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a b s t r a c t

Pt and PteSn catalysts supported on oxidized carbon nanotubes were prepared by multiple

potentiostatic pulses and tested for ethanol and ethylene glycol electro-oxidation in

sulfuric acid. The composed nanostructured materials were characterized via SEM, TEM,

EDX and XRD analysis. Small metal nanoparticles (4e6 nm) forming 3-D nanostructured

agglomerates (25e100 nm) distributed over the carbon substrate were formed. XRD results

showed that the bimetallic electrocatalysts consisted of a Pt single-phase material, sug-

gesting the formation of solid solutions over the entire composition range. The tin content

in the alloys was between 10 and 40 at. %.

Cyclic voltammetry and chronoamperometry measurements at room temperature showed

that at potentials below 0.5 V, the bimetallic catalyst with 40 at. % Sn exhibited the highest

activity for ethanol and ethylene glycol oxidation, whereas at potentials above 0.5 V, the

alloy with 25 at. % Sn displayed better performance. This behavior can be explained by the

synergistic effect between the facilitation of alcohol oxidation via oxygen-containing

species adsorbed on Sn atoms, the alteration of the electronic structure of Pt atoms that

weakens CO and intermediates adsorption, and the adequate Pt ensembles size. Besides,

the increment of the lattice parameter and the presence of grain boundaries can enhance

the adsorption of the alcohols and favor the splitting of the CeC bond.

Copyright ª 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Directmethanol fuel cells (DMFC)are considered tobe themost

promising energy devices for mobile and stationary applica-

tions suchas cellular phones, laptop computers and secondary

electricity generators [1]. However, methanol presents some

safety risks such as high toxicity and inflammability. Besides,

methanol crossover through ionomericmembranes cannot be

avoided [2,3]. These reasons lead to find some alternative fuel

as ethanol (EtOH) or ethylene glycol (EG), which appear to be

potentially more attractive due to their non-toxicity, low

volatility, high energy density, together with less pronounced

crossover due to their larger molecular size [4,5].

Nowadays, the main problem of direct alcohol fuel cells

(DAFC) is the deficient activity and selectivity of anode elec-

trocatalysts at temperatures compatible with available

membranes. Platinumis thebest catalyst for alcoholoxidation,

but its surface is rapidly poisoned by strongly irreversibly
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adsorbed CO-like intermediates coming from the dissociative

adsorption of alcohols. Besides, the splitting of theCeCbond is

the main obstacle in ethanol and ethylene glycol electro-

oxidation. Efforts to diminish these problems have been

concentrated on the addition of more oxophilic co-catalysts,

formingbi- and tri-metallic alloysof PtwithelementsasRu, Sn,

Mo, W, Ni, Os, Pd, Co, Au and Rh [6e15]. Additionally, because

alcohol oxidation reactions are known to be structure sensi-

tive, it is important to consider the dispersion, particle size and

morphology, and degree of alloying of Pt-based catalyst at

nanoscale level [16,17].

The manufacture of Pt-based nanostructured bi- or tri-

metallic catalysts by electrochemical techniques presents

several advantages, since it is a simple operation, of low cost,

that permits obtaining deposits of high purity and uniform

deposition. Besides, the catalyst structure, dispersion and

particle size can be controlled in some extent by the selection

of current density or overpotential, which determine the

number and size of the nanoparticles [18e22]. In this method,

the metal particles can be deposited selectively at desired

locations in the electrode, since the technique requires both

ionic and electronic access. On the other hand, it does not

require heat treatments (oxidative and/or reducing), as most

chemical methods, in order for example to clean the catalytic

particles from surfactant contamination.

Bimetallic PteSn carbon supported systems are known to

exhibit high catalytic activity for ethanol oxidation in acid

media. The presence of Sn alters the electronic structure of Pt,

weakening CO adsorption on the Pt surface, thus reducing

catalyst poisoning [5,23,24]. Besides, Sn(OH)2 or Sn(OH)4
provides OHads species by dissociating water at a lower poten-

tial that on Pt, and these OHads species are helpful for the

subsequent oxidation of adsorbed intermediates (bifunctional

mechanism[25]) toacetaldehyde,aceticacid,andCO2 [6,26e28].

At the present time, it is well known that the preparation

procedure affects the characteristics of the deposits (particle

dispersion, composition, etc.). However the optimum Sn

content is not well determined and depends on temperature,

potential range and type of catalyst. Lamy et al. [27] and Lycke

et al. [29] found that the optimum tin content in PteSn/C

catalysts was in the range of 10e20 at. % Sn for ethanol

oxidation at room temperature, while Spinace et al. [9] and Xin

et al. [30] observed better activities for catalysts with 50 and

33e50 at. % Sn respectively, indicating a strong dependence

on its preparation procedure. On the other hand, Zhou et al.

[11] and Tsiakaras [10] reported that a PteSn alloy containing

33 at. % Sn is most suitable for ethanol oxidation between

60 �C and 90 �C.
In the present work, the role of the structural features of

PteSn electrodeposited catalysts in the electro-oxidation of

ethanol and ethylene glycol was analyzed. Pt and PteSn

nanostructured materials of different compositions were

prepared by multiple cycles of potentiostatic pulses onto

oxidized multi-walled carbon nanotubes (O-MWCNTs). Phys-

ical property characterizations were carried out to investigate

the microstructure, dispersion and degree of alloying of Sn in

the bimetallic catalysts. In addition, the electrochemical

activity of the catalysts for ethanol and ethylene glycol elec-

tro-oxidation was evaluated by cyclic voltammetry and

chronoamperometry.

2. Experimental

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

were coated by a layer of oxidized multi-walled carbon

nanotubes (O-MWCNTs) using electrophoretic deposition

(EPD). The nanotubeswere oxidized in 40ml of a 3:1mixture of

concentrated H2SO4/HNO3, refluxing at about 120 �C for

45 min. Afterward they were washed with bidistilled water

until a neutral pH was reached, and sonicated for 60 min to

obtain a well dispersed suspension of 3.3 mg ml�1. Under

these conditions defective sites in the MWCNTs are func-

tionalized, resulting in the formation of fragmented MWCNTs

decorated with carboxylic acid and other oxygen-containing

groups on their surface. These acidic groups electrostatically

stabilize the CNTs in water by developing a negative surface

charge [31]. The EPD deposition was carried out in a cell with

two parallel electrodes separated 1 cm, applying a constant

DC potential (10 V) for 5 min using a stabilized power supply

(Oltronix C40-08D). Then, the electrodes were left to dry for

a day previously to metal electrodeposition.

Conventional three-compartment glass cells were used to

run the electrochemical experiments at room temperature

with a PAR 273 potentiostat/galvanostat. The counter-elec-

trode was a platinum foil, and a saturated calomel electrode

(SCE) served as reference. All potentials mentioned in this

work are referred to this electrode. An inert nitrogen atmo-

sphere was maintained over the electrolyte. Electrochemical

techniques such as cyclic voltammetry and chro-

noamperometry were used to characterize the catalysts and

to study the ethanol and ethylene glycol electro-oxidation.

The catalysts were synthesized by electrodeposition at

25 �C using freshly prepared diluted solutions of 2 mM

H2PtCl6 þ X mM SnCl2 (X ¼ 0, 2, 4 and 6) in 0.5 M H2SO4. The

electrodeposition was carried out using multiple successive

potentiostatic pulses (Ecathodic ¼ �0.5 V tcathodic ¼ 5 s,

Eanodic ¼ 0.5 V tanodic ¼ 5 s), applying 15 consecutive cycles.

After deposition, the electrodes were thoroughly rinsed with

bidistilled water and tested in sulfuric acid solution using

cyclic voltammetry (sweep rate 50 mV s�1).

The active surface area of the electrocatalysts was deter-

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

imental details have been described in a previous paper [32].

The electrode activity for ethanol and ethylene glycol

electro-oxidation was measured in 1 M EtOH or EG þ 0.5 M

H2SO4 solution by applying a potential sweep at a scan rate of

50 mV s�1. Chronoamperometry curves were obtained

applying potentials pulses for 15 min from an initial potential

of 0 V. Current densities for ethanol and ethylene glycol

oxidation were normalized per milligram of Pt.

Themorphology of the catalyst surface and the particle size

were analyzedusing SEM (EVO40 LEO) andTEM (JEOL, 100CX II)

microscopies. The structure of the electrodes was character-

ized by X-ray diffraction (XRD) using a Rigaku Dmax III C

diffractometer with monochromated CuKa radiation source

operated at 40 keV at a scan rate of 0.05�s�1. Bulk composition

analysis was performed by an energy dispersive spectroscopy

(EDX) probe attached to a SEMmicroscope (JEOL 100).

The amount of Pt deposited on the substratewas estimated

using ICP-AES (Shimadzu 1000 model III). The samples were
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prepared by digesting the electrodes in boiling aqua regia and

then removing excess acid.

3. Results and discussion

3.1. Characterization of supported PteSn catalysts

Fig. 1 shows the cyclic voltammetry curves for the different

catalysts/O-MWCNTs in absence of alcohol. The voltammo-

grams corresponding to PteSn catalysts did not display a well-

defined hydrogen adsorption/desorption zone, conversely to

the case of Pt, and the current densities in the double layer

regionwere larger than those on pure platinum. This behavior

is characteristic of bimetallic catalysts containing oxophilic

transition metals as Sn, Ru, Os and Mo [7,8]. The increase of

the tin content in the bimetallic PteSn catalysts leaded to an

important increase in the double layer charge, along with the

appearance of a cathodic peak at about 0.25 V that augments

with increasing Sn content, which could be related to tin oxide

and hydroxy species formation [9].

Fig. 2(a) shows the EDX spectra of a PteSn catalyst prepared

by multiple potentiostatic pulses in a solution containing

2 mM H2PtCl6 and 6 mM SnCl2. Bulk Sn contents of 10, 25 and

40 at. % were measured by EDX for the bimetallic catalysts

prepared from platinumetin solutions of mol ratio 1:1 (PS1),

1:2 (PS2) and 1:3 (PS3), respectively.

XRD diffraction patterns of Pt and PteSn catalysts are

shown in Fig. 2(b). The characteristics extracted from the

diffractograms are summarized in Table 1. The small intensity

peak observed in the diffraction patterns at 2q z 42� can be

assigned to plane of graphite (100). All catalysts presented the

typical features of the Pt face centered cubic (fcc) phase. The

three reflections peaks at about 40, 46 and 68� of 2q values,

which are associated with the Pt (111), (200) and (220) planes

respectively, indicated that the bimetallic catalysts have

single-phase arrangement. Particularly, the Pt (111) peak, the

highest intensity peak for all catalysts, appeared at 2q values

varying between 38.5� and 39.9�, which corresponded to

d spacing in the range of 2.338e2.264 Å. Compared with the

reflections of Pt/O-MWCNTs catalyst (P), the diffraction peaks

for the bimetallic PteSn catalysts were slightly shifted to

lower 2q values. The slight shift of the diffraction peaks

revealed the formation of a solid solution involving the

incorporation of Sn atoms into the fcc lattice of Pt. Besides, the

diffraction peaks at 33.9, 51.8 and 65� indicative of the pres-

ence of SnO2 phase were not observed, but their presence

cannot be discarded because they may be present in very

small amount or even in amorphous form. Furthermore, the

ratio between (111) and (220) areas does not change appre-

ciably in these samples indicating the absence of any prefer-

ential orientation.

The fitting of the XRD raw data for these supported cata-

lysts only required the Pt fcc phase, that is, the addition of a Sn

phase was not needed, thus being consistent with the view

that Sn is totally dissolved in the Pt fcc lattice. The peak

profiles in XRD patterns of the catalysts were fitted with the

pseudo-Voigt function, using non-linear least-squares

refinement procedures based on a finite difference Marquardt

algorithm. Using the peak (111) of the fcc structure, which is

not influenced by the broad peak of the carbon support located

at 2qz 26� (not shown), the lattice parameters were estimated

using Bragg’s law and the particle sizes estimated using

Scherrer’s equation.

The lattice parameter of Pt/O-MWCNTs was slightly lower

than that of pure Pt (3.923). This could either be due to the

small size of the particles [33], or to Pt-support interactions

[34], being the latter reason most suitable for this case. The

lattice parameters of PteSn bimetallic catalysts were different

from each other, increasing with the Sn content as shown in

Table 1. The addition of Sn, which has a larger atomic radius

than Pt (1.61 Å against 1.39 Å), induces the stretching of the Pt

fcc lattice. In fact, the increase in lattice parameter of the alloy

catalysts reflects the progressive increase in the incorporation

of Sn into the alloyed state. From the values of the lattice

parameter, the atomic fraction of Sn in the PteSn alloy can be

assessed, assuming that the PteSn lattice parameter of the

supported bimetallic alloy follows the Vegard’s law [35]:

XSn ¼ aPt�Sn � aPt

0:352
(1)

where, aPt is the lattice parameter of Pt, aPteSn is the lattice

parameter of PteSn alloys and XSn is the atomic fraction of Sn.

In accordance with the Vegard’s law, the nominal Sn contents

in the PteSn/O-MWCNTs catalysts estimated from XRD

patterns agree with those measured from EDX analysis.

Additionally DebyeeScherrer’s equation (Eq. (2)) was used

to estimate the average PteSn crystallite size from the most

distinct peak, Pt (111) centered at 2q values between 38.5� and
39.9� (Fig. 2(c)):

dC ¼ 0:9lKa1
Bð2qÞcosqB

(2)

where, lKa1 is the wavelength of X-ray, qB is the angle of (111)

peak, and B(2q) is the full width at half-maximum (FWHM) of

the peak broadening in radians and the value 0.94 comes from

considering spherical crystallite geometry (cubo-octahedral

shape). The size of the crystallites dc (nm) (more properly, the

coherence length of crystalline domains) measured from dif-

fractograms are listed in Table 1. The average size of the

Fig. 1 e Cyclic voltammograms for Pt/O-MWCNTs and

PteSn/O-MWCNT in 0.5 M H2SO4 at room temperature. Pt

( ), and PteSn mol ratio 1:1 ( ), 1:2 ( ), 1:3 ( ). Sweep

rate 50 mV sL1.
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crystallites was found to be between 2 and 3.5 nm, in accor-

dance with the sizes obtained by Gupta et al. [36] with elec-

trodes prepared by galvanostatic electrodeposition. These

results imply that the electrodeposition method was able to

produce small crystallites, even at relatively large amounts of

electrodeposited Pt and PteSn. In addition, XRD results indi-

cate that the catalyst crystallite size slightly increases as the

Sn content augments.

A SEM micrograph of the EPD deposited multi-walled

carbon nanotubes is shown in Fig. 3(a), while Fig. 3(b) shows

the TEM image of the catalyst PS3 (40 at. % Sn). At first

inspection, the electrochemical pulsed technique here used

generated rough 3-D semispherical agglomerates with sizes in

the range of 50e100 nm, although agglomerates with smaller

sizes (between 10 and 25 nm) were also observed. These

agglomerates seemed to be formed by irregular nanoparticles

with diameters between 4 and 5 nm (slightly larger than those

estimated from XRD analysis). Hence, the aggregates may

rather be visualized as disordered nanoclusters of catalyst

particles than as large particles with a rough surface. Besides,

some extent of dendritic growthwas observed on the bigger 3-

D aggregates. This behavior can be explained considering that

electrodeposition of platinum occurs through 3-D nucleation

and growthmechanisms [37,38], where primary nucleation on

Fig. 2 e (a) EDX spectra for the bimetallic PteSn catalyst with 40 at. % Sn supported on O-MWCNTs. (b) XRD patterns of Pt/O-

MWCNTs and PteSn/O-MWCNTs electrocatalysts. The inset (c) shows the fine scanning about the (111) reflection plane of

the Pt and PteSn clusters: raw data ( ) and deconvoluted profiles ( ).

Table 1 e Parameters of Pt and PteSn catalysts supported on O-MWCNTs.

Electrode XSn (EDX) aafcc/Å
bXSn (XRD) cdc/nm

dwPt/mg cm�2 dwSn/mg cm�2 eSw/m
b g�1 Sw,cal/m

b g�1 3

P e 3.9206 e 2.3 0.113 e 47.1 121.6 0.61

PS1 0.10 3.9452 0.07 2.6 0.101 0.006 47.6 112.8 0.58

PS2 0.25 3.9980 0.22 3.2 0.096 0.017 43.3 102.2 0.58

PS3 0.40 4.0508 0.37 3.5 0.090 0.024 45.7 105.7 0.57

a � 0.0004 Å.

b Estimated from lattice parameter using the Vegard’s law (Eq. (1)).

c Determined from DebyeeScherrer equation (Eq. (2)).

d Determined from ICP-AES measurements and expressed per unit of GC geometric area.

e Specific surface area.
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carbon is followed by secondary nucleation on the preformed

nuclei [39], leading to highly defective nanograined Pt struc-

tures [40,41]. On the other hand, the appearance of sharp

needles could be due to a faster diffusion rate of themetal ions

at the tips of the nano-sized particles under mass-transfer or

mixed control conditions [42]. Moreover, Gloaguen et al. [37]

and Zoval et al. [38] observed that Pt electrodeposition on

a smooth HOPG surface takes place via formation of particles

10e20 nm in diameter followed by lateral sticking through

surface diffusion, which results in the formation of

agglomerates.

Similar deposit structure, particle size (more properly

agglomerate size) and morphology were observed with the

other catalysts (not shown). So, particle size effect can be

excluded from influential parameters for the electrocatalytic

activity over the O-MWCNTs supported PteSn materials.

The specific surface area values of the catalysts are

reported in Table 1. It can be seen that Sw is slightly affected by

the presence of Sn in the supported bimetallic catalyst.

Sw ¼ S
w

(3)

where, S (m2) is the active surface area determined from Cu-

UPD measurements, and w (g) is the catalyst mass estimated

from ICP-AES analysis.

Alternatively, the specific surface area of the metal (Sw,cal)

in the absence of any screening or coalescence of crystals, i.e.

assuming homogeneously distributed and spherical or cubic

particles, can be calculated from the mean crystallite size

determined by XRD [40,43]:

Sw; cal ¼ 6� 104

r dC
(4)

The catalyst density r can be assessed using the lattice

parameter as follows:

r ¼ Unit cell weight
Unit cell volume

¼ 4� 1024

"
XPtMPt þ XSnMSn

a3
fccNA

#
(5)

where, r (g cm�3) is the density of PteSn alloy, XPt and XSn are

theatomic fractionsof Pt andSn,MPt andMSn are themolecular

weights (g mol�1), afcc (Å) is the lattice parameter andNA is the

Avogadro number. It should be noted from the specific surface

area calculated from XRD considerably exceeds the value

obtained fromCu stripping and ICP analysis. This behavior can

be explained by particle agglomeration at the experimental

conditions used to prepare the catalysts. The degree of particle

coalescence x [40] can be estimated from Eq. (6):

x ¼ 1� Sw

Sw; calc
(6)

The calculation gives x values ca. 0.6, indicating high degree

of particle agglomeration. Therefore, part of the nano-sized

particle surface will be scarcely accessible to the solution,

explaining the low value of specific surface area determined

by Cu stripping and ICP-AES measurements. Notwith-

standing, x can also be used as an indirect measure of the

concentration of the grain boundaries regions. So, high

density of grain boundaries should be expected for these

electrocatalysts, since electrodeposition leads to the forma-

tion of defective multilayered structures. In this way, these

nanostructured catalysts could be outlined as nano-sized

metal grains interconnected via grain boundaries, resulting in

the formation of multi-grained structures. According to the

recent molecular-dynamics simulations of the structure and

deformation behavior of nano-crystalline materials per-

formed by Wolf et al. [44], nanostructured materials may be

represented as consisting of highly ordered crystalline

domains surrounded by disordered region of about 0.5 nm

wide. These discontinuities in the crystal planes may act

similarly to low coordinated sites (steps and kinks) on single

crystalline and other extended surfaces, which exhibit very

high catalytic activity for methanol oxidation [40,41]. Metal

atoms in close proximity to the grain boundaries usually have

decreased number of neighbors in the first coordination shell,

and thus, are expected to bind adsorbates and catalyze bond-

breaking reactions.

3.2. Ethanol and ethylene glycol oxidation on Pt and
PteSn/O-MWCNTs

Fig. 4 shows the cyclic voltammetry curves recorded for

ethanol (a) and ethylene glycol (b) at the nanostructured

electrodes at room temperature. The oxidation ethanol began

above 0 V for the bimetallic catalystswith high Sn content (PS2

and PS3), while the onset potential was shifted toward higher

potentials for the catalysts PS1 (w0.1 V) and P (w0.2 V). The

Fig. 3 e SEM image of the oxidized multi-walled carbon nanotubes (O-MWCNTs) deposited by EDP on glassy carbon (GC) (a),

and TEM image of the alloy PS3 on O-MWCNTs (b). The inset shows a magnified image of a representative nanoparticle.
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displacement in the beginning of the alcohols electro-oxida-

tion can be associated with the formation of OHads species on

Sn atoms originating in the water dissociation that occurs at

more negative potentials that on Pt atoms, through the so

called bifunctional mechanism [25].

On the other hand, the onset of EG oxidation for all the

catalysts was shifted about 0.1 V to more positive potential

values than those observed for EtOH oxidation. Furthermore,

it could be seen that the catalytic activities (current densities)

for EtOH oxidationwere slightly greater than that observed for

EG oxidation. This behaviormay be related to the difference in

their adsorption behavior on the catalyst surfaces at the

potential region between 0 and 0.25 V [45].

In addition, two oxidation peaks during the forward scan

and one oxidation peak during the backward scan could be

observed for both EtOH and EG oxidation in all the electrodes.

After passing the second peak in the forward scan the current

decays continuously, and then starts to increase again at

potentials higher than0.8Vdue to the formationof incomplete

oxidation products, e.g. formation of acetaldehyde and acetic

acid for ethanol oxidation [46]. Additionally, the backward

peak for EG oxidation was accompanied by a wide shoulder.

The identity of the products associated with the peaks

observed in the voltammograms are still today under discus-

sion. Friedrich et al. [47] by using differential electrochemical

mass spectroscopy (DEMS) and cyclic voltammetry concluded

that the first peak for ethanol oxidation on PteRu catalysts

corresponds mainly to the formation of CO2, whereas the

second peak corresponds mainly to the formation of CH3CHO.

Moreover, the presence of adsorbed CO and CH3COOH as

a stable product were reported by several groups by means of

infra-red spectroscopy (FTIR) [27,48], DEMS [49,50] and ion or

liquid chromatography [51,52]. On the other hand, Wang et al.

[53] usingDEMSdisclosed that EtOHoxidationonPt/C, PteRu/C

andPteSn/C catalysts leads to the formationof CO2 (first peak),

and mainly to the formation CH3CHO and CH3COOH (second

peak). Besides, Wang et al. [54] also studied EG electro-oxida-

tion ona Pt/C catalyst. They concluded that EGoxidationat low

potentials (first peak zone) leads to the formation of C2 by-

products (predominantly glycolic and oxalic acids) and EG

dissociation to COads, while the oxidation at high potentials

(second zone) leads to the formation of CO2. In addition, gly-

colaldehyde as well as glyoxylic acid and glyoxal were identi-

fied by using FTIR and ion chromatography [55,56]. Moreover,

the reverse anodic peak observed in the electro-oxidation of

both alcohols can be attributed to the oxidative removal of

incompletely oxidized carbonaceous species formed in the

forward scan.

The ratio of the coulombic charges associated with the

anodic peaks in the forward and in the reverse scans can be

used as a qualitative measure of the fraction of the catalyst

surface that is free from the accumulation of ethanolic and

glycolic residues. From Table 2 it can be seen that Qf/Qb

becomes greater when the Sn content increases in the alloy,

indicating a better tolerance to poisoning.

Below 0.5 V the bimetallic catalysts PS2 and PS3 exhibit the

maximum activities for EtOH and EG oxidation, being the

performanceof PS3 similar andslightly greater than that of PS2

for EtOHandEGoxidation, respectively (PS3�PS2>PS1>P).At

potentials above 0.55 V PS2 prevails as the best catalyst for the

electro-oxidation of both alcohols, reaching the highest

forward peak current density. Moreover, the catalyst PS3

maintains the second greater current density for EG oxidation

(PS2 > PS3 > P > PS1), but it is surpassed by catalyst P at

potentials higher than 0.55 V for ethanol electro-oxidation

(PS2 > P > PS3 >PS1).

As wasmentioned previously, the behavior of the catalysts

in the first peak zone (<0.50 V) can be related to the facilitation

of alcohol oxidation via oxygen-containing species (OHads)

adsorbed on Sn atoms. Additionally, the modification of the

electronic structure of Pt atoms, caused by charge transfer

from the less electronegative Sn to themore electronegative Pt

in the solid solution, can reduce CO and intermediates

adsorption on the platinum surface, limiting catalyst

poisoning [20]. Besides, the increment of the lattice parameter

[11,57] and the presence of high density of grain boundaries

Table 2 e Ratio of the coulombic charges associated with
the anodic peaks in the forward scan (Qf) and in the
reverse scan (Qb) from voltammetric data for EtOH and EG
electro-oxidation.

Electrode EtOH EG

Qf/Qb Qf/Qb

P 0.56 0.78

PS1 0.51 0.76

PS2 0.78 0.82

PS3 0.93 0.99

Fig. 4 e Cyclic voltammograms (tenth cycle) for the

different electrodes in 1 M CH3CH2OH/0.5 M H2SO4 (a), and

1 M OHCH2CH2OH/0.5 M H2SO4 (b) at room temperature.

Electrode: P ( ), PS1 ( ), PS2 ( ) and PS3 ( ). The

sweep rate was 50 mV sL1 and the arrows indicate the

scan direction.
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[40,41] can enhance the adsorption of the alcohols and can

favor the splitting of the CeC bond, improving EtOH and EG

utilization and consequently the performance of PS2 and PS3,

since CeC and CeO cleavage are known to be sensitive to

specific geometric arrangements of the surface metal atoms,

affecting parameters as bond length and angles [58].

Conversely, at low tin content there will be not enough Sn

sites to modify the electronic and geometric structure of Pt

and to supply the OHads species.

On the other hand, the behavior of the catalysts for

potentials greater than 0.5 V (second peak zone) can be

rationalized considering the existence of a compromise

between the available Pt sites for producing the dissociative

adsorption of the alcohols and the CeC bond-breaking reac-

tion along with the amount of OHads species on Sn atoms

capable of promoting the complete oxidation of the carbona-

ceous residues. Additionally, at potentials greater than 0.55 V

the OHads groups can be also formed on atoms of Pt, improving

the ability of P catalyst to oxidize COads intermediary at room

temperature. So, the low catalytic activity of PS3 compared to

P catalyst for ethanol oxidation can be due to the reduction of

available Pt sites by Sn species and the lack of the required Pt

ensembles size to accommodate the resulting carbonaceous

fragments, i.e. an adequate geometric distribution of neigh-

boring Pt sites on the catalyst surface [53].

Similar Sn requirement is observed for EtOH and EG

oxidation within the potential range of technical interest

(<0.55 V 40 at. %Sn), but some differences were observed in

the second peak zone as was commented previously. It is

interesting to note that EG appear to need different Pt sites

arrangement, than in the case of EtOH oxidation, to hold the

alcohol fragments on the catalyst surface. In other words,

larger Pt ensembles may be required to oxidize ethanol

compared to ethylene glycol reaction. This interpretation can

be inferred from voltammetric experiments, where PS3

exhibited greater and similar current densities that on PS2

catalyst at potentials below and above 0.55 V, respectively.

Whereas the catalyst with 40 at. % Sn exhibited similar and

lower current densities than those for the catalyst with 25 at %

Sn at potentials beneath and over 0.55 V, respectively. An

alternative explanation to such comportment can be also

proposed, since a different OHads requirement to fully oxidize

both alcohols may be involved during the electro-oxidation

process. However, more experiments should be required to

confirm such remark. So, this issue along with the kinetic

evaluation of both processes will be the object of a further

work.

The comparative catalytic activity of the electrodes was

determined from polarization curves and the corresponding

Tafel plots (Fig. 5). Chronoamperometry tests were carried out

at room temperature in a range of potentials between 0.2 and

0.65 V, and each measurement was extended over 15 min to

attain quasi-steady state conditions. The Tafel plots largely

reproduce the catalytic performance observed in the voltam-

metric curves, but with lower current densities due to the

partial blocking of the active sites by accumulation of

poisoning species over the entire potential range.

4. Conclusions

In this work well-alloyed PteSn carbon supported catalysts

synthesized by pulse electrodeposition over oxidized carbon

nanotubes were evaluated as materials for ethanol and

ethylene glycol electro-oxidation. The optimum Pt:Sn

composition for ethanol and ethylene glycol oxidation within

the potential range of practical interest was 3:2 (40 at. % Sn),

while at higher potentials was 4:1 (25 at. % Sn). This behavior

can be explained considering the synergistic effect between

the facilitation of alcohol oxidation via oxygen-containing

species adsorbed on Sn atoms, the alteration of the electronic

structure of Pt atoms that weakens CO and intermediates

adsorption, and the adequate Pt ensembles size. Moreover,

the increment of the lattice parameter and the presence of

grain boundaries can enhance the adsorption of the alcohols

and favor the splitting of the CeC bond.

The electrochemical preparation technique described

above leaded to electrodes with good catalytic activities for

both ethanol and ethylene glycol electro-oxidation in the

potential range useful for practical applications.
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Fig. 5 e Tafel plot at 25 �C for the different electrodes in 1 M

CH3CH2OH/0.5 M H2SO4 (a), and 1 M OHCH2CH2OH/0.5 M

H2SO4 (b). Electrodes: P ( ), PS1 ( ), PS2 ( ) and PS3 ( ).

Data taken from chronoamperometry experiments at

various potentials after 15 min.
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