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S1. X-ray Diffraction Characterization.

For XRD, the samples were deposited on a Si (100) wafer and dried at the lab 

atmosphere for 6h. The XRD patterns were collected on a Mac Science MXP18 ‒

diffractometer equipped with a diffraction beam monochromator and a rotation anode 

Cu target X ray tube (40 kV and 100 mA). The spectra were collected from 20° to ‒

80° in 0.02° increments and 3 s/point. The coherent length of the  𝑃𝑡 ‒ 𝑅𝑢/𝐶

nanocatalysts was estimated from the XRD pattern using the Scherrer equation (eq. 

S1)1, 2.

   (S1)
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where t is the particle size, K is the shape factor (0.9), λ is the X ray wavelength ‒

(1.54 Å), B is the full width of the halfmaximum (FWHM) for the XRD peak, and θ is 

the Bragg angle. The TEM used was a field-emission gun JEOL JEM 2100, operated 

at 200 kV, and the images were captured with a Hamamatsu ORCA-HR digital 

camera. The samples were dispersed in ethanol and deposited onto a Formvar/carbon

coated 300 mesh Cu grid and dried in a N2 filled grove box for at least 30 min prior ‒

to observation. TPD and TGA studies of the  and blank carbon samples 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2

were performed to monitor thermal desorption of metal precursors and carbon 

oxidation of Pt-Ru/C-H2. An alumina pan was used with a ramp rate of 10 K min-1 

from 300 to 1200 K in air flow (50 mL min-1). A Agilent 5975 Series MSD real time 
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gravimetric analyzer was used. 

Table S1. XRD determined Structure parameters of Pt-Ru/C-To

S2. X-ray absorption spectroscopy measurements. 

Pt L3 edge (11564 eV) and Ru K edge (22117 eV) data were collected at the ‒ ‒

Wiggler (W20 BL 17C) beamline and Superconducting Wavelength Shifter (SWLS ‒

BL 01C1) beamline of the Taiwan Light Source (TLS, operated at 1.5 GeV) in the ‒

National Synchrotron Radiation Research Center (NSRRC), Taiwan. Both the two 

beamlines are equipped with Fixed-Exit Double Crystal Si(111) Monochromator and 

a Toroidal Focusing Mirror. The W20 beamline has an energy range of 5 12 keV  ‒  

and the SWLS beamline energy range is 6 33 keV. The samples were loaded into an  ‒  

alumina oxide cell and the spectra were collected using transmission mode.

S2.1 X-ray absorption data analysis 

  The XAS data normalization and analysis were conducted using the Athena 

package in the IFEFFIT program.3, 4 The atomic coordinates used in the FEFF6.0 

input files were taken from models of metallic platinum (Pt) (ICSD #041525), rutile 

platinum oxide (PtO) (ICSD #26599), cubic platinum chlorite (PtCl3) (ICSD #22073), 
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and rutile ruthenium oxide (RuO2) (ICSD #15071) (Scheme S1), which were created 

in the Artemis program. Metallic platinum (Scheme S1a) has first nearest neighbors 

located at 2.77 Å, corresponding to a coordination number (CN) of 12. Rutile RuO2 

(Scheme 1b) has a central Ru atom that is octahedral coordinated to sox surrounding 

O atoms; four at 1.98 Å and two at 1.94 Å. The shortest distance is 3.11 Å 𝑅𝑢 ‒ 𝑅𝑢 

along the c axis of the unit cell, with a CN of 2. The next shortest  is 3.53 Å 𝑅𝑢 ‒ 𝑅𝑢

from the central Ru to the corner Ru atoms and thus corresponding to a CN of 8.5 For 

Ru L edge calculations, the FEFF6 program produced a list of theoretical phase ‒

shifts and amplitudes that were used in the EXAFS fitting of the experimental data. 

Artemis (FEFFIT) was used to extract the EXAFS signal, χ(k), based on the following 

equation (eq. S2):

   (S2)
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where k is the photoelectron wavevector [ , μ(k) is the ]))(/2( 2/1
0

2 EEmk  h

measured X ray absorption coefficient, and μ0(k) is a spline fit of the EXAFS region. ‒

Structural parameters were obtained from the experimental EXAFS data by a 

nonlinear least squares fit of the theoretical χ(k), which was conducted in R space by ‒

Fourier transforming χ(k). 

S2.2. Compositional analysis of XANES by linear combination method
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The compositions of NCs are determined by fitting their corresponding Pt 

L3 edge and Ru K edge XANES using a linear combination method. The fitting ‒ ‒

photon energy was selected from 20 to 20 eV relative to the absorption edge. The ‒

results are extracted by fitting experiment data with the weighting factors “ai(ox)” of a 

series of standard i compound spectra (μ(E)i(ox)) in different oxidation states (see eq. 

S3):

   (S3)  )()(),( )()( oxioxiiTo EEaE 

where μ(E)(To,i) denotes the XANES spectra of the  sample and  is the 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜 ∆𝐸

spectra edge shift between the standard i compound and the  samples. 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜

Data collection of X ray absorption spectra (XAS). The Pt L3 edge (11564 eV) ‒ ‒

and Ru K edge (22117 eV) XAS spectra of  catalysts were recorded using ‒ 𝑃𝑡 ‒ 𝑅𝑢/𝐶

the wiggler beamline at BL 17C1 and the superconducting wavelength shifter ‒

beamline at BL 01C1 of National Synchrotron Radiation Research Center (Hsinchu, ‒

Taiwan), respectively. The 1.5 GeV electron storage ring was operated on Top Up ‒

mode with an injection period in 60 second The beam current ( ) is 360 mA with a 𝐼0

small current variation ( ) of 0.05 %. Three gas filled ion chambers were used ∆𝐼0/𝐼0 ‒

in series to measure the intensities of the incident beam ( ), the beam transmitted 𝐼0

across the sample ( ), and the beam subsequently transmitted across the reference foil 𝐼𝑡
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( ). The third ion chamber was used in conjunction with the reference spectra of 𝐼𝑟

standard samples ( ) of Pt foil and Ru powder for energy calibration at 𝜇𝑟𝑒𝑓
𝑡 = 𝑙𝑛⁡(𝐼𝑡/𝐼𝑟)

Pt L3 edge and Ru K edge, respectively. All the Pt L3 and Ru K edges XAS ‒ ‒ ‒

spectra of prepared samples were collected in a transmission mode, i.e. 

. Due to the low penetration depth of tender X ray (normally less than 𝜇𝑒𝑥𝑝
𝑡 = 𝑙𝑛⁡(𝐼0/𝐼𝑡) ‒

100 μm ranging from 2 to 4.5 keV), the XAS data at Ru L3 edge were collected ‒

using the fluorescence mode ( ) by a Lytle detector with an incident X ray 𝜇𝑒𝑥𝑝
𝑡 = 𝐼𝑓/𝐼0 ‒

monochromator detuned 30% to avoid the high order harmonic photons from (111) 

reflection of Si monochromator.

 

Data Subtraction of Pt L3 and Ru K edge XAS. The XAS data including the ‒

XANES and the EXAFS oscillations (χ(k)), where k is the photoelectron wave 

number, were extracted and normalized according to the standard procedures of 

Athena program (with the code of AUTOBK algorithm 2.93) in the IFEFFIT package 

(version 1.2.10).6-9 Using a Hanning window function forward Fourier transformation 

(FFT) was performed on the EXAFS region of normalized XAS spectra with the 

selected k ranges for the Pt L3 (from 3.25 Å-1 to 14.1 Å-1) and Ru K edges (from 2.85 ‒

Å-1 to 13.90 Å-1) to generate the radial structure functions (RSF) in the radial space 

ranging from 1.0 Å to 5.0 Å. 
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XAS data analysis (model fitting). To conduct a XAS simulation, the reference 

structural information of standard Pt, PtO2, Ru, and RuO2 crystals (obtained from the 

Inorganic Crystal Structure Database (ICSD) and WebAtoms Database) was 

implemented in FEFF6.20 program10 in the IFEFFIT package (version 1.2.10)6-8 to 

generate theoretical bond paths of , , , , , and . 𝑃𝑡 ‒ 𝑃𝑡 𝑃𝑡 ‒ 𝑅𝑢 𝑃𝑡 ‒ 𝑂 𝑅𝑢 ‒ 𝑂 𝑅𝑢 ‒ 𝑅𝑢 𝑅𝑢 ‒ 𝑃𝑡

The model of simulating Pt L3 edge XAS data was based on the cadre of Pt FCC ‒

crystal (with a crystal Fm m symmetry), where the number of neighboring atoms in 3̅

the nearest shell (NPt-N) is 12 at the interatomic distance (RPt-N) of 2.772 Å. The bond 

path of heteroatoms was generated by substituting Pt with Ru in the first coordination 

shell of the lattice model. Furthermore, the  paths were created from the 𝑃𝑡 ‒ 𝑂

FEFF6.01 code11 using the structural information of PtO2 in the Inorganic Crystal 

Standard Database (ICSD).12 Model of RuO2 structure was referred to the standard 

information depicted by Boman, C. E. (1970).13 

The obtained RSF function was analyzed using EXAFS simulation (Artemis kits) 

with appropriate models (the scattering paths of , , and  bonding 𝑃𝑡 ‒ 𝑃𝑡 𝑃𝑡 ‒ 𝑅𝑢 𝑅𝑢 ‒ 𝑅𝑢

pairs) to investigate the local structural parameters (including the structural 

parameters of interatomic bond distance (Rij), phase shifts (Φij), coordination numbers 

(Nj), amplitude reduction factor (Si
2), effective wave backscattering amplitude (Fj(k)), 
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and Debye Waller factor (σj
2)) around X ray excited atoms in IFEFFIT program ‒ ‒

with EFEE6.01 code.3, 4, 14 To simplify the EXAFS fitting, the values of Si
2 of Pt and 

Ru atoms were fixed at 0.83 which was in good agreement with the theoretical 

estimation and can be used for different samples with central atoms in a similar 

chemical state (valence, coordination). Only single scattering paths were considered 

in fitting the experimental XAS data to prevent unexpected analytical errors (which 

may be due to the background noises or the multiple scattering effects from the higher 

order shells). The model simulation of XAS fitting with metal substitution was 

conducted by incorporating appropriate constrains in a single coordination shell. To 

evaluate the local structural information around X ray excited atoms, we adopted ‒

independent iterations to avoid the unexpected errors of direct correlation between 

structural parameters. The k3χ(k) were fitted with all the possible scattering paths for 

the corresponding FT peaks, where structural parameters of σj
2, Nj, and the Rij were 

treated as adjustable parameters.15 

For Ru K edge EXAFS analysis, the k-space data (k designates the wave vector ‒

of photoelectrons) were Fourier transformed (FT) over the range of 2.8 Å-1  12.7 Å-1, ‒

and the offset FT[χ(k)*k3] for each oxidation temperature is shown in Figure S1(a). As 

with the XANES spectra, the FT spectrum is very similar to that seen in 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2 

literature for metallic Ru and RuCl3. The spectra for the 300 K and 370 K are more 
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similar to that of heavily hydrated RuO2
16, 17 whereas the spectra for the 470 K and 

520 K are similar to those of slightly hydrated RuO2 samples. Finally, the 570 K 

spectrum resembles that of anhydrous RuO2 samples. For low temperature oxidized 

samples (as prepared, 300 K, and 370 K), a short k range for the FT results in poorer 

resolution of the  peaks (ranged from 3.11 Å to 3.54 Å) in the R space than a 𝑅𝑢 ‒ 𝑅𝑢

longer k range would. This is because the low counting statistics in the high k range 

and can explain discrepancies between the R-space spectra seen here and seen in 

literature. It should be noted that most of the spectra collected allow for a longer k 

range to be used for the FT. However the lowest quality spectra, 300 K, is noisy 

above k = 12.7 Å-1 and thus all spectra are presented with this range for consistency. 

The R-space spectrum for the  sample appears to have contributions 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2

from both metallic Ru (  peak at 2.26 Å)17, 18 and RuCl3 (at 1.96 Å as a shoulder 𝑅𝑢 ‒ 𝑅𝑢

in the left of  peak) as those seen in literature and the 300 K spectrum is similar 𝑅𝑢 ‒ 𝑅𝑢

to that of orthorhombic RuO2. For high temperature samples (370 K, 470 K, 520 K, 

and 570 K), the R-space spectra appears to have contributions from monoclinic and 

rutile RuO2. Therefore, Figure S1(a) confirms that, comparing with results of 

TGA/TPD MS and XRD, the Ru species of NPs in the  samples transition ‒ 𝑃𝑡 ‒ 𝑅𝑢/𝐶

from metallic Ru ( ) clusters to hydrated orthorhombic RuO2 clusters 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2

(amorphous) at ca. 300 K and from amorphous RuO2 to anhydrous rutile/monoclinic 
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RuO2 NPs at ca. 370 K to 570 K. In Figure S1(a), as the oxidation increases from 300 

K to 470 K, there is a slight incrase in intensity of the peak at 1.2 Å, indicating 𝑅𝑢 ‒ 𝑂 

that the octahedral  shell becomes more ordered. In addition, there is a slight 𝑅𝑢 ‒ 𝑂

increase in intensity at ca. 2.7 Å  2.8 Å, which will be discussed in the R-space ‒

fitting results below. The 300 K to 470 K spectra also have a decrease intensity at 2.2 

Å, relative to the other spectra in this plot, which has been attributed to  bonds 𝑅𝑢 ‒ 𝑂𝐻

in highly hydrated RuO2. Also seen in Figure S1(a) is that as the oxidation 

temperature is increased from 470 K to 570 K. The intensities of the peaks increase 

substantially, indicating that the structure of tettragonal RuO2 becomes more ordered 

as expected. 

  The evolutions of Pt atomic structure in  were elucidated by Pt L3 edge 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒

EXAFS analysis. Figure S1(b) shows the Pt L3 edge offset FT[χ(k)*k3] for each ‒

oxidation temperature sample without phase correction. As presented, the 

 FT spectrum is similar to that of contributions from tetragonal Pt oxide (𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2

 at 1.71 Å), cubic PtCl4 (  at 2.11 Å), and metallic Pt (  at 2.78 Å). 𝑃𝑡 ‒ 𝑂 𝑃𝑡 ‒ 𝐶𝑙 𝑃𝑡 ‒ 𝑃𝑡

The spectra for the 300 to 370 K are similar to that of contributions from tetragonal 

PtO and cubic PtCl4.12, 19 The spectra of high temperature samples (470 K to 520 K) 

appear to have the contributions from mainly hexagonal PtO2,20 cubic PtCl4, and 

possibly slightly metallic Pt. The peak resulting from  is less intense in the 𝑃𝑡 ‒ 𝑂
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spectrum of 550 K than that of 520 K (see the overlain of spectra in Figure S3(a)). 

This, consistent with the result of compositional analysis, suggesting that the 

decomposition of PtO2 due to the fact the Pt atoms tends to restructure themselves 

into clusters to decrease the surface free energy.21 An even clear feature for the PtO2 

decomposition and Pt restructure is shown by the substantial enhanced  peak in 𝑃𝑡 ‒ 𝑃𝑡

570 K spectrum. These observation indicates that the freshly prepared sample 

contains a thin layer of metallic Pt atoms and retained Pt chlorite at surface. For 

oxidized catalysts, the 300 K and 370 K samples are predominated mainly by PtO, 

with a small amount of PtCl4 present (2.15 Å to 2.21 Å). The 470 K and 520 K 

spectra has a substantial intense  peak than 300 K and 370 K spectra and they 𝑃𝑡 ‒ 𝑂

have a decreased intensity at 2.15 Å, where the PtCl4 peak should be located. This 

suggests that there is a transition PtO to PtO2 transition from 370 K to 470 K. Upon 

the transition, the retain chlorite would be oxidized and then be decomposed from the 

bimetallic NPs. A further oxidation at 570 K substantially restructures and 

decomposes the PtO2 into metallic Pt clusters.22-24 Figure S3(b) shows the overlain 

570 K and polymer blended 4.2 nm Pt NPs. The peak resulting from metallic Pt 

(across 2.6 Å to 2.7 Å) are less intense in the 570 K than the Pt NPs spectrum. Since 

the average size for metallic domains in 570 K was determined to be ~8.5 nm from 

XRD and TEM, these observations suggest that the 570 K sample contains NPs that 
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are rich with local disorders, with a small amount of metallic Ru present, and have 

substantial extent of direct contact with heterogeneous interface of RuO2 regions.25

Figure S1. R space spectra of all catalysts at (S1a) Ru K edge and (S1b) Pt ‒ ‒

L3 edge R space spectra. ‒ ‒

S2.3 Compositional analysis by XANES fitting. 

The  contains both non-reacted precursors (PtCl4 and RuCl3) and 𝑃𝑡 ‒ 𝑅𝑢/𝐶

products (  bimetallic NPs, PtO2, and RuO2, etc.), and the relative amounts of 𝑃𝑡 ‒ 𝑅𝑢

each species can be determined by compositional analysis of the XANES region using 

Athena package in ifeffit program. For Ru K edge analysis, the metallic Ru powder, ‒

RuO2 and RuCl3 were used as the reference in the fitting because these species are 

presumably coexisting in the bimetallic NPs (in different ratios associating with 
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oxidation temperatures). The 570 K sample was used as the hydrous RuO2 reference 

for the same reasons. The compositional fits were performed over the range of 22.08 

to 22.15 keV. 

Table S1 shows the compositional fitting results of all presenting 

samples (the XANES spectra comparing with their fitting curves are 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜 

shown in Figure S2). From Ru K edge data, the obtained results indicate that the ‒

 sample presents ca. 62.7% metallic Ru and 35.7% RuCl3. The 300 K 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2

samples has Ru present as ca. 18.6% Ru metal, 13.7% RuCl3, and 67.7% RuO2, 

respectively. This composition difference consistently meets the rapid oxidation trend 

of ruthenium species (including metallic Ru, RuCl3, and possibly other compounds). 

For high temperature samples (470 K to 570 K), the total amounts of metallic Ru and 

RuCl3 were further decreased to less than 10%. This raises the issues as to whether 

there is one type of particle present, containing on average these ratios between the 

three species or whether there are three types of particles present (i.e., the mixture of 

metallic Ru NPs, RuCl3 cluster, and RuO2 NPs). These two issues are clarified in the 

Ru K edge EXAFS. Meanwhile, the compositional values correlated well with the ‒

observed contributions in the R space spectra for these samples below.

  From Pt L3 edge data, the  contains ca. 69.8% metallic Pt, 11.6% ‒ 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝐻2

PtCl4, and 18.6% PtO2, respectively. The 300 K and 370 K samples have Pt present as 



14

ca. ~39  41% Pt metal, 15  18% PtCl4, and 42  43% PtO2, respectively. ‒ ‒ ‒

Comparing to 370 K sample, a drastic metallic Pt decrease (20  40%) was found in ‒

470 K and 520 K samples. Given that these two samples have similar PtCl4 contents 

(15  23%), we can suggesting that the PtCl4 oxidation might by hindered by the ‒

competition of RuCl3 and Ru oxidation. Finally, the 570 K sample has 80% metallic 

Pt, 9.4% PtCl4, and 6.7% PtO2, respectively. This directly refers to the transition of Pt 

oxides to metallic Pt, which is consistently probed by above XRD results and the 

XAS analysis in below. 

The chemical species distribution also reveals the oxygen pathways in 

. This information explains how local mass changes in NCs and, when 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜

combining with the results of TGA and TPD MS, confirms that the oxygen atoms ‒

diffuse from NCs surface to interact with carbon support. Here, the weight 

distribution of chemical species in Pt-Ru/C under different oxidation temperature is 

shown in Figure S4 using results of Table S1. The weight loss of carbon supported 

NCs were estimated using chemical stoichiometries (see chemical reactions in eq. S4 

 S7) with results of chemical distributions as determined via linear combination ‒

analysis: 

Pt + PtCl4 + O2 = PtO2 + PtCl4
R + PtR + Cl2 … (S4)

Ru + RuCl3 + O2 = RuO2 + RuCl3
R + RuR + Cl2 … (S5)
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where PtCl4
R , RuCl3

R, PtRand PtR refers to the remaining reactants in eq. S4 and eq. 

S5, respectively. The total weight of Pt (Ru) species in  denoted as 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜

ToWPt_total (ToWRu_total) was determined using following equations:

ToWPt_total = C(PtO2) × [PtO2] + C(PtCl4) × [PtCl4] + C(Pt) × [Pt]   (S6)

ToWRu_total = C(RuO2) × [RuO2] + C(RuCl3) × [RuCl3] + C(Ru) × [Ru]   (S7)

where C(i) refers to the mole ratio of chemical species (i) in eq. S6 and S7 with a 

molecular weight of [i]. Within estimations, the mole ratio of “i” species was adopted 

from results shown in Table S1. As shown in Figure S4, the total weights of Pt with 

Ru species increased by 24 – 37 mg, elucidating the weight loss originates from the 

combustion of carbon support after 1000 mg of catalyst powder being oxidized at 

 300 K. Accordingly, the substantial carbon combustion again rationalizes the 𝑇𝑜 >

easy dissociation of oxygen molecule with a subsequent diffusion of oxygen atoms at 

NCs surface followed by the reaction between oxygen atoms and carbon support at 

the heterogeneous interfaces.22

Table S2. Compositional analysis fits of the Ru K edge and Pt L3 edge XANES ‒ ‒

regions for the  samples. 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜

Sample Pt L3 edge‒ Ru K edge‒
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Pt0 PtCl4 PtO2 Ru0 RuCl3 RuO2

Pt-Ru/C-H2 69.8 11.6 18.6 62.7 35.7 NA

Pt-Ru/C-300 39.3 18.2 42.5 18.6 13.7 67.7

Pt-Ru/C-370 41.6 15.1 43.3 24.7 8.9 88.4

Pt-Ru/C-470 23.9 15.7 60.4 1.6 7.5 90.9
Pt-Ru/C-520 11.2 23.5 65.4 2.7 2.2 95.7
Pt-Ru/C-570 84.0 9.4 6.7 2.0 7.3 90.7
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 (a)

 (b)
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Figure S2. Least-square linear combination fitting curves of  samples at Pt L3 𝑃𝑡 ‒ 𝑅𝑢/𝐶

(a  f) and Ru K-edges (g  l) under different treatment. The obtained fitting ‒ ‒ 𝑇𝑜 

curves are in good agreement with the experiment XANES profile. 
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Figure S3. Overlain of R space EXAFS spectra for 520 K and 550 K samples.‒

Figure S4. The estimated total weights of Pt and Ru species of samples 𝑃𝑡 ‒ 𝑅𝑢/𝐶 

under different oxidation temperature ( ). Pt species include metallic Pt, PtO2, and 𝑇𝑜
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PtCl4, all of which are the products of the eq. S6 and S7. Similarly, Ru species include 
Ru, RuO2 and RuCl4.

S3.1. Density functional theory simulation 

The surface binding/absorption energy of oxygen molecules are calculated to 

predict the oxygen dissociation associating with the methanol oxidation activity of 

oxidized  using the DFT calculation with the pseudopotentials and the plane-𝑃𝑡 ‒ 𝑅𝑢/𝐶

waves basis sets. During the calculation, the exchange correlation effects are treated ‒

by the Perdew Burke Ernzerhof functions. The electron cores are described by ‒ ‒

Vanderbilt’s ultrasoft pseudopotentials for Pt, Ru, and O atoms. Our calculations were 

conducted out using the Quantum ESPRESSO computer code.26 In order to simplify 

the calculation, there are two kinds of substrates on which the oxygen molecules are 

horizontally absorbed. The first substrate, Pt/(001)RuO2, comprising one layer of Pt 

atoms at the top and three atomic layers of (001) rutile RuO2 crystal as a sublayer. 

The second one, Pt/(0001)Ru, consisted of one Pt atoms top layer and a three-atomic-

layers (0001) Ru hexagonal close packed (h.c.p.) substrate. For the first substrate, the 

lattice constants of RuO2 are a = 4.492 Å and b = 3.107 Å. Its corresponding supercell 

is orthorhombic of size 8.98 Å x 8.98 Å x 25 Å. The lattice constants of Ru h.c.p. 

crystal are a = 2.755 Å and c = 4.28 Å corresponding to an orthorhombic supercell of 

8.267 Å  9.545 Å  25 Å. Periodic boundary condition is applied for both × ×

supercells with the separating vacuum regions of about 15 Å. The Brillouin zones of 
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the supercells are sampled by a Γ centered Monkhorst Pack mesh of 8  8  2 k‒ ‒ × ×

points together with a first order Methfessel Paxton smearing of width 0.2 eV. ‒ ‒ ‒

The wave functions are expanded in plane waves (PWs) basis set with the kinetic 

energy cutoff of 400 eV (~ 29 Ry). Finally, the structural optimization of each 

chemisorption geometry was performed using the 

Broyden Fletcher Godfarb Shanno algorithm. During optimization, atoms at the ‒ ‒ ‒

three bottom layers are kept fixed at their truncated bulk positions while the Pt atoms 

and the oxygen molecules are set to relax. The relaxation terminates when the total 

energy is converged within the threshold of 10-8 eV.

S4. Electrochemistry experiments. 

  Linear sweep voltammetry experiments were performed on the 

samples to monitor their MOR activity. The working electrodes were ca. 𝑃𝑡 ‒ 𝑅𝑢/𝐶 ‒ 𝑇𝑜 

3 mg of sample prepared by blade casting method with the slurry of  powder 𝑃𝑡 ‒ 𝑅𝑢/𝐶

mixing with adequate amounts of isopropanol and Nafion 117 electrolytes. Electrical ‒

contact was made to the electrode with a platinum wire sealed in a glass tube. A three

electrode setup was used in a three-compartment all glass electrochemical cell. The ‒

reference electrode used was a normal hydrogen electrode (NHE), and the counter 

electrode used was a piece of 10  10 mm2 standard foil of platinum. The electrolyte ×

was a mixture of 1.0 M H2SO4 and methanol because of its high conductivity and H+ 
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molecule ions to participate in the MOR reactions. All potentials were referenced to 

the NHE. The spectra were collected at a potential sweeping rate of 10 mV s-1 and all 

experiments were conducted at 22  3oC. The instrument used for these ±

measurements was a CH Instruments Model 600B potentiostat under chi627d 

software control. The details of electrochemical experiments were reported in the 

previous studies.1 
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S4. TGA analysis:

Figure S5. Thermal Gravity analysis curves of  sample and blank carbon 𝑃𝑡 - 𝑅𝑢/𝐶

support
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