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This work aimed on the development of platinum and platinum-ruthenium nanowires supported on 

carbon powder, via chemical reduction using formic acid as a reducing agent, and the study of 

electrooxidation of methanol in acidic medium on these catalysts. The metal load of the nanowires in 

relation to the substrate was varied from 20, 30 and 40% and their composition for the Pt–Ru/C 

nanowires was maintained at 60:40. The nanocatalysts were characterized by X-ray diffraction, X-ray 

fluorescence, transmission electron microscopy (TEM) and cyclic voltammetry, showing that the 

nanowires have the cubic face-centered structure of platinum. The chemical composition of the 

catalysts is close to nominal. The TEM images showed that Pt/C and Pt0.6Ru0.4/C nanowires were 

successfully synthesized by the chemical reduction method presenting nanowires with a diameter 

between 4 and 13 nm and a length between 15 and 20 nm. The Pt0.6Ru0.4/C 20% catalytic composite 

exhibit the lowest CO oxidation onset potential (0.34 V) which is 0.3 V more negative than the 

obtained for a commercial Pt/C catalyst. The current density of the CO-stripping peak at the 

Pt0.6Ru0.4/C 20% catalytic composite is also 3 times higher than for the commercial Pt/C. The 

incorporation of ruthenium in the Pt/C nanowires and their decrease in metallic loading increased their 

efficiency towards the electrooxidation of methanol. The nanowires Pt0.6Ru0.4/C are thus promising 

materials as anodes for use in direct methanol fuel cells. 
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1. INTRODUCTION 

In a society where oil is the main source of energy, the great demand combined with a 

decreasing supply makes the price of this fuel fluctuate almost permanently, which is further impaired 

by the gases generated from the burning of this fuel. The concept of sustainable development widely 

discussed in recent years versus an exponential growth in energy demand, which is mostly supplied by 

fossil fuels, causes high amounts of pollutants to be released into the atmosphere due to the burning of 

these fuels directly contributing for global warming. Facing the current problem, several research 

groups around the world are developing new sources of energy capable of minimizing environmental 

pollution, thus minimizing the impact on future generations. In this context, hydrogen is a promising 

fuel that can be used in fuel cells [1]. However, it is known that the logistics of its use is a problem for 

commercialization and industrial application. 

Among the alternative technologies being developed, direct alcohol fuel cells have become a 

highly interesting energy option, and one of the major challenges in using methanol (CH3OH) as a fuel 

is to achieve high anodic catalytic performance of the alcohol oxidation reaction [2]. This kind of fuel 

cells is basically electrochemical devices that directly convert the chemical energy stored in the fuel 

into electricity and have several advantages such as: high efficiency (40-60%), easy operation and are 

considered environment friendly systems, despite its slow reaction kinetics in the oxidation of 

methanol [3]. 

Platinum has been used as a catalyst for direct methanol fuel cells (DMFCs), which are 

promising sources of energy for portable electronic devices and electric vehicles [4]. However, the cost 

and the lack of metal supply have hampered its commercial utilization. Another important point is that 

the formation of intermediate products, such as CO, during the oxidation reaction, significantly 

reduced the performance of this metal as anodic catalysts [5]. To solve this problem, the substitution of 

nanostructured materials from 0D to 1D, such as nanowires (NWs) [1,6], the insertion of several more 

active elements [7–9], the use of different support materials and the use of different catalysts synthesis 

method [10–13] have been investigated to improve catalytic activity towards methanol oxidation. 

Electrochemical characteristics of the nanostructured electrode materials are strongly 

dependent on their grain size, texture, surface area and morphology [14,15]. In this sense, the ordered 

structure and high surface area of the nanowires can improve the electrochemical properties and the 

electrocatalytic activity of nanocatalysts [16]. In addition, they can improve the mass and electron 

transport due to their distinct morphology and structural properties [17], reducing the amount of 

electrocatalysts incorporated in the electrodes [18]. 

The Pt nanoelectrocatalysts associated with ruthenium has a high tolerance to CO, since Ru 

provides oxygenated species (OHads) at lower potentials than Pt, known as bifunctional mechanism 

[19,20]. On the other hand, the tolerance to CO in materials containing Pt–Ru can also be associated to 

the electronic effect that decreases the adsorption energy of the CO at the surface of the catalyst [21]. 

The atomic ratio of Pt–Ru has an important influence on the performance of the DMFCs 

catalysts, where the ratio 1:1 provides a greater activity considering the oxidation reactions of CO and 

methanol [22]. However, previous studies carried out in our group showed that the nanowires with the 
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60:40 (Pt:Ru) atomic ratio are more catalytic towards methanol oxidation than the other studied 

compositions (50:50, 70:30, 80:20 and 90:10) [23]. 

Different methodologies have been studied to synthesize Pt–Ru catalysts using a variety of 

reducing agents for metal precursors, such as sodium borohydride [24] and formic acid [25,26]. The 

utilization of surfactants during the synthesis process is generally used to prevent the agglomeration of 

the colloids during the metal precursors phase reduction [27]. To the best of knowledge, this paper is 

the first attempt to the develop Pt–Ru nanowires by chemical reduction without the use of surfactants 

during the synthesis. In addition, the influence of different metallic loads of nanowires on the methanol 

oxidation activity is also unavailable in literature. 

Therefore, in the present report, Pt and Pt–Ru nanowires supported on carbon powder have 

been developed varying the metal loading between 20, 30 and 40%. These materials are shown to be 

highly active for the electro-oxidation of methanol in acidic medium. The nanocatalysts were 

characterized by X-ray diffraction (XRD), X-ray fluorescence (XRF), transmission electron 

microscopy (TEM) and cyclic voltammetry. It was observed that the variation in the metallic loading 

of the precursor salts is a determining factor for the increase in the catalytic activity of the nanowires. 

 

 

2. EXPERIMENTAL PROCEDURE 

2.1. Pt and Pt–Ru nanowires preparation  

The Pt/C and Pt0.6Ru0.4/C nanowires were synthesized according to the chemical reduction 

method [28–30]. The metal loading was varied, in the proportions of 40%, 30%, 20% relative to the 

carbon substrate (Vulcan
®
XC72). Formic acid (Sigma-Aldrich

®
, 98-100% purity) was used as a 

reducing agent. All experiments were performed at room temperature in aqueous solution free of 

surfactants. 

For the growth of the Pt and Pt–Ru metals on the carbon substrate, the synthesis was performed 

using hexachloroplatinic acid (Sigma-Aldrich
®
, 37.5% Pt) and/or ruthenium chloride (Sigma-Aldrich

®
, 

45.55% Ru) dissolved in an aqueous solution. After the initial dispersion, an amount of carbon was 

added under stirring at 100 rpm for 30 minutes and finally the formic acid was inserted to reduce the 

metal ions onto the carbon substrate. The solution was then stored at room temperature for 72 hours. 

The synthesis product was filtered using a vacuum pump model PRISMATEC 131 and membrane in 

cellulose esters (with pores of 47 μm) from Millipore and the obtained powder was washed several 

times with ultrapure water for later drying at 60°C for 30 minutes in an oven. All aqueous solutions 

were prepared with ultrapure water obtained by a Gehaka model MS 2000 system. 

 

2.2. Electrochemical Experiments 

For the nanocatalyst fixation on the glassy carbon electrode of 5 mm in diameter, it was 

previously polished in 0.3 μm α-alumina suspension, then washed with ethanol and water in an 

ultrasonic bath to remove any alumina residues and finally dried at room temperature. For deposition 

of an ultrafine layer on the glassy carbon electrode, 0.0032 g of the synthesized composites was added 
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to 30 μl of a solution of 0.5% Nafion
®
 (Aldrich

®
, solution at 5% in aliphatic alcohols) and 1000 μl of 

isopropyl alcohol. This mixture was then subjected to an ultrasonic agitation (Ultronique QR500) for 

30 minutes for complete homogenization. After this, 5 μL of this produced ‘ink’ was transferred to the 

electrode for complete coating of the glassy carbon and left at room temperature to dry. 

Electrochemical measurements were performed on a potentiostat/galvanostat (Autolab model 

PGSTAT302N) coupled to a computer, operating with GPES Software version 4.9. The voltammetric 

profiles of the different electrocatalysts were obtained in a Pirex
®
 glass one compartment 

electrochemical cell of, containing a reference electrode of hydrogen prepared in the same solution, a 

platinum counter electrode of 1 cm
2
 and the glassy carbon electrode. As support electrolyte, a 0.5 mol 

L
1

 H2SO4 solution was prepared with ultrapure water, and previously saturated with nitrogen (N2). All 

measures were taken with a scanning speed of 20 mV s
–1

. All potentials are referred to the reversible 

hydrogen electrode (RHE). The cyclic voltammetry methanol oxidation studies were carried out in 0.5 

mol L
1

 methanol solution in 0.5 mol L
1

 H2SO4, as well as the chronoamperometric curves applying a 

potentiostatic jump from 0.05 V to 0.60 V, maintaining the potential for 3600 s. 

The CO stripping voltammograms were obtained after bubbling the CO gas in the 

electrochemical cell for 5 minutes applying 0.1 V followed by bubbling with N2 to remove the 

dissolved CO. Two voltammograms were recorded between 0.05 and 1.0 V at 10 mV s
–1

. The analyses 

were performed to evaluate the catalysts tolerance to CO, as well as for the calculation of the electrode 

electroactive area used to normalize the currents. Pt/C (10 wt% of Pt) from Alfa Aesar commercial 

electro-catalyst was used as reference material for comparison purposes in the methanol oxidation 

experiments. 

 

2.3. Physical Characterization 

TEM analyses were performed using an electronic microscope JEOL 2100 HTP JEM at 200 

kV. The XRD analyses were performed using a diffractometer (PANalytical EMPYREAN), operating 

with Cu Kα radiation (λ = 0.15406 nm) and maximum power of 1600 W, generated in 40 kV and 40 

mA. The parameters used (range angles 2θ = 20º– 90º, with υ = 2º min
–1

) were kept constant 

throughout the analysis. Analyzes of the XRD patterns were performed using Philips X’pertHighScore 

Plus. The Scherrer equation was used to calculate the mean crystallite size of the peak height (220) 

with 2θ = 67.68º. The network parameters were obtained using Bragg's law. The Pt:Ru ratios of the 

prepared nanowires were determined from the deposited amounts of Pt and Ru by XRF analysis on a 

S4PIONNER by Bruker-AXS2010. 

 

 

3. RESULTS  

3.1 Physical characterization 

The XRD patterns of the Pt/C and PtRu/C nanowires, in Figure 1, display a characteristic 

diffraction peak (002) at 2θ ≈ 24° attributed to the diffraction of the carbon support used, with a 

hexagonal structure. The three Pt/C electrocatalysts (20, 30 and 40 wt%) exhibited Pt diffraction peaks 
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(111), (200), (220) and (311) (vertical dashed lines) at 2θ = 39.87°, 46.13°, 67.30° and 81.10°, 

respectively, characteristic of Pt with face-centered cubic structure (JCPDS-004-802).  

The peaks of the Pt–Ru nanocatalysts are similar to those of Pt/C, except that the 2θ values are 

slightly shifted to more positive values (2θ = 40.07°, 46.38°, 67.68° and 81.59°). The change is 

attributed to the contraction of the lattice parameter, when smaller size Ru atoms substitute larger 

atoms of Pt followed by the formation of Pt–Ru alloy [10,31]. Moreover, in the pattern of Pt0.6Ru0.4/C 

40wt%, three peaks corresponding to Ru (JCPDS: 06-0663) at 2θ = 27.35, 34.68 and 54.0º appear, 

where the two last peaks were also observed by Kim et al. [10] for Pt–Ru nanowires synthesized by 

electrospinning method. 
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Figure 1. X-ray diffraction patterns obtained for the electrocatalysts prepared by the chemical 

reduction method. CuKα radiation with continuous scanning. Red dashed lines correspond to 

the position of the pure polycrystalline Pt peaks. 

 

Lattice parameters values of Pt–Ru/C nanowire structures were calculated according to the 

Bragg’s law using the diffraction peak (220) of Pt, which was not affected by the carbon support 

interaction. The values found were 0.3891, 0.3887 and 0.3879 nm for Pt0.6Ru0.4/C at 20, 30 and 40% 

respectively, compared to the lattice parameters of the platinum electrocatalysts (0.3914 nm) for 20% 

and 30% Pt/C and (0.3915 nm) for Pt/C 40%, the lattice parameter values of the Pt–Ru nanowires 

decreased with the compression of the Pt crystal lattice from the Ru insertion. 
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Table 1 contains the structural parameters of the mean crystallite size and the lattice parameter 

α determined for all developed catalysts. The average crystallite size ranged from 4.531, 4.874 and 

4.566 nm for the Pt0.6Ru0.4/C nanowires with 20, 30 and 40%, respectively. Pt/C nanowires values 

varied from 5.2112, 5.3124 and 5.3224 nm for 20, 30 and 40%. For Calderón et al. [13] Pt–Ru 

nanocatalysts supported on carbon nanofibers, 20 wt% and 1:1 Pt–Ru atomic ratio, by impregnation 

and subsequent reduction by sodium borohydride or by the reduction method by formate ions and 

commercial Pt–Ru/C showed mean crystallite sizes of 4.0, 4.8 and 4.4 nm, respectively. The values 

presented by Calderón et al. [13] were close to the Pt0.6Ru0.4/C nanowires analyzed in this work; thus 

demonstrating a similar crystal grown by reduction.  

 

Table 1. Structural parameters obtained by XRD and XRF techniques for electrocatalysts. 

 

Electrocatalysts 
Crystallite size 

(nm) 

Lattice parameter 

(nm) 

Pt–Ru ratio (at.%) 

(by XRF) 

Pt/C 20% 5.2112 0.3914 - 

Pt/C 30% 5.3124 0.3914 - 

Pt/C 40% 5.3224 0.3915 - 

Pt0.6Ru0.4/C 20% 4.531 0.3891 63.54:36.46 

Pt0.6Ru0.4/C 30% 4.874 0.3887 61.26:38.74 

Pt0.6Ru0.4/C 40% 4.566 0.3879 65.66:34.34 

 

Furthermore, according to Table 1, the Pt–Ru ratios were quantified by XRF and presented 

results of 63.54:36.46, 61.26:38.74 and 65.66:34.34 for the Pt0.6Ru0.4/C 20%, 30% and 40% nanowires, 

respectively, close to nominal values. On the other hand, the representative TEM images of the Pt/C 

(40%) and the Pt0.6Ru0.4/C electrocatalysts with metal load of 20 and 40% are shown in Figure 2. Note 

that the method used in the preparation of the catalysts is efficient for the production of nanowires.  

 

       

A      B 
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C 

 

Figure 2. TEM micrographs of the nanowires Pt/C (A) (40%), Pt0.6Ru0.4/C (20%) (B) and Pt0.6Ru0.4/C 

(40%) determined by chemical reduction method. 

 

The Pt/C nanowires (40%) had lengths and diameters of approximately 15 nm and 5 nm, and 

the Pt0.6Ru0.4/C (20% and 40%) 20 nm and 6 nm, as well as 13 nm and 4 nm, respectively. The Pt–Ru 

nanowires synthesized by Li et al. [30] by reduction with sodium borohydride in solution containing 

the cetyltrimethylammonium bromide surfactant presented a uniform distribution and diameter of 3 ± 

0.5 nm. Whereas the nanowires synthesized in this work by chemical reduction and without surfactant 

presented diameters somewhat higher. 

Zhang et al. [32] synthesized Pt nanowire matrices with diameters of 25 and 60 nm by 

electrodeposition from solution containing hexachloroplatinic and boric acid with anodic aluminum 

oxide as template. They also studied nanowires activities towards the oxygen reduction reaction in 

comparison with the Pt/C 20% commercial catalyst from Johnson Matthey. The current density of the 

commercial Pt/C was limited to around 0.09 mA/cm
2
, while for the nanowires of 60 and 25 nm it was 

0.54 and 0.74 mA/cm
2
, which are 6 and 8 times higher, respectively, than the commercial catalyst. The 

improved activities of the Pt/C nanowires were attributed to their highly ordered structure which 

promoted increase in the electron and mass transfer rate. In addition, smaller diameter Pt/C nanowires 

exhibit better performance because the electrochemical surface area is higher. 

Pt nanowires prepared by the electrodeposition method and further annealing at different 

temperatures (200, 400 and 600 °C) were studied for the oxygen reduction reaction (ORR) and 

methanol oxidation reaction (MOR) compared with commercial carbon supported catalysts [33]. All 

nanowires exhibited superior electrocatalytic activities for the two reactions. The activity of the MOR 

increased considerably with the increase of temperature while for the ORR the reverse happened. This 

phenomenon can be attributed to the rearrangement of the nanowires at the surface during the 

annealing. The nanowires were uniformly distributed with a length of approximately 10 nm. Since 
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more atoms are deposited when the deposition time is expanded, hence the length of the nanowires can 

be controlled by varying the time of electrochemical deposition.  

According to Koenigsmann et al. [34] metallic ruthenium nanowires with further Pt deposition 

presented average diameters varying from 44 to 280 nm. The commercial Pt–Ru nanoparticles yielded 

mass activity of (0.61 A/mg of Pt) almost twice as higher than the Pt–Ru nanowires (0.36 A/mg Pt). 

Long-term durability tests demonstrated that due to the anisotropic nature of the Pt–Ru nanowires, it is 

less susceptible toward structural reconfiguration, while Pt–Ru nanoparticles suffered significant 

performance losses due to particle aggregation and ripening. With respect to methanol oxidation 

reaction, the Ru nanowires showed an improved catalytic activity compared to the Pt/C and Pt–Ru/C 

nanoparticles.  

Scofield et al. [35] synthesized Pt–Ru–Fe nanowires by a solution technique based on the 

growth of the metal into a template consisting of a network of micelles with addition of a surfactant 

(hexadecyltrimethylammonium bromide) dissolved in chloroform. The nanowires presented an 

average diameter in the range of 1.9 to 2.2 nm.  

Note that the nanowires developed in our study have a smaller wire diameter than the Ru 

nanowires with posterior Pt deposition [34], albeit are larger than the Pt–Ru–Fe trimetallic nanowires 

[35]. They are crystalline, in addition to being synthesized by a rapid and easily extended methodology 

by chemical reduction, at room temperature and surfactant free, presenting significant results towards 

methanol oxidation and representing a crucial step for the practical incorporation of 1D nanostructures. 

 

3.2 Electrochemical Characterization  
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Figure 3. Cyclic voltammograms (second cycle) performed on the nanowires of: Pt/C 20%, Pt/C 30%, 

Pt/C 40%, Pt0.6Ru0.4/C 20%, Pt0.6Ru0.4/C 30%, Pt0.6Ru0.4/C 40% in the supporting electrolyte 

(0.5 mol L
1

 H2SO4) at ν = 20 mV s
1

. 
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The electrochemical characterization of the catalysts carried out in 0.5 mol L
–1

 H2SO4 (Figure 

3) showed that all catalysts exhibited hydrogen adsorption and desorption peaks between 0.05 and 0.30 

V. This finding is consistent with previous reports of homogeneous alloys of Pt–Ru [34,35], 

demonstrating that polycrystalline Pt was deposited successfully on the nanowires synthesized by the 

chemical reduction method. In addition, the electric double layer loading region is wider for all the 

ruthenium-containing nanowires due to the presence of the alloy phase (Ru at the surface), and/or to 

the presence of ruthenium secreted (in metallic or oxide form) [34]. 

 

3.3 CO Stripping 

The onset potential in the voltammograms of CO stripping is generally used to discern the CO 

tolerance of one nanocatalysts, in which, more negative potentials are related to higher CO tolerances. 

The area of the CO oxidation peak was also used to determine the electroactive area of the 

nanocatalysts, assuming a load of 420 μC cm
–2

 on the oxidation of a monolayer of CO adsorbed on the 

surface, Figure 4. The current densities in this work were calculated taking into account this 

electroactive area. 

 

0.0 0.2 0.4 0.6 0.8 1.0
-0.02

0.00

0.02

0.04

0.06

0.08
0.79 V

 

 

I 
/ 

m
A

Potential / V vs RHE

 Pt Alfa Aesar

0.0 0.2 0.4 0.6 0.8 1.0

-0.01

0.00

0.01

0.02

0.03
0.80 V

0.72 V

 

 

I 
/ 

m
A

Potential / V vs RHE

 Pt/C 20%

 

0.0 0.2 0.4 0.6 0.8 1.0
-0.01

0.00

0.01

0.02

0.81 V
0.72 V

 

 

I 
/ 

m
A

Potential / V vs RHE

 Pt/C 30%

0.0 0.2 0.4 0.6 0.8 1.0
-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.81 V

0.74 V

 

 

I 
/ 

m
A

Potential / V vs RHE

 Pt/C 40%

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

7511 

0.0 0.2 0.4 0.6 0.8 1.0

-0.01

0.00

0.01

0.02

0.77 V
0.59 V

 

 

I 
/ 

m
A

Potential / V vs RHE

 Pt
0.6

Ru
0.4

/C 20%

0.0 0.2 0.4 0.6 0.8 1.0
-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.79 V

0.59 V

 

 

I 
/ 

m
A

Potential / V vs RHE

 Pt
0.6

Ru
0.4

/C 30%

 

0.0 0.2 0.4 0.6 0.8 1.0
-0.02

-0.01

0.00

0.01

0.02

0.03

 

 

0.78 V

0.58 V

I 
/ 

m
A

Potential / V vs RHE

 Pt
0.6

Ru
0.4

/C 40%

 
 

Figure 4. Cyclic voltammograms for CO oxidation on the electrodes: Pt/C Alfa Aesar, Pt/C 20%, Pt/C 

30%, Pt/C 40%, Pt0.6Ru0.4/C 20%, Pt0.6Ru0.4/C 30% and Pt0.6Ru0.4/C 40% in acid medium (0.5 

mol L
–1

 H2SO4) at ν = 10 mV s
–1

.  

 

The onset of CO oxidation as well as the peak removal potential (≈ 0.8 V) of the reference 

nanoparticles (Pt/C Alfa Aesar) agrees favorably with the literature data [36]. For Ru-containing 

nanowires, CO oxidation occurred at lower potentials when compared to commercial Pt and Pt 

nanowires. The Pt0.6Ru0.4/C 20% exhibited the lowest CO oxidation onset potential (0.34 V), while the 

location of the first oxidation peak was 0.59 V. The initial and peak oxidation potentials depend on the 

material and are presented in the following order: Pt0.6Ru0.4/C 20% (0.339 V) < Pt0.6Ru0.4/C 40% 

(0.359 V) < Pt0.6Ru0.4/C 30% (0.378 V) < Pt/C 20% (0.606 V) < Pt/C 30% (0.611V) < Pt/C 40% 

(0.615 V) < Pt/C Alfa Aesar (0.725 V). Regarding the oxidation peak, it coincides partially with the 

onset of oxidation: Pt0.6Ru0.4/C 40% < Pt0.6Ru0.4/C 20% < Pt0.6Ru0.4/C 30% < Pt/C 20% < Pt/C 30% < 

Pt/C 40% < Pt/C Alfa Aesar. The differences observed in the voltammograms of CO removal to the 

Ru-containing could be associated to the surface motility of the CO adsorbed on the various crystalline 

faces [37]. In addition, increased CO tolerance by Ru insertion is regularly attributed to the 

bifunctional mechanism [19,20,38,39]. 
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3.4 Methanol Electrochemical Oxidation 

Methanol electrooxidation was studied by cyclic voltammetry in 0.5 mol L
–1

 of methanol in 0.5 

mol L
–1

 H2SO4 (Figure 5). It is possible to observe an irreversible anode current during the direct 

scanning; being its value exceeded during the cathodic sweep and this can be associated to the 

intermediates in the surface of the electrocatalyst [40]. The adsorbed CO and CHx species are formed 

during the anodic scanning. Hence, a lower stream is achieved compared to the cathodic sweep where 

the surface is almost free of adsorbed residues (at elevated potentials, the adsorbed methanolic 

fragments can oxidize) [19]. The electrooxidation of methanol started around 0.56 V for Pt0.6Ru0.4/C 

with 20 wt%, displacing about 0.10 V in the negative direction compared to Pt/C Alfa Aesar. It can be 

observed that the addition of Ru to the NW allowed a decrease in the oxidation initiation potential (all 

the onset potentials were obtained using a fixed value of j = 0.02 mA cm
–2

) in relation to the Pt/C and 

Pt/C Alfa Aesar (Table 2). For instance, it is worthwhile noticing that the onset potential of 0.56 V 

seen for Pt0.6Ru0.4/C with 20 wt% developed in this work is ~20 mV more negative than the seen for 

carbon supported PtRu core-shell catalysts using microwave-assisted method, followed by the in-situ 

reduction of Pt on Ru nanoparticles [41]. It is also ~40 mV more negative than the observed for 

Ru@Pt1.0/C, Ru@Pt1.5/C and ~10 mV than the Ru@Pt0.5/C, catalyst, all synthesized by microwave-

assisted method [42]. Further, onset potential seen for Pt0.6Ru0.4/C 20 wt% is ~10-20 mV lower than 

the ones taken for PtRu nanoparticles supported onto graphene and nitrogen-doped graphene [43]. 

Finally, the onset potential of the Pt0.6Ru0.4/C 20 catalyst is ~110 mV more negative than the one for a 

PtRu/C commercial catalyst (Johnson Matthey) [41]; thus demonstrating the role of the nanowire 

morphology in the catalyst performance, compared with state-of-the-art catalysts recently developed. 
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Figure 5. Cyclic voltammograms (second cycle) of the electrochemical oxidation of methanol (0.5 mol 

L
–1

) on the nanowires-based electrodes: (a) Pt/C 20%, (b) Pt/C 30%, (c) Pt/C 40%, (d) 

Pt0.6Ru0.4/C 20%, (e) Pt0.6Ru0.4/C 30%, (f) Pt0.6Ru0.4/C 40% as well as (g) Pt/C Alfa Aesar in 

acid medium (0.5 mol L
–1

 H2SO4) at ν = 20 mV s
–1

.  
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Table 2. Onset potentials and methanol oxidation current peaks taken for all synthesized 

electrocatalysts. 

 

Catalyst Eonset / V 
*
j / mA cm

–2
 

Pt/C 20% 0.63 0.31 

Pt/C 30% 0.63 0.18 

Pt/C 40% 0.64 0.13 

Pt0.6Ru0.4/C 20% 0.56 0.23 

Pt0.6Ru0.4/C 30% 0.60 0.42 

Pt0.6Ru0.4/C 40% 0.61 0.39 

Pt/C Alfa Aesar 0.66 0.14 
*
 Current density measured at 0.8 V vs RHE. 

 

3.5 Chronoamperometry 

The catalytic activity of the nanoelectrocatalysts was studied by measuring the current as a 

function of time using chronoamperometry and applying a potential of 0.6 V versus RHE for 1800 s in 

acid medium (0.5 mol L
–1

 H2SO4) and 0.5 mol L
–1

 methanol. Figure 6 shows the chronoamperometric 

curves normalized by the electroactive area. 
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Figure 6. Chronoamperometric curves made in 0.5 mol L

–1
 methanol solutions in 0.5 mol L

–1
 H2SO4 

taken by applying an anodic potential of 0.6 V during 1800 s on the nanowires Pt/C 20%, Pt/C 

30%, Pt/C 40%, Pt0.6Ru0.4/C 20%, Pt0.6Ru0.4/C 30%, Pt0.6Ru0.4/C 40%, as well as commercial 

Pt/C. 

 

After applying 0.6 V the capacitive current decays rapidly due to the double layer loading and 

other processes on the surface of the electrode. At the end of the 1800 s experiment, the Pt0.6Ru0.4/C 
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20% nanowires showed a high current density j = 39.57 mA cm
2
 compared to Pt/C Alfa Aesar with j = 

–1.47 mA cm
2
. This catalyst obtained a pseudo-current density twenty-six times greater compared to 

Pt/C Alfa Aesar. This increased catalytic activity may be due to the modified bifunctional mechanism 

when the water molecule required for complete methanol oxidation originates from the Ru surface. 

The Pt/C 20%, Pt/C 30%, Pt/C 40%, Pt0.6Ru0.4/C 30% and Pt0.6Ru0.4/C 40% nanowires at the end of the 

experiment presented current density values of about 12.29, 8.59, 7.12, 20.71 and 15.95 mA cm
–2

, 

respectively. 

The performance of the developed PtRu nanowire catalysts is higher than the reported for 

undoped nanodiamond supported Pt-Ru catalysts, in which a current density decays rapidly in the 

initial period because the electrocatalysts were poisoned due to the formation and gradual 

accumulation of intermediates such as COads, CH3OHads and CHOads on the surface of the catalyst 

during a methanol oxidation reaction preventing further reactions at active sites [44]. Similarly, the 

current density observed for the Pt0.6Ru0.4/C 20% nanowires (39.57 mA cm
2
) is almost 500-fold higher 

than the observed for unsupported RuPt nanowire networks (Ru56Pt44) after 1800 s applying 0.6 V in 

1.0 mol L
–1

 methanol in 0.5 mol L
–1

 H2SO4 [45]. 

For a better comparison of the catalytic performance of the nanocatalysts synthesized in this 

work, polarization curves were performed in a quasi-stationary state. These curves are used for the 

study of the electrochemical oxidation of methanol, since these provide a direct comparison between 

electrochemical activity of the nanocatalysts and initial oxidation potentials, meanwhile only the 

faradaic currents are considered to diminish the contribution of the capacitive processes. 

 

3.6 Polarization Curves 
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Figure 7. Polarization curves in stationary state for electrochemical oxidation of 0.5 mol L

–1
 methanol 

in 0.5 mol L
–1

 H2SO4 obtained on nanowires: Pt/C 20%, Pt/C 30%, Pt/C 40%, Pt0.6Ru0.4/C 

20%, Pt0.6Ru0.4/C 30% and Pt0.6Ru0.4/C 40%. 
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Figure 7 shows the comparison between the polarization curves of the Pt/C and Pt–Ru/C 

nanowires with different metal loads. The data were obtained in potentiostatic mode after 300 s of 

polarization at each potential. The electrocatalytic activity improved for the oxidation of methanol on 

the nanowires Pt0.6Ru0.4/C with 20% metallic load. 

The polarization curves indicate that the methanol oxidation process starts at 0.59; 0.60; 0.61; 

0.47; 0.58; 0.59; 0.61 V versus RHE on the Pt/C, Pt0.6Ru0.4/C nanowires with 20, 30 and 40% metallic 

load and Pt/C Alfa Aesar, respectively, as shown in Table 3. Values of methanol oxidation onset 

potential were measured at 0.01 mA cm
–2

. The table shows that the nanowires Pt0.6Ru0.4/C with 20% of 

metallic load presented a decrease in the beginning of the oxidation reaction of methanol in 0.12, 0.13 

and 0.14 V when compared with Pt/C 20, 30, 40% and commercial Pt, respectively. The Pt0.6Ru0.4/C 

nanowires with 30 and 40% of metallic load presented the oxidation reaction onset in more positive 

potentials (approximately 0.11 and 0.12 V versus RHE) in comparison to the Pt0.6Ru0.4/C nanowires 

with 20% metal load. The addition of ruthenium to the electrocatalyst produces a very active material, 

reducing the initial reaction potential for nanowires. The current density values determined at 0.6 V are 

also shown in Table 3. 

 

Table 3. Parameters obtained in the polarization curves of Figure 7: Onset potential of the 

electrochemical oxidation of methanol and current pseudo-density for the electrocatalysts. 

 

Nanowire 
Onset potential of reaction 

versus RHE 

Current density (mA cm
–2

) 

determined at 0.6 V 

Pt/C 20% 0.59 0.012 

Pt/C 30% 0.60 0.008 

Pt/C 40% 0.61 0.008 

Pt0.6Ru0.4/C 20% 0.47 0.025 

Pt0.6Ru0.4/C 30% 0.58 0.016 

Pt0.6Ru0.4/C 40% 0.59 0.012 

Pt/C Alfa Aesar 0.61 0.008 

 

The nanowires Pt0.6Ru0.4/C with 20% metal loading showed a current density ~3.2 times higher 

than the observed for Pt/C Alfa Aesar; whereas Pt0.6Ru0.4/C nanowires with 30 and 40% metal loading 

the increase in current density was ~2 and 1.5 times, respectively. However, carbon oxidation in 

potential fuel cell operations limits long-term stability of the supported catalysts on carbon [46]. In this 

context, if the catalyst particles do not retain their structure over the life of the cell, the change in the 

morphology of the catalyst may result in the loss of the electrochemical activity of the catalyst [47] 

that is more difficult for nanowires. 

 

 

4. CONCLUSIONS 

The chemical reduction method used in the synthesis process of the Pt/C and Pt0.6Ru0.4/C 

nanowires using formic acid as a reducing agent proved to be efficient for the formation of Pt/C and 

Pt0.6Ru0.4/C nanowires at different loads. According to the electrochemical analyzes, methanol 
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oxidation in ruthenium-containing nanowires occurred at lower values than the Pt/C nanowires; in 

addition, it can be observed that the catalyst with a lower deposited metallic loading was the one with 

the highest performance for the electrooxidation of methanol. 

Crystalline Pt was successfully reduced in both Pt/C and Pt0.6Ru0.4/C nanowires, indicating the 

formation of both PtRu alloy and Ru islands for nanowires containing ruthenium in its composition. 

The nanowires yield better catalytic activity towards the electrooxidation of methanol. The values of 

current density found in the electrochemical studies for the electrooxidation of methanol in acid 

medium are higher for the ruthenium-containing electrocatalysts, indicating that the kinetic of reaction 

is faster. The results found in the CO removal studies indicated that addition of a second metal (Ru) to 

the Pt/C nanowire synthesis process increased the tolerance for the poisoning of synthesized 

nanocatalysts. Pt–Ru/C nanowires proved to be highly active electrocatalytic materials for the 

oxidation of methanol using a fairly simple set-up methodology that could be used as anodes in 

DMFCs. 
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