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Analysis of the kinetics for the Hp + 20, = H0 reaction on a hot
Pt surface in the pressure range 0.10-10 Torr
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The Hy + %Oz = H,O reaction on platinum at 700 and 1300 K has been studied. A stagnation flow geometry was used with a
gas mixture of Hp and O, at pressures between 0.10 and 10 Torr. Comparing SHG results with simulations using different reaction
parameters, it was concluded that Ef, , ~ 0.7 eV, Efy, ~ 0.7 eV, and EQ,, ~ 2.6 V. LIF measurements showed an ambiguity in the
choice of main water-producing channel. Both hydrogen addition with low sticking coefficients and hydroxyl disproportionation with

high sticking coefficients are plausible.
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1. Introduction

The catalytic combustion of hydrogen on Pt is one of
the most studied heterogeneous catalytic processes[1]. The
reason for thisisthat H, and O, yield arather simple chem-
istry with few adsorbates, O, being the heaviest, although
there have been suggestions that heavier molecules also
could exist on the surface [2]. If the species being oxidized
is changed from hydrogen to a smple hydrocarbon such as
methane, the number of pure surface reactions increases
from three [3] to nine [4], assuming dissociative sticking
in both cases. By pure surface reaction is meant a reaction
where only adsorbed surface species participate, that is, no
gas-phase species participate. Despite the relative simplic-
ity of the reaction, there is till a lack of knowledge about
reaction rate parameters for the surface reactions involved,
as well as about which are the most important surface re-
actions. Important parameters for the overall water produc-
tion on the surface are the sticking coefficients so(H) and
s0(0O,) for hydrogen and oxygen, that is, the probability for
the molecules to adsorb on the surface when they impinge
on it [5,6].

In general, when studying the interaction between sur-
face and gas phase it is most often the adsorption/desorption
reactions that are rate-limiting, not the surface reactions[7].
In order to study the surface chemistry, except for adsorp-
tion and desorption, it is therefore necessary to focus on
intermediate steps in the reaction, and not on the over-
al process, the latter being the case in, for example, mi-
crocalorimetry. In this work the coverage of oxygen atoms
on the surface has been studied with second harmonic gen-
eration, SHG, which allows us to discriminate between high
and low activation energies [8,9]. In order to determine
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which of the water production paths Hy + OH; = H»0s,,
hydrogen addition, and 20H,; = H,0, + O,, hydroxyl dis-
proportionation, is the most important, the desorbed OH in
the gas close to the surface has been studied with laser-
induced fluorescence, LIF.

In [10] the activation energy for the reaction Hy + OH,—
H20 is found to be Ej}, = 0.67 eV, while the acti-
vation energy for the reaction 20H, — HO04 + Oy is
Ef,jzo = 0.75 eV. The experimental technique was mod-
ulated molecular beam relaxation spectroscopy, MMBRS,
and the isotope deuterium was used instead of hydrogen in
order to avoid signa interference from background H,O.
The difference between deuterium and hydrogen was ex-
pected to be negligible in the context of the studied para-
meters. The experimental data give less information about
the activation energy for OH formation, EL,,, but the au-
thors concluded that an upper limit is Ef,, < 0.57 eV.

In [11] the activation energy for the reaction 20H, —
H20, + O, was found to be Ef? , = 0.18 eV, while the
activation energy for OH formation, O + Hy, — OHj3
was found to be Ef,, = 0.12 eV. The experimental tech-
nigque was time-resolved electron energy l0oss spectroscopy,
TREELS. It was found that the value obtained for Ef, , was
relatively independent of the reaction path, hydroxy! dispro-
portionation or hydrogen addition, and therefore 0.18 eV
may also be considered as an estimation of Ej} .

Formation and decomposition of water on a Pt(111) sur-
face were studied with LIF in [12], and an enthalpy dia-
gram for hydrogen oxidation was discussed in detail. It was
observed in [12] and [13] that the difference between the
activation energies for hydroxyl desorption and for water
formation, E3,, — E&zo, is not uniquely determined. The
reason why the experimental data are not sufficient to de-
termine these activation energies independently is that the
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desorption of OH, which is what is probed by the LIF ex-
periments, depends on the ratio between the expressions for
OH desorption and H,O formation, since a high yield of
H,O will decrease the OH coverage, and therefore also the
OH desorption rate. With the experimental data the authors
arrive at a difference Egy — Bl o = 1.9 eV.

As a result of these works the proposed activation en-
ergies can be divided into two groups. One group has
relatively high energies: Ef, o ~ 0.7 eV, Ef,, ~ 0.7 eV,
and E3,, ~ 2.6 eV. The other group contains a set of lower
activation energies: Ef, o ~ 0.18 eV, Ef; ~ 0.12 eV, and
B8, ~21leV.

Another point of interest is which of the water produc-
tion paths Hy + OH; = H»0, hydrogen addition, and
20H,; = H204 + O, hydroxyl disproportionation, is the
most important one. This is not uniquely determined by
their activation energies Ej} o and E? , respectively, but
also depends on pre-exponentials and coverages of surface
species, among other factors.

In [10] it is concluded that Hy + OH; = H20; is the
dominant path when hydrogen flux to the surface exceeds
that of oxygen, and that 20H, = H,O, + O, dominates
when the oxygen flux exceeds that of hydrogen. A ki-
netic analysis [13] showed that the relative importance of
the two reaction paths could depend sensitively on temper-
ature and on «, which is the relative hydrogen pressure,
a = pu,/(po, + pu,).- Hydrogen addition is favored by
high temperatures and high «, while the hydroxyl dispro-
portionation path is more favored at low temperatures and
low «, which means oxygen excess.

The present study aims at discriminating between the
four combinations of high or low activation energies with
the hydrogen addition or the hydroxyl disproportionation
path.

2. Material and method

The stagnation-point flow field studied in this work is
shown in figure 1. At a certain distance below the plane
of the surface, in the gas phase, an upward velocity is im-
posed. By confining our attention to the center of the sur-
face, edge effects can be neglected, permitting use of a
one-dimensional analysis. In the pressure range from 0.10
to 10 Torr, relevant for this study, the mean free path of the
molecules decreases from around 500 pxm to around 5 pm
at 300 K, increasing linearly with the temperature. The
temperature of the surface is a boundary condition in the
calculations and is experimentally kept fixed by adaptive
resistive heating.

2.1. Experimental techniques

The cleanliness of the surfaces is known to be of high
importance for the kinetics of the surface reaction [14].
Therefore, it is important to use a reliable cleaning method

Pt surface
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Figure 1. Stagnation-point flow.

which guarantees a reproducible cleanliness in the experi-
ments. For the H, + 30, = H,O reaction on Pt it has been
shown [14] that the reaction itself produces a clean surface,
and this was also the method used for both the SHG and
the LIF experiments.

2.11. HG

A detailed description of the SHG experimental setup
is given in [15]. The SHG experiments were performed
in a small turbopumped UHV chamber. In order to obtain
stagnation-point flow conditions, care was taken to provide
a flat velocity profile by stacking glass beads, enclosed
by a metal mesh, in the inlet tube shown at the bottom
of figure 1. Measurements were made for the pressures
0.20, 1.0, and 10 Torr and the temperature of the resis-
tively heated Pt(111) surface was 700 K. A mode-locked
Nd:YAG laser, A = 1064 nm, with a pulse length of 35 ps
at a repetition rate of 10 Hz was used. Consequently, the
frequency-doubled light, created by the second-order sus-
ceptibilities of the surface and the surface/adsorbate com-
plex, had a wavelength of 532 nm. Theoretical foundations
for the interpretation of the SHG signal as a measure of the
coverage, 6, of adsorbates are given in, for example, [15]
and [8].

212 LIF

A detailed description of the LIF experimental setup is
given in, for example, [6]. The LIF experiments were per-
formed in a roots-pumped vacuum chamber. The velocity
profile from the inlet tube was not flat. However, as we fo-
cussed on the central, maximum-velocity parts of the flow,
the experimental conditions were well known. A detailed
discussion of the flow geometry in this experiment is given
in [16]. Measurements were made for the pressures 0.10,
0.50, and 1.0 Torr and the temperature of the resistively
heated polycrystalline Pt surface was 1300 K. A frequency-
doubled excimer-pumped dye laser was tuned to the R;(4)
transition, A = 307 nm, in the OH molecule. A major con-
cern in LIF is quenching [17]. There are three parameters
that influence the quenching rate: pressure, temperature,
and gas composition. In figure 8 the OH-LIF intensities
are normalized to unity at their maxima. Since the pres-
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sure is constant for each curve this parameter, pressure,
does not influence them.

Temperature, and therefore the absolute density, can also
influence the quenching rate. However, for pressures pyor <
1.0 Torr the temperature profile outside the surface should
not vary considerably for a data set with constant pressure,
since no gas-phase reactions take place [18].

What may influence the appearance of the curvesin fig-
ure 8 is the gas composition. Water is a more efficient
guencher than hydrogen and oxygen molecules. There-
fore, the changes in water concentration may influence the
shape of the curves. The largest quenching and variation in
guenching occur for the highest pressure, pi; = 1.0 Torr.
For o = 0.1 the measured quenching rate was 3.0 x 106 s—1
based on OH lifetime measurements [18]. Using the tab-
ulated cross sections for 7" = 1100 K [19] it is esti-
mated that the maximum quenching rate variation could
be 2.8-3.5 x 10° s~! for « ranging from 0.0 to 0.4 at
prot = 1.0 Torr. This would mean a maximal positive cor-
rection of +9% of the magnitude in OH concentration for
a = 0.25-0.30, and a maximal negative correction of —5%
for « = 0. The corrections for pi = 0.5 Torr will be a
factor of two smaller, and for pyy = 0.1 Torr the correc-
tions will be an order of magnitude smaller. On the whole,
we consider the quenching variations small enough to be
neglected.

2.2. Theoretical modeling

2.2.1. Mass-transfer limitation

Before analyzing and comparing the experimental and
simulated results as a function of reactant composition, it
is necessary to know if and how the reactant composition
a the gas inlet, which is determined by the flowmeters,
differs from the reactant composition at the boundary layer
close to the surface. The change in composition along the
way from the inlet to the surface can be due to two fac-
tors:

Mass-transport limitation. In this case the surface reac-
tions consume one or more of the reactants at a rate such
that they are depleted in the gas near the surface. This might
happen even if the reactant mixture at the inlet is stoichio-
metric, from the surface reaction point of view, because of
different diffusion velocities for the different reactants.

Gas-phase chemistry.  If gas-phase reactions take place it
is evident that the gas composition will change during the
transport from the inlet to the surface. Products will appear
and reactants will be consumed.

In this study the mass-transport limitation will be of im-
portance while the gas-phase chemistry will be less impor-
tant. It has been shown [18] that for the LIF-experiment
conditions, 7' = 1300 K, gas-phase chemistry is negligible
for pressures up to 1 Torr, which is the highest pressure
used for LIF experiments in this study.
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Figure 2. Mass-transport effects at 700 K. The simulations were made
with Chemkin.
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Figure 3. Mass-transport effects at 1300 K. The simulations were made
with Chemkin.

The mass-transport effect for the SHG-experiment con-
ditions, 7" = 700 K, is shown in figure 2. The effect seems
to be more pronounced than in figure 3, which shows the
mass-transport effect for the L1F-experiment conditions at
1300 K, mainly because the highest pressure is 10 Torr in
figure 2, compared to 1 Torr in figure 3. Figure 2 shows
the dependence of asuface, that is, pr,/(pH, + po,) in the
gas phase close to the surface, as a function of hydrogen
partial pressure at the inlet, aine, for the conditions of the
SHG experiment, 7" = 700 K. Hence, the figure shows that
for lean mixtures, that is, low ajye, the hydrogen is de-
pleted close to the surface because of the finite diffusion
and convection velocities. The opposite is true for the rich
mixtures, that is, high ajne. However, dueto the difference
in minority species, the mass-transport is more important
for lean mixtures, that is, low aine, than for rich mixtures.
This is also evident in figure 3 where the effect is more
pronounced for low than for high ajpe:.

It should be noticed that there is a clear difference in
shape between the curve for 0.1 Torr and the curve for
10 Torr in figure 2. This is because, at 7' = 700 K, the
mean free path of the molecules decreases from around
1 mmat p=0.1Torr to around 10 ym at 10 Torr, as dis-
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Figure 4. The two different reaction paths with different activation energies: add/low, add/high, disp/low, and disp/high. The hydrogen addition path,
OH + H = H;0, is denoted “add”, while the disproportionation path, OH + OH = H,O + O, is denoted “disp”. For the low-energy models, add/low
and disp/low, the activation energy is EE)H = 0.12 eV for OH formation, Eszo = 0.18 eV for water formation, and E(d)H = 2.1 eV for OH desorption.
For the high-energy models, add/high and disp/high, the corresponding activation energies are: Efy, = 0.7 eV, Ef, o = 0.7 eV, and EQ,, = 2.6 eV.

cussed above. Thus, the flow passes from near molecular
flow to near viscous flow. It is in this intermediate flow
regime that the mass-transport starts to be limiting for the
surface reaction.

In figures 2 and 3 the sticking coefficients are chosen as
s0(Hz2)/s0(02) equal to 0.10/0.05 and 0.04/0.02, respec-
tively. Along with these sticking coefficients a set of rel-
atively high coefficients, so(Hz)/s0(O2) = 0.18/0.09 will
also be investigated in this study, see below. The rela-
tion between agyface @Nd aine depends significantly on the
sticking coefficients chosen.

The difference between ainer and agurface, Where

PHyinlet
Qinet = —————
DHa,inlet + POy, inlet
and
o PH,,surface
Osurface =

1
PH,,surface 1+ PO, surface

has to be taken into account when we plot experimental
values as a function of agyface, asin figures 5, 6, and 7.

2.2.2. Smulations

Two types of simulations were used. In order to cor-
rectly describe the relation between gas compositions
a the inlet and a the surface, as described below,
the Chemkin package was employed. Using the codes
CHEMKIN [20], SPIN [21], SURFACE CHEMKIN [22],
TRANSPORT [23], thermodynamic data base [24], and
TWOPNT [25], the coupled gas-phase and surface-phase
chemistries could be simulated. A detailed description of
the coupled gas-phase and surface-phase chemistries, and
of the Chemkin simulations, is given in [6].

For the simulations of oxygen and hydroxyl coverage,
0(0) and A(OH), as a function of gas mixture, a sur-
face model without gas-phase chemistry was used. This
model, the HKZ-model developed by Hellsing, Kasemo and
Zhdanov [13], calculates the coverages of all speciesin the
Ho + %Oz = H,O reaction. It requires much less computa-
tion time since the gas-phase chemistry is not incorporated.
The method for simulating the system has thus been first
to use the Chemkin package in order to establish the gas
composition above the surface, given a certain inlet reac-
tant mixture, and then to use the pure surface model to test
the studied parameters for the reaction. The discriminations
to be made, discussed in section 1, are: hydrogen addition
versus hydroxyl disproportionation path, and high versus
low activation energies. These four alternative models are
summarized in figure 4.

3. Results and discussion
3.1. SHG experiments and modeling of oxygen coverage

Oxygen coverage, 6(0O), for the pressures 0.20, 1.0, and
10 Torr is presented in figures 5, 6, and 7, respectively. The
discrete datapoints marked with diamonds (¢) represent ex-
perimental 6(O) according to SHG experiments. The curves
drawn with dashed, fine solid, and thick solid lines repre-
sent the simulated 6(O) with the reaction models add/high,
disp/high and either of add/low or disp/low, respectively.
The hydrogen addition path, OH + H = H,0, is denoted
“add”, while the disproportionation path, OH + OH =
H,0 + O, is denoted “disp”. Also, “high” and “low” refer
to high or low activation energies, respectively, see also fig-
ure 4. The coverage is given as a function of agyface. The
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Figure 5. Pressure piot = 0.20 Torr. Comparison of experimental oxy-

gen coverage, 6(0), obtained with SHG, and theoreticaly predicted 6(O)

obtained with the kinetic surface model, with three different parameter
Sets.

agreement between experiment and theory is not perfect for
any reaction model. Most evident is that the “tail” in 6(O)
is definitely not reproduced by the (add or disp)/low model,
which drops to a minimum very rapidly for al three pres-
sures. This initial fast drop of the oxygen coverage, with
increasing «, is aresult of the low activation energies, and
does not depend on reaction path. Hence, the solid line in
figures 5, 6, and 7 correspond to both add/low and disp/low.
Figure 7 which showsthe resultsfor 10 Torr givesthe clear-
est evidence that the (add or disp)/low does not correctly
describe the experimental reality. Therefore, the possibil-
ity of low activation energies can be ruled out. However,
whether model add/high or disp/high is the most important
one cannot be concluded from the SHG results. Neverthe-
less, it has been found [15] that for very low hydrogen par-
tia pressures, a < 0.03, only the hydrogen addition path is
able to correctly model the oxygen coverage. The hydroxyl
disproportionation path predicts too high oxygen coverages
inthis a-range, and it istherefore excluded in [15]. In order
to investigate the reaction path from a more general point
of view, and not only for very low «, the LIF experiments
are referred to as explained below.

3.2. LIF experiments and modeling of hydroxyl coverage

Since the SHG measurements, together with simulations,
indicate that the activation energies are high, add/high and
disp/high are the remaining candidates. In order to decide
whether OH + H = H,O or OH + OH = H,O 4+ O is
the main reaction path we use the LIF results in figure 8
and compare them with the simulated results in figure 9.
These figures show the normalized simulated coverage of
OH, 6(OH), on the surface for the pair of sticking coef-
ficients so(Hz2)/s0(O2) equal to 0.04/0.02, 0.10/0.05, and
0.18/0.09, respectively. All experimental and simulated
data are normalized to unity at their maximum. One might
question the comparison between gas-phase OH, probed by
LIF, and the simulated OH coverage, 6(OH). However,
under the conditions of the LIF experiment, pior < 1 Torr
and 7' = 1300 K, gas-phase chemistry should be negli-
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Figure 6. Pressure piot = 1.0 Torr. Comparison of experimental oxygen
coverage, 6(0), obtained with SHG, and theoretically predicted 6(O) ob-
tained with the kinetic surface model, with three different parameter sets.
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Figure 7. Pressure piot = 10 Torr. Comparison of experimental oxy-
gen coverage, 0(0), obtained with SHG, and theoretically predicted 6(O)
obtained with the kinetic surface model, with three different parameter
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Figure 8. Experimentally obtained OH-LIF intensity. For each pressure
the maximum intensity has been normalized to unity at their maximum.

gible [18] and, therefore, the gas-phase OH concentration
should be proportional to the OH desorption, which should
be proportional to the coverage.

The first feature that should be noticed when studying
the experimental data in figure 8 is that the ajn¢ value for
which the fluorescence is maximal increases with increasing
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Figure 9. Comparison of simulated OH coverage, 0(OH), for six different combinations of sticking coefficients and reaction paths. The first row,
(@) and (b), shows the simulated results for the sticking coefficients so(H2)/s0(02) = 0.04/0.02, with the hydrogen addition path OH + H = H,0
as unique water-producing reaction channel to the left (a), and with the hydroxyl disproportionation path OH + OH = H,0 + O as unique water-
producing reaction channel to the right (b). The second and third rows, (c) and (d), and (e) and (f), contain simulated results with so(H2)/s0(O2) equal
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to 0.10/0.05 and 0.18/0.09, respectively.

pressure. Thisis mainly due to the increasing mass-transfer
limitation of hydrogen supply described above, which de-
pletes the H, concentration close to the surface, yielding
a local agyiace Which is lower than the ajne @ the gas
inlet, see figure 3. This behavior is reproduced by the
hydrogen addition path, OH + H = H,0. The best agree-
ment is obtained using relatively low sticking coefficients,
s0(H2)/50(02) < 0.10/0.05. The hydroxy! disproportiona-
tion path, OH + OH = H,0O + O, does not reproduce this
behavior, as is evident from figure 9.

The simulations of the disproportionation path contra-
dict the experimental results, since in figure 9 (b), (d),
and (f), the maximum coverage shifts to higher ajye as
the pressure decreases, whereas in the experimenta re-
sults, figure 8, the maximum shifts to higher a;jne as the

pressure increases. However, the discrepancy between the
disproportionation path and the experimental results de-
creases in magnitude with increasing sticking coefficients
since this opposite shift becomes less pronounced for high
sticking coefficients. Furthermore, the position on the «-
axis where the OH-maximum occurs is poorly reproduced
by the hydrogen addition path while it is fairly well repro-
duced by the hydroxy! disproportionation path. Again this
is especially true for high sticking coefficients. On the other
hand, another complication of the hydroxy! disproportion-
ation path is the relatively abrupt transition from a fast to
a slower linear decay that occurs for ajne between 0.2 and
0.3. This transition does not exist in the experimental data
in figure 8, nor in the ssimulations of the hydrogen addition
path.
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Summarizing, the hydrogen addition path, OH + H =
H,O, with relatively low sticking coefficients, reproduces
theincrease in a-position for maximum OH with increasing
pressure. On the other hand, the hydroxyl disproportion-
ation path, OH + OH = H,0 + O, with relatively high
sticking coefficients, reproduces the absolute position on
the a-axis for maximum OH more precisely than the hy-
drogen addition path does, athough the shape of the dis-
proportionation curves looks different than the shape of the
experimental curves. On the whole this leaves an ambigu-
ity in the answer to which of the two reaction paths is the
most important.

4. Conclusions

The H, + 30, = H,0 reaction on heated platinum
surfaces has been examined in a combined SHG, LIF
Chemkin, and surface model study. From SHG studies
of oxygen coverage on a Pt(111) surface at 700 K it
was concluded that the activation energies for H,O and
OH production, and OH desorption, should agree best
with the higher ones previously reported in the literature,
El o~ 07eV, Ef, ~ 07 eV, and Eg,; ~ 2.6 eV. The
SHG experiments, however, could not give any informa-
tion whether the hydrogen addition path, OH + H = H,0,
or the disproportionation path, 20H = H,O0 + O, is the
main reaction path. This problem was approached with
LIF studies of OH above a polycrystaline Pt surface at
1300 K which indicated an ambiguity in the model. It
is not possible to determine with certainty which of the
two aternatives, hydrogen addition with relatively low
sticking coefficients, so(Hz2)/s0(O2) < 0.10/0.05, or hy-
droxy! disproportionation with relatively high sticking co-
efficients, so(H2)/s0(O2) > 0.10/0.05, is the main reaction
path.

In order to understand the water-production mechanism
in detail, more precise measurements of the sticking co-
efficients are necessary. Literature data on the hydrogen
sticking coefficient so(H>), for example, are quite scattered.
They range from 0.04 [5,26] to 0.16 [27] and up t0 0.28[12]
for aflat heated Pt surface.
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