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Abstract 36 

Single Pt atom catalysts are key targets because the high exposure of Pt significantly 37 

enhances electrocatalytic activity. PtRu alloy nanoparticles are the most active catalysts for 38 

the methanol oxidation reaction (MOR). To combine the exceptional activity of single Pt 39 

atom catalysts with an active Ru support we must overcome the synthetic challenge of 40 

forming single Pt atoms on noble metal nanoparticles. Here, we demonstrate a process that 41 

grows and spreads Pt islands on Ru branched nanoparticles to make single Pt atom on Ru 42 

catalysts. By following the spreading process with in situ TEM, we show that the formation 43 

of a stable single atom structure is thermodynamically driven by the formation of strong Pt-44 

Ru bonds and lowering of surface energy of the Pt islands. The stability of the single Pt atom 45 

on Ru structure and resilience to CO poisoning results in high current density and mass 46 

activity for MOR over time. 47 

Main 48 

Single Pt atom catalysts are emerging as highly active catalysts for electrochemical 49 

reactions because every Pt atom is highly available at the surface and available for catalysis. 50 

For many catalytic reactions, the key to maximizing the performance is to form a stable 51 

catalyst structure that is resilient to surface poisoning.  The efficiency of methanol fuels cells 52 

is limited by CO poisoning during the methanol oxidation reaction (MOR), which prevents 53 

high current densities being retained over time1. Pt is the most active MOR catalyst, however 54 

COads intermediates bind strongly to the Pt sites, thus preventing access of methanol to these 55 
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active sites2–7. Single Pt atoms dispersed on Ru nanoparticles have the advantage that if COads 56 

forms, OHads adsorbed on neighboring Ru can readily strip the poisoning species from the 57 

catalyst surface8–11. 58 

The benefit of forming single Pt atoms on a pre-formed nanoparticle support is that all 59 

active Pt atoms are deposited at the surface12–14. Importantly, key structural features of the 60 

nanoparticle support, such as surface faceting, can be incorporated into the catalyst15–19. We 61 

have previously shown that introducing low index facets onto branched Ru nanoparticles 62 

leads to high catalytic stability for oxidation reactions20–22. Therefore, we hypothesize that 63 

single Pt atoms bonded to faceted Ru nanoparticle supports will form effective and stable 64 

MOR catalysts.  65 

Successful syntheses of bi-metallic single atom catalysts have focused on embedding 66 

single atoms in the surface of a nanoparticle by low-content alloying23–25 galvanic 67 

replacement of non-noble metal atoms26 and high temperature27–30 or electrochemical atomic 68 

deposition14. Here, we present a synthetic approach for achieving single Pt atoms on the 69 

surface of metal nanoparticles. Using atomic resolution in situ transmission electron 70 

microscopy (TEM) studies, we reveal that spreading Pt islands on a Ru support is an effective 71 

strategy for forming single Pt atom catalysts. The thermodynamically driven rearrangement 72 

of Pt islands on the low index Ru facets to form discrete Pt atoms on a Ru nanoparticle 73 

surface. The single Pt atoms on Ru catalysts have high current density and mass activity that 74 

is stable over time. 75 

Results 76 

Formation process of single Pt atoms on Ru nanoparticles 77 

To synthesize single Pt atoms on Ru nanoparticles, firstly, Pt islands were grown on 78 

branched Ru nanoparticles. Pt is grown directly onto the low index faceted hcp-Ru branches 79 
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by the slow reduction of a Pt(II) precursor with oleylamine in the presence of pre-formed 80 

branched Ru nanoparticles (Supplementary Fig. 1). The Pt grows on the Ru nanoparticles as 81 

2.5 nm sized Pt islands, as shown by the localized areas of Pt in the TEM images (Fig. 1a and 82 

b) and energy dispersive X-ray spectroscopy map (EDX, Supplementary Fig. 2). The Pt 83 

islands on Ru nanoparticles were then annealed at 200 °C in a flow of 5% H2/95% N2. After 84 

annealing, the Pt has spread evenly over the entire Ru nanoparticle surface with no alloying 85 

observed, as shown by TEM analysis (Supplementary Fig. 3). The annealing process has been 86 

previously shown to be effective for the removal of amine surfactant from the nanoparticle 87 

surface31. Annealing with H2 reducing gas produces under-coordinated Ru surface atoms that 88 

are available to form Pt-Ru bonds. Annealing with non-reducing N2 gas flow resulted in no 89 

observable change or spreading of the Pt islands (Supplementary Fig. 4). The spreading is 90 

accompanied by a disappearance of fcc-Pt peaks in the X-ray diffraction (XRD) pattern 91 

indicative of the islands spreading to single Pt atoms on the hcp-Ru branches (Supplementary 92 

Fig. 5). 93 

To understand the formation of single Pt atoms from Pt islands, changes in the Pt structure 94 

were observed over time while heating the specimen in a H2 gas flow in an environmental 95 

TEM (ETEM), as can be seen in Supplementary Movie 1. Atomic resolution imaging was 96 

performed in situ with a high-speed electron-counting direct detection camera. The 97 

transformation of an individual island (dashed box in Fig. 1b) during annealing is shown in 98 

the still images taken from the movie (Fig. 1c). This transformation is typical of the process 99 

occurring across all islands in the sample. Initially, small Pt islands were connected to the 100 

low index facets of the branched Ru nanoparticles by a neck of ~2 nm in diameter, as can be 101 

seen in Fig. 1c (t = 3.0 s, Supplementary Movie 1). The islands were stable and remained 102 

unchanged under electron beam irradiation (see Methods). Upon in situ heating and H2 gas 103 

flow, the Pt started to spread across the Ru surface causing the height of the Pt island to 104 
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decrease from 5.8 to 3.8 nm (Fig. 1c, t = 11.2 s). As the islands continued to spread, the 105 

contact area between Pt and the Ru nanoparticle surface increased (Fig. 1c, t = 22.3 s). The 106 

spreading continued until the islands were no longer observable and Pt dispersed across the 107 

surface of the branched Ru nanoparticle (Fig. 1c, t = 37.2 s). The entire spreading process of 108 

several islands can be seen in directly in Supplementary Movie 1. The spreading process 109 

occurred at a rate of 403 atoms s-1 in the ETEM, see Supplementary Note 1, Tables 1, 2 and 110 

Supplementary Fig. 6. 111 

Two thermodynamic drivers were revealed for the formation of single Pt atom 112 

catalysts from the in situ movie: The decrease in surface free energy of the Pt island as it 113 

spreads across the Ru surface (Fig. 1d, t = 3.0 s).  The increase in the number of strong Pt-Ru 114 

bonds as more Pt atoms make contact with the Ru nanoparticle (Fig. 1e, t = 22.3 s). The 115 

formation of strong Pt-Ru bonds (7.56 eV) compared to Pt-Pt bonds (6.03 eV)8, means that it 116 

is energetically favorable to maximize the number of Pt-Ru bonds. This spreading process is 117 

in contrast to sintering and aggregation which are more commonly observed for metal 118 

nanoparticles27,32. The Pt-Ru bond formation is further supported by the crystallographic 119 

alignment of Pt atoms with the hcp Ru atomic structure. This can be seen by the alignment of 120 

spots in the fast Fourier transform (FFT) of the images in Fig. 1d and e (see insets). The FFT 121 

of the image taken at t = 37.2 s only has spots corresponding to hcp Ru, indicating that no 122 

crystalline Pt remains (Supplementary Fig. 7).  123 

Characterization of single Pt atoms on Ru nanoparticles 124 

The uniform contrast in the low-resolution high angle annular dark field scanning 125 

TEM (HAADF-STEM) image in Fig. 2a suggests that the Pt atoms are evenly spread over the 126 

Ru nanoparticle and the branched morphology of the Ru nanoparticle support is retained. The 127 

atomic resolution HAADF-STEM imaging coupled with EDX mapping reveal that the 128 
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brighter Pt atoms are located at the edge of the nanoparticle and in the same atomic columns 129 

as the Ru atoms (Fig. 2b). The intensity of the contrast in the HAADF-STEM and the Pt and 130 

Ru signals in the EDX map were plotted as a function of distance to clearly identify Pt and 131 

Ru atoms (Fig. 2b). The STEM image in Fig. 2c shows that the Pt atoms are discrete and that 132 

the low index {10 0} and {10 1} facets of the Ru branch surface are retained.  133 

Extended X-ray absorption fine structure (EXAFS) analysis further supports the 134 

formation of single Pt atoms on branched Ru nanoparticles. The single Pt atom structure is 135 

confirmed by the absence of Townsend Ramsauer resonance in the Fourier transform (FT) of 136 

the Pt LIII-edge EXAFS spectrum of the single Pt atom on Ru nanoparticles relative to the 137 

reference Pt foil (Fig. 2d). The location of the single Pt atoms at the surface of the Ru 138 

nanoparticle is supported by curve fitting calculations that show Pt is coordinated to 5.6 ± 1.0 139 

Ru atoms at an average distance of 2.72 ± 0.01 Å and 2.3 ± 0.3 lighter elements (modeled as 140 

O) at an average distance of 2.05 ± 0.01 Å (Supplementary Fig. 8 and Supplementary Table 141 

3). The Ru K-edge X-ray absorption near edge structure (XANES, Supplementary Fig. 9) and 142 

EXAFS (Supplementary Fig. 10) closely resemble bulk Ru (Supplementary Table 4), which 143 

confirms that the Ru branches retain their structural and electronic properties after single Pt 144 

atom formation. 145 

MOR electrocatalytic performance  146 

The electrocatalytic performance of single Pt atom on Ru nanoparticles for MOR was 147 

evaluated in 0.1 M HClO4 containing 1.0 M CH3OH. The cyclic voltammograms (CVs) of 148 

single Pt atom on Ru, Pt island on Ru (Fig. 3a), commercial PtRu, and commercial Pt 149 

(Supplementary Fig. 11) show their different MOR performance. The single Pt atom on Ru 150 

catalyst has a high capacitance-corrected current density of 14.3 mA cmgeo
-2 at a potential of 151 

only 0.7 V (see Supplementary Table 5). The current density on the single Pt atom on Ru 152 



8 

 

nanoparticles is 3.1 times greater than Pt island on Ru catalysts (Fig. 3a, blue) and 4.7 times 153 

greater than commercial PtRu catalysts (Supplementary Fig. 11).  Without methanol, no 154 

increase in current density is observed (Supplementary Fig. 12). The single Pt atom on Ru 155 

catalysts have a high specific activity of 0.75 mA cm-2 and a high mass activity of 1.58 A 156 

mgPt
-1 at 0.7 V vs RHE (Fig. 3b and Supplementary Table 5 and 6). The high mass activity 157 

results from every Pt atom being exposed on the surface and available for catalysis and shows 158 

the importance of a single atom catalyst structure. 159 

The stability of the single Pt atom on Ru catalysts was assessed at a potential of 0.6 V 160 

vs RHE over 240 min. After 120 min, the single Pt atom on Ru nanoparticles reached a 161 

steady state current density of 2.74 mA cm-2, compared to 0.21 mA cm-2 for the Pt island on 162 

Ru and commercial Pt nanoparticles (Fig. 3c). Further demonstrating the high stability, the 163 

single Pt atom on Ru catalysts exhibited only a <10 % decrease in activity after 1000 164 

voltammetric cycles (Supplementary Fig. 13). Retaining high activity over repeated cycling 165 

can be achieved if the catalyst surface is not poisoned by CO33–36. The single Pt atom on Ru 166 

catalysts have a favorable stability that suggests a high resilience to CO and small molecule 167 

poisoning compared to other state-of-the-art PtRu catalysts11,37–39.  168 

The high stability is attributed to a durable single Pt atom on branched Ru structure. 169 

The structural stability is shown by the low dissolution of Ru during MOR (Supplementary 170 

Fig. 13c), which results from the inherent stability of the low index facets of the branched Ru 171 

supports22. Post catalysis TEM shows no observable change in the location of Pt atoms and 172 

nanoparticle structure (Supplementary Fig. 14). The origin of the structural stability of the Pt 173 

atoms during catalysis is the strong Pt-Ru bonds that prevent migration and sintering. The 174 

concept of structural stability of single atom materials to ensure catalytic stability is emerging 175 

as an important topic in the literature40,41. The formation of strong Pt-Ru bonds that drive the 176 

spreading process have the significant benefit of also providing catalytic stability.  177 
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To explore the MOR pathways of the single Pt atom on Ru catalyst, faradaic 178 

efficiencies and product analysis were measured at 0.6 V vs RHE (Supplementary Table 7). 179 

The higher faradaic efficiency for the oxidation of methanol of the single Pt atom on Ru 180 

catalyst (87%) compared to the Pt island (63%), commercial PtRu (63%) and commercial Pt 181 

(51%) catalysts shows that the single Pt atom on Ru nanoparticles are effective MOR 182 

catalysts. The single Pt atom on Ru catalyst generates CO2 (49%) and HCOOH (51%). 183 

To fully understand the single Pt atom on Ru catalyst, density functional theory (DFT) 184 

studies were performed of a single Pt atom on a Ru (10 0) surface. The simulation and 185 

energy minimization calculations of the single Pt atom on Ru identified the stable low energy 186 

configuration as a Pt atom bound to 4 neighboring Ru atoms (Fig. 4a). The low energy 187 

configuration has the Pt atom in the same atomic columns as the Ru atoms, which agrees with 188 

the crystallographic alignment observed by HRTEM (Fig. 2b and c) and has similar bonding 189 

to that observed in the EXAFS analysis (Fig 2d).  190 

To determine the origin of the improved performance of the single Pt atom on Ru 191 

catalyst, the free energy diagrams of MOR through different reaction pathways were 192 

calculated and compared to a Pt island on Ru(10 0) and PtRu(111) surface (Fig. 4b). 193 

Activation energies were not evaluated but can also play an important role for MOR. The low 194 

energy configurations and electronic d-band structures of the Pt island on Ru(10 0) and 195 

PtRu(111) surfaces are shown in Supplementary Fig. 15. The catalytic mechanism was 196 

modeled at a potential of 0.6 V with the surfaces fully covered with OH groups to reflect the 197 

experimental conditions (see Methods, Supplementary Note 2 and Supplementary Fig. 16 for 198 

details). The low energy configurations of the possible adsorbed intermediates at each step 199 

are illustrated in Supplementary Fig. 17-19. 200 
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The free energy diagrams show that there are several methanol electrooxidation 201 

pathways and that the overall formation of CO2 from CH3OH is downhill in energy. This 202 

indicates that MOR on all three electrocatalysts studied in this work takes place 203 

spontaneously through multiple reaction pathways at a potential of 0.6 V, in agreement with 204 

experimental and theoretical predictions42–46. 205 

The free energy change of CH3OH adsorption on the single Pt atom on Ru(10 0), Pt 206 

island on Ru(10 0) and PtRu(111) surfaces are negative, which indicates the favorable 207 

adsorption and activation of CH3OH (Fig. 4c). It is noteworthy that the CH3OH adsorption on 208 

single Pt atom on Ru(10 0) is stronger than those on Pt island on Ru(10 0) and PtRu(111) 209 

alloy, which is a key factor that leads to high activity for MOR.  210 

Another important mechanistic step is the proton and electron transfer to the CO* 211 

intermediate8,45–49. The calculated CO* binding is very strong on the Pt island on Ru(10 0) 212 

and PtRu(111) surfaces and the oxidation of CO* is uphill at 0.6 V (Fig. 4d).  The strong 213 

CO* binding causes CO poisoning, that typically lowers the MOR activity2–7. In contrast, the 214 

CO* binding on the single Pt atom on Ru(10 0) is much weaker compared to the Pt island on 215 

Ru(10 0)  and PtRu(111) alloy, and the reaction pathway going through the CO* 216 

intermediate is downhill at 0.6 V. This result suggests that the single Pt atom on Ru(10 0)  is 217 

resilient to CO poisoning and the active sites are available for MOR catalysis. Overall, the 218 

calculations suggest that the strong CH3OH adsorption and the weak CO* binding are the two 219 

factors that result in the high MOR activity of single Pt atom on Ru(10 0). 220 

Conclusions 221 

In this work, we show a strategy for producing single Pt atom catalysts on Ru 222 

branched nanoparticles supports by spreading Pt islands across the Ru surface. The spreading 223 
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process, as revealed by in situ TEM, is enabled by two thermodynamic drivers; the lowering 224 

the area of high surface energy Pt islands and the formation of strong Pt-Ru bonds. These 225 

thermodynamic drivers for the formation of single atom structures are expected to be 226 

applicable to many combinations of metals where the single atom to substrate bond is strong.  227 

The single Pt atoms on Ru catalysts achieve high current density and mass activity for 228 

MOR. Theoretical calculations show the origin of these properties is the single Pt atom 229 

structure that strongly adsorbs CH3OH to drive MOR, and weakly binds and readily reacts 230 

CO* intermediate and so limits CO poisoning. The stable single atom structure and resilience 231 

to CO poisoning results in this high MOR activity being retained over time. Strategies that 232 

incorporate a single Pt atom structure with strong Pt-substrate bonds offer the opportunity for 233 

the future development of highly active and stable catalysts. 234 

Methods 235 

Synthesis of single Pt atoms on Ru nanoparticles. In a typical synthesis, faceted Ru 236 

branched nanoparticles (0.1 mmol)18 and oleylamine (1 mmol, Sigma Aldrich, 70%) were 237 

dispersed in 5.0 mL 1-octadecene (Sigma Aldrich, 90 %) in 25 mL 2-neck round-bottom 238 

flask. The solution was heated at 180 ⁰C for 30 minutes under nitrogen flow. Platinum (II) 239 

acetylacetonate (0.025 mmol, Sigma Aldrich, 97%) was dissolved in 2 mL benzyl ether 240 

(Sigma Aldrich, 98%) and slowly injected to the Ru solution at a rate of 0.2 mL min-1. The 241 

reaction was kept for an hour at 180 ⁰C. The synthesized nanoparticles were purified by 242 

precipitation using a mixture of toluene and ethanol by centrifugation at 1500 rpm for 5 243 

minutes.  The nanoparticles were then loaded on 10 mg Vulcan XC carbon (Fuel cell store) in 244 

10 mL hexane and were stirred overnight. The products were collected by centrifugation and 245 

stored in a vial. The carbon loaded PtRu branched nanoparticles were heated under 5% 246 

hydrogen/nitrogen mix gas at 200 °C for 2 hours. The Pt amount was analyzed by inductively 247 
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coupled plasma-optical emission spectrometry (ICP-OES) method by digesting sample in 248 

aqua regia for 1 h at 80°C. 249 

Characterization. TEM samples were prepared by drop-casting a solution of nanoparticles 250 

in toluene on a carbon coated copper grid under ambient conditions. The low-resolution TEM 251 

analysis was taken on a Phillips CM200 microscope operated at 200 keV. The size was 252 

calculated using ImageJ software. The high-resolution TEM, STEM, and EDX analysis were 253 

performed on a JEOL JEM-F200 operated at 200 kV, an FEI Titan ETEM with image Cs 254 

corrector operated at 300 kV and JEOL JEM-ARM300F2 GRAND ARM2 operated at 300 255 

kV. The statistical analysis measured at least 100 nanoparticles using ImageJ software. 256 

Atomic-resolution STEM-EDX mapping was performed on a double-aberration-corrected 257 

JEOL JEM-ARM300F2 operated at 300 kV, equipped with dual silicon drift X-ray detectors. 258 

In situ transmission electron microscopy experiments. In situ heating experiments were 259 

performed in an FEI Titan ETEM with image Cs corrector operating at 300 keV equipped 260 

with a Gatan K3-IS direct detection counting camera and custom gas delivery cart.  Pt island 261 

on Ru nanoparticle catalysts were drop cast onto Protochips heating chips with a holey 262 

carbon substrate and loaded onto an Aduro heating holder. The sample was initially heated to 263 

500 oC and imaged using bright field mode. We observed no change in the Pt islands on Ru 264 

nanoparticle structure at 500 oC with a cumulative e- dose of 3000 e-/Å2, indicating there are 265 

no appreciable effects from the e- beam. H2 gas flow was set to 8 sccm and pressure 266 

controlled to 100 torr at the delivery point to the ETEM. The leak valves were then adjusted 267 

until a steady column pressure of 10 mbar H2 was achieved. The sample temperature was then 268 

increased by 1 oC/sec until it reached 700 oC where it was held for the remainder of the 269 

experiment. The video was started using a 5 sec ‘lookback’ feature to capture the initial 270 

stages of Pt island to single atom Pt transformation and recorded at 10 fps using the full field 271 

of view of the K3-IS (5760 x 4092 pixels) at a dose rate of 10.6 e-/Å2/s. The video presented 272 



13 

 

in the Supplementary Information is the result of aligning and combining 10 frames, resulting 273 

in a final video that is 1 fps with a cumulative dose rate of 106 e-/Å2/s. The video presented in 274 

Supplementary Information was then sped up by 2 x for ease of data handling and viewing. 275 

The in situ experimental conditions, including temperature (the ETEM is restricted to 10 276 

mbar H2 in the column), were chosen to minimize drift and enable observation over a window 277 

of about 30 seconds. A 30 second video is optimal for the in situ process to be captured and is 278 

a balance between high frame rate, exposure time to achieve an appreciable signal-to-noise 279 

ratio in each frame, and a manageable final dataset.  280 

DFT modeling. Spin-polarized DFT calculations were performed using the VASP code50–52, 281 

which uses a plane-wave basis set and a projector augmented wave method (PAW) for the 282 

treatment of core electrons51. The Perdew, Burke, and Ernzerhof exchange-correlation 283 

functional within a generalized gradient approximation (GGA-PBE)53 was used in our 284 

calculations, and the van der Waals (vdW) correction proposed by Grimme (DFT-D3)54 was 285 

employed due to its good description of long-range vdW interactions. was used in our 286 

calculations. For the expansion of wavefunctions over the plane-wave basis set, a converged 287 

cutoff was set to 450 eV. Given the presence of a water, which can affect the energetics of 288 

different electrochemical systems, the polarizable implicit solvent models were calculated 289 

using VASPsol55. Atomic coordinates are available in Supplementary Data 1, 2 and 3. 290 

Ru(10 0) and PtRu(111) surfaces were cleaved from relaxed Ru and PtRu bulks. The 291 

structural model of Ru(10 0) was constructed as 5 × 3 periodic supercell, which contains six 292 

atomic layers, with the bottom three layers fixed in their respective bulk positions and all the 293 

other atoms fully relaxed. The structural model of PtRu(111) was constructed as 2 × 2 294 

periodic supercell, which contains four atomic layers, with the bottom two layers fixed in 295 

their respective bulk positions and all the other atoms fully relaxed. Since OH-covered 296 
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Ru(10 0) and RuPt(111) surfaces are thermodynamically more stable than the clean surfaces, 297 

we considered the Ru sites on Ru(10 0) and PtRu(111) surfaces are fully covered by OH 298 

groups. In order to simulate single Pt atom catalysts and Pt island on Ru surface, we placed 299 

one Pt atom and Pt45 cluster on Ru(10 0), respectively. The vacuum space was set to larger 300 

than 20 Å in the z direction to avoid interactions between periodic images. The Brillouin zone 301 

was sampled using (3 × 3 × 1) Γ-centered mesh. In geometry optimizations, all the atomic 302 

coordinates were fully relaxed up to the residual atomic forces smaller than 0.02 eV/Å. 303 

Different reaction pathways in methanol electrooxidation were considered in our simulations. 304 

The free energy changes at each electrochemical step involving an proton-electron transfer 305 

were computed based on computational hydrogen electrode (CHE) model proposed by 306 

Nørskov et al56. in which the free energy of (H++e-) equals to 1/2 H2(g) , which corresponds 307 

to reverse hydrogen electrode (RHE). Therefore, in the RHE, the chemical potential of a 308 

proton−electron pair was defined as 309 

                                          ΔG((H++e-) = 1/2 G(H2)-eU      (1) 310 

where U is the electrochemical potential relative to RHE. The free energy of adsorbates and 311 

non-adsorbed gas-phase molecules is calculated as 312 

                                                G=Eelec+EZPE-TS       (2) 313 

where Eelec is the electronic energy calculated by DFT; EZPE is the zero point energy (ZPE), T 314 

is temperature and S is entropy. EZPE and S were obtained by vibrational frequencies 315 

calculations with harmonic approximation and neglecting contributions from the slab. 316 

X-ray characterization. The X-ray diffraction (XRD) patterns were collected on an 317 

Empyrean-II powder diffractometer (PANalytical, Netherlands) fitted with a 10 mm slit, 318 

recorded between 30° and 120°. 319 
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X-ray absorption spectroscopy measurements were performed at 10-ID-B of the Advanced 320 

Photon Source, Argonne National Laboratory. Samples were spread uniformly across folded 321 

Kapton tape for measurements in a fluorescence geometry. Pt LIII-edge and Ru K-edge 322 

measurements were performed from 200 eV below each edge to ~800 eV above each edge57
.  323 

Data processing, analysis, and modeling was performed using the Demeter software package. 324 

Ru EXAFS was performed using scattering contributions from hcp Ru, while Pt EXAFS was 325 

modeled using bulk Pt, PtO2 and/or Pt cluster obtained from established metallic clusters58. 326 

EXAFS modeling of Ru and Pt foils were used to obtain S0
2 values of 0.76 and 0.83 for all 327 

subsequent EXAFS calculations. Error values are reported as the uncertainty calculated from 328 

non-linear least square fitting in matching the theoretical spectrum with the experimental 329 

data. 330 

Electrochemical measurements. The electrochemical measurements were done in a three-331 

electrode system using Pt mesh and Ag|AgCl|NaCl 3 M as counter and reference electrode, 332 

respectively. The working electrode was prepared by drop casting a solution containing 333 

nanoparticles on a glassy carbon surface (0.196 cm2) electrode. A 2.5 mg single Pt atoms on 334 

Ru sample was dispersed in a solution of 140 µl water, 83 µl isopropanol and 10 µl Nafion 335 

and 5 µl of the ink was the dropped on a glassy carbon electrode.  336 

The electrochemically active surface areas (ECSAs) were calculated by Cu under-potential 337 

deposition (CuUPD) method. A monolayer of Cu was deposited at 0.2 V for 3 min using 5 338 

mM CuSO4 and in 0.1 M HClO4 and followed linier sweep voltammetry from 0.2 to 0.8 V. 339 

The electrocatalytic activity and durability of the nanoparticles was studied by cyclic 340 

voltammetry (CV) at 50 mV s-1 in 0.1 M HClO4 and 1 M CH3OH solution. The electrolyte 341 

was collected every 250 cycles during CV and analyzed by inductively coupled plasma mass 342 

spectrometry (ICP-MS) to calculate the Ru dissolution. The catalytic performance was 343 

compared with commercial 20% PtRu alloy nanoparticles on Vulcan carbon (Fuel cell store). 344 
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To perform product analysis, a gas-tight H cell (AIDA Science-Technology Development Co. 345 

Ltd) separated with a Nafion exchange membrane (Fuel cell store) was used. 2x2 cm carbon 346 

cloth (1071 HCB fuel cell store) was used as working electrode. Before sample loading, 347 

carbon cloth was sonicated for 10 min and dried in a 120° C oven.  A 5 mg single Pt atom 348 

sample was dispersed in 1 mL methanol containing 1% (v/v) Nafion (5% wt). An aliquot of 349 

336 µL of this suspension was cast dropwise onto carbon cloth suspended in air by self-350 

closing tweezer. The cloth was left to dry in air. Pt mesh and Ag|AgCl|NaCl 3 M were used 351 

as the counter and the reference electrode, respectively. 352 

Gas products were analyzed using gas chromatography (SRI 8610 C, SRI instrument) with 353 

automatic injection of 1.0 mL gas aliquots were taken from the cathode exhaust. Liquid 354 

products were analyzed using 1H-NMR (Bruker Avance III HD 400 MHz) with 64 scans and 355 

16 s recycle delay. 500 µL aliquots of electrolyte from the cathode compartment were taken 356 

before and after chronoamperometry. The aliquots were mixed with 100 µL of DMSO in D2O 357 

stock solution. The DMSO in D2O stock solution was prepared by mixing 5.0 µL DMSO 358 

with 10 mL D2O. Product quantification was performed via the internal DMSO standard to 359 

determine the concentration of methanol oxidation products. 360 

Calculations. The measured catalytic current was normalized by the surface area of glassy 361 

carbon electrode (0.196 cm2), ECSAs calculated from CuUPD, and mass of platinum 362 

analyzed by ICP-OES to get geometric activity, specific activity and mass activity, 363 

respectively. Errors in Fig. 3b are the standard deviation of mass activities obtained from 364 

loading new sample on the glassy carbon electrode and repeating the experiment 3-5 times. 365 

The Faradaic efficiency (FE) was calculated as: 366 

      (3) 367 
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Where n (mol) is the total product (CO2 or HCOOH) from the electrochemical cell after 2 h 368 

chronoamperometry (gas chromatography and NMR data), z is number of electrons 369 

exchanged, F is faraday constant (965485 C mol-1) and Q (C) is total charge after 2 h 370 

chronoamperometry. 371 

Data availability  372 

All data is available from the authors upon reasonable request. 373 
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Fig. 1 | In situ TEM of the spreading process. a. TEM image of a Pt islands on Ru 569 

branched nanoparticle with two typical Pt islands circled in black. Scale bar, 10 nm. b. 570 

HRTEM image of a Ru branch and Pt island studied by in situ imaging. Scale bar, 2.5 nm c. 571 

HRTEM images and corresponding cartoons of the island in (b) as it transforms during in situ 572 

heating under H2 flow. Scale bar, 2.5 nm. d, e. HRTEM images of the Pt branch after 3.0 s 573 

and 22.3 s. Arrows illustrate the migration of Pt atoms. Insets show the corresponding FFTs 574 

of the images. Blue highlights the hcp Ru spots and orange highlights the fcc Pt spots. Scale 575 

bars, 2.5 nm. 576 

Fig. 2 | Characterization of the single Pt atoms on a Ru nanoparticle. a. Dark field  and 577 

bright field STEM images of single Pt atoms on a Ru nanoparticle. Scale bar, 10 nm. b. 578 

HAADF-STEM image and EDX map and corresponding plots of the intensity of the bright 579 

spots (white), single Pt atoms (orange) and Ru atoms (blue) identified in the yellow boxes. 580 

Scale bar, 0.5 nm. c. HAADF-STEM image showing the position of Pt atoms in relation to 581 

Ru facets. Scale bar, 0.5 nm. d. FT-EXAFS of the Pt LIII-edge spectra of Pt foil (black) and 582 

single Pt atoms on Ru nanoparticles (red). 583 

Fig. 3 | Electrochemical performance for MOR a. Cyclic voltammetry of single Pt atom on 584 

Ru (blue) and Pt islands on Ru catalysts (red) in 0.1 M HClO4 containing 1.0 M CH3OH. 585 

Arrows indicate the direction of the scan. b. Bar plot of the activity per mass of Pt  at 0.7 V 586 

vs RHE.  c. Chronoamperometry at 0.6 V vs RHE. 587 

Fig. 4 | DFT modeling of the MOR pathway for single Pt atom on Ru nanoparticle 588 

catalysts. a. Stable configuration of a single Pt atom on a Ru(10 0) surface calculated by 589 

energy minimization, with Pt-Ru bonds shown in black. b. The free energy diagrams of all 590 

possible pathways for MOR by subsequent proton and electron transfer at 0.6 V vs RHE. c. 591 

Energy diagram for the adsorption of CH3OH gas onto the active site of the catalysts. d. 592 
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Energy diagram for the formation of adsorbed CO on the active site of the catalysts. Blue, 593 

single Pt atom on a Ru(10 0) surface. Red, Pt island on a Ru(10 0) surface. Black, 594 

PtRu(111) surface. 595 
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