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Abstract: Carbon nanotubes (CNTs) have been investigated in recent years as a catalyst 

support for proton exchange membrane fuel cells. Improved catalyst activities were 

observed and attributed to metal-support interactions. We report a study on the kinetics of 

methanol electro-oxidation on CNT supported Pt-Ru alloy nanoparticles. Alloy catalysts 

with different compositions, Pt53Ru47/CNT, Pt69Ru31/CNT and Pt77Ru23/CNT, were prepared 

and investigated in detail. Experiments were conducted at various temperatures, electrode 

potentials, and methanol concentrations. It was found that the reaction order of methanol 

electro-oxidation on the PtRu/CNT catalysts was consistent with what has been reported for 

PtRu alloys with a value of 0.5 in methanol concentrations. However, the electro-oxidation 

reaction on the PtRu/CNT catalysts displayed much lower activation energies than that on 

the Pt-Ru alloy catalysts unsupported or supported on carbon black (PtRu/CB). This study 

provides an overall kinetic evaluation of the PtRu/CNT catalysts and further demonstrates 

the beneficial role of CNTs. 

Keywords: PtRu catalysts; methanol electro-oxidation; carbon nanotubes; fuel cells 

 

1. Introduction 

There has been a constant search for catalysts that are efficient in the electro-oxidation of methanol 

in direct methanol fuel cells (DMFCs) for portable electronic devices. Electro-oxidation of methanol is 
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a complex process involving the exchange of six electrons and formation of numerous  

intermediates [1]. The reactions often involve formic acid, methylformate or formaldehyde as 

intermediates during the oxidation process [2-4]. The reactions are slow and require active catalytic 

sites for adsorption and oxidation of methanol, as well as oxidation and desorption of the adsorbed 

intermediates [5].  

The most studied catalysts for methanol electro-oxidation are Pt-Ru alloys [2-4,8,9]. It has been 

found that Pt-Ru alloy catalysts generally have high activity, which was attributed to the ability of the 

Ru in the alloys to form active oxygen species (-OH) at low electrode potentials (~0.2V) that can 

remove poisonous carbon monoxide on the Pt sites [6,7]. The enhanced activity was also attributed to 

the change of electronic structures of Pt when the more electronegative Ru is alloyed [10-13]. 

Gasteiger et al. found that Pt-Ru alloy with a Ru surface composition of ca. 50% atomic percent (i.e., 

Pt to Ru atomic ratio is 1:1) was the most active, and displayed a strong synergistic effect in methanol 

electro-oxidation [8]. Takasu et al. reported that supported, high surface area Pt-Ru catalysts on carbon 

black showed a maximum in both mass and specific activities with about 50% Ru at 60 ºC in the 

potential range of 0.4~0.5 V [9]. It was also observed that the distributions of Pt and Ru sites at the 

atomic level can substantially affect the catalyst activity [2,8]. 

Recent efforts have been made to use carbon nanotubes (CNTs) as supports for Pt-Ru alloy 

catalysts. It was found that CNTs, which have definitive graphitic surface structures, can enhance the 

catalyst activity [14-24]. We have recently demonstrated that CNT-supported Pt-Ru alloy catalysts 

(PtRu/CNT) with various atomic compositions have higher catalytic activity than the corresponding 

Pt-Ru catalyst supported on carbon black [24]. The CNT-supported catalysts with a Pt to Ru ratio close 

to 1:1 showed the best catalytic activity and stability. Catalysts with other Pt to Ru ratios showed 

higher activity, but their stability was not as good. 

Despite PtRu/CNT being a good catalyst, there has been a lack of kinetic studies of the catalyst for 

methanol electro-oxidation. The current work focuses on understanding the kinetics of the PtRu/CNT 

catalysts in the electro-oxidation of methanol. Catalysts with different atomic ratios, namely, 

Pt53Ru47/CNT, Pt69Ru31/CNT and Pt77Ru23/CNT, were prepared and investigated in detail. Experiments 

were performed at various temperatures, electrode potentials, and methanol concentrations. Several 

kinetic parameters were obtained, including Tafel slopes, activation energies, and reaction orders. 

2. Experimental Section 

Deposition of Pt-Ru nanoparticles on multi-walled CNTs (95% purity, NanoLab, Inc.) was achieved 

by reduction of metal salts with ethylene glycol [25,26]. The metal loading of the catalysts was preset 

at 20wt% based on the amount of metal salt precursors used. The details of the Pt-Ru catalyst 

preparation process can be found in a previous paper [24]. Briefly, Pt and Ru salt precursors, K2PtCl4 

and K2RuCl5 (Alfa Aesar), were mixed with sonochemically functionalized CNTs in an ethylene 

glycol-water solution [27]. Reduction reactions were carried out under reflux conditions for 2 hours 

with continuous magnetic stirring. Highly dispersed Pt-Ru alloy nanoparticles with three alloy 

compositions, Pt53Ru47, Pt69Ru31, and Pt77Ru23, were made uniformly on the external walls of the 

CNTs. The average particle sizes are 2~3 nm [24]. 
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All of the electrochemical measurements were conducted in an electrochemical cell in a Faraday 

cage (C3 Cell, Bioanalytical Sciences). Potentials of the working electrode were measured against a 

Ag/AgCl reference electrode, and a platinum wire was used as the counter electrode. A thin film 

electrode technique was used to prepare the working electrode [28]. A glassy carbon disk (3 mm in 

diameter, or 0.071 cm2 in area) was polished to a mirror finish with 0.05 μm alumina pastes before 

each measurement, and served as the substrate for the PtRu/CNT catalysts. Aqueous suspensions of the 

catalysts with a concentration of 1.0 mg/mL were made by ultrasonically dispersing 5 mg of a 

PtRu/CNT catalyst in 5 mL deionized water. A 30 μL aliquot of the suspension was put onto the glassy 

carbon substrate. After evaporation of the water, 10 μL of a Nafion solution (5 wt%, Alfa Aesar) was 

put on top of the catalyst, acting as both a binder and an electrolyte. 

Electro-oxidation of methanol was performed in 1.0 M H2SO4 containing 2.0 M methanol. The 

solution was prepared with high-purity water (Millipore, 18.2 M resistance). Electrochemical 

experiments were conducted in a jacked beaker (100 mL) with a Teflon cap that has holes to fit 

electrodes and a purging gas line. A constant temperature circulator (Polystat, Cole Parmer) was used 

to keep the experiments running at a preset temperature. During the experiments, ultrahigh purity Ar 

was introduced into the electrochemical cell above the solution as a protection atmosphere. All 

potentials reported in this paper have been converted to potentials relative to the reversed hydrogen 

electrode (RHE) potential, unless otherwise noted. 

3. Results and Discussion 

3.1. Cyclic Voltammetry 

Cyclic voltammetry (CV) of the Pt-Ru alloy catalysts was performed at temperatures of 25, 35, 45 

and 60 ºC. The scan rate was 20 mV/s for all experiments, with potentials ranging from 0 to 0.75 V. 

The thin film electrode was immersed in the electrolyte solution and the potential was cycled several 

times until a steady-state voltammogram was obtained (6~8 cycles). Typical polarization curves in the 

electro-oxidation of methanol are shown in Figure 1(a) for the Pt53Ru47/CNT catalyst. It can be seen 

that methanol electro-oxidation occurred at all temperatures, but the oxidation currents were 

significantly enhanced at high temperatures. In the meantime, there was a negative shift of the onset 

oxidation potentials (Table 1). For example, for Pt53Ru47/CNT, the peak current density at 60 ºC was 

2.8 times that at 25 ºC, and the onset potential showed a much lower value at 215 mV as compared to 

253 mV at 25 ºC. The results indicated that methanol electro-oxidation is thermally activated in the 

temperature ranges of this study. This is consistent with the results of Arico et al. [29] who have 

reported that Pt-Ru catalysts characterized by a high degree of alloying and metallic behavior on the 

surface appeared to be more active towards methanol electro-oxidation at higher temperatures. At each 

temperature, the sequence of the peak current density [Figure 1(b)] showed the same order as observed 

in a previous work at room temperature [24], implying that the mechanisms at all temperatures  

are similar. 
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Table 1. Tafel slopes and onset potentials of the PtRu/CNT catalysts for methanol electro-

oxidation at 25 ºC and 60 ºC. 

Catalysts 
Onset potential (mV) Tafel slope (mV dec-1) 

25 ºC 60 ºC 25 ºC 60 ºC 

Pt53Ru47/CNT 253 215 98.8 97.8 

Pt69Ru31/CNT 272 240 101.3 105.7 

Pt77Ru23/CNT 262 230 101.1 105.5 

 

Figure 1. (a) Cyclic voltammograms of methanol electro-oxidation on Pt53Ru47/CNT with 

elevated temperatures. (b) Cyclic voltammograms of methanol electro-oxidation on 

different PtRu/CNT catalysts at 60 ºC.  
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A major reaction pathway for methanol electro-oxidation on Pt-Ru alloys at room temperature was 

previously proposed, which was primarily based on the balance between initial adsorptive 

dehydrogenation of methanol and subsequent oxidative removal of dehydrogenation fragments 

[30,31]. The first step is methanol adsorption, followed by methanol dehydrogenation and formation of 

adsorbed methanolic residues (CO) on Pt surface, which are both intermediates and surface “poisons”. 

eHCOPtOHCHPtOHCHPt adsads 4433    (1) 

On the electrode surface, the removal of COads at Pt sites is believed to proceed though the reaction 

of chemisorbed CO with chemisorbed hydroxyl species (OHads). At an appropriate electrode potential 

(ca. 0.2 V, significantly lower than that on pure Pt, >0.5 V), water discharging occurs on Ru sites with 

the formation of Ru-OH groups [32]: 

eHOHRuOHRu ads  
2  (2) 

The final step is the reaction of OHads groups with neighboring methanolic residues adsorbed on Pt 

sites to give carbon dioxide: 

eHCORuPtOHRuCOPt adsads  
2  (3) 

The enhancement in methanol electro-oxidation at high temperatures may be attributed to the 

increase in OH adsorption and catalytic activity of Ru. Choi et al. [33] reported that elevation in 

temperatures accelerates the OH adsorption on the Pt-Ru alloy surface. As a result, the rate of CO 

oxidation to CO2 on the Pt surface is accelerated since OH was able to be adsorbed on the Ru surface 

at a lower potential. The negative shift of the onset potentials in our experiments was possibly related 

to the enhancement of OHads formation of Equation 2 [34]. Consequently, easier adsorption of OH at 

higher temperatures resulted in higher electro-oxidation current densities and lower onset potentials. 

At low temperatures only Pt was found to be active towards methanol dehydrogenation which is a 

highly thermally activated process on the Ru sites. Hence, Ru sites can only serve for the removal of 

carbonaceous intermediates and play no role in the dehydrogenation process at low temperatures [8]. 

However, as the temperature increases, methanol dehydrogenation can occur also on Ru sites. It has 

been reported that even pure Ru electrode showed some catalytic activity for methanol oxidation at 

above 40 ºC [8,35]. It is noted that, although at high temperatures Ru can participate in methanol 

chemisorption and dehydrogenation, the chemisorption energy of oxygen species on Ru surface 

binding through Ru-O is so high that it inhibits Ru sites from being covered by methanolic residues 

binding through Ru-C [36]. Consequently, the Ru sites can still suitably adsorb OH groups at  

high temperatures. 

3.2. Bulter-Volmer Plot (Tafel Plot) 

The Bulter-Volmer plots (the Tafel range) were derived from the steady-state oxidation experiments 

obtained potentiostatically with a fixed delay of five minutes at each potential, in the range from 0.35 

to 0.8 V (potential steps of 50 mV) [37,38]. The Tafel plots for methanol electro-oxidation at 25 ºC 

and 60 ºC for the catalysts are shown in Figure 2. Different values of Tafel slope (i.e. change in 

overpotential per decade change in current density) have been reported in the literature. Tafel slopes of 

120 mV dec-1 on Pt-Ru in Nafion membrane and 110 mV dec-1 for PtRu/CB catalysts at 25 ºC were 
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reported [38,39]; values of 180-195 mV dec-1 were reported for bulk Pt-Ru alloy and PtRu/CB 

catalysts at 60 ºC [8,40]; a value of 132 mV dec-1 was reported for Pt-Ru black with a Pt to Ru atomic 

ratio of 1:1 [1]. It has been suggested that the term “Tafel slope” in the case of the methanol electro-

oxidation does not carry its usual sense, since straight lines of E vs. log I are generally not  

observed [8]. 

Figure 2. Tafel plots for methanol electro-oxidation on the PtRu/CNT catalysts. 
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As seen from Figure 2, it is apparent that the Tafel plots can be fitted with two lines that intersect at 

approximately 0.6 V for all catalysts, with the linear part of the Bulter-Volmer plot at <0.6 V and the 

deviation from the Bulter-Volmer linearity >0.6 V (i.e. where the rate of current increase decelerates 

with the increase in potential). In the lower potential region (<0.6 V), all the samples showed similar 

slopes of ca. 100 mV dec-1, indicating identical kinetic behaviors. At potentials above 0.6 V, the slope 

of E vs. log I curves increased substantially. Since the limiting currents are not mass transfer 

controlled and they can not be enhanced by changing the rotating speed of the electrode, there must be 

formation of new adsorbed intermediates. Jusys et al. have reported detection of methyl formate in this 

potential region [3]. They observed that the predominant reaction below 0.6 V corresponds to 

methanol dehydrogenation, while the predominant process above 0.6 V corresponds to CO oxidation. 

Thus, the methanol dehydrogenation activities for all catalysts are similar in the low potential range, 

where the CO oxidation may be affected by the number of neighboring Ru sites. The linear region of 

the Tafel plots was found to be within the low potential range for all catalysts at 25 ºC and 60 ºC 

(Figure 2), giving Tafel slopes of ca. 100 mV dec-1 (Table 1). The similarity among all the catalysts 

indicates that the reaction mechanism is the same within the experimental temperature ranges despite 

of different compositions of the catalysts, and the bifunctional mechanism discussed in section 3.1 is 

appropriate to interpret the methanol electro-oxidation. However, Pt53Ru47/CNT catalyst is the most 

active. 

Methanol electro-oxidation has been known to be sensitive to the surface structures of catalysts. 

The catalytic activity of Pt-Ru catalysts toward methanol electro-oxidation is maximized with the 

presence of (111) crystallographic planes, and the methanolic CO (surface poisoning) formation is the 
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slowest on (111) planes in acidic electrolytes [41,42]. Gasteiger, et al. found that the balance between 

the rate of methanol adsorption and the rate of oxidative removal of dehydrogenated fragments 

determines the activities of Pt-Ru catalysts with different Ru compositions [30]. In our previous study 

[24] the Pt53Ru47/CNT catalyst was shown to have the highest intensity of (111) planes, justifying that 

it has the highest rate of methanol oxidation mostly via a non-CO path to form CO2 and the slowest 

rate of CO formation. This catalyst therefore should have the highest catalytic activity and the best 

stability among the tested catalysts. 

3.3. Potentiostatic Methanol Oxidation on PtRu/CNT 

Current vs. time measurements at constant potential with different temperatures were carried out to 

obtain activation energies that can provide information for the fundamental mechanisms. Potentiostatic 

methanol oxidation was performed at different temperatures of 25, 35, 45 and 60 ºC. Two potentials, 

0.4 and 0.5 V, were applied for 1,800 s (30 min). In previous research, higher potentials (from about 

0.45 to 0.7 V) have assigned to the limiting current region and lower potentials (from 0.2 to about  

0.45 V) to the activation controlled region [1]. The technologically feasible potentials for DMFCs are 

normally 0.4~0.5 V [3]. 

Figure 3 showed typical curves of the Pt77Ru23/CNT catalyst. The current densities gradually 

decayed with time and the decline in the oxidation currents is different for each catalyst at each 

temperature. Apparently, the deactivation of the catalysts proceeded very rapidly over the initial period 

of several minutes. After that, a slower steady decay was observed. The continuous current decay is 

indicative of a loss in the catalytic activity. Two factors may lead to the catalyst deactivation. One is 

the oxidation of the Ru surface [43,44], forming oxides such as RuO2 and RuO3 that are not active for 

CO oxidation. This is a reversible process. The other is the blockage of the active sites by adsorbed 

organic residues from methanol oxidation that are formed slowly and can only be oxidized at high 

anodic potentials. Gasteiger et al. reported that long-duration experiments with smooth electrodes are 

very sensitive to the effect of surface-active impurities [8]. They found that 0.1 ppm of any surface-

active impurities in the electrolyte would deactivate ~7% of the catalyst surface in 10 min after its 

immersion and an additional ~3% for each of the following 10 min interval [8]. 

The turn over number (TON) and the activation energy for each catalyst were calculated from the 

experimental data. The TON, which is defined as the number of methanol molecules that react per 

catalyst surface site per second, directly reflects the steady-state current density for methanol electro-

oxidation; its value can be calculated from [43,45]: 

])[(
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where I is the steady-state current density, n the number of electrons produced by oxidation of 1 mol 

methanol, F the Faraday constant, m(Pt) the mean atomic density of surface platinum on Pt(111)  

(1.51  1015 cm-2), NA the Avogadro constant, and surface area of the catalysts has been reported in our 

previous study [24].  
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Figure 3. Chronoamperometry performed for methanol electro-oxidation on Pt77Ru23/CNT 

at different temperatures. The applied potentials are (a) 0.4 V and (b) 0.5 V. 
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The results of TON for methanol electro-oxidation in 1.0 M H2SO4 + 2.0 M CH3OH at different 

potentials were listed in Table 2. The TONs were found to be different for different catalysts and 

dependent on the applied potentials and temperatures. For example, the TONs of Pt53Ru47/CNT and 

Pt69Ru31/CNT at 0.4 V and 25 ºC are 0.93  10-3 and 0.28  10-3 s-1, respectively, while that of 

Pt77Ru23/CNT is 0.53  10-3 s-1. In addition, TON was found to increase with the increase of applied 

potentials and temperatures, which can be clearly seen from the data in Table 2. It can be also seen that 

Pt53Ru47/CNT has the largest TON at each potential and temperature, meaning that it is able to catalyze 

more methanol in the same period using the same number of sites than the other two catalysts. 

Therefore, on this measure, the Pt53Ru47/CNT catalyst has the best catalytic activity toward electro-

oxidation of methanol, consistent with the conclusions obtained from Figure 1(b) and that reported in 

our previous paper [24].  

(a) 

(b) 
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Table 2. Turnover number (molecule s-1 site-1  10-3) of PtRu/CNT catalysts for methanol 

electro-oxidation at different potentials. 

Catalysts 

Applied potentials 

0.4 V 0.5 V 

25 ºC 35 ºC 45 ºC 60 ºC 25 ºC 35 ºC 45 ºC 60 ºC 

Pt53Ru47/CNT 0.93 1.64  2.64  5.52  4.60 6.98  13.3  26.3 

Pt69Ru31/CNT 0.28  0.49  0.88  1.98  2.03  3.73 6.27 14.5 

Pt77Ru23/CNT 0.53  0.97 1.71  3.38  3.05  5.70  9.95 19.6  

 

Figure 4 shows the Arrhenius plots for the catalysts, plots of the logarithm of the current density (ln 

(I)) vs. the inverse temperature (1/T). The activation energies (Ea) were obtained from the slopes of the 

curves at a particular potential by fitting the Arrhenius equation: 

R
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



)/1(

)ln(  (5) 

where R is the gas constant. Linear relationships between ln(I) and 1/T were observed in all cases, 

indicating that the reaction mechanism at both potentials was not changed with the temperatures. The 

apparent activation energy listed in Table 3 for each catalyst was obtained from the parallel lines 

according to Equation 5. 

Figure 4. Arrhenius plots of the PtRu/CNT catalysts at different potentials, (—) 0.4 V and 

(—) 0.5 V. 

2 .9 3 .0 3 .1 3 .2 3 .3 3 .4
-2

0

2

4
 P t53R u 47 /C N T

 P t69R u 3 1 /C N T

 P t77R u 2 3 /C N T

ln
I

1 000 /T  (K -1)  



Energies 2009, 2            

 

 

798

Table 3. Activation energy of the PtRu/CNT catalysts in methanol electro-oxidation. 

Catalysts Activation energy (kJ/mol) 

Pt53Ru47/CNT 41.9  0.3 

Pt69Ru31/CNT 46.0  0.1 

Pt77Ru23/CNT 43.8  0.1 

 

The activation energy for methanol electro-oxidation strongly depends on a catalytic reaction 

system. Significantly different values were reported in the literature for Pt-Ru alloy electrodes, from 

55 kJ/mol for unsupported PtRu catalyst [1] to 95 kJ/mol in 2 M CH3OH and 1 M H2SO4 [46] at 0.4 V, 

and from 60 kJ/mol for PtRu alloy with 46 at.% of Ru [8] to 65 kJ/mol for PtRu particles incorporated 

in a Nafion membrane [39]. The electrolyte concentrations can also strongly influence the measured 

current densities [47]. Variations in methanol concentrations, surface compositions, and even the 

synthesis methods can lead to the different values observed. High activation energy values mean that 

there is a need for high operation temperatures of DMFCs. 

Although different results of activation energy for methanol electro-oxidation have been reported, 

the activation energies we obtained for the PtRu/CNT catalysts are much lower (Table 3). Several 

possible factors may contribute to the observed enhancement of electro-oxidation on these PtRu/CNT 

catalysts; they may include particle size, compositions, and crystalline structures of the alloy  

catalysts [24]. However, the CNT catalyst support could be an important factor affecting the catalyst 

activity due to metal-support interactions. In a previous study, fullerene soot and carbon black were 

found to have different interactions with the Pt/Ru catalysts [48] due to their different surface 

structures. Although the enhancement from the metal-carbon support interactions toward methanol 

electro-oxidation is not fully understood, we believe that the CNTs, which have a curved graphitic 

surface, could promote the PtRu activity. 

According to the methanol electro-oxidation mechanism, dehydrogenation of methanol to 

methanolic CO (Equation 1) does not require participation of oxygen-containing species to complete. 

However, methanolic CO oxidation to CO2 requires extra oxygen to go to completion (Equation 3). 

The oxygen-containing species can only come from water discharging, including interfacial or near 

surface bulk water molecules (Equation 2) [49]. Tang et al. [50] reported that H2O molecules prefer to 

be adsorbed on CNTs when CNTs are positively charged. For high-density H2O adsorbed on the outer 

walls of CNTs, more H2O molecules at interface or near surface bulk can serve as electron donors. 

Therefore, the CNT support may have assisted water discharging on the Ru sites that in turn leads to 

increased OHads and enhanced CO removal. 

3.4. Reaction Orders in Methanol Electro-Oxidation 

Figure 5 shows a comparison of the methanol electro-oxidation rates on Pt77Ru23/CNT at 35 ºC at 

different methanol concentrations from 0.02 to 2.0 M. As can be seen, the current densities increase 

with increasing methanol concentrations. On the basis of the above examination of the interactions of 

methanol and PtRu/CNT, we can determine the rate-determining step (RDS) for methanol electro-
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oxidation. Since we are concerned about the long-term activity of the PtRu/CNT catalysts, we will 

focus on the overall process rather than individual steps. 

Figure 5. Chronoamperometry collected for methanol electro-oxidation on Pt77Ru23/CNT 

with different methanol concentrations in 1.0 M H2SO4 at 35 ºC. The applied potential is  

0.5 V. 
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The overall oxidation current density can be written as [51],  

mnFkCI   (6) 

where k is the reaction rate constant, C the concentration of methanol, and m the apparent reaction 

order. Therefore, the slope of log(I) vs. log(C) plot at a constant potential will give the apparent 

reaction order (m). Using the steady-state current densities, a typical plot for methanol electro-

oxidation at 35 ºC at a potential of 0.5 V is presented in Figure 6. The straight line with a slope of 0.5 

implies that methanol electro-oxidation follows half-order kinetics with respect to methanol 

concentrations. The same value was reported for unsupported Pt-Ru catalysts [35] as well as for Pt-Ru 

supported on carbon black [52,53]. 

Franaszczuk et al. [54] have shown that the RDS in methanol electro-oxidation is the initial C-H 

bond splitting of a methyl, i.e. the initial dehydrogenation of methanol, on a millisecond time scale. 

However, on the time scale of one thousand seconds, the oxidation currents have decayed by almost 

one order of magnitude, indicating a change in the RDS due to the accumulation of methanolic 

residues on the catalyst surface. Gasteiger et al. found that sputtered Pt-Ru alloys with rich Ru yielded 

methanol concentration dependent electro-oxidation rates [30]. They also reported that pure Pt surface 

showed a relatively weak dependence on methanol concentrations and the apparent reaction order with 

respect to methanol is close to zero. In the latter case, the RDS is the oxidative removal of methanol 

dehydrogenation fragments. In contrast, on Ru-rich alloy surfaces, the overall methanol electro-

oxidation rate at steady state is mainly limited by the reduction rate of methanol adsorption, which 
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explains the dependency of electro-oxidation rate on methanol concentrations for our Pt-Ru/CNT 

catalysts at steady-state. 

Figure 6. Reaction rate (current density) of methanol electro-oxidation on Pt77Ru23/CNT as 

a function of methanol concentrations in 1.0 M H2SO4 at 35 ºC with applied potential at  

0.5 V. 
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4. Conclusions 

The kinetics of methanol electro-oxidation on CNT-supported Pt-Ru alloy nanoparticles was 

investigated in H2SO4 + CH3OH electrolyte solutions. Results of cyclic voltammetry at different 

temperatures showed that methanol electro-oxidation is very sensitive to the changes in temperatures. 

However, close values of Tafel slope at different temperatures were observed for all catalysts 

indicating that the reaction mechanism is similar for the catalysts with different atomic ratios of Pt and 

Ru within the experimental temperature range. The onset potentials of methanol electro-oxidation 

shifted negatively at high temperatures. Linear relationships between logarithm of the current densities 

and the inverse temperatures were observed. Activation energies were obtained from the 

corresponding Arrhenius plots. The activation energies were found to be much lower on the PtRu/CNT 

catalysts than those reported in the literature, which was attributed to the metal support interactions 

between PtRu nanoparticles and CNT. The electro-oxidation of methanol on the PtRu catalysts was 

found to follow half-order kinetics with respect to the methanol concentrations. 
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