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1. About the ORR mechanism 

There are two categories of the ORR mechanism commonly discussed, i.e., the molecular adsorption pathway and 
the atomic adsorption pathway. The aim of this work is to find out the “descriptor” of the activity of Pd-alloy catalysts 
toward ORR, and it turned out that the adsorption energy (AE) of Oads was strongly correlated to the activity. Hence in 
the present work we just focus on discussing the atomic adsorption pathway, which can be described briefly by two 
steps, i.e., Reaction 1 and Reaction 2. 

It should also be noted that a number of models have been proposed in the literature regarding the enhancing 
effect of Pt alloys toward ORR, which may also be helpful to the present topic; but what we try to present in this work 
is an independent consideration, specifically for Pd alloys, with an emphasis on the recent discussions on Pd-catalyzed 
ORR;[1-3] During the preparation of this paper, we are glad to see a new paper from Prof. Nørskov’s group. (Angew. 
Chem. Int. Ed. 2006, 45, 2897) reporting that the AE of Oads is a descriptor for Pt-catalyzed ORR and reducing the AE of 
Oads is a general strategy to improve the activity, this is a favorable support to the present work. 
 
 
2. DFT calculation 

DFT calculations were performed using the DACAPO code (http://www.fysik.dtu.dk/CAMPOS) with calculating 
parameters chosen to be sufficient for the convergence of the energy while of relatively less computational efforts. The 
potential energy of O2 molecule was calculated by isolating an O2 molecule in a 10Å×10Å×10Å box. A 2×2 unit cell 
was used to construct a three-layer Pd(111) slab or Pt(111) slab or Co(001) slab, corresponding to a 1/4 ML coverage of 
Oads. The unit cell was repeated in super cell geometry with successive slabs separated by a 10 Å-thick vacuum region. 
Adsorption was allowed on only one of the two exposed surfaces, with the electrostatic potential adjusted accordingly. 
The surface Brillouin zone was sampled at 18 special Chadi-Cohen k-points. The Kohn-Sham one-electron valence 
states were expanded in a basis of plane waves with kinetic energies up to 25 Ry, and ionic cores were described by 
ultrasoft pseudopotentials. The exchange-correlation potential and energy were described self-consistently using the 
GGA-PW91 functional. 
 
 
3. Catalyst preparation 

The catalysts studied in this work were prepared in our laboratory using the improved impregnation method 
reported in our previous paper (B. Yang, Q. Lu, Y. Wang, L. Zhuang, J. Lu, P. Liu, J. Wang, R. Wang, Chem. Mater. 
2003, 15, 3552). The procedure was the following: PdCl2 and CoCl2·6H2O were used as the precursors and dissolved in 
distilled water. Vulcan XC-72 (Carbot) was preheated at 110oC in air and then poured into the warm precursor solution. 
After ultrasonic blending for 30 minutes, the suspension was heated under magnetic stirring to let the solvent evaporate 
till a smooth thick slurry resulted. The slurry was left overnight for drying then further dried at 110oC in an oven. The 
resulting agglomerates were ground in an agate mortar and then placed in a glazed ceramic boat and heated in a tube 
furnace at 350oC under flowing H2 for 2 hours. Finally, the powder material was cooled to room temperature in argon 
atmosphere. The crystalline size of the thus-prepared Pd-Co/C catalysts ranged from 3 nm to 8 nm. 

A heat treatment of the as-prepared Pd-Co/C catalysts at 500oC under H2 atmosphere was found to improve 
significantly the electrochemical stability of the catalysts, as evidenced from the following cyclic voltammograms. 
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4. Electrochemical measurement 
To prepare the working electrode, 10mg Pd-Co/C was dispersed ultrasonically in 1mL diluted Nafion alcohol 

solution (0.05wt%), and 5μL of the suspension were pipetted onto a glassy carbon (GC) substrate (φ5mm), which was 
buff-polished with an alumina suspension (φ0.05μm) prior to use. The coated electrode was dried under an infrared 
lamp. 

A thermostatic electrochemical cell equipped with the working electrode, a platinum coil counter electrode and a 
salt bridge connected to the reference electrode compartment was used for all electrochemical measurements. The 
reference electrode was a reversible hydrogen electrode (RHE) in the same electrolyte as the electrochemical cell. 

The RDE system was EG&G Model 636, and the potentiostat was CHI-600A. All chemicals are of analytical 
grade, and all solutions used in this work was prepared using deionized water (18MΩ·cm). 

Information about RDE technique can be found in the following reviews: A. C. Riddiford, Adv. Electrochem. 
Electrochem. Engr., 1966, 4, 47; C. Deslouis, B. Tribollet, Adv. Electrochem. Electrochem. Engr., 1992, 2, 205; A. J. 
Bard, L. R. Faulkner, “Electrochemical Methods: Fundamentals and Applications”, 2nd Ed., John Wiley & Sons, New 
York, 2001, pp. 335-360. 
 
 
 
5. Figure S1. A Pd11Co(111) model surface with the Co atom (green) positioned at the third layer of the Pd slab 
(purple). The preferred adsorption site for Oads (red) was found to be the fcc-hollow site (giving lowest potential energy). 
This figure was produced using the VMD package. (http://www.ks.uiuc.edu/Research/vmd/) 
 

 
 
 
 
6. Figure S2. XPS spectra of Pd 3d and Co 2p signals for Pd-Co(8.7%)/C. The surface composition was predominated 
by Pd, Co signal was indiscernible in the measurement. 
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7. Figure S3. ORR polarization curves obtained from RDE experiments (25oC, O2 saturated 0.5M H2SO4, 5mV/s, 
1600rpm), showing an activity sequence: Pt > Pd-Co > Pd. Data regarding Pd-Fe, reported in Ref. 3a, also cited for 
comparison (on the right hand side). 
 

 
 
 
 
8. Figure S4. XRD patterns of the Pd/C and Pd-Co/C catalysts studied in this work, also presented are the crystalline 
size and the lattice constant. 
 
 
 

catalyst crystalline size / 
nm 

lattice constant 
/ Å 

Pd/C 13 3.891 
Pd-Co(3.2%)/C 7.3 3.880 
Pd-Co(6.9%)/C 5.7 3.867 
Pd-Co(8.7%)/C 4.7 3.861 
Pd-Co(14.4%)/C 3.6 3.841 
Pd-Co(11.0%)/C 3.0 3.853 

 
 
 
 
 
 
 
 
9. Figure S5. The surface specific activity (SA) of Pd-Co alloys with different alloying degrees. The kinetic current 
obtained from RDE experiments (25oC, 5mV/s, O2 saturated 0.5M H2SO4, 1600rpm) was normalized by the 
electrochemical surface area of Pd-Co alloys to give SA. 
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10. The electrochemical surface area of the studied catalysts is proportional to the peak area of the surface oxide 
reduction in the cyclic voltammogram recorded in deaerated 0.5 M H2SO4, thus the peak area was simply used for the 
normalization of the kinetic current in this work. The unit of the SA thus produced is not mA/cm2, denoted as arbitrary 
unit (a.u.) in Figure 1 and Figure S5. 
 

 
 
 
 
 
11. Figure S6. A Pd11Co(111) model surface with the Co atom (green) positioned at the first layer of the Pd slab 
(purple). The preferred adsorption site for Oads (red) was found to be the Co-involved fcc-hollow site (giving lowest 
potential energy). This figure was produced using the VMD package. (http://www.ks.uiuc.edu/Research/vmd/) 
 


