
  

Int. J. Electrochem. Sci., 12 (2017) 3549 – 3560, doi: 10.20964/2017.05.26 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

 

Preparation of PtRu/C Electrocatalysts by Borohydride 

Reduction for Methanol Oxidation in Acidic and Alkaline 

Medium 

 
Monique Carolina Lima dos Santos, Rita Maria Dutra, Vilmaria Aparecida Ribeiro,  
Estevam Vitório Spinacé and Almir Oliveira Neto

* 

Instituto de Pesquisas Energéticas e Nucleares – IPEN/CNEN-SP, Av. Prof. Lineu Prestes, 2422 – 

Cidade Universitária – CEP 05508-900 São Paulo, SP, Brazil  
*
E-mail: aolivei@ipen.br 

 

Received: 5 January 2017  /  Accepted: 11 March 2017  /  Published: 12 April 2017 

 

 

PtRu/C electrocatalysts were performed according to the borohydride reduction method and 

characterized by X–ray diffraction (XRD), energy dispersive analysis (EDX), transmission electron 

microscopy, cyclic voltammetry (CV) and polarization curves in alkaline and acidic medium. The X-

ray diffraction (XRD) of PtRu/C showed Pt peaks attributed to the face-centered cubic (fcc) structure 

and a shift in Pt(fcc) peaks indicated that Ru was incorporated into Pt lattice. TEM results showed 

mean particles sizes in the range of 2.0-4.0nm for all electrocatalysts prepared: therefore, the 

borohydride reduction process was considered effective for the preparation of PtRu/C electrocatalysts 

with a different atomic ratio. The activity for the methanol oxidation in acidic and alkaline media was 

investigated at room temperature, by cyclic voltammetry and chronoamperometry. Cyclic voltammetry 

and chronoamperometry studies showed that PtRu/C (50:50) had superior performance for methanol 

oxidation, compared with other electrocatalysts prepared considering acidic and alkaline studies. The 

currents values observed for alkaline media were higher than those observed for acidic media. 

Polarization curves, also, showed PtRu/C (50:50) with superior performance for methanol oxidation, 

when compared with Pt/C, and this improvement of performance could be associated with the 

occurrence of the bifunctional mechanism and electronic effect. 
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1. INTRODUCTION 

Liquid Fuel Cells are one of the most promising energy sources for application in portable 

devices, vehicles and stationary devices. Methanol has been considered a promising system for energy 
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conversion due to its high energy density (702.32 kJ mol
−1

), abundance combustible and low cost of 

production [1-2]. However, for Direct Methanol Fuel Cell, many problems still persist, such as: 1) 

slow methanol oxidation kinetics due to an incomplete methanol oxidation; 2) the poisoning of 

adsorbed intermediate species on the Pt surface; 3) the high methanol crossover through the solid state 

polymer Nafion membrane; 4) the high costs of the membrane and 5) the high costs of Pt 

electrocatalyst. [3-4].  

The development of more efficient electrocatalysts for methanol oxidation is still necessary, 

because methanol oxidation involves the formation of several intermediates when Pt pure is utilized as 

electrocatalyst: usually, these products are CO2, formaldehyde and formic acidic. Consequently, the 

process causes a deactivation of Pt pure electrocatalysts, so it is still necessary to modify the vicinity of 

Pt atoms, by adding other elements [5]. 

Pt electrocatalysts with some metals, such as Ru, Sn, Pd, Au has been extensively investigated 

to improve CO tolerance and catalytic activity for methanol oxidation [6–9]. Nevertheless, PtRu/C 

systems have been considered the best electrocatalysts for methanol oxidation [10] and this effect has 

been attributed to the bi-functional mechanism or electronic effect [11-12]. 

Several studies for methanol oxidation have been carried out in electrolyte acidic, but, recently, 

another way to improve the methanol oxidation has been proposed, consisting in the use of an alkaline 

electrolyte. In alkaline electrolyte, the kinetics of alcohol deprotonation is favored; consequently, the 

poisoning is considered smaller when compared to that in acid media. Furthermore, the oxygen 

reduction reaction has, also, the kinetics favored [13-16]. 

Kallio et al. [17] prepared PtRu catalyst for studies in acidic and alkaline electrolytes for 

methanol, ethanol and isopropanol oxidation and observed low conductivities of anion exchange 

membrane material in the direct alkaline fuel cell. However, they concluded that the development of 

membranes and alkaline ionomers is strongly encouraged by the promising results from 

electrochemical experiments. PtRu catalyst showed an increase in current and power densities for 

methanol, ethanol and isopropanol oxidation and a special behavior was observed with ethanol and 

isopropanol, due to the enhanced kinetics reaction. 

In this context, the aim of this work was to prepare PtRu/C electrocatalysts by borohydride 

reduction process, in different Pt/Ru atomic ratios, for methanol electro-oxidation in acidic and 

alkaline medium. This work includes electrochemical experiments and single-cell experiments: these 

experiments were carried out with KOH-modified Nafion112 membrane and conventional Nafion112 

membrane, as already proposed by Sun et al. [18]. These results are important because it is the first 

time they are presented in the literature. 

 

 

 

2. MATERIALS AND METHODS 

Pt/C and PtRu/C electrocatalysts with 20 wt% of metal loading were prepared by borohydride 

reduction process, where PtRu/C eletrocatalysts were, also, prepared with different atomic ratios of 

90:10, 70:30 and 50:50. All PtRu/C electrocatalysts were prepared using H2PtCl6.6H2O (chloroplatinic 

acid, Aldrich), RuCl3.xH2O (ruthenium chloride hydrate– Aldrich) as metal sources, sodium 
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borohydride (Aldrich), as reducing agent and Vulcan Carbon XC72, as support. In the borohydride 

reduction method, the Vulcan XC72 support is dispersed in an isopropyl alcohol/water solution (50/50, 

v/v). After that, under stirring, the metal sources were added and placed in an ultrasonic bath, for 5 

minutes. Then, a solution of sodium borohydride into 0.1 mol L
-1

 KOH was added in one portion, 

under stirring, and the resulting solution was maintained for more 15 minutes. After this procedure, the 

resultant mixture was filtered and the solids washed with water and dried at 70 ºC, for 2 hours [19]. 

PtRu/C eletrocatalysts were, also, characterized by XRD using a Rigaku diffractometer, model 

Miniflex II, with Cu Kα radiation source (0.15406 nm); the diffractograms were recorded in the range 

of 2θ = 20 to 90°, with a step size of 0.05° and a scan time of 2seg per step. Then, these 

electrocatalysts were also characterized by transmission electron microscopy, using a JEOL JEM-2100 

electron microscope, operated at 200 kV, where the distribution and the size of the nanoparticles in the 

support were determined. In this work, the histogram with nanoparticles sizes was built by 120 

particles measurements, from a 10 micrograph. 

The electrochemical investigations were performed by cyclic voltammetry (CV). 

Chonoamperommetry and polarization curves (E vs. i), cyclic voltammetry and Chronoamperommetry 

were performed in an Autolab 302 N potentiostat, in a 0.5 mol L
-1

 H2SO4 solution, for acidic medium 

(saturated with N2), hydrogen reference and a counter electrode of Pt wire, while alkaline experiments 

were performed in KOH solution, with the reference electrode of Ag/AgCl (3 mol L
−1

 KCl), a counter 

electrode of Pt and a Pt wire. In this paper, the work electrode was prepared in the form of thin porous 

coating technique [20]. Chronoamperometry (amperometric curves) was recorded in KOH electrolyte 

containing methanol, at −0.40 V, for 1800 s (alkaline media), while for acidic media at 0.5 V, for 1800 

s, in the presence of 0.5 mol L
-1

 H2SO4. The cyclic voltammetry experiments were done at a scan rate 

of 10mVs
−1

 in 1.0 mol L
−1

 KOH solution or 0.5 mol L
-1

 H2SO4 with the presence or absence of 1.0 mol 

L
−1

 of methanol saturated with N2. 

Direct alkaline or acidic methanol fuel cell tests were performed in a single cell with 5 cm
2
 of 

area, using Pt/C and PtRu/C as anode. The anode electrode was prepared with 1 mg of Pt loading by 

cm
2
, while Pt/C BASF cathode, with 1 mg of Pt loading by cm

2
, was used. The MEAS were prepared 

with hot pressure on both sides of a Nafion 117 membrane or Nafion 117 membrane, doped with 

KOH, at 125 °C for 2 min, under a pressure of 225 kgf cm−2. The polarization curves were obtained 

using a potentiostat/galvanostat, where methanol 2.0 mol L
−1

 was delivered at 1.0 mL min
−1

 and the 

oxygen flow was regulated at 150 mL min
−1 

[2,20]. 

 

 

 

3. RESULTS AND DISCUSSION 

XRD patterns of Pt/C and PtRu/C electrocatalysts are shown in Figure 1. For all 

electrocatalysts prepared, peaks at approximately 2θ≈ 40°, 47°, 68°, 82° and 87°were observed; are 

associated with the (111), (200), (220), and (311) planes, characteristic of the face-centered cubic (fcc) 

structure of Pt and Ru crystals. For PtRu/C electrocatalysts, shifts to 2ϴ values higher were observed, 

in comparison with Pt/C electrocatalysts; this effect could be associated to the inclusion of Ru atoms to 
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the fcc structure of Pt, behavior that has been related to the formation of PtRu/C alloys. The lattice 

parameters values for PtRu/C were near 0.390, indicating that Ru atoms are added to Pt structure [21].  

Umeda et al [22] showed that the Pt (111) peak of the PtRu electrocatalys particles was shifted 

to higher 2θ, compared with that of the Pt particles; these authors concluded that Pt was well alloyed 

with Ru, under the electrocatalyst preparation conditions used. 
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Figure 1. X-ray diffractograms of the Pt/C and PtRu/C electrocatalysts prepared by borohydride 

reduction process. 

 

The micrographs and histograms of the particle size distribution, obtained by electronic 

microscopy transmission for Pt/C and PtRu/C electrocatalysts are illustrated in Figure 2. Pt/C and 

PtRu/C showed a good dispersion of the nanoparticles on the carbon support; however, the mean 

diameter of nanoparticles for Pt/C and PtRu/C electrocatalysts are in the range of 2.0–4.0 nm. Jung et 

al [23] prepared PtRu/C electrocatalysts using an aqueous co-impregnation method, with NaBH4 as a 

reducing agent. In Jung work, the transmission electron microscopy (TEM) images showed spherical 

particles carbon blacks with 10–30 nm, and dark dots that measure, approximately, 2 nm related to 

PtRu metal alloys supported on the carbon blacks. 

Cyclic voltammograms of Pt/C and PtRu/C electrocatalysts prepared with different ratio in 

acidic electrolyte and alkaline electrolyte are shown in Figure 3. 
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Figure 2. TEM images and histograms of the particle size distribution to Pt/C and 

PtRu/Celectrocatalysts. 
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Figure 3. Cyclic voltammograms of Pt/C and PtRu/C electrocatalysts in (a) 0.5 mol L
−1

 H2SO4 and (b) 

1 mol L
−1

 KOH solution with a scan rate of 10 mV s
−1

 at 25 °C. 

 

 

Cyclic Voltammetry of all PtRu/C electrocatalysts, in the presence of 0.5 mol L
−1

 H2SO4, 

showed a well-defined hydrogen adsorption–desorption region (0.05–0.4 V). The cyclic 

voltammograms, also, showed an increase in the currents in the double layer (0.4–0.8 V), what has 

been attributed to ruthenium oxide species; this effect was more pronounced with an increasing 

amount of ruthenium in electrocatalysts [24-26]. The Ru/C was inactive for hydrogen 

adsorption/desorption process; nevertheless, it was also showed an increase in the currents in the 

double layer, in comparison with Pt/C; this process could be related to ruthenium oxide species. Cyclic 

voltammetry of all PtRu/C electrocatalysts, in presence of 1.0 mol L
−1

 KOH solution, do not have a 
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well-defined hydrogen adsorption–desorption region (-0.85V to -0.5 V). However, it was also 

observed an increase in the currents in the double layer (-0.4 to -0.2V), confirming the formation of 

ruthenium oxide species: this effect was, also, more pronounced with an increasing amount of 

ruthenium in electrocatalysts. 

Kallio et al [17] showed a formation of hydroxyl layer on Pt initiates at the double-layer region 

around 0.5 V, followed by the oxide layer formation at increased potentials for PtRu/C in electrolyte 

acidic, while for alkaline electrolyte there was a similar behavior to that in acidic medium, where the 

hydrogen adsorption region is evident and the onset current corresponding to metal oxide formation 

shifts to more negative potentials. 
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Figure 4. Cyclic Voltammograms of Pt/C and PtRu/C electrocatalysts in presence of (a) 0.5 mol L
−1

 

H2SO4 +1 mol L
−1

 methanol solution or (b) 1 mol L
−1

 KOH+1 mol L
−1

 methanol with a scan 

rate of 10 mV s
−1

 at 25 °C. 
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Figure 4 shows the CV of Pt/C and PtRu/C with different atomic ratios 90:10, 70:30, and 

50:50, in the presence of methanol (1.0 mol L−1) + KOH (1.0 mol L−1) solutions or 0.5 mol L
−1

 

H2SO4 + 1.0 mol L
−1

 methanol, where the CVs were normalized by the amount of platinum in the 

electrocatalysts. Ru/C electrocatalysts were inactive for methanol oxidation for both media. This 

behavior could be associated to the fact that methanol is not adsorbed in ruthenium sites. PtRu/C 

electrocatalysts had more activity for methanol oxidation in comparison with Pt/C for both media: this 

behavior could indicate that methanol adsorption occurs on active platinum sites, while ruthenium 

provides oxygenated species. PtRu/C (50:50) electrocatalysts showed the best electrocatalytic activity 

toward methanol electro-oxidation, when compared to PRu/C (70:30), PtRu (90:10), Pt/C and Ru/C. 

The best performance of PtRu/C for methanol oxidation could be explained by the oxy-hydroxy 

interactions that occur in the catalytic layer, where the presence of oxygen species from ruthenium 

oxides could favor the oxidation of poisoning intermediates. However, the electronic effect associated 

with the formation of PtRu alloys could not be despised.  

In this work, the values of currents observed in alkaline medium for PtRu/C were higher than in 

acidic medium: these results suggest that PtRu/C is a material appropriated to be studied in alkaline 

fuel cell. Qin et al [27] showed that the addition of Ru to Pt is beneficial for the methanol oxidation 

reaction and that the atomic ratio of Pt and Ru is crucial for optimizing catalytic performance. Silva et 

al [24] showed that PtRu/C electrocatalysts, with more platinum content, had superior performance for 

methanol electro-oxidation, at ambient temperature. 

The chronoamperometry curves for Pt/C and PtRu/C electrocatalysts, in presence of 0.5 mol 

L
−1

 H2SO4 +1 mol L
−1

 methanol in potential of 0.5 V, for 30 min or 1 mol L
−1

 KOH+1 mol L
−1

 

methanol in -0.4V, for 30 min, are illustrated in Figure 5. All PtRu/C were more active than Pt/C for 

methanol oxidation in both acidic and alkaline media. PtRu/C (50:50) electrocatalyst was more active 

than PtRu/C (70:30), followed by PtRu/C (90:10), Pt/C, and Ru/C in both media. PtRu/C (50:50) 

showed current values 25 times higher than those obtained with Pt/C in acidic medium, while for 

alkaline medium it presented a value 2.3 times higher than that obtained with Pt/C.  
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Figure 5. Chronoamperometry curves in presence of 0.5 mol L
−1

 H2SO4 +1 mol L
−1

 methanol at 0.5 V 

by 30 minutes (a) or 1 mol L
−1

 KOH+1 mol L
−1

 methanol at -0.4 V by 30 minutes (b) for Pt/C 

and PtRu/C electrocatalysts at 25 °C. 

 

The currents values obtained for PtRu/C (50:50), in presence of methanol in alkaline medium, 

were 7.0 times higher than those observed for acidic medium: this result showed that studies in direct 

methanol alkaline fuel cell are very important and promising. Pt/C electrocatalysts showed currents 

values higher in alkaline medium for methanol oxidation, in comparison with acidic medium; this 

effect could be associated to a presence of oxygen species in solution of KOH. The presence of these 

species could favor the oxidation of intermediates adsorbed in Pt active sites. Ru/C was inactive for 

methanol oxidation in both media. 
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Figure 6. Polarization curves (a) and power density curves (b) in a 5 cm
2
 DEFC at 100

◦
C using Pt/C, 

Ru/C and PtRu/C electrocatalysts as anode catalysts (1 mg Pt cm
−2

) and Pt/C ETEK as the 

cathode catalyst (1 mg Pt cm
−2

),  Nafion® 117 was used as the membrane. Methanol 2 mol 

L
−1

with 2 mL s
−1

flux. (c) I–V Curves and the (d) power density at 80 °C of a 5 cm
2 

DAMFC 

using Pt/C, Ru/C, and PRu/C electrocatalysts anodes (1 mg metal cm
−2

 catalyst loading) and 

Pt/C E-TEK electrocatalyst cathode (1 mgPt cm
−2

 catalyst loading with 20 wt% Pt loading on 

carbon), Nafion_ 117 membrane KOH treated, methanol (1.0 mol L
−1

) and oxygen pressure (2 

bar). 

 

Figure 6 shows the performances of direct methanol fuel cell or direct alkaline methanol fuel 

cell with Pt/C, Ru/C, and PtRu/C as anode electrocatalysts. 

PtRu/C (50:50) electrocatalysts were more active that Pt/C and others PtRu/C prepared in 

accordance with cyclic voltammetry and chronoamperommetry results. Power density values for 

PtRu/C were similar in both media. The results could be associated to the low conductivity of Nafion 

membrane material, therefore the development of new anionic membranes and alkaline ionomers are 

strongly encouraged by the promising results from electrochemical experiments [17]. In this context, 

Sun et al [13] showed that the 1,2-methylimiazolium functional group has the potential application for 

the AAEMs in AAEMFCs. 

 

 

 

4. CONCLUSIONS 

The borohydride reduction method was an efficient process to produce PtRu/C for methanol 

oxidation in alkaline and acidic media. PtRu/C electrocatalysts showed five peaks, which are 

associated with the face-centered cubic (fcc) structure characteristic of Pt alloys. PtRu/C 

electrocatalysts also showed a shift to higher 2ϴ values in comparison with Pt/C electrocatalysts; this 

effect could be associated to the formation of PtRu alloys. 
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PtRu/C exhibited superior performance for methanol oxidation in both media in comparison 

with Pt/C, where the highest catalytic activity of PtRu/C could be related to the combination of the 

bifunctional mechanism and the electronic effect. The values current in alkaline medium were higher 

than in acidic medium, indicating that studies in alkaline fuel are appropriated and promising. 

Direct Tests in methanol fuel cell showed that the power density values obtained for PtRu/C 

were similar in both media. This effect could be associated to the low conductivities of the Nafion 

membrane material, therefore the development of new anionic membranes and alkaline ionomers is 

strongly encouraged by the promising results from electrochemical experiments. Further research work 

is necessary to investigate the mechanisms of methanol oxidation using these electrocatalysts and to 

investigate the surface of these materials through XPS analysis. 
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