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The kinetics of the hydrogen—-oxygen reaction have been characterized on a Pt(111) surface over
the 300-450 K temperature range by titration of adsorbed atomic oxygen with hydrogen in the 1.3
X 10-%t0 1.3 x 10-7 Pa (10~ to 10~? Torr) pressure range. These experiments were performed in
an apparatus equipped with Auger electron spectroscopy, low energy electron diffraction, and a
multiplexed mass spectrometer used for titration and thermal desorption measurements. The hy-
drogen—-oxygen reaction has been studied by monitoring the water formation rate as a function of
time for various temperatures, hydrogen pressures, and initial adsorbed oxygen concentrations.
Adsorbed atomic oxygen forms islands of ordered atomic oxygen with a (2 X 2) structure under
the conditions used during these experiments. Hydrogen reacts rapidly with adsorbed atomic
oxygen to form water above 300 K. Typically reaction probabilities per incident hydrogen molecule
were as high as 0.5 over the temperature range studied. Isotope exchange experiments indicate
statistical amounts of HDO are formed during titration of adsorbed oxygen with H,~D, mixtures.
This isotope result coupled with low temperature spectroscopic studies (/) suggests that water
formation proceeds via sequential addition of hydrogen first to adsorbed atomic oxygen, then to
adsorbed hydroxyl to form the product water. Neither the concerted atomic hydrogen addition
mechanism nor the H,(a) + O(a) — OH(a) + H(a) mechanism can be rigorously excluded, how-
ever, several observations suggest they are not major pathways. The titration data indicate that the
reaction is basically first order in incident hydrogen over the full range of adsorbed oxygen concen-
trations. The water formation rate is not a unique function of oxygen coverage, but also depends on
the initial surface oxygen concentration (the largest oxygen coverage attained before the reaction
begins). This result demonstrates that all of the adsorbed atomic oxygen is not available for
reaction. A simple reaction model is proposed based on the assumption that the island structure of
the adsorbed atomic oxygen limits the availability of oxygen for reaction; this simple model ration-
alizes the qualitative features of the titration data obtained. The model suggests that the key
parameters affecting the behavier of the water formation reaction are the size and shape of the
oxygen islands and the availability of adsorbed atomic hydrogen in the reaction zone.

INTRODUCTION

The hydrogen—oxygen reaction is an in-
teresting reaction in terms of developing
fundamental understanding of catalytic oxi-
dation reactions. Recently adsorption and
desorption of water, oxygen, and hydrogen
have been studied on the Pt(111) surface
(2-9). Molecular water adsorption domi-
nates below the 180 K desorption tempera-
ture (3). Adsorbed hydroxyl formed by oxi-
dation of adsorbed water with adsorbed
atomic oxygen has been characterized on
the Pt(111) surface (3, 4). Oxygen adsorp-
tion on the Pt(111) surface has also been

characterized (5, 6). The adsorption of hy-
drogen on the Pt(111) surface has been
characterized in detail by several authors
(7-9). Dissociative hydrogen adsorption
occurs even at 90 K on the Pt(111) surface
(9.

A review of catalytic water formation
over the platinum group metals has recently
been compiled by Norton (10). Several au-
thors have studied the hydrogen—oxygen
reaction over platinum foils and single crys-
tals (I11-18). Many of these authors
(11-15) suggest that molecular hydrogen
reacts with atomic oxygen directly. Low
temperature experiments reported in a sep-
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arate paper (/) indicate that the water for-
mation can occur on a surface which con-
tains only atomic hydrogen and atomic
oxygen. This low temperature result unam-
biguously establishes the existence of a re-
action mechanism for water formation from
adsorbed atomic hydrogen and adsorbed
atomic oxygen at low temperature. Several
observations made during this work cou-
pled with a number of observations made
by other groups strongly suggest that the
dominant water formation mechanism even
at high temperature is sequential addition of
atomic hydrogen first to atomic oxygen
then to hydroxyl to form water. Neither the
concerted atomic hydrogen addition mech-
anism nor the H, + O - OH + H mecha-
nism can be rigorously excluded, however,
all the data presently available can be ex-
plained by a sequential atomic hydrogen
addition mechanism with an intermediate
OH species.

Surface hydroxyl has been previously
proposed as a stable reaction intermediate
during water formation on silica-supported
platinum (20). The hydroxyl species ob-
served on supported platinum is certainly
more stable than the adsorbed hydroxyl we
characterized on the Pt(111) surface (3, 4)
or the hydroxyl intermediate implicated
during water formation on noble metals
(1, 3, 19, 21). Our results suggest the same
sort of hydroxyl which has been implicated
by molecular beam relaxation studies of
the hydrogen-oxygen reaction over the
Pd(111) surface (21). We postulate (see also
Ref. (1)) as did Engel and Kuipers (21) that
the formation of adsorbed hydroxyl is rate
limiting. That is, atomic hydrogen addition
to adsorbed hydroxyl is more rapid than
atomic hydrogen addition to adsorbed
atomic oxygen. This reaction sequence
causes low surface hydroxyl concentra-
tions under all reaction conditions (1).

EXPERIMENTAL

The titration experiments were per-
formed in an ultrahigh vacuum system
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equipped with several gas inlets, a cylindri-
cal mirror analyzer for Auger electron spec-
troscopy (AES), a low energy electron dif-
fraction unit (LEED), and a multiplexed
mass spectrometer with provisions for digi-
tal signal acquisition. The platinum (111)
sample was oriented and polished using the
usual metallographic techniques. The sam-
ple was cleaned by 1400 K oxygen treat-
ments and high temperature annealing. Au-
ger electron spectroscopy was used
routinely to verify the cleanliness of the
surface. Particular care was taken to ensure
the absence of calcium and silicon. No *‘ox-
ide’” could be formed on this surface de-
spite strenuous effort, a further indication
that our sample is clean.

A brief description of the primary titra-
tion methods used will now be presented.
The structure and cleanliness of the Pt(111)
surface was first verified by LEED and
AES. Various amounts of oxygen were
then adsorbed on the Pt(111) surface at 100
K from background. Adsorbed atomic oxy-
gen was formed from this adsorbed molecu-
lar oxygen by heating to reaction tempera-
ture (300-450 K) at 4.7°/s. After the sample
reached reaction temperature, a step
change in hydrogen pressure was intro-
duced by rapidly opening a leak valve. The
step increase in hydrogen pressure took ap-
proximately 0.2 s to complete. Water and
hydrogen pressures were monitored with
the multiplexed mass spectrometer as a
function of time until water formation
ceased (50 to 500 s, e.g., Fig. 2). The mass
spectrometer data were recorded digitally
at a rate of 20 Hz and manipulated digitally
to facilitate reduction and graphical presen-
tation of the reduced data. Several com-
plete sets of titration experiments were also
obtained using a microchannel plate doser
as a collimated hydrogen source. Even
though the incident hydrogen fluxes are dif-
ficult to estimate and therefore absolute re-
action probabilities cannot be estimated re-
liably, the titration curves obtained
confirmed the validity of the background
experiments.
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RESULTS

A set of thermal desorption spectra for
the reactants and products of this reaction
system are shown in Fig. 1 to illustrate their
thermal stability on the Pt(111) surface. Ad-
sorbed molecular water desorbs in a narrow
peak at 180 K as illustrated in Fig. 1, curve
a (see also Ref. 2). Water formed by reac-
tion of adsorbed atomic oxygen and ad-
sorbed atomic hydrogen desorbs as three
overlapping peaks at 180, 225, and 275 K as
illustrated in Fig. 1, curve b. The residual
hydrogen from this water formation experi-
ment desorbs in two overlapping peaks at
220 and 290 K (Fig. 1, curve c¢), while the
residual oxygen begins to desorb above 625
K. The titration experiments shown in Figs.
2-8 were performed over the temperature
range 300 to 450 K. In this temperature
range the desorption spectra in Fig. 1 indi-
cate that no significant oxygen desorption
occurs and little hydrogen accumulation
can occur on the surface during the titration

Pt{11%)
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F1G. 1. Two sets of thermal desorption spectra taken
after adsorption at 100 K on the Pt(111) surface. (a)
Water desorption from a chemisorbed layer of water.
(b) Water desorption resulting from reaction between
coadsorbed hydrogen and atomic oxygen. (¢) Hydro-
gen desorption from coadsorbed hydrogen and atomic
oxygen. (d) Oxygen desorption from coadsorbed
hydrogen and atomic oxygen. The heating rate was
4.7%s.
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since hydrogen desorption is rapid. Once
molecular water is formed in the 300 to 450
K temperature range it desorbs rapidly
from the surface. A complete temperature-
programmed reaction study of water forma-
tion from adsorbed oxygen and hydrogen
on the Pt(111) surface will be reported in a
separate paper (19).

A series of Auger experiments were per-
formed to verify that all the oxygen-con-
taining species were removed from the sur-
face by titration with hydrogen in the 300 to
450 K temperature range. In all cases no
oxygen-containing species remained on the
surface after water formation ceased.
Therefore, the total amount of water
formed during the reaction can be cali-
brated directly from known initial oxygen
concentrations without recourse to esti-
mated vacuum system characteristics (as
long as the vacuum system is rapidly
pumped). Such a calibration procedure has
been used throughout this work. Integrated
water rate data from titration of saturated
oxygen overlayers [3.8 X 10" atoms/cm?
(5, 6)] were checked on a daily basis and
the coverage verified with AES [oxygen
(510 eV)/Pt(238 eV) = 0.30 = 0.01 (3)].
Reaction probabilities were calculated by
dividing the water formation rate by the in-
cident hydrogen flux. As indicated above
the water formation rates were obtained by
direct calibration of the integrated water
formation rate. The hydrogen pressure in
the vacuum system was measured using a
nude ion gauge and a sensitivity factor of
0.4 relative to N,.

A series of isotope exchange experiments
were performed with a mixture of H, and
D, to ascertain whether hydrogen mole-
cules were reacting directly with the atomic
oxygen to form water as has been proposed
previously (1/1-15). The results of these ex-
periments are illustrated in Fig. 2. A satu-
rated layer of atomic oxygen was titrated at
400 K with a equimolar mixture of hydro-
gen and deuterium. Large amounts of the
mixed isotope water (HDO) are formed. A
substantial kinetic isotope effect is also ob-
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Fi1G. 2. Titration of an oxygen overlayer with an
equimolar mixture of hydrogen molecules and deute-
rium molecules results in the formation of a large
amount of mixed water illustrating that hydrogen dis-
sociation occurs before reaction.

served since D, reacts about three times
more rapidly than H, (Fig. 3). A series of
similar experiments were performed for
various initial oxygen coverages and hydro-
gen/deuterium ratios. All the results indi-
cate that a statistical amount of HDO is
formed during the titration and a substantial
kinetic isotope effect favors reaction of
deuterium. In order to verify that the HDO
product observed is a direct result of reac-
tion and not a result of the product water
exchanging with dissociatively adsorbed
hydrogen, several adsorbed layers of
atomic oxygen were titrated with H, in the
presence of a large flux of D,O at 300 and
400 K. No HDO formation was ever ob-
served indicating that the HDO observed
resulted from oxidation of hydrogen.
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A set of titration experiments run at 300
K for various initial adsorbed oxygen con-
centrations are shown in Fig. 3. The left-
hand panel of the figure displays the water
formation rate as a function of time after
baseline subtraction. The right-hand panel
of Fig. 3 displays the water formation rate
as a function of oxygen surface coverage.
Oxygen coverages were determined by in-
tegration of the water formation rate as dis-
cussed previously. Several sets of titration
experiments were run at 300, 400, and 450
K; representative results are shown in Figs.
4, 5, and 6 for 300, 400, and 450 K, respec-
tively. The water formation rate is plotted
as a function of oxygen surface concentra-

tion for a number of initial adsorbed oxygen

concentrations at each temperature. For
large initial oxygen concentrations the wa-
ter formation rate first increases slowly
with decreasing oxygen surface concentra-
tion then for coverages below about 1.0-1.5
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Fi1G. 3. A set of titration experiments run at 300 K
for various initial oxygen concentrations. The data dis-
played as function of oxygen coverage have been
transformed by numerical integration of the rate data
as a function of time,
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F1G. 4. A set of titration experiments run at 300 K
illustrating that the water formation rate is not only a
function of oxygen concentration but also depends on
the initial oxygen concentration. The incident hydro-
gen flux is constant through the experiment.

X 10" oxygen atoms/cm? the water forma-
tion rate decreases rapidly with decreasing
oxygen coverage (Figs. 3-6). For small ini-
tial oxygen concentrations (below about 1.0
x 10" oxygen atoms/cm?) the rate de-
creases rapidly with decreasing oxygen sur-
face concentration (Figs. 3—-6). The water
formation rate is not a unique function of
surface oxygen concentration, but rather
depends also on the initial oxygen concen-
tration. For instance, with small oxygen
concentrations, the water formation rate is
higher for lower initial oxygen concentra-
tions (Figs. 4-6).

In order to characterize the reaction Kki-
netics more completely a series of titration
experiments were run for various incident
hydrogen fluxes while the initial oxygen
coverage and temperature were held con-
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stant, The results of these experiments are
shown in Figs. 7 and 8 for initial coverages
of approximately 3.8 x 10" oxygen atoms/
cm? and 0.65 x 10 oxygen atoms/cm?, re-
spectively. Generally the results suggest
that the water formation rate is first order
with respect to incident hydrogen flux inde-
pendent of adsorbed oxygen concentration.
A series of LEED observations were
made in order to characterize the adsorbed
oxygen layer formed on the Pt(111) surface.
As indicated in earlier publications (5, 6)
oxygen islanding is indicated by the appear-
ance of a (2 X 2) overlayer structure far
below saturation coverage. Visual observa-
tion of a conventional four grid LEED ap-
paratus indicates that the minimum cover-
age for the appearance of a (2 X 2)
overlayer structure during oxygen adsorp-
tion at 300 K is approximately 0.6-0.8 x
10" oxygen atoms/cm?. The (2 X 2) over-
layer structure for a saturated oxygen over-
layer is quite temperature stable. The (2 X
2) pattern remains quite distinct through
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F1G. 5. A set of titration experiments run at 400 K
for several initial oxygen coverages with constant inci-
dent hydrogen flux.
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F1G. 6. A set of titration experiments run at 450 K
for several initial oxygen coverages with constant inci-
dent hydrogen flux.

350-400 K and finally becomes diffuse
above 550-600 K. This temperature stabil-
ity indicates that the oxygen overlayer re-
mains ordered in the temperature range
where our titration experiments were run.
Direct measurement indicates atomic oxy-
gen surface diffusion begins only above 450
K on the Pt(111) surface (23).

DISCUSSION
Reaction Mechanism

Low temperature experiments reported
previously indicate that water can be
formed by reaction of adsorbed atomic hy-
drogen with atomic oxygen at 120 K ().
The isotope reaction results shown in Fig. 2
rule out direct water formation from molec-
ular hydrogen and adsorbed atomic oxygen
(an Eley—Rideal mechanism). Several ex-
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periments reported in the literature along
with kinetic observations made during this
work suggest that catalytic water formation
on platinum involves a hydroxyl intermedi-
ate and sequential addition of adsorbed hy-
drogen atoms (3, 4, 17-19, 21). The evi-
dence which supports this conclusion is
reviewed in the next paragraph. However,
some of the observations can also be ration-
alized by postulating the Hy(a) + O(a) —
OH(a) + H(a) stripping mechanism, by
postulating rapid recombination of atomic
hydrogen prior to reaction, or by postulat-
ing concerted addition of two hydrogen
atoms to atomic oxygen. The difficulties
encountered in using each of these
mechanisms to rationalize the available
data are discussed in succeeding para-
graphs.

The existence of adsorbed hydroxyl on
the Pt(111) surface has recently been dem-
onstrated (3, 4). Furthermore, thermal de-
composition of a monolayer of adsorbed
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F1G. 7. A set of titration experiments run at 400 K
with several incident hydrogen fluxes for a surface sat-
urated with atomic oxygen.
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FiG. 8. A set of titration experiments run at 400 K
with several incident hydrogen fluxes on a surface with
a small initial adsorbed atomic oxygen concentration.

hydroxyl causes a reaction-limited water
desorption peak at 200 K indicating water
can be formed from adsorbed hydroxyl.
During temperature-programmed reaction
of coadsorbed atomic hydrogen and atomic
oxygen, a reaction-limited water peak is
also observed at 200 K (e.g., Fig. 1) sug-
gesting that hydroxyl species may be in-
volved in the reaction. Hydroxyl desorp-
tion has also been observed spectro-
scopically during high temperature water
formation from hydrogen and oxygen over
platinum gauze (I8). The translational
temperature of water formed by hydro-
gen—-oxygen reaction on a Pt(111) surface is
significantly lower than the catalyst surface
temperature (/7). The mechanism which
should lead to the smallest exotherm in the
final reaction step is clearly addition of ad-
sorbed atomic hydrogen to adsorbed hy-
droxyl. Finally, a kinetic model which ra-
tionalizes all the available kinetic data is
developed in the next section using a se-
quential hydrogen atom addition mecha-
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nism. The observation that the reaction
probabilities observed during titration of
adsorbed atomic oxygen with hydrogen
(0.5) are substantially higher than the initial
sticking coefficient for dissociative hydro-
gen adsorption on the clean Pt(111) surface
(0.1) remains troublesome. In fact, the
sticking coefficient for dissociative hydro-
gen adsorption on an oxygen saturated sur-
face is also 0.1 at 100 K in the absence of
chemical reaction (19). However, these
measured initial adsorption rates for disso-
ciative hydrogen adsorption may be sub-
stantially smaller than the actual dissocia-
tive adsorption rate because of substantial
recombination rates even at low tempera-
ture. Substantial recombination rates are
reasonable since hydrogen isotope ex-
change is known to occur even at liquid ni-
trogen temperature over platinum cata-
lysts.

Two primary difficulties are encountered
with the H, + O — OH + H stripping
mechanism. The water formation rate does
not decrease with decreasing oxygen cover-
age over the entire oxygen coverage range
as it must if this mechanism is dominant. In
this context, the rates for intermediate oxy-
gen coverages are too large. Furthermore,
no water formation is observed during hy-
drogen adsorption on an atomic oxygen
covered surface at 100 K. In this situation
hydrogen molecules with excess transla-
tional energy are certainly incident on ad-
sorbed atomic oxygen, yet no water forma-
tion is observed. In contrast, coadsorbed
atomic hydrogen and atomic oxygen react
readily at 120 K.

A second alternate mechanism involves
preliminary dissociative adsorption of hy-
drogen followed by recombination to form
adsorbed molecular hydrogen prior to reac-
tion with adsorbed atomic oxygen. How-
ever, the large reaction probabilities ob-
served during water formation strongly
suggest that the rate-limiting reaction must
be occurring between the two dominant ad-
sorbed species (adsorbed atomic hydrogen
and adsorbed atomic oxygen). Two factors
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indicate that the concentration of adsorbed
molecular hydrogen must be small relative
to the concentration of adsorbed atomic hy-
drogen. The hydrogen recombination rate
should be small since the adsorbed atomic
hydrogen concentration is small and recom-
bination is a second-order process. The sur-
face lifetime of adsorbed molecular hydro-
gen must also be very short relative to
adsorbed atomic hydrogen because molecu-
lar hydrogen is adsorbed very weakly and
either desorbs or dissociates rapidly on the
surface.

The concerted addition of two adsorbed
hydrogen atoms to atomic oxygen is also
difficult to accept as a single dominant
mechanism. As indicated in our discussion
of the sequential mechanism several obser-
vations implicate a hydroxyl intermediate
which cannot be generated by a concerted
mechanism. Furthermore, the large reac-
tion probabilities observed even at low oxy-
gen coverages suggest that two particle col-
lisions should dominate the reaction
mechanism since they are much more prob-
able than three particle collisions.

In summary, at the present time we have
no data which indicate that more than one
mechanism is necessary to rationalize the
available data. The most reasonable single
mechanism which can be used to rational-
ize catalytic water formation on platinum is
sequential addition of atomic hydrogen first
to atomic oxygen then to adsorbed hy-
droxyl to form water. The other mecha-
nisms discussed cannot be rigorously ex-
cluded. The possibility that several reaction
mechanisms may be involved in catalytic
water formation at various coverages or
temperature cannot be disregarded either.
However, all the available data can be ex-
plained using the simple sequential mecha-
nism indicated below.

Hy(gas) = 2H )
0+H3oH Q@)
OH + H -5 H,0(gas) 3)
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These equations are applicable only above
the water desorption temperature (180 K).
Gas phase species are followed by (gas), all
other species are adsorbed on the surface.

Classical Kinetic Model

If we make a series of assumptions these
elementary reaction steps can be used to
derive reaction rate laws describing the wa-
ter formation rate in terms of surface con-
centrations and incident gas flux. If the hy-
drogen adsorption rate is independent of
oxygen coverage and all adsorbed oxygen
is reactive, two simple limiting rate laws are
obtained depending on the relative rates of
hydrogen desorption and reaction. If we ap-
ply the steady-state approximation to the
adsorbed intermediate species (e.g., OH
and H) we obtain:

_ _kl[O]
H] = =%
l k(O 4k Fyy1»
+2{ w2t } @)

The two limiting cases for hydrogen cov-
erage [H] are as follows.

Case I
4k Fy, _ k[0)
s 5
% > P &)
Then from (4) we obtain
leH2}1/2
H] = . 6
) = (= ©

In this limit the adsorbed hydrogen concen-
tration is determined solely by the hydro-
gen adsorption and desorption rates since
they are larger than the reaction rate. The
water formation rate is:

dH,0 k F H2}1/2

T = kol (M ™

Case 11

4kyFy, < ks? [0
k> k22
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Then from (4) we obtain [H] = O. In this
limit the reaction depletes the surface hy-
drogen concentration since the reaction
rate is large. If we examine the behavior of
Eq. (4) near [H] = O using a Taylor’s ex-
pansion we obtain

[H] = k; Fu,/k;[O]. 8
The water formation rate is:

d H,O(gas)

dt = leHZ- ©)]

Thus using the simplest possible rate law
which is consistent with our reaction mech-
anism (1, 3) we expect two limiting rate
laws depending on the surface oxygen con-
centration during a titration experiment.

For small oxygen coverages Case I
should be appropriate. The rate Eq. (7) in-
dicates first-order dependence on surface
oxygen concentration and half-order de-
pendence on hydrogen flux. For small oxy-
gen coverages the titration data indicate
that the reaction rate is approximately first
order in surface oxygen coverage (Figs.
3-8). However, the titration data indicate
that the reaction is approximately first or-
der in hydrogen flux (Fig. 8) rather than half
order as predicted (Eq. (7)).

For large oxygen coverages Case II
should be appropriate. The rate Eq. (9) in-
dicates no dependence on surface oxygen
concentration and first-order dependence
on incident hydrogen flux. For large oxygen
coverages the titration data generally agree
with these predictions (Figs. 3-8).

Even though the rate laws derived from
this simple reaction model can be used to
rationalize some of the titration data, there
are two major experimental observations
which indicate that this model is not realis-
tic. For a given total oxygen surface con-
centration more than one rate can be ob-
served depending on the initial oxygen
concentration (see Figs. 5--7). This obser-
vation is rather puzzling since in general
kinetic models used to describe surface re-
actions result in rate expressions which are
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single valued functions of reactant surface
concentrations. Also, for small initial oxy-
gen concentrations the reaction rate ob-
served is approximately first order in inci-
dent hydrogen flux (Fig. 8) rather than half
order as suggested by Eq. (7). In the follow-
ing section we will develop a simple reac-
tion model which rationalizes all the avail-
able reaction data and is consistent with the
experimental data available for oxygen and
hydrogen adsorption on the Pt(111) surface.

Hypothesis for Island Reaction Model

The titration data indicate that for a given
total oxygen surface concentration several
reaction rates can be observed depending
on the initial oxygen concentration. One
simple way to rationalize this behavior is
suggested by the observation that adsorbed
atomic oxygen forms ordered islands. Oxy-
gen islands contain two types of adsorbed
oxygen atoms, those on the perimeter and
those in the interior of the islands. If perim-
eter oxygen is substantially more reactive
than the interior oxygen, the observation
that several reaction rates can be observed
for a given total surface oxygen concentra-
tion can be easily explained. As the oxygen
islands grow with increasing oxygen sur-
face coverage the islands touch and some
fraction of those which touch merge to form
larger islands. Since this coalescence basi-
cally changes the fraction of the oxygen
which is available for reaction, the reaction
rate at a given total oxygen concentration
will depend on the initial oxygen coverage.

The experimental data also indicate that
the reaction rate is first order in hydrogen
flux even in the region where it is also first
order in surface oxygen concentration. In
the 300 to 450 K temperature region the hy-
drogen recombination and desorption rate
is substantial [Refs. (7-9), see also Fig. 1]
so that the residence time for hydrogen at-
oms on the Pt(111) surface must be fairly
short. If the reaction between adsorbed ox-
ygen atoms and hydrogen atoms occurs
only on the perimeters of oxygen islands,
then hydrogen which cannot move to a pe-
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rimeter before desorbing cannot react. This
hypothesis leads to first-order dependence
of the reaction rate on incident hydrogen
flux even at low oxygen surface concentra-
tions because the reaction rate is limited by
the amount of hydrogen adsorbing near the
perimeter oxygen, not by the amount of hy-
drogen on the entire surface.

In order to illustrate these ideas, a simpli-
fied model which takes into account the key
factors discussed above is developed in the
next section. A series of representative rate
expressions are developed to illustrate that
the kinetic behavior we observe experimen-
tally can be rationalized using even a sim-
plified reaction model. The primary point
we wish to make here is that the data indi-
cate that not all of the adsorbed atomic oxy-
gen is available for reaction with adsorbed
atomic hydrogen. Consideration of the oxy-
gen island structure can explain these oth-
erwise puzzling data.

Formulation of Island Reaction Model

In order to formulate this reaction model
we assume that the adsorption rate of hy-
drogen near reactive perimeter oxygen lim-
its the reaction rate. Instead of considering
the details of surface diffusion driven by
concentration gradients on the surface, we
assume that all hydrogen which disso-
ciatively adsorbs within a distance ‘A’ of
an oxygen perimeter reacts; all other hy-
drogen desorbs. The “‘diffusion’’ length, A,
is a model parameter which limits the area
for reactive hydrogen adsorption. This pa-
rameter may not relate directly to diffusion
distances on metal surfaces since modifica-
tions of hydrogen mobility or hydrogen re-
combination rates which may occur in the
presence of adsorbed atomic oxygen would
affect the reactive adsorption zone area.
We further assume that the dissociative hy-
drogen adsorption rate and the distance
“h> are independent of local oxygen con-
centration.

Oxygen adsorbed in the interior of is-
lands is assumed to be inactive; only oxy-
gen on island perimeters is reactive. All ox-
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ygen islands are assumed to have locally
saturated oxygen densities and adsorbed
oxygen is assumed to be immobile. The ide-
alized oxygen island structure we assume is
illustrated in Fig. 9. The reactive hydrogen
adsorption zone defined by the length “‘A™
is illustrated by the shaded areas in Fig. 9.
Square island symmetry has been used in
order to simplify the model since for this
case islands formed by coalescence at high
coverage do not dramatically change shape
as the reaction proceeds (compare Figs. 9¢
and f). We assume a regular square array of
island nucleation centers (Fig. 9a). These
nucleation centers are populated by island
nuclei with random translational phasing.
Four translational domain types can occur
for a (2 x 2)O structure on a (111) surface.
After population of all the nucleation cen-
ters the islands grow uniformly with in-
creasing oxygen surface concentration as
indicated in Figs. 9b, ¢, and d. The four
domain types are indicated in Fig. 9 by the
four types of cross-hatching. When the is-
lands touch at full coverage, adjacent re-
gions with the same domain type merge,
resulting in island growth (Fig. 9¢). As the
oxygen surface concentration is decreased
by reaction at the isiand perimeters the is-
lands decrease in size as illustrated in Fig.
of.

Using the assumption outlined in the pre-
ceding two paragraphs to describe the situ-
ation on the surface a series of expressions
describing the reaction rate can be devel-
oped. The elementary reaction steps de-
scribed previously (Egs. (1)-(3)) are used.
However, the reaction rate is limited by the
adsorption of hydrogen in the reaction
zone. The water formation rate is simply

d H,0(gas)
dt

where A is the fraction of the total area
which is reactive.

First consider initial oxygen coverages
below the density of nucleation centers *‘j”’
the reaction zone area is (Fig. 9a).

Case (a). When the nucleation centers

= k1 FH2A (9)
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F1G. 9. A set of oxygen island schematics illustrating the simplified island growth and reaction model
proposed. The dotted area illustrates an example of the reactive hydrogen adsorption zone. The area
occupied by oxygen is cross-hatched with the four directions of cross hatching represénting the four
translational domains of the (2 x 2)O structure observed on the Pt(i11) surface. (a) All oxygen
nucleation centers occupied ([01(7)] = [0,1/64). (b) Small oxygen islands with interiors included in the
reactive adsorption zone [(O(1)] = [0 J/16). (¢) Larger oxygen island with part of their interior region
not included in the reactive adsorption zone ({O(1)] = [OJ/4). (d) A saturated oxygen surface without
island coalescence ({00} = [O.]). (e) A saturated oxygen island after island coalescence has occurred
([0«(D] = [0,)). Note the decrease in reactive adsorption zone area. (f) Oxygen islands formed by
removal of oxygen from (e) by reaction ([O(1)] = [0]/4). Note the decrease in reactive zone area
compared to (¢} which contains the same coverage.

are being populated: where k; is the rate of dissociative hydro-
gen adsorption, Fy, is the incident flux of

= Ky Fu, jAR2 O+(D) (10) hydrr?gen, his a “_diffusion”‘distance for
2 O, atomic hydrogen, j is the density of nuclea-

d H;O
dt
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tion centers or the reciprocal of the maxi-
mum island area, O, is the saturation den-
sity of oxygen, and O+(?) is the total oxygen
concentration at time ¢. The last term in Eq.
(10) is simply the fraction of nucleation cen-
ters occupied. We -have assumed the reac-
tion zone is square (instead of round) so
that the form of this equation will match the
form of more complex equations derived
below.

For larger oxygen coverages we must
consider reactive hydrogen adsorption for
an oxygen island configuration where the
entire oxygen island interior is a reactive
hydrogen adsorption zone.

A = jld@) + 2hY. (11)

The rounded corners of the reactive zone as
illustrated in Fig. 9b have been neglected
for simplicity. The size of the square oxy-
gen islands, d(f), is directly related to the
total oxygen coverage by the equation:

JOLd®)* = Ox(0). 12

Case (b). When the island centers are
reactive and the reaction zones do not over-
lap along their perimeters:

d H,O(gas)
dt

-k {( 557

For larger oxygen coverages the oxygen
islands are large enough so that hydrogen
adsorbed in the center is inactive, but small
enough so the reactive hydrogen adsorption
zones are separate. The following fractional
reaction zone area is obtained:

A = j{(d@) + 2h)* — (@) ~ 2h)}
' = j8hd(r). (14)

Again we neglect the rounded corners of
the reaction zone for simplicity.

Case (c). When the island centers are in-
active and the reaction zones do not over-
lap along their perimeters:

d H,O(gas) . {Or(Dy12
C B e hiFuih (—JO—) (15)

)" +20f. a3)

For oxygen concentrations near satura-
tion we must consider square oxygen
islands with overlapping reaction zones.

A = jld@®) — (d(t) — 2h)
+ ((dn)* — @d(®)). (16)
Case (d). When the island centers are in-

active and the reaction zones overlap along
their perimeters:

d H,O(gas) _ [ OrlD)
I - kFu - T,
O1()\»
+ 4h (ﬁ‘) — 4R + dmz}. a7

Again, we have neglected the rounded cor-
ners of the reaction zone for simplicity.

When the oxygen islands reach their
maximum size (dy = j~!?) the islands with
similar domain structure will coalesce into
larger islands with various configurations.
Rate expressions for the major configura-
tions are derived in the appendix. Basically
island coalescence reduces the fraction of
the oxygen available for reaction if perime-
ter reaction dominates (compare Figs. 9¢
and f).

Discussion of Island Reaction Model

The behavior of any one titration experi-
ment as a function of oxygen coverage and
hydrogen flux is adequately rationalized by
the rate expressions (10), (13), (15), and
(17). For instance all these rate expressions
indicate first-order dependence of the water
formation rate on incident hydrogen flux in

‘agreement with our titration data (Figs. 7

and 8). The negative sign on the highest or-
der oxygen term in Eq. (17) (which de-
scribes the reaction rate for large oxygen
coverages) indicates that the reaction rate
should increase with decreasing oxygen
coverage as was observed at high oxygen
coverages (Figs. 3, 4, 5, and 6). Equation
(15) indicates that the water formation rate
should decrease with a half-order depen-
dence on oxygen coverage and Egs. (13)
and (10) both basically indicate that the wa-
ter formation rate decreases linearly with
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decreasing oxygen coverage. The maxi-
mum in the water formation rate observed
in Figs. 3-6 for large initial oxygen cover-
ages is suggested by this model as indicated
by Egs. (17) and (15). As the oxygen cover-
age decreases below the maximum water
formation rate the rate first decreases
slowly, then decreases linearly with de-
creasing oxygen coverage as suggested by
Egs. (15), (13), and (10). This comparison
indicates that these simple rate expressions
can be used to rationalize the functional be-
havior of any one of these titration experi-
ments. The more complex rate laws derived
in the appendix for oxygen overlayers
where islands have coalesced display basi-
cally the same functional behavior in terms
of incident hydrogen flux and also as oxy-
gen coverage decreases during any given
titration experiment. The simple coales-
cence model developed in the appendix
suggests that significant decreases in sur-
face reactivity should be expected after the
islands coalesce.

The primary point we wish to make here
is that the data indicate that not all of the
adsorbed atomic oxygen is available for re-
action with adsorbed atomic hydrogen.
Simple consideration of the oxygen island
structure can explain these otherwise puz-
zling data. We have discussed a simplified
reaction model which considers the pri-
mary factors which we feel dominate the
water formation reaction on the Pt(111) sur-
face. The qualitative agreement between
the titration data and this simple reaction
model along with known physical charac-
teristics of adsorbed atomic oxygen and ad-
sorbed atomic hydrogen on the Pt(111) sur-
face suggest that the key factors which
dominate the hydrogen-oxygen reaction
are the structure and size of the oxygen is-
lands and the availability of atomic hydro-
gen in the reaction zone.

CONCLUSIONS

Hydrogen reacts rapidly with adsorbed
oxygen above 300 K to form water. Typical
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reaction probabilities were as high as 0.3 to
0.5 between 300 and 400 K. Low tempera-
ture spectroscopic studies reported sepa-
rately (/) along with isotopic exchange
studies reported here suggest that water
formation proceeds via sequential addition
of adsorbed atomic hydrogen first to ad-
sorbed atomic oxygen then to adsorbed hy-
droxyl to form the product water. Neither
the H(a) + H(a) + O(a) —» H,0(a) mecha-
nism nor the Hy(a) + O(a) > OH(a) + H(a)
mechanism can be rigorously excluded,
however, several observations suggest they
are not major pathways. The titration data
indicate that the reaction is basically first
order in incident hydrogen flux. The titra-
tion data also indicate that the water forma-
tion rate is not a unique function of oxygen
coverage but also depends on the initial sur-
face oxygen concentration (the largest oxy-
gen coverage attained before reaction be-
gins). This result indicates that all the
adsorbed atomic oxygen is not available for
reaction. A simple reaction model is pro-
posed based on the assumption that the is-
land structure of the adsorbed atomic oxy-
gen limits the availability of oxygen for
reaction; this simple model rationalizes all
of the qualitative features of the titration
data obtained. The model suggests that the
key factors affecting the water formation
reaction are the size and shape of oxygen
islands and the availability of atomic hydro-
gen near the reactive oxygen.

APPENDIX
Reaction Model for Coalesced Islands

When the oxygen islands reach maxi-
mum size (dy, = j~'?2) the islands with simi-
lar domain structure will coalesce into
larger islands with various configurations.
The major configurations are identified in
the first column of Table 1. An analytical
expression for d() in terms of O1(?) can be
obtained by considering simple probability
theory. The probability that a given island
will have no neighbors of equal domain
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structure is

_@Y) 0560 0.75) =

on@n {0.25)° (0.75)* = 0.316.
In a similar manner the probability that a
given island will have a given number of
equivalent neighbors in a given configura-
tion can be easily determined and is shown
in column 2 of Table 1. The area covered by
each type of island configuration and the
variation of that area with extent of reac-
tion can also be determined and is shown in
column 3 of Table 1 in terms of the maxi-
mum island size ‘‘d,,’’ and the current char-
acteristic dimension “‘d(f)"’. Since we know
the probability and the area for each major
configuration type, an equation can be de-
veloped describing the relationship be-
tween total oxygen coverage and the char-
acteristic dimension d(¢) of our islands.

Ox) =jO, Y  (configuration

configurations

probability)(island area) (18)

or

d(t) = —0.450 d,, + 0.955 {0.191 dm?

OT(t))}l/Z
+ 2.094 (jOs . 319

In order to estimate the total reactive
zone area available for a given total cover-
age, the reactive zone area available should
be estimated for each type of island config-
uration formed by coalescence. The major
types of configurations formed by coales-
cence are listed in Table 1 along with the
reactive areas available for various ranges
of the size parameter d(f). As noted in the
table, the reactive zone areas have been es-
timated per nucleation site, and rounding of
the corners of the reaction zone has been
neglected. For simplicity we have consid-
ered only the major configuration for four
equivalent neighbors even though there are
several different configurations depending
on the identity of included corner islands.
The population densities of these neglected
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configurations are less than 0.4% and will
have no noticeable effect except for ex-
tremely small coverages attained by react-
ing away the oxygen. The reactive area
available for any coverage can now be esti-
mated by determining the characteristic di-
mension d(z) using Eq. (18) then summing
the product of configuration probability and
reactive zone area over all the configura-
tions.

A=j (configuration

configurations

probability)(reaction zone area). (20)

We obtain the following expressions for the
fractional reactive areas when the island
centers are reactive and the reaction zones
do not overlap along their perimeter:

A = j{0.5058d()* + 2.094 hd(r)
+ 0.4532d,d(1) + 0.9767 hd,,
+2.0234%. (21)

When the island center is inactive and the
reaction zones do not overlap along their
perimeter:

A = jl4.117hd(t) + 1.883hd,}.  (22)

When the island center is inactive and the
reaction zones overlap along their perime-
ter:

A = j{—0.5146d(t)* + 2.059hd(r)
— 0.5411d,d(r) + 0.9415hd,,
+ 1.056d,2 — 2.059h% (23)

where d(f) can be related to oxygen cover-
age by Eq. (19), & is the “‘diffusion’’ length,
dy, is the distance between nucleation cen-
ters, and j is the nucleation site density.
Complex rate equation describing the re-
action rate for coalesced islands can be ob-
tained by first substituting d(¢) from Eq. (19)
into Egs. (21), (22), and (23) and then sub-
stituting the resulting equations into Eq.

).

NOMENCLATURE

a Unit cell size for one adsorbed ox-
ygen atom
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The fraction of the total area
where reactive hydrogen can ad-
sorb. In our development we cal-
culate the fractional area per is-
land nucleation site

The maximum island size, the dis-
tance between nucleation centers
(in our model d,, = j~'7?)
Characteristic island size. For in-
dependent square islands the over-
all dimension of the square. For
coalesced island configurations the
short side dimension which de-
creases with extent of reaction
Incident flux of Hy(gas) on the sur-
face

Adsorbed atomic hydrogen **diffu-
sion”’ distance, a model parameter
which defines the reactive adsorp-
tion zone

Island nucleation site density (in
our model j = 1/d,?)

Rate constant for hydrogen ad-
sorption

Rate constant for hydrogen de-
sorption

Rate constant for reaction of ad-
sorbed atomic oxygen and ad-
sorbed atomic oxygen

Rate constant for reaction of ad-
sorbed hydroxyl and adsorbed
atomic hydrogen

Saturation adsorbed oxygen den-
sity

Total adsorbed oxygen concentra-
tion at time “‘t”’
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