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Abstract

The inhibiting effect of CO,4s on platinum-based anodes is a major problem in the development of ambient
temperature, polyelectrolyte membrane-type fuel cells. One of the unusual features of the response for the oxidative
removal of the species in question is that the response observed for this reaction in the positive sweep is highly
dependent on the CO admission potential, for example, when the CO,q4; is formed in the H,4s region it undergoes
oxidation at unusually low potentials. Such behaviour is attributed here to hydrogen activation of the platinum
surface, with the result that oxide mediators (and CO,q4s oxidation) occurs at an earlier stage of the positive sweep. It
is also demonstrated, for both platinum and gold in acid solution, that dramatic premonolayer oxidation responses
may be observed following suitable preactivation of the electrode surfaces. It is suggested that the defect state of a
solid electrode surface is an important variable whose investigation may yield improved fuel cell anode

performance.

1. Introduction

One of the major problems in the development of a
viable polymer electrolyte fuel cell (PEFC) for transport
applications is the deactivation of platinum-activated
anodes by CO,qs [1]. The latter species arises either as a
side-product in the direct oxidation of methanol [2] or is
produced by adsorption of CO or CO, gas which are
usually present [3], as contaminants, in on-board gen-
erated hydrogen in indirect methanol/air fuel cells. The
presence of CO,qs causes unacceptably large anode
polarization losses which severely reduce the cell effi-
ciency and power output.

At a superficial level the oxidative removal of CO,gqs,
that is,

COugs + H,O = CO, +2HY +2¢~ (1)
seems to be a rather simple reaction. However experi-
mental investigations by many groups [1-18] reveal that
this is not the case. One of the complications in this
reaction, for which a novel explanation will be provided
in the present work, is that the anodic response for CO, 45
oxidation on platinum in acid solution is highly depen-
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dent on the conditions under which the CO is adsorbed
or CO,q, is formed. For example according to Bellows
and coworkers [3] when CO is adsorbed on platinum, in
0.5 mol dm™> H,SO, at 25 °C, at 0.45 V vs RHE it is
oxidatively removed in a positive sweep at about 0.9 V.
However when the CO is adsorbed in the same system at
0.10 V CO,y4, oxidation commences at about 0.40 V, a
small anodic peak is observed in the positive sweep at
0.5 V and this is followed by a second, larger, anodic
response at about 0.7 V. A similar variation of the
anodic response, with admission potential, for the
oxidation of CO at the interface in question is also
evident in the work of Kunimatsu et al. [4], Gutierrez and
Caram [8] and Kita et al. [18].

Two interesting questions are raised by the CO
oxidation work to date. These are: (i) “Why does the
CO admission potential affect the oxidation response (or
why does the oxidation of CO,q, commence at a lower
potential when the CO,qs is formed in the H,4s region of
platinum)?’ and (ii) ‘How is the oxygen transferred from
the water molecule to CO,qs, see Equation 1, (or is there
an involvement of a surface oxide species in the latter
reaction)?’. The involvement of low coverage premono-
layer oxides in noble metal electrocatalysis has been
suggested by one of the present authors [19, 20] for
several years and generalized versions of this approach
have been published recently [21-23]. A similar opinion
has been expressed by other authors, for example,
Zhang and Weaver [14] have suggested that some form
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of oxygen or oxide film component may act as a
coreactant in the oxidation of CO adsorbed on plati-
num. This is the type of approach adopted in the present
work: no attempt is made here to identify, or specify, the
type of oxide involved (it was suggested recently [23, 24]
that the species in question are hydrous metal oxide
entities).

The objective of the present work is to demonstrate,
for both platinum and gold, that the oxidation behavi-
our of a metal surface is a function of the electrode
pretreatment and that in some instances, following for
example severe thermal or cathodic (or hydrogen)
pretreatment, extensive electrode oxidation can occur
at anomalously low potentials. This work provides the
basis of a novel interpretation of the effect of admission
potential on the CO,q4s oxidation reaction. As suggested
earlier [23, 24] the effective oxidant for such a reaction
in the double layer region is the premonolayer oxide
whose presence is favoured or enhanced by hydrogen
activation of the metal surface; there is independent
evidence for this type of activation in the case of iron
[25], the process involved is assumed to be a form of
hydrogen embrittlement. Basically, when CO,q4s is
formed at £ > ~0.35 V the platinum surface is inactive
and subsequent CO oxidation is sluggish; however,
when the CO,q; is formed at £ < ~0.35 V the platinum
surface is hydrogen activated, oxide mediators are
formed more readily at the interface and hence CO,q;
oxidation occurs at lower potentials.

2. Experimental details

To demonstrate the general nature of the variability of
solid metal electrode surface activity or redox behaviour
two different noble metals, platinum and gold, and two
different methods for surface activation, thermal and
cathodic pretreatment, were employed. The thermal
pretreatment was described earlier in some detail in the
case of platinum [24]. A loop of wire was heated
electrically in an inert gas atmosphere (either Ar or 5%
H, in N»; switching from one type of gas to the other
made little difference to the nature of the subsequent
active state response) and allowed to cool rapidly. Then,
without allowing the metal surface to contact the
atmosphere, the deoxygenated electrolyte was added to
the cell and some quite unusual cyclic voltammograms
were recorded. The only changes made, relative to the
earlier work with platinum [24], were that the cell
temperature was elevated to about 75 °C and much of
the work was carried out using HCIOy, rather than
H,SO,, electrolyte (the nature of the acid seemed to
have very little effect on the anomalous cyclic voltam-
metry response). The same equipment and techniques
were used in the case of gold; in both cases the wires
(Johnson Matthey, Puratronic grade) were about 20 cm
long and 0.5 mm diameter. Since the melting point of
gold is significantly lower than for platinum, the
pretreatment temperature use for the former

(~850 °C) was considerably lower than that for the
latter (~1300 °C). Solutions were made up using high
purity, Analar grade chemicals and triply distilled water;
all solutions were purged with oxygen-free nitrogen gas
before, and sometimes during, use.

Cathodic activation of the metal surface involved
subjecting the metal to prolonged periods of cathodiza-
tion in the hydrogen gas evolution region. It is assumed
that under such conditions hydrogen atoms are forced
into both interstitial and defect sites (e.g., vacancies) in
the outer layers of the lattice with the result (as
demonstrated for other systems [25, 26]) that some
metal atoms are forced to the surface. For such work it
was necessary to use a carbon rod anode; it was
observed for instance with gold that when both elec-
trodes, cathode and anode, were of the same metal
prolonged severe electrolysis in acid solution resulted in
slight dissolution of the anode. The product was
probably an auric acid [27], H3AuOs-based species
which was then reduced to gold atoms at the cathode.
This effect gave rise to large increases in monolayer
oxide reduction charge, surface area or roughness factor
for the cathode. Such an increase was avoided when
using a carbon anode. The type of equipment, cathode
dimensions and other features of the electrochemical
pretreatment of noble metals have been described earlier
[28, 29]; earlier work (including some from other labo-
ratories) on the cathodic activation or anomalous
behaviour of both gold [29, 30] and platinum [28, 31—
34] in acid solution is worth noting. All potential values
are quoted here with respect to hydrogen (p = 1.0 atm)
in the same solution, that is, in terms of the RHE scale.

3. Results
3.1. Surface activation of gold

The standard potential for the oxidation of gold in
aqueous solution at 25°C has been estimated by
Pourbaix [27], on the basis of standard chemical
potential (u°) data, and the results may be summarized
as follows:

2Au + 3H,0 = Au,05 (hyd) +6H" + 6e”

E° = 1.457 V vs RHE (2a)
2Au + 3H,0 = Au,05(anhyd.) + 6H™ + 6¢e~
E° = 1.511 V vs RHE (2b)

In the first case the product is a hydrated oxide or a
hydroxide, Au,O03-3H,O or Au(OH);, whereas in the
second the product is the anhydrous oxide, Au,Os;.
According to the conventional view of gold in aqueous
acid solution at 25 °C, based on cyclic voltammetry
responses [35], the onset of oxidation of the metal occurs



at a somewhat lower value of about 1.36 V; the small
discrepancy involved here is understandable as metal
atoms at the surface are slightly active, compared with
the bulk, as they are less highly coordinated, or have a
lower lattice stabilization energy, than similar atoms
within the bulk metal (Pourbaix’s values in Equation
2(a) and 2(b) relate only to bulk species).

The differences referred to above are quite small;
however, oxidation potential responses for gold in
aqueous acid solution may be observed at much lower
potentials when the gold surface is highly activated.
Examples are shown in Figure 1 of repetitive sweeps
recorded for thermally pretreated gold in aqueous
HCIOy solution. The elevation of the solution temper-
ature to 50 °C is of no great significance, the conven-
tional monolayer oxide formation/removal reaction
response is still evident in this case at about 1.3 V.
The most dramatic feature in Figure 1(a) is the appear-
ance of a major anodic doublet, extending from about
0.2 to 0.6 V, that is, well within the double layer region
for this electrode system. This unusual oxidation re-
sponse is attributed to the oxidation of highly active
gold atoms at the electrode/solution interface.

It appears that two different states of highly active
gold are involved, the first giving an anodic response
(E,) at ~0.4 V and the second at ~0.5 V. The first peak
disappeared more rapidly on repeated cycling, this
feature being absent in the fourth cycle (dashed line in
Figure 1(c)). This missing feature could be at least
partially restored by subjecting the electrode to in situ
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Fig. 1. Cyclic voltammograms (0.00-1.50 V, 50 mV s7!) for a ther-
mally pretreated (905 °C for 20 s in argon atmosphere) in 1 mol dm™
HCIO, solution at 50 °C: (a) first cycle, (b) second cycle, (c) third (full
line) and fourth (dashed line) cycles.
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Fig. 2. Cyclic voltammograms (0.00-1.80 V, 50 mV s~ ") for a gold
wire electrode in 1.0 mol dm™ H,SO4 at 25 °C: (a) no preactivation
(conventional gold response); (b) same electrode, preactivated by
polarizing at —0.6 V for 20 min; the first (full line) and second (dashed
line) cycles are shown in this case.

cathodic polarization, for example, holding its potential
at —0.1 V for 50 min.

As outlined in Figure 2(b) a similar anodic response
(in some instances a doublet) was observed at low
potentials, well within the double layer region, after the
electrode was subjected to prolonged cathodic polariza-
tion within the hydrogen gas evolution region. The
validity of the response shown in Figure 2(b) can
scarcely be in doubt as it merely reproduces an earlier,
independent, result by Ling and coworkers (Appendix in
[30]). In their discussion of this unusual double layer
feature, Ling and coworkers dismissed the possible role
of an impurity species and attributed the anodic feature
at about 0.5 V in the positive sweep to the formation of
some type of surface oxyspecies. A more detailed
account of this cathodic activation of gold in acid
solution was published recently [29].

One remarkable feature of the anodic response at low
potentials for thermally or cathodically activated gold is
the absence of an equally clearcut cathodic response on
the subsequent negative sweep (the same general behav-
iour pattern, as reported here later, was observed with
platinum). Cathodic reduction did occur in the case of
gold below about 0.6 V (Figure 1) but the rate was quite
sluggish (similar behaviour is evident in the work of
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Ling et al. [30]). There are a number of possible
explanations, for example, there may be poor contact
between the oxide product and the metal surface, the
resulting resistance to reduction increasing with decreas-
ing potential as the inner region of the oxide deposit
undergoes progressive reduction. Another possibility is
hysteresis-type behaviour (e.g., the oxide or hydroxide
species generated anodically at about 0.5 V may coor-
dinate anionic (ClO, or HSO,) species in a post-
electrochemical step), resulting in the formation of a
species that (obviously for kinetic reasons) is quite
reluctant to undergo reduction.

Finally, it is worth noting that the potentials of the
anomalous peaks in the double layer region for gold in
acid solution are of some relevance to the electrocata-
lytic behaviour of this system. The response observed
for gold in acid solution in the presence of peroxide is
shown in Figure 3. Cathodic reduction commences
(negative sweep) and terminates (positive sweep) just
below 0.6 V; this is the region where, according to the
responses shown in Figure 1, the main anodic transition
in the double layer region (i.e., the oxidation of the
highly active gold atoms) is completed. According to
this view of electrocatalysis, which has been discussed in
considerable detail recently [22, 23], the highly active
gold atoms are the mediators for peroxide reduction and
this reaction cannot occur above about 0.6 V as the
highly active gold atom state is no longer available in
this region. Several other species (e.g., dissolved oxygen
gas and nitrobenzene) behave in a quite similar manner,
in other words, they yield a reduction response at gold in
acid solution only at £ < ~0.6 V.

Assuming that highly active gold atoms exist at active
sites on a conventional gold surface, and that such
atoms undergo oxidation in acid solution in the range
0.2-0.6 V (Figure 1), then one would expect [23] to
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Fig. 3. Cyclic voltammogram (0.00-1.60 V, 50 mV s!) for a ther-
mally pretreated (905 °C for 20 s in an argon atmosphere) gold wire
electrode in a solution containing 1.0 mol dm™ H,SO4 + 0.15
mol dm™ H,0, at 70 °C.

observe oxidation of some reductants to commence in
this region. Such behaviour was reported independently
by Sun et al. [36]. They observed that the oxidation
of carbon monoxide on gold film electrodes in
0.1 mol dm™ HCIO, solution commenced (positive
sweep) and terminated (negative sweep) at about 0.1 V
vs SCE (i.e., at ~0.4 V vs RHE). These results for gold
in acid are in excellent agreement with the recently
outlined [22, 23] IHOAM model of electrocatalysis.

3.2. Surface activation of platinum

Pourbaix’s data [27] for oxide formation on platinum in
aqueous media at 25 °C may be summarized as follows:

Pt + H,O = PtO(hyd.) + 2H" + 2¢~
E=0.980 V vs RHE (3)
PtO(hyd.) + H,O = PtOy(hyd.) + 2H" + 2e~
E =1.045 V vs RHE (4)

A somewhat unstable higher oxide, PtO;, may be
produced at about 2.0 V. Anhydrous platinum oxides
were not considered by Pourbaix. As discussed here
earlier for gold, direct electrochemical oxidation of a
platinum surface in aqueous acid solution also com-
mences at a slightly lower value, about 0.85 V [35], than
expected on the basis of Equation 3; the E° value in the
latter again refers to bulk, not surface, species.

The effect of activation of platinum by thermal
pretreatment was discussed in considerable detail in a
recent publication from this laboratory [24]. It was
suggested, on the basis of the observed unusual redox
behaviour, that (at the simplest level) three active states
of the metal surface are involved, which give rise to three
distinct anodic features (positive sweep, acid solution),
one at ~0.75 V (b), another at ~0.45 V (¢) and a third at
~0.25 V (d). The notation used here is derived from [24]
and there is a further state, (a), which refers to high
coordination (or low energy) surface metal atoms. It is
important to note here that both the number of surface
active states and their redox potential values are subject
to some uncertainty; the area in question (active,
nonequilibrium surface states of noble metals) has
received surprisingly little attention in electrochemistry
(the work of Heusler and Lang [37] in this respect is
noteworthy).

In the previous work with thermally activated plati-
num in acid solution at room temperature [24] anodic
responses for states (b) and (c) were readily observed.
An anodic response at about 0.25 V, indicating signifi-
cant occupancy of the highest energy state, (d), was
observed only when the thermally activated electrodes
were subjected to additional activation using cathodic
polarization. In the current work it was observed,
Figure 4, that a major anodic response at about 0.2 V
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Fig. 4. Cyclic voltammograms (0.05-1.50 V, 50 mV s™') for a ther-
mally pretreated (1310 °C for 25s in a 5% H, in N, atmosphere)
platinum wire electrode in 1.0 mol dm™3 H,S0, at 80 °C; the first three
successive cycles are shown here.

was readily observed for thermally activated platinum in
aqueous acid solution without the need for cathodic
pretreatment when the cell temperature was raised to
about 80 °C. This result strongly supports an earlier,
controversial claim from this laboratory [20] that it is
possible to generate oxyspecies on a platinum electrode
in acid solution at unusually low potentials. The type of
premonolayer oxidation responses shown in Figure 4
for platinum is rather similar in a number of respects
(though obviously simpler, as only one sharp anodic
peak appears at low potential with Pt) to that shown
here for activated gold, Figure 1. For example, in both
cases this anodic feature decays in height or intensity on
repetitive cycling and the cathodic counterpart in the
negative sweep is quite sluggish (as will be described in
more detail shortly [38], this cathodic feature becomes
much more obvious when the sweep rate is reduced to
10 mV s™"). For both metals there is a correlation
between the premonolayer response behaviour and
electrocatalysis. This is illustrated here in Figure 3 for
gold. With regard to platinum in acid it was pointed out
earlier [39] that both hydrazine oxidation (positive
sweep) and dichromate reduction (negative sweep)
commence and terminate on Pt in acid solution at
about 0.2 V. These are two totally different processes
whose electrocatalytic character is demonstrated by the
fact that their responses are highly dependent on the
nature of the electrode material [39]. The fact that both
commenced at about 0.2 V clearly demonstrated that a
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change that is vital with respect to electrocatalysis
occurs at the Pt/solution interface at this potential value.
Independent evidence to support this view is provided
by the recent work of Lu et al. [40] who observed that
formic acid oxidation on polycrystalline platinum in
aqueous acid solution also terminated at about 0.2 V
(the HCOOH oxidation in the positive sweep is inhibited
by CO,qs species; the latter is oxidatively removed at the
upper limit of the sweep; hence the negative sweep is a
better reflection of the response for HCOOH oxidation
on CO,q4s-free Pt).

The activation of platinum in acid solution under
cathodic conditions, which was the subject of two
previous publications [28, 31] from this laboratory in
which the topic was discussed in some detail, occurred
less readily than in the case of gold. This may reflect two
effects: (a) the hydrogen overpotential is lower with
platinum and thus the activity of the surface interme-
diate (H,qs) is probably lower; (b) displaced active
surface platinum atoms probably bind more strongly to
the underlying metal lattice than in the case of gold (the
latter metal, in bulk form, being an extremely weak
chemisorber compared with platinum). Some typical
responses for platinum in acid solution recorded after
prolonged cathodization at low potentials are shown in
(b) and (¢) in Figure 5. Normally the anodic peaks in the
double layer region would be attributed to the oxidation
of impurities deposited on the surface during the course
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Fig. 5. Cyclic voltammograms (0.00-1.60 V, 50 mV s™') for polycrys-
talline platinum in 1.0 mol dm™ H,SO, at 25 °C: (a) no pretreatment;
(b) and (c), electrode precathodized at 0.3 A cm™ for 21 h and 39 h,
respectively.
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of the long cathodic pretreatment step. The counterar-

guments to this view are as follows:

(i) Other authors [32-34] who have also observed an-
odic peaks in the double layer region have dismissed
the involvement of impurity species (their interpre-
tation is discussed here briefly later).

(i) Anodic peaks at about the same potential values
have been observed with thermally pretreated
platinum electrodes (see Figure 4 here and the
earlier work described in [24]) which were not
subjected to cathodic pretreatment.

(iit) There is clear evidence (as outlined both here earlier
and in ref. no. [20]) that a dramatic change, from an
electrocatalytic viewpoint, occurs at the Pt/aqueous
acid interface at about 0.2 V, that is, the anodic
peak commencing at the latter value in Figure 4(c)
is an enhanced version of a characteristic property
of this interface.

The discrepancy in the charge values between the
positive and negative sweeps in Figure 5(b) and (c), is
also evident in the responses for both thermally pre-
treated gold (Figure 1) and platinum (Figure 4) and
precathodized gold (Figure 2). Although the possibility
of some dissolution of the active metal cannot be
discounted, current work in this laboratory suggests that
much of the oxide generated in the positive sweep is
produced in a form that is reluctant to undergo
reduction in the negative sweep.

4. Discussion

Since detailed discussions of premonolayer oxidation
and its role in electrocatalysis at metal electrode surfaces
[22, 23], and surface activation by thermal [24] and
cathodic [29] pretreatment, were published recently,
these topics will not be discussed in detail here. The
activation pretreatments are basically means of inserting
energy into the electrode to intensively disrupt and thus
highly activate the outer layers of the metal [23]. The
resulting high energy (superactive) surface states are
quite unstable from a thermodynamic viewpoint but are
frozen-in (in the case of Pt an enhanced premonolayer
oxidation response was still quite evident [38] after
allowing a thermally pretreated electrode to rest for five
days prior to investigating its redox behaviour). As
pointed out earlier for platinum [24] there appear, both
from a redox and electrocatalytic viewpoint, to be at
least three different mediator species involved in elect-
rocatalysis at the Pt/aqueous acid solution interface.
Other basic assumptions in our model of electrocatalysis
are that these high energy metal atom states exist at low
coverage active sites on a conventional metal surface
and that the particular state or couple involved as a
mediator in an electrocatalytic reaction is influence by
the process that is being catalysed.

Many features of the IHOAM model of electrocatal-
ysis are not particularly novel. In his seminal paper on
active sites on metal surfaces Taylor [41] postulated that

metastable, i.e. active, surface atomic arrangements
were involved. He noted for instance that thermal
annealing, which resulted in the decay of labile surface
states, usually resulted in a severe loss in catalytic
activity. The thermal pretreatment used in the present
work was quite severe and was followed by rapid
quenching; this evidently favoured the formation and
retention of the active surface state. Taylor [41] also
postulated the presence of various types of sites of
different energy levels, which catalyse different reactions
on the same surface.

The electronic properties of a metal surface are also
quite variable, that is, they are influenced quite signifi-
cantly by surface structure. This was demonstrated by
Besocke and Wagner [42] who observed that the work
function of a W(I 1 0) surface dropped by 0.6 eV at
room temperature when 0.5 of a monolayer of W atoms
was evaporated in a nonordered arrangement onto the
surface. Lowering the degree of order of the metal atoms
in the outer layer of the metal evidently facilitates
electron loss from this region, that is, a labile surface
state of unusual electropositive character is created (or
frozen-in) and this is the basis of the enhanced pre-
monolayer oxidation phenomena observed in the pre-
sent work.

The low level of understanding of catalysis at metal
surfaces in general was highlighted recently by the work
of Haruta et al. [43, 44] who observed that oxide-
supported gold microparticles are active with regard to
the oxidation of CO gas to temperatures as low as
—70 °C. Since gold is generally regarded as a very weak
chemisorber [35] and a rather unreactive metal, its
unusual reactivity in Haruta’s case is assumed to be due
to a particle size effect. This unexpectedly high activity
of gold is not confined to oxide-supported gold micro-
particles as conventional gold electrodes display a
surprisingly high electrocatalytic activity for quite a
wide variety of anodic reactions [22]. The connection
between the two areas, heterogeneous catalysis using
supported metal catalysis and electrocatalysis, seems to
be that gold microparticle behaviour is involved in both
cases (in the case of gold electrodes the surface active
sites are assumed to be minute particles, if not indeed
mobile adatoms [29], of the metal). The main function of
the oxide support in Haruta’s work is assumed to be that
it maintains the gold particles as discrete species and in a
texture or form that is unusually electropositive (this
favours the binding of oxygen; the unusual electropos-
itive character of minute metal microparticles has been
discussed previously by Heinglein [45]).

The nature of active sites at metal surfaces is generally
regarded as being poorly understood [46]. They are
regarded here as being associated with surface defects
(i.e., ledges, kinks, microclusters, on any type of
irregularity) at the surface which can act as a source
or sink for metal adatoms or microclusters. The
pretreatments used in the present work are assumed to
enhance the level of such defects (direct evidence for
surface cluster generation due to hydrogen pretreatment



of metal surfaces is given by various authors [25, 26]).
The highly active entities are assumed to be low
coordination surface metal atoms present, or originat-
ing, at such defects. We do not regard active site atoms
as being static; they are assumed to be capable of
promotion to a mobile state on the surface due to
thermal vibrations and it was pointed out recently [29]
that surface gold atoms that undergo oxidation at about
0.3V, Figure 1, probably have a very low lattice
stabilisation energy, that is, such atoms are probably
outside (or on, rather than in) the metal lattice.

In the case of gold electrodes in acid solution there
appear (as with Pt) to be at least three different
interfacial mediator systems involved in electrocatalytic
processes. Many organic compounds (e.g., alcohols,
acids and most reactive nitrogen-containing com-
pounds) commence oxidation in solutions of low pH
[22] at 1.05 V. However, quite a number of other
compounds (e.g., hydrazine, propargyl alcohol, pyro-
cathecol, ethanol, glycol aldehyde and phenylenedi-
amine [22]) commence oxidation under similar
conditions at 0.85 V. Finally, as already pointed out
here, both peroxide reduction and carbon monoxide
oxidation commence and terminate at 0.5 V (nitrotriaz-
ole, nitrobenzene and oxygen [22] are further examples
of substances whose reduction commences on gold in
acid at about the latter value). What is remarkable
about these three potential values is that they coincide
rather well with the potential maximum values reported
for the reduction of the three components in multilayer
hydrous oxide films formed on gold in acid solution
(Figure 1 in [47]). It seems that in both cases there are
three different types of active metal atom/hydrous oxide
transitions involved both in electrocatalysis and hydrous
oxide reduction reactions. A more explicit correlation
between premonolayer oxidation, multilayer hydrous
oxide behaviour and electrocatalysis was presented
recently [23], in diagramatic form, for copper in base.

With regard to CO,q4, oxidation on platinum in acid
solution it appears that when the gas is admitted to the
system at £ > 0.3 V the surface is relatively inactive,
few of the surface metal atoms are at the higher energy
levels and the surface is further deactivated due to the
formation of the CO,q, layer. Under such conditions the
oxidation only commences at high potentials (above
0.6 V; reported responses for this reaction [3, 4] differ
significantly). The oxide mediators involved in the
reaction are those formed at the less active surface
states of platinum, (Figure 14(a) and (b) in [24]). When
the CO is admitted at £ < 0.3 V, it appears that some
initial adsorption of hydrogen, prior to CO entry, results
in activation of the surface, that is, it induces a low level
occupancy of states (c) and (d). This means that the
surface oxide mediators are formed, and CO,q4, oxida-
tion commences, at a lower potential [3, 4]. It is
interesting to note that at least two groups [4, 5] have
established that CO, is formed from CO,q4, just above
0.2 V; evidently the high energy platinum state (d) is
involved. However, the response in this region is quite
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low (the occupancy of state (d) being low for energetic
reasons). A much larger anodic response was observed
by both groups just above 0.45 V; this is the region
where surface state (c), which is expected to have a
higher occupancy than (d), is assumed to be involved. It
is clear, therefore, that the present model explains (i) the
ability of platinum to transfer oxygen from H,O to
CO,g4s, Equation 1, at unusually low potentials, (ii) the
dependence of the CO,q4, oxidation response on the CO
admission potential (a low value for the latter favouring
a high energy state for Pt surface atoms and thus
mediator generation at lower potentials), and (iii) the
appearance of two anodic peaks, a minor peak above
0.2 V and a major peak above 0.45V, in the CO,q,
oxidation sweep.

The importance of different types of active sites on
platinum in acid solution is clear from the work of
Gutierrez and Caram [8] on the oxidation of dissolved
CO. When the CO admission potential was above 0.3 V
very little oxidation was observed in the positive sweep
prior to about 0.9 V; an unusually sharp anodic peak
was observed at about 0.9 V which may be attributed to
oxidation of a monolayer of CO,q.. When the CO
admission potential was reduced to 0.07 V oxidation
commenced at about 0.2 V, two anodic peaks were
observed in the double layer region but the sharp anodic
peak again appeared at about 0.9 V. In this second case
most of the surface (i.e., the inactive regions) remained
covered with CO,q4s until 0.9 V but the active sites (in
this case for oxidation of dissolved CO) were effective
for oxidation at low potentials. This work supports
Taylor’s well known view [41] of surface catalysis, that
is, only a small percentage of surface metal atoms (those
present at low coverage active sites) are involved in
catalytic processes.

There is independent evident of unusual behaviour for
platinum in acid at about 0.2 V (CO, formation from
CO,q4s [4, 5] and hydrazine oxidation [39] occurs just
above, while dichromate reduction [39] is observed just
below, the latter value). According to quartz crystal
microbalance measurements by Lamy and coworkers
[17] there is a reversible increase in mass of the electrode
over the range 0.2-0.4 V. While this was attributed to
adsorption of both anions and water molecules, it may
also include a contribution due to conversion of highly
active platinum atoms to oxide species [24]. The
formation of adsorbed anions is not discounted here
but the effect is not regarded as dominant (especially at
active sites) since such adsorbed anions do not inhibit
electrocatalytic processes (e.g., hydrazine [48] or formic
acid [40] oxidation) above 0.2 V; also the present work
(e.g., Figure 4) demonstrates that oxyspecies may be
formed at the interface in this region. It is also
interesting to note that when very low levels of CO are
present in the system, two small increases in mass, one
commencing at about 0.3 V and another at about 0.5 V
(Figure 4(b) in [17]) were observed; since these values
correspond approximately to the CO,q4, oxidation peak
maxima reported by Kunimatsu et al. [4], these two
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mass changes may correspond to mediator generation
effects.

Kita et al. [18] have also carried out some interesting
CO admission experiments. They again demonstrated
for instance that surface activation (prior to CO
admission) occurred only when the potential was held
well within the H,q4, region. Also, when the CO was
admitted while maintaining the potential of the Pt
electrode at 0.05 V an anodic current spike appeared;
evidently the H,q4, displaced from the surface by the
incoming CO, was oxidatively removed. More interest-
ingly, when the potential was held at 0.50 V for 2 min
the introduction of CO resulted in the appearance of a
similar, but cathodic (and smaller) spike. It is assumed
here that holding the potential at 0.5 V resulted in the
generation of some premonolayer oxide species which
then tended to be replaced by the incoming CO, thereby
triggering a cathodic response (most of the oxide being
removed electrochemically).

It is frequently assumed [11-13] that anodic oxidation
of CO and CO,q4s on platinum in acid solution involves
the participation of oxygen species such as adsorbed
hydroxy radicals (OH,q,); the involvement of the latter
in the oxidation of dissolved organics, e.g. ethylene, at
this electrode system was assumed earlier by Bockris
et al. [49]. The difficulty with such a view is that the OH
radical is a highly electronegative species, the standard
potential for its formation from water being 2.85 V [50].
The most likely species to undergo oxidation at low
potentials (e.g., 0.4 V) are active surface metal atoms
which may then coordinate hydroxide ions or water
molecules to form some type of mediating metal
hydroxy or oxy species. The remarkable correlation
between the potential for hydrous oxide film reduction
and the onset potential for electrocatalysis (of both
oxidation and reduction processes), outlined originally
for the noble metals [20], was extended recently to
nonnoble metal systems (e.g., copper in base [23]).
Obviously when some of the earlier mechanisms were
proposed [49] the behaviour of hydrous oxides was
largely unexplored; however, the correlations between
electrocatalysis and hydrous oxide electrochemistry are
now so obvious that the role of the latter in the former
can scarcely be ignored.

Much of the fundamental work in electrocatalysis in
recent years has been carried out with single crystal
electrode surfaces. However, the limitations of this
approach need to be borne in mind, for example, (i)
ideally most of these surfaces contain no irregularities or
highly active sites and are probably quite different in
character from typical finely dispersed Pt-on-carbon fuel
cell anode systems, (ii) in practice, most of these
monocrystalline surfaces have plenty of imperfections
[51] (this aspect of single crystal surface is currently
receiving considerable attention [52]), and may acquire
more when in use [53], and such uncharacterized surface
features may function as active sites (i.c., dominate the
electrocatalytic behaviour), (iii) it appears that high
resolution microscopy techniques, such as STM cannot

easily image highly active, mobile surface metal atoms at
room temperature [54]. It is interesting that in their
investigation of NO decomposition on a Ru single
crystal surface Ertl et al. [55] concluded that the
important species from a catalytic viewpoint were low
coordination, or protruding, single atom sites; these are
the type of labile surface species proposed here as the
basis of active site behaviour in electrocatalysis.

Previously reports of anodic peaks in the double
region, in the positive sweep, for platinum in acid
(usually H3;POy,) [32-34] have been discussed in terms of
the redox responses of the decomposition products of
the acid. However, since similar anomalous behaviour
has been observed in this and other [32] laboratories for
platinum in different acids (H;PO4, H,SO4 and HCIO,),
and also, as described here, for at least one other metal,
there can be little doubt but that it is the metal itself (i.e.,
the oxidation of active surface states of the latter) that is
responsible for these anodic effects. It is worth noting
also that several other groups [30, 33] who have ob-
served these unusual redox responses have also dis-
missed the possible involvement of impurities.

It is well known [5, 12] that the performance of mixed
metal (e.g., Pt/Ru) electrocatalysts exceeds that of pure
Pt with regard to CO or CH3;OH oxidation in acid
solution. It appears that the basic function of the
second metal is to enhance the oxygen transfer capa-
bility of the anode. However, it is far from clear as to
how this is achieved. There are several possibilities, for
example, Ru (which is oxidized more readily than Pt
[56]) may transfer an oxyligand either directly to the
carbon species (which is assumed to be coordinated to
Pt) or to the active Pt atom which in turn transfers it
rapidly to the C; species coordinated at the same site.
Alternatively, oxidation of the Ru atoms at low
potentials in the surface layer may enhance the reactiv-
ity of nearby Pt atoms at the surface, that is, reduce
their coordination number and lattice stabilization
energy, thereby causing such platinum atoms to under-
go oxidation, to yield an oxidation mediator, at lower
potentials.

In most work on mixed metal electrocatalysts to date
attention is devoted primarily to the effect of compo-
sition (i.e., the ratio of the two or more metals present)
on anodic activity. However, there is another variable in
these systems whose investigation may yield substan-
tially improved performance. This is the surface texture
of the metal, for example, it may be possible to improve
the performance of Pt or Pt/Ru fuel cell anode catalysts
by suitably adjusting or modifying the type, ratio,
distribution or density of the surface active sites.

The large variability of metal atom activity (or
reactivity) at solid electrode surfaces rarely receives
much attention in electrochemistry. In this context it is
worth noting that gold surfaces may also be activated by
mechanical pretreatment [54], following which they
display quite unusual chemical reactivity, for example,
they chemisorb some organic species in a dissociative
manner; as in the present work, such behaviour was



attributed to the generation of surface irregularities
which behaved as active sites.

The basic assumption in the present work is that there
is an area of electrochemistry, involving the active states
of solid electrode surfaces, that is of major importance
in electrocatalysis but is largely unexplored at the
present time. The properties of these active states, as
demonstrated here, are quite different from those of
conventional metal surfaces. An illustration of such
unusual behaviour in the case of catalysis by gold (in
addition to the work of Haruta et al. [43]) is the
observation [57] that a tribologically activated gold
surface chemisorbs unsaturated organics in a dissocia-
tive manner (this is a remarkable reaction for a metal
which normally does not chemisorb hydrogen).

The importance of the disorder of metal surfaces with
regard to catalysis was acknowledged recently in
Somarjai’s statement [58] that ‘rough surfaces do
chemistry’. The problem with such states is that they
are extremely difficult to control and investigate, and are
therefore poorly understood [58]. A degree of caution is
required when investigating active states as it is easy to
concentrate on what may well be spectator entities, i.e.
rather static, low energy species or sites which are not
directly involved in surface or interfacial catalysis. The
vital entities in many cases secem to be high energy
surface atoms or clusters of same, partially stabilized by
adsorption; the ability of these labile atoms to undergo
oxidation, and trigger electrocatalysis, within the double
layer region (Figure 3) merely reflects their high energy
state. With regard to investigating such surface states,
electrochemistry has advantages, for example, it may be
used not only to produce such states (Figure 2) but also
to determine their energy and occupancy values (in
terms of peak potential and peak charge, respectively);
also electrochemistry is a very convenient method for
monitoring electrocatalytic processes (Figure 3) medi-
ated by these active surface species (this is a useful,
although indirect, method of obtaining information
concerning active sites). Obviously there is a need for
alternative, more sophisticated, procedures, but the low
coverage and instability of active sites, plus the presence
of major amounts of less active surface features (which
may be irrelevant from a catalytic viewpoint), are a
severe complication in this area.

It appears that in the case of the superactive state of
platinum the ability to adsorb hydrogen in acid solution
is often rather low [28, 31]. With such electrodes a
significant fraction of the surface is assumed to be
covered or masked by active, highly electropositive
metal atoms which not only yield the marked premono-
layer oxidation responses but also inhibit hydrogen
atom adsorption (the hydrogen is unable to transfer or
share electrons with the unusually electropositive metal
adatom). One result of such behaviour is that the
conventional technique for measuring true surface area
(in terms of the hydrogen adsorption/desorption charge
[35]) may not be applicable when the platinum surface is
in the superactive state.
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A final aspect of the superactive state and the
mechanism of CO oxidation is whether or not subsur-
face oxygen is involved. It was postulated recently by
van QOertzen et al. [59] that such oxygen plays an
important role in the catalysis of gas phase oxida-
tion of CO at a Pt (1 10) surface. The presence of
subsurface oxygen in a superactive surface state is not
improbable as the outer layers of metal atoms are not
in a very compact form (an essential requirement for
superactivity is a low lattice stabilization energy [29]).
Note also the presence of cathodic currents at low
potentials in the first positive sweep in Figure 1 and
Figure 2(b); as discussed recently [29] such behaviour is
difficult to explain and further work is required in this
area.

5. Conclusions

(1) It has been demonstrated in the present work that
the redox activity of metal surfaces is a highly
variable parameter which may be dramatically al-
tered by appropriate pretreatment. For example the
surfaces of both gold and platinum may be activated
to such a level that they undergo oxidation at a
potential that is lower than that quoted for oxida-
tion of conventional copper, E°(Cu/Cu,0) = 0.47 V
[27], in aqueous media. Such anomalous behaviour
is already known [45] from studies of ultrasmall
metal microparticle behaviour.

(i) The well known variability of the anodic response
for CO,q4s oxidation on platinum in aqueous acid
solution, and in particular the dependence of this
response on the CO admission potential, is attrib-
uted to variations in the metal surface activity. As
demonstrated earlier for gold [29, 30] and iron [25]
the presence of hydrogen activates the metal surface,
resulting in the formation of interfacial oxyspecies
which are assumed to mediate the oxidation of ad-
sorbed or dissolved reductants (CO,qs, CO,q etc.) at
unusually low potentials. All the results reported
here are in agreement with previous ideas expressed
in relation to premonolayer oxidation and electro-
catalytic processes [21-24] occurring at metal/aque-
ous solution interfaces.
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