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1. Experimental procedures

The working electrode consisted of c-Pt/C (46.1 wt%-Pt), c-Pt3Co/C (46.4 wt%-Pt, 
5.0 wt%-Co), Pt2AL-PtCo/C (28.5 wt%-Pt, 4.2 wt%-Co), and c-Pt2Ru3/C (29.8 wt%-Pt, 
23.2 wt%-Ru) catalysts dispersed uniformly on an Au substrate electrode (flow 
direction length 1 mm × width 4 mm) at a constant loading of carbon support, 11.0 µg 
cm-2, which corresponds to approximately two monolayers in height of the carbon 
black particles.1-3 An aliquot of 0.2 wt% Nafion (diluted with a mixture of ethanol and 
water at 3:2 v/v) solution was pipetted onto the catalyst layer to yield an average film 
thickness of 0.075 µm. The Nafion-coated electrode was dried under ethanol vapor 
pressure at room temperature. Finally, the Nafion-coated electrode was heated at 
130°C for 30 min in air.

A platinum wire was used as the counter electrode. A reversible hydrogen electrode 
RHE(t), maintained at the same temperature as that of the cell, was used as the 
reference electrode. All the electrode potentials in this paper will be referenced to the 
RHE(t). The electrolyte solution, 0.1 M HClO4, was prepared from reagent grade 
chemicals (Kanto Chemical Co.) and Milli-Q water, and purified in advance with 
conventional pre-electrolysis methods.4,5 The electrolyte solution was saturated with 
N2, pure H2, and CO-containing H2 (1000 ppm CO, Sumitomo Seika, Japan) bubbling 
in three separate Teflon reservoirs, respectively, for at least 1 h prior to the 
electrochemical measurements. 

A potentiostat (ALS 700A, BAS Inc.) was used for the electrochemical 
measurements. Prior to the HOR experiments at each temperature, the working 
electrode was electrochemically stabilized by repetitive sweeping the potential from 
0.05 to 1.00 V for c-Pt/C, c-Pt3Co/C, and Pt2AL-PtCo/C, and from 0.05 to 0.80 V for 
c-Pt2Ru3/C at a sweep rate of 0.50 V s-1 in 0.1 M HClO4 solution deaerated with N2 
gas at 70°C until the voltammogram reached a steady state (typically 20 cycles). Then 
the CO-tolerant HOR activity was measured by using the following protocol (Scheme 
S1). The CO coverage (θCO) as the site occupation was determined by the CO-
stripping voltammogram. The calculation is based on the following equation, 
regardless of the type of COad, e.g., linear (on-top), bridged, or the derivatives,

                         θCO = 1 − (∆QH/∆QH°)                        (1)  

where ∆QH and ∆QH° are the hydrogen-desorption charges with and without COad, 
respectively.6

Finally, the HOR durability test was carried out by potential cycling (0.02-0.95 V) 
at 20 mV s-1 in N2-saturated 0.1 M HClO4 at 70°C, as shown in Scheme S2. After 
2500 cycles, the HOR activity after 30 min CO-poisoning in 1000 ppm CO/H2 was 
examined by using the protocol as described in Scheme S1.
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CV measurement
Electrolyte: N2 saturated 0.1 M HClO4 at 70oC and 90oC

Potential range: 0.05~1.0 V for Pt2AL-PtCo/C, c-Pt/C, and c-Pt3Co/C;
0.05~0.8 V for c-Pt2Ru3/C

Scan rate: 100 mV s-1

HOR measurement
Electrolyte: H2 saturated 0.1 M HClO4 at 70oC and 90oC

Flow rate: 150 mL min-1

Potential range: 0~0.10 V
Scan rate: 1.0 mV s-1

CO adsorption
Electrolyte: 1000 ppm CO/H2 saturated 0.1 M HClO4 at 70oC and 90oC

Adsorption potential: 0.05 V
Flow rate: 150 mL min-1

Adsorption time: 0~90 min

CO-tolerant HOR measurement
Electrolyte: H2 saturated 0.1 M HClO4 at 70oC and 90oC

Flow rate: 150 mL min-1

Potential range: 0~0.10 V
Scan rate: 1.0 mV s-1

CO stripping
Electrolyte: N2 saturated 0.1 M HClO4 at 70oC and 90oC

Potential range: 0.05~1.0 V for Pt2AL-PtCo/C, c-Pt/C, and c-Pt3Co/C;
0.05~0.8 V for c-Pt2Ru3/C

Scan rate: 100 mV s-1

Scheme S1. The experimental protocol for measuring the CO-tolerant HOR activity.
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CO adsorption
Electrolyte: 1% CO/H2 saturated 0.1 M HClO4 at 70oC

Adsorption potential: 0.05 V
Flow rate: 150 mL min-1

Adsorption time: 30 min

CO str ipping
Electrolyte: N2 saturated 0.1 M HClO4 at 70oC

Potential range: 0.05~1.0 V for Pt2AL-PtCo/C, c-Pt/C and c-Pt3Co/C;
0.05~0.8 V for c-Pt2Ru3/C

Scan rate: 20 mV s-1

HOR measurement
Electrolyte: H2 saturated 0.1 M HClO4 at 70oC

Flow rate: 150 mL min-1

Potential range: 0~0.10 V
Scan rate: 1.0 mV s-1

Potential cycling degradation
Electrolyte: N2 saturated 0.1 M HClO4 at 70oC

Potential range: 0.02~ 0.95 V
Scan rate: 20 mV s-1

Cycle number: 0~2500

Scheme S2. Experimental protocol for measuring the catalyst durability that   
simulates the repeated exposure of the fuel cell anode to reformate gas and air during 
daily start/stop cycles.

2. Theoretical Calculation Methods

In order to obtain reliable estimates of adsorption energies for carbon monoxide and 
atomic hydrogen, it is necessary to make use of high-accuracy electronic structure 
density function theoretical (DFT) calculations, taking into account relativistic effects. 
Using such calculations, it has been shown to be possible to achieve good agreement 
between experiment and theory, for carbon monoxide on Pt(111)7 and atomic 
hydrogen on various Pt(hkl) surfaces.8-11 In the present work, as in the work cited,7-11 
the DFT calculations were carried out with the DMol3 software package (BIOVIA, 
Materials Studio, Version 7.0).12 The finest settings were used for the geometric 
optimization (convergence criteria, 1×10-5 Ha, maximum force 0.002 Ha/Å, 
maximum displacement 0.005 Å), which was carried out with density functional 
semicore pseudopotentials,13 with a double-numeric quality basis set with polarization 
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functions (dnp), and the final energies were calculated with all-electron scalar 
relativistic corrections. The gradient-corrected GGA functional used was developed 
by Perdew, Burke and Ernzerhof (pbe).14 To facilitate scf convergence, kinetic energy 
was applied to the electrons (thermal smearing) of 0.005 Ha for Pt(110) and 0.003 Ha 
for the Pt-Co alloys.

Periodic boundary conditions (PBC) were used, with three layers of metal atoms (Pt 
and/or Co) and a surface mesh of 4×4, shown for Pt(110) (Figure S4) and Pt3Co. For 
the latter, half of the atoms in the troughs of the top layer were converted from Co to 
Pt to simulate the formation of a Pt skin layer. To simulate the Pt2AL-PtCo(110) 
surface, with its higher concentration of Co close to the surface, half of the atoms 
below the Pt ridge atoms in the Pt-skin/Pt3Co(110) structure were converted from Pt 
to Co. 

For pure Pt, the lattice parameter used for the face-centered cubic (fcc) structure 
was the standard experimental bulk value of 3.93 Å; for Pt3Co, the fcc lattice 
parameter was 3.831Å (space group Pm-3m);15 For all of these structures, the xyz 
coordinates of the 8 bottom layer atoms were constrained to conform to those of the 
bulk structure.

The cross-sectional views for the Pt(110), Pt skin/Pt3Co(110) with Co-enriched 
underlayer (to simulate Pt2AL-PtCo(110), Pt skin/Pt3Co(110) with Co in the second 
layer, and Pt skin/Pt3Co(110) with Pt in the second layer are shown in Figure S5. 
These structures correspond to those shown in Figure 2 in the main text.
  
Table S1. Adsorption energies (eV) for H, H2 and CO on various surfaces.

Surface H(calc.) H(exp.) H2(calc.) CO-top(calc.) CO-top(exp.) CO-br(calc.)

Pt(110) -2.928 -2.798a -1.313 -2.345 -1.897b -2.340

Pt2AL-PtCo(110) - - -1.048 -1.992 - -2.129

Pt3Co(110)-CoUL
c - - -1.070 -2.137 - -2.429

Pt3Co(110)-PtUL
c - - -1.565 -2.485 - -2.429

aRef. 16.
bRef. 17.
cUL denotes the type of atom in the second layer or underlayer beneath the top layer 
Pt at which adsorption occurs.

The results for H, H2 and CO adsorption strengths at a coverage of 1/8 are shown in 
Table S1. The experimental values cited are for low coverage limits. The agreement 
between calculated values and experimental values is quite good for H on Pt(110), but 
the calculated value for CO is substantially higher than the experimental one, as noted 
earlier by Yamagishi et al.;18 for comparison, their calculated value, also using DMol3, 
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as in the present work, for CO adsorption energy on Pt(110) was -2.55 eV at 1/8 
monolayer coverage, compared to -2.345 eV obtained in the present work. It should 
also be noted that the same group obtained a calculated value for atop CO adsorption 
on Pt(111) (-1.94 eV) that was only slightly higher than the experimental value of -
1.90 eV, agreement that helps to increase the confidence in the DMol3 calculations.7
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4. Figures

Figure S1. TEM images and particle size distribution histograms of (A) c-Pt/C, (B) c-
Pt3Co/C, (C) Pt2AL-PtCo/C, and (D) c-Pt2Ru3/C catalysts.
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Figure S2. Hydrodynamic voltammograms for the HOR in H2-saturated 0.1 M HClO4 
solution at Nafion-coated c-Pt/C, c-Pt3Co/C, Pt2AL-PtCo/C, and c-Pt2Ru3/C electrodes 
with various CO-poisoning time (1000 ppm CO/H2) at 70°C and 90°C before 
recording CO-stripping voltammograms. The current densities are normalized to the 
real geometric area of the electrode. Potential scan rate = 1 mV s-1. Mean flow rate of 
electrolyte Um = 18 cm s-1.
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Figure S3. Change in the MAapp with CO-poisoning time (tad) for c-Pt/C, c-Pt3Co/C, 
Pt2AL-PtCo/C, and c-Pt2Ru3/C at 70oC and 90oC. After each electrode was exposed to 
0.1 M HClO4 solution saturated with 1000 ppm CO (H2-balance) at 0.05 V for a given 
period tad, the MAapp was evaluated in H2-saturated 0.1 M HClO4 solution. We have 
noted that the MAk in Table 1 showed that the c-Pt2Ru3/C was more active than the c-
Pt3Co/C, while in Figure S3 the MAapp of c-Pt3Co/C seems to be slightly higher than 
that of c-Pt2Ru3/C at θCO = 0 and 70 °C. We can check from the hydrodynamic 
voltammograms for the HOR at Nafion-coated c-Pt3Co/C and c-Pt2Ru3/C electrodes at 
70°C at θCO = 0 (CO-poisoning time = 0) in Figure S2. There are two points that 
should be addressed for explanation: 1) The HOR current at 20 mV, I20mV, for c-
Pt2Ru3/C was about 1.02 times higher than that of c-Pt3Co/C, whereas the metal mass 
was 1.07 times higher than that of c-Pt3Co/C, and thus the MAapp (using the I20mV 
divided by the metal mass) was smaller than that of c-Pt3Co/C, as seen from Figure 1.   
2) The Ik at 20 mV (Ik=(IL×I20mV)/(IL−I20mV)) for c-Pt2Ru3/C was about 1.15 times 
higher than that of c-Pt3Co/C, and thus the MAk (using the Ik divided by the metal 
mass) was still higher than that of c-Pt3Co/C, as shown in Table 1. Generally, the 
difference is not so significant: the HOR activities are nearly identical.
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Figure S4. Pt(110) unit cells with (A) on-top CO, (B) bridging CO, and (C) on-top 
2H; (1) cross-sectional view, (2) front view, and (3) top view.
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Figure S5. Cross-sectional views of unit cells with (A) on-top CO, (B) bridging CO, 
and (C) on-top (V-configuration) 2H adsorbates on the following surfaces: (1) 
Pt(110); (2) Pt skin/Pt3Co(110) with enriched Co underlayer to simulate PtCo with 
two atomic layers of Pt skin; (3) Pt skin/Pt3Co(110) with the on-top position situated 
above a Co atom in the second layer; and (4) Pt skin/Pt3Co(110) with the on-top 
position situated above a Pt atom in the second layer. These images correspond to 
those in Fig. 2 in the main text.


