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Abstract:  PtRuIn/C electrocatalysts (20% metal loading by weight) were prepared by sodium borohydride reduction process using 

H2PtCl66H2O, RuCl3xH2O and InCl3xH2O as metal sources, borohydride as reducing agent and Carbon Vulcan XC72 as support. The 

synthetized PtRuIn/C electrocatalysts were characterized by X-ray diffraction (XRD), energy dispersive analysis (EDX), transmission 

electron microscopy (TEM), cyclic voltammetry (CV), chronoamperommetry (CA) and polarization curves in alkaline and acidic 

electrolytes (single cell experiments). The XRD patterns show Pt peaks are attributed to the face-centered cubic (fcc) structure, and a 

shift of Pt (fcc) peaks indicates that Ru or In is incorporated into Pt lattice. TEM micrographs show metal nanoparticles with an average 

nanoparticle size between 2.7 and 3.5 nm. Methanol oxidation in acidic and alkaline electrolytes was investigated at room temperature, 

by CV and CA. PtRu/C (50:50) shows the highest activity among all electrocatalysts in study considering methanol oxidation for acidic 

and alkaline electrolyte. Polarization curves at 80°C show PtRuIn/C (50:25:25) with superior performance for methanol oxidation, 

when compared to Pt/C, PtIn/C and PtRu/C for both electrolytes. The best performance obtained by PtRuIn/C (50:25:25) in real 

conditions could be associated with the increased kinetics reaction and/or with the occurrence simultaneously of the bifunctional 

mechanism and electronic effect resulting from the presence of Pt alloy. 

Key words:  borohydride reduction process; PtRuIn/C electrocatalysts; methanol oxidation; acidic and alkaline electrolytes; 

polarization curves 

 

The increase in energy demand and environmental 

problems regarding fossil fuels have mobilized the humanity 

in searching for cleaning and renewable energy sources, and 

fuel cells have been considered as one of the most promising 

sources for application in portable, vehicles and stationary 

devices
[1–4]

. In the development of low temperature fuel cells, 

it has been proposed the use of organic molecules such as 

methanol, ethanol and formic acid. However the use of 

methanol has been considered a promising system for energy 

conversion due to its high energy density (702.32 kJ/mol), 

abundance combustible and low cost of production
[5–7]

. 

Platinum (Pt) is often used as an electrocatalyst for methanol 

oxidation. However Pt electrocatalysts can be contaminated 

by CO species that are originated from the dissociation of 

methanol. These species are strongly adsorbed on Pt active 

sites causing the deactivation of Pt electrocatalysts. Then, it is 

necessary to modify the vicinity of Pt atoms by adding other 

elements
[8–10]

. 

PtIn/C electrocatalysts prepared by Veizaga et al
[5]

 favored 

an easier CO oxidation to CO2 (CO stripping measurements) 

and a higher electrocatalytic activity determined in direct 

methanol fuel cell (DMFC) in comparison with pure Pt. The 

high catalytic activity of PtIn electrocatalysts was due to the 

presence of small particle sizes with a narrow distribution and 

to geometric effects related to a probable decoration of In 

around the small Pt particles. Pt electrocatalysts with some 

metals, such as Ru, Sn, Pd, Au have been extensively 

investigated to improve CO tolerance and catalytic activity 

toward methanol oxidation
[11–14]

. However, PtRu bimetallic 

nanomaterials are recognized as the best-performing 
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CO-poisoning-tolerant electrocatalysts to date and this 

behavior can be explained by the bifunctional mechanism
[15]

.  

Recently, Dermeci
[16]

 suggested by theoretical studies 

considering methanol oxidation reaction (MOR), that the 

incorporation of a third metal to PtRu could be the best way to 

improve activity in comparison to PtRu/C electrocatalysts. 

Zhu et al
[17]

 showed that PtSnIn ternary electrocatalysts had an 

enhanced activity for ethanol oxidation when compared to 

PtSn or PtIn binary electrocatalysts. The enhanced in the 

ethanol oxidation activity for ternary electrocatalysts was 

attributed to the electronic effect. 

Usually, the methanol oxidation is studied in acidic 

electrolyte, however, with the development of membranes and 

alkaline ionomers, new studies have been proposed on 

alkaline electrolytes. Santasalo-Aarnio et al
[18]

 prepared PtRu 

electrocatalysts for studies in acidic and alkaline electrolytes. 

The authors showed that PtRu electrocatalyst exhibited an 

increase in current and power densities toward methanol 

oxidation in alkaline electrolyte due to the enhanced kinetics 

reaction. 

 

 

Fig. 1  Typical SEM images of the PtRuIn/C electrocatalysts prepared by borohydride reduction process and their typical EDX spectra 
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Table 1  Pt:Ru, Pt:In and Pt:Ru:In atomic ratios of the prepared electrocatalysts 

Eletrocatalyst EDX results (molar ratio) 

Pt/C  

PtRu/C (50:50) 62:38 

PtIn/C (50:50) 58:42 

PtRuIn/C (50:40:10) 63:31:6 

PtRuIn/C (50:10:40) 71:13:16 

PtRuIn/C (50:25:25) 61:23:16 

PtRuIn/C (70:20:10) 80:16:4 

PtRuIn/C (90:5:5) 93:5:2 

 

 

Fig. 2  X-ray diffractograms of the Pt/C, PtIn/C, PtRu/C and 

PtRuIn/C electrocatalysts prepared by borohydride reduction process 

 

In this context, the aim of this work was to prepare 

PtRuIn/C electrocatalysts by sodium borohydride reduction 

process, in different Pt:Ru:In atomic ratios, toward methanol 

oxidation in acidic and alkaline electrolytes. This work 

includes not only electrochemical experiments but also 

single-cell experiments as already proposed by Hou et al
[19]

. 

 

1  Experimental 

 

Pt/C, PtRu/C (50:50), PtIn/C (50:50) and PtRuIn/C with 

different atomic ratios (90:5:5, 70:20:10, 50:40:10, 50:25:25 

and 50:10:40) electrocatalysts were prepared by borohydride 

reduction process with 20% of metal loading, as already 

reported before
[4,10]

. In the borohydride method, the support 

was firstly dispersed in an isopropyl alcohol/water solution 

(50/50, v/v) under stirring, and the metal sources were added 

and placed in an ultrasonic bath for 5 min. Then, a solution of 

sodium borohydride was added into 0.1 mol/L KOH in one 

portion under stirring, and the resulting solution maintained 

for more 15 min. After that, the resultant mixture was filtered, 

the solids washed and then dried at 70°C for 2 h. 

All PtRuIn/C electrocatalysts were prepared using 

H2PtCl66H2O (chloroplatinic acid, Aldrich), RuCl3xH2O 

(ruthenium chloride hydrate-Aldrich) and InCl3xH2O (indium 

chloride hydrate-Aldrich) as metal sources, sodium borohydride 

(Aldrich) as reducing agent and Carbon Vulcan XC72 as 

support. 

The prepared electrocatalysts were characterized by X-ray 

diffraction using a Rigaku diffractometer, model Miniflex II, 

with Cu K radiation source ( = 0.15406 nm) and the 

diffractograms recorded in the range of 2θ = 20° to 90°, with a 

step size of 0.05° and a scan time of 2 s per step. The atomic 

ratios were obtained by energy-dispersive X-ray analysis using 

a scanning electron microscope Phillips XL30, working at 20 

kV and equipped with EDAX DX4 microanalyzer. The 

electrocatalysts prepared 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 

by measuring 120 particles from 10 micrographs. 

 

Table 2  Average crystallite size and lattice parameter values for Pt/C, PtRu/C, PtIn/C and PtRuIn/C prepared with different atomic ratios 

Materials Average crystallite size d/nm Lattice parameter values /nm 

Pt/C 5 0.392 

PtRu/C (50:50) 6 0.388 

PtIn/C (50:50) 3 0.398 

PtRuIn/C (50:10:40) 3 0.396 

PtRuIn/C (50:25:25) 2 0.397 

PtRuIn/C (50:40:10) 3 0.390 

PtRuIn/C (70:20:10) 4 0.392 

PtRuIn/C (90:5:5) 5 0.393 
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Fig. 3  TEM images and histograms of the particle size distribution to Pt/C, PtRu/C (50:50), 

PtIn/C (50:50) and PtRuIn/C (50:40:10) electrocatalysts 

 

The electrocatalytic activity toward methanol oxidation 

were performed by cyclic voltammetry and 

chronoamperometry experiments in an Autolab 302N 

potentiostat, at 25°C  in a 0.5 mol/L H2SO4 solution for 

acidic electrolyte, while alkaline experiments were performed 

in 1.0 mol/L KOH solution. The work electrode was prepared 

in the form of thin porous coating technique
[20]

. The 

chronoamperometry (amperometric curves) was recorded in 

KOH electrolyte containing methanol, at −0.35 V, for 1800 s 

(alkaline media), while for acidic media the experiment was 

conducted at 0.5 V, for 1800 s. 
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Fig. 4  TEM images and histograms of the particle size distribution of PtRuIn/C (50:10:40), PtRuIn/C (50:25:25), PtRuIn/C (70:20:10) and 

PtRuIn/C (90:5:5) electrocatalysts 

 

The cyclic voltammetry experiments were done at a scan rate 

of 10 mV/s in 1.0 mol/L KOH solution or 0.5 mol/L H2SO4 

with the presence or absence of 1.0 mol/L of methanol saturated 

with N2. For acidic medium, it was utilized a hydrogen 

reference electrode, graphite as work electrode and a counter 

electrode of Pt wire, while in alkaline experiments it was used 

KOH solution, Ag/AgCl (3.0 mol/L KCl) as reference electrode, 

a counter electrode of Pt and a work electrode. 
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Fig. 5  Cyclic voltammograms of Pt/C, PtRu/C (50:50), PtIn/C (50:50) and PtRuIn/C electrocatalysts in (a) 0.5 mol/L H2SO4 and (b) 1 mol/L 

KOH solution with a scan rate of 10 mV/s at 25°C 

 

 

Fig. 6  Cyclic voltammograms of Pt/C, PtRu/C (50:50), PtIn/C (50:50) and PtRuIn/C with different atomic ratios electrocatalysts in the 

presence of (a) 0.5 mol/L H2SO4 + 1 mol/L methanol solution or (b) 1 mol/L KOH + 1 mol/L methanol with a scan rate of 10 mV/s at 25°C 

 

In all experiments, the current values for cyclic 

voltammetry and chronoamperometry studies were normalized 

per gram of platinum, considering that methanol adsorption 

and dehydrogenation occur only on platinum sites at room 

temperature
[4]

.  

Direct alkaline or acidic methanol fuel cells experiments 

were performed in a single cell with 5 cm
2
 of area, using Pt/C, 

PtRu/C (50:50), PtIn/C (50:50) and PtRuIn/C electrocatalysts 

with different atomic ratios, as anodes. The anodes electrodes 

were prepared with 1 mg of Pt loading by cm
2
, while cathode 

electrode was prepared with Pt/C BASF (1 mg of Pt loading 

by cm
2
).  

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 in acidic electrolyte were obtained 

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

was delivered at 1.0 mL/min, the oxygen flow was regulated 

at 150 mL/min, the temperature was set to 80°C for the fuel 

cell and 85°C for the oxygen humidifier
[4,10]

. The polarization 

curves in alkaline electrolyte were obtained using 1.0 mol/L 

KOH + 1.0 mol/L methanol as fuel delivered at 1.0 mL/min, 

where the temperature was set to 80°C for the fuel cell
[10]

. 

2  Results and discussion 

 

SEM, EDX and TEM characterizations were used in order 

to investigate the morphology of the Pt/C, PtRu/C and 

PtRuIn/C electrocatalysts prepared with different atomic ratios. 

However a direct evaluation of the nanoparticle size is not 

possible for these prepared electrocatalysts, because the 

nanoparticles appear to be agglomerated for the SEM 

images
[21]

. Figure 1 shows a typical SEM image of the 

PtRuIn/C electrocatalysts prepared with different atomic ratios 

and a typical EDX spectrum of supported. EDX data show 

that some Pt:Ru:In atomic ratios of the obtained 

electrocatalysts are not close to the nominal atomic ratios used 

during the synthesis (Table 1). These discrepancies could be 

associated with a limitation of the EDS technique. 

XRD patterns of Pt/C, PtRu/C and PtRuIn/C 

electrocatalysts prepared with different atomic ratios are 

shown in Figure 2. For all prepared electrocatalysts, it is 

observed peaks at approximately 2θ ≈ 40°, 47°, 68°, 82° and 

87°, which are associated with (111), (200), (220), and (311) 

planes of the Pt face-centered cubic (fcc) structure and a broad 

peak at about 25° associated with the Carbon Vulcan XC72 

support. 
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Fig. 7  Chronoamperometry curves in the presence of 0.5 mol/L H2SO4 + 1.0 mol/L methanol at 0.5 V in 30 min (a) or 1 mol/L KOH + 1 

mol/L methanol at −0.35 V in 30 min (b) for Pt/C , PtRu/C (50:50), PtIn/C (50:50) and PtRuIn/C electrocatalysts at 25°C 

 

In PtRu/C and PtRuIn/C electrocatalysts, there are also 

observed shifts in 2 values in comparison to Pt/C 

electrocatalysts, which are associated with the formation of Pt 

alloys. The formations of PtRu/C and PtRuIn/C alloys are also 

confirmed by crystal lattice parameter values obtained by 

XRD. Lattice parameter values of PtRu/C and PtRuIn/C are 

between 0.3880.393 nm (Table 2), and Pt/C is 0.392 nm
[10]

. 

The presences of ruthenium or indium hydroxides are not 

observed in the diffractograms, which indicate that they could 

have an amorphous structure. Furthermore, the mean 

crystallite sizes determined using Scherrer equations
[10]

 are in 

the range of 26 nm (Table 2). 

The micrographs and histograms of the nanoparticle size 

distribution obtained by TEM for Pt/C, PtIn/C (50:50), PtRu/C 

(50:50) and PtRuIn/C with different atomic ratios 

electrocatalysts are illustrated in Figures 3 and 4. The mean 

diameters of the nanoparticles for PtRuIn/C electrocatalysts 

are in the range of 2.73.5 nm, while for Pt/C, PtIn/C (50:50) 

and PtRu/C (50:50) are 2.9, 3.4 and 4.0 nm, respectively. All 

prepared electrocatalysts show a good distribution of the 

nanoparticles on the carbon support. The Pt/C nanoparticles 

are smaller than the obtained for PtIn/C (50:50), PtRu/C 

(50:50) and PtRuIn/C with different atomic ratios. However, 

the morphologies are not significantly changed. TEM results 

for Pt/C, PtIn/C (50:50) and PtRu/C (50:50) electrocatalysts 

are in accordance with Santos et al
[4,5,10]

. 

Cyclic voltammograms in absence of methanol for Pt/C, 

PtRu/C (50:50), PtIn/C (50:50) and PtRuIn/C with different 

ratios electrocatalysts in acidic and alkaline electrolytes are 

shown in Figure 5. PtRuIn/C with different atomic ratios 

electrocatalysts show that the hydrogen adsorption region is 

reduced by the presence of Ru and In when compared to Pt/C 

(Figure 5(a)). PtRu/C (50:50) and all PtRuIn/C 

electrocatalysts show an increase in the current values in 

potential region (0.40.8 V) in relation to Pt/C (50:50). This 

effect has been attributed to the formation of ruthenium or 

indium oxide species. It is important to point out that the 

presences of these species are of extreme importance for 

methanol oxidation
[22]

. PtRu/C and all PtRuIn/C with different 

atomic ratios do not show a well-defined hydrogen oxidation 

region (0.85 to 0.60 V versus Ag/AgCl 3.0 mol/L KCl) in 

comparison to pure platinum (Figure 5(b)). The current 

densities in the double layer region of PtRu/C and PtRuIn/C 

electrocatalysts are larger than that of Pt/C. This result is 

similar to the observed in acidic electrolyte. The formation of 

ruthenium and indium oxides species is favored in alkaline 

electrolyte in comparison with acidic electrolyte studies. The 

presence of large amounts of oxides species is observed for all 

PtRuIn/C in potential of −0.3 V in anodic scan, except for 

PtRuIn/C (70:20:10). However, a reduction of these oxides is 

observed in cathodic scan. 

Figure 6(a) shows the CV of Pt/C, PtRu/C, PtIn/C and 

PtRuIn/C with different atomic ratios in the presence of 0.5 

mol/L H2SO4 + 1.0 mol/L methanol, while alkaline studies are 

accomplished in the presence of 1.0 mol/L methanol + 1.0 

mol/L KOH solutions (Figure 6(b)).  

PtRu/C (50:50) electrocatalyst shows the best electrocatalytic 

activity toward methanol oxidation (acidic electrolyte) in the 

potential of 0.5 V, while PtRuIn/C (50:10:40) is more active for 

potentials above 0.6 V. In alkaline electrolyte, the methanol 

oxidation starts at a potential of about −0.67 V for PtRuIn/C 

(50:40:10) and around −0.55 V and −0.60 V for Pt/C and 

PtRu/C (50:50), respectively. PtRuIn/C (50:40:10) 

electrocatalyst also shows the best electrocatalytic activity 

toward methanol oxidation when compared with other prepared 

PtRu/C. The addition of Ru and In to Pt results in an increase of 

the activity when compared to pure Pt. This effect could be 

explained by the oxy-hydroxy interactions that occur in the 

catalytic layer and the electronic effect associated with the 

formation of Pt alloy. The current values are higher in alkaline 

medium when compared to acidic medium. This effect could be 

associated with the presence of oxygen species from ruthenium 

or indium oxides and KOH solutions, since these species favor 

the oxidation of poisoning intermediates
[4]

. 
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Fig. 8  Polarization curves (a) and power density curves (b) in a 5 cm
2
 DMFC at 80°C using Pt/C, PtRu/C, PtIn/C and PtRuIn/C 

electrocatalysts as anode catalysts (1 mg(Pt)/cm
2
) and Pt/C BASF as the cathode catalyst (1 mg(Pt)/cm

2
), Nafion

®
 117 was used as the membrane. 

Methanol 2 mol/L with 1.0 mL/min flux and oxygen pressure (0.2 MPa). (c) I-V polarization curves and the (d) power density curves at 80°C of a 

5 cm
2
 DAMFC using Pt/C, PtRu/C, PtIn/C and PRuIn/C electrocatalysts anodes (1 mg(Pt)/cm

2
 catalyst loading) and Pt/C BASF electrocatalyst 

cathode (1 mg(Pt)/cm
2
 catalyst loading with 20% Pt loading on carbon), Nafion

®
 117 membrane treated with KOH, 1.0 mol/L KOH + 1.0 mol/L 

methanol was used as fuel 

: Pt/C; : PtRu/C (50:50); : PtIn/C (50:50); : PtRuIn/C (50:10:40); : PtRuIn/C (50:25:25); 

: PtRuIn/C (50:40:10); : PtRuIn/C (70:20:10); : PtRuIn/C (90:5:5) 

 

The chronoamperometry curves for Pt/C, PtRu/C (50:50), 

PtIn/C (50:50) and PtRuIn/C electrocatalysts, in the presence 

of 0.5 mol/L H2SO4 + 1 mol/L methanol and applied potential 

of 0.5 V for 30 min or 1.0 mol/L KOH + 1 mol/L methanol 

with applied potential of −0.35 V for 30 min, are illustrated in 

Figure 7. PtRu/C (50:50) is more active than Pt/C, PtIn/C and 

all PtRuIn/C prepared with different atomic ratios for 

methanol oxidation in both electrolytes. However, all 

PtRuIn/C are more active than Pt/C and PtIn/C, for methanol 

oxidation in acidic electrolyte and PtRuIn/C (50:10:40) in 

alkaline electrolyte. The current values observed in alkaline 

medium for PtRuIn/C are higher than in acidic medium and 

these results suggest that PtRuIn/C is an appropriated material 

to be studied in alkaline fuel cell. The chronoamperometry 

results are in disagreement with cyclic voltammetry, however, 

for a better understanding, studies using direct methanol fuel 

cell and considering methanol oxidation mechanism, in both 

electrolytes, are necessary. In this work, we decided to present 

methanol fuel cell tests in order to confirm the beneficial 

effect of adding Ru and In to Pt. 

Figure 8 shows the performances of direct methanol fuel 

cell or direct alkaline methanol fuel cell with Pt/C, PtRu/C 

PtIn/C, and PtRuIn/C prepared with different atomic ratios as 

anodes. PtRuIn/C (50:25:25) electrocatalyst is more active 

than Pt/C and PtRu/C (50:50). These results are in 

disagreement with chronoamperommetry results. Power 

density value for PtRuIn/C (50:25:25) are similar in both 

electrolytes, however, the best performance of PtRuIn/C for 

direct methanol fuel cell could be associated with the 

improvement of kinetics reaction with the temperature, 

besides the bifunctional mechanism and electronic effect. The 

studies in direct methanol fuel cell show beneficial effect of 

indium and ruthenium addition to platinum. 

 

3  Conclusions 

 

The sodium borohydride reduction method is an efficient 

process to obtain PtRuIn/C for methanol oxidation in alkaline 

and acidic electrolytes. XRD of PtRu/C and PtRuIn/C 

electrocatalysts show five peaks, which are associated with the 
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face-centered cubic (fcc) structure characteristic of Pt alloys. 

XRD of PtRu/C and PtRuIn/C electrocatalysts also show a 2θ 

peak shift to higher values in comparison with Pt/C 

electrocatalysts which could be associated to the Pt alloys 

formation. 

PtRu/C exhibits superior performance for methanol 

oxidation (chronoamperommetry) in both electrolytes when 

compared to Pt/C, however, direct methanol fuel cells are 

more representative. The highest catalytic activity of PtRu/C 

could be related to the combination of the bifunctional 

mechanism and the electronic effect. The current values 

obtained for PtRu/C and PtRuIn/C in alkaline electrolyte are 

higher than those in acidic electrolyte, indicating that studies 

in alkaline fuel cells are appropriated and promising for these 

electrocatalysts. 

Experiments in direct methanol fuel cells show that the 

power density values obtained for PtRuIn/C (50:25:25) are 

higher than the obtained for PtRu/C and Pt/C, however, for 

PtRuIn/C (50:25:25) the current values are similar in both 

electrolytes. The best performance obtained with PtRuIn/C in 

direct methanol fuel cell could be associated with the kinetics 

reaction improvement and also by the temperature. 

Further research is necessary to investigate the mechanisms 

of methanol oxidation in alkaline and acidic electrolytes using 

PtRuIn/C electrocatalysts and to investigate the surface of 

these materials through XPS analysis. 
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