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Abstract 

Enhanced electrocatalysis of the oxygen reduction reaction (ORR) on carbon-supported binary and 
ternary alloys of Pt in phosphoric acid fuel cells has been reported previously. This investigation focuses 
on the electrocatalysis of the ORR on some binary alloys of Pt (Pt+Ni, Pt+Cr  and Pt+Co) at 
interfaces with proton exchange membranes (Dow perfluorinated sulfonic acids). Comparison of the 
results of these studies with those on carbon-supported Pt electrocatalysts (electrodes containing same 
Pt loading of 0.3 mg/cm 2) revealed enhanced activities, lower activation energies and different reaction 
orders for all the alloys. X-ray powder diffraction showed lattice contractions for the alloys, the 
predominant phase being Pt3M (LI 2) f.c.c, crystallite. X-ray photoelectron spectroscopy studies on the 
constituent elements of the electrocatalyst showed no chemical energy shifts owing to alloying and/or  
the presence of oxides on the surface. Lifetime evaluations of proton exchange membrane fuel cells, 
using both electrochemical as well as scanning electron microscopy/energy-dispersive X-ray analysis 
techniques, revealed only small amounts of dissolution of the more oxidizable component during the 
testing periods, which ranged from 400 to 1200 h. Therefore, the enhanced electrocatalysis exhibited by 
the binary Pt alloys appears to originate primarily as a result of changes in the lattice structure owing to 
alloying and the unique environment of the supported catalyst in the particle size range 35-75 ,~. 

INTRODUCTION 

In  t h e  1950s a n d  1960s, a m a j o r  c o n t r i b u t i o n  was  m a d e  by Bockr i s  a n d  

c o w o r k e r s  [1] o n  t h e  ro l e  o f  e l e c t r o n i c  a n d  g e o m e t r i c  f ac to r s  in t h e  e l ec t roca t a ly s i s  

o f  h y d r o g e n ,  o x y g e n  a n d  o r g a n i c  e l e c t r o d e  r eac t i ons ,  b o t h  in r e s p e c t  to  t h e  

t h e o r e t i c a l  a n d  e x p e r i m e n t a l  aspec ts .  T h e s e  s tud ies  s h o w e d  tha t ,  by us ing  a l loy 

e l ec t roca ta lys t s ,  t h e  r a t e s  o f  such  r e a c t i o n s  c o u l d  be  g rea t ly  e n h a n c e d .  

* Dedicated to Professor John O'M. Bockris on the occasion of his 70t h birthday and in recognition of 
his contribution to electrochemistry. 
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Subsequent studies in the 1970s and 1980s have shown that there are significant 
improvements in performance in phosphoric acid fuel cells (PAFC) by using alloys 
of Pt with base transition elements such as V, Cr, Ti instead of Pt as electrocata- 
lysts for the cathodic oxygen reduction reaction (ORR) [2-4]. The alloy electrocat- 
alysts were supported on high surface area carbon, as was the case with Pt 
electrocatalysts, and were used for the fabrication of porous gas diffusion elec- 
trodes. The enhancement of the activity by a factor of 2 to 3 at 180-200°C (the 
operating temperature range in PAFCs) over that on the carbon-supported plat- 
inum electrocatalysts [2,3] has been reported, in spite of the fact that the necessary 
heat-treatment caused a lowering of the specific Brunauer-Emmett-Teller (BET) 
surface area from 130 to 50 m2/g. Thus, in the state-of-the-art PAFCs, binary or 
ternary alloys of Pt with transition metals serve as electrocatalysts for the ORR. 

Even though reports of activity enhancement using supported Pt alloy electro- 
catalysts in PAFCs date back to the early 1980s, the exact mechanism of their role 
in the electrocatalysis of oxygen reduction is not yet fully understood. One of the 
first attempts to elucidate the mechanism involved correlating the electrocatalytic 
activity with the bond strength of the adsorbate [5]. The Pt-Pt interatomic distance 
in the alloy was related to the strength of the M-HO~ads ) bond, i.e. the intermedi- 
ate formed in the rate-determining step of molecular dioxygen reduction 

0 2 + H++ e-  ~ HO2(ads) 

This correlation, which can be regarded as a fine tuning of the basic volcano plot 
[6], was used to show that the lattice contractions resulting from alloying resulted 
in a more favorable Pt-Pt  spacing (while maintaining the favorable Pt electronic 
properties) for the dissociative adsorption of 0 2. Glass et al. [7], in their investiga- 
tions on the bulk alloys of Pt + Cr (binary alloy at the top of the volcano plot) with 
different atom percentages of Pt and Cr, showed no such activity enhancement of 
the ORR. This study indicated a difference in the surface properties of bulk alloys, 
as compared with the small particles (25-50 .A) in the supported electrocatalysts. 
Pafett et al. [8] attributed the higher ORR activity on the alloys in phosphoric acid 
to the dissolution of the more oxidizable alloying component Cr, which led to 
surface roughening and, hence, an increased surface area. In contrast to these 
findings on bulk alloys, the supported-alloy electrocatalysts have been reported to 
retain their non-noble alloying element in the electrode during long periods 
(6000-9000 h) of operation of PAFCs, despite their instability on thermodynamic 
grounds [9,10]. Hence, the key of the electrocatalytic behavior of supported alloys 
must lie in the unique surface properties of the small alloy crystallites on the 
carbon support. 

The effect of some binary alloys of Pt (Pt + Ni, Pt + Co and Pt + Cr) on the 
electrode kinetics of oxygen reduction in proton exchange membrane fuel cells 
(PEMFCs) is investigated in this paper. The acid environment in the PEMFCs is 
different from that of the PAFCs--the anions of the perfluorinated sulfonic acid 
polymer are only weakly adsorbed on Pt, in contrast to the phosphate anions, 
which are strongly adsorbed. Furthermore, the PEMFCs operate at less than 
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100°C, as compared with the PAFCs, which operate at twice this temperature. A 
comparative study of the electrode kinetic parameters, activation energies, reaction 
orders for ORR, electrochemically active surface areas and stabilities, was carried 
out with the PEMFCs and the carbon-supported Pt and Pt alloy electrocatalysts 
(all electrodes used in this work contain the same Pt loading of 0.3 mg/cm2). 
Finally, a combination of some X-ray techniques, such as powder X-ray diffraction, 
(XRD), scanning electron microscopy/energy-dispersive X-ray analysis 
(SEM/EDAX and X-ray photoelectron spectroscopy (XPS) were used to examine 
(i) the type and lattice parameters of the alloys, (ii) the stability (in terms of any 
dissolution of the more oxidizable alloying component) and (iii) the nature of the 
surface species together with changes in their valence state. 

EXPERIMENTAL 

Electrocatalyst specifications and electrode fabrication 

The choice of the three alloys (Pt + Cr, Pt + Ni, Pt + Co) was based on the 
observation that they lie in the upper region of the volcano plot [6], with Pt + Cr 
being at the highest point. From a crystallographic point of view, all three alloys 
form super-lattices with the cubic f.c.c. LI z structure [13] and the stoichiometry of 
Pt3M (where M is the non-noble metal alloying component). The regular termina- 
tion of the bulk LI 2 crystal structure, normal to the three major crystal axes, 
results in a variety of surface compositions, starting from pure Pt ((200) and (220) 
planes), 25% M ((111) plane) and 50% M ((100) and (110) planes). Hence, in 
these superlattices, it is possible to have surfaces with a higher concentration of M 
than that in the bulk, i.e. surface enrichment without surface segregation. Such 
enrichment has been reported previously in respect to the equilibrium surface 
composition of three Pt3M systems with Ti [14], Co [15] and Sn [16]. 

Fuel cell electrodes containing the three carbon-supported binary alloy electro- 
catalysts were custom-made by ETEK Inc. (Framingham, MA, USA) and these 
were used in our experiments. The three electrocatalysts were alloyed at 900°C 
under an inert atmosphere. The electrocatalyst loading was 20% on the high 
surface area carbon (Vulcan XC-72) and the electrodes contained 0.3 mg/cm 2 Pt 
(as confirmed by atomic absorption spectroscopy). Electrodes with carbon-sup- 
ported Pt electrocatalysts (same Pt loading of 0.3 mg/cm 2) were also prepared for 
control experiments. The choice of an electrocatalyst loading on carbon of 20% 
was based on the results of previous investigations [11,12], which had shown that 
this composition is optimum in terms of performance dependence on particle size 
and reaction layer thickness. 

Preparation of membrane and electrode assembly 

As described in previous papers [17], the electrodes were impregnated with 
Nation ® solution (Nafion ® 1100, 5% by weight, in a mixture of lower alcohols, 
Aldrich Chemicals) using a brushing technique. This was followed by air-drying at 
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80°C and weighing of the electrodes to ensure a Nation loading of approximately 
0.6 mg/cm 2. A Dow membrane (XUS 13204.10, developmental fuel cell mem- 
brane) was pretreated by heating first in high purity water (Continental water 
purification system, Modulab type 1) and secondly in a 5 vol.% aqueous solution of 
H20 2 (J.T. Baker) for 1 h at about 70-80°C to remove organic impurities. The 
membrane was then treated with 0.5 M HESO 4 (J.T. Baker) at 70-80°C for the 
same time duration. Finally, the HESO 4 was removed by repeated treatment in 
boiling water. The electrodes were then hot pressed to the membrane at a pressure 
of 70 atm and temperature of 155°C for 90 s. This temperature was chosen because 
it is close to the glass transition temperature of the Dow membrane. 

Assembly of the single cell and its installation in the test station 

The membrane and electrode assembly (MEA) was then incorporated into the 
single-cell text fixture. The details of the MEA and single-cell test fixture have 
been described elsewhere [18]. A platinized-platinum electrode, located in the 
anode compartment, served as the reference hydrogen electrode (RHE). The 
single cell was then installed in the fuel cell test station. The test station was 
equipped for temperature control of the cell and reactant gases, humidification of 
the reactant gases and control of the gas flow rates (using a rotameter, Matheson). 
The total pressure of the gas was regulated using back-pressure regulators (Mathe- 
son). Electrical leads from the test station were connected to a programmable 
power supply (Hewlett Packard model 6033 A) which was interfaced with an 
IBM/PS2 personal computer for data acquisition, plotting and analysis. 

Electrode kinetic and cyclic voltammetric experiments 

Prior to the electrochemical performance evaluation, it is essential to attain the 
optimum operating conditions (with respect to the conditioning of the electrodes, 
water content of the membrane, humidification conditions and removal of organic 
impurities), because, when a single cell is assembled, the proton exchange mem- 
brane is in a dry state. For this purpose, the cell was maintained at 50°C with the 
hydrogen and oxygen gases (1 atm) humidified at 60°C and 55°C, respectively, 
while it was operated at a current density of 200 mA/cm 2 for the first 24h. After 
this period, the cell temperature was raised to 85°C, the reactant gas pressure to 5 
atm and the temperature in the H 2 and O 2 humidification bottles to 95°C and 
90°C respectively. It was then operated for 8 h at a current density of 2 A/cm 2, for 
equilibration with the product water, to attain optimal water absorption conditions 
with the proton exchange membrane. After this, the measurement of the cell and 
half-cell potentials vs. the current densities were made using the programmable 
power supply interfaced with the computer. The pressure and temperature ranges 
investigated were 1-5 atm and 40-80°C respectively. Comparisons of the /R-cor- 
rected Tafel plots for the ORR were made at 5 atm and 95°C with the oxygen and 
hydrogen gases being humidified at 100 and 105°C. 
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After the potential vs. current density measurements, hydrogen was passed 
through the counter electrode chamber and argon through the working electrode 
(cathode, oxygen electrode) compartment, and the electrodes were subjected to 
potential cycling (50 times) at 25 mV/s.  Cyclic voltammetry (CV) measurements 
were then recorded to determine the electrochemically active surface areas. The 
tested ranges of the potential and sweep rates were 120 mV to 1 V vs. RHE and 
10-50 mV/s  respectively. Lower sweep rates are preferred for the measurement 
of the coulombic charge, owing to hydrogen adsorption or desorption, so as to 
minimize the pseudo-transmission-line effects in the porous electrode. The electro- 
chemically active surface area of the electrode was obtained from the charge 
required for hydrogen desorption from the Pt electrocatalyst. 

Lifetime evaluations were carried out in the single cells at 50°C (cell tempera- 
ture), while the humidification temperatures for H 2 and 0 2 gases were 60 and 
55°C. The cell was maintained at a constant current density of 200 mA/cm 2 and 
the potential was monitored as a function of time, which ranged from 400-1200 h. 

Physico chemical characterization 

A variety of X-ray techniques was used. The alloy characteristics (formation of 
superlattices) and lattice parameters were determined using powder XRD. 
SEM/EDXA techniques were used to detect dissolution of the alloys by conduct- 
ing the experiments on the sample before and after the electrochemical investiga- 
tion. The surface species present and changes in the valence states of Pt owing to 
alloying were examined using XPS. 

The XRD analysis of the supported electrocatalysts were performed using a 
Siefert-Sintag automated diffractometer with a Cu Ka  radiation source. The 
powdered electrocatalyst samples were kept in a quartz block with dimensions 2.5 
cm x 2.5 cm x 1 mm. The powders were pressed onto the quartz block using a 
glass slide to obtain a uniform distribution of powder. The diffractometer was 
interfaced with a PDP 11/23 computer. The 20 Bragg angles were scanned over 
the range of 0°-80 ° . The diffraction patterns were analyzed by comparing them 
with standard ASTM powder diffraction files. The SEM/EDXA investigation was 
conducted using a JSM scanning microscope and Tracor Northern Series 2 
energy-dispersive spectroscope with a Z-max window for lighter elements. For this 
purpose, the membrane and electrode assembly was sliced and mounted on a 
special platform, which enabled the anode membrane-cathode cross-section to be 
analyzed. The SEM images were first observed at different points along the 
cross-section. This was followed by EDXA. The EDXA spectrum was recorded at 
several points along the cross-section by moving the sample under the electron 
beam using an x-y manipulator. 

The XPS investigation was carried out using a Perkin-Elmer 5500 Auger/ESCA 
system. The spectrum of the sample was recorded using an Mg Ka radiation 
source and a hemispherical electrostatic energy analyzer. The samples were 
introduced into the chamber using a rapid introduction probe. The pressure in the 



206 

vacuum chamber during analysis was lower than 5 X 10 -8 Pa. The binding energy 
scale was checked using the separation between the Cu 2p and 3p photoelectron 
lines. The absolute binding energy was referenced to the C ls line at 284.6 eV. For 
analysis, the electrocatalyst in powder form was pressed at 650 atm into a pellet 1 
cm in diameter. The XPS data acquisition, plotting and analysis were carried out 
using an Apollo Domain series 3000 (model 3010) computer and PHI-ACCESS 
software. 

RESULTS AND DISCUSSION 

XRD studies--crystalline structures of alloys 

XRD is a powerful technique for determining the crystalline structure and 
estimating the particle size of the dispersed metal crystallites. The XRD patterns 
of the Pt + Ni, Pt + Co, and Pt + Cr alloys (Fig. 1) indicate that all three alloys 
predominantly form superlattices of the LI E type (or AuCu 3 type). As indicated by 
the 20 positions of the (111), (200) and (220) diffraction lines, superlattices of 
the type PtaNi , Pt3Cr and PtaCo are the primary phases. However, contributions 
from other phases are also evident: the Pt + Cr alloy has a 20% contribution from 
the PtCr phase with an L10 (AuCu) type of structure; the XRD patterns of the 
Pt + Co and Pt + Ni alloys also indicate contributions to the extent of 25% from 
the PtCo and PtNi phases with the L10 structure. The predominant PtaM phases 
present in the alloys have f.c.c, crystal structures. The lattice parameters for these 
superlattices were obtained using the 20 positions of the (111), (200) and (220) 
diffraction lines. The characteristics of the Pt and Pt alloy electrocatalysts, as 
obtained from the XRD studies, are summarized in Table 1. As can be seen from 
this table, alloying of Pt with each of the three transition metals causes a 
contraction in the lattice parameters. These results are in agreement with previ- 
ously reported data [20-22]. 

The particle sizes, based on X-ray line broadening, were estimated using the 
Scherrer equation [23] and line-width at half-maximum intensity, corrected for 
instrument broadening, using the Warrens equation [24]. The particle size esti- 
mates were based on the peak broadening of the (111) diffraction line relative to 
that for a bulk Pt foil [25]. The alloying causes an increase in the particle size in 
the order Pt < Pt + Ni < Pt + Cr < Pt + Co (Table 1). 

Electrode kinetic parameters for oxygen reduction at an operating temperature of 
95°C and pressure of 5 atm 

Approaching the end of the linear region of the half-cell (or single-cell) 
potential E vs. current density j data for low temperature fuel cells (PEMFC, 
AFC, PAFC) correspond to the equation 

E = E o - b  log j - R j  (1) 
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Fig. 1. XRD spectra for (a) a Pt+ Ni alloy electrocatalyst with primary phase Pt3Ni (LI 2) and secondary 
phase PtNi (L1 o) (*), (b) a Pt+Co alloy electrocatalyst, with primary phase Pt3Co (LI E) and secondary 
phase PtCo (L1 o) (*), and (c) a Pt+Cr alloy electrocatalyst, with primary phase Pt3Cr (LI 2) and 
secondary phase PtCr (L1 o) (*). 
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where 

E 0 = E r + b log J0 (2) 
In eqns. (1) and (2), Jo is the exchange current density for oxygen reduction, b is 
the Tafel slope, E r is the reversible potential for the oxygen electrode reaction and 
R represents the resistance (predominantly the ohmic resistance of the electrolyte) 
responsible for the linear variation of the potential vs. current density plot. At very 
high current densities, the departure of the E vs. j data from eqn. (1) is due to the 
onset of mass transport limitations. The parameters E0, b and R were evaluated 

TABLE 1 

Characteristics of the Pt and Pt alloy electrocatalysts supported on carbon, with the same Pt loading 
(0.3 mg cm-2), from XRD studies 

Electrocatalyst Composition/ Principal Secondary Lattice Average 
at.% phase phase parameter particle 

/ A  size/.~ 

Pt + C - Pt - 3.927 35 
Pt + Ni 75(Pt)/25(Ni) Pt3Ni (LI 2) PtNi (L10) 3.812 48 

25% 
Pt + Cr 75(Pt)/25(Cr) Pt3Cr (LI 2) PtCr (L10) 3.877 66 

20% 
Pt + Co 75(Pt)/25(Co) Pt3Co (LI 2) PtCo (L10) 3.854 75 

25% 
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Fig. 2. IR-corrected Tafel plots for oxygen reduction in proton exchange membrane  fuel cells at 95°C 
and 5 atm on Pt and Pt alloy electrocatalysts: Pt loading in electrodes, 0.3 mg cm-Z;  Pt (e); Pt + Ni (©); 
P t + C o  ( 0 )  and P t + C r  ( v ) .  

by a non-linear least-squares fitting of eqn. (1) to the experimental data. Using the 
R values, the jR-corrected Tafel plots [(E +jR vs. log j)] were constructed. 

A comparison of the jR-corrected Tafel plots for oxygen reduction (as shown in 
Fig. 2) on the carbon-supported Pt and the binary alloys of Pt with Cr, Co and Ni 
(20% metal alloy crystallite on carbon, with Pt content in electrodes maintained at 
0.3 mg cm -2) shows that there is an enhancement of the electrocatalytic activity of 
the ORR on all the alloys, based on the geometric areas of the electrodes. The 
electrode kinetic parameters are presented in Table 2. The current densities at 0.9 
V vs. RHE indicate an increment of 23.8 mA/cm 2 for the Pt + Co alloy, 25.5 

T A B L E  2 

Electrode kinetic parameters  for oxygen reduction in proton exchange membrane  fuel cells 
5 atm, using Pt and Pt alloy electrocatalyst. Pt loading in electrodes, 0.3 mg cm -2  

at 95°C and 

Electrocatalyst E o / m V  b/mV R/ f l  J o / m A  J9oo/mA Roughness  jgooa/ joa/ 
decade -  1 c m -  2 c m -  2 c m -  2 f ac to r /  mA cm- 2 m A  c m -  2 

× 104 cm 2 c m - 2  105 

Pt 982 63 0.14 3.46 22.1 61 0.36 0.57 
Pt + Ni alloy 1009 66 0.10 12.5 47.6 56 0.85 2.23 
Pt + Cr alloy 997 62 0.10 5.6 52.4 48 1.09 1.16 
P t + C o  alloy 1007 65 0.09 10.7 45.9 35 1.31 3.05 

a Normalized with respect to the electrochemically active surface area. 
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Fig. 3. Hydrogen desorption regions of the cyclic voltammograms at a scan rate of 25 mV s - l  for the 
electrodes in proton exchange membrane fuel cells with the Pt and Pt alloy electrocatalysts (Pt content 
in electrodes, 0.3 mg cm-2). Roughness factor for Pt (e) 61, P t+Ni  (©) 56, P t + C o  ( 0 )  35 and P t + C r  
( v ) 48 cm 2 cm-  2. 

m A / c m  2 for the Pt + Ni alloy and 30.3 m A / c m  2 for the Pt + Cr alloy over that on 
Pt (Table 2). The potentials at 10 m A / c m  2 show a similar trend and correspond to 
the increases in current densities at 0.9 V, i.e. an approximately twofold activity 
enhancement  owing to alloying in the case of  the three alloy systems. With such 
activity enhancement  on a geometric area basis, it is important to evaluate the 
activity increments on the basis of the true surface area. 

For this purpose, the results of the CV experiments on the three supported 
alloy electrodes and on the supported Pt + C electrode were used to determine the 
electrochemically active surface areas. Figure 3 shows the hydrogen desorption 
regions of the CV results, scanned between a potential range of 120 mV and 1.2 V 
at a scan rate of 25 m V / s ,  with the cell operating conditions of 95°C and 5 atm. 
The coulombic charge for oxidation of the adsorbed atomic hydrogen (area under  
the anodic peak  minus the double layer charge at 0.4 V vs. R H E )  was used to 
evaluate the roughness factor of the electrode, assuming a value of 2 2 0 / z C / c m  2 
for the oxidation of adsorbed atomic hydrogen on a smooth Pt surface. Table 2 
shows the values of the exchange current densities (J0) and current densities at 900 
mV vs. RHE,  based on the geometric and real surface areas of  the electrodes. On 
a real surface area basis, Pt + Co and Pt + Cr show better  activities at 900 mV vs. 
R H E  than that for the Pt + Ni alloy. Even on a real surface area basis, all the 
alloys show two- to threefold increases in their activities for the O R R  compared 
with that on the Pt + C electrode (with the same Pt content). 
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Fig. 4. Dependence of/R-corrected Tafel plot on temperature for oxygen reduction at a Pt electrocata- 
lyst in a proton exchange membrane fuel cell: cell pressure, 1.37 atm; temperature, 35 (©), 40 (e), 50 
(v ) ,  60 (v ) ,  70 (11) and 80°C (D). 

Effect of temperature on electrode kinetic parameters 

Figures 4 and 5 show representative /R-corrected Tafel plots for oxygen 
reduction on the Pt (0.3 mg/cm 2) and Pt + Ni alloy electrodes as functions of 
temperature. The effect of the temperature on the electrode kinetic parameters 
(E 0, b, R and J9o0) is indicated in Table 3. The increase in temperature from 35 to 
80°C causes a minimal variation of the Tafel slopes. The variation is between 2 and 
5 mV for the Pt + Ni, Pt + Co, and Pt-containing electrodes and is 6 mV for the 
Pt + Cr electrode. However, the variation in the value of E 0 over this temperature 
range is much higher for the Pt electrode (AE 0 = 43 mV) than the values for the 
alloy electrodes (Pt + Cr, AE 0 = 10 mV; Pt + Co, AE 0 = 19 mV; Pt + Ni, AE 0 = 12 
mV). A similar trend is found in the values of J900" 

Figure 6 shows the plots of log J0 vs. 1/T (the values of I0 were calculated 
taking into consideration the necessary corrections for variations in the reversible 
potential (E r) for oxygen reduction with temperature). The activation energy A E*, 
evaluated from these Arrhenius plots is higher for the Pt electrocatalyst (AE = 75.9 
kJ/mol) than for the alloys Pt + Cr (23.2 kJ/mol), Pt + Ni (27.5 kJ/mol) and 
Pt + Co (57.0 kJ/mol). The lower activation energies reflect the possibility of a 
change in reaction mechanism owing to alloying. The analysis, using the values of 
R(8 log J900//ST-1), also gave very similar results (Table 4). 
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Fig. 5. Dependence o f /R-cor rec ted  Tafel plot on temperature for oxygen reduction at a Pt + Ni alloy 
electrocatalyst in a proton exchange membrane fuel cell: cell pressure, 1.37 atm; temperature, 35 (o) ,  
40 (e), 50 ( v ) ,  60 ( v ) ,  70 (D)  and 80°C (11). 

Effect of pressure on electrode kinetic parameters 

Figures 7 and 8 represent the /R-corrected Tafel plots for oxygen reduction, at 
several pressures, for the Pt (0.3 m g / c m  2) and Pt + Ni alloy electrodes (with the 
same Pt loading). Although the effect of temperature on Tafel slopes is negligible, 
as indicated in the previous section, the effect of pressure on the Tafel slopes is 
more significant. The values of the electrode kinetic parameters for Pt (0.3 mg 
cm -2) and for the binary alloys of Pt are given in Table 5 as functions of pressure. 
The plots of log(exchange current density) (calculated after correction for+ the 
variation of the reversible potential with pressure) vs. log(oxygen pressure) (after 
correction for the vapor pressure of water) are presented in Fig. 9. 

The reaction orders, obtained from the slopes of these lines, are unity for both 
Pt (0.3 mg cm -2) and Pt + Cr alloys; however, for the Pt + Ni and Pt + Co alloy 
electrodes, lower values of the reaction order (0.79 and 0.77 respectively) were 
obtained (Table 4). For an nth-order reaction, it can be shown that, at any current 
density j, we have 

(6E/~  log P0)j = bn02 (3) 

In this equation b is the Tafel slope, E is the potential at the current density j and 
P0 is the oxygen pressure (corrected for the vapor pressure of water). For the 
ORR on the alloy electrocatalysts, the values of n calculated from the slopes of 
the E vs. log P0 plots were not the same as those obtained from the log J0 vs. 
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TABLE 3 

Effect of temperature on electrode kinetic parameters for oxygen reduction on Pt and Pt alloy 
electrocatalysts in proton exchange membrane fuel cells. Pt loading in electrode, 0.3 mg cm -2 

Electrocata~st Tempera- E0/mV b/mV R/fl J9oo/ 
ture/°C decade -1 cm 2 mAcm -2 

Pt 40 923 66 0.25 1.2 
50 928 65 0.22 3.4 
60 958 66 0.14 7.6 
70 962 65 0.14 12.8 
80 966 64 0.13 17.7 

Pt+Ni 35 972 71 0.20 6.6 
40 975 70 0.19 8.2 
50 978 69 0.16 12.4 
60 981 69 0.14 14.4 
70 981 68 0.13 16.8 
80 984 68 0.13 19.2 

Pt+Cr 35 957 70 0.13 2.9 
40 961 69 0.11 5.6 
50 964 68 0.10 8.4 
60 964 67 0.09 12.2 
70 965 66 0.09 16.1 
80 967 64 0.08 19.4 

Pt+Co 40 975 62 0.20 8.4 
50 976 63 0.14 12.4 
60 982 63 0.12 15.2 
70 988 64 0.10 19.4 
80 994 64 0.10 24.8 

log P0 plots .  I t  may  be  more  real is t ic  to  ca lcula te  the  r eac t ion  o rde r s  by using the  
va lues  of  (OE/O log P0)i o b t a i n e d  by p lo t t ing  E at  10 m A / c m  2 vs. log P0 (as 
shown in Fig.  10) and  the  va lue  of  b in eqn.  (3) t han  to ob ta in  t h e m  f rom the  log J0 
vs. log P0 plots,  because  of  the  small  var ia t ion  of  Tafe l  s lopes  wi th  p ressure .  T h e  
r eac t ion  o rde r s  thus  ca lcu la t ed  are  abou t  1 for  Pt, Pt  + Ni  and  Pt  + Co and  abou t  
1.5 for  Pt  + Cr (Tab le  4). These  va lues  ind ica te  tha t  Pt + Cr may  have an 
e lec t roca ta ly t i c  m e c h a n i s m  which is d i f fe ren t  f rom tha t  on Pt  + Ni  and Pt  + Co. 

PEMFC performance with alloy electrocatalysts 

Figure  11 shows the  H 2 / / O  2 P E M F C  pe r fo rma nc e s  (single cells)  with Pt  and  the  
t h ree  Pt  al loy e lec t roca ta lys t s  for the  O R R  at 95°C and 5 atm. T h e  single cell  wi th  
the  Pt  + Cr al loy exhibi ts  the  bes t  p e r f o r m a n c e  and  it is fo l lowed by the  cell  with 
Pt  + Co and  then  tha t  with Pt  + Ni. T h e  cells wi th  the  Pt  + Co and  Pt  ÷ Ni  alloys 
exhibi t  mass  t r anspo r t  effects  at  cu r ren t  dens i t ies  above 2 A cm -2  bu t  such effects  
a re  only obse rved  at  h igher  cu r ren t  dens i t ies  (above 3 A cm -2 )  in the  cells with 
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Fig. 6. Arrhenius plots for oxygen reduction on Pt and binary alloys of Pt in proton exchange membrane 
fuel cells: Pt (o), Pt+Ni (o), P t+Co ( 0 )  and P t+Cr  (v) .  

Pt + Cr and Pt electrocatalysts. This mass transport problem is unrelated to the 
electrocatalytic behavior of the alloys and is probably due to an artifact during the 
preparation of the membrane and electrode assemblies, which affects the perfor- 
mance of the ceils only at high current densities. 

Lifetime and stability of alloy electrocatalysts in PEMFCs 

One of the most important facets in using Pt alloys for oxygen reduction is 
related to its ability to sustain its electrocatalytic enhancement over long periods of 

TABLE 4 

Structural parameters of carbon-supported Pt alloy electrocatalysts and their electrode kinetic parame- 
ters for the ORR in PEMFCs 

Electro- Lattice AEa* R(8 log J900/ nO 2 a (SE] ° b /  Tafel slope/ nO 2 c 
catalyst param- kJ mol- x 8 T-  ] ) /  8 log Po)/ mV 

e te r /A  kJ mol-  ] mV decade- ] 

Pt 3.927 75.9 64.64 1.01 62.34 61.5 1.01 
Pt + Ni 3.812 27.5 21.46 0.78 60.42 69.5 0.87 
Pt + Cr 3.877 23.2 28.19 1.08 86.25 58.0 1.49 
Pt + Co 3.854 57.0 24.82 0.77 54.63 63.5 0.86 

a Reaction order calculated from the slopes of the plot of log J0 vs. log P0- 
b Potential at 10 mA cm -2. 
c Reaction order calculated using eqn. (3). 
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Fig. 7. Dependence of/R-corrected Tafel plot on pressure for oxygen reduction at a Pt electrocatalyst 
in a proton exchange membrane fuel cell: cell temperature, 70°C; pressure, 0.67 (o), 1.37 (o), 2.05 ( v ), 
2.72 (v), 3.41 (D), 4.12 ( i )  and 4.77 (zx) atm. 

time. For this purpose, the lifetimes were evaluated in single cells at a constant 
current density of 200 m A / c m  2. The potentials, monitored over a time period 
range of 400-1200 h, are shown in Fig. 12. There  seems to be only a small 
degradation in the performance of the cells with the Pt + Cr and Pt + C cathodes 
over an operating time of 1200 h. This result is very similar to an earlier result with 
a Pt + Ni alloy (same electrocatalyst and Pt loading) [26] up to 1200 h. The Pt + Ni 
and Pt + Co electrodes, tested over a period of 400 h in this investigation, showed 
hardly any loss of performance.  

SEM / EDXA study (X-ray fluorescence) 

To evaluate further the stability of the alloy electrocatalysts, S E M / E D X A  
examinations were conducted on the a n o d e - m e m b r a n e - c a t h o d e  interfaces. The 
rationale for the E D X A  or X-ray fluorescence analysis, rather  than the more 
absolute method of emission spectroscopy, is that the E D X A  technique offers a 
method of determining the concentration of the metal  as a function of the distance 
(on a microscopic scale) in the cross-section of the a n o d e / m e m b r a n e / c a t h o d e  
assembly. Such an analysis can demonstrate  whether  or not the more oxidizable 
alloying component  undergoes dissolution at the cathode and migrates to the 
anode. Secondly, the sensitivity of the emission spectroscopy is not high enough to 
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Fig. 8. Dependence of /R-corrected Tafel plot on pressure for oxygen reduction at a P t+Ni  alloy 
electrocatalyst in a proton exchange membrane fuel cell: cell temperature, 70°C; pressure, 0.67 (©), 1.37 
(o), 2.05 (v ) ,  2.72 (v ) ,  3.41 (to), 4.12 ( n )  and 4.77 (zx) atm. 

detect the small amount of loss of the transition metal at the cathode and its 
migration to the anode. 

Figure 13 shows the representative EDXA spectrum of the Pt + Ni alloy 
electrode at the membrane-cathode electrode interface before and after electro- 
chemical exposure. The samples after electrochemical exposure were those from 
the cells used for the electrochemical lifetime measurements. The electrochemical 
exposure times ranged from 400 h in the case of Pt + Ni and Pt + Co to 1200 h for 
the Pt + Cr alloy electrode. The typical EDXA spectrum shown in Fig. 13 indicates 
the presence of K shell fluorescence peaks of carbon and fluorine; these peaks 
correspond to the reaction layer-Teflonized carbon-supported structure at the 
interface with the Dow membrane. The K shell fluorescence of the sulfur and 
fluorine peaks indicates the presence of the membrane. There are two peaks for 
Pt; the large peak overlapping with the Au standard represents the fluorescence 
from the M shell. The second smaller Pt peak denotes the L shell fluorescence. 
The peak for Ni corresponds to the K shell fluorescence. 

The ratio of the amount of alloying component to the amount of Pt was 
measured in relation to the carbon (assuming no corrosion of the carbon support, 
which is a reasonable assumption based on the cell operation at 200 mA/cm2). 
The P t /Ni  ratio measured before and after electrochemical exposure was found to 
be invariant at 3(Pt): l(Ni). The peaks for Ni and Pt, used for this purpose, were 
for the K and L shell fluorescences. Similar analysis for the Co and Cr indicated no 
difference between these ratios before and after the electrochemical exposure. 



TABLE 5 

Effect of pressure on electrode kinetic parameters for oxygen reduction on Pt and Pt 
lyst in proton exchange membrane fuel cells 
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alloy electrocata- 

Electrocata~st 0 2 pressure E0/mV b/mV/ R/I~ Elo a/mV 
corrected/atm decade -1 cm 2 

Pt 0.67 907 58 0.28 843 
1.37 923 62 0.28 860 
2.05 932 63 0.25 882 
2.72 950 64 0.25 870 
3.41 957 65 0.23 882 
4.09 960 65 0.22 887 
4.77 975 65 0.19 899 

Pt+Ni 0.67 951 65 0.15 886 
1.37 981 67 0.13 918 
2.05 992 67 0.12 923 
2.72 999 70 0.12 935 
3.41 1006 72 0.12 938 
4.09 1015 73 0.11 940 
4.77 1019 74 0.11 946 

Pt+Cr 0.67 932 54 0.15 869 
1.37 945 56 0.15 886 
2.05 972 57 0.12 907 
2.72 982 57 0.12 916 
3.41 989 59 0.12 929 
4.09 994 59 0.12 933 
4.77 998 62 0.12 939 

Pt+Co 0.67 947 59 0.15 888 
1.37 972 62 0.13 908 
2.05 979 64 0.13 920 
2.72 990 65 0.13 925 
3.41 997 66 0.12 929 
4.09 999 68 0.12 932 
4.77 1004 68 0.12 935 

a Potential at 10 mA cm -2.  

Analysis  o f  the E D X A  spectrum,  in terms of  the ratios of  the carbon  K shell  

f luorescence  to the K shell f luorescence  of  the alloying e l em en t  (such as Ni in Fig. 

13), indica ted  negl igible  dissolut ion o f  the alloying c o m p o n e n t  (Table  6). This  was 

also the case for the  Pt + Co alloy. The  highest  dissolut ion was 5% for the Pt + Cr 
alloy over  a pe r iod  o f  1200 h (Table  6). 

XPS analysis 

The  XPS analysis was conduc t ed  to de t e rmine  the  na tu re  of  the surface active 

species,  pr imari ly  because  of  the short  escape  depths  of  the X-ray pho toe l ec t ron  

f rom the surface (200 .~). This  analysis was also used to d e t e r m i n e  any change  in 
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Fig. 9. Plots of exchange current density vs. pressure for oxygen reduction on Pt and Pt alloys in proton 
exchange membrane fuel cells at 70°C: Pt (o), Pt+Ni (o), P t+Co ( 0 )  and P t+Cr  (v) .  
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Fig. 10. Plot of E 0 vs. log Po for oxygen reduction on Pt and Pt alloys in proton exchange membrane 
fuel cells at 70°C: Pt (i), Pt+Ni (o), Pt+Co (0) and Pt+Cr (v). 
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Fig. 12. Lifetime evaluations of Pt and Pt alloy electrocatalysts for oxygen reduction in proton exchange 
membrane fuel cells: current density, 200 mA cm-2; 50°C; ambient pressure; Pt (e), P t+Ni  (o), 
P t+Co ( 0 )  and P t+Cr  (v) .  
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Fig. 13. EDXA spectrum of the cathode electrode-membrane interface with a Pt + Ni alloy electrocata- 
lyst: (a) electrode prior to electrochemical exposure; (b) electrode after 400 h proton exchange 
membrane in a fuel cell environment. Cell operating conditions: 50°C; 1 atm; current density, 200 mA 
cm -2. 

valence shell electrons due to alloying. The speculation that changes could occur 
was motivated because alloying of Pt with group V and VI transition metals, as 
described in the Engel -Brewer  bond model [27], can cause a sharing of P t -d  
electrons with the unfilled d orbitals of the base metal. Since most of the classical 

TABLE 6 

X-ray fluorescence analysis of supported Pt and binary Pt alloy electrodes (Pt content in electrode, 0.3 
mg cm -2)  before and after electrochemical exposure 

Electrocatalyst Electrochemical M a(Kot)/C(Ka) Loss of 

exposure/h Before After alloying 
component /% 

Pt + Ni 400 0.029 0.028 3 
Pt + Cr 1200 0.033 0.031 5 
Pt + Co 400 0.043 0.042 3 

a Alloying components Ni, Cr and Co. 
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Fig. 14. Pt 4f7/2 and 4f5/2 peaks for (a) P t+C (b) Pt+Cr (c) Pt+Co and (d) P t+N i  alloy 
electrocatalysts. All electrocatalysts had 20% metal crystallites on high surface area carbon (Vulcan 
XC-72). 

theories of metal catalysis ascribe the unique catalytic properties of Pt to the d 
electrons, it would be of great interest to find out if any change in the electronic 
properties were responsible for the observed oxygen electrocatalysis of these 
alloys. 

Examinations of the XPS spectra indicate that the peak positions for 4f5/2 and 
4f7/2 are the same in the Pt + C and PtaM + C supported electrocatalysts (Fig. 
14). This result therefore reveals that there is no change in the Pt valence shell 
electrons as a result of the alloying process. In other words, Pt retains its electronic 
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properties in the alloy lattices. The Pt 4f7/2 and 4f5// peak positions in the 
supported Pt + C and Pt3M + C electrocatalysts were at 72.4 and 75.7 eV, indicat- 
ing the presence of PtO on the surface (a similar analysis of the O ls XPS line led 
to the same conclusion). The peak positions of C ls remained the same (at 284.6 
eV) for all the samples and is evidence for the absence of metal-support interac- 
tions. The Co 2p3/a peak position at 780.6 eV suggests the presence of oxide 
(COO) on the surface. The peak position was also the same for a Co electrocatalyst 
supported on carbon (20% Co on carbon, ETEK, Framingham, MA). The Co 
2p3/2 peak positions for the Pt + Co alloy electrocatalyst and the Co + C sup- 
ported catalyst were identical. 

These studies show that Co mainly exists on the surface as an oxide. The Cr 
2Pl/2 and 2P3/2 peaks for the Pt + Cr alloy samples were at 586 and 576 eV, 
indicating the presence of Cr20 3. This result is also supported by previous results 
of Daube et al. [28]. Furthermore, an electrocatalyst with 20% Cr on carbon also 
exhibited the same peak position as that in the Pt + Cr alloy. This again indicates 
that Cr is predominantly present as Cr20 3 on the surface. The Pt + Ni alloy also 
did not reveal any peak position shifts with respect to Pt 4f7// and 4f5/2 (see Fig. 
14). A comparison of the peak positions of Ni 2P1/2 and 2p3/2 in the Pt + Ni alloy 
and in the 20%Ni + C reference sample (ETEK) showed peaks at 853.3 eV (2p3/2) 
and 871.7 eV (2pl/2), indicating the presence of NiO on the surface. 

CONCLUSIONS 

The present investigation demonstrates clearly a two- to threefold enhancement 
of the electrocatalytic activity of the ORR at the interfaces of the Pt + Ni, Pt + Cr 
and Pt + Co alloys with proton exchange membranes under the PEMFC operating 
conditions. The enhancements were much greater on the basis of the electrochemi- 
cally active surface area of Pt (Table 2). These results can be rationalized on the 
basis of the existence of the superlattices of Pt3Cr, Pt3Co and Pt3Ni, all having the 
same cubic f.c.c, structure as Pt + C but with lattice contractions (Tables 1 and 4). 

The particle size analysis revealed that, despite an increase in the particle size 
(and hence a decrease in surface area), the specific activities for the ORR were 
higher on the alloys than that on Pt. The activation energies, determined by 
measuring the exchange current densities over the temperature range 35-80°C, 
indicate significantly lower values for the alloys than that on P t /C  (Table 4). By an 
analysis of the dependence of the exchange current densities for the ORR on the 
pressure of oxygen, the values of the reaction orders were found to be unity for Pt 
and Pt + Cr but were about 0.8 for Pt + Ni and Pt + Co. An alternative analysis 
from the variation of the potential at 10 mA/cm 2 with oxygen pressure, indicated 
a reaction order of 1.5 on Pt + Cr, and of unity on Pt + Co, Pt + Ni and Pt, (Table 
4). 

The discrepancies in the results obtained by these two approaches (exchange 
current density vs. El0 mA/cm 2) arises because the evaluation of the exchange 
current density involves extrapolation over several decades of current density and 
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is exponential in nature. Therefore, it would be more realistic to consider the 
values at 900 mV vs. RHE (for activation energy evaluation) and potential at 10 
mA/cm 2 (for the evaluation of reaction order), both of which lie well within the 
activation-controlled region. However, the evaluation of the reaction order and the 
activation energy using exchange current density as well as current density at 900 
mV vs. RHE and potential at 10 mA cm -2 for the carbon-supported Pt electrocat- 
alyst showed good agreement with previously reported values [18]. 

The lifetime studies on these electrocatalysts in PEMFCs showed only negligible 
losses in performance, as confirmed by the SEM/EDXA examinations of the 
cathode electrode/Dow membrane interface. The XPS investigation revealed the 
presence of oxide layers on the surface of the as-received electrocatalysts. Further- 
more, the absence of any chemical energy shifts in the XPS of the alloy electrocat- 
alyst powders negates any significant electronic transitions owing to alloying, in 
contrast to that predicted by the Engel-Brewer-type bond model. However, it is 
too early to make any final conclusions in this regard. Studies using in situ X-ray 
analysis of near-edge structure and extended X-ray analysis fine structure are in 
progress to shed further light on the explanations for the enhanced activities on 
the Pt alloy electrocatalysts. 
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