distances). The present study 
focuses on the investigation of several Pt eleetrocatalysts 
alloyed with the first-row transition metals to elucidate the 
dependence of electrode kinetics of oxygen reduction on 
their electronic and structural properties. For this purpose 
ex situ or in situ electrochemical, XRD, and XANES and 
EXAFS techniques were used. 
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Experimental 
Electrodes and preparation of membrane electrode as- 

sembIy.--Five carbon-supported binary Pt alloy electro- 
catalysts (PtCr, PtMn, PtFe, PtCo, and PtNi) were procured 
from Johnson-Matthey Inc., NJ. Based on previous investi- 
gat ions/  TM the electrocatalyst loading was chosen as 20% 
(by weight) metal on carbon; the P t loading in the electrode 
(for both Pt/C and the Pt alloy electrocatalysts) was 0.3 mg 
cm -2 (confirmed by atomic absorption spectroscopy). All 
electrodes used in this study were prepared according to a 
procedure described elsewhere. ~2 

As described in previous communications/'~3'14 the elec- 
trodes were impregnated with Nafion solution (Nafion | 
1100, 5 % by weight, in a mixture of lower alcohols, Aldrich 
Chemical Company) using a brushing technique. This was 
followed by air-d17ing at 80~ and weighing to ensure a 
Nation loading of approximately 0.6 mg cm -2. An Asahi 
membrane (Acipex| Asahi Chemical Industry, 
Japan) was pretreated by first heating in high purity water 
(Continental water purification system, Modulab Type 1), 
and second, in 5 volume percent (v/o) aqueous solution of 
H2Oe (J. T. Baker) for 1 h at 70 - 80~ to remove organic 
impurities. The membrane was then heated in 0.5M H2SO4 
(J. T. Baker) at 70 to 80~ Finally, the H2SO4 was removed 
by repeatedly treating it in boiling water. The electrodes 
were then hot-pressed to the membrane at I000 psig pres- 
sure and 155~ for 90 s. This temlSerature was chosen be- 
cause it is close to the glass-transition temperature of the 
membrane. 

Assembly of single ceil and its installation in the test 
s ta t ion. - -The membrane and electrode assembly (MEA) 
was incorporated in a single-cell test fixture. Details of the 
single-cell test fixture and the MEA assembly are given 
elsewhere. 14 A platinized Pt electrode located in the anode 
compartment served as the reference electrode. The single 
cell was then installed in the fuel cell test station. TM The Lest 
station had provisions for temperature and pressure con- 
trol, humidification of the reactant gases (hydrogen and 
oxygen), gas flow rate measurements, and measurements of 
half- and single-cell potentials as a function of current 
density. The electrical leads from the test station were con- 
nected to a programmable power supply (Hewlett-Packard 
Model 6033A), which was interfaced with an IBM/PS-2 
computer for data acquisition, plotting, and analysis. 

tion, it was essential to at tain the optimum operating con- 
ditions (with respect to conditioning of electrodes, water 
content of membrane, humidification conditions, and re- 
moval of organic impurities), because when a single cell is 
assembled the proton exchange membrane is in a dry state. 
For this purpose the cell was maintained at 50~ with the 
hydrogen and oxygen gases (1 arm) humidified at 60 and 
55~ respectively, while it was operated at a current den- 
sity of 200 mA cm -2 for the first 24 h. After this period, the 
cell temperature was raised to 85~ the reactant gas pres- 
sure to 5 arm, and the temperature in the H2 and O2 humid-  
ification bottles to 95 and 90~ respectively. It was then 
operated for 8 h at a current density of 2 A cm -2, for equili- 
brat ion with the product water, to at tain optimal water 
absorption conditions by the proton exchange membrane. 
Thereafter, the measurement of the i R-corrected Tafel plots 
for the ORR were made at 5 atm and 95~ with the oxygen 
and hydrogen gases being humidified at 100 and 105~ 

The cyclic vo]tammetry experiment was carried out us- 
ing an argon flow through the working electrode (cathode, 
oxygen electrode) compartment and the electrodes were in-  
tially subjected to potential cycling (50 times) at 25 mV s -1. 
The cyclic voltammogram (CV) was then recorded to deter- 
mine the electrochemically active surface area. The poten- 
tial was scanned between 120 mV to 1 V vs. RHE and sweep 
rates in the range 10 to 50 mV s -I were used. For the meas- 
urement of the coulombic charge due to hydrogen adsorp- 
tion or desorption lower sweep rates are preferred so as 
to minimize the pseudo-transmission line effects in the 
porous electrode. The electrochemically active surface 
area of the electrode was obtained using the charge re- 
quired for hydrogen desorption from the Pt surface in the 
electrocatalyst. 

X-ray dif fraction.--The characteristics of the crystalline 
structure of supported Pt/C and binary Pt alloys (formation 
of superlattices etc.) were determined using the powder 
XRD technique. The data was obtained using a Sintag au-  
tomated diffractometer with a Cu-K~ radiation source. The 
powdered electrocatalyst samples were kept in a 2.5 • 
2.5 cm • 1 mm quartz block. The powders were pressed 
onto the quartz block using a glass slide to obtain a uniform 
distribution. The diffractometer was interfaced with PDP 
11/23 computer for data analysis and plotting. The 20 
Bragg angles were scanned over a range of 0 to 80 ~ The 
diffraction patterns were recorded and analyzed by com- 

Electrode kinetic and cyclic vol tammetric experi- 
ments . - -Prior  to the electrochemical performance evalua- 
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Fig. 1. Schematic diagram of the in situ electrochemical cell used to 
obtain the x-ray adsorption spectra. 
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Fig. 2. iR-corrected Tafol plots for oxygen reduction in PEMFCs at 
95~ and 5 aim pressure for Pt and Pt alloy electrocatalysts, Pt 
loading on electrodes 0.3 mg cm -2. PtCr/C (@); PtMn/C (V1; PtFe/C 
(V}; PICa/Co ([~); PtNi/C ( I ;  and Pt/C (A). 
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Table I. Electrode kinetic parameters for oxygen reduction at Pt and Pt alloy electrocatalysts in PEMFCs at 95~ and 5 atm pressure. 
Pt loading in electrodes 0.3 mg cm -~. 

io R o u g h n e s s  io ~ 
Eo b R (mA cm-}) ig00mV E10macm-~ factor (mA cm -2) 

Electrocatalyst (mY) (mV/dec.) (t~ cm 2) (104) (mA cm -2) (mV) (cm 2 cm -~ ) (10 ~) 

Pt/C 982 63 0.14 3.46 22.1 915 61 0.56 
PtMn/C 995 64 0.10 6.26 40.1 945 48 1.30 
PtCr/C 1005 62 0.09 7.15 83.8 951 50 1.43 
PtFe/C 1001 63 0.10 6.94 50.4 948 56 1.36 
PtCo/C 990 65 0.11 5.87 37.2 935 49 1.19 
PtNi/C 988 64 0.11 4.86 26.4 924 48 1.01 

"Normalized with respect to the electrochemically active surface area. 
The parameters Eo, b, and R are defined for Eq. 1 and 2 in the text. 

paring them with standard powder diffraction data such as 
Joint  Commission on Powder Diffraction Standards 
(JCPDS) powder diffraction patterns (National Institute of 
Standards and Technology, NIST). All the powder diffrac- 
tion patterns were obtained using an internal standard of 
A1 powders [20 ~m spherical particles, AESER (Johnson- 
Matthey, Inc.)] for calibration of XRD line positions and for 
particle size estimations. The presence of this internal stan- 
dard was evident from its primary diffraction line <200> at 
the 20 position of 44.6 ~ and from smaller diffraction lines 
such as those at 66 ~ (<220> diffraction line) in all the pow- 
der diffraction patterns. 

In situ XANES and EXAFS investigation.--The XAS  
measurements were carried out at the National Synchro- 
tron Light Source (NSLS), Brookhaven National Labora- 
tory (BNL), using the NIST beam line X23A2. The mono- 
chromator was a two-crystal (St <311>, interplaner dis- 
tance 1.9650 A) upwardly reflecting fixed exit  Golov- 
chenko-Cowan design 15'16 with an energy resolution (AE/E) 
of 2 • 10 -4. Based on the monochromator and overall beam 
line configuration, the presence of second harmonics was 
negligible. The absence of second harmonics was con- 
firmed however by taking absorption spectra on sample 
containing elements which had absorption edges at ap- 
proximately twice the energy of the test samples. Hence in 
the Pt L3 edge an Rh K-edge reference (RhC13) sample was 
used. Similarly for the Cr and Mn K-edges, Au and Pb L3 
edges were used. The Ta and Bi L~ edges were used to test 
for second harmonics at the Co and Ni K-edges. The in situ 
XAS on the electrocatalysts was conducted both in trans- 
mission and fluorescence modes. The data acquisition 
setup in the transmission mode comprised of three 12 in. 
ionization chamber detectors [incidence (Io), transmittance 
(It) and a reference (Ir~) detector]. The reference channel 
was primarily for internal calibration of the edge positions 
and was used in conjunction with pure foils of the respec- 
tive elements. In the fluorescence mode, edge positions 
were first established using the appropriate reference foil 
of the pure element in the transmission mode followed by 
switching to the fluorescence data acquisition mode. The 
fluorescence mode however was used only for the measure- 
ment of Cr K-edge XANES. Measurements at all other ele- 

Table II. Structural characteristics of the Pt and Pt alloy 
electrocatalysts, as obtained from XRD studies. 

Secondary phase Lattice parameter Average 
contribution Pt-Pt bond particle size 

E1ectrocatalyst (%) distance, (~) (~) 

Pt/C 5 3.927 35 
(2.777) 

PtMn/C 3 3.898 69 
(2.756) 

PtCr/C 9 3.873 57 
(2.733) 

PtFe/C 2 3.866 58 
(2.733) 

PtCo/C 6 3.854 69 
(2.725) 

PtNi/C 7 3.812 58 
(2.695) 

ment edges were carried out using the transmission mode. 
The gases used in the detectors depended on the element 
being examined. For the Ni K-edge, N2 was used in all the 
chambers. For Pt L3 and L2 edges, N2 was used in the Io and 
Ire~ chambers, in the It chamber a mixture of 50% N2 and Ar 
was used. For Cr and Mn K-edges, 80% He and 20% N2 gas 
mixtures were used in the Io detector chamber. Composition 
of gases in the Io chamber for Fe and Co K-edges was 50% 
He and 50% N2. For the Mn, Fe, and Co K-edges, the It and 
Ire~ chambers were filled with 100% N2. For the Cr K-edge 
the I~r~ (fluorescence) chamber had 100% He. As shown in 
Fig. 1 the in situ electrochemical cell was designed for XAS 
data acquisition in both transmission and fluorescence 
modes. The cell comprised of Plexiglas end plates with 
windows for passing x-ray beam and contained channels 
for incorporation of a calomel reference electrode with a 
built in Luggin capillary in contact with the working elec- 
trode (Pt/C or the binary Pt ahoy electrodes). The saturated 
calomel reference electrode contained a special arrange- 
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Fig. 3. XRD pattern for (a} PtCr/C electrocatalyst. Primary phase 
is Lb type with fcc lattice. Contribution from secondary phase 
{*}(Uo type with tetragonal lattice structure) is - 9 %  and tb) Pt/C 
electrocatalyst. 
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ment of a double Nafion salt bridge to avoid chloride con- 
tamination. The anode and cathode compartments were 
separated using an electrolyte barrier  comprised of Nation 
117 (Du Pont Chemical Co., DE) proton exchange mem- 
brane. The anode comprised of an uncatalyzed carbon elec- 
trode to avoid any interference in the transmitted working 
electrode signal. The test electrodes were prepared b y  a 
vacuum table paper making technique 1~ and contained 
12 % polytetrafluoroethylene (PTFE) binder. The electrodes 
were formulated to yield an absorption length, ~x = i at the 
Pt L3 edge. In most cases, this yielded adequate step- 
heights for the XAS measurements at the respective transi-  
t ion element K-edge in the transmission mode. Only for Cr 
was it necessary to resort to fluorescence measurements. 
Prior to fabrication of these electrodes, the Pt/C and binary 
Pt alloy electrocatalysts were soaked in 2M KOH (PtCr/C) 
or 1M HC1Q (all others) to remove any residual oxides and 
unalloyed first-row transition metal  elements. 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. For the same reason, the suc- 
cess of i n  s i t u  measurements depended on ensuring that  
every part  of the electrode under  study was electroactive 
since any unused electrocatalyst could be in different 
chemical states and thus yield more complicated spectra. 
For this purpose all electrodes were soaked in 1M HC1Q 
(the test electrolyte) for 24 h prior to XAS analysis. This 
acid was selected because of minimum adsorption of its 
anion. The electrocatalytic studies on the Pt and its alloys 
were made in the PEMFCs. The electrolyte in contact with 
the electrode was a perfluorinated sulfonic acid, the anion 
of which does not adsorb on the e]ectrocatalyst3 ~ 

The potential  control for the i n  s i t u  XAS measurements 
was carried out using a potentiostat  (Stonehart Associates, 
Model No. BC-1200) and a function generator (Princeton 
Applied Research Model PAR-175). XAS data were first 
recorded at the Pt L2 and L~ edges and then at the K-edge 
of the respective alloying element. The measurements were 
first made at the open-circuit  potential  and then at poten- 
tials of -0.24, 0.0, 0.3, and 0.6 V v s .  saturated calomel elec- 
trode (SCE) (or 0.0, 0.24, 0.54, and 0.84 V v s .  RHE). a The 
potential  was changed from one value to the next at a 
sweep rate of 1 mV s. -1 The K-edge XAS measurements for 

a Note that all the potentials in this article are given with refer- 
ence to the reversible hydrogen electrode for uniformity. 

the alloying element also were carried out at 0.9 V v s .  SCE 
(1.14 V v s .  RHE) to check for its stability. 

Results and Discussion 
E l e c t r o d e  k i n e t i c  p a r a m e t e r s  f o r  o x y g e n  r e d u c t i o n . -  

Figure 2 shows that the half-cell potential (E) v s .  current 
density (i) data fit the equation n 

E = Eo - b l o g  i - R i  [1] 

where 

Eo = Er + b log io [2] 

In Eq. i and 2, io is the exchange current density for oxygen 
reduction, b is the Tafel slope, Eo is the reversible potential  
for the oxygen electrode reaction, and R represents the re- 
sistance (predominantly the ohmic resistance of the elec- 
trolyte) responsible for the linear variation of potential v s .  
current density plot. Equat ion 1 is valid to the end of the 
linear region of the half-cell potential v s .  current density 
plot. At high current densities, the departure of the E v s .  i 
data from Eq. 1 is due to the rapidly increasing contribu- 
tions of mass-transport  overpotentials. The parameters 
Eo, b, and R were evaluated by a nonlinear least square 
fitting of Eq. 1 to the experimental data. Using the R val- 
ues, the iR-corrected Tafel plots [(E + i R  v s .  log i)] were 
constructed. 

As evident from Fig. 2 all five binary Pt alloys show en- 
hancement of electrocatalytic activity for ORR, as com- 
pared to that on Pt/C electrocatalyst (all electrodes con- 
tained the same Pt loading, 0.3 mg cm 2). The extent of the 
enhancement is expressed quanti tat ively by the values of 
electrode kinetic parameters obtained from half-cell  data 
(Table I). A two- to threefold activity enhancement in 
terms of the geometric surface area of the electrode is indi-  
cated by the values of current density at 900 mV (Table I). 
A similar trend is observed for the values of exchange cur- 
rent density, and the potential at 10 m A c m  -2 (solely, activa- 
tion controlled region). The electrocatalytic activities de- 
crease in the order PtCr/C > PtFe/C > PtMn/C > PtCo/C > 
PtNi/C > Pt/C. The electrocatalytic activity for ORR on the 
Pt/C and the binary alloys of Pt also were calculated on a 
true surface area basis (electrochemically active surface 
area). The electrochemically active surface areas were ob- 
tained from the hydrogen desorption regions of the cyclic 
voltammograms for the Pt/C and the binary alloys of Pt. 
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1.2 The contribution of the alloying element to the roughness 
factor however was difficult to discern and thus it is as- 
sumed to be negligible. In the cyclic voltammetric experi- 
ments the potential range scanned was between 120 mV 
and 1.2 V vs. RHE at a scan rate of 25 mV s -~ with the cell 
operating conditions of 95~ and 5 arm pressure. The cou- 
lombic charge for the desorption of atomic 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 ~C cm 2 for the oxi- 
dation of atomic hydrogen on a smooth Pt surface. Table I 
shows the value of exchange current density based on both 
the geometric as well as the true surface area; electrocata- 
lytic enhancements for ORR to the extent of two- to three- 
fold are indicated on a true surface area basis (the highest 
performance is shown by the PtCr/C alloy). The trends of 
electrocatalytic enhancement by the alloys, on a true sur- 
face area basis, are similar to those based on geometric 
areas. 0.0 
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Fig. 5. XANES spectra at the Pt L3 edge for (a) PICr/C (O), PtMn/C 

(V), PtFe/C (Y) and (b) Pt/C (• PICo/C (n), PtNi/C (ll) relative to 
a Pt reference foil (O) at 0.54 V in 1M HCIO4. 
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Fig. 6. XANES spectra at the Pt L2 edge for (a) PtCr/C (O), PtMn/C 
(V), PtFe/C ( , )  and (b) Pt/C (•), PtCo/C (D), PtNi/C (ll) relative to 
a Pt reference foil (O) at 0.54 V in 1M HCIO4. 

XRD analysis, crystalline structure of alloys.--Compari- 
son of the XRD patterns with those of the standard JCPDS 
powder diffraction data base and Ref. 18-23 shows that the 
PtMn/C, PtCr/C, PtFe/C, PtCo/C, and PtNi/C alloys form 
intermetallic crystalline structures, the primary superlat- 
tice phase being of the type Pt3M (where M is the first-row 
transition alloying element) possessing an LI2 type lattice 
with an fcc structure. Indications of a secondary phase of 
the type PtM possessing an LIo type lattice with tetragonal 
structure is also evident (represented by an asterisk on the 
respective diffraction line). The extent of contribution of 
this secondary phase (Table If), was estimated by the inten- 
sity of the diffraction lines due to the PtM phase [such as 
<001> and <220> diffraction lines in the PtCr/C powder 
diffraction pattern ( Fig. 3a)]. The 2O positions of the <i00>, 
<iii>, <200>, and <220> powder diffraction lines for the 
Pt/C electrocatalysts compare well with the standard 
JCPDS powder diffraction files and Ref. 18 and indicates 
that the electrocatalyst Pt/C has fcc lattice similar to bulk 
Pt (Fig. 3b). The lattice parameters for the Pt alloys, based 
on the Pt3M type fcc lattice (Table II), reveal contractions, 
in comparison to that for the Pt/C electrocatalyst. The 
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Table III. Electronic and geometric parameters for the Pt and Pt alloy electrocatalysts as obtained from 
in situ XANES and EXAFS experiments at 0.54 and 0.84 V vs. RHE. 

Electrode potential 
(0.54 V vs. RHE) 

Electrode potential 
(0.84 V vs. RHE) 

Pt-vt (R) Pt-Vt (R) 
E l e e t r o c a t a l y s t  (hj)t, s (A) Pt-Pt (N) (hj)t, s (A) Pt-Pt (N) 

Pt/C 0.329 2.77 8.7 0.370 2.77 6.8 
PtMn/C 0.331 2.76 7.5 0.344 2.76 8.3 
PtCr/C 0.360 2.71 6A 0.358 2.71 6.1 
PtFe/C 0.368 2.70 6.7 0.370 2.71 6.5 
PtCo/C 0.401 2.68 6.9 0.390 2.68 7.6 
PtNi/C 0.409 2.68 9.1 0.404 2.68 9.5 

(hj)~.,, Pt d-orbital vacancy per atom. 
R, interatomic distance. 
N, coordination number around the first coordination shell. 

lattice parameters decrease in the order Pt/C > PtMnC > 
PtCr/C > PtFe/C > PtCo/C > PtNi/C (Table II). The particle 
sizes, based on x-ray line broadening, were estimated using 
the Scherrer equation 24 and the l lnewidth at half -maxi-  
mum intensity, corrected for instrument-broadening, was 
obtained using the Warrens equation. 2~ The particle sizes 
were obtained from peak broadening of <111> diffraction 
line of the primary phase in the Pt and Pt alloys, relative to 
the <220> diffraction line for 20 ~m spherical particles of 
A1 powder used as an internal standard (20 peak position at 
44.6~ Table II shows that particle size increases due to 
alloying in the order of Pt/C < PtCr/C < PtFe/C, PtNi/C < 
PtCo/C, PtMn/C. 

X A S  I nv e s t i ga t i ons .  X A N E S  a n d  E X A F S  da ta  ana ly -  
s i s . - - O n e  significant aspect of XANES analysis is that  it 
can provide important information on the Pt d -band  va- 
cancies. The d-band  vacancies are derived from an analysis 
of the Pt L3 and L2 white lines. The respective L2 and L3 
edges are due to excitation of 2p~i2 and 2p3/2 electrons. 
These electrons can undergo transitions to empty states in 
the vicinity of the Fermi level. Since the dipole selection 
rules in XANES region restrict transitions to AL = -+ ] ond 
h J  = 0, _+ 1 (L and J are the orbital angular and the total 
angular quantum numbers) the transitions to the d-or-  
bitals are most strongly favored. 2~ For Pt, it has been shown 
that final states with J = 5/2 contribute 14 times more than 
those with Y = 3/2.27,28 The L~ transitions (2p3/2 to 5d~n) are 
thus more favored, by selection rules, than the L2 transi- 
tions (2p~j2 to 5d~/~). The intensity of the Ls and to a lesser 
extent the L2 peaks increase with increase in Pt d-band 
vacancy. From the difference in areas under the Pt L3 and L2 
absorption edges between the sample (Pt/C and Pt alloy 
electrocatalyst) and a pure Pt reference foil, the fractional 
change ~n the number  of d -band  vacancies relative to the 
reference material  (fd) can be estimated using the relation 

(AA3 + 1.11AA2) 
fd = (As + 1.11A2)r [3] 

where hAs and AA 2 are expressed by 

hA2 = (A2~ - A2r) and AA~ = (As~ - A3r) [4] 

The terms A2 and As represent the areas under L2 and L3 
absorption edges of the sample (s) and reference (r) mate-  
rial. The total number of unoccupied d-states, character- 
ized by the total angular moment J [(ha)tota 1 = h3/2 + h5/2] for 
pure Pt, has been evaluated from band structure calcula- 
tions to be 0.3.27,28 Therefore the d-band vacancies of Pt in 
the sample can be evaluated using the equation 

(h~)~o~,~,~m;~o = (I.0 + f~) (h~)~o~,~e~ ...... [5] 

Fundamentals of this methodology are described in de- 
taft by Mansour et al. zg,~0 Previous studies have focused on 
the determination of the Pt d-band occupancy in alumina 
and titania-supported Pt catalyst 29-3~ and on the role of 
small Pt clusters in Y zeolites. 32 This technique therefore 
constitutes a new way of examining the role of the alloying 

element in binary Pt alloys in terms of the d-band  occu- 
pancy of Pt and hence is used in this investigation to eluci- 
date the differences in ORR electrocatalysis on Pt alloys vs. 
Pt/C electrocatalyst. 

The data analysis package used for XANES was the Uni-  
versity of Washington data analysis program. 33 The 
XANES spectra were first subjected to background re- 
moval by fitt ing the pre-edge data to a Victoreen type for- 
mula over a range of 200 to 40 eV below the edge (this range 
was the same for all the samples at both the alloying ele- 
ment and the Pt edges), followed by extrapolation over the 
energy range of interest and subtraction from the data. Af- 
ter removal of background contributions, the spectra were 
corrected for edge-shifts using the second derivatives of the 
inflection points of data from the reference channel (5 ~m 
Pt or alloying element reference foil). The procedures used 
for normalization were similar to those described by Wong 
et  al. 3~ The normalization value was chosen as the ab- 
sorbance at the inflection point of one EXAFS oscillation. 
The spectra were thus normalized by dividing each datum 
point by the normalization value. The edge areas (A2s and 
A3~) were calculated by numerical integration using Simp- 
son's rule. The spectral window for such an integration was 
-i0 to 13 eV, relative to the absorption edge. The denomi- 
nator in Eq. 3, (A3 + i.ii A2)~ was determined according to 
the procedure of Brown et al. 27 All the areas (AA~, AA3, A3r, 
and A2r) were normalized by the x-ray cross section at the 
edge-jump and the density of the absorbing material? 5 

The EXAFS data analysis involved using computer al- 
gorithms developed by Koningsberger and co-workers? 6's~ 
The first step in the analysis of an EXAFS spectrum is the 
extraction of the normalized EXAFS data from the meas- 
ured XAS spectra. The raw data were initially subjected to 
a pre-edge subtraction ( -2  00 to -50  eV relative to the Pt L 3 
edge) using a second-order polynomial. The use of a sec- 
ond-order polynomial instead of a Victoreen type expres- 
sion stemmed from the former's ability to more adequately 
handle contributions of ionization chambers over the 
longer energy range involved in EXAFS analysis. This was 
specially relevant due to dissimilar spectral response of the 
detectors when using different gas compositions} 6 The 
background removal in the postedge region was conducted 
using cubic spline functions over the energy range of +20 to 
+1500 eV at the Pt L3 edge. The normalization factor in the 
EXAFS analysis was taken as the height of the edge-jump 
in the threshold region. This was obtained by determining 
the difference in the heights of the extrapolated back- 
grounds in the pre-edge and postedge regions at the 
threshold region of 50 eV above the absorption edge. The 
isolated EXAFS spectra at the Pt L~ edge for the supported 
Pt and Pt alloy electrocatalysts were of high quality and 
did not require any deglitching. The Fourier filtering and 
analysis of the EXAFS spectra were conducted according 
to the procedure described in detail  elsewhere.3S-4~ The most 
comprehensive analysis of the EXAFS spectra is typically 
done following an inverse Fourier transform to allow anal- 
ysis of k-space amplitudes and isolation of the primary 
coordination shells of interest. The isolation of a limited 
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Fig. 7. EXAFS spectrum at the 
Pt L3 edge recorded at 0.54 V for 
(a) PtCr/C alloy and (b) PtMn/C 
alloy. 

number of shells in r-space allows, as part of the inverse 
Fourier tranform, a reduction in the number of parameters 
that  must be determined. The analysis of the EXAFS spec- 
trum for the alloys was therefore carried out as one, two, 
and three shell fits using an iterative least square fitting 
technique. 41 For fitting the sample data from the Pt/C and 
the binary Pt alloys under in situ conditions, phase and 
amplitude parameters from standard materials as well as 
those calculated theoretically using University of Washing- 
ton FEFF programs (Version 4.08) were employed? 2 The 
standard reference material  used in this work was the liq- 
uid N2 data for a pure Pt foil (5 Ixm thick) and the octahe- 
drally coordinated complex, Na2Pt(OH)6, for the Pt-Pt  and 
Pt-O phase and amplitude parameters, respectively. The 
Pt-M phase and amplitude parameters were obtained from 
theoretical calculations using the FEFF programs 42 based 
on Cartesian coordinate inputs for an fcc lattice structure 
(assumption based on previous results using XRD). In these 
theoretical calculations, an So 2 value of 0.87 was used 
throughout. 

Electronic and structural characteristics from in situ 
X A S  investigations.--As stated in the Experimental  sec- 

Table IV. Fourier transformation ranges of the forward and inverse 
transforms (E 3 weighted) for Pt/C and Pt alloy electrocatalysts 

at the double-layer and oxygen reduction regions. 

(0.54 V v s .  RHE) (0.84 V vs. RHE) 
Electrocatalyst Ak (A -1) Ar (,s Ak (A 1) hr (A) 

Pt/C 3.49-14.23 1.40-3.05 3.26-14.15 1.3 -3.04 
PtCr/C 3.15-14.71 1.41-3.41 3.15-14.71 1.50-3.41 
PtMn/C 3.70-14.22 1.21-3.61 2.73-17.42 1.04-3.52 
PtFe/C 3.45-17.14 1.50-3.40 3.68-17.45 1.50-3.40 
PtCo/C 3.22-14.61 1.50-3.50 3.22-14.76 1.50-3.40 
PtNi/C 3.55-14.64 1.50-3.50 3.55-14.85 1.30-3.50 
Fourier transformation ranges of the forward and inverse transforms 

for reference standards. 

Reierence Standard Ak (h 1) Ar (~) N1~f Rref 

Pt foil (Liq. N 2 T e m p . )  3.55-19.22 1.04-3.52 12 2.774 
(Pt-Pt standard) 
Na2Pt(OH)6; (Liq. N2 Temp.) 3.52-17.18 1.05-2.40 6 2.052 
(Pt-O standard) 
Pt-Cr standard 3.30-19.50 1.40-3.10 12 2.774 
(FEFF program) 
Pt-Mn standard 3.30-19.45 1.40-2.92 12 2.774 
(FEFF program) 
Pt-Fe standard 3.14-18.14 1.45-2.95 12 2.774 
(FEFF program) 
Pt-Co standard 2.92-19.17 1.40-3.40 12 2.774 
(FEFF program) 
Pt-Ni standard 2.55-19.25 1.50-3.50 12 2.774 
(FEFF program) 

tion, the XAS studies were conducted on the test electrodes 
in a liquid electrolyte rather than at their interfaces with 
proton exchange membrane, to ensure that  all the electro- 
catalyst particles were electroactive. For this purpose, 
perchloric acid was used as the electrolyte of choice be- 
cause of minimal anion adsorption of this acid on Pt (per- 
fluorinated sulfonic acid, the anion in the proton exchange 
membrane, possesses similar properties). Preliminary re- 
sults using other liquid electrolytes such as H2SO4 exhib- 
ited interference in the Pt L3 white line due to the adsorp- 
tion of HSO4 species (Fig. 4a). This interference was not 
only observed at the double-layer region (Fig. 4a) but over 
the entire range of potentials, including a potential as low 
as that at which hydrogen evolution occurs. Detailed 
XANES and EXAFS analyses at 0.54 V (double-layer re- 
gion) provided the desired potential region for comparing 
the different Pt alloys in terms of electronic and geometric 
parameters with those of the Pt/C electrocatalyst, without 
interference from any type of ionic adsorption or other ef- 
fects (Fig 4b). Besides this, detailed XANES and EXAFS 
analyses were conducted at 0.84 V, since this potential lies 
in the activation controlled region of the Tafel polarization 
plot for ORR. The electronic and geometric parameters ob- 
tained from XAS analysis at this potential were of interest 
in terms of their comparison with the corresponding values 
at the double-layer region. Figures 5 and 6 show the in situ 
XANES of Pt L3 and L2 edges at 0.54 V (after necessary 
steps of background removal, edge correction, and normal-  
ization) for the Pt/C and the five binary alloys of Pt. As 
evident from these figures, the magnitude of the white line 
determined at a potential in the double-layer region 
(0.54 V) is greater for the alloys (with the exception of 
PtMn/C) as compared to the Pt/C electrocatalyst. This is 
evident from the broadening of the white line for the PtCr/  
C and an increase in the white line intensity exhibited by 
PtFe/C, PtCo/C, and PtNi/C alloys relative to Pt/C electro- 
catalyst at the Pt L~ edge (Fig. 5). The calculated values of 
the Pt d-band character, evaluated from the areas under 
the Pt L3 and L2 edges, are enumerated in Table III. 
The order of increase in the value of the Pt d-band vacan- 
cies per atom follows the trend Pt/C, PtMn/C < PtCr/C < 
PtFe/C < PtCo/C < PtNi/C. This trend shows that with the 
exception of PtMn/C alloy there is an increase in the d-  
band vacancy of Pt (5 d-orbital) and that  this increase de- 
pends on the electron affinity of the alloying element. The 
reason for the PtMn/C alloy to be an exception is due pri- 
marily to the stable 3s24d ~ electronic configuration of Mn. 
The effect of the alloying element on the Pt-Pt bond dis- 
tance was obtained by analyzing the Fourier transform of 
the EXAFS at the Pt L3 edge. Figure 7 shows the represen- 
tative plot for the isolated EXAFS spectrum at the Pt L3 
edge for the PtCr/C and PtMn/C alloys at a potential  of 0.54 
V. The EXAFS analysis involved Fourier filtering of the 
isolated EXAFS spectra (Pt L3 edge) using k-space win- 
dows (hk range) as described in Table IV. The correspond- 
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ing Fourier transform allowed isolation of a limited num- 
ber of shells by an inverse Fourier transform for analysis 
using iterative least square fitting with the experimentally 
and theoretically derived phase and amplitude parameters 
from standards. The windows in r-space used to perform 
the inverse Fourier transform for the Pt and Pt alloys are 
given in Table IV. 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 was fit using a simple 
Pt-Pt coordination shell. Similarly the Pt alloy data were 
fit to a two-shell model consisting of Pt-Pt and Pt-M con- 
tributions. At 0.54 V this approach was successful. Exam- 
ples of fits in the k and r-space are given in Fig. 8, which 
shows the representative two-shell fits for the PtCr/C alloy. 
The EXAFS analysis therefore indicated no Pt-O interac- 
tions in any of the samples at 0.54 V. The Pt/C data could be 
fit to a simple Pt-Pt single-shell model. The alloy data 
could be fit to a two-shell Pt-Pt, Pt-M model. Since there 
are no Pt-O interactions, it can be concluded that all the 
changes in the d-orbital vacancies are attributable to the 
alloying element. Tables V and VI show the results of this in 
situ EXAFS analysis. The error limits in the EXAFS analy- 
sis (Tables V-VII) were obtained according to procedure 
described elsewhereJ ~ For single-shell fits the limits of er- 
ror ranged between 1 and 8% for N and 0.005 to 0.01 A for 
R. For two-shell fits the error limits were t:fpically in the 
range of 5 to 14% for N and 0.007 to 0.012 A for R. 

Comparison of the Pt-Pt bond distances indicates a con- 
traction as a result of alloying. The Pt-Pt bond distances 
determined from XRD and in situ EXAFS analysis at 
0.54 V exhibit good agreement (Tables II and III) and follow 
the same trend. In addition there is an inverse relationship 
between the Pt-Pt  bond distance in the electrocatalysts and 
their Pt d -band  character (Table III). The coordination 
numbers obtained for the Pt/C and Pt alloy electrocatalyst 
were lower than those expected for corresponding bulk 
samples. The primary reason for this behavior is based on 
particle sizes of the Pt and Pt alloy crystallites. As a result, 
the Pt/C electrocatalyst exhibits a coordination number of 
-9 instead of 12 (bulk sample). Similarly the coordination 
numbers around Pt in the alloys (sum of Pt-Pt and Pt-M) 
range between ~9 and ii instead of 12 for the bulk phase. 

Figures 9 and I0 show the Pt L3 and L2 XANES spectra 
at 0.84 V (oxygen reduction region) for carbon supported Pt 
and Pt alloy electrocatalysts. Comparison of Pt L3 XANES 
(Fig. 5 and 9) at the two potentials of 0.54 and 0.84 V, reveal 
significant increase in the intensity of the Pt L3 white line 
for Pt/C electroeatalyst. Table III provides a measure of the 
extent of increase in the Pt d-band vacancy per atom for 
Pt/C electrocatalyst as a result of this change in potential. 
In Pt alloys, however, such an increase in the Pt d-band 
vacancy does not occur (with the exception of PtMn/C al- 
loy, wherein a small increase was observed). The increase in 
the value of Pt d-band vacancy for the Pt/C electrocatalyst 

in contrast to those in the Pt alloys can be rationalized on 
the basis of results from EXAFS analysis at both 0.54 and 
0.84 V. Comparison of the Fourier transforms of the EXAFS 
spectra at 0.54 and 0.84 V for Pt/C electrocatalyst (Fig. l l a )  
shows peaks due to presence of oxygenated species at low 
R values (<2 A) at 0.84 V. This also causes a decrease in the 
number of Pt-Pt interactions at 0.84 V as shown by the 
lower magnitudes of transformation at this potential 
(Fig. lla). In contrast to this a similar comparison for the 
Pt alloys shows virtually no difference as a result of this 
potential change. This is illustrated by the representative 
plot for PtCr/C alloy in Fig. llb. This fact can be further 
illustrated in Fig. 12a, which shows a single-shell Pt-Pt fit 
of the Pt/C sample data at 0.84 V. This figure shows devia- 
tions from the fit at low R values which are attributed to 
the presence of chemisorbed oxygen on the Pt/C electrocat- 
alyst. In contrast, a two-shell fit, using the Pt-Pt and the 
Pt-O standards, gives an excellent fit (Fig. 12b), thus con- 
firming the earlier hypothesis. Table V lists the correspond- 
ing results of the EXAFS analysis. These results on the Pt/C 
electrocatalysts are in agreement with the results from pre- 
vious XAS investigations on the Pt/C electrocatalysts. 44 
Further, cyclic voltammetric experiments together with 
theoretical and experimental investigations of the ORR 
mechanism 4~'46 show the increase of coverage by OH or O 
species at potentials higher than 0.80 V and the effect of a 
Temkin type adsorption isotherm on the electrode kinetic 
parameters. The contrasting results on the Pt alloys (with 
the exception of PtMn/C alloy) appears to be due to the 
electronic properties of Pt remaining practically identical 
at the potentials of 0.54 and 0.84 V. This is confirmed in Pt 
alloys, since the Pt L3 EXAFS data at 0.84 V could still be 
fit to a simple two-shell Pt-Pt and Pt-M fit. It was not 
necessary to include a Pt-O contribution indicating in- 
significant oxidation of Pt at 0.84 V. Attempts for three- 
shell fits with the Pt-Pt, Pt-M, and Pt-O standards at 0.84 V 
failed to provide a better fit for all the binary Pt alloys 
including the PtMn/C alloy. Figure 13 illustrates the qual- 
ity of two-shell fits in the k and r-space for PtCr/C alloy at 
0.84 V. The corresponding values of N, R, ha  2, and AEo for 
the Pt-Pt  and Pt=M coordination shells in the Pt alloys at 
0.84 V are listed in Table VII. Even though analysis of the 
EXAFS failed to reveal any oxygenated species chemi- 
sorbed to the Pt surface on the PtMn/C alloy the XANES 
data indicated some adsorption of OH, albeit to a lesser 
extent than on the Pt/C electrocatalyst (Table III). Further, 
there is no change in the bond distance for all electrocata- 
lysts when the potential is increased from 0.54 to 0.84 V 
(Tables III-VII). With the exception of Pt/C there is no 
change in the Pt-Pt coordination numbers on going to 
0.84 V (Tables III and V). 

Correlations of results of electrochemical and XAS  stud- 
ies.--Our main objective here is to see if there are any cor- 
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Table V. Results of in situ EXAFS analysis at the Pt L3 edge for supported Pt/C elec~ocatalyst at 0.54 and 0.84 Y vs. RHE. 

EXAFS parameter at 
0.54 V vs. RHE 

EXAFS parameter at 
0.84 V vs. RHE 

Coordination R R 
shell N (,~) A~ 2 hEo N (A) h~  2 hEo 

Pt-Pt 8.66 2.773 0.0044 -0.88 6.73 2.773 0.0048 -0.20 
Pt-O 1.69 2.037 0.0042 2.48 

Errors were typically 1 to 8% (N) and 0.005 to 0.01 A (R) for single-shell fits. 

Table VI. Results of in situ EXAFS analysis at the Pt L3 edge for supported Pt alloy electrocatalysts at 0.54 V vs. RHE. 

Coordination 
shell 

EXAFS Alloying element 
parameter Mn Cr Fe Co Ni 

Pt-Pt  

Pt-M 

N 7.52 8.53 6.71 6.94 9.12 
R 2.762 2.713 2.701 2.684 2.683 

h~r 2 0.00574 0.00663 0.00341 0.00575 0.00722 
AEo 1.04 5.20 9.45 5.48 7.55 
N 2.75 2.78 2.98 2.48 2.72 
R 2.682 2.690 2.640 2.631 2.613 

A~r 2 0.00226 0.00392 0.00654 0.00613 0.01141 
AEo -8.11 -7.58 -6.51 -8.37 -9.12 

Errors were typically 5 to 14% (N) and 0.007 to 0.012/i  (R) for two-shell fits. 

Table VII. Results of in situ EXAFS analysis at the Pt L~ edge for supported Pt alloy electrocatalysts at 0.84 V vs. RHE. 

Coordination 
shell 

EXAFS Alloying element 
parameter Mn Cr Fe Co Ni 

Pt-Pt  

Pt-M 

N 8.31 8.82 6.40 7.62 9.45 
R 2.762 2.713 2.711 2.684 2.683 

Ar ~ 0.00624 0.00693 0.00392 0.00624 0.00773 
AEo 0.92 5.92 3.17 5.39 7.59 
N 2.86 2.89 2.43 2.34 3.34 
R 2.681 2.700 2.652 2.631 2.583 

h~r 2 0.00291 0.00376 0.00276 0.00593 0.01432 
AEo -7.38 -8.79 -10.06 -8.45 -6.97 

Errors were typically 5 to 14% (N) and 0.007 to 0.012 .& (R) for two-shell fits. 

r e l a t ions  b e t w e e n  t he  e lec t rode  k ine t i c  p a r a m e t e r s  a n d  t he  
e lec t ron ic  a n d  geomet r i c  c h a r a c t e r i s t i c s  of t he  P t  a n d  P t  
a l loy e lec t roca ta lys t .  The  Tafel  s lope in  t he  r eg ion  of p o t e n -  
t ia l  for  fuel  cell  o p e r a t i o n  does no t  show any  d e p e n d e n c e  on  
c h a n g e  in  the  e lec t ron ic  a n d  s t r u c t u r a l  p a r a m e t e r s  as a 
r e su l t  of a l loy ing  P t  w i t h  t he  f i r s t - r o w  t r a n s i t i o n  e l emen t s  
(see resu l t s  in  Tables  I a n d  III). However ,  t he  e l e c t r oca t a -  
ly t ic  ac t iv i t i es  show a dependence ,  as seen  f rom the  io a n d  
ig00mV va lues  in  Tab le  I a n d  t he  P t  5 d - o r b i t a l  v a c a n c y  pe r  
a t o m  (hj)t,s a n d  P t - P t  (R) va lues  in  Table  III. The  c u r r e n t  
dens i ty  a t  900 mV in  t he  fue l  cell  is close to t h e  o p e n - c i r c u i t  
po ten t i a l .  A t  th i s  p o t e n t i a l  t he  on ly  c o n t r i b u t i o n  to t he  
o v e r p o t e n t i a l  is t he  a c t i v a t i o n  o v e r p o t e n t i a l  for  t he  oxygen  
electrode.  F o r  a n  i l l u s t r a t i o n  of t he  role  of e lec t ron ic  a n d  
s t r u c t u r a l  p r o p e r t i e s  in  the  e l ec t roca ta lys i s  of oxygen  re -  
duc t i on  on  P t  a n d  P t  alloys,  p lo t s  were  m a d e  of log ig00r.V VS. 
(h~)t.s a n d  P t - P t  (R) b o n d  d i s t ances  (Fig. 14). Volcano t ype  
b e h a v i o r  for  oxygen  r e d u c t i o n  in  t he se  p lo t s  is s im i l a r  to 
t h a t  obse rved  ea r l i e r  b y  A p p l e b y  4~ in  p h o s p h o r i c  acid.  The  
p r i m a r y  d i f fe rence  b e i n g  t h a t  t he  ea r l i e r  s tud ies  i n v o l v e d  
the  co r r e l a t i on  of the  e l ec t rochemica l  p e r f o r m a n c e  w i t h  
e x  s i t u  m e a s u r e m e n t s  (XRD) for  the  P t - P t  b o n d  d i s t ance  1 
a n d  c a l c u l a t e d  va lue  of p e r c e n t a g e  d - b a n d  charac te r ,  45 
whe rea s  in  t h i s  s t u d y  the  vo lcano  p lo t s  are  de r ived  f r o m  a n  
ac tua l  in  s i t u  co r r e l a t i on  i n v o l v i n g  b o t h  t he  P t - P t  d i s t ances  
a n d  the  d - b a n d  e lec t ron ic  p roper t i e s .  The  t heo r e t i c a l  bas i s  
of vo lcano  b e h a v i o r  4~ i nd i ca t e s  t h a t  a t  a f ixed  Po2 a n d  {H+}, 
the  r a t e  (10g i) s h o u l d  i l l u s t r a t e  a s c e n d i n g  a n d  d e s c e n d i n g  
l i n e a r  f u n c t i o n s  of AGoE w i t h  t he  m a x i m u m  b e i n g  a t  
AGo~ = 0. This  a p p r o a c h  the re fo re  impl ies  t h a t  the  Pt /C,  
P t M n / C  e lec t roca ta lys t s  h a v e  h i g h  o v e r p o t e n t i a l s  w i t h  

AGoH < 0 fo l lowed  by  P t C r / C  w i t h  AGoH - 0 a n d  P tFe /C,  
P tNi /C ,  P tCo /C  e lec t roca ta lys t s  a g a i n  h a v i n g  h i g h  ove rpo -  
t e n t i a l s  w i t h  h G o ~  > O. 

F r o m  t he  r e su l t s  s h o w n  above,  t he re  are  p r i n c i p a l l y  t h r ee  
i n t e r r e l a t e d  fac to r s  c on t ro l l i n g  t h e  e lec t roca ta lys i s  of oxy-  
gen  r e d u c t i o n  reac t ion .  These  are  (i) t he  vacanc i e s  of t he  P t  
5 d - o r b i t a l s ,  (it) t he  P t - P t  b o n d  d is tance ,  a n d  (iii) t he  ad -  
s o r p t i o n  cha ra c t e r i s t i c s  of t he  o x y g e n a t e d  species f rom the  
e lec t ro ly te  solut ion.  The  i n t e r p l a y  of a r e d o x  type  process  
was ,  however ,  r u l ed  o u t  on  t he  bas i s  t h a t  pos i t i on  of t h e  
K-edge  X A N E S  of a l loy ing  e l emen t s  was  una f f ec t ed  as a 
r e su l t  of p o t e n t i a l  t r a n s i t i o n  f rom 0.54 to 0.84 V (Fig. 15- 
19). A c h a n g e  in  t he  o x i d a t i o n  s ta te ,  expec t ed  as a r e su l t  of 
a r e d o x  type  process  is t he re fo re  absen t .  This  is i l l u s t r a t e d  
in  t he  P t N i / C  al loy e lec t roca ta lys t ,  w h e r e  t he re  is no  
c h a n g e  in  the  Ni K-edge  X A N E S  in  the  p o t e n t i a l  r eg ion  of 
0.0 to 1.14 V vs .  RHE (Fig. 15). I t  also i n d i c a t e s  t h a t  t he re  is 
no  cor ros ion  of Ni  a t  pos i t ive  po ten t i a l s .  In  t he  case  of 
P t C r / C  e lec t roca ta lys t ,  t he re  was  st i l l  m u c h  r e s idua l  Cr ox-  
ide, even  a f t e r  t he  KOH t r e a t m e n t ,  w h i c h  y ie lded  a ye l low 
c h r o m a t e  solut ion.  This  cou ld  be  seen in b o t h  the  Cr 
E X A F S ,  w h i c h  e x h i b i t e d  a Cr-O p e a k  a n d  in  the  X A N E S  
spec t r a  (Fig. 16). This  obscures  t he  i n t e r p r e t a t i o n  of the  Cr 
da ta .  However ,  t h e r e  was  no  o b s e r v a b l e  edge sh i f t  or in -  
crease  in  t h e  Cr w h i t e  l ine,  as ev iden t  f rom the  spec t r a  a t  
0.54 a n d  0.84 V. In  the  M n  a n d  Fe  alloys,  t h e r e  was  some 
inc rease  in  the  w h i t e  l ine  a t  0.84 V (as c o m p a r e d  w i t h  t h a t  
a t  0.54 V) w i t h o u t  any  c h a n g e  in  t he  edge posi t ion .  This  
m a y  ind i ca t e  a d s o r p t i o n  of oxygen  species  or  the  onse t  of 
co r ros ion  (Fig. 17-18). A t  1.14 V, t h e r e  was  a s l igh t  inc rease  
in  the  Co X A N E S  w h i t e  l ine  (Fig. 19), i n d i c a t i n g  the  onse t  
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1.2 of corrosion. In all cases there was no evidence of a redox 
process in the oxygen reduction potential region. 

It is evident that the partly filled d-orbitals and bond 
distances of the transi t ion elements play an important  role 
in the oxygen reduction electrocatalysis. The first reports 
of this fact 4~'4~ were based on correlation of calculated val- 
ues of the percentage d-orbi ta l  vacancies (using Pau]ing's 
equation 48) and bond distances obtained from XRD analy- 
sis for the transit ion elements such as Au, Pt, Pd, Ir, Rh, Ru, 
Os, etc., with the electrochemical performance characteris- 
tics which exhibited the volcano type behavior. Results 
from this study support these earlier correlations and 
provide the framework for altering the electronic and geo- 
metric parameters of catalytically active surfaces by alloy- 
ing Pt with first-row transit ion elements. Further f ine-tun-  
ing of the ORR electrocatalysis may be possible via 
formation of ternaz:f alloys.49 

Conclusions 
From the results presented above it is evident that ORR 

electrocatalysis depends primarily on the interplay of elec- 
0,0 

g 
. 0.8 

"~ 0.4 o 

I I r 

-10 10 20 30 
Energy Relative to the PI L 2 Edge (13274 eV) 

1418 J. Electrochem. Soc., Vol. 142, No. 5, May 1995  9 The Electrochemical Society, Inc. 

.g 

0 
. o  < 
" 0  ID 

0 
Z 

1.2 

0.8 

0.4 

0.0 

o  9 
u 

o I 
v 

o  9 

o; 
01 

ol l  
olw 

~ e  
o ~  ," 

I I I 1 

-10 0 10 20 
Energy Relative 1o the Pt L~ Edge (11564 eV) 

30 

(a) 

1.2 
e-. 

o 

8- 
O r 

,< 0.8 

.N 

0 
z 0.4 

0,0 

# 
# 

J 
1 1 I I 

-10 0 10 20 
Energy Relative to the Pt L z Edge (11564 eV) 

30 

Co) 

Fig. 9. XANES spectra at the Pt L3 edge for (a) PICr/C (O), PtMn/C 
(V), PtFe/C (V) and (b) Pt/C (&), PICo/C (F1), PtNi/C (Ig} relative to 
a Pt reference foil ( 9 at 0.84 V in 1M HCIO4. 
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Fig. ] 0. XANES spectra at the Pt 1.2 edge for (a) PtCr/C (0), PtMn/C 

(V), PtFe/C (V) and (b) Pt/C (&}, PtCo/C ([]), PtNi/C (11) relative to 
a Pt reference foil ( 9 at 0.84 V in ]M HCIO4. 

ironic and geometric parameters, which in turn controls 
the adsorption of OH species from the electro]yte at poten- 
tials above 0.80 V. The role of electronic factors in electro- 
catalysis can be better appreciated by considering the 
changes in the work function of the Pt atom due to alloying. 
The work function can be directly related to the metal (Pt) 
adsorbate bond strength (DM_Ad~). The metal-adsorbate 
bond strength in turn  can be related to the electronegativ- 
ity of the catalytically active metal surface via Pauling's 
equation, as used by Eley ~~ 

DM-Aa~ = 1/2(DM_M + DAds_Ads) + 23.06(XM -- Xads) 2 [6] 

where the D M _  M and DAd~ Ad~ are the metal-metal and adsor- 
bate-adsorbate bond strength and the X~ and XAd~ are the 
electronegativities of the metal and the adsorbate. Since 
XAd~ is the only variable in the above equation, it implies 
that any change in the electronegativity of Pt results in 
changes in the Pt-OH bond strength. This could partly ex- 
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Fig. 11. Forward Fourier trans- 
form (k 3 weighted) at potentials 
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experimental data, (--) fit, k 3 
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plain the lack of affinity for OH chemisorption on Pt sur- 
face in the alloys at potential above 0.80 V. 

Sensitivity of the ORR activity to bond distances has 
been independently 1'45'51 established. As shown by Chen 
and Gerwith, ~I underpotential deposited (UPD) layers of Bi 
on Au cause variations in bond distances and hence the 
bond strength of the intermediates during H202 reduction, 
thereby effecting the activation energy and reaction order 
for the reduction step. Similarly, the sensitivity of the Pt-Pt 
coordination numbers toward the ORR has been pointed 
out previously ~z based on investigations of supported Pt 
electrocatalysts. According to this investigation, higher 
ORR electrocatalytic activity may be caused by higher 
concentration of crystallites with low Pt-Pt coordination 
numbers. 

The following conclusions can be drawn from the results 
of the present work. 

I. The kinetic parameters for ORR electrocatalysis ob- 
tained at 95~ and 5 atm pressure in PEMFC indicate a 
two- to threefold enhancement for the binary Pt alloys as 
compared to the base line perlormance of the Pt/C electro- 
catalyst (the Pt loading in all the electrodes remaining con- 
stant at 0.3 mg cm-2). This was observed for the exchange 
current density, current density at 900 mV, and potential at 
i0 mA cm -~, based on geometric and true surface areas 
(electrochemically active surface area of Pt). Among the 
binary Pt alloys, the highest performance was shown by the 
PtCr/C alloy electrocatalyst. 

2. The XRD studies reveal that alloys of Pt with base 
transition elements of group VIB to VIIB (Cr to Ni) primar- 
ily possess the Pt3M phase with the LI2 type fcc lattice 
structure and a secondary phase (only small contribu- 

tions of 2 to 9% from this phase) of the PtM type with LIo 
type tetragonal lattice structure. This formation of an in- 
termeta]lic alloy therefore causes a contraction in the 
Pt-Pt  bond distance. In addition, the sizes of the alloy par- 
ticles exhibit  a 1.6 to twofold increase over that  on the Pt/C 
electrocatalyst. 

3. The in  s i tu  XANES investigation at a potential in the 
double-layer region (0.54 V) reveals that  the d-band  vacan- 
cies of the Pt 5 d-orbi tal  (with the exception of PtMn/C) are 
higher for the alloys than for Ft/C electrocatalyst. As ex- 
pected, the change in the d-orbi ta l  vacancies follows the 
same trend as the electronegativity variations of the alloy- 
ing element. EXAFS investigations at a potential in the 
double-layer region show lattice contractions for the Pt-Pt 
bond distances in the alloys which are in agreement with 
those obtained from the XRD investigations. At a potential 
of 0.54 V in HCIO4 there was no indication of any chemi- 
sorbed oxygenated species on any of the electrocatalysts 
(Pt and Pt alloy electrocatalyst). The Pt-Pt bond distance 
and the Pt 5 d-band vacancies in the Pt alloys exhibited a 
smooth and inverse relationship indicating the close inter- 
play of the geometric and electronic factors. 

4. Comparison of the in s i tu  XANES and EXAFS inves- 
tigation at 0.54 and 0.84 V revealed that the Pt/C electro- 
catalyst, in contrast to Pt alloys (with the exception of 
PtMn/C alloy to some extent), shows a significant increase 
in the d-band vacancy as a result of such a potential transi- 
tion. This could be accounted for by the lack of affinity of 
OH chemisorption on the Pt in Pt alloys, unlike that on the 
Pt/C electrocatalyst. This fact is also evident by compari- 
son of the in  s i tu  EXAFS results at the two potentials. The 
principal factors responsible for this behavior are the 
changes in the d-band vacancy, which affects the elec- 
tronegativities/electron affinities of the Pt atom in the al- 
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Fig. 13. A two-shell fit (Pt-Pt 
and PI-Cr) for the EXAFS of PtCr/ 
C sample at 0.84 V in (a) r-space 
and (b} k-space. The fits are k 3 
weighted with the sample data 
denoted by [(...) in r and(O) in k 
space] andthe fit data by [(--) in 
r and (@) in k space]. 
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loys and the presence of the alloying element with a greater 
affinity to adsorb any oxygenated species. Thus, there are 
more surface sites for adsorption of molecular dioxygen on 
the Pt surface in the alloys than on Pt/C electrocatalyst. 
The Pt-Pt  bond distances and the coordination numbers 
obtained by the in  s i t u  EXAFS analysis at the two poten- 
tials (0.54 and 0.84 V), do not show any significant varia- 
tions for the alloys; in contrast Pt/C electrocatalyst ex- 
hibits variation in the Pt-Pt  coordination numbers (the 
bond distances remaining the same) at the two potentiMs 
due to the adsorption of OH species from the electrolyte 
solution at the higher potential. 

5. Plot of electroeatalytie activity (ig00mV) VS. the elec- 
tronic (Pt d -band  vacancies per atom) and geometric 
parameters (Pt-Pt bond distances) exhibit a volcano type 
behavior. PtCr/C lies at the top of the curve, revealing the 
fact that, among the electrocatalysts investigated, it has the 
best combination of both the Pt d -band  vacancies as well 
as the Pt-Pt  bond distance. The volcano type relationship 
implies that AGo~(Ad~) is close to zero for the PtCr/C alloy 
and greater than zero for the PtFe/C, PtCo/C, and PtNi/C 
alloys. PtMn/C and Pt/C iie on the ascending part of the 
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Fig. 14. Correlation of oxygen electrode performance (Log 400 mV, 
mA cm -2) of Pt and Pt alloy electrocatalysts in PEMFC with Pt-Pt bond 
distance {@} and the d-orbital vacancy of Pt {O} obtained from in situ 
XAS. 

volcano curve implying hGo~(Ads) < 0 as a result of which 
they are expected to show OH adsorption in the oxygen 
reduction region. The Pt atom in the Pt/Mn alloy, however, 
did not indicate the presence of any oxygenated species in 
the in  s i t u  EXAFS analysis, which is primarily due to the 
fact that the change in the d -band  vacancy was not as 
significant at 0.84 V as compared to the Pt/C electrocata- 
lyst. However, the presence of oxygenated species at higher 
potentials can be expected assuming a Temkin type 
isotherm for OH adsorption in this part of the volcano 
c u r v e .  
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