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Supplementary Figure 1. Characterizations of RuO2 and VXC-72. (a) TEM image, (b) XPS survey 

scan, and (c) XRD pattern of RuO2. (d) TEM image, (e) XPS survey scan, and (f) XRD pattern of 

VXC-72. 
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Supplementary Figure 2. UV-vis absorption measurements. (a) UV-vis spectra of the H2PtCl6 

(aqueous) solutions used for (b) H2PtCl6 concentration versus absorbance. (c, d) UV-vis spectra of 

the solution before and after adsorption of Pt species for (c) Pt1/RuO2-0.38 and (d) Pt/VXC-72-1.48. 

 

After adsorption on the RuO2 or VXC-72 supports in solution, the Pt in the aqueous solution 

was not detectable (Supplementary Fig. 2c, d), suggesting that Pt was completely adsorbed on the 

supports. Hence, the Pt loading was calculated accordingly (See Methods). 
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Supplementary Figure 3. Characterizations of Pt1/VXC-72. (a) Low-magnification HAADF-

STEM image. (b) TEM image. 
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Supplementary Figure 4. XRD patterns of Pt1/RuO2, Pt1/VXC-72, RuO2, and VXC-72. 
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Supplementary Figure 5. Quantitative determination of the average oxidation state of Pt. (a, b, c, 

d) Fitting analysis of Pt L3-edge XANES spectra peak of Pt foil, Pt1/VXC-72, Pt1/RuO2, and PtO2 

by an arctangent function and a Gauss function, respectively. (e) Fitted average oxidation state of 

Pt in Pt1/VXC-72 and Pt1/RuO2 from XANES spectra. Pt foil (0) and PtO2 (+4) were employed as 

standard references. 

 

By arctangent function as baseline and Gaussian function as fitted curves, the Pt L3-edge 

XANES spectra peak of Pt foil and PtO2 references as well as Pt1/VXC-72 and Pt1/RuO2 are fitted 

(Supplementary Fig. 5a-d)1,2. As is well known, the valence state of Pt in Pt foil and PtO2 references 

is 0 and +4, respectively. Due to the linear relationship of the white line area and the Pt oxidation 

state1,2, the oxidation states of Pt in Pt1/VXC-72 and Pt1/RuO2 can be determined, that is, +1.22 and 

+2.90, respectively (Supplementary Fig. 5e).  
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Supplementary Figure 6. EXAFS R-space experimental curve and fitting curve against models of 

Pt-RuO2(110) and PtC3 (see Supplementary Fig. 19b, 20) for (a) Pt1/RuO2 and (b) Pt1/VXC-72, 

respectively. The fit parameters are shown in Supplementary Table 1. 
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Supplementary Figure 7. Ru 4s XPS spectra of RuO2. 
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Supplementary Figure 8. EPR spectra of Pt1/RuO2 and RuO2. 

 

The signal intensity of oxygen vacancies of Pt1/RuO2 is higher than that of RuO2, suggesting 

the existence of oxygen vacancies as a consequence of the presence of Pt single atoms3.  
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Supplementary Figure 9. O 1s XPS spectra of Pt1/VXC-72 and VXC-72. 
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Supplementary Figure 10. HAADF-STEM image (a) of Pt/VXC-72-1.48 and corresponding MOR 

performance (b). 

  

0.2 0.4 0.6 0.8 1.0 1.2

-200

-100

0

100

200

300

 

 

C
u

rr
e
n

t 
d
e

n
s
it
y
 (

m
A

 m
g

-1 P
t)

Potential (V vs. RHE)

Pt/VXC-72-1.48
a b 



11 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 11. (a) EPR spectra, (b) XRD patterns, and (c) MOR performance of RuO2 

and RuO2-700 in 0.1 mol L‒1 KOH and 1 mol L‒1 methanol solution at a scan rate of 50 mV s‒1. 

 

To reveal the role of oxygen vacancy during the MOR, we prepared a control sample that RuO2 

annealed in air at 700 C (denoted as RuO2-700). The RuO2-700 remained RuO2 phase but showed 

an enhanced signal intensity of oxygen vacancies compared to pristine RuO2 (Supplementary Fig. 

11a, b). However, RuO2-700 still had no MOR performance (Supplementary Fig. 11c), suggesting 

the negligible contribution of oxygen vacancies in RuO2 to MOR. 
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Supplementary Figure 12. Characterizations of Pt1/RuO2 after stability test. (a) HAADF-STEM 

image. (b) k3-weighted R-space Fourier transformed spectra from EXAFS. 
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Supplementary Figure 13. TEM images of 20 wt% commercial Pt/C. (a) Before stability test. (b) 

After stability test. 
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Supplementary Figure 14. HAADF-STEM images of Pt1/RuO2-500. 
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Supplementary Figure 15. HAADF-STEM images of (a, b) Pt/RuO2-0.75, (c) Pt/RuO2-1.48, and 

(d) MOR performance in 0.1 mol L‒1 KOH and 1 mol L‒1 methanol solution at a scan rate of 50 mV 

s‒1. 

 

For the Pt/RuO2-0.75 with Pt loading of 0.75 wt%, Pt mainly existed in single atoms and 

clusters (Supplementary Fig. 15a, b). For the higher Pt loading of 1.48 wt% as shown in Pt/RuO2-

1.48, Pt mainly existed in clusters and nanoparticles (Supplementary Fig. 15 c). With the increase 

of Pt loading on RuO2, Pt atoms tended to aggregation, which can lead to the decrease in the numbers 

of activity sites towards electrocatalysis4. Correspondingly, the Pt/RuO2-0.75 and Pt/RuO2-1.48 

showed mass activities of 5785 and 5575 mA mg
‒1 

Pt  (Supplementary Fig. 15d), respectively, which 

were lower than that of Pt1/RuO2 SACs (6766 mA mg
‒1 

Pt ) with 0.38 wt% Pt loading. 
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Supplementary Figure 16. XRD patterns of Pt1/RuO2-H. 
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Supplementary Figure 17. EXAFS R-space experimental curve and fitting curve against the model 

of Pt-Ru(0001) (see Supplementary Fig. 21) for Pt1/RuO2-H. The fit parameters are shown in 

Supplementary Table 1. 
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Supplementary Figure 18. Ethanol oxidation of Pt1/RuO2 and commercial Pt/C in alkaline media.  
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Supplementary Figure 19. Slab models of (a) stoichiometric RuO2(110), and (b) Pt-RuO2(110), 

where a single Pt atom substitutes the Rucus in RuO2(110). 

 

 

 

 

  

a b 

Pt Ru O 



20 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 20. PtC3 model corresponding to Pt1/VXC-72. (a) Top and (b) side view of 

PtC3. 
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Supplementary Figure 21. Pt-Ru(0001) model corresponding to Pt1/RuO2-H. (a) Top and (b) side 

view of Pt-Ru(0001). 
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Supplementary Figure 22. The relaxed structures for (a) the adsorption of CH3OH molecule at the 

Rucus site, (b) the co-adsorption of CH3O and H at the Rucus site, and (c) the adsorption of CH3OH 

molecule at the Pt site on Pt-RuO2(110). (d) PDOS for Pt atom in the structure as shown in (c). (e) 

Electronic occupation of Pt corresponding to (d). 

 

The CH3OH molecule prefers adsorbing above the Rucus site with a free energy of ‒0.54 eV. 

The structure of one CH3OH molecule at the Pt site by forming the Pt‒O bond was also investigated. 

After the full geometry optimization, the neighboring Obr atom attracts the H atom bonded with O 

in the CH3OH and breaks the O‒H bond (CH3OH* → CH3O* + H*), see Supplementary Fig. 22c. 

As a result, the CH3OH molecule can not be adsorbed at the Pt site with its integrity. The breaking 

of O‒H bond during the structure relaxation may be attributed to the strong repulsion between Pt(III) 

and the adsorbate CH3OH (Supplementary Fig. 27). After CH3OH adsorbs at the Pt site of Pt-

RuO2(110) (Supplementary Fig. 22c), the single electron at the dz2 orbital (Supplementary Fig. 25a) 

was squeezed out (Supplementary Fig. 22d), leading to the oxidation of Pt(III) to Pt(IV) and 

deprotonation of CH3OH* to form the CH3O*. Considering that the energetically unfavorable 

process of pushing one electron at the dz2 orbital of Pt to RuO2 is required to ensure the coordination 

of CH3OH at the Pt site, the co-adsorption of CH3O* and H* at Pt site is less stable than that at the 

Rucus site by 0.12 eV. 

  

a b c 

C Pt Ru O H 

e 

-8 -4 0 4

-4

-2

0

2

4

6
 d total

 d
xy

 d
xz

-d
yz

 d
z2

 d
x2-y2

E-E
F
 (eV)

P
D

O
S

 (
s
ta

te
s
 p

e
r 

e
V

)

d 



23 

 

 

Supplementary Figure 23. The fully optimized (a) initial state and (b) transition state for the 

reaction of CH2O*→ CHO*+H* on the pure RuO2(110). 
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Supplementary Figure 24. Calculated reaction free energy and energy barriers for methanol 

oxidation to CO. (a) Pt-RuO2(101). (b) Pt(111). 

 

In addition to the MOR mechanism described in the main text, we also considered the  

following reaction pathway: CH3OH→CH3OH*→CH3O*→CH2O*→CHO*→CO* on Pt-

RuO2(101) and Pt(111). The reaction pathway and calculated reaction barriers for Pt(111) are also 

consistent with the literature5. The highest reaction barrier for methanol towards CO on Pt-

RuO2(101) was predicted to be 0.79 eV, a value higher than that on Pt-RuO2(110) (0.49 eV, Fig. 6a) 

but much lower than that on PtC3 (2.06 eV, Fig. 6b) and Pt-Ru(0001) (1.08 eV, Fig. 6c). These 

results suggest Pt1/RuO2 favors methanol oxidation and is superior to Pt1/VXC-72 and Pt1/RuO2-H. 
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Supplementary Figure 25. The electrochemical potential required for each elementary step 

towards methanol oxidation at different substrates. The x-axis represents total electrons transferred 

from the original reactant of methanol. 
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Supplementary Figure 26. PDOS of d orbital for (a) Pt and (c) Rucus in Pt-RuO2(110) together with 

the corresponding electronic occupation for (b) Pt and (d) Rucus.  
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Supplementary Figure 27. Charge density difference for the Pt-RuO2(110) with respect to the 

superposition of atomic spheric charge. (a) The topmost atomic layer is shown together with the 

0.015 |e|/Bohr3 iso-surface, (blue, grey, and red spheres represent Ru, Pt, and O, respectively). 

Yellow and cyan colors indicate electron accumulation and depletion with respect to the 

corresponding spherical atomic charge, respectively. (b) Contour plot (unit of the charge density is 

|e|/Borh3) of the topmost surface as in (a). 
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Supplementary Figure 28. Orbital interaction diagrams of methanol with (a) Ru4+ and (b) Pt3+ in 

Pt-RuO2(110). The coordination of the methanol molecule with Ru4+ is stronger than with Pt3+ due 

to the more favorable two-center, two-electron interaction of Ru4+ compared to the two-center, 

three-electron interaction of Pt3+. 
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Supplementary Figure 29. PDOS of Pt d orbitals in Pt-RuO2(110), PtC3, Pt-Ru(0001), and Pt(111). 
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Supplementary Table 1. Structural parameters of Pt1/RuO2, Pt1/VXC-72 and Pt1/RuO2-H obtained 

from EXAFS fitting against Pt-RuO2(110), PtC3 and Pt-Ru(0001), respectively. 

Sample Shell N R (Å) σ2 (10-3Å2) E0 (eV) S0
2 

Pt1/RuO2  Pt-O 4.0 1.99 2.30 7.50 0.765 

Pt1/VXC-72 Pt-C 3.0 1.93 1.00 52.0 0.950 

Pt1/RuO2-H Pt-Ru 9.0 2.71 8.25 6.00 0.700 
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Supplementary Table 2. MOR activities of Pt-based electrocatalysts in alkaline media. 

Catalyst Electrolyte Sweep rate 

(mV s‒1) 

Mass activity 

(mA mg
-1 

Pt ) 

Reference 

Pt1/RuO2 0.1M KOH + 1M MeOH 50 6766 This study 

Pt/Ni(OH)2/rGO 1M KOH + 1M MeOH 50 1236 6 

Pt/CNTs + CeO2·xH2O 1M KOH + 1M MeOH 20 2304 7 

PtCu NFs 0.5M KOH + 1M MeOH 50 2260 8 

Pt-Co nanoframes 1M KOH + 1M MeOH 50 4280 9 

Pt56Cu28Ni16 1M KOH + 1M MeOH 50 5600 10 

Pt2Bi 1M KOH + 1M MeOH 50 4611 11 

PtZn/MWNT 0.1M KOH + 0.5M MeOH 50 ~550 12 

PtCu-O EONDs 0.5M KOH+ 1M MeOH 50 4430 13 

Pt@HfSx/CNT 0.1M KOH + 1M MeOH 50 34.86 14 

Pt-Ce(CO3)OH/rGO 1M KOH + 1M MeOH 50 1477.5 15 

PtRu nanodendrites 1M KOH + 1M MeOH 50 3060 16 

PtNi/C 1M KOH + 1M MeOH 50 ~4025 17 

p-Pt1Cu1/AP-GNPs 0.1M KOH + 0.5M MeOH 50 3611 18 

Porous Pt nanotubes 1M NaOH + 1M MeOH 50 2331 19 

Pt/Ti0.5Cr0.5N/G 0.1M KOH + 1M MeOH 50 1068.8 20 

AgAu@Pt nanoframes 0.2M KOH+ 1M MeOH 50 483.1 21 

Pt2Bi Nanoplates 1M NaOH + 1M MeOH 50 4820 22 
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Supplementary Table 3. Reaction free energy for dehydrogenation of CH3OH and CO 

electrooxidation on Pt-RuO2(110) at pH = 13. 

Elementary step ΔG (eV) 

CH3OH + * → CH3OH* −0.54 

CH3OH* → CH3O* + H* −0.26 

CH3O* + H* + OH− → CH3O* + H2O + e− 0.17 

CH3O* → CH2O* + H* −0.63 

CH2O* + H* + OH− → CH2O* + H2O + e− 0.14 

CH2O* → CHO* + H* −1.09 

CHO* + H* + OH− → CHO* + H2O + e− −0.05 

CHO* → CO* + H* −0.51 

CO* + H* + OH− → CO* + H2O + e− −0.15 

CO* + OH− → CO* + OH* + e− −0.46 

CO* + OH* → cis-COOH* −0.27 

cis-COOH* → trans-COOH* 0.07 

trans-COOH* → trans-COOH* −0.14 

trans-COOH* + OH− → CO2* + H2O + e− −0.51 

CO2* → CO2 −0.33 
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Supplementary Table 4. Calculated Bader charge of selected atoms on Pt-RuO2(110), PtC3, and 

RuO2(110). 

Species atom Pt-RuO2(110) PtC3 RuO2(110) 

Pt +1.22 +0.25 N.A. 

Rucus +1.61 N.A. +1.59 

Rusat +1.83 N.A. +1.82 

Obr ‒0.72 N.A. ‒0.73 

O3f connected to Rucus ‒0.89 N.A. ‒0.90 

O3f connected to Pt ‒0.86 N.A. N.A. 

O3f beneath Rucus ‒0.85 N.A. ‒0.84 

O3f beneath Pt ‒0.78 N.A. N.A. 

N.A.: not available. 

Note: Pt atom on Pt-RuO2(110) loses 1.22 e, whereas the Pt on Pt-C loses only 0.25 e. This implies 

that the Pt on Pt-RuO2(110) has a higher oxidation state than that on PtC3, which is also consistent 

with the XANES and XPS results. 
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Supplementary Table 5. Elementary steps of methanol oxidation that involve electron transfer with 

corresponding reaction free energy expression. 

Elementary step Reaction free energy 

CH3OH(g) + * → CH3O* + H+ + e‒ ∆G1 = G(CH3O*) + ½G(H2(g)) ‒ G(*) ‒ G(CH3OH(g)) 

CH3O* → CH2O* + H+ + e‒ ∆G2 = G(CH2O*) + ½G(H2(g)) ‒ G(CH3O*) 

CH2O* → CHO* + H+ + e‒ ∆G3 = G(CHO*) + ½G(H2(g)) ‒ G(CH2O*) 

CHO* → CO* + H+ + e‒ ∆G4 = G(CO*) + ½G(H2(g)) ‒ G(CHO*) 

CO* + H2O(l) → COOH* + H+ + e‒ ∆G5 = G(COOH*) + ½G(H2(g)) ‒ G(CO*) ‒ G(H2O(l)) 

COOH* → CO2(g) + H+ + e‒ ∆G6 = G(CO2(g)) + ½G(H2(g)) ‒ G(COOH*) 

Note: where G = EDFT + ZPE ‒ TS, consistently with the definition for ΔGads in the main text. Under 

the standard hydrogen electrode computational framework23,24, G(H+ + e‒) is estimated by 

½G(H2(g)). 
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