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ABSTRACT

Surface oxidation of Pt electrodes has been studied in very
pure soclutions and various stages of the uptake of O by the surface
have been resolved. The reversibility with respect to various stages
in the formation and reduction of the surface oxide layer has been
investigated in relation to the activity of the surface for organic oxidation
reactions. The stages of surface oxidation are related to the geometries
of various sub-lattices of O on the Pt surface rather than to specific stoi-
chiometries of platinum-oxygen surface compounds. Work on single
crystal Pt surfaces is now being undertaken.

Optical studies by means of ellipsometry show that in pure
solutions and with sensitive instrumentation there is no distinguish-
ability, with respect to potential dependence, between the change of
optical properties and the change of the surface coverage determined
by surface coulometry. There is, in fact, a close correlation down to
the lowest coverages that can be detected at ca. 0.8 V, confrary to
what has been reported in earlier literature., The present results
agree in this respect with recent conclusions from the work using the
modulated reflectance technique.

The experimental procedufe for investigating Pt surface
oxidation up to elevated temperatures has now been developed further
and in particular, a satisfactory special type of autogenous H;

electrode for use in a closed bomb has been fabricated and tested.
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The general aims of the work (indicated in earlier reports)
have been to examine; (2) the stages of formation and reduction of é};ides
on noble metal surfaces in relation to the intermediates involved in
oxygen reduction (and evolution) in agueous solution; (b) how the oxi-
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capable of being controlled internally in the cell without admission of
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(c) Use of various types of controlled potential programs with

particular reference to employment of linear potential sweeps applied

after controlled periods of holding at varic at
various sweep rates, The latter approach was important since time
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‘(cfg .

E X Pl L DETAILS

[ Q‘.’b ol

(\()be

‘odes were also used but

the results were identical on all three

o
ot

ctrodes were more sensiltive to the influence of impurities,

they were present.

(o8

L.,
e
et
0,

water, the last distill n being m from a glass apparatus
in tne presenc g




4
A
L

S |
o oalnnag

50iu

for 15 hat ca. 1077 A.cm ™. The solution was considered '"pure' if

holding the electrode sweep

(+0.1V Eyy) for 1 - 2 minutes did not produce any change in the i-V

a slight increa

ectrode was teste

at elevated tempe

tisfactoril

but worked s

eriments




5

reduction of

used to vary

and a hydrogen reference

the present high temp-

wavelorm. Howeve

erature oxidation studies are beinyg made cannot have facilities for

the int: TeImove

hydrog

could be obtain

PR 5 T

tain polarization

the cathode in a compartment separated from the rest of the cell by

I S RN
rtype of cell was

replaced by a



results in F'i tand 2. The main reason f

in the present cell.

similar to those

4

"equilibrivm' or st

et

guoted by Giner. The potentials shown are steady values reachec

presaturating the sol

in to drift anodic unless

3 mA cmn-4, With

crent cell currents were

rbecause more

not simple functions of the cell temperature

than one parameter was ion and

- -

ionization of oxygen and hydrogen, bubble size, convection etc.
iy, it is noteworthy that, at all curvents studied,

P

the bubbling of hydrogen through the

rtment was found
er{'}:{e ¢t has been

studied in d
Contract No
Report No.

surface reduce the hydrogen supersaty

to e and thereby 74




that the behavior of the

[aF

This work emphasize
hydrog en-evolving cathode in the Giner reference system is not
simply related to that of the ovdinary Hj electrode and studies at

intermediate temperatures showed that its potential does not

~

exhibit a2 simple relationship to ten perature.

(f) Performance of a new type of reference electrode

b

system: A new type of refer

electrodée was

o
@

.~ = ik,
(SRR

in which H, could be genera
consisting of a small platinized platinum gauze cylinder.

evolved then established the reversible potent]

R N PAG P
W hich was

wire, mounted separately

circuit with respect t and the H., generating
syster:, Polar ization effects were | e absent and no
stirring problems were involved., A sgmall auxiliary counter-
electrode, higher up inside the reference electrode compartment,

enabled current to be passed at the H; generating electrode. Two
Luggin clpiﬂail,g were provided to shield off currents passing
and minimize "IR" resistance polarization, one to the Hy reference

electrode within the gauze cylinder and the other to the usual working

his arrangement works excellently up to elevated
- ¥

o

is sulficient to m




!

oo

o0
H

L

The environment of the

hydrogen being produced all around it and the cylindrical cathode

apparently acts as a getter for the reduction of any oxygen diffusing
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fluctuations and drift were of the same magnitude., With currents of
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Form of potentiodvnamic current-potential pro

In the case of acid solutions, it is important to establish
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if any structure in the oxidation current-potential for the surface oxide
formation region is dependent upon the type of anion in the solution.
Measurements were therefore made in I N sulfuric acid and 1 N per-
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eventually becomes significant. At the cathodic end of the sweep,

proceeding in a cathodic direction, the normal two hydr ogen peaks

<
in.dicated as "HC 1" and YHC 2" are seen while on the anodic direction
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of the cycle a third hydrogen peak is reproducibly observed and is

indicated as "HA 3", The small peak HA3 only appears after the
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electrode has been either held at the reversible hiydrogen potential

or if ’Lhe potential range includes the region + 0.1V to 0.0 V. The
familiar single peak in the cathodic reduction profile indicated as "OC'",

> formed in th@ mociic
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corresponds to the reduction of the suriace oxide

direction of the sweep. The hysteregis, referred to in our previous

2 3
publications™’ 7, is to be noted. This matter is of some importance In
ek with the reversibilitv of various stages the Torrmaltiol
connection with the reversibility of various stages of the oxide formation
and reduction, referred to below, when limited ranges of anodic
are covered, that is lowey thaen the limits shown in Figure 6.
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Reference to Figures 5a and 5b and to Figure 6 indicates

-

clearly the presence of three surface

are formally similar to the regions observed at more cathodic potentials

‘1

with respect to hydrogen adsorption. They may correspond to

different types of oxygen species on the surface or to adsorption on
chffrxrom types of sites available., However, it might be expected that
the current potential curve should be more or less symmetrical in

the cathodic and anodic direczzong in the case of intrinsic heterogeneity,

with the oxygen being adsorbed on various types of sites with three
vl N feq e e e q}r; by e o Iy o ey ~ "3 the 2 "LT T1ev oxnr e oy ‘r‘l 3 e G
reduction peaks also being observed in the cathodic sweenp. his is

never observed at slow sweep rates and two peaks are only
3 I

at high sweep va
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It therefore appears that the resolution into three distinguishable
oxidation stages which is possible in sufficiently purified solutions is,
in effect, connected with successive stages of the oxidatién of the
surface and the related interactions between the O or OH species laid

down with increasing potential, The peak potentials are summarized

below.
" Table I
Peak designation Peak potential EH, V.
Oap ‘ A ' 0.89 V
Oy 0.94 V
Op2 1. 05
Broad region 1.2 V into O2 evolution region

A further indication of distinguishable species upon the
surface at potentials higher than about 0.8 V is given by the fact that
various organic substances show characteristic Faradaic peak
currents corresponding to the various regions of surface oxide formation
shown in Figures 5 and 6. In Figure 7 is shown the typical behavior
observed for formic acid oxidation at platinum in acid solution where
three main Faradaic oxidation peaks appear; the first one indicated as
"EFA 1" appears in the double-layer region and is not connected with the

presence of surface oxide formation. The first peak in the oxide
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formation region "FA 3n* appears to arise because of reaction with

the oxide species on platinum correspondingi to the regions OAO0 and OAl..
Inhibition of the current beyond a potential of about 1. 05 V seems to be
connected with the development of the oxide in the OA2 region. The
theory of these effects has been given previouslylo; This inhibition
persists up to about 1, 2 V whereupon a third region of FFaradaic oxidation
indicated by "FA 4' in Figure 7 arises. It seems that this oxidation is
one connected with the broad re gion-of su‘rface oxide formation beyond
about 1.2 V. It is interesting to note that the two main regions of oxidation
typified by FA3 and FA4 for brmic acid are also observed with other
related substances such as methanol and formaldehyde, for example as
discussed by Vielstichu. The peak potentials and the potential range of
the current minimum in Figure 7 are summarized in Table 2. Another
indication of the distinguishability of the firs;t two oxide peaks on
platinum from the region at higher potentials is given in Figure 8 which
shows the behavior of platinum surface oxidation in the presence of
acetonitrile. The acetonitrile not only blocks the hydrogen region, as
may be expécted, but exhibits an oxidation behavior in the double-layer
region which, as shown elsewhere, corresponds to a chemisorbed species
on the surface. In addition to these effects, and of interest in t}.le
present context, there is an important blocking of the formation of

the surface oxide on platinum in the regions OAOQ and 0OA1l; at higher
potentials, in the OA2 region, there is, however, some reaction between -
the acetonitrile and the oxide. The diminution of the oxide coverage can
readily be seen on the reduction profiles in the OC region in the ca thodic

sweep. The effects are quite appreciable.

sEe

Under other conditions, a peak we designate as FAZ appears but it is
not discussed further here. -
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Table II
Current
Faradaic peak designation FAl FA3 minimum FA4 FK2 FKy
Peak potential EH’ v 0.55 0,94 1. 05-1.16 1.53 0.63 0.46
Corresponding oxide peak - Opgq: OAl OAZ broad region

Reversibility at various stages of surface oxidation

In order to study the revérsibility of formation and reduction
of the surface oxides and hence to gain some further insight into their
reactivity in oxygen reduction and in fuel-cell oxidation processes,
potential sweeps were made to various anodic termination potentials as
shown in Figure 9, Considering the behavior towérds progressively
increasing anodic potentials, it is to be noted that in the initial stages of
surface oxidation towards the region QA 0 (Figure 9), an anodic sweep
terminated at about 0, 85 V and reversed gives an immediate fall of the
current and a corresponding cathodic peak at the same potential in the
reverse direction of sweep; this behavior is éharacteris‘cic of almost
reversible oxvidation and reduction. Progression to a somewhat higher
‘anodic potential, but still izﬁ the OAO region, results in the second cﬁrve
which shows again an immediate drop of current upon reversal of the
sweep with a peak formed in the cathodic direction of the sweep; this
peak appears at more anodic potentials than the first one corresponding -

to a greater amount of the species formed on the surface; this is as
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expected. Further progression of the anodic termination potential in the
region of OAl results, hbwever, in a slightly different behavior in which
irreversibility is beginning to be exhibited; for example, the peak potential’
now returns to a somewhat more cathodic value and there is a different
shape of the cathodic sweep curve. By the time the fourlth curve is
reached at higher anodic potentials again, a greater irreversibility is
exhibited and a further progression of the cathodié peak to more negative
potentials is observed; It is seen that irreversibility is beginning to set in
between the formation and reduction of the species formed up to a
potential of 0.95 V. For the remaining curves obtained from successively
higher polarizations to progressively more positive termination potentials,
itis seen that the irreversibility increases aé indicated by the hysteresis
between the anodic-going and cathoaic-going current profiles.

An interesting aspect of the behavior for polarizations at
the higher anodic potentials is thaf upon reversal of the sweep the current
Vdoes not immediately become a cathodic one as it does in the hydrogen
or double-layer régions, but a region of remaining anodic current
persists in the cathodic sweep until the sweep has paésed back to sig-
nificantly more negative potentials. It therefore app‘ears that anodic
oxidation of the surface continues during the initial stages of cathodic
sweeps for termination potentials higher than about 1. 0 V. In fact, it
seems that the whole of the cathodic-going current-potential profiles,
almost up to the cathodic-peak OC, can bé represented as a Faradaic
Areac'tion process corresponding simply‘ to the diminution of amount of
surface oxide species with increasiﬁg cathodic potential as for example

treated in reference 3.




Figure 9 also shows the integrated oxide charge ex-
pressed as the ratio QO/QH as a function of anodic potential. It is of .
interest that this ratio attains a value of unity already at a potential
Jof 1.12 V. The éignificance of this important observation will be dis-
cussed further below. It is aiso seen from Figure 9 that beyond the
critical ratio QO/QH =1, the slope of the integrated charge-potential
line becomes somewhat less. The relation between the potentiodynamic
current potential profile in Figure 9 and the integrated charge profile
illustrates a general difficulty which arises in interpretation of integral
charge-~-potential relations. It is readily seen that the QO/QH line shows
very little struct}lre in relation to that indicated differentially by the
current-potential profiie itself, This has an importaﬁt bearing on the
choice of experimental methods for study of surface oxide species
as mentioned in the Introduction; for example, it is obviously un-
desirable to use a direct charging curve method such as has been
employed by Schuldiner even if the solutions are sufficiently pure that
difficulties concerned with impurity oxidatipn or blocking behavior are
avoided. Only by the differential galvanostatic 1nethod’5 can one hope
to see any structure in the charging curve, or preferably by use of
the potentiodynamic method one can see directly the differential charging -
behavior. Similar considerations apply to the potential step charging
method recently inve stigAated by Urbach et alB.

We have referred12 above to another aspect of the
oxidation kinetics as illustrated by the behavior of the current potential
profiles in Figure 9, particularly those corresponding to high anodic
termination potentials. It was seen that upon reversal of the sweep to

a cathodic direction, there is a remaining anodic current passing.
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This must correspond to a slow continuing oxidation of the surface until
a potential sufficiently far removed in the cathodic direction from the
previous anodic termination potential is attained that reduction of the
oxide species formed at the highest anodic potentials can commence.

In Figure 10 is shown the effect of the anodic termination
potentiél Ea on the oxide reduction behavior in two ways: (a) the

dependence of the peak potential for éathodic reduction on E and (b)

a s
the relation of the cathodic peak potential to the oxide coverage expressed
in terms of the ratio QO/QH' It is seen that initially, in the range of
potentials where the oxide fo.rlnation and reduction is almost reversible,
that the cathodic peak potential becomes more positive with increasing
anodic termination potential or amount 'of" surface oxide formed;
however, for Ea > 0.9 V, the cathodic peak potential begins to decrease
progressively until a potential of about 1. 04 V is reached in the anodic
termination potential. After this region,as scen in Figure 10, there is
a range of surface coverage over which the cathodic peak potential
remains almost constant with increasing amount of oxide coverage, up
to an anodic termination potential of about 1,17 V. Reductions of oxide
formed to higher po‘centials‘then show cathodic peak potentials which
become more negative with increasing oxide coverage in the manner
previously reported by Stonehart, Kozlowska aﬁd Conway3.

it is interesting to speculate that the region where the
cathodic peak potential remains independent of the amount of oxide
coverage may be related to the fact that two surface oxide phases are
formed on the surface and there is equilibrium between them, thus
giving a potential independent of the amounts of either until one or the |

1o

other is completely removed from the surface. Two possible explanations

Other experiments in this laboratory have shown that in the potential
range 1. 08 € £< 1.2 V, dermasorbed O is formed which can be detected by
its influence on formic acid oxidation.in the double-layer region., The
region of constant peak potential may hence correspond to entry of some
of the electrodeposited O into the Pt lattice.
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may be given for the increasingly cathodic peak potential which arises
with increasing amount of oxide coverage beyond that corresponding to
“a potential of ca. 1.18 V. First of all, this may simply represent pro-

gressively increasing hystere'sis3’ I

corresponding to lower potentials
for reduction being required for that part of the oxide which is laid down
at higher anodic potentials. This sort bf effect could arise, for

example, on account of rearrangement of the surface oxide species.

A second possibility, connected silnpiy with the amount of substance
formed, may be suggested in relation ’COvthE; cathodic current-potential
curves for reduction of oxide formed at the most anodic potentials shown
in Figure 9. Here it appears that there is a more or less common
cathodic reduction current- pote'ntial curve and this is simply able to
persist to more cathodic potentials when there is a greater amount of
reducible oxide present. This then gives a peak which is observed at
more cathodic potentials the greater the amount of substance formed in
the anodic direction. For example, the cathodic current-potential

curve will persist until something like half coverage of the oxide remains
and then of course the currents must decrease again even though the
cathodic driving potential is progressively increasing during the cathodic .
sweep.

In considering the results of Figure 10 in relation to
those of Figure 9, it should be noted that the relation between the
cathodic peak potential and the anodic termination potential plotted on
the upper axis of abscissae is shown on a non-linear scale in order to
represent the appearance of the various peaks at the corresponding

coverages shown in terms of QO/QH on the lower axis of abscissae,
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Sweep rate effects in relation to reversibility

The reversibility of the formation and reduction of the
surface oxide species on platinum has been indicated in Figures 9 and 10
in terms of the cathodic peak potential in relation to the various anodic
peak potentials for the formation of successive states of the surface.
Another aspect of the reversibility can be indicated by studying the |
dependence of the cathodic peak potential upon cathodic sweep rate?. For
an activation contro-};;rocesis, it may be‘an‘cicipated that the peak current,
which must increase for a surface reduction process with the éweep
rate, will cause an increasing polarization in the cathodic direction with
increasing cathodic current passed if the process is irreversible. One
may thus anticipate that there is a cathodic polarization shift dependent
upon the log of the sweep rate. This was shown in earlier studies of
cathodic reduction of platinum suriace oxides by Giiroy and Conwayg.
In the present work, we have investigated this matter further by
examining the dependence of cathodic peak potential upon logarithm of
the sweep rate for various amounts of oxide formed, that is corresponding
to various anodic termination potentials. The results are shown in
Figuresll and 12. It is seen that the initial species laid down in‘the
anodic direction is reduced, in terms of this criterion, in a more or less
reversible way; for example, there is no dependence of cathodic peak
potential on sweep rate. However beyond about 0 93 V in the anodic
formation of the surface oxide species, cathodic reduction results in a
sweep-dependent peak potential Ep having a slope d Ep/ d log s Whichr
increases with increasing amount of surface oxide, as formed, for
example, up to progressively higher anodic potentials. In all cases,
there seems to be a quite satisfactory linear logarithmic relationship,
that is a Tafel type relation, between the cathodic peak potential and

log of the sweep rate. In Figure 12, the results of Figure 1l are shown

as Tafel slopes d Ep/log s as a function of the anodic termination potential.
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It is seen that there is a progressive increase of the Tafel slope with
increasing anodic termination potential and it is evident, within the
uncertainties of the measurements at low coverages, that the formation‘
and reduction of the sur face oxide is effectively reversible up to about
0.93 V in terms of the observed kinetic behavior. This is also seen in
the initial curves of Figure 10,

A more accurate indication of the dependence of Tafel
slope for the reduction process is gi\ren by the results of Figure 13‘.
In Figure 12, the relation between cathodic peak potential and anodic
termination potential had been obtained in multisweep experiments in
which both the anodic and cathodic sweep‘ra‘ces had been changed unibrmly.
Owing to time effects in the oxide formation, the amounts of oxide formed
at various anodic termination potentials depend upon the anodic sweep ‘
rate. The data in Figure 13 were obtained by using a éonstan’c anodic
sweep rate of 1 V per sec. but with a varying cathodic sweep rate. The
data shown indicate that the Tafel slope expressed by the dependence of
the cathodic peak potentials on log of sweep rate now increases pro-
‘gressively up to a value of 25 mV with increasing anodic termination
potential to a limit of E = ca. 1.18 V. At potentials more anodic than
this termination potential, namely up to about 1. 6 V, the Tafel slope
remains constant at the value of 25 mV, despite the fact that the amount
of oxide formed up to these pfogressively increasing potentials itself is

continuously increasing.
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Slowness in the oxidation and reduction processes: the result of holding
the potential prior to cathodic or anodic sweeps

A number of experiments were conducted in which cycling
between various ranges of potential was conducted. Figure 1l4a shows
the behavior for repetitive cycling between a succession of cathodic |
potentials up to an anodic termination potential of about 1. 27 V. From
curve ¢ to curve g there is little effect of cycling time. However, if

"the cycling is carried on within the region of formation and reduction of
the oxide (curves h and i) thereis a progressive decrease of the anodic
formation charge Q@ and the cathodic reduction charge with increasing
time of cycling. In the case of curve i with cyding from 0.9 V to 1. 27 V,
hardly any anodic or cathodic charge is .indicated and the curve
approximates simply to that for double-layer charging. In fact, this
approach can give an indication of the double-layer capacity for the
oxide covered surface. It is evident that both the slowness of the anodic
oxide formation process and the corresponding reduction process leads
to a progressively diminishing available (from an electrochemical point
of View)vanaount of oxide on the surface. Thus, the oxide remains on the
surface within this region and indeed its reduction is indicated only if a
sweep back into more cathodic regions of the potential is made from the
highest anodic termination potential after the cycling procedure. It
sinply becomes inactive within the potential range cycled in the cases of
curves h and i. Slowness of the cathodic reduction of the oxide is also
indicated by the fact that even at the cathodic end of the cathodic sweep,
when the direction of sweep is reversed}a cathodic current still continues

to pass over a small range of potentials in the anodic sweep. In Figure 14D,
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repetitive cycle experiments are shown from three potentials in the
more cathodic region to 1f 27 V and it is evident that in the oxide
formation and reduction regions the charge remains constant during
successive cycles. However, the comrﬁencement of slowness of
reduction of the surface oxide remaining at 0,55 V is already indicated
in curve c. Extension of the range of cathodic reductionto + 0. 01V
causes no further influence on the oxidafion- reduction behavior of the
oxide. | '

The effects of holding the potential anodically for various
times and then applying single cathodic sweeps to examine the reduction
behavior of the oxide previously formed, .are shown for three anodic
potentials in Figures 15a, b and c. In reduction curvés obtained from
an anodic termination potential of 0.9 V, it is seen that there is an
initial, fairly reversible peak but the peak potential gi-adually becomes
progressively more cathodic with increasing time of holding up to 30
minutes. In Figure 15b, with anodic holding at 0.95 V, there is again
a fairly reversible peak but the peak potential progressively moves
" cathodically with time and, furthermore, the total amount of charge
(as also probably in Figure 16a), increases appreciably with time of
anodic holding, again up to 30 minutes. In the case of anodic holding at
1.0 V, Figure 15¢ shows the behavior where there is already some
irreversibility between the a.nodic formation process and the cathodic
reduction and again there is a progressive movement of the cathodic
peak potential with time of anodic holding and there is also appreciable
growth of the amount of oxide as measured by the charge under the

reduction curve, It is of interest to note from Figure 15c that the shift
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of cathodic reduction peak potentiél with quantity of surface oxide
formed, and hence with time, is substantially less than in the cases
of Figure 15a and 15b where the amounts of oxide formed are smaller.
This, however, corresponds with the behavior shown in Figure 10
where the cathodic peak potential for va‘r‘ious stages in the surface
oxide formation was related to the integral chargé on the surface ex-
pressed as QO/QH' In fact, the behavior in Figure 15c is approaching |
that corresponding to the plateau in Figure 10 where the cathodic

pe;'ik potential is about 0.8 V. It is evident, for example in Figures
15a and 15b, that although only the initial stages of surface oxidation of
the platinum are involved, there is nevertheless an appreciable time
effect with regard to continuing growth énd/or rearrangement of the
surface species forming the oxide film. It may be suggested, as has
been noted in our earlier publications, that the possibility exists that
nucleation processes are involved in these time effects; thus, islands
of more consolidated surface oxide may eventually be formed which
require more cathodic potentials for their réductiun, determined by
the greater amount of substance eventually produced in these islands
with increasing time, corresponding to the anodic holding period. It
is evident upon comparing Figures 15c with 15b and 15a that the-shift

of cathodic peak potential is not solely connected with the amount of
‘species concerned. For example, as we have remarked above, it is
evident that the initial species laid down, indicated in Figures 15a and
15b, exhibit a greater progressive change of the peak potential for
their cathodic reduction than does the larger amount of substance

produced at the higher potential (1. 0 V) (Figure 15c). This again lends
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support to the view taken in this report.and mentioned earlier that

there are distinguishable species upon the surface each exhibiting its

own characteristic behavior.
The results of the holdiﬁg experiments at various anodic

termination potentials on the behavior of the cathodic reduction peak

are illustrated in another way in Figure 16 where the peak potential has
been plotted against the surface oxide cbverage expressed in terms of
the ratio QO/QH over various regions. For low anodic termination
potentials of 0.9 and 1. 0 V, the cathodic peak potential shows a pro-
gessive diminution with increasing surface oxidation corresponding to
increasing times of anodic holding. For a potential of 1.1V in the

anodic holding, the cathode peak potential exhibts, however, a fairly
constant region as the degree of surface oxidation increases with time.
This constancy is also indicated by the lower coverage results for
polarizations up to 1. 2 V. However, the data for longer times and
correspondingly larger coverages for this potential of 1.2 V, and all the
data for holding experiments at 1.4 V, show a further progressive
"change of Ep to more cathodicpotentials with time at the higher coverages.
The latter effect is similar to that observed in the previously published
work of Stonehart, Kozlowska and Conway3 and as also indicated in
Figure 10 for the cyclic sweep experiments without anodic holding.

Again, the plateau in the intermediate region is suggestive of the joint
effeét of two types of surface oxide species which show characteristically
different dependencies of the cathodic peak reduction potentials with
respect to the amounts of the species present on the surface; that is,
there is either a mixed potential involved or a situation where two surface
phases coexist over a certain range of coverages and corresponding
potentials. This may correspond to "OHR'" and "OZPt'" as discussed

below.,
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Relation between behavior in acid and alkaline solution

In previoué reports we have indicated the behavior in
alkaline solutions and referred to the fact that there are again three
distinguishable oxide formation regions on platinized platinum,
together with a new region which appears in the anodic sweep in the
double-layer region, that is about 0. 65 V. The significance of this
peak is still under investigation using specially purified solutions énd
a Teflon cell., The behavior has, however, Abeen reproducible and
leads to the question whether there is not, in fact, a new initial state
of surface oxidation on the platinum elecfroéie in alkaline solutions
which does not appear in acid solutions over corresponding ranges of
potential. The general behavior in Figure 17, expressed as the integral '
charge QO/QH, shows simply that a given potential thé surface takes a
greater degree of oxidation in alkaline than in acid solutions; for
example, significant commencement of surface oxidation is already
detectable at 0.6 V in alkaline solutions whereas it is only detectable
" in acid solutions at about 0.75 V., It is of interest that in the present

work the commencement of the surface oxidation as determined
by charging measurements based on the potential sweep method compares
closely with indications of the appearance of surface oxide measured |
by means of ellipsometry. There is evidently no contradiction between
the behavior observed coulombically and optically as has been claimed

14

in earlier work by Bockris and Genshaw " and in polemics with

Cu‘eef15 and others.



Suinmary of evidence for distinct stage s of the oxidation of the Pt surface

At this stage of the report it will be useful to summarize
the evidence for distinct species, electrochemisorbed at oxidized Pt
surfaces in contrast simply to heterogeneity of the surface. The potentio-

dynamic i - V curves are differential charging curves insofar as the current
Ay

-passing at any potential in a sweep is iy = —— = s dqv/dV, i.e. the

cui'rent is proportional to the differential ps-eudo—capacitance where s is
the sweep rate. Inflections in a charging curve appear as maxima or
minima in the potentiodynamic curve which therefore represent inflections
in the electrochemical isotherm for potential dependence cf coverage by
the ad-species. The question arises whether these inflections are due to
adsorption on different types of metal sites (intrinsic heterogeneity),
whether they correspoud to progressively diffcrent stages of oxidation

of otherwise similar atoms in the metal surface or whether the effects
arise because various sub-lattices of O-species are férmed in two
“dimensions on the electrode surface as indicated by LEED studies in the
case of O adsorbed from the gas phase, e.g. on to Ni. Changing inter-
actions will also be connected with the types of two-dimensional surface
lattices set up as the coverage increases, e.g. due to dipole-dipole
interactions and the "induced heterogeneity' effects described by
Bourdart which arise because changes of surface—pb’cential modify the
electronic work function of the metal and hence cause the energy of

chemisorption of O species to be dependent on coverage.
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A real difference of%of species (in distinction to
intrinsic heterogeneity* due to crystal face exposures as the potential
of Pt is made more anodic seer'ns to be indicated by the results
presented above, e.g. with respect to (a) reversibility; (b) shifts of
cathodic reduction peak potentials; (c) the distinct potential ranges
in which simple organic substances are oxidized or in which this

oxidation is inhibited.

The problem of accommodation of charge passed in various stages of
Pt surface oxidation

If the above conclusions are accepted, there remains the’
problem of describing various possible states of oxidation of the Pt
surface in terms of appropriate chemical oxygen species in relation to
the charge passed in the anodic sweep up to various potentials. The
first principal peak OAl, already appears at a potential where QO/QH

£ 0.5 and it is tempting to ascribe it to.oxidation of the surface hy
chemisorbed OH species. Even at the peak of the QA2 region, less
than 1 e per Pt atom has been passed. This situation is very difficult
to account for in terms of two separate and independent stages of

surface oxidation of Pt such as

Pt + H,0 - CPtOH" + HY + e I

followed by
PtOH - "PtO" + H' +e | 11

Further experiments are in progress concerning intrinsic hetero-
geneity effec ts, using single crystal Pt electrodes kindly loaned to us
by Dr. ¥. Will of the General Electric Company.
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where the quotation marks stress that the species indicated do not
necessarily correspond to any real bulk substances of such stoichiometry.
In order to account for twé main peaks close together with the maximunﬁ
in the first peak corresponding to QO/QH & 0.35 we suggest that the
initial stage of surface oxidation is indeed I but that coverage by 'OH!'
species does not proceed to completion owing to occurrence of another
reaction which causes further oxidation of the surface yet inhibits/
continuing oxidation by the 'OH' spe.cies produced in I. Such a Vrea;:tion
on the incompletely covered surface could be

Pt
~N .
PtOH + Pt — O+e+H" 111
Pt ~ .
which corresponds to a continuing oxidation yet will provide a kinetic

peak, as well as inhibiting I, since the kinetics of III may be written

iz = F k3 ©4n(1-©q) exp BVE/RT (1)

When the surface is ''completely’ covered in terms of an O?2Pt arrange-
ment, 1 e per Pt will have been passed, | i. e. QO/QH = 1. This also
corresponds to kinetic blocking of organic oxidation reactions in this
range of potentials (1. 0 - 1.2 V). Further oxidation of the surface may
then proceed in the broad oxidation region ( ~1. 5 V) where the O:Pt
ratio progressively increases and place exchange between surface O
atoms and Pt can lead to gfowth of an incipient phase oxide.

Recent sensgitive ellipsometric observations in this
laboratory have shown that there is no basis for distinction between
oxygen species that are detectable by surface coulometry yet are not

seen optically by means of ellipsometry. For example, it has been
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strongly argued by Bockris and Genshaw!® (ci. 15)‘ that the supposed
optical distinction of such species indicates an initial chemisorption
of O or OH species (detectable only in charging curve experiments)
followed by phase oxide formation (which then is optically detectable).

16 . ..
Our recent data™ indicate, however, a close correspondence between

the optical signal from the surface aﬁd the charge passed in oxidizing

it. In sufficiently pure solutions, using the potentiodynamic method,

and with sensitive ellipsometry based on off-balance intensity measure-
ments, the optical and electrochemical behavior can be shown to be
closely related. Figure 18 (obtained by Dr. Laliberte in this laboratory)
illustrates the results obtained and should provide evidence which can |
settle the disputedM’ 15 relation between optical and electrochemical
behavior of Pt surfaces. While our present electrochemical results
indicate that various states of the oxidized Pt surface can be distin-
guished, it is important to note that this conclusion evidently cannot be
based on the comparison of ellipsometric and electrochemical charging
experiments in the initial stages of Pt surface oxidation. Figure 18 does
show , however, that at ratiler higher anodic potentials, there is a real
discontinuity in the relation between changes of A and changes of charge
required for progressive oxidation of the surfa_ée. This may be the
potential corresponding to onset of phase. oxide formation by place
e‘xchange since here there is a real change of optical properties of the
surface. The discontinuity in the A- QO/QH relation also occurs close to.‘
the discontinuity in the relation between QO/QH and potential, and

corresponds to end of the OAZ peak.
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Continuing work

Now that the study of the behavior of oxidized Pt surfaces
has been studied in considerable detail at room temperature, it is
blanried to ex’cena the experiments to higher temperatures by means of
the technique that has been built up in parallel with the work reported
abov‘e, i. e. the employment of the cell in a high temperature bomb

- together with the in situ H, reference electrode system recently developed

2
and described above.

Reversibility, distinction of various states of surface
oxidation of the electrodes, etc. will be investigated at elevated temper-
ature with Pt electrodes and then with Rh and Ir. The relation between the
initial stages of noble metal surface oxidation and intermediates in the OZ
reduction reaction will be examined.

Parallel theoretical work is in progress with regard to
computer simulation (cf. ref. 3) of the oxidation curves at Pt for room
temperature in relation to the single cathodic reduction peak that is
~usually observed in the cathodic direction of sweep. The principal
question here is whether this peak arises from rearrangement of the
surface oxide initially laid down (intrinsic hysteresis) or whether it arises
kinetically because of a rate-controlling mechanism in reduction .which is -
differént from that in oxidation of the surface. This is possible for a
highly irreversible reactiovn and, under these conditions, would not
contravene the principle of microscopic reversibility. Thus, in a two-
stage oxidation process with the first s-‘cep at quasi-equilibrium and the
second step rate-controlling, the kinetic behavior will be different from
that when the reaction is reversed since there would then be no quasi-

equilibrium process prior to the rate-controlling step.
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Current theoretical work on this project is addressed
to investigation of the consequences of considering the oxidation of
the surface lattice in terms of building up sub-lattices of OH and O
species on the Pt surface depending on the coordination of the OH and
O species, e.g. in groups of 4 Pt per OH, 2 Pt per OH, 2 Pt per O
etc. It seems that the structure in the differential charging curve,
viz. the appearance of peaks in the voltammetric curve, can be
explained by means of this approach. The recognition of sub-lattices
in the ad-layer is also consistent with LEED observations on O
adsorption at low and intermediate coverages at various metals, e.g.
Ni, from the gas phase.

Finally, work is in progress on the surface oxidation
of the 110, 100 and 111 single crystal faces of Pt in order to establish
how the structure of the oxidation curves depends on the atomic
spacing and arrangement, in relation to sub-lattice formation in the

ad-layer of OH and O species.
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Figure 1

Effect of temperature on behavior of Giner type reference electrode.

364°K 298°K
X H, bubbled through reference cell
(] O H, not bubbled ( this work)

] & H, not bubbled (Giner's data)
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Figure 2

Effect of diffusing oxygen on potential of Giner type reference

cathode at room temperature

Anode and cathode in - Anode and cathode separated
same compartment :

o = H, bubbled
X A HZ not bubbled (this work)
| Hydrogen not bubbled (Giner's result)

(Points on left-hand side are not steady values)
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Figure 3

Effect of temperature on potential of the new three electrode

reference system

@ Points for 302°K

T Band for spread of potential data at 368°K.
(Points to the left are unsteady values)
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Figure 4

Pt surface oxidation behavior over a range of temperatures

(IN H,SO,)
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Figure 5

Comparison of potentiodynamic surface oxidation and reduction
behavior of Pt in 1 N HZSO4 and 1 N HClO4. (Note slightly different
reduction of current profiles in the anodic direction of Apotent‘ial

sweep)
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Figure 6

Potentiodynamic current-potential profile for surface oxidation
and reduction at platinized Pt indicating the various regions of H
oxidation, surface oxide formation and reduction and H re-

deposition. (1 M H,SO,, 25°C, sweep rate = 0.1 V. sec“l)
P 2°%4 P .



CATHODIC ’ ANODIC

NOI93Y
avous




Figure 7

Porentiod?narnic current-potential profiles for surface oxidation of
Pt and for Faradaic oxidation of HCOOH on tﬁe same electrode
shbwing.relation between the regions of oxidation of HCOOH and the
state of oxidation of the Pt surface. Scale for HCOOH currents is
10 x smaller than for surface oxidation currents.

S 1 M aq. HpSOy

1M aq. HZSO4 + 0.5 M HCOOH
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Figure 8

Effects of acetonitrile on potentiodynamecc current-potential
profile for surface oxidation of Pt (s = 0.10 V. sec_l; 1N aq. HZSO4)
————— zero concentration of CH3CN

ceee. 2% 107° M CHyCN
———  3x107% M CH,;CN
-.-.-  3x107% M CH,CN

(Note: effects of CH,CN are similar to those of typical impurities
. 35 . yp P

in unpurified solutions)
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Figure 9

Pdtel1tiodynamic current- potential profiles for formation and reduction

of surface oxide species on platinized Pt in 1 M aq. H>SO, from 0.45 V (EF)
. . - &~ & 1

to various anodic termination potentials E,. s = 0.10 V. sechl. Also

shown is integral charge for surface oxidétion expressed as the ratio

QO/QH as a function of potential.

Note changing degree of reversibility of formation and reduction processes

with increasing E 4 andinflectionin QO/QH ratioat £ = 1.12 V.
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Figure 10

Dependence of cathodic peak potential Ep o on extent of surface

3

oxidation QO/QH and on corresponding potential -
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Figure 11

Relation between cathodic peak potential on sweep rate s for

reduction of surface oxides at Pt formed up to various anodic

termination potentials E 5
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Figure 12
Tafel slopes expressed as d‘Ep, c/d log s for reduction of Pt surface

oxide formed at various anodic termination potentials.

) multisweeps up to various Ep

X from reduction sweep after anodic holding at EA =119V
: for 1 min.

+ from reduction sweep after anodic holding at EA =1.45V

for 20 min.
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Figure 13

Tafel slopes expressed as d Ep C/d log s, for cathodic sweeps at
1

various rates s, but for constant anodic sweep rate s; = 1.0 V. sec”

C



(]

08/ AOl= VS

2id / 4d
Y0s eH Wi

80



Figure 14 (a)
Current- potential profiles for rriultisweepé af_platinized Pt over
progressively shorter ranges of potential. In curve h, oxidation-
reduction current envelope progressively diminishes with time u“[‘
cycling.

(b)
As in 14a but for _progressivelyAchanging cathodic termination

potentials in multisweep experiments.
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Figure 15

(a)

Tirne effects in cathodic sweeps for reduction of surface oxide at
platinised Pt after various periods of anodic holding at E4 = 0.89 V
(s = 0.10 V., sec"l). Curve a, multisweep; b,-0.5m; ¢, 1m; d 5m ;
e, 10m; f, 30 m. holding time.

(b) ,

As in 15a but for anodic hdding at E, = 0,94 V (s = 0.10 V. sec™1y.
Curve a, multisweep; b, 0.5m; ¢, 1m; d, 5m; e, 10 m; £, 30 m.
holding time.

(c)

As in 15a but for anodic holding at E, = 1.0V (s = 0.10 V. sec™ ),
Curve a, multisweep; b, 0.5m; ¢, l.m; d, 5m; e, 10 mi. holding

time.
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Figure 16

p c and degree of

surface oxidation QO/QH for surface oxide formed at various anodic

Relation between cathodic peak potential E

termination potentials E 5, for various eriods of anodic holding as
P A P g

in Figs. l5a-c.
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Figure 17

Comparison of potential dependence of integral charges for surface
oxidation of platinized platinum in 1 M KOH and 1 M HZSC‘)4 at 25°C.
Relation of peak potentials for acid and alkaline solutions is shown on
upper scales.

X 'Data for KOH solutions

O Data for HZSO4 solutions
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Figure 18

Relation between § A, the change of ellipsometric parameter A, the
phase shift, and the degree of surface oxidation of Pt and the corres-
ponding potential. Note consistency of changes of A with degree of
surface oxidation all the way down to QO/QH = 0 and inflection in the
A relation at ca. 1.1V. ' |

Upper line is based on horiéontal base-line for A as f(E); lower line °
is based on curved base-line for A as {(E); ‘(the latter baAs.eA line is

.the correct one on which changes of A are to be evaluated).
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