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PREFACE

An important area of recént reséafch in e]ectrochemical surface
science has been the study of electrocatalysis in the anodic oxidation
.of various’simp1e mo]ecu?gé such as H2, HCOOH, CH3OH, C2H4 and sa;gtifsd
hydrocarbons on noble metal electrodes in aqueous solution. In this work,
the role of dissociative adsorption of the reactant, faradaic electrochemical
oxidation of the adsorbed fragments and desorpfion of final products has

been studied. " The kinetics of these processes have been investigated at a

number of noble metals and, in some cases, their alloys.

Use of alloys provides an interesting way of introducing variation
in the properties of the metal electrode with regard to (a) electronic
structure of the metal and (b) surface composition and structure at its

interface.

In the present work, éxperiments are described in which the
electrochemical oxidation of formic acid and methanol has been studieﬁ
at a series of Qp-Pt alloys in relation to the behaviour at pure Pt, Pd
and Au electrodes. Interesting effects of alloy composition are found
which are 1ntergreted in terms of various surface reactions which are
téking p]écefét the electrode interface, including the surface oxidation™..

of the electrode metal itself.
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© SOME ABBREVIATIONS USED IN THE THESIS

~

™y ’ .
ng.1.% or "d.1. 'region " : double-layer or the region of a potential-sweep

~over which only double-layer .charging currents arise, respectively.

ip: the peak current, f, in a potential sweep current-potential profile.
o

"H-_" or "H adsorption region” : the range of potentials in a potentiodynamic

sweep over which H deposition or ionization desorption processes occur

(viz. 0.0 to ca. + 0.35V, Ey)-

Eﬂ :

e]ectrode'in the same solution.

value of electrode potential on the scale of a reversible hydrogen

FAy, FAg, MA,, etc. peaks : anodic current peaks for formic acid (F)

6xidatidn or methanol (M) oxidation over various regions of a
potentiodynamic sweep in order of their appearance in the anodic - going
direction. FC or MC, corresponding currents in the cathodic ; éoing
direction of a sweep.

Ci . concentration of species i at the electrode or in solution, as

specified.

‘—b

kT/h: contribution of well known universal constants and temperature (T)

involved in the expression for a rate constant.
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ABSTRACT

Studies on effects af cﬁangfng meté] e1ecfron1c character in
gold-platinum alloys and to a lesser extent in gold-palladium alloys
on the e]ectro-chemica1 kinetics of oxidation of formic acid and methano]
are reported. Some previous work on these substances was done at the
University of Ottawa and in other laboratories in rg]ation to studies
on mechanisms of electrocatalysis. The adsorption and reactivity of
' chem{sdrbed species arising from these molecules at the alloy e1ectrodes‘
were characterized and related to the atomic composition of the suffacé
of the alloy electrocatalysts. The work has applications in fuel-cell

technology.
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CHAPTER 1 ” (_

INTRODUCTION AND REVIEW

7. Nature of Electrocatalytic Prdcesses

The electrochemical oxidation of many organic molecules
depeﬁé& on the ability of the electrode first to dissociate the molecule
cata]yt1€a11y 1nto_5ﬁa11er adsorbed fragments which can then be electro- ;
chemica]1y oxidized from the surface. The role of the electrode surface
in providing sites where the intermediates resulting from this process
can undergo electrochemical oxidation, has given rise to a new term1 electro- .
catalysis. This-t;rm implies that there is a dependence of the rate of
electrochemical reaction at a given potential on the condition and
properties of the metal surface at which the process isiéccurrﬁng. Usually
the term must be reserved for those electrochemical processes which.involve
the formafion of adsorbed intermediates and desorption of the products
rﬁfggting from chemical and/or electrochemical surface reactions involving
thos¢'intermediates.

The main differenﬁe between electrocatalytic prﬁcesses and
ordinary catalysed reactions is the potential-dependent role of the e]ectroge

]

surface in the overall reaction mechanism and its rate.



In addition to factors such as chemisorption energy and
-

coverage by intermediates, the question of two-dimensional diffusion of

reacting species arises in catalysis, e.g. in recombination steps and in

-diffusion to active centres. The quantitative examination of surface

mobility or diffusion of adsorbed intermediates is of prime interest when
electrocatalysis océurs by a "bifunctional" mechanism. For this situation,
a reaction intermediate must physically diffuse. across an electrode surface
to react at another site where, e.g.,some other reacting species is adsorbed.
Such an example is the electrocatalytic oxidation of formic acid; the

details of this reaction will be considered later as it was the one in

which further experimental studies were made in the present work.

2. Rates and Current Densities for Reactions at Flectrodes
7 -

In an electrochemical reaction, the rate is measured
directfy in térms of the current density, i amp cm_z.‘ At equilibrium,
i.e., at the reversible potentia],vr,for a proéess, no net cunrigg flows
but the kinetics under equilibrium conditions are-defined by the exchange
current density,io, i.e., the equal current passing per cmz forward and
backward- {viz. anodically or cathodiéa]ly,or vice ebrsa) when the potential
is at. the reversible value, Vr' Normally, electrode-kinetic measurementg
are concerned with net currents for the reaction well displaced at some

potential,V, from the reversible condition. Then the net current i is

conveniently expressed in terms of the overpotential ﬁ defined as

.=V - Vr by the equation

i =1, (exp BnF/RT - exp[- (1-8)InF/RT]} -
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which, for appreciable values of p becomes simply
i =1_exp BnF/RT

° %
where 8 is the barrier symmetry factor. The latter equation is the

familiar Tafel relation in exponential form.

The quantity io is determined by the electrochemical rate
constant 6f'the process and the concentration C; according Fo
i, = 2F (kT/h)c, gxp'ser/RT.exp[-AGO*/RTJ
where C; is the local cpncentratidn of reacting species at the electrode
surface. If the process invo1Qes deposition of an adsorbed intermediate,

e.g. H in the H2 evolution, then the equation for io must include a

free surface area factor, 1—9H,to allow for coverage eH by adsorbed H.

The properties of the electrode metal or its surface
determine the rates of electrode processes through (a) the rate constant
or A6%F; (b) the extent of adsorption of reaction intermediates and (c)
the catalytic properties of the surfacé. The inﬁortance of the electrode
material is well known in a number of reactions espe??a]ly in the case of
cathodic hydrogen gvolution. The latter process normally occurs in
two steps, a coupled proton discharge and hydrogen adsorption step
onto the metal, namely, M(e) + H30+¥a> M + H,0, followed by an

electrochemical -desorption-step, M{ + H30+ + e —>M+ H2 + H20 or a

chemical catalytic desorption step, Mi + HM — H Considering the

2l
first step, the reaction rate is closely connected with the mechanism
of this electronation reaction and the adsorption properties of M for

H binding. The essential act of the reaction which leads to the adsorption

. of hydrogen as H on the electrocatalyst is the tunneling of an electron



from the electrode to the hydrated proton in an activated state on the
solution-side of the double-layer at the electrode interface.

- The energetic conditions that determine the probability of
e]ectrﬁn transfer and proton deposition on to a metal in the first iiep
of the hydrogen evolution reaction can be considered in the following
terms defined by Butler1 : for zero field at.the interface, the condition

for electron tunneling in the step M{e) + H30+ — M+ H20 is

-

R+A < T +1L -0

where
‘R is the H-HZO repulsion energy,
A the M-H bond energy,
I the ionization potential of the hydrogﬁ? atom,
e
L the proton hydration energy .
h
and )

¢ the work function of the electrode.
Obviousiy, R,I, L do not depend on the nature of the electrode material
while the hydrétion energy of the proton is not affected by a change of
the electrode from, for example, nickel to platinum; however, the M-H
interaction energy A and the work function ¢ do depend in an important
.way on the nature of the electrocatalyst.
Hence we can now write
| A+ ¢ < constant
where the constant is characteristic of the particles involved in the reaction,
H+, H and HZO' However, in an experiment where the electrode potential

has to be measured against a reference electrode, the work function cancels



out, 'so that there is no direct effect of the work function upon the rates
of deposition reactions which arise from electron transfer {(its effect

cancels out in a two-electrode cell because of the unavoidable contact p.d.
with, for example, the reference electrode elsewhere in the measuring circuit).
The}efore, the observed dependence of the rate-determining step for the
hydrogen evolution reaction, and even of the erra]] reaction Pathway on

the nature of‘the metal must originate from a dependence of the rate on

the M-H bond strength_ﬁn on coverage by H. The M-H bond energy, however,

was shown by Conway a Bockris2 to be linearly related to & for a series
of metals, sé that the rate of the hydrogen evolution reactioﬁ; measured
e.g. in terms of the exchange current density,\io, at the reversible potential,
dgpends on ¢_indirect1g because of the dependerée of energy of H adsorption
on 4. Also, it was shown by Conway and Bockris2 that the electrochemical
catalytic properties of a series of electrode mater1als for the hydrogen
evolution reaction, as indicated by the exchange current densities for this

3

process, could be correlated with %_d character in the dzsp hybr1d bonding

in the metal lattice and in the surface.

By considering how the coverage'was related to the standard free
energy of chemisorptidn of H at the reversible potential, Parsons3 showed
how 10 would vary with the chemiéorptive properties of the metal for various .

mechanisms of the cathodic H2 evolution reaction.

e
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3. Alloys in Catalysis and Electrocatalysis

In comparing an electrode reaction with a chemical reaction
occurring on a surface, i.e. a heterogeneous reaction, it is useful first
to Took at how the rates of the two types of reactions are expressed; The
rate of é heterogeneous chemical reaction is expressed in moles of substance
transformed per second per square centimeter of the surface. The electrode
reaction rate, however, is expressed in terms of current density, i.e.,
_in amperes per square centimeter. However, this dissimilarity is only
superficial since it readily fo]]ows; using Faraday‘g\Laws, that the
current density divided by the charge zF transferred per mole of reactant
is the rate in mole en? sec”]. Thus, the number of moles of electron
acceptor (or donor) electronated (or deelectronated) per second per square
centimeter o% the interface is obtained, that is i/zF has the same units
(moles per second per square centimeter) as tHe rate of a surface chemical
reaction. The expression for the rate of an heterogeneous reéction is identical
in form with that for the zero-field rate of an electrode reaction, i.e.
v = (KT/h)*Tic, exp _a6%*/RT
where Hci is the symbol usgd to indicate the product of the surface
concentrations of the species involved in the reactﬁon and‘AGO* is the
standard free energy of activation for the reaction in the abéence of
assistance from an interfacial field. Normally the surface concentrations
required in the rate equation for an heterogeneous reaction must be
related to the experimentally known bulk concentration through an adsorpt%on
isotherm for the reactant species. ‘ |
A further comparison is that in the case of heterogenegus
catalysis, the reactants must diffuse to the catalyst surface and become

adsorbed there before the catalytic or electrochemical reaction takes place.
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Corresbonding1y, the products must move away to provide surface sites
for other molecules of reactants to adsorb. For example, in the case
of the gas-phase hydrogenation of ethylene at a nickel surface, the
ethylene and hydrogen molecules must first adsorb on the nickel surface;
the reaction then occurs and then the ethane desorbs from the surface.
In an electrode reaction, the ions have to reach the interface region,
become adsorbed in-the double-layer and undergo the charge-transfer
reaction, The electronated parFic]e in a one-step reaction, then moves
off into the solution or is chemisorbed, e.g. in the case of deposited H
or OH species from water, |

The most important distinction between electrode reactions and
chemical heterogeneous reactions is that the fdrmer involve a net transfer
of charge. The rate of the electrode reaction is therefore potential-
dependent according to a relation of the form

. i o -BER/RT
v(electrodic) = - - Eg_ e Y

which arises Eecause the electrode potential modifies the free energy
of activation throuéh‘a change nF of the Fermi level energy.

The catalytic aspects of electrode reactions arise in two ways:

(i} In a discharge step of the type considered above, e.g.

N :
H30 + e + M—)'MHadS (1)
’cﬁ
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in the hydrogen evolution reaction, the standard rate constant (1.e; at
the reversible poteg}ia]) of the electrochemisorption step (1) cértain]y
depends on the proper;ies of the metal M, being greater at metals that
adsorb the H intermediafe more strongly than at those where the ﬁ adsorption
is weaker. However, the use of the term "catalytic" in this sense requires
some reservations éince,by the nature of electrode reactions, there can be
no "uncatalysed" reaction pathway with which the rate of the "catalysed”
- reaction may be compared.

(i) More direct examples of e]eétrocata1ysis_arise in reactions
where a chemical step, usually dissociative adsorption, occurs first on
the surface and is f0110wed‘by steps involving eiectrochemicaT oxidation
or reduction of the chemisorbed species. The electrode metal then acts
as a true catalyst for the dissociative step and as an'e1ectron source or
sink fof the following charge-transfer steps. . Cases where this type of
process arises are in the oxidation of.formic acid or methanol where C-H
bond dissociation and adsorption occur first, followed by coupled oxidation
- steps; also in reduction of oxygen or oxidation of hydrogen (HZ), dissociative
steps arise through adsorption on the electrode catalyst surface. Examples

of the initial dissociative chemisorption steps are:

HCOOH + 2M - MHads + MCOOHads (2)
CHyOH + 6M > MC-OH . + Mg (3)
02 + 2M * ZMOads (4)
H, + 2ZM + ¢MH {5)

ads
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where M's are the adsprptibn sites on the metal electrode surface.

(iii) True catalytic processes also arise as post-electrochemical
steps, e.g. in the gas evolution reactions (H2, C12, 02) where dfscharged
adsﬁrbed intermediates are recombined on the electrode surface to form |
stable gas molecules. For example, following eqn (1), the catalysed
recombination/desorption step

| Mg + Hoge M Hy + M . - (6)
canh occur. Similar steps are involved in reactions producing 02 and C12.
- A general example of an electrocatalytic reaction is the electronation
or reduction of oxygen melecules to give water: 02 + 4H+ + de + 2H20.
‘This'reactidn is the basis of "electrochemical combustion"™ in fuel-cells
which bears an interestingrelation to chemiEaT combustion. When a substance
reacts chemically with oxygen, it is said to burn. Thus hydrogen burns in
f02 with exp]osive“re1éése‘of thermal energy to form water, but only at an
elevated temperature:
2, + 0, 24,0 | o
In the correspohding e1ecfrochem1ca1 process, hydrogen is dee1ectronated
at the electron-sink electrode (the anode) and oxygen is electronated

at the electron-source electrode (cathode). The two charge-transfer

reactions are:

+ ——

2H2 + 4H  + de ' (8)
. , .
0, * 41" + de - 2H,0 (9)
the overall process:
2H2 + 02 -> 2H20 (10}

which is equivalent to a catalysed oxidation of H2 by 02, since the
electrochemical reaction between H2 and bz occurs at low temperatures.

Thus, hydrogen is said to undergo cold combustion.
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An heterogeneous chemical reaction has a fixed reaction velocity
at a given pressure and for‘giveﬁ concentrations of reactants. The -
only way that thé'reaction velocity can be increased is to rajse the
temperature. Thg éxponentié] factor in the expression for a chemical

0% '
“A&T/RT - Eop an analogous- electrochemical

(26°% + gYF)RT

reaction rate constant is e
- reaction, the exponential factor is e where V is the metal/
' so]utidn potential difference. Of course, as mentioned above, there is
often no true'hchemical" analogue to the electrochemical reaction so that t

even when V = 0 (no field effect on the electron charge-transfer rate),'

AGO# does not have a purely "chemical" significance since it still applies

to an electrochemical charge-transfer step. The opportunity, in efectrochemical
reactions, to modify the free energy of activation thréugh the BVF/RT

term enables very large changes of rate to be controilably introduced.

Thus, if a typical value of 10,000 calories/mole is assumed for AGOt, and e
taking B=4 and T = 300°K, an increase of potential by only 0.5V, éausé§

an anodic electrode reaction rate to increase by a factor of about 105.

In order to cause a similar increase in the chemical rate by temperature

alone, an impractical increase of temperature of approximately 1000°K

would be required.

The search for improved electrocatalysts for fuel cells has
shown- that for organic reactions,enhanced activity over that attainable
at pure platinum is difficult to achieve. Platinum is usually found to
- be the most active single metal for the complete electro-oxidation of
many water-soluble organic compounds such as methanol, formaldehyde and
" formic acid to carbon dioxide in both acid and alkaline solutions.

However, some improvements can be obtained for certain reactions by
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incorbbration of other metals as alloy constituents such as rhem‘um,4
tin?’gutheniumyéé osmiUmqand, as in the. present work, gold. The improvement
in performance in.the presence of these metals has been attributed to

better oxidation of various adsorbed organic intermediates that arise

in reactions of this type by adsorbed oxygen-containing species that

are associated with the added metal and are more reactive than adsorbed

OH species on platinum. Also,the chemisorption of the organic'spec{es
itself depends on the surface composition of the alloy or the nature of

the metal. For example,it has been observed by Shropshire9 that the
adsorption of molybdate ions increases the activity of platinum, the
proposed mgchaniﬁm for this system being oxidation of the organic fuel
molecule with adsorbed molybdate-as a mediator,fo]1owed by electro-oxidation
of the reduced molybdate spéﬁies. Also, improvéd electrocatalytic reduction
of 02 occurs on Au-Pd alloys in comparison with that on either pure metal.
This is connected with the strength of binding of adsorbed O-species and
coverage effects]o.

The activity of the transition metals, especially for the
dissociative adsorption of molecular hydrogen and in hydrogenation reactiéns,
has been cqrre]atgd in the past with the exfstence of partially filled
d-bands. Many alloy studies were prompted by the expectation that catalytic
activity would change abruptly once these uacancies’were f111ed by alloying
with a grouﬁ IB metal. An example of; such behaviour is the Au-Pd system.
Gold,which has no unpaired d-electrons,has a Tafel slope-of -2RT/F for
oxygen reduction while palladium, however, shows g Tafe1‘s1ope of -RT/F
owing to an intermediate oxygen coverage and a different rate—determining
step. Alloys of gold and palladium exhibit Tafel slopes of either -RT/F

2RT

or -2RT/F depending upon the alloy composition. The change from'—F— to
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o 1
~RT/F as palladium is added to gold has been related, by Damjanovic

>
to the occurrence of sufficient pa]]adlum in the alloy to create d-orbital
vacancies and consequently to é changé of the oxygen coverage frdm a Tow
to an intermediatelva1ue.
The okida%ionlof simp]evorganic molecules such..as ethylene,
formic acid and methanol has been studied extensively and the.special
significancé of platinum as an e1ectrdcata1yst material is now well known,
although there is increased evidénce that there are some noble metal alloys
which do givé reaction rates at certain potentia]s,_which are appreciably
larger than those on platinum alone as will be seen'1ater in the present
work. Other bager metals are not considered since they normally undergo
anodic dissolution in the potential regions over which oxidations of
organic substances usually take place at reasonabie rates.
For example, a study of the mechanism of ethylene oxidation on
a series of noble metals other than platinum, and on noble metal alloys 22

Teads to. the conclusion that the oxidation of ethylene often proceeds, ét

least at first, along the same path as that on platinum, i.e.,

H,C = CH, — H,C = CH *
2 2 2 zads
+ .
HoO —=OH_ , *+H +e (r.d.s.)
H2C = CHzads + OHads'+ Adsorbed organic

intermediate -+ C02 + zH + ze

but with a different rate-determining step (13) instead of (12). Since

ethylene adsorbs from solution in competition with hydroxyl radicals

*The state of adsorption of an unsaturated molecule such as ethylene is
complex since either associative or dissociative chem1sorpt1on (or both)
occurs, depend1ng on the metal and the coverage.

K
A
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electrodeposited from water,in step (12), then the more strongly adsorbed

speciés, i.e. the one hav1ng the greater negative free energy of adsorption,

©  tends to compet1t1ve1y desorb the more weakly adsorbed species from the

surface. Experiments of Kuhn and a1]%how the ratios of coverages GAEh

. eg%h:_ eth _to be aboYL)O 2:1:0.02 and the coverage with oxygen or OH épec1es
tends to 1pcrease with increasing d-band vacancies and is hardly d1sturbed

by competition from ethylene.. However, the ethylene coverage, Tow for

Group IB metals (copper, silver and gold), increasés to a maximum on certain

of the Group VIII metals (p]at1num, jridium, osmium, palladium, rhodium

eth
pt-

largest heat of adsorptlon of OH radicals, i.e. supposedly with the greatest

and ruthenium). Thus, eAth« th 14 Group VIII, the metal with the
nurber of d-band vacancies, will tend to reject ethylene, i.e. have the
lowest coverage by ethy1ene: thus plat1num has the lowest heat of adsorption
of DH species and the smallest number’ of unpaired d-electrons per atom;
tﬁerefore coverage of_ethyiené‘ﬁﬁi;%;tinum tends to be higher than at
other metals. "Volcano" type re]ationship§ were obtainhed by Kuhn et al 12
wﬁeﬁ the reaction rate was p]otfed againgt heat'of sublimation L of the
e1ecfr6cata1yst metal or as a function of the number of d-band vacancies
(Figs.1a and 1b ). In terms of the kinetics of reaction, the ethylene
oxidation rate proceeds faster as the number of d-band vacancies increases
from gold to platinum. |

This type of plot is often encountered in heterogeneous catalysis

when two principal factors (coverage and bond strength) affect the reaction

rate in opposing directions.

Ny
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In the ascending part of the curve, the dominating factor is the
increase of coverage by the reactants. The relatively Tow bonding energy

) of radicals to the surface and therefore their faster oxidative desorpt%on

leading to a more rapid overall reaction, is less important than the fact. .
that coverage with ethylene and OH is low. Consequently,as the coverage
increases with increasing heat of sublimation, the reaction rate increases.
On the descending side of the volcano relation, further increases in radical
coverage are no longer dominént because the coverage is already re]atiﬁe]y‘

. \ high; thus the increase in the-radisa1v5ubstrate bond enérgy will become
dominant and the reaction rate Qi]] decregseﬂ Optimum rates of the oxidation
process Con%ro]led by reaction between cﬁemisorégd dH and organﬁc species
wi11 arisé'when the two species attain comparéb e coveragesand product

molecules can be desorbed easily. )

y
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4. Mechanisms of Formic Acid Oxidation at Platinum Electrodes

Electrochemical oxidation mechanisms involving organtc molecules

or H, may be divided in two groups according to the nature of the rate

determining step: .
" (a) A chemical reattion without charge transfer, or

(b) an electrochemical reaction with charge transfer.

Group (a) includes dehjdrogenation reactions, reactions between adsorbed

carbonacecus species and OH(ads) or O(ads)’ pre-electrochemical steps, and

desorption processes as rate-determining steps. Examples-are

CH3OH M CH30ads * Hads

2 ds

HCOOH -HC00™ + HY

2Hads > H2

and '

Hy = 2H . in H, oxidation

Mechanisms with rate-determining discharge steps involving adsorbed carboh-

aceous species, or with a rate-determining water discharge, belong to growp

(b). Examples of-this type of rate;determining step are:

~ 0, + M+ B

co ads 2

ads T MoV

+
H,0 -+ OHads +H +e .

2

+ .
H20 + 0ads + 2H. + 2e-

(19)
(20)

(21)

The net reaction- for the anodic oxidation of formic acid has been established

~

in acid electrolytes as:

”

HCOOH ~+ CO, + 2H' + 2e-

(22)
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Although the overall process here is very simple, fhe kinetics of this
reaction are,in fact,unusual because the principal adsorbed species involved,
in this reaction is found not to be an intermediate in the main reaction
sequence-yhich pr;ceeds through the steps proposed by Vasiliev and Bagotskii,]?”14

following physical adsorption in the double-layer (d1)
HCOOH — HCOOH

ads,d?

HCOOHadS’d] + 2Pt » PtH + PtCOOH _ (23)

PECOOH + Pt + CO,, + W+ e (24)
I + r‘

PtH =Pt +H + e : . (25)

The §?Verage g of the principal species adsorbed decreases as the potential

is made more positive, according to Brummer and Makriﬁeslsfroq an initial value

near the reversible H, potential of 0.95 to 0 at higher_potent;aTS. However,;§3

the rate of the main reaction fa?]s off with time at constant potential and the
current is linearly proportional to the gpaction of the surface 1-8 that

is free from adsorbed species. Thus,the important result is found that the

coverage which is measured in transients is pﬁincipal]y that of an iphibitor

and not'that of the main reacting intermediates, H and COOH. This situation is quite

different from that with methanol where the .oxidation of the main chemisorbed

partic]e,EECOH,is the rate—]imiting'step,of the overall process. An increase

in & is associated, in this case, with an increase in current. The adsorbed
\ '
particle is chemisorbed —COH as indicated from the results of Vasiliev
13
and Bagotskii  who observed the anodic adsorption transients that arise

with methanol and also measured the extent of b]ock{ng of adsorbed H by this '
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intermediate. In HCOOH‘oxidation, after initial adsorption of HCOOH, the
current at constaﬁt potential falls with time, over an extended period of
tﬁme, due to build-up of the blocking intermediate. In methanol electrosorption,
T: similar situation arises. In both cases, a self-poisoning effect on the,-
karadic oxidation reaction occurs but the poisoning intermediates are -
brggagHy not the same. However, the poisoning effect with CH,O0H is much less
than that with HCOOH at Pt.

The mechanisms of oxidation of formic acid and methanol are not only
different because of quite different rates of reaction at a given potential
but thé stoichiometry of the primary intermediate is different: - COOH in the
case of formic acid and2COH in the case of methanol. The rate of oxidation
of the main adsorbed species (the Jpoison) in the case of the formic acid
reaction is about 103 times stower than the overall rate of Faradaic oxidation
of HCOOH itself. The rate of the Faradafc reaction of oxidation of HCOOH
is Timited beyond ca. + 0.5 V by the dissociative adsorption of the reactant,
since, a non-diffusion-controlled current plateau (or peak in poteq%iodynamic
measurements) arises so that the rate of this step can be easily measﬁred.
However, the magnitude of the rate of this chemically-limited current depends
on the'extent of co-adsorption of the poisonzgpeciesT' On a fresh surface,
it js much Targer than on one which has been held at potentials in the range
0.0 - 0.2 V for some time. On the other hand, co-adsorption of additives

16

such as S, observed by Binder, K8hling and Sanstede, -~ of Pb dbserved by

Schwartzer and Vie]stich]7

18

and, more recently, of Hg and CH3CN by Kozlowska,

MacDougall and Conway, - blocks ihe formation of the competing poison and

then @1lows the main reaction to proceed up to_Six times faster. Thus,
18

it was shown by MacDougall in his work that the current for formic acid
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oxidation in the "double-layer" range of potentials at Pt (0.35 - 0,75 V,

EH) is substantially increased in the presence of acetonitrile, adsorbed
impurities, or Hg atoms. This arises from an indirect effect associated

with prevention of formation of the jnhibitor fof formic acid oxidation

which is otherwise spontaneously formed, particularily in the potential

range 0.05 to 0.6 V,EH. The additives which chemisorb and block inhibitor
formation appear to do so by a "third body" effect in which the rate of
inhibitor ﬁtpduction by a supposed dimerization reaction involving -COOH
.groups is.diﬁinished by b]ocking~site§ for nearest neighbour -COCH adsorption.
It was suggested by MacDouga]"ﬂafhatlthe inhibitor could be adsorbed formic
anhydride*. It will be shown in the present thesis that simi]af behaviour ’
is observed with gold-platinum alioys, this time not by b]ockiqg with
catalyst poisons but by dimiﬁution of available neighbouring platinum

sites by gold atoms. These results will be discusged more extensively

later.

The oxidation of formic acid occurs by a mechanism materially
different from that for the oxidation of methanol. In particular, the
oxidation ofiformic'acid is retarded by the adsorbed poisoning intermediate
"P" formed in the side reaction, as Qas suggested by Brummer and Makrides],!5
while the oxidation of methanol is a process of o;idatién of an adéofbeq
layer of the primary 1ntermed1ate£;COH formed in the initial chemisorpt%;n
stepn as we have mentioned earlier. The oxidation of formic acid would
normally proceed by an essentially similar step, but involving ~COOH,

were it not for the fact that the coverage of this species is much diminished

* This species is not a known stable chemical compound but could exist
in a stabilized state when chemisorbed at a surface.
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by the poison P. If the adsorbed poisoning particle is actually "reduced C0.,",
as Giner suggestadggand if actua]]j this same poisoning particle also beéomes
formed during the adsorption of saturated hydrocarbons as he has already reported,
then the mechani;m for the electro-oxidation of séf&fﬁted hydrocarbons
could be basicél]y similar to the mechanism for the oxidation of methanol oy HCOOH.
Therefore it appears generally that for the oxidation of various
organic molecules on platinum, two qualitatively different types of mechanisms
operate as illustrated in Fig. 2.
The mechanism for formic acid is described by'the pathways I and II,
where'the intermediate P formed in Il reduces the rate of the main pathway I,
IIT + Tv. In the case of methanol, the pathway of typg I, followed by III
+ IV, characterizes the kinetics but ]ong—time inhibitioﬁ\ of this pathway does

occur in this case as well,presumably by formation of somé other intermediate

of uncertain constitution.

5. Oxidation Behaviour of HCQOH and CH.OH at Platinum

Since various chemisorbed species may arise .from the dissociati ve

adsorption of organic molecule$ such as HCOOH or CHBOH at Pt, depending on
electrode potential and coverage,it is desirable to have some way of'characterizing

them. Direct optical studies such as are applicable at gas/solid interfaces

cannot be used in the presence of bulk aqueous solutions so an in situ electro-
chemical procedure is used. This consists of measuring the .so-called electron
number for desorptive oxidation of the chemisorbed species.

In an anodic-going potential sweep, formic acid giQes rise to
distinct oxidation current peaks over three potential ranges : (i) The H
,édsorptibn and double-Tlayer regions, 0.25 -(L]SV,EH (FA]) (Tﬁe symbal FAW

will be used to refer to the formic acid oxidation currents on the anodic
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sweep at platinum; in an anodic-going sweep, it is the NEqps £ [1] process

to be distinguished); (ii) the region where surface oxidation of platinum

begins, j.e., +0.85 to +0.95 VvEH(FA3)* and {iii) a region of higher anodic

potentials, i.e., + 1.225 to +1.525 V,Ey (FAy). 1In the cathodic-going potential

sweep, a large anodic current peak, FC, arises in the potential region where

surface oxide reduction is mearing completion so that free platinum surface

sites, which have not had the opportunity to become poisoned by P, are made

available. Similar electro-oxidation behéviour at platinum is observed with

methanol although, in this case, there is no current ‘peak in the anodic-

going potential sweep in the d.1. region. In the case of methanol, the | o Y,

oxidation process occurs at the initial stage of platinum surface oxidation el

which provides a mechan%sm for oxidation of the i;COH intermediate to CO2 (Fig.3 ).
;n the case of formic acid oxidation, the FA1 process 1is inhibited.

by its own poison as was mentioned before. The formation of P is slow, the

magimum.rate occqrring at ca. 0.2 V,EH where coverage with "formic acid" species

(as-COOH)} is a maximum. Various possible inh}biting species such as CO,

"reduced €0,", —COH, €17, HCOO™ anions, and CHO-COOH [XHC, : glyoxali¢ acid]

. formed by dehydration of two HCOOH molecules or by reductive coupling of CO,

have been disqusséd by Brummer and Makride;?’%% some respects, the behaviour

of adsorbed €0 is similar to that of the HCOOH poison, but the charge reqﬁired

to oxidatively desorb it is quite different and the oxjdation kinetics are not

the same. The first three species have been discounted as the inhibitor by

BrummeEQNMiadsorbed HCOOH itself (Breiter) cannot be responsible for the observed

behaviour: CHO-COOH requires 3e for its oxidation to CO2 +-H+, and it is difficult

to see that it can occupy less than 3 or 4 sites; that is, its electron oxidation l

nurber per site will be .<1. [For the species adsorbed from HCOOH solutions, 2e are

* A process designated on FA, is observed under some conditions but its special
resolution is not referred™to here.

** C17 impurities were considered by Brummer2?.
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required in an anedic transient in order to expose each free Pt atom.
The term "electrons per site" defines the average number
of electrons released in the complete oxidation of the adsorbed species to

C02,ca1cu1ated per surface platinum atom which it covers. This number is

obtained from the slope of the plot of Qadﬁ’ the charge required to
oxidize the adsorbed species, versus Oorg’ the coverage of that adsorbed
organic species. The number of "electrons per site" is obviously important
in defining the "oxidation state of adsorbed carbonacéous residues and in
helping to establish fheir relationship to one another and the overall
reaction. Changes in the "electron per site" number [e] with coverage
in oxidative desorption experiments is evidence For‘the‘presence of
diffefent adéorbed specieé or at least for di fferent modes of bonding of
the adsorbate. An example of the above is the refation” found by BrummerZ]
for fhe chérge for oxidative desorption of species at 0.70V frdm C3H8 by
adsorptaon at Pt as a function of its coverage arising from
adsorption at 0.30V (Fig. 4). The desorption charge relation seems to have
two linear regions, the slopes of which correspond to 1.35 electrons and
ca. 7 electrons per covered Pt atom for the oxidation of the adsorbate to
C02. The.easiest material to desorb, i.e., the first material oxidized,
is the species for which [e]l = 1.35. The most difficult to desorb, i.e.,
the most difficult to oxidize to €0y, is the material for which [e] <7
electrons.in the case of the C3H8 example. |

It seems chemically more p]ausib]e that the species P
which poisons the form1c acid oxidation reaction is an anhydride of
formic acid stabilised by adsorption. The work done by MacDouga1118

the behaviour of co-adsorbed competitive poisons in term of a "third body"
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effect led to the view that these "cata1yst poisons" operate by dimerization

LY

as a route to poison production.

MacDougall"s, results suggest that fdrmétion of P must arise by a "dimerization"

type of reaction on the electrode surface between-adsorbed formic acid or
b 3

some derived intermediate species leading to a lowering of coverage by the

" main electrochemically reactive species, —CQOH. It cannot be a poison

arising independentﬂy‘of the adsorbed formic acid species, e.g. from traces
o . . . ‘ 22 . . .

of chloride ion since, according to Brummer, there 1s no reason why displacement -

of ane such poison by another, e.g. C1” or acetonitrile in MacDougall's work,

should increase the peak current for the FA] process. The most probable

reaction betweenstwo adsorbed formic acid (-COOH) residues adjacent to each

other on the electrode surface is dehydration leading to adsorbed formic

anhydride.
1\
% “Hp0 ot = 7 .
2 Pt —C . = \, (26)
OH v
Pt - -
0

The identity of the P species as formic anhydride was supported by thee
.observed potential dependence of the rate of formation of P. Significant P
formation -occurs only. in the less positive potential regions, i.e., when ‘

~ the electrode acfs relatively as_a ;burde.of electrons. This is consistent
with the following mechanism, since increase of electron donatiﬁg tendency
b{\}he platinum will tend (i} to increase the protonation of adsorbed-COOH
groups, leading to stab111zat1on of the resu1t1ng protonated spec1es and

(11) to increase the nuc]eoph111c1ty of those adsorbed species which are not
protonated, i.e., the attacking speeles. At more positive potentials, the b
rate of reaction (26) should decrease since the platinum then acts as an

electron withdrawing agent and the surface coverage by -COOH is also

diminished as potential becomes more positive. Eventually, reaction (?6)
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will become reversed which is consistent with the change of direction of

' !
time effects with potential.

! An alternative basis for the identity of the poison species P which

- could also be generated at low potentials i.e., 0.2 V’EH’ is

' o
oM _ .
|
C

s
. Pt Pt Pt

which is also generated in CH,OH oxidation. This poison requires-3 "free-Pt

sites" as compared to the two "free Pt sites" required by

0
V4
Pt - C
' N
/0
V/*\\ Pt - c\
\ %

23
The = COH Species was discussed by Parsons and Capon.

C .

6. Aims and Methods of Approach Used in, the Present Work

The aims of the present work were to investigate and expTore the
effects of changing metal electronic character in alloys on electrochemical
kinetics of oxidation of formic acid, not by competitive blocking with other
poisons, e.g. Hg as had been done in other work18 but by using a110ys where the
platinum content in the surface is progressively d1m1n1shed by\Ehe presence
of gold. At the same time, it wou]@ be possible to relate the kinetic effects
observed to the surface composition of the alloys which can be determined by
the relative charges associated with the current peaks for reduction of the-
oxidized alloy surface (in Au—Pt'a]%o&s, the peaks for reduction of oxidized Pt
and oxidized Au can be easily reso1ved so that the surface composition can be’
deterﬁined rather accurateiy). |
’ This is a very important feature of studies of eurface procesées in
electrochemistry, as the surface composition of the electrode can be determined

exactly in each experiment without removal of the metal from the solution.

A



-29-

CHAPTER 11

EXPERIMENTAL

Methods

" There are two‘pr?ncipal methdds of measuremgnt of the current-
poﬁentia] curve characteristic of an e1ectr6de reactiqn. One is called
the galvanostatic method, that is where the current is the {ndependent1y
controlled variable and the potential established is measured on a potentio-
‘heter or a recorder according to the kinetics of the reactfon.

4 The other method is known as the potentiostatic procedure in
which the poteﬁtia1 is the independently vaﬁied gquantity and }esu1ting
currents, determ1ned by the kinetics of the react1on are measured on
an ammeter or recorded on an X-Y recorder by means of the potent1a1
V generated by passage of th1s current through a standard resistance; V is
equal to the current (i) passing,times whatever setting of the resistance
(R) is made. If this resistance is R and the current is i, the,potential
established is iR which 1s then measured on the recorder. ' '

A very important development of "potent1ostat1c” studies 1nv01ves
the dynamical examination of a current-potential curve in which the potential
iﬁstead of being adjusted point-by-point maﬁua]ly, is intreésed in one
direction‘or the other in a linear fashion with time. This is achieved
by feeding into the potentiostat a linearly varying programme signal from

t

a function geherator, equivalent to adjusting the instrument potential

—

dial at a rate which is constant with time. Thus, one “inﬁects” a linear
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" voltage-time signal from a function generatoy which generates.a repetitive
trfangu]ér or-ramp type signal with controlled upper and Tower 1imiting

-values. ‘ ' ' .

For ordinary electrochemical reactions that have a 11néar

.1og§rithmic current-potential cufve, the results measured by méans of a
potentiostat and.by means of controlled current (galvanostatic) procedures
should be identical, and indeed thex;always are, provided the instruments
.are functioning satisfactorily. The potehtiostatic method, however, is
somewhat more complicgted as it is always necessary to avoid spurious
resul ts from'instrumentél mal functions ;hich can sometimes arise.’ However,
many reactions are known, particq1ar1y anodic ones, which initially give
é linear 1ogarithmic curve but at higher potentials the rate decrea§e$,
instead of increasing Qith potential, so that there is a'maximum 1n‘tﬁe_
current~pofentia1 curve. Under these circumstances, beyond the maximum,
the current decreases with increating potential. This is usually due

.« to the formation of an inhibitor on the surface generated by the reaction
itself. Later on, the reaction may, after exhibiting another bend in,
the cu}rént—potentia1 curve, go on again in the normal direction with
increasing potential. Under these circumstances, the range of potentials
where the current is diminishing with increasing potential cannot normally
be followed by the galvanostatic method siﬁce this region is unstable.

It can only be satisfactorily measured by means of a potentiostat and it
is therefore for this reason thét this type‘of instrument was used in the ™
present work as reactions showing cufrent maxima due to inhibition

commonly arise in the anodic oxidation of organic and other substances.
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2, Pﬁeparatibn of Electrodes; Sealing Technique, etc.

The platinum electrodes used iﬁ the present work were prépaéed‘
from spectroscopically pure platinum wire.déﬁr ased for 24 hpuég in refiLxed
acetone 1n'a_Soxh1et extractor. The platinum wire was then sealed into
a cleaned giass eHectrode holder. . | _

| The gold-platinum and go1d—pa11adiﬁm wires, supplied by Engelhard
Industries Inc., were prepared in a similar fa%hion with the exception
that care was taken not to use a flame highef %n témpefature than ca. i

1000%¢ (the m.p. of gold being 1063°C). .

For "manual" point-by-point experiments which were also conducted,

. i . it
platinum electrodes were prepared by sealing Johnson-Matthey spec—pure"

p]atinum'h$(g%_into glass bulbs in hydrogen. The bulbs were brokén beneath

the solution in an all-glass cell when.required. ® ; -

a

3. -Cell, Temperature, Cleaning Procedures.
' The- cell was a three cbmpaftment all-glass vessel. The centre
compartmeﬁt, in which as many as seven different working electrodes could
be used without bpening the Qorking electrode compartment to the atmosphere,
held the test electrodes. The three compartments were separated from one
another by water-sealed stopcocks; the hydrogén reference electrode was
-connected to the centre compartment by means of a Ligéin capillary. Purified
. nitrogen could be bupb]ed in the working and the counter-electrode compartments
in a continuous slow stream. The bubbled nitrogen was allowed to pasg’out
_of the cell through bubblg traps to prevent back-diffusion of oxygen and

any atmospheric pollutants. Prepurified hydrogen was used for the reference |

. W =

xr
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electrode, !

Péior to use, and before each complete eXperiment, both‘ cell
and the wofking electrodes were washed with concentrated sulphuric acid and
1eft‘to stand in the acid overnight. The next day, they were thoroughly
washed (approximaté1y ten to fifteen washings of every part of the cell)
with pyrodisti11éd water and then once or twice with the test solution.

The use of pyrodistilled water in surface electrochemical work was found
to be necessary in recent yéars QUé to the presence of stéaﬁyvo]ati]e;
not easily oxid%zab]e, impurities in tap and regular disti]]éd water.

-

The apparatus for preparation 6f pyrodis£i11ed water was developed by

24
Sharp in this laboratory and described in a thesis and a published paper.

I
A1l experiments were performed at 26°C with thermostatic control

[44\4/

empJoyed when necessary.

4. Reference Electrode

Hydrogen reference electrodes were prepared by platinizing /
platinum-gauze electrodes in an acidic solution of platinic chloride.
N A
After extensive washing, they were used for many months in various runs. .
<

Pairs of hydrogen electrodes were used sb that thei§ potentials could be

compared from time to time against one another and periodically checked
' 4

“against a standard calomel electrode. When not in use in an experiment,

the platinized electrodes were kept in égry pure dilute aq. sulphuric acid

in closed vessels,
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5. Nature of Gold-Platinum Alloys and Phases-

The wires were 0.015" in diameter supplied by Engelhard Industries
Inc. An X-ray crysta11bgraphf§ analysis on the wires was made at Bell-
Northern Research laboratories (Project GR3261) and a spectral analysis was
made to check bulk compositions at the National Research Council.

The following conclusions were drawn: Alloys nominally with
20%, 40%, 60% in gold are composed of two immiscible solid solutions,
ay and a,, with lattice parameters of 4.013 Kx and 3,920Kx (1 Kx unit =
1.0020 K). The 80% Au alloy is basically a single a« solid solution with
a lattice paramefer of 4.018 Kx; The three phases,a], aé, a, are face-
centred cubic. X-ray film analysis indicated both microstrains and dé%ormation
textures in all specimens, i.e. distortion orientatian of the bulk structures.
Both these conditions are nofmal but interfere with precise lattice paranetér<
determinations. Confirming evidence was also afforded meta]]ogr;ﬁhicalTy,

the alloys with 20%, 40%, 60%;‘§a1d being composed of two immiscible solid

solutions and the a]]oy‘with B0% gold,a single-phase solution. The graﬁn

Sstructures of all allcys were severely deformed and elongated as a result

of cold drawing. Alloys with 20%, 40%, 60% gold showed structural striations
indicating alloy segregatioﬁ (coring) in the ingots,
It was suggested that these alloys could be quenched from the

above the two-phase region fhereby achieving a single Gy solid solution.

‘This is possible, but the resuiting alloys would be hard and brittle as

a result of retention of quenching stresses and would in all 1likelihood

exhibit stress cracking, This would probably be most pronounced in the

alloys containing between 20% and 60% gold. Problems would, however, arise
in thermally sealing such gquenched alloys as regemeration 6f a 2-phase system

W0u1d probably then occur. .

-
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6. Special Probtems with Gold-Platinum Alloys and Characterization of

their Surfaces

Inhexperiments on alloy e]ectrodes,‘a majar problem is %hat
the surface composition is not necessarily,. or indeed normally identical
with the bulk composition. This arises for two types of reason: (a)
A Gibbs adsorption effect: there will tend to be a surface excess of
one component or ‘the other of thé alloy in the surface layer; and (b) on
account of differential etching, e.g. in anodization of an electrode, one
component may tend to be preferentially dissolved from the surface.
While the 1%tter effect can lead to syrface compositions very different
from bulk values, it can, however, prbvide a useful method for producing
controlled changes in surface coéposi ion of an alloy electrode of othérwise
definite composition.

Because of the relative difficulty in sealing of the gold-
platinum wires (m?p. of gold being 1063°C) the surfaté composition was
not the same as the apparent or analytical "bulk composition. For exampie, .

. f N

as was found in the present work, a given 60% Au-Pt wire could have

as little as 10% gold in its surface after treatment in the sealing flame.

Another brob]em was the impossibility of obtaining surface
gold compositions between 20% and AS%.. These were finally obtained after
etching the alloys in aqua regia. For example, by varying the time hg]d
in aqua regja., aﬁ original 60% Au-Pt electrode could be made to take up

various surface compositions, e:g; 50%, 40%, 30%, 20%, 10% Au-Pt. Au-Pt,

which could be accurately determined (see p. 28).
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7. Circuitry

The circuit for potentiostatic steady~state polarization
measurements is shown in Fig.5 . The potential between the working and
reference electrodes was controlled with a Wenking potentiostat and the
potential readings were taken on a Radiometer model PHM;4 potentiometer.

The current was read from a multirange ammeter in series with
the counter electrode.

The circuit used in obtaining potentiodynamic current-potential
relations is shown in Fig. 6. In this case, the Wenking potentiostat is
driven by a Servomex LF 141 wave—form generator capable of givinglsing1é
and multiple trianguaar potential-time functions. The constantly varying
potential between the working and the reference elgctrodes results in
a current which usually also varies in response to the potential. The
resulting current-potential profile was recorded on a Hewlett-Packard ¥-Y
recorder. The current-potential profile was precisely recorded by exact
conversi9n of the time-dependent currents to corresponding potentials by
passage of the current throygh a calibrated decade resistance box in series

with the cell. A cathode follower was employed to communicate the electrode
| potential to the X-Y recorder without drawing significant (>10"§‘A) currents Sy~

from the electrode system.

8. MWater, Solutions and Formic Acid Preparations

The aqueous solutions were prepared from water that had been
doubly distilled, the last stage of distillation being from an alkaline

permanganate so1u§jop. It was finé]]y pyrodistilled through a silica
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column in oxygen over a Pt-Rh Cata]yst gadze at 800°C according to the

24
procedure developed earlier in this laboratory and described elsewhere

Acidic solutions were prepared from B.D.H. micro-analytical
grade sulphuric acid without any further purification being necessary.
Pre-electrolysis tréatﬁent of the solutions was. employed where required,
i.e. when the criteria for so1ut%bn purity listed below were not
initja]]y satisfied.

Some criteria for high solution purity were as follows(cf. ref.24):

(i) Resolution of the two cathodic and three anodic atomic
hydrogen electrosorption peaks in tpe potential range 0.05 to 0.35 V,EH.

(ii) Resolution of the three arodic peaks for platinum surface
oxidatiof’in the potential range 0.8 to 1.2 V.E.

(iii) Independence of the charges and the peak current/potential
coordinates for the oxide and hydrogen peaks on solution stirring.

(iv) Absence of any spurious peaks in the cathodic or anodic
'houb]e—]ayer"regions of the sweep.

When the above requirements are met, it can be safely concluded
that a high degree of'purity of the electrolyte solution and also a very
clean platinum electrode surface has been achiéved. Thi; was the case
for all the experiménts from which the results discussed in this work were
obtained.

Formic acid solutions were prepared from the "AnalaR" analytical
reagent and the methanol solutions from Baker “Spectroanalyzed" reagent

which was once distilled.
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" CHAPTER 111

" RESULTS AND DISCUSSION

1. Point-by-Point and Cyclic-Voltammetry Current-Potential-Curves

The manual, point-by-point method for obtaining current-potential
curves was employed at first for Pt but was. found to be unsatisfactory
when applied to the alioy electrodes. For these, cyclic vo]fgnmetry
'was used. The origin of the difficuities was soon discovered: 1in a
lengthy manual run the surface composition changes sufficiently quickly that,
before thé run is terminated, the surface has changed, making the results
irreproducibie. A point-by-point run takes up to one hour to make (including
time‘effects at every 25mV increment of potential) compared with a duration
of 6n]y a few minutes in a.potentiodynamic run at a moderate sweep-rate.
For the pure metals, however, point-by-point runs are satisfactory and the
results for Pt and Pd are shown in Figs. 7a and b where the lines drawn are
based on points taken at 25mV intervals at 30 seconds per point.’

2. Surface Composition of the ATloys and its Characterization by means

of Cyclic Voltammetry

At alloy catalyst or electrode surfaces, it is the 1ocal surface
composition of the material that {s of significance gnd must be related
experimentally to catalytic activity.

Analysis of mechanisms of electrochemical organic oxidation reactions
at binary platinum alloy catalysts suggests that enhanced activity over that
of platinum alone can be expected for both heterogeneous and homogeneous
alloy systems because a "bifunctiohg]" type of mechanism involving chemisorbed
organic intermediates and eTectrodepgéited 0 or OH species are involved. In

the heterogeneous alloy case, the activity could be limited by the supply of

adsorbed oxygen species to the organic speciesksdsorbed on the platinum-rich

phase, since transport would have to take place across a phase boundary,
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_ Steady-state point-by-point i~V curves for (IN) -

formic acid oxidation at platinum (——); after’
5 min. at open-circuit (--~=).
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Fig. 7 (b) Steaqy~st§te point-by-point 1%V curves for
formic acid {IN) oxidation at alladium (—);
after 5 min. at open-circuit (-3<-).
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' but.the theoretical maximum velocity per unit area will normally be determined
by tne_rate of dissociative adsorption of .the organic.species on p1at{num at
"zero" coverage The activity of homogeneous alloys wou]d not necessari]y
reach this 1imit because the rate of adsorption of the organic. species w111
be expecfed to decrease with addition of the ]ess catalytic alloying metal.
'-In most of the present work, heterogeneous Au-Pt alloys were used. Homogeneous
Ao;Pd alloys were also examined but problems of time-dependent H-absorption

s

into these systems preventeo,re1iable and reproducible results being obtained.32
Platinum and go1d form 2 homogeneous -alloy phase, a; at temperatures‘
just'beTow the solidus {Fig. 8). At lower temperatures, separation into
two phases can occur' an o1—phase rich in platinum and the az—phase'rich in
gold. As the temperature 15 decreased, the composition boundary of the Gy~ phase
‘approaches the pure platinum Timit.
Breiter25 suggested that the surface composition'of neterogeneOUS ~
go1d -platinum aHoys could be charactemzedn’y utilizing the d1fferences

in the hydrogen and oxygen e1ectrosorpt1onj;¥opert1es of the two component

me Voltammetry at platinum, gold and their alloys an the.potent1aI
region Q.5 - 1.5V, EH where oxygen is adsorbed, yielded current—potentfaT
curves in wh1c% the currents were equ1va1ent to the sum of the current
component' for pure p1at1num and pure gold surfaces, weighted in proport10n
to the refiative exposed areas or.surface atom fractions. VoTtammetry in the

potential\cange for hydrigen adsorption on p1at1num, oven\wh+cbﬂnegl1gib1e H

o platinum and gold, respectively (Fig.9). | S

-/E\’/
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g The reé] surface area of a platimum electrode ‘can be measured
by determining the amount of charge transferred during the adsorption
b% a monolayer of hydrogen in the process Pt + HY + e » Pt(H)adS.' From
knowledge of the surface area occupied by each Pt atom in a particular _
crystal plane, it is possible to calculate the numb&r of hydrogen at0m§
per cm2 which corresponds to an H coverage of one adsorbed atom per Pt
site. Since there is a transfer of charge of 6ne electron for each
hydrogen atom deposited in the above reaction, the theoretical charge
per cm2 for H monolayer fqrmation is readily determined. A review of
earlier hydrogen adsorptfon studies on Pt was. presented by Giiman 26
who concluded that "if an equaT-proportion of Tow index planes on an
annealed polycrystalline wire is assumed, then 210pC cm_2 would
correspond to a simple (Pt: H = 1:1) monolayer for a roughness factor
of one." Thé va1he of .210uC cm"2 is thus generally accepted %or the
charge per cm2 fqr hydrogen adsorption on an "ideal" plane surface of
Pt. Tﬁe technique/6¥ Cyc]iq voltammetry provides the mostisensitive
method for measuring this charge, since the area under the "hydrogen
region" in the i-V profiles at a known sweep-rate can be found accurately

and without difficulty, thus providing a direct i the

74

[
)

current with respect to time.

For example, in order to calculate the real surface area of.a

platinum electrode having a geometrical area of 0.42 cn® the following
: 4+

A= I (uc
Pt 1o uC am™?

equation is used:
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Therefore, if the charge for the hydrogen adsorption regiOn,.éH, was
measured, for example, as 154.1u£, thén the real sﬁrface area of’the

platinum electrode would be 154.1pC/210uC'cm"2 = 0.73 cm?.

It js not possible to evaluate the real area of gold electrodes
from the charge for H adsorption since no significant under-potential
deposition of H occurs on Au. However, it is possible to calculate
the real surface area of a gold electrode employing Burshtein's 21
assumption that the amount of oxygen chemisorbed up to the potential of
the current minimum.observed Just prior to the onset of significant 02
evolution corresponds to the adsorption of one oxygen atom per surface
gold atom énd requires a charge of 400uC.cm72 Therefore, if the
charge for the oxide reduction peak oﬁ gold is measured as 190.8uC, -
for example, th%‘réa1 surface area for the gold electrode would be

190.8C/400uC. cm™2 = 0.48 cn’.

hg@ther procedure for calculation of the real surface area of gold
which gave similar results within an accuracy of 2%, to those obtained
with Burshtein's method was the so-ca11ed'houb1e-1ayer capacity method".
fn this approach, a gold electrode was subjected to a potential sweep at
various sweep rafes ranging from 0.015 V.sec_1 to O.24‘V.sec;—] only over
the double-layer potential région and the resulting currents (id.1) were
recorded. The same experjment was conducted on a platinum electrode for
which the real area was known from an H-charge determination as described
'abbve.'_Thé ratio of the double-layer capacities Cd_1-to ay for a
monolayer at the Pt electrode could hence be evaluated, so that Cd_1.per‘
real cm? of Pt could be evaluatéd. Assuming that C4 ¢ per real cn’ at Au

1s the same as_Cd"1 per real cm2 at Pt, i.e. over the regidn where neither
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H nor O-species are adsorbed, enahles the real area of a gold electrode
for which C4.1 has been determined, as above, to be evaluated (Fig.10 ).
A value for the real sufface area of the gold electrode used was found
to be 0.474 cm2. This is in excellent agreement with the value

(0.48 cmz) obtained by the Burshtein method described above.

The voltammetric current-potential curves for platinum and gold .
differ appreciably. At platinum, atomic H becomes electrodeposited
at potentials more negative than 0.4 V, EH and 0¥ygen species (OH aﬁd 0)
at potentials more positive than 0.8 V, EH : gold, on the other hand,
does not adsorb hydrogen to any‘é?gnificant extent but oxygen species

become electrodeposited at potentials more positive than 1.35 V, EH

in TN H2504. For potential sweeps between -~ 0.5 and 1.5 V, E,, at 0.05 V

H
see._l, the current peaks for surface oxide reduction at Pt and Au are
well separated, occurring at ~ 1.2 V, EH for goid and - 0.}5'V, EH
for platinum. The alloy electrodes gave current-potential curves which
were equivalent to the sum of currents for a pure Pt and a pure Au

surface weighted in p;;bortidn to the relative exposed areas of Pt and

Au in the alloy electrode surface (Figs. 9, 11, 12, 13, 14, 15)

"In contrast to the behaviour of pure metal electrodes, alloy
electrodes are much affected by thermal, chemical or electrochemical
pretreatment. According to Damjanovié and Brusi€]1,chemica11y or
-thermally treated Au-Pt alloy electrodes give log j vs V relationships
for oxygen reduction which depend on the alloy composition. A Pt-rich
(95% Pt) alloy electrode gives a Tafel s1opé close to that for pure Pt
(ca. -RT/F) but is Tess active than Pt. Electrodes rich in gold (80-90%
Au) give the same slope as that for pure Au (ca. —ZRT/F)‘and an activity

solewhat higher than that of pure Au itself.
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In the present work, it was often'oﬁserved thaf the nature of fﬁE
surface of the alloys significantly changed when-anodic and cathodig pulses
were app?ied to them, so that careful examination of the relative éfoportions
of exposed Pt and Au toms in the surface had o be made in each experiment;
These effects arise on account of preferential anodic dissolution of Au
atoms.

In order to characterize the surfgce of the gold-platinum electrodes,
the area of exposed Pt 'sites on the a]—phase {the-platinum-rich phase)
was first obtained from the measured hydrogen electrosorption assuming
Aaono1ayer‘coverage of 210 qC.cm_z on Pt regions. Then, the area of exposed

-

Au on the az-phase (the gold-rieh phase) was obtained following Burshtein's

method described earlier.. Therefore, the actual area,APt,of exposed Pt on

a Au-Pt alloy surface can be obtained as:

q, (uC)
Aot in alloy = —H———————:?
210 uC.cm
and the actual area of exposed Au as:
Gox Au (¥C)

400 uC.cm2

AAu in alloy =

where Ay is the .charge. for the hydrogen adsorption region and qOR‘Auis the

charge for the oxide reduction peak on gold. The total actual area for the

Au-Pt alloy electrodes is, therefore, the sum of both these areas: APt

in allay + AAu in alloy. Some data obtained by this procedure for the

electrodes used are shown in Table I.
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3. " Identification of Peaks in the i-V Profiles for Formic Acid Oxidation

-

The actibities of the metals Pt, Au, Pd and of Au-Pt, Au-Pd alloys ’
toward;the oxidation of formic acid were compared under cogditions of
constant Potegtia] cycling. 1In this way, the oxidation reaction was made
to take place on an e]ectrgde surface that wa;-hﬁderéoing continueus \ ,_j?:>
re-activation by sweeping between the potential regions of hydrogeﬁ |
deposition and surface oxide formétion, viz. 0.05 V to.1.4 V, Ey-

A typical voltammogram for p]atinuﬁ ih N H2804 containing HCOOH
was shown in Fig. 11b. In an anodic potential sweep, as was.seen ear]ier
it Chapter I, Section 4, formic acid exhibits appreciéb]e oxidation . ¢

currents in three distinct potential regions:

(i) The regiomp of double-layer charging which arises over the

" range 0.4 V - 0.75 V, Ey, (FA)) -

: 4
(ii) The region where surface oxidation begins, i.e., over th

range 0.85 V-~ 0.95 V, Eyps (FA3)
(ii1) A region of higher anodic potentials, i.e., 1:225 V -
1.525 V, EH,.PFA4) ‘
In the cathodic potential ;::§B§“q_large anodic current peak always
arises in the potential region where surface oxide reduction gccurs; it
is observed over apbroximate]y the same potential raﬁge as the first

anodic peak FA] but the potential range'for its appearance is more




P
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determined by the range over which surface oxide reduction occurs at Pt,

leading to new free area on the electrode.

[

The voltammogram for Au in 1IN HCOOthas disp]ayed in Fig. 12b.
Little oxidation of HCOOH cccurs outside the oxide region except for a
'very gradual increase in current just before the surface oxide formation
potential is reached. On the éathodic sweep, a small-oxidation current

can be detected when the oxide reduction peak has just been'pas§2d4/&

In the formic acid oxidation reaction at Au-Pt alloy electrodes, the
major feature of interest is the activating effect (see Fig.16a  which
gold in the gold-platinum alloys has on the FA1 process. This effect is
even larger if -the increase in activity is calculated per Pt atom in the
alloy surface (Fid. 16b ). It is evident that the increase in the
current for thé FA] reaction in this experiment is associated with
diminution of the efﬁgct of the se]f—poisoning,reéction which normally
occurs at pure Pt 1n&%he°hydrogen region as described earlier. The content
of gold in the alloy surface appears to allow the peak current for the
-FA1 process to attai;*a value which is closer to that which wéuld arise

in the absence of self-poisoning effects, i.e. db]d atoms in the surface

diminish the extent of formation of the poison species.

A
»

*  These results are similar to the ones obtainec‘i‘in a different way

with added competing poisons, e.g. Hg and acetonitrile, by<MacDougall in

this Laboratary WB.

He proposed tﬁat acetonitrile increased the'FA]
peak current by blocking sites on the surface where a side process in
the formic acid oxidation reaction, producing an inhibiting species

P, otherwise occuys.

L
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The current for the FA, process when plotted against % gold-content

~in gold-platinum alloys displays two volcano-type relationships as

shown in Fig.J6a; one predominantly invo]viﬁé thektwo—phase

heterogeneous alloys (20,40,60% Au) and the other predominantly the

homogeneous 80% Au-Pt alloy which gave a.range of surface compbsitions

depending on cyc1ing.pre—history.

The plot for the FA; process demonstrates (Fig.17 ) a linear
relationship between the observed currents and the alloy composition.

The peak currents for the FA3 process decrease with increasing gold-

content.
The FA, process and the cathodic process, FC also show a volcano-type
relationship (Figs.18,19) é%%

If the currents for the I-'ﬂ\.I process are calculated in terms of the

actual concentration of Pt atoms per cm2 of the surface, the FA1 peak

follows two parabolic-type relationships (Fig.16b ), one for the

homogeneous alloys and the other for the heterogeneous alloys.

P
o+

The clear distinction between -the beha@fbur of the.two types of
alloys {homogeneous and heterogeneous) which is seen in mest of the above
results (Figs. 16a,16b,18, 19) confirms the conclusions from the X-ray
diffraction data obtained for us by S5.D. Entwistie of Bell-Northern
Research (Ottawa) that the alioys with 20, 40, 60% Au are composed of
two immiscible solid solutions and the alloy with 80% Au is composed of

a single-phase solid sclution.
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4. Rates of Diminution.of FA1 Currents on Holding the Potential

Constant at Selected Values

__JLf the platinum or alloy electrode is held at 0.0V, E, in HCOOH

solution for several minutes, then the next anodic sweep displays no

current, or only a diminished current, until the threshold of the second
anodic peak is reachéd. Identical results are obtained when the

electrodes are held on open-circuit in HCOOH for the same length of

time. The lack, or diminutfon,iof current in the region of the first

anodic peak (FA]) suggests éhat the electrode surface is totally blocked

(in the ca§e of platinum) by'organic residues generated from HCOOH until they

are oxidized at the threshold of the second anodic peak (Fig. 20 ).

y on Pt, Pd

From the time effects stggjed in IN HCOOH at 0.5 V, E
" and the 80% Au-Pt alloy (Fig. 21 ), it can be seen that the Au-Pt electrode
. shows a smaller rate of curngnt'decay, i.e:, an increased activity compared
with that at pure platinum. The reason is, of course, that the presence

of gold in the surface inhibits the formation of P; therefore the a110y
surface does not become a%ﬁﬁgf totally blocked by the organic residues

as in the case with pure platinum electpode surfaces.

At Pd (Fﬁg.22 ), the rate of decrease of activity is substantially
v1eE§‘thaﬁ at either Pt or the 80% Au-Pt alloy. This is consistent - g
with Parsons' observation28 that the FA] peak is larger on Pd than on

Pt.

5. _Compdrison with Methanol (kidation Behaviour at Au-Pt Alloys

On the anodic fast potential-sweep curve made on platinized platinum -

in acid solutions containing CHBOH and HCOOH, an "adsorption" peak appears
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Fig. 21 Time deﬁendence of currents measured in 1N HCOQH

+ 1N Hp304 at 0.5 V, EH-on Pt Pd and the 80% Au-Pt
alloy electrodes,
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at'abﬁrqximately 0.6 V, E,. This adsorption pegk has been ascribed to
the oxidation of a chemisorbediintermediate, which can possibly be
formed by reduction of C02, and wh}ch was called by Ginerlg "reduced
COZ" (possibly €O or COOH). Tt has been suggested that this species
is formed by partial oxidation of methanol or formic acid and, to some
- extent, by catalytic decompasition of these reactants on open-circuit. |
Below the poteﬁtia1 of the Eeak, this species accumulates on the
electrode and blocks further oxidat{on of the reactants; above the
potential of the peak, the species is oxidized to CO2 faster than .t is
produced, thus fﬁgeing'the surface for continuous oxidation bf the

substrate in solution.
: 4

In cyc1ik?v0]tammetry-studies of HCQOH oxidation, it is found that
in the anodic sweep a small wave arises at 0.5 V, EH. It is assumed
that during the course of this preiwave, an additional amount of chgmiéorbed
poison species is formed from the HCOOH reagent in addition to that fdrhed

during the previous cathodic sweep.

Botﬁ methaﬁgff;nd formic acid (especially the latter), when
anodically oxidized on ‘platinum electrodes in acid solutions, form the
chemisorbed side.product P in addition to a reactive indermediate
in the main reaction sequence ( = COH 1in the case df methanol, -COQH.

in the case of formic acid).
| b * 18,29
The formation of the poisoning intermediate, P, it has been proposed 8,

explains the rapid decay of current (e.g. see Figs. 20 and 21) during

the anodic oxidation of methanol and formic acid at low polarization
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(viz. 0,2 - 0.4 V; EH). The current decay is accompanied by.a
progressiye increase df coverage of the electrode by oréanic residues.
As soon as the electrode is brought to potentials at which the poisdn,
P, can be readily oxidized ( > 0.75 V), the activity of the electrode is
regained. It is with regard to,oxidat{on of the.organic residue that
the methano1-and formic acid reactions are be]ieved to differ, the

adsorption mechanism which gives rise 'to the reactive species be1ng, however,

Similar, viz, a dehydrogenat1on for both mo1ecu1es on platinum.

In the case of‘methano1, the anodic current resulting from oxidation
of the édsorbed intermédiate-Specﬁes at a fixed potential increases.wigﬁ
increasing QPverage'by'species derived from methanol. For formic acid;a
on the 6ther haﬁd,‘an increase in coverage by-the_adsorbed species
which is measdrab1e in electrochemical experiments at a fixed potential,
results in a aecrease'in the anodic current. These results indicate
that the species giving rise to most of the coverage'of.the electrogchemically

: Fl
detectable adsorbed &pecies derived from methanol. at platinum is invoived

in the maiﬁ sequence of étéps in the oxidation reaction. With HCOOH,
‘on the other hand, a Jarge broportion of the electrochemically detectable
species resulting from formic acid adsorption 15‘393 the main reactive

speciés viz. -COOH, involved in the reaction 2Pt + HCOOH - PtH + Pt-COOH

+ 2Pt + 2H'+ 2e + COZ’ it is rather an inhibitor resulting from a

_ ] 13,15,18, 23
parallel side reaction as d1scussed by a number of workers As

the coverage by this inhibiting species increases, the currents for

formic acid oxidation decrease.
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Sjmi]ar experiments to the ones made in formic acid were made
with.901d~p1atinum alloys,in methanol in acidic media,
The resuits are shown iquigs. 23, 24, 25, It seems that tHe peak
currents for“the.MA3, MAA? and MC processes decrease with 1nereasing

gold-content 1ndieating that tﬁe'go1d atoms on the surface decrease

the rate of surface oxidation at a given potential.

However, work done by Watanabe and Motoo7,shows an interesting

1
» enchancement of activigy of Natinum by ruthenium ad-atoms for the

‘oxidation of methanol: in odder for the reaction to proceed continuously,

it is necessary*that the %5 COH species he removed by adsorbed

.oxygen-containing specieslon the electrode which are normally deposited

~ at higher potentials {on p]at1num at 0. 75 Vv, E and on gold /acid, media/

at ] 35 Y, E .) Therefore, if it were possibTe for the oxygen- containing
species to be electrodeposited at appreciably ‘lTower potent1als the

methano1 ox1dat10n react1on wouid proceed much faster.

Because the surface of Ru 1tse1f a]ready becomes oxidizedoat
relatively low potentials 40:15 - 0.2V, EH), so that thggsurface remains
covereé'wifh increasing potentia1,q§his metaf{?s not itself a good methanol
oxidation e]ectroeata1yst. Thus, there wequ be no free area on which
the 1n1t1a1 dissociative adsorpt1on Gan ‘occur. However, if Ru is.used
‘as ad-atoms on.Pt at low coverage,. oxygen- containing sites at Ru atoms

can co- -exist ‘with bare- p]at1num sites on which the dissociation can

\\, / occur. Thus, a “b1funct10na1“.e]ectrocata1yst surface is generated The

=M

Ru must be used in very small quantities because otherwise it

- would prevent the initial formation of the primary inteTmediate, ':3 COH .

1

Th1s is because it is usually found that C to Pt bonds are not dissociated
in a direct electron-transfer step but require reaction with electrodeposited

0 spec1es . . ' . -

4

o
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10 oy o
GoTd = may also enhance the actiyity of Pt for methanol
oxidation by a similar mechanism but must he used in aikaline
solution, otherwise the required oxygen-containing species are not

generated until too high‘( >1.35 V, EH)

potentials are reached.

More recently, finely divided Pt-Ru 7 catalysts have been found
useful for methanol electro-oxidation. The importance of sur;;E;“\
composition of these catalysts in relation to the conditions of their

activation was stressed in this work.

"Recent work by Janssen and Moo1huysen30 on mefhado] oxidation
shows that the catalytic activity of pTatinum can be increased by addition
of tin and that the active tin species are best produced at a Pt surface’
initially fully covered wjth hydrogen. It is found that the ad-atom
modified surface exhibits enhanced activity over ﬁt atoms but must be

obtained by the "immersion" method described by,these'authors.

6. ‘Behaviour of Formic*'Acid at Pd Electrodes and Problems with” Au-Pd Alloys

The vo]tammograms for the oxidation of HCOOH at Pd are d1fferent
from those made at Pt. The most str1k1ng difference is the fact thag’

there are no current peaks (except a shoulder at FA ) equ1va1ent to the

3
second dnd third anodic peaks observgg aé Pt Also, the single anod1c

peak which does arise at Pd (Fig.22 ) is very large cgmpared with that
at Pt. It is practically of equal height and of similaw shape to that
observed'on the cathodic sweep (FC). This implies that almost the same '

proportion of the sdrface is available for reacﬁioﬁ on both the anodic

and cathodic sweeps; thus, there is Tess blocking of activé*si}es by the -
3

strong]y adsorbed intermediate producég:;h the s1de reacthn, than that
occurring at Pt. There‘1s however a sma]] current component at ca. 0.8 V‘

E at a potent1al s1m1]ar to that at Pt where £he FA3 process of, react1on

H

-
L . . \ h

(25} @ . ' l | \\ ' " }‘l e 4
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of chemfsorbed HCOOH residues with the initially deposited oxygen species
arises. The smaller FA; current at Ed is coﬁsistent with the 1arger’FA] current
at this metal. The.fact that@here is no FA, peak means that the surface oxide
formed on Pd is not active for oxidation of HCOOH, as is the oxide on Pt

(see Fig. 22).

The observations of Poliak et a1.31

suggest that Tittle or no strongly
adsorbed intermediates of the type found on Bt are present on Pd in the course
of oxidation of HCOOH. The 1ack_of an oxidation current peak in the oxide
region is also evidence that HC&E&-WS unable to react with any type of 4
electrodeposited OH or O species at Pd (Pt has two regions of "active oxide"
giving the FA3 and FA4 currents). 'fhe relative lack of self-inhibition
behaviour. in the oxidation of HCOOH at Pq_may-be attributed to the relative
absence of chemisorbed H, sincé H diffyses into the ﬁd electrode. Thus, with
Pt, it is always found that the P species is formed from HCOOH in the H ]

chemisorbed region.

7. "Gold-Palladium Alloys - - >

Homogeneous gold-palladium alioys display composite hydrogen and oxygen
s)‘

ﬂcompared‘with the behaviour of gold-platinum {

\ >

alloys which exhibit the elect%n§orption characteristics of each of the

electrosorption properties as

individual pure metals. °© : ®

The first sweep for a 20% Au-Pd electrode cycled at 50 mV. sec” begééen

0.30 V, E, and-1.55 V, EH-shows a single cathodic surface oxide redh;tion peak®

H
at 0.85 \L’t'EH' (The corresponding pealf. for pure go]d' occurs at ].2@: EH and

for pure palladium at 0.69 V, E A¢second cathodic peak develops with .

|H).
continued cycling and the potentjal .of this p becomes close to that for

. . .. ) L.
.gold after only a few cycles {Fig. 26). The cﬁsnge in gurface oxidation/reduction

behaviour is associaigghﬂith preferential dissolution of pa]jadium from the

i
1

electrode surface. - It seems, however, that the removal of palladium does

not resu]t in a continuous change in surface ajloy CnggElF%Oﬂ, but uafher\\\k_)
- i L A - R
in the repldcement of tng alloy surface w1tﬁr§rea;/gf high gold content) .

- { . 'y .-
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Thus, instead of a gradual shift in surface oxide reduction peak potential

expected if one component were progressively removed from the surface,
the oxide reduction peak potential remains constant but a second peak
appears at higher potentials. |

One of the prob]ems that arises with gold- pa]Tad1um alloy series
for compositions< 60% Ay is that the alloys sorb hydrogen.apprec1ab]y and
this complicates the study of processes occurring on the“electrode,
hindering the determination of the value of the true active surface area 32.

With the 60% Au-Pd electrodes, therefore, no H absorption was observed at

potentials positive to that wﬁere molecular hydrogen is evolved. £ \\

N

. G
of electrodes is that the surface composition

~,

success1ve anodic/cathodic sweeps that a meaningful i<V profile for formic

ac1d 0x1dat1on i\~e1ff1cu1t to establish in a reprodJ;?QIe way; even a sweep
-1

Another problem that arises with the/fj]d—palladiﬂm 311?y'series

changes so rapidly with

rate of 50 V sec” ' did not improve the situation appreciably.

8. - Behaviour of Zn-Pt Electtodes
' Interest in the pogSible effects of adsorbed Zn++ ion arose from .
some preliminary work on cdtion effects on .the H adsorption current profile

-

and from the previously known effects of electrodeposited Pb and Hé atoms (/
on the formic acid FA, oxidation current 4>16:33 ' N
In this part of the work, the effects/of adsorption of Zn®' 4ons 5@'
the behaviour of the platinum eTeetrode were studied.’ The p]etinum e]ec%rode-
was !'zincified" in.a“sqlution‘ﬁf 10N KOH + ZnSO4k2H20 for 6 m%ﬁutes wifh
current passihé at 0.6<mﬂf'1ater the e1ectrdde,was.subjected t0"cycTi?
potential sweeps in sulphuric acid but there was no 51gn1f1cant d1fference

between the i-V behaviour then observed and that for pure p]at1num except for

4

-.v

a small sh1ft in “the H adsorption peaks in the pos1t1ve d1rect10n (Fige 27 ) ;

.._.:\. .l— E'a . . . --.

N
i
.?'

A
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The same results were obtained when the concentration of ZnSO4 was increased.

The electrode was then again zincified for 15 minutes at i=0.6 mA and left to

a

age for one hour. This time the potential sweep gave first a considerable
increase in currents over the ﬁho]e potential range [the electrode had apparently
developed a porous surface] followed by a gradual decrease. This “roughem’ng“34
of the electrode can also be caused by repetitive voltage cycling. The mechanism
of roughening has not yet been all well established. It seems.that the roughen{ng
involves a soluble platinum species [Pt II or Pt IV] and occurs by a digsplution-

redeposition mechanism. The only soluble species produced during potential

a
cycling scans in 1IN H,50, at p]atinum_éTecteres are H,, 0y, Pt II and Pt IV.

During these repeated cyc11ng treatments, e.qg. between 0.48 and 2.05 V, EH’ the

surface would become hazy and dark, and Tater golden in appearance. The golden

4

color slowly intensified as the electrode-potential cycling was continued and
. - ' <

. became permanent after removal of the electrode from solution., This yellow-orange
deposit indicates that. a pﬁase platinum oxide may have been formed.
P As for the adsorptidn of Zn2+ ions, in a reqular potentﬁodynamic

experiment, it seems that a new current maxinium appears cn

the p]at1num i-V curves in ZnSO4 solutions-and is related to the Zn2+

ion—modified adsorption of hydrogen atoms on the p]af?;um surface. The Zn2+
ions increase the amount of adsorbed H that can be measured in the sweep.

,ﬁ\\ Therefore it seems that spgcific adsorption éf zinc ions on platinum causes a
qualitative change in the state of the Pt surface with regard to adsorption. %

of hydrogen in addition to changing the total amount which can be adsorbed;

specifically, it shifts the current maximum which was previously at

Fo. 12 Vs Eys while the peaks at 0.2 and 0.28 V, E,,, are substant1a]1y

enhanced.. This behaviour is evidehtly assoc1ated with a substant1a1

redistribution of‘depos1ted H amongst the states available

. , ‘ _ . |
for H chemisorption at Pt.  In particular, the Zn? ion seems to reverse
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the effect of adsorbed soz‘ ions and thus allows more H to be deposited at
potentials more positive than those for H,50, solution a]bne. in fact, the
total measurable cﬁarge for H desorption in Fig. 27 15125% larger than in
H2504 soiutioﬁ alone. This is not due to an area increase of the‘kind that’
occurs when metallic zinc is déposited on Pt (see above) since the surface
oxidation‘charge remains almost con;iant with or without Zn2+ ion present.

Hence, it seems that i that is otherwise not measuréd, bécause it 1is
deposited only at potentia]s-more negative than fhe potential of H2 evolution,

/viz. +0.07 V; EH / is enabled to be deposited at more pos?%ive potentials

" in-the presence of Zn2+ ion. Thus, more of a full monolayer of deposited

H can be measured at potentials positive to that for a significant rate of
H2 evolution to arise, w'hen.Zn2+ is specifically adsorhed in theﬁdoub1e-1ayer"
at Pf. ] - . | )

This result with-Zn2+ on Pt ra{ses interesting and important questions
regarding the correctness of the initial assumption (mentionéd_on p. 45;
see ref, 26) that the 2}0 uC..(:m-2 charge for H deposition and ionization

at Pt corresponds to a 1:1 monolayer of H atoms on Pt atoms. The

5 .
'$;behaviour corresponding to Fig. 27, with a 26% increase in charge over the
'H ionization region, suggests that the real charge for a monolayer of

“H on Pt might be approximatel 263 uC.cm'z.

» The "zincified" platinum electrodes were also used in aq. formic acid.
The resulting electro-oxidation characteristics for HCOOH were no different

than those observed for pure platinum.

9. Role of Adsorbed Species that Inhibit the Poison Formation for FA1

Currents .

LY

In the formic acid oxidation at platinum, where the overall reaction
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equation is HCOOH + 2Pt —— 2PtH + ZH+ + 2e + COZ’ a side reaction
occurs which produces a poisan P and inhibits the course of the main
reaction,as mentioned in the Introduction. The formation of this poison

P, occurs by a slow reaction which proceeds more readily at potentials

near those for H depos{tion. The maximum rate is attained around 0.2 V, EH,
_a1though significant amounts of P may still BE formed gt .45 V, EH, with

sufficiently long holding times.

Co-adsorbed addition agents, such as acetonitrile, mercury or others,

v

increase the FA1 current for the oxidation of formic acid &f Pt in an
indirect way by diminishing the extent of formation of P'butpnot apparently
a1te}ing the cburse of the main reaction. It is fﬁUnd that if\the catalyst
‘poiéon, e.g. acetonitrile, is added before the poison P has been formed,

' i.e. below a potential of 0.2 V, E,, only then does it increase the FA,

—peak ﬁurrent py-adsorbing and blocking sites on the surface where the
reaction producing the inhibiting’ species would otherwise occur. Howeger,
if it is added later in the potential swegp beyond ghe potential 0.2 V, EH’
the poison has already become formed and adsorbed, so that acetonitrile
Fannot,then displace it. It apgears that added competitive poisons must

act by a l"th1'rﬂd~body".»effectl,a interfering in the production of P by
preventing the approach on the surface of whatever intermediates are
required for 1ts‘f0rm§ti6n. It‘wa;“;;r1ier seen that P,,amongsf other
éossibi]ities, could Be formic.anhydride, stabilized by two-site adsorption,

that arose from dimerization of two adsorbed -COOH species. Othéﬁ‘

suggestions tﬁat it js e species EECOH, also formed as a primary

intermediate in methanypl oxidation, were made by Parsons and Capoﬁ'23_
; ' 5
- "See p.20 where the nature of the “third-body" effect is described. .
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10. Relation to Behaviour at Au=Pt Alloys, vis-a-yis Surface

Geometries
The FA] faradaic current peak for formie acid oxidation wh1ch
&'(as was mentioned in the previous section) .can be modified by additives
which change the quantity of P adsorbed on the surface, may also be
increased in a somewhat simi]at way by using gold-platinum a]]oysf In
~ the surface of these alloys, the presence of gold diminighes_the
téndency for the pqiéon, P, to be formed and remain adsorbed on the
. surface. The FA1 currents exhibit a volcano-shaped relation to overall
composition-of the alloys (Fig. 16a). However, it is of inteqsét to
relate the kinetic behaviour to the actual coﬁpgsition in the sﬁffacé
' of the alloys. Thus, in terms of the’ actual %Pt on the sur\facé, ‘
determined asdesFribed in Section 3, théIFAqbcurrents increase.(Fﬁg.]éb)as the

i : S : #
gold content increases up to an accessible 17qgit of ~.-90% Au in the

et ! -

‘ suwrface. On gold itself, of course,'there is virtually zero FA]
current due to the inability of Au to dissoéiative1y chemisorb HCOOH %
. as H and —COOH.

It.appears that so\1ong as Pt atomé are separated_on tﬁe average
Tore and more in the AuxPt alloy surface,‘the FA] currént calculated
?p a "per Pt atom" basyl.tends to increase. This is presumably due to
progressive diminution of the‘tendency for'inhibition by the P species

@éo arise and lower the.rate of the FA1 presess. ' . -

]

11. Comparison of FA1-and FA3 Current Behaviour ' - .

P - Ft was previously Seen in Sectdon 3 that the current for the FAI
process shdws (Fig.16a ) a volcano-type relationship with respect to ' N

al]oy composition having a maximum [for f;(FA1)]at 65% gold content

Iy -

. N te
| S . _ _
/—\A\' . . . L3 \ ,
. 4 ’ . .

Lo
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in the surface of the alloy. The corresponding prt for the FA3
process (Fig.17 ) displays a %Tnear, ipverse relationship to gold
content: thus, as’tﬁe gold content on the surface of the electrode
increases, the peak currents for the FA3 process detrease. stmi1ar
results were found by MacDouga]lJ acetonitrf1e increases ip (FA]) by

an order of 600% for acetonitrile concentrations of up to 5 x‘TU"Z'M

On the other hand, the peak current for formic acid oxidation at ~ 0.9 V

EH, i.e., in the potential region corresponding to the initial stages of

surface oxidation of platinum, decreases with increasing concentration

- of CHACN.‘ Processes occurring around 0. 9 v, EH, where the tnitia1 etages
of surface oxidation of Pt arise, are usually assoc1ated with a reaction
between the oxygen species and previously chem1sorbed organic residues.

It 15 therefore reasonable to assume that at - O. 9 v, EH’ the FA peak

current arises from reaction of chem1sorbed spec1es der1ved from formic

acid with the initially depos1ted surface oxide spec1es, PtOH ‘formed

on platinum: ‘PtOH + Pt-COOH - 2Pt .+ €0, +H,0. , .

| Breiter39 proposeg that the current foe’the first anodic peak wasééﬂ_‘
due to oxidation of HCOOH to Cbz oﬁ the small fraction of the surface
which was not blocked by the adsorbed poison P. Ox1dat1on of such an _
1ntermed1ate as more positive potentials are reached in.a sweep, uncovers.
‘act1ve Pt sites on w;ach further oxidation of'HCOOHKfrom the bulk can

take place, thus cauiding the rise in current leading to the third anodic

L

beak. It seems that the reason for the almost linear decrease of 1p(FA')'-'

. (Fig.17 ) w1th increasing actual gp]d content in the ggrfaces of the

v
alloys is due to the fact that the gold atoms on the surface decrease )

-

the extent.of %urface oxidation per cm2, at a given potent1a]_at the

:a1]ey.‘ It fsmseen.frpm Fig. %7 that the ip(FA3) wiTl actua]]y.be

', b . v—-..:, L . *
AN o ! » A \

N
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’///\QQ:t + H + e-—% Pt + HZO or DPt + 2 T+ 2 — Pt + H 0 (depending on -

X -84~

independent of Au atom content if this current is expressed per Pt

<

" atom since the relation is linear with zero ip(FA3) at_TOO% Au. Hence,

ip (FA3) for the alloy series deﬁ!nds only on the Pt atom content per cm?

of .the surface.

12. Is the Electro-Catalytic Behaviour of Pt Retained Atomically
5 . . /.J . '

“in "Alloy. Surfaces?

er catalytic activity of an.a11oy can’vefy in a.comp]ex manner with

composition ahd in some cases the activit} eqn be greater th i’ that of
‘the  individual pure metal componeﬁ?s from which the alloy is rmed.
") does not,

'PE@tihum, in the case of homogenee t-Rh alloys (Fig.. .28
however retain its individual e1ef§;:%orpt1on charéﬁ%gr15l1cs with
'chang1ng surface compos1t1on The reductive desorpt1on of oxygen !
from nob]e‘meta1_e1 ctrodes»during a ]ihear cathodic potentia1 sweep
gives rise to a cur nt peak at a potential that is character1st1c of the
meta1.under investigation. The potent1a1 of this - peak wh1ch is. re1ated

to the k1net1cs of the surface ox1de reductton react1ons

L1

R
\pr or- anod1c sweep potent1a1Lpprov1des a useful parameter for compar1ng
\—_/

the cl awugijJon bﬁha»fﬁur of a]]oy e1ectrodes The appearanﬁe of

3
contrast ‘to the behaviour, of heterogeneous Au Pt a11oys where 0

o

a S1ng1e surface_ ox1de reduct1on peak for these alloys is in 57 :
xide -

reduct1on peaks character\st1c of both'bure meta]s, p1at1num as weT1

3

as go]d are observed showing ‘that for this system the tWo components
tr

reta1n the1r 1nd1v1dua1 e]ectrosorpt1on propert1es in the altoy. surfaces

In the case of Pt Rh a]]oys the chem1sorpt10n at one. surﬁace atom 15

evidently afﬁected by the nature of’ ne1ghbour1ng meta1\atoms

Y
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7

This behaviour arises presumably hecause interaction between two
neighhouring atoms is sufficient to cause the atoms of the two metals

in the surface of a homogeneous noble metal alloy to exhibit similar
adsorption characteristics, For the case of go1d—p1atinhm alloy

electrodes, at which the electrosorption properties of the individual

atomic cqmponents are evidently retained (at Teast:fof 0-species), the
Constitutiona1 diagram of the solid solutions formed_gxhibits a two-phase
regidn of immjscibi1ity, which is consistent with a weakness of -

interactions between the two metals.

“+

For heterogeneous alloys, the surface atoms tend more to retain their
individual chemical adsorption properties even when surrounded by
35
different metal atoms according to the localized concept of Sachler et al.

on, adsorption and'cata1ysis.
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CLAIMS TO ORIGINAL RESEARCH

The following claims are made to original research-which has

been described in thTS thesis;

(i) The presénce of gold in a series of gold-platinum al]oys
was found to activate the first oxidation process in formic acid oxidation by
diminishing the extent of formation of the "poison” species, P, which i§ ° |
known to be producéd as a co-adsorﬁéa reactant in formic acid oxidation.

(ii) A clear distinction was demonstrated between the behaviour
of homogeneous and Heterogeneous gold-platinum alloys as e]ectrocata]yst§ _
for formic acid oxidation. The results show that the alloys with 20, 40,
60% Au are composed of two immiscib{e solid solutions and the alloy with
80% Au is composed of a single-phase solid solution.

(iii) A method was devised for calculation of the real surface
areas of gold electrodes. This method is based on evaluation of the
"double-Tayer capacity" and gave results similar, within an accuracy ofo%,
to those obtained by a method due to Burshtein, based on eva]uat{op of the
extent of surface oxidation at 1.5V, EH. .

(iv) Measurements have been made of the exact surface compositions
of the gold-platinum alloy electrodes undér the same conditions as those used
in the electrochemical kinetic experiments. These results enable the compo—
sition - dependerit currents for formic acid and methanol oxidation to be
'expressed per actual Pt atom of the electrode surface.

(v) Currents for formic 4cid oxidation, expressed in thisrway, are
shown to increase in a linear way with Au conteﬁt of the surface; oéﬁerwise
the directly méasured currents exhibit a volcano relation to EuTk alloy
composition. The yariation of the currents per Pt atom’ﬂith Au content of
the alloys supports the "third-body" mechanism for activat}on in formic acid

oxidation, originating from diminution of self-poisoning effects
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(vi) Time+gffgcts in the oxidation of formic acid were studied
in 1M HCOOH at 0.5 V,IEH. The results demonstrated that the gold-platinum *
alloy electrodes show a smaller. rate of decline of current due to accumulation
of auto-poisoning species than does Pt, and thus an increased activity in
comparison with that of pure platinum surfaces.

(vii) The peak currents for the MA, MA;, and MC processes in the

methanol oxidétion reaction at gold-platinum electrodes were all found to
decrease with increasing gold content, indicating that gold atoms jn the
surface are not required for any enhancement of catalytic activity as they
are for formic acid oxidation.
(viii) Results obtained with Zn2+ ion adsorbed at Pt suggest that - 1
these ions displace théﬁunderpotentia1 deposition of H to more positive_
potentials. Then it is found that the real charge.for deposition of a
monolayer of H at Pt appears to be approximately 263uC cm-2 rather than the y
usually accepfed value of 210pC cm_z, the figure which has been used in
various calculations in the present thesi§ and in much prior published work

over the last 15 years..

,ﬂ
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