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Abstract 

The catalytic activity of Rucore@Ptshell nanoparticles (NPs) towards CO oxidation, a 

strongly adsorbed intermediate that compromises the performance of direct methanol fuel 

cells, is known to be significantly better than at Pt alone. However, a systematic study aimed 

at understanding the beneficial effect of Ru on Pt during the methanol oxidation reaction 

(MOR) has not been carried out as yet. Here, Rucore@Ptshell NPs, having a controlled Ptshell 

coverage of zero to two monolayers and two different Rucore sizes (2 and 3 nm), were 

synthesized using the simple polyol method to determine the precise role and impact of Ru 

on the MOR in 0.5 M H2SO4 + 1 M methanol at RT – 60 oC. Because the structure of our 

Rucore@Ptshell NPs is known with such certainty, we were able to shown here that the rate of 

methanol adsorption/dehydrogenation can be accelerated either by compression of the Ptshell 

(by making the Rucore larger) when it is less than one monolayer in thickness, or by 

decreasing the electronic effect of the Rucore on the Ptshell (achieved by adding a second Pt 

layer to the Ptshell).  At low overpotentials, decreasing the Ptshell thickness also serves to 

increase the rate of the MOR by enhancing the rate of oxidation of adsorbed CO.  Finally, it 

is shown that the bi-functional effect of Ru on the Ptshell plays only a minor role in the 

catalysis of the MOR, especially at large particles where CO surface diffusion is facilitated.  

 

Keywords: Rucore@Ptshell NPs, strain effect, bi-functional effect, electronic effect, methanol 
oxidation, formic acid oxidation, catalyst design.   
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1. Introduction 

Many Pt-M (M = transition metal) alloys have been investigated for their catalytic 

activity towards the methanol oxidation reaction (MOR)1, including Pt-Ni2-4, Pt-Ru5-9, and 

Pt-Ir10-15. The addition of a second metal is believed to affect the Pt activity in several ways, 

including enhancing the ability to adsorb OH at a lower potential than at Pt (bi-functional 

effect)7, 16, manipulating the electronic properties of Pt to weaken CO adsorption (electronic 

or ligand effect)17-20, and/or by changing the Pt-Pt atomic distance (strain effect)21-23.      

Pt-Ru is considered to be one of the most active catalysts for the MOR24, 25.  The 

catalytic role of Ru has been explained as arising from the bi-functional mechanism and/or 

an electronic effect, but the literature is not conclusive on this point26-29. Therefore, the 

construction of Rucore@Ptshell nanostructures, where both the Ru core size and Pt shell 

thickness can be controllably varied, should help to clarify this issue.  Further, Ru is known 

to be susceptible to dissolution under direct methanol fuel cell (DMFC) operating conditions 

30-34 and hence the fabrication of catalysts in which Ru would be protected by an overlying Pt 

shell is another benefit of this work. 

Core@shell NPs have been shown to possess high catalytic activities towards CO 

oxidation 35-38, oxygen reduction 39, 40, NOx reduction 41, etc., but only a few reports have 

focussed on supported and unsupported core@shell NPs, targeted specifically for methanol 

oxidation 11, 21, 29, 42-46.  Rucore@Ptshell NPs, in particular, have attracted great interest due to 

their high catalytic activity towards CO oxidation, compared to traditional Pt-Ru alloy NPs37, 

with studies having addressed the change in the catalytic activity of Ru@Pt NPs towards CO 

oxidation with heat treatment47, Ru core size38, 48, and Pt shell thickness, both in the 
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presence49 and absence of H2
48.  According to a DFT study37 and most prior experimental 

work 37, 38, 48, 49, the enhancement in the CO oxidation rate occurs as a result of the 

modification of the electronic properties of the Pt surface atoms by the subsurface Rucore 

atoms.  However, after heat-treatment of the Ru@Pt NPs, resulting in Ru alloying at the 

surface, a further enhancement in the rate of CO oxidation at the Ru@Pt NPs was observed47, 

related to either the electronic or bi-functional effect of Ru on the Pt surface atoms.    

The bi-functional, electronic, and strain effects of the Ru core on the activity of 

Ru@Pt NPs towards CO oxidation was examined in our recent work, which involved 

controllably varying the Ru core size and the thickness of the Pt shell 48. When the Pt shell 

was less than one monolayer (ML) in thickness, a single CO stripping peak was seen (0.62 V 

vs. RHE)48. This indicated that the Pt activity towards CO oxidation is controlled entirely by 

strong electronic interactions between the two metals.  When 1-2 monolayers of the Pt shell 

were present, two CO stripping peaks appeared due to the presence of two types of Pt atoms, 

each having different electronic properties 48.   However, once a complete 2 ML Pt shell was 

realized, a single CO stripping peak was obtained at a more positive potential than that of the 

single peak obtained for the  ≤ 1 ML Pt, as the electronic effect of Ru on the second layer of 

Pt atoms is buffered by the underlying Pt 23.  On the other hand, the CO oxidation process 

was shown to be independent of the Ru core size 48. 

In terms of the activity of Ru@Pt NPs towards the MOR29,45, Muthuswamy et al 

reported that the Pt:Ru ratio in Ru@Pt shell NPs increased with increasing solution pH 

during the encapsulation of the Ru core with Pt, according to X-ray Photoelectron 

Spectroscopy (XPS) results29. The NPs with what was assumed to be the highest degree of 

Pt-Ru alloying in the shell layer showed the highest MOR activity, suggesting that both the 
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bi-functional and electronic effects of Ru are relevant, but with the bi-functional effect being 

dominant. However, XPS analysis is not always accurate when analyzing NPs, as the depth 

from which the photoelectrons are emitted extends to several nm50, 51, and hence determining 

the degree of PtRu alloying in the shell is difficult.  

Here, we focus on distinguishing the impact of the electronic and strain effects 

imposed on the Pt shell by the underlying Ru core, as well as the bi-functional effect of Ru 

on Pt, during the MOR, trying to understand the extent of each effect separately. To achieve 

these goals, Rucore@Ptshell NPs with a Rucore exactly 2 or 3 nm in diameter and an accurately 

known Ptshell coverage from 0 to 2 MLs48 were studied in 0.5 M H2SO4 + 1 M methanol at 

RT – 60 oC.  The Ptshell strain (compressive, in this case) was found to greatly enhance the 

methanol adsorption/dehydrogenation step, but did not significantly affect the CO oxidation 

step. On the other hand, the electronic effect of Ru on Pt was found to inhibit the methanol 

adsorption/dehydrogenation step and enhance the CO oxidation rate, while the bi-functional 

effect was found to have only a minor impact, overall, in enhancing the MOR kinetics. 

 

2. Experimental methods 

2.1. Rucore@Ptshell nanoparticle synthesis  

The Rucore NPs were synthesized using RuCl3.3H2O (Aldrich, 99.98%) and ethylene 

glycol (EG, Alfa Aesar, 99%) or 1,5-pentanediol (pentamethylene glycol (PMG), Alfa Aesar, 

97%) as both the solvent and reducing agent, with polyvinyl pyrrolidone (PVP, Alfa Aesar, 

M.W. of 40K) used as the capping agent.  EG and PMG were selected due to their different 

boiling points (190 °C and 230 °C, respectively), shown to produce different Ru core sizes, 
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giving an average diameter of ~ 2 nm and ~ 3 nm when EG and PMG were used as the 

solvent, respectively 48.   

The Rucore@Ptshell NPs, with Pt shell coverages ranging from 0 to 2 monolayers (MLs), 

were synthesized by the addition of an exact number of moles of Pt precursor (x g 

H2PtCl6.6H2O (Sigma Aldrich, 99.9%) + 10 ml EG/PMG) to a controlled volume and 

concentration of the Ru NP colloidal solution. The relationship between the Pt salt 

concentration employed and the expected number of Pt MLs deposited around the Ru core 

NPs was thoroughly explained in our previous study 48.  In the case of the 2 nm dia Rucore 

(EG) NPs, Ru:Pt molar ratios of 1:1 and 1:2.4 were found to be necessary to form one and 

two monolayers of Ptshell on a Rucore NP, respectively48, while in the case of Rucore (PMG) 

NPs with a diameter of 3 nm, Ru:Pt molar ratios of 1:0.6 or 1:1.4 are necessary to deposit 

one or two monolayers of the Ptshell, respectively48.   The details of the procedures used to 

synthesize the Rucore and Rucore@Ptshell NPs were given in our previous study48. 

The Rucore@Ptshell NPs were collected in the form of a fine powder in order to determine 

their composition (in atomic % of each of Ru and Pt) and crystal structure. A [Rux@Pty (n 

MLPt, EG/PMG)] notation was used, where x and y in represent the bulk Ru and Pt (at %) 

content, respectively, n is the number of Pt monolayers, and EG and PMG refer to the 

solvent  used for the synthesis48. 

 

2.2. Characterization of Rucore and Rucore@Ptshell NPs  

 Transmission electron microscopy (TEM, Hitachi H-7650, Microscopy and Imaging 

Facility (MIF), University of Calgary) was used to determine the size of the Rucore@Ptshell 

NPs. The TEM samples were prepared by diluting the NP colloidal solutions with ethanol, 
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and then placing one drop of the diluted solution on one side of a carbon-coated Cu TEM 

grid.  

 Powder X-ray Diffraction (PXRD, Rigaku Multiflex X-ray Diffractometer, Department 

of Geosciences, University of Calgary) with CuKα radiation (λ = 1.5406 nm, V = 40 kV, and 

I = 20 mA) was used to determine the NP crystal structure.  Thermogravimetric Analysis 

(TGA, Mettler-Toledo StarE, Department of Chemistry, University of Calgary) was 

performed in air from room temperature to 1000 oC, using a ramp rate of 10 oC/min, in order 

to accurately determine the Rucore@Ptshell NP loading on VC. 

 

2.3. Electrochemical studies 

 For the electrochemical studies, a Rucore@Ptshell NPs/Vulcan Carbon (VC) powder, with 

a NP:VC mass ratio of 1:9, was prepared48. Standard three-electrode circuitry, using an 

EG&G PARC 173 potentiostat combined with a PARC 175 function generator, was 

employed for all of the electrochemical measurements. Data were collected using a 

PowerLab/400 data acquisition system and plotted with Chart for Windows v5. In this work, 

a two-compartment glass cell was used, where the working (WE) and counter (CE) 

electrodes were placed in the main compartment and the reference electrode was in the 

second compartment, connected to the main compartment through a Luggin capillary. For the 

high temperature measurements, the temperature was controlled by water circulation through 

the jacket of the WE compartment, using a HAAKE FS thermos-bath system52.   

 The WE consisted of a 7 mm diameter glassy carbon (GC) rod, embedded in a Teflon 

holder and covered with a thin film of the NP/VC mixture. Ca. 20 µl of the Rucore@Ptshell 

NP/VC ink52 was deposited onto the WE (GC) surface via a 2-20 µl micropipette and 
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allowed to dry at room temperature. The CE consisted of a platinized Pt gauze, while the 

reference electrode (RE) was a reversible hydrogen electrode (RHE), to which all potentials 

are referred in this work. All solutions were prepared using Analar-Grade chemicals and 

triply distilled water. The solutions were thoroughly deaerated by bubbling N2 gas through 

the solution for 15 min prior to each experiment.  

 

3. Results and Discussion 

3.1.  Physicochemical Properties of Rucore@Ptshell NPs  

The synthesis of the Rucore@Ptshell nanoparticles (NPs), having a controlled Pt shell 

coverage (0-2 monolayers), was achieved here by simply varying the Ru:Pt atomic ratio in 

the synthesis solution, similar to what was reported previously 48.  Notably, the formation of 

individual Ru and Pt NPs or a Pt-Ru alloy, rather than Rucore@Ptshell NPs, was excluded in 

our previous study48, based on both electrochemical and XRD measurements.   

Figure 1 shows the TEM images of Ru64@Pt36 (1.0, PMG (pentamethylene glycol)) 

NPs, as an example, at both low and high magnifications. The NPs are seen to be spherical in 

shape with an average size of 3.5 ± 0.8 nm. The difference between these Ru64@Pt36 NP 

diameters and the size of the Rucore (3 nm) 
48  is only 0.5 nm, which is very close to the 

theoretical thickness of one monolayer of the Ptshell (0.55 nm for 2 Pt atoms, one on each side 

of the NP). These findings confirm the formation of the expected Ru@Pt core@shell 

structures and validate the method used in our previous study to calculate their size 48.     
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Figure 1: TEM bight field images of Ru64@Pt36 (1.0, PMG (pentamethylene glycol)) NPs, 
deposited on a carbon-coated Cu grid at (a) lower and (b) higher magnifications. The NP 
diameter histogram is given in the inset in (a). 

In order to monitor the changes in the Ru@Pt NP crystal structure as the Pt shell 

coverage was gradually increased, Powder X-ray Diffraction (PXRD) analysis was 

employed48. The main Ru XRD peak (101) should appear at 44.01°, while the main Pt peak 

(111) should be at 39.89°, indicating that the Pt-Pt interatomic distance is expected to be 

larger than the Ru-Ru distance. The difference between these interatomic distances could 

result in Ptshell compression, due to the strong Ru core strain effect on the shell, or to Rucore 

expansion, due to the strong strain effect of the Pt shell on the Ru core, with the outcome 

depending on the size of the Ru core and the amount of Pt in the shell23, 45, 53.  

Schlapka et al23 studied the effect of lattice mismatch between a bulk Ru(0001) 

substrate and heteroepitaxial Pt layers (2.5%), reporting that the surface strain remained 

constant and gradually decreased after five or more Pt layers had been deposited. Chen et al45 

reported TEM images that showed the presence of significantly distorted lattice fringes that 

resulted from accommodating a Pt shell on a highly disordered Ru core. The spacing of the 
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fringes was found to increase from 2.24 Å to 2.26 Å with increasing Pt shell coverage from 

1.5 to 3.6 MLs, respectively, noting that the Pt lattice spacing is normally 2.265 Å45.   

Figure 2a shows the XRD patterns of the Rucore and some of the Rucore@Ptshell NPs 

that were prepared using EG or PMG as the solvent and reducing agent, all with a similar 

Ptshell coverage (given in brackets). In the case of the pure Ru NPs (EG or PMG), the XRD 

patterns show an overlap between the peaks for the (100) plane (at 38.39°), the (002) plane 

(at 42.15°), and the (101) plane (at 44.01°). This is due to the broadening of the main peak 

(101), indicating that the Ru core in both cases (EG and PMG) contains still smaller 

crystallites, as reported previously by us 48  and other groups 53.    

In the case of the Rucore@Ptshell (EG) NPs, as the Pt shell coverage increases from 

0.43 to 1.5 MLs, the Pt (111) and (200) XRD peaks are seen to develop, while the Ru (101) 

peak decreases in size until it totally disappears (Fig. 2a). These gradual changes in the XRD 

patterns of the Rucore@Ptshell (EG) NPs, transitioning from that of Ru to more like Pt, may 

indicate the gradual expansion of the Rucore lattice (accompanied by a gradual relaxation of 

Pt in the shell) as the Ptshell coverage increases 23. However, in the case of the Rucore@Ptshell 

(PMG) NPs, the XRD patterns are similar to those of the Ru (PMG) NPs (Figure 2a), even 

with an increasing Pt shell coverage from 0.5 to 1.5 MLs. This indicates that, even with an 

increasing Pt shell coverage, essentially no change occurs in the interatomic distances within 

the small Rucore, whereas a measureable degree of Ptshell lattice compression, which does not 

change further with Pt shell coverage, does take place.   
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Figure 2: (a) Powder XRD patterns of Rucore@Ptshell NPs in the 2θ range of 30°-90°. The 
solid and dashed vertical lines represent the 2θ value of the Ru HCP (PDF#06-0663) and Pt 
FCC (PDF#87-640) crystal phases, respectively. (b) Pt (220)/Ru (110) peak position of the 
Ru@Pt NPs (EG) and (PMG) for different Pt contents (shell coverages). (c) Comparison 
between the change in the Pt-Pt interatomic strain for the Rucore@Ptshell (EG) and 
Rucore@Ptshell (PMG) nanoparticles, determined by XRD analysis, as a function of Ptshell 

coverage in monolayers. 

In order to evaluate the interatomic Pt-Pt strain and follow the relaxation of the Pt 

shell (going from highly compressed to less compressed), the d-spacing of the Rucore@Ptshell 

NP composition (Ptshell coverage) was calculated using the Pt (220) XRD peak position 

(Figure 2b) and Bragg’s Law54, with the strain then calculated using equation [1] 22, 55.   
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Figure 2c shows the Pt-Pt strain (negative sign indicates compression) of the 

Rucore@Ptshell NPs (both EG and PMG) as a function of Pt coverage. In the case of the 

Rucore@Ptshell (EG) NPs, having a 2 nm diameter Ru core, the extent of Pt shell compression 

decreases with increasing Ptshell coverage up to ≈ 0.5 ML and then no significant further 

change in the strain value was observed. However, in the case of the Rucore@Ptshell (PMG) 

NPs (3 nm Ru core size), a more negative strain value (more compression) in the Pt shell is 

seen (Figure 2c). In addition, this high degree of interatomic Pt-Pt compression for the PMG-

derived NPs was found to be unaffected by the Ptshell coverage.  

It is important to note that the Rucore formed using PMG has about three times more 

atoms (number of moles) than those in the smaller Rucore NPs formed using EG 48. The larger 

size of the PMG-derived Rucore allows it to resist the change in lattice spacing due to the 

addition of the Ptshell, as compared to the smaller Rucore (EG) NPs. Therefore, in the case of 

the Rucore@Ptshell (PMG) NPs, the degree of Pt-Pt compression did not change with 

increasing Pt shell coverage, while in the case of the Rucore@Ptshell (EG) NPs, a gradual 

expansion of the Rucore, accompanied by a gradual relaxation of the Ptshell, is observed.   

 

3.2.   Methanol oxidation activity of Rucore@Ptshell NPs  

There are a number of possible origins of the observed catalytic activity of Ru on Pt 

in Rucore@Ptshell NPs towards the methanol oxidation reaction (MOR). One of these is the bi-

functional effect, arising from the situation when both the Ru and Pt sites are in contact with 

the solution (i.e., when the Ptshell coverage is less than one monolayer (ML)) 26. Another 

factor could be related to the CO surface mobility, which is crucial for CO oxidation and is 
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known to decrease with decreasing Pt particle size56.  Thus, restricted CO mobility could be 

present at core-shell NPs with low Pt shell coverages. Another possible factor is the strain 

(compression) that develops within the Ptshell layer as it deposits on the Rucore 
21, 39 due to the 

mismatch between the Pt and Ru lattice dimensions, as discussed above (Fig. 2). Finally, 

there may also be an electronic (or ligand) effect of the underlying Rucore on the Ptshell surface 

atoms 28. The impact of each of these effects can be varied by controllably changing the Ptshell 

coverage (0 to 1 monolayer), the Rucore size, and the Ptshell thickness (1 to 2 monolayers), as 

was done in this work and is discussed below.   

 

3.2.1. Methanol oxidation at Rucore@Ptshell NPs with a Ptshell coverage of 0 to 1 ML 

As the methanol adsorption/dehydrogenation step in the MOR requires an ensemble 

of three adjacent Pt atoms 57, 58, any decrease in the Pt-Pt interatomic distance in the shell 

layer should facilitate the breakage of the C-H bond during methanol oxidation, resulting in 

an overall increase in the rate of the MOR. The compressive strain in the Ptshell is also known 

to cause a down-shift in its d-band center, resulting in weaker Pt-adsorbate interactions 21-23. 

However, our previously reported CO stripping results48 and other theoretical studies23 have 

shown that Ptshell compression results in only minor changes in the electronic properties of 

the shell compared to the more significant electronic effect of the core (Ru, in our case) on 

the Ptshell properties. 

According to the bi-functional mechanism, the optimum surface composition should 

provide sufficient Pt sites to maximize the methanol adsorption/dehydrogenation rate, as well 

as the required number of Ru atoms to remove any adsorbed CO by reaction with adsorbed 
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oxygen-containing species, e.g., RuOH 57.  It is important to note that the OH adsorption sites 

do not have to be adjacent to the site at which CO is formed, as CO is known to have a high 

rate of diffusion along the Pt surface 59.  However, the CO diffusion rate does depend on the 

size of the two-dimensional Pt islands within the shell 56 (studies have shown that Pt 

monolayers deposit through the formation of Pt islands that coalesce at high coverage60).  

In order to first determine if there is a significant bi-functional effect of the Rucore on 

the catalytic activity of the Ptshell for the MOR, the methanol oxidation activity of the 

Rucore@Ptshell NP catalysts was examined by covering the Rucore for the first time with a 

controllably varied Ptshell coverage of 0 to 1 ML, thus exposing both the Ru and Pt atoms to 

the methanol-containing solution.  Figures 3a and 3b show the cyclic voltammograms of the 

Rucore and Rucore@Ptshell (EG) NPs (0.05-0.9 V vs. RHE, 20 mV/sec) in 1 M CH3OH + 0.5 M 

H2SO4 at RT and 60 °C, respectively. It is well known that Ru alone has almost no catalytic 

activity towards the MOR52 and hence the MOR current was normalized to only the Pt mass, 

also knowing that only Pt is present in the shell layer48.  
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Figure 3:  Methanol oxidation currents observed at Ru NPs/VC and Rucore@Ptshell (EG) 
NP/VC catalysts at (a) RT and (b) 60 °C. The MOR currents were collected in the second 
CV (20 mV/sec) between 0.3 and 0.9 V vs. RHE in 1 M CH3OH + 0.5 H2SO4 and were then 
divided by the Pt mass.  

Figures 3a shows that, at RT the catalytic activity of the Rucore@Ptshell (EG) NPs 

decreases at low potentials (0.6 V vs. RHE) and increases at higher potentials (0.8 V vs. 
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RHE), with increasing Pt coverage up to one ML Pt (Ru48@Pt52). At 60 oC, Figure 3b shows 

similar trend to what was seen at RT except at high potentials, as the catalytic activity was 

seen to increase with increasing Pt coverage up to 0.43 ML Pt (Ru70@Pt30) then decreases 

with further Pt coverage. Notably, at high temperatures, the MOR activity at the 

Rucore@Ptshell NPs is expected to be significantly higher than at RT due to the increased rate 

of both methanol adsorption and CO desorption 61. Consistent with this prediction, Figure 3 

shows that the MOR activity has increased by an overall factor of 15-30 times at 60 °C vs. at 

RT, as expected.   

The increase in the Pt coverage, from sub-monolayer to a full monolayer, results in a 

gradually increasing Pt-Pt interatomic distance (less compression) in the Ptshell (Figure 3), a 

decrease in the exposed Rucore surface area, and an increase in the Pt island size within the 

Ptshell. Therefore, the catalytic activity of the Rucore@Ptshell (EG) NPs could be influenced by 

any one of these factors, i.e., the changing Pt-Pt distance in the Ptshell, the bi-functional effect 

of the Rucore on the Pt shell, or the size of the Pt domains in the shell layer, while the 

electronic effect of the Rucore on the Pt shell should remain constant.  

At low potentials (Figures 3a (RT) and 3b (60 °C)), the methanol oxidation activity is 

seen to decrease with increasing Pt coverage (0-1 ML), explained by the relaxation of the 

interatomic Pt-Pt compression within the Ptshell (Figure 3). This is because the rate of the 

methanol adsorption/dehydrogenation reaction decreases with increasing Pt-Pt interatomic 

distance. However, at higher potentials (> 0.6 V vs. RHE), the catalytic activity of the 

Rucore@Ptshell NPs increases with increasing Pt coverage up to one monolayer, but only at 

room temperature, conditions under which the CO production rate is expected to be low. At 

high Pt shell coverages (the size of the Pt islands within the shell layer should then be 
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relatively large), the rate of CO surface diffusion/oxidation would also be expected to 

increase.  The combined effect of these two factors is believed to be the cause of the 

observed enhancement in the rate of the MOR at high potentials.  

Notably, even though the degree of exposure of the Rucore changes with coverage of 

the first Pt shell layer, no evidence for the bi-functional effect of Ru was obtained at RT.  

However, at 60 °C (Figure 3b), an optimum activity is seen for a Pt shell coverage of 0.43 

ML (Ru70@Pt30). The fact that this is very close to a Pt:Ru surface atomic ratio of 1:1 may 

suggest the possibility of a bi-functional effect of Ru on the catalysis of the MOR at these 

higher temperatures. Under these conditions, the rate of methanol oxidation, and hence the 

CO production rate, is significantly higher than at RT. Also, rapid Ru-OH 

production/regeneration is known to take place 62. Therefore, the rate of CO 

diffusion/oxidation may not be sufficient to continuously regenerate clean Pt sites, while the 

bi-functional effect of Ru could enhance CO removal and the regeneration of the Pt sites, 

which, in turn, will increase the rate of methanol adsorption.  

At low Pt shell coverages (< 0.25 ML), adsorbed CO may build-up rapidly due to the 

small area of Pt on which CO can diffuse. At medium Pt coverages, a larger Pt area is now 

available for CO diffusion, which results in rapid Pt site regeneration and hence enhanced 

methanol oxidation. Also, the presence of sufficient Ru sites for OH adsorption and the fast 

regeneration of adsorbed OH62  will accelerate CO removal and the regeneration of the Pt 

sites, thus increasing the overall rate of methanol adsorption 63.  At close to 1 ML Pt shell 

coverage on the Ru core, the number of Ru-based OH adsorption sites is now quite small and 

the OH regeneration rate would thus be too slow to match the high rate of CO production, 

resulting in slow CO removal. Also, the small particle size could inhibit the rate of CO 
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diffusion/oxidation, especially at these temperatures, where the CO production rate is 

relatively high.     

In order to help determine whether CO surface diffusion/oxidation and/or the bi-

functional effect of exposed Ru sites are playing a major role in the activity of the Ru@Pt 

NPs towards methanol oxidation, the Pt coverage was varied without changing the Pt-Pt 

distance within the Ptshell layer. This was achieved by utilizing the larger (3 nm) Rucore@Ptshell 

(PMG) NPs at which a change in the Pt coverage is not associated with a change in the 

interatomic distances within the Ptshell (Figure 3). Therefore, the MOR activity of the 

Rucore@Ptshell (PMG) NPs was compared at a Ptshell coverage of 0.6 versus 1 monolayer.  

Figure 4 shows the cyclic voltammograms (0.05-0.9 V vs. RHE, 20 mV/sec) of the 

Ru74@Pt26  (0.6, PMG) and Ru64@Pt26 (1.0, PMG) NPs in RT 1 M CH3OH + 0.5 M H2SO4, 

with the inset showing the analogous data at 60 °C. At low potentials (< 0.6 V vs. RHE), an 

insignificant change in the catalytic activity was observed at both low and high temperatures, 

with Pt coverage increase. However, at higher potentials (> 0.6 V vs. RHE), the Ru74@Pt26 

(0.6, PMG) catalyst showed significantly lower activity than the Ru64@Pt36 (1.0, PMG) NPs 

at both low and high temperatures.  

At low potentials, due to the similarity between the Pt-Pt atomic distance in both the 

Pt74@Pt26 (0.6, PMG) and Ru64@Pt36 (1.0, PMG) NPs, the methanol 

adsorption/dehydrogenation rate is also the same. Thus, the MOR activity is 

indistinguishable for these two catalysts and no evidence is seen for either the bi-functional 

effect of the exposed Ru atoms or of CO diffusion/oxidation rate limitations. At higher 

potentials and/or high temperatures, the rate of methanol oxidation is relatively high and thus 

the rate of CO production is also high. The low activity exhibited by the Pt74@Pt26 (0.6, 
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RT 

60 °C 

PMG) NPs indicating a minor (or absence of) Ru bi-functional effect and could be explained 

by the relatively small Pt surface area available for facile CO surface diffusion compared to 

Ru64@Pt36 (1.0, PMG) NPs. Therefore, the coverage of adsorbed CO at the Pt74@Pt26 (0.6, 

PMG) NPs is higher than at the Ru64@Pt36 (1.0, PMG) NPs, resulting in a lower MOR 

activity. These results indicate that CO diffusion on the Pt shell surface plays a more 

important role in the MOR than does the bi-functional effect of Ru, especially at the larger 

Rucore@Ptshell NPs due to facilitated diffusion of CO.   

 

 

 

 

 

Figure 4: MOR activity of Rucore@Ptshell NP/VC (PMG) catalysts in the second CV (20 
mV/sec) between 0.3 and 0.9 V vs. RHE in 1 M CH3OH + 0.5 H2SO4 at RT and 60 °C 
(inset). 

3.2.2. Methanol oxidation at Rucore@Ptshell NPs with a Ptshell coverage of one ML 

In the case of both the Rucore@Ptshell (1.1, EG) and Rucore@Ptshell (1.0, PMG) NPs, the 

Rucore is covered with close to one full monolayer of Pt, as confirmed by our previous study 

on these materials 48, and therefore the bi-functional effect cannot play a role in the MOR at 

these catalysts.  However, the Pt–Pt interatomic compression in the Rucore@Ptshell (1.0, PMG) 

NPs is higher than in the case of Rucore@Ptshell (1.1, EG) (Figure 3) due to the different sizes 

of the Rucore (3 and 2 nm, respectively.  Based on these facts, any differences in the catalytic 
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activity of these Rucore@Ptshell (1.1, EG) and Rucore@Ptshell (1.0, PMG) NPs, with a full ML 

coverage of Pt, must be related to the difference in the Pt-Pt interatomic distances in the 

Ptshell, as this is the only difference between these two core-shell materials. 

Figure 5 shows the cyclic voltammograms (0.05-0.9 V vs. RHE, 20 mV/sec) of  the 

Rucore@Ptshell  (1.1, EG) NPs and Rucore@Ptshell  (1.0, PMG) NPs in 1 M CH3OH + 0.5 M 

H2SO4 at both room temperature and 60 °C (Inset of Figure 5).  The Rucore@Ptshell (1.0, 

PMG) NPs that have a highly compressed Ptshell are seen to have a higher catalytic activity 

towards the MOR than the Rucore@Ptshell (1.1, EG) NPs at RT by a factor of 4.4 at low 

potentials (0.6 V vs. RHE) and 3.5 at higher potentials (0.8 V vs. RHE). At 60 °C, these 

differences are 3.3 and 3 at lower and higher potentials, respectively.  

 

Figure 5: The effect of the Pt-Pt interatomic distance in the Ptshell (determined by the size of 
the Ru core) on the MOR activity of Ru@Pt/VC catalysts with a close to one monolayer Pt 
shell coverage. The catalytic activity was obtained in the second CV (20 mV/sec) between 
0.05-0.9 V vs. RHE in 1 M CH3OH + 0.5 M H2SO4 at RT and 60 °C (inset).  
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The change in the Pt-Pt atomic distance as the Ru core size was altered but the Pt 

shell was fixed at one monolayer coverage could cause both strain and electronic effects21-23. 

Therefore, in order to determine the main cause of the enhancement in the MOR rate for the 

larger Ru core size NPs (Figure 5), another reaction that requires more than one Pt atom for 

the adsorption and oxidation steps (i.e., formic acid oxidation64, 65) was examined (Scheme 

1). The results obtained (Figure 6) were compared with the CO stripping reaction (Figure 6, 

inset), which involves the linear adsorption of CO on Pt (i.e., one CO molecule per Pt atom) 

and is very sensitive to the electronic properties of Pt.   

Scheme 1: The required number and orientation of Pt surface atoms required for (top) formic 
acid oxidation and (bottom) CO oxidation (stripping).   

Figure 6 shows the cyclic voltammograms (0.05 - 0.9 V vs. RHE, 20 mV/sec) of the 

Ru48@Pt52 (1.1, EG) and Ru64@Pt36 (1.0, PMG) NP catalysts in 1 M HCOOH + 0.5 M 

H2SO4 at 60 °C. As expected from the methanol oxidation results (Figure 5), the Ru64@Pt36 

(1.0, PMG) NPs with the larger Ru core size show a higher catalytic activity towards formic 

acid oxidation than do the smaller Ru core Ru48@Pt52 (1.1, EG) NPs by a factor of ca. 2.4 at 

both low and higher potentials. However, the CO stripping behaviour (onset and peak 
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potentials) seen at the Ru48@Pt52 (1.1, EG) and Ru64@Pt36 (1.0, PMG) NPs was found to be 

almost the same, as shown in the inset of Figure 6. 

 

 

 

 

 

 

Figure 6: The effect of the Pt-Pt interatomic distance in the Ptshell, dictated by the size of the 

Ru core (2 nm in case of EG and 3 nm in the case of PMG)) on the Rucore@Ptshell NP/VC 

catalytic activity towards formic acid oxidation. The currents were collected in the second 

CV (20 mV/sec) between 0.05 - 0.9 V vs. RHE in 1 M HCOOH + 0.5 H2SO4 at 60 °C. Inset: 

Effect of Pt-Pt interatomic distance in the Ptshell on the Rucore@Ptshell NP/VC catalyst  activity 

towards CO stripping in 0.5 H2SO4 at RT (20 mV/sec).   

The CO stripping results (Fig. 7 inset) confirm that, for both the Ru48@Pt52 (1.1, EG) 

and Ru64@Pt36 (1.0, PMG) NPs, which have different Pt-Pt interatomic distance dictated by 

the smaller and larger Ru core sizes, respectively (Figure 3), the electronic properties of the 

Pt atoms in the Ptshell are almost the same. Therefore, there is no effect of the compression of 

the Pt shell on the CO oxidation kinetics in either case. On the other hand, the oxidation of 

methanol (Fig. 6) and formic acid (Fig. 7), which require three and two adjacent Pt atoms, 

respectively, are both significantly affected by the Pt-Pt distance in the Ptshell. These results 
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confirm that the higher MOR activity of the Rucore@Ptshell (1.0, PMG) NPs, compared to that 

of the Rucore@Ptshell (1.1, EG) NPs (Figure 5), is related to the enhancement of the methanol 

adsorption/dehydrogenation step, caused by a decrease in the Pt-Pt interatomic distance in 

the Pt shell layer.  This indicates that, for a one monolayer coverage of the Pt shell, 

compression of the Pt lattice is key to the catalysis observed for methanol oxidation. 

3.2.3. MOR at Rucore@Ptshell NPs with Ptshell coverages of 1-2 MLs 

The electronic properties of the Ptshell are not only affected by the Pt interatomic 

distance within the shell, but also by the Pt shell thickness. However, the effect of the Rucore 

on the electronic properties of the Ptshell surface atoms decreases as the Ptshell thickness 

increases 23.  This is because the outer Pt atoms, at which the MOR occurs, are further away 

from the Rucore the thicker the Ptshell is. Therefore, if a change in the Ptshell electronic 

properties is relevant to the MOR kinetics, increasing the Ptshell thickness is expected to result 

in a noticeable change in the MOR activity of the Rucore@Ptshell NPs. Clearly, the bi-

functional mechanism no longer applies, as there are no exposed Ru atoms remaining when 

the Pt shell coverage is > 1 monolayer, but the Pt-Pt interatomic distance within the shell 

may change during Ptshell thickening. However, it was shown (Figure 3) that there is an 

insignificant change in the strain in the Ptshell with increasing thickness of the Ptshell to > 1 

ML, and hence the strain effect may be excluded for these thicker Pt shell layers.  

The CO intermediate that is produced during methanol oxidation adsorbs strongly to 

the Pt surface sites, blocking them from further adsorption/oxidation of methanol 66. Based 

on the CO stripping results shown in Figure 6 (inset), our previous results48, and those 

reported in other studies 23, 28, 67, Ru has a very strong electronic effect on Pt, resulting in a 
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ca. -200 mV shift in the CO stripping potential when the Ru NPs are covered with a Ptshell 

monolayer.  However, this strong electronic effect of Ru on the Ptshell properties not only 

weakens the CO-Pt bond, but it also weakens the CH3OH-Pt bond. Therefore, this is 

expected to increase the rate of CO oxidation, while decreasing the methanol 

adsorption/dehydrogenation rate.  

The MOR activity of the Rucore and Rucore@Ptshell (EG) catalysts per mass of Pt, with 

the Pt coverages in the range of 1 to 2 MLs, was therefore examined using cyclic 

voltammetry (0.05-0.9 V vs. RHE, 20 mV/sec) at both RT (Figure 7a) and 60 °C (Figure 7b) 

in 1 M CH3OH + 0.5 M H2SO4. In this part of the work, the Ru cores were totally covered 

with Pt48, resulting in similar theoretical specific surface areas (based on the TEM 

determined NP sizes) of 119, 108, and 95 m2/g for the Ru48@Pt52 (1.1, EG), Ru38@Pt62 

(1.45, EG), and Ru38@Pt62 (1.9, EG), respectively. Therefore, if the catalytic activity had 

been normalized to the total mass of metal in the NPs, it should have shown a similar trend to 

what was obtained here when the activities were normalized to the Pt area.  

Figures 7a and 7b show that the Ru48@Pt52 (1.1, EG) NPs have a lower catalytic 

activity than either the Ru38@Pt62 (1.45, EG) or the Ru38@Pt62 (1.9, EG) NPs, at both lower 

and higher potentials. As the electronic effect of the Rucore on the Ptshell surface atoms is 

lowered by the presence of the underlying Pt monolayer for NPs with Pt shell coverages 

from 1-2 MLs, the MOR rate is seen to increase significantly at higher potentials, but not to a 

higher extent than at lower potentials. Since increasing the Ptshell thickness should strengthen 

the CO-Pt bond and decrease the propensity for CO oxidation 48, the rate of the MOR should 

also decrease, especially at low potentials, due to CO oxidation inhibition. However, an 

enhanced MOR activity is seen in Fig. 8a at RT and in Fig. 8b at 60 °C with increasing Pt 
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shell coverage (1-2 MLs) over the full potential range. This is because increasing the Ptshell 

thickness not only strengthens CO adsorption at Pt, but also enhances methanol adsorption, 

which then increases the overall MOR rate. 

 

Figure 7:  MOR activity at Ru@Pt NP/VC (EG, 2 nm Rucore) catalysts (for Ptshell coverages 
in the range of 1 to 2 MLs) in the second CV (20 mV/sec) between 0.3 and 0.9 V vs. RHE in 
1 M CH3OH + 0.5 H2SO4 at (a) RT and (b) 60 °C. Insets show the catalytic activity divided 
by the theoretical Pt area (based on TEM-determined particle size). 
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 If the MOR activity of the Rucore@Ptshell NPs, coated with one monolayer of Pt 

(Figure 5), is high (as in the case of the Rucore@Ptshell (PMG) NPs), the extent of CO build-up 

should also be high. In this case, the buffering of the Ru electronic effect on the Ptshell by 

increasing the Ptshell thickness is expected to increase the MOR activity of the Rucore@Ptshell 

NPs even more at high potentials because of an increase in the rate of methanol 

adsorption/dehydrogenation. However, the thicker Pt shell should lower the MOR rate at 

lower potentials through the inhibition of the CO oxidation step.  

Figure 8 shows the cyclic voltammograms (0.05-0.9 V vs. RHE, 20 mV/sec) of the 

Rucore@Ptshell (PMG) NPs with a Ptshell coverage of 1 and 1.5 MLs in RT 1 M CH3OH + 0.5 

M H2SO4, with the results at high temperature (60 °C) shown in the inset. At low 

temperatures, when the Pt  coverage increases from 1 to 1.5 ML (Figure 8), the electronic 

effect of the Rucore on the Ptshell surface atoms has been lowered, which results in a significant 

increase in the rate of the MOR at high potentials, as expected. However, at lower potentials, 

an insignificant difference is observed between the MOR activity of the Ru64@Pt36 (1.0, 

PMG) and Ru49@Pt51 (1.5, PMG) NPs.  At higher temperatures (60 °C), the Ru49@Pt51 (1.5, 

PMG) NPs show a lower activity at low potentials and higher activity at higher potentials, as 

expected (Fig. 9, inset).  
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Figure 8:   MOR activity of Ru@Pt NP/VC (PMG, 3 nm Rucore) catalysts (for Pt shell 
coverages of 1 and 1.5 MLs) in the second CV (20 mV/sec) between 0.3 and 0.9 V vs. RHE 
in 1 M CH3OH + 0.5 H2SO4 at RT and 60 °C (inset).  

At low temperatures, the methanol turnover rate and accordingly the rate of CO 

production is relatively small. Therefore, an inhibition of the CO oxidation reaction by 

increasing the Ptshell thickness was not observed. At 60 °C, the rate of CO formation is higher 

than at RT, due to the higher rate of methanol turnover. Thus, it was easier to detect the 

effect of CO accumulation on the inhibition of the MOR activity in the case of the Ru49@Pt51 

(1.5, PMG) NPs, as these are less capable of oxidizing CO as compared to the Ru64@Pt36 

(1.0, PMG) NPs48. 

Overall, it can be concluded that, even when both the Pt and Ru atoms are exposed to 

the methanolic solution (Pt shell coverage < 1 ML), the bi-functional effect does not 

significantly affect the MOR rate at Rucore@Ptshell NPs. Instead, it appears that the strain 
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(compression) that increasingly develops in the Ptshell when the Ru core size is increased can 

significantly accelerate the rate of the methanol dehydrogenation step, resulting in a large 

increase in the MOR rate. Also, the electronic effect of the Rucore on the Ptshell properties has 

been shown here to inhibit the methanol adsorption/dehydrogenation step, but enhance the 

rate of CO oxidation.  Thus, a much improved understanding of the mechanism of the 

methanol oxidation reaction has been achieved, largely as a result of the careful and reliable 

design and characterization of the Rucore@Ptshell NPs carried out in the present work.   

4. Summary  

Pt-Ru alloys are known to be the most promising catalysts for the methanol oxidation 

reaction (MOR), of relevance to direct methanol fuel cells (DMFCs). However, the role of 

Ru in enhancing the MOR activity on Pt-Ru catalysts is not fully understood as yet. Thus, in 

this work, a set of nano-engineered Rucore@Ptshell NPs were synthesized, with the Rucore 

potentially affecting the Ptshell MOR activity (in 1 M methanol + 0.5 M H2SO4 solutions at 

room temperature to 60 oC) through the strain effect, the electronic effect, or the bi-

functional effect when the Rucore surface is still exposed (< one monolayer coverage of the Pt 

shell). To the best of our knowledge, no prior studies have systematically determined which 

of these effects is dominant during the MOR using well controlled Pt-Ru nanostructures. 

In this work, Rucore@Ptshell NPs, having a controlled Ptshell coverage within each 

monolayer (ML) and a thickness of up to two MLs, as well as two different Rucore sizes (2 

and 3 nm), were synthesized using the simple polyol method.  When the Pt shell coverage 

was < 1 monolayer (ML) in thickness, the exposed Ru surface atoms were expected to play a 

critical role (through the formation of RuOH) in removing CO from Pt (the ‘bifunctional’ 
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effect). However, due to the slow rate of regeneration of adsorbed OH, only an improvement 

in the MOR activity was seen at high temperatures when low Pt coverages were investigated. 

In general, decreasing the Ptshell coverage and exposing more of the Rucore surface atoms to 

the methanolic solution was found to result in a decrease in the Rucore@Ptshell NP MOR 

activity.    

When the Rucore NPs were covered with a full ML of the Ptshell, the rate of the MOR 

showed a significant dependence on the Pt-Pt interatomic strain. The Rucore@Ptshell NPs 

having a larger (3 nm) Rucore size (highly compressed Ptshell) showed a higher (2-4 times) 

MOR activity than the Rucore@Ptshell NPs with a smaller (2 nm) Rucore size (less compressed 

Pt shell), due to the enhancement of the methanol adsorption/dehydrogenation step.  

The change in the interatomic distances within the Ptshell results in the presence of 

both strain and electronic effects. In order to determine which of these is dominant in 

enhancing the rate of the MOR, the catalytic activity of Rucore@Ptshell NPs coated with a 

single ML Ptshell was investigated.  When the electronic effect of the Rucore on the Ptshell was 

decreased by increasing the Ptshell thickness, an enhancement in the methanol adsorption step 

and an inhibition in the CO oxidation step were observed. Finally, it was also shown that the 

bi-functional mechanism plays only a minor role during the MOR at the Rucore@Ptshell NPs 

under investigation here. 
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Rucore@Ptshell NPs with a controlled Ptshell coverage and two different Rucore sizes (2 and 3 nm) 

were synthesized to determine the precise role of Ru on the MOR activity at Rucore@Ptshell NPs. 
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