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a b s t r a c t

Diverse electrochemical techniques were performed in order to obtain meaningful infor-

mation about the methanol oxidation reaction on nanostructured planar carbon supported

Pt–Ru electrodes prepared by electrodeposition, on which a layer of Nafion ionomer was

incorporated. A metallic deposit consisting of dendritic agglomerates (between 50 and

200 nm) constituted by smaller particles (6 nm) was obtained. The average bulk Ru content

obtained by EDX analysis was between 23 and 25 at. %. A decrease of the activity in the

electrodes for methanol oxidation was determined when the thickness of the Nafion 117

film was increased. These results may be associated with the partial blocking of the surface

active sites by hydrophobic domains of the polymer, and the presence of CO2 molecules

retained within the Nafion hydrophilic microchannels. EIS results indicated that methanol

electro-oxidation mechanism does not change with Nafion presence.

ª 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In typical manufacturing methods of anodes for DMFCs the

utilization of noble metal catalyst is inefficient, due to

agglomeration of catalyst powders and lack of contact

between Pt–Ru particles and the polymeric electrolyte [1].

One approach to avoid these difficulties is preparing Pt–Ru

electrodes by electrodeposition over carbon substrates in an

aqueous solution. Selective deposition of catalyst particles at

desirable locations with both ionic and electronic accessibility

is achieved.

One aspect that must be taken into account is the effect of

the ionomer that act as both proton conductor and binder [2].

In proton exchange membranes fuel cells, Nafion commercial

perfluorinated ionic polymers are the most used due to its

excellent proton conductivity, thermal and chemical stability,

and mechanical strength [3].

The use of planar nanostructured electrodes provides

a useful tool for studying the electrokinetics and mass-trans-

port of electrochemical reactions at a catalyst on which a thin

layer of a polymeric conductive electrolyte has been placed.

These electrodes are composed of a high surface area nano-

structured catalyst electrodeposited on a non-porous conductive

substrate. With this arrangement, the effect of a porous struc-

ture is avoided although retaining the characteristics of

a dispersed catalyst. This is a convenient approach to the

investigation of methanol oxidation at the interface between

a real electrocatalyst and a solid polymer electrolyte membrane.

The aim of the present work is to prepare planar supported

Pt–Ru electrodes by successive cycles of potentiostatic pulses
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to use in methanol oxidation, and to study the effect of Nafion

films deposited over the catalyst.

2. Experimental

Glassy carbon (GC) discs of 0.07 cm2 exposed geometric area

were used as catalyst support.

Nafion� 117 films of diverse thickness were prepared

spraying different amounts of an ionomeric solution (5 wt. %)

over Pt–Ru/GC electrodes, followed by drying in air for a day

before use. The characteristics of the polymeric films are

summarized in Table 1.

Electrochemical measurements were carried out in

a conventional three-compartment glass cell at temperatures

between 25 �C and 60 �C. The counter-electrode was a platinum

sheet, and a saturated calomel electrode (SCE) served as the

reference. All potentials mentioned in this work are referred to

this electrode. An inert nitrogen atmosphere was maintained

over the electrolyte. A PAR 273 and a Voltalab PGZ-301 were used

to run the experiments. Electrochemical techniques such as EIS,

cyclic voltammetry, linear sweep voltammetry and chro-

noamperometry were used to characterize the catalysts and to

study the methanol oxidation kinetics. The impedance

measurements were done in the frequency range from 100 kHz

to 10 mHz by applying a sine wave of 10 mV amplitude.

The catalysts were synthesized by electrodeposition at

25 �C using a diluted solution of platinum and ruthenium salts

(2 mM H2PtCl6 þ 2 mM RuCl3 in 0.5 M H2SO4). The electrode-

position was carried out using multiple successive potentio-

static pulses (Ecathodic ¼ �0.5 V tcathodic ¼ 30 s, Eanodic ¼ 1 V

tanodic ¼ 5 s) by applying 30 consecutives cycles. After depo-

sition, the electrodes were thoroughly rinsed with bidistilled

water and tested in sulfuric acid solution by cyclic voltam-

metry at a rate of 50 mV s�1.

The active surface area of the electrocatalysts was deter-

mined by copper underpotential deposition (Cu-UPD). Exper-

imental details were described in a previous paper [4].

The electrodes activity for methanol oxidation was

measured in 1 M CH3OH þ 0.5 M H2SO4 solution by applying

a potential sweep at a scan rate of 50 mV s�1. Chro-

noamperometry curves were obtained at different potentials,

applying potentials pulses from an initial potential of 0 V.

Current densities for methanol oxidation were normalized to

the active surface area.

The morphology of the catalyst surface and the particle

size were analyzed using SEM microscopy. Bulk composition

analysis of Pt–Ru catalysts was performed using EDX analysis.

In addition, the structure of the electrodes was characterized

by XRD.

3. Results and discussion

3.1. Characterization of supported Pt–Ru catalysts

Ru contents between 23 and 25 at. % were measured by EDX in

all the analyzed samples. The proportion of deposited ruthe-

nium to platinum is in the expected order, taking into account

that the mol ratio of RuCl3 concentration to H2PtCl6 concen-

tration is equal to one [4].

A SEM micrograph of Pt–Ru catalyst on glassy carbon is

shown in Fig. 1. The electrodeposition method here used

generates rough islands with incipient dendrites. The

dendritic shape of the islands appears when the deposition

process occurs under mass-transfer or mixed control condi-

tions [5]. The dendrites growth is accelerated due to a faster

diffusion rate of the metal ions at the tips of the excrescences.

Furthermore, another plausible explanation suggests that

crystallite tips formation is a probable consequence of the

interplay of primary and secondary nucleation [6]. The result

of secondary nucleation is formation of complex micro and

nanograined Pt structures. Moreover, surface formation of

particle agglomerates may also occur through migration and

coalescence of Pt–Ru nanoparticles favored by weak interac-

tion of metals with GC substrate (surface diffusion sticking

process) [7]. In fact both processes can contribute to the

catalyst morphology observed in SEM image.

Debye–Scherrer’s equation was used to estimate the

average Pt–Ru crystallite. The average size of the crystallite

measured by XRD is around 6 nm. This means that Pt–Ru

particles determined by SEM microscopy are, in fact,

agglomerates comprising much smaller particles. The XRD

patterns (Fig. 2) indicate that Ru was dissolved into the fcc

lattice of Pt, forming an alloy where a Pt atom is exchanged by

one of Ru. The Pt–Ru/GC-10 catalyst preserved the fcc Pt lattice

structure, with a slight shift of Pt diffraction peaks. Typical

peaks of the crystalline face centered cubic Pt (111), (200) and

(220) planes were visible.

Cyclic voltammograms of Pt–Ru catalysts with different

Nafion film thickness in absence of methanol are shown in

Fig. 3. The coulombic charge related to the hydrogen adsorp-

tion/desorption processes decreases when Nafion film thick-

ness increases. The perfluorocarbon backbone can partially

block the electrochemical active sites in the catalyst surface

by the formation of hydrophobic domains that hinder the

proton access to the electrode surface [8].

In addition, when the electrode is covered by the ionomeric

film the extent to which the Nafion penetrates the meso-

porous structure of the supported catalyst is unknown. The

Nafion solution wets the mesoporous structure of the elec-

trode inefficiently, so the incomplete penetration (compared

to the electrode without Nafion) might contribute to decrease

hydrogen adsorption over the Pt atoms.

3.2. Methanol oxidation on bare Pt–Ru and Pt–Ru
covered by Nafion

Fig. 4 shows the cyclic voltammetry curves recorded for

Nafion/Pt–Ru/GC electrodes at temperatures between 25 �C

and 60 �C at 50 mV s�1. At 25 �C the onset of methanol

Table 1 – Characteristics of Nafion� 117 layer.

VNafion/mL W/Ag mg cm�2 ldry/mm

1 0.621 0.85 � 0.30

5 3.107 5.10 � 0.40

10 6.214 9.72 � 0.43

W: weight of Nafion� 117 film, ldry: thickness of dry Nafion� 117

film, Ag: geometric area.
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oxidation takes place at 0.35 V, and shift to lower potentials

with increasing temperature, falling to 0.2 V at 60 �C. In

addition, the electrode performance for methanol oxidation,

taken from the current peak, increases more than ten times

when the temperature is raised from 25 �C to 60 �C. The

desorption rate of the adsorbed residues increases with

temperature because the adsorption energy decreases,

resulting in weakly adsorbed and more reactive COads mole-

cules. Moreover, the methanol diffusion rate increases with

temperature.

The presence of a Nafion film reduces the electrode

activity for methanol oxidation (Fig. 4). This significant

diminution can be associated with a reduction of the

available active sites for the reaction and the inefficiently

penetration of the polymer in the catalyst structure, as was

commented previously. Furthermore, the polymer presence

in a planar electrode may also retard the CO2 removal from

the active reaction sites. This can result in entrapment of the

gas inside the polymeric layer and blocking of the micro-

channels in the structure, limiting the arrival of the reactant

to the catalyst surface.

Fig. 5 shows the Tafel plots obtained from stationary

polarization experiments in 1 M CH3OH þ 0.5 M H2SO4 solu-

tions at room temperature for different Nafion thicknesses.

The slopes were obtained in the potential region in which the

studied systems obey a Tafel-type behavior. Slopes ranging

from 115 to 125 mV dec�1 in agree with that reported in

literature [4,9,10] were determined with a reasonable level of

accuracy. Additionally, the potentiostatic tests show that

methanol oxidation is not limited by mass-transfer polariza-

tion as was presented in a detailed analysis by Vidaković et al.

[10] and Zecevic et al. [11].

The Tafel slope behavior indicates that the rate-deter-

mining step (rds) involves the desorptive oxidation of COads in

Fig. 1 – SEM image of a Pt–Ru/GC catalyst (a). SEM image showing a Nafion� 117 film over a supported Pt–Ru catalyst (b).

Fig. 2 – XRD spectra of the systems Pt/GC and Pt–Ru/GC.

Fig. 3 – Cyclic voltammograms for Nafion/Pt–Ru/GC in 0.5 M

H2SO4. Nafion� 117 film thickness: without ionomer ( ),

0.85 mm ( ), 5.10 mm ( ), and 9.72 mm ( ). Sweep

rate 50 mV sL1.
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presence of OHads groups. The Tafel slope values agree with

those determined by other author [4,10–12] that considered

the step 4 as the rds.

CH3OH þ Pt / Pt-CH3OHads (1)

Pt-CH3OHads / Pt-COads þ 4Hþ þ 4e� (2)

H2O þ Ru / Ru-OHads þ Hþ þ e� (3)

Pt-COads þ Ru-OHads / Pt þ Ru þ CO2 þ Hþ þ e� (4)

Fig. 4 – Cyclic voltammograms (tenth cycle) for Nafion/Pt–

Ru/GC in 1 M CH3OH/0.5 M H2SO4 (sweep rate 50 mV sL1) at

diverse temperatures for Nafion� 117 films of different

thickness: 0.85 mm (a), 9.72 mm (b).

Fig. 5 – Tafel plot at 25 8C for Nafion/Pt–Ru/GC in 1 M

CH3OH/0.5 M H2SO4 Nafion� films of different thickness:

0.85 mm (6), 5.10 mm (B), 9.72 mm (,).

Fig. 6 – Nyquist and Bode plots for Nafion/Pt–Ru/GC

electrodes in 1 M CH3OH/0.5 M H2SO4 at 25 8Cs: Nafion� film

thickness 5.10 mm. Solid lines represent the fitted data

obtained with the equivalent circuit showed in the figure.

Fig. 7 – Physically significant parameters plotted as

a function of the electrode potential. Data obtained from

the fits of impedance spectra to the equivalent circuit in

Fig. 6. Nafion� film thickness: without ionomer (A),

0.85 mm (-), 5.10 mm (:), 9.72 mm (C).
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To clarify the influence of the ionomer film on the electrode

behavior EIS measurements were carry out. Fig. 6 shows

impedance spectra of a Nafion/Pt–Ru/GC electrode at room

temperature for methanol oxidation. The Nyquist plots show

a capacitive semicircle that appears in the first quadrant and

a semicircle that appears in the fourth quadrant indicating

inductive behavior. A reduction in the ‘diameter’ of the

capacitive loop with increasing electrode potential indicates

that the charge-transfer resistance for methanol oxidation

becomes smaller.

The phase angle Bode plots show a broad maximum

composed by two poorly defined peaks. The first one it seems

to be unrelated to kinetics, and may be associated with the

existence of a constant phase element (CPE ) that distorts the

electrode response. At lower frequencies, a second maximum

can be seen that decreases and moves to higher frequencies

when the potential is raised. At frequencies lower than 0.1 Hz,

a negative maximum appears that shifts to higher frequencies

when the potential is increased. This behavior can be ascribed

to the existence of two different time constants, the one at

high frequencies corresponding to a fast reaction step

(methanol dehydrogenation process) and the other at low

frequencies corresponding to a slow reaction step (oxidative

desorption reaction of COads molecules).

In the equivalent circuit, R1 represents the sum of the

electrolyte and the ionomer film resistance and R2 is the

charge-transfer resistance associated with methanol oxida-

tion. R3 and L1 are associated with the adsorption and oxida-

tion of intermediates formed in the reaction, whereas the

double layer capacitance has been represented by a constant

phase element CPE1.

R2, R3 and L1 decrease when the electrode potential is

increased from 0.3 to 0.5 V, while Q1 remains almost constant

(Fig. 7). Between 0.3 V and 0.4 V the value of R2 fall abruptly,

then the diminution with the potential becomes less impor-

tant. The same behavior is observed in R3 values, but in this

case, the gradual decrease is associated with an increase of

the oxidation rate of the intermediaries with the potential [13].

L1 is an indicator of the amount of COads on the catalyst

surface. The amount of COads increases as this species cannot

be effectively oxidized to CO2 at a lower potential (i.e., 0.3 V);

therefore, L1 exhibits a larger value. When the potential

increases to a higher value, e.g., 0.5 V, the COads is efficiently

oxidized to CO2, so the amount of adsorbed intermediary

decreases and L1 exhibits a smaller value as shown in Fig. 6.

From Fig. 7 it can be seen that R1 is only slightly influenced

by the ionomer film thickness, but in the case of the other

fitted parameters, (Q1, R2, R3 and L1) stronger influence is

observed. Q1 decreases when there is a film of Nafion on the

electrodes, and this may be considered indicative of a reduc-

tion of the active surface area. On the other hand, the values of

the parameters R2, R3 and L1 increase when the polymeric film

becomes thicker. These changes probably are associated with

the partial blockage of the surface active sites that difficult the

methanol oxidation reaction, and also carbon dioxide bubbles

presence in the Nafion� channels can exert an adverse influ-

ence on the catalyst behavior. The increases in R2, R3 and L1

become less pronounced than expected with the thicker

Nafion layer. This behavior can be associated with a compa-

rable quantity of available active sites for methanol oxidation

and with the formation of bigger clusters of water inside the

hydrophilic domains of the ionomer in the thickest film.

EIS results suggest that CO is the only ‘‘kinetically signifi-

cant’’ adsorbed intermediate. However, there is general

agreement that methanol oxidation to CO2 involves the

presence of OHads on Ru atoms. Melnick et al. [14] and Otomo

et al. [15] suggested that other species must be present on the

catalyst surface, even when they proposed single-adsorbed

equivalent circuits. On the other hand, Hsing et al. [16]

described their impedance data in terms of a model that

consider the presence of two adsorbates (CO and OH).

Notwithstanding, they found that the impedance spectra

show only two arcs as would occur for a single-adsorbate

mechanism. It is possible that COads and OHads formation and

consumption are coupled and hence both species are indis-

tinguishable by this technique [17].

3.3. Catalytic activity evaluation

The electrocatalytic behavior of the electrodes prepared in

this work was evaluated by potentiostatic experiments in the

potential region that is relevant for methanol oxidation in

DMFC, and compared with some data available in the liter-

ature (Table 2). The catalytic activity at different tempera-

tures for the electrodes prepared here, even those that

contain the polymeric film with different thicknesses, are

relatively good when are compared with those prepared by

other electrochemical techniques [18,19], colloids formation

[20,21], impregnation [21,22] and microemulsion methods

[23]. The better performance of the catalysts presented in this

work can be associated with their pronounced defective

structure, i.e. high concentration of intergrain boundaries

and nanopores [23]. These discontinuities in the crystal

planes may act similarly to low coordinated sites (steps and

kinks) on single crystalline and other extended surfaces [24],

which exhibit very high catalytic activity for methanol

oxidation. In addition, homogeneity in mixing the two metals

at the atomic scale [25], the ruthenium content in the solid

solution and differences in the crystalline structure of the

deposits are expected to be very important reasons. More-

over, the presence of functional groups can contribute to

improve electrode performance, since the presence of

oxygenated functional groups strongly affects the behavior of

Pt–Ru catalyst [26].

4. Conclusions

The electrodes prepared by successive cycles of potentiostat

pulses, present a good activity in methanol oxidation, even

when a polymeric film is deposited over the catalyst.

The different electrochemical experiments show

a decrease of the activity in the Nafion/Pt–Ru/GC electrodes

with respect to the Pt–Ru/GC electrode as a consequence of the

partial blocking of the surface active sites by the hydrophobic

domains of the polymeric film and the retarding of CO2

removal from the active platinum sites by the polymer making

difficult CH3OH diffusion toward the electrode surface.

EIS results indicated that the presence of the ionomer does

not affect the mechanism of the methanol oxidation reaction.
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Methanol electro-oxidation proceeds with formation of at

least two adsorbed intermediaries that participates in the rds,

although both species are indistinguishable by EIS, indicating

that their formation and consumption are coupled.
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[10] Vidaković T, Christov M, Sundmacher K. Investigation of
electrochemical oxidation of methanol in a cyclone flow cell.
Electrochimica Acta 2004;49:2179–87.

[11] Zecevic SK, Wainright JS, Litt MH, Gojkovic SLj, Savinell RF.
Kinetics of O2 reduction on a Pt electrode covered with a thin
film of solid polymer electrolyte. Journal of the
Electrochemical Society 1997;144:2973–82.

[12] Gasteiger HA, Markovic N, Ross PN, Cairns E. Temperature-
dependent methanol electro-oxidation on well-
characterized Pt–Ru alloys. Journal of the Electrochemical
Society 1994;141:1795–803.

[13] Seiler T, Savinova ER, Friedrich KA, Stimming U. Poisoning of
PtRu/C catalysts in the anode of a direct methanol fuel cell:
a DEMS study. Electrochimica Acta 2004;49:3927–36.

[14] Melnick RE, Palmore GTR. Impedance spectroscopy of the
electro-oxidation of methanol on polished polycrystalline
platinum. Journal of Physical Chemistry B 2001;105:
1012–25.

[15] Otomo J, Li X, Kobayashi T, Wen Ch, Nagamoto H,
Takahashi H. AC-impedance spectroscopy of anodic
reactions with adsorbed intermediates: electro-oxidations of
2-propanol and methanol on carbon-supported Pt catalyst.
Journal of Electroanalytical Chemistry 2004;573:99–109.

[16] Hsing I-M, Wang X, Leng Y-J. Electrochemical impedance
studies of methanol electro-oxidation on Pt/C thin film
electrode. Journal of the Electrochemical Society 2002;149:
A615–21.

[17] Seland F, Tunold R, Harrington DA. Impedance study of
methanol oxidation on platinum electrodes. Electrochimica
Acta 2006;51:3827–40.

[18] Rodrı́guez-Nieto FJ, Morante-Catacora TY, Cabrera CR.
Sequential and simultaneous electrodeposition of Pt–Ru
electrocatalysts on a HOPG substrate and the electro-
oxidation of methanol in aqueous sulfuric acid. Journal of
Electroanalytical Chemistry 2004;571:15–26.
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