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"Io pensavo ad un'altra morale, piu terrena e concreta, e credo che ogni chimico militante Ia 
potrà confermare: che occorre diffidare del quasi-uguale, del praticamente identico, del pressa
poco, dell'oppure, di tutti i surrogati e di tutti i rappezzi." 

Primo Levi "11 sistema periodico" 

"Behind the tireless efforts ofthe investigator there lurks a stronger, more mysterious drive: it 
is existence and reality that one wishes to comprehend." 

Albert Einstein (1934). 
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CHAPTERl 

Introduetion 

Fuel cells are electrochemical devices that directly convert chemical energy into electrical 

energy. They are not Carnot limited machines, in the sense that they operate directly on 

available chemica! free energy and not on heat. The theoretica! efficiency of the conversion of 

chemica! energy into electrical energy (defined as äG/äH) is very high (80-I20%). 

The best known example is the hydrogen-oxygen fuel cell, in which hydrogen is oxidized to 

protons and oxygen is reduced to water (Fig. I and eq. I). 

H
2
-2H.+2e 

0 2 +4H• +4e =-2Hp 
(1) 

The overall reaction is then: 

(2) 

which is essentially the combustion of hydrogen to water, but now the energy is directly 

HP 

-.......... 
Anode Cathode 

Figure 1 Example of a hydrogen-oxygen fuel cell. 

converted into electrical energy and not into heat. If it were possible to carry out the 

combustion in a controlled, reversible manner, then the (perfect Carnot) heat engine would 



Olapter 1 

have the sameefficiency as a perfect isothermal fuel cell, using the same fuel.[l] 

The reactions occur at spatially separated electrodes; upon closing the circuit a net current will 

flow from the hydrogen to the oxygen side. This then, gives the possibility to use such a 

hydrogen-oxygen system as an alternative souree of electrical power. 

Oxygen, which is directly available from air, is used as an oxidant in most fuel cells. As a fuel 

either hydrogen, hydrocarbons, alcohols, or pure carbon have been proposed. Since the only 

products from the electrochemical burning of these fuels wilt be C02 and H20, theemission of 

noxious gases, such as NO x would be greatly reduced with the use of fuel cells. This makes 

them very attractive, alsofroman environmental point of view. One ofthe systems with great 

potential for application in vehicle traction is the Direct Methanol Fuel Cell, where methanol is 

oxidised to C02 and Ij 0. A few major probieros however have to be solved before the 

DMFC can be used as an alternative souree of power. Besides the probieros concerning the 

cell and electrode design, there are the probieros of catalysing the anode and catbode 

reactions. For the anode, the results sofar show that the activity for the electrooxidation of 

methanol is too low, and that the catalyst material deactivates rapidly, therefore the research 

described in this thesis is concerned with the electrochemical oxidation of methanol in an 

aqueous-acidic environment, in the context of the development of a Direct Methanol Fuel Cell 

(DMFC). The experiments described, are thus so-called half-cell experiments, where a 

potential is aplied to the electrode where methanol is to be oxidised. This research belongs to 

the area ofthe electrocatalysis, i.e. the borderline between electrochemistry and catalysis. 

In this chapter the context of this research and the scope of the thesis are given. 

A short bistory 
Sir William Grove(l811-1896) must beregardedas the inventor ofthe fuel cell. He described 

in 1839[2] an experiment in which electricity was generated by supplying hydrogen and 

oxygen to two separateelectrodesin sulphuric acid. Soon thereafter, in 1845[3], he reported 

that "volatile bodies such as camphor, essential oils, ether and alcohol associated with oxygen 

give continuous currents". 

Most research has been directed towards the development ofH2-02 fuel cells. For applications 

in electric vehicles the Direct Methanol Fuel Cell (DMFC) is, however, the theoretically ideal 

solution: methanol is relatively cheap and is easy to transport. Investigation of this cell started 

in the early 1960's. At first attention was directed towards a system with an alkaline electrolyte 

and some practical cells were built (e.g. by Allis and Chalmers Manufacturing Company in 

1961 [4]). A disadvantage of these alkaline systems is however that upon C02 production 

carbonates are formed, which disturb the fuel cell performance. Therefore research was soon 

directed towards the development of an acidic DMFC, although Parsons and VanderNoot[5] 

advocate that more research should be directed towards the removal of carbonate from the 

solution. 
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Introduetion 

Acidic Methanol Fuel Cells. 

In an acidic electrolyte, the two half cell reactions given in eq. (3) occur. The theoretical 

voltage difference between the electrode potentials of the two reactions is 1.2 V, which 

corresponds to AG=-702.5 kJ/mol [1}. 

CHpH + HzO- C02 + 6H• +6e 
(3) 

The total reaction ofthe cellis given in eq. (4) 

(4) 

Although acidic electrolytes do not suffer from carbonate formation, they present another 

problem. The meidation of methanol to C02 is considerably slower in acid than in alkaline 

electrolyte which leads to very smal! effective cell voltages upon operation. Furthermore 

whereas in an alkaline electrolyte metals like Ni are also active for the methanol oxidation, in 

an acid electrolyte the choice of the catalyst is confined to Pt. Because of the difficulty to 

overcome the carbonate formation problem however, most research has been directed towards 

the development of an acidic DMFC. Probably the first operating direct methanol fuel cell was 

build by Shell Research in 1965[6], which gave only 0.25 V at 30 mA/cm2, i.e less than one 

fourth of the theoretical value. More recent research[?] on a Iaboratory scale fuel cell gave 0.5 

V at 300 mA/cm2
, at a temperature of 90"C. One of the causes of this drop in cell 

performance is the difficult oxidation of methanol on Pt electrodes. Because of this poor 

performance research bas been directed towards the development of better methanol oxidation 

catalysts. In spite of extensive research in the last 30 years, which is extensively discussed in 

chapter 2 ofthis thesis, still no acceptable Pt based catalyst bas been developed. 

Scope of this thesis. 

The work described in this thesis is aimed towards a better understanding of the methanol 

electrooxidation mechanism over Pt and especially the influence of promotor metals, like Ru 

and Sn, on the behavior of Pt. To achleve this a variety of in-situ electrochemical techniques 

were employed, which are described in chapter 3. 

It is known that the oxidation of methanol, proceeds via the formation and successive 

oxidation ofan adsorbed intermediate. To get a better insight in the reaction and the problems 

concemed with the catalysis of the reaction it is necessary to know via which type of adsorboo 

intermediate the reaction proceeds. One of the in-situ techniques that is very useful in studying 

the adsorbed intermediate is Differential Electrochemical Mass Spectroscopy (DEMS). 

3 
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Results obtained with this technique on methanol adsorbates, formed under different 

experimental conditions on platinised platinum, are described in Chapter 4. 

In a real fuel cell Pt will often be dispersed on a conducting carbon support in order to 

minimise the amount of platinum. The surface area of the platinum can then further be 

increased by decreasing the size of the Pt particles on the carbon support. Furthermore a 

ditTerenee in preparation metbod of the catalyst may very well cause a different Pt-support 

interaction. The effect of finely divided platinum on carbon and especially the effect of the 

partiele size and the Pt-carbon interaction on the activity for the methanol electrooxidation is 

described in Chapter 5. Both factors were varled by changing the preparation metbod ofthe 

catalyst. It is shown that both factors do influence the activity for the methanol oxidation. In 

order to reveal the structure of the adsorbed intermediate on carbon supported Pt, DEMS is 

again employed in Chapter 6, where the effect of the Pt partiele size on the type of reaction 

intermediate is studied. 

The chapters sofar have been concemed with obtaining a better understanding ofthe methanol 

oxidation over supported and unsupported Pt. Since the activity for Pt itself is too low, it is 

necessary to improve the catalyst, by for example adding a promotor metal, in this case 

ruthenium. Tbis is the subject of the chapters 7-11. 

The chapters 7 to 10 deal with the effect of the promotor metal Ru on the methanol 

electrooxidation. The main goal of these chapters is to reveal by wbich mechanism Ru actually 

acts; although it is well established that it does promote the methanol electrooxidation over Pt, 

it is still not clear how. Chapter 7 describes the results on Ru (and Sn) deposited on smooth 

Pt. With another in-situ technique, ellipsometry the species wbich are present on the surface 

during methanol oxidation were investigated. Thereby it was possible to obtain some more 

insight in the mechanism by which Ru actually acts. 

In the chapters 8,9 and I 0 the discussion is mainly concemed with a slightly more advanced 

model system; electrochernically co-deposited PtRu. Chapter 8 describes some ellipsometry 

results on the action ofPtRu surface oxides on the oxidation of smal! organic molecules as CO 

and HCOOH. Tbis also proved to be helpful to reveal the "promoting-mechanism" of Ru. 

Chapter 9 describes both DEMS and ellipsometry results on the electrochernical oxidation of 

methanol on supported as well as rough unsupported PtRu systems. Some results described in 

this chapter suggest another mechanism for the effect of Ru than the results in chapters 7 and 

8. 

In studying the behavior of a catalyst its exact composition must be known. However, for 

codeposited PtRu systems this composition cannot be straightforwardly analysed. In order to 

establish the surface coverage with Ru in the catalysts used, we developed an electrochernical 

metbod using the Electrochemical Quartz Crystal Microbalance technique. Tbis metbod is 

described in Chapter I 0 for codeposited systems. The implications of the results, on the 

CH30H and CO oxidation are discussed. Furthermore, to further substantiate the results in 

4 
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Chapter 9, some in-situ IR results on adsorbed CO on PtRu are described. 
Sn is also known to be a good promotor for the electrooxidation of methanol. In Chapter 11 
the results on supported Pt catalysts with the promotor metal Sn are discussed, where the 
focus is on the effect ofthe catalyst preparation method. 
Although in the previous chapters it has been shown that there is an increase in the activity for 
the oxidation of methanol in the presence ofboth Sn and Ru. the performance ofthe promoted 
systems is still too poor for practical applications. Therefore some research was also directed 
towards the development of alternative catalysts. The results of this are described in the last 
Chapter (12). Pt!W03 and PtAu!C are shown to be the most active. 
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CHAPTER2 

Catalytic Aspects ofthe Electrochemical Oxidation of Methanol on 
Platinum: a Review. 

Introduetion 

Through the years a number of review actieles on the methanol electrooxidation has appea

red[I],[2],[3],[4]. The focus in this review will be on the catalytic aspects of the methanol 

electrooxidation, relevant for the work described in this thesis. This implies that subjects such 

as the nature of the platinum substrate (polycrystalline as well as roughened surface and 

supported smal! Pt particles), the type of reaction intermediates, the role of the adsorbed 

oxygen species, the origin of the deeresse in activity and the effect of promotor and support 

on the reaction mechanism, will be discussed. For each of these subjects we will try to show 

what is (in our view) the current state ofthe research, which topics still need some work to he 

done and in which direction future research might have to be directed. 

A more extensive review will be publisbed elsewhere[S]. 

C02 + 3ff +3e C02+ 2If+2e 

~H ,Q)..,_H Î+(lliO)"" 
(CH30H)ads CHûads ---•• Cûads 

t-H -H rH -H t-H 
(CH 20H)ad-s ____... CHOHads ~ C0Hads 

I I ~ I I 

! _____________ .dil( +(lliO)ads 
Y+ 

C02+ 3 H+3e 

Figure 1 Mechanism ofthe electrocatalytic oxidation of methanol. 

Mechanism for the electrooxidation of methanol. 

The general mechanism for the electrochernical oxidation of methanol is given in tigure I. 
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Chapter2 

From aqueous solution methanol is adsorbed to the surface via the carbon atom. Franaszcuk et 
al.[6] suggest that hydrogen bonding takes place between the alcohol-group and the water 
molecules. This is in contrast with gas-phase adsorption at low temperatures for which they[6] 
and others[7] have shown that a methoxy species is formed at the catalyst surface; bere the 
bonding occurs via oxygen. 
The methanol residue is mddized to C02 by adsorbed hydroxy species. The presence of these 
hydroxy species appears to be essential for the methanol electrooxidation. The problem is that 
these species are only formed in appreciable amounts at relatively high potendals (>0. 74 V vs 
RHE). On the other hand methanol cannot adsorb on the platinum oxides which are formed as 
well at these potentials. Burke and co-workers[8],[9] suggest that a hydrous-oxide is the 
oxygen-delivering species. This hydrous-oxide is however not very Iikely to play a role in the 
methanol oxidation in the fuel cell, because of the extreme conditions which are necessary to 
generate these species. Vassiliev et al.[IO] conclude on the basis of measurements in pure 
methanol that water molecules are needed for the dehydrogenation of the methanol molecule, 
because no dehydrogenation takes place in pure methanol 

Type of intermediales 
The identity of the adsorbed species and of the reaction intermediate in the methanol elec
trooxidation bas been the subject of considerable controversy over the past 20 years. The 
detection and identification of adsorbed intermediates became possible in recent years due to 
the development of in-situ IR and MS techniques. The IR techniques all give the possibility of 
detecting an intermediate as a function of the electrode potential, although the various 
methods differ in the way to achleve this. The techniques most used are EMIRS[ll] 
(Electrochemically Modulated Infrared Spectroscopy), SN1FTIRS[12] (Subtractively 
Normalized FTIRS), PMIRRAS[13] (Polarization Modulated IR Reflection Absorption 
Spectrocopy), SPAIRS[14] (Single Potential Alteration IRS) and LPSIRS[15] (Linear 
Polarized Sweep IRS). With the MS techniques the intermediates can be either detected indi
rectly by on-line determination of products as a function of potential (Differential Electroche
mical Mass Spectroscopy[16]), or directly by transferring the electrodetoa vacuum chamber 
and perform temperature programmed desorption (Electrochemical Thermal Desorption Mass 
Spectroscopy [17]). 

Other in-situ measurement techniques that have been used for the study of the electrooxidation 
of methanol are: Electrochemical Quartz Crystal Microbalance (EQCMB)[l8),[19), Sum 
Frequency Generation (SFG)[20) and Surface Enhanced Raman Scattering (SERS)[21]. 

Polycrystalline Pt surfaces 
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Most results have been obtained with polycrystalline Pt. Chandrakesaran et al[22] state that in 
steady state measurements only CO is present and that "what cannot be seen, cannot be 
present". Their IR measurements suggest that CO is the intermediale and that linear CO is 
converted to bridge bonded species above 0.4 V vs RHE. There is however substantial eviden
ce that CO cannot be an intermediate in the oxidation process: for example, Podlovchenko et 
al.[23) determined the methanol adsorption stoichiometry using an electrochemical metbod 
and found that three protons are lost upon chemisorption of methanol, which implies that the 
adsorbed residue should be =COH or -CHO. This was supported by DEMS experimentsof 
Wolter et al.[24], who used this technique not only to detect the different reaction products, 
but also to establish the ratio between the amount of charge required and the amount of C02 

molecules produced in the methanol electrooxidation. It is thus possible to distinguish between 
CO, where the ratio is 2, and COH/CHO, where the ratio is 3, as adsorbates. Wolter et al. 
found that three electrons are required for the oxidation ofthe adsorbate to C02 and conclu
ded that CO cannot be the intermediate. This was also a possible explanation for the results of 
the SP AIRS experiments ofWeaver et al.(25]. They studied the replenishment ofan adsorbed 
12CO layer by 13 CH30H during the oxidation ofthe CO, by looking at the shift intheIR fre
quency. No 13CO band was found while the oxidation of methanol continued. 
The general opinion now held is that on polycrystalline Pt surfaces CO is not an intermediate 
but a poisoning species which only can be removed by oxidation at higher potentials. 
Todetermine whether the intermediate is -CHO or =COH, DEMS experiments were carried 
out with deuterated methanol and 0 20[26],[27]. After adsorption of methanol, the adsorbed 
intermediate is electrochemically oxidized in H20 (at 0.8 V vs RHE); in this process W-ions 
are liberated. Immediately thereafter the potential is lowered to 0 V vs RHE in order to reduce 
these W to H2; in case of deuterated species ~ and HD are formed as well. The evolving gas 
is analyzed for HD. 
In experiments with adsorption of CH30H, foliowed by oxidation of the intermediate in q 0, 
Willsau and Heitbaum[26] found HD. However when CH30D was adsorbed in ~0 (yielding 
=COD or -CHO) and the intermediate was oxidized in D-free electrolyte, no HD was 
detected. Since in the latter case HD could only be formed if the adsorbate is =COD, they 
concluded that the intermediate must be -CHO. Vielstich et al.[27] established rather 
surprisingly that also if CD30D is adsorbed (yielding CDO or =COD) and the adsorbate is 
subsequently oxidized in H20, no HD is formed. This could only be explained by a rapid 
exchange ofthe hydroxylic D with H20; therefore they concluded indirectly that the intermedi
ateis =COH. 
The Vielstich group found further evidence for =COH as an intermediate by combiDing 
Thermal Desorption Measurements of adsorbed methanol residues with the measurement of 
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the ratio ofadsorption and oxidation charge of methanol [17],[28],[29]. This ratio was found 

to be one, so an equal amount of electrous must be involved in the adsorption and oxidation 

of methanol; this however does not discriminate between -CHO and =COH. 

Until 1987 these results could not be supported by any of the in-situ IR techniques, because 

the spectra only showed the presence of linearly and small amounts of bridge-bonded 

C0[30],[31],[22]. With EMIRS, Beden et al.[32] for the fust time claimed evidence for the 

presence of an adsorbed -CHO species. A band at 1690 cm·I, assigned to the C=O stretch 

vibration of this species, could beseen at methanol concentrations lower than 5*10"3 M; at 

higher concentrations, the linearly adsorbed CO was predominant. This is in agreement with 

ECTDMS[33] results, which showed that other adsorbates than CO are favoured at low 

adsorbate coverage and CO at high coverage and cyclic voltammetric studies[34],[35],[36] 

where different adsorbate oxidation peaks were attributed to different adsorbed species. 

SFG[37] studies confirmed the presence oflinearly bonded CO at high surface coverages and 

furthermore suggest that at low adsorbate coverages multibonded CO is the major species. A 

C=O stretching mode at ca. 1700 cm·' is often reported in recent studies, however the as

signments range from -COOH, -CHO to H3COOCH[38],[39],[40]. Lopes et al.[41],[42], by 

comparing formate, methanol and methylformate adsorbates, found a whole set of adsorbed 

species ranging from -CO and -HCO to methoxy radicals. Direct evidence for a hydrogen 

atom bound toa carbon atom in the adsorbate was never found. It was however shown[43] 

that there is a difference in the adsorbate from CO and from methanol, since the former is 

capable of removing the latter from the surface. 

IR evidence for a =COH group bas been reported by several groups, although based on IR 

absorption at slightly different frequencies. Iwasita and co-workers[44] observed a band at 

1270 cm·', which did notchange upon use of CD30H and was thus attributed to =COH. 

Nichols et al.[45), who used HCI04 as a supporting electrolyte, assigned bands found between 

1215 and 1425 cm·' toa =COH species. Pham et al.[39] findon rough Pt that both the -CH0-

(1716-1741 cm-1
) and the =COH(l253-1266 cm') intermediate are present at E=0.3 V. The 

potentials at which these intermediates are observed seem to be reasonable in view ofthe C02 

production potential. However Nichols and Bewick[45] do notfindan intermediateat E=0.44 

V, but only at E=0.70 V vs RHE, which seems to be rather high. 

It can thus be said that the IR measurements described here agree on the presence of linearly 

bonded CO on the Pt surface. The presence of multibonded CO is confirmed too, although 

only in very smal! amounts. Cyclic voltammetric studies [19],(34],(43],[46],[52] however 

show that the number of electrous per Pt site necessary to oxidise the methanol adsorbate is 

between I and 2, implying that considerable amounts of bridge and or multi-bonded CO are 

present. These results make it less probable that CHO is formed, since for this species the 

10 
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number of electroos per site would be 3. There is thus a discrepancy between IR and the cyclic 

voltammetric studies, since the latter suggest that bridged- or multi-bonded CO is present in 

fairly large amounts, whereas in the IR measurements only smal! amounts can be found. In a 

recent study Weaver et al.[ 47] showed that this discrepancy may be due to the smaller cross

secdon of the multi-bonded species, leading to an underestimation of the amount of this 

species on the surface. 

Single Crystal Surjaces. 
Research on Pt single crystal surfaces (which bas been extensively reviewed, see for example 

ref.[48] and [2]) has shown that the behavior ofPt(lll} differs markedly from Pt(llO} and 

Pt(IOO}. 

On repetitive mcidation and reduction cycling noticeable decreases in the current are observed 

on Pt(IOO) and Pt(IIO), but not on Pt(lll)[49]; this agrees with the fact that less CO can be 

seen on Pt(lll)[ 48], assuming that this is indeed a poisoning species. Lamy et al. [50] 

suggested multibonded CO to be the poisoning species, this species is preferentially bonded on 

Pt(IIO), the surface which shows the fastest deactivation[51]. 

Electrolyte dependenee 
Anion adsorption is known to take place on Pt catalysts in electrolytes. The activity ofPt for 

methanol oxidation in H2S04 is well below that in HC104 [48],[52],[53]; this effect is stongest 

for Pt(111)[49],[54], while no effect is found for Pt(110)[51]. Castro Luna et al.[55] have 

shown that the values of eorgmax, for electrodispersed Pt, attained in different electrolytes are 

0.82, 0.74 and 0.62 for 1 M HC104, 0.5 M HzS04 and 0.3 M H3P0 4 respectively, thus sho

wing the influence of the electrolyte anion on the maximum available surface coverage. In 

HCI04 a higher coverage of the poison is reached and the rate of poisoning is faster, so on the 

wholethereis no clear advantage ofHC104 over 0.5 M H 2 S04 . The concentration ofthe 

sulphuric acid has a great influence on the catalytic activity for the methanol electrooxidation 

and a concentratien of about 0.5 Mis the optimum. For the high current densities required in 
fuel eelt applications, however, a campromise is necessary between activity and solution 

conductivity; in this case the optimum is at a concentration of about 3 M.[4],[56]. Surface

oxide formation is also influenced by the nature of the acid-anion. It has been shown[36, 

53],(52] that in HCI04 the surface oxidation starts at lower potentials than in H2 S04 , leading 

to a lower potential for the start of the methanol oxidation. 

Concluding we can say that, in spite off the extensive research still no total consensus is 
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reached on the intermediate of the methanol electrooxidation over Pt (mono.. or poly
crystalline). Although IR, DEMS and electrochemical methods all show that CO (either linear
or bridge- bonded) andlor COH are present, it is still oot clear under what circumstances 
which adsorbate is present. With IR measurements, the presence of CHO bas been claimed 
too. The small amounts of bridgelmulti-bonded CO found with IR seems to be due to the 
smal! cross-section of these species. It bas still to be determined why either CO or COH or 
both are found to be present on the electrode surface. 
The adsorbed species form directly C02 under influence of adsorbed hydroxy groups. There is 
thus agreement on the fact that methanol first rapidly loses two protons &om the methyl 
group, the third proton then to be lost, comes from either the methyl or the alcohol group 
under formation of COH or CHO respectively. The reaction may then proceed via either 
oxidation ofthe intermediate or the formation of a poisoning species. 
It has been determined that the methanol oxidation rate is, in the absence of mass transport 
limitations, zero-order in methanol[57] (this also goes for electrodeposited Pt). This implies 
that the rate determining step involves either the removal of an adsorbed intermediate &om the 
Pt surface or the formation of the species necessary for this removal to take place, viz. Olfw 
e.g., 

Pt-COH + Pt-OH ~ 2 Pt + C02 + 2 Ir + 2 e· 
Methanol adsorbs easily at relatively low potentials, E ~0.3 V, i.e. as soon as the Pt surface is 
substantially free &om adsorbed H[58],[59]. The formation of hydroxy groups, on the other 
hand, is appreciable only at higher potentials, activatien of waterstarting in earnest at E=0.6-
0.7 V, and this, as mentioned before is why the electrooxidation of methanol becomes 
measurable only at relatively high potential, E=0.5 V. 

Carbon supported platinum. 
In order to use Pt as a catalyst in practical fuel cells, the surface area bas to be large, which 
can be achieved by depositing smal! Pt particles on a conductins support. Different supports 
cao be used for this purpose. 
It is well known that by decreasing the partiele size, one may, apart from increasing the 
surface area, also change the catalytic behavior of the materiaL Furthermore, the type of the 
carbon support can affect the catalytic behavior, because ofpossible metal-support interaction. 
Therefore we will first look at the behavior of electrochemically roughened Pt surfaces, after 
which the influence of the Pt/C preparatien techniques and the partiele size wiU be discussed. 

Electrochemically Roughened Platinum Surfaces. 
EMIR spectra[38],[60] show that with increasing roughness of the platinum surface, the 
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amount of adsorbed CO decreases, even at potentials (0.3 V vs RHE) at which smooth Pt is 

known to be covered nearly completely by CO. Pham et al.[39] suggest that a band at 1942 

cm·1 on a sputtered Pt electrode is due to linear CO at 0.3 V, which is however highly 

unlikely. The amount of adsorbed CO appears to decrease with increasing electrode 

roughness. Beden et al.[38] suggest that this is due to the presence of mainly Pt(III) faces 

(see above), and the development of these faces has indeed been deduced from X-ray diffi'ac.. 
tometry on electrodispersed electrodes[61]. 

The amount of linear CO increases with increasing methanol concentration[38]. The concen

tratien for which CO can be seen is however much higher than for smooth Pt surfaces (I* 1 o·1 

M vs 5*10·3 M). The intensity of a band at 1650-1700 cm·1 (assigned to -CHO) decreases with 

increasing methanol concentration, and consequently with increasing amounts of linear CO 

present. Thus it may be anticipated, that high surface area Pt is much less prone to deactivati

on by adsorbed CO than the essentially flat Pt electrades discussed before. A study by 

Christensen et al.[62] suggests that cycling in a methanol containing salution generates a 

roughened surface, whose kinetic properties are substantially different from those of Pt 

without cycling in methanol. The rate of methanol oxidation at low potentials is found to be 
far higher on this surface. This suggests that methanol "creates its own catalyst". 

Partiele Size Effects 
The study of partiele size effects is complicated by the fact that they may be influenced by 

metal support interactions, which may in turn depend on the Pt/C preparatien method. The 

following five methods ofpreparation for supported Pt catalysts are widely used: 

I.The impregnation method: the support is impregnated with H2PtC~ which is then 

reduced with astrong reductor such as NaBH4[63]. 

2.The ion-exchange method: the carbon support is oxidized to form carboxylic acid 

groups and then ion-exchanged with Pt(NH3}i0Hh [64]. 

3.The colloidal method: a monodisperse Pt sol (prepared by reducing H2PtC~ with e.g. 

sodium citrate) is added to the support[65]. 

4.Chemical Vapor Deposition: the platinum is vaporized on a substrate, e.g. glassy 

carbon[66]. 

5.Electrodeposition ofPt on a Teflon bonded carbon support[67]. 

Carbon blacks, active carbon and sometimes graphite are used as carbon supports. Most 

popular for fundamental studies is a high surface area carbon black: Vulcan XC-72 with a 

speciftc surface area of 300 m2/g. On the basis ofESR and XPS studies[68],[69] it has been 

concluded that electron donation by platinum to the carbon support takes place, and it 'is 
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believed that the extent of this donation is influenced by the partiele size of the platinum. 

Differences in carbon pretreatment or the kind of carbon support may lead to appreciable 

differences in electrocatalyst support interactions and thus to different conclusions conceming 

the partiele size effect for Olcidation and/or reduction reactions. Carbon supported platinum 

electredes show a much lower overpotential in the electrooxidation of methanol than 

polycrystalline Pt and are capable of higher current densities[70]. This cannot only be due to 

the enlargement of the surface area, because in that case one should only expect a larger 

overall current, and not per unit Pt surface. So there appears to be an additional effect due to 

the decrease of the Pt partiele size or to a metal support interaction. As argued above it is 
difficult to distinguish between those two effects, because a different preparatien method 

might lead to a smaller partiele size, but it can also change the metal-support interaction. 

In the previous sectien it was indicated that the high overpotential on smooth Pt electredes is 

mainly due to the high formation potential of hydroxy surface species. The lowering of the 

overpotential i.e. the fact that the methanol oxidation starts at a lower potential on carbon 

supported Pt, could therefore very well be due to the lower formation potential of these 

hydroxy species on Pt/C catalysts. Indeed it is known that upon going from unsupported Pt to 

supported Pt the oxide formation potential is lowered, and that the oxide reduction peak shifts 

with changing Pt partiele size[71]. A change in oxygen binding behavier with partiele size has 

also been reported by Parmigiani et al.[72]. They investigated with XPS the interaction of 

oxygen with smal! Pt particles sputtered on Teflon, and their results show that smal! Pt 

particles are more easily oxidized than large ones, in agreement with electrochemical, TPD[73] 

and calorimetric[74] measurements. 

With the higher performance of carbon-supported Pt, then, probably being due to a relatively 

low potential of formation for an adsorbed hydroxy species, one should also expect a partiele 

size effect for the methanol electrooxidation. Such an effect has in fact been reported by 

McNicol et al.[75] employing Pt catalysts prepared in a variety ofways (impregnation and ion

exchange with different pretreated supports). The activity decreases for very smalland very 

large particles. The cyclic voltammograms of the Pt/C catalysts in pure acid clearly show a 
strenger oxygen adsorption with decrease of the partiele size The varlation in specif'ic 

methanol oxidation activity can now be explained as fellows. For larger particles, the 

activatien of water still takes place at a relatively high potential, so that 00 H is still relatively 

low at the potential at which the comparison is made. Decreasing the partiele size results in 

OH formation at lower potentials, and so enhances the reaction rate. However, for very smal! 

particles activatien of water takes place at such low potentials, that even at relatively low 

overpotentials the surface coverage with OH is already so substantial, that the CH30H 

adsorption step begins to suffer. That is, decreasing the Pt partiele size too much results in a 

14 



Literature review 

change of rate-determining step with a concomitant decrease in the specific activity. However, 

as already mentioned, McNicol et al. used different preparation methods to arrive at different 

partiele sizes, so that unfortunately the partiele size effect cannot be fully separated from a 

metal-support effect, which has indeed been found to influence the methanol meidation activi

ty[76]. On the other hand, Matsuda et al.[77] have used the same preparation metbod 

(Chemica! Vapor Deposition) and the samesupport toprepare catalysts with different partiele 

sizes, and they found that the current density decreases with smaller platinum particles. These 

partiele sizes (between 1.5 nm and 2.3 nm) are in the samerange as the Pt particles for which 

McNicol observed a decrease, thus corroborating the view that the partiele size effect is 

indeed the primary one. The overall methanol currents at these small particles are lower than 

on the larger particles, although the surface area has become larger. Machida et al.[78] used 

platinum-carbonyl clusters with different amounts of platinum atoms to prepare carbon 

supported catalysts. They found that the smallest clusters, with nine Pt atoms gave a catalyst 

with a smaller activity for the methanol electrooxidation than the clusters with fifteen Pt 

atoms. lt was suggested that there exists an optimum size of the platinum particles larger than 

fifteen atoms, in agreement with the results of McNicol et al. Further confirmation for the 

presence of a partiele size effect in the methanol oxidation comes from a study by Kabbabi et 

al.[79], who showed that it is the more easy oxidation ofthe Pt that causes the lower activity 

for the methanol oxidation at smaller Pt particles. 

A very different result was however obtained by Watanabe et at.[SO] for carbon supports with 

specific areas ranging from 60 to 835 m2g·1. By deposition of Pt colloids Pt specific areas 

ranging from 70 to 201 m2g"1 were obtained, with partiele sizes between 1.4 and 4.0 nm. lt 

appears from their measaurements that surprisingly there is no partiele size effect. Unfor

tunately enough no cyclic voltammograms are shown for these catalysts, so there is no clue on 

the oxide formation behavior. 

Apart from showing a higher specitic activity, platinised carbon electrades also appear to be 

much more stabie during CH30H electrooxidation than unsupported Pt. Recently Christensen 

et al. [81] showed that there is CO present after methanol adsorption on smal! Pt particles( -15 

nm). The presence of =COH as an intermediate on the platinised glassy carbon electrades was 

indicated by a band at a frequency of about 1230 cm"1[82]. Although this band only appeared 

at a higher potential than the onset potential of co2 formation, its intensity increased with 

increasing methanol oxidation rate, thus suggesting that it is due to the true intermediate. 

Still, platinised carbon electrades do deactivate, and the question arises how this comes about. 

Two obvious explanations discussed in the literature are: (1) progressive oxidation ofthe Pt 

particles leading to a steady lowering of the efficiency of the CH30H adsorption reaction 

(lower OcHJoH), and (2) blocking of the Pt surface by an accumulating carbonaceous residue, 
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which may be thought to result from a reaction between two or more adsorbed methanol 

fragments. In bath cases, but nm should COad be the poisoning species after all, one should 

expect the activity to be restored after exposing the deactivated electrode to open circuit 

conditions: the potential returns to such low values that Pt-oxide will be reduced and a 

carbonaceous residue may be hydrogenated off (CO cannot be removed in this way). This 

restoring action of open-circuiting bas in fact been observed[83], thus proving that coad is 

indeed not the poisoning species in this case. Evidence in favour of the progressive oxidation 

hypothesis has been obtained by XPS. Although XPS is an ex-situ technique, which makes the 

interpretation of the results less than straightforward, it does appear that a deactivated Pt/C 

electrode contains much more oxidized Pt, mainly Pt(II), than a fresh one[70],[84],[83]. Since 

no positive evidence for the existence of a poisoning carbonaceous species residue bas yet 

been reported -although the kinetic studies of Andrew et al.[93] did lead those authors to 

postulate such a species- overoxidation of the Pt particles may be considered to he the main 
deactivation mechanism in platinized carbon electrodes. It should be noted, however, that in 

some cases the long-time experiments were terminated befare the potential had actually 

increased into the Pt-oxide formation region, so that one then has to conclude that oxide 

formation can be enhanced by methanol[83]. This should be further checked. Also, part ofthe 

deactivation may be due to Pt partiele growth in some cases (this is of course irreversible ): the 

gradual decrease in binding energy of Pt(O) which Hamnett and Kennedy[83] observe, is 

probably due to this, although it was not taken into account by them. 

In sum, it is clear that Pt/C catalysts do have a higher specific catalytic activity for the 

methanol oxidation than smooth Pt and that they are more stable. This is likely to be mainly 

due to a partiele size on the effect of water activation, and to the absence of co ad poisoning. 

Whether a Pt-carbon interaction plays a role as well, remains to be seen. Sofar there has been 

no research on the change, ifany, in CH30H adsorbate as a function ofparticle size. 

Bimetallic cataJysts. 
The activity ofPt can be enhanced by introducing a second metallike Ru or Sn[85]. There is 

as yet no consensus about the actual mechanism of this promotion effect; different explanati

ons have been proposed: 
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l.An electronic (ligand) effect[86], where the second metal alters the electronic 

state of the platinum in such a way that the activation of water is increased 

andlor the methanol residue is less strongly bonded. 

2.A geometrie (third-body) effect: the second metal blocks certain adsorption 

sites on the surface, so as to prevent/retard the build-up of poisoning species. 
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3. A bifunctional effect: the second metal specifically takes care of the activati

on of water, thus increasing the oxidation rate of the methanol residue. 

4. A redox effect of the metal ion, where the oxidized form oxidises the methanol 

residue, upon which it is regenerated by water. 

The geometrie effect however can be discarded, because of the different metals with similar 

metal overlayer structures should have a similar effect on the methanol oxidation. This is not 

the case, as shown by Janssen and Moolhuysen[88]and Leiva and Giordano[36, 53]. 

In the case of PtSn, supported and unsupported catalysts will be discussed together, but for 

PtRu it is more useful to discuss them separately. 

Platinum/Tin Catalysts. 

The modification of the activity of Pt for methanol electrooxidation by adding Sn bas been the 

subject of intensive research. Strikingly however, neither the sign nor the size ofthe effect are 

clear yet. This may, at least in part, be due to the various measurement and preparation 

conditions employed, but a model explaining exactly why has not been forthcoming. The 

valenee state of adsorbed Sn is another point of dispute. 

Janssen and Moolhuysen[85],[87),[88], concluded that Sn has a very large effect on a Pt 

catalyst for methanol electrooxidation. They prepared electrodes by immersion, alloying and 

electrodeposition and found a 50-100 times increase in activity at low potentials (<0.5 V vs 

RHE) with respect to unpromoted Pt electrodes. For PtSn/C catalysts (which were prepared 

only by immersion) an enhancement with a factor 10 was found in the presence of Sn. For 

both the Pt grey and supported electrodes the optimum Sn coverage is about 10%. The redox 

mechanism for the Sn effect as previously suggested by Cathro[89) was abandoned by them, 

because no sign of a Sn redox couple was found in the cyclic voltammogram of a Sn modified 

Pt catalyst, and because the cathodic shift of the Pt-oxide reduction peak pointed into the 

direction of a mechanism where oxygen is bonded more strongly on the surface in the presence 

of Sn. Oxygen coverage measurements by Watanabe et al.[90) indeed show an increase in the 

amount of adsorbed oxygen in the presence of Sn at constant potential, the oxygen coverage 

increases linearly with increasing Sn coverage. This is consistent with explanation 1 and 3. 

There is also evidence for a change in mechanism. Apart from a change in Tafel slope in the 

presence of Sn, the number of electroos per Pt-site in the oxidation of the adsorbate has 

decreased and going from Pt to Pt-Sn the methanol reaction order changes from zero to 

values of about 0.5. This evidence points to a mechanism in which the oxidation of the 

adsorbate is no Jonger solely rate determining and in which the structure ofthe adsorbate bas 

changed. The valenee state of Sn was not actually determined by Janssen and Moolhuysen, but 
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they suggest Sn to be present in the zero-valenee state and dissolution of Sn: 

Sn° • Sn2+ + 2 e· 

to take place above +0.8 V vs RHE. This last suggestion has been refuted by Stefenel et 

al.[91] who showed that an mddation current is measured upon addition ofSn(II) toPt at 0.8 

V vs RHE, indicative of the reaction: 

Sn2+ - Sn4+ + 2e· 

This might indicate that instead of Sn(O), Sn(ll) is present in the potential range of methanol 

oxidation. The problem bere is that this potential range is above the Sn2+/Sn4+ redox potential, 

and it is difficult to see where the adsorption stabilisation of Sn2+ should come from; this is 

less of a problem for Sn°, since PtSn forms very exothermic alloys, implying a very strong Pt

Sn0 interaction[87]. Also earlier Mössbauer studies[92],[93) indicate that in an acidic medium 

adsorbed tin is at least partly in the zero-valent state. It was suggested by McNicol et al.[94] 

that Sn is only in the zero-valent state under reaction conditions, implying that cyclic voltam

metry in the absence of methanol cannot be used to determine the valenee state of Sn. 

The only authors who found an enhancement factor ofthe sameorder of magnitude as lanssen 

and Moolhuysen are Watanabe et al.[95]. With an Pt-Sn electrode, made by underpotential 

deposition, the highest activity (expressed in current per gram of catalyst) was found with the 

lowest Sn coverage they studied (68n=0.31), the trend found is in agreement with the lanssen 

and Moolhuysen results. The relatively low value of the optimum Sn coverage, about one

tenth of a monolayer, is just what we should have expected in view of the fact that adsorbed 

Sn wilt reduce the number of Pt ensembles capable of adsorbing methanol, and that, as is 

discussed above for adsorbed oxygen, the CH30H adsorption reaction is already substantially 

hampered at a rather low coverage of adsorbed species. More evidence for a mechanism 

where Sn is responsible for a stronger oxygen adsorption on the surface, comes from XPS 

measurements[96] on a glass-supported Pt-Sn02 electrode, which show that more oxidized Pt 

is present here than in glass-supported Pt (prepared in the same way). The only Sn species 

detected was Sn(IV). The steady state current on the 16% Pt-Sn02 is 15 times higher than on 

smooth Pt, and in the long term Pt-Sn02 keeps its high activity, whereas that of Pt rapidly 

decreases. It was concluded that a higher oxidation state ofPt is "frozen" by the presence of 

Sn02 and thus the oxygen coverage is higher as compared to Pt alone. This may iudeed 

account for the relatively high activity; the higher stability may on the other hand be just a 

consequence of smaller Pt particles being present, as discussed above for Pt/C catalysts. A 

cyclic voltammogram of the Pt/Sn02 system[97] shows the presence of a redox couple, at 

0.45 V vs RHE; according to the authors this is due to the Pt/Pt2+ redox couple but this 

condusion was not further substantiated. 

Wang and Fedkiw[98),[99] investigated the behavior of smooth and graphite supported Pt 
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with and without Sn modification using a pulsed potential method. Only very small enhance

ments in the rate of CH30H meidation were observed. As before however, XPS measurements 

show an increase in the amount of oxidized Pt on the Sn modified electrodes., which would 

appear to imply that the presence of Sn is stillteading to a ligand or electrooie effect. Carbon 

supported Pt/Sn alloys with an enhancement factor oftwo[lOO] and Pt-Sn alloys supported on 

polymethylthiophene[lOI], where a cathodic shift of ISO mV ofthe CH30H oxidation onset 

potential was observed, are also thought to operate through a mechanism where the oxygen 

surface coverage is încreased. XANES measurements[l02], seem to indicate that there is 

some charge transfer from the Sn to Pt, in carbon supported catalysts. This charge transfer 

might not only account for the increase in oxygen surface coverage, but may also cause a 

weakened bonding of the adsorbate to the surface. 

Several authors have investigated the behavior of Pt, when small amounts of a Sn salt are 

added to the electrolyte. The general condusion is that this only gives a moderate enhance. 

ment with very small amounts of Sn ions (<50 J.tM). Bittîns-Cattaneo et al.[103] showed that 

addition of Sn(II) to already adsorbed methanol has a far more pronounced effect than the 

addition of Sn(IV). In the presence of Sn(TI) the oxidation potential of the methanol adsorbate 

was lowered by 0.15 V. They concluded that Sn acts through the formation of a hydroxy 

complex, which offers oxygen atoms to the methanol adsorbate. This result and condusion is 

similar to the one previously publisbed by Vassiliev et al.[I04] A Sn hydroxy complex is also 

proposed by Norton-Haner and Ross[l05], although these authors propose that this complex 

acts in solution through a mechanism which is camparabie to the mechanism of Pt-Sn 

homogeneons catalysis[ 1 06]. 

Beden et al.[l07], using both SnS04 in solution and upd Sn (source SnÇI ), likewise find a 

higher activity with low Sn concentrations. However, their conclusion that Sn decreases the 

number of adsorption sites for the strongly adsorbed residues can not be true because most 

metals should then show some enhancement, which is not the case. Upd Sn may also lower the 

activation energy for the methanol oxidation[ I 08]. 

There is also a number of studies in which a negative Sn effect has been found. Gökagàç et 

al.(109] found a decrease in activity for carbon supported Pt+Sn catalysts, compared toPt 

only, which they ascribe to depletion of Pt from the surface and enrichment of this surface 

with tin-oxide species. Inhibition of the methanol oxidation was also found by CampbeU et 

aL[IIO] both for single crystal surfaces and carbon supported Pt after immersion in a SnS04 

solution. Finally the single crystal PtSn alloys studied by Haner and Ross(l 05] also showed a 

decrease in activity. 

From the results above it is clear that the effect of Sn on the methanol oxidation activity ofPt 

turns out to be rather variable. A point however on which there appears to be a consensus is 
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that in the presence of Sn a larger atnount of oxygen is present on the surface. Whether this is 
due to the activation of water by Sn itself, or due to an electronic effect through which Pt can 
activate water more easily, is still a matter that is open for discussion. The difliculties in 
reaching consensus on the effect of Sn, may very welt be connected with the unusual upd 
behavior of Sn[lll ]. The valenee state of Sn is another matter that still bas to be clarified. 

Platinum!Ruthenium Catalysts 
Unsupported Platinum!Ruthenium catalysts. 
In contrast to Sn, the effect ofRu on the activity ofPt in methanol electrooxidadon is a very 
consistent one and is not restricted to low Ru surface coverages. While Sn blocks the 
adsorption of methanol, this is not necessarily so for Ru (it can accept Ha.J. All research bas 
shown a substantial increase in activity for a Ru promoled catalyst in agreement with earlier 
work[l12]. 
From potendal difference IR spectroscopy it appears that on a Pt-Ru alloy very little CO is 

present in comparison with pure platinum[40],[113],[120]. The higher frequencies for C-0 
stretch at oomparabie surface coverage indicate that the CO adsorption strength is weaker on 
the alloy[40], this effect was however only found for methanol adsorption and not for CO 
adsorption[ 114]. The weakening of the CO adsorption strength points to an electronic (ligand) 
effect. Smaller changes in the Had region ofthe CV in the presence ofCij OH also pointtoa 
lower surface coverage by metbanolie adsorbates. This would mean that this electrode is far 
less sensitive to poisoning phenomena. Life time measurements show indeed that the electrode 
is extremely stable, operating for 1000 hours at a current density of250 mAJcm2 [115]. 
The overpotential of Pt-Ru catalyst for methanol oxidation is much lower than for pure Pt: at 
a 85:15 Pt-Ru alloy co2 production begins already at 0.3 VVS RHE, and this was ascribed to 
the ability of Ru to form adsorbed OH at much lower potentials than Pt, which is in agreement 
with ellipsometry results[116]. Ru is the more oxophilic element in the alloy. At higher 
potendals however {0.7 V) more C02 is producedon Pt than on Pt-Ru. As discussed earlier, 
this is probably due to the oxygen surface coverage on the PtRu alloy becoming too high for 
easy CH30H adsorption. 
Exactly why the addition of Ru to Pt enhances the methanol oxidation activity is still not 
completely clear. As described above, there is some evidence ofthe existence of a ligand effect 
resulting in a weakening of the bond between Pt and the metbanolie adsorbate. On the other 
hand, there is now increasing evidence for an increased facility of water activati
on[ll7],[118],[119],[120],[121]. Prima facie evidence for the latter view is provided by Fra-

(I) 
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naszcuk et al.[122] who reported that the reaction rateis proportional to the amount ofRu 

present on the surface ( cf eq. 1 ), and by the fact that at higher potentials PtRu is actually less 

efficient than Pt itself; the effect of Ru is found to increase with a decrease in potential[ 118). 

However the absence of a poisoning term in eq(l) could well be due to the above mentioned 

ligand effect, thus suggesting that Ru plays a double role[113]. The work of Gasteiger et al. 

[117-120] on perfectly smooth alloys with well defined surface composition shows that the 

optimum in methanol oxidation activity in the presenee ofRu, can be found with a ca IOOA. Ru 

surface eoverage. This is further corroborated by a statistical analysis[ll7]. At lower 

potendals and higher temperatures the optimum amount ofRu increases[II8], the latter effect 

being due to the adsorption of methanol on Ru, an effect which is absent at room temperature. 

These results are in agreement with the earlier results by Petrii et al.[123],[124]. 

In spite of the inereasing evidenee for the bifunctional effect of Ru, still some effects are 

found, whieh eannot he explained on basis of this, sueh as the faeilitated adsorption of 

methanol on PtRu electrodes[l25]. It must furthermore he mentioned that there is no 

enhaneement in aetivity when Ru is present on a Pt(lll) surfaee[l21], which as discussed 

before, is free of poisoning adsorbates. 

As to the valenee state of the ruthenium, a combined Mössbauer/XPS study indicated that it is 

present as a Ru(IV) species in the fresh electrode, though not as the rutile Ru02(115]. Based, 

e.g., on the combined TPR/CV study ofMahmood et al.[126], one should expect Ru to he 

reduced to Ru(O) in the initial stages of the CH30H oxidation run (i.e. at low potentials). 

Satisfyingly, an XPS study by Goodenough et a1.[113] showed that upon use the B.E. ofthe 

Ru 3d512 peak decreased from 281.0 eV to 280.2 eV, whieh is close to the value expected for 

metallic Ru (279.9 eV). Thus, in the working electrode Ru is probably in its zero valent state. 

Carbon supported Platinum!Ruthenium catalysts. 
PtRu/C catalysts are more active for the methanol electrooxidation than Pt/C only or 

PtSn/C[l27]. As bas been discussed before, Pt/C seems to he quite optimal concerning the 

water activation. In view of this, it would seem to he at least strange that the effect of Ru is 

only through water activation. There should he an additional electrooie (ligand) effect. 

The preparation metbod is again of considerable influence on the catalyst performance. 

Buekley and Kennedy[l28] studied the composition ofthe catalyst and the valenee state ofPt 

and Ru as a fitnetion of the preparation method, sadly enough however, methanol oxidation 

actlvities were not reported. Their results show that a different preparation metbod results in a 

different partiele size and a different amount of Ru present on the surface. From the XPS[129] 

and 99Ru Mössbauer measurements[l15], it is deduced that Ru is present as an oxidised 

species, probably Ru(IV). This Ru(IV) species is however not the rutile Ru02, which was 
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shown to be inactive for the methanol oxidation[l30]. In addition to this, Goodenough et 

al.[131] found evidence fora Ru(III) species from ESR and EXAFS measurements. Oddly 

enough there are no signs of a Ru(O) species. 

The mechanism proposed by Harnnett et a1.[83),[132] supposes that the primary effect of Ru 
is coming from water activation, something which was confirmed in some other stu

dies[133],[134]. As we discussed before however, unsupported Pt/C catalysts seem to be 

fairly capable in activating water, it is thus strange that the effect of Ru is due to only water 

activation. Some work still needs to be done in this area. 
A final point of concern for the PtRu/C catalysts is their stability during methanol oxidation, 

on which point no consensus is found in the literature. Both stabie and unstable behavior bas 
been reported. lt is still not clear what is the cause ofthis varlation in behavior. It is possible 

that fast decrease in activity is due to the formation of Ru02, which is inactive for the 
methanol electrooxidation as bas been noted before. 

Other Bimetallic Systems 
Other metals have been suggested as a promotor too. Small increases of activity were found 

for Mo[135],[136],[137], Nb20s, Tiû.z (138], ZrQ [139] and platinum containing Ni-Nb al

loys[140]. Furthermore it bas been shown that Au[l41], Cu[54], Ag, As, Pb[36, 53], 

Bi[l42],[143] and Sb[l44] result in a decreasein the methanol oxidation activity. 

Supports other than carbon 
SPE supported platinum electrodes. 
The introduetion of Solid Polymer Electrolyte (SPE) membranes as electrolyte and support 

system bas led to extensive investigations on Pt-SPE electrades for methanol oxidati
on[l45],[146]. Although Pt supported by SPE shows less activity per real cm2 than pt-Pt, 

Aramata and Veersai[I47],[148} found that the activity of the SPE supported catalyst does 

not decrease. As with carbon supported Pt, the activity was found to increase substantially 

with the addition of Snor Ru[l49],[150] the highest activity being obtained with a PtRuSn 
alloy[ 151}. 

A reasonable explanation for the long-term stability is the stabilisation ofPt-oxides. From XPS 

spectra it appears that the ratio of Pt2+/Pt is greater on Pt-SPE than on platinised plati

num[l48]. It is suggested that the pe+ species is stabilized by the SPE matrix; this is the same 

effect as previously reported for Pt-Sn02. 

Tungsten Oxide Supported Pt Electrodes. 
Tungsten oxides have been examined as a supporting material for platinum based electrodes, 
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both as pure tungsten oxides and as rare-earth metal tungsten bronze (Ln,.W03). wq 
codeposited with Pt on carbon appears to act as an inhibitor for methanol oxidation[152], and 

Machida et al.[l53] found the pure rare earth tungsten bronzes do notshow any activity, Pt 

doped systems (PtDy0.1W03) however do. Tseung et al. [154],[155] reported an increase in 

the methanol oxidation activity for co-deposited Pt-W03 systems compared to pt-Pt. A 200 

mV cathodic shift was reported, the fonnation ofC02 already startingat +0.25 V vs RHE. 
The effect of the W03 was ascribed to an increased water activation. 1t has been furthennore 

suggested[l53) that the higher activity is due to the removal ofthe strongly adsorbed species 

(CO) by a WOlW03+ redox couple; however no clear relationship between the redox 

potential of this couple and the specific activity was found. 

W(VI, V) oxide films with low loadings of platinum were investigated by Kulesza and 

Faulkner[l56]. A substantial increase inthemethanol oxidation current was found when the 

scan was initiated at a potential sufficiently negative to form hydrogen tungsten bronzes. lt is 

likely that those bronzes reduce the adsorbates that accumulate on the electrode surface[ 156]. 

It is clear that hydrogen- as well as metal tungsten bronzes could be promising as a support for 

platinum in methanol electrooxidation. To improve the activity, more insight is required in the 

mechanism by which these systems work. 

Polyaniline and polypyrrole 
Considerable interest[157],[158],[159] has also arisen in polyanniline as a support for Pt. The 

first results show that with methanol oxidation the main product is HCHO. Furthennore 

addition of Ru[l60] and Sn[l61] result in a more efficient mádation and an increase in 

activity, where PtRu in polyaniline is the most active. A higher activity than Pt alone was also 

reported for Pt in polypyrrole[l62], the activity however being given for the geometrie surface 

area. 

Tongsten carbide. 
According to Levy and Boudart[163] the electrooie structure of WC is similar to that ofPt, 

which implies that WC could be a catalyst for methanol oxidation. The major problem is that 

WC does not easily adsorb methanol, whereas water is adsorbed very strongly[164], which is 

just the opposite behavior ofplatinum itself Some methanol oxidation activity[l65],[166] was 

however found, especially in the presence ofMo[167],[168]. 

It is clear that WC has an activity that is far too low for practical purposes. It might however 

be suitable as a support for platinum based catalysts. 

Conclusions 
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On pure, smooth Pt the activation of water is the most difficult step. The metbanolie adsorba
tes are usually divided into poisons and true reaction intermediates. Adsorbed CO is universal
ly regarded as a poison, blocicing the surface for further methanol adsorption. On the nature of 
the true intermediate(s) opinionis still divided, despite the advent of powerfut in-situ spectro
scopie methods: the most promising candidates are =COH and -CHO. 
On smal! Pt particles water activation is much easier than on low surface area Pt. In fact, the 
smaller the particles the easier they are oxidised. This could well explain the often, but not 
always!, observed volcano-shaped relationship between specitic methanol oxidation current 
and the partiele size. Whether there is any Pt/support interaction is difficult to deterrnine: no 
dedicated studies have been devoted to this subject, and only vague indications exist. 
Promotion of Pt with Sn bas often been claimed, but there is no consensus at all on the 
magnitude of the effect, some workers even reporting a negative one. Curiously, more 
unanimity exists as to the result of physical measurements. From XPS, e.g., it is deduced that 
the presence of Sn makes Pt more oxidisable. The valenee state of Sn..v on the other hand, is 
not known beyond reasanabie doubt. Optimum levels of Sn are always low, because it blocks 
the surface for methanol adsorption. 
The promoting effect of Ru is consistently reported to be large, and not restricted to low 
Ru:Pt surface ratios. The action of Ru is probably through increased water activation 
compared to Pt alone, and through a ligand effect resulting in a weaker Pt-methanolic residue 
bond. This latter point follows trom in-situ IR spectra and trom the fact that Pt/C catalysts 
with optima! size as far as water activation is concemed, can still be promoted by Ru. 
As to long-term stability: it is low for smooth Pt electrodes, and this is attributed to the 
accumulation ofadsorbed CO. The stability of smalt Pt particles supported on carbon is much 
higher. The deactivation that does occur is probably due to adsorbed oxygen accuroulating on 
the surface, although the formation of carbonaceous residues can not be completely excluded. 
The stability of PtSn and PtRu electrodes can be very high (relatively speaking) and seems to 
be ultimately limited by the formation of Sn02 and Ru02, which block the Pt surface. 
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CHAPTER3 

Experimental Methods. 

Introduetion. 
In this chapter the measurement techniques that have been used will he described First of all cyclic voltammetry is 

discussed, then the in-situ electroohemical techniques are discussed; Differential Electroohemical Mass Spectrosoopy, 
Electroohemical Quatiz Crystal Microbalance, and Ellipsomeby. 

Cyclic Voltammetry. 

Cyclic voltammetry is probably the most widely used technique for the electrochemical charac· 
tenzation of catalysts. 
The theoreticalas wellas experimental aspects have been extensively covered[see for example 
refs. 1,2,3]. A short description will be given bere, with attention to the application of this 
technique for the characterization of, and the study of the methanol electrooxidation on, Pt 
based catalysts. 

Potenticstat 

E 

--I 

Figure l Three electrode system for cyclic voltammetry (left) and the potential program for 
cyclic voltammetry (right).WE=Work electrode;CE=Counter Electrode;RE=Reference electro
de. 

A schematic representation of the electrochemical cell that is used for cyclic voltammetry is 
' 1 given in Figure I. A three electrode system is used, where the potential ofthe work electrode 

is changed, with respect to the fixed potential of the reference electrode, according to a 
potential program in Figure I. In the experiments described in this thesis, mostly a Hg/Hg2S04 

reference electrode has been used. This reference electrode, which is denoted as MSE, bas a 
potential ofE= + 0.68 V vs RHE (Reversible Hydrogen Electrode), which bas by convention a 
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potential ofE =0.0 V at room temperature and aH+=l. Throughout this thesis both electrodes 
wilt be used in the description of the experiments. 

Characterization of Pt (4,5,6]. 

";' 

I 
I 

l 
I 

0.02.----------------, 

0.00 0.20 0.40 0.80 0.80 1.00 1.20 

Potentlal (V Y1 AHE) 

Figure 2 Example of a cyclic voltammogram of a Pt electrode in 0.5 M H2S04. v=IO mV/s 

Cyclic voltammetry was for the first time used to study Pt in a acidic electrolyte by WiJl and 
Knorr[7]. The result of a cyclic voltammetric experiment on Pt in 0.5 M HzS04 is shown in 
Figure 2. Four regions can be distinguished. 

In region A. two reduction peaks are observed, which are due to the adsorption of hydrogen; 
the so-called strongly bonded hydrogen (H.) and the weakly bonded hydrogen Olw). U pon scan 
reversal at 0.03 V vs RHE, in region B two oxidation peaks are seen, due to the desorption of 
the adsorbed hydrogen, again in two steps. At a potential in between the H,. and H;.. peaks in 
the positive going sweep, a third peak is often found, which we have shown to be due to the 
desorption of adsorbed molecular hydrogen[8]. At the end of the hydrogen adsorption region 
(E=O. 03 V vs RHE), every Pt atom is covered by an adsorbed hydrogen atom. The charge 
used during the hydrogen adsorption or desorption thus gives the possibility of calculating the 
amount ofPt surface atoms and thus the real surface area ofthe Pt catalyst. Fora polycrystalli
ne Pt surface it is generally accepted that a charge of Q~2IOJ1C corresponds to 1 cm2 of 
Pt[9]. 
At higher potentials, in region C oxidation currents are found due to the oxidation of the Pt 
electrode surface, which takes place in two steps[IO,ll]: 

Pt + HzO ~ PtOH +H+ + e (1) 
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PtOH- PtO + H • + e (2) 

where the second step only happens at potentials above 0.88 V vs RHE. 
After scan reversal, in the cathadie scan a reduction peak: is found (region D), which is due to 
the reducdon ofthe Pt·oxide, which occurs in one step. The end potential in the cyclic voltam· 
metric experiment determines the amount of Pt-oxide that is formed; the higher the end
potendal the more oxide is formed. Extensive scanning into the oxide region wilt cause surface 
roughening[l2, 13,14]. 

Between the so-called "hydrogen" and "oxide" regions there is the double layer region in which 
no faradaic processes occur, here water- and anion-adsorpdon are the major processes. 

Methanol oxidation. 
In Figure 3 the result of a cyclic voltammogram is given for Pt in 0.5 M ~S04, in the presence 

Potenllal fY va RHE) 

Figure 3 Example of a cyclic voltammogram of a Pt electrode in the presence of methanol. 0.5 
MH2S04, 0.1 MCH30H, v=IO mV/s. 

of 0.1 M CH30H. It is first of all noted that the hydrogen adsorption/desorption region is 

suppressed considerably, due to the formation of adsorbed metbanolie residues which block 
I i the surface for hydragen adsorption. Forthermore in the anodic direction a current peak: is seen 

due to the oxidation of methanol, this potential of this peak: coincides with the potential of 
oxide formation (eq (2)) in the absence of CH30H. The oxides block the surface for further 
methanol adsorption and the current due to methanol oxidadon will diminish until the surfacé is 
totally blocked by oxides. In the reverse scan the methanol oxidation starts at the potendal 
where the Pt-oxide is reduced; there free Pt sites for methanol adsorption are created and 
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methanol is oxidized again, until the potential is too low for the formation of an oxygen 

delivering species which is necessary for the Olcidation of the methanol adsorbates. Although 

the peak in the cathodic scan bas often been considered to be due to a poisoning species, an 

experiment in which methanol is added at the most anodic potential, after which the potendal is 

scanned in cathodic direction, shows that the peak is due to freshly adsorbing CH30H[l5]. 

In the positive going sweep, the oxidation ofCH30H starts at ca. 0.48 V vs RHE. Considering 

the mechanism, discussed in chapter 2, a PtOH group is needed to oxidise the adsorbed 

metbanolie residue. At these potentials however, no current due to PtOH formation is visible in 

the absence of methanol. Two explanations are possible: 

(i)It is not PtOH that oxidises the methanol, but its precursor, an adsorbed water molecule 

Pt(H20)ad. This molecule then being adsorbed with the oxygen downwards. This idea was first 

suggested by Biegler[ll], but is still not very generally accepted. 

(ii)Methanol adsorbates induce the formation of PtOH, the methanol oxidation reaction now 

becoming semi-autocatalytic (whieh might lead to oscillations[l6]). The adsorbed residue 

needs a PtOH group to get oxidized and the PtOH group needs metbanolie residues to be 

formed. There is however some evidenee against this explanation, since no change in Pt-oxide 

formation is found in the presence of methanol (as will be discussed in Chapter 7 and 10). 

Consiclering this there is a slight preferenee for the first explanation. 

Cyclic voltammetry is a dynamie technique. One of the implications is that the activities ( or 

currents) that are measured for the methanol oxidation depend on the rate with which the 

potential is changed. Activities for the methanol oxidation are always measured by us in a 

semi-steady state experiment, i.e. a cyclic voltammogram measured with a low sweep rate 

between 1 and 5 mV/s. It was established that there is no change in activity with a change in 

scan rate, when the latter is below 5mV/s. 

DifTerential Electrochemical Mass Spectroscopy. 

Differential Electrochemical Mass Spectroscopy (DEMS) is based on the simultaneous measu

rement of volatile products and the current response of an electrode reaction as a function of 

the potential. This is achieved by attaehing a porous electrode system directly to the ionization 

chamber of a Mass Spectrometer. The technique was developed by Heitbaum and co-wor· 

kers[l7,18] as an improverneut ofthe proposal by Bruckenstein[19]. 

Here, first the electrochemical setup wil! be described, whereafter the calibration of the mass 

intensity measurements will be discussed. 
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Figure 4 Schematic overview ofDEMS. Inserts: {A) The inlet system; {B) The electrochemi
cal Cel!. Gas and electrolyte in- and outlet have been omitted for clarity. 
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Experimental setup. 

An schematic overview ofthe total setup, as it was built in our Iabaratory is given in Figure 4. 
The ionization chamber of a rnass-spectrometer (Leyboldt PGA 100) is connected to an inlet 
system via a smalt tube. The conneetion can be closed with a pneumatic valve. The amount of 
gas tlowing through the tube into the ionization chamber can be tuned with the valve between 
the inlet chamber and the fi.rst turbo-molecular pump. 
The inlet system of the setup is shown enlarged in Figure 4A It is placed on top of a pneuma
tic valve, which is necessary to be able to separate the "wet" part of the setup from the UHV 
part. It consists of a stainless steel part with a metal frit (which is necessary to withstand the 
atmospheric pressure) centeredon top. On this frit a Teflon membrane (Schleicher and Schuell 
0.02 Jlm) is placed, which is kept in place by two viton 0-rings. The working electrode (which 
consists of either a platinum or gold gauze) is placed on top of the mernbrane. 
The glass electrochemical cell, which is positioned on the inlet system with a PVC ring, is 
shown in Figure 4B. The volatile products formed duringa reaction at the electrode will now 
directly flow into the inlet chamber, while the electrolyte is kept in the cell due to the small 
pores of the membrane. In the bottorn of the cell is a circular opening of the size of the wor
king electrode. Electrical conneetion to the working electrode is made via a gold wire, which is 
shielded from the solution by a Teflon sleeve. Intheupper part ofthe cell are connections for 
electrolyte- and gas- inlet and outlet (not shown). Aside from the cell an electrolyte exchange 
system was built, in order to be able to exchange and keep three types of electrolyte under 
argon atmosphere. 

Mass intensity measurements. 

The mass-intensity(M) of a species is proportional to its partial pressure in the ionization 
chamber and thus also to its incoming flow: 

(3) 

where K0 inchides all the rnass-spectrometer constants, electron emission current, multiplier 
voltage, pumping speed, etc. and J is the incoming flow in moVs. 
The flow rate can be correlated to the total current at the electrode through: 

1 J=-·NA·I 
nF 

(4) 

with n=the number of electrans transferred to produce one product molecule, F=the Faraday 
constant, A=current efficiency, I is the current and N is a collection efficiency. The mass-
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intensity of a species can thus be found by combining equations 3 and 4: 

M=C·l_·A·l 
n 

Experimental methods 

(5) 

where C includes all the constants which are not specific for a given electrochemical process. 

(6) 

This constant has to be determined experimentally. In case of the methanol oxidation, the 
oxidation of adsorbed CO ( eq 6) is used to calibrate the system. This can be done since for this 
reaction it is known that A=l. Measuring I and M during CO oxidation then gives C. 
Although the strength of this technique is the direct determination of volatile reaction products, 
it of course suffers from a time delay (ts;2s), between the product being made at the electrode 
and it reaching the ionization chamber of the mass-spectrometer. Because of this delay time, 
the sweep rate in the cyclic voltammetric experiments has to be low, i.e. ~ 2 mV/s. 

Figure 5 The effect of applying a voltage across a quartz crystal. 

The Electroehem i cal Quartz Crystal Microbalance[20]. 

The Electrochemical Quartz Crystal Microbalance(EQCMB) is based on the inverse piezo
electric effect. 
The piezo-electric effect was discovered by Jacques and Pierre Curie in 1880(21]. When 
mechanica! stress is applied to the surface of for example quartz, an electric potendal is affor
ded across the crystal, which is proportional to the applied stress. The electric potential is the 
results ofshifting ofthe dipoles in the crystal. 
The inverse piezo-electric effect also exists. Applying a voltage across the crystal, affords a 
corresponding mechanica! strain, as depicted in Figure 5. Since the deformation in quartz is 
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dastic and the strain induced by a potential of opposite polarity, is equal in magnitude and 

opposite in direction, an alternating current will cause a vibrational motion in the crystal. 

The result of this vibrational motion is the establishment of a transverse acoustic wave across 

the crystal, reflecting back at the surfaces (Figure 6). This is essentially what the EQCMB 

technique is based on. 

The ftequency ofthe acoustic wave shown in Figure 6 is given by: 

(7) 

where vtr is the transverse velocity of soun<f, given by: 

(8) 

Pq is the density of quartz, qll is the shear modulus of quartz Wld t is the thickness of the. 

quartz crystal. 

Figure 6 Reflection of an acoustic wave at the 
electrodes on a quartz crystal. 

When there is a ftactional change in thic

kness of the crystal, At, there will be a 

ftactional change in frequency Af. Thus: 

(9) 

and: 

2 
-2nfoAm -Am 

Af= -
AJ(IlqPq) S 

(10) 

which is the well known Sauerbrey[22) 

equation, where n stands for the nth overtone. The change in electrode thickness At is now 

expressedas AmlpqA, where Am is the change in mass, A is the piezo-electrically active area, 

and S is the Sauerbrey constant. 

Equation (4) shows that a change in electrode mass is inverse proportional to the change in 

frequency. An increase in mass will thus result in a decrease in ftequency. 

Experimental setup. 
To suppress the appearance of a multitude of different frequencies during the measurement, 

quartz crystals with specific crystallographic orientations are used. For measurments at room 

temperature these are AT-cut quartz crystals. 
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Figure 7 Electrode of a EQCMB; the Ti layer 
is shown in black. 

Experimental methods 

On 5 MHzAT-cut quartz erystals a 5 nm Ti 
film was evaporated in a pattem as shown in 
Figure 7. The Ti film was used to improve 
the cohesion between the Pt (100 nm) and 
the quartz substrate. 
The quartz crystals used had a diameter of 
2.5 cm with an electrode of0.9 cm diameter 
centered on top. On the back side the Ti pad 
had a diameter of0.6 cm such that the edges 
of the electrode do not eontribute to the fre. 

quency measurements. The crystals were 
used at their third harmonie overtone (15 

MHz) so as to improve the mass sensitivity from ca 160 ng!Hzcm2 to 18 ng!Hzcfu (cf 
eq.(IO)). Since the resolution ofthe frequency measurement is ca 0.1 Hz, the minimum mass 
change detectable is ca 1.8 ng. A monolayer offor example Cu on 1 cm2 ofPt weighs 147 ng, 
it is thus possible to detect close to 1 percent of a monolayer of Cu deposition. 

Ellipsometry[23]. 

Ellipsometry is basedon the change ofpolarization state ofpolarized light upon reflection at a 
surface. It is a very sensitive technique for the study of metal surfaces covered with thin films. 
Wh en polarized light is reflected at a transparent surface, the parallel (p) component of the 
reflected light is more attenuated than the perpendicular (s) component, resulting in a change 
of polarization state of the light. This change depends on the angle of incidence (6) , the 
wavelength of the light, and the refractive index of the two media in question. In the case of a 
metal, instead of a transparent surface, also a phase shift (o) is introduced between the incident 
and the reflected light, which is different for the p- and s- light. The reflected light is thus in 
general elliptically polarized light. In ellipsometry both the change in polarization state and the 
ellipticity are measured. The parameters concerned are A=OP-ö• (phase shift) and tan'P (ampli
tude attenuation) which are given by: 

f 
tm'Pexp( -iA) = -!-

r, 
(11) 

where rP and r. are the Fresnel reileetion coefficients, which depend on the refractive indices of 
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the two media (n) and the angle of incidence (8)[24]. From the Fresnel coefficients, the 
refractive index of the metal can be calculated. 
Ellipsometry is mostly used to measure the thickness ( d) and the refractive index (n) of a thin 
film at a metal surface. Such a film changes the retlection behavior as is shown in Figure 8. 
The retlected light from a film covered surface differs both in tan'T' and A compared to the 
uncovered surface. The change in A and 1J1 is a direct measure for the thickness and the 

nsolution 

nmatal ~~~~~~ 

0 
Figure 8 Reflection at a metal surface, and at a metal surface covered with 
a film ofthickness d. 

refractive index of the film. For very thin films ( d < I 0 nm) both A and 1J1 change Iinearly with 
increasing film thickness. This even holds ifthe coverage with the film is tess than a monolayer. 
The system then behaves as a system with an effective thickness. 
Although the interpretation of ellipsometric results obtained for surface processes at metal 
electrodes at the submonolayer level is complex(24], changes in A and 'P can be used to obtain 
information on the change in oxide formation behavior[2S,26,27] and the presence of organic 
adsorbates[28] on smooth metal electrodes. The results obtained with ellipsometry will be 
discussed in chapters 8-10. 
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A DEMS Study on the Nature of the Adsorbate in the 

Electrooxidatiou of Methanol on Platinised Platinum. 

Abstract 
The adsorption and meidation of methanol and CO on platinised Platinum were studied with DEMS. The number of 
electrons that is necessary to oxidise the formed adsorbate to C02, and the number of electrons per site upon OJcidation 
were calculated. By oomparing the oxidation behaviour for CO and methanol adsorbates, a proposition could then be 
made conceming the adsorbate structure. The influence of electrolyte anion, electrolyte concentration and adsorption 
potential on the adsorbate have been studied. Bridge- or multi-bouded CO seems to be the major adsorbed species, 
both for CO and CHpH, although differences between the two rernain. These differences are discussed in termsof the 

adsorption geometry. Finally it was shown that activity for methanol oxidation increases with higher H,. .. .,.JH,...t ratio. 

lntroduction. 
Exactly how methanol is electrooxidised over Pt in acid electrolyte continues to be an 

important research topic, mainly in the context of the development of direct methanol fuel 

cells. 

Conceptually, two major steps can be distinguished in the oxidation process: 

An adsorption step, in which there is a partial dehydrogenation ofthe methanol molecule: 

CHpH- (CHpH)ads + (3-x-y)H· + (3-x-y)e (1) 

and an oxidation step, in which the adsorbate is oxidised by an activated water molecule: 

(CHPH)ads + (H20)"d,- C02 + (x+y+2)H• + (x+y+2)e (2) 

In spite of numerous investigations [1-25] on the nature of the adsorbed species, still no 

consensus has been reached on the values of x and y in the equations above. Many suggestions 

have been made. 

With coulometric techniques [14,26,27] it was found that the adsorption and oxidation charge 

of methanol are equal and that the adsorbate should thus be -COH or -CHO. Although t!Us 

conclusion was confirmed by studies involving Differential Electrochemical Mass Spectroscopy 

(DEMS)[1,2] and Electrochemical Thermal Desorption Mass Spectroscopy (ECTDMS)[l6-

' 17], it does not straightforwardly follow from in-situ IR measurements. IR experiments show 
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large amounts of linearly bonded C0[3] as adsorbate with smalt amounts of bridged bonded 

CO[S] and only sometimes ~CHO[l2] or ~COH[S]. ViDegas and Weaver[28] recently showed 

that the IR cross-section of bridge bonded CO is far smaller than that of linearly bonded CO, 

which may lead to an underestimation of the amount of bridge bonded CO species in IR 

experiments. It should also be stressed that, if detected at all, the amounts of -COH/~CHO 

always appear to be rather low, whereas the DEMS measurements suggest that ~COH is the 

only intermediate present. ECTDMS however shows that with an increase in surface coverage 

-COH is transferred into CO. This is in agreement with the results of Beden et al .. [9]; 

adsorbates other than CO only appear to be present at low methanol concentrations (i.e. at low 

surface coverages). As the adsorbate-surface bonding will vary with the type ofadsorbate, one 

would expect a ditTerenee in oxidation potentials. lt is therefore remarkable that no such strict 
correlation bas been found with the in-situ techniques between the different adsorbate species 

and the position ofthe adsorbate meidation peaks in cyclic voltammetry. 

The possibility remains, however, that the apparent Jack of consensus on the nature of the 

adsorbate is mainly due to the diversity of the experimental conditions, such as type of elec
trode, value of the adsorption potentials, and type and concentration of the background 

electrolyte. 

Taking into account this possibility, the oxidation of the methanol adsorbate on platinised 

Platinum was studied with DEMS as a function of adsorbate surface coverage, adsorption 
potential, electrolyte concentration and electrolyte anion. For comparative purposes, the 

oxidation ofthe CO adsorbate was included as well. Also the influence ofthe ratio ofweakly 

and strongly bonded hydrogen sites on the activity for methanol oxidation was studied. Al

though we are aware of the fact that the true intermediate of the methanol oxidation can only 

be established through in-situ detection of this species during continuous methanol oxidation, 

we have chosen to study the oxidation of the methanol adsorbate, as was also done in most of 

the papers cited [1-25]. At the end we wil! try to show what the implications ofthe results are 

for the intermediate during the continuous oxidation of methanol. 

Experimental 

Combined DEMS-Voltammetry measurements. 
The experimental set-up of DEMS is similar to the one described previously [29]. Our rnass

spectrometer system consisted of Leyboldt vacuum system coupled to a Leyboldt PGA 100 

mass spectrometer. The DEMS cell was mounted on a stainless steel inlet system which 

consistsof a metal frit with a Teflon membrane (Schleicher Schuell 0.02 J.lm pore size) on top. 

A platinised Pt gauze was placed on top of the membrane and was used as a working electro
de, electrical contact was made via a gold wire. In this cell a Hg!Hg2S04 reference and a Pt 

(sheet) counter electrode were used. The combined DEMS-voltammetry measurements were 

performed by a computer controlled Autolab (Eco Chemie) potentiostat, which is able to 
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record the mass-signal simultaneously with the current. All potentials are given vs RHE, taldng 
EMSE=+0.68 V. 

The DEMS measurements were carried out with a platinised electrode, prepared from a Jxto-2 

M H2PtC~ solution, at a deposition current of 10 rnNcm2 during 600 s, after which the 
electrode was thoroughly rinsed to remove possible chloride impurities. 
All chemieals used in the DEMS experiments were of p.a. quality (Merck), all electrolyte 
solutions were made with ultrapure (18.2 M.O, EcoStat) water. 

Mass-intensity measurements. 
The mass-intensity of C02 measured with the rnass-spectrometer during CO or methanol 
adsorbate oxidation is related to the current by [l]: 

(3) 

where M=Mass-intensity, K0 is a constant which includes all rnass-spectrometer settings and J 
is the flux of C02 through the membrane into the ionization chamber. The flux is proportional 
to the faradaic current I by: 

J = (llnF)·N-A·I (4) 

where n is the number of electroos necessary to produce one molecule of C02, F is the Fara
daic constant, N is the collection efficiency and A is the current efficiency. A combination of 
these two equations gives a relation between the faradaic current and the C02 mass intensity: 

M = C(lln)'A·I (5) 

where C is the constant which represents all factors which are not specific for the electroche
rnical process. The oxidation of CO to C02 was used as calibration for the mass spectrometer 
signal. Assurning that the current efficiency is 1, for this reaction the value ofn is known to be 
2. The ratio between the total charge (Q1) and the amount of cp (.Q ) produced upon 
oxidation of the adsorbate, then gives: 

51_ = nK* 
QM 

(6) 

By measuring this ratio for both CO and CH30H adsorbates, K*00 and KcH30H are obtainèd. 
From these data it is possible to delermine the number of electroos necessary to oxidise the 
methanol adsorbate to C02, by calculating: K .. =K*cHloHIK.co· 
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The number of electronsper Pt site (eps) released during adsorbate módation is calculated by: 

eps- Qox 
QHo-QHl 

(7) 

where (I) means in the presence of the adsorbate and (0) means without adsorbate. 
Forthermore the ratio between the adsorption and mcidation charge: Q.JOox was calculated 
for methanol. 
Calculated values for K .. , eps and Q.JOox are given in Table 1 for a number of possible 
methanol adsorbate species. 

Adsorbed Species K** eps Q.JQnY 

-C=O 1 2 2 

=C=O 1 1 2 

=C-O 1 0.67 2 

=COH 1.5 I l 

-CHO 1.5 3 I 

I -COOH 0.5 1 5 

Table I: Possible adsorbates, resulting from the methanol adsorption reaction and their 
theoretica! values for K••, eps, and Q.d"Oox· The value ofK .. is calculated on the basis ofthe 
fact that K·00=1. 

In particular the combination ofK** and eps is of interest: K"* gives information on the type of 
the intermediale and eps shows in which way the intermediale is bonded to the surface. The 
accuracy ofthe various measurements bas been estimated to be as follows: For the K** values, 
averages were taken over at least three measurements per surface coverage, and the deviation 
turns out to be ±10%. The same deviation was found for the Oad"Oox ratio, although at low 
surface coverages it was difficult to determine Qad, therefore at low coverages data for this 
ratio have been omitted. For the eps values, averages over three measurements gave a devia
tion of ±5%, but again at low coverages it was not possible to calculate these values accu
rately. All the deviations given here are the maximum deviations from the average. 

CO adsorption and oxidation. 
For each series of measurements CO was adsorbed at Ead• during a given adsorption time from 
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a CO saturated solution, after which the solution was exchanged under Argon flow by fresh 
electrolyte. Then CO ad was oxidized in a cyclic voltammetric scan starting either directly in the 
anodic direction or first in cathadie direction where the scan was reversed at 0.03 V in order to 
establish the surface coverage. By subtracting from the first scan, the second scan, in which 
adsorbate is no Jonger present, the CO oxidation charge could be obtained. Different surface 
coverages (6) were obtained by varying the adsorption time. 
The adsorption of CO was done from saturated CO solutions, in order to be able to obtain low 
as wel! as high CO coverages. Bubbling of CO gas did not give the possibility of obtaining low 
CO coverages. Furthermore the latter metbod may lead to non-homogeneaus coverage of the 
electrode with CO, which will distort the measurement ofK*. Values ofK* from CO adsorbate 
oxidation experiments were also checked by calculating K* from continuous CO oxidation 
experiments; both types of experiments were found to give the same value, thus confirming the 
validity of the CO adsorbate oxidation experiments. The disadvantage of adsorbing CO from 
saturated solutions tumed out be that CO coverages higher than 500/o could not be obtained. 

CH30H adsorption and oxidation. 
For methanol a similar procedure was foliowed as for CO; in each series CH30H was adsorbed 
at the same potential as CO from a CH30H containing salution with different concentrations of 
methanol. After the adsorption the cell was flusbed with electrolyte in order to remove all the 
methanol from the bulk. Then the oxidation of the methanol adsorbate was done in the same 
way as for the CO adsorbate. 

Methanol activity measurements. 
Platinised Pt electrades with different amounts of strongly and weakly bonded hydragen sites 
were prepared by electradeposition onto a Pt sheet of 7 cm2 area, using a solution with 
H2PtC16(Johnson and Matthey) in HCl and HCIP (Merck) and different deposition currents 
according to the metbod ofBakos and Horanyi[30]. 
F or the three electrades used here, the deposition solution consisted of 1 x 1 o·3 M ~PtC~ and 
Ixto·1 M HCI. Deposition currents used were 5.3 mA/èm, 1.0 mAlcm, and 0.4 lll&cm 
Deposition time was 1800 s. All chemieals used were of p.a. quality. The electrades were 
characterized by recording the cyclic voltammogram in 0.5 M H2S04 using a Wenking POS 73 
potenticscan and a Philips PM 8041 X-Y recorder. 
The electrochemical measurements were perforrned in a three campartment eelt, with a 
Hg!Hg2S04 reference electrode (+0.68 V vs RHE) and a Pt (sheet) counter electrode. All 
potentials, ho wever are given with respect to RHE. The real surface area of the pt-Pt electrode 
was measured by calculating the charge necessary to desorb the hydragen atoms, assuming that 
210 11C is needed for 1 real cm2 ofPt. 
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The methanol activity measurements with the platinised electrodes were carried out in a 0.1 M 
CH30H (Merck P.A.) in 0.5 M :HzS04 solution, with a linear sweep at a rate of2 mvs·1. 

Results and diseussion. 

Since the meidation of pre-adsorbed CO is used as a calibration system in our experiments, the 
results on CO oxidation will be discussed first. 

Oxidation of pre-adsorbed CO. 
The experiments with 0.5 M :HzS04 as electrolyte and adsorption potential Ead=0.38 V vs RHE 
wil! be taken as the standard system. The results in other electrolytes and with other adsorption 
potentials will be compared to this. 

05MH2~ 
In tigure I the oxidation of the CO adsorbate is shown at different surface coverages, which 
were achieved by varying the adsorption time. One major peak is seen, especially at higher 
coverages at ~=0.62 V, with a smalt shoulder at ca E =0.68 V. The change in the hydrogen 
region due to the presence of CO clearly shows that all hydrogen adsorption sites are blocked 
to the same extent. At low surface coverages of CO the smalt shoulder on the positive side of 
the hydrogen region (E=0.30 V) is blocked first; furthermore, at these coverages the oxidation 

&,------------------------------, 

0.20 0.40 0.60 0.60 1.00 1.20 

Potentlal (V vs RHE) 

Figure 1: CO adsorbate oxidation in 0.5 M H2S04. Ead=0.38 V. Different surface coverages: 
(a) 0%; (b) 3%; (c) 10%; (d) 27%; and (e) 33%. v=2 mV/s. 

peak: of the adsorbed CO is slightly asymmetrie. 
DBMS measurements yielded a K* value which did not change with changing surface cover-
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a co epSco 6cmoH epSCH30H Q • ./QOY K•• 

. 0.03 0.84 i 0.03 0.94 ? 1.00 

0.10 1.08 • 0.11 0.86 ? 0.89 

0.14 LIS . 0.18 1.04 1.82 0.96 

0.27 1.27 0.26 1.04 1.91 0.91 

0.33 1.32 i 0.37 0.95 1.83 0.96 

. 0.39 1.39 i 0.43 1.05 1.78 1.10 

I 0.44 1.31 0.49 1.17 1.86 1.04 

0.60 1.21 1.96 0.92 

0.72 1.25 2.15 0.91 

0.75 1.28 2.13 0.97 

Table 2. Results for CO and CH30H with Ead=0.38 V vs RHE in 0.5 M H2S04• The values 
for K .. have been calculated by K .. = K•cH3oHIK.co· 

age, indicating that CO is the only adsorbate. Neither did the values ofK•, nor the oxidation 

peak-shape and -position change, ifthe first scan direction after adsorption was anodic instead 

of cathodic, indicating that adsorbed CO is in the same state before and after surface coverage 

determination. The values for eps however, summarized in Table 2, do change from 0.84 at 

low coverages to 1.39 for the higher coverages, thus indicating that CO is initially present as a 

bridge-( COs) or multi-bonded(C(M) species and that only at higher coverages some linearly 

bonded CO (COJis formed. 

These findings agree with results obtained by others[31,32,33] with cyclic voltammetry. In 

contrast, with in-situ IR spectroscopy [e.g.5,34,35] mainly linearly bonded CO (COJ is found 

as the adsorbed species. Recently, however, as mentioned in the introduction. Villegas and 

Weaver[28]showed that this discrepancy may arise from the large ditTerenee in IR cross

secdon between bridge and linearly bonded CO, thus resulting in a strong underestimation of 

the amount of bridge-bonded CO. We can therefore conetude that at the highest coverage 

(9=0.44), about half of the total amount of CO is still bridge and/or multi bonded. With 

decreasing coverage a decrease in the amount of COL is seen. In the cyclic voltammogram, on 

the other hand, the oxidation peak is always found at the same position{ except at the Jo west 

9=0.03), implying that unexpectedly there is no ditTerenee in oxidation potential between the 

different types ofCOad. The shoulder in the oxidation peak at about 0.68 V, which is the small 
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meidation peak found at the lowest coverage, might account for the oxidation of multi-bonded 
CO, since at the very low coverages at which only this peak is observed, eps values are clearly 
below 1. COM is thus formed only in very small amounts and is the most difficult species to 
oxidise. 
In sum, at Ead= 0.38 V vs RHE, CO adsorbs as C~ and C~ at low surface coverages. With 
increasing surface coverage, COL is formed, resulting in approximately 50 % of the total 
amount of CO, being COL at a surface coverage of 9=0.44. When the surface coverage with 
the CO species is considered, of course oot 50 % of the total coverage is due to COL> since a 
COB species needs the double amount of Pt sites. This results thus in l/3 of the total CO 
coverage being due to COL in this case. 

0.20 0.40 0.80 0.80 1.00 1.20 

Potentlal (V vs RHE) 

Figure 2: CO adsorbate oxidation in 0.5 M H2S04 as a function of adsorption potential. 
Surface coverage 6=26%. Adsorption potential: (a) 0.38 V; (b) 0.43 V; (c) 0.28 V. v=2 mV/s. 

Chan!Pni the adsorption potential 
Figure 2 shows the oxidation ofthe CO adsorbate (9=0.26) after adsorption at 0.43, 0.38 and 
0.28 V. It can beseen that the changes in the oxidation peak are small. A distinct change in the 
eps value is observed however, ranging from 1.04 for Ead=0.28 V to 1.32 for ~ =0.43 V. A 
lower eps value at the lower Ead is found for all 9co <!0.10, as is apparent from Tables 2, 3 and 
4. No changes in K• were found. A lower adsorption potential thus results in the formation of 
relatively more bridged and multi- bonded species, at equal surface coverage. This was previ
ously reported[36] for CO on Pt(l 00) single crystals, and was ascribed to the diminishing influ
ence of the d1t-21t• back bonding at higher potentials, which results in destabilisation of the 
bridge bonded C0[37J. 
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6m epsm I A. epSrJ.J~nH Q../Qw K•• 

0.04 1.03 0.05 ? 2.00 0.94 

0.07 1.14 0.07 1.01 ? 1.04 

0.10 1.28 0.14 1.15 1.82 1.0 

0.15 1.26 0.17 1.10 1.95 1.0 

0.27 1.32 0.29 1.13 2.10 0.98 

0.31 1.26 0.39 1.05 2.01 0.98 

0.40 1.46 0.43 1.13 2.05 0.93 

• 0.51 1.46 i 0.63 1.34 2.20 0.91 

0.76 1.49 2.64 1.0 

0.79 1.43 2.35 0.96 

Table 3. Results for CO and CH30H with Ead=0.43 V vs RHE in 0.5 M H2S04. The values 
for K"* have been calculated by K .. = K*cH3ot/K*00. 

Supportins electrolyte 

! 

I 

In tigure 3 the effect of the supporting electrolyte on the oxidation of the CO adsorbate is 

shown. In 1 M HC104, the peak potential of CO is shifted to lower values compared with 0.5 

M H2S04, due to the well-known phenomenon[38] of sulphate anion adsorption. This is 

furthermore confirmed by the shift ofthe peak potentiat in 3 M H2S04 to higher potentials. It 

may also be seen that the same shift occurs for the Pt-oxide formation. Both the same[39] and 

the opposite[40] effect on the oxidation potential of the CO adsorbate have been reported, 

going from H2S04 to HC104. 

The eps values also change with a change in electrolyte (cf Tables 2, 5 and 6), the lowest 

values are found in HCI04; as discussed above the presence of adsorbed S04 
2- rnight result in a 

compression of the CO adsorbates resulting in more linearly bonded CO and a higher eps value 

in S042
" containing electrolytes. 

One rnight thus conclude that the electrolyte anion influences the water activation (which is 

evident from the shift in Pt-oxide formation), resulting in a change in oxidation potential ofthe 

CO adsorbate, and through compression of the adsorbate influences the way in which it is 

bonded to the surface. 
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4r-------------------------~ 

0.20 0.4C) o.oo o.oo 1.00 1.20 

Potentiel (V vs RHE) 

Figure 3: CO adsorbate oxidation in different supporting electrolytes. Adsorption potential Ead 
=0.38 V. 6=26%. Electrolytes: (a) 0.5 M HzS04; (b) 3 M HzS04; (c) 1 M HCI04• 

Om epsrn e..,,-11())::1 ePSru,nu Q.)QAY K•• 

0.05 1.29 0.02 0.88 ? 1.45 

0.07 1.03 0.03 ? I 1.50 1.37 

0.10 0.97 0.08 0.99 1.63 1.35 

0.16 1.00 0.13 0.97 ? 0.91 

0.25 1.04 0.28 0.91 1.73 1.10 

0.49 1.18 0.34 0.93 1.49 1.20 

0.52 1.22 0.43 1.12 1.60 0.88 

0.62 1.20 1.54 0.93 

0.67 1.15 1.58 0.98 

Table 4. Results for CO and CH30H with E.d=0.28 V vs RHE in 0.5 M H2S04• The values 
for K•• have been calculated by K•• = K* cH3oH/K* co· 
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Oxidation ofpre-adsorbed CH:PH 

The different methanol surface coverages were achieved by using different methanol concen
trations, methanol was adsorbed until the adsorption current decayed to zero. This gave the 
adsorption isotherms shown in tigure 4, for the different adsorption potendals at room temper
ature. The linear correlation found between e and log C, implies that methanol adsorption 
showsFrumkin behaviour, which is in agreement with the results found by others[41,42]. 
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Figure 4: Methanol adsorption isotherms, for three different adsorption potentials. (+) 0.43 V; 
(-") 0.38 V; (o) 0.28 V. 

6rn epsrn 6rH1nH ep~H1nH Q.JQ"y K" 

0.05 ? 0.04 0.95 1.70 1.02 

0.08 ? 0.15 ? 1.76 0.96 

0.16 0.85 ! 0.21 1.17 1.94 0.91 

0.20 0.92 0.27 0.93 1.94 1.00 

0.55 1.30 0.40 1.11 1.88 1.06 

0.53 1.27 1.70 0.96 

0.61 1.24 1.78 0.88 

0.68 1.22 2.04 0.91 

0.72 1.35 1.87 0.93 

Table 5. Results for CO and CH30H with Ead=0.38 V vs RHE in 1 M HCI04. The values for 
K" have been calculated by K .. = K' cH3oJK' co· 
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0 S M H2S04, Ead=O 38 Y. 
In tigure S the meidation of the methanol adsorbates is shown for different surface coverages. 
At very low (8=0.03) coverage a broad assymetric peak is found at E=0.63 V. As the cover
age increases (8=0.09) the peak gets broader, which is due to a second oxidation peak at 
E=O.SS V. The latter grows fluther with increasing coverage and gradually shifts to higher 
potentials, while the first peak (originally at 0.63 V) appears only as a shoulder at ca 0.68 V 
fore~O.l8. 

o.ao 0.40 o.eo o.ao 1.00 1.20 

POIA>ntl&l (V va RHE) 

Figure SA CH30H adsorbate oxidation in O.S M H2S04, after adsorption at E=0.38V. 
Different surface coverages: (a) 00/o; (b) 3%; (c) 9%; (d) 18%; (e) 27%; (t) 43%. 

0.20 0.-40 0.80 0.811 1.00 1.20 

Pot6nll .. (V vo RHE) 

Figure SB The same as for (A), surface coverages: (a) 00/o; (b) 3%; (c) 9%; (d) 43%; (e) 60%; 
(t) 76%. 
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The voltammogram also indicates some interesting features with respect to the blocicing of the 
hydrogen adsorption sites. First of all, as with CO, the shoulder in the hydrogen desorption 

area (at E=0.30 V) already disappears at very low surface coverages. Secondly, it can beseen 
that there is a preferential blocicing of the strong hydragen adsorption sites by the methanol 
adsorbate; at a coverage of&=o.4 all strong hydragen adsorption sites are blocked, whereas a 
considerable amount ofweakly bonded hydrogen is still present. Thirdly, the peak potential of 
the desorption of the remaining weakly bonded hydragen is shifted to more positive values in 
the presence of methanol, in sharp contrast with the results obtained with adsorbed CO. This 
shift in peak potential rnight point to an electronic effect of the metbanolie adsorbate on the 
state of the adsorbed hydrogen. A sirnilar effect, with the same explanation, of adsorbed 
methane on the state of co-adsorbed hydrogen has been reported recently in a UHV study[43]. 

0.20 0.40 o.eo o.eo 1.00 120 

-nllal ~ vo AHE) 

Figure 6: Comparison ofthe CO and CH30H adsorbate after adsorption at E=0.38 V in 0.5 M 
H2S04. Surface coverages: (a) 10% after CO adsorption; (b) 90/o after CH30H adsorption; (d) 
44% after CO adsorption; (d) 43% after CH30H adsorption. 

In tigure 6 the voltammograms for the meidation of the methanol adsorbate are compared with 
those for the meidation of the CO adsorbates at the same coverage. At low coverages the 
oxidation peak is much broader in the case of methanol than it is in the case of CO. At interme
diale coverages the peak potential for the methanol adsorbate is shitled to cathadie values with 
respect to the coad peak and it is only at the highest coverages that it approaches the value 

characteristic for CO ad (cffig. SB). This suggests that the metbanolie adsorbate is nota form of 
adsorbed CO over most of the coverage range. In order to check whether this is indeed so, the 
values ofK .. for different surface coverages were calculated. The results are collected in Table 
2. It can beseen that: 
-Th ere is no significant change in the K .. as a timetion of the adsorbate surface coverage and 
K .. is close to 1, i.e. K*cHJOH is essentially equal to K·co· 
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• The eps values for the methanol adsorbate oxidation increase from 1 to 1.3, going from low to 
high surface coverages, and are similar, though not identical, to those obtained in the CO case. 
-The Q.JQox values are in reasonable agreement with the K.. values, R =1 implying 
Q.JQox=2. 
It must therefore he concluded that the adsorbate formed upon methanol adsorption at E=0.38 
V is a CO species. Depending on the surface coverage this CO species is present in a mixture 
of multi- or bridge.bonded and linearly bonded CO, thus resulting in an eps value between 1 
and2. 
Thus the striking fact is that although, it follows from DEMS measurements that both metha
nol and CO yield CO as an adsorbed species, the oxidation behaviour of both adsorbates is 
different. First of all, the peak potential at ·low and intermediate adsorbate coverages, for the 
oxidation of the methanol adsorbate is shifted to more cathodic values compared with CO, 
implying that the former is more easily oxidised. Only at higher coverages the peak potentials 
for both adsorbates are the same. Secondly the methanol oxidation peak is broader and has 
more of the shoulder at E=0.63 V. Thirdly the methanol adsorbate mtidation peak potential 
shifts to more anodic val u es with increasing coverages( cf fig. 5), whereas no shift is observed 
for the CO adsorbate oxidation peak( cf fig. 1 ). 
The difference in adsorbed CO from methanol and adsorbed CO from CO was already noted 
by Kunimatsu[J], who observed with IR spectroscopy that the linearly bonded CO from meth· 
anol adsorption is at a lower wave number than linearly bonded CO from CO. 
For adsorbed CO on Pt, Chang and Weaver[44] observed that patches or islands of CO are 
formed. This might explain why there is no shift in the CO adsorbate oxidation potential with 
increasing adsorbate coverage. It was shown[44] that upon island formation there was only a 
small change, if any, in the wave number for the linearly bonded CO with changing coverage. 
Let us now assume that CH30H upon adsorption does not yield CO in island geometry, but 
CO homogeneously distributed across the surface. (This in agreement with the fact that 
methanol needs relatively large ensembles to adsorb.) The homogeneaus distribution across the 
surface might lead to a larger spreading in the adsorption strengtbs than in the island geometry, 
leading to a broader adsorbate oxidation peak. With increasing adsorbate coverage, the differ
ences between the homogeneaus and the island geometry will get smaller, which can explain 
why the potential for the methanol adsorbate oxidation beoomes equal to that of the CO 
adsorbate oxidation only at high coverages of the methanol adsorbate( cf fig. 1 and 5), where 
the differences between island and homogeneous geometry have vanished. 
The difference in the Olcidation potential might then be due to a kinetic effect. Because of the 
island geometry the interaction between a CO adsorbate and an activaled water molecule at a 
neighbouring Pt site will be more difficult in the CO case than in the methanol case, this teading 
toa slower oxidation ofthe adsorbate in the case of CO. In order to check this explanation, an 
experiment was done where a CO and a CH30H adsorbate were oxidised in a potential step; 
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After adsorption at E=0.33 V, the potential was stepped to E=0.68 V and the current decay 
with time was recorded. It was observed that it takes more time to oxidise the CO adsorbate 
than the methanol adsorbate, thus confirming that the oxidation of the CO adsorbate is 
kinetically slower. This is a further indication for the idea that the difference in CO and CH30H 
adsorbates ( although both are found to be CO) is due to the fact that the former is present in 
an island geometry, whereas the latter is not. In a second experiment, the potendal was 
stopped, at a potential just before the peak potential, both for CO and CH30H adsorbate. After 
100 sec, the cyclic voltamrnetric scan was continued. For CO adsorbate, almost no adsorbate 
was left after 100 sec, as was indicated by the absence of the oxidation peak in the rest of the 
cyclic voltamrnogram. This confirmed that the width of the CO peak is due to the kinetics of 
the adsorbate oxidation, and not to adsorbates with different adsorption strength. For the 
CH30H adsorbate, still a considerable amount of adsorbate (ca 50 %) was found after 100 sec; 
the rest of the oxidation peak still showed the same characteristics as the peak without the I 00 
s stop. This shows that in contrast to the CO case the width ofthe CH30H adsorbate oxidation 
is not due to slow kinetics but to thermodynamically different adsorption sites. 
Further indications that methanol in contrast to CO does not adsorb in an island geometry, 
comes from the suppression of the hydrogen adsorption. The methanol adsorbate mainly 
blocks the strongly bonded hydrogen sites; It is unlikely that one type of sites is located in one 
region of the surface, it is far more likely that the sites are distributed across the surface. 
Adsorbed CO suppresses all hydrogen adsorption to an equal extent; in an island of CO 
probably all sites are present, meaning that adsorption of CO in an island will suppress all 
hydrogen adsorption sites. Furthermore methanol adsorbates shift the weakly bonded hydrogen 
desorption to more positive potentials, whereas CO adsorbates do not. It is imagineable that an 
adsorbate in an island geometry has little contact with co-adsorbed hydrogen, thus resulting in 
a weaker interaction of CO adsorbates with co-adsorbed hydrogen. 
Although we are aware of the fact that this discussion is rather speculative, since we have no 
direct evidence for the homogeneous distribution of the methanol adsorbate, the explanation 
given above appears to be the only way to fully explain our results. 

Changing the adsorption potential 
In Table 3 and 4 respectively, the results for the adsorption potentials E=0.43 V and E=0.28 V 
are shown. From the results in the Tables it is clear, that there is no change in K**, and thus no 
difference in the type of adsorbate for adsorption potendals of 0.43 V and 0.38 V. The 
adsorbate formed at 0.28 V, however, gives K".>l at low coverages, implying that more than 2 
electroos are needed for the oxidation of one molecule. At higher coverages K••"' 1, but 
Qad"Qox is still ca. l.S. lt is not clear why there is a discrepancy between the K"" and,Jl .{Q 
The eps values remain close to 1 for adsorbate coverages up to 67%. We surrnise that at higher 
coverages no essential differences exist between the adsorbates formed at the various 
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adsorption potentials. But the results at Ead=0.28 V apparently imply that, at the lower 

coverages up to ca. 30 %, next to CO (mostly bridge- or multi-bonded) one or more additional 

adsorbate species exist which require more than 2 electrans to be oxidised to C02. Since there 

is a mixture of adsorbates on the surface, it is not possible to draw conclusions on the 

composition of the additional adsorbate(s), but the most probable candidate seems to be 

COH(cfTable 1). CHO as an additional adsorbate may be discarded since that would result in 

eps values clearly higher than eps= I. 
Figure 7 gives the cyclic voltammetric curves for an intermediate adsorbate coverage, upon 

methanol adsorption at the three different potentials. It can be seen that the oxidation peak for 

the adsorbate formed at E=0.28 V is shifted to more positive potentials and the shoulder at the 

positive side of the peak, is more pronounced. One might thus conetude that the adsorbates 

formed at this potential are more difficult to oxidise, although the differences in potential are 

rather smal!. The change in peak shape and position are essentially the sarne for the CO and the 

methanol adsorbate (cffig. 2 and 7). No ditTerences between the different adsorption potentials 

were found for the blocking ofthe hydrogen adsorption sites by the methanol adsorbate. 

4.-------------------------~ 
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Figure 7:CH30H adsorbate oxidation in 0.5 M ~804 as a function ofthe adsorption potenti
al. (a) E=0.38 V; (b) E=0.43 V; (c) E=0.28 V. 6=26%. 

Supportjog electrolyte. 

In tigure 8 the effect of the supporting electrolyte on the oxidation of the methanol adsorbate is 

presented. The pertinent data are summarized in Tables 2, 5 and 6. Both K .. and eps values do 

not show significant differences. Hence it can be concluded that there is no difference in the 

type of adsorbate between the different electrolytes. The implication of this is then., that as in 

the case of CO, the electrolyte anion and concentration can only influence the water activation 

mechanism or the adsorbate binding strength, since, as is shown in tigure 8, there is a 

considerable difference in oxidation peak potential. This is in agreement with results reported 
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previously by Castro-Luna et al.[39]. 

0.20 0.40 0.80 0.80 1.00 1.20 

Potendal (V v. lUIE) 

Figure 8 CH30H adsorbate oxidation after adsorption at E=0.38 V in different supporting 
electrolytes: (a) 0.5 MHzS04; (b) 3 MH2S04; (c) 1 MHC104 

I em epsm 11 A I "'"~ 0_10. ~ 
0.01 1.22 0.01 ? ? 1.05 

0.03 0.81 0.03 1.09 ? 0.98 

0.06 1.12 0.06 1.25 ? 1.00 

0.10 1.24 0.13 1.19 1.70 0.98 

0.36 1.28 0.15 1.02 1.83 0.86 

0.25 1.09 1.85 0.92 

0.28 1.10 1.89 0.95 

0.40 1.14 1.69 1 

0.60 1.16 2.00 0.98 

0.67 1.24 1.91 1.05 

Table 6. Results for CO and CH30H with Ead=0.38 V vs RHE in 3 M HzS04• The values for 
K** have been calculated by K** = K* cH3oHIK* co· 
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Activity measurements. 
Since it was observed that methanol preferentially adsorbs on the strongly bonded hydrogen 

sites, we wanted to reveal the effect of the percentage of strongly bonded hydrogen sites on 

the activity for the methanol oxidation. The activity of the electrodes was measured as a 

function ofthe H.fHw ratio. Results are given in figure 9. It is clear that the activity increases 

1.15r-------

0.00 $ 
o.IIO 0.00 0.00 0.05 0.1'0 Ut 

Pot•ntl .. IV va RHEI 

Figure 9 Activity for the methanol electrooxidation of electrodes with a different ratio of 
strongly bonded (:11.) and weakly bonded (H..) hydrogen sites. 0.5 M H2SOJO.l M CH30H.(+) 
H.fHw=l; (A) H.fHw=l.lO; (0) H.fHw=l.l9. 

with an increase in the H.fHw ratio. Increasing the number of preferendal adsorption sites thus 

yields an increase in methanol oxidation activity, because the adsorbates formed at these 

adsorption sites are more easy to oxidise, as can be seen from the cyclic voltammetric curves in 

figure 5. 

General Disc:ussion. 
T o facilitate the discussion, we will first present the picture of the formation of methanol 

adsorbates on platinised platinum that we have deduced from our results described above, and 

then discuss how our data support this picture. 

Upon adsorption on platinised Pt at low potentials (E=0.28 V vs RHE), CH30H first loses its 

three methylic protons under formation of a -COH species. Depending on the adsorption 

potential and the concentration of methanol in the electrolyte, the following may then happen: 

(1) At low potential and coverage -COH will only be partly converted to COad. (2) At higher 

surface coverage and constant potential, the adsorbate will also loose its alcoholic proton, 

partly due to compression effects, and form a CO species. At first this CO species will be 
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present as multi- and bridge-bonded CO. A nuther increase in surface coverage however will 
result in a further compression of adsorbates resulting in the formation of Iinearly bonded CO 

in addition to the multi- and bridge bonded CO. (3) At higher potentials and equal surface 

coverage the adsorbate will also loose its alcoholic proton, under formation of a CO species. 

Whether this CO species is now multi·, bridge- or linear-bonded, depends on the surface 

coverage, the fraction COL increases with e. 
The surface coverage itself is influenced by the concentradon of methanol in the electrolyte and 

the adsorption potential. Increase in methanol concentration and increase in adsorption 

potential (up to a maximum) both lead to higher surface coverages. 

The role of the electrolyte anion is not decisive in the formation of the type of adsorbate, but 

merely influences the water activation ability of the platinised Platinum. The same holds for the 

concentration of the electrolyte anion, this however in addition causes a compression of the 

adsorbate, and thus increases the amount oflinearly bonded CO, as is apparent from the lower 

eps values in HCI04 compared to H2S04• 

Let us now see what evidence we have for the picture presented above. 

At E=0.28 V and low surface coverages, the values for K .. show that the adsorbate consists of 

a mixture of -CO and -COH. Furthermore the eps values show that multi- and/or bridge 

bonded CO are present and not linearly bonded CO, since the latter would result in eps values 
> 1. Increasing the coverage at this potential, by increasing the methanol concentration, results 

in a decrease in K .. , whereas there is no change in eps, showing that the -COH looses its 

proton, to form -CO, all of which is multi- and or bridge bonded, Iinearly bonded CO only 

being formed above 9=0.43. Increasing the potendal to E=0.38 V and going back to low 

surface coverages, we see that from the values for K••, there is no indication for an adsorbate 

other than CO. It is thus not only the surface coverage that determines whether COH looses its 

proton but also the potential, E=0.38 V being high enough to break the CO-H bond. Higher 

surface coverages at this potendals again result in an increase in eps, showing that above 

9=0.45, linearly bonded CO is formed in addition to multi- and bridge-bonded CO. Increasing 

the potential even further to E=0.43 V, does not further influence the type of adsorbate, again 
bere it can be seen that above 9=0.43, considerable amounts of linearly bonded CO are 

formed. 

These results all support the picture we presented and show that the surface coverage (in 
forcing the formation oflinearly bonded CO) and the adsorption potendal (in breaking the CO

H bond) are the critica! parameters that determine the type of adsorbate. 

The nature of the electrolyte anion does not influence the type of adsorbate, as can be seen 

from Tables 2 and 5. The fact that the adsorbate is oxidised more easily in HCIO.., must then 

be due to either an increased water activation ability, or a decrease in Pt-CO bond strength. 

Since it can be seen from tigure 8, that oxide formation in HCI04 also starts at lower 
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potentials, it is reasanabie to assume that the more easy water activation causes the shift in 
adsorbate meidation potential. Essentially the same view holds for the concentration of the 
sulphate anion, which by blocking the surface binders water activation, thus giving an increase 
in Pt and adsorbate meidation potential. 
It can therefore be concluded that the picture presented, is supported by the results: formation 
of -COH at low coverages and low potentials and formation of ..CO at higher coverages and 
higher potentials, where linearly bonded CO only appears above 9=0.45. 
However, a comparison of the methanol adsorbate with the adsorbate resulting after CO 
adsorption, shows that, although both are considered to form CO as an adsorbate, some 
differences still remain. First of all there is a smalt ditterenee in the meidation potential of both 
adsorbates, which shows that the metbanolie CO is more easily oxidised. The difference 
between the two adsorbates may arise from the ditTerenee in adsorption geometry, where the 
meidation of the CO adsorbate is kinetically slower than that of the methanol adsorbate, as was 
discussed above. CO is known to adsorb in island geometry, the differences between the 
methanol and CO adsorbate can now be explained, assuming that the methanol adsorbate is 
distributed homogeneously across the surface(vide supra). The fact that CH30H upon 
adsorption gives less linearly bonded CO than CO is probably also connected to the differenee 
in island and homogeneaus geometry. 
The second major ditterenee is the ditterenee in the blocking of the hydrogen adsorption sites. 
The fact that CH30H adsorbs preferentially on the sites responsible for the strongly bonded 
hydrogen, and the shift in the desorption potential of the weakly bonded hydrogen in the 
presence of the methanol adsorbate may both be connected with the ditterenee in adsorption 
geometry, as was discussed above. 
The implication of all this, for the intermediate is then, that upon continuous oxidation of 
methanol at E>0.28 V the intermediate will probably be CO, which will be largely in the 
linearly adsorbed format potentials E>0.38 V. It should however still be checked by doing in
situ experiments, that is try to identity the adsorbate during bulk methanol oxidation 
experiments. 

Conclusions. 
Methanol adsorbs on Pt preferentially on strongly bonded hydrogen sites, resulting in the 
formation of a -COH species at low adsorption potential and low surface coverage. At higher 
adsorption potentials and higher surface coverages, CO species are formed. At coverages 
above ca. 45% multi- or bridge- bonded CO progressively changes into linearly bonded CO 
due to compression ettects. 
The metbanolie CO ditters in oxidation behaviour from the CO formed after CO adsorption, in 
that it is more easily oxidised and it shifts the desorption potential of adsorbed hydrogen to 
higher values, this ditterenee is explained with the difference in adsorption geometry; CO forms 
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adsorbed CO in islands, whereas the CO adsorbate from methanol does not. 
The different adsorbates formed after methanol adsorption cannot be distinguished solely on 
the basis of their meidation potentials. The results presented bere show that the ditTerenee in 
measurement conditions can perfectly well account for the different results that have been 
presented in the literature; both adsorption potendal and the nature and concentration of the 
anion being of influence on the type of adsorbate that is formed. 
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CHAPTERS 

On the partiele size effect of carbon supported Pt catalysts for the 

electrooxidation of methanol. 

Abstract 
In this paper the effect of partiele size of carbon-supported Pt catalysts on the electrooxidation of methanol is 

present ed. Different methods were used to prepare Pt/C catalysts with partiele sizes ranging between 1.2 and I 0 run. 

Also the possible interaction of Pt with carbon surface groups was investigated by preparing catalysts on oxidized and 
non-oxidized carbon supports. The specitic activity is found to deercase with decreasing partiele size in the range 4.5 
to 1.2 nm. Carbon supported Pt particles appear to be more active than non-supported ones and the presence of an 
acidic group on the support slightly enhances this effect. The dependenee of the activity on the partiele size can be 

explained either in terms of its effect on the formation of an adsorbed hydroxy species or its effect on the number of 
methanol adsorption sites. 

Introduction. 
The electrooxidation of methanol is a matter of intensive research in the context of the 
development of the direct methanol fuel cell. Though the reaction proceeds faster in alkaline 
than in acidic media, an acid electrolyte is generally preferred for practical application since 
carbonate residues are not formed in this electrolyte. The choice ofthe electrocatalyst material 
is then however confined to Pt, which has a rather low activity for the methanol electrooxi
dation: 

CH;OH + HfJ -C02 + 6Jr + 6e EfJ 0.05 V {1) 

It is generally accepted [1][2] that the crudal and rate limiting step in this reaction is the 
oxidation of a methanol adsorbate by an adsorbed hydroxy species or activated water group. 
When it is assumed that -COH is the methanol adsorbate, the rate determining step is: 

Pt-COH + Pt-OH- 2 Pt + C02 + 2 H+ + 2e (2) 
The problem is generally recognized to be the Jack of a suitable Pt surface-oxide species in the 
potential region 0-0.6 V[3], where methanol is adsorbed. The Pt-oxide that is formed at and 
above +0.75 V blocks the surface and impedes the methanol oxidation. The electrooxidation 
of methanol begins at 0.45 V; therefore adsorbed hydroxy species or activated water-groups 
must be the reaction partner. The rate of reaction (2) depends on coverage with 6coH and 60 H. 
Since 6coH + 60 H :s; I it implies that a high 6 of either one will decrease the amount ofPt-sites 
that are available for the formation of respectively an adsorbed methanol or hydroxy species, 
and the reaction rate wiJl consequently be low. Hence it is obvious that the efficiency ofthe Pt 
catalyst would be improved if a well balanced co-adsorption of methanol and water could be 
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realized at low potential. 
The Pt electrocatalyst in fuel cells usually consists of Pt particles on a carbon support. The 
surface area of this electrocatalyst increases with smaller partiel es; ho wever it is known that by 
decreasing the partiele size, the catalytic behaviour of the material can be altered [4],[5]. 
Watanabe et al[4] argued that the inter-partiele distance can affect the catalytic behaviour as 
well. In a later paper, however, Giordano et al.[6] could not find conclusive evidence for such 
aneffect. 
Intheir investigation ofthe oxygen interaction with Pt particles sputtered on Teflon, Parmigni
ani et al.[?] found with XPS measurements that Pt is more easily oxidized when the partiele 
size is decreased. This is confirmed by the electrochemical measurement ofPt-oxide reduction 
by Takasu[8], who observed a potential shift in the cathodic direction with a decrease in Pt 
partiele size. This could imply that also the oxidation occurs at lower potentials for smaller Pt 
partieles. For electrocatalytic reactions such as the 0 2 reduction, several workers observed a 
decrease in specific activity with smaller particles in the range from 12 to I nm [9), which 
again could be related to the increased difficulty ofreducing Pt-0 species. Peuckert et al.[lO) 
investigated the oxygen reduction on highly dispersed platinum on carbon and concluded that 
there is a maximum in the activity expressed per unit weight of platinum for partiele sizes 
between 3 and 5 nm. The results of Giordano [6] however reveal no clear evidence for such a 
maximum, but there is a sharp increase with smaller particles (<5nm). 
So if in fact the onset of Pt oxidation is enhanced at smaller partiel es, one should expect Pt
OH species to be present on the catalyst surface at lower potentials. For the range of partiele 
sizes where 60 H does not become too high, one should therefore expect a positive effect on 
the activity of methanol oxidation. Such an effect has indeed been reported: Attwood et 
al.[ll], employing Pt/C catalysts prepared in a variety ofways, found an optimum in the speei
tic activity at a specific surface area of 140 m2/g, corresponding to a Pt partiele size of about 
3nm. However, different preparation methods and different carbon supports were used, so the 
metal-support interaction could have beenchangedas wel!. Indeed in a recent paper[12] it is 
pointed out that carbon surface groups influence the electronic nature of the supported plati
num. Enyo et al.[13] observed for small Pt clusters (P~ and P\s ), deposited on carbon, that 
the activity decreases forthesmaller Pt clusters (these Pt aggregates, derived from platinum
carbonyl cluster anions below I nm in size, stillexhibita higher activity than smooth Pt). Wat
anabe et al.[l4) prepared Pt catalysts with different partiele sizes on several carbon supports, 
using one and the same prepara ti on method. The surface area of these catalysts range from 70 
m2/g to 201 rrt/g, thus covering approximately the sarne range as those of Attwood et al.[l J]. 

Surprisingly enough however, they did not find a partiele size effect, the specific activity for 
the methanol oxidation appeared to be the same for all Pt partiele sizes. They also concluded 
that there was no intercrystallite distance effect. On the contrary Yahikozawa et al.[15] who 
prepared catalysts by Chemica! Vapor Deposition found a decrease in activity with smaller 
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particles (1.5 to 2.3 run). 
Consirlering all these results, it is not yet clear to what extent the performance of carbon sup
ported Pt for the methanol meidation is influenced by the partiele size and by the nature of 
carbon surface groups. In this paper results wilt be presented for the methanol oxidation at 
Pt/C catalysts with different partiele sizes. The catalysts were obtained not only by different 
preparatien methods, but also by a variatien of a single preparadon method. Furthermore to 
investigate a possible carbon support interaction colloïdal Pt was deposited on carbon as well 
as on oxidized carbon. 

Experimental. 
Catalyst preparation. 
Carbon black (Vulcan XC-72/Cabot International) with a specific surface BET area of 340 
m2/gr was used as support for all catalysts. 
The following carbon-supported Pt catalysts were prepared by ion-exchange, impregnation or 
colloïdal precipitation; the Pt toading was 3.5- 5.5 wt%. Furthermore some ofthe catalysts 
were modified by potential cycling, details are given in the text. 
1) Ion-exchanged catalyst: Carbon was oxidized with HN03 and then ion-exchanged [16] with 
Pt(NH3MOH)2 (Johnson and Matthey). The ion-exchanged catalyst was reduced in I:\ at 200 
oe for 2 hours. 

2) lmPNinated catalyst: Carbon was impregnated with H2PtCI6 (Drijfhout) in water by 
refluxing for two hours, and then reduced with formaldehyde. After one more hour of reflux, 
the catalyst was filtered, extensively wasbed in order to remove chloride ions and dried at 125 
oe. 
3) Collol'dal catalyst: two preparatien methods were employed: 
3a) Colloïdal Pt was prepared by the metbod ofTurkevich et al. [17], in which an aqueous 
H2PtCI6 solution is reduced with sodium-citrate under reflux until a black Pt-sol is formed. 
This sol is then added to the carbon suspended in water. After filtration, extensive washing 
with hot water and drying at 125 oe, the Pt/C catalyst is obtained. The carbon was used either 
as received or in the oxidized form. 
3b) Colloïdal Pt on a carbon support (carbon as received or oxidized) was prepared for us by 
Prof Bönnemann [18]. PtCI2 is suspended in THF and reduced with (N(octyi)4BE~H). where 
the ammonium salt functions as a stabilizer for the colloïdal metal partîcles. 
4) Impregnated-sintered catalyst: Sintered Pt/C was prepared by impregnating carbon with an 
aqueous H2PtC~ solution, foliowed by filtration, washing and drying at 125 °C. The catalyst 
was thereafter reduced by H2 at 700 °C for 2 hours. 
5) Aieini of catalyst: potential cycling can modify the partiele size of Pt/C [19]; therefore 
repeated potential cycling was applied as well on Pt/C catalysts. 
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Electrode preparation. 
Pt/C electrades were prepared by pressing a mixture ofthe catalyst and a Teflon (Fiuon GPl; 
DPI) suspension on a Pt or Au gauze. The electrode wasdriedat 125 oe and then sintered in 
Ar atmosphere at 325 oe during two hours. The total amount of catalyst used always was 
ca.IO mg on a gauze of ca 2 cnr geometrie area. The final Teflon content is 20% (by weight). 

Catalyst characterization. 
The Pt partiele size of the catalysts was determined with Transmission Electron Microscopy 
on a Jeol (JEM 2000FX) microscope. 
The Pt/C electrodes were characterized by cyclic voltammetry using a computer controlled 
Autolab (Eco Chemie) potentiostat. Cyclic voltammetric scans were obtained in 0.5 M H2S04 

between -0.65 V and +0.6 V versus a Hg/Hg2S04 electrode (+0.68 V vs RHE), against which 
all potentials are given. Platinum specific surface areas were determined from the hydragen 
desorption area in the anodic voltammogram, assuming that 1 cm2 of smooth Pt required 210 
~c [20]. 

Methanol oxidation. 
The activity for methanol oxidation was measured in 0.1 M CH30H + 0.5 M JI s.p by 
applying a sweep at a scan rate of5 mvs-1

, startingat open circuit potential. It was established 
that the results did not change significantly at lower scanrates. The activities per real surface 
area were obtained from the forward scan of the second sweep. All activity measurements 
were at least done in duplo with a freshly prepared electrode for each new measurement. The 
activities are given in mNcm2

, where 0.1 mNcnt corresponds to a turn-over frequency off 
TOF=0.07 s·1. 

Catalyst/Sl.lpport PtLoading Partiele size (nm) 

Ion-exchanged/ox. C 3.5% 1.2± 0.4 

Impregnated/C 4.4% 1.7± 0.5 

Colloïdal Turkevich/C 5.5% 2.5± 0.9 

Colloïdal Bönnemann/C 3.7% 2.1± 1 

Sintered impregnated/C 4.0% 7.8±2.5 

Table 1: Mean partiele size as measured by TEM. 
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Figure 1 Histograms obtained from TEMphoto's for the Pt/C catalysts. (a) Ion-exchanged; 
(b) Impregnated; (c) Colloidal Turkevich; (d) Col1oidal Bönnemann; (e) Sintered 
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Figure 2 Cyclic voltammograms ofcatalysts in tigure I in 0.5 M H2S04. Scan rate 10 mV/s. 
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Results 

TEM characterization. 
Figure I shows the histograms of the partiele size distribution for all catalysts. The mean 
partiele sizes are summarized in table 1; they range from 1.2 to ca 10 nm. 
The smallest Pt particles were obtained by the ion-exchange metbod on an oxidized carbon 
support. The Pt loading for the catalysts is also given in this table. 

Electrochemical characterization. 
The cyclic voltammograms of the catalysts in 0.5 M H2S04 are given in tigure 2. The 
voltammogram of the Turk:evich catalyst and the sintered Pt/C catalyst show the well known 
hydrogen adsorption/desorption characteristics for Pt; two cathodic adsorption peaks and 
three anodic desorption peaks, usually assigned to respectively weakly-, intermediate- and 
strongly bonded hydrogen. The result that there are only two adsorption peaks while there are 
three desorption peaks is also found for polycrystalline Pt[21]. The shape of the hydrogen area 
for the colloïdal catalysts is comparable, except that the ratio of weakly/strongly bonded 
adsorbed hydrogen is somewhat higher for the "Bönnemann" catalyst than for the "Turkevich" 
catalyst. For the ion-exchanged and impregnated catalysts (fig.2a and b), it appears that the 
strongly bonded hydrogen peak is totally absent, only two desorption peaks and one adsorpti
on peak are seen. 
Comparing the oxide reduction peaks for the catalysts clearly shows that the peak potential 
shifts to highervalues going from ion-exchanged catalysts (fig.2a) to impregnated (fig.2b) to 
colloïdal (fig.2c). In figure 3 the peak potential for the oxide reduction is plottedas a function 
of the (mean) partiele size of the catalysts; this shows that the peak potential increases with 
increasing partiele size in the range upto ca 4.5 nm, to the value ofsmooth- and platinised- Pt. 

In voltammogram 2d ("Bönnemann" catalyst) two oxide reduction peaks seem to be present, 
which could point to a mixture of smaller and larger particles. 

11 Catalyst/Support Partiele size (nm) 

Impregnated/C 2.9± 1.4 

Colloïdal Turkevich/C 4.3± 1.9 

Colloïdal Bönnemann/C 3.9± 1.4 

Table ll Mean partiele size after repeated scanning, as measured by TEM. 
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The effect of repeated potential cycling is shown in figure 4 for an impregnated catalyst. Both 
the oxide peakpotential and the onset of oxidation are shifted to higher potentials with 
increasing number of potential cycles. TEM photo's taken after 60 cycles show an increase in 
partiele size; this is shown in Table 2. 
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Figure 3 Peak: potential for the oxide reduction for the different catalysts in relation to their 
partiele size. 
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Figure 4 Effect of repeated cycling in 0.5 M H2S04 on the impregnated catalyst. The oxide 
reduction peak is seen to shift to higher potentials, with an increasing number of scans. Last 
scan is the 62th. Arrow indicates increase in number of scans. 
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Figure 5 Cyclic voltammograms of catalysts in figure 1 in 0.5 M H2SOJO.l M CH30H. 
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Oxidation of methanol. 
In tigure 5 the cyclic voltammograms (second scan) of all catalysts in 0.1 M CH30H/0.5 M 

H2S04 are presented. The catalysts show different specific activities forthemethanol oxidati

on. The position of the peak potentials changes: there is a smalt difference in the forward scan 

between the different catalysts, but in the backward scan a larger shift is noted; this is of 

course related to the position of the oxide reduction potential. In table 3 the specific activities 

of all catalysts forthemethanol oxidation at a potential of -0.05 V vs MSE are summarized. 

These data were taken from the forward scan ofthe cyclic voltarnmetric curves in tigure 5. 

Figure 6 shows the effect ofrepeated potenrial cycling ofthe catalyst in 0.5 M H2S04 on the 

methanol oxidation. In all cases this led to an increase in specific activity; in table 3 the 

activities at -0.05 V vs MSE are given. 

I Catalyst/Support Activity (mA/cm2) Activity after partiele 
size growth (mA/cm2) 

Ion-exchanged/ox. C 0.032 0.071 

Impregnated/C 0.055 0.071 

Collordal Turkevich/C 0.080 0.110 

Collordal Bönnemann/C 0.060 0.086 

Colloïdal Turkevich/ox.C 0.085 -
Collordal Bönnemannlox.C I 0.073 -

Table m Specific activity for methanol oxidation at -0.05 V vs MSE in 0.5 M H2S04 
and 0.1 M CH30H at 23 °C. 

Carbon support effect. 
The possible synergetic effect of the carbon support was studied by oomparing the activity of 

the two colloïdal catalysts on oxidized and non-oxidized carbon. TEM-measurements revealed 

no change in partiele size for the oxidized and non-oxidized carbon systems; the electroche

mical characterization of the hydrogen area does not reveal significant differences either 

( tigure 7). The specitic activity for the methanol oxidation was higher for the oxidized catalyst 
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Figure7 Voltammogram of the Bönnemann catalyst on a non-oxidised ( .... ) and an oxidised 
carbon support. 0.5 M H2S04, 10 mV/s. 

as is shown in tigure 8 for the Bönnemann preparation. Similar results were obtained with the 

"Turkevich" preparation. 
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Figure8 Cyclic voltammetric curves for methanol oxidation of catalysts in tigure 7. 0.1 M 
CH30H/0.5 MHzS04, 5 mV!s. 

Discussion. 
Repeated oxidation and reduction of the carbon supported Pt catalyst causes a growth of the 
Pt particles (compare table I and 2). This is in agreement with Kinoshita[19]. The accompany
ing shift to higher potentials for the Pt-oxide rednetion with increasing partiele size is in agree
ment with results of Takasu[8]. Also the onset of oxidation is shifted to higher potentials, cf 
tigure 4. This is indicative of a lower Pt-0 affinity for larger Pt particles and implies that the 
ability to activate water, i.e. to break a H-0-H binding with formation of a Pt-OH species 
proceeds at a lower potential for smaller particles. Hence we assume that the smaller sized 
ion-exchanged catalyst will contain more Pt-OH groups at a given potendal than a colloïdal 
catalyst which in turn should contain more Pt-OH groups than smooth Pt. In view of reaction 
(2) we therefore expect an increase in specific activity for the methanol oxidation with a 
decrease in partiele size. However this is not observed as can be deduced from tigure 9 in 
which the specific activities (per real surface area) are presented for all ofthe Pt/C catalysts. In 
the tigure the activity for platinized Pt (electrodeposited from H2PtC~ at 10 mA/cm2 during 5 

min.) and smooth Pt (polycrystalline) arealso included. For partiele sizes in the range 10- 4.5 
nm, the activity is constant, for particles in the range 4.5 - 1.2 nm the activity decreases with 
smaller sizes. 
At tirst sight these results would appear to imply that the oxygen affinity of very smal) 
particles is so high that the catalyst surface is largely covered with Pt-OH, thus teaving 
insufHeient sites for methanol adsorbates. Due to the low amount of methanol adsorbates, the 
activity ofthe small Pt particles is low. The implication then is that water activation is already 
optima! for large platinum particles, contrary to the general view set out in the introduction. 
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Figure9 Specific activity for the methanol mddation of all Pt/C catalysts, ptPt and smooth Pt 
at -0.05 V vs MSE. Open symbols refer to Pt/C catalysts on an oxidised carbon support. 

There is however an alternative possible interpretation: when the partiele size decreases, the 
number of methanol adsorption sites decreases. lt can be deduced from tigure 2 that the ratio 
amount of weakly bonded H to strongly bonded H increases with decreasing partiele size. At 
platinized Pt electrades we observed that when the amount of strongly adsorbed hydrogen 
sites increases, also the methanol oxidation activity increases [22]. Beden et al[23] also 
reported that methanol preferentially adsorbs on the sites that can strongly bind hydrogen. 
Thus the relative decrease in strongly bonded H features can be seen as indicative of a 
decrease in the prefeered methanol adsorption sites. On this view, then, the change in methanol 
adsorption characteristics dominates over the increased water activation. At present we cannot 

distinguish between the two explanations. 
In tigure 1 0 the activity for the methanol oxidation expressed per unit Pt weight is plotted vs 
the Pt partiele size; the results might indicate a slight maximum at ca 1.8 nm. Such a maximum 

occurs due to the mixed influence of decreasing specific surface area and increasing specific 
activity with increasing partiele size. With our catalysts no substantial differences were found 
in the intercrystalline distances. The varlation in this distance within one catalyst is at least 
camparabie to the varlation between the different catalysts. 
The observed difference in specific activity between smooth and platinised Pt is difficult to 
explain. In the cyclic voltammetric curves in 0.5 M H2S04, no difference was observed for the 
oxide-formation or oxide-reduetion potential. The difference in methanol oxidation activity for 
these two catalysts thus may not be attributed to a different oxygen binding of the platinuin. 
Furthermore as there is almost no difference between the ~ ratios for both systems, it may 

be assumed that the adsorption sites for methanol also do not differ substantially. At present it 
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FigurelO Specific activity per weight ofPt, for the Pt/C catalyst offigure 9. 

is therefore not clear why platinized platinum has a higher activity for the methanol oxidation. 
It is seen in figure 9 that upon introduetion of a carbon support, a further increase in methanol 
oxidation activity is found. This suggests a roetal support interaction, i.e. a ligand effect due to 
the carbon support. Using an oxidized carbon support, instead of a non-oxidized support, 
increases the activity even further, which confirms the presence of a roetal support interaction. 
The results presented here differ from those of Attwood[ll] who observed a maximum in 
specific activity vs platinum area. Estimation of the partiele size from the specific surface area 
reveals that the sizes used by Attwood are in the same range (1.5-4 nm) as those presented 
bere. One can therefore conetude that the different preparation methods used by Attwood et 
al. should have a considerable intluence on the behavior of the Pt catalyst. The results by 
Watanabe et al.[l4] en Enyo[13] cannot be compared with our results since we do not know if 
their catalysts give a shift in oxide reduction potential with change in partiele size. 

Conclusions 
The Pt partiele size clearly affects the methanol oxidation activity. For partiele sizes in the 
range 1.2-4.5 nm a decreasing size results in a decrease in methanol oxidation activity; for 
sizes larger than ca 4.5 nm the methanol oxidation activity remains almost constant. Forther
more a close relationship between partiele size and the oxide reduction potential for particles 
in the range 1.2 to 4.5 nm is observed. This would imply that a higher coverage of OH species 
can be obtained on Pt ifthe partiele size is decreased to values below 4.5 nm. However the 
expected increase of the specific activity of Pt/C for the methanol oxidation is not observed. 
Apparently the coverage ratio OH/metbanolic species bas become unfavourable. This may be 
due to:(l) A surface coverage ofOHads that is too high andresultsin a decreasein COH..J.. (2) 
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A deercase in the amount of preferred adsorption sites for methanol with a decrease in Pt 

partiele size. For partiele sizes >5 nm the speeifie aetivity reaehes a limiting value which is 
about twice that of smooth Pt. 
Finally, it is found that a metal-support interaction ex.ists for Pt/C eatalysts; Pt on oxidized 
carbon shows a higher activity due to the introduetion of an acidic group. 
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CHAPTER6· 

The Adsorbate in Methanol and CO Electrooxidation over 

Carbon Supported Pt. A DEMS Study 

Abstract 
An analysis of the methanol and CO adsorbate on carbon supported Pt is given. It is shown with DEMS that there is no 
influence of the Pt partiele size on the structure of both adsorbates. The adsorption of methanol is more difficult at 

smaller particles. The ditTerenee in oxidation peak shape and position between CO and C~OH is similar to that found 
on platinised Pt and is explained in terms of adsorption geometJy. 

Introduetion 
It is generally accepted[Chapter 2] that the mddation of methanol proceeds via the formation 
of an adsorbed intermediate (eq. 1), here represented as COH, which is then oxidised in a 
subsequent step( eq. 2). 

CHpH -conads + 3H • 3e (1) 

(2) 

The type of methanol adsorbate on platinised Platinum, depends both on the potenrial and on 
the surface coverage and is a mixture of linearly and bridge bonded CO and at lower potentials 
COH[Chapter 4]. 

Until now, there is only one paper in which the structure of the methanol adsorbate on small 
carbon supported Pt particles is studied[l]. The IR spectra in that study show that the adsor
bate mainly consists of CO. Furthermore as far as we know, there is also only one investiga
tion[2] on the Pt partiele size effect on the mddation of CO on carbon supported Pt. lt is 
shown with cyclic voltammetry that the oxidation peak of dissolved CO shifts to higher values 
with a decrease in partiele size. There are no studies on the oxidation of pre-adsorbed CO on 
Pt/C. 
The major problem in studying the methanol- or CO adsorbate on carbon supported systems is 
the difficulty of applying most of the standard in-situ techniques, especially the IR techniques. 
We[3] and others[4] however, have shown that it is possible to study processes at carbon 
supported Pt with Differential Electrochemical Mass Spectroscopy (DEMS). 
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As was shown in the previous chapter ofthis thesis and insome other papers[5,6,7], the Pt 

partiele size determines the activity for the methanol oxidation. At particles smaller than ca. 4 

nm the specific activity decreases with decreasing partiele size. In view of this fact, and the 

apparent Jack of literature on the structure of the methanol and CO adsorbate on carbon 

supported Pt, in this chapter results on the oxidation of adsorbed CO and CH30H on Pt/C as 

studied with DEMS, will be given. The oxidation ofboth adsorbates is studiedas a function of 

the Pt partiele size. 

Experimental 
Catalyst preparation and characterization. 
The Pt/C catalysts used hereare identical to the catalysts described in chapter 5. In addition to 

these catalysts, a commercial I 0 % Pt/C (ECHEM) was used. The characterization of these 

catalysts, with TEM and Cyelic Voltammetry is described in chapter 5. The partiele sizes are 

given in table 1. The mean partiele size of the "Echem" catalyst was found to be the same as 

...... st/Support I Pt Loading 

I Ion-exchanged/ox. C (A) 3.5% 

I lmpregnated/C (B) 4.4% 

Colloïdal TurkevicWC (D) 5.5% 

Colloïdal Bönnemann/C (C) 3.7% 

~ atalyst (E) 9.0% 

Table 1: Mean part1ele s1ze as measured by TEM. 

that ofthe Turkevich catalyst (i.e. 2.7nm). 

Electrode preparation. 

Partiele 
size (nm) 

1.2± 0.4 

1.7± 0.5 

2.5±0.9 11 

2.1± 1 11 

2.7 

The catalyst is mixed with a Teflon suspension (Fluon, DPG) and then pressed on a Au current 

collector. After drying at 80"C, the electrode is sintered for two hours at 320"C under Ar 
atmosphere. The final Teflon content in all electrades was 18%. In the DEMS cell (described 

in chapter 3) the contact to the Au current collector is made via a Au wire. 

Analysis of the methanol adsorbate 
In order to be able todetermine the structure ofthe methanol adsorbate with DEMS, here the 
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same metbod is used as described in chapter 4 for platinised Pt. The ratio between the total 
charge (Q1) and the amount ofCq (<l.t) produced upon mddation ofthe adsorbate is deter
mined (eq 1). 

(3) 

By measuring this ratio for both the CO and CH30H adsorbate oxidation, we can, by compar
ing these ratios, determine the number of electrous necessary to ox1dise the methanol adsorbate 
to C02 (eq. 2). 

(4) 

Furthermore the number of electrous per Pt site (eps) released during adsorbate oxidation is 
also determined for both the methanol and CO adsorbate. As is shown in table 2 this can give 
additional information on the structure of the adsorbate. 

Adsorbed Species K .. eps Q.)Q"" 

-C=O 1 2 2 

=C=O 1 1 2 

· =C=O l 0.67 2 

=COH 1.5 1 1 

-CHO 1.5 3 1 

-COOH 0.5 1 5 

Table 2: Possible adsorbates, resulting from the methanol adsorption reaction and their 
theoretical values for K**, eps, and Q.JOox· The value ofK .. is calculated on the basis ofthe 
fact that K·co=l. 

CO and CHPH adsorption and oxidation 

For each catalyst CO was adsorbed from a CO saturated solution fora given adsorption time 
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at a given adsorption potendal (E.w), after which the solution was exchanged under Argon flow 
with fresh electrolyte. Different surface coverages were obtained by changing the adsorption 
time. 
At each catalyst CH30H was adsorbed from methanol containing electrolyte until the adsorp
tion current reached zero. Then the solution was replaced with fresh electrolyte. Different 
surface coverages with the methanol adsorbate were obtained by varying the methanol concen
tradon in the adsorption solution. 
After obtaining an adsorbate covered catalyst, the potendal was in both cases swept from Ead 
to 0.03 V vs RHE, where the scan was reversed and swept to 1.2 V to oxidise the adsorbate. 
From the decrease in the hydrogen desorption area, the surface coverage (6) was calculated. 
The charge for the oxidation of the adsorbate was calculated by subtracting a scan without 
adsorbate. 

All experiments were carried out in 0.5 M H2S04, made from p.a. zH SP (Merck) and 
ultrapure water (EcoStat). Methanol containing solutions were prepared with p.a. CH30H 
(Merck). A Pt counter electrode and a Hg/Hg2S04 (E=+0.68 V vs RHE) reference electrode 
was used. All potentials are given with respect to the RHE. Argon (99.99 %) was used to 
provide oxygen free conditions. 

0.8 

I 
0.8 

1 0.4 

l 0.2 

1 o.o 

0.40 0.80 0.80 0.70 0.80 0.110 1.00 

1'1>tantlal (V Vt IIHE) 

Figure 1 Oxidation ofthe CO adsorbate at the catalysts from table 1. Background substracted 
cyclic voltammograms are shown. Low CO coverage (ca 10%) 0.5 M H2S04, v= 2mV/s. 

Results and discussion 

Oxidation of adsorbed CO. 
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Figure 2 Same as fortigure 1, but medium CO eoverage (ca 22%). 
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Figure 3 Same as for figures 1 and 2, but high CO eoverage (ca 400/o). 

The oxidation of pre-adsorbed CO at Pt/C, after adsorption at E44=0.38 V, with different 
partiele sizes is shown in Figures 1-3. At low CO eoverage (600=0.1) no big ditTerences are 
seen (Fig. I) between the different eatalysts, there is no appreciable shift in peak-potential, nor 
in the start of the CO oxidation. Only for the impregnated catalyst(B) a slight shift to higher 
potentials and a somewhat broader peak is observed. At medium coverage(600=0.22) of CO, a 
shift of the peak potential to more positive values is observed at all eatalysts (Fig. 2). lt is 
striking that the CO oxidation at the 'Eehem eatalyst'(E) at this eoverage is elearly more active 
at lower potentials than the other catalysts. This ditTerenee is also observed at higher 
eoverages(600=0.40) (Fig. 3) where the peak potential for all catalysts is seen to have shifted 
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further to more positive values, but again no substantial differences are observed between the 
catalysts. In table 3, the eps values for the different catalysts at different surface coverages of 
CO are given. No appreciable changes can be seen, not as a function of the partiele size and 
not as a function ofthe surface coverage. The value of 1.5-1.7 for eps indicates that the CO 
adsorbate is dominantly present in the linearly bonded form, with small amounts of bridge
and/or multi-bonded CO.During the adsorption of CO, a small negative adsorption current was 
observed on all catalysts. This was also observed by Ciavilier et al.[8] and Bilmes et al.[9] for 
adsorption of CO on Pt single crystals and was ascribed to the displacement of anions from the 
surface. By varying the adsorption potential, we found that at low potentials (Eac~=O.l8 V) the 
negative adsorption current was no Jonger observed, in agreement with the results in [8]. No 
change in K* was observed for a CO adsorbate formed at different adsorption potentials, the 
negative adsorption current can therefore not be due to a change in adsorbate structure and 
must be attributed to anion displacement. 

e 11 A(1.2 nm) B(l.7 nm) C(2.l nm) D(2.5 nm) E(2.7 nm) 

3 - - - 1.56 1.43 

6 1.62 1.26 1.60 1.60 1.30 

8 i 1.56 1.39 1.76 1.43 1.34 

20 1.77 1.77 1.70 1.65 1.47 

33 1.88 - 1.78 1.69 -
47 - 1.75 - - 1.86 

Table 3: Eps values for CO oxidation at five different catalysts as a function ofthe surface 
coverage.Ead=0.38 V vs RHE 

Finally we observed a gradual decrease in the amount of adsorbed hydrogen, afl:er adsorption 

and oxidation of the CO. In order to check whether this is due to the presence of CO, a blank 
adsorption experiment, without CO, was done. In this case no deercase in hydrogen adsorption 
charge was observed. This implies that the deercase in Pt surface area is due to the presence of 
the CO adsorbate. We further checked ifthis decreasein surface area was due to the formation 
of carbonaceous species. By applying a cathodic potential putse, it should be possible to 
hydrogenate such species ofthe surface[lO]. After adsorption of CO, the potential was stepped 
to 0.03 V, no methane formation was found with DEMS however. 
As we will see in the next section, the phenomenon of the surface area decrease, however 
smaller, was also observed for CH30H. 
Although the partiele size thus seems to have no influence on the peak-shape and position nor 
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Figure 4 Adsorption isotherms at room temperature for methanol on the Pt/C catalysts from 
table 1, ptPt is shown for comparison. Letters point to the catalysts. 

on the binding geometry of the CO on the Pt, two interesting features remain. First of all the 

eps values found here are substantially higher than those found for platinised platinum ( chapter 

4), indicating that at carbon supported Pt more linearly bonded CO is formed. Secondly the 

peak potential increases with increasing CO surface coverage, which phenomenon was not 

observed for the oxidation of CO over platinised platinum. At platinised Pt we also found that 

a change in adsorption potendal gave a change in eps values; more bridge-bonded CO was 

formed at lower adsorption potentials. This partienlar aspect was checked for the 'Turkevich 

catalyst', but no differences in eps values were found. 

The results we presenled in the previous chapter for platinised platinum. were explained with 

CO being present in an island geometry, and the adsorption potential influencing the adsorption 

geometry by a change in dTI-2TI* back-bonding[ll]. We must conclude then that at the cata· 

lysts used bere, it is more difficult to form bridge- or multi-bonded CO, since even at lower 

adsorption potentials where bridge-bonded CO is more favourable, the eps valnes stay close to 

two. This is probably due to the smal! particles. The same holds for the island formation upon 

CO adsorption; at small particles it is less probable that CO islands are formed, especially at 

low CO coverages. With increasing CO coverages, islands will be formed, resulting in a slower 

oxidation ofthe CO (as explained in the previous chapter) and thus in a shift in peak potential 

to higher values. 

Oxidation of adsorbed methanol. 

In tigure 4 the adsorption isotherm of methanol at different Pt/C catalysts is shown and cbm 

pared with ptPt. It appears that the catalysts with the smaller particles (Exchange( curve A) and 

Impregnated(curve B)) have a smaller surface coverage at the samemethanol concentration; 
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the adsorption of methanol at these catalysts is thus more difficult. This is in agreement with 

the conclusions of chapter 5, where the decrease in methanol meidation activity with a decrease 

in partiele size was ascribed to a lower amount of methanol adsorbate. 

Figures 5-7 show the meidation of methanol adsorbates formed at E=0.38 V, for different 

surface coverages at different Pt catalysts. Again, as with CO, it appears that no substantial 

differences exist between the different catalysts, although at higher coverages the peak: poten

tial seems to be shitled to somewhat higher potentials for the impregnated and exchange 

catalysts. The most striking feature in Fig. 5-7 is the shift of the adsorbate oxidation peak: 
potendal to lower values with an increase in surface coverage, implying that at higher 

coverages the methanol adsorbate is oxidised more easily. This is opposite to what was found 

for the oxidation ofthe methanol adsorbate at platinised Platinum (chapter 4) and the oxidation 

of CO at Pt/C (vide supra). 

The eps values for the methanol adsorbate are given in table 4, together with the values for K'* 

obtained with DEMS. These results show that the K" remains close to 1 for all catalysts, 

meaning that the methanol adsorbate is identical to that of CO. The eps values, however, are in 

the range 1.1-1.8, which is lower than for CO, and indicate that upon methanol adsorption 

more bridge- and multi-bonded CO is formed than upon CO adsorption. 

I 
I 

l 
J 

o.40 o.JSO o.oo 0.10 o.eo o.vo t.oo 

Potenllal (V VI RHE) 

Figure 5 Oxidation ofthe methanol adsorbate at the catalysts from table 1. Background 
substracted cylic voltammograms. Low methanol coverage (ca 10%) 0.5 M ~S04, v=2mV/s. 

During methanol adsorption at 0.38 V C02 formation was detected in the mass-spectrometer, 

especially at higher methanol concentrations. At this same potential on platinised platinum, no 

C02 formation was found (Chapter 5). This confirms that methanol is more easily oxidised on 

carbon supported Pt catalysts. Furthermore it was found that at smaller Pt particles, C02 was 

formed more easily during methanol adsorption. This again confirms the conclusions of Chap

ter 5 that with a decrease in Pt partiele size, the oxidisability of the Pt increases. 
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Figure 6 Same as fortigure 5, but medium coverage (ca 20%). 
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Figure 7 Same as for figure 5, but high coverage (ca 500/o). 

In order to check whether adsorption at a potential where C02 is formed, has an influence on 
the adsorbate structure, methanol adsorption was performeel at different potentials in the range 
0.18 V- 0.43 V. At potentials lower than +0.28 V vs RHE no C02 formation could bede
tected during methanol adsorption. The value for K•• was the same for all adsorption poten
tials, implying that there is no change in adsorbate structure with changing potential. This in 
contrast with platinised Pt, where CO was found to be the major adsorbate, but at potentials 
below +0.28 V, substantial amounts of COH were formed. 
In Figure 8 the oxidaton peak ofpre-adsorbed CO is compared to that for the oxidation ofthe 
methanol adsorbate. It is shown that the later is found at lower potentials and the peak is more 
broad, as was also found for platinised platinum. 
As for CO, a gradual decrease in the hydrogen adsorption charge was found after methanol 
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adsorption and oxidation, although the effect was smaller than for CO. Since it seems to be 
unlikely that this decrease is caused by the presence of a strongly bonded residue, we suggest 
that the Pt partiele size grows in the presence of an adsorbate. Christensen et al. [12] showed 
that there is a change in roughness for Pt in the presence of a methanol adosrbate, although this 
study was performed with smooth Pt, it seems, as our results bere, to confirm that the surface 
morphology of a Pt catalyst may change in the presence of an adsorbate. 
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Figure 8 Comparison of the oxidation of a methanol and a CO adsorbate at the Bönnemann 
catalyst. Solid curve: methanol adsorbate; dasbed curve: CO adsorbate; dotted curve: blank. 

a A(I.2 nm) B(l.7 nm) C(2.1 nm) D(2.5 nm) E(2.7 nm) 

K .. eps K .. eps K** eps K** eps K .. eps 

3 1.0 - 0.87 1.44 0.86 1.40 0.68 1.56 0.84 -

8 - - 0.94 1.40 0.91 1.60 0.82 1.61 0.84 1.84 

11 0.90 1.37 0.94 1.17 0.68 1.18 - - - -
22 0.94 1.27 0.94 1.23 - - 0.89 1.24 1.05 1.41 

40 0.94 1.33 0.94 1.28 0.80 1.29 0.90 1.29 l.O 1.36 

55 - =- 0.94 1.31 0.86 1.27 0.90 1.29 1.05 1.54 

Table 4: K* and eps values for methanol adsorbate oxidation at five different catalysts. 
Eact=0.38 V vs RHE. 
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General Discussion 

The Pt partiele size of carbon supported Pt catalysts is only of influence on the amount of 
adsorption of methanol but not on the type of adsorbate that is formed. The surface coverage 
with methanol adsorbate decreases with a decrease in partiele size. This is in general agreement 
with the observations we made before[l3], that the activity decreases with decreasing partiele 
size as aresult of hindered methanol adsorption. 
The results show that there is a ditTerenee between the methanol and CO adsorbate, with 
respect to peak-position and peak-shape. These ditTerences are similar to those observed for 
platinised platinum [Chapter 4]. Forthermore there is a ditTerenee in the blocking ofhydrogen 
adsorption sites upon methanol or CO adsorption. Methanol preferentially bloeks the strongly 
adsorbed hydragen sites, whereas CO blocks all sites to an equal extent. This differenee was 
also observed at platinised Platinum electrodes. 
It is known that CO forms islands upon adsorption[14]. As we have discussed in ehapter 4, the 
oxidation of CO is slower due to this island formation. Reaction between an adsorbed water 
molecule and CO only takes place at the island edges. For methanol, which is assumed to 
adsorb homogeneously across the surface, the reaction between the adsorbate and an adsorbed 
water molecule is more easy and the reaction is thus faster. The shift ofthe meidation peak of 
the CO adsorbate to higher potendals with increasing adsorbate coverage, is due to the kinetic 
slowness ofthe reaction. 
The ditTerenee in the blocking of the hydragen adsorption sites is probably also due to the 
ditTerenee in adsorption geometry. Methanol adsorbs preferentially on strongly bonded hydra
gen sites, which will not be located in an island, but wil! be homogeneously spread across the 
surface. It is easily imaginable that adsorption in an island geometry will cover all different 
hydrogen sites, which is actually observed for the adsorption of CO. 

Condusion 
There is no influence of the Pt partiele size on the type of adsorbate that is formed upon 
adsorption of methanol. Generally more linearly bonded CO is fonned at small particles than at 
platinised Platinum. Adsorption of methanol gives more bridge-bonded CO than the adsorption 
of CO. The oxidation of the adsorbate from CO is kinetically slower than the oxidation of the 
adsorbate from methanol. 
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CHAPTER7 

Ellipsometry and DEMS study of the electrooxidation of 

methanol at Pt and Ru- and Sn- promoted Pt. 

Abstract 
The oxidation of submonolayers of Ru and Sn on Pt in sulfurie acid was monitored with ellipsometry. In the presence 
of methanol the oxides on Ru and Sn disappear but the Pt-oxide is not affected by methanol. This signifies that Ru and 

Sn are present in !heir zero valent state during the methanol oxidation. 

DEMS measurements showed that both metsis enhance methanol oxidation. The promoting role of these metsla is 

explained with the bifunctional mechanism. 

Introduetion 

The investigation of methanol oxidation is of importance because of its possible application in 
the direct methanol fuel cell. Because of the necessity of an acid electrolyte the choice of the 
catalyst is confined to noble metals of whlch Pt has the highest activity. This metal, however, 
has a high overpotential for this reaction and deactivates rapidly. Therefore several efforts 
have been made to modity its electrocatalytic behaviour[I,2). 
The oxidation of methanol at Pt is generally accepted to proceed via two major steps: 
(i) dissociative adsorption of methanol: 

Pt + CH30H- Pt-COH...m + 3 Ir+ 3 e(l) 
in which the adsorbate can be (COH).ds or COads [3]. 
(ii) oxidation of the adsorbate with an oxygen species that is present on Pt: 
Pt-COH + Pt-OH- C02 + 2 Pt + 2 H+ + 2 e (2) 
Here the oxygen supplying species is represented as Pt-OH. It is still a moot question whether 
the oxygen originates from an adsorbed hydroxy species or from activated water. The main 
reason for the low activity ofPt for the methanol oxidation is its inability to provide an mcygen 
species at low potential; Pt-OH is formed at relatively high potentials. 
It is well known [4,5,6] that the activity ofPt can be improved by addition of metals like Snor 
Ru. Since neither Ru[7] nor Sn[8] are active for the methanol oxidation, the promoting metal 
should only partially cover the Pt surface. If the coverage with the promoting roetal is too 
high, the number of methanol adsorption sites becomes too small and thus the oxidation 
activity decreases. The promoting effect of these metals is usually attributed to either a 
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bifunctional[9] or to a ligand[IO] effect. The bifunctional effect involves the forming of an 

oxygenated species at the promoting metal at a less anodic potential than at Pt, with the result 

that the methanol adsorbate can be oxidised at a lower potential. According to the ligand 
theory the promoting metal changes the electronic state of the Pt, thus influencing the 

reactivity ofthe Pt. Other explanations, which are somelimes mentioned in the literature(lO] 

for the electrocatalytic action of adatoms, viz. a geometrie (third-body) effect and a redox 

effect are not likely: the geometrie effect would imply that other (geometrically similar) metals 

are also active as promotors which has not been observed for methanol oxidation. If the 

promoting action were due to a redox effect[ll], a redox couple should be observed in the 

cyclic voltammetric measurements. 

The promoting metal can be electrochemically deposited as an adatom or applied via immersi

on[l2] onto Pt; in both cases a submonolayer is formed. Another metbod is toprepare a PtiM 
(M=Sn or Ru) alloy via electrocodeposition[l3]. The electrocatalytic behaviour of an adatom 

layer was found to be similar to that ofthe codeposited alloy, both for Ru and for Sn [6,9, 13]. 

Tbe adsorbed metbanolie intermediates have been extensively investigated with a large variety 
of surface detection metbods. Ellipsometry is an optical metbod for the cbaracterization of the 

metaVelectrolyte interface[14] and is often applied to monitor the formation ofthin films at a 

metal surface. The technique is based on the changes in the polarization state of monochroma

tic light upon reflection at the surface; the measuring parameters are !::. and 'P which are 

related to phase retardation and relative amplitude. Since ellipsometry is an in situ technique 

we applied this metbod in combination with Differential Electrochemical Mass Spectrosco

py(DEMS) to get more insight into the role of Ru and Sn promotors on the methanol 

oxidation at Pt. The results wiJl be discussed in the view of a bifunctional or ligand effect of 

the promoting metaL 

Experimental 

Combined cyclic voltammetry ll(ld ellipsometry experiments were carried out at a smooth Pt 
disc electrode (area 0.5 cm2) using a Wenking potentioscan POS 73 with Philips PM 8043 

recorder and an automated ellipsometer Rudolph RR 2200 with tungsten iodine light souree 

and monochromatic filter resulting in light with a wavelength of 546.1 nm. The optical cell is 

cylindrical and supplied with windows arranged for an angle of incidence of 70° at the 

substrate. 

Combined voltammetric and DEMS experiments were performed at a platinized gauze 

electrode (real area 60 cm2
) using a mass spectrometer system (Leybold PGA 100) and 

computer controlled AutoLab potentiostat(Eco Chemie) which is arranged for simultaneous 
recording ofcurrent- and mass response. The setup is similar to that ofVielstich et al.[IS]. In 

both electrochemical cells the counter electrode is a Pt foil and the reference electrode a 

Hg!Hg2S04 electrode (MSE); E = +0.68 V vs RHE. 
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The experiments were carried out in 0.5 M HzS04 (or 1 M HClq) withor without Cij OH 
(Merck) (up to 0.33 M); submonolayers of Ru or Sn were deposited by potential cycling in 
solutions containing low concentrations of ruthenium(III)-nitrosylnitrate (Johnson Matthey) or 
SnS04 (Janssen Chlmica) in 0.5 M 11 SP. All chemieals are p.a. grade. All solutions were 
prepared with Ecostat water(18.2 MO}. Argon (99.99".4} was used to provide ox.ygen free 
electrolyte. The Pt disc was polisbed with 0.05 !Jm alumina paste. 
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Figure 1 Voltammogram ofPt in 0.5 M H2SOi-) and in 0.5 Mij SQ /0.1 M CJJ OH(-}; 
scanrate 10 mV/s. 

Results and discussion 
Methanol adsorption 
Figure 1 gives the voltammogram of Pt in 0.5 M H2S04 in the presence and absence of 
methanol. Comparison of both the anodic scans shows that methanol oxidation starts at a 
potential at which no oxide formation on Pt is yet found. Thls fact, often noted in the 
literature, makes it plausible that an activated water molecule takes part in the electrooxidation 
of methanol (cf eq.2) and not a Pt-oxide or -hydroxide. Furthermore the peak potential of 
methanol oxidation is seen to coincide with the onset of the Pt-oxide formation, whlch shows 
that Pt-oxides are inactive for the oxidation of methanol. In the cathodic scan methanol 
oxidation restarts at a potential at which the Pt-oxide is partially reduced. Figure 2 shows the 
corresponding optica! A-E curves in 0.5 M H2S04; the 'P-E curves show similar behaviour 
and are therefore not given. Without methanol a steep decrease of A is seen during the anodic 
scan at potentials higher than +0.1 V vs MSE, this is indicative ofthe growth ofPt-oxide and 
coincides with the potential region where Pt oxidation is observed in the cyclic voltammogram 
(cf fig 1). Furthermore, a slight decreasein A is found in the potential region from -0.6 V to 
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+0.1 V; in the presence of methanol however, fl remains virtually constant in the same 

potential region. 

The decrease of fl in the double layer region was also observed by Hyde et al.[16] and 

attributed to a restructuring of the water layer causing a higher density. If the optica! curve is 

1~~-------------------------------, 

107.5 

107.0 ......... 
·· .. 

105.5 

1~.0 '----+----+----+-----i----+----+----' 
·0.70 ·0.50 ..0.30 ·0.10 0.10 0.30 0.50 0.70 
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Figure 2 Varlation ofellipsometric parameter fl with potential at Pt in 0.5 M ~S04 (-) and 
0.5 M H2S0/0.1 M CH30H (--); scanrate 10 mV/s. 

measured in 1 M HCI04, a similar behaviour is found, only the decrease of fl in the double 

layer region is smaller. This smal! difference between sulfate and perchlorate electrolyte is 

probably due to the stronger adsorption of sulfate ions. According to Horanyi[17], the 

adsorption ofbisulfate increases with potential and reaches a maximum at -0.05 V vs MSE. 

The fact that in the presence of methanol fl becomes virtually constant indicates that the 

adsorbed water layer on the electrode is modified. It is known [18,19,20,21] that methanol 

(depending on the concentration) adsorbs in the potential range -0.60 V to +0.1 V vs MSE. 

The flattening ofthe fl-E curve must therefore be due to the presence ofadsorbed methanolic 

species, which have (partially) replaced both the adsorbed electrolyte anions and adsorbed 

water molecules. The replacement of the adsorbed sulfate anions is in agreement with the data 

ofHoranyi[17] which show that less sulfateis detected in the presence of methanol. 

Figure 2 provides only indirect evidence for the presence of an adsorbed methanolic species; 

no direct evidence for this adsorbate is found with ellipsometry. This however offers us a great 

advantage; now we are able to detect possible changes in the Pt surface mcidation in the 

presence of methanol. The potential at which the oxide coverage begins is seen to shift to a 

slightly higher potential in the presence of methanol; ho wever the total fl and 1f1 changes up to 

the potential ofreversal (+0.65 V vs MSE) are virtually the samewithand without methanol. 
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One might state that the onset of Pt-oxide formation is only slightly retarded by the presence 
of metbanolie species. Thls is in agreement with the quartz-microbalance results of Wilde et 
al.[21]. The fact that the total changes in !:.. and qr are not affected by the presence of 
methanol implies that Pt-oxides do not take part in the oxidation of methanol and that at 
higher potentials no more metbanolie adsorbates are present. 

Figure 3 Voltammogram ofPt in 0.5 M H2804 + 1.35 10'5 M Ru(NO)(N03) 3; 

scanrate 10 mV/s. 
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Figure 4Ellipsometric !J.-E curve ofPt in 0.5 M H2804 (-) and in the presence of 1.35 10'5 M 
Ru(NO)(N03) 3 (--); scanrate 10 mV/s. 

Pt-Ru system 

Figure 3 shows the cyclic voltammogram for Pt in the presence of 1.35 ·10·5 M Ru ions in the 
electrolyte. The current in the hydrogen adsorption region has decreased compared with the 
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voltammogram in the absence of Ru and an anodic humpat ca +0.05 V vs MSE is observed 

which points to the presence of a Ru species. In the cathodic scan the current in the double 

layer region has increased due to Ru deposition. Calculation of the Ru coverage by measuring 

the change in the hydrogen adsorption region is not fully reliable since Ru itself is known to 

adsorb hydrogen[22]. We therefore calculated the Ru coverage from the anodic Ru peak 

following the metbod of Watanabe and Motoo[9]. This gave 9Ru=0.50 on the basis of one 

electron transfer. Figure 4 gives the corresponding ä-E curves before and after Ru addition. A 

rather drastic change in the ä-E curve is seen. In the presence of Ru ä already starts to 

decrease at ca -0.3 V in the anodic scan; furthermore in the cathodic scan the change in ä is 

extended over a wider potential range. This potential range is extended even further at higher 
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Figure 5 Ellipsometric .1.-E curve ofPt in 0.5 M H2S04 + 2.7 10·S M Ru(NO)(Nq À (-) and 
in the presence of0.16 M CH30H (--); scanrate 10 mV/s. 

Ru concentrations as shown by the fullline in figure 5 for 2.7 10·S M. The 'P-E curves show 

similar changes. For comparison both the voltammetric and ellipsometric responses of a Ru 

electrode were measured. The optical curve is given in figure 6 and shows that .1. starts to 

decreasein the anodic scan at ca -0.3 V. It is known that the Ru surface is oxidized[22,23] at 

E > -0.3 V, hence the .1. change in figure 6 indicates oxide growth.It is noted that the Pt/Ru 

electrode behaviour (figure 4 or 5) closely resembles the .1.-E curve for Ru and thus shows 

predominantly the Ru features. One can therefore confirm that the peak at +0.05 V in the 

anodic voltammogram is due to the oxidation of Ru atoms on the Pt surface which are 

reduced in the cathodic scan. 
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Figure 6 Ellipsometric ä-E curve ofRu in 0.5 M ~S04; scanrate 10 mV/s. 

With the pure Ru electrode it is found that Ru dissolves with repeated scanning to potentials 
higher than +0.2 V; this confirms the workofBeden et al.[13] on Pt-Ru. 
In the presence of methanol (0.167 M) the ellipsametrie curve ofthe Pt/Ru system (2.7o10"5 

M Ru ions) changes significantly (Figure 5 dasbed line); the Ru features have become less dis
tinct. At higher methanol concentration (0.33 M) they are totally absent and the ä-E curve is 
now virtually identical to the ellipsometric curve of Pt without Ru; the only difference is the 
shift in ä by 0.25 over the whole potential region. Though the observed change in L\ seems 
now only due to OJcidation and reduction ofPt, there is still Ru present at the surface as can be 
deduced from the ä shift with respect to that of the Ru-free Pt (cf tigure 5). We fiJrther 
demonstraled this by an experiment in which after methanol oxidation the electrolyte was 
replaced by fresh sulfurie acid without Ru-salt and methanol. The optical diagram still showed 
the characteristic Ru features. 
In another experiment a Pt-Ru electrode was prepared by potential scanning in a Ru contain
ing electrolyte outside the optica! cell. Optica! measurements in a Ru-free electrolyte showed 
the characteristic Ru features. After addition of methanol again simHar optica! changes were 
observed as for the Ru containing electrolyte. 
The ellipsometric curve of Ru itself does not alter in the presence of methanol. This is in 
accordance with Franaszczuk et al.[241 who did not find methanol adsorption on Ru. 
The voltammogram ofthe Ft-Ru-methanol system in 0.5 M H2S04 + 0.33 M CFJ30H is given 
in tigure 7 A for different Ru concentrations. These data show that in the anodic scan the 
methanol oxidation is enhanced in the presence ofRu-ions in the potential region up to 0 V vs 
MSE, while at higher potentials the activity decreases. To verity that the increase in oxidation 
current is indeed due to methanol oxidation, simultaneous DEMS measurements were carried 
out. The results are given in tigure 7B and demonstrate that in the potential region -0.3 to 0 V 
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Figure 7a I-E curve of Pt in 05 M Figure 7b Same as for A, but M-E curve. 
~SO.J0.33 M CH30H and (-)OM;(--) 
5 10·5 M; (-.) 1 "4t0 M; ( ... ) t.S IO M 
Ru(NO)(N03h_ 

vs MSE the C02 production increases with higher Ru concentration. 

The results of the Pt-Ru system may be summarized as follows: Ru, which is present in sub
monolayer form on Pt, is oxidized at potentials ~ -0.3 V vs MSE. This oxide growth can be 

foliowed with e.llipsometry and appears to be virtually the same as that found on Ru metal. 

The Ru-oxides are found to disappear in the presence of methanol whereas those on a Ru 

electrode do not. In the same potential region where the oxides are formed, an enhancement in 

the methanol oxidation activity is observed. 

We may thus conetude that the disappearance of the Ru-oxide is caused by the reaction with 

an adsorbed metbanolie species on Pt. This leads to the following reaction scheme: 

Ru + H20 - Ru( OH)+ H+ + e (3) 

Pt + CH30H- Pt-COH + 3 H+ + 3 e (4) 

Pt-COH +Ru( OH) - Pt +Ru+ C02 + 2 W + 2 e (5) 

This mechanism was first proposed by Watanabe and Motoo[9] and represents the bifunctional 

model. They assume that monovalent Ru( OH) is the active Ru species; this is also supposed by 

Herrero et al.[25]. With ellipsometry the exact nature of the Ru-oxide species cannot be 

established, Ru02 however may be excluded because this was found [26] to be inactive for the 

methanol oxidation. 

The ellipsometric data indicate that Ru is present in the metallic state during the methanol 

oxidation, which implies that the reactions (eqs 3-5) are rapid. The conclusion that Ru is zero

valent was also postulated by Janssen and Moolhuysen[6] but contradiets the XPS and 

Mössbauer measurements ofHamnett and Kennedy[27,28] which show that all Ru is present 
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as Ru(IV). They concluded that the actual processes must take place at Pt via a Ru-Pt oxide 
species. These measurements were however carried out ex-situ and are thus not fully relevant 
for the actual situation at the surface during methanol oxidation. 

Pt-Sn system 
Figure 8 gives the cyclic voltammograms for Pt in the presence of different SnS04 concentrati
ons. It shows the same characteristics as the voltammogram for Pt-Ru (tigure 3). The hydra
gen region is partially suppressed and the cuerent increase around -0.2 V in the cathodic scan 
indicates the reduction of a Sn species. The anodic peak at +0.05 V indicates the oxidation of 
a Sn species. At higher anodic potentials Sn is found to dissolve from the surface. The Sn 
coverage was calculated from the difference between the hydrogen adsorption area (QH) in the 
absence and presence of Sn; esn = (On ° -C\i 80)/C\i 0 • For the three presented curves of tigure 
8 these coverages are respectively 9 80=0.20; 9Sn=0.52 and 980=0.72. The corresponding A-E 
curves are shown in tigure 9 for Sn coverages of980=0:20 and E\n=0.72. Compared to the d
E curve ofPt (cftigure 2) a change in A is seen in the low potential region during the cathodic 
scan, this indicates the upd of Sn; with increasing Sn coverage the changes in a are more 
pronounced. 
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Figure 8 Voltammogram ofPt in 0.5 M H2S04 and (-) 0; (--) 2.7 10"5; (-.) 5.4 10"5; 

( ... ) 8.1 10·5 M SnS04; scanrate 100 mV/s. 

During the anodic scan ll decreases only slightly with potential in the low potential region. 
The larger decrease of ll at E > ca 0.3 V indicates the growth of a layer which is most likely 
oxidation ofPt that is not covered with Sn. The lf-E curves gave a different pattem. This is 
demonstrated by figure 10 which represents the change oflf vs A duringa full scan for the Pt-
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Figure 9 Ellipsometric curve of Pt in 0.5 M HzS04 and (a) 0; (b) 2.7 10'5; (c) 8.1 tcP M 
SnS04. Scanrate 10 mV/s. 

Sn system with SSn =0.20. lt follows from the theory of ellipsometry[l4) that the growth of a 

very thin film with constant refractive index is represented by a linear 1f1-À curve. For the 

cathodic scan the 1f1 vs À curve is linear in the potential range from 0.6 V to ca 0 V; this line 

signifies the decreasein oxide coverage during reduction, while around -0.05 V the slope of 

the line changes indicating the onset of another process viz. Sn upd. After scan reversal at -0.6 

V it is noted that the curve turns around until at ca 0 .I V 1f1 reaches a maximum. In the 

potential range 0.2 to 0.6 V the curve is again linearand virtually retraces the oxide reduction 

line. This behaviour can be explained as follows: Pt is oxidized and reduced in the potential 

region 0.2 to 0.6 V and Sn that is deposited on Pt is oxidized in the potential region -0.2 to 

0.2 V. Hence the anodic peak at 0.05 V in the voltammogram of figure 8 represents the 

surface oxidation of Sn. 
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Figure 10 Plot ofellipsometric parameters lj1 vs À for the Pt-Sn (6sn=0.2} system offigure 9. 
( •) increasing potential; ( o) decreasing potential. Numbers indicate potential (V vs MSE). 
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It was observed that with repeated scanning in the Sn-containing electrolyte the optical 
behaviour of the Pt electrode changed. This was established by talcing optica! measurements at 
the Pt electrode in a Sn-free electrolyte. The ä, 'P data differ from the values obtained at Pt 

before Sn addition. This change of the Pt substrate indicates that some Sn dissolves into 
platinum as was also noted by others[29,30,31]. With prolonged oxidation at high potential ä 

and 'P return slowly to the original values. 
In the presence of0.16 M methanol the ellipsometric curve for the Pt-Sn (&=o.72) electrode 
changes as shown in tigure 11. The Sn features have become less dominant in the potenrial 
range -0.5 to ca 0.3 V; with 0.33 M methanol the original ä-E plot for Pt is obtained. lt was 
concluded above that Sn-oxides are formed in the potential region up to 0.2 V vs MSE. The 
optical change of tigure 11 then implies that the Sn-oxide disappears due to reaction with 
methanol. lt is possible that also some remaval of Sn species from the surface is involved. lt is 
known that at higher potentials some dissalution of Sn-oxide occurs [6,31], which could be 
enhanced by methanol. Vassiliev et al.[29] concluded from radiotracer experiments that the Sn 
coverage is lower in the presence of methanol; they found that Sn already disappears at -0.35 
V. We however found that after methanol oxidation there is still Sn present on the electrode 
surface. 
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Figure 11 Ellipsometric curve of Pt in 0. 5 M H2SO 4 + 8 1 0"5M SnS~ (-) and in the presence 
of0.16 M methanol(--). Scanrate 10 mV/s. 

Voltammetry and DEMS measurements of methanol oxidation at Pt with different Sn concen
trations are presented in Figures 12A and 12B. The results, as with Ru, show a simultaneous 
increase of current and C02 in the presence of Sn at potentials -0.15 to 0 V, signitying an 
enhanced methanol oxidation. Thus the Sn surface species enhances the methanol oxidation in 
the same potential region as where it is oxidized in the absence of methanol. 
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The behaviour of the Pt-Sn system is thus similar to the Pt-Ru system. The bifunctional 

mechanism as was discussed for Ru, will therefore also apply for Sn. 

Sn+~O~ Sn(OH)+H"+e (6) 

Pt + CH30H ~ Pt-COH + 3 H+ + 3 e (7) 

Pt-COH + Sn( OH) - Pt + Sn+ C02 + 2 H+ + 2 e (8) 

Sn(OH) is used bere as a formal notation. According to Iwasita[2] Sn is present in different 

redox states depending on the potential; Janssen and Moolhuyssen[32] favor a zero-valent 

state and Sobkowski et al.[ll] concluded to an adsorbed divalent hydroxy- or sulfate tin 
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Figure 12a Voltammetry of ptPt in 0.5 M 
H2S0i0.33 M CH30H and (-) 0; (--) 5 10"5 ; 

(-.) 1 104
; ( ... ) 1.5 104 M SnS04; 

scanrate 2 mV/s. 
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Figure 12b Same as for (a), but C02 mass-E, 
instead ofl-E. 

complex. The ellipsometric results presented bere seem to indicate that Sn is zero valent 

during the methanol oxidation, which again implies that all reactions (eqs 6-8) must be very 

rapid. 

Conclusions 

-The amount of Pt-oxide formed during a potenrial scan is not affected by the presence of 

methanol, but the onset potential of Pt oxidation is shitled to slightly higher potentials in the 

presence of methanol. 

-The oxidation of Ru and Sn, deposited on the Pt surface in submonolayer coverage, can be 

foliowed with ellipsometry. 

-In the presence of methanol the oxide coverage of Ru and Sn disappears. Therefore both 

metals must be present in the zero-valent state at Pt during the methanol oxidation. 

104 



EllipsometJy and DEMS 

-DEMS and voltammetric measurements show that Ru and Sn enhance the methanol oxidation 
in the same potential region where these metals are covered with an oxide layer in the absence 
of methanol. 
-A bifunctional mechanism is proposed for the effect of both Sn and Ru, although an addi
tionalligand effect can not be excluded on the basis ofthese measurements. 
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CHAPTER8 

The role of surface oxides in the electrooxidation of Methanol, Formic 

Acid and CO on Pt, Ru and codeposited Pt-Ru. 

Abstract 
The growth of an oxide layer on Pt, Ru and codeposited Pt-Ru was monitored eUipsometrically during the electrooxi
dation of C~OH, HCOOH and adsorbed CO. The results show tb.at no oxide is present at the Pt-Ru surface in the 
potential region where these molecules are oxidized. This supports the bifunctional mechanism tb.at bas been proposed 
for the promoting role of Ru on Pt. The oxide at Pt is not involved in the HCOOH and co..., oxidation. The adsorbed 
CO layer on Pt and on Pt-Ru could also be observed with ellipsometry. 

Introduetion 
Platinum is considered to be the most suitable catalyst for the electrooxidation of methanol in 
acid electrolyte. lts activity, however, is too low for application in a direct methanol fuel cell; 
moreover, the catalyst rapidly deactivates. One of the causes for this deactivation is the 
formation of a CO intermediate that is only oxidised at relatively high potentials. Since mole
cules like CO or HCOOH are oxidized at the same potentials, show similar current-potential 
profiles and are believed to react via similar intermediates, the behaviour of these molecules 
bas also been explored extensively[l,2,3,4]. The nature ofthe adsorbed species (and/or inter
mediates) bas been investigated with a wide variety of in-situ surface techniques, though it is 
surprising that rather few investigations have employed in situ retlectance spectroscopy or 
ellipsometry. 
lt is generally accepted that an oxygen species or activated water molecule must be present at 
the surface to enable the oxidation of the adsorbed intermediates. The Pt-oxide itself is not 
involved in the oxidation of methanol, but the onset of the surface oxidation was found to be 
slightly retarded by the presence of adsorbed metbanolie species. This was established with 
ellipsometry [5] and electrochemical quartz crystal microbalance measurements [6]. 
Ruthenium is the best promotor for the oxidation of smal! organic molecules over Pt. This is 
generally attributed to the lower oxidation potential of Ru with respect to that of Pt such that 
Ru-oxides now supply the oxygen necessary to oxidise the adsorbate. At Pt-Ruad we found 
that Ru-oxides take part in the oxidation, they disappear from the surface during the methanol 
oxidation [5]. This finding supports the bifunctional mechanism that has been proposed for Ru 
in the methanol oxidation over Pt [7]. The Ru surface coverage that gives the highest activity, 
varies for the different molecules: for HCOOH and CO the highest activity is found at ca 46% 
[8,9], for methanol it is ca 7% at 25 °C but ca 33% at 60°C [10]. The differences between the 
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different molecules are related to the fact that CH30H needs a large Pt ensemble to adsorb, 

whereas HCOOH and CO do not, as was explained by Gasteiger et al.[1 0]. 

In this paper we have further investigated with ellipsometry the role of surface oxides in the 

electrooxidation of CO, HCOOH and CH30H at Pt and codeposited Pt-Ru electrodes of 

varying composition. Results for Ru wil! be shown for comparison. 

Experimental 
Combined cyclic voltammetry and ellipsometry measurements were carried out at a smooth 

disc electrode using a Wenking potentioscan POS 73 with Philips PM 8043 recorder and an 

automated ellipsometer Rudolph RR 2200 with tungsten iodine light souree and mono

chromatic filter resulting in light with a wavelength of 546.1 run. 
The optica! cell is cylindrical and supplied with windows arranged for an angle of incidence of 

70° at the substrate. The counter electrode is a Pt foil and the reference electrode a 

Hg1Hg2S04 electrode <EMsE +0.68 V vs RHE). The applied scanrateis 10 mV/s. 

The disc electrode is smooth Pt (area 0.5 cm2) or Ru (area 0. 785 crl'f). Electrodeposited PtRu 

electrodes with different Ru!Pt ratio were prepared by deposition onto Pt or Ru at constant 

current or potential from solutions containing low concentradons of ruthenium (111)-nitrosylni

trate (Johnson Matthey) and HzPtCI6 in 0.5 M H2S04. 

The experiments were carried out in 0.5 M HzS04 to which CH30H (Merck) (up to 0.33 M) 
or HCOOH (0.09 M) was added. The electrolyte was deoxygenated with argon (99.990/o). 

Experiments with CO were performed by keeping the potential at -0.3 V and adsorbing CO 

for 5 min, thereafter argon was passed through for 10 min. All chemieals are p.a. grade. All 

solutions were prepared with ultrapure water (Ecostat 18.2 M'O). 

Results and discussion 

Oxidation of HCOOH and CO over Platinum 
The oxidation offormic acid follows a dual path mechanism [11] viz. 

a dehydrogenation step: 

Pt + HCOOH - Pt-(COOH)ad + W + e 

and a dehydration step: 

Pt-OH + Pt-(COOH)ad - 2 Pt + C02 + H20 

The cyclic voltammogram ofHCOOH oxidation at Pt in 0.5 M HzS04 is given in Fig. I and 

shows the well known profile with current maxima at -0.1 and +0.15 V (main peak) in the 

positive sweep [12,13]. The oxidation starts immediately after the hydrogen desorption region 

and reaches its maximum at the potential where Pt-oxide formation starts in the absence of 

HCOOH. In the reverse scan, the oxidation starts at the onset of the Pt-oxide reduction and 

reaches higher currents than in the forward scan at the same potentials. The oxidation current 

falls back to zero again as the hydrogen adsorption starts. In the simultaneously recorded 
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ellipsometric curves of Fig.2 the varlation of the optical parameter A. in the absence and 

presence ofHCOOH is given. In the presence ofHCOOH the value of A. is virtually constant 

going from -0.6 V up to +0.2 V while in the supporting electrolyte A. decreases slightly in this 

region. This behaviour was earlier also noted for the electrooxidation of CH30H over Pt [5] 

and it was postulated that this is probably due to the presence of organic adsorbates which 

reptace adsorbed water and sulphate anions. Above +0.2 V A. decreases due to oxide growth 

on Pt. The onset of oxide formation virtually coincides with the main oxidation peak in the 

voltammogram and is not shifted considerably in the presence of HCOOH. In the reverse 

sweep the A. increase at 0.25 V, both in absence and in presence of HCOOH, indicates the 

start of the oxide reduction; this is accompanied by a rapid current increase to higher values 

than in the forward scan and shows that the presence ofHCOOH does not influence the onset 

of oxide formation or reduction. 

No significant change in Pt-oxide formation andlor rednetion is thus be found in the presence 
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Figure 1 Voltammogram of Pt in 0.5 M 
H2SOJ0.09 M HCOOH. 

...... r-------------, 
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Figure 2 A.-E curve ofPt in 0.5 M H2S04 

(-); and with 0.09 M HCOOH. 

of HCOOH; also the total change in ll due to Pt-oxide film is the same both with and without 

HCOOH, and indicates that Pt-oxide does not play a role in the HCOOH oxidation as was 

also observed for CH30H[5]. 

The CO oxidation was measured by monitoring the behaviour of the Pt/COad system in CO
free electrolyte. The voltammogram of Fig.3 shows in the positive potential sweep an 

oxidation current peak at +0.03 V, in agreement with [2,13,14,15]. This current maximum 

corresponds with the oxidation of an adsorbed CO molecule with an activated water or 

hydroxy species: 

Pt-OH + Pt-CO ~ 2 Pt + C02 +Ir + e 

The surface coverage with COad• calculated from the hydrogen desorption area, is 87%. The 

eps (electron per site) value is found to be 1.4 indicating that both linearly and bridge bonded 

109 



Cbapter8 

CO are present. The optica) response is given in Fig.4 tagether with the curve before CO 

adsorption and reveals a remarkable difference. The initia! D.. value in the case of COad is 

distinctly lower than for Pt alone. During the positive going potential scan D.. remains constant 

up to -0.15 V, then increases until at ca 0.1 V, D.. begins to decrease due to Ft-oxide growth. 

-
! .... 
I 
0 ...... 
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Figure 3 Voltammogram of COad on Pt in 
0.5MH2S04. 

·-
...... 
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107.11 
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Figure 4/l.-E curve of Pt in 0.5 M HzS04, 

befare (--) and after (·)CO adsorption. 

The shift in D.. in the low potentlal region indicates the presence of an adsorbed layer, this is 

most likely CO, which starts to be oxidised from the surface at -0.20 V, in agreement with the 

start of the CO-oxidation current in the voltammogram. The maximum in D.. is reached at the 

potential where almast all CO is oxidised from the surface as again can be seen in the vol

tammogram. In the reverse scan D.. starts to increase at 0.2 V due to oxide reduction and rises 

to approximately the same value as in the CO free system. This means that the adsorbed CO is 

indeed removed by the oxidation cycle. The results show clearly that the oxidation of CO ad 

starts effectively as soon as coad begins to react and disappears from the surface. This 

corroborates with the conclusions ofCorrigan and Weaver[16] basedonSPAIR results. With 

in situ reflectance spectroscopy measurements [17,18,19) coverage dependent reflectivity 

changes have been found. The observed shift in D.. in the low potential region must thus be 

attributed to an adsorbed CO layer, however the magnitude of this shift raises a problem. No 

significant optica! shift was observed for CH30H and HCOOH although the reaction meeha

nisros for these molecules are known to proceed via a CO intermediate. If we calculate the 

thickness of the adsorbed film from the difference in D.. at -0.6 V for Pt-COad and bare Pt, a 

value of 0. 54 nm with a refractive index n - ik 1. 5 5 -0 i is obtained. This is far larger than 

would be expected for an adsorbed CO layer (ca. 0.3 nm). Although such large thickness 

might be explained by a hydrated CO layer, as was proposed by Stonehart[20], this does not 

seem to be very likely because CO ad from C~ OH or HCOOH must then be expected to be 

hydrated also. Caram and Gutierrez [21) suggest that a Pt-CO surface complex is formed, as it 

has been noted [22] that the Pt24C030 cluster exhibits the same IR behaviour at chemisorbed 
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CO on Pt. Kunimatsu[4] found with IR a small difference between CO*' trom Cij OH or 

HCOOH and COad trom CO; this effect is too smalt to explain the difference observed bere. It 

was however noted by Ikezawa et al.[19] that only part ofthe CO on the ~:rface was visible 

with IR and the rest was IR inactive. Recently [23] similar large change in retlectivity at 

wavelength 250 run upon CO adsorption was reported; it is suggested that this is due to a 

charge transfer transition of CO-Pt surface complex. A possible explanation for the ellipso

metric result might be that the effect is caused by a structural difference between the adsorbed 

layer trom CO and that trom methanol or formic acid. By comparing IR spectra ofCOad layers 

formed by dosing trom solution and by partial electrooxidative stripping of the saturated 

adsorbed layer, Chang and Weaver [24] have concluded that CO is adsorbed as islands in 

which CO is present at high local coverage. If we may assume that this does not occur in the 

case of of methanol, which is in agreement with reactivity ditTerences between CO and 

methanol, or formic acid, then the adsorbate layer resulting trom these molecules can be a 

homogeneously adsorbed film. Such a structural difference between the layers could imply a 

difference in optical density and hence in a larger A change for the adsorbed layer trom CO. 

! ..... 

I 

Potentlal /V va USE 

Figure 5Voltammogram of Ru in 0.5 M 
~S0i0.09 M HCOOH. 

Oxidation of HCOOH and CO over Ruthenium. 

I , .... 

POlelidal fV vs IISE 

Figure 6A-E curve of Ru in 0.5 M ~804 
(-); and with 0.09 M HCOOH (--). 

Ruthenium itselfhas only low activity for the oxidation ofHCOOH and CO [8,25]. lts behavi

our wil! be presented bere in order to compare the results with those for Pt-Ru. Ru shows no 

activity at all for oxidation ofCH30H [9,26]; ellipsometric measurements [5] Iikewise do not 

reveal a change in the presence of methanol. 

The voltammogram ofthe oxidation ofHCOOH at Ru is given in Fig. 5 and shows a current 

due to the meidation of HCOOH in the potential region -0.4 to 0.4 V. The shape of the 
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voltammogram resembles that ofPt, though the activity over Ru is much less than over Pt. In 

Fig. 6 the ellipsometric curves are given for Ru in the presence and absence ofHCOOH. In the 
supporting electrolyte alone the beginning of the surface oxidization is observed by the decre
ase of À at -0.3 V, this bas been attributed to Ru-oxide, which is known to format E > -0.3 V 
[5,27,28,29). In the presence ofHCOOH the Ru oxidation sets in at slightly higher potential. 
It is strange to note, that although Ru-oxide inthereverse scan is not reduced until -0.5 V, 
HCOOH oxidation already proceeds below +0.25 V. No free Ru is thus necessary for the 
oxidation of HCOOH. Although the cyclic voltammogram suggests that HCOOH oxidation 
occurs over Ru-oxide, it is not likely that the oxides do react with HCOOH, since no change 
in the amount of oxide formed is found. This might indicate that no oxygen supply is necessary 
for the oxidation ofHCOOH. This is furthermore corroborated by the fact that the oxidation 
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Figure 7Voltammogram of Ru in 0.5 M 
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Figure 8 À-E curves for the systems in tigu
re 7. 

starts at the same potential both on Pt and Ru; at E=-0.4 V, a potential at which on a Pt 
electrode no oxide species are present on the surface. 

The behaviour ofRu/COad is presented in the voltammogram ofFig.7, the oxidation starts at-
0.25 V and reaches a maximum at -0.05 V. As can beseen in the optica! response ofFig.8 the 
onset of Ru-oxidation occurs virtually at the same potential as without COac~ but the total À 

difference between the positive and negative going potential sweep is less compared to Ru 
alone. This might point either to blocking ofthe surface by an adsorbate (possibly CO) which 
cannot be removed by oxidation and thus prevents part of the surface of getting oxidised, or it 
might point to the reaction of the oxide with the CO adsorbates, thus removing part of the 
surface oxides. 

The different activity of Ru for oxidation ofHCOOH and CH30H was attributed by Gasteiger 
et al.[8] toa difference in adsorption path: at Ru HCOOH follows only the dehydration route 
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Figure 9 Voltammograms of PtRu (-) 
0Ru=0.50; (·-)t\u,=0.32; (-.)Ej_u =0.21 in 0.5 
MH2S04. 
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Figure 10 à-E curve of PtRu (0Ru=0.5) in 
0.5MHzS04. 

resulting in CO ad, whereas C:f~ OH can not be dehydrogenated at Ru. From our experiments 
however it remains to be seen whether a surface oxide species is involved in the oxidation of 
HCOOH on Ru, this wou!d then imply that the adsorbate is not be CO since the oxidation of 
this species requires an oxide species. 

Codeposited Pt-Ru films 
Figure 9 shows the voltammograms of codeposited PtRu electrodes with 0Ru=0.50, 0Ru=0.32 

and 0Ru=0.21 in 0.5 M H.zS04 . There is no difference between Pt-Ru films deposited on Pt or 
on Ru. The Ru surface content of the deposited film is determined from the peak:potential at 
which the surface oxide is reduced; we found earlier [30] that a linear relationship exists 

between the reduction potential of the surface oxide and the Ru surface content in the 

~·r----------------------, 
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Figure llà-E curve of PtRu (0Ru=0.2l) in 
0.5 M H2S0i0.16 M C~ OH. (-) I st scan; 
(--) 18th scan. 

• 
1 I 

1 . 

Potond .. /V vo MSE 

Figure 12 Voltammogram ofsystem in tigu
re 11. 
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electrodeposited PtRu films. The ellipsometric response to a potendal sweep is given in Fig. I 0 
for PtRu(6au=50). The decrease of á at ca -0.3 V indicates the beginning of the surface 
oxidation; similar curves were found at other Ru coverages. 

The activity for the meidation of CH30H at the different Pt-Ru electcodes depends on the Ru 
surface content, a typical diagram is given in Fig. II for PtRu(6R .. =0.21) in 0.16 M methanol 
(full fine). The much smaller cuerent during the reverse part of the scan is indicative of the 
presence ofPtRu-oxides which block the surface such that only a smalt amount offree Pt sites 
are available on which CH30H can re-adsorb. In the coeresponding optical curves ofFig.l2 no 
Ru oxide formation is detected in the potential region -0.3 to 0 V, in agreement with our ear
lier results at PtRuad [5]. The start ofthe oxide growth at E :<?: 0 V virtually coincides with the 
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Figure 13 PtRu (6Ru=0.21) in 0.5 M 
H2SOJ0.09 M HCOOH. 
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Figure 14á-E curve of the system in figure 
13; solid curve without HCOOH. 

cuerent maximum for the methanol oxidation. The slight á increase at the start of the positive 
potential sweep was observed at most PtRu electrodes. A similar behaviour was found by 
Velikodnyi et al.[29] and is due to desorption of absorbed hydrogen from Ru. With repeated 
cycling up to 0.4 V, Ru is leached out and the surface gradually beoomes more rich in Pt as 
shown by the dasbed line in Fig.l2, which resembles a Pt profile (onset of oxide growth at 
higher potential) and by the increased cuerent for the methanol oxidation in the reverse scan of 
the voltammogram ( dasbed line in Fig.ll ) .. 

The oxidation ofHCOOH at PtRu electcodes is characterized by a single maximum at -0.12 V, 
as can be seen in the voltammogram of Fig.B for PtRu(6Ru=0.21), in agreement with 
measurements at PtRu alloys [31 ]. In Fig.14 the optical results obtained at this electrode with 
and without HCOOH are given. In the presence ofHCOOH no change in á is found between 
-0.6 V and -0.25 V, as was also observed for Pt alone. At -0.25 V a slight increase in á is 
found up to -0.2 V, this effect is similar, though far smaller than that found for COad on Pt. 
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Furthermore the decrease of ä due to PtRu-oxide formation starts at higher potential (-0.06 
V). In the negative going sweep the behavior of ä is the same as without HCOOH, while the 
current for HCOOH oxidation is much smaller than in the forward scan. The PtRu electrades 
with 6Ru=0.50, 0.32 and <0.05 show similar behaviour: at all electrades the oxide is apparently 
not any more present in the potential region -0.30 to -0.10 V since the start ofthe ä decrease 
due to oxide growth is shifted to higher potentials. This change in ä sets in at the same 
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Figure 15 PtRu (6Ru=0.32) with adsorbed 
CO. 6co=0.44(-); 0.63 (--); 0.73(-.).0.5 M 
H2S04. 
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Figure 16 ä-E curve for the system in fig. 
15. 6co=0.63 (-); 0.73 (--). 

potential as the potential of the current maximum in the voltammogram. The hump in the ä 
change around -0.2 V is most pronounced for the PtRu(6Ru=0.21} electrode and is not 
observed a PtRu(6Ru=0.50). This ä change is concomitant with the current rise and suggest 
therefore removal ofan adsorbed layer ofHCOOH or an intermediate. 
Although the ä-E curve still shows considerable Ru character, part of the Ru-oxide that is 
present without HCOOH is no Jonger seen in the presence of HCOOH. Furthermore the 
surface oxide seems to be reduced somewhat easier in the presence of HCOOH, as can be 
seen in the reverse scans with and without HCOOH. 

The results of the oxidation of CO ad at PtRu are shown in the voltammogram of Fig. IS for 
different amounts of CO at PtRu(6Ru=0.32); this was achieved by varying the adsorption time 
und using a dilute (1 0%) CO - Argon gas mixture. The oxidation peak is at E=-0 .15 V for 9co 
= 0.44 and shifts slightly to lower potentials with increasing CO. The eps values are close to 2 
for all curves, which means that CO is linearly bonded. This is contrary to COad at pure Pt, 
where large amounts of bridge bonded CO are found. The corresponding ellipsometric curves 
are given in Fig.l6 for Beo= 0.63 and 0.73 and show that the ä deercase starts at ca. -0.05 V 
i.e. the onset of oxide growth is shifted to higher potential. Thus noRu-oxide is present in a 
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large part ofthe potential region where COad is oxidized. The current maximum is reached ca 

100 mV before the oxide formation in the presence ofCOad is observed. Between ..0.25 and-

0.15 V a small !:J. increase is noted which indicates the disappearance ofCOad due to oxidation, 

this is the same as for CO ad oxidation on Pt. There is however a significant difference between 

Figure 17/:J.-E curve of adsorbed CO on PtRu (6Ru<0.05) in 0.5 M ~ SQ Solid curve is 
without CO. 

the codeposited electrodes and Pt. The change in !:J. over PtRu indicates that CO is removed 

from the surface at ca -0.25 V, whereas in the cyclic voltammogram the CO oxidation already 

starts at ca -0.4 V. For COad oxidation over pure Pt the potentials deduced from the !:J.-E and 

the 1-E curve coincided. Furthermore the maximum in the !:J.-E curve (fig.16) is reached at 

potentials at which according to the voltammogram not yet all the CO is removed from the 

surface. The potential region where the change in !:J. takes place is thus far smaller than the CO 

oxidation region in the cyclic voltammogram. For low Ru surface coverages the optical 

changes due to COad are more pronounced as shown by Fig.l7 for PtRu((\u <0.05), the effect 

bere is even larger than for Pt alonel There is a sharp !:J. increase in the potential region -0.2 V 

to -0.1 V, which coincides with the current increase the voltammogram. The region in which 

!:J. increases is again smaller than the CO oxidation peak in the cyclic voltammogram. 

Summarizing I Conclusions 

The presence of an oxide layer on Pt, Ru and PtRu can be detected with ellipsometry. This 

enables us to monitor the Pt-Ru surface during the oxidation of CH30H, HCOOH and C~. 

The results show that PtRu-oxide is indeed involved in the reaction of CH30H and C<l.J ; 

whether this also holds for HCOOH remains to be seen. For all molecules it appears that no 

oxide is present at the PtRu surface in the potential region where the molecule ( or its 

intermediate) is oxidized. The oxides at Ru and Pt afone do notseem to play a significant role 
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in the oxidation ofHCOOH[?]. 

The optica! results support the bifunctional mechanism that has been proposed to explain the 

role of Ru [7]. The Ru-oxide in the potendal region ofthe methanol oxidation is divalent, this 

was established with EQCM [32] So we can describe the process by the following reactions: 

Ru + H20 - RuO + 2 Ir" + 2e 

In the case of oxidation of CO ad: 

PtCOad + RuO - Pt + Ru + C02 

and in the case of oxidation of CH30H 

Pt + CH30H- Pt-COH + 3 W + 3 e 

Pt-COH + RuO - Pt + Ru + C02 +Ir" + e 

or Pt + CH30H - Pt-CO + 2 W + 2 e 

PtCO + RuO - Pt +Ru + C02 

The oxide growth on the PtRu electrodes for both HCOOH and CO oxidation begins at some 

50- 100 mV higher potential than the maximum in the voltammogram, whereas for CH30H 

the potential of the current maximum coincides with the start of the oxide growth. 

At Pt and PtRu the adsorbed CO layer can be clearly observed with ellipsometry. lts disappea

rance from the surface however does not exactly coincide with the oxidation peak in the cyclic 

voltammogram. 

By comparing the activities for the electrooxidation of CO ad• HCOOH and CH3 OH at the Pt

Ru electrodes, it appears that the optima! Ru coverage is < 30 % for all molecules. This is 

lower than has been reported for HCOOH and CO by Gasteiger et al.[8]. We found an 

optimum of ca 15% for the oxidation of CH30H and CO, this will be publisbed in another 

paper [32]. 
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CHAPTER9 

On the Role of Ru and Sn as Promotors of 

Methanol Electrooxidation over Pt. 

Abstract 
The role of Ru and Sn on the methanol oxidation over Pt was investigated for three different systems viz. Pt covered 
with adatom layer of Ru and Sn, electrocodeposited Pt-Ru and carbon supported Pt-Ru. By following the oxide growth 

on the Pt-prolllQter metal electrodes with ellipsometty it was found that in the presence of methanol the surface oxides 
of the promotor metal are no Jonger present on the surface. This supports the bifunctional model of the promotor 
action. DEMS measurements at Pt with submonolayer coverage of Ru or Sn revealed that the current efficiency of the 
methanol oxidation to C02 is increased in the presence of Ru or Sn and that the onset potential of the oxidation keeps 
lowering with increasing amounts of the promoting metal. On electrodeposited Pt-Ru systerns the adsotption of 
methanol already takes place at potentials in the hydrogen range. These results seem to point to an electronic (ligand) 

effect. This is further corroborated by activity rneasurernents at carbon supported Pt-Ru with very small particles, 
which show a tenfold higher activity compared with the Ru free systern. 
It is concluded that the promoting action of Ru and Sn rnay involve both a bifunctional and an electronic (ligand) 
effect. 

lntroduction. 
Although it is quite well known that Sn and Ru can promote the electrochemical meidation of 

methanol over Pt electrodes, it is still less well known by what mechanism they actually act. 

The electrooxidation of methanol over Pt proceeds via an adsorbed metbanolie species, for 

example Pt-COH[l] or Pt-C0[2] at high methanol concentrations, which is oxidized by an 

adsorbed oxygenated species or activated water: 

Pt-COH + Pt-OH- 2 Pt + C02 + 2 Ir+ 2e (1) 

At present the most popular view is that the promotors act by supplying the oxygen atom: 

M + H20 - M-OH + Ir + e (M=promoting metal) (2) 

M-OH + Pt-COH - C02 + Pt + M + 2 Ir + 2 e (3) 

The formation of an oxygenated species on Pt is reputedly difficult, as Pt-OH groups are only 

formed, in substantial quantities, above ca. +0. 7 V vs RHE. The idea is that both Ru and Sn 

are more easily oxidised than Pt and thus are able to oxidise the methanol adsorbate at a lower 

potential. The promotors act via a so-called bi-functional mechanism, as was suggested for 

both Sn[3] and Ru[4]. An alternative explanation however, is that the Pt properties themselves 

are modified by Sn[5] and Ru[6,7] (the so-called ligand or electrooie effect). Such an effect 

was for example observed in gas-phase adsorption of CO on Sn/Pt(lll )[8], where the Pt-CO 

bond strength was found to weaken in the presence of Sn. 
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Taking into account that ensembles of Pt surface atoms are required for the adsorption of 

methanol on Pt[9] and that methanol does not adsorb on Snor Ru[lO], it follows that the 

promotor atoms should be present in low amounts, although this is not yet the general 

opinion. The optima! ratio MIPt is still not definitely established, but it was confirmed by 
several authors[9,11,12] that a Pt-Ru electrode with a low Ru content (ca. 10%) bas the 

highest activity forthemethanol electrooxidation. This was also found for Sn [5]. The activity 

of Ru for the methanol adsorption appears to be strongly temperature dependent. In a recent 

artiele Gasteiger et al.[l3] showed that at 60 °C the optimum Ru composition is about 300.4. 

We have tried to obtain further evidence for either a bifunctional or a ligand effect through 

ellipsometry, Differential Electrochemical Mass Spectroscopy (DEMS) and activity measure

ments. Three different systems were used for these measurements; (i) smooth Pt with adatom 

coverage of Sn and Ru, (ii) electrocodeposited Pt-Ru and (iii) carbon supported Pt-Ru 

systems. 

Experimental 
Electrode Preparation. 
Platinum electcodes with submonolayer coverage of Sn or Ru were prepared by potential 

cycling between -0.65 V and +0.6 V vs MSE in 0.5 M H2S04 containing srnall (<1.10'3 M) 

amounts of SnS04 (Aldrich) or Ru(NO)(Nq À (Johnson and Matthey) respectively. Electro

codeposited Pt-Ru electcodes were prepared from a solution containing 2.4*10'3 M H2PtC~ 
and 1.2*10'3 M Ru(NO)(N03) 3 using different deposition-times and -currents. The Ru!Pt 

atom ratio, measured with SEMIEDX, increases with higher deposition current. 

Carbon supported Pt-Ru catalysts were prepared by depositing a Pt-Ru colloïd on Vulcan XC-

72 carbon support. The colloïd was prepared via the Turkevich method[14]. The catalyst was 

mixed with PTFE suspension and the mixture was pressed on a Pt current collector. After 

drying at 125°C, the electrode was sinteredat 325°C for two hours under argon atmosphere. 

The final Teflon content was 17 %. 

Measurements. 
Ellipsometry experiments were carried out using an automated ellipsometer Rudolph RR 2200 

with tungsten iodine light souree and monochromatic filter resulting in light with a wavelength 

of 546.1 nm. The optica] cell is cylindrical and supplied with windows arranged for an angle of 

incidence of 70" at the substrate. The optica! measurements were performed during potential 

scanning at disk electcodes of Pt (area 0.5 cm2) and of Ru (area 0.79 cm) covered with 

electrodeposited Pt-Ru. The potential scan was supplied by a Wenking potentioscan POS 73 

with Philips PM 8043 recorder.The activity forthemethanol mcidation was determined from 

voltammetry measurements at low sweeprate (2 mvs-1
). Combined voltammetric and DEMS 

experiments were performed at a platinized platinum gauze electrode (specific area 60 cm2) 
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using a computer controlled AutoLab potentiostat (Eco Chemie) suitable for simultaneous 
recording of current- and mass response. The experimental setup of the rnass-spectrometer 
system (Leybold) is similar to that ofVielstich et al.[15]. 
In all electrochemical cells the counter electrode is a Pt foil; the reference electrode is a 
Hg/Hg2S04 electrode (MSE); E = +0.68 V vs RHE. The measurements were performed in 0.5 
M ~S04• The methanol concentration was either 0.1 Mor 0.33 M.(Merck). All chemieals are 
p.a. grade. The solutions were prepared with Beostat water(l8.2 MO). Argon (99.990A.) was 
used to provide oxygen free electrolyte. 

Results and Discussion. 
Ellipsometry 
Figure lA shows the change in the ellipsometric parameter ll during a potentialscan at Pt in 
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Figure lA A-E curve for Pt. (-) 0.5 M 
H2S04; (--) with 0.33 M CH30H. 
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I ... 
I 

..... - .o.20 .... o.ao - .... 

-IV .. -

Figure 2B A-E curve for PtRu. (-) O.S M 
H2S04; (--) with 0.33 M CH30H. 

0.5 M H2S04. The growth of the oxide layer during the anodic scan and its subsequent 
reduction during the cathodic scan is observed as a decrease respectively increase of A. Upon 
addition of methanol the curve is virtually the same (cf dasbed line in tigure IA) hence no 
change in the Pt-oxide formation occurs in the presence of methanol. 
Figure lB ( drawn line) gives the optical change observed at an electrocodeposited Pt-Ru 
electrode (300/o Ru, estimated bulk content) in O.S M ~S04. Here the change in A reflects the 
oxide film growth on Pt-Ru. It is seen. that the surface is oxidised more easily in the presence 
of Ru (it is known that oxidation ofRu begins at -0.3 V vs MSE[l6]) and that the oxide is 
reduced over a larger potential range compared with Pt. This behaviour is in agreement with 
the results found for bulk Pt0.5Ru0.5 alloy[17]. The optica) response alters in the presence of 
methanol (0.33 M) as shown by the dasbed curve of tigure IB. The curve is shifted to higher 
A values and the total A change is smaller. In the anodic scan the decrease of A begins at a 
higher potential; in the cathodic scan the A increase begins at higher potential than without 
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Figure 2A C02 production in the presence 
of Ru. (-) 0 M; (--) 5 to·'; (-.) 1 Hf;( ... ) 
1.5 104 M Ru(NO)(N03h 

..... 
Potendlil (V VIl MSE) 

Figure lB Enlarged part of (A). 0.5 M 
~S0i0.33 M CH30H. 

methanol. Apparently in the presence ofmethanolless Ru-oxide film is "seen" on the surface, 
which implies that it is removed by reaction with methanol. For Pt partially covered with Ru 
adatoms or with upd Sn we found a similar effect[18); in both systems the adatom-oxide 
features diminish or are completely absent. The disappearance of the metal-oxide layer in the 
presence of methanol supports the bifunctional mechanism in which the promoting metal 
transfers oxygen to Pt-COH, cf eqn (2) and (3}; the rate of reaction (3} is apparently much 
higher than that of reaction (2 ). 

Concentradon Onset-Potential of CO~ production 

0 MSn -0.135 V 

1*10'4 M Sn -0.197V 

2*10-4M Sn -0.282 V 

0 MRu -0.135 V 

1*104 MRu -0.222 V 

II2*10'4 MRu -0.276 V 

Table 1 Change of the onset potential for C02 production during methanol oxidation on 
Pt in the presence of Sn and Ru. 

DEMS at Pt with submonolayer coverage of Sn and Ru. 
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With DEMS the methanol oxidation was measured on Pt in the presence of different amounts 

of SnS04 and Ru(NO)(NÜ:31 in the electrolyte. The results are given in tigure 2 for the Pt-Ru 

system. It can be concluded that Ru indeed enhances the C02 production in the potendal 

region up to 0 V vs MSE and also that the onset potendal for C02 production ( and thus 

CH30H oxidation) decreases with increasing amount ofthe promotor metal. For Pt-Sn similar 

results were obtained. In Table I the onset potentials for the Pt-Ru and Pt-Sn systems are 

summarized, these data were evaluated from the rnass-potendal curves, as the currents at the 

onset of the methanol oxidation are extremely smalt. The lowering of the onset potendal is 

quite remarkable; however this must be distinguished from the overall activity. At higher 

potentials the methanol oxidation current decreases with increasing amount of promotor 

metal, due to block:ing ofthe Pt surface. lt is furthermore strik:ing that the peak potendal ofthe 
methanol oxidation decreases in the presence of Ru, but does not change in the presence of 

Sn. Determination of the ratio between the current(I) and the mass-current(M) -which is di-

~ 11 
" 1 ' ' E OV. b=+U.l V 

0 MSn 1 1 I 

1*104 M Sn 0.46 0.72 0.93 

2*10'4 M Sn 0.45 0.67 0.93 

0 MRu 1 1 1 

1*10'4 MRu 0.80 0.74 0.84 

2*104 MRu 0.67 0.70 0.76 

Table 2 Ratio between the current(I) and mass-current(M) for the electrooxidation of 
methanol on Pt in the presence of Sn or Ru. The ratios without metals were set to I. 

rectly related to amount of C02 molecules[19]- showed that for the dynamic measurements 

the ratio becomes smaller in the presence of Sn or Ru. The IJM ratio values, calculated at 

three different potentials, are presented in Table 2; the ratio without promoting metal is set at 

I. A decrease of the IJM ratio means an increase of the current-efficiency for C02. Shibata et 

al.[20] also reported a higher current-efficiency in the presence of Ru, however they found a 

lower current-efficiency in the presence of Sn. 

Although a change in current-efficiency can be explained on the basis ofthe bifunctional model 

where the role ofthe promotor is solely to donate an oxygen species, it is difficult to see how 

the continuous lowering of the onset potential with increasing promotor metal fits in this 
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Figure 3 Pt-Ru codeposits in 0.5 M H2S04 .(A) 13% Ru; (B) 18% Ru; (C) 25% Ru; (D) 27% 
Ru; (E) 28% Ru. In (C) the are for Ru meidation is indicated. 
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model. This phenomenon may therefore indicate that the promotor metals also evoke a ligand 
effect, i.e. the strength of the Pt-adsorbate bond is weakened by increasing amounts of 
promotor metal which results in alowering ofthe mcidation potential ofthe adsorbate. 

Codeposited Pt-Ru electrodes. 
Figure 3 gives the cyclic voltammograms for codeposited Pt-Ru electrodes with different Ru 
contents. For all electrodes only one oxide reduction peak is observed, implying that only one 
type of oxide is formed. Platinum and ruthenium therefore may be assumed to be present as 
one phase. The position of the oxide reduction peak shifts to lower potendals for electrodes 

• 

• 
oL-~------~----~----~ 

~.00 

Potentlal r1 va USE) 

Figure 4A Codeposited PtRu (27% Ru) and 
Pt in 0.5 M H2SO/O.l M CH3 OH. Blank of 
PtRu is shown for comparison. 

1 1.t7111A 

.0.4 .0.2 0 0.11 

Potentlal N VI Mst!) 

Figure 4B PtRu of (A) in 0.5 M H2S0i0.1 
M CH30H. Arrow indicates methanol ad~ 
sorption peak. Scanrate 5 m VIs. 

deposited with higher current, i.e. with higher Ru content. This agrees well with the results of 
McNicol et al.[21,22] who found that the oxide reduction peak ofPt-Ru alloys shifts to lower 
potentials with an increase in Ru content of the alloys. At electrodes with a bulk Ru content of 
28% the oxide reduction can no Jonger be distinguished from the hydrogen reduction as was 
also observed by Entina et al.[23]. 

The voltammetric scan during methanol oxidation changes with the Pt~Ru composition; with 
increasing Ru content the methanol oxidation peak in the cathodic scan decreases and disappe
ars completely at high Ru contents. In tigure 4A the methanol oxidation is shown for Pt
Ru(27%). lt is noted that an oxide reduction peak appears at the same potential as without 
methanol. Also a new (smal!) peak emerges in the anodic scan at -0.5 V vs MSE; this is more 
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clearly seen in the enJargement in tigure 4B, in which part of a cyclic voltammogram is shown 
for an electrode with a different geometrie surface area than in 4A. but with the same Ru 
content(27%). A peak at this potential was also reported by Gasteiger et al.[9] for Pt-Ru(IO.. 
%) and by Caramet al.[24] for Pt. With DEMS we established that no C02 was produced 
during this peak. If the potential scan is reversed immediately after this peak, we found that 
the hydragen coverage had diminished; this indicates that the ..0.5 V peak is due to oxidative 
adsorption of methanol on the surface. Figure 4B shows also the methanol adsorption at pt-Pt 
at the same methanol concentration; bere the peak is observed at a higher potential. It thus 
appears that while methanol is adsorbed on Pt after virtually all adsorbed hydragen has been 
removed from the surface, the methanol adsorption on Pt-Ru can already occur at potentials in 
the hydragen region (cf fullline in tigure 4B). This could point to the formation of another 
adsorbate and might indicate that Ru does not solely act via the bifunctional mechanism. 

PtRu Pt 

! SEMIEDX 13% 18% 25% 27% 28% -
Coverage calculated via 11% 24% 33% 33% 28% -
Ru-oxide charge a 

Coverage estimated 100/o 30% 45% 48% 600/o -
from red. peak pot. 

Activity at -0.2 V 0.1 0.09 - 0.04 0.02 0.01 
inmAcm·2 

Table 3 PtRu codeposited electrodes; Ru content measured by different methods; 
activities 
for methanol electrooxidation at -0.2 V, in 0.1 M CH30H/0.5 M H2S04. 

In order to campare the activities of the different electrades for the methanol oxidation, it is 
necessary to know the amount of Ru present on the surface and the specific surface area. The 
SEMIEDX data present bulk values and may differ from the surface values due to surface 
segregation. For adatom Ru-Pt systems Watanabe et al.[4] measured the charge necessary to 
oxidise Ru and calculated the Ru coverage by assuming that this charge corresponds with the 
formation of RuOH. We performed Electrochemical Quartz Crystal Microbalance experi
ments, in which the rnass-change of a Pt electrode was monitored during Ru deposition and 
oxidation[25]. It was concluded from these measurements that the Ru-oxide is Ru(OHh 
Furthermore a linear correlation was observed between the mass change of the electrode and 
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the shift of the oxide reduction peak. The coverage, obtained by measuring the electrode-mass 
change during Ru deposition (6=0.20). was found to be fairly close to the coverage esta
blished from the decrease in the amount of adsorbed hydrogen(6=0.23), although it is 
recognized that this measurement of the surface content gives only an upper limit of the 
amount of Ru, because Ru adsorbs hydrogen itself[l6]. The Ru surface content of the 
codeposited electrades was calculated from the charge corresponding with the Ru oxidation as 
indicated in voltanunogram C offigure 3 with: 6Ru = (<ltu(oH)JI(~OH)z + 2 Q ). The only 
assumption in this calculation is that one Ru atom reptaces one Pt atom. The calculated 
coverages are summarized in Table 3 and agree reasonably wen with the values obtained by 
SEMIEDX. In this table also another estimate of the Ru content is given; this was obtained 
from the position of the oxide reduction potential: if it is assumed that for codeposited 
electrades the shift of the oxide reduction peak with increasing Ru content is the same as for 
adatom systems, the Ru content can be determined via the EQCMB measurements. This 
resulted in larger values in particular at higher Ru content; the ditTerenee may be due to 
surface segregation. 
In Table 3 the activities of the different Pt-Ru electrodes for the methanol oxidation are 
compared at -0.2 V vs MSE. These activities are expressed with respect to the real(true) Pt 
surface area, calculated with the Ru coverages (a) from table 3 assuming that I cm2 of real 
surface area contains 1.41*1015 atoms and that the Pt surface structure is not distorled by the 
presence of Ru. The table shows that for these electrades the highest activity is obtained with 
relatively Iow Ru content as was discussed in the introduction. Although it is obvious that 
there exists an optimum for the Ru coverage, the data do not allow to ascertain its exact value. 
Our results are in agreement with the results of Gasteiger et al.[9] on well characterized 
smooth Pt-Ru surfaces. Watanabe et al.[4] concluded that the maximum activity was obtained 
at 6Ru=0.5; this Ru coverage however wasbasedon the assumption that RuOH is formed. 
With Ru(OH)2 as oxide species this coverage is 0.25, which is in reasonable agreement with 
the result ofus and others[9, 11, 12]. 

carbon supported catalyst current density (mA cm·2) 

Pt 0.02 

Pt-Ru (2:1) 0.15 

~ ~ (8:1) I o.Jo 

Table 4 Activity at -0.2 V vs MSE for methanol oxidation of carbon supported Pt and 
Pt-Ru catalysts in 0.5 M H2S0i0.1 M CH30H. 
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Carbon supported Pt-Ru catalysts. 
It is known that the onset of Pt meidation can be enhanced by decreasing the Pt partiele size. 
However we found[26] that the specHic activity of carbon supported Pt for the methanol 
oxidation remains constant for Pt sizes down to about 4 nm and that below that value the 
specHic activity decreases with smaller particles. We attributed this to the much stronger water 
activation by the smaller particles at low potentials, resulting in a thwarting of the methanol 
adsorption reaction. It is therefore of interest to measure the methanol oxidation at carbon 
supported Pt-Ru catalysts with very smal! particles. Pt-Ru/C catalysts (5 wt %) were prepared 
with different ratios ofPt:Ru viz. [2:1], [4:1], [8:1]; with TEM it was established that the Pt
Ru [8:1] catalyst consistsof particles from 1 to 2 nm with both Pt and Ru; the [2:1] and [4:1] 
catalysts consist of particles of 3 to 4 nm. In Table 4 the activities for the methanol oxidation 
are compared at -0.2 V vs MSE; the activity ofPt/C is also included. The highest activity for 
the methanol oxidation was obtained for the Pt:Ru [8: 1] catalyst. Again as with electrodeposi
ted Pt-Ru the results bere seem to indicate that the highest actlvities for the methanol 
oxidation are obtained with a low Ru content (ca 10 % ), although the promotor effect still bas 
to be separated from the Pt partiele size effect, because in our preparation metbod the partiele 
size increases with the Ru content. The potentlal of the oxide reduction peak for the carbon 
supported Pt-Ru electrades is tbe same as without Ru. 
The presence of Ru appears to be quite effective: the activity of these Pt-Ru particles in the 
potential region -0.2 to -0.05 V vs MSE was a factor 10 higher than for Pt/C catalysts with 
particles of the same size. As for such smal! particles water activation is already too effective, 
the role of Ru can hardly be simply that of an oxygen donor, but may rather be ascribed to its 
modification ofthe electronic properties ofPt. 

Conclusions. 
The ellipsometric measurements at codeposited Pt-Ru show that Ru-surface oxide disappears 
in the presence of methanol. This was also found both for adat om coverage of Ru and Sn on 
Pt. The absence of these oxides during the methanol oxidation indicates that the metals act via 
the bifunctional mechanism in which an oxygenated species of Ru or Sn oxidizes the me
thanolic adsorbate. With EQGMB it was established that on Pt-Ru(ad) Ru(OH)2 is formed. 
Activity and DEMS measurements at Pt electrades with partial coverage of Sn or Ru reveal 
that in the presence of the promoting metal not only the activity for the methanol oxidation 
changes but also the current efficiency for C02 production; moreover the onset potendal for 
the methanol oxidation is lowered with increasing amounts of promotor metal. These 
phenomena are difficult to explain with a bifunctional mechanism and may indicate that the 
electrooie properties of Pt are changed as well. This is further corroborated by the results at 

carbon supported Pt-Ru electrodes, which show that the methanol oxidation at very small 
particles can be enhanced by Ru in spite of the fact that Pt particles (<4 nm) alone are too 
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active for water activation. The activity for the methanol oxidation for the electrocodeposited 
Pt-Ru systems is found to be the highest fora low Ru content. 
It seems clear then that the promoting action of Sn and Ru involves both water activation and 
platinum modification. Their relative importance in each particular case remains to be more 
accurately determined e.g. through in situ IR spectroscopy. 
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CHAPTERlO 

Measurement of the Ru Surface Content of Electrocodeposited PtRu 

Electrodes with the Electrochemical Quartz Crystal Microbalance: 

Implications for Methanol and CO Electrooxidation. 

Abstract 
T o obtain the surface content of Ru in rough electrocodeposited PtRu electrodes, the mass change of a Pt electrode 
during Ru deposition was measured with the Electrochemical Quartz Crystal Microbalance. It is shown that there is a 
correlation between the potential of the surface oxide reduction peak of the PtRu electrode and the surface Ru content 
With EQCMB also the methanol oxidation and oxide formation hoth on Pt and PtRu were stndied. lmplications for the 
oxidation of CO and CH30H are discussed, in the context of which some IR experiments on CO on PtRu are presenled 
as well. 

Introduetion 
Ruthenium is generally regarded to be the best promotor of Pt in the electrooxidation of 

methanol. Higher activities in the presence of Ru have been reported since the 1960's[l,2,3]. 

The mechanism by which Ru actually acts bas been much studied in recent years 

[4,5,6,7,8,9,10,11], but it is still not clear whether Ru acts via a bifunctional mechanism, 

where Ru is responsible for the activation of water necessary to oxidise the methanol 

adsorbate, a ligand effect, where the electronic properties of Pt itself are modified, or both. 

Another major discussion point is the optimum surface coverage with Ru; i.e. the surface 

coverage at which the maximum overall activity for the electrooxidation of methanol is 

obtained. Values for the surface coverages ranging from 100/o[4] to 50%[11] have been 

reported. Comparison of data of different authors should be made on the basis of surface 

coverage of course, but these have most often been assumed rather than measured. Either the 

assumption bas been made that the Ru surface coverage for the various samples is equal to the 

bulk content[3], or the composition ofthe electrode was taken to be equal to the composition 

of the deposition bath[l2]; the latter metbod can lead to large discrepancies as is clear from 

our study on Pt-Ru electrocodeposits[5]. Measurement of coverage via blocking ofthe hydro

gen area is not a-priori applicable since Ru itself also adsorbs hydrogen. The only study, in 

which the real surface composition bas been established, is that by Gasteiger et al.[4], who 

have used Low Energy Ion Scattering (LEIS) and Auger Electron Spectroscopy (AES) to 

measure the ratio between the amount ofRu and Pt on the surface ofperfectly smooth alloys. 

They found a rather low optimum surface coverage viz. ca. 10%. 

In order to determine Ru surface concentration in the case of electrodeposited or PtRu!C 
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electrodes, it would be advantageous to avail of a simpte in-situ technique, such as cyclic 
voltammetry. Indeed McNicol et al.[9] already showed that the peak potential ofthe surface
oxide reduction shifts to lower values (compared topure Pt) in the presence of Ru. In our 
previous paper[ SJ, we tried to correlate the amount of Ru in the electrodeposited electro
de(determined with EDX) to the peak potential ofthe oxide reduction(measured with CV). It 
was found however, with cycl.ic voltammetry, that the peak potential of the oxide reduction 
kept shifting, whereas EDX measurements indicated no further change in the amount of Ru. 
The discrepancy between both techniques (CV and EDX) should arise from the fact that EDX 
measures the amount ofRu present in the bulk, whereas CV only shows the behaviour ofthe 
outermost layer. 
In trying to circumvent this problem, we switched in the first instanee to electrodeposited Ru 
on Pt, where we could follow the deposition of Ru with the Electrochemical Quartz Crystal 
Microbalance(EQCMB), and hence correlate the amount of deposited Ru with the potential of 
oxide reduction. This technique bas the advantage that the surface coverage of the deposited 
metal is measured by the rnass-change of the electrode and it has been used extensively for the 
study of for example Cu, Bi and Pb upd on Au and Pt[l3,14,15,16,17]. Forthermore the 
EQCMB offers the possibility of studying the oxide formation on the electrode in the presence 
and absence ofmethanol[l8,19,20,21]. 
In this paper, then, the Ru surface coverage so determined with EQCMB will be correlated 
with the shift in surface-oxide reduction. Also the oxide formation both on Pt and PtRu and its 
implications for both CO and CH30H oxidation will be discussed. Furthermore, in order to 
obtain some information on the effect ofRu on the electronic properties ofPt, ifany, a few in~ 
situ IR measurements of CO adsorbed on PtRu have been performed as well. Similar 
measurements were previously done by Iwasita et al.[22], but in discussing the effect of Ru, 

not much attention bas been given to these measurements in the literature. 

Experimental 
All experiments were performed in a 0.5 M H2S04 supporting electrolyte solution, prepared 
from p.a.H2S04 (Merck) and ultrapure (18.2 MO)water (Ecostat). The ruthenium salt 
solution, used for the Ru deposition was prepared from a concentrated Ru(NO)(N03)3 

salution (Aldrich). The 0.1 M CH30H salution was prepared with p.a. methanol (Merck). 
Planar 2.5 cm diameter, 5 MHzAT-cut quartz crystals were operated at their third harmonie 
frequency in all experiments. Platinum film electrades were evaporated onto one side of the 
crystal. A Ti film was used to improve the cohesion between the Pt and the Quartz substrate. 
The electrode was centred on the crystal and had a diameter of0.95 cm. On the backside of 
the electrode the Ti pad had a diameter of0.6 cm, such that the edges ofthe electrode do not 
contribute to the frequency measurements. 

The surface ofthe electrode was cleaned with ethanol and hexane, thereafter the electrode was 
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exposed to UV ·ozone for 10 minutes. Cyclic voltammetry and the frequency change during 
multiple scanning were used in order to check the cleanness of the electrode. The crystal was 
mounted in a Teflon electrochemical cell, with a Hg/Hg2S04 (MSE) electrode as a reference 
(EMsE=+0.68 V vs RHE) and a Pt counter electrode. 
The frequency of the crystal was measured with a high precision frequency counter (Philips 
PM 6654). For the cyclic voltammetric experiments the potential was controlled by using a 
PAR 175 programmee and a PAR 176 potentiostat. Data were directly stored on a PC. 
From the Sauerbrey equation[23] (eq. I) where àt;, is the frequency change ofthe electrode, 
Am is the mass change, ~q is the shear modulus, '1 is the density of quartz, A is the piezo.. 
electrically active surface area of the electrode, f0 is the harmonie frequency of the crystal and 
n stands for the nth overtone, the theoretica! mass-sensitivity, S {= the "Sauerbrey constant") 
for this system was calculated to be 18 ng!Hzcm2. 

2n/oàm 
àfn=----

.;~qPi 

àm 

s (1) 

The electrode roughness factor was calculated to be about 10, on the basis ofthe hydrogen 
desorption region. 

lnfrared experiments 

For the IR experiments a BioRad FTS45-Al IR apparatus was used with a home made 
electrochemical thin layer cell. A CaF2 window was used in a 0.5 Mij SQ solution. CO was 
adsorbed from a CO containing electrolyte salution at E =-0.3 V vs MSE. After adsorption 
the electrode was pusbed against the window and a spectrum was taken. Each spectrum 
consisted of 64 scans. After each spectrum the potential was scanned to the anodic potendal 
limit where a reference spectrum was taken. For the Pt experiment a smooth Pt electrode was 
used, to which for the PtRu experiment a small amount (ca 10%) of Ru was added by 
potential cycling. This strategy was chosen in order to exclude roughness differences between 
the two electrodes. The anodic potentiallimit was E=0.7 V vs MSE for Pt and E=0.4 V vs 
MSE for PtRu, this in order to avoid dissalution of Ru during the experiments. 

Results and Discussion 

Cu deposition on Pt in 0.5 M H;tS04• 

In order to check the reliability of the frequency measurements, it was decided to check the 
value of the Sauerbrey constant, by measuring the frequency change during dissalution of bulk 
Cu that had been deposited on Pt. (It was previously reported[l3] that the electrosorption 
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valency is y=2 for bulk Cu deposition.) 
By measuring the total charge during bulk Cu dissolution, (with two electrens per Cu ion) and 
comparing this to the change in frequency, the Sauerbrey constant was calculated to be 18.8 
ng1Hzcm2, which is close to the theoretica! value of 18. 
A more thorough discussion of EQCMB measurements of Cu (upd and bulk) on Pt will be 
given elsewhere[24]. 

Frequency response of Pt in 0.5 M H ~0 4' 

In figure 1 the current and frequency response are given fora Pt electrode in 0.5 M HzS04. 
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Figure lA CV ofPt in 0.5 M H2S04_ 
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Figure lB As for (A) but frequency respon
se. 

The frequency-potential curve is comparable to those that have been publisbed previous
ly[18,21]. Startingat the most cathodic potential (-0.65 V) astrong decreasein frequency and 
thus an increase in mass is observed during the positive scan through the hydrogen desorption 
region. This implies that as soon as the hydrogen desorbs, H20 adsorption occurs: according 
to results by Wieckowski et al. [25] sot adsorption wil! only take place after hydrogen has 
desorbed completely, so the mass increase in the hydrogen region must be due to HzO adsorp
tion. After the hydrogen region the decrease in frequency is smaller during the scan through 
the double layer region, this decrease then must be due to sulphate adsorption and maybe 
some additional water adsorption. Finally as the Pt-oxide formation starts the rate of decrease 
in frequency increases again. A plot ofthe frequency-change vs the charge (figure 2) duringa 
cyclic voltammetric scan, analogous to the plots in [18], gives the possibility of establishing 
what kind of adsorption processes take place. By using the equation: 

134 

!::..m = II::..J!·S 
PI QIF (2) 



EQCMB of Ru surface content 

it is possible to calculate the mass change per mole of Pt surface atoms. Here Q is the charge 

for the hydrogen desorption region and 1.:1~ is the absolute frequency change. 

It can be seen that essentially four different regions exist[ 18]. First of all there is the hydrogen 

.ó.f (HZ) 

Figure 2 Frequency vs chargeduringa CV ofPt in 0.5 M H2S04. 

region, where àmPt=9 g/mol Pt, which is consistent with the view that water in this potendal 

range is bonded to Pt via the H atoms, thus covering two Pt atoms with one water molecule. 

In the double layer region the weight change is ca 10 g/mol Pt, which together with the mass 

change in the hydrogen region results in a total change of 19 g/mol Pt, which is very close to 

the value expected for water adsorbed, as Pt-OH2. Although there might be additional anion 

adsorption, according to Kita et al.[l8] the contribution ofthe sulphate anion is only smal!, 

this is however in contradiction with other literature results[25]. Assuming then, that at the 

start of the oxide formation region the surface is totally covered with water molecules, the 

formation of surface oxides {PtO) or surface hydroxides(PtOH) would have to result in a 

mass-decrease! We and others however find that there is an ongoing decreasein the frequency 

and thus an increase in the mass. 

Two possible explanations may be given for this ongoing decrease in frequency: 

-Oxide formation on the Pt electrode does not result in PtO, but in Pt(OH)2, teaving 

the charge required, to two electroos per Pt atom (which is close to the l.6 electroos we 

measure), but increases the mass change by a factor of2. 

or: 

-The rnass change in the region from -0.65 V to the beginning of the oxide formation 

region, which was found to be àmPt= 19 g/mol, is due to the adsorption of bothz H 0 and 

SOi"(or HS04"). Upon oxide formation the electrode mass will then further increase due to 

additional water and sulphate adsorption until a layer of PtO with occluded sulphate is for

med[26]. 

The first possibility may be discarded on the basis ofliterature results(21]. It was shown with 

in-situ Raman spectroscopy that platinum mainly forms PtO upon oxidation and not hydroxi-
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des. Thus the total mass change of t1mPt=35 glmol is due to a mixture of PtO fonnation and 
SO/" adsorption. The fact that the value found bere is somewhat higher than in [18] might be 
due to the tivefold higher concentration of SOl· in our case. Since theoretically PtO formation 
results in a mass change of 16 glmol, the additionall9 glmol must be due to SO/" adsorption, 
meaning one SOl ion per every 5 Pt atoms. 
Although the interpretation is somewhat different, the results found here are in good agree
ment with those found elsewhere[l8,21]. 
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Ru deposition was achieved by potential scanning in a 0.5 M H2S04 solution containing 2*104 

M Ru(NO)(N03) 3• The cyclic voltammogram is shown in tigure 3A. A reduction current due 
to Ru discharge is seen from -0.1 V to -0.65 V. The corresponding frequency curve (tigure 
3B), shows a deviation from the Ru-free behaviour from ca -0.4 V downwards, indicating the 
start ofRu deposition. Since the experiments were done with an anodic potentiallimit of0.6 
V vs MSE, Ru wilt dissolve from the electrode surface during extensive scanning, resulting in 
a decreasein electrodemassasis shown in tigure 4. Since it is impossible to follow the change 
in Pt-oxide reduction potential during Ru deposition, the frequency change was followed 
during a number of cyclic voltammograms in the Ru containing electrolyte, the solution was 
then exchanged for 0.5 M H2S04, and the position ofthe oxide reduction peak was measured. 
An example of a cyclic voltammogram after electrolyte change is given in tigure 5. From the 
frequency change at -0.65 V, the amount ofRu deposited is obtained. 
Now, the mass change can directly be related to the shift in the oxide reduction potential. The 
result of these experiments is shown in tigure 6, where it is seen that a linear relationship exists 
between the Ru coverage and the oxide reduction potential. The value for 100 % Ru[27] is 
added for comparison. The data points obtained upon deposition and upon subsequential 
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Figure 4Frequency-potential curve during scanning of PtRu in 0.5 M f12S04• Sequnce of 
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Figure 5 CV after Ru deposition and electrolyte exchange. 0.5 M f12S04, v=IO mV/s. 

partial dissolution ofRu are found to fall on the same curve. 

This now gives us a tooi to determine the Ru surface coverages in rough electrocodeposited 
PtRu electrodes. By establishing the position of the PtRu-oxide reduction peak. it is possible 
to determine the Ru surface coverage. LEIS experiments were attempted to confirm these 
results, however the presence of oxides and sulphates made it impossible to determine the 
composition of the outermost layers. The Ru concentration, eventually measured with LEIS, 
gave approximately the same results as the EDX measurements, these being bulk values. At 
first it was found that the surface did not consist of pure Pt and Ru, but was covered with 
other species probably oxides and sulphates. Sputtering was thus necessary in order to clean 
the surface. Upon sputtering the total amount of Pt+Ru increased, showing that the surface 
was cleaned, but the Ru/Pt ratio decreased, suggesting that the outermost layers of the deposit 
are richer in Ru than the bulk. The Ru/Pt ratio measured with LEIS after extensive sputtering 
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Figure 6 Surface oxide reduction potential vs Ru coverage. Peak potential aftera scan to 0.6 
VvsMSE. 

Figure 7 Frequency potential curve ofPtRu. Ru surface coverage 40%. 

were found to be equal to the ratio measured with EDX. 

Frequency response during oxidation of PtRu. 
In addition to the information obtained with the EQCMB during Ru deposition, it is also 

possible to study the frequency change during cyclic voltammetry of a PtRu electrode. 

In figure 7 the frequency-potential curvefora PtRu (8Ru=40%) electrode is shown. This curve 

is consistent with the cyclic voltammogram and ellipsometry results[28] which show that the 

oxidation ofthe electrode surface in the anodic scan starts at ca -0.3 V; the reduction ofthe 

oxide in the cathodic scan start at lower potentials than at Pt itself. At ca -0.55 V vs MSE, the 

frequency change in the cathodic cycle coincides with the anodic scan, meaning that the oxide 

is only then completely reduced. 

The frequency vs charge plot in tigure 8, shows a difference with the same plot for Pt from 
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tigure 2: for PtRu only one slope and thus one process is found after the hydrogen desorption 
region. One may thus conclude that only one type of oxide is formed on the electrode surface 
in the potential region from -0.3 V to +0.6 V, consistent with the fact that we see only one 
oxide reduction peak in the cyclic voltammogram. The total change in frequency due to oxide 
formation is equal to that on Pt. This implies that the same type of oxide (with the inclusion of 
SOl) is formed on Pt and on PtRu. At very low values oft\u (<5%) however two reduction 
peaks were found, meaning that there two types of oxides were formed. This is to be 
understood on basis ofthe fact that 5% coverage with Ru is not enough to forma mixed oxide 
of Pt and Ru. With these low coverages, some Pt sites will remain without Ru neighbours, 

0 

~~------~----------~----~ 
0.00 a.oo 

ICIIar;el(mCl 

Figure 8 Frequency vs charge fora PtRu electrode in 0.5 M H2S04. Surface coverage ofRu 
24%. 

thus resulting in an oxide reduction for free Pt and one for PtRu. 

At coverages with eRu larger than 5% on a Pt-Ru electrode one surface oxide is formed, 
which has the same structure as the oxide formed on the Ru free surface and thus may be 
represented as (PtRu)Ox(S04)Y' where X"'2 and Y"'0.4. We[S] previously suggested Ru(OH) 
to be the species formed, this however was based on the assumption that at the start of the 
oxide formation region, the Pt surface is free of oxygen containing species, an assumption 
which was also made in other EQCMB measurements [18,21). This assumption however is 
not legitimate as shown in the discussion on the formation ofPt oxides and in recent EXAFS 
measurements[29]. The mass change of the electrode as a result of oxide formation starts after 
the hydrogen desorption region and cannot be distinguished from the mass change due to 
sulphate adsorption. However the postulated valency change upon oxidation of Ru remains 2. 
The metbod used by Watanabe et al.[ll] for the determination ofthe Ru surface coverage was 
based on the assumption that only one electron is involved in the oxidation of Ru. Taking into 
account our results the optimum surface coverage in their measurements is 25% • instead of 
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the reported 50%. 

Frequency response during methanol oxidation. 
As we reported before[28], ellipsometry shows that in the presence of methanol, no Ru-oxides 

are found during the methanol oxidation reaction. It was suggested that this was due to the 

reaction ofthe Ru-oxide and the methanol adsorbate . 
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Figure 9A Methanol oxidation on PtRu 
(100/o). 0.1 M CH30H/0.5 M H2S04• 
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Figure 9B Frequency response of system in 
(A). Solid line is blank, for comparison. 

RuO + Pt-CO - C0.2 + xH • + xe 

Furthermore, the Pt-oxide formation was not influenced by the presence of methanol. To 

further substantiate this result, methanol oxidation experiments were done on a Pt-Ru 

electrode with low Ru content(IO %) and the frequency response was followed. 

The results are shown in tigure 9, where the cyclic voltammogram( tigure 9A) shows that 

methanol oxidation starts at a potential below E=-0.2 V, thus confirming the promoting effect 

of Ru. In Fig. 9B, the frequency change is shown, withand without methanol in solution. Two 

striking differences may be seen: tirst of all the frequency decrease in the hydrogen desorption 

region is absent in the presence of methanol, which was also observed in other experi

ments[l9,20]. Secondly, in the cathodic scan, at the potential where a sharp increase in the 

methanol oxidation cuerent is recorded, we see a rapid increase in the frequency, implying a 

rapid reduction of the surface oxide. 

The absence of the frequency decrease in the hydrogen desorption region can be explained by 

the fact that the Pt surface is blocked with methanol adsorbates, which prevent water 

adsorption. The rapid reduction of the surface oxide in the presence of methanol, tells us that 

methanol is capable ofrapidly reducing the Pt-oxides in the cathodic scan. Finally no change in 
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the oxide formation is seen in the presence of methanol, which thus confirms the ellipsometry 
results. 

On the optima/ Ru surface coverage for methanol oxidation. 
In our previous paper[ 5], we concluded that the optimum in the specific activity for methanol 
oxidation on electrocodeposited PtRu electrodes (measured with EDX), was at low Ru 
contents. Using the curve in tigure 6 to determine the surface coverages with Ru shows that 
these appear to be somewhat higher than the bulk contents. The optimum in the methanol 
electrooxidation activity forthese systems is then found to be at a surface coverage of ca 15%. 
This result on rough electrocodeposited PtRu electrodes thus confirms the results obtained on 
perfectly smooth alloys[4]. However the low optimum itself does not distinguish between the 
bifunctional and the ligand effect ofthe promotor. From the results in the previous section the 
bifunctional effect appears to be the most Iikely. We discussed before[5], however, that there 
are some experimental results which are not easily understood on the basis of the bifunctional 
mechanism alone. These results concern the facilitated adsorption of methanol on PtRu, 
compared with Pt and the decrease in onset potential for the methanol electrooxidation with 
increasing Ru content. To obtain more evidence in favour of either the bifunctional or the 
ligand effect, some in-situ IR experiments were done on CO adsorbed on PtRu. These results 
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Figure 10 Peak potential of adsorbed CO oxidation on Pt in 0.5 M H2S04 as a function ofRu 
surface coverage. 

will be diScussed later, after the results obtained for CO oxidation have been presented. 

Implications for the CO oxidation. 
In the CO oxidation experiments, CO was adsorbed at -0.35 V vs MSE for 2 min and the 
solution wasthen flusbed with Argon for 15 min to remove gaseous CO. In a cyclic voltam-
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metric scan the adsorbed CO wasthen oxidised. The results are summarized in tigure 10, 
where the COads oxidation peak potential is plotted as a function of the Ru content. It can be 
seen that a 150-200 mV shift to lower potentials occurs for low Ru contents; further increa-
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Figure UB CO stretch freq. vs amount of 
CO. (+)CO on PtRu; (D) CO on Pt. 

sing of the Ru content does not result in a larger shift. This implies that the optimum for CO 
oxidation at PtRu electrodes may, as for methanol oxidation, be considered to be at low Ru 
surface coverages; higher coverages appear only to block the surface and thus cause no further 
shift in the oxidation potential. This in contrast with the start of the methanol oxidation, which 
keeps shifting to lower potentials with increasing Ru content. This shift in the CO oxidation 
potentialis in agreement with the maximum shift found by others[l2], the surface coverage of 
Ru however at which the maximum shift is obtained is lower, ca. 15%, rather than at 50% [4]. 

In order to see whether Ru changes the CO binding strength to the surface, thus acting via a 
ligand effect, some IR experiments were performed. The linearly bonded CO stretching 
frequency[30] was measured as a function ofthe CO coverage in the presence and absence of 
Ru. An example is given in tigure I IA, where the upper curve is for PtRu (6Ru=O.l0) and the 
lower for Pt. lt can be seen that the CO stretching frequency is shifted to slightly higher values 
in the presence of Ru. For a range of CO surface coverages on Pt and PtRu, the results are 
plotted in tigure liB. The frequency is seen to shift to highervalues in the presence of Ru, 
whereas the slope of the curve is the same for Pt and PtRu. These results are in perfect agree
ment with those oflwasita et al.[31] on a 85:15 PtRu alloy, and show that the Pt-CO bond 
strength is weakened in the presence of Ru. 
The peak area of the CO peak in the IR spectrum is taken as a measure for the CO coverage, 
this gives the total amount of CO molecules rather than the amount of surface that is blocked 
by CO. This metbod is valid only if we assume that the cross-section for CO is the same in 
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both cases and if the two electrodes used have the same roughness. In order to achleve this, 
the same Pt electrode was used in all experiments; a low coverage with Ru was chosen, since 
large surface coverages of Ru may cause compression effects, meaning that the CO adsorbates 
will be forced to be close to one another, thus causing an additional shift in the CO stretching 
frequency. 
Since roughness and compression effects were minimised, we believe that the observed shift in 
CO stretching frequency is indeed due to the presence of Ru, implying that the Pt-CO bond is 
weakened in the presence ofRu. We may therefore conetude that the action of Ru is at least 
partly due toa ligand effect, as was proposed before[S]. 
The difference in the effect of Ru on the oxidation of CO and the oxidation of methanol is now 
that the CO oxidation potential does not shift to lower values if the Ru surface coverage is 
increased above the optimum value (cf Fig. 10), whereas the methanol oxidation potential 
does[S]. This effect can in our view only be explained by assuming that, in the presence of Ru 
CO is not the adsorbate in the methanol oxidation. A different reaction path, might account for 
the observed difference; this, however needs 61fther study. 

Condusion 
With the EQCMB technique the amount of Ru deposited on a Pt electrode can be determined. 
The Ru surface coverage appears to be related to the potential of the PtRu-oxide reduction 
peak; it is therefore possible to obtain a calibration curve for the determination of the Ru 
surface coverage in rough electrodeposited electrodes. Comparison with EDX data show that 
surface enrichment with Ru occurs. Oxide formation on a PtRu electrode results in one type of 

oxide: (PtRu)Ox(S04)y where X"'2 and yz0.4. The optimum amount ofRu surface coverage 
both for CO and CH30H oxidation is found to be low, about 15%. IR experiments show that 
Ru (partly) acts via a Iigand effect in the oxidation of CO over Pt. In both CH30H and CO 
oxidation the bifunctional effect seems to play a role as wel!. The difference in the oxidation 
potendal shift between CO and CH30u in the presence of Ru is suggested to be due to a 
difference in adsorbed species. 
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CHAPTERll 

The effect of Sn on Pt/C Catalysts for 

the Methanol Electrooxidation. 

Abstract 
The effect of Sn for the methanol oxidation in sulfurio acid is investigated using eleotrodeposited Pt and oarbon 

supported Pt. The preparation bas a considerable intluenoe, as the Sn effects range from a smal! increase to a decrease 
in methanol oxidation activity. Sn is believed to act through the aotivation of Hp. The optimum Sn surfaoe coverage 
is found to be Jow; of the order of I 0%. 

Introduetion 
The direct methanol fuel eelt has been designated as a candidate for electric power sources. 
Because of the use of an acid electrolyte the choice of the anode is confined to Pt. The 
performance ofPt forthemethanol oxidation is still rather poor, but one ofthe possibilities to 
improve this performance is to promote the Pt based catalyst with another metal. The choice is 
not wide however. Usually Ru is taken as a promotor[1,2], but Sn is also mentioned fi:e
quently. In early papers[3,4] on the effect of Sn, large enhancement factors (50-100) were 
mentioned for smooth and electrodeposited Pt, while the effect for carbon supported Pt 
catalysts was substantially lower (ca. 10). Later, other authors found effects for Sn that were 
considerably smaller or somelimes even negative[5,6,7,8]. The positive effect of Sn, is mainly 
attributed to H:zO activation, that is, Sn is responsible for the deliverance of an oxygen atom to 
the methanol adsorbate to oxidise it to C02. Another explanation is the ligand effect, bere Sn 
influences the Pt-oxide formation or the Pt-adsorbate binding. A complicating fact in the 
comparison of the literature data, is the large variety in preparatien methods, which might be 
the eau se of the different results. Moreover the influence of Pt partiele size on the effect of Sn 
is not yet clear. 
The aim of tbe present paper is: (i) Explore whether variations in the way in which Sn is 
incorporated do indeed lead to varia ti ons in its effect on the methanol oxidation activity of Pt 
based electrodes; (ii) Find out whether any positive effects are in fact consistent with the view 
ofH20 activation, taking into acount that a carbon based catalyst with -4 nm particles already 
appears to have optimum H20 activatien ability[9,10]. 
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Ex perimental 

Catalyst preparation. 
Electrodeposited Pt was preparedon a smooth Pt electrode of 6 cm2

, from a 2 gr ~PtCIJlOO 
m1 solution with a current of 5 mA/cm2 for 15 minutes. The real Pt surface area was 101 ctfi 

after electrodeposition, as measured from the hydrogen desorption area. Sn was added by 

immersing the electrode, which was electrochemicatly pre-covered with hydrogen, in 0.3 gil 
SnO in 36% KOH at 80 oe. 
All carbon supported catalysts were prepared with Vulcao XC-72R (325 m2/gr) (Cabot) as 

support. Three different catalysts were used. 

A -Colloidal Pt/C was prepared by reducing H2PtCJ.; (Drijfhout) with sodium-citrate under 

reilux as described previously[ll]. The obtained Pt sol was then added to the suspended 

carbon support. After filtration, the filtrate was found to be colourless, indicating that all Pt 

was adsorbed on the support. After flitration the catalyst was wasbed and driedat 125 °C. 

TEM measurements showed that the meao Pt partiele size is ca 4 nm. 

B -PtSn sol was prepared by adding SnC12(Aldrich) to a boiling solution of2H ~Cl and 

sodium-citrate in water, in a stoichiometry ofPt:Sn 10:1. The PtSn sol wasthen adsorbed on 

the carbon support, filtered, wasbed and driedat 125 °C. 

C -Impregnated PtSn!C was prepared by mixing the carbon support with a dissolved 5:1 Pt

Sn chloride complex, this compound is used in the colorimetrie detection of Pt[12]. The 

mixture was boiled for two hours; formaldehyde (Merck) was then added as a reductor. After 

one more hour ofreflux the catalyst was filtered, wasbed with water and driedat 125 °C. 

Electrode preparation. 
Sn was added to catalyst A by immersion of the electrode(which was previously kept at a 

potential ofE=-0.65 V vs MSE for 60 s) in a solution of either 0.3 gil SnO(Aldrich) in 36% 

KOH(Merck) at 80 °C, or an aqueous salution of 10 gil SnCI4 at 23 °C. The amount of Sn on 

the electrode was varled by varying the adsorption time. 

The electrades ofthe carbon supported Pt catalysts were prepared by pressing a mixture ofthe 

catalyst and a Teflon suspension on a Pt current collector. The electrode wasdriedat 125 oe 
and sinteredat 340 oe for two hours. The final Teflon content of all electrades was ca 20%. 

Electrochemica/ characterization. 
The catalyst surfaces were characterized by cyclic voltammetry at room temperature using a 

computer controlled Autolab potentiostat(Eco chemie). Potentiodynamic cycling was 

generally carried out between -0.65 and +0.6 V vs MSE (E=0.65 V vs RHE) in 0.5 M H2S04• 

A Pt sheet was used as a counter electrode. Pt surface areas and Sn surface coverages were 

determined from the hydrogen desorption area of the anodic cyclic voltammetric sweep 

146 



Effect of Sn on PtiC 

assuming that 1 cm2 ofPt required 210 J.tC[l3]. 
Activity measurements for the methanol meidation were performed in 0.1 M CH30H(Merck)
/0.5 M H2S04 with a potential sweep with a sweep rate of 5 mV/s, it was established that no 
significant different results were obtained with lower sweep rates. Differential Electrochemical 
Mass Spectroscopy measurements were carried out with an experimental setup similar to that 
ofVielstich et al.[l4]. 

Results 

Electrodeposited Pt. 
Immersion (during 15 min) of electrodeposited Pt resulted in a Sn coverage of 20 %. The 
effect of this Sn coverage on the meidation of methanol is shown in tigure 1. In the low 
potential region the methanol oxidation activity is a factor l 0 larger in the presence of Sn. Our 
result is in good agreement with the results oflwasita et al.[l5] who found an enhancement 
withafactor of7.5. It is however substantially smaller than the 100 fold increase at -0.15 V 
found by Janssen and Moolhuysen[3]. It is further relevant to note that Sn does not influence 
the position of the Pt-0 reduction peak Measurements of the activity as a function of Sn 
surface coverage show that high Sn coverages (>50%) give a decrease in activity. All Sn 
coverages below 50% give an increase in activity in the low potendal region. The optimum Sn 
coverage is below 20 %. 

CatalystA. 
Figure 2a shows the cyclic voltammogram of the Pt/C catalyst(A) as prepared and after Sn 

10 

~~L---L---~--~--~----~----~----~ 

-o.311 -o.so -o.u .0.20 -o.1s -~to -o.os -o.oo 

Potentlal (V vs MSE) 

Figure l Methanol oxidation activity of ptPt befare and after Sn immersion. Solid curve with 
Sn immersion. 0.5 M H2S0i0.1 M CH30H. 
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immersion. It is seen in the anodic hydrogen area that Sn preferentially covers the sites that 
strongly bind hydrogen. The hump at ca. 0 V indicates oxidation of Sn and no change in the 
Pt·oxide reduction is observed(figure 2b). The Sn surface coverages for two different 

- .... 
..... .... -! ! 

l' .... J': - ..... 
..... - ... ". 

.0.70 ..... ..... .0.10 O.IG ... ..0.-10 .... 
1'..-dal(VuW.SE) 

Figure 2A The effect of Sn coverage on CV Figure 2B As for (A) but for the oxide reduc· 
of Pt in 0.5 M ~804. (·) fl. =0; (·-) 0.26; tion region. 
( .... )0.13. Hydrogen adsorption region. 

preparations were calculated to be 6Sn=0.26 and {\8 =0.13. The effect ofthese Sn coverages 
on the oxidation of methanol is shown in tigure 3. In the low potential region, between -0.2 
and 0 V, a higher methanol oxidation activity is obtained in the presence of Sn. The catalyst 
with 13% Sn is bas the highest oxidation activity. At higher potentials however the activity is 
lower than that of pure Pt/C, even at this relatively low Sn loading, confirming that Sn is also a 
surface blocicing agent vis-a-vis methanol adsorption[3]. Immersion in SnCI4 solutions always 

0.30 

$ 
11~ 
§IS 0.20 

u 
0.10 

Poteatlal (V va :MSE) 

Figure 3 Effect of Sn on the methanol oxidation on Pt/C (A). (-) 680=0; (··) 0.26; (-.) 0.13. 
0.5 M~SOJO.l MCH30H, v=IO mV/s. 
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resulted in a surface coverage higher than 50%. At this high coverage still some enhancement 

in methanol meidation activity was found in the low potential region. DEMS measurements 

showed that the C02 production during the methanol oxidation, is indeed somewhat higher 

L~,-----------------------, 
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Figure 4A Effect of high Sn coverage on Figure 4B Same as for A, but mass-potential 
methanol oxidation. 680=0 (-); 0.5 (--). 0.5 M curve. 
H2SOJO.l M CH30H. 

...... --w . :s. 
1.00 
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-0.70 -0.50 -0.30 ·0.10 0.10 0.30 0.50 0.70 

Potentlal (V vs MSE) 

Figure 5 Effect of Sn coverage on the oxidation of adsorbed CO. Mass-potential curve. (-) 
6sn=O; ( ... )0.48. 0.5 M H2S04, v=5 mV/s. 

and that there is a small cathodic shift in the C02 production potential(figure 4). Oxidation of 

a pre-adsorbed species ( either from CO or CH30H) gives a cathodic shift of approximately 0.1 

V in C02 production potential, as is shown in tigure 5, again indicating that Sn promotes the 

oxidation ofthe adsorbed residue but also hampers the methanol adsorption. 

Catalyst B. 
XPS measurement of catalyst B shows the presence of mainly Pt metal, with a small amount of 

oxidised species. The Sn spectra show that only oxidised Sn is present. The Pt:Sn ratio was 
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found to be 8:1. The electrode ofthe colloidal PtSniC catalyst gives the cyclic voltammogram 
shown in figure 6a. No change in the Pt-oxide reduction potential is found. Again a Sn 
oxidation is observed at ca. 0 V, which disappeared upon cycling of the electrode, indicating 
that Sn disappears from the catalyst surface. This is accompanied by an increase in the anodic 
hydrogen area. No preferenee for strongly bonded hydrogen is seen this time. As soon as the 
oxidation peak at 0 V was no longer observed and the surface area did not increase any 
fiuther, we assumed that the surface was free of Sn. The methanol oxidation activity ofthis Sn 
free catalyst was found to be equal to the activity of a Pt/C catalyst without Sn, having the 
same cycling history. Estimation of the Sn surface coverage is hampered by the fact that we 

-----------------------~ 
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J : 

.0.10 ..UO .0.10 o.IO 

Figure 6A CV of catalyst B. Solid curve wit- Figure 68 As for A, but in the presence of 
hout Sn. 0.5 M H2S04, v=IO mV/s. methanol. Solid curve, with Sn. 0.1 M 

CH30H 

have found[9] that Pt particles on a carbon support grow during extensive cycling. However 
by assuming that no partiele size growth takes place, we estimated a Sn surface coverage of at 
least 6Sn=0.07, which is close to the Pt:Sn ratio determined with XPS. This suggests that there 
is no strong Sn enrichment of the PtSn partiele surface. The methanol oxidation activity on 
PtSn/C as given in tigure 6b is about a factor two higher, than on the catalyst free of Sn. 

CatalystC. 

XPS measurements of the impregnated catalyst show Pt metal with a relatively large amount 
of oxidised species; the Sn spectra show the presence of an oxidised Sn species. The ratio of 
Pt:Sn is found to be 4:3, which implies a very strong Sn enrichment ofthe surface. 
No oxidation peak for Sn could be detected in the cyclic voltammogram of the impregnated 
catalyst. Upon cycling however the hydrogen area was found to increase and the methanol 
oxidation activity reached a value representative of an impregnated catalyst without Sn (9]. In 
contrast to both other catalysts the methanol oxidation activity was found to be lower in the 
presence of Sn (figure 7). 
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Figure 7Methanol mddation on catalyst C. Solid curve with Sn. 0.5 M FlzSOJO.I M CH30H. 

General Discussion. 
In contrast to the results of lanssen et al.[3] no change in the Pt--oxide reduction is observed in 
the presence of Sn for any of the Pt catalysts. Sn thus does not seem to have any influence on 
the Pt--oxide formation. A ligand effect of Sn therefore is not very likely. For the purpose of 
this discussion the methanol oxidation can be written as: 

CHpH- ;;;.COH + 3H• + 3e- (1) 

Hp - -OH + H • + e- (2) 

;;;.COH +-OH- C02 + w· + 2e (3) 

We take Sn to promote the activation of water, eq(2), which is difficult on Pt itself. A 
secondary effect of Sn is to impede the methanol adsorption reaction, so that optimal Sn 
coverages are Iow. Evidence exists that Sn covers two Pt sites[I6], whereas methanol needs 
an ensemble of 5-6 Pt sites. The amount of these ensembles rapidly decreases with an increa
sing Sn coverage. This explains why at high Sn surface coverages, where a large cathodic shift 
for the oxidation of an adsorbate is observed the steady state activity is still low(low rate of 
formation ofthe adsorbate). 
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-The enhancement in methanol oxidation activity is highest for the largest Pt particles 
(electrodeposited Pt) where the H:zO activation is most difficult. The activity of the Sn 
promoted Pt is higher than that of colloidal Pt with optimum partiele size. 
-The enhancement in the case of colloidal Pt, of optimum partiele size[9], is still about a factor 
2, indicating that Sn transfers its oxygen to the adsorbed residue at a higher rate than Pt. No 
enhancement, on the contrary, is found for the smallest Pt particles. 
We observed that Pt particles of -4 nm have an optimal water activatien ability[9]. 
Impregnated Pt particles are known to be substantially smaller ( -2 nm) and thus "over-active" 
in water activation[9]. This over-activity diminishes the amount of free adsorption sites for 
methanol, addition of Sn will only decrease this amount further and thus lower the methanol 
oxidation activity. This could explain the decrease in activity for the · impregnated PtSn 
catalyst, but incomplete reduction of the catalyst might also be of influence, as XPS spectra 
show higher Olddation states for Pt and Sn in the impregnated catalyst. The fact that XPS 
measurements show a high amount of Sn ( -40%) should not be of any influence, as with 
immersed electrades Sn coverages as high as 50% still show a smalt enhancement in activity. 

Coneinsion 
It appears that different preparation methods may indeed account for the different results on 
the effect of Sn. A Pt partiele size effect may play a role as welt. There is no indication that Sn 
acts via a ligand effect, a water activation effect seems to bemost likely. 
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CHAPTER12 

Metal-oxide supported catalysts for tbe 

electrooxidation of Methanol. 

Abstrad 
Results on alternative catalysts for the electrooxidation of methanol are presenteil It is shown that the presence ofboth 
Ti02 and W03 increases the methanol oxidation activity ofPiatinum. It is furthermore demonstrated that oxidation of 
methanol is also possible with AuRu!fi~. The oxidation of methanol on PtJWq results in a deeresse in the amount 
and a rectystallisation of wo3 in the electrode. 

Introduetion 
In the previous chapters it bas been shown that Ru (and Sn) considerably increases the activity 
of platinum for the electrooxidation of methanol. The measured activities however, are too 
low for practical application in a fuel cell. Therefore some research has also been directed 
towards alternative catalysts to see if there are more proruising systems. In this search for 
alternative matenals for methanol electrooxidation catalysts, in recent years some attention has 
been paid to oxide supported systems. Most research bas been done on W03[1],[2],[3] 
supported Pt, but Ti02, Zr02 and Nb20 5[4],[5] have also been considered as a support. 
Both pure tungsten oxides and rare-earth metal tungsten bronzes (Ln.;W03) are inactive for 
the methanol oxidation, however, doped with Pt (PtDy0.1W03) these matenals do showsome 
activity[l]. It was proposed[I] that the higher activity is due to the removal of CO by a 
WOiW03 + redox couple or due to the reduction of strongly bonded adsorbates by hydrogen 
tungsten bronzes[6]. There is however no clear evidence in favor of one of these hypotheses. 
Tseung et al.[2,3] showed that codeposited Pt/W03 was more active than platinized Pt for the 
methanol oxidation: the current peak in the cyclic voltammogram was shifted 200 m V to more 
cathodic values in the presence of W03. This shift was attnbuted to an increased water 
activation, the sameeffect as for other promotor metals (Chapter7-IO). 

It is generally recognized that the electrooxidation of methanol is retarded by the formation of 
CO like species [Chapter 2]. It would therefore be worthwhile to add or use a good CO 
oxidation catalyst in the methanol oxidation. It was reported by two research groups [7],[8] 
that Au!Ti02 is a remarkable active catalyst in the gas-phase oxidation of CO, even at 

temperatures below 0°C. 

Electrochemical studies have shown that CO can be oxidized at Au[9], but that Au is not 
active at all for the oxidation of methanol[lO]. Both lower[ll] and higher[l2] activities for 
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PtAu for the methanol oxidation systems have been reported. PtAu/Ti02 might also be 
considered as a catalyst for the electrooxidation of methanol because of the good CO 

oxidising properties ofthe Au/Ti02. 

Hamnett et al. [ 4] showed that there is a slight increase in activity for the electrooxidation of 

methanol when Ti02, is used as a support for the Pt catalyst. TiQ bas furthermore proven to 

be a good catayst for the oxidation offormic acid[I3]. 

In this chapter we will present some preliminary results on Au/Ti02, PtAu/TiQ,z , PtiTiQ , 

AuRu/Tio; and Pt/Wû.J . Since TiQ is a semi-conductor all catalysts containing this species 

are carbon supported. All W03 containing catalysts are unsupported. 

Experimental 
TiOJC 
Carbon supported Ti02 was prepared according to the metbod of Uchida et ai.[I4]. For a 

20%(weight) Ti02 catalyst, 3 mi titanium-tetra-isopropoxide (Janssen Chimica) was added to 

9 ml HN03. The solution became transparent after 2 hours of stirring, then the pH is adjusted 
to 3 by adding the appropriate amount of 1 M NaOH. The coUoid, which has then formed, is 

added to 4 g Vulcan XC-72. After tiltration and washing the catalyst is driedat 80°C for one 

hourand heated at 300°C in air foranother hour. 

Au!TiOJC 
Toprepare the TiOzi'C supported metal catalysts, a metbod similar to that of Biswas et ai.[IS] 

was used. A Au-colloid was prepared according to the metbod of Turkevich[16]. 

HAuCl4(Johnson/Matthey) was reduced with sodium-citrate to form after 1 hour of reflux a 

ruby-red Au colloid. This colloid was then added to the suspended TiOziC catalyst. After 

flitration the catalyst was wasbed with water and driedat 80°C. For preparatien ofthe AuRu 

catalyst, Ru(NO)(N03)3 (Johnson-Mathey) was added during Au colloid formation in the 

approriate amount. 

PtniOJC 
This catalyst was prepared in the same way as described above. HzPtCliJohnson/Matthey) 

was used to prepare the Pt colloid, which bas a brownish-black color. Catalysts containing 

two metals were prepared in the same way; colloids were prepared using two metals instead of 

one. 

Electrode preparation. 
Electredes were prepared by adding a Teflon suspension to the carbon (Vulcan XC-72) 

supported catalyst, pressing the catalyst on a Au current collector, drying the electrode for one 

hourat 125°C and sintering for two hours under Ar at 300°C. The final Teflon content was 
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always20%. 

Pt/W03 

The codeposited Pt/W03 electrades were prepared according to a metbod similar to that 

desribed by Tseung et al.[3]. Electrodeposition solutions were prepared by dissolving tungsten 

powder in 300/o ~02. After addition of water and ethanol up to the desired volume, the 

excess H20 2 was decomposed at platinised platinum, and the required amount of}\ Ptq was 

added. The tinal concentrations in the solution were: 0.1 M W03 and 8 mMJ{ ~~. 
According to [3] this gives a stabie deposition solution, from which no precipitation occurs. 

Electrodeposition was done on a Pt sheet or gauze with different current densities for 15 

minutes. Thereafter the electrode was thoroughly rinsed with deionised water to remove 

chloride impurities. 

Electrochemical characterization. 
Cyclic voltammetry was carried out with a Wenking POS 73 potentiostat, using a Philips 8043 
XY recorder. Hg/Hg2S04 was used as a reference electrode and Pt as a counter electrode. 

Electrolyte solutions were prepared from p.a. H2S04(Merck), p.a. Clj OH and ultrapure 

water (EcoStat). Morphology and WIPt ratio in the Pt/W03 electrodes were determined with 

SEM. Activities for the methanol oxidation were measured in the anodic part of a cyclic 

voltammetric sweep with 5 mV/s and are given with respect to the real Pt area, calculated 

from the hydrogen desorption charge. 

Results and Discussion. 
Au!C, Au!TiOfC, and AuRu!TiOfC. 

Catalyst 10%Au/C 

E -0.26 

20%Au/C 

-0.37 

10%Au/ 
200/oTiO C 

-0.33 

Table I Onset-potentials jor CO oxidation of different catalysts. 

c 

Both CO and CH30H oxidation were studied on these catalysts. The results for CO oxidation 

are shown in table 1, where it can be seen that the onset of CO oxidation shifts to more 

cathodic values in the presence of Ti02. This is in agreement with the gas-phase studies[8] 

which reported that in the presence ofTi02, CO can be oxidised at lower temperatures. 

At none of the prepared electrodes any oxidation of methanol was observed, as might have 
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been expected from the fact that Au itself is inactive for tlûs reaction. Weaver et al.[l7] 
showed with Surface Enhanced Raman Spectroscopy that although methanol is not oxidised 
on Au, methanol adsorbates are formed on Au but cannot be oxidised. 
In order to get some more insight in this, a AuRu/Ti02 catalyst was prepared. As discussed in 
chapters 7-10 of this thesis, Ru forms oxides at rather low potentials, which are then capable 
of oxidising a methanol adsorbate on Pt, at a lower potendal than Pt itself does. 
Figure 1 shows the oKidation of methanol on the Ru containing catalyst. Although the currents 
are onJy very small it can be seen that in the presence of Ru methanol can be oxidised on Au at 

.o.eo .0.40 .0.20 o.oo o.ao o.40 11.10 

Potentlal (V va MSE) 

Figure 1 CV of AuRu/TiO:/C in the presence and absence of methanol. Solid curve with 
methanol. 0.5 M H2SOi0.1 M CH30H, v=S mV/s. 

potentials of ca -0.20 V vs MSE and higher. On Ru/C this potential was 0.5 V higher. This 
seems to confirm that methanol adsorbates are indeed formed on Au, but are only oxidised in 
the presence of Ru. The fact that Ru is necessary for the oKidation of the methanol adsorbate 
combined with the fact that Au itself is capable of oxidising CO, suggests that the adsorbate 
formed on Au in the presence of methanol can not be a CO-species. 

Pt/Ti02 

Figure 2 shows that in the presence of Ti02 a shoulder appears in the oxidation peak of pre
adsorbed CO on Pt, indicating that onJy a smal! part of the adsorbed CO is oxidised more 
easily. This is consistent with the results of Folkesson et al.[18] who did not find a CO 
frequency in their IR spectrum of methanol on Pt/Ti02 and explained this absence by assuming 
that CO is oxidised by a Ti-oxide species. After all, interaction between a CO adsorbate and a 
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Ti-oxide species will occur only at the edges of a Pt particle. The amount of CO that can be 
oxidised by a Ti-oxide is thus smalt, resulting in a shoulder in the CO oxidation peak. 
In tigure 3 the methanol oxidation activities in the presence and absence of Ti02 are 

11 ~ T_ _/T_ - !hl W percentage (EDX) [a] 

10.5 1.19 9.8at.% 

13.5 1.20 9.9 at.% 

llt7.5 1.38 10.7 at.% 

Table II Characterization of Pt/W03 electrades as ajunetion of deposition current. 

compared. The tigure shows that Pt/Ti02(curve B) gives higher current densities than Pt itself 

Potentlal f'l va MSE) 

Figure 2CO oxidation on Pt/TiO/C. CO was adsorbed at -0.3 V vs MSE. Solid curve is the 
blank. 

(curve A). This was also observed by others[4]. It does not seem to be very Ukely that this 
increased activity is due to the direct oxidation ofthe methanol adsorbate by Ti-oxide species, 
because of the fact that this would only concern very few methanol adsorbates. Both 
Hamnett[4] and Biswas[l5] ascribe the increase in activity to an increase in oxidisability ofthe 
Pt. As was discussed before in Chapter 5, an increased oxidisability ofthe Pt would result in a 
shift of the Pt-oxide reduction potential to lower values. Such a shift is indeed observed in the 
cyclic voltammetric curve ofthe Pt/Ti02 catalyst, thus confirming the results ofHamnett[4] 
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and Biswas[15]. 

o.ao • PtRU/C 

()..20 

0.10 

.0.20 .0.10 o.oo 0.10 0.20 

Figure 3 Specific activity for methnol oxidation. (A) Pt/C; (B)Pt/TiOiC; (C) PtAu(l: 1 ); (D) 
PtAu(3:1); (E) PtAutri02/C; (F) Pt/W03. PtRu/C is added for comparison. 
0.5 M H2SOiO.l M CH30H. 

PtAu andPtAu/Ti02 

A PtAu/C catalyst was found to be more active for the methanol oxidation than Pt/C as is 

shown in Figure 3 (curves A.C and D). This in agreement with results ofEnyo et al.[12], who 

reported a higher activity for the methanol oxidation for small PtAu clusters on carbon; this 

was ascribed to the good CO oxidising properties of Au. Previously Watanabe et al.[ll] 

reported a decrease in activity in the presence of Au. 

Because of the increase in CO oxidising properties of Au when supported on Ti02(vide 

supra), a PtAuTiOiC catalyst was also tested. Only a very low activity for the methanol 

oxidation was found, as may beseen in Figure 3(curve E). For the electrooxidation of CO, the 

results were similar;CO is oxidised at lower potentials on PtAu/C than on Pt/C, the presence 

of Ti02 did not give an additional effect. It is not yet understood why the presence of both 

Ti02 and Au results in a decreasein the methanol oxidation activity. 

Pt!W03 

Charaçterizatjon 

In tigure 4, a typical voltammogram is given fora Pt/W03 electrode in 0.5 M Ji SQ. In the 

potential region between -0.65 V and -0.35 V vs MSE, a typical shape (B) forthese electrodes 

is observed in agreement with results by others[1,6]. The redox couple observed bere is due 

to[19]: 
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(O<x<l) 

Metal-oxide supported oatalysts 

Furthennore a smal! rednetion peak (A) is observed at ca 0.1 V vs MSE due to the rednetion 

ofPt-oxides. Sadly enough no comparison can be made with the results ofTseung et al.[3], 

because no cyclic voltammetric characterization is given in their study. In trying to establish 

the WIPt ratio ofthe electrodes, the ratio ofthe peak-currents ofthe Pt-oxide rednetion (Im) 
and the HxW03 ~w03) oxidation was calculated. The results are given in Table 2, together 

with the values obtained with the results from SEMIEDX measurements, only Pt and W were 

found in all samples. 

The results in the table show that the trend in the SEMIEDX value is the same as the trend in 

B 

-o.ao -o . .tO -o.ao o.oo o.ao o..tO o.M 

Potentlal CV vs MSE) 

Figure 4 CV ofPt/W03 in 0.5 M H2S04• ForA and B see text. 

the IPtdiHxwo3peak ratio; with increasing deposition current density there is an increase in the 

amount ofW in the electrode. The current ratio (b) can thus also be used to estimate the PtiW 

ratio in the electrode. 

A typical SEM photograph is given in tigure 5. In addition to the grey electrodepositon the 

background, white particles are seen across the surface, EDX analysis shows that these 

particles contain ca 40 % W. Although the EDX measurements show that the grey 

electrodeposit is constant in composition across the surface, there are thus additional areas on 

the electrode where W03 is the major species. It must be noted that the W content is low 

probably because the deposited films are very thin. The Pt on which the fi1m is deposited is 

then also measured with EDX. 
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The notion by Tseung et al.[3] that the electrodeposition solution is stabie for a long period 
and that the Pt/W ratio is identical in each electrode could not be substantiated. 

Figure 5 SEM image of a electrocodeposited Pt/W03 catalyst. 

Methanol oxidation 
A cyclic voltammogram of methanol oxidation on Pt/W03 is given in tigure 6, together with 
the C02 production at the start ofthe methanol oxidation as measured with DEMS. The shift 
in methanol oxidation peak potential, which was observed by Tseung et al.[3] was not 
observed by us. It can also beseen that the start ofthe methanol oxidation, which is at -0.32 V 
vs MSE ( dasbed curve in Figure 6), is shifted to more negative potentials, when compared to 
ptPt (ca -0.25 V vs MSE). These results seem to be in agreement with the results in ref{6]. In 
Figure 3 (curve F), the activity for the methanol oxidation of a Pt/W03 electrode is compared 
to that ofthe other catalysts. It is seen the currents on the former are considerably higher. The 
presence ofW03 thus bas a positive influence on the methanol oxidation activity ofPt (curve 
A). Since the methanol oxidation also starts at a lower potential, the higher activity is probably 
due to a more easy oxidisability of the Pt, as was the case for the Ti02 supported Pt. 
To check whether there is an effect of performing methanol oxidation on the composition of 
the electrode, SEMIEDX measurements were also done after methanol oxidation. We found 
that not only the amount of W in the electcodes diminishes, but there is also a growth of the 
size of the white W03 enriched particles. A CFJ OH induced dissolution and precipitation of 
W03 thus seems to occur. It is furthermore found in the SEM pictures after methanol 
oxidation, that the W03 is now present as small needles, while before smalt particles were 
observed. This crystallization phenomenon was also observed by Tseung et al.[3]. 
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1.00.---------------, 

11.00 

j 
·' ,· 

......... ·~····-··--·~~~-········ 

.0.4111 .0.40 .0.2CI 0.00 CI.2CI 0.411 o.oo 

Potenttal (V va MSE) 

Figure 6 CV ofmetbanol oxidation on tbe catalyst offigure 4. Tbe dasbed curve gives tbe 
C02 production, measured witb DEMS.Tbe dasbed arrow indicates tbe start ofmetbanol 
oxidation. 0.5 H2SOJO.l M CH30H, v=2mV/s. 

General Discussion 
Tbe results presented bere show tbat both oxides, Ti02 and W03, have a positive influence on 
tbe methanol oxidation activity of Pt. Altbougb there is some indication that Ti-oxide species 
directly oxidise the adsorbate, at least in tbe case of adsorbed CO, this cannot be the only 
effect. 
In analogy with gas-phase studies we found that CO on Au/Ti02 is oxidised more easily tban 
on Au. With Ru added to this system, even methanol is oxidised although only in smalt 
amounts, which suggests that methanol adsorbates that differ from CO are formed on Au. In 
order to compare the activities found for the alternative catalysts, in Figure 3 the activity (at-
0.2 V vs MSE) of the most active PtRu/C catalyst is added. Although the activity of these 
PtRu/C systems is still too low for practical applications, it is still considerably higher than that 
ofthe alternative catalysts presented in this chapter. 
It is clear that these are only preliminary results on two (W03 and Tiû.z supported) relatively 
unknown systems for the oxidation of methanol, it seems wortwhile to study these and similar 
systems in more detail. Especially the addition of Ru to the Pt/W03 system seems promising. 
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Summary 

The Direct Methanol Fuel Cell is attractive as a souree of power for vehicle traction. One of 

the major problems in the development of this fuel een is, however, the electrocatalytic 
oxidation of methanol over a Pt catalyst. In this half reaction, methanol is oxidised to C02 
by an on the catalyst adsorbed water molecule. Both the activity and the long term stability 

of tbe now lrnown catalysts, are, in spite of more than 30 years of research, not good enough 

for practical applications however; on Pt the reaction is too slow and the catalyst deactivates 

rapidly. The work described in this thesis is aimed towards a better onderstanding of the 
electrooxidation of methanol over Pt and the influence of a promotor metal, like Sn or Ru on 

Pt. 

A review of the research in the field of the electrocatalytic oxidation of methanol is given in 
Chapter 2. It is shown that in spite of the development of a number of in-situ techniques, still 

no consensus is reached on the type of adsorbed intermediates via which the methanol 

oxidation proceeds. Forthermore the effect of a change in Pt partiele size, as well as the effect 

of a change in the Pt-carbon interaction are not clear yet, neither is the mechanism by which 
the promotor metals (of which Sn and Ru give the best results) actually act. Finally a short 

account is given of the search for alternative catalysts, of which tongsten-bronzes and 

tungsten-carbides seem to be the most promising. 
Chapter 3 gives a short introduetion in the in-situ electrochemical techniques that have been 
used. Of the three techniques that are described, Electrochemical Quartz Crystal Microbalance 

(EQCMB) and ellipsometry are relatively mewcomers in this area. The tbird technique, 
Differentlal Electrochemical Mass Spectroscopy (DBMS) bas already been proven to be a 

powerlul technique for the study of adsorbed reaction intermediates. 
In order to obtain a better insight in partiele size- and promotor-effects, it is first of all 

necessary to have a clear view of the mechanisrn of the methanol electrooxidation over Pt 

This is dealt with in Chapter 4. With DEMS, the adsorbed intermediates formed in the 

presence of methanol have been studied under a number of reaction conditions. Under most 
circumstances a mixture of linear- and bridge-bonded CO is formed on the surface. The ratio 
of these two species is foqnd to depend on the type and the concentration of the anion of the 

supporting electrolyte, on the adsorption potentlal and on the surface coverage of the 

adsorbate. Forthermore a difference is found between adsorbed CO formed from CO and 
adsorbed CO formed from methanol; CO formed from methanol is homogeneously distributed 

across the surface, while CO from CO is adsorbed in an island geometry. At very low 

adsorbate coverage and low adsorption potential, the adsorbate formed from methanol appears 

to be COH. With inreasing surface coverage and increase in potendal this adsorbate 
immediately loses its proton onder formation of adsorbed CO. 

In order to make optimal use of the amount of Pt present in a catalyst, it is necessary to 
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decrease the Pt partiele size. This may however, also change the properties of Pt, as is 

described in Chapter 5 and 6. The influence of the Pt partiele size and the effect of a Pt
carbon interaction on the activity for the electrooxidation of methanol is described in Chapter 
5. lt appears that with a decrease in Pt partiele size, the Pt surface is more easily oxidised. 

Below d=4 nm the a decrease in the specific activity for the methanol electrooxidation is 
found. This is due to a decrease in the number of free adsorption sites, either due to an 

overoxidation of the Pt surface (methanol does not adsorb on Pt-oxides) or due toa decrease 
in the number of by methanol favoured adsorption sites. lt is furthermore shown that Pt 

deposited on an oxidised carbon surface gives a slightly higher activity for the methanol 

oxidation. 
In Chapter 6, it is first of all confirmed that methanol adosrbs less easily on Pt particles below 
4 nm. Putthermore DEMS results show that there is no influence of the Pt partiele si ze on the 
type of adsorbate that is formed; only adsorbed CO, in both the linear and the bridge-bonded 

form could be detected. 

With the insight in the methanol oxidation mechanism, obtained in Chapter 4-6, it is now 
possible to study the effect of a promotor metal (Ru or Sn) on the electrooxidation of 

methanol over Pt. This is the subject of the Chapters 7-ll. The most simpte model system for 

a promoted catalyst is smooth Pt metal with a submonolayer of the promotor (Chapter 7). 
First of all DEMS measurements conïrrm that C02 production, and hence methanol oxidation, 

starts at a lower potentlal in the presence of either Sn or Ru. With ellipsometry it was 
possible to follow oxide formation on the surface of the catalyst, either promoted- or bare Pt. 
lt appears that without promotor the amount of Pt-oxide that is formed is not affected by the 
presence of methanol. Without methanol the oxide formation on Sn and Ru, present in a 
submonolayer on Pt could be followed. In the presence of methanol, however, the oxide 

coverage on both Sn and Ru dissapears, indicating that the promotor-metaloxides are 

responsible for the increase in the methanol oxidation activity. Therefore a bifunctional 
mechanism, where the promotor metal is responsible for the delivery of the oxygen atom, is 

proposed for the effect of both Sn and Ru. This condusion was further substantiated by the 

results on codeposited PtRu electrodes (Chapter 8). No oxides are present on the PtRu surface 
in the potential region where small organic molecules are oxidised. It was furthermore 
conïmned that the oxides of Pt do not participate in the oxidation of HCOOH, CO or 
CH30H. Although the results in these two chapters point to a bifunctional effect, a ligand 

effect, where the promotor metal modifles the properties of Pt itself, cannot be excluded on 

the basis of these measurements. Results in Chapter 9 even suggest that such a ligand effect 
is indeed present; (i) an increasing amount of the promotor metal results in a decrease of the 

onset potential of the methanol oxidation, (ii) methanol adsorbs more easily on PtRu than on 
Pt and (iii) the effect of Ru is still present on carbon supported Pt with smalt particles, which 
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are, as shown in Chapter 5, already overoxidised at low potentials. These results are not 

explainable directly on basis of the bifunctional mechanism and thus suggest the presence of 

a ligand effect Forther substantiation comes from in-situ IR measurements on CO adsorhed 

on PtRu (Chapter 10) which show that the linear bonded CO stretch frequency is shifted to 

more positive values in the presence of Ru. 

In studying the hehavior of a catalyst its exact composition must be known. This cannot be 

straightforwardly analysed however for codeposited PtRu systems. We therefore developed 

an electrochemical metbod using EQCMB. This metbod is described in Chapter 10. It is 

shown that the oxide reduction potential can be used as a measure for the amount of Ru that 

is present on the surface. By using a eaUbration curve, obtained with EQCMB, it is possible 

to determine the Ru surface coverage in a codeposited PtRu electrode. 

Although Sn is also known to be a promotor for the methanol electrooxidation, the literature 

is less consistent than for the effect of Ru. We therefore investigated (Chapter 11) the effect 

of Sn on Pt/C catalysts as a tunetion of the preparation method. It appears that the preparation 

metbod is indeed of influence, the effects range from a small increase to a decrease in 

activity. As for Ru, the optimum of the amount of Sn is always low, ca 10%. 

The performance of the catalysts described so far is still too poor for a practical application. 

Therefore some research was directed towards the development of alternative catalysts. The 

results, which are desribed in Chapter 12, show that PtAu/C and Pt/W03 are both more active 

than Pt itself, although neither of them reaches the activity of a PtRu/C catalyst. Forthermore 

a catalyst without Pt, AuRuTi02/C, also seems to be capable of oxidising methanol. It is not 

yet clear via what mechanism these systems act. 
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Samenvatting 

De directe methanol brandstofcel is aantrekkelijk als een vermogensbron in de transport
sector. Één van de belangrijkste problemen in de ontwikkeling van deze brandstofcel is 

echter, de electrokatalytische oxidatie van methanol over een Pt katalysator. In deze half

reactie wordt methanol, door reactie met een op de katalysator geadsorbeerd water mole
cuul, geoxideerd tot C02• Zowel de activiteit als de lange termijn stabiliteit van de nu 

bekende katalysatoren, zijn echter, ondanks meer dan 30 jaar onderzoek, niet goed genoeg 
voor praktische toepassingen; de reactie op Pt is te langzaam en de katalysator deactiveert 

snel. Het werk dat wordt beschreven in dit proefschrift is bedoeld om een beter begrip te 

krijgen van de electrooxidatie van methanol over Pt en de invloed daarop van een promo

tor metaal, zoals Sn of Ru. 

In Hoofdstuk 2 wordt een overzicht gegeven van het onderzoek op het gebied van de 

electrokatalytische oxidatie van methanol. Daaruit blijkt dat er, ondanks de ontwikkeling 

van een aantal in-situ technieken, nog steeds geen consensus is over via wat voor een type 
geadsorbeerd intermediair de methanol oxidatie verloopt Bovendien is niet duidelijk wat 
het effect is van verandering in deeltjesgrootte van Pt of van een verandering in Pt-drager 

interactie. Ook is het mechanisme van het promotor effect (waarbij Sn en Ru het beste 

resultaat geven) nog steeds niet opgehelderd. Tot slot wordt in hoofdstuk 2 een kort 
overzicht gegeven van het onderzoek naar alternatieve katalysatoren, waarbij wolfraam

bronzen en wolfraam-carbides het meest veel belovend lijken te zijn. 

Hoofdstuk 3 geeft een korte inleiding in de in-situ electrochemische technieken die ge

bruikt zijn. Van de drie technieken die worden beschreven, zijn Ellipsometry en de Elec
trochemische Quartz Microbalans (EQCMB)relatieve nieuwkomers in het onderzoek naar 
de methanol oxidatie. Differentiele Electrochemische Massa Spectroscopie (DBMS) heeft 

al bewezen een krachtige techniek te zijn voor het onderzoek naar geadsorbeerde reactie

intermediairen. 

Om een beter inzicht te kunnen krijgen in deeltjes grootte- en promotor-effecten, is het 

allereerst nodig om een duidelijk beeld te hebben van het mechanisme van de methanol 

oxidatie over Pt. Dit laatste is het onderwerp van hoofdstuk 4. Met behulp van DBMS zijn 

de geadsorbeerde intermediairen, gevormd in de aanwezigheid van methanol onder ver
schillende reactie-condities, onderzocht. In de meeste omstandigheden wordt er een meng
sel van lineair- en gebrugd gebonden CO gevormd op het oppervlak. De verhouding tussen 

deze twee blijkt af te hangen van het type en de concentratie van het electroliet, de ad
sorptie potentiaal en de oppervlakte bedekking van het adsorbaat. Bovendien wordt er een 

verschil gevonden tussen geadsorbeerd CO gevormd uit CO en geadsorbeerd CO gevormd 

uit methanol; CO gevormd uit methanol is homogeen over het oppervlak verdeeld, terwijl 

CO gevormd uit CO zich in een eiland geometrie bevind. Bij hele lage adsorbaat bedek

kingen en een lage adsorptie potentiaal blijkt het adsorbaat gevormd uit methanol COH te 
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zijn. Met een toename in adsorbaat bedekking en potentiaal verliest dit adsorbaat onmid

delijk een proton onder vorming van CO. 

Om zo optimaal mogelijk gebruik te maken van de hoeveelheid Pt die aanwezig is in een 

katalysator, is het nodig om de Pt deeltjesgrootte te verkleinen. Dit kan echter ook gevol

gen hebben voor de eigenschappen van het Pt, zoals wordt beschreven in hoofdstuk 5 en 

6. De invloed van de Pt deeltjesgrootte en het effect van een Pt-kool interactie op de 

activiteit voor de methanol oxidatie wordt beschreven in Hoofdstuk 5. Het blijkt dat bij 

een afname in deeltjesgrootte het opppervlak makelijker wordt geoxideerd. Beneden 

d""-4nm blijkt de specifieke activiteit voor de methanol electrooxidatie af te nemen. Dit is 

het gevolg van een afname in vrije adsorptie-plaatsen, ofwel door overoxidatie van het Pt 

oppervlak (methanol adsorbeert niet op Pt-oxide), of door een afname in het aantal, voor 

methanol gunstige adsorptie plaatsen. Verder wordt aangetoond dat Pt neergeslagen op een 

geoxideerde kool drager een iets hogere activiteit geeft voor de methanol oxidatie. 

In Hoofdstuk 6 wordt allereerst het idee uit hoofdstuk 5 bevestigd, dat methanol minder 

gemakelijk adsorbeert op Pt deeltjes die kleiner zijn dan 4 nm. Bovendien laten DEMS 

resultaten zien dat er geen invloed is van de deeltjesgrootte op het type adsorbaat dat 

wordt gevormd; alleen lineair en gebrugd gebonden CO werden waargenomen. 

Met het inzicht in het methanol oxidatie mechanisme, verkregen in Hoofdstuk 4-6, is het 

nu mogelijk om het effect van een promotor metaal, (Ru of Sn) op de electrooxidatie van 

methanol over Pt, te bestuderen. Dit is het onderwerp van Hoofdstuk 7-11. Het meest 

simpele model voor een gepromoteerde katalysator is glad Pt metaal met een sub-mono

laag van de promotor (Hoofdstuk 7). DEMS metingen tonen aan dat de C02 productie, en 

dus de methanol oxidatie beginnen bij een lagere potentiaal in de aanwezigheid van Sn of 

Ru. Met ellipsometrie was het mogelijk om om de oxide vorming op de katalysator, met 

of zonder promotor, te volgen. Het blijkt dat op ongepromoteerd Pt de oxide vorming niet 

wordt beïnvloed door de aanwezigheid van methanol. De oxides op Sn of Ru, op gepro

moteerd Pt blijken echter te verdwijnen in de aanwezigheid van methanol, wat erop duidt 

dat de promotor-metaaloxides verantwoordelijk zijn voor de oxidatie van het methanol. 

Daarom wordt een bifunctioneel mechanisme, waar het promotor metaal verantwoordelijk 

is voor de levering van het zuurstof-atoom, voorgesteld voor het effect van zowel Sn als 

Ru. Deze conclusie wordt verder ondersteund door de resultaten die zijn verkregen aan 

"codeposited" PtRu electroden (Hoofdstuk 8). Er zijn geen oxides aanwezig op PtRu in het 

gebied waar kleine organische moleculen worden geoxideerd. Bovendien werd nog eens 

bevestigd dat Pt-oxides niet meedoen in de oxidatie van HCOOH, CO en CH30H. Hoewel 

de resultaten in deze twee hoofdstukken wijzen op een bifunctioneel effect, kan een ligand 

effect, waar de promotor de eigenschappen van het Pt verandert, niet worden uitgesloten. 

De resultaten in Hoofdstuk 9 lijken er bovendien op te duiden dat zo'n ligand effect 
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inderdaad aanwezig is; (i)een toename in de hoeveelheid promotor-metaal :rorgt voor een 

afname in de begin-potentiaal van de methanol oxidatie, (ii) methanol adsorbeert makelij

ker op PtRu dan op Pt, en (iii) het effect van Ru is ook nog aanwezig op kool gedragen Pt 

met kleine deeltjes, die al bij lage potentiaal geoxideerd worden, :wals beschreven in 

Hoofdstuk 5. Deze resultaten zijn niet direct te verklaren vanuit het bifunctionele mecha

nisme, en suggereren dus dat er een ligand effect is. Dit wordt nog eens bevestigd door de 
in-situ IR metingen aan geadsorbeerd CO op PtRu, die aantonen dat de CO strek frequen

tie verschuift neaar meer positieve potentialen in de aanwezigheid van Ru (Hoofdstuk 10). 

Bij bet bestuderen van het gedrag van een katalysator is het nodig om de exacte samen

stelling te kennen. Voor "codeposited" PtRu electroden kan de samenstelling echter niet 

eenvoudig worden bepaald. Daarom hebben we een electrochemische methode ontwikkeld 

waarbij gebruik is gemaakt van de EQCMB. Deze methode wordt beschreven in Hoofd

stuk 10. Aangetoond wordt dat de oxide reductie potentiaal gebruikt kan worden als een 

maat voor de hoeveelheid Ru aanwezig op het oppervlak. Door een calibmtie-curve te 

gebruiken, die gemeten is met EQCMB, is het mogelijk om de Ru oppervlakte concentra

tie te bepalen van een PtRu electrode. 

Hoewel Sn ook bekend staat als promotor voor de methanol electrooxidatie, is er minder 

consistentie in de literatuur dan voor het effect van Ru. Daarom hebben we het effect van 

Sn op Pt/C katalysatoren onder:rocht als functie van de bereidingsmetbode (Hoofdstuk 11 ). 

Het blijkt dat de bereidingmethode inderdaad van invloed is, waarbij de effecten lopen van 

een kleine toename in de activiteit tot een afname. Net als voor Ru is het optimum Sn 

gehalte altijd laag, ca 10%. 

De prestaties van de katalysatoren die tot nu toe zijn beschreven, zijn nog steeds te matig 

voor een praktische toepassing. Daarom was een deel van het onderwek gericht op de 

ontwikkeling van alternatieve katalysatoren. De resultaten, die worden beschreven in 

Hoofdstuk 12, laten zien dat PtAu/C en Pt/W03 beide actiever zijn dan Pt, hoewel geen 

van beide de activiteit van een PtRu/C katalysator haalt. Daarnaast lijkt een katalysator 

:ronder Pt, AuRuTi02/C ook in staat te zijn om methanol te oxideren. Het is echter nog 

niet duidelijk via welk mechanisme de methanol oxidatie aan dit systeem verloopt 
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Ik zink 
tot aan mij schouders 
in berusting 

een kalme zee 
van nauwelijks golving 
houdt mij staande 

en ik verroer geen vin 

Ik fluister ingetogen woorden 
over het water, denkend 
aan wie er voorbijging, gisteren 

En overal zeemeeuwen 
luisterend 
brokstukjes brood uit mijn mond 

en ik glimlach 
omdat het voorbij is 

Nico Scheepmaker, uit "Poêtisch fietsen" (1955) 

178 


