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The oxidation pathways of methanol (MeOH) have been the subject of intense research due to its

possible application as a liquid fuel in polyelectrolyte membrane (PEM) fuel cells. The design of

improved catalysts for MeOH oxidation requires a deep understanding of these complex

oxidation pathways. This paper will provide a discussion of the literature concerning the extensive

research carried out in acidic and alkaline electrolytes. It will highlight techniques that have

proven useful in the determination of product ratios, analysis of surface poisoning, anion

adsorption, and oxide formation processes, in addition to the effects of temperature on the

MeOH oxidation pathways at bulk polycrystalline platinum (Ptpoly) electrodes. This discussion

will provide a framework with which to begin the analysis of activation energy (Ea) values. This

kinetic parameter may prove useful in characterizing the rate-limiting step of the MeOH

oxidation at an electrode surface. This paper will present a procedure for the determination of

Ea values for MeOH oxidation at a Ptpoly electrode in acidic and alkaline media. Values from

24–76 kJ mol�1 in acidic media and from 36–86 kJ mol�1 in alkaline media were calculated and

found to be a function of applied potential and direction of the potential sweep in a voltammetric

experiment. Factors that influence the magnitude of the calculated Ea include surface poisoning

from MeOH oxidation intermediates, anion adsorption from the electrolyte, pH effects, and oxide

formation processes. These factors are all potential, and temperature, dependent and must clearly

be addressed when citing Ea values in the literature. Comparison of Ea values must be between

systems of comparable electrochemical environment and at the same potential. Ea values obtained

on bulk Ptpoly, compared with other catalysts, may give insight into the superiority of other Pt-

based catalysts for MeOH oxidation and lead to the development of new catalysts which lower

the Ea barrier at a given potential, thus driving MeOH oxidation to completion.

1. Introduction

1.1 General comments on fuel cell research and development

Recently, increasing monetary support and scientific research

have focused on alternative energy sources in order to dimin-

ish not only dependence on oil and natural gas, but to also

decrease waste and pollution coming from combustible fuels

and non-rechargeable batteries. Much of the research has

focused on the development of clean, energy efficient power

sources. One of the most encouraging of these is fuel cells. Fuel

cell research has been ongoing for many years but has recently

been brought to the forefront as the demand has increased for

working devices for use in everything from cell phones and

computers, which require 1–10 W of power, to automobiles

and backup power stations, which require between 1 kW–

10 MW of power.1–4

There are many advantages afforded by fuel cell technolo-

gies. Some of the most commonly highlighted are that fuel

cells convert chemical energy directly into electrical energy

with efficiencies not limited by the Carnot cycle. Fuel cell

efficiencies can be greater than 80% under certain operating

conditions, have few moving parts, and are mechanically

simple. Fuel cells also generate relatively innocuous waste

products, depending on the fuel and oxidant used.1,5,6 One

of the simplest and efficient fuel cell systems is the hydro-

gen–oxygen (H2–O2) fuel cell, which produces water as a waste

product. This characteristic is especially important to reduce

air pollution and meet emissions requirements for trucks and

automobiles.1,6,7 Finally, depending on the type of fuel cell

employed, the energy density could surpass that of some

batteries. This aspect is important for smaller fuel cells, which

could be used to replace batteries in portable electronics

applications.1,4,7–10

1.2 Types of fuel cells—where does methanol fit in?

There are a variety of fuel cells being developed. These fuel

cells offer a wide range of power outputs, use a variety of fuels,

and operate in vastly different temperature regimes. High

temperature solid oxide (SOFC), molten carbonate (MCFC),

and phosphoric acid (PAFC) fuel cells operate between

200–1000 1C and are used for high-power applications in the

kilowatt to megawatt range.1,3,5–8,11 Fuel cells more suitable

for automobile and portable electronics applications are poly-

electrolyte membrane fuel cells (PEMFC).1,2,4,10,12–16
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PEMFCs are particularly attractive because they typically run

at temperatures ranging from 20 to 100 1C and can use gaseous

or liquid fuels. The gaseous H2/O2 fuel cell system mentioned

previously can be employed in a PEMFC.1,4 The H2 used in

these PEMFC systems must be very pure, which makes it

difficult to manufacture. Primary fossil fuels via reforming and

cracking, biofuels and biological breakdown of fuels, hydro-

gen storage materials such as metal hydrides, and water

electrolysis are all ways in which H2 gas can be obtained.1

The H2 gas obtained usually must be further purified in order

to remove sulfur and carbon-containing species, as well as

other impurities. This purification is costly and time-consum-

ing. The steam reformation of MeOH has been found to

produce H2 under mildly exothermic conditions.1 The use of

MeOH in the production of H2 gas has brought it attention as

a possible fuel for a PEMFC.

Liquid fuels and/or oxidants can be used in a PEMFC. A

type of PEMFC, the direct methanol fuel cell (DMFC), uses

liquid MeOH as the fuel. Methanol has a relatively high net

energy density (5.26 kWh kg�1) which surpasses that of pure

H2 that can be made directly from MeOH (2.3 kWh kg�1) and

has an energy density comparable to gasoline.1,2,12–14 Metha-

nol as a liquid fuel also has an important advantage in that the

infrastructure for supporting a liquid fuel is already in place in

terms of fuel pumping stations and fuel transportation, mak-

ing the refueling of a liquid fuel cell facile. DMFCs do suffer

drawbacks.1,7,13–19 One of the most prevalent is the need for

better catalysts for the anode, where MeOH fuel oxidation is

carried out. The oxidation of MeOH proceeds via a variety of

intermediates, depending on the reaction conditions, thereby

lowering the efficiency of the fuel cell and, in some instances,

poisoning the catalyst surface with tightly bound carbon-

containing intermediate poisons, such as carbon monoxide

(CO). While there are numerous advantages and disadvan-

tages of DMFCs, as well as a great number of components

that require further optimization, the DMFC appears most

promising for multiple applications. Much of the current

literature cited above, and in general, has focused on elucidat-

ing the complete pathway of MeOH oxidation on current

catalysts in order to better select catalyst components to

enhance the power output and fuel efficiency of the DMFC.

The following section will provide an overview of the vast

literature concerning the elucidation of the MeOH oxidation

pathways, including the numerous electrochemical techniques

that have been employed. While it is nearly impossible, and

not the intent of this review, to be all-inclusive, this work will

highlight individual techniques that have been benchmarks for

the understanding of the oxidation pathways. Additionally, it

will provide relevant articles, including reviews, which provide

useful references pertaining to the research being carried out

concerning the MeOH oxidation pathway. This paper will

focus exclusively on smooth bulk Ptpoly electrodes, although

much of the literature cited contains information about other

Pt-containing catalysts. A detailed pathway for MeOH oxida-

tion in both acidic and alkaline electrolyte will be introduced

based on the literature as well as on our own research.

Complications with the determination of this pathway, as well

as details yet to be resolved, will be discussed throughout the

text. In response to some of these complications, and un-

resolved details, the often overlooked topic of activation

energy (Ea) values will be discussed as a means of further

inquiry into the individual steps in MeOH oxidation, as well as

a means of comparison between different electrocatalysts

being developed for improved oxidation of MeOH. An in-

depth Ea study dealing with MeOH oxidation on Ptpoly has

been carried out by our lab, which is the first in-depth study to

date in both acidic and alkaline media using a smooth bulk

Ptpoly electrode. These results will be discussed in terms of the

detailed pathway of MeOH oxidation presented in order to

determine the possible implications of these values. A strategy

for analyzing these Ea values will be presented in terms of the

processes that must be taken into account that can affect the

magnitude of the Ea, including surface adsorption and poison-

ing effects, in addition to paying attention to the potential at

which the Ea was calculated. By scrutinizing all of the infor-

mation compiled for the MeOH oxidation process, outlining

the factors that control product distributions, and using a new

approach of determining Ea values of MeOH oxidation on a

Ptpoly surface, optimal catalysts for MeOH oxidation may be

found. Even more importantly, a more complete understand-

ing of how new catalysts alter the pathway of MeOH oxida-

tion may emerge. This understanding will aid in choosing new

catalyst components that target specific steps in the oxidation

pathway, leading to enhanced efficiencies of MeOH oxidation

and will further improve the power output of the DMFC,

making it a power source that can be reasonably considered

for numerous power applications.

2. Methanol oxidation pathway

The pathway of methanol oxidation has proven to be very

complex on a smooth Ptpoly surface. While other catalysts

(alloys, intermetallics, etc.) that contain Pt as one of the

components have been developed, it is important to fully

understand the complete oxidation pathway of MeOH at a

clean bulk Ptpoly surface before more complex surfaces can be

understood. The composition and behavior of other catalysts

will therefore not be specifically addressed here. The complete

oxidation of MeOH in acid or alkaline media is a 6e� oxida-

tion forming CO2 as shown in eqn (2.1) for MeOH oxidation

in acidic media and eqn (2.2) for alkaline media:

CH3OHþH2O! CO2 þ 6Hþ þ 6e�

E0 ¼ 0:016 V vs: SHE @ pH ¼ 0
ð2:1Þ

CH3OHþ 6OH� ! CO2 þ 5H2Oþ 6e�

E0 ¼ �0:810V vs: SHE @ pH ¼ 14
ð2:2Þ

These oxidation equations clearly show that the pH of the

supporting electrolyte is an important factor during MeOH

oxidation because of the role that protons and hydroxide ions

play in the overall reaction. As will be discussed later, not only

the pH, but also the exact nature of the acid or alkaline

electrolyte being used can be an important factor in the

oxidation of MeOH. The fuel concentration, electrolyte con-

centration, electrode potential, and nature of the electrode

surface in terms of adsorbed species, which in turn are also
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electrode potential dependent, will all be discussed regarding

their role in the pathway of MeOH oxidation.

2.1 Detailed methanol oxidation pathway

While the complete oxidation of MeOH yields CO2 as the final

product, at a bulk Ptpoly surface, the complete 6e� oxidation

seldom takes place unless a large overpotential is applied.

There are numerous intermediate products, including ad-

sorbed poisons, formed during MeOH oxidation. The MeOH

pathway presented in Fig. 1 represents the oxidation pathway

in acidic2,12,14–45 and alkaline11,12,20,29,31,34–36,45–59 media and

has been compiled from results found in the literature, as well

as from our group. A pathway for MeOH dissociation,

observed in and derived from UHV experiments, is also

included for completeness.21,22,24,60–64 The following discus-

sion will review the techniques used to determine this pathway,

and will talk about selected steps of the pathway in detail,

noting the intermediates and products formed, Pt sites needed

to carry out the reaction taking place, and the nature of these

Pt sites including the need for hydroxide/oxide adsorption in

order to facilitate MeOH oxidation. In addition, the detriment

of CO and anion adsorption onto the Pt surface during the

oxidation process will be reviewed. This detailed discussion

will aid in the analysis of the Ea energy values discussed in

section 3 and those calculated in the studies carried out in

section 6. A complete understanding of the complexity of

MeOH oxidation will set the framework for determining the

factors that are most important to take into account when

carrying out experiments to determine Ea values.

Fig. 1 shows that common reactive intermediates and

products that have been determined to contribute to the

charge passed during MeOH oxidation include formic acid

Fig. 1 Detailed pathway for the oxidation of MeOH in acid (—) and alkaline (blue solid line) electrolyte. Dashed lines represent pathways that

have been suggested in the literature for acidic and alkaline electrolytes respectively, but are unlikely to occur under typical experimental

conditions. The pathway (red line) corresponds to the initial dehydrogenation pathway as determined by UHV experiments.
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(HCOOH), formaldehyde (HCHO), formate (HCOO�), and

CO, in addition to the final oxidation product, carbon dioxide

(CO2). Other solution products formed via chemical reaction

between the products above and bulk MeOH can also be

detected during bulk electrolysis experiments and under other

experimental conditions. For example, methyl formate

(HCOOCH3) can be used to detect the formation of HCOOH

when running mass spectrometry experiments; see section

2.1.2 for more details. The formation of these intermediates

(reactive or poisonous) and products (soluble intermediates

including CO2) are strongly dependent on the potential ap-

plied, the nature of the Pt surface, and also the electrolyte in

which the oxidation is being carried out. In particular, the

contributions from Ptpoly surface oxides and anion adsorption

from the electrolyte have been subjects of intense research,

examining how the nature of the electrode surface and nature

of the electrolyte govern the MeOH oxidation pathway. There

has also been much research concerning the number of Pt sites

needed to carry out each of the steps due to the numerous

surface processes that occur during potential excursions in

different electrolytes.15,16,18,20,22,35,50,65–69 The minimum num-

ber of Pt sites needed to carry out each of the MeOH oxidation

steps is designated in Fig. 1. These data have been complied

from the literature cited throughout this section, as well as

from research in our own labs. When determining the number

of electrons transferred in a particular reaction step, one must

take into account that every time a Pt–(OH)ads oxide species

takes part in the reaction, one electron was produced from the

formation of that oxide species, emphasizing the importance

of the surface oxide in the reaction mechanisms being con-

sidered. The literature has explored the nature of all the

intermediates in great detail in acidic and alkaline supporting

electrolytes, focusing on H2SO4 and HClO4 at concentrations

ranging from 0.1 to 1.0 M, although other extreme cases have

been analyzed as well. While there has been some research

carried out in alkaline media (NaOH or KOH), that literature

is much less extensive compared to the acidic electrolyte

literature and much of it has focused on the use of Pt single

crystal surfaces.

The works cited concerning the MeOH oxidation pathway

will be discussed in detail below in order to highlight many of

the techniques used to interrogate the complete MeOH oxida-

tion pathway, not only in aqueous media, but also in UHV-

type systems. Much of this literature frames the data obtained

about the methanol oxidation process in terms of its impor-

tance to DMFC development. While Ptpoly will be the focus in

this study, many of the references contain information con-

cerning other Pt-containing catalysts for MeOH oxidation. As

the methanol oxidation pathway is discussed below, complica-

tions with its analysis will become clear. These complications

further underline the difficulties faced in the analysis of Ea

values. The contributions from Ptpoly surface processes, such

as oxide formation and anion adsorption, often make the

electrochemical data difficult to analyze. The poisonous inter-

mediate, CO, brings about difficulties in obtaining oxidation

turnover rates at specific potentials and makes obtaining

steady state currents at low potentials impossible. Changes

in fuel concentration, electrolyte concentration, and pH also

lead to varying product distributions throughout the literature

due to the numerous products that can be formed during

MeOH oxidation. All of these experimental parameters and

electrochemical processes must be taken into account when

analyzing the Ea values obtained because the data used to

calculate these values is a convolution of these factors. These

complications, to name a few, make drawing broad conclu-

sions from across the literature difficult. Although the above

complications can cause problems during data analysis, re-

cognizing their occurrence, understanding how these processes

vary with potential and temperature, how they affect the

products formed, and using this knowledge during data ana-

lysis will lead to a better understanding of the MeOH oxida-

tion pathway. It will also clarify the factors that govern the

individual steps, as well as aid in using Ea values obtained as

useful points of comparison for catalyst behavior.

2.1.1 Traditional electrochemical techniques. The most

common techniques used to interrogate the MeOH oxidation

pathway in Fig. 1 are traditional electrochemical methods.

Specifically, linear sweep and cyclic voltammetry, rotating disk

electrode voltammetry, chronoamperometry, and chrono-

potentiometry have all been carried out under a range of

experimental conditions including various electrolyte and fuel

concentrations, different sweep rates, varying rotation rates,

and electrolytes with varying degrees of anion adsorp-

tion.2,14–17,20,22,24–26,30,32,34,45,49–52,63,70–81 Clearly, a complete

review of the literature is impossible, but the references above

provide a sampling of the vast number of techniques that have

been employed. These experiments provide insight into the

onset potential of MeOH oxidation under varying conditions,

maximum current densities that can be obtained at different

fuel and electrolyte concentrations and the extent of surface

poisoning (CO) at a given potential. Mechanistic information

concerning the adsorption and dissociation of MeOH can be

obtained using isotopic labeling with cyclic voltammetry and

chronoamperometry.63 In this way, it was determined that the

initial step of the decomposition process of MeOH was the

scission of the C–H bond in the aqueous electrochemical

environment as shown in Fig. 1.

Tafel behavior has been analyzed under a variety of condi-

tions for MeOH oxidation in order to gain insight concerning

the electrochemical rate determining steps at a number of

different potentials. Electrochemical kinetics information has

relied heavily on the use of basic voltammetric techniques and

has yielded a wealth of information concerning the electron

transfers steps in the fuel oxidation process. Of course, the rate

determining electron transfer step seems to vary with reaction

conditions, nature of the electrode surface, etc. Section 3 will

discuss the kinetic information that can be obtained from

Tafel plots using traditional electrochemical methods.

Surface coverages of Pt oxide and Pt–

(OH)ads,
24,31,34,35,45,54,70,75,77,82–91 CO and other intermedi-

ates,14,16,18,20,24,25,29,30,34,35,38,51,60,61,65,70,73,76,81,82,92–101 and

of adsorbed anions from the electro-

lyte13,14,16,22,31,34,36,50,54,70,102–108 have also been studied exten-

sively using voltammetric techniques. These will be discussed

in detail throughout the text due to their immense importance

in the pathway of oxidation of MeOH, both kinetically, and

thermodynamically. The literature pertaining to oxide
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formation and coverage, as well as anion adsorption, is vast

and will only be highlighted in this report. Fig. 1 has many

steps that require a Pt site with adsorbed OH� in order to

provide an additional oxygen atom to the carbon atom of

MeOH. These steps normally also require either a clean Pt site

for binding or another Pt site with adsorbed OH� for depro-

tonation. The electrode potential governs the coverage of

Pt–(OH)ads as well as the adsorbed anion coverage. These

coverages, in turn, will determine the extent of oxide coverage,

as well as Pt sites free to bind MeOH and other intermediates,

at a given potential. Cyclic voltammetry has been invaluable in

the determination of oxide coverages as a function of the

potential of the Ptpoly electrode. The oxide coverage depends

on the time the electrode is held at a given potential, the

switching potential of the electrode when a potential sweep is

being carried out, and pH of the electrolyte. Because the

MeOH oxidation pathway in alkaline media requires Pt–

(OH)ads as a reactant (Fig. 1), the nature of the oxide on the

surface is especially important. Oxide coverages will be dis-

cussed in section 7.2.4 when analyzing the Ea values obtained

for MeOH oxidation at a number of different potentials. There

is a wealth of literature on the subject of oxide formation on a

Ptpoly surface in numerous electrochemical environments. The

main concern of this paper, with respect to oxide coverages,

will be examining the change in oxide coverage with tempera-

ture when carrying out Ea experiments.

One can also study product distributions by carrying out

bulk electrolysis and isotope exchange experi-

ments.33,34,63,95,109–111 The reaction products HCOOH,

HCHO, and CO2 have been detected using post-analysis

techniques like UV-Vis and fluorometric techni-

ques,14,19,39,40,112 and liquid/gas chromatography after bulk

electrolysis was carried out.14,15,22 The drawback to these

experiments is while a number of different intermediates may

be forming and diffusing away from the electrode surface, they

can make their way back to the electrode to undergo further

oxidation. Formic acid and formaldehyde can be further

oxidized to form CO on the electrode surface or CO2. This

effect produces product ratios that are not representative of

the actual processes occurring at the electrode surface at a

given potential. Also, products from bulk electrolysis can react

with species in solution, again giving false product ratios and

complicating the final product analysis. The electrode poten-

tial during the bulk electrolysis is clearly an important factor,

which will determine not only the extent of poisoning of the

electrode by CO formation, but also the extent of complete

oxidation of MeOH to CO2. The use of flow cells has

improved the results of bulk electrolysis experiments, but

other techniques may be more suitable for quantitative pro-

duct distributions as will be described below.95,113

Finally, linear sweep and cyclic voltammetry, in addition to

chronoamperometry have been used to carry out experiments

at elevated temperatures in order to determine the effects of

increased temperature on the kinetics and thermodynamics of

MeOH oxidation in terms of product formation, onset poten-

tial, current enhancements, and oxide and CO coverage and

anion adsorption changes.34,45,54,56,72,73,94,114–122 Many of the

temperature-dependence experiments have been carried out on

not only bulk Ptpoly but also at single crystal electrode

surfaces. While a large volume of literature exists concerning

MeOH oxidation on single crystals, it will not be discussed

here, although some of the results of these experiments can be

carried over and applied to the behavior of bulk Ptpoly as well.

All of these processes, surface processes in particular, are

extremely important when analyzing Ea values obtained at a

Ptpoly surface. Changes in these processes with temperature

will change the magnitude of the current measured at a given

potential. These current changes are, in turn, used to calculate

Ea values. The magnitude of the Ea value would then not be

representative of the MeOH oxidation pathway being carried

out at that potential, but a convolution of a number of

different processes affecting the faradaic current observed.

The wealth of information obtained using these traditional

electrochemical methods will be applied when carrying out the

Ea experiments presented in section 6. Linear sweep voltam-

metry at a number of different temperatures will be employed

in this work to obtain the data needed to calculate Ea values.

The exact nature of the linear sweep voltammetry method will

be explained in section 4. Information needed to analyze the

Ea values is obtained when comparing linear sweep voltam-

metry and chronoamperometry experiments in terms of the

role that oxide reduction plays in the MeOH oxidation path-

way over the potential range of the linear sweep. Chronoam-

perometry data will also provide valuable information about

the CO poisoning occurring on the timescale of the linear

sweep. The linear sweep data, when combined with cyclic

voltammetry of Ptpoly at a number of different potentials in

pure electrolyte, in addition to systems that contain MeOH,

give much of the information needed to analyze the contribu-

tion of anion adsorption, pH, and oxide formation to the

magnitude of the Ea values obtained.

2.1.2 Differential electrochemical mass spectrometry

(DEMS). Fig. 1 reveals the vast number of pathways that

can be taken as MeOH oxidation proceeds. Intermediates such

as formic acid, formaldehyde, carbon monoxide and formate,

as well as the final product CO2 have been detected depending

on the electrolyte in which the oxidation is carried out, as well

as the concentration of the fuel and electrolyte, sweep rate of

the experiment, or potential at which the electrolysis is carried

out. Surface treatment is also a factor in product formation

and distribution for MeOH oxidation. While voltammetric

techniques are sensitive to each of these intermediates indivi-

dually, identification of several of these species concurrently is

difficult and quantitative results cannot be obtained without

help from other techniques. When voltammetry (chronoam-

perometry or cyclic voltammetry) is used in conjunction with

DEMS, quantitative information about the intermediates and

products formed can be obtained in real time. DEMS has been

used extensively to identify the atomic composition of

the intermediate species and the ratio of these species at

specific applied potentials in acidic med-

ia.13–16,19,24,27,28,33,34,66,113,123–126 Methanol oxidation in alka-

line electrolytes has yet to be explored in great detail using

DEMS. CO2 can be directly detected by monitoring its

molecular ion peak, m/z = 44. Formic acid, on the other

hand, is normally detected by monitoring m/z = 60, which is

the signal for methyl formate because the signal for the
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molecular ion peak for formic acid tends to be convoluted with

other products like CO18O species. Also, formic acid and

formaldehyde are not as volatile as CO2 and other spe-

cies.27,28,113 Thus, information about their relative contribu-

tions is taken from the amount of methyl formate formed and

the total charge passed during the experiment. In this way,

using DEMS, the product distribution, and faradaic efficiency,

as a function of potential can be determined. This distribution

allows the predominant pathway from Fig. 1 to be determined

at a given potential. While this type of careful analysis is

feasible, the experimental conditions play an important role in

the product distribution. Since there is no universally accepted

standard set of experimental conditions, it is difficult to lay out

a specific oxidation mechanism for MeOH at specific poten-

tials. A good example of the influence of experimental condi-

tions on the product distributions can be observed when

comparing DEMS results for MeOH oxidation at a Ptpoly
surface and a bulk electrolysis experiment carried out using a

Ptpoly electrode. A DEMS experiment using a flow cell carried

out in 10 mM MeOH and 0.5 M H2SO4 yield values of 50, 34,

and 16% for formaldehyde, formic acid, and CO2 formation,

respectively, at +0.65 V vs. RHE.28 Under the same condi-

tions, but in 1 mM MeOH, the contributions change to 56, 10,

and 34%, respectively. At a comparable potential, a bulk

electrolysis experiment carried out in 15 mM MeOH and 0.1

M HClO4 yielded only 5–8% formaldehyde.40 The DEMS

study also found product ratios of 72, 3, and 25% for

formaldehyde, formic acid, and CO2 formation at +0.75 V

vs. RHE, which was quite different from what is observed at

100 mV less positive. This vast difference in value illustrates

the difficulty of integrating information from the literature to

formulate specific conclusions about the pathway of MeOH

oxidation as the applied potential is varied. Even the nature of

the catalyst (Ptpoly, Ptblack, Pt/C, single crystal surfaces) will

alter the product distribution.66,127 The product distribution

on a Ptpoly surface (or a thin layer nanoscale Pt surface)

will have a larger contribution from formic acid and

formaldehyde when compared to Ptblack or Pt/C surfaces due

to the differences in the diffusion of reactions products

away from the electrode surface. The intermediates formed

when using Pt/C or Ptblack (depending on the catalyst loading)

may be further oxidized to CO2 prior to diffusing out of

the catalyst film. The current efficiency for the direct oxidation

of MeOH to CO2 can vary between 50–80% depending on

the catalyst loading.127 Formaldehyde formation can be dras-

tically influenced (ranging from 40% formation to 0%)

depending on the catalyst loading (surface roughness) of the

platinum.127

Not only were the volatile intermediates and products

detected using DEMS, but the kinetics of CO oxidation have

also been studied, and isotope experiments have been carried

out to determine the exact nature of the formation of these

intermediates.33,111,123–125 It was determined using DEMS and

a Pt/C catalyst that CO coverages greater than 1/3 of a

monolayer preclude the adsorption of MeOH onto the catalyst

surface.33 DEMS has also been able to provide insight into the

importance of Pt oxide in the MeOH oxidation and that the

reduction of a preformed monolayer of PtO by methanol at

open-circuit points to the fact that Pt oxide species are indeed

active for methanol oxidation.33 As the surface coverage of

PtO begins to be electrochemically reduced, MeOH can ad-

sorb. The subsequent dehydrogenation of MeOH facilitates

the reduction of PtO at adjacent Pt sites.59,128 The PtO can be

reduced to Pt–(OH)ads species, which in turn aids the oxida-

tion of intermediates, such as CO, to CO2. Steps governing the

MeOH oxidation rate, including the oxidation of CO or the

adsorption of MeOH, were also investigated at a Pt/C elec-

trode and it was found that the removal of the COads poison is

the rate determining step during methanol oxidation, not the

dissociation of the C–H bond during the initial MeOH ad-

sorption.33 The potential at which COads begins to be oxidized

to CO2 was also determined using DEMS and COads stripping

experiments. It was found that its oxidation begins at 0.15 V

vs. RHE on a Pt/C catalyst surface.124

It is quite clear that DEMS has been able to provide the

most concrete evidence for the importance of catalyst surface

structure, fuel and electrolyte composition and concentration,

electrode potential, and mass transport when analyzing the

intermediate and product concentrations and distributions

formed during an experiment. A comparison of data from

DEMS and from other techniques, such as bulk electrolysis,

provides useful information, but attention must be paid to

significant variations in product distributions that can arise

from differing experimental conditions. The factors influen-

cing the product distribution must be taken into consideration

when analyzing any of the data on MeOH oxidation obtained

using DEMS or other traditional electrochemical interroga-

tion methods. Not only recognizing that the product distribu-

tions vary, but also what causes this variation, leads to a more

clear understanding of the methanol oxidation process at a

given potential. This understanding must be applied to the

analysis of the Ea results presented in sections 3 and 6 of this

Invited Article. DEMS demonstrates that the assignment of Ea

values to a specific step in the MeOH oxidation pathway will

prove to be nearly impossible. The changes in product dis-

tribution with surface structure, potential, and poisoning

mean that the pathway for MeOH oxidation is always chan-

ging. The Ea at a specific potential will correspond to the

chemical rate-determining step at that potential, which varies

as the potential is changed. In order to assign Ea values to a

specific step in the MeOH oxidation pathway, a detailed map

of the processes occurring at the electrode surface, including

oxide formation, anion adsorption, and surface poisoning

process, is needed at the potential at which the Ea value was

calculated. DEMS must be used to carry out such experiments,

but the same conditions must be employed in the DEMS

experiments as in the electrochemical experiments used to

determine the Ea values. An added complication arises from

the possibility of changes in the MeOH pathway as the

temperature is increased. The determination of Ea values is

carried out by increasing the temperature of the electrolyte and

measuring the current as a function of temperature at a given

potential. DEMS experiments need to be carried out at a

variety of temperatures in order to observe changes in the

product distribution as a function of temperature and poten-

tial. Only with these detailed data will it be possible to

correlate Ea values with specific steps in the oxidation pathway

of MeOH.
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2.1.3 Surface-sensitive techniques. Along with DEMS,

urface sensitive techniques, with in situ Fourier transform

infrared spectroscopy (in situ FT-IR) (and numer-

ous variations on the FT-IR techni-

que)2,14–17,20,22,23,34,35,37,41,43,53,55,65,79,96,109,112,129–137 leading

the way, have been employed in order to identify adsorbed

intermediates and poisons formed on the surface at different

potentials during MeOH oxidation. These techniques have

also helped to determine the dissociation steps that initially

occur as MeOH is adsorbed onto the electrode surface. The

presence of formate, formyl, and formaldehyde intermediates,

as well as adsorbed CO, has been detected using these techni-

ques. Other techniques, including electrochemical nuclear

magnetic resonance (EC-NMR), electrochemical thermal

desorption mass spectrometry (ECTDMS), and temperature

programmed desorption (TPD),24,34,63,138–140 have been em-

ployed as well to determine surface species either adsorbed to

the surface from the electrolyte itself, or formed during the

oxidation of MeOH. TPD and electron energy loss spectro-

scopy (EELS) have been used in order to study MeOH

oxidation under UHV conditions in order to determine the

difference in behavior of MeOH in UHV and in electrochemi-

cal systems.18,20–22,24,60–64 Fig. 1 illustrates these differences in

what has been determined as the initial dissociation steps

for MeOH oxidation in an electrochemical and in a UHV

environment.

The formation and oxidation of COads has been studied

extensively and the differentiation between bridge-bonded and

linearly bonded CO has been made using variations on

IR spectroscopy at a number of different catalyst surfaces,

often comparing pure Pt to Pt–Ru alloy com-

pounds.17,23,65,79,92,112,129,131,134,135 The adsorption coverages

of CO have been studied in CO-saturated solutions of various

electrolytes and the CO stripping/oxidation potentials have

been investigated in many different electrochemical environ-

ments.24,54,92,96,99,112,130,141,142 This intermediate is one of the

most important and troublesome intermediates due to its

strong adsorption to Pt surfaces up to saturation coverages

of y = 0.5–0.68.81,124,130,131,134,141 The CO formed from

MeOH oxidation poisons the electrode surface, inhibiting

additional MeOH adsorption, which diminishes the current

density at a given potential, and shifts the onset of oxidation to

more positive potentials. The adsorbed CO can only be

removed at high potentials (depending on the surface rough-

ness, composition, etc), and it requires a Pt–(OH)ads species

following the Langmuir–Hinshelwood mechanism.17,54,81,92

The different bonding conformations (geometries) of CO

include linear, bridged, and at threefold hollow sites. The

relative coverages of CO in the linear and bridge-bonded

forms can be detected using the above mentioned surface

sensitive techniques, and interconversion between linear and

bridge-bound CO has been found to occur, depending on the

surface coverages of CO and of other adsorbed species, which

also makes this interconversion a function of potential. Cover-

age as a function of potential has been studied rigorously using

FT-IR, more specifically single potential alteration IR spectro-

scopy (SPAIRS).134 The electrolyte strongly influences the

extent of CO adsorption following the trend that CO adsorbs

more strongly to the Pt surface in electrolytes HClO4 4

H2SO4 4 H3PO4.
99 Alloys and intermetallics containing Pt

with other non-noble metals have been studied to facilitate

oxide formation at more negative potentials in order to

promote the oxidation of CO at lower potentials to mitigate

poisoning.92 These materials may also be able to bypass the

CO formation pathway completely and proceed mainly via the

formic acid pathway presented in Fig. 1. It is virtually

impossible to review all of the literature about CO, its adsorp-

tion, and oxidation due to the vast amounts of research

reported and being carried out. A good review of research

up to 1990 is found in Beden et al.,112 a recent review of CO

surface electrochemistry is found in Mayrhofer et al.,137 and,

along with the references provided throughout the text above,

a broad view of the research to date can be obtained.

The coverage and oxidation of CO has been monitored as a

function of temperature and potential in FT-IR and cyclic

voltammetry experiments by a number of research groups

although very few contain results for bulk Ptpoly. It was

determined by Kardash et al. that the coverage of CO during

the oxidation of 0.3 M MeOH in 0.1 M HClO4 did not change

appreciably as the temperature was increased from 25 to

50 1C, although the CO formed at higher temperatures was

more resistant to oxidation.130 This fact was attributed to the

probability of other surface poisons forming at higher cov-

erages at these temperatures and precluding the activation of

water to form an oxide on the Ptpoly surface. In the absence of

these other surface poisons, the CO coverages were observed

to diminish slightly as the temperature was increased due to

the thermal activation of Pt–(OH)ads formation. As has been

mentioned in sections 2.1.1 and 2.1.2, the calculation of Ea

values requires measurement of the current of MeOH oxida-

tion as a function of temperature at a given potential. It was

also mentioned that surface processes, such as CO poisoning

and anion adsorption, were measured as a function of tem-

perature using traditional electrochemical techniques. Surface-

sensitive techniques used in conjunction with these traditional

electrochemical techniques lend powerful insight into how

surface processes change as the potential and temperature

are modulated. The analysis of the Ea values will require the

understanding of how CO poisoning is influenced by increas-

ing the temperature of the MeOH solution. In situ IR is one of

the most powerful tools that can be used in order to under-

stand how anion adsorption influences CO adsorption at a

given potential and also how CO adsorption and oxidation

processes behave as a function of temperature. Again, much

like in the case of DEMS, in situ IR studies that monitor CO

adsorption and oxidation not only as a function of potential,

but also as a function of temperature at a given potential will

aid in the determination of the relevance of Ea values calcu-

lated at a given potential under comparable experimental

conditions (pH, potential, etc.).

3. Temperature dependence and activation energy

studies

Section 2 mentioned a number of temperature-dependent

MeOH oxidation studies that have been carried out on a

variety of surfaces and surface composi-

tions.56,59,72–74,94,114–119,121,130,132,143–146 The focus of many of
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these studies included examining the change in surface cover-

age of CO and other poisonous intermediates, changes in

anion adsorption and oxide coverages, current density, and

turnover rate enhancements, in addition to onset of oxidation

potential shifts afforded by increased solution temperatures.

The rate determining steps of the oxidation process have also

been studied as the temperature is modulated, and recently

high pressure electrochemical cells have been used in order to

prevent MeOH evaporation so that the system behavior could

be evaluated at temperatures above 65 1C.73,94 Commonly,

Tafel plots are constructed at given potentials and can be

constructed over a variety of temperatures and over a range of

pHs.45–48,57,71,81,94,110,114,117,143,147 A discussion of the effect of

temperature on Tafel slopes is presented in a paper by

Damjanovic.148 Changes in the overall slope brought about

by changes in temperature yield insight into the electron

transfer rate determining step of the MeOH oxidation path-

way at that potential and its dependence on temperature.115,148

These results depend on the electrochemical environment and

parameters under which the experiment is carried out, leading

to a variety of conclusions throughout the literature concern-

ing the electrochemical rate determining steps in MeOH

oxidation. In general, changes in the slope within a given

Tafel plot point to mechanistic differences within a given

potential range at a given temperature.57,115 It has been

mentioned in the literature that the usual fundamental mean-

ing of the Tafel slopes for MeOH oxidation does not apply due

to the lack of linearity often observed when E vs. log current

density is plotted.71,72 Nonetheless, the literature provides

instances where a linear portion of the Tafel plot has been

analyzed. For example, using Pt(111) and Pt(110) electrodes,

the Tafel slope was measured to be 120 mV per decade over

the potential range of 0.0 to 0.25 V vs. Ag/AgCl, indicating

that the rate-determining step was the C–H bond scission

associated with an electron transfer process; the initial dehy-

drogenation of MeOH as it adsorbs to the electrode surface in

acidic media. On the other hand, the Tafel slope for a Pt(100)

electrode was 60 mV per decade over the same potential range,

indicating a possible change in the rate-determining step.24,70

This lower value of the Tafel slope is generally related to the

oxidation of an adsorbed intermediate (usually CO) rather

than an adsorption process. Values of the Tafel slope for

Pt–Ru alloy catalysts range from 100–115 mV per decade at

room temperature up to 40 1C to 60–195 mV per decade

between room temperature and 60 1C, depending on the

support used.71,117 Tafel plots in alkaline media were obtained

by Volkovich et al.56,57 These plots had four different regions

of linearity depending on the concentration of MeOH, making

the analysis of these plots very confusing. All of the values for

the Tafel slope tend to be obtained at potentials below 0.5 V

vs. SHE as this is the most linear region. As the potential

increases, the methanol adsorption step tends to become rate-

determining.71 Obviously, there is a large range of data and the

values of the slope can depend on temperature, fuel concen-

tration, and catalyst surface. The interpretation of these

results is difficult to generalize throughout the literature.

Chronoamperometry is a valuable tool used to look at

changes in current as a function of time, which can be used

to further study the kinetics of certain oxidation reactions and

poisoning events. Chronoamperometry has been used to de-

termine if the extent of poisoning varies with tempera-

ture.72–74,81,94,149 Monitoring current levels with time, as well

as the magnitudes of steady-state currents at elevated tem-

peratures compared to room temperature, gives rise to a better

understanding of the behavior of surface processes with

temperature. Chronoamperometry has also been used to study

the extent of CO poisoning on Ptpoly as a function of time by

calculating a time-dependent parameter that is a function of

the MeOH decomposition charge found using chronoampero-

metry divided by the CO oxidation charge found from fast

cyclic voltammetry.32,73 The result was the determination that

other products are being formed besides those that arise via a

CO intermediate, which is evidence of a dual pathway me-

chanism. A study analogous to the one presented above would

be beneficial at multiple fuel temperatures in order to look

closely at the temperature dependence of CO poisoning over

time.

Other kinetic parameters, including transfer coefficients

(a B 0.5 under a number of reaction conditions), adsorption

rates, and reaction orders of different species contributing to

the oxidation MeOH, have also been extracted for systems

that use MeOH as the fuel and Pt and Pt–Ru as the catalyst

species.25,29,44,45,57,60,70,74,94,110,115,117,118,143,150–152 These para-

meters all vary with the reaction conditions, electrochemical

environment, and the catalyst surface being employed. As an

example of the information that can be extracted, reaction

orders can be calculated from plots of the log current vs. log

concentration at a specific potential. It was determined in a

study using a Pt–Ru catalyst for MeOH that values less than 1

corresponded to a rate determining step that involved the

adsorption of organic species.115 Reaction order values were

also found to depend on potential, with lower reaction orders

obtained at low potentials. At high potentials, the reaction

order approached 1. In between the extremes, the MeOH

oxidation reaction at a Pt–Ru surface is without order, which

means that one reaction does not dominate as the rate-

determining step.117 Another example of the evaluation of

kinetic information was the determination of the standard rate

constant and anodic transfer coefficient for the oxidation of

MeOH to formic acid, an important step during MeOH oxida-

tion. The analysis was carried out using normal pulse voltam-

metry. The rate constant was found to be of the order of 10�9

cm s�1, a reasonable value for a slow completely irreversible

kinetic process. The transfer coefficient was found to be in-

dependent of concentration of MeOH and was B0.35, further

proof of a slow kinetic process occurring at the anode.150

In many of these temperature-dependent MeOH oxidation

studies, an apparent Ea has been calculated. An apparent Ea

value determined using electrochemical techniques gives in-

formation concerning the chemical rate determining step.

These values are simple to calculate by plotting the change

in current at a specific potential as a function of the change in

temperature using the Arrhenius eqn (3.1). The slope of a

linear fit gives the Ea of the process occurring

i¼Ae�Ea=RT

ln i ¼ const:�Ea=RT
ð3:1Þ
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(where i is the current at a specific potential, R is the gas

constant, T is the temperature in K and Ea is the apparent

activation energy at a specific potential) at a given potential.

Along with experimentally calculated Ea values are a number

of theoretical calculations to determine various kinetic para-

meters for MeOH oxidation, using Eas as fitting para-

meters.117,118 While many Ea values have been reported for

bulk Pt, nanoscale Pt, and Pt alloys, very little has been

done to determine the implications of these va-

lues.26,56,72,74,94,110,121,115–119,144 Anderson et al. have done

extensive research into the importance of electrochemically

determined Eas in the overall understanding of single and

multi-step electrocatalytic mechanisms.100,153–156 His group

has carried out a number of theoretical studies on the predic-

tion of Ea for oxygen reduction, hydrogen adsorption and

oxidation, as well as water oxidation on platinum surfaces.

Tafel plots have also been constructed using these predicted Ea

values and have been compared to the Ea and Tafel plots

obtained experimentally.156 As Anderson and co-workers have

pointed out when comparing their theoretical results to those

found experimentally, the surface processes occurring at given

potentials play an important role in the final value of the Ea

results.153 These surface processes make the analysis of what

the Ea, at a given potential, actually pertains to in a multi-

electron transfer oxidation mechanism, like MeOH oxidation,

exceedingly difficult. Some modeling of the MeOH oxidation

pathway has been carried out in order to take into account the

surface coverages of adsorbed species. Kauranen and co-

workers did an extensive modeling study of MeOH oxidation

on carbon supported Pt and Pt–Ru catalysts in order to study

the role of water, surface intermediates, and MeOH adsorp-

tion and dehydrogenation. Ea values were experimentally

determined, but not theoretically evaluated.118 Vidakovic

et al. has recently been able to formulate rate expressions for

the oxidation of MeOH on a membrane electrode assembly

(MEA) using Pt–Ru, not pure Pt, as the catalyst.117 The

expressions took into account surface coverages of adsorbed

carbon-containing species as well as oxide coverages. Ea values

were calculated experimentally but then used as fitting para-

meters to help fit the theoretical rate expressions to obtained

experimental data. Comparisons were made among Ea values

obtained at various potentials and were assigned either to the

MeOH dissociation step (Ea = B35 kJ mol�1)110,117 or to the

CO oxidation step (Ea = B60 kJ mol�1).117 These values

again are for a Pt–Ru catalyst and lacked comparisons to the

same reaction on pure Pt. Such comparisons would be useful

in order to determine how Pt–Ru behaves differently from Pt

and could guide the development of even more effective

catalysts.

Numerous experimental Ea values for MeOH oxidation

have been found throughout the literature and have quite a

wide range of values. Values found on a bulk Ptpoly surface are

not as common as those for Pt–Ru and for nanoscale Pt, and

experiments done in acidic media far surpass those done in

alkaline electrolytes. In 1969, Volfkovich et al. performed a

study of the electrooxidation of MeOH at a smooth Pt

electrode in alkaline media.56 The values obtained in 0.05 M

MeOH and 1.0 M KOH ranged from 62.8 kJ mol�1 at +0.2 V

vs. SHE to 54.4 kJ mol�1 at +0.5 V vs. SHE. These were

compared to values found in acidic media on platinized

platinum determined by Stenin and Podlovchenko.157 The

values in 5.0 M MeOH and 0.1 M H2SO4 were found to range

from 93.7–63.6 kJ mol�1 as the potential was varied from

+0.35 to +0.5 V vs. SHE. It was determined that Ea values in

alkaline media are lower than those in acidic media, but this

conclusion is difficult to justify due to the differences in

electrolyte and fuel concentration, the nature of the different

electrode surfaces, as well as the low potentials at which these

experiments were carried out. Poisoning may have played an

important role in the determination of these Ea values. In 1981

Raicheva et al. (and references therein) performed one of the

few experiments to determine the Ea for MeOH oxidation at

given potentials on smooth bulk Pt electrodes in acidic med-

ia.119 They recognized that Ea values are potential dependent

and differ depending on whether the data were obtained on the

anodic or cathodic sweep. The Ea values ranged from 41 kJ

mol�1 between +0.86 to +0.97 V vs. SHE, when sweeping the

potential to more positive values, to 56 kJ mol�1 between

+0.65 V to +0.75 V vs. SHE, when sweeping the potential in

the negative direction. The sweep rate was 100 mV s�1, which

may be too fast to ignore current transients and would

enhance the contribution from surface processes. Wakabaya-

shi and co-workers determined the Eas for MeOH oxidation

on thin film Pt using cyclic voltammetry.116 Their values were

lower than those obtained by Raicheva et al. and ranged from

15 to 24 kJ mol�1 over the potential range of +0.60 to +0.70

V vs. RHE. These values were obtained in acidic media, and it

was observed that Ea increased with increasing overpotential

as the potential was swept anodically, but further investigation

into this trend was not carried out. An even higher Ea value

was reported for Pt/C–Nafion catalysts and was around 70 kJ

mol�1 at a rather low potential of +0.4 V vs. SHE.94 These

values were compared to others cited previously for Pt/C of

60–70 kJ mol�1, but the potential at which these values were

determined was not mentioned. Other references have re-

ported on the variation in Ea values ranging from 22 to

95 kJ mol�1 for a number of Pt, and Pt–alloy surfaces in

MeOH.72,74,92,115,117,118,144 These values have been correlated

to rate determining steps that range from activation–adsorp-

tion controlled, surface diffusion processes, to strictly adsorp-

tion controlled, depending on the potential.

Activation energies for some surface processes, such as

MeOH dissociation and CO oxidation, have been determined.

For example, values for CO oxidation have been determined

experimentally on single crystal Pt surfaces and are very high,

ranging from B111 to 140 kJ mol�1 depending on the surface

and the electrolyte.141 The Ea for surface diffusion of CO has

been measured to be between 20–30 kJ mol�1. Dissociative

adsorption has been approximated at B60 kJ mol�1. As was

mentioned in section 2, correlation between these values and

experimental Ea for MeOH oxidation cannot be carried out

until other processes that affect the determination are ad-

dressed.

The difficulty in accurate Ea calculations arises from the fact

that some of these numbers are given without stating the

potential at which they were determined. As was mentioned

numerous times in section 2, Ea is potential dependent because

a number of different surface processes and adsorption
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processes that affect the magnitude of the current are potential

dependent and also time dependent. The potential at which the

Ea value is determined is critical to ascertaining the mechan-

istic significance of this value. While many of the references

that quote values for Ea point out that these values are

influenced by surface coverages and other parameters, they

do not follow up on how they might influence the Ea calcula-

tion. Because over time, and over the potential range of the

data collection, the surface becomes covered with adsorbed

anions, poisonous intermediates from MeOH oxidation, and

oxide, the sweep rate and direction of the potential sweep are

parameters that must also be noted when presenting Ea results.

Finally, in order to get the most information from the Ea

values calculated for nanoscale Pt and Pt-based alloys, a

rigorous determination is needed of the Ea of MeOH oxidation

on bulk Ptpoly in acidic and alkaline media. In this way, one

can make relevant comparisons of how Ptpoly and Pt-based

alloys alter the MeOH oxidation pathways at different poten-

tials and under different electrochemical conditions. The fol-

lowing sections will present a complete set of Ea values

obtained in acid and alkaline media for the oxidation of

MeOH at a bulk Ptpoly surface. A discussion of the factors

that influence these Ea values will follow. These factors include

anion adsorption, CO poisoning, and oxide formation and

reduction. These parameters are all potential dependent,

which justifies the trend that Ea values vary as the potential

is varied. Because Ea values do vary with potential, but are

also calculated by measuring the changes in current as a

function of temperature, the potential dependence of these

variables will be discussed first, and then a discussion of their

temperature dependence will follow. A final analysis of the

calculated Ea values will be given taking into account the

potential and temperature dependencies of each of the above

factors. General guidelines for the analysis of Ea obtained at a

given potential will also be suggested in order to facilitate the

comparison of Ea values obtained throughout the literature

for different catalyst surfaces.

4. Materials and methods

4.1 Electrode and solution preparation

A smooth bulk polycrystalline Pt electrode was used for all

experiments. The Pt slug (3 mm diameter) was press fitted into

a Teflon mount and electrical contact was made using a

machined stainless steel connector as described elsewhere for

use in rotating disk voltammetry, as well as steady state,

experiments.158 Prior to each electrochemical experiment, the

electrode was polished using a polishing wheel and 800 grit

and 1200 grit sandpaper (Buehler). The electrode was subse-

quently polished using a slurry of 1 mm diamond polishing

compound and polishing extender (MetaDi-Buehler) and

washed with ultra pure water (Millipore Milli-Q, 18 MO cm)

in order to achieve a mirror finish. The Pt electrode was then

immersed in an electrolyte of 0.1 M H2SO4 (99.999% ultra

pure, Sigma-Aldrich) or perchloric acid (70%, redistilled to

99.999%, Sigma-Aldrich), depending on the experiment being

carried out, and cycled from �0.2 to +1.2 V (all potentials

referenced to a Ag/AgCl, sat. NaCl reference electrode fabri-

cated in-house without regard for the liquid junction potential)

for 10 min at 100 mV s�1 in order to form a pristine Pt surface.

The Pt electrode was cycled from �0.95 to +0.6 V prior to

experiments carried out in potassium hydroxide electrolyte

(pellets, Mallinckrodt Chemicals). All current densities are

calculated using the geometric electrode area. A Pt mesh

(30 mm � 5 mm, polished in a propane flame prior to use)

spot welded to a 10 cm long Pt wire was employed as the

counter electrode for all experiments. All analytical solutions

were prepared using ultra pure water. All solutions were

deaerated with nitrogen (high purity, Airgas, Inc.) for at least

10 min prior to carrying out an experiment. The N2 was flowed

through a hydrocarbon trap (Labclear, No. RGF-250-200)

and an oxygen (Messer-Griesheim) trap prior to use. During

the experiments, N2 gas was flowed over the solution to

minimize the dissolved O2 in solution.

4.2 Electrochemistry

All (CV), chronoamperometry, and linear sweep voltammetry

(LSV) were carried out using a CV-27 potentiostat (Bioana-

lytical Systems). The data were acquired using a computer

with a National Instruments IEEE-488 general purpose inter-

face card (GPIB) and software written in-house using a Lab

Windows platform. Rotating disk experiments were run using

a modulated speed rotator and MSRX speed controller (Pine

Instrument Company). The shaft and steel connector were

both covered with Teflont tape for all elevated temperature

experiments to prevent contamination. The oxidation of

MeOH (high purity, HPLC grade, Burdick and Jackson)

was studied using LSV starting at +1.2 V and sweeping

negative to �0.2 V at 10 mV s�1. The potential was held at

+1.2 V for 5 s prior to commencing the LSV experiment. CV

was also run starting from +1.2 V and cycling between +1.2

and �0.2 V at 10 mV s�1. Chronoamperometry was carried

out by holding the Pt working electrode at +1.2 V for 5 s, then

sweeping to the desired potential at 10 mV s�1, where the

potential was held for the remainder of the experiment. The

current at that final potential was monitored as a function of

time.

Temperature-controlled LSV experiments were carried out

in order to calculate the Ea of MeOH oxidation at a variety of

potentials. The electrode was rotated in these experiments at

3000 rpm, unless otherwise stated, in order to prevent accu-

mulation of CO2 bubbles at the electrode surface. These

experiments (as well as CVs and chronoamperometry) were

carried out in a double-jacketed electrochemical cell as shown

in Fig. 2. The reference electrode was placed in a cell that was

jacketed and into which water at a constant temperature of

25 1C was flowed (blue compartment in Fig. 2). In this way,

correction of the reference potential due to changes in tem-

perature of the solution is not required. The working and

counter electrodes were placed in separate compartments of a

second beaker, that was also jacketed (red compartment in

Fig. 2), into which temperature-controlled water was circu-

lated using a thermostatic bath (Fisher-Scientific, �0.01 1C).

The reference and counter electrode compartments were sepa-

rated from the working electrode by medium porosity glass

frits. The desired temperature for the MeOH–electrolyte
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solution was entered into the thermostatic bath controller, and

the water was then left to equilibrate to that temperature. The

temperature of the MeOH solution was monitored using a

digital thermometer until it reached the temperature of the

water circulating in the jacketed cell. The cell was equipped

with an inlet on the front used for insertion of N2 in order to

continually keep the system under a N2 atmosphere. Prior to

carrying out the linear sweep voltammetry, the electrode was

immersed into the solution and the potential was held at the

positive-most potential for 5 s to ensure reproducible oxide

coverages before commencing each potential sweep. The de-

sired linear sweep voltammetry measurement was subse-

quently carried out. Between each temperature increase, the

Pt electrode was removed from the MeOH solution, washed

with degassed electrolyte and then placed in fresh electrolyte

solution until the next experiment was run. This process

ensured that the surface did not undergo any changes during

the time it took to raise the temperature of the solution. The

temperature range studied was from 20 to 60 1C.

The electrochemical data were plotted and analyzed, and the

Ea data were plotted using the Arrhenius eqn (3.1) and were fit

using Origin 6.1 graphing software. Error bars represent

standard errors, which were calculated within the 95% con-

fidence interval for each data set.

5. Cyclic voltammetry

5.1 Cyclic voltammetry of bulk Ptpoly in various electrolytes at

different temperatures

Prior to carrying out the LSV to evaluate the Ea for MeOH

oxidation at a Ptpoly surface, CV was carried out at different

temperatures in sulfuric, and perchloric acid and potassium

hydroxide. These electrolytes varied in pH (from pH = 0.9 in

0.1 M H2SO4 to pH = 13 in 0.1 M KOH) and anion

adsorption characteristics (HSO4 4 ClO4
�). They were used

as supporting electrolytes when evaluating Eas for MeOH

oxidation. Fig. 3(A–C) presents cyclic voltammograms of

clean Ptpoly in each of the three electrolytes at T = 20 1C

and 50–55 1C. This temperature range was chosen for sub-

sequent MeOH oxidation experiments due to the low boiling

point of MeOH (64.6 1C). As has been observed previously,

and evident in Fig. 3, the shapes of the cyclic voltammograms

do not change as the temperature of the electrolyte is in-

creased.119,159,160 Likewise, the potentials for hydrogen ad-

sorption/desorption and for oxide formation do not shift

significantly with temperature. There is an increase in the

amount of oxide formed as the temperature increases. This

increase in coverage depends on the nature of the electrolyte.

For example, a 16% increase in the oxide reduction charge

was measured from Fig. 4A when the temperature was in-

creased from 20 to 70 1C. Fig. 4B shows the integrated charge

density vs. temperature for the oxide reduction peak in the

voltammetry in Fig. 4A. The charge density increase proved to

be linear with temperature within the temperature range of

these experiments. The slope of the regression line is 3 mC
cm�2 1C�1. It has been found that the adsorption of anions

may preclude the formation of platinum surface oxide.75 In the

case of perchloric acid, the ClO4
� anion is much less adsorbing

than bi(sulfate), which should allow for the increase in oxide

coverage with increasing temperature to surpass that of an

adsorbing electrolyte, such as sulfuric acid. This was the case

as observed in Fig. 3C, as the cyclic voltammetry carried out in

0.1 M HClO4, considered a non-adsorbing electrolyte, showed

Fig. 2 Double-jacketed electrochemical cell used for LSV, CV, and

chronoamperometry experiments. The red compartment housed the

working and counter electrodes and the temperature of the MeOH

solution was adjusted by circulating temperature-controlled water.

The blue compartment housed the reference electrode and the solution

was kept at constant temperature at all times by circulating room

temperature water.

Fig. 3 Cyclic voltammogram for a Ptpoly electrode in (A) 0.1 M

KOH, (B) 0.1 M H2SO4, and (C) 0.1 M HClO4 electrolyte at different

electrolyte temperatures. The sweep rate for each experiment was

100 mV s�1. The sweep was started at 0.0 V and the potential was

swept anodically. The Ptpoly electrode was 3 mm in diameter for each

experiment.

This journal is �c the Owner Societies 2007 Phys. Chem. Chem. Phys., 2007, 9, 49–77 | 59

Pu
bl

is
he

d 
on

 2
4 

N
ov

em
be

r 
20

06
. D

ow
nl

oa
de

d 
on

 0
5/

03
/2

01
6 

20
:5

8:
04

. 
View Article Online

http://dx.doi.org/10.1039/b612040g


a large increase in oxide reduction charge within a smaller

range of temperatures when compared to sulfuric acid. For

HClO4, a 19% increase in oxide reduction charge (6 mC cm�2

1C�1) was measured when the temperature was increased from

20 to 50 1C. Because there is no anion adsorption in alkaline

media, and free OH� groups adsorb to the Ptpoly surface

facilitating oxide formation, the oxide formation in 0.1 M

KOH was greatly enhanced with temperature as well. A 28%

increase (7 mC cm�2 1C�1) in oxide formation from 20 to 55 1C

was observed when using 0.1 M KOH as the electrolyte. Table

1 gives a summary of these results for each electrolyte within

the given temperature range of each experiment. This increase

in oxide charge with temperature suggests that the adsorption

of OH� increases as the temperature is increased, likely

representing a delicate interplay of anion adsorption and oxide

formation. This factor is important to consider when carrying

out temperature dependent experiments where the OH� may

be a reactant in the overall oxidation of the fuel of interest.

Where other anion adsorption events may be deleterious to

fuel oxidation currents, the adsorption of OH� may be

advantageous to not only fully oxidize the fuel to the final

products, but also to aid in the oxidation of any poisonous

intermediates (such as CO) that may form as well. Finally, it

can also be observed that the oxide reduction peak becomes

sharper as the temperature is increased. This increase in

sharpness can be attributed to the enhancement in attractive

surface interactions between the adsorbed oxide species, in

addition to increased kinetics as the temperature is increased.

It can also be recognized from Fig. 4A that the Pt oxide

reduction peak potential on the cathodic sweep shifts to more

positive potentials as the temperature is increased. This shift in

oxide reduction potential has clear consequences when looking

at the full cyclic voltammogram for MeOH oxidation at the

Ptpoly surface. Because the onset of MeOH oxidation observed

in the cathodic sweep coincides with the reduction of the

surface oxide, a concomitant shift in the onset of MeOH

oxidation will also be observed. Fig. 5 plots the Epeak (mV)

of the Ptpoly oxide reduction versus temperature (1C) in 0.1 M

H2SO4 electrolyte. The slope of this plot is linear over this

particular temperature range and predicts a potential shift of

+0.7 mV 1C�1 change in temperature for the reduction of the

Pt surface oxide in 0.1 M H2SO4, further supporting the fact

that the oxide formation (and thus reduction) is activation

controlled at a bulk Ptpoly surface. The results in 0.1 M HClO4

are comparable to those obtained in sulfuric acid, with a shift

in potential of B+0.9 mV 1C�1. The alkaline electrolyte, on

the other hand, shows an even greater shift with temperature.

This value is B+1.1 mV 1C�1. Table 1 presents a summary of

Fig. 4 (A) Cyclic voltammetry of a Ptpoly electrode in 0.1 M H2SO4

within the temperature range of 20–70 1C. The sweep rate was 100 mV

s�1. The potential sweep was initiated at 0.0 V and was swept

anodically. (B) The Pt electrode oxide reduction charge (mC) versus
electrolyte temperature (1C) for a Ptpoly electrode in 0.1 M H2SO4. The

Ptpoly electrode was 3 mm in diameter for each experiment.

Table 1 Temperature dependence of oxide reduction

Electrolyte employed
in the given
temperature range

Reduction
charge passed/
mC cm�2 1C�1

% Pt oxide
charge
increase

Reduction
peak potential
shift /mV 1C�1

0.1 M H2SO4 (20–70 1C) 3 16 +0.7
0.1 M HClO4 (20–50 1C) 6 19 +0.9
0.1 M KOH (20–55 1C) 7 28 +1.1

Fig. 5 Peak potential (Epeak) for the Ptpoly electrode oxide reduction

versus electrolyte temperature (1C) in 0.1 M H2SO4. Data were

obtained from the cyclic voltammograms presented in Fig. 4A. The

Ptpoly electrode was 3 mm in diameter for each experiment.
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these results for each electrolyte. The increase in oxide charge,

as well as the potential shift to more positive potentials during

oxide reduction, plays a role in the cyclic voltammetric

behavior of MeOH oxidation at different temperatures. This

will be discussed briefly in section 5.2 and in more detail in

section 6.

5.2 Cyclic voltammetry of methanol oxidation at different

temperatures

Initially, CV was carried out for 0.5 M MeOH in three

different electrolytes by sweeping the potential anodically.

The reproducibility of the onset of oxidation potential of

MeOH, as well as the magnitude of the current, was low for

the acidic electrolyte systems, especially in the case of 0.1 M

H2SO4. This irreproducibility was attributed to the fact that

poisonous intermediates, such as CO, would adsorb to the

electrode surface at low potentials, poisoning the electrode and

altering the nature of the surface. This poisoning causes a

diminution in current as well as a positive potential shift

(typical of poisoning) in the onset of MeOH oxidation. In

the case of 0.1 M H2SO4, anion adsorption would also cause

changes in free surface sites for MeOH binding and subse-

quent oxidation. Instead of initially sweeping anodically, CV

was carried out by sweeping cathodically as shown in Fig. 6.

The potential sweep for the CV carried out in 0.5 M MeOH in

the three different electrolytes was initiated at +1.2 V (0.6 V in

alkaline media, Fig. 6C). These results were much more

reproducible in terms of the magnitude of the currents, as well

as the potential of the onset of MeOH oxidation. As the

temperature of the fuel and electrolyte were increased, the

currents increased reproducibly, and the onset of oxidation

was consistently observed at more negative potentials. This

behavior was difficult to obtain when the CV was carried out

by initially sweeping in the anodic direction. Because of this

reproducibility, the Ea studies were carried out by doing LSV

starting at positive potentials and sweeping cathodically. By

sweeping cathodically, the Pt surface was covered with an

oxide layer, precluding significant anion adsorption and pre-

venting MeOH dissociation from forming CO. If the LSV were

carried out by sweeping anodically, the electrode would be

partially poisoned by CO at low potentials, the coverage of

which would be a function of how long the electrode had been

immersed in the solution prior to commencing the potential

sweep. Although less critical at low potentials, adsorption of

anions should be taken into account depending on the poten-

tial at which the electrode is held and for how long it is poised

prior to carrying out the experiment. These effects would

drastically alter the Ea data obtained, because the current

change brought about by the change in temperature would be

inextricably convoluted by these un-quantifiable surface ad-

sorption processes.

The cyclic voltammograms presented in Fig. 6 exhibit the

hysteresis commonly found during MeOH oxidation at a

Ptpoly surface. This hysteresis has been attributed to the

difference in surface oxide coverages on the anodic and

cathodic sweeps.68,161 When the potential was initially swept

cathodically, a sharp MeOH oxidation peak was observed

Fig. 6 Cyclic voltammograms of 0.5 M MeOH in (A) 0.1 M H2SO4, (B) 0.1 M HClO4, and (C) 0.1 M KOH electrolyte. All sweep rates were

10 mV s�1 and the potential sweep was initiated at +1.2 V (0.6 V in alkaline media) and the potential was swept cathodically. The Ptpoly electrode

was 3 mm in diameter for each experiment.
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coinciding with the reduction of Ptpoly surface oxides as

observed in Fig. 4A. The maximum peak current in the acidic

electrolytes occurred on the cathodic sweep. It can also be

observed in Fig. 6A and B that the onset of oxidation observed

on the anodic sweep ranged from +0.325 V to +0.4 V in

acidic electrolyte and, in Fig. 6C, from �0.5 V to �0.4 V in

alkaline media depending on the temperature of the fuel. As

the temperature of the solution was increased, the onset of

oxidation potential was shifted negative in all cases. The onset

of oxidation in alkaline media was B100 mV more negative

than the onset of oxidation in acidic media when the difference

in pH is taken into account, as has been observed pre-

viously.35,36,56 After the onset of oxidation, the current on

the anodic sweep increased coinciding with the initiation of Pt

oxide formation, which aids in MeOH oxidation. The current

then decreased sharply as the Pt oxide became a poison and

covered the surface, precluding the adsorption and subsequent

oxidation of MeOH. It is interesting to note that the maximum

peak current obtained during the cathodic sweep was greater

than that observed for the anodic sweep for both acidic

electrolytes as observed in Fig. 6A and B. However, in the case

of the alkaline media in Fig. 6C, the reverse was observed so

that the anodic sweep exhibited a higher current than the

cathodic sweep. This also makes sweeping cathodically during

the LSV experiments even more interesting because differences

in the Eas may be observed that correlate with the different

behavior between electrolytes of high and low pH. It was also

observed that the current (and thus current density as the same

electrode was used for all experiments) for MeOH oxidation

was higher on the anodic sweep in alkaline media than in either

acidic system. This was attributed to the lack of poisoning from

anion adsorption and to the adsorption of OH�, which may

help to diminish CO poisoning and also facilitate the oxidation

of MeOH to HCOO� and to CO2. It has also been observed

that due to OH� adsorption at low potentials in alkaline media,

the adsorption of MeOH is lower than in acidic media, but the

rate of oxidation of MeOH is enhanced when compared to that

in acidic electrolyte, leading to the current enhancements

observed.57 The lower current on the cathodic scan is often

ascribed to (bi)carbonate formation and its surface adsorption,

which then causes the decrease in current on the cathodic sweep

in alkaline media.1,31,34,46–50,53,55,149

CO2 þ 2OH� ! CO2�
3 þH2O ð5:1Þ

Eqn (5.1) shows how carbonation can occur in alkaline

media. Even though this surface poisoning may occur, the

currents observed on the cathodic sweep in alkaline media are

comparable to those observed in acidic media, as shown in

Fig. 6, further supporting the observation that MeOH oxida-

tion kinetics are enhanced in alkaline media. The current was

also larger for MeOH oxidation in 0.1 M HClO4 when

compared to MeOH oxidation in 0.1 M H2SO4, ostensibly

because of (bi)sulfate’s stronger anion adsorption.

6. Activation energies for methanol oxidation

It was observed in Fig. 6A and B that the maximum peak

current obtained for MeOH oxidation in acidic media occurs

on the cathodic sweep. This maximum current is obtained at

potentials more negative than the maximum current obtained

on the anodic sweep. The ability to maximize the current

density of a fuel at a minimum overpotential is especially

desirable for fuel cells. Information that can be gained about

the surface processes, as well as the MeOH oxidation pathway

being followed at that potential of maximum current, will be

useful in the design of new catalysts. These new catalysts can

be designed to enhance and/or enable those surface processes

which are key in obtaining high current values, and can also be

designed to preclude certain detrimental processes. Ea values

obtained in this region of maximum activity may help to point

to specific processes that are rate-determining in acidic media.

Studying the Ea values obtained in alkaline media, as in Fig.

6C, will allow comparisons to be made concerning the MeOH

oxidation mechanism in acidic and alkaline media. It is

desirable to be able to obtain in acidic media the enhanced

performance observed in alkaline media. The determination,

and especially the comparison, of Ea values can give insight

into the performance differences between the electrolytes in

terms of specific steps in the MeOH oxidation pathway that

are being carried out in each media. The Ea information, as

well as an in-depth understanding of the surface processes that

govern Ea, may allow catalysts to be designed that will be able

to generate the same maximum current observed on the

cathodic sweep for MeOH oxidation over a broader potential

range, making MeOH a more viable fuel for DMFCs.

Ea values have been determined using CV and chronoam-

perometry throughout the literature as cited in section 3.

Normally, cyclic voltammograms are obtained by sweeping

the potential anodically at a given sweep rate and the data for

the Ea determination is taken at the onset potential for MeOH

oxidation. This procedure introduces complications due to

surface processes like anion adsorption and CO adsorption

that can occur at low potentials. Another way to determine Ea

would be to perform a series of potential step experiments, at a

number of temperatures, at the potentials of interest by

initially holding the potential at either a very positive or very

negative value and then stepping to the potential of interest.

While this procedure may remove the possibility of surface

poisons at the time of the initial step, other complications are

inherent to this experiment. A potential step experiment would

introduce complications because the Ea values are calculated

by measuring the current increase as a function of tempera-

ture. The magnitude of the current is sensitive to the surface

poisons formed during MeOH oxidation, i.e. CO, as well as

anion adsorption. If a potential step experiment were carried

out, a certain delay between the potential step and the current

measurement would be necessary to minimize contributions to

the measured current from double layer charging. This delay

would also allow anions to adsorb and CO species to form,

which would distort the current measured. These adsorption

processes would also be affected by the change in temperature,

making deconvolution of these distortions impractical. Initial

experiments carried out by such potential step techniques did

not provide reliable data from which to calculate Ea values.

In order to minimize the poisoning factors, as well as take

advantage of studying the potential range over which the

maximum MeOH current was observed, LSV was carried
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out. Ea values were determined from a numerous LSV experi-

ments at 5 1C intervals from 20 to 60 1C. The procedure for

carrying out these measurements was described in section 4.

The potential was swept cathodically for reasons described in

section 5.2. In order to minimize anion adsorption and CO

poisoning, as well as to minimize any contributions from

double layer charging, the potential was swept cathodically

at a relatively slow sweep rate of 10 mV s�1 in order to

attenuate the poisoning effects and to obtain currents that

were representative of MeOH oxidation.

During the LSV experiments, the electrode was rotated in

order to remove any bubbles (ostensibly CO2) that would form

at the electrode surface at elevated temperatures, as described

in section 4.2. The rotation also mitigated the diffusion of any

soluble intermediates, such as HCOOH and HCHO, back to

the electrode surface for further oxidation after their initial

formation. The rotation rate chosen was 3000 rpm. In order to

conclude that the Ea values calculated did not depend on

rotation rate, experiments were carried out at a slower rotation

rate of 1000 rpm. The Eas obtained fell within the error of the

measurements made at 3000 rpm. The only difference between

the two experiments was that the magnitude of the current was

larger in the case of 3000 rpm, as would be anticipated due to

an increase in mass transport. Finally, the experiments were

carried out using 0.5 M MeOH at all times. In order to ensure

that Ea did not change appreciably with changes in MeOH

concentration, an experiment was carried out using 1.0 M

MeOH. This experiment yielded Ea values that fell within the

error of the measurements obtained in 0.5 M MeOH and

0.1 M H2SO4. A concentration of 0.5 M MeOH was chosen

for all experiments in order to be consistent. No such MeOH

concentration experiments were carried out in KOH or HClO4

electrolytes. A more exhaustive concentration-dependence

study of Ea will be carried out in future work, as it has been

shown in section 3 that the concentration of MeOH can affect

the oxidation product ratios, and thus the MeOH oxidation

pathway followed. The electrolyte concentrations were kept

low in order to minimize anion adsorption, but comparisons

can still be made between H2SO4 (an adsorbing electrolyte)

and HClO4 (non-adsorbing).

The improved kinetics for MeOH oxidation, as well as the

lower surface poisoning of the bulk Ptpoly species in alkaline

media, made it possible to carry out LSV experiments sweep-

ing both anodically and cathodically. Sweeping anodically is

useful because unlike acidic media, the maximum current for

MeOH oxidation was observed on the anodic sweep as was

pointed out in section 5. Similar experiments in acidic media

were attempted, but did not give reliable and reproducible

results, as predicted in section 5.2, due to anion adsorption

and CO poisoning at low potentials prior to the onset of

MeOH oxidation.

6.1 Ea results obtained in acidic supporting electrolyte

Fig. 7A and B present the linear sweep voltammograms for

0.5 M MeOH in 0.1 M H2SO4 and 0.1 M HClO4, respectively,

over a range of temperatures. The LSV was initiated at +1.2 V

and the potential was swept to �0.22 V vs. Ag/AgCl. As was

observed in the cyclic voltammogram of clean bulk Ptpoly in

pure supporting electrolyte with noMeOH, the peak potential,

Epeak, for MeOH oxidant (and concomitant oxide reduction)

shifted to more positive potentials as the temperature was

increased. This shift in 0.5 M MeOH was measured from the

LSV in Fig. 7, as well as from the cyclic voltammograms in

Fig. 6. In 0.1 M H2SO4, the shift was 1.6 mV 1C�1 and in

0.1 M HClO4 it was 1.9 mV 1C�1. These values are quite

similar to each other and are both larger than the shifts

observed in section 5.1, using just pure electrolyte. This larger

potential shift can be attributed to the enhanced turnover rate

of adsorbed MeOH, and subsequent enhanced surface oxide

consumption, as the temperature of the solution is increased.

Oxide reduction is an activated process, as is the adsorption

and oxidation of MeOH. The oxidation peak observed in the

LSV in Fig. 7A and B was attributed to the concomitant

reduction/consumption of surface oxides as MeOH was being

oxidized.36,68,161 As the potential was swept cathodically,

MeOH was adsorbed and oxidized at an increasingly rapid

rate as the temperature was increased. Because MeOH was

Fig. 7 LSV in 0.5 M MeOH in (A) 0.1 M H2SO4 and (B) 0.1 M

HClO4 at different temperatures. The sweep rate was 10 mV s�1. The

LSV was carried out by sweeping cathodically. The Ptpoly electrode

was 3 mm in diameter for each experiment.
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adsorbed at increasingly more positive potentials, it follows

that surface oxides are consumed at more positive potentials in

order to form CO2. In other words, as the turnover rate for

MeOH oxidation increases, the consumption of surface oxide

is increased. The oxide is consumed more quickly at a given

potential in a MeOH-containing electrolyte compared with the

results in pure electrolyte and will be consumed more quickly

as the temperature is increased due to the activation of MeOH

oxidation and oxide reduction with temperature. These effects

shift the peak potential to even more positive values than was

observed for a Ptpoly electrode in pure electrolyte. As can be

observed from the magnitude of the currents in Fig. 7, anion

adsorption was still a factor that must be considered due to the

significantly lower currents consistently observed in 0.1 M

H2SO4 electrolyte when compared to 0.1 M HClO4.

Apparent Ea values were obtained from the data in Fig. 7 by

plotting ln (current) as a function of 1/T at a given potential.

Fig. 8A and B show representative Arrhenius plots for 0.5 M

MeOH in 0.1 M H2SO4 and in 0.1 M HClO4, respectively. The

slope, intercept, and R values of the linear fits are displayed on

each graph. The potential at which the specific data points

were obtained is also labeled on the plot. Table 2 provides

apparent Ea values at 8 potentials for each electrolyte. A large

range of Ea values is observed for each medium. At the most

positive potentials, as the current increased abruptly, governed

by the commencement of oxide reduction/consumption, the

highest apparent Eas are observed. As the potential was swept

more negative, Ea decreased. They approached their lowest

values as the current sharply dropped to very low values at

potentials where there was little driving force for MeOH

oxidation. It can be observed from Table 2 (and will be

discussed further in section 7) that the apparent Ea values

for both acidic media were similar. Fig. 9A and B show the

apparent Ea values for 0.5 M MeOH in 0.1 M H2SO4 and 0.1

M HClO4, respectively, as a function of the potential at which

these Ea values were obtained. The shapes of the plots in Fig. 9

look similar to the LSV responses observed in Fig. 7. The

apparent Ea obtained at the peak potential for 0.5 M MeOH

was approximately 69 � 2 kJ mol�1 in 0.1 M H2SO4 and 66 �
5 kJ mol�1 in 0.1 M HClO4, respectively. That the apparent Ea

was a function of potential is clear, but this important fact has

been only mentioned in the literature and not elaborated upon.

The importance of the potential at which the Ea is calculated

dramatically affects the values obtained and thus limits the

comparisons that can be made between different experiments,

as well as between different catalyst materials. Section 7 will

Fig. 8 Arrhenius plots for 0.5 M MeOH in (A) 0.1 M H2SO4, (B) 0.1 M HClO4, and (C) 0.1 M KOH for LSV carried out by sweeping

cathodically. Plot (D) is in 0.1 M KOH and was obtained from LSV data taken when sweeping anodically.

Table 2 Ea for bulk Ptpoly in 0.5 M MeOH in the following acid
electrolyte

E at which Ea

values were
calculated in 0.1 M
acid electrolyte/mV

Ea values obtained
during the cathodic
potential sweep from
+1.2 V to �0.22 V
in 0.1 M H2SO4

electrolyte/kJ mol�1

Ea values obtained
during the cathodic
potential sweep from
+1.2 V to �0.22 V in
0.1 M HClO4 electrolyte/
kJ mol�1

375 24 � 3 26 � 3
400 26 � 3 27 � 4
425 28 � 3 27 � 3
450 32 � 2 32 � 5
475 39 � 3 38 � 4
500 54 � 5 52 � 7
525 69 � 2 66 � 5
550 76 � 5 65 � 3
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discuss the possible reasons why the apparent Ea values do

indeed depend on potential, as well as the phenomena that

need to be taken into account when analyzing the final Ea

values obtained. Factors such as anion adsorption, intermedi-

ate poisons, and oxide formation, must be analyzed for each

individual system prior to comparing Ea values for different

materials in different electrochemical environments. It must

also be determined which Ea gives the most insight into the

oxidation pathway being followed at a specific potential (i.e.,

one minimally affected by adverse surface processes).

6.2 Ea results obtained in alkaline supporting electrolyte

Fig. 10 show LSV data for 0.5 M MeOH in 0.1 M KOH. In

Fig. 10A, the potential was swept from an initial potential of

�0.9 to +0.6 V. In Fig. 10B, the potential sweep was initiated

at +0.6 V and swept to �0.9 V. As was noted in section 5, the

magnitude of the current on the anodic sweep was larger than

on the cathodic sweep. This is the reverse of the behavior

observed in acidic media. The data obtained on the anodic

sweep was more reproducible and an Arrhenius-type plot

yielded highly linear results. This behavior was due to the lack

of competitive anion adsorption accompanying oxide forma-

tion in the KOH electrolyte, as well as that OH� adsorption to

form Pt oxide occurs at much lower potentials (starting in the

Hads region) than in acidic media. This facilitates CO oxida-

tion, and/or lowers the probability of following the pathway to

CO formation, instead forming the formate intermediate. In

much of the literature on MeOH oxidation in alkaline media,

an explanation for the difference in the magnitude of the

current on the anodic and cathodic sweep has rarely been

discussed. The lower current observed on the cathodic

potential sweep has often been attributed, in part, to the

formation of (bi)carbonate at high potentials (eqn

(5.1)).1,31,34,46–50,53,55,149 The (bi)carbonate formed can prevent

a complete surface oxide layer from forming. As the potential

is swept cathodically, the oxide is reduced, but the (bi)carbo-

nate remains adsorbed onto the Ptpoly surface. With a lower

number of surface sites available for MeOH adsorption as

compared to the anodic sweep, a decrease in current is

observed. As the potential is swept to more negative values,

the adsorbed anions are removed. Significant surface cov-

erages of (bi)carbonate formed in KOH electrolyte have not

been cited. It is not clear whether rotation of the electrode can

preclude some of the carbonation effects, and only small

amounts have been detected using IR techniques.53,55 For

now, it can only be speculated that under these experimental

conditions, (bi)carbonate adsorption can be considered one of

the factors that causes a diminution in the MeOH oxidation

current during a cathodic sweep in KOH electrolyte.

Fig. 9 Activation energies as a function of electrode potential for

0.5 M MeOH in (A) 0.1 M H2SO4 and (B) 0.1 M HClO4.

Fig. 10 LSV in 0.5 M MeOH in 0.1 M KOH sweeping at different

potentials (A) anodically and (B) cathodically. The sweep rate was 10

mV s�1. The Ptpoly electrode was 3 mm in diameter for each experi-

ment.
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Using the data in Fig. 10, apparent Ea values could be

calculated at specific potentials. Those results are presented in

Table 3. Linear Arrhenius plots were obtained for a wide

range of potentials on the forward and reverse potential

sweeps. An example of these plots is given in Fig. 8C and D.

The potentials in Table 3 are presented both as they are

observed in alkaline electrolyte vs. Ag/AgCl and also with a

correction factor in order to shift the values to make them

comparable to the acidic electrolyte media results. The linear

sweep voltammograms were taken over a range of tempera-

tures. Because the reference electrode potential is dependent

on temperature, the working electrode potential will shift

depending on the temperature employed. In order to compare

the voltammetry within each data set obtained for a single

electrolyte, between alkaline and acidic electrolytes, and also

to be able to calculate Ea at specific potentials, the voltam-

metry must be referenced to one specific temperature, with this

potential shift taken into account. Because the reference

electrode in these experiments was kept isolated at a constant

temperature, no correction factors must be applied to the LSV

data in order for comparisons to be made concerning the

potentials. All LSV data obtained was reference to a Ag/AgCl

reference electrode held at a constant 298.0 � 1 K. The

correction factor for the alkaline system takes into account

the pH difference between the alkaline and acidic electrolytes.

This correction factor was calculated using the Nernst equa-

tion and the potential of the alkaline results were shifted

710 mV (0.059 V for each pH unit at 298 K) more positive

in order to make direct comparisons with the acidic electrolyte

results given in Table 2.162

The Ea values shown in Table 3 are plotted in Fig. 11 as a

function of the potential at which they were obtained. It can be

observed that the Ea values calculated for the anodic sweep

differ greatly from those calculated on the cathodic sweep. As

the potential was swept anodically, the Ea values decreased

with potential and then began to increase again as shown in

Fig. 11A. The maximum value for the Ea on this sweep was

39 � 4 kJ mol�1 obtained at the most negative potential of

�350 mV, corresponding to the onset of MeOH oxidation.

The minimum Ea obtained on the anodic sweep was 16 � 1 kJ

mol�1 at �125 mV, which corresponds to the potential at

which the current reached 95% of its maximum value on the

anodic sweep. As the current reached its maximum value on

the anodic sweep, the apparent Ea values begin to increase

again, concomitant with oxide formation replacing the process

of OH� adsorption. On the cathodic sweep, Ea results similar

to those obtained in acidic electrolyte were observed. As the

potential is swept cathodically, the Ea values decrease, reach-

ing a minimum value of 33 � 5 kJ mol�1 at potentials where

the driving force for MeOH oxidation is lower. The largest

value for the Ea obtained on this sweep was nearly 90 kJ

mol�1. This value is obtained at the onset of MeOH oxidation

Table 3 Ea for bulk Ptpoly in 0.5 M MeOH with 0.1 M KOH as the electrolyte

E at which Ea values were
calculated in 0.1 M KOH
electrolyte/mV

E for 0.1 M KOH data
+710 mV to compare with
acidic electrolyte/mV

Ea values obtained during the
anodic potential sweep/kJ mol�1

Ea values obtained during the
cathodic potential sweep/kJ mol�1

�375 335 — 36 � 4
�350 360 39 � 4 33 � 5
�325 385 38 � 5 34 � 3
�300 410 33 � 7 37 � 3
�275 435 27 � 2 45 � 4
�250 460 22 � 2 50 � 5
�225 485 22 � 4 60 � 6
�200 510 20 � 3 74 � 4
�175 535 18 � 4 71 � 1
�150 560 18 � 4 86 � 10
�125 585 16 � 1 —
�100 610 19 � 1 —
�75 635 23 � 2 —

Fig. 11 The activation energies, as a function of electrode potential,

of 0.5 M MeOH in 0.1 M KOH supporting electrolyte on the (A)

anodic sweep, and (B) cathodic sweep.
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around �200 mV, following the initiation of oxide reduction

on the Ptpoly surface. This maximum value on the cathodic

sweep is significantly larger than the maximum value obtained

on the anodic sweep by about 50 kJ mol�1. At the potential

corresponding to the maximum peak current, the Ea obtained

was 50 � 5 kJ mol�1. This is dramatically different from the

value of 19 � 1 kJ mol�1 obtained at the potential correspond-

ing to the maximum peak current on the anodic sweep in

alkaline electrolyte. In order to see more clearly the differences

in Ea obtained on the anodic and cathodic sweeps in alkaline

media, Fig. 12 plots the Ea as a function of the potential at

which they were obtained superimposed on a cyclic voltam-

mogram for 0.5 MMeOH in 0.1 M KOH at a sweep rate of 10

mV s�1. The values of the apparent Ea clearly depend on the

applied potential, as well as on the direction of the sweep. The

Ea values intersect around 35 kJ mol�1, at ca. �325 mV, where

the onset of oxidation of MeOH occurred on the anodic sweep

and where the current for MeOH oxidation began to decrease

on the cathodic sweep. The magnitude of the current also

differs at this intersection point. On the cathodic sweep, the

current is nearly 1.1 mA cm�2 greater than on the anodic

sweep, as has been observed previously.68 The dependence on

the directionality of the sweep is clearly an important point,

which will be discussed in more detail in section 7. The

processes occurring at the Ptpoly surface, as well as the oxida-

tion intermediates formed during the potential sweep, play a

role in the value of the apparent Ea and must be taken into

account when using the Ea value to compare results from

different experiments and different materials.

7. Discussion

7.1 Comparison of apparent activation energy values in

different electrolytes

Fig. 13 plots the apparent Ea values obtained in acidic and

alkaline media as a function of the potential at which the

values were obtained when the potential was swept cathodi-

cally. The potentials for the alkaline system have been shifted

positive by 710 mV in order to account for the pH difference

between 0.1 MKOH and the acidic electrolytes so the data can

be directly compared to acidic media. Fig. 13 shows not only

the difference in Ea values obtained in alkaline media and

acidic media, but also shows that the Ea values obtained in

0.1 M H2SO4 and in 0.1 M HClO4 are nearly equal. The values

obtained in alkaline media are between 10–20 kJ mol�1 greater

than those obtained in acidic media. Differences in these Ea

values can be attributed to the extent of anion adsorption, the

behavior of surface oxide processes, and the formation/ad-

sorption of poisonous intermediates during the oxidation of

MeOH (i.e. CO). Clearly, these processes are potential depen-

dent, which reflects the fact that in all electrolyte media, the Ea

values obtained are a function of the potential at which they

are calculated. These potential dependent processes also ex-

plain the directionality of the apparent Ea data. It has been

observed that the cyclic voltammograms on the anodic and

cathodic potential sweeps are different, owing to different

processes occurring at the electrode surface and different

intermediates being formed during MeOH oxidation depend-

ing on the potential. These processes also are time dependent,

which in the case of LSV and CV, corresponds to being sweep

rate dependent. As the sweep rate decreases, the coverage of

adsorbed species increases at low potentials. Thus, when

comparing Ea values, not only is the potential at which these

values were obtained important, but also how one got to that

potential (i.e. sweep rate, sweep direction, etc.) is clearly

important and can have a large impact on the magnitude of

the Ea values obtained. These processes must be considered

when comparing Ea values. These underlying processes that

affect the adsorption of MeOH, compounded with the com-

plexity of the MeOH oxidation pathways, make the assign-

ment of Ea values to specific steps in the MeOH oxidation

process quite challenging. The use of Ea values for comparison

between different catalyst surfaces is a laudable goal, but the

parameters indicated above must be taken into account, at

least qualitatively, in order to make an effective comparison.

Fig. 12 Complete set of Ea data as a function of potential for 0.5 M

MeOH in 0.1 M KOH. The blue circles represent Ea values obtained

when sweeping the potential anodically. The red triangles represent Ea

values obtained when sweeping the potential cathodically. A cyclic

voltammogram obtained in 0.5 M MeOH with 0.1 M KOH as

supporting electrolyte is superimposed in order to show the shape of

the voltammetry as it corresponds to the Ea values obtained at a given

potential. The sweep rate was 10 mV s�1.

Fig. 13 Comparison of apparent Ea values as a function of the

potential at which they were obtained in 0.5 M MeOH with different

electrolytes. The potential was swept cathodically at a sweep rate of 10

mV s�1. Black squares represent 0.1 M HClO4, red triangles represent

0.1 M H2SO4, and blue circles represent 0.1 M KOH data.
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Three of the most important processes pertaining to this

system that depend on potential, and possibly on temperature,

will be discussed in more detail in the following sections,

beginning with the role that anion adsorption plays in the

determination of Ea values. Poisonous intermediates, specifi-

cally COads, will also be discussed in terms of the LSV

experiments carried out here. Finally, the role of oxide cover-

age will be discussed.

7.2 Factors that influence activation energies

In an electrochemical context, Ea values are determined ex-

perimentally by varying the system temperature and measur-

ing the resultant change in current. Implicit in this procedure

are the twin assumptions that (1) the only effect of the

temperature change is on the kinetics of the process of interest

and (2) that any variation in current is exclusively the result of

the change in temperature. While these assumptions hold in an

ideal case, in relatively complex systems, such as the one under

study here, other factors become relevant and can distort the

calculated Ea. More specifically, Ea is considered to be an

intensive property. The turnover rate (molecules of MeOH

oxidized multiplied by Pt site�1 s�1) for a Ptpoly electrode at a

given temperature and potential is also an intensive property.

Current, and even current density calculated using geometric

area, is an extensive property. Changes in the electrode area

due to adsorption processes do not change the turnover rate of

the system, but can change the magnitude of the current

measured. The Ea values in the present case are calculated

by varying the temperature and measuring the change in

current, not turnover rate. In order to carry out the Ea

calculation using turnover rate, the exact electrochemically

active area for each linear sweep must be determined, which

implies knowledge of the exact surface coverages of each

adsorbed intermediate at each temperature and potential of

interest in order to calculate the turnover rate. Because the

LSV experiments facilitate the extraction of currents, and not

turnover rates, surface coverages of adsorbates can introduce

distortions into the Ea calculation. These surface coverage

changes do not change the turnover rate, but do change the

magnitude of the current, which is being used in the Ea

calculation. The current measured in the LSV experiments

depends upon potential, adsorption of intermediate poisons

formed during MeOH oxidation, anion adsorption from the

electrolyte, and oxide coverage changes. While the potential of

the experiment can be controlled, and the Ea values can be

calculated at a specific potential, the effects of surface adsorp-

tion processes cannot be deliberately controlled.

In order to minimize the distortions introduced into the Ea

calculation by using current values, and not turnover rates, it

is imperative to determine whether changes in current at a

given potential are the result of only the temperature increase.

For instance, if increasing the temperature of the system

decreases the coverage of COads (see section 7.2.3 for more

on the coverage of CO as a function of temperature), then the

portion of active surface area of the electrode will increase. In

this case, an increase in current with increasing temperature is

actually a convolution of a change in kinetics (which is the

desired information) and a change in surface area. While both

of these will affect the calculated, ‘‘apparent’’ Ea, only the

change in kinetics affects the ‘‘true’’ Ea. It is clear that as long

as the surface processes occurring during MeOH oxidation are

not appreciably affected by temperature, i.e., if adsorption

coverages stay constant as the temperature is increased, then

the Ea can be calculated without worrying about the effects of

adsorption. This would provide an Ea comparable to one

calculated using turnover rate.

While it is experimentally difficult to keep all parameters

(potential, adsorption of poisons, anion adsorption, and oxide

coverage, see sections 7.2.1–7.2.4) under control, a useful

check can be applied to determine if a given change in the

system affects the ‘‘true’’ Ea, or only the ‘‘apparent’’ Ea.

Current is the product of an active site’s ‘‘turn-over rate’’

and the ‘‘number of active sites.’’ Only system changes that

affect the ‘‘turn-over rate’’ affect the ‘‘true’’ Ea, while a change

to either factor affects the ‘‘apparent’’ Ea. Therefore, in the

previous example, where increasing temperature decreased

COads coverage, it is clear that the decrease in CO coverage

increases the number of active sites, not the turn-over rate,

thereby producing an ‘‘apparent’’ Ea higher than the ‘‘true’’

Ea. Such an analysis makes clear not only what variables

distort the Ea calculations, but also the direction in which the

distortion occurs. In addition, because both potential and

temperature are changing throughout the LSV experiments,

the contributions of both of these processes to the current

enhancements observed must be deconvolved. It is therefore

important to determine how these surface adsorption pro-

cesses depend on the applied potential, timescale and direction

of the potential sweep, in addition to how they are affected by

temperature.

The next sections will address the behavior of surface

processes as a function of potential and the timescales over

which these processes are occurring. The temperature depen-

dence will also be addressed for anion adsorption, CO adsorp-

tion, and oxide formation processes.

7.2.1 Surface processes as a function of potential. One of

the most important surface processes occurring during CV and

LSV experiments is the formation and reduction of surface

oxides at the Ptpoly surface. The formation and reduction of

Ptpoly surface oxides has been studied extensively and occurs in

all aqueous electrolytes.67,75,77,85–91,128,159,163–166 It is well

known that surface oxide coverage variations with potential

govern the onset of oxidation of MeOH on the anodic sweep,

and the sharp increase in oxidation current on the cathodic

sweep. The effects of oxide coverage on MeOH oxidation and

on the Ea values will be discussed further in section 7.2.4.

Other surface processes, specifically CO adsorption and

anion adsorption, and their behavior as a function of poten-

tial, can be studied by carrying out ‘‘sweep and hold’’ chron-

oamperometry experiments at a given temperature. The

cathodic LSV in Fig. 7 and Fig. 10B show that the current

decreases as the potential becomes more negative. This de-

crease could be due to surface adsorption processes, such as

CO poisoning, in addition to the decrease in driving force.

Chronoamperometric experiments can be carried out to de-

termine the time dependence of the current decrease at a given

potential. This current decrease, measured over a certain
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timescale, can be analyzed to demonstrate that on the time-

scale of the LSV experiments used to calculate Ea, the current

should not decrease appreciably due to surface poisoning

(COads or anion adsorption). This finding would eliminate

the complication of time-dependent surface coverage changes.

If the surface processes are not playing a major role in the

current decrease, the interpretation of the Ea results may be

easier because only changes in surface coverages of poisons

with temperature need to be considered.

In this case, chronoamperometry was carried out at 30 1C in

0.5 M MeOH and either 0.1 M H2SO4 or 0.1 M HClO4. The

chronoamperometric experiments were carried out much like

the LSV experiments in that the electrode was rotated at 3000

rpm and the potential was swept cathodically at 10 mV s�1

after holding the electrode at +1.2 V for 5 s. Once the

potential at which the experiment was to be carried out was

reached, the potential sweep was stopped and the potential

was held for 2000 s. Fig. 14 shows the first 200 s of those

experiments at 8 different potentials that span the range

observed for MeOH oxidation on the cathodic sweep in each

electrolyte. As can be seen in Fig. 14, the current decreases as a

function of time, at a given potential. This current decrease

can be attributed to adsorption of poisonous intermediates,

anion adsorption in the case of the H2SO4 system, and the

decrease in production of CO2 as the surface oxide was

consumed, leading to the formation of other soluble inter-

mediates that are removed from the electrode surface with the

rotation of the electrode. An induction period prior to a

decrease in current can be observed when the potential was

stopped and held between 500–560 mV. This induction period

will be commented upon further in section 7.2.4 and is present

due to the way the experiment was carried out. As the

potential was swept cathodically, reduction of surface oxides

occurred. When the potential was held between 500–560 mV,

complete surface oxide reduction did not take place and

substantial oxide coverage was still present. As the potential

was held, the initial current increase was due to MeOH

oxidation being facilitated by the residual oxide at the Ptpoly
surface. After this oxide was depleted, the current then began

to decrease.

The current decrease was more rapid at early times and, as

the poisoning progressed, became slower. In the H2SO4 sys-

tem, the initial current decrease was B0.9% s�1, but at longer

times near 200 s, the current decrease drops to 0.4% s�1. In the

case of the HClO4 system, the initial current decreased 1.2%

s�1, and at the latter times it dropped to 0.5% s�1. Considering

the timescales of the LSV experiments in section 6, where every

10 s corresponds to a 100 mV change in applied potential, it is

clear that the poisoning coverages are going to be minimal.

Simple analysis of this current decrease is given in Table 4 for

0.5 M MeOH in 0.1 M H2SO4. Results for 0.5 M MeOH in

0.1 M HClO4 are presented in Table 5. The time at which the

potential sweep was stopped and the electrode was held at a

specific potential is designated t0 = 0 s. It can be determined

that at the lower potentials, where oxide coverages are low, the

time it takes for the current to decrease to 75% is nearly 30 s in

0.1 M H2SO4 and 20 s in HClO4. As the potential is decreased

in both acidic media, the time it takes the current to reach 75%

of the initial value decreases. This is due to the lack of oxide on

the Ptpoly surface. The oxidation of adsorbed CO is not

facilitated at progressively more negative potentials, causing

the surface to become poisoned at a faster rate, in turn causing

a decrease in current.

These data can also be analyzed by taking t0 = 10 s as the

starting time, in order to eliminate any contributions from

residual surface oxides that had not yet been reduced (elim-

inating the time during the induction period between 500–560

mV). The diminution of the current to 75% at t0 = 10 s takes

nearly 40 s in 0.1 M H2SO4 and over 30 s in HClO4. The

chronoamperometry in Fig. 14 shows that although H2SO4 is

an adsorbing electrolyte, the experiments carried out in HClO4

showed a more rapid decrease in current over time, even

though the current started out higher in magnitude. This has

been observed previously in the literature and can be attrib-

uted to the anion adsorption phenomena.70 When (bi)sulfate

adsorbs to the Ptpoly surface diminishing the overall current, it

Fig. 14 Chronoamperometry for the oxidation of 0.5 M MeOH in

(A) 0.1 M H2SO4 and (B) 0.1 M HClO4. The potential was swept

negatively from +1.2 V until the holding potential was reached. The

potential sweep was then stopped and held at the potentials labeled

above. The initial sweep to the holding potential was at 10 mV s�1, and

the electrode was rotated at 3000 rpm. The Ptpoly electrode was 3 mm

in diameter for each experiment.

This journal is �c the Owner Societies 2007 Phys. Chem. Chem. Phys., 2007, 9, 49–77 | 69

Pu
bl

is
he

d 
on

 2
4 

N
ov

em
be

r 
20

06
. D

ow
nl

oa
de

d 
on

 0
5/

03
/2

01
6 

20
:5

8:
04

. 
View Article Online

http://dx.doi.org/10.1039/b612040g


also prevents the formation of COads. Therefore, (bi)sulfate

inhibits MeOH adsorption, resulting in a lower initial current

for the MeOH in H2SO4, but it also inhibits CO adsorption,

resulting in a slower current decay. In HClO4, there is little, if

any, anion adsorption. Thus, once the oxide has been reduced,

the Ptpoly surface is clean, providing more surface area for

MeOH adsorption, and hence a higher overall current. Hence,

that also allows for increased COads, causing the current to

decrease more rapidly. If the chronoamperometry timescale is

compared to the timescale of the potential sweep in the LSV, it

takes 30 s for the potential to be swept 300 mV. The potential

range between the maximum current and the potential at

which the current falls to essentially zero is less than 250 mV

during the LSV experiment. Clearly, this 100% current de-

crease is not caused by surface poisoning processes because

after 30 s in both acidic media, the current has only decreased

by, at most, 25%. Thus, we believe that the time-dependence

of surface poisoning processes can be neglected when analyz-

ing the Ea values calculated.

These data are representative of the behavior in acidic

media, but the behavior in alkaline media has been shown in

the literature to be analogous.46–48,50,149 The current is ex-

pected to decrease at a rate that is even slower than observed

above because the oxidation of the surface poison CO can

occur at even lower potentials in alkaline media than in acidic

media. The current decrease will not be influenced by anion

adsorption as in the case of H2SO4, but may be affected by the

formation of carbonate build-up at the electrode surface (vide

supra). This should be minimal though due to the rapid

rotation of the electrode during the experiment.

These chronoamperometric experiments do indeed demon-

strate that the current should not decrease appreciably due to

surface poisoning (COads or anion adsorption) on the time-

scale of the LSV experiments. They also provide an indication

that, in the LSV, when the current begins to decrease, this

decrease is not governed by adsorption of poisons as much as

it is governed by the decrease in driving force for the electro-

chemical oxidation of MeOH. This makes the interpretation of

the Ea values obtained during the decreasing current portion

of the LSV experiment easier to analyze. The changes in COads

and adsorbed anion coverages over time complicate their

analysis because those changes distort the magnitude of the

current used to calculate the Ea. In the LSV experiment above,

the sweep started out with an electrode covered by a ‘‘protec-

tive’’ oxide layer that precluded anion adsorption, and the

sweep started at a potential where COads would be oxidized, if

formed. If, on the other hand, the potential sweep was started

at more negative potentials, COads could build up, along with

anion adsorption, thus influencing the current and onset

potential. It will be shown in the next sections that the surface

poisoning effects which occur when the potential is swept

anodically will become even more problematic when tempera-

ture is introduced as a second variable. The next step in the

analysis is to determine if these coverages vary with changing

temperature and to apply the information to the LSV experi-

ments carried out here, as well as in the literature.

7.2.2 The role of anion adsorption as a function of tempera-

ture. Anion adsorption has been studied extensively on

Pt surfaces due to its dramatic surface poisoning

effects.31,34,70,75,103,105–108,162,164,167,168 The effects of halide

adsorption on currents and oxidation potentials have been

subjects of great interest for many years. In the case of MeOH

oxidation, the main anion adsorption issue arises when using

Table 4 Data from the chronoamperometry experiments in 0.5 M MeOH and 0.1 M H2SO4

Potential/mV

Time to reach 75%
of initial i/s

Time to reach 50%
of initial i/s

Time to reach 25%
of initial i/s

Time to reach 10%
of initial i/s

t0 = 0 s t0 = 10 s t0 = 0 s t0 = 10 s t0 = 0 s t0 = 10s t0 = 0 s t0 = 10 s

560 — — — — — — — —
540 — 71 — 141 — 271 — 650
520 — 55 — 113 — 222 — 500
500 — 38 — 80 — 174 — 456
480 25 38 78 97 202 228 460 536
460 25 38 78 97 202 228 460 495
430 21 36 80 94 194 224 430 493
400 4 30 25 68 111 177 290 380

Table 5 Data from the chronoamperometry experiments in 0.5 M MeOH and 0.1 M HClO4

Potential/mV

Time to reach 75%
of initial i/s

Time to reach 50%
of initial i/s

Time to reach 25%
of initial i/s

Time to reach 10%
of initial i/s

t0 = 0 s t0 = 0 s t0 = 0s t0 = 0 s t0 = 0 s t0 = 0 s t0 = 0 s t0 = 0 s

560 — — — — — — — —
540 — 32 — 58 — 125 — 309
520 — 35 — 79 — 170 — 366
500 26 37 78 93 85 204 384 408
480 17 27 45 55 97 112 235 270
460 15 32 55 79 148 181 320 361
430 16 31 55 75 140 165 297 330
400 12 27 41 58 102 129 231 260
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sulfuric acid as the supporting electrolyte. The adsorption of

(bi)sulfate has been recognized to decrease the overall current

obtained for MeOH oxidation, as well as to push the onset of

MeOH oxidation to more positive potentials. In many recent

experiments, ultra-pure perchloric acid has been used in place

of sulfuric acid in order to remove the complication of anion

adsorption from the overall reaction scheme. One should keep

in mind, however, that perchloric acid, at high temperatures or

in high concentrations, can decompose to form chloride, but

under normal operating conditions, over the temperature

range used in these experiments (in addition to the ultra-pure

reagent used) is not considered an adsorbing electrolyte.31,169

Alkaline media, such as KOH, are also not considered to be

anion adsorbing. Hydroxide does adsorb to the Pt surface but,

unlike (bi)sulfate adsorption facilitates the formation of oxide

and enhances the kinetics and thermodynamics of MeOH

oxidation. The chronoamperometry presented in section

7.2.1, as well as the CV and LSV experiments demonstrate

that the magnitude of the current for MeOH oxidation is

lower in sulfuric than in perchloric or alkaline electrolyte

systems. What must be determined is whether the (bi)sulfate

adsorption characteristics change with an increase in tempera-

ture. The current may be lower when the surface is covered

with anions, but if that concentration of anions does not

change with changes in temperature, then any changes in

current observed will be brought about by the change in

temperature. This will yield values of Ea that are not affected

by anion adsorption.

Anion adsorption is an especially important concern when

carrying out the Ea studies in the following way. As the

temperature is increased, the extent of anion adsorption may

change at a Ptpoly surface. This, in turn, changes the surface

area of the Pt electrode. The measured current is then not an

accurate representation of the variation in current with tem-

perature. Temperature dependent anion adsorption experi-

ments are found in the literature most commonly for single

crystal surfaces in sulfuric acid electrolyte. The behavior of

these surfaces varies. For Pt(111) and Pt(110), it has been

observed that as the temperature is increased, the adsorption

of anions remains relatively constant with a maximum cover-

age (packing density) of 0.2 monolayers.103,106,107,170 On the

Pt(100) surface, the anion adsorption behavior is drastically

affected by temperature, showing a decrease in anion adsorp-

tion with increasing temperature. The adsorption charge

decreases byB1/3, but this adsorption charge is a convolution

of Hupd and anion adsorption.102 An exponential decrease in

adsorbed anion coverage with increasing temperature was not

observed.

In the case of the cathodically swept LSV experiments at a

Ptpoly surface, the linearity of the Arrhenius plots for 0.5 M

MeOH in 0.1 M H2SO4 seems to support the idea that the

anion adsorption coverage changes with temperature are small

or negligible. It must be recognized, though, that the Arrhe-

nius plots would also be linear if the anion adsorption

coverages increased exponentially with temperature. More

importantly, the similarity in Ea values obtained in 0.1 M

HClO4, a non-adsorbing electrolyte, and in 0.1 M H2SO4

support the contention that anion adsorption is negligible

for Ea determination under any conditions. The temperature

dependent anion adsorption at potentials of interest in these

experiments can also be considered negligible due to the

directionality of the LSV (cathodic sweep) because the elec-

trode is covered with a substantial oxide layer prior to starting

the experiment, precluding significant anion adsorption cover-

age. Any significant decreases in current observed after the

maximum current has been reached are more likely due to a

diminution in surface oxide coverage and decreased driving

force as was shown in section 7.2.1, over the timescale of these

LSV experiments.

7.2.3 The role of CO poisoning as a function of temperature.

CO has been the most widely studied poisonous intermediate

formed during MeOH oxidation, as described in Section 2.1.3

and works cited therein. The formation of CO is potential

dependent and irreversibly adsorbs onto the Pt surface at low

potentials where MeOH dissociation can occur, but where

there is not enough driving force, or enough Pt–(OH)ads, to

fully oxidize the CO formed to CO2. This poison blocks Pt

surface sites, which prevents MeOH from binding and dis-

sociating due to the fact that MeOH tends to need a specific Pt

ensemble size (at least two Pt sites) in order to bind and

dehydrogenate. Poisoning decreases the number of Pt sites

available for MeOH adsorption, and subsequent oxidation,

and will decrease the magnitude of the current generated from

the oxidation. The thermodynamics of MeOH oxidation are

also affected, resulting in higher overpotentials required for

oxidation of MeOH because a larger driving force (over-

potential) must be applied to remove the CO from the surface

to allow MeOH binding. At higher potentials (the exact

potential is determined by the electrolyte, Pt surface composi-

tion, and structure), CO is oxidized to CO2 by the Pt–(OH)ads
formed.

On an anodic sweep in acidic media, CO coverages can

increase to an appreciable level, significantly lowering the

current obtained from MeOH oxidation and significantly

precluding MeOH adsorption. The coverages of CO formed

during MeOH oxidation on bulk Pt were probed using

SPAIRS by Markovic et al., and they found that measurable

surface coverages form at potentials negative of the onset of

MeOH oxidation in 0.05 M MeOH and 0.1 M HClO4.
134 The

CO coverage increases to over y = 0.5 around 300 mV vs. Ag/

AgCl. The coverage of CO then gradually decreases as oxide

formation on the Pt surface facilitates oxidation, and CO is

completely removed by 600 mV vs. Ag/AgCl. On the cathodic

sweep, the coverage of CO does not become measurable until

after 150 mV vs. Ag/AgCl at a sweep rate of 2 mV s�1, which

coincides with nearly complete deactivation for MeOH oxida-

tion due to lack of driving force, as well as the complete

reduction of any appreciable coverage of surface oxide. While

the SPAIRS experiments were carried out in HClO4, it was

noted that there was very little difference in the behavior of the

system in 0.1 M H2SO4. The main difference was in the

diminution of the overall current, which was also observed

in the voltammetry in section 5.2. The initial adsorption of CO

may occur at slightly more positive potentials in H2SO4 due to

anion adsorption precluding CO formation, but the potential

was not expected to be significantly more positive than in

HClO4. While there was no data to support the behavior of
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CO in alkaline media, it is assumed to be quite similar to the

non-adsorbing perchloric acid electrolyte data. It was also

noted that these surfaces are highly active for MeOH oxida-

tion, which was also observed above in section 5.2 when

discussing the CV of MeOH oxidation. These results from

the literature also support the chronoamperometry experi-

ments presented in section 7 in that the contribution from

adsorbed intermediates will not contribute significantly to the

changes in current over the potential sweep.

The LSV experiments carried out in order to determine the

Ea values in section 6 take advantage of what was observed in

the SPAIRS experiments, mainly that when the potential is

swept cathodically, the surface remains essentially free of CO.

This statement is true as long as CO adsorption processes are

not affected significantly by changes in temperature from room

temperature to 55 1C. If CO adsorption changes appreciably

with temperature, then this surface coverage change must be

taken into account as it would cause the number of Pt sites

available for MeOH adsorption to change with temperature. If

this number indeed changes, then the current measured at each

temperature would not only be a function of the temperature

increase, but of the changing surface area available for MeOH

oxidation. Various experiments using FT-IR and a Ptpoly
electrode surface have been able to provide insight into the

temperature dependence of CO coverage. Kardash, et al.

reported that for a fixed MeOH concentration, an increase

in temperature from 25 to 50 1C did not affect the equilibrium

surface coverage of CO in 0.3 MMeOH and 0.1 MHClO4. On

the other hand, when the temperature was increased to 75 1C,

the detectable CO adsorbed on the surface decreased, pushing

the onset of MeOH oxidation to more negative poten-

tials.130,131 This change in CO coverage would indeed compli-

cate the experimental results if the potential was swept

anodically during the LSV experiments. This is because at

low potentials, an appreciable CO coverage is measured.

Indeed, much of the results in the literature have calculated

Ea values on the forward sweep of a linear sweep or cyclic

voltammogram. In these cases, the values of the Ea may be,

and likely are, influenced by this change in CO coverage with

temperature. In the LSV experiments carried out here, and

over the temperature range investigated, the decrease in CO

coverage should be minimal and should not affect the results

because on the cathodic sweep, there is not a measurable

coverage of CO in the potential region of interest. Difficulties,

however, would arise if the CO coverage was found to increase

as the temperature was increased, but this was not observed in

the FT-IR experiments alluded to earlier. Thus, the Ea values

obtained above for the LSV swept cathodically do not depend

on the CO adsorption coverage.

For the LSV experiment in alkaline media, where the

potential was swept anodically, the change in CO coverage

may be a factor. Unfortunately, there has been no literature to

aid in this determination. It can be said, however, that OH�

adsorption in alkaline media occurs at very low potentials,

which may prevent CO from building up any significant

coverage. Also, the Arrhenius plots for these data were linear,

which would seem to support the claim that changes in CO

coverages with changes in temperature do not play a signifi-

cant role in the determination of these Ea values, but, again,

this cannot be supported by the literature on alkaline systems

at this time.

7.2.4 Oxide coverage effects. Much research has been

carried out concerning the surface processes of oxide forma-

tion and oxide reduction as mentioned in section 7.2.1 and

works cited therein. It clearly plays an important role in the

oxidation of MeOH. The previous sections have briefly men-

tioned the role that oxide plays in the onset of COads oxida-

tion, in the oxidation of MeOH to CO2, and the hysteresis

observed on the cathodic sweep of cyclic voltammograms

measuring MeOH oxidation. The oxide reduction coincides

with the oxidation of MeOH on the cathodic sweep. Depend-

ing on its coverage, the oxide can act as a reactant in the

MeOH oxidation process making a Ptpoly electrode especially

active for MeOH oxidation, or the surface can be covered by a

layer of oxide precluding the adsorption of MeOH and acting

as a poison. The chronoamperometry data in section 7.2.1

explicitly demonstrate the importance of the surface oxide in

the oxidation of MeOH. The presence of the induction period

indicates that oxide is indeed a reactant in MeOH oxidation

and the result that, as the electrode potential was swept

cathodically and held at more negative potentials, the magni-

tude of the current decreased as the initial oxide coverage

decreased points to the importance of surface oxides. This

induction period is observed in Fig. 14. When the potential

sweep was stopped, and the potential held in a region where

the surface oxide had not been completely reduced, the current

vs. time transient had an induction period. The current initially

increased after the potential was held, and then, once the

residual surface oxide was consumed during MeOH oxidation,

the current began to decrease as a function of time. This

induction period was longer and the initial current increase

was greater as the amount of residual surface oxide increased

(i.e., potential was held at more positive potentials). Fig. 15

shows that the oxide coverage is approximately 40% at the

Fig. 15 LSV of 0.5 M MeOH in 0.1 M H2SO4 swept at 10 mV s�1

cathodically, superimposed with a cathodic voltammetric sweep of

clean Pt in 0.1 M H2SO4 at 10 mV s�1 (current has been multiplied by

a factor of 5). These voltammetric profiles are compared to oxide

coverages at specific potentials during the cathodic sweep calculated

from Pt oxide reduction charge. The Ptpoly electrode was 3 mm in

diameter for each experiment.
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peak current for MeOH oxidation on the cathodic sweep and

is effectively 0% by the time the MeOH current has decreased

to nearly zero. The surface coverage of oxide clearly has a

profound effect on the extent of MeOH oxidation and must be

considered a reactant in the MeOH oxidation process; not

simply a surface process. The decrease in the current as the

potential is swept cathodically is due to the decrease in driving

force for MeOH oxidation, and to the decrease in oxide

coverage. It is easy to see that these two processes are

intimately related, and it would be difficult to separate their

respective contributions to the current decrease. The change in

oxide coverage as the temperature is increased makes this

convolution even more complex, but it is considered that the

changes in oxide surface coverage can account for the en-

hanced kinetics and thermodynamics of MeOH oxidation as a

function of temperature. MeOH is an activated process be-

cause surface oxide processes are activated over the tempera-

ture range applied in these experiments, as observed in Fig. 4

and 5.

The complication that changes in oxide coverage with

temperature cause in the calculation of Ea obtained in the

LSV above can be analyzed most clearly at the very beginning

of the potential sweep. As the temperature is increased, the

reduction of the surface oxide occurs at increasingly more

positive potentials. Thus, at a given positive potential, as the

temperature increases, the surface area of the bare Ptpoly
increases because the oxide is being reduced at more positive

potentials. This increase in surface area translates into an

inflated change in current as a function of temperature at

these potentials. As was mentioned in the beginning of section

7.2, there is no effect on the turnover rate, but the magnitude

of the current is affected. Because current is being used to

calculate the Ea, this situation would provide an Ea value that

is artificially large. This would occur in both alkaline and

acidic electrolytes, but may be more pronounced in alkaline

media as discussed in section 5. Again, the reproducible

linearity of the Arrhenius plots is evidence that the changes

in oxide coverage might be negligible, but they must be at least

considered when analyzing these values. A linear Arrhenius

plot would also be obtained if the changes in oxide coverage

with temperature were exponential. From Fig. 4 and 5, it is

noted that the changes are linear within the temperature range

applied in these experiments. This allows the assumption to be

made that changes in oxide coverage with temperature, while

observable, may be negligible in the overall Ea analysis.

7.3 Ea values related to the above anion adsorption and surface

process effects

As can be observed from the data given in Tables 1 and 2, a

wide range of Ea values can be obtained depending on the

potential at which data are collected. This reflects the wide

range of values found in the literature on Ea for MeOH

oxidation. The values obtained at low potentials in the LSV

experiments above, where the potential was swept cathodi-

cally, are influenced by the decrease in the driving force for

methanol oxidation, as well as the decrease in surface oxide

coverage. The electron transfer step in the oxidation of

methanol then becomes the rate-determining step. Although

the current for MeOH oxidation is low, the overpotential

applied is still considerable. At these large overpotentials, it

is unlikely that the electron transfer can be activated signifi-

cantly by an increase in temperature. Thus, it is unlikely that

the change in current with temperature will be due to the

electron transfer being activated by this temperature increase.

Minimal increase in current will be observed due to the rate-

limiting electron transfer step over the temperature range

applied. The Ea values calculated at these potentials will be

distorted to low values because the changes in current are

small and will be unrepresentative of any chemical rate-

determining step for MeOH oxidation.

An unrepresentative Ea for MeOH oxidation can also be

observed when Ea values are calculated by sweeping anodically

as is often carried out in the literature, and as carried out for

the alkaline electrolyte system in section 6.2. Artificially low

apparent Ea values can be observed if the data are obtained as

the potential is swept anodically due to the adsorption of

anions and the build-up of poisonous intermediates, as has

been mentioned throughout the above discussions. The sweep

rate and starting potential determine the extent of the build-up

of these surface species because these surface processes are

potential, and time, dependent. These species can influence the

onset of oxidation, and the kinetics of the oxidation reaction,

which, in turn, influence the current magnitude. These adsorp-

tion processes depend on the temperature and change the

available surface area and ensemble size available for metha-

nol adsorption and oxidation. If the available surface area

decreases as the temperature is increased, then the calculated

Ea values will be lower than the true value. This distortion

explains the common values around 15–30 kJ mol�1 obtained

for nearly all catalysts in a number of different environments

at potentials near the onset of MeOH oxidation. Under these

conditions, surface processes and the driving force for electron

transfer are the main contributors to the Ea values being

obtained.

An artificially high Ea can also be obtained if the surface

area available for methanol adsorption increases as the tem-

perature increases. Potentials at which the reduction of oxide

is initiated are especially affected when sweeping from positive

to negative potentials. As the temperature increases, the oxide

reduction occurs at more positive potentials. This leads to

more surface area being available to carry out methanol

oxidation, leading to enhancements in current as the tempera-

ture increases due to not only the temperature increase, but

also to the increase in electrode surface area. This effect is most

obvious at the onset of oxide reduction (over a temperature

range) because a clean surface is being revealed that is

surrounded by oxide only and not by anions or other metha-

nol molecules (as it would be at more negative potentials

further into the potential sweep). Apparent Ea values found

in Tables 2 and 3 that may be affected by this are those ranging

from 75–90 kJ mol�1 found prior to the potential at which the

maximum current value is obtained. Artificially high Ea values

can also be found at lower potentials if the potential sweep is

carried out anodically, again due to the changing surface area

with changing temperature. If CO adsorption is less favorable

(or CO desorption/oxidation is more favorable) at elevated

temperatures at a given potential, then the available surface
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area would increase. These phenomena will certainly cause

complications when data for Ea calculations are obtained by

sweeping anodically. These distortions of the Ea can be

eliminated if the turnover rate, instead of current, is used to

calculate the Ea. However, difficulties, such as knowing the

specific coverage of all surface species at a specific potential

and temperature, must be addressed before this can be carried

out.

Finally, the Ea found for the peak current potential can be

considered the Ea value of greatest interest. The electron

transfer is most likely not the rate determining step at this

large overpotential. The electrode surface has the optimum

oxide coverage to achieve maximum current, but the effect of

the change in oxide coverage with temperature is convoluted

with the shift in potential at which the maximum peak current

is observed during MeOH oxidation. While oxide coverages

change as the temperature changes in pure electrolyte, the

coverage changes are enhanced when MeOH is introduced

into the electrolyte, as was explained in section 6.1. In the case

of the LSV carried out cathodically in the above experiments,

COads and other poisonous intermediates do not play a

significant role in the current level at that potential. The

pathway being followed at this specific potential, in addition

to what processes are limiting the current at this potential, are

of the greatest interest. One would like to be able to drive this

pathway over a broad potential range in order to obtain the

maximum current over that range. Knowing intimate details

of the chemical, as well as electrochemical, rate determining

step at that potential would be useful in designing catalysts

that can target those steps in order to drive those reactions

specifically. The values for MeOH oxidation at the peak

current potential determined in this study are Ea = 54 � 5

kJ mol�1 in 0.1 M H2SO4 and 52 � 7 kJ mol�1 in 0.1 M

HClO4. These are similar to values found by Raicheva et al. at

the potential where the maximum peak current was observed

on the cathodic sweep.119 In alkaline media, Ea = 60 � 6 kJ

mol�1, determined during the cathodic potential sweep. Fig.

16 sums up the parameters that govern the value of the Ea

along the shape of the MeOH oxidation peak on the cathodic

sweep.

The anodic sweep carried out in alkaline media gave very

different results when compared to the cathodic sweep (Fig.

12), further amplifying the fact that directionality plays a

crucial role. While anion adsorption in alkaline media was

not playing a role, the nature of the surface oxide formation,

as well as any poisonous intermediates building up at the

electrode surface by potentials around �0.075 V played a big

role in the Ea values obtained. As the potential was swept more

positive of �0.075 V, the Ea began to increase again due to the

oxidation of the Pt surface and to the oxidation of COads.

Clearly, the surface processes occurring on the anodic and

cathodic sweeps are very different, and they lead to Ea values

that differ greatly. Further insight into why these values differ

so much, as well as what steps the above Ea values may

correspond to in the MeOH oxidation pathway, can be gained

from further determination of the products formed at the

specific potentials of interest. The ratios of product formation

on the anodic sweep must be compared to those on the

cathodic in order to determine what surface changes are

occurring over those potential ranges. The apparent Ea values

become an important tool for catalyst comparison only when

all of these surface parameters are taken into account, or at

least understood and acknowledged, and insight is gained into

the specific pathway that MeOH oxidation is following at the

potential at which the Ea value was determined.

8. Conclusion

A complete understanding of the MeOH oxidation pathway at

a given potential is very important in order to design effective

oxidation catalysts and to employ MeOH in DMFCs. The

pathways for MeOH oxidation are complicated by the pro-

duction of numerous soluble intermediates and surface poi-

sons, in addition to the product of complete oxidation, CO2. It

has been determined that factors affecting the ratio of product

formation include applied potential, temperature, electrode

surface structure and composition, nature and concentration

of electrolyte, and concentration of MeOH. Comparison of

results between various literature sources becomes difficult due

to the variety of experimental conditions used and the sensi-

tivity of MeOH oxidation to the above conditions. Careful

studies must be carried out using bulk Ptpoly, bulk alloys, and

nanoscale catalysts spanning numerous experimental para-

meters in a controlled fashion in order make useful compar-

isons.

In order to find another way in which to compare the

behavior between new catalysts for MeOH oxidation and

Ptpoly, the relevance of Ea, a kinetic parameter, was investi-

gated. Ea values used as numerical comparisons between

different electrocatalysts throughout the literature, have a wide

range of reported values, and have been assigned to many

different steps in the MeOH oxidation pathway. The way in

which these data were obtained influence the final Ea value,

causing some values to be artificially low, or high, depending

on the experimental procedure employed. We have carried

out a rigorous Ea study using a bulk Ptpoly electrode in

acidic and alkaline media in order to address the large range

Fig. 16 Schematic of the surface processes, and other factors, that

must be taken into account when determining the meaning of the Ea

value calculated.
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of Ea previously reported, as well as to point out some of the

factors that affect the Ea calculation. The Ea values were then

analyzed in terms of the surface processes that might influence

them.

Apparent Ea values were found to be a function of potential,

and depend on the path taken to reach that potential. There-

fore the potential at which the Ea is obtained must be included

when reporting Ea values. Surface adsorption processes must

also be taken into account when analyzing Ea values in both

acid and alkaline media. These surface adsorption processes

are both potential and temperature dependent. The potential

dependence of anion adsorption, COads, and surface oxide

oxidation/reduction must be taken into account when deter-

mining Ea values. The timescales of the experiments carried

out in this work were such that anion adsorption and COads

did not play a significant role in any decreases in current

observed as the LSV was carried out. Surface oxide coverages

are time and potential dependent due to the adsorption of

MeOH and subsequent reduction of significant amounts of

surface oxides that are not replenished after being consumed.

The temperature dependence of anion adsorption, COads, and

surface oxide oxidation/reduction must also be analyzed over

the specific temperature range of the experiments. In the above

experiments, it was determined that these surface adsorption

processes do not change significantly as the temperature is

increased within the temperature range applied. The Ea values

obtained in acidic electrolyte were lower than those obtained

in alkaline media on the cathodic sweep by 10–20 kJ mol�1

depending on the potential.

Apparent Ea values determined at low potentials are dis-

torted due to the electron transfer step being rate-determining

for MeOH oxidation. The temperature increase will accelerate

processes following the electron transfer step, but at low

potentials, the barrier for the electron transfer cannot be

overcome. Although at these low potentials there is little

driving force for MeOH oxidation, a large overpotential is

still being applied. The current will not change appreciably as

a function of time at those overpotentials because the electron

transfer process most likely will not be activated over the

temperature range applied. Apparent Ea values obtained at

more positive potentials may be influenced by the activation of

oxide reduction and consumption as a function of tempera-

ture. Changes in surface area as a function of temperature due

to changes in oxide coverage may again give Ea values that are

not representative of the system. Apparent Ea values obtained

at the potential where the maximum peak current is obtained

are most interesting because this point is where many of the

processes that might affect the Ea are minimized. The value

obtained during the cathodic sweep in 0.5 MMeOH was Ea =

54 � 5 kJ mol�1 in 0.1 M H2SO4 and Ea = 52 � 7 kJ mol�1 in

0.1 M HClO4. In 0.1 M KOH, Ea = 60 � 6 kJ mol�1. On the

anodic sweep in 0.1 M KOH, Ea = 19 � 1 kJ mol�1 at the

potential at which the maximum anodic peak current was

observed. By knowing the nature of the surface at the potential

where the maximum current is obtained, as well as doing

further research into the product distribution obtained at that

potential in the specific electrochemical environment of inter-

est, turnover rates can be calculated, more representative Ea

values can be obtained, and these values will be valuable

points of comparison among numerous catalysts for the

oxidation of MeOH. For now, the Ea values calculated in

the above experiments should be used as points of comparison

between Ptpoly and other MeOH oxidation catalysts under the

same electrochemical conditions.
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