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The ethanol electro-oxidation reaction was evaluated using a polycrystalline Au substrate

modified with two different amounts of Pt using the galvanic exchange methodology. FTIR

results suggest that Pt deposits have a greater ability to break the C–C bond present in the

ethanol molecule. However, under potentiostatic conditions both modified Au surfaces

undergo faster deactivation in comparison with polycrystalline platinum as indicated by the

chronoamperometric results. XPS results indicate the presence of two phases depending on

the Pt content. These are: (i) Pt–Au alloy and (ii) segregated Pt. The structural and electronic

properties of these phases were related to the differences observed in the catalytic activity.

Introduction

Over the last 20 years much effort has been made in order to

develop the technology necessary to ensure an efficient use of

energy sources and a special attention was given to the renew-

able ones. One of the fields of great interest which promises

to minimize the environmental problems with fossil fuels

is the Fuel Cells area. In all their variants (SOFCs, MCFCs,

DAFCs), fuel cells are intended to be a clean energy source,

using the chemical energy contained in the fuel molecules to

provide electricity that might be used in a wide variety of areas,

such as automobile applications, portable devices (telephones,

PDAs, Laptops), spacecraft programs, etc.

Among all types of fuel cells, the Direct Alcohol Fuel Cells

have called the attention of researchers all over the world

in the last few years, due to the possibility of using alcohols

obtained from the fermentation of different sources of bio-

mass, such as ethanol (e.g. from sugar fermentation).

Moreover, when ethanol is compared with methanol as a

fuel candidate, the former has some advantages due to its

low toxicity and the higher electron efficiency that could be

achieved if the C–C bond breaking route is followed. Unfortu-

nately, direct ethanol fuel cells (DEFCs) are still presenting

power densities and efficiencies below the required level for

commercialization. This is, basically, because of the complexity

of the oxidation reaction network and the high energy barrier

for C–C bond breaking, a reaction step that is important for

achieving the maximum number of electrons per alcohol mole-

cule (12). On the other hand, the low availability of Pt makes it

impossible to envisage a wide scale application of fuel cells

containing high Pt-based catalyst loadings. Hence, catalysts

with ultra-low Pt content may offer a solution to this problem.

These low Pt content catalysts have already been tested by

several groups for oxygen reduction reaction,1–3 methanol4–7

and formic acid8 oxidation. Nevertheless, there are a few studies

in the literature on the electro-oxidation of ethanol over these

kinds of catalysts (see e.g. ref. 9).

In order to provide some insights into the electro-oxidation

mechanism of ethanol and the stability of Pt shells, we propose

the use of modified polycrystalline Au surfaces as model sub-

strates which might allow the understanding of the behavior

of core–shell nanoparticles. In the present paper we show the

results obtained in such study with the aim to provide some

insights into the reaction and its dependence on Pt coverage.

Experimental section

The working electrode used was a 6 mm diameter gold cylinder

(99.999% Mateck) press-fitted in a Teflon holder. It was

polished, starting with an emery paper followed by alumina

suspensions from 9.0 down to 0.05 mm on microcloth pads

until a mirror like surface was obtained. After the polishing

procedure, the working electrode was left in an ultrasound

bath for 1 h to remove alumina residues.

All electrochemical experiments were performed in a three

electrode compartment glass cell. A hydrogen electrode pre-

pared in the acidic electrolyte solution was used as the reference

electrode and a gold foil as a counter electrode. Before each

measurement, the working electrode was left in contact with a

H2SO4 : H2O2 mixture for 5 min, rinsed with fresh Milli-Q

water and immediately admitted in the electrochemical cell to

avoid further contamination. A Solartron 1285 potentiostat was

used to perform all electrochemical experiments. All solutions

used in experiments were prepared fromMilli-Q water and high

purity reagents. The surface cleanliness of the working electrode
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was checked using cyclic voltammetry and before Pt deposi-

tion, the gold surface was cycled in a 0.1 mol L�1 HClO4

solution. All voltammograms were recorded using a 50 mV s�1

sweep rate.

In order to obtain the Pt deposits by galvanic exchange, a

Cu monolayer was previously deposited on the Au surface

from a 0.05 mol L�1 CuSO4 + 0.1 mol L�1 HClO4 electrolytic

solution. Once the Cu monolayer was deposited, the Cu modified

surface was introduced in oxygen free 0.2 mmol L�1 K2PtCl4 or

H2PtCl6 solution, in order to obtain the ideal Pt monolayer or

half monolayer, respectively.

Pt deposits stability was investigated using cyclic voltam-

metry in a 0.1 mol L�1 HClO4 solution. To do so, the Pt

modified surface was cycled within different anodic potential

cuts and then, the 10th cycles of each potential excursion were

compared in order to detect possible differences in the voltam-

metric profiles.

With the aim of investigating the ethanol electro-oxidation

reaction over the Pt modified Au surfaces, voltammetric and

chronoamperometric experiments were performed in 0.5 mol L�1

ethanol + 0.1 mol L�1 HClO4 solution. The chronoampero-

metric experiments were performed at 0.5 V (vs. RHE) for 2 h.

Cyclic voltammogram experiments were recorded within the

potential region 0.05–1.2 V (vs. RHE), in order to avoid activity

decay due to Pt mass losses at high electrode potentials.

Additionally, FTIR in situ experiments were performed in a

Nicolet Nexus 680 spectrometer using a conventional spectro-

electrochemical cell. A planar ZnSe window was used in order

to achieve frequencies down to 600 cm�1. Initially, the clean-

liness of the electrochemical system was checked cycling the

Pt modified Au surface in a fresh 0.1 mol L�1 HClO4 solution.

After that, ethanol was admitted in the cell at controlled

potential in the required amount to produce a 0.5 mol L�1

ethanol solution. A 50 mV potential step program was applied

from 0.05 to 1.2 V while spectra were recorded. The resolution

used in all spectroscopic experiments was 8 cm�1 and all spectra

were taken as the average of 100 interferograms.

Samples used in X-ray photoelectron spectroscopic experi-

ments were prepared using the procedure mentioned earlier

and then transferred to the UHV chamber. The pressure

during the measurements was always less than 2 � 10�8 mbar.

A VSW HA-100 spherical analyzer and unmonochromatized

AlKa radiation (hv = 1486.6 eV) was employed. The high-

resolution spectra were measured with a constant analyzer

pass energy of 44–22 eV, which produce a full width at half-

maximum of 1.6 eV for the Au(4f7/2) line. The 4d and 4p lines

of Pt and Au were analyzed using a Doniach–Sunjic and mixed

(Gaussian-Lorentzian) lineshapes available in the WinSpec

fitting software for metal–metal and metal–O contributions,

respectively.10 Prior to fitting, the X-ray satellites and Shirley

background were subtracted from the data. O 1s line was decon-

voluted using mixed functions in order to separate contributions

from different oxygen-containing species.

Results and discussions

Fig. 1A shows the voltammetric profile of a polycrystalline

gold electrode in contact with the base electrolyte (black line)

and CuSO4 (grey line) solution. As can be seen from Fig. 1B,

the copper monolayer completion occurs at B0.3 V. The

peaks observed in Fig. 1B, as already reported in the literature,

can be assigned to different interactions of the Cu ad-atoms

with the substrate.11 According to these authors, peaks 1, 2,

10 and 20 can be attributed to a deposit having a strong

interaction with the Au substrate. Peak 30 was associated with

copper deposits having y 4 1/2, while peak 3 associated with

the dissolution of these deposits. Peak 4 can be related to the

dissolution of the Cu deposit resulting from the OPD process

below B0.3 V.

Once the copper monolayer was deposited, the galvanic

exchange was allowed to occur in a Pt2+ solution, leading to a

PtII deposit, or a Pt4+ solution resulting on a PtIV deposit.

Therefore, allowing the deposition of a hypothetical mono-

layer or half monolayer of Pt, respectively. The voltampero-

metric profiles of such Pt deposits are shown in Fig. 2.

Fig. 1 (A) Cyclic voltammograms for Au in 0.1 mol L�1 HClO4

(black line) and 50 mmol L�1 CuSO4 + 0.1 mol L�1 HClO4 (grey line).

(B) Cyclic voltammograms recorded for different potential cuts in

50 mmol L�1 CuSO4 + 0.1 mol L�1 HClO4. Inset: yCu vs. Ecut, with

yCu calculated from the cathodic wave. Sweep rate: 50 mV s�1.

Fig. 2 Cyclic voltammograms for the Pt modified Au electrode in

HClO4 0.1 mol L�1. Sweep rate: 50 mV s�1. (A) Au surface modified

with [PtCl6]
2� and (B) with [PtCl4]

2�.
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3.1 Electrochemical stability of the Pt deposits

As can be seen from Fig. 2 the cyclic voltammograms of the Pt

modified Au electrodes seem to result from the superimposition

of the cyclic voltammograms for pure Pt and Au. It is possible

to notice a hydrogen adsorption/desorption in the potential

region at 0.05–0.35 V and the characteristic reduction peaks of

Pt and Au oxides at ca. 0.7 V and 1.18 V, respectively. Two

oxygen adsorption regions can be seen for both Pt deposits,

although the PtII deposit shows a more defined profile for

platinum oxide formation, a result that is compatible with the

higher Pt content. The first plateau observed in the potential

region at 0.7–1.2 V can be attributed to the oxygen adsorption

on the platinum active sites. From 1.2 to 1.6 V the oxidation of

the Au surface takes place on both samples. A sudden increase

of current density is observed beyond 1.6 V that can be assigned

to oxygen evolution reaction. The voltammetric profiles

obtained for both deposits are in accordance with the data

already reported in the literature for Pt–Au alloys,12,13 Pt over-

layers on the Au substrate14–17 and Pt–Au nanoparticles.4,18,19

According to the Pt–Au phase diagram,20 for Au percentages

higher than 20% two phases coexist at room temperature,

known as Au- and Pt-rich alloys or a1 and a2, respectively.
These two phases have, according to Breiter,21,22 the same

hydrogen/oxygen electrosorption properties as the pure consti-

tuents of the alloy. Below 20% of Au, a single alloyed phase

exists at room temperature known as a-phase with a FCC

crystalline structure.12 However, these data are related to bulk

alloy formation and the surface behavior of these alloys can be

quite difficult to evaluate in an electrochemical environment.

For instance, according to Woods,13 when Pt–Au alloys are

submitted to a potential cycling process the surface composition

of the electrode may change, giving rise to a phase segregation

into a1 + a2 at the surface, whatever the bulk composition of

the alloy. As a consequence, the voltammetric profiles of the

deposits should mimic those for pure platinum and gold,

provided that the a1 and a2 phases have the same electro-

chemical properties of their corresponding pure constituents.

As can be seen from Fig. 2, the stability of the Pt deposits

towards what we call anodic cycling is quite different, since

the hydrogen adsorption/desorption region does not stabilize

in the case of the PtIV deposit. The hydrogen adsorption/

desorption region of PtII remains almost unchanged relative

to anodic potential variation up to 1.4 V (Ecut). For higher

potential values, the hydrogen region profile changes probably

due to restructuring of the Pt deposits. Since each voltam-

metric curve is normalized by the electroactive area, the

differences observed in the hydrogen adsorption/desorption

region among all voltammograms are no longer attributable to

changes in the active surface area. In order to compare the

stability of both deposits, the area under the normalized

hydrogen desorption region was calculated for each voltammo-

gram and for each Ecut. Standard deviation of the values

thus obtained revealed that values calculated for the PtIV

deposit vary 2.5 times more than those obtained for the PtII

deposit. This behaviour can be attributed to differences in

the stability of each deposit. The variations observed can be

associated either with Pt mass losses, as a consequence of

a dissolution process taking place throughout the cycling

procedure,23 or to the migration of Pt atoms to the Au

crystalline phase.24

As stated by Nørskov et al.,25 the deposition of small

amounts of Pt on a Au(111) surface induces the formation

of a substitutional alloy in the most top layers of the gold

crystal. Using scanning tunneling microscopy they suggested

that at yPt o 3% Pt substitution of Au surface atoms occurs

leading to the formation of a surface alloy and two dimen-

sional gold islands. As far as the Pt content increases these

islands begin to develop with mixed composition of Pt and

Au and finally the nucleation of a second layer made of

clean platinum islands takes place. They also mentioned that

a randomly mixed layer is unstable and that there exists a

driving force that will eventually allow the diffusion of Pt atoms

into the gold crystal structure, away from the surface. However,

this process is kinetically delayed at room temperature and

hence a partial capping of Pt by Au atoms occurs at room

temperature. Taking into account these results, changes in the

voltammetric profiles due to the cycling procedure employed

in this work to assess the stability of the deposits could be

attributed to the loss of Pt inside the Au crystal structure.

The reason why the PtII deposit shows a higher stability

may lie with the fact that higher platinum loading results in

lower density of unsaturatively coordinated Pt atoms, a higher

number of bound neighbors, more Pt–Pt bonding and lower

surface energy excess, thus stabilizing the platinum layer.

Despite the results reported by Rincón et al.14 in which no

monolayer (ML) pinholes were observed for yPt = 1–30 ML

for the same deposition procedure, our PtII deposits evidence

an uncovered Au surface in contact with the electrolytic solution

as evidenced by the occurrence of the peak at ca. 1.18 V in Fig. 2.

Electro-active surface areas were calculated for both Pt deposits

(from a hydrogen desorption peak) and the unmodified Au

electrode (from the oxide electro-reduction peak). When these

values are compared according to Scheijen et al.,16 we find that

the surface area for Pt deposits corresponds to 13% (PtIV) and

32% (PtII) of the Au surface area. The fact that these values are

well below those expected for the ideal layer deposition (50 and

100% respectively) indicates the formation of Pt islands or

clusters on the Au surface.

Fig. 3 shows the voltammetric profile of both deposits and

that of polycrystalline Pt. As can be seen, when comparing the

Fig. 3 Cyclic voltammograms for the Pt modified Au electrodes and

polycrystalline Pt in HClO4 0.1 mol L�1. Sweep rate: 50 mV s�1.
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reduction potential of PtOx species for both Pt deposits with

that of polycrystalline Pt under the same experimental condi-

tions (ca. 0.8 V vs. RHE), a small shift in Epeak toward lower

values is observed for PtIV and PtII material. The shifting

observed in Epeak has already been noticed for other Pt-based

alloys by Fernandes et al.26 and was ascribed to a variation in

the strength of adsorption of oxygenated species on Pt active

sites, owing to the modification of the electronic structure

of Pt. In this sense, the gold substrate seems to modify the

electronic properties of Pt, leading to an alteration of the

adsorptive properties of this phase. This issue will be discussed

in more detail in Sections 3.3 and 3.4.

3.2 CO and ethanol electro-oxidation

CO oxidation. TPD experiments performed by Nørskov and

co-workers25 have shown that for yPt o 0.5 the temperature of

CO maximum desorption (Tmax) is below the value expected

for Pt(111) (418 K). For 0.5 o yPt o 1.3, the Tmax increases

beyond the value reported for Pt(111) as the Pt content

increases. Finally, at yPt 4 1.5 the value begins to fall

approaching that for Pt(111). This behavior can be understood

in terms of the structure changes experienced by the deposit

due to y variations. The authors established three types of

behaviors: (i) CO adsorption on isolated Pt atoms at low Pt

coverage, leading to low adsorption energies of CO and hence

temperatures of maximum desorption below that expected for

Pt(111); (ii) CO adsorbed on the mixed Au–Pt islands at

intermediate Pt coverage values, leading to higher tempera-

tures of maximum desorption than for Pt(111); (iii) for pure

Pt islands (yPt 4 1.5) the CO temperature approaches that of

clean Pt(111).

The ideal platinum coverages used in this paper were 0.5

and 1.0. According to Nørskov’s results previously mentioned,

the temperatures of maximum desorption of CO for these

coverage values are higher than for pure Pt. This implies that

CO is more strongly bound to Pt in the deposits than in pure

platinum. This fact should be reflected in the onset potential

value for CO electro-oxidation experiments. If so, the order

for the onset potential values should be as follows: poly-Pt o
PtIV o PtII. However, the substrate used in Nørskov’s work

was Au(111) and a different tendency could be found when, as

in the present report, a polycrystalline gold surface is employed.

With the aim of examining the oxidation of a pre-adsorbed

monolayer of CO on the Pt deposits, the O–C–O stretching

band of CO2 was monitored using FTIR in situ spectroscopy.

In Fig. 4 the integrated CO2 FTIR band is plotted against

potential. This experiment allows us to establish the potential

at which CO oxidation begins. As can be seen, the CO mono-

layer oxidation on the poly-Pt surface starts at 250 mV, while

for the Pt deposits the values observed are 400 and 500 mV

for PtII and PtIV deposits, respectively. This is in accordance

with the results reported by Rincón14 and Du17 et al., where

the onset potential values diminish as the platinum coverage

increases. However, comparing our results with the potential

onset obtained by Rincón et al. for yPt = 1, a difference of

�100 mV is observed, a fact that could be related with the

potential applied for monolayer adsorption (0.05 V in our

experiments and 0.09 V in Rincón’s work). Any contribution

from adsorbed CO on Au is discarded since, as already

reported by Mrozek et al.,15 CO adsorption on gold is weak

and can be prevented by N2 purging after CO bubbling.

Ethanol oxidation. The ethanol electrooxidation voltammo-

grams obtained for both Pt deposits as well as for polycrystalline

Pt (poly-Pt) are shown in Fig. 5A. Chronoamperometric results

are shown in Fig. 5B. As can be seen from Fig. 5A, current

density values follow the order PtIV 4 PtII 4 poly-Pt, as already

reported in the literature for methanol oxidation.7,16,17,27

Fig. 4 Amounts (Q) for CO2 for Pt deposits and polycrystalline Pt

formed along the potential excursion in the CO stripping experiment.

Fig. 5 Ethanol electrooxidation experiments for bare Pt and Pt

modified Au substrate in 0.5 mol L�1 ethanol + 0.1 mol L�1 HClO4,

recorded at 50 mV s�1. (A) Cyclic voltammogram for ethanol oxida-

tion and (B) chronoamperometric curves taken at 0.5 V for 2 h.
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The onset potential of the electro-oxidation reaction follows the

same order, with approximately �200 mV shift for PtIV with

respect to poly-Pt. Additionally, the reactivation peak potential

for both platinum deposits is shifted by +45 mV with respect to

poly-Pt. Despite these voltammetric features, both deposits

appear to suffer a faster deactivation when compared with the

polycrystalline electrode under potentiostatic conditions (see

Fig. 5B for t o 700 s). At t 4 3700 s the differences in activity

are minimized, even though PtII still presents a higher activity

within the experimental error.

The differences in voltammetric profiles for these materials

in the oxygen reduction reaction (RRO) and/or methanol

and formic acid oxidation have been explained in terms of

an improvement in the platinum utilization as a consequence

of better dispersion of the platinum phase on the supporting

material.7,28 However, these trends can be understood in terms

of the product yield, since current density obtained from the

electrochemical system is a function of product distribution.

Products formed along the potential excursion program were

monitored using in situ FTIR measurements. In Fig. 6 spectral

series are shown in order to illustrate the bands observed

during the experiment. The series shown belong to the PtII

deposit, but those for PtIV and poly-Pt show similar spectral

features. The band assignments were made according to the

data presented in the literature for polycrystalline and/or

single crystalline platinum electrodes29–32 (see Table 1).

In order to compare the product yields of the ethanol

oxidation over the Pt deposits, CO2 (2343 cm�1), acetic acid

(1280 cm�1) and acetaldehyde (932 cm�1) bands were integrated

and the amounts (Q) of product formed during the reaction

were calculated following the method proposed by Gao et al.33

and used by Weaver and Iwasita et al.31,32 The values obtained

and their dependence on potential can be seen in Fig. 7. From

Fig. 7A, we conclude that PtIV has a higher production of CO2

when compared to PtII and poly-Pt. Additionally the acetaldehyde

production (Fig. 7C) is retarded to potentials up to 700–750 mV,

i.e. 350 mV higher than in the case of poly-Pt. However, the

potential onset for the production of acetic acid (see Fig. 7B)

follows the order: PtIV 4 PtII 4 poly-Pt.

Based on the experimental results and considering the schematic

representation of the parallel pathways for the ethanol oxidation

mechanism proposed by Camara and Iwasita,31 the total faradaic

current density can be considered as a sum of the individual

contribution of each parallel pathway, at each electrode potential

value. Thus,

itotal = iCO2
+ iAcetaldehyde + iAcetic acid (1)

where iCO2
, iAcetaldehyde and iAcetic acid represent the individual

contribution of all the CO2, acetaldehyde and acetic acid

production paths. Taking into account that each path accounts

for a certain amount of electrons for each ethanol molecule and

that current density is directly proportional to the number of

electrons involved in the path, each path will contribute to the

total current density in different proportions. For instance, the

CO2 path is characterized by the transference of 12 electrons for

each ethanol molecule, while acetaldehyde and acetic acid paths

involve 2 and 4 electrons per ethanol molecule, respectively. In

the case of PtIV, CO2 and acetic acid production is enhanced;

hence, an increment in current density is expected with respect

to polycrystalline platinum, since their contribution to the total

faradaic current density increases. In PtII, CO2 production

remains almost the same as in polycrystalline Pt, although

acetic acid production is enhanced. In this sense, an increment

of current density values is also expected. This would explain

why the current densities obtained for PtII and PtIV in cyclic

voltammograms are higher than that obtained for poly-Pt.

The fact that the acetaldehyde detection is only possible for

potentials beyond 0.7 V does not necessarily imply that its

production begins at 0.70 V. Due to the fact that acetaldehyde

Fig. 6 FTIR spectra for the ethanol electro-oxidation of a PtII modified Au surface.

Table 1 Band frequencies for identified species

n/cm�1 Assignment

2343 CO2 (asym., str.)
1717 –CO str. (carbonyl group)
1280 Acetic acid (–COOH group)
1111 Perchlorate ions
1045 Ethanol (C–C–O str.)
932 Acetaldehyde (–C–C–O, asym. str.)
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can suffer either the oxidation to acetic acid or to CO2, it could

be possible that the path acetaldehyde- CO2 is being favored

at potential below 0.7 V, contributing in this way to the CO2

band intensity increment and maintaining the acetaldehyde

concentration below the detection limit. Once acetaldehyde

begins to accumulate in the interface, its oxidation to acetic

acid begins to play an important role and the further accumu-

lation of this species in the thin layer cavity gives rise to the

band at ca. 1280 cm�1 (also at potential beyond 0.7 V). The

lack or even the sluggishness of the acetaldehyde - CO2

path in polycrystalline platinum would be the explanation

for the fact that the band at ca. 930 cm�1 begins to develop

earlier (0.4 V).

According to Dumesic and co-workers34 the transition

state for the C–C bond breaking directly from ethanol or

from the acetaldehyde precursor over a Pt(111) surface has

similar energies (1.5 eV). However, the most stable precursor

indicated as responsible for the C–C rupture is the CHCO

species. In order to achieve the formation of the C–C breaking

precursor the ethanol molecule should undergo successive

dehydrogenation steps. These steps could be favored in the

Pt–Au alloyed sites, since Au might not be inert, as already

pointed out by Bus and Bokhoven.35 In their publication

they have demonstrated using X-ray absorption spectroscopy

that hydrogen adsorption can take place on Pt and Au sites on

Pt–Au alloys, although adsorption on Au sites is weaker.

Additionally, Chandler et al.36 proposed that CO could also

be adsorbed onto Au sites besides the usual Pt ones, although

with a much weaker character. Bus and Bokhoven35 also pro-

posed that CO and hydrogen might not adsorb at the same site

since their H/M and CO/M ratios (M stands for metal) are quite

different.

Taking into account all the ideas exposed in the last para-

graphs, we suggest that Pt and Au sites in Pt–Au alloys,

despite the fact of having similar adsorptive properties, i.e.,

both have the ability to adsorb either CO or H at different

extensions, they might act in a complementary way adsorbing

different intermediary species. Thus, Au sites could assist the

Pt sites adsorbing intermediary species and hence, releasing

the Pt active sites that otherwise would be blocked by those

species. On the other hand, the H2O activation process could

be affected by the electronic and geometric properties of the Pt

deposits and consequently the availability of the oxygenated

species necessary for further oxidation of some reaction inter-

mediates (CO/CHx).

With the aim of detecting possible changes in the reaction

pathways of the ethanol oxidation mechanism, the QCO2
/

(QAcetic acid + QAcetaldehyde) ratios were calculated for different

potentials from data shown in Fig. 7. This ratio can be taken

as a measure of the intrinsic ability of the material to cleave the

C–C bond since active or geometric area effects are avoided.

Nevertheless, it is important to note that the ethanol oxidation

reaction mechanism is also potential dependent, as the electronic

properties of the material change with potential, which in turn

modifies the adsorption strength of the adsorbed intermediates.

As shown in Fig. 8, the ratios calculated for both platinum

deposits are approximately 10 times higher than the values

obtained for poly-Pt. This fact constitutes an additional proof

that, in the case of PtII and PtIV modified surfaces, the reaction

path that corresponds to C–C bond breaking (CO2 production)

is being favoured instead of those involving a lower number of

electrons (acetic acid and/or acetaldehyde). Additionally, the

potential dependencies are opposite, since for both deposits the

ratio values decrease as the potential increases while for poly-Pt

the ratio increases as the potential increases.

3.3 XPS characterization

Fig. 9 shows the X-ray photoelectron spectra recorded for

the platinum deposits together with the curves obtained in the

fitting procedure. Table 2 summarizes the parameters calcu-

lated in the fitting procedure. As can be seen from the table,

the Pt 4d5/2 lines are shifted to lower binding energy (BE)

values. The same behaviour was observed for the Pt4p3/2 line.

Fig. 7 Amounts (Q) for CO2 (A), acetic acid (B) and acetaldehyde (C) formed on Pt deposits and polycrystalline Pt as a function of electrode

potential.

Fig. 8 QCO2
/(QAcetic acid + QAcetaldehyde) ratios calculated from data

in Fig. 7.
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Several groups have reported that a negative shifting in BE

values of Au and Pt 4f lines is observed when Pt is alloyed

with Au.10,37,38

From the XPS experiments we conclude that in the case

of the PtII modified surface (ideal monolayer), two kinds of Pt

atoms can be distinguished: (i) those that are alloyed with Au

atoms located at the interface between Au and Pt and (ii) those

that are at the topmost surface and that are not alloyed with

Au and hence oxidize once the sample is exposed to air (see

Fig. 8c of ref. 25). This would explain the detection of the

Pt–O Gaussian component in the XPS spectra. The (Pt–O)/O

ratio calculated using the area values obtained from the fitting

and the corresponding cross sections reported by Yeh and

Lindau39 for Pt 4d and O 1s lines are in accordance with that

expected (1 : 1), and can be taken as an indicative of the fitting

reliability. The likelihood of the fitting can be evaluated by

plotting the fitting residues in Fig. 9 below every peak fitting.

However, for the PtIV sample, no Pt-oxide contribution was

observed. Instead, only a metallic Pt contribution was found

to occur at 314.04 eV for the 4d5/2 line. As can be seen from

Table 2, the BE values obtained for Pt lines were shifted

toward lower values such as in the PtII sample. These observa-

tions could be explained in terms of the morphologies adopted

by the deposit at this coverage (see Fig. 8b of ref. 25).

The differences between the two samples analyzed by XPS

can be explained as follows. At relatively low yPt (e.g. 0.5) the
Pt atoms displace the topmost Au surface atoms leading to the

formation of Au 2D islands and a superficial substitutional

alloy. In this case the Pt atoms are incorporated in the Au

crystalline structure and the property for oxygen adsorption

changes from that of pure Pt. However, as yPt increases Pt

atoms begin to deposit over the bidimensional islands pre-

viously formed by Au atoms. These Pt atoms would be able to

oxidize under certain experimental conditions giving rise to

the Pt–O contribution found. In this fashion, Pt migration into

gold’s crystalline structure seems to act as a protection pre-

venting the oxidation of the deposit.

On the other hand, as stated earlier in section 3.2.2, the deposit

structure can influence its own property for water activation or

even adsorption of O–containing species. For instance, the

bidimensional Au islands formed along the deposition process

should present differentiated adsorption properties compared

to bare gold, and some properties that are not present in

smooth Au surfaces might emerge on this surface 2D arrange-

ments. This variations would be mirrored on the catalytic

response of the material and confirm the observation made by

other authors about the lack of inertness.

3.4 General considerations

Considering the results shown in previous sections it remains

clear that both Pt deposits deactivate faster during ethanol

oxidation reaction when compared to polycrystalline platinum.

Also, two phases were identified through XPS measurements,

being Pt atoms alloyed with the topmost Au atom layer of the

substrate and a phase that resembling pure Pt. The relative

proportion of these two phases seems to depend on Pt coverage,

being the alloyed phase the one that prevails at the low Pt

content. As a consequence of alloy formation, the electronic

structure of Pt change and an upward shift in the d states are

noticed. According to the d-band centre model introduced by

Nørskov and coworkers,40,41 the higher the d-band centre in the

energy scale, the stronger is the adsorbate-metal interaction,

since new antibondig states above the Fermi level are formed as

the d-band centre is shifted upwards.

Two different conditions were used in the present paper:

potentiodynamic and potentiostatic. Results obtained under

each condition seem to disagree, but they can actually be explained

by the following argument. Under potentiodynamic condi-

tions, the presence of defects (undercoordinated atoms gener-

ated throughout the substitution process of Au surface atoms

by Pt) becomes important and C–C bond in each ethanol molecule

breaks easier than in a surface containing a lower concentration

of defect. Thus, CO residues resulting from bond breaking are

progressively oxidized as electrode potential increases.

On the other hand, when potentiostatic condition is applied,

e.g. in chronoamperometric experiments, CO molecules begin

to accumulate in the active sites of the Pt–Au surface faster

than in a pure Pt surfaces, since CO-M adsorption in Pt–Au

surface is stronger than in bare Pt. In this sense, the electronic

effect turns out to be important in this situation, leading to a

poisoning of the catalytically active phase. The reason why

PtIV deposit deactivates faster than PtII deposit is related to the

fact that, some pure Pt active centres remain unalloyed in the

last one, and hence catalytic behaviour should be similar to

pure Pt.

Conclusions

Platinum deposits turned out to be stable for potentials of up

to 1.2 V (vs. RHE), although PtII showed a higher stability

compared to the PtIV deposit. This result was explained in

terms of the reactivity of the clusters formed on the substrate

Fig. 9 XPS spectra for platinum deposits showing the contributions

considered in the deconvolution procedure. Solid line at the bottom in

all figures represents fitting residue.

Table 2 Parameters calculated from the deconvolution procedure
used in XPS analysis

Parameter PtII deposit PtIV Deposit Reference value

Pt 4d5/2/Pt–Pt 313.9 314.07 314.4
Pt 4d5/2/Pt–O 314.7 —
Pt–O 4d : O 1s ratio 1.14 — 1
Pt : Au ratio (4p3/2) 0.5370 0.2788 —
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surface. Pt migration or dissolution processes were pointed out

as possible sources of instability due to anodic cycling.

On the other hand, both Pt deposits presented the ability to

break the C–C bond present in the ethanol molecule as demon-

strated by in situ FTIR results; however, a faster deactivation is

observed on Pt deposits when subjected to potentiostatic con-

ditions as confirmed by chronoamperometric results shown.

The differences in the catalytic response were explained in terms

of the structures adopted by the Pt layer on the gold substrate.

As demonstrated by XPS measurements, the lower Pt coverage

used in this paper presented a higher alloying degree with the

topmost Au atom layer, leading to the formation of Au islands,

which were intended to have a differentiated surface chemistry

compared to bare Au.
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