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Steps in H2 Oxidation on Rh: OH Desorption at High Temperatures? 
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The desorption of OH radicals over a polycrystalline Rh foil exposed to mixtures of Hz, 0 2 ,  and H2O for surface 
temperatures between 1000 and 1800 K is measured by laser-induced fluorescence (LIF) and used to determine 
the elementary steps in H2 oxidation on Rh. The results on Rh are compared to previous results obtained on 
Pt. O H  desorption maxima and apparent O H  desorption activation energies are slightly lower in H2 oxidation 
on Rh compared to on Pt. However, hydroxyl desorption in H2O decomposition and its influence by 0 2  on Rh 
is markedly different than on Pt. Whereas 0 2  addition gives a monotonic increase in radical desorption 
asymptotically approaching a maximum on Pt, 0 2  addition enhances radical desorption only at low pressures 
on Rh. At high 0 2  pressures, the O H  desorption rate decreases with additional 0 2 .  Modeling indicates that 
these differences are caused by the high activation energy for oxygen desorption on Rh and the resulting high 
coverage of 0. Consequently, O H  is a much less stable surface species on Rh than on Pt. The 12-step mechanism 
for reversible H2 oxidation used to model the results on Pt is modified to allow for 2 types of 0 binding sites 
on Rh-competitive and noncompetitive sites, with the latter probably being a surface oxide. Simulation of 
the H20 + 0 2  experiments allows us to determine the equilibrium between the two types of 0 sites. 

Introduction 
We have previously used laser-induced fluorescence (LIF) 

coupled with mass spectrometry to determine the steps in high- 
surface-temperature oxidation of H2 on Pt.' In this paper, we 
continue the investigation of the H2 oxidation mechanism through 
a comparable study on Rh, which has catalytic properties similar 
to Pt. Because the same surface species exist over these two 
metals, the reaction mechanism of H2 oxidation on Rh is virtually 
identical to that on Pt, although the kinetic parameters differ 
considerably. The mechanism and notation used are 

k.w 

for rates of adsorption/desorption and 

for the surface reactions. 
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We will show that most of the significant differences between 
Pt and Rh are due mainly to differences in oxygen adsorption. 
Whereas oxygen adsorbs on Pt in only one binding state with a 
desorption activation energy of 52 kcal/mol,2 oxygen adsorbs on 
Rh in two binding states with activation energies of 25 and 85 
kcal/mol.' At high temperatures, one should therefore expect 
much higher coverages of 0 on Rh relative to Pt. 

On Pt, H2 oxidation at high temperature is controlled primarily 
by flux limitations rather than surface-site limitations. On Rh, 
however, oxygen surface coverage approaches a monolayer at 0.1 
Torr of 02, even at high surface temperatures. Therefore, 
combustion kinetics on Rh can be limited by the availability of 
surface sites as well as the flux of a reactant. 

Conversely, adsorption and dissociation of hydrogen and H20 
on Rh are quite similar to Pt. Hydrogen adsorbs in one binding 
state on Rh with an activation energy of 18 kcal/mol? the same 
activation energy as for Pt.5 H2O has a 10.8 kcal/mol desorption 
activation energy over both Rh and Pt.6,7 

Although OH desorption from Pt has been studied extensively, 
very little work has been done on OH desorption from Rh. The 
exception is a survey of OH desorption from Hz oxidation over 
various noble metals by LjungstrBm et al.8 They reported that 
Rh gives significantly less OH desorption than Pt. They also 
measured an activation energy of 25 kcal/mol for OH desorption 
from Rh in H2 oxidation, but they did not show any data to 
support this value. 

As mentioned earlier, this study parallels our previous study 
of H2 oxidation on Pt.l We shall first show the measured OH 
desorption rates and partial pressures for both the forward reaction 
of H2 oxidation and the reverse reaction of H20 decomposition. 
These experimental results will be compared to the results on Pt. 
Next, a model simulation of the experimental results will be 
presented. Finally, the agreement between model and experiment 
will be discussed, and the kinetic parameters obtained will be 
compared with those in the literature. 

RHults 

The experimental apparatus has been described in detail in a 
previous paper.' Briefly, all reactionsoccurred in a mechanically 
pumped flow system containing a resistively heated 0.17- X 3.0- 
cm Rh foil suspended by nickel leads. The total pressure was 
measured with a capacitance manometer, and partial pressures 
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Fbpn 1. (a) Comparison of results for H2 oxidation on Pt and Rh foils. 
Lines indicate weighted average fits to experimental data. (b) Comparison 
of experimental (points) and model results (lines) for OH desorption as 
a function of reciprocal 7', for 0.005 Torr of H2 + 0.1 Torr of 02 (m) on 
Rh and 0.001 Torr of H2 + 0.1 Torr of 02 on Pt (0); and experimental 
results for 0.002 Torr of H2 + 0.1 Torr of 0 2  (0) on Rh. The model fails 
to accurately predict activation energy on the H2 lean side of the OH 
desorption peak. 

in the reacting systems were determined by a mass spectrometer. 
In nonreacting systems and for calibrations, partial pressures 
were determined from differencm in capacitance manometer 
measurements. The OH radical was detected by saturating the 
Q1 1 rotational line of the 2AZ+ = 2XII (307.844-nm9) transition 
with a Nd:YAG pumped dye laser. The fluorescence signal was 
filtered and detected with a photomultiplier and a boxcar 
integrator. 

Although the OH desorption rates have arbitrary units, we 
estimate that a LIF signal of unity corresponds to -1 X lot6 
molecules/(cm2s). The relative numbers arecomparable to within 
*IO% in all figures and in our previous results because the LIF 
OH transition was saturated. 

With the exception of Figures l a  and 2 where the Pt and Rh 
results are compared, all points in the following figures are 
experimental results, while all curves represent model results 
from fits to be described later. 
H2 + 0 2 .  The OH desorption rate as a function of H2 pressure 

for a constant inlet 0 2  feed (Po, = 0.1 Torr) over 1700 K Rh and 
Pt surfaces is compared in Figure la. The OH desorption rate 
from Rh is about half that from Pt at 1700 K, but the qualitative 
features from Pt and Rh are quite similar. Specifically, a sharp 
OH maximum occurs for lean H2/02 mixtures (3 X lo-' Torr 
of H2 in -0.1 Torr of 0 2  at 1700 K). This is followed by a long 
tail in which significant OH desorption still occurs in excess H2. 
The H20 formation rate (not shown) first increases rapidly and 
then becomes constant for all H2 pressures beyond the OH 
maximum. 

A comparison of the temperaturedependencesof OH desorption 
for H2 oxidation on Rh and Pt is shown in Figure 1 b. The figure 
illustrates the results for 0.002 and 0.005 Torr of H2 in 0.1 Torr 
of 0 2  on Rh as well as 0.001 Torr of H2 in 0.1 Torr of 0 2  on Pt. 
We also compare this to model results. Similar to Pt, two 
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Figure 2. Comparison of results on Pt and Rh for H20 decomposition 
(a) and H20 + 0 2  (b). 

activation energies were observed for OH desorption: an activation 
energy of 27 kcal/mol for OH desorption on the fuel lean side 
of the OH desorption peak, in agreement with LjungstrBm et a1.,8 
and an activation energy of 42 kcal/mol on the rich side of the 
OH desorption peak. Unlike Pt, however, the OH desorption 
rate on Rh did not become temperature independent at high 
temperatures for either composition. Thus, Pt appeared to be 
become flux limited at temperatures above - 1400 K, while Rh 
does not up to at least 1700 K (Figure lb). 
H20 Decomposition. Isothermal measurements of OH des- 

orption rates for the decomposition of H20 as a function of H20 
pressure over a Rh foil are compared to Pt at 1700 K in Figure 
2a. Model fits are shown at various temperatures in Figure 4a. 
We also determined the effects of H2 addition (Figure 5a) and 
0 2  addition (Figure 2b-with Pt results, Figure 6a and 6 b w i t h  
model fits) on the decomposition of H20 on Rh at various 
temperatures. The overall production of H2 and 0 2  from these 
mixtures was negligible (conversions < 1%) in all experiments 
(through 1700 K) as determined by monitoring m / e  = 2 and 32 
with the mass spectrometer. 

Unlike Pt, where OH desorption had a nearly linear dependence 
on H20 pressure, the dependence of OH desorption on HzO 
pressure on Rh appears to have a fractional order (Figure 4a). 
OH radical desorption rates are higher from Rh than from Pt 
(Figure 2a), in contrast to H2 oxidation where the reverse is 
observed. The addition of Hz to H20 decomposition (Figure Sa) 
causes a strong decrease in OH signal. This is similar to the 
results on Pt and can be fit by the expression' 

[OHIO 
1 + APH, [OH] = (4) 

The effect of 0 2  addition on OH desorption during H20 
decomposition on Rh is markedly different from that on Pt (Figure 
2b). When OH desorption is measured vs 02 pressure for varying 
H20 presoures at 1700 K (Figure 6a) and for varying temperatures 
for 0.025 Torr of H20 (Figure 6b), the data are not accurately 
fit by the analytic expression used for pt. Rather than a monotonic 
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Figure 3. (a) Comparison of experimental (points) and model results 
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p'b ~0.1 Torrover 1300K(*), 1400K(O), 1500K(H), 1600K(O), 
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1500 K Rh surface. 

increase in OH signal with increasing 0 2  pressure, a decay in the 
OH signal is observed for higher 0 2  pressures. Therefore, the 
expression must be modified to account for this decay. As a first 
approximation, adding a linear decay in 0 2  worked quite well: 

where 8, C, and Dare constants. We shall show later that these 
fractional forms are obtained from simple models of this process. 

Model 

We first attempted to model this system with the identical 
model which was successful for hydrogen oxidation on Pt,' using 
new parameters for the surface reactions on Rh. The mechanism 
and nomenclature are given in the Introduction. 

However, on Rh, high 0 coverages exist due to its high heat 
of desorption. If one assumes competitive adsorption, as assumed 
on Pt, oxygen can now block sites available to react at these 
temperatures and therefore completely block all reactions. Model 
results assuming competitive adsorption predict apparent OH 
desorption activation energies approaching 100 kcal/mol, in sharp 
disagreement with the experimental result of 42 kcal/mol. These 
high activation energies are a direct consquence of the blocking 
of 0 adatoms. The reaction becomes limited by the desorption 
of oxygen, which has two binding states with desorption activation 
energies of 25 and 85 kcal/mol.) Therefore, we had to assume 
that 0 adsorption was at least partially noncompetitive with the 
other adsorbates. 

Mass Balance E ~ M ~ ~ o I B .  The model was therefore modified 
to allow for two types of sites, those available for 0 (designated 
with for noncompetitive adsorption) and those available 
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While this model fit experimental data quite well in the Hz + 
0 2 ,  H20, and H20 + H2 systems, no choice of parameters could 
predict the decrease in OH signal at high pressures observed in 
the H20 + 02 system (Figure 6a and 6b). It seems clear that 
this feature is due to partial blocking of 0. Therefore, an oxygen 
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binding state ratio, f, was introduced: 

This variabledefines the ratioof competitively to noncompetitively 
adsorbed oxygen and modifies eq 10 as follows: 

(13) (NC) - 0 e, = 1 -eH-fl0 OH - ~ H , O  

Using a constant for the oxygen binding state ratio was still 
not adequate because the model predicted either a monotonically 
increasing or decreasing OH signal as a function of 02 pressure 
for low and high values of respectively (Figure 7a). It was 
clear that f increased with 0 coverage and that a break in the 
curve occurred at f - 0.25. 

The simplest mechanism to yield increasing blocking with 
increasing coverage is to assume that 0 in noncompetitive sites 
is in equilibrium with 0 in competitive sites: 

KO(*) 
O(a,NC) + * O(a) + v(NC); < 1 (14) 

where v indicates a vacant surface site and V(NC) indicates a 
noncompetitive oxygen vacant surface site. Assuming the 
coverages of all species except oxygen are small, the equilibrium 
can be written as 

eo(i - eo(NC)) 

1 - e,) K O 0  = 

We then solve for the coverage of competitive sites 00 in terms 
of noncompetitive sites and obtain f as a function of &JNC): 
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Figure 6. (a) Comparison of experimental (points) and model results 
(lines) for OH desorption as a function of 0 2  pressure added toO.O1 Torr 
(+), 0.02 Torr (O) ,  0.03 Torr (m), 0.04 Torr (O), and 0.05 Torr (0) of 
H2O over a 1700 K Rh surface. (b) Comparison of experimental (points) 
and model results (lines) for OH desorption as a function of 02 pressure 
added to 0.025 Torr of H20 over 1500 K (+), 1600 K (m), and 1700 K 
(0)  Rh surfaces. (c) Model predictions of the surface coverages of H, 
H20, competitive 0, and noncompetitive 0 as a function of 0 2  pressure 
added to 0.025 Torr of H20 over a 1700 K Rh surface. 

The oxygen binding state ratio and coverage of competitiveoxygen 
obtained by fitting these results are plotted as a function of the 
coverage of noncompetitive oxygen for various K's in Figures 7b 
and 7c. 

The variable oxygen binding state ratio in the model gave 
excellent fits for the H20 + 02 system, as will be shown in the 
following section. Moreover, since all other experiments were 
conducted at lower 0 2  pressures, the assumption of no blocking 
rather than variable blocking had no effect on the model results 
for the H2 + 0 2 ,  H20, and H20 + H2 systems. 
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N d a l  Resalts rad Comparison with Experiments. The 
predicted results of OH desorption from the numerical solutions 
are shown as curve fits to the experimental results in Figures 1 b, 
3a, 4a, Sa, 6a, and 6b. Also, the predicted coverages of all surface 
species are shown in Figures 3b, 4b, 5b, and 6c. The rate 
parameters used for this fit are summarized and compared to our 
R results in Table I. All surface reaction and desorption rate 
constants have units of s-l, and the adsorption rates have units 
of Torr-' s-I because mass balances are in monolayer coverages. 

Most of the surface reaction rate constants were obtained by 
fitting the model to the experimental data. Since the desorption 
kinetics of Hz, 0 2 ,  and HzO are well-known in the literature, we 
treat these as fixed parameters. For the desorption rate of 0 2 ,  
we averaged the 85 and 25 kcal/mol binding sites based on the 
relative coverages of these two surface species at saturation.' The 
adsorption rates based on the gas kinetic theory are given by 

Si kai = 
(29rmR Tg) ' I 2  

The sticking coefficients are listed along with theactual adsorption 
rates in Table I. 

Since most experiments were isothermal, we used literature 
values where available for the activation energies of the surface 
reactions as initial guesses, and some activation energies were 
also fixed by thermodynamic constraints. However, since there 
is considerably less data available for Rh than for Pt, most of the 
activation energies were determined by fitting the experimental 
isothermal results taken at various temperatures. Having 
determined the activation energies for both forward and reverse 
reactions, we can obtain a complete potential energy diagram for 
the HZ + 0 2  reaction (Figure 8a). 

.IU t 

'i OzHW+Ow b)%,+O, MIR 

.w 

Figure 8. Comparison of results on Rh (a) and Pt (b) for the potential 
energy diagram of the reaction pathway H20 + :;282b) + H200. 

H2 Oxidation. The model curve fits in the HZ + 0 2  system are 
fairly good (Figure 3a). The model gives the experimentally 
observed relative maximum OH desorption signals at  the higher 
surface temperatures as well as the experimentally observed tail 
for higher HZ pressures. For lower temperatures, theexperimental 
results continue to exhibit rather sharp peaks, whereas the model 
predicts that peaks will exhibit breaks. The plot of surface 
coverages vs Hz pressure at TS = 1500 K shown in Figure 3b 
indicates that this coincides with a high, relatively invariant 0 
coverage at low Hz pressures. 

Plots of the temperature dependence of the OH signal during 
Hzoxidation(Figure lb) showthatthemodelpredictstheapparent 
activation energy of OH desorption observed for Hz/02 mixtures 
on the Hz-rich side of the OH desorption peak. However, the 
model failed to accurately predict the lower activation energy 
observed on the lean side of the peak, although it did predict a 
slightly lower activation energy at high Ts. We believe that this 
discrepancy is due to broadening of the OH desorption peak at 
the lower surface temperatures (Figure 3a). 

Table I1 summarizes model sensitivity to OH and H20 
desorption during the HZ + 0 2  reaction. These data were 
calculated by changing the preexponential factor for a particular 
reaction step and calculating the resulting change in product 
desorption. Specifically, the sensitivity is defined here as 

- w r  sensitivity - 
W k i o  

where r is the rate of desorption (molecules/(cm2 s)) and ki is 
the varied parameter (the reaction rate preexponentials). Cal- 
culations were performed at 1700 and 1300 K under both fuel- 
rich and lean conditions (both sides of the desorption peak in 
Figure 3a). Sensitivities were not calculated for negligible reaction 
steps (k-I and k-3). 

H2O Decomposition. The experiments and the model agree 
quite well for H2O decomposition, particularly at lower surface 
temperatures (Figure 4a). Both model and experiment show a 
fractional order dependence of OH vs H20 pressure. However, 
the model shows a slightly higher order in P H ~  than the 
experimental results. Rh probably gives a larger OH signal than 
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TABLE I: Rate Constants for Models of Rh and Pt 
rhodium platinum (Williams et a1.l) 

preexpnential, activation energy. preexpnential, activation energy, 
torr-l s-I (s-I) kcal/mol refs torr-] s-I (5-1) kcal/mol reaction 

kI 
H + O - O H  

O H - . . H + O  
k-i 

ti 
H + O H  - H2O 
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H 2 0 - - + O H  

k i  
2 0 H  H2O + 0 

1 x 10'2 
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4 x 1015 
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34 
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Pt because of its lower OH desorption energy. At low surface 
temperatures, the Rh OH signal tends toremain flat with increased 
H2O pressure, possibly indicating that increases in adsorbed OH 
further dissociatevia theenergetically favorable reaction-1 route. 

Hydrogen addition causes a sharp decrease in the OH signal 
(Figure sa), and the model and experiments agree quite well for 
this system. Rh and Pt give almost identical OH desorption 
profiles for this system, and Figure 5b indicates that HI has the 
same effect on water decomposition on Rh as on Pt: H2 addition 
increases the coverage of H which consumes the OH by shifting 
the equilibrium reactions 2 and -2 toward H2O. 

Predictions of 0 2  addition on OH yields in H2O decomposition 
using the variable oxygen binding state ratio are also quite good. 
Using a value of = 0.005 gave good fits for the isothermal 
results at 1700 K, particularly for 0.01, 0.02, and 0.03 Torr of 
H20decomposition (Figure 6a). For the H20 + 0 2  experiments 
conducted at 1600 and 1500 K, we found that values of = 
0.001 and 0.0004 gave the best fits (Figure 6b). Since we expect 
that there would be some energy associated with the equilibrium 
between the two oxygen sites, we fit the temperature dependence 
of to an Arrhenius expression giving the values shown in 
Table I. The calculated activation energy for of 65 kcal/ 
mol corresponds approximately to the difference in the oxygen 
desorption activation energies of 85 and 25 kcal/mol on Rh 
reported by Root et al.3 

Figure 6c indicates that initially 0 adatoms consume the H 
adatoms to form OH via reaction -2. In addition to forming 
more OH, this also lowers the H coverage, shifting the equilibrium 
reactions 2 and -2 toward OH production. These two factors 
cause a rapid increase in OH production upon addition of 02. At 
higher 0 2  pressures, the 0 coverage becomes high enough that 
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0 starts to populate competitive sites blocking HzO adsorption, 
which in turn decreases the OH coverage. 

Discussion 
Although H2 oxidation on Rh is quite similar to H2 oxidation 

on Pt, there are some important differences. These differences 
are almost entirely due to the dramatically different nature of the 
0 adsorbate on Rh compared to Pt. The high activation energy 
of 0 desorption has many consequences on the reaction pathway 
for H2 oxidation: 

First, on the potential energy diagram for Rh (Figure 8a), this 
means that the 2H + 0 energy level is lower than the OH + H 
level, in contrast to Pt (Figure 8b) where the reverse is true.' This 
forces the OH formation from H and 0, reaction 1, to be highly 
activated on Rho This in turn makes the activation energy for 
HzO formation from 2H + 0 on Rh much higher than on Pt.10J3J4 

Next, coverages of 0 are nearly a monolayer on Rh, even for 
high surface temperatures, but on Pt, 0 coverages were typically 
around at 1700 K. Therefore, whereas on Pt the kinetics 
are generally oxygen flux limited, oxygen on Rh can block the 
surface to adsorption, making some reactions limited by the 
availability of sites, particularly the H20 + 0 2  reaction. 

The final and perhaps most interesting result of these two types 
of oxygen sites is the unique result for the H20 + 0 2  system 
where increasing the oxygen pressures initially increases OH 
desorption, but at high pressures, oxygen decreases OH desorption 
rates. As noted above, this strongly suggests that there is an 
equilibrium between the two types of sites, one noncompetitive 
and the other competitive with the other species. It further 
requires that the equilibrium favor the noncompetitive sites and 
that there is a KO(*) equilibrium activation energy, which indicates 
that the more strongly adsorbed binding state is noncompetitive. 



Steps in H2 Oxidation on Rh 

TABLE II: Model Sensitivity to OH and H20 Desorption' 
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0.002 Torr H2 + 0.1 Torr 0 2  (fuel lean) 0.01 Torr H2 + 0.1 Torr 0 2  (fuel rich) 
1700 K 1300 K 1700 K 13W K 

reaction 
rdOH rdw rdOH rd w rdOH rdw rdoH rdw 

ki 
H + O - O H  

O H - H + O  

H + O H -  H 2 0  

H 2 0  - H + O H  

2 0 H  - H 2 0  + 0 

H,O + 0 - 2 0 H  

LI 

ka 

k-2 

k i  

k-1 

0.93 

- 

1 . 1  

7.6 X 

1.5 X 

- 

2.5 x lo-, 

8.2 x 10-3 

0.21 

0.18 

7.1 X 

9.4 x 10-2 

0.95 

3.2 x 10-3 

0.63 

- 

4.8 x 

4.7 x 10-3 

4.4 x 10-3 

- 

1 .o 

0.73 

9.4 x 10-2 

0.07 

0.94 

5.9 x 10-3 

4.9 x 10-2 

4.2 x 

0.99 

- 

1.2 

5.5 x 10-3  

1.3 X lo" 

- 

9.2 x 10-3 

6.1 x 1 0 - 3  

9.0 x 10-3 

5.1 x 104 

5.2 X 1W3 

6.9 x 10-3 

1 .o 

< 10-5 

0.66 

- 

0.56 

<io-5 

< 1 0 - 5  

- 

1 .o 

0.69 

1.8 x 1 0 - 3  

7.9 x 10-5 

0.94 

< 10-5 

8.7 x 104 

3.7 x 10-3 

0.33 0.27 

- - 

1.2 9.2 x 10-3 

8.4 x 10-2 1 .0  x 10-3 

3.0 x 1 0 - 3  5.0 x io" 

- - 

1 . 1  0.40 

0.78 0.22 

0.20 0.15 

0.15 0.11 

7.9 X 0.94 

0.10 1.2 x 10-3 

0.99 1.0 x 10-2 

3.0 x 10-3 4.7 x 1 0 - 3  

0.15 

- 

1.2 

5.4 x 10-3 

<lo-' 

- 

1.5 

0.94 

7.1 X 1V2 

6.3 X lo4 

5.2 x 10-3 

6.9 x 10-3  

1 .o 

<io-' 

0.1 1 

- 

2.2 x 10-4 

<lo-' 

4 0 - 5  

- 

0.20 

8.4 X 1V2 

5.1 X 1W2 

4.4 x lo-' 

0.94 

<lo-' 

2.2 x 10-4 

<lo-' 

a Note that parameter sensitivities apply to the forward (H2 + 02) reaction only. Negligible reaction rates in the model (indicated with a dash) 
were not analyzed. 

This is in remarkable agreement with previous work on oxygen 
adsorption on Rh and H2 oxidation on Rh. First, Root et aL3 
showed, using TPD, that the 85 kcal/mol binding state populated 
first, followed by population of the 25 kcal/mol binding state at 
high coverages. Second, TPD results from Wagner and Schmidt'O 
found that when oxygen is adsorbed only in the 85 kcal/mol 
binding state, H2 adsorption is not blocked, but when oxygen is 
adsorbed in both binding states, significant blocking of H2 
adsorption occurs. Finally, assuming desorption energies of 25 
and 85 kcal/mol for the two types of 0 sites predicts that 
should have an activation energy of 85-25 = 60 kcal/mol, which 
is quite close to our value of 65 kcal/mol. 

sites with 
more strongly adsorbed 0 adatoms which do not block the reaction. 
Oxygen adsorbed in 8 sites would be associated with more weakly 
bound oxygen and would compete with the other adsorbates. This 
also explains why such behavior is not observed on Pt, since there 
is only one oxygen binding state, and its desorption activation 
energy is small enough so that no significant site blocking occurs 
at high surface temperature.* 

Another major difference between H2 oxidation on Rh and on 
Pt is due to the nature of the OH adsorbate species itself. As can 
be seen in the potential energy diagram (Figure 8a), OH is quite 
unstable on Rh. The activation energy to form OH via reaction 
1 is much greater than that to consume OH via reaction 2. OH 
can therefore be viewed as strictly a transition state between H 
and 0 and H20 adsorbates rather than as a well-defined stable 
species. 

Finally, we compare the other parameter values with those in 
the literature. In contrast to Pt, few of these intermediate steps 
have been studied. Values have been reported for the OH 
formation reaction (1) and the OH recombination reaction (3). 
Only Gurney and Ho have obtained results for the activation 
energy of OH recombination reaction (3), and they report a value 
of 24 kcal/mol for this reaction in very good agreement with our 
value of 15 kcal/mol. Furthermore, our model was fairly 

Therefore, we can associate 0 adsorbed in 

insensitive to the choice of this value, and it is quite possible that 
the actual value for this activation energy is greater than 15 
kcal/mol. 

As for reaction 1 on Rh, although our energy value of 20 kcal/ 
mol is in agreement with that of Wagner and Schmidt,lo others 
using FEM, EELS, and LEED to monitor the surface have 
reported lower values of 2-5 kcal/mol.4J1J5 However, thesevalues 
were based on H2 titration of 0 precovered surfaces, and Yates 
et a1.4 note that these experiments could actually be measuring 
the activation energy of H2 adsorption. We also showed this in 
a previous paper.' 

SUmIlUWy 

These experiments further demonstrate the ability to probe 
the kinetics of high-temperature surface reactions by monitoring 
OH desorption. We have also shown that by fitting the LIF data 
to a comprehensive model, we can examine other adsorbates and 
reactions indirectly. The examination of the effect of 02 on H20 
decomposition has allowed us to confirm previous results con- 
cerning the nature of the 0 adsorbate3J0 and to determine the 
equilibrium expression which governs the amount of 0 adsorbed 
in each of the two binding states. 

This study alsoshows that despite the many similarities between 
Pt and Rh, there are sharp differences between the two surfaces. 
Most of these differences arise from the strong adsorption of 0 
on Rh. This strong bond has the potential for making oxygen 
behave almost as a poison on the Rh surface, but it apparently 
does not completely block the surface to adsorption of other species. 
However, this has the effect of altering the potential energy 
diagram to make OH formation, and consequently water 
formation, a much more activated process on Rh compared to on 
Pt. As a result, since water formation occurs in all combustion 
reactions, one should expect that most catalytic combustion 
reactions would be faster and have lower activation energies on 
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Pt than on Rh. Experiments to probesteps in other fuel oxidation 
reactions are currently in progress. 

Nomenclature 
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adsorption rate constants for Hz, 02, and H20 (Torr-' s-l) 

activation energy 
zero coverage sticking coefficients for HI, 01, and H20 
desorption rate constants for H, 0, Hz0,  and OH (s-') 

desorption rates for OH and HzO (molecules/(cmz s)) 
equilibrium constant between competitive and noncompetitive 

rate constant of forward and reverse reaction i (s-l) 
CSTR pressures of H2,02, and H20 with reaction 

ow 

experimental OH signal 
experimental OH signal for H20 with no 0 2  or HZ present 
surface temperature 
surface coverage (competitive) 

Zum Mallen et al. 

8cNC) surface coverage (noncompetitive) 
f oxygen binding state ratio 
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