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Abstract 

The structural and electrochemical properties of RuPt thin-film electrodes fabricated 

by RF magnetron sputtering have been investigated. Grazing incidence X-ray 

diffraction data show a transition from a face-centred-cubic (fcc) to hexagonal-cubic-

packed (hcp) structure as Ru percentage increases. The transition occurs gradually 

between 32-58% Ru, which is significantly different from the bulk RuPt phase diagram. 

The catalytic activity of the thin-film electrodes for methanol oxidation shows a broad 

peak near 40-60% Ru, consistent with previous reports. The relationship between 

catalytic activity and film structure is discussed and contrasted with previous 

investigations. 
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1. Introduction 

Due to various merits such as high energy density, low operating temperature, easy 

handling, simple processing and the possibility of applications to micro-fuel cells, direct 

methanol fuel cells (DMFCs) are currently undergoing rapid development [1-9]. The 

excellent catalytic activity of platinum-based alloy nanoparticles for methanol oxidation 

makes this metal electrocatalyst ideal for use as an anode in DMFCs. However, it is 

well known that CO, a by-product in methanol electrooxidation readily poisons pure 

platinum at low temperatures. Accordingly, much effort has been reported to design and 

synthesize Pt-based alloy catalysts by alloying platinum with a second element to 

enhance its catalytic activity for methanol electrooxidation by eliminating the CO 

poisoning effect [10-15]. Watanabe et al. have extensively studied Pt-based alloy 

catalysts designed according to the bifunctional mechanism in DMFCs [16]. Here 

oxygen species adsorbed on the alloying element, such as ruthenium, regenerate the CO 

poisoned platinum by oxidizing the CO to CO2 [16, 17]. 

The catalytic activity of RuPt nanoparticles and RuPt alloys is sensitive to catalyst 

composition and structure. With increasing Ru, the structure of PtRu changes from face-

centered cubic (fcc) to hexagonal close packed (hcp) [18-20]. Other researches have 

reported that the composition and structure of supported PtRu nanoparticles affects the 

catalytic activity [18, 19, 21-26]. Park et al. observed that 40-60 at % Ru in RuPt alloy 

catalysts is optimum for achieving excellent catalytic activity in methanol oxidation 

[27]. However, there has been little systematic work on the relationship between the 

structural and electrochemical properties of RuPt thin-film electrocatalysts with a range 

of structure and composition. 
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In this paper, PtRu thin-film electrodes with varying composition were prepared for 

methanol electrooxidation. Characterization of the thin films was carried out using 

grazing incidence X-ray diffraction (GIXD) and electrochemical measurements. We 

relate between structural and electrochemical properties in PtRu thin-film electrodes. 

 

Experimental Section 

RuPt thin-film electrodes were grown using a RF magnetron sputtering system with 

different conditions. P-type (100) silicon and Indium tin oxide (ITO, Samsung Corning 

Co, Ltd) were used as substrates to characterize structural and electrochemical property, 

respectively. Ruthenium and platinum were used as target materials. In order to 

fabricate the RuPt thin-film electrodes, co-sputtering was used with different RF powers 

[27]. Co-sputtering was performed under the inert Ar gas at a flow rate of 40 SCCM at 

room temperature for 20 minutes, which produced films about 130 Å thick. In order to 

fabricate RuPt thin-film electrodes with varying composition, guns with metal targets in 

the RF magnetron sputtering system were controlled as a function of RF power. With 

increasing the RF power of the Ru target gun at fixed RF power of platinum gun, the Ru 

concentration was varied from 0 to 85%. A pure Ru film was also produced. 

Grazing Incidence X-ray Diffraction (GIXD) analysis was carried out using beam line 

7-2 at the Stanford Synchrotron Radiation Laboratory. The X-ray energy was either 9 or 

10 keV (wavelength (λ) of about 1.38 and 1.24 Angstrom, respectively). In the 

diffraction measurements, the sample was held to a Huber four-circle diffractometer by 

a vacuum chuck and was surrounded by a Helium atmosphere to reduce unnecessary 

scattering of x-rays from the air near the sample.  An ion chamber, placed after the 
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beam defining slits, was used for incident flux normalization. The incidence angle was 

approximately 0.6 degrees, just about the critical angle for total reflection for Pt-Ru 

alloys. After grazing the sample, the diffracted beams passed through 1 milliradian 

Soller slits, used to define the scattering angle, before reaching the detector.  

Electrochemical measurements were made using a three-electrode cell at 25 oC. The 

deposited RuPt thin-film electrodes, Pt gauze and an Ag/AgCl (in saturated KCl) were 

used as the working, counter and reference electrodes, respectively. All potentials are 

reported vs. Ag/AgCl (in saturated KCl) reference electrode. All chemicals were of 

analytical grade. All solutions for electrochemical measurements were stirred constantly 

and purged with nitrogen gas. Electrochemical experiments were performed with 

AUTOLAB (Eco Chemie). In order to identify electrochemical properties of the RuPt 

thin-film electrodes, cyclic voltammetry (CV) was performed in the potential range 

between –0.3 ~ 0.8 V versus Ag/AgCl in 0.5M H2SO4 solution. The electrocatalytic 

activity for methanol electrooxidation was measured in 2.0 M CH3OH in 0.5 M H2SO4. 

 

Results 

Structural properties of RuPt thin-film electrodes by GIXD analysis  

Before describing our data, it is useful to briefly review the bulk phase diagram for 

Ru-Pt alloys [20, 28, 29]. For Ru atomic fractions up to 62%, Pt and Ru form a solid 

solution with a face-centered cubic (fcc) structure, while the lattice parameter decreases 

from 3.925 (pure Pt) to 3.85 Å at 62% Ru. Above 80% of Ru, a solid solution with an 

hexagonal close packed (hcp) structure forms. Between these compositions, the alloys 

form a two-phase region of mixed fcc and hcp. 
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Figure 1 shows the GIXD data for well-defined RuPt thin-film electrodes as a 

function of increasing Ru from bottom to top. These data are plotted as a function of the 

scattering vector Q = (4π/λ) sin θ, where θ is half the scattering angle. Some of the 

diffraction peaks for both fcc and hcp alloys are noted. This figure reveals several 

important points. First, as the Ru fraction increases, the crystal structure of the film 

changes from fcc to hcp. Below about 40% Ru, the films are fcc, while above about 

65% Ru, the films adopt an hcp structure. Between these compositions, the films appear 

to be mixed fcc and hcp. Second, the diffraction peaks shift to higher Q with increasing 

Ru, which is due to a decrease in the lattice parameters. Last, the peaks are rather broad, 

which implies a small grain size. We have also measured the crystallographic texture in 

these films and find that for the fcc and mixed phase films there is a weak 

fcc(111)/hcp(002) texture, while for the hcp films there is a somewhat stronger 

hcp(002) texture (which is evident by the weak hcp(002) peaks in Fig. 1). 

From the data in Fig. 1, we can extract the approximate percentage of fcc and hcp 

alloys present in the thin films. Figure 2(a) shows the normalized, integrated intensity of 

the hcp(100), fcc(111)/hcp(002) (which are indistinguishable), hcp (101) and fcc(200) 

peaks as a function of Ru concentration. The intensities are normalized by dividing the 

peak intensities by the sum of the intensities of these four peaks; this removes 

differences in the raw data due to different X-ray energies and slightly different 

incidence angles. As can be seen, the trends in the intensities of the fcc peaks and the 

hcp peaks are mutually consistent, which confirms the validity of this approach for 

estimating the phase fractions. We can quantify this further by taking into account the 

atomic form factors, multiplicities, and Lorenz-Polarization factor and calculating the 

fcc fraction from the hcp(101) and fcc(200) peaks, which are strong and clearly distinct 
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(i.e., do not overlap other peaks). This is shown in Fig. 2(b). As is apparent the hcp 

phase begins to form near 40% Ru and is complete just above 60% Ru. This is different 

from the expectations of the bulk phase diagram, and this is highlighted in Fig. 3, which 

shows both the bulk [20, 28, 29] and our “thin-film phase diagram”. The co-sputtering 

method shifts the phase diagram significantly, and the phase transition boundary 

changes markedly from to 62-80% Ru in bulk to approximately 32-58% Ru in the films. 

This will be contrasted to the electrochemical behaviour of the alloys below. 

Before turning to the electrochemistry, it is interesting to examine the lattice 

parameters and these are shown in Fig. 4 as a function of Ru fraction. The solid symbols 

are the lattice parameters calculated from the GIXD data (Fig. 1), while the open 

symbols are calculated from the specular (usual θ/2θ geometry) data (not shown). The 

solid lines are values for the bulk fcc and hcp phases [20], while the dashed lines are 

guides to the data. The error bars are larger in the mixed phase region, because many of 

the fcc and hcp peaks overlap. In both hcp and fcc phases, the lattice parameters 

decrease as the percentage Ru increases, with the smaller Ru atoms substituting for Pt. 

For the hcp phase (Fig. 4(a) and (b)), a and c are not too different from the bulk values. 

However, for the fcc phase (Fig. 4(c)), the thin-film data show a different trend from the 

bulk with a more pronounced dependence on Ru fraction. The film two-phase region 

(32% - 58%) manifests itself as a plateau in the lattice parameters. Note that since the 

thin-film and bulk lattice parameters are different, one cannot use empirically 

determined lattice parameters to infer film composition.  

 

Electrochemical properties of RuPt thin-film electrodes 

The GIXD data show the dependence of the structural properties on film composition 
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and the difference between bulk RuPt alloy and thin-film phase diagrams. Since RuPt 

nanoparticles with different compositions have distinct electrochemical properties, 

especially for methanol electrooxidation, the electrochemical properties of our RuPt 

thin-films will also depend on composition, which, in turn, is dependent on the RF 

power of Pt and Ru sputtering targets. This is the case as shown in Fig. 5, which plots 

the cyclic voltammetry (CV) for the thin-film electrodes with several compositions. 

Compared with the solid line (28.8% Ru), the dotted line (46.2% Ru) shows a larger 

double layer thickness in the potential range of 0.0 – 0.4V and a lower oxygen reduction 

potential (shown by the arrow in Fig 5). For the 67.0% Ru alloy (dashed line in Fig. 5), 

the double layer is significantly thicker and the oxygen reduction potential is much 

lower. The thickness of the double layer region increases with increasing Ru 

composition because of the increased hydrophilicity of Ru. The oxygen reduction 

potential decreases due to the slow kinetics of Ru in RuPt thin-film electrode for oxygen 

reduction. 

Fig. 6 shows a plot of the current density for methanol electro-oxidation with respect 

to applied potential for RuPt thin-film electrodes containing 28.8%, 46.2% and 67.0% 

Ru.  As is apparent, the thin film with 46.2% Ru has the highest catalytic activity, 

consistent with studies on similar systems [27]. Recall that this film has mixed fcc and 

hcp structure. Fig. 7 shows the Ru dependence of the methanol electro-oxidation current 

density of RuPt thin-film electrodes at 0.4 V. As is apparent, there is a broad maximum 

in the catalytic activity in the range 40 - 60 at % Ru with the highest catalytic activity in 

the thin film containing 46.2% Ru. Furthermore, the catalytic activity of Ru-rich region 

was relatively higher than that of Pt rich-region. 
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Discussion 

It has been reported that for supported and unsupported nanoparticle RuPt catalysts 

40-60% Ru gives the optimum catalytic activity for methanol oxidation [24-27, 30, 31]. 

Similarly, in bulk RuPt alloys the best catalytic activity is found for ≈50% Ru in the 

bulk alloy [32, 33]. In these articles, the RuPt alloy is in the fcc phase. Indeed, it has 

been reported that the fcc phase is stabilized in RuPt nanoparticles beyond the bulk 

stability limit (62% Ru). For example, for 2.5 nm RuPt nanoparticles prepared on 

carbon supports by the reduction of molecular precursors, mostly fcc nanoparticles are 

obtained for up to 80 at% Ru [21]. Similarly, for 2.5-4.5 nm nanoparticles prepared by 

water-in-oil microemulsions, an fcc alloy is found up to at least 65 at% Ru [22]. 

Our sputtered films, however, seem to be different from these nanoparticles in that 

the fcc phase is less stable than for bulk and the hcp phase is formed at a low Ru 

concentration (see Fig. 3). Despite this structural difference, we also find, consistent 

with supported and unsupported RuPt catalysts, that the maximum in the catalytic 

activity for methanol electro-oxidation lies in the range 40-60% Ru (see Fig. 7). These 

results suggest that the presence of hcp RuPt does not affect methanol oxidation in 

contrast to previous assumptions [23]. Our findings are consistent with other work on 

sputtered WOx-RuPt nanostructures in that a 40-60% Ru alloy gives the best catalytic 

activity but is mixed fcc/hcp phase [34]. 

According to the bifunctional mechanism [16], oxygen containing species adsorbed 

on Ru surface atoms react with CO-poisoned platinum sites yielding CO2 and 

regenerating an active Pt site. In modeling studies of this process [35, 36], the alloys are 

assumed to be fcc. Since the arrangement of surface atoms depends on the bulk 

structure and crystal face exposed, our results show this assumption is necessarily not 
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valid for all electrocatalysts. This result can be important with respect to mechanism of 

Ru enhancement. 

 

Summary and Conclusions 

To understand structural and electrochemical properties of PtRu for methanol 

electrooxidation, we prepared sputtered PtRu thin-film electrodes with different 

composition and structure. From the GIXD data, we observed that the RuPt thin-film 

electrodes evolved from fcc through mixed fcc/hcp to hcp structures as the Ru 

concentration increased. The phase diagram for sputtered RuPt thin-film electrodes was 

significantly different from the bulk phase diagram, with the fcc-to-hcp transition in the 

films occurring at 32-58% Ru, while the bulk transition is at 62-80% Ru. In the 

electrochemical measurements, the thin-film electrodes showed a broad region of 

maximum catalytic activity for methonal oxidation at 40-60% Ru. Significantly, the 

RuPt electrodes with mixed phase showed excellent catalytic activity. 

Our results show that the presence of hcp RuPt does not adversely affect the catalytic 

activity of the alloys for methonal oxidation and that the assumption of an fcc structure 

for RuPt alloys is not necessarily valid for low Ru concentrations. They further show 

that the bulk phase diagram is not good guide to thin film structure for these materials. 

Finally, the existence of strain shows that one cannot use the diffraction peak positions 

to infer Ru concentration in the alloys. 
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Figure captions 

 

Figure 1. Grazing Incidence X-ray Diffraction (GIXD) data for RuPt thin-film 

electrodes. The data are offset for clarity and are labeled with the Ru percentage. 

 

Figure 2. Phase diagram determination for the RuPt thin-film electrodes. (a) 

Normalized integrated intensity versus Ru fraction for several peaks. (b) fcc fraction 

calculated from normalized intensities. 

 

Figure 3. RuPt phase diagram. Data for thin films (under our growth conditions) are 

constructed from Figure 2, while the bulk data is from Gasteiger [20]. The thin film 

phase diagram is shifted to the left and has a wider mixed phase. 

 

Figure 4.  Lattice parameters from diffraction data of RuPt thin-film electrodes. The 

open symbols are the in-plane data, while the closed symbols are specular data. The 

solid lines are data for bulk alloys, while the dashed lines are guides. 

 

Figure 5. Cyclic voltammograms of RuPt thin-film electrodes in 0.5M H2SO4 solution; 

The solid, dot and dash line represent 28.8%, 46.2% and 67.0% of Ru, respectively. The 

potential range is from –0.3 V to 0.8 V vs. Ag/AgCl reference electrode with 20mV 

scan rate. 

 

Figure 6. Methanol electrooxidation current density of RuPt thin-film electrodes which 

contain 28.8%, 46.2% and 67.0% of Ru in a solution of 2.0 M CH3OH in 0.5 M H2SO4. 
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The potential range is from 0.14 V to 0.45 V vs. Ag/AgCl reference electrode with 

20mV scan rate. 

 

Figure 7. Methanol electrooxidation current density of RuPt thin-film electrodes in a 

solution of 2.0 M CH3OH in 0.5 M H2SO4 at 0.4 V vs. Ag/AgCl reference electrode. 



 

 

 

 

 

Figure 1. T. –W. Kim et al. 



 

 

 

 

Figure 2. T. –W. Kim et al.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. T. –W. Kim et al. 



 

 

 

 

 

Figure 4. T. –W. Kim et al.
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 Figure 5. T. –W. Kim et al. 
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Figure 6. T. –W. Kim et al. 
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