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Kinetics of hydrogen oxidation to water on the Rh(111) surface using
multiple source modulated molecular beam techniques
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We have examined the kinetics of the oxidation of hydrogen to water on the Rh(111) surface using modulated molecular beam
reactive scattering. For reactant pressures below 10™* Torr and temperatures from 450-1250 K we observe serial steps, with

apparent activation energies of 2.5+ 1 and 10+ 1 kcal/mol. Pseudo-first-order preexponential factors are 10° and 107 s

-1
3

respectively, varying slightly with oxygen coverage. Reaction is inhibited by excess oxygen. Maximum water production occurs
around 650 K. At lower temperatures the reaction becomes nonlinear. We use a new three-molecular-beam arrangement. Two
continuous, independently adjustable beams establish steady-state surface concentrations, while a weaker modulated third beam
induces small concentration perturbations around the selected steady state. With this technique we varied surface oxygen coverages,
used isotopic substitution in the three beams to produce H,0, D,0 and HDO, and linearized the HDO reaction.

1. Introduction

The formation of water by oxidation of hydro-
gen on transition metal catalysts is, by current
standards, a complex reaction with many fascinat-
ing features. Hydrogen and oxygen are dissocia-
tively chemisorbed on Rh(111) above room tem-
perature. The kinetics of hydrogen adsorption are
coverage dependent and strongly affected by
oxygen coadsorption. Oxygen shows very involved
behavior on the rhodium surface, such as island
formation at low temperatures and dissolution
into the bulk metal at high temperatures. At high
temperatures water formation probably proceeds
through sequential addition of hydrogen to oxygen
with a hydroxyl intermediate; hydroxyl dispro-
portionation may become important at low tem-
peratures and high coverages. Hydrogen recombi-
nation, hydrogen reacting with hydroxyl, and hy-
droxyl disproportionation may each be second
order in concentration. These second-order terms
and the coverage dependence of sticking and de-
sorption rate constants are likely to make the
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kinetics nonlinear, which greatly complicates anal-
ysis,

1.1, Mechanism

Simply for orientation, consider a mechanism
for hydrogen oxidation consisting of the following
elementary steps:
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The first steps are dissociative adsorption and
recombinative desorption. The terms s, are the
sticking fractions at zero coverage. Coverage de-
pendent adsorption is represented in the (1 —{O])
terms, which may be first order at low tempera-
tures if there are molecular precursors; otherwise
they are second order. Bulk solution of oxygen is
represented by eq. (3). The rate parameters for
hydrogen desorption, and perhaps others, are
coverage dependent. Eq. (6) is OH disproportiona-
tion. The final step is the desorption of water.

This mechanism assumes no dissociation of
water after formation. We have neglected any
surface transport or diffusion terms. We do not
consider multiple adsorption states. It is always
possible that surface kinetics are dominated by
reaction at particularly active defect sites. While
many other complications are undoubtedly pres-
ent, we will look at the simplest mechanisms that
explain the observed kinetics.

1.2. Previous work

Water formation is of fundamental interest in
heterogeneous catalysis and has been extensively
studied. The earlier work is reviewed in ref. [1].
We will restrict our comments here to a few rele-
vant studies on the (111) faces of Pt, Pd and Rh.

Engel and Kuipers looked at H,O formation on
Pd(111) [2]. A first-order response to H, pressure
led them to believe that H+ O — OH was rate
limiting, with E, =7 kcal/mol and »=4x10"%
cm® atom ™' s™!. Diffusion of H between surface
and bulk dominated the kinetics with excess H,,
but was blocked by excess O,. They observed no
difference in kinetics between hydrogen and deu-
terium oxidation. We obtain a similar apparent
activation energy, but will offer a different analy-
sis.

Direct evidence for adsorbed OH species on
Pt(111) was given by Fisher and Gland in X-ray
photoelectron spectroscopy (XPS) of coadsorbed
water and oxygen {3]. Mitchell and White identi-
fied hydroxyl intermediates by high resolution
electron energy loss spectroscopy (HREELS) of
hydrogen oxidation on Pt(111) [4].

We are greatly indebted to a beautiful series of
papers published in 1979 by Yates, Thiel and

Weinberg. They used low-energy electron diffrac-
tion (LEED) and thermal desorption spectroscopy
(TDS) to examine the adsorption [5,6], coadsorp-
tion [7] and reaction [8] of hydrogen and oxygen
on Rh(111).

For H, adsorption they found second order
Langmuir kinetics, d6/d¢ o« (1 — 8)%, where 8 is
surface coverage. In the low coverage limit the
sticking fraction s, was 0.65. The activation en-
ergy for second order desorption was E{» =18.6
kcal/mol with pre-exponential »{¥=12x 1077
cm’/s. These values varied strongly with coverage.
No difference was observed between H, and D,
kinetics [S]. Using a different technique we have
duplicated the low coverage values [9].

Assuming second-order desorption for O,, E,
was 56 + 2 kcal/mol and »=2.5X 10 > cm? s~ .
Auger spectra combined with TDS gave evidence
of dissolution into the bulk above 400 K [6].

The effects of oxygen and hydrogen coadsorp-
tion were complex [7,10]. Oxygen coadsorption
decreased the activation energy of hydrogen de-
sorption. Oxygen precoverage blocked subsequent
hydrogen adsorption, but oxygen did adsorb on a
hydrogen covered surface to 80% of its saturation
coverage for the clean surface. Only 7% of the
oxygen thermally desorbed from the hydrogen
precovered surface, perhaps indicating enhanced
bulk solution. These points should be noted, as
they may explain some of the more puzzling re-
sults of the present study.

LEED was used to follow reaction of the low-
temperature (2 X 2) O layer with H, [8,11]. Oxygen
was adsorbed on the cold surface, which was then
exposed to hydrogen gas and heated until reaction
occurred above 270 K. This reaction was first
order in hydrogen pressure. The reaction with
disordered oxygen was half order in Py . Due to
the time scale for LEED, depletion of the ad-
sorbed layer, and dissolution, these experiments
were limited to temperatures below 350 K, much
lower than the reaction peak, which is around 600
K. An energy diagram for reaction of hydrogen
with an ordered oxygen layer slightly above room
temperature is found in ref. [11]. An apparent
overall activation energy of 17.4 kcal/mol was
obtained.

Gland, Fisher and Kollin titrated oxygen ad-
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sorbed on Pt(111) at 300-450 K using 10~% to
107° Torr hydrogen. Their results suggested
sequential addition of atomic hydrogen to oxygen,
with kinetics depending on the structure of ordered
oxygen islands [12].

The evolution of OH below 165 K on oxygen-
covered Pt(111) exposed to H, has recently been
studied by Germer and Ho using high-resolution
electron energy loss spectroscopy [13]. A model of
molecular hydrogen precursors reacting at the
edges of oxygen islands was proposed, with an
activation energy of 2.8 + 0.3 kcal/mol assigned
to hydroxyl formation, and 4.2 + 0.3 for water
production.

Anton and Cadogan recently reported a molec-
ular beam study using modulated oxygen in the
limit of low reactant coverages on Pt(111). Activa-
tion energies of 16 and 18 kcal /mol were assigned
to D + OD and OD + OD reactions [14].

These various values are not easily compatible.
While it is possible that the analyses of some
studies are flawed, it is clear that this reaction
shows widely varying kinetics, and perhaps alter-
nate mechanisms, in different temperature and
coverage regimes.

Molecular Beams

H2 (D2)

1.3. New approaches

We explored hydrogen oxidation with a variety
of techniques, the most important being mod-
ulated molecular beam reactive scattering or mod-
ulated molecular beam relaxation spectrometry
(MBRS). In this method a periodic reactant flux
produces a time dependent product flux, which is
analyzed to extract the surface reaction kinetics.
We use a new three-molecular-beam arrangement
for linearized MBRS which increases the power
and flexibility of the technique in unraveling com-
plex kinetics. Two continuous, independently ad-
justable beams establish a steady state on the
surface, while a weaker modulated third beam
induces concentration perturbations around the
selected steady state. In the limit of small per-
turbation by the modulated beam, the response
becomes linear. We demonstrate this for HDO
produced in the water reaction with hydrogen,
deuterium, and oxygen beams, an arrangement
shown in fig. 1. Control of steady state surface
coverages is important for determining coverage
dependent activation energies and pre-exponential
factors. With the continuous beams we vary the

Mass Spectrometer

H20 {
(D20, DHO) { /
N4

Rh(111) Surface

Fig. 1. Schematic of multiple molecular beam configuration. In addition to continuous oxygen and modulated hydrogen beams, a
third continuous beam of hydrogen or deuterium was used to control surface coverages and linearize the reaction.
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steady-state oxygen coverage on the surface and
examine the rates. Finally, by controlling reactant
and intermediate coverage regimes, we may be
able to isolate individual elementary steps in com-
plex reaction mechanisms.

A separate publication describes this new tech-
nique in detail [9]. In this paper we also employ
several other complementary methods to give an
overview of water formation on Rh(111).

2. Experimental

The surface scattering machine, fig. 2, was a
removable source chamber containing three super-
sonic molecular beams and a main chamber with
sample and manipulator, mass spectrometer detec-
tor, residual gas analyzer, Auger spectrometer and
sputter ion gun. The base pressure in the scatter-
ing region was 5 x 10! Torr, rising to 6 X 107°
Torr at the highest beam fluxes. The system has
been described previously in refs. [15,16].

The source chamber had three regions of dif-
ferential pumping before the main chamber. Each
beam originated from an ~ 100 pm pinhole, was

Top view of source
with 3 molecular beams

Main UHV Chamber

skimmed and collimated, then passed through a
solenoid operated shutter. The center beam was
modulated at 20—-800 Hz by a chopper wheel with
a four-slot 50% total duty cycle pattern, or a dual
pattern chopper with two 25% slots and two 1%
slits for time-of-flight measurements.

The distance from chopper to sample was 21.21
cm. Upon entering the main chamber the continu-
ous side beams were defined by 80 mil apertures,
the modulated beam by a 40 mil aperture. The left
and right beams were 15° off axis, and the sample
normal was usually at 45° resulting in roughly
5% 7 mm elliptical spots on the sample, which
overlap the center 2.5 X 3.25 mm modulated beam
spot. Maximum side beam fluxes were on the
order of 10 langmuir per second, or 107> Torr
cm C
The detector was a quadrupole mass spec-
trometer, doubly differentially pumped by two 60
Z/s ion pumps and an additional 50 £/s turbo
pump on the ionizer region. Acceptance angle of
the detector was 1°. Flight path from sample to
ionizer was 14.45 cm. At normal, the detector
views a spot of ~ 2.5 mm diameter. The scattering
center was the intersection of the molecular beam
with the detector line of sight, and the detector

400 1/s5 ion pump

< <
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Removable Source Chamber
chopper!

*|—

diffusion pumps * *

Mass Spectrometer
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Fig. 2. Modulated molecular beam surface scattering apparatus. The system consists of a bakable stainless steel ultrahigh vacuum
chamber and a removable source chamber.
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rotated in the scattering plane defined by the
center beam and the surface normal.

A rhodium single-crystal sample was cut and
polished using standard techniques. The surface
was within 0.5° of the fcc (111) plane, as de-
termined by Laue X-ray diffraction. The Rh(111)
surface is unrelaxed and unreconstructed, within
5% of the bulk lattice dimensions {11]. Auger
spectra showed carbon, sulfur and boron con-
tamination which was removed by cycles of argon
ion sputtering (1.5 keV, 5 pA) and heating in
<1x107° Torr oxygen, following DeLouise et
al. {17]. After the initial cleaning, Auger showed
some carbon accumulation overnight, but this was
rapidly removed by oxygen and hydrogen fluxes
under reaction conditions. Due to the cycles of
oxidation and reduction, the surface remained very
clean during the course of experiments. Specular
reflectivity of a 64 meV He beam from the room
temperature surface was often better than 20%,
indicating a low defect density.

The sample was resistively heated, and its tem-
perature measured by a chromel-alumel thermo-
couple spot-welded to the back. Temperature could
be maintained to +2 K by a feedback controller.
Reactions were studied from 400-1200 K and the
sample heated to 1250-1325 K for c¢leaning.

Data were collected with a lock-in amplifier, or
in one of several computer-controlled modes.
Time-of-flight (TOF) and diffraction modes used
an LSI-11,/23 compatible computer interfaced to
a CAMAC system. Titrations or temperature and
angle dependent yields were measured in diffrac-
tion mode using a gated integrator. Reaction
product waveforms were taken in TOF mode with
a custom multichannel scalar system. The scalar
was triggered by a photodetector on the chopper
wheel assembly. For TOF runs 255 channels of
5-20 pus were collected. For this reaction, good
quality waveforms usually required 10-60 minutes
of averaging.

3. Results
3.1. Reactant pressure dependence and reaction order

Reactant pressures at the surface were roughly
107%-10"° Torr for hydrogen, and typically an

order of magnitude lower for oxygen. A dose of
one langmuir (1 L=10"° Torr-s) is approxi-
mately 10 molecules cm ™2 or roughly a mono-
layer (ML). We did not measure absolute reactant
beam fluxes, but could obtain good relative flux
calibrations based on the pressure rise in the
chamber when the beams were scattered from a
hot sample.

The rate of water production at 650 K was
measured as a function of O, and H, beam pres-
sures using lock-in detection with H, modulated
at 100 Hz. The data are presented in fig. 3. Sec-
tions taken at constant O, flux show that the
reaction increases rapidly with H, flux, then levels
off, indicating a reaction order in H, less than
one. At constant high H, flux, the response to O,
flux is linear. At low H, flux however, the rate is
not monotonic with O, flux. As O, pressure is
increased the water production first rises, then
declines to zero for high O, fluxes. No global

Fig. 3. Reaction order. Product mass spectrometer signal as a

function of reactant beam flux around 650 K. Sections running

from lower right to upper left are varying oxygen at constant

hydrogen flux, the others vary hydrogen at constant oxygen

flux. Note the complex behavior at low hydrogen pressures,
seen in the left foreground.
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reaction order can be specified in terms of re-
actant pressure. The reaction rate expression may
be simpler in terms of surface concentrations, but
these are not under direct experimental control.
These data were measured under essentially
steady-state conditions for which model mecha-
nisms can be analyzed.

3.2. Steady-state calculation

At steady state the derivatives in the kinetic
equations vanish. The set of simultaneous ODE’s
then reduces to a set of polynomial equations.
These can usually be solved, unless they are of
higher order than quartic. If so the roots may still
be found numerically, though this can be difficult
as it involves multidimensional minimization. Still,
a solution may give little insight into the mecha-
nism. Even a relatively simple kinetic model can
rapidly become unwieldy. Consider the mecha-
nism:

so(1—[O))

2gas & 2Ha (8)
kau,
Ozgas_sq(_lj[oi,zo’ (9)
Ky
H+ O =20H, (10)
kT
H + OH-*%,H,0. (11)

For simplicity we use first-order Langmuir ad-
sorption which should capture the essential cover-
age dependence without unduly complicating the
calculations. Only oxygen coverage is included in
sticking as the hydrogen coverage will be low. We
also disregard oxygen desorption and assume no
decomposition of H,0. Subsuming the sticking
coefficients into the reactant pressures, the rate
equations are:

d[H]

d:r zpﬂ(l - [O}) - de[H]Z‘" kl[H] ’ [O]

— k,[H] - [OH] + k,[OH], (12)

% = 2P, (1-[0]) - k[H] - [O] + &,[OH],
(13)

d[oH] _
dr

k\[H] - [O] — k,[H] - [OH] — 4, [OH].
(14)

The steady-state solution for product flux is:

d[H,0],..
dr
-2P,
kgPo, x, +

/[PHZ - zpoz]. (15)

Py, and Py, are the reactant fluxes and incorpo-
rate the zero coverage sticking coefficients s,.

We choose plausible values for the rate con-
stants based on refs. [5,6,18]: k,=7x107'% &,
=45x107° ky,=2x10"% k =2x107%
scaled to units of monolayers and seconds. Using
these numbers and our estimated reactant fluxes,
we obtain fig. 4. This corresponds to the qualita-
tive behavior of the experiment in fig. 3 quite well.

The asymptotic behavior is interesting. For high
hydrogen flux the reaction is first order in oxygen
and is nearly independent of hydrogen. We as-
sume there is sufficient hydrogen and that the
oxygen concentration is rate limiting. Steady-state
water production at low hydrogen flux is more
complicated. The initial slope in Py may be
linear, but soon drops below first order and per-
haps saturates. The response to P, at low Py is
most interesting, the rate first increases, then de-
creases to zero. Excess oxygen stops the reaction.

Eliminating the reverse reaction for OH by
setting 4. =0 in the previous result gives a plot
identical to fig. 4. Thus k_ is not significant. On
the other hand, the Langmuir sticking term (1 —
[O] in oxygen adsorption is essential. Without
this factor we get the steady-state solution:

2P,

[H]k; "

[OH] = (16)
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Fig. 4. Steady state calculation. Calculation generates the full
surface, rather than the experimental sections of the previous
figure. We match the essential qualitative features very well:
nearly linear in Fg at high P, initial sharp rise then decreas-
ing slope in Py, and non-monotonic response to Py, at low

Py,
and thus
d[}{z()] as
—4; =k.[H]-[OH] =27, . (17)

Without saturation of O adsorption, water pro-
duction depends only on P, for any rate expres-
sion for hydrogen. This does not capture the very
interesting behavior of the reaction at low Py, .

At high Pg : Py, ratios, we had thought that O
blocked H, adsorption, but a Langmuir term for
hydrogen sticking is not necessary in this model.
Instead, we suspect that all the hydrogen is tied up
as OH by the excess oxygen, so that none remains
for the H+ OH step. This is supported in the
calculation by a large surface concentration of
OH, but little H or H,O production.

3.3. Titration of oxygen by hydrogen
In these experiments, the surface was first dosed

with O, for a specific time, then the oxygen beam
turned off. After a brief delay, the H, beam

shutter was opened, and the H,O production
measured over time. The surface oxygen was thus
“titrated” by H,. Several titration runs are shown
in fig. 5. For small O, doses water production is
prompt. For larger doses, there is a small initial
transient, and a slow rise to peak H,O production.
This induction time may indicate blocking of H,
adsorption by oxygen. Or the induction period
may be due to all the hydrogen being tied up as
OH by the excess oxygen, which we believe was
shown in the previous simulation. In any case, the
excess oxygen must be removed before the maxi-
mum rate is reached.

3.4. Angular distribution

The angular distribution of the H,O flux is
cosine, and time-of-arrival waveforms are inde-
pendent of angle. This is an indication that the
product is equilibrated with the surface prior to
desorption. We have assumed in all subsequent
waveform analyses that H,O desorbs with an equi-
librium velocity distribution corresponding to the
temperature of the surface. A more direct proof
would require modulation of the product flux with
a post-chopper between sample and detector.

In general, desorbing product need not be in
equilibrium with the surface. In the case of CO,
formed by the oxidation of CO, the product de-
sorbs with a peaked angular distribution and with
significant translational excitation [16]. In that

3001
04 dose [sec]

HyO

200

100}

Hy on [sec]
Fig. 5. Titration. After dosing the surface with oxygen, the
hydrogen beam is turned on and water production observed.
The dosing rate is <0.1 ML/s. Note that the reaction is
prompt for lower oxygen doses, but higher doses delay the
reaction peak.
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reaction the transition state lies 12 kcal /mol above
gas-phase CO, and the adsorption well is very
shallow, so that the hot product does not remain
on the surface long enough to equilibrate. Water
may be formed with a very large amount of energy
— the transition state for H + OH may lie as much
as 35 kcal/mol above gas-phase H,O. If the de-
sorbed molecules are thermalized with the surface,
it may be that the 10 kcal /mol adsorption well for
H,O0 is able to trap the excited product molecules.

3.5. Temperature dependence

Water production versus temperature from
450-1300 K is shown in fig. 6. There is a rapid
rise to maximum reaction rate around 600 K and
a gradual decrease with significant rates at the
highest temperatures measured. This data set was
taken in diffraction mode, in which the H, beam
was chopped at low speed, about 175 Hz, and
signal and background acquired with a gated in-
tegrator. Demodulation of the waveform intro-
duced some error as signal leaked into the back-
ground period, causing a slightly too rapid de-
crease at low temperature. An essentially equiv-
alent plot was obtained using a lock-in amplifier.

This peaked shape is typical for surface reac-
tions. Low temperature throughput is limited by
adsorption on the saturated surface. Above the
maximum temperature yield decreases due to

++:+¢*4:
90000} + "
+ %
+
_ +*t +
g 80000} +
) -E +
70000F +
+
-
60000 4
400 600 800 1000 1200
TIK]

Fig. 6. Temperature dependence of reaction yield; H, + 10, —

H,0/Rh(111). The plot shows the typical peaked shape of

surface reactions. The maximum reaction rate is near 600 K.

Above the peak, desorption of reactants competes with product
formation.

competition between reaction and desorption,
which reduces the surface coverage of reactants.

Several previous studies have been done at tem-
peratures below 300 K, where the reaction rates
are low enough to be accessible to LEED or EELS
measurements [8,11,13]. Where not specifically
mentioned in our experiments, temperatures may
be assumed to be in the region 650-665 K, near
the reaction peak.

3.6. MBRS

Since the coverages of reactants change with
temperature, the preceeding steady state measure-
ments are not adequate to determine rate con-
stants. It 1s necessary to turn to dynamic methods
such as MBRS, in which the response to a time
varying reactant flux is measured. A modulated
reactant beam provides a fast *“pressure jump” at
the surface, and the rate at which the product flux
responds is analyzed. Modulation of the product
signal also greatly enhances signal to background
discrimination. With the mass spectrometer we
typically measure the time dependent water flux
from the reaction of a continuous oxygen beam
and chopped hydrogen beam. The multichannel
scalar is triggered at each chopper pulse and the
“time-of-arrival” distribution of the product at
the detector is averaged over many chopper cycles.

Time-of-arrival waveforms at 665 and 568 K
are shown in fig. 7. As a first approximation, the
differing slopes reflect a temperature dependent
surface “residence time” for the reaction. The
time constant for a single exponential fit to the
decay is 7. Assuming a single-step first-order reac-
tion, 7 would be the inverse of the first-order rate
constant: k=1/7 and so In 1= —In k.

3.7. Single-step Arrhenius plots

A plot of In 7 versus 1/7 is shown in fig. 8.
We have collected data over the wide temperature
range 450-1200 K. At both extremes the signal
level is low, as was seen in fig. 6, and the experi-
mental error increases. Between 500 and 800 K the
reaction exhibits approximately Arrhenius behav-
ior. While the activation energy, indicated by the
slope, is constant in this region, there is a sys-
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Fig. 7. Kinetic information is obtained from the temperature
dependence of the product waveforms. The phase lag, seen in
the slower rise and fall at lower temperature, indicates a longer
“surface residence time” or lower reaction rate. More detailed
information will be extracted by transfer function analysis.

tematic variation in pre-exponential factor. With
analysis as a single step, we obtain E, = 6.8 + 0.4
kcal/mol, and A4 =10° to 107 s~'. The authors of
ref. [2] obtained 7 kcal /mol with the second-order
pre-exponential 4x 1078 cm? atom™! s~! for
Pd(111). However, our analysis of the full transfer
function will suggest a serial mechanism of two or
more steps. The actual activation energies will
therefore differ from these apparent values. This
point and the variation of the pre-exponential will
be examined in more detail later.

3

1.0 1.5 2.0 2.5 x10°

T [K]

Fig. 8. Pseudo-first-order Arrhenius plot. For a single step

reaction 7=1/k. The solid line is a polynomial fit only to

indicate the trends. The slope is constant over a wide tempera-

ture range with an effective or pseudo-first-order activation

energy of 6.8 kcal /mol. The error increases at the ends, but the

scatter in the central region is systematic, and greater than
experimental uncertainty.
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3.8. Transfer function analysis of linear surface
kinetics

A simple exponential fit, or equivalently meas-

uring the phase lag at one frequency with a lock-in,

is sufficient only for a single first-order reaction
step. To obtain more complete kinetics for com-
plex reactions we analyze the full waveform. Using
Fourier transform deconvolution, we determine
the phase and amplitude of the product signal for
each frequency component in the modulated re-
actant beam. This gives the frequency-domain im-
pulse response of the system or the “transfer
function”. Transfer functions have characteristic
forms for different simple linear reaction mecha-
nisms, from which rates can easily be extracted.
Derivation of transfer functions from modulated
beam data has often been discussed, see ref. [9]
and references therein.

3.9. CO, and H,O transfer functions

Fig. 9 compares transfer functions for carbon
monoxide oxidation CO + O, —» CO, and for hy-
drogen oxidation H, + O, - H,0, both on the

0.6+
0.51
0.41
0.31
0.2}
0.11
0.01

Im(T(w))

osf 1
0.5
0.4}
0.3}
0.2
0.1}
0.0

Im(T(w))

Hj + 1/2 05 -> H;O

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Re(T(w))
Fig. 9. Transfer functions for CO, and H,0. Carbon monoxide
oxidation on Rh(111) is first order in CO, and the transfer
function is a semicircle. Under similar conditions, H,O forma-
tion is not a single first-order step, but a serial mechanism. The
rate ratios vary with temperature.
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Rh(111) surface over a similar temperature range.
The CO, reaction is effectively first order in CO,
perhaps because an excess flux of O, maintains a
saturation coverage of atomic oxygen [16]. Hydro-
gen oxidation cannot be similarly reduced to first
order, since excess oxygen throttles the reaction.
The transfer function for CO, is the semicircular
arc characteristic of a single rate-limiting step.
Changes in surface temperature or beam modula-
tion frequency simply rotate the points along the
arc. H,O is not a single step, but shows the
pattern of a serial mechanism.

3.10. Nonlinearity

Transfer function analysis is straightforward
only if the product responds linearly to changing
reactant [19]. Nonlinearity prohibits experimental
deconvolution and the use of transform analysis
methods, and frequently presents severe mathe-
matical difficulties in analyzing chemical reaction
mechanisms. Unfortunately, chemical systems are
rarely linear. An elementary bimolecular step in a
chemical reaction involves two species and the
rate of reaction depends on the product of their
concentrations. If both concentrations change with
time, the mechanism will be nonlinear. A reaction
will also be nonlinear if the rate constants change
with concentration. This is frequently true for
surface reactions, because adsorption probabili-
ties, pre-exponential factors and activation en-
ergies often depend on coverages. All of these
factors are present in the mechanism for water
production outlined above, egs. (1)-(7).

Whether these mechanistic nonlinearities will
be evident in a particular experiment depends on
coverage and the actual values of the rate con-
stants. Above the peak temperature of 600 K we
see approximately linear responses over the acces-
sible range of reactant pressures. The rise and fall
of the waveforms show only slight asymmetry, the
transfer function is independent of chopper
frequency, and the even harmonics are small. At
lower temperatures however, the reaction does be-
come strongly nonlinear. The presence of even
harmonics in the Fourier transform beyond ex-
perimental noise indicates nonlinear kinetics. This

is the case for H,O at low temperatures, as seen in
fig. 10.

3.11. Lower surface temperatures

At temperatures above 600 K, though it is not a
single-step process, the reaction is effectively lin-
ear. Below 520 K, the reaction is significantly
nonlinear, as shown above. At even lower temper-
atures the signal becomes erratic, depending on
the history of beam fluxes and surface tempera-
tures. We suspect that at low temperatures the
oxygen coverage would grow in between chopper
pulses, and that reaction stopped if the surface
was allowed to saturate with oxygen. This is con-
sistent with our steady state model showing a drop
in reaction rate for excess oxygen. It is also in
accord with the titration experiments which, if the
initial oxygen dose was large, showed an induction
period for H,O after the hydrogen beam was
turned on.

3.12. Coverage dependent kinetics: multiple beams

To examine the reaction over a wide range of
surface coverages we will use multiple reactant
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even harmonics in the output, which arc not present in the
square wave modulated input.
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sources and linearized MBRS methods. With a
continuous hydrogen beam in addition to continu-
ous oxygen and modulated hydrogen beams, we
can to some extent control the hydrogen-to-oxygen
ratio on the surface. For instance, a continuous
hydrogen flux prevents oxygen saturation between
chopper pulses of modulated hydrogen. This
greatly increases the signal for low surface temper-
atures, as shown in fig. 11 at 465 K. That this is
possible again demonstrates that the response to
hydrogen flux is not linear. If it were, the mod-
ulated product response would be independent of
the additional continuous hydrogen flux. Next we
show waveforms at 495 K with and without a
continuous hydrogen flux. The waveform with the
continuous beam shows a slower response. Not
only is the total reaction yield nonlinear, but the
kinetics vary as well. To see whether oxygen
coverage affects the rate constants or alters the
mechanism, we can use the three-beam method to
explore the reaction at different oxygen coverages.
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Fig. 11. Coverage dependent kinetics at low temperature. The

use of three beams, modulated hydrogen, continuous oxygen,

and continuous hydrogen, greatly increases signal levels and
reveals coverage dependent kinetics.

But first we will consider oxygen adsorption on
Rh(111).

3.12.1. Oxygen adsorption

Over the temperature range of this work, 400-
1000 K, oxygen dissociatively chemisorbs on the
Rh(111) surface. Though well studied, this system
1s complex and not fully understood. Thiel et al.
[6] report that oxygen adsorbs in a disordered
state at 100 K, orders irreversibly to a (2 X2)
structure above 150 K, and disorders again above
280 K. There are two TDS peaks, at 840 and 1125
K [20]. There is evidence for dissolution of oxygen
into the bulk Rh above 400 K [21]. This bulk
diffusion may have a significant effect on surface
oxygen coverage and other reaction kinetics. This
system is also described in ref. [11].

The oxygen coverage may be measured by
Auger spectroscopy. The Rh peaks also vary with
oxygen coverage and temperature, so the O/Rh
peak ratio is used to measure oxygen coverage.
Oxygen adsorption isotherms indicate second-
order Langmuir adsorption. Assuming a satura-
tion coverage of about 0.8 and a sticking coeffi-
cient of s, = 0.1, the initial slope of our isotherms
give a typical dosing rate of about 0.1 L /s.

A slow decrease of oxygen coverage is observed
at temperatures below the onset of desorption.
When the Auger spectrometer is on, part of the
decrease is probably due to desorption stimulated
by the electron beam. At 650 K desorption is
insignificant, so that dissolution and processes due
to the electron beam may dominate. The oxygen
decrease at this temperature exhibits an unusual
half-order decay. At 900 K the thermal desorption
of O, will be significant. We expect a second-order
process, but these conditions show a first-order
decay. This may mean that recombinative O, de-
sorption occurs at defects that remain saturated
with oxygen, or that the decrease in coverage at
this temperature is due largely to dissolution of
oxygen atoms into the bulk Rh.

Heating to 1200 K or reaction with H, gener-
ally removes the oxygen, though we sometimes
observe a small residual Auger oxygen peak which
is only removed by heating to 1325 K. This is
presumably dissolved O or a very tightly bound
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species. We do not yet understand the formation
of this state or know if it affects reaction kinetics.

3.12.2. Modulated oxygen kinetics

If the oxygen beam is modulated we see very
slow changes in water production. Even at our
lowest chopper frequencies, the waveform does
not return to baseline between oxygen pulses.
These demodulated waveforms are difficult to
analyze, and we have not extracted the rates. We
suspect this slow process corresponds to oxygen
desorption kinetics. Waveforms for modulated
oxygen and modulated hydrogen are compared in
fig. 12. Despite the fast response to hydrogen
modulation, we cannot rule out slower steps in
water formation. We will return to this point in
our discussion of possible mechanisms.

For most of our experimental conditions, it is
reasonable to assume a constant oxygen coverage
on the time scale of hydrogen modulation, but
that long-term shifts in coverage can occur even
under constant conditions. Our group is continu-
ing to explore the kinetics of oxygen on Rh(111)
in greater detail [21].

3.12.3. Coverage dependent rate constants

In the next set of experiments we exploit the
additional control over reactant coverage made
possible by three beams in linearized MBRS. The
two continuous beams were used to vary the
steady-state surface coverages, while the response
to the modulated beam was recorded as a function
of temperature, and multiple rates extracted by
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Fig. 12. Modulated oxygen and modulated hydrogen. Water
production responds much more slowly to modulated oxygen.

transfer function analysis. The oxygen coverage,
modulated H,0 and H,O background all depend
on the continuous hydrogen flux. We focus on
oxygen coverage as it can be easily determined by
Auger spectroscopy. Perhaps more importantly,
the two continuous beams control the hydrogen to
oxygen ratio, and the amount of hydroxyl inter-
mediate on the surface, which we could not di-
rectly measure.

Auger spectra to measure oOXxygen coverage
could not be taken simultaneously with mass spec-
trometer waveforms of water production, but it
was possible to move between the two measure-
ments in such a fashion that the surface condi-
tions were unaltered. The crystal was placed in
Auger position, inclined 45° to the incident beams.
The flux in the continuous beam of H, was set
and the steady-state oxygen coverage measured by
Auger. Rotating the crystal 90° placed it in
scattering position, again at 45° to the beams.
Note that the beam fluxes, geometry and surface
temperature are identical for both waveform and
Auger measurements. Waveforms were taken at
several temperatures over the narrow range 640
690 K. At the end of the temperature scan, the
crystal was returned to Auger position and the
oxygen coverage measured. The continuous beam
flux was then changed, and the procedure re-
peated for the new steady state.

Transfer function analysis of the waveforms
showed a nearly linear, multiple-step reaction for
this regime, as in fig. 9. The transfer functions
were then fit to a two-step serial process, yielding
two rates for each run. Fig. 13 is an Arrhenius plot
for these two rates at each steady state beam flux
and temperature. The slopes of each set are roughly
constant, giving activation energies of 10 and 2.5
kcal /mol, independent of oxygen coverage. The
respective intercepts give pre-exponentials on the
order of 107 and 10° s~ .

The preexponential factors show a small but
systematic variation with oxygen coverage. For an
elementary step involving oxygen we would expect
to measure an apparent first order response to
modulated hydrogen with the constant oxygen
coverage multiplying the true second-order pre-ex-
ponential, k1 = k®@[0O]. The pseudo-first-order
pre-exponential will then vary linearly with oxygen
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Fig. 13. Coverage dependent serial Arrhenius plot. Two series

rates, extracted from the transfer function, shown as a function

of both temperature and oxygen coverage. Activation energies

are relatively constant, pre-exponentials appear to vary in a

systematic fashion with oxygen coverage. Oxygen coverages
were not stable.

coverage and vanish as the coverage approaches
zero. This does not appear to be the case. If the
reaction step does not directly include oxygen,
dependence on oxygen coverage implies a more
subtle effect on the surface dynamics.

In spite of the care taken that steady state had
been reached and of the symmetry of the Auger
and scattering positions with respect to the inci-
dent beams, the oxygen coverage sometimes varied
substantially during a run. This again suggests
some slow oxygen kinetics which were not well
controlled, such as diffusion into the metal, or a
surprising sensitivity to small changes in beam
flux. Though some model mechanisms predict
steady states that are unstable toward oxygen
saturation of the surface, we would expect such
instability to occur on the millisecond time scale
seen in the modulated beam response, not over
tens of minutes.

3.13. Oscillations

Oscillations in surface catalytic reactions have
been observed by Ertl and coworkers during
oxidation of carbon monoxide on the Pt(100) and
(110) surfaces [22]. That reaction may also exhibit
deterministic chaos via period doubling. To ob-
serve oscillation in a surface reaction requires
coherent concentration fluctuations across the
surface. This depends on diffusion, surface phase

transition, or other long-range effects. The mecha-
nism for oscillation on Pt crystal faces appears to
be an adsorbate-induced surface phase transition:
the CO coverage builds up until it induces a
surface reconstruction, which then alters the reac-
tion rates.

The Rh(111) surface does not reconstruct. The
water reaction would seem to be sufficiently com-
plex to support oscillatory behavior, if diffusion or
other long-range factors can create phase
coherence across the surface. We have two ob-
servations of fluctuations in oxygen coverage, but
we could not reproduce this behavior at will.

Fig. 14 shows oxygen coverage as the hydrogen
flux was varied under normal reaction conditions
around 660 K. We took repetitive 30 s Auger
scans through the oxygen peak. Initially we had
low oxygen coverage due to a high hydrogen flux.
The hydrogen was reduced, and the oxygen cover-
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Fig. 14. Oscillations? Continuous Auger scans of the oxygen
peak covering about 2 h. The beams were not modulated.
Moving from left to right, the hydrogen flux was initially high,
and the oxygen coverage low. The hydrogen flux was then
lowered to allow partial coverage of oxygen to form. The
intermediate oxygen coverage appears to have greater fluctua-
tions than either low coverage or saturation, and spontaneously
increased to near saturation over a 30 min period. The hydro-
gen was then turned off, and oxygen allowed to saturate,
finally removed by a high hydrogen flux. Some residual oxygen
could only be removed at high temperature.
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age increased to roughly half saturation. However,
the fluctuations here appear greater than at either
the lower or higher coverages. The oxygen cover-
age spontaneously increased toward saturation
over a period of 30 min. Hydrogen was then
briefly increased to check that the reaction would
respond, then turned off and the oxygen allowed
to saturate. Noise or instrumental variation in the
Auger signal should be greatest at high or low
signal levels, depending upon its origins. That the
largest fluctuations are seen at intermediate levels
suggests that the variation is in fact due to oxygen
coverage changes on a scale of a few minutes. We
have never observed instabilities of this order in
the molecular beam fluxes.

Long-term instability of oxygen coverage was
also seen in the coverage dependent Arrhenius
plot experiments. We did not obtain a power
spectrum. At these temperatures we observe water
production rates on the order of milliseconds.
These cannot account for rate variations on a time
scale 10° slower. Only the thermal desorption of
oxygen and its dissolution into the bulk are this
slow. If oxygen dissolution has a long-range effect
on surface reactivity, this may be a new mecha-
nism for kinetic oscillations in surface catalysis
[23].

3.14. Isotopes and linearization, H, + D, + O,

We now show some remarkable results using
isotopic substitution in three beams. When a con-
tinuous beam of D, is used along with a continu-
ous beam of O, and modulated H,, three isotopic
forms of water are produced. Our hope was to
isolate the H + OD step using large continuous
fluxes of oxygen and deuterium to saturate the
surface with OD. We would then examine the
HDO produced by a small modulated hydrogen
beam.

Initially, we used a large modulated H, flux,
and obtained waveforms for the three products
shown in fig. 15. The H,O waveform has the usual
symmetric form. The HDO product however,
shows a highly asymmetric waveform, with a rapid
rise, sloping top, and long decay. The D,0 wave is
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Fig. 15. Isotopic substitution. The three isotopic water wave-
forms produced with modulated hydrogen, continuous oxygen,
and continuous deuterium beams. The H,O waveform is as
usual, the HDO waveform asymmetric, and the D,0 waveform
inverted! Note that both deuterium and oxygen are not mod-
ulated, and so the modulation of D,0 is an indirect effect due
to the perturbation of surface O or D by the modulated
hydrogen flux.

very interesting since neither the O, nor D, beams
were modulated. This should produce a continu-
ous background D,O flux. The negative modula-
tion must be induced indirectly by the chopped
H, beam. The modulated flux is perturbing the
steady state surface coverages and the depression
of D,O production is a direct measure of this
perturbation.

A more complete description of the origin of
these waveforms is presented in ref. [9]. The essen-
tial point is that the modulated beam is driving
the system into nonlinearity. We wish to reduce
the intensity until the modulated beam does not
perturb the steady state coverages of reactants and
intermediates. In this limit the HDO production
will be linear. We can reduce the perturbation to
0.6% measured as variation in the steady-state
D,O evolution. To obtain good data at this level is
a challenge, requiring several hours of signal aver-
aging per waveform.
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3.15. Mechanisms

3.15.1. Serial H,O, HDO rate constants

Transfer functions for H,O and approximately
linearized HDO are shown in fig. 16. The curve
for H,O distinctly shows a serial process. The
shape of the transfer function depends on the
ratio of the serial rate constants, which vary with
temperature. As shown earlier, the temperature
dependence of the two steps gave an activation
energy of 10 kcal/mol and a pre-exponential of
107 s~! for one step and 2.5 kcal/mol with 10°
s~ ! for the other. The transfer function for ap-
proximately linearized HDO is closer to the single
step arc, but additional steps are still evident. We
obtain one rate with 4 =10"s" ! and E, =9.6 +
0.8 kcal/mol, and a second rate with a similar
pre-exponential but E, = 54 + 1.6 kcal/mol.
There is no difference between modulated H, and
modulated D,. How should we interpret these rate
constants?

3.15.2. An oversimplification

Initially, suppose that the first of the serial
steps in the H,O reaction is H+ O — OH and the
second is H+ OH — H,0. For HDO the second
step might dominate: by using continuous beams
of D, and O, we saturate the surface with OD,
and then use the modulated H, beam to produce
HDO. Thus we might isolate the H + OD — HDO
step. At 665 K the H,O transfer function can be
fit with two steps with a 3:1 ration in rates. For
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Fig. 16. Serial fits for H,O and HDO. The shape of the
transfer function for serial steps depends on the ratio of the
rate constants. At 665 K, H,O shows two steps with 3:1 rate
constant ratio. For linearized HDO the ratio is 15: 1.

HDO the ratio is 15:1, which more closely ap-
proaches a single step.

Unfortunately, this simple scheme can not con-
sistently assign activation energies to H + O and
H + OH steps. For H,0, we might suppose the 10
kcal /mol activation energy corresponds to H + O,
and 2.5 kcal/mol to H + OH. But the single-step
fit to HDO gives 6—8 kcal /mol, which does not
match either number for H,O. This is not an
isotope effect; modulated D, and H, give identi-
cal results. Furthermore, if the serial steps in H,O
were H+ O and H+ OH, we would expect
quadratic terms in [H], and nonlinearity. While
H,0 was significantly nonlinear for temperatures
below 520 K, the waveforms at 665 K had only
minor nonlinearity.

The linearity of the reaction near the peak
temperature mitigates against significant H + OH
or OH + OH rates, which would introduce
quadratic terms, unless OH coverage remains
nearly constant over the modulation period. The
transfer function does not show significant paral-
lel reactions as would be the case if both H + OH
and OH + OH contributed substantially to water
production.

3.15.3. A caveat

The simple idea of a rate-limiting step may be
misleading. Though we measure water waveforms,
the observed rates need not depend only on reac-
tion steps leading directly to water formation.
Parallel processes which compete with product
formation can also affect the product waveform
and the measured rates. Typically this occurs if
the branching ratio for reaction is low compared
to desorption. For instance, the slow modulated
oxygen waveforms do not necessarily imply slow
kinetics in water formation. If water formation is
a minor pathway for oxygen removal compared to
desorption, oxygen adsorption—desorption kinet-
ics will control oxygen coverage. Despite large rate
constants, the overall rate of water formation could
be limited by hydrogen coverage. The time de-
pendent water formation will then be proportional
to the slowly changing oxygen coverage. If there
were excess hydrogen coverage on the surface, the
modulated oxygen might then rapidly react, giving
kinetics comparable to those measured with mod-
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ulated hydrogen. Such conditions were unobtaina-
ble with available hydrogen beam fluxes.

Conversely, the fast response of water produc-
tion to modulated hydrogen does not rule out
slower steps, provided all intermediate concentra-
tions rapidly follow hydrogen coverage.

Other processes which might appear in the ob-
served rates are hydrogen recombination and water
desorption. From ref. [11], water desorption has
an activation energy of 10 kcal /mol, and would
be present for both H,0O and HDO reactions. The
cosine angular distribution of water indicates equi-
libration, and might imply a significant residence
time. However the 107 s~! pre-exponential is low
for a first-order process. The 10°-107 s~ ! pre-ex-
ponentials for all the rates we have measured are
consistent with second-order processes for low
surface coverage. In ref. [9] we found 10 kcal /mol
and 107 s~! for linearized HD recombination,
identical to one step in both H,0 and HDO. The
apparent linearity for this process seems to imply
a significant steady state coverage of hydrogen.
This is surprising and suggests a reservoir of hy-
drogen perhaps from OH dissociation.

If the 10 kcal /mol step is hydrogen recombina-
tion, that leaves the 2.5 kcal/mol step as an
apparent rate for O+ H and H+ OH. If H+ O
were rate limiting, the pseudo-first-order pre-ex-
ponential should vanish in the limit of zero oxygen
coverage. This is not the case, though it does vary
with oxygen coverage. If this step were H + OH,
we would expect little change in the case of HDO,
but we do find a somewhat different activation
energy of 5 kcal/mol. The measured rates are
reasonable magnitudes for diffusion to defects,
but we do not see the characteristic transfer func-
tion for such processes.

We might try fitting the H,O transfer function
to three steps. In fact we expect this to give a
slightly better fit to the data, but the rate con-
stants so extracted will have poor statistics and
may not be unique, so we have not followed this
avenue.

3.15.4. An overcomplication

It is not possible in general to find analytic
solutions for nonlinear mechanisms. We can how-
ever solve models for reactions such as HDO

which have been experimentally linearized. For
these reactions the effective or pseudo-first-order
rate constants will differ from the true constants.
Consider a very simple mechanism, with constant
oxygen coverage and no reverse reactions:

H,,,,  2H, (18)
kd

H+ 0X5,0H, (19)

H + OH *3H,0, (20)

with the equivalent deuterium and mixed steps,
for which we assume identical rates. In the linear
limit of a small modulated flux of H, and a large
continuous background of D,, or vice versa, we
obtain the transfer function:

l+i(w/kh))(l+
1+ (“’/kh)2

T(w)=%( 1+i(w/dk2)).

1+ (w/dk,)’
(21)
This is not a single step, but corresponds to a

linear combination of serial and paraliel steps with
effective rates:

k, =2k, [O] + dk,, (22)

n —2k1[0]i\/4(‘:€]z£0]) Hl6soka

Suppose desorption greatly exceeds reaction:
k4 > k,[O]. The apparent rates become k
= Jspoky and dk,=k,/sp,/k,. From the ob-
served activation energy, £, =10 kcal/mol =
E, /2, so hydrogen desorption is 20 kcal /mol and
then Ej, =5 kcal/mol = E, — Ey/2 and H + OH
is 15 kcal /mol. To determine the rates k, and 4,
more generally we must obtain the effective rates
of eqns. (22) and (23) by fitting the experimental
transfer function to the data.

3.15.5. What is needed

We see that determining the true activation
energies and pre-exponentials from observed ef-
fective rates requires some prior knowledge of the
mechanism, reaction branching ratios, and surface
coverages. We observe a distinct serial process. It
is likely that the 10 kcal/mol step in H,O and
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HDO corresponds to hydrogen recombination. The
other step is more difficult to assign. Our first
guess was that 2.5 kcal /mol in H,O corresponds
to H+ O — OH, while an analysis of the HDO
results suggests a 15 kcal/mol activation energy
for H + OD.

We are reluctant to rely on these numbers until
we have a more satisfactory qualitative under-
standing of the possible mechanisms, and can
substantiate the approximations made. First we
need careful mass balances to determine the ratio
of hydrogen and oxygen desorption to reaction.
This is difficult since the surface hydrogen cover-
age, oxygen desorption and water production rates
are small. Most importantly, we need to know
what fraction of the reactants on the surface are in
the form of OH, and how quickly hydroxyl cover-
age responds to reactant modulation.

4. Summary

We have explored the oxidation of hydrogen to
water on the Rh(111) surface over an extremely
wide range of conditions and observed very differ-
ent kinetic domains depending on temperature
and reactant stoichiometry. Several techniques
have been employed, most importantly modulated
molecular beam reactive scattering using a new
three-molecular-beam arrangement for linearized
MBRS and control of coverage regimes.

4.1. Reaction order

The reaction does not show a simple global
order in reactant pressure, fig. 3. As hydrogen flux
1s increases the steady-state reaction rate at first
rises rapidly, then levels out. For high hydrogen
flux the reaction is first order in oxygen, but for
low hydrogen flux, the reaction rate first increases,
then decreases as oxygen is increased. We have
been able to model this qualitative behavior very
well, fig. 4. We believe that with excess oxygen, all
the hydrogen is converted to hydroxyl and none is
left to go on to water.

4.2. Temperature dependence

We looked at temperatures from 400 to 1250 K.
The peak reaction rate was around 650 K. At this
temperature we estimate the hydrogen coverage to
be on the order of 0.001 monolayer, and the
oxygen coverage to be from a few tenths of a
monolayer to saturation. Saturation with oxygen
stops the reaction, either by converting all surface
hydrogen to OH as mentioned above, or by block-
ing hydrogen adsorption, or both.

4.3. Titration of O,,, by H,.

Quenching of the reaction by excess oxygen is
also reflected in titration experiments, in which
the surface is first dosed with oxygen, then the
hydrogen beam is turned on and water production
monitored, fig. 5. For small oxygen doses, water
evolution is prompt. For larger oxygen doses, there
is a delay before the reaction reaches its maxi-
mum. For oxygen doses near saturation at 650 K,
the peak does not occur for several seconds.

4.4. Angular flux of H,O

The angular distribution of the H,O flux is
cosine with respect to surface normal and the
kinetics do not depend on angle. This is an indica-
tion that the product is equilibrated with the
surface.

4.5. Low temperatures, nonlinearity

At a temperature of 520 K, the response of the
reaction to a modulated hydrogen beam is nonlin-
ear. The modulated product signal increases with
continuous hydrogen flux, so overall product yield
is not additive, fig. 11. The frequency response, or
transfer function, does not obey superposition,
and frequencies not present in the reactant mod-
ulation appear in the product response, fig. 10.
The nonlinearity implies that the O + H step alone
cannot be rate limiting under these conditions.
Other reaction pathways, perhaps OH dispro-
portionation, may become significant.

At still lower temperatures the reaction be-
comes difficult to control, showing hysteresis with
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memory of previous reaction conditions, and
coverage dependent rate constants. Possibly this is
due to high oxygen coverages which are not at
steady state and react very slowly to changing
reaction conditions.

4.6. Multiple beam MBRS

We have introduced a useful extension of
MBRS techniques, using multiple molecular beam
sources to examine complex surface reactions over
a wide range of coverage. Using two continuous,
independently variable reactant beams we can
choose and control steady state surface coverages.
A weak modulated beam probes the kinetics by
perturbing this steady state.

The ability to control reactant concentrations
may be used to examine coverage dependent rate
constants. Flexibility in choosing coverage regimes
and use of isotopic substitution in multiple beams
can allow different reaction pathways to emerge,
as suggested by our low-temperature and HDO
experiments. This may enable isolation of single
elementary reaction steps in complex reaction net-
works.

Reactions can be moved from a nonlinear to
linear regime by reducing the intensity of the
modulated flux relative to continuous reactant
flux. In the linear regime, deconvolution and other
linear analysis methods may be applied to the
data, and the sets of differential equations describ-
ing postulated mechanisms may be solved by per-
turbation techniques.

4.7. H,O serial mechanism, oxygen coverage
dependence

The transfer function for H,O around the peak
temperature of 650 K indicates a nearly linear,
serial process with at least two steps. An Arrhenius
construction for the temperature dependence of a
two step fit gives E,; = 10.1 + 0.7 kcal /mol, 4, =
1072 s7! and E,, = 2.5+ 1.1 kcal/mol and 4, =
104 s, fig. 13. The pressures of the continuous
O, and H, beams were varied to examine the
oxygen coverage dependence explicitlty. The
activation energies remain constant, but both pre-
exponentials vary slightly with oxygen coverage.

4.8. Slow oxygen kinetics, dissolution, oscillation

This determination was complicated by long-
term instability in oxygen coverage over tens of
minutes. The reaction rate may oscillate, fig. 14.
For continuous hydrogen and oxygen beam fluxes
producing roughly half coverage of oxygen, we
observed fluctuations in the Auger oxygen signal
on the order of a few minutes. This instability was
not seen at high or low oxygen coverages. These
phenomena are on a much longer time scale than
the rate constants for water production. The re-
sponse to a modulated oxygen beam is also very
slow compared to modulated hydrogen. This im-
plies that oxygen coverage is not controlled en-
tirely by water production, but by desorption,
dissolution or other slow processes, or may indi-
cate an unresolved slow step in the water mecha-
nism.

4.9. Isotopic substitution, linearization

Using beams of both hydrogen and deuterium
with oxygen, we looked at the production of H,O,
HDO and D,0O. With a large modulated beam flux
we see strongly nonlinear responses. In particular,
if we use continuous beams of deuterium and
oxygen with modulated hydrogen, we see a strik-
ingly asymmetric HDO waveform, and a negative
modulation of the continuous D,0O background;
fig. 15. The latter provides a measure of the extent
to which the modulated beam perturbs the steady
state surface coverages from the continuous beams.
In both simulation and experiment on HDO we
see the linearization of the response as the mod-
ulation, and the resulting perturbation of the
surface coverages, is reduced.

4.10. Linearized HDO

The transfer function for linearized HDO 1is
close to the single step arc, but additional steps
are still evident. We obtain one rate with 4 = 10’
s™! and E,=5.4+1.6 kcal/mol, and a second
with a similar pre-exponential but £, =9.6 + 0.8
kcal/mol; fig. 16. There was no difference be-
tween modulated H, and modulated D,. Analysis
of these apparent rates using a simple linearized
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model suggests that the first step is hydrogen
recombination with E, =20 kcal/mol, and that
the second step may be H + OD — OH with E, =
15 kcal /mol. These assignments are highly specu-
lative.

5. Conclusion

The reaction of hydrogen with oxygen on
Rh(111) is surprisingly complex. We have ex-
plored a wide range of temperature and reactant
fluxes, obtaining new data for high temperature,
high oxygen coverage and low hydrogen coverage
conditions. We have observed varied reaction regi-
mes; linear, nonlinear, and possibly oscillatory,
perhaps with different mechanisms. This complex-
ity is also reflected in the various, sometimes
contradictory, reports in the literature. We cannot
yet reconcile all these results. A complete resolu-
tion of the mechanism may require the ability to
monitor surface hydroxyl coverage on the same
time scale as the water waveforms.
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