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Summary 

Palladium (Pd) is an attractive catalyst for a range of new combustion applications 
comprising primary new technologies for future industrial energy needs, including gas turbine 
catalytic combustion, auto exhaust catalysts, heating and fuel cells. Most gas turbine companies 
are now developing some version of catalytic combustion of natural gas using Pd for advanced 
turbine designs, and multiple design efforts are also underway for ultra-low NO, lean bum 
catalytic combustors for burning natural gas, bio-derived fuels, and conventional liquid fuels in 
microturbines for distributive power generation and hybrid electric vehicle gas turbines. 
However, Pd also poses particular challenges because it changes both chemical state and 
morphology as a function of temperature and reactant environment and those changes result in 
positive and negative changes in activity. Interactions with the support, additives, water, and 
contaminants as well as carbon formation have also been observed to affect Pd catalyst 
performance. 

insights regarding several key issues related to the use of palladium-based catalysts for auto 
exhaust applications and methane combustion. These key issues were studied both from a 
reaction engineering and surface science viewpoint to provide scaling information and 
mechanistic insights. 
1. Reoxidation of metallic Pd while cooling in air from high temperature occurs through a 

nucleation driven mechanism. This was noted by TPWTGA cycles with TEM/XPS 
observation of the catalysts at points in the cycles [ 1 , 21. Considerable roughening was 
observed to result from reoxidation. Fully oxidized samples show multiple surface planes in 
HR-TEM. A similar process was observed with model catalysts under high vacuum 
conditions as discussed in point #2 below. This is important in explaining reactivity 
excursions observed when a catalyst is reduced and then exposed to an oxidizing reaction 
environment and also has implications for activation of close-coupled exhaust catalysts, 

The research performed under the DOE Grant No. DE-FG02-96ER14679 resulted in new 

where fluctuations in stoichiometry and temperatures allow oxidation and reduction cycles. 
2. Confirmation of the nucleation mechanism was obtained for Pd( 1 1 1)  using scanning 

tunneling microscopy (STM) [ 3 ] .  Intermediate phases present during the reoxidation process 
were identified. Coincident phases coexisted with long lifetimes. For Pd (1 1 1) and Pd (loo), 
as the oxygen partial pressure is increased at constant temperature the Pd-0 system passes 
through the following sequence of phases: 1) bulk Pd with a bare Pd surface; 2) a simple 
chemisorbed layer with 0 atoms on top of a bulk-terminated Pd surface and a heat of 
adsorption of --55 kcal/mol; 3) a mixed Pd-0 surface phase with a unique structure and Pd- 
0 bond strength intermediate between chemisorbed 0 and bulk PdO; 4) oxygen deficient 
PdO characterized by heat of formation of -25 KcaVmol; 5) stoichiometric PdO. The 
intermediate phases grew preferentially as peninsulas and islands. The existence of at least 
one stable intermediate state was confirmed. In our studies of supported Pd catalysts using 
high resolution transmission electron microscopy (HRT 
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3. 

4. 

5 .  

during early phases of the reoxidation process showed patches of oxide and metal phases on 
individual particles while fully oxidized particles consisted of many surface planes. 

Considerable controversy exists over possible Pd-0 states that can exist and how reactivity is 
affected. Although much has been made in the literature about potential differences between 
"lattice" and "adsorbed" oxygen species, PdO surfaces expose only a single type of oxygen 
species: an oxygen atom bridge bound to two Pd atoms. Our studies of methane oxidation 
using labeled oxygen confirm that only one form of oxygen is used in the reaction [4]. The 
carbon oxides reflect the isotopic composition of the catalyst surface whereas the distribution 
of isotopically labeled oxygen in the water produced reflects the composition of the catalyst 
bulk. This is consistent with the observation that water is retained by the catalyst and that the 
hydrogen samples the bulk [4]. Both the (001) and (1 10) bulk-terminated surfaces expose 
only a single type of oxygen species, oxygen atoms bridge bound to two Pd atoms. Our results 
clearly indicate that, because of the lower rate of water desorption relative to the rate of 
isotopic equilibration between surface and bulk oxygen and because hydrogen samples the 
bulk, the water molecules produced in the combustion reaction reflect the composition of the 
bulk PdO. 
The inhibition of reoxidation of palladium after complete reduction at high temperatures was 
observed for a broad range of supports [5  J and was also found to occur for single crystal 
palladium under high vacuum conditions. The inhibition of Pd reoxidation and the 
corresponding activity hysteresis was observed with polycrystalline PdO supported on 
alumina, zirconia and several ceria-zirconia mixtures during temperature programmed 
methane combustion experiments. The identity of the support was shown to strongly affect 
the degree of hysteresis. Supports with high oxygen mobility (Pd particle size fixed) showed 
the least hysteresis. On cool-down, stopping the temperature decrease and maintaining the 
catalyst at a fixed temperature for hours resulted in a cessation of oxygen uptake (as measured 
by XPS), although the activity for methane combustion doubled over the same time scale. As 
temperature is decreased in steps a small amount of additional oxide is formed within minutes 
until the temperature where oxidation becomes fast. This passivation effect was noted for all 
systems studied, but support interactions (Pd particle size held constant) were observed to 
strongly influence the reoxidation temperature. 
Catalysts were fabricated with high NZ selectivity at high conversion of NO and CO [6]. The 
contact between the ceria and Pd phases was found to be critical in achieving this effect. The 
catalyst with the highest selectivity for N2 also had the smallest hysteresis for methane 
oxidation, consistent with the ceria/Pd interface playing an important role. This result is 
consistent with the work of Howeand Davis reported at the 2000 DOE meeting in Rockville, 
MD. An electronic interaction between ceria and Pd phases was not observed; however, the 
presence of ceria and how it is distributed affected the oxidation state of the palladium and, 
thus, reactivity. Catalysts with equivalent Pd loadings and particle sizes but different 
distribution of ceria were found to have widely varying N2 selectivities. 

6 .  Due to the higher temperature operating conditions ofclose-coupled catalysts and the 
operation around the stoichiometric equivalence ratio, carbon deposition on the catalyst is 
possible. In our work on this project we characterized carbon deposition on Pdceria catalyst 
supported on zirconia under auto exhaust remediation conditions [ 6 ] .  At high temperatures 
(above 725K) the disproportionation reaction CO + CO + C02 + C was found to be 
important. By surface carbon titration with oxygen pulses, quantitative measurements of the 
carbon deposition amounts were carried out for different reaction conditions. We are currently 
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using this data to determine carbon deposition kinetics. We propose to expand this work using 
HR TEM and XPS measurements performed on lightly pre-carbided catalyst samples. These 
methods will allow understanding of carbon deposition to allow development of methods to 
diminish or prevent carbon depositions at the catalyst surface during operation at fuel rich 
conditions that would be important for fuel processing reactions. 

about -1) at temperatures below 725K in minute time-scale pulsed reaction and to 
significantly higher temperatures under continuous flow conditions where readsorption of 
water is important [ 5 ] .  Oxidation studies were carried out for propane, ethane and methane. 
Previous studies have assumed that water adsorptioddesorption is equilibrated over all 
conditions used in laboratory studies. We, however, have shown [7] that water effect is not 
equilibrated on the minute time scale until P725K. Pulsed reaction gives significantly higher 
reactivity than continuous, different heating rates give different reactivity for reaction under 
low temperature, continuous flow conditions. The reaction order with respect to water, also 
changes with temperature. This can create artifacts in temperature programmed reaction 
(TPR) data taken at low temperatures. Running in a pulsed mode with a frequency of 1/5min 
results in significantly higher activity than obtained with continuous flow. At the high 
temperature, low oxygen conditions, however, typical of close-coupled converter, this effect 
is not usually important. Water poisoning is not a factor over the metallic state of the catalyst. 
Cycling to low temperatures and high oxygen concentrations can markedly increase the water 
poisoning effect because, as we have shown, water adsorptioddesorption is not equilibrated. 

8. Partial reduction can cause long lasting positive excursions in reactivity. This was observed 
both with bulk PdO and PdO supported on zirconia, alumina, and those supports with ceria 
added. During reoxidation of a fully reduced catalyst, methane oxidation activity begins to 
increase before bulk oxide is formed. On the fuel lean side, (1 % Methane, 4% oxygen) 
hydrocarbon oxidation activity was found to be highest for a transient sub-stoichiometric 
oxide state. It should be noted that part of the increase in activity is due to an increase in 
surface area due to the roughening that occurs on reoxidation. This is not the whole story, 
however, as the methane oxidation rate increases and then decreases as PdO is reduced in 
steps with methane. In this case the surface is being continually reduced and surface area 
continually decreases [SI. This is supported by recent studies of Altman and co-workers 
showing CO oxidation rate increased when the oxygen coverage of a Pd (1 1 1) surface 
decreased. However, a maximum rate is reached corresponding to the highest concentration of 
a (2x2) adsorbed oxygen structure at the surface, a further decrease in the oxygen coverage 
giving lower CO oxidation rates. Also, for Pd supported on a-alumina, steady-state activity 
increased for lean methane - air mixtures as the catalyst was continually reduced at high 
temperature with a consequent decrease in PdO surface area [9]. 

9. At low temperatures T<700K in presence of methane the exchange of surface oxygen with the 
gas phase is slower than the exchange with the bulk for an unsupported PdO catalyst [4]. This 
is important because it implies a steady state bulk and surface oxygen deficiency. It also has 
implications for the long lifetime coexistence of phases as noted in point #2 above and in 
Appendix I. We obtained similar results for a zirconia supported catalyst, consistent with data 
reported by other authors [lo], but also found that oxygen exchange with the zirconia support 
and the PdO catalyst is fast especially at T> 700K so interpretation of the data is not 
straightforward. 

7. Oxidation of alkanes over PdO is strongly affected by water poisoning (reaction order of 
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Introduction 

Methane oxidation over Pd based catalysts has been extensively studied over the past 
fifteen years due to its attractive potential for catalytic combustion applications [e.g. 1,4,5,7-401. 
Natural gas will be increasingly used as a source of energy in the future. Because the methane 
molecule contains four C-H bonds and only one carbon atom, combustion of methane yields the 
lowest amount of COz (gas leading to the greenhouse effect) per unit of produced energy. With 
stricter regulations on CO;! emissions to the atmosphere, this makes natural gas even more 
attractive as a fuel for the purposes of energy production. In addition, oil is a dwindling resource, 
which will probably be exhausted before the middle of the XXI century. The supply of natural 
gas and coal-derived methane, however, is expected to last though the foreseeable future. 

Supported palladium has been found to be the most promising catalyst for the complete 
oxidation of methane [ 141. Numerous studies of this catalytic reaction have been carried out in 
recent years [20-401. However, questions remain yet open about many key aspects of the 
behavior of palladium catalysts under methane combustion conditions. Among these, the 
following issues were addressed in the research studies sponsored under the DOE grant: 

1. 

2. 
3. 

4. 

5.  
6 .  

7. 
8. 

The correlation between thermal stability of the PdO phase, the rate of Pd reoxidation on 
cooling down the reaction temperature, and the chemical nature of the support; 
Surface science studies of Pd oxidation; 
Microscopic scale morphological modifications of the palladium phase during 
reoxidation; 
The contribution of PdO lattice oxygen and support oxygen to the methane c,ombustion 
reaction; 
The study of different oxygen states at the Pd surface during palladium reoxidation; 
Characteristics of the water inhibition effect in methane combustion over PdO-based 
catalysts; 
Combustion activity of partially reduced PdO catalysts - activity excursions; 
Investigations of the synergetic effects between ceria and palladium particles; 
Important features of each of these issues are discussed below. The details of the work 

are given in the noted papers. Submitted and in press papers are included in the Appendices 
noted. 

The role of the support in the oxidation/reduction behavior of palladium and its influence 
on the PdO thermal stability (paper “Support and water effects on palladium based methane 
combustion catalysts ”, Appl. Catal. A,  209(2001), 41 5-428) 

Although, an impressive research effort has been invested in this topic, the mechanism by 
which the support influences the stability of the PdO phase and the catalytic activity is not clear. 
Earlier work did not address whether interactions of the palladium phase with the support 
influence the catalyst activity directly or simply through the effect on the oxidation - reduction 
behavior. 

Rodriguez et a1 [4 13 investigated the interactions between palladium and zirconia support 
at different temperatures by means of in situ controlled atmosphere electron microscopy 
(CAEM). They attributed the behavior of the supported catalyst to the strong interaction between 
the freshly generated PdO phase and the zirconia support. Garbowski et al. [24] observed that 
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during reoxidation the palladium phase experienced restructuring, but concluded that the PdO 
roughening does not produce catalyst activation. Narui and co-workers [42] suggested that the 
PdO phase is stabilized by solid - solid reaction with the zirconia support at 773 - 1 173K 
resulting in a surface solid solution. They claimed that the amount of PdO incorporated in such a 
solid solution increases with the calcination temperature from 773 to 1 173K. Above this 
temperature the amount of PdO phase was found to decrease significantly. Primavera et a1 [43] 
reported that a solid solution of ceria, zirconia and palladium oxide prepared by co-precipitation 
of the mixed nitrate solutions segregated to give metallic palladium particles after calcination at 
temperatures above 1273K. These authors showed that the segregation is not reversible as the 
temperature is lowered and persists at room temperature. 

(heating - cooling rate, contact time, and pretreatment history) with three different catalytic 
systems having approximately the same metal loading. Consequently, the differences in their 
behavior are assumed to be mainly due to their different carriers. The supported catalysts have 
essentially the same particle sizes with the alumina-supported slightly smaller, however the 
mechanical mixture (produced by mixing pure PdO from Aldrich with the zirconia powder used 
as support for the supported catalyst) is characterized by a broad array of larger particles, certain 
different features of the TPR profiles for the mechanical mixture could also be due to differences 
in particle size. 

heating - cooling cycles is primarily caused by a loss in its catalytic surface area due to particle 
sintering during the high temperature exposure, as confirmed by X-ray diffraction analysis. The 
XRD results showed almost the same increase in the particle size for the particles supported on 
-alumina and zirconia, suggesting no support effect in the sintering process. 

between both PdO and metallic palladium phases, and different supports as measured by oxide 
decomposition and reformation temperatures determined in air-flow thennogravimetric analysis 
(TGA) experiments. These authors reported higher PdO decomposition temperatures for 
catalysts supported on alumina than for those supported on ceria or zirconia, but claimed there is 
no correlation between the oxygen mobility of the support and the PdO decomposition 
temperature. In this work, Datye also observed higher PdO decomposition temperatures in TGA 
experiments for unsupported and y A1203 supported particles than for a AlzO3, zirconia or ceria 
supported PdO. Rodriguez et al. [4 11 investigated the interactions between palladium and 
zirconia supports at different temperatures by means of in situ controlled atmosphere electron 
microscopy (CAEM). They reported a strong interaction between the PdO phase and a zirconia 
support and found that the strength of the interaction is temperature dependent. 

Our results (see Fig. 1) showed that the supported catalysts reached their maximum 
activity (for the PdO phase) at very similar temperatures, suggesting PdO started to decompose 
at the same temperature on both alumina and zirconia carriers. The temperature for the maximum 
activity for the catalyst consisting of a mechanical mixture of bulk PdO and zirconia support, 
however, is lower. The previous TGA results [21] indicated that, in flowing air, the PdO 
decomposition temperatures for the catalyst supported on alumina differed significantly from 
those supported on zirconia or unsupported PdO. Our reactivity results are not necessarily in 
contradiction with those reported here because in our experiments the PdO decomposition 
temperatures were measured in presence of methane, which may be involved in the reduction 
process, while the TGA experiments were performed in presence of oxygen, without methane. 

In this work, methane combustion tests were performed at the same reaction conditions 

The important deactivation of the catalyst observed between the first and the second 

Earlier investigations by Farrauto et al. [2 11 revealed strong but differing interactions 
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On the other hand, the onset of the activity decay on the heating ramp does not necessarily 
coincide with the appearance of metallic palladium on the surface. Voogt et al. [44] using an 
XPS technique gave evidence that the initial stage of the thermal reduction consists of the 
formation of a metallic core, whose size increases linearly with the time at constant temperature 
until the last surface oxide monolayer, so the catalyst exposes an oxide surface until the last stage 
of reduction. The catalytic activity of the catalyst particle at intermediary stages of reduction 
could be different from the one of the completely oxidized catalyst. In our work [ 11 on samples 
quenched at incipient reduction conditions, an amorphous surface layer of an unidentified phase 
was observed using high resolution TEM. The presence of such a surface layer is likely to 
influence the catalyst activity and may be responsible for the deactivation of the catalyst at an 
early stage of PdO reduction. In fact, amorphous PdO has been shown to have lower activity for 
methane oxidation at low temperatures [ 151. Therefore, the TGA technique is adequate to 
determine the catalyst phase changes, but these do not necessarily strictly correlate with the 
changes in catalyst activity. Also, if performed in absence of methane, the reduction 
temperatures observed in TGA experiments could be higher than the actual values at reaction 
conditions. 
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Figure 1. Temperature programmed 
reaction profiles for catalysts 
supported on different carriers. 
Closed symbols are for heating up 
cycle and open symbols are for cool 
down cycle. 

The large difference in the reduction temperatures observed between the supported and 
unsupported catalysts suggests an important effect of the PdO particle size on the reduction 
temperature. Previously reported TGA results [2 11 did not veri@ whether the PdO particle size 
of the catalysts supported on different carriers was const-ant, therefore the reported differences 
could also be caused, at least partially, by dispersion differences. 

catalyst comprised of the mechanical mixture of PdO and zirconia dropped significantly 
compared with the supported ones. The activity of the supported catalysts dropped much less 
than the mechanical mixture, the extensive drop of activity correlates rather with the particle size 
than with the support composition. The activity drop correlates with the increase in catalyst 
particle sizes ranked as Mechanical Mixture >Zirconia Supported >Alumina Supported. 

After the first reductiodreoxidation cycle, the methane combustion activity of the 
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On the cooling down cycle after thermal reduction the activity decreases and then 
increases at different temperatures for the supported catalysts. These differences suggest 
different rates of oxidation for metallic particles deposited on different carriers. This conclusion 
results from the significant difference observed between the supported catalysts, which have 
uniform palladium loadings and particle sizes. Moreover, this is the only significant difference 
observed between the supported catalysts in the present study. Support interactions with the 
metallic palladium phase were observed to be stronger than for the oxide phase. The significantly 
lower temperature for the onset of reoxidation of the mechanical mixture is most likely due to a 
particle size effect. The palladium reoxidation onset temperatures observed in our TPR 
experiments, however, are in disagreement with those reported by Farrauto et al. [21], despite the 
higher oxygen partial pressure in their experiments. Both supported catalysts started to recover 
their activity at higher temperatures than those reported from TGA results. These findings 
suggest that the catalytic activity strongly increases at the initial stage of catalyst oxidation when 
the weight gain is too small to be detected in TGA. This interpretation is also in agreement with 
our recent pulse experiments [8] that showed higher catalytic activities for partially reduced 
surfaces, and the results from quenched catalysts interrogated with XPS [24]. In addition, TGA 
experiments measure bulk changes that should not necessarily correlate with activity. Later 
experiments showed oxygen uptake is inhibited by the presence of methane, again suggesting 
that TPO experiments can not be used to directly correlate reactivity behavior. 

size dependent, which suggests oxygen internal diffusion limitations, mainly for the reoxidation 
process. However, the catalyst activity recovers before the completion of the reoxidation process, 
which suggest that the reoxidation proceeds from the surface toward the particles bulk, as 
proposed by other authors [20,28]. 

Higher catalytic activity was observed for supported PdO particles on cooling down from 
temperatures that did not cause the thermal decomposition of the PdO phase, thus without a 
reductionheoxidation cycle. The activation mechanism could consist of a slight reduction of the 
PdO phase by methane, which generates surface reduced sites/oxygen vacancies, as proposed by 
Fujimoto [45,46]. Muller and co-workers [47] showed using catalysts containing '*O isotope that 
methane is oxidized with PdO lattice oxygen generating oxygen vacancies that are replenished 
with oxygen from the gas phase. Recent results of Au -Yeung [lo] also gave evidence of lattice 
oxygen extraction at the early stage of methane combustion reaction. This is consistent with both 
constant activity in time at constant temperature and the suppression of the activation effect after 
long term exposure to oxygen at room temperature. The long time constant for the deactivation at 
RT suggest that the reduced site consists rather of surface Pdo clusters than of pairs Pd2+ - 
oxygen vacancy. 

good sintering resistance, which is also demonstrated by the catalytic activity vs. reaction 
temperature plot for both heating and cooling ramps between 673 and 953K. This behavior is 
most likely an effect of the strong interaction between the dispersed phase and the support, which 
impedes particles sintering, in agreement with previously reported high temperature stability of 
zirconia supported PdO particles [41]. 

It can be concluded that the support does not affect directly the catalyst activity in either 
the oxide phase, or metallic phase. It influences the temperature range of the PdO phase stability, 
and, therefore, the activity hysteresis gap and temperature range. However, the palladium oxide 
particle size also influences the oxide phase stability. 

On the other hand, the reduction - reoxidation temperatures are observed to be particle 

~ 

The constant activity with catalyst time on stream at high temperatures, is attributed to its 
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Surface science studies of Pd oxidation (paper “The oxidation of Pd(ll1) ” Surf Sci., 
462(2000), I51 - I  68 - reprint attached) 

Oxidation of metallic Pd has been intensively studied by many groups of investigators 
over the last 20 years [1,20,21,27,39,41]. Several different Pdoxygen structures have been 
reported for the system under different conditions. At temperatures below and up to room 
temperature and oxygen pressures on the order of lo-’ torr dissociative adsorption of oxygen on 
Pd( 1 1 1) surface leads to 0.25 ML saturation coverage. The initial sticking coefficient was 
estimated at about 0.3 and the adsorption energy of oxygen on the surface near 55 kcal/mole 
[48]. The formation of bulk PdO was observed only at about 675-975K in air or 1 atm oxygen 
[33,49,50]. In one atmosphere air the crystalline PdO state is thermodynamically stable at 
temperatures below 1046K, suggesting that PdO formation over a large range of temperatures 
experienced in practical applications is kinetically controlled. Legare et al. [50] used XPS, UPS 
and AES techniques to study the interaction of oxygen with Pd (1 1 1) and polycrystalline 
palladium in a wide range of experimental conditions. At room temperatures and oxygen 
pressures about 1 0-6 torr, only oxygen adsorbed on the catalyst surface was observed. At about 

torr and elevated temperatures (about 575K), penetration of oxygen into the “subsurface 
layers” of Pd crystal was observed in XPS spectra. This is consistent with STM studies discussed 
below where a mixed PdO surface layer was observed. The crystalline PdO phase was observed 
only with atmospheric pressure 0 2  at 625K. Ho et al. [5 11 studied the interaction of oxygen with 
alumina-supported palladium at various metal loadings. The extent of oxidation was found to 
increase in three steps with increasing temperature corresponding to adsorption on the surface of 
Pd crystallites at ambient or lower temperatures, penetration of oxygen into the sublayer as the 
catalyst was heated above room temperature, and formation of palladium oxide crystallites at 
around 775K. 

Catalyst oxidation and redispersion was investigated in this work [3] by using STM to 
follow the interaction of 0 2  and NO2 with a Pd (1 1 1) single crystal at 575K. Nitrogen dioxide 
was used because it is a more effective oxidant than 0 2 .  Several different surface phases were 
observed with both LEED and STM. At a coverage of 0.25 ML (1 ML = 1 0 atodsurface Pd 
atom), a (2x2) chemisorbed layer of oxygen atoms was observed. At oxygen coverages between 
1 .O- 1.8 ML, complicated LEED patterns were observed that could be understood in terms of the 
superposition of two ordered surface structures observed in STM images. In STM movies, ad- 
islands were observed to form as the oxygen coverage was increased into this regime, suggesting 
that oxygen atoms penetrate the surface, forining a mixed Pd-0 surface layer with a reduced Pd 
atom density; the liberated Pd atoms, along with 0, form the islands. The islands display a 
different structure than the original terraces; neither structure, however, corresponds to any 
crystal plane of bulk PdO, indicating that there are states intermediate between Pd and PdO [52]. 
TPD results suggest a bond strength intermediate between 0 adsorbed on Pd and PdO. At higher 
oxygen coverages, the LEED pattern faded and a low temperature shoulder developed in TPD 
traces and rough clusters appear on the surface. XPS and TPD work on Pd (1 10) by Bondzie, and 
coworkers [53] indicates that this shoulder is associated with bulk PdO decomposition. These 
results are consistent with the mechanism in which dispersed Pd-0 phases form over the metallic 
Pd surface as the transition between phases occurs. 

The combined results suggest that Pd (1 1 1) oxidation proceeds through a three step 
mechanism: 1) rapid adsorption that stops at 0.25ML of atomic oxygen; 2) oxygen penetration 
into the surface accompanied by island growth leading to the formation of two phases that are 
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intermediate between Pd and PdO; 3) formation of bulk PdO. The driving forces for this 
mechanism can be described as follows. Assuming second order desorption, the 0 2  desorption 
peak temperature at coverages less than 0.25ML suggests a heat of adsorption of roughly -50.2 
kcal/mol [l], which is significantly higher than the -25.65 kcal.mo1 (at 1050K) heat of formation 
of PdO. Thus, as expected, initial exposure of either NO2 or 0 2  to Pd( 1 1 1) results in oxygen 
adsorption. Increasing the coverage of the adsorbed layer beyond 0.25ML requires compression 
of the (2x2) layer that results in repulsive adsorbate-adsorbate interactions that reduce the heat of 
adsorption below the heat of formation of the oxide. Therefore, at higher coverages, oxide 
formation is favored. The Pd-Pd nearest neighbor distance in PdO is 0.305nm versus 0.275nm in 
Pd, thus oxidation requires expansion of the Pd surface; the resulting compression is relieved by 
ejecting Pd atoms from the terraces. At this stage, a MoirC pattern seen in the STM images, and 
multiple scattering seen in the LEED patterns, indicate that single oxidic, or alternatively 
reconstructed layers form on top a unreconstructed Pd( 1 1 1) surface. As a result, the oxygen 
atoms and the Pd atoms in these layers interact with underlying Pd atoms that are bound to no 
other oxygen atoms. Therefore, it is not surprising that that oxygen atoms are more strongly 
bound in these layers that in the bulk oxide. Further, since the oxidic layers are so thin, 
interactions with the substrate and surface effects determine the structure, and so the layers 
exhibit structures that are distinct from either Pd or PdO. As the oxygen coverage increases, bulk 
effects become important and the 0-Pd bond strength becomes characteristic of the bulk oxide. 

Morphological modifications during reoxidation of Pd (papers “Catalyst microstrucfure and 
methane oxidation reactivity during the Pd<-> PdO transformation on alumina supports“, Appl. 
Catal. A, 198(2000), 179, “Direct observation of reduction of PdO to Pd metal by in situ 
electron microscopy”, Stud. Surf Sci. Catal. 130(2000), 31 19, and “Mechanism of oxidation of 
Pd metal particles on alumina supports”, Abstr. Pap. Am. Chem. SOC., 219(2000), 57) . 

There is much interest in the reactivation of the catalysts as it is cooled and reoxidized 
from the metallic state as this process may have direct implications for the non-steady state 
fluctuations in activity noted in practical catalytic combustion systems. Two interesting questions 
relate to 1) why the reoxidation in inhibited on cool-down and how this is related to the 
mechanism of reoxidation and 2) how activity changes as a function of surface structure on cool 
down. We have shown that activity decreases until some small amount of surface oxide is 
formed and then increases continuously to a level higher than observed on the heat-up cycle. If 
reoxidation occurred by a shrinking core mechanism as has often been suggested activity should 
recover to the heat-up level when several mono-layers of oxide are formed. Thus the mechanism 
for reoxidation directly controls the reactivity behavior observed. 

Recent work on this grant has addressed the self-limiting oxidation observed during cool 
down of Pd in air (or under lean methane oxidation conditions). For example, it is found that 
reoxidation of Pd is delayed, upon cool down, to temperatures below which PdO should be stable 
based on bulk thermodynamics. Thus, even though PdO decomposes to Pd when heated above 
1068K, during cooling, re-oxidation does not commence till the catalyst is cooled below 923K. 
At temperatures below 923 K, oxidation begins during cool down, but if the catalyst is held at a 
constant temperature the oxidation to PdO is not complete, but reaches a self-limiting amount of 
oxide. This behavior is observed during reaction rate measurements, where the reactivity 
increases but reaches a stable value that is between that of the fully oxidized catalyst and the 
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reduced catalyst. Our work has been directed at understanding the morphology of the oxide 
under conditions where the rate of oxide formation has ceased even though thermodynamics 
favors complete oxidation to PdO. What is unusual about this oxidation process is that if the 
temperature is lowered, oxidation commences again and reaches another self-limiting state. 

temperatures, has been observed during reaction studies as well as by oxygen uptake 
measurements. We have confirmed this phenomenon by measurements within a thermo 
gravimetric analyzer (TGA). To study the morphology of these samples, separate experiments 
were performed in a tube furnace where the samples were quenched after cooling in air to 
temperatures in the range of 873 K - 923K. We find, by TEM, the coexistence of Pd and PdO 
domains in some of the particles quenched from the fixed temperature region where oxygen 
uptake is slow. This indicates that the self-limiting oxidation is not caused by the growth of a 
surface oxide that limits oxidation by slowing down diffusion, but rather suggests that the Pd 
metal surfaces are passivated possibly by a larger or stronger bound oxygen as suggested by 
McCarty [26,27]. As temperature is lowered, the thermal stresses in the passivation layer may 
cause a break down of the passivation layer, lead to nucleation of additional oxide domains, and 
an increase in oxide content. 

We have contrasted the behavior of Pd during oxidation with that of Ni, which shows a 
conformal growth of NiO on Ni. The oxidation of Ni follows a shrinking core of metal with a 
growing surface oxide, a behavior that is very different from that of Pd. 

We propose that formation of the PdO phase occurs through the interaction between the 
Pd atoms, migrating over the surface and the adsorbed oxygen: Pdcr + Oad e= PdOcr, rather than 
by a direct incorporation of surface oxygen into the Pd layer. This is consistent with the work of 
Altman et al. [52] described above using LEED and STM where small islands of intermediate 
Pd-0 phases were observed on the surface of metallic Pd( 1 1 1) surface under the NO equivalent 
pressure of 760 torr oxygen at 500K. Thus reoxidation occurs through a nucleation mechanism. 

Further evidence for the “patchy” oxidation comes from our recent studies [ 1,391. 
Oxidation of Pd at low temperatures resulted in discrete patches of PdO detected by TEM. XPS 
showed the presence of both Pd and PdO on the surface for selected oxidation conditions. Figure 
2 shows an example of such a particle. Since quenching would create more, not less oxide, the 
existence of two phases is confirmed. The redox reaction between methane and oxygen over the 
surface creates the conditions for the dynamic equilibrium between the Pd and the PdO phases. 
Adatoms of Pdo are continuously oxidized by the oxygen adsorbed on the metallic surface, while 
the PdO clusters are reduced by the reaction. In support of this idea, the reoxidation temperature 
on the cool down cycle is somewhat higher in the presence of the methane/air reaction mixture 
than in air despite the observation in this work and others that at low temperatures methane 
impedes gas phase oxygen exchange with the surface. Oxidation of the palladium surface can, 
therefore, be considered as a nucleation phenomenon. Dimers and small PdO,, clusters 
continuously appear on the surface, though the growth of the PdO phase can start only when the 
lifetime of such cluster is long enough for other Pd adatoms to be captured and oxidized on its 
surface. The lifetime increases as temperature decreases. This mechanism of a dynamic 
equilibrium suggests that both the metallic and the oxidized phases of palladium exist for long 
times at the surface of the catalyst particle over some range of temperatures. Furthermore, it is 
likely that the newly formed patches of the PdO phase initially do not have the crystalline 
structure. Because, under reaction conditions, PdO is continuously reduced to metallic Pd, no 
extended layer of crystalline PdO can form over the surface of the metallic particles when 

This inverse dependence on temperature, causing greater extents of oxidation at lower 

10 



reoxidation starts. PdO would preferentially appear as patches over the surface of the metallic 
particle. Fully oxidized particles show many surface pitches with crystalline domains of about 5 
nm, creating an apparent redispersion and consistent with a nucleation mechanism. This 
phenomenon may be responsible for an increase in the apparent catalyst activity after the in situ 
hydrogen reduction or on the cooling cycle after previous reduction at temperatures above 
1 175K. Under these conditions, the activity decreases as the PdO phase is reformed. 
Reoxidation is slow and oxide growth is patchy as described above. 

Figure 
sample 

2. TEM image of a catalyst 
’ quenched at 933K. 

Our new data also shows evidence that the increase in activity seen on reoxidation either 
when cooling or after HZ treatment is due to the coexistence of phases and not just a redispersion 
of PdO. TEM analysis of Pd catalysts just a few minutes after negative activation show mainly 
Pd particles with little surface roughening. No PdO is observed by TEM but both Pd and PdO are 
shown to be in the surface region by XPS, a surface sensitive technique. Since the quenching 
process could only result in more not less oxide this illustrates that negative activation is seen 
before significant bulk oxide is formed. Recent work by Altman for CO oxidation viewed by 
STM also shows an intermediate state of the catalyst to be most active. 

Contribution of lattice oxygen from the PdO phase and from the support in the methane 
combustion (paper “Contributions of lattice oxygen in methane combustion over PdO - based 
catalysts” submitted to J. Catal., 2000 -Appendix I )  

Early pulsed reaction studies of Muller et al. [47] employed zirconia supported PdO 
catalysts labeled with Pd”0, prepared from.amorphous Pd - Zr alloys. These authors proposed 
that, both at 573K and 773K, the combustion reaction proceeds.p&tly via a redox - Mars and 
van Krevelen - mechanism, but that the overall conversion is determined by the interplay 
between the surface reaction of “adsorbed” reactants and the redox mechanism. This study also 
reported an important influence of the oxygen isotopic exchange of carbon dioxide between the 
gas phase and the Pd”0 surface on the distribution of the carbon dioxide isotopomers, while the 
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isotopic exchange of gas phase oxygen was negligible. In a more recent paper [54] these authors 
concluded that the abstraction of hydrogen atoms from the adsorbed methane species is a 
“normal surface reaction”, whereas the formation of oxygen - carbon bonds is more controlled 
by a redox mechanism involving lattice oxygen. 

over zirconia-supported catalysts, Fujimoto [45] proposed a set of elementary steps describing 
the reaction mechanism. In the proposed mechanism, the catalytic site is considered as a surface 
oxygen vacancy or coordinatively unsaturated Pd site on the surface of PdO crystallites, depicted 
generally by “Pd-PdO site pair”. In a later work [46] these authors concluded that the overall 
mechanism resembles Mars - van Krevelen reduction-oxidation pathways in which “carbon 
atoms in the gas phase or physisorbed CH4 interacts with coordinatively unsaturated Pd sites on 
the surface of PdO crystallites and H atoms are abstracted sequentially from adsorbed CH4 by 
neighboring Pd - 0 surface species to form surface hydroxyl groups (Pd - OH) ” [46]. The 
authors assert the proposed mechanism avoids the need for the coexistence of a separate Pd 
metal phase in atomic contact with PdO, during methane oxidation. 

work of Au-Yeung et a1.[10]. They performed the methane combustion reaction over zirconia- 
supported PdI60 particles using continuous flow of a reaction mixture containing I 6 0 2  and I8O2 
in equal amounts, in the 500-600 K temperature range. These authors observed negligible 
oxygen scrambling but important COz scrambling during methane combustion. They also 
suggested that “lattice” oxygen is used more efficiently than oxygen from the gas phase in 
methane combustion. 

isotopes in the water molecules produced in the methane combustion reaction in a systematic 
manner. In addition, the catalysts used in the previous studies were all supported on zirconia 
carriers, a support with relatively high oxygen mobility at moderate and high temperatures [55]. 
Therefore oxygen can be exchanged between the PdO and the support and influences the 
distribution of oxygen atoms in the reaction products. 

The catalysts employed in our study were pure PdO (99.999% of purity) and zirconia 
supported PdO (3% wt. as Pd). The average PdO particle sizebf the fresh supported catalyst 
determined from XRD was 10 nm. The reaction mixtures used consisted of 1 % methane, 4% 
oxygen either as 1 6 0 2  or ‘ * 0 2 ,  and helium balance feed in pulses at 80 seconds time interval. 

were carbon dioxide and water. Oxygen, carbon dioxide and water isotopomers were monitored 
using the mass selective detector. The relative distribution of l80 atoms in the same product was 
determined using the mass spectrometry analysis, the carbon material balance and conversion 
being determined from gas chromatographic analysis. Therefore, in the mass selective detector 
samples were analyzed for ions with masses 18 and 20 for water, masses 32,34 and 36 for 
oxygen, and masses 44,46 and 48 for carbon dioxide isotopomers. The distribution of I8O 
among reaction products at different experimental stages is given in the figures in Appendix I. 

The first labeled reaction mixture pulse over a Pd160 catalyst at all temperatures studied 
produced predominantly Cl6O2, suggesting lattice oxygen is predominantly used for methane 
combustion. For the unsu ported PdO catalyst at all temperatures excluding the lowest (600K), 
the relative fraction of C 0 2  decreased rapidly with the number of pulses and then changed to a 
lower, constant slope, maintained up to the end of the labeled reaction mixture pulse series. It 
was also noted that a longer ( 3  minutes) time interval between pulses number 17 and I 8  

Based on turnover rate measurements of the methane combustion reaction performed 

The mechanism proposed by Fujimoto [45,46] was further studied in the more recent 

None of the above mentioned studies [ 10,45-47,541 measured the distribution of oxygen 

The only reaction products detected following reaction mixture pulses over the catalyst 

*! 
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produced a slight increase in the Cl602 relative fraction. This increase is rapidly lost and is due to 
an increase of surface l 6 0  concentration caused by bulk oxygen migration towards the surface. 
For all conditions of this study the methane conversion was constant for all pulses at a fixed 
temperature even though the isotopic distribution changed markedly indicating a single 
mechanism and a single type of oxygen used. As temperature increases, the amount of I8O in the 
carbon dioxide increases steeply followed by a much slower increase at higher temperatures, 
typical of a transport limited process. This suggests that labeled oxygen uptake is limited by 
exchange with the bulk at higher temperatures. The concentration of H2’*0 increased slowly as 
the pulse number increased and as temperature increased. The isotopic composition of water 
resulting from methane combustion over PdI60 catalyst remained predominantly H2160 at a large 
number of pulses in contrast to the quickly increasing I8O content in the COz even at the higher 
temperature of this study. 

In order to determine both the overall oxygen exchange and to qualitatively assess the 
distribution of oxygen isotopes with the depth from the particle surface toward the bulk, the 
catalyst was reduced after reaction at the reaction temperature using either diluted methane or 
diluted hydrogen. 

onto the catalyst increases. This is consistent with the increase in 180-containing isotopomers in 
C02 and the increase of the H2I80 concentration in reaction products with the reaction 
temperature. Another interesting observation is that, assuming a “layer by layer” reduction 
mechanism both for reduction with methane and hydrogen pulses, the l 8 0  concentration gradient 
between bulk and surface is initially small, but then increases with the temperature, suggesting 
that I8O exchanged becomes limited by penetration of I8O into the bulk. A final interesting 
observation is that the distribution of water isotopomers produced during the reaction is similar 
to the one observed in reduction experiments, suggesting the composition of water resulting from 
the reaction reflects the bulk composition of the catalyst particle. For reduction with diluted 
methane (665K and 745K), the conversion resulting for the first reducing pulse equaled the one 
observed with the last reaction mixture pulse. When hydrogen was used as reductant, because of 
its high reactivity for PdO reduction the total pulse is consumed, consistent with the equal 
number of hydrogen pulses consumed to reduce the catalyst after reaction at different 
temperatures (600K, 625K, 670K and 700K). 

temperature of these experiments. However, as temperature is increased, the distribution of 
carbon dioxide isotopomers shows signific ifferences. The most important difference 
between the supported and unsupported c s is that at higher temperatures the amount of l60 
in the reaction products is considerably higher for similar amounts of methane converted. This 
suggests an important contribution of the support to the l60 pool of the PdO phase. The increase 
of the l60 content in the reaction products as the reaction temperature increases is most likely 
due to an increase in the oxygen exchange rate between the PdO particles and the zirconia 
support and follows the temperature dependence observed by Duprez et al. [ 5 5 ]  for oxygen 
mobility on zirconia. The important contribution of the support to the oxygen pool of the catalyst 
is also suggested by the distribution of water isotopomers. Similar to the C02 result, the I8O- 
containing isotopomer is more abundant at lower temperature. The oxygen exchange with the 
support impedes l80 exchange to the bulk. This is confirmed by the pulsed reduction 
experiments performed after the reaction studies, as discussed below. 

For the unsupported catalyst, as the temperature increases the uptake of gas phase oxygen 

The zirconia-supported catalyst behaved similarly to the unsupported one at the lowest 
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The isotopic distribution for carbon dioxide and water resulting from reduction 
experiments for the catalyst where the reaction is carried out at 600K showed I80-rich reaction 
products suggesting the PdO surface is rich in I8O. Further pulses reduced the bulk and showed 
much higher I6O content. By contrast, for the catalyst where the reaction was carried out at 700K 
the oxygen exchange rate between the support and PdO particles is fast so that the oxygen 
isotopes at the surface are equilibrated with the support (having a large reservoir of I6O). The I8O 
exchange from the gas is much slower than the exchange from the support, so that the bulk and 
surface are also equilibrated. Note that the PdO particle size is much smaller than the grain size 
in the pure PdO catalysts, whicK affects the equilibration time. Therefore, for all the reduction 
pulses at the higher temperature of 700K the isotopic composition of the reaction products 
changes insignificantly with pulse number suggesting a uniform distribution through the catalyst. 
In contrast with the unsupported catalyst, “0 at the surface was lower at higher temperatures. - 

Several conclusions derived from these results: 
The differences in the labeled oxygen atoms distribution between water and carbon dioxide 
are not due to different oxidation mechanisms for hydrogen and carbon, respectively, as was 
previously suggested in other studies [47]. Our results clearly indicate that, because of a 
lower rate of water desorption relative to the rate of isotopic equilibration of surface and bulk 
oxygen, and because hydrogen samples the bulk, the water molecules produced in the 
combustion reaction reflect the composition of the bulk catalyst. Carbon dioxide is desorbed 
more rapidly and it is reflective of the isotopic composition of the surface. 
Surface hydroxyls resulting from methane dissociation at the PdO surface impede the oxygen 
uptake by the catalyst. In pulsed experiments performed at temperatures below 745K, 
because of the longer residence time of hydroxyl groups at the surface, following water 
desorption the oxygen partial pressure in the gas phase is too low to allow a significant 
oxygen uptake onto the reduced surface. As temperature increases, the rate of water 
desorption increases significantly, as well as the oxygen uptake. Therefore, the inhibitory 
effect of water molecules on the activity of the PdO catalyst for methane combustion can be 
explained, at least partially, by the mechanism discussed above. 
The zirconia support contributes significantly to the oxygen pool of the PdO phase available 
for the methane combustion. Experiments performed with isotopically labeled reaction 
mixture at two temperatures showed that at 700K the exchange of oxygen between support 
and PdO is very rapid. 

Study of surface oxygen states on palladium-based catalysts baper “The oxidation of 
Pd(l1 I)” Surf: Sci., 462(2000), 151-168, and “Contributions of lattice oxygen in methane 
combustion over PdO - based catalysts” submitted to J .  Catal., 2000 -Appendix r )  

7 ,  

From the point of view of the reactionbmechanism, Fujimoto et al. [45,46] proposed a set 
of elementary steps in which the catalytic site is an oxygen vacancy or coordinatively 
unsaturated Pd site on the surface of PdO crystallites. They concluded that the mechanism 
resembles the Mars and van Krevelen mechanism and avoids the need for the coexistence of a 
separate Pd metal phase in atomic contact with PdO, during methane oxidation [4]. A possible 
methane activation step is the dissociative adsorption of methane on a surface Pd - 0 pair as 
proposed by Broclawik et al. [56].  It should be noted that the reaction order with respect to 
oxygen reported by many investigators is positive and near zero. Vacancy development, 
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especially under conditions where water is desorbed between pulses (pulsed experiments above 
725K), would be expected to be negative order with respect to oxygen. Au-Yeung et al. [ 101 
used an isotopically labeled technique to investigate the methane oxidation pathways on PdO 
catalysts. The concluded the lattice I6O in PdO is more efficiently used in methane combustion 
than labeled 0 atoms from the gas phase. Their results suggested reoxidation is slow and from 
an estimated I60 balance, either the bulk and surface are partially reduced, or oxygen exchange 
with the zirconia is fast. Based on results obtained with pulsed studies over zirconia-supported 
Pdt80 catalysts prepared by oxidation of palladium-zirconia alloys, Muller and co-workers [57] 
concluded that the combustion reaction proceeds partly via a redox mechanism in which the 
abstraction of hydrogen atoms from the adsorbed methane species is a "normal surface 
reaction", whereas the formation of oxygen-carbon bonds is controlled by a redox mechanism. 
Their assumption was based on the differences observed between the distribution of labeled 
oxygen atoms in water and carbon dioxide products. 

respectively, would require the existence of two different types of oxygen at the catalyst surface. 
The crystal structure of PdO is a useful starting point in considering the types of sites that could 
be available for reaction on a PdO catalyst surface. Palladium oxide crystallizes in a tetragonal 
structure with lattice constants a = b = 0.305 nm and c = 0.534 nm at room temperature; Pd 
atoms are located at (0, 0,O) and (0.5,0.5, O S ) ,  and oxygen atoms at (0.5,0,0.25) and (0.5, 0, 
0.75). Each Pd atom is coordinated to four 0 atoms in a square planar configuration while each 
0 atom is surrounded by four Pd atoms in a tetrahedral pattern. Cleaving the structure 
perpendicular to [OOl] and [110] results in the least corrugated surfaces, and thus (001) and ( 1  10) 
surfaces are expected to be favored. In considering the surface models, a couple of points 
become immediately obvious. First, both surfaces expose only a single type of oxygen species: 
an oxygen atom bridge bound to two Pd atoms. Although much has been made in the literature 
about potential differences between "lattice" and "adsorbed", oxygen species, considering these 
models, it is difficult to envision an oxygen species in a site other than the bridge site. It should 
also be noted that the (100) and (010) surfaces also expose only a single type of oxygen species. 
The second point is that both surfaces are polar and thus must reconstruct to maintain charge 
neutrality. There has been no work reported on the surface structure of PdO, however, other 
oxides and binary compounds (such as halides [58]  and 111-V semiconductors [59] )  maintain 
charge neutrality through ordered vacancy structures. Along these lines, removing half the 
surface oxygens from the bulk terminated PdO (001) and (1 10) surfaces would create charge 
compensated surfaces. Although this creates arrays of oxygen vacancies, the surfaces are fully 
oxidized in that all the surface Pd atoms are formally in a 2+ oxidation state. As a result, oxygen 
cannot adsorb at the vacancies without oxidizing the surface Pd atoms beyond the 2+ oxidation 
state. Considering that CH4 combustion is often carried out under conditions that are near the 
thermodynamic border between Pd and PdO, adsorption on these vacancy sites under reaction 
conditions seems unlikely. Along the same lines, oxygen desorption from the charge 
compensated surface would require reduction of surface Pd atoms; oxygen readsorption would 
then reoxidize the Pd atoms to Pd2'. While more massive reconstruction cannot be ruled out and 
defects such as steps and crystallite edges can create additional types of sites, the bulk crystal 
structure suggests only a single potential site for surface oxygen. If the edges and defects 
controlled reactivity, the reaction would be structure sensitive with small particles showing 
higher reactivity. This is not the case experimentally as particles less than 10 nm have been 
observed to show lower reactivity. 

IK 

The existence of different reaction mechanisms for the oxidation of carbon and hydrogen, 
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Although a single form of oxygen is likely responsible for reactivity at the conditions of 
our experiments, these results do not rule out the possible role of mixed phases under some 
(especially transient) reaction conditions. The experimental results presented here, however, 
indicate that oxygen migration in bulk PdO can be fast compared to reoxidation from the gas at 
low temperatures. Studies of the oxidation of metallic Pd indicate that the reaction can be slow 
[ 10,571. The above arguments suggest that Pd and PdO can coexist for extended periods at 
certain temperatures and oxygen pressures, which is not thermodynamically possible if 
equilibration with the gas phase is rapid. We also have shown that during methane oxidation 
reaction, surface reoxidatiodoxygen exchange with the gas phase is slow. At low temperatures 
the rate of ‘ * 0 2  uptake is slow and the exchange is limited by the surface reaction. In earlier work 
using high resolution transmission electron microscopy (HRTEM) we observed that in transient 
conditions the surface can likely consist of a patchy array of phases; it is also consistent with 
previous TPD and STM results of Zheng and Altman [3] that indicate a sequence of four phases 
during Pd oxidation, confirming at least one stable intermediate state. Along these lines, at any 
point in time the condensed phases can be described by oxygen - palladium mole fractions. 
Since both the miscibility of oxygen in Pd and the oxygen deficiency of PdO are limited, 
separation of the Pd and PdO phases will occur. The mixed Pd-0 surface would exist at the 
interface between the two bulk phases. The phase with the lowest surface tension would tend to 
completely encapsulate the higher surface tension phase. Since oxides typically have lower 
surface tension than metals, reduced Pd clusters formed during the reaction of methane with 
lattice oxygen at the PdO surface are likely to be encapsulated by the bulk oxide phase. The 
encapsulation mechanism likely consists of bulk oxygen diffusion towards the surface, thus in 
equilibration of the concentration of the vacancies between surface and bulk. This is consistent 
with our experimental observation that, at certain operating conditions, oxygen equilibration 
between the condensed phases can be fast compared to equilibration with the gas phase. Hence, 
Pd and PdO may coexist for an extended duration, even at high temperatures. These factors may 
affect reactivity when the catalyst is reduced and then exposed to reaction mixture. 

about potential differences between lattice and adsorbed oxygen species at the PdO surface, 
based on thermodynamic considerations we showed that the most favorable surfaces (00 1) and 
(1 10) expose a single type of oxygen species: an oxygen atom bridge bound to two Pd atoms. At 
our experimental conditions the reactivity data with labeled oxygen shows that this one form of 
oxygen is responsible for the oxidation of the carbon and hydrogen in the methane. 

The most important conclusion is that, although much has been made in the literature 

Water inhibition effect on Pd-based combustion catalysts bapers: “Support and water 
effects on palladium based methane combustion catalysts”, Appl. Catal. A,  209(2001), 41 5-428, 
and “Temperature and time dependence of the water inhibition effect on supported palladium 
catalyst for methane combustion” Appl. Catal. A, in press - Appendix II) 

Water, CO and C02 which are produced in the reaction of methane oxidation can also 
affect the activity of the catalyst. Ribeiro et al. [29] concluded that the dependence of the activity 
for methane oxidation over Pdzirconia on water was negative first order over the entire range of 
conditions expected under actual operation. Earlier work by Cullis et al. [35] showed that water 
inhibits methane oxidation on palladium-based catalysts and that this deactivation is only 
partially reversible. The poisoning effect of water was proposed to be due to the formation of 
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palladium (11) hydroxide, which is not dehydrated without the loss of oxygen. This was also 
suggested by Burch et al. [60] in a recent study of C-H bond activation. They suggested that at 
moderate temperatures (below 725K) the breaking of the OH bond in the hydroxide is the rate- 
limiting step for methane oxidation on PdO consistent with our recent pulsed reaction studies 
with water [61]. Many of the apparent activation energy values reported in the literature, 
however, did not account for this inhibition effect and experiments were not carried out under 
differential reactor conditions with respect to water. 

The influence of water on the catalyst activity is also affected by the type of support. For 
HSA y-alumina supports, unrecoverable water poisoning was observed by many investigators 
[ 1,29,62,63]. In our experiments with Pd supported on LSA a-alumina, the water poisoning was 
found to be fully recoverable albeit over an hour time scale. Rare earth additives have been 
shown to improve the catalyst performance in the presence of water [63]. 

Another important point is that water poisoning is not fully understood especially with 
respect to support additives and the kinetics of poisoning. A recent paper by van Giezen et al. 
[36] points out that water poisoning can bias the apparent activation energy measured when 
starting with a dry reaction mixture since the reaction is not carried out differentially with respect 
to water. This is a very important point as a “wet” activation energy has been measured to be as 
much as twice as much as that of the normally reported “dry” value. The authors derive a 
relationship for the apparent activation energy for the dry feed Edry = l/(l-n) Eapp  where n is the 
reaction order, with respect to water, and Eapp is the activation energy under true differential 
reactor conditions, (Le. wet). This relationship, however, is only valid if the reaction responds 
immediately to changes in water concentration and if the order with respect to water is 
independent of both temperature and water content. We [ 5 ] ,  Cullis et al. [35] and Burch [61] 
have found that the catalyst does not respond instantaneously to changes in water concentration. 
Pulsed experiments show no water poisoning effect above 700-725K whereas continuous TPR 
experiments show strong water poisoning up to 925K and higher. When water in the reactant 
mixture over the catalyst is significantly reduced, say, for example, by a decrease in temperature 
yielding a decreased conversion (or by shutting off an external water supply), recovery to the 
unpoisoned conversion level can be very slow (on the order of hours) and is sensitive to the 
identity of the support [5]. In addition at low temperatures in the presence of water activity is 
strongly influenced by heating rate. In pulsed experiments [7], water poisoning was found to 
become negligible at temperatures above 725K (see Figure 3), while in continuous (TPR) 
experiments at 5Wmin water poisoning was observed at temperatures as high as 925K. Using the 
equilibrium assumption and the equation for dry versus wet apparent activation energy presented 
by Van Giezen et al. [36], changes in apparent activation energy predicted stronger water 
poisoning as temperature is increased, a conclusion that is contrary to observations from pulsed 
reaction experiments [7,61]. For example, Burch et al. [61] reported no water poisoning at 
temperatures above 725K. There may also be a particle size component on the degree of water 
poisoning. 

It should be noted that when the formula is used to try to correct the activation energies 
reported in the literature the spread in activation energy is retained. In addition, correcting some 
of the data results in unrealistically high activation energies (>80 kcal/mol) suggesting that the 
assumption used to develop the equation do not hold for all of the experimental conditions 
covered. As noted above, two assumptions have been shown to breakdown experimentally. 
First, water absorption/desorption is not equilibrated and the water poisoning affect in pulsed 
experiments is not observed above 725 K [7]. 
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Our pulsed experiments show evidence that at low temperature, the water resulting from 
reaction remained adsorbed at the catalyst surface for as long as 30 minutes in a dry carrier gas 
environment. Therefore, pulses injected at short time intervals showed a lower conversion than 
those injected at time intervals longer than 30 minutes. The effect of water on the activity of the 
catalyst also might suggest that experiments to measure catalyst activity should be run with 
enough water such that the total water concentration would not change by more than 10% at 
different levels of methane conversion. It is not necessarily simple, however, to correct for water 
poisoning as the reaction order with respect to water has been shown to vary with temperature, 
amount of poison and type of support [5,7,61]. 

Modeling of transient activity, therefore, will require knowledge of the kinetics of 
poisoning. In addition, a survey of literature data for the apparent activation energy at low 
conversions and temperatures yields a “dry” apparent activation energy of approximately 40K 
cal/mol. Assuming that the reaction order with respect to water is - 1, the above equation would 
predict a “true” activation energy of SOK cal/mol which yields an unrealistically high pre 
exponential factor and is inconsistent with physical parameter estimation. This means that ‘bwet” 
reaction data may not be useful in predicting reactor performance and will not reflect transient 
performance and may even be flawed for some steady state regimes. Our recent work suggests 
that when reactions are carried out in pulsed mode, the reaction order with respect to water varies 
with both temperature and water concentration. 

Combustion activity of partially reduced PdO catalysts (paper “Methane combustion activity 
of supportedpalladium catalysts after partial reduction” submitted to Appl. Catal. A,  2000 - 
Appendix IIJ 

Among other issues, activity as a function of oxidation state for Pd-based catalysts is not 
well understood, especially with respect to mixed states and transient operation. Oh et al. [22,23] 
argue that the reduced Pd form is more active. Hicks et al. [28] observed that the activity of 
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dispersed PdO is 10 to 100 times less than that of small palladium crystallites, and these authors 
also observed that the oxide layer dispersed over the palladium crystallites is much more active 
than the palladium oxide dispersed over the alumina. Burch et ai. [17,61], Farrauto et al. [20,21], 
Primet et al. [ 18,24,25] and McCarty [27] consider the metal phase to be less active or 
completely inactive. A recent study of our group [9] shows that metallic palladium can be more 
active than PdO in the methane combustion reaction at higher temperatures and at 
stoichiometries near one and for fuel rich conditions. For a wide range of conditions, the catalyst 
activity has been observed to increase as the PdO is reduced or partially reduced. Positive 
activity excursions have been noted by many investigators in pulsed reduction by hydrogen or 
methane [9,33], and the activity hysteresis and transient excursions noted in laboratory and large 
scale experiments cannot be predicted a priori from any published micro kinetic mechanism. 

In our earlier work [5] we observed that there is lack of agreement between the palladium 
reoxidation temperatures observed in TGA and temperature programmed reaction (TPR) 
experiments and suggested that this difference may be due to the higher activity of the partially 
reduced / oxidized state of the catalyst. 

reduction with hydrogen or methane [9,33]. Bell and co-workers [33] observed that hydrogen 
pulses injected in the reaction mixture stream flowing continuously over the zirconia supported 
PdO catalyst at temperatures in the 400 - 450K range produced a noticeable increase of the COz 
production rate. However, after a certain number of hydrogen pulses, the catalyst activity 
dropped to zero, even at 450K where the activity of the catalyst before hydrogen pulses was 
higher than zero, suggesting that a large degree of reduction eventually produces catalyst 
deactivation. The authors claimed that CH4 is not activated on PdO at low temperatures and 
ascribed the activity excursions to the formation of small amounts of Pd on the surface of PdO. 
They also claimed that the presence of metallic palladium in close contact with PdO greatly 
enhanced the rate of reduction of PdO by methane and argued that it occurs via a nucleation 
mechanism that requires the presence of metallic palladium [49]. In this research we have shown 
that a nucleation mechanism is likely. A nucleation mechanism followed by oxygen transport 
limitations form the bulk would explain the increase followed by decrease in reactivity during 
reduction with diluted methane. First the surface layers are completely reduced then the rate of 
reduction is limited by transport of oxygen from bulk to the surface. Reduction with hydrogen 
results in constant conversion per pulse [4]. With diluted methane pulses, however, conversion 
during reduction of PdO varies dramatically pulse to pulse. At low temperatures and mild 
reduction conditions the surface is reduced gradually. At these conditions methane conversion 
can increase on subsequent pulses before decreasing when the reduction process becomes limited 
by transport of oxygen to the surface. At high temperatures where the surface layers are 
completely reduced on the first pulse, conversion continually decreases because reaction is 
limited by transport of oxygen to the surface or by reoxidation from the gas phase. 

In related work (described above) we showed that a single form of oxygen is likely 
responsible for reactivity at the conditions where the PdO phase is stable [4]. These results do 
not, however, rule out the possible role of mixed phases under some reaction conditions. Studies 
of the oxidation of metallic Pd indicate that the oxidation reaction can be slow [23,6 11. In 
addition, at low temperature reaction conditions reoxidation from the bulk can be faster than 
from the gas phase. This creates a steady state of vacancy states. The above arguments suggest 
that Pd and PdO can coexist for extended periods at certain temperatures and oxygen pressures, 
which is not thermodynamically possible if equilibration with the gas phase is rapid. We and 

\ 

Methane combustion activity excursions were previously reported following catalyst 
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other researchers have shown that during methane oxidation reaction, surface reoxidatiodoxygen 
exchange with the gas phase is slow. Using high resolution transmission electron microscopy 
(HRTEM) we observed that in transient conditions the surface can likely consist of a patchy 
array of phases [39]. The TPD and STM results of Zheng and Altman [3] show a sequence of 
four phases during Pd oxidation, confirming at least one stable intermediate state. Along these 
lines, at any point in time the condensed phases can be described by oxygen- palladium mole 
fractions. Since both the miscibility of oxygen in Pd and the oxygen deficiency of PdO are 
limited, separation of the Pd and PdO phases will occur. The mixed Pd-0 surface would exist at 
the interface between the two bulk phases. The phase with the lowest surface tension would tend 
to completely encapsulate the higher surface tension phase. Since oxides typically have lower 
surface tensions than metals, reduced Pd clusters formed during the reaction of methane with 
lattice oxygen at the PdO surface are likely to be encapsulated by the bulk oxide phase. The 
encapsulation mechanism likely consists of bulk oxygen diffusion towards the surface, thus in 
equilibration of the concentration of the vacancies between surface and bulk. This is consistent 
with our experimental observation that, at certain operating conditions, oxygen equilibration 
between the condensed phases can be fast compared to equilibration with the gas phase. Hence, 
Pd and PdO may coexist for an extended duration, even at high temperatures. These factors may 
affect reactivity when the catalyst is reduced and then exposed to reaction mixture as in the 
experiments described here. 

An important question that needs to be addressed is whether the chemical reduction with 
methane generates the same state of the catalyst as the thermal decomposition of PdO. It should 
be mentioned that the amount of methane consumed in the experiments where pure methane was 
used to reduce the catalysts is below the stoichiometric amount necessary for the complete 
reduction of the PdO catalyst, assuming the whole amount was consumed by the palladium 
oxide. Moreover, the amounts of methane consumed at different temperatures were different for 
the same amount of catalyst: at 633K only traces of C02 were detected, while at 663K the CO;! 
concentration in the reactor effluent after the first methane pulse was considerably higher, and at 
763K the oxygen balance suggests the bulk catalyst is highly reduced. At 763K, although the 
catalyst may be fully reduced, oxygen from the support could also be removed in the presence of 
Pd (pure zirconia does not reduce); however, we have shown in related research [4] that 
exchange of oxygen between zirconia and Pd under these pulsed reaction conditions becomes 
fast at 700K). Consequently, the degree of the catalyst reduction with methane increases with the 
temperature. We proposed that, in contrast with the thermal reduction, the chemical reduction 
proceeds from the surface towards the particle bulk, thus forming a reduced layer on top of an 
oxide core. 

In a separate experiment, continuous flow of 1% of methane in helium for three hours at 
633K did not completely reduce the palladium oxide phase, but produced partially reduced PdO 
particles as observed by UV-vis spectroscopy. After this treatment the catalyst showed the same 
activity excursion. This suggests the energetic barrier for reduction increases with the degree of 
reduction, most likely because of the low diffusion rate of the bulk oxygen at low temperatures. 
Meanwhile, the reduced surface layer could also be less permeable for oxygen than palladium 
oxide, thus acting as a diffusional barrier. 

extracted by the methane molecules are available at a lower rate, likely due to diffusion 
limitations from the bulk. Comparing the temperature reduction profiles obtained using methane 
as reducing agent for catalysts pretreated at different conditions, Muller [57] proposed the 

Formation of CO during reduction at high temperature suggests that the oxygen species 
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existence of several kinds of PdO having different reactivities for the reduction with methane. In 
agreement with the "reduced layer on top of an oxide core" proposed model, extraction of the 
oxygen from the subsurface layers has a higher energy barrier than that for the surface oxygen, 
and has a lower rate than surface oxygen depletion. Under these circumstances, the CO formed 
as intermediary oxidation product is desorbed from the surface before being completely 
oxidized. However, since at the higher temperatures required for the subsurface oxygen 
extraction the oxygen mobility is higher, a contribution of the oxygen from the support cannot be 
completely ruled out. 

The catalysts that were partially reduced using methane pulses behaved completely 
differently in the combustion reaction when compared with the catalysts that were fully reduced 
by thermal decomposition of the PdO phase. The initial combustion activity of the chemically 
reduced catalyst was much higher than that of the thermally reduced one, but this high activity 
rapidly decreased to a minimum and then increased again. In contrast, the thermally reduced 
catalyst had a low initial combustion activity, which gradually increased to reach a plateau value 
higher than that observed at the same reaction conditions before reduction, consistent with the 
activation noted in cycled TPR experiments. The catalyst reduced with methane at 763K showed 
formation of carbon monoxide when exposed to reaction mixture pulses after the reduction step, 
despite the presence of excess oxygen in the pulses. This behavior suggests that only lattice 
oxygen is used for methane oxidation, and the uptake of gas phase oxygen is slow. Therefore, the 
amount of oxygen in the PdO layers near the surface accessible for the methane molecules at this 
temperature is not enough to completely oxidize the methane fragments resulted from 
dissociation of the methane molecules. This explanation is consistent with previous results [4] 
showing diffusion of oxygen from the bulk can be the rate limiting step for methane combustion. 

The chemical reduction process generates a different catalytic surface that is more 
reactive for methane combustion, but which deactivates with the number of reaction mixture 
pulses injected. The chemically reduced catalyst also reoxidizes more rapidly than the thermally 
reduced one. This is consistent with observations that catalysts that are only partially reduced 
reoxidize quickly while those fully reduced show an inhibition to reoxidation when cooled. It is 
unclear yet whether the surface reduced layer produced by chemical reduction consists of 
metallic palladium or an intermediate PdO, phase with x 4 .  However, the initial activity of the 
chemically reduced catalyst increases with the degree of reduction until reaches a maximum, 
after which decreases as the oxygen content of the catalyst decreases. In recent work Altman 
observed important changes in the CO oxidation rate with the change in the oxygen coverage of 
a Pd (1 1 1) surface. They reported formation of a (2x2) adsorbed structure at low temperatures 
and low oxygen exposures, and the coexistence of the above mentioned structure with a 
(45x45)R27" structure that forms only following long exposures at high temperatures (500K). 
The rate of CO oxidation increased as the (dSxdS>R27" structure disappeared, reaching a 
maximum at the oxygen coverage corresponding to the maximum concentration of the (2x2) 
adsorbed oxygen at the surface. These results are in agreement with the higher activity of the 
partially reduced polycrystalline catalyst discussed above. 

The activity of the chemically reduced supported palladium catalyst for methane 
combustion has been found to experience important changes with the modification of the oxygen 
content of the catalyst. Slightly reduced samples were observed to be more active for methane 
combustion than either completely oxidized or metallic particles. This is consistent with studies 
showing fuel rich oxidation over PdO (under conditions where PdO is the stable phase) to have a 
much higher specific activity than under excess oxygen conditions. Isotopic labeling experiment 
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showed uptake from gas phase is slow in the presence of methane oxidation and also confirms 
single type lattice oxygen is used to oxidize methane. 

Synergetic effects between ceria and palladium particles @aper "Pd-Ce interactions and 
adsorption properties of palladium: CO and NO TPD studies over Pd-Ce/A1203 catalysts" Appl. 
Catal. B, 26(2000), 241-255) 

In the last few years, the use of Pd-based catalysts for three-way catalysis has increased 
considerably [64]. To achieve faster light-off performance, particularly for HC conversion, Pd- 
based catalysts offer significant advantages over the traditional three-way catalysts [65-681. The 
use of Pd is considered attractive because of its ability to catalyze the oxidation of HC at 
temperatures significantly below that of comparable Pt-Rh catalysts, and because of its high 
temperature durability [69]. However, it is well known that Pd-only catalysts show insufficient 
NO, conversion at stoichiometric conditions [66,70]. Studies have shown that with net oxidizing 
conditions, Pd favors the CO-02 reaction over the CO-NO reaction -as opposed to Rh. As a 
consequence when using Pd the AirEuel window is narrowed due to the poor NO, conversion on 
the lean side [71]. Efforts have been focused on improving the catalytic performance of Pd. 
Changes in the washcoat crystallite structure by use of perovskites were found to improve the 
activity of Pd [72]. The classical promotion by ceria has been extended to lanthanum oxide and 
other rare earth and alkaline metal oxides [70,73-751. Supports other than A1203 such as yttria- 
stabiiized zirconia [76] and ceria-zirconia [77] have also been used. Finally, a structure of double 
layered Pd catalysts was also developed and was found to improve Pd activity [67]. However, 
only few efforts have been devoted to understand the effect of the interactions between Pd and 
ceria in Pd-Ce/AlzOj [78] and in PdCeOz system [79-81].Palladium catalysts supported on 
alumina and ceria/alumina supports prepared by different methods were investigated by means of 
CO and NO temperature programmed desorption (TPD), and by pulsed CO experiments. 
Although the catalysts underwent different treatments (i.e. pre-reduction, pre-oxidation or pre- 
aging) all the samples exposed a metallic surface after 30 minutes of flowing CO at room 
temperature. Therefore, the differences that appeared among the CO - TPD profiles as a function 
of pretreatment history are likely related to differences in the bulk composition of catalyst 
particles supported on different supports. 

following NO adsorption, for all the investigated systems NO, N2, N2O and NO2 were the four 
species detected desorbing from the surface as the temperature of the catalyst was increased, 

For all of the catalysts a significant fraction of the adsorbed CO desorbs as COz and 

independent on the sample pretreatment history. _-  
The presence of two different desorption temperatures observed following CO adsorption 

for the catalysts having the same surface state but different bulk compositions suggests that the 
observed C02 results both from CO oxidation and with oxygen from particles bulk and CO 
disproportionation. This is consistent with the TPD profile observed for the pre-oxidized catalyst, 
which clearly shows the presence of two desorption features both for CO and COz. The present 
TPD results show that CO adsorption on Pd-CelA1203 catalysts is not structure sensitive since we 
have obtained qualitatively similar results on three Pd-Ce/AlzO3 catalysts prepared by different 
methods, when subjected to the same pretreatment. Over oxidized and pre-reduced catalysts, the 
TPD spectra for the Pd/A1203 system are similar to those obtained for Pd-Ce/Al203 system. This 
suggests that there is no evidence of a Pd-Ce interaction affecting CO adsorption. 
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Unlike Pd/A1203 prepared by impregnation, the desorption profiles for ceria containing 
catalysts present many features over a large temperature range 373-1023K. The complexity of 
these spectra is due to the reactivity of both palladium and ceria for NO decomposition. 
Regarding the adsorption and reaction properties of Pd-Ce/Al203, the TPD results show that 
there are significant changes due to the presence of Ceria, mainly after reduction pretreatment. 

When performed over an oxidized catalyst, NO desorption indicates the presence of 
reversibly adsorbed NO which can desorb from the surface in the low-temperature region (373- 
573K) as well as in the mid (573-723K) and high (723-923K) temperature regions. The three 
distinct features in the NO desorption profiles suggest that there are at least three types of sites 
available for NO adsorption. The presence of two types of adsorbed NO species over Pd- 
catalysts has been reported in the literature earlier [82-841 and these have been attributed to 
monomeric and dimeric NO adsorbed species. The high temperature feature (dimeric) has been 
proposed to be responsible for N20 formation. Three species have also been observed previously 
[85,86] and have been attributed to linear and bridged NO species [87]. 

due to N2O was observed which corresponds to the mid-temperature desorption feature of NO. 
This indicates clearly that, of the three types of NO adsorption sites, only the low temperature 
site cannot be associated with N20 formation. Indeed, the first NO feature (NO weakly adsorbed) 
desorbs before the temperature of NO decomposition is reached. This explanation is based on the 
assumption that NO starts to decompose at the temperature at which N2 starts to desorb in TPD 
[88]. Over a PdAl2O3 catalyst however, N20 starts to desorb at 373K suggesting that the low- 
temperature NO site can be involved in N20 formation as well as the two other sites. In addition, 
this result also indicates that the low-temperature NO peak, observed over all catalysts, cannot be 
attributed to a single NO specie, the same for all catalysts. Moreover, our results show that, for 
all oxidized Pd catalysts, NO2 formation is associated with the high temperature NO feature. 

Significant differences were observed when TPD experiments were performed over pre- 
reduced catalysts. The pre-reduced Pd-Ce/A1203 system was observed to be more reactive than 
the pre-reduced PdA1203 system. In addition, the observed NO desorption profiles depended on 
the preparation method of the catalyst. The formation of N20 is shown to be associated with a 
number of adsorption sites in the mid- and high-temperature regions. It is clear from these results 
that ceria considerably affects the properties of palladium for NO adsorption. 

Our TPD results also show that the effect of reducing Pd-Ce/AlzO3 catalysts is to increase 
the fraction of NO which dissociates. However, the same reducing pretreatment decreases the 
fraction of NO which dissociates over PdA1203 system. Moreover, reduction favors the 
formation N2 over N20 over Pd-Ce/Alz03 catalysts. The results for NO suggest that reactions of 
this molecule will also be strongly affected by the presence ceria under reducing conditions. 

The differences in the desorption features observed for the reduced catalysts prepared by 
different methods suggest that the active sites are located rather at the Pd-ceria boundary than on 
palladium and/or ceria particles. Our results indicate that controlling the preparation conditions, 
high N2 selective catalysts could be obtained. This is the case for the reduced catalysts prepared 
by successive impregnation, which showed a high selectivity in a narrow temperature domain 
(between 573 and 773K). Because in both the TEM investigations and UV-Vis characterization 
the PdCeAl-co-impregnation and PdCe-successive impregnation looked similar (no Ce-Pd 
interaction was observed), but behaved very differently in the NO-TPD experiments, our results 
indicate that the NO dissociation site is most likely located at the palladium-ceria interface. 
Consequently, maximizing the boundary surface is expected to improve the N2 selectivity. For 

In our TPD experiments performed on oxidized Pd-Ce/AlzO3 catalysts, a distinct feature 
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these reasons, further investigations oriented toward the ceria particle size and phases 
distribution onto the support will provide useful information to optimize the performance of the 
catalyst. 
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Abstract 

Zirconia-supported PdI60 and bulk PdI60 were used as methane combustion catalysts for 
a reaction mixture containing 1 % methane and 4% ” 0 2  in helium. The methane oxidation 
reaction was performed in pulsed experiments and the distribution of oxygen isotopes among the 
reaction products was monitored. The ‘*O content of the catalyst following labeled reaction 
mixture pulses was determined by catalyst reduction with either diluted hydrogen or diluted 
methane pulses. 

At low reaction temperature both C02 and water contained primarily I6O. As temperature 
increased, however, the “0 distribution in water and carbon dioxide changed differently. The 
isotopic composition of water molecules reflected the oxygen isotopic distribution in the bulk of 
the catalyst particles as determined by post reaction reduction experiments. The larger 
concentration of ‘*O in the carbon dioxide is explained by the differences in residence time and 
mobility of the products water and C02 on the catalyst. The hydrogedwater samples the bulk, 
while the C02 reflects the surface composition. The behavior of the zirconia supported catalyst 
was similar to the bulk PdO at the lowest temperature; however, as the temperature was 
increased above 600K, oxygen exchange with the support became important. 

catalyst surface: a bridge-bound oxygen to two palladium atoms. The surface is involved in the 
methane reaction mechanism by successive reductionheoxidation cycles. Reoxidation uses both 
bulk and gas phase oxygen, and also oxygen from the support in the case of zirconia supported 
catalyst. Under these conditions the gas phase oxygen exchange with the catalyst is limited by 
the methane oxidation surface reaction. 

The catalyst behavior is explained by the presence of a single oxygen species at the 

Keywords: Palladium oxide, methane combustion, labeled oxygen, surface oxygen 

Introduction 

Palladium-based catalysts are largely accepted as the most effective catalytic systems for 
the methane combustion reaction. Despite extensive study at a wide range of reaction conditions, 
there is a lack of agreement concerning the methane oxidation reaction mechanism under fuel 
lean conditions over the oxide phase of the catalyst (Le. in-473 - 923K temperature range). 

Early pulsed reaction studies of Muller et al. [ 11 employed zirconia supported PdO 
catalysts labeled with Pd’*O, prepared from amorphous Pd - Zr alloys. These authors proposed 
that, both at 573K and 773K, the combustion reaction proceeds partly via a redox - Mars and 
van Krevelen - mechanism, but that the overall conversion is determined by the interplay 
between the surface reaction of “adsorbed” reactants and the redox mechanism. This study also 
reported an important influence of the oxygen isotopic exchange of carbon dioxide between the 
gas phase and the Pd”0 surface on the distribution of the carbon dioxide isotopomers, while the 
isotopic exchange of gas phase oxygen was negligible. 

In a more recent paper [2] these authors concluded that the abstraction of hydrogen atoms 
from the adsorbed methane species is a “normal surface reaction”, whereas the formation of 
oxygen - carbon bonds is more controlled by a redox mechanism involving lattice oxygen. 

Based on turnover rate measurements ofthe methane combustion reaction performed 
over zirconia-supported catalysts, Fujimoto [ 3 ]  proposed a set of elementary steps describing the 
reaction mechanism. In the proposed mechanism, the catalytic site is considered as a surface 
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oxygen vacancy or coordinatively unsaturated Pd site on the surface of PdO crystallites, depicted 
generally by “Pd-PdO site pair”. In a later work [4] these authors concluded that the overall 
mechanism resembles Mars - van Krevelen reduction-oxidation pathways in which “carbon 
atoms in the gas phase or physisorbed CH4 interacts with coordinatively unsaturated Pd sites on 
the surface of PdO crystallites and H atoms are abstracted sequentially from adsorbed CH4 by 
neighboring Pd - 0 surface species to form surface hydroxyl groups (Pd - OH)” [4]. The authors 
claimed the proposed mechanism avoids the need for the coexistence of a separate Pd metal 
phase in atomic contact with PdO, during methane oxidation. 

of Au-Yeung et al.[j]. They performed the methane combustion reaction over zirconia-supported 
PdI6@ particles using continuous flow of a reaction mixture containing l6O% and 1 8 0 2  in equal 
amounts, in the 500-600 K temperature range. These authors observed negligible oxygen 
scrambling but important COz scrambling during methane combustion. They also suggested that 
“lattice” oxygen is used more efficiently than oxygen from the gas phase in methane combustion. 

None of the above mentioned studies [ 1 - 51 measured the distribution of oxygen isotopes 
in the water molecules produced in the methane combustion reaction in a systematic manner. In 
addition, the catalysts used in the previous studies [ 1 - 51 were all supported on zirconia carriers, 
a support with relatively high oxygen mobility at moderate and high temperatures [6]. Therefore 
oxygen can be exchanged between the PdO and the support and influence the distribution of 
oxygen atoms in the reaction products. 

The purpose of this work was to study the behavior of unsupported and zirconia- 
supported PdO particles in the methane combustion reaction in the presence of 1 8 0 2 ,  measuring 
the I8O atoms distribution among the reaction products, including water. 

The mechanism proposed by Fujimoto [3,4] was further studied in the more recent work 

Experimental 

The catalysts employed in this study were pure PdO (99.999% of purity) provided by 
Aldrich, and zirconia supported PdO (3% wt. as Pd) obtained as described elsewhere [7 ] .  The 
average PdO particle size of the fresh supported catalyst determined from XRD was lOnm [ 7 ] .  
The reaction mixtures used consisted of 1 % methane, 4% oxygen and helium balance. The one 
containing regular I6O2 was provided by Airgas, while the one labeled with I8O2 (>97%) was 
obtained from Isotec. 

The reactivity tests were performed in a fixed bed alumina tubular reactor with 4 mm 
internal diameter, placed in an electric furnace with automated temperature control. The reaction 
system allowed operation in two modes: continuousflow mode in which the reaction mixture 
continuously flowed through the catalytic bed, and pulse mode in which the reaction mixture was 
injected in a carrier (helium) stream that was flowing continuously over the catalyst. The 
reaction products were injected in a gas chromatograph equipped with methanizer and FID that 
allowed measurement of the CO, C02 and CH4 concentrations in the reactor effluent stream. For 
the pulsed experiments, a capillary tube was placed downstream of the catalytic bed and was 
connected to a mass selective quadrupole detector HP 597 1 A. The capillary tube between the 
reactor and the mass spectrometer was heated to minimize adsorption of water molecules on the 
walls. This analytic system allowed determination of the distribution of oxygen atoms among the 
combustion reaction products: carbon dioxide (CI602, C 0 0 and C”02) and water (H2I60 and 
H2I80),  respectively. as well as in the unreacted oxygen ( 1 6 0 2 ,  160’80 and 
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The experimental runs with pure PdO employed 3 mg of catalyst sustained in the reactor 
on an alumina wool bed. Before each test, the catalyst was completely reduced with hydrogen 
and reoxidized under flowing oxygen overnight at 823K. After the oxidizing treatment, the 
catalyst was pretreated with several pulses of methane, after which it showed constant activity 
with a series of unlabeled reaction mixture pulses at 745K. A typical run consisted of two series 
of 17 labeled reaction mixture pulses (0.5 ml) injected over the fully oxidized and activated 
Pdi60 at constant temperature, followed by reduction either with diluted hydrogen (5% Hz in 
helium), or diluted methane (0.91 6% CH4 in helium) pulses at the reaction temperature. This 
allowed measurement of the distribution of oxygen isotopes in the catalyst. The time interval 
between successive pulses in a series was 80 seconds. The time break between the pulse series 
was about 250 seconds. Complete reduction was achieved with continuous flow of hydrogen 
after each series of pulsed experiment. 

reactor. Before and after the first test, the catalyst was cycled between room temperature (RT) 
and 1 173K under continuous flow of regular reaction mixture at a heating/cooling rate of 5Wmin 
in order to ensure a constant activity of the catalyst, as discussed elsewhere [7 ] .  On cooling 
down, the ramp was stopped at 700K for the first test, or 600K for the second one, respectively, 
and the reaction system was switched to pulse mode. After the temperature stabilized, two series 
of 17 labeled reaction mixture pulses (0.5 ml) were injected at the same time interval as with 
msupported particles, followed by a series of diluted methane pulses for catalyst reduction. 
Complete reduction of the catalyst was accomplished with continuous flow of diluted hydrogen 
for 30 minutes. The catalyst structure did not change significantly in a manner that affected 
reactivity after several of the cycles described. Runs at a fixed temperature repeated at the end of 
this study were virtually indistinguishable with those recorded initially. The sequences of runs 
are summarized in Table 1. 

Because the catalyst is under flowing He (containing <Ippm of oxygen as stated in the 
manufacturer catalog) between pulses at temperatures below 750K, we checked whether the 
catalyst could become partially reduced at these conditions. To this end, a catalyst sample having 
a stabilized activity was held under flowing helium for 45 hours at 735K. Series of pulses were 
injected after 16, 23, 39 and 45 hours. The average methane conversion observed with reaction 
mixture pulses decreased from 84 to 80% after 16 hours, to 79% after 23 hours, to 7 1 % after 39 
hours and to 70% after 45 hours. This decrease is similar to that of similar aging under 
continuous reaction conditions and is therefore attributed to changes in catalyst surface area. 
Also, in the actual experiments total conversion did not change pulse to pulse even though the 
"0 distribution changed dramatically. 

Pulses of different volumes (Le. 1 ml, 0.5 ml, 0.021ml) of reaction mixture injected over 
the catalysts at constant temperature showed a linear dependence between the methane 
conversion and the pulse volume, suggesting no diffusional limitations under pulsed conditions. 
Isotopic scrambling of oxygen atoms between reaction products and the catalyst surface does not 
influence the distribution of I8O atoms in the reaction products. 

For the tests with the zirconia-supported PdO, 9 mg of fresh catalyst were loaded in the 

Results 

The only reaction products detected following reaction mixture pulses were carbon 
dioxide and water. Oxygen, carbon dioxide and water isotopomers were monitored using the 
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mass selective detector. The relative distribution of “0 atoms in the same product was 
determined using the mass spectrometry analysis, the carbon material balance and conversion 
being determined from gas chromatographic analysis. Therefore, in the mass selective detector 
samples were analyzed for ions with masses 18 and 20 for water, masses 32, 34 and 36 for 
oxygen, and masses 44,46 and 48 for carbon dioxide isotopomers. 

The distribution of oxygen isotopomers for all investigated temperatures was similar to 
the one depicted in Figure 1 and showed no significant oxygen scrambling between surface and 
gas phase oxygen, in agreement with previous results [ 1,2]. 

The distribution of carbon dioxide isotopomers was determined for each pulse of labeled 
reaction mixture injected at different temperatures over the unsupported Pdi60 particles. Because 
the profiles were very similar, only those obtained for the lowest and the highest temperatures of 
the investigated temperature range are given in Figure 2, and the distribution of the carbon 
dioxide isotopomers that resulted from the last pulse of the series for each investigated 
temperature is shown in Figure 3. The conversion per pulse was a function of temperature only 
and was constant with pulse number. 

CI602 at all investigated temperatures, suggesting lattice oxygen is predominantly used for 
methane combustion. Except for the lowest temperature (600K), the relative fraction of Ci6O2 
decreased rapidly with the number of pulses and then changed to a lower, constant slope, 
maintained up to the end of the labeled reaction mixture pulse series. It should also be noted that 
the longer break after pulse number 17 produced a slight increase in the CI602 relative fraction. 
This increase is rapidly lost and is due to an increase of surface l6O concentration caused by bulk 
oxygen migration towards the surface. Conversion was constant for all pulses at a fixed 
temperature even though the isotopic distribution changed markedly indicating a single 
mechanism. The distribution of carbon dioxide isotopomers resulting from the last pulse injected 
at different temperatures is shown in Figure 3. As temperature increases, the amount of ‘*O in 
the carbon dioxide increases steeply with a much slower increase at higher temperatures, typical 
of a transport limited process. This suggests that labeled oxygen uptake is limited by exchange 
with the bulk. 

Figure 4 shows the relative distribution of the water isotopomers for three temperatures 
(a), and as observed for the water produced with the last pulse of the series at different 
temperatures (b). As expected, the concentration of H2’*0 increased as the pulse number 
increased and as temperature increased. The isotopic composition of water resultin from 

species, followed by a much smaller decrease as the pulse number increased, compared to C02. 
In order to determine both the overall oxygen exchange and to qualitatively assess the 

distribution of oxygen isotopes with the depth from the particle surface toward the bulk, the 
catalyst was reduced after reaction at the reaction temperature using either diluted methane or 
diluted hydrogen. The relative fractions of water isotopomers resulting from catalyst reduction at 
different temperatures are given in Figure 5. Examining the plots in Figure 5 there are several 
notable observations. First, as the temperature increases the uptake of gas phase oxygen onto the 
catalyst increases. This is consistent with the increase in I 80-containing isotopomers in C02 and 
the increase of the H2I80 concentration in reaction products with the reaction temperature. 
Another interesting observation is that, assuming a “la er by layer” reduction mechanism both 
for reduction with methane and hydrogen pulses, the 0 concentration gradient between bulk 
and surface is small and increases slightly with the temperature, suggesting that l80 exchanged 

The first labeled reaction mixture pulse over Pd160 catalyst produced predominantly 

methane combustion over Pd160 catalyst showed a higher initial concentration of I %  0-containing 

IJ 
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becomes limited by penetration of I8O into the bulk. A final interesting observation is that the 
distribution of water isotopomers produced during the reaction is similar to the one observed in 
reduction experiments, suggesting the composition of water resulting from the reaction reflects 
the bulk composition of the catalyst particle. For reduction with diluted methane (665K and 
745K), the conversion resulting for the first reducing pulse equaled the one observed with the 
last reaction mixture pulse. When hydrogen was used as reductant, because of its high reactivity 
for PdO reduction we assumed total conversion, consistent with the equal number of hydrogen 
pulses consumed to reduce the catalyst after reaction at different temperatures (600K, 625K, 
670K and 700K). For the above reasons Figure 5 is presented as distribution of isotopomers 
versus percent of the catalyst reduced. 

The zirconia-supported catalyst behaved similarly at the lowest temperature of these 
experiments. However, the distribution of carbon dioxide isotopomers plotted in Figure 6 for two 
temperatures shows significant differences. The most important feature is that at higher 
temperatures the amount of l6O in the reaction products is considerably higher for similar 
amounts of methane converted. This suggests an important contribution of the support to the l60 

pool of the PdO phase. The increase of the l 6 0  content in the reaction products as the reaction 
temperature increases is most likely due to an increase in the oxygen exchange rate between the 
PdO particles and the zirconia support and follows the temperature dependence observed by 
Duprez et al. [6] for oxygen mobility on zirconia. 

The important contribution of the support to the oxygen pool of the catalyst is also 
suggested by the distribution of water isotopomers depicted in Figure 7. Again, the l 8 0 -  

containing isotopomer is more abundant at lower temperature, suggesting a more rapid depletion 
of l60 at lower temperature and a lower rate of oxygen exchange between support and PdO 
particles. 

The isotopic distribution for carbon dioxide and water resulting from reduction 
experiments performed with diluted methane are given in Figures 8 and 9, respectively. At 600K 
the first reduction pulse gave I80-rich reaction products suggesting the PdO surface is rich in 
I8O. As the PdO phase is depleted of oxygen during the reduction, l60 from the bulk becomes 
accessible. By contrast, at 700K the oxygen exchange rate between support and PdO particles is 
fast so that the oxygen isotopes at the surface are equilibrated with the support (having a large 
reservoir of I 6 0 ) .  The I80 exchange from the gas is much slower than the exchange from the 
support, so that the bulk and surface are also equilibrated. Note that the PdO particle size is much 
smaller than the grain size in the pure PdO catalysts, which affects the equilibration time. 
Therefore, for all the reduction pulses at the higher temperature of 700K the isotopic 
composition of the reaction products changes insignificantly. 

Discussion 

Our main goal was to investigate and understand the physical and chemical processes 
determining the surface reduction and reoxidation during methane combustion at the PdO 
surface. The pulsed reaction technique was used because it allows study of the evolution of the 
surface of the catalyst at a low number of turnover cycles. This.can be accomplished by injecting 
small amounts of reaction mixture over a large amount of catalyst. 

from that reported by Muller and co-workers from similar experiments [ 11. In fact our catalyst 
The distribution of C02 isotopomers obtained in our experiments is apparently different 
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responded similarly. The reason for the apparent difference is that, working at very high 
conversions per pulse, the number of turnover cycles performed during one pulse in Muller's 
study is significantly higher than in our work, thus the analysis of the final reaction product 
reflects, in fact, the average of a large number of turnovers. Moreover, because of the longer 
contact time, readsorption of the reaction products is important in their experiments; therefore 
isotopic scrambling affects the final distribution of oxygen isotopes in the reaction products. In 
our work the number of turnovers averaged in a single pulse is considerably lower, thus allowing 
a stepwise observation of the oxygen isotopes' distribution among the reaction products without 
a significant effect of isotopic scrambling of oxygen atoms between the PdO surface and gas 
phase molecules. 

elementary steps in which the catalytic site is an oxygen vacancy or coordinatively unsaturated 
Pd site on the surface of PdO crystallites. They concluded that the mechanism resembles the 
Mars and van Krevelen mechanism and avoids the need for the coexistence of a separate Pd 
metal phase in atomic contact with PdO, during methane oxidation [4]. A possible methane 
activation step is the dissociative adsorption of methane on a surface Pd - 0 pair as proposed by 
Broclawik et al. [8]. It should be noted that the reaction order with respect to oxygen reported by 
many investigators is positive and near zero. Vacancy development, especially under conditions 
where water is desorbed between pulses (pulsed experiments above 725K), would be expected to 
be negative order with respect to oxygen. Au-Yeung et al. [ 5 ]  used an isotopically labeled 
techni ue to investigate the methane oxidation pathways on PdO catalysts. They concluded the 
lattice 0 in PdO is more efficiently used in methane combustion than labeled I 8 0  atoms from 
the gas phase. Their results suggested reoxidation is slow and from an estimated I60 balance, 
either the bulk and surface are partially reduced, or oxygen exchange with the zirconia is fast. 
Based on results obtained with pulsed studies over zirconia-supported Pdl*O catalysts prepared 
by oxidation of palladium-zirconia alloys, Muller and co-workers [2] concluded that the 
combustion reaction proceeds partly via a redox mechanism in which the abstraction of hydrogen 
atoms from the adsorbed methane species is a "norma2 surface reaction", whereas the formation 
of oxygen-carbon bonds is controlled by a redox mechanism. Their assumption was based on the 
differences observed between the distribution of labeled oxygen atoms in water and carbon 
dioxide products. However, these authors have not systematically monitored the water 
isotopomer distribution. 

For an easier evaluation of the distribution of I8O in water and carbon dioxide 
isotopomers we introduce the gas phase oxygen distribution factor (ODF). For water, the ODF 
equals the relative fraction of Hz"0 and for CO;! it is computed with the equation: 

From the point of view of the reaction mechanism, Fujimoto et al. [3,4] proposed a set of 

7 6  

In Figure 10 the values for the (ODF)co2 are presented together with the lattice oxygen 
consumption (computed from the material balance) as functions of the reaction temperature. 
Comparing the (ODF)co2 values with the similar H2I80 profile depicted in Figure 4(b) one can 
easily observe the differences in the distribution of I8O in water and carbon dioxide following 
labeled reaction mixture pulses. However, during reduction with diluted methane pulses after 
reaction, an even distribution of l80 between water and COz was obtained, as plotted in 
Figure 1 1.  Based on this observation one could be tempted to claim hydrogen and carbon are 
oxidized following different mechanisms. 
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The existence of different reaction mechanisms for the oxidation of carbon and hydrogen, 
respectively, would require the existence of two different types of oxygen at the catalyst surface. 
The crystal structure of PdO is a useful starting point in considering the types of sites that could 
be available for reaction on a PdO catalyst surface. Palladium oxide crystallizes in a tetragonal 
structure with lattice constants a = b = 0.305 nrn and c = 0.534 nrn at room temperature; Pd 
atoms are located at (0, 0,O) and (0.5,0.5, OS), and oxygen atoms at (0.5,0, 0.25) and (0.5,0, 
0.75). As shown in the model in Figure 12(a), each Pd atom is coordinated to four 0 atoms in a 
square planar configuration while each 0 atom is surrounded by four Pd atoms in a tetrahedral 
pattern. Cleaving the structure perpendicular to [OOl] and [ 1101 results in the least corrugated 
surfaces, and thus (001) and (1 10) surfaces are expected to be favored; models of the bulk- 
terminated surfaces are shown in Figure 12(b) and (c). In considering the surface models, a 
couple of points become immediately obvious. First, both surfaces expose only a single type of 
oxygen species: an oxygen atom bridge bound to two Pd atoms. Although much has been made 
in the literature about potential differences between "lattice" and ''adsorbed'' oxygen species, 
considering these models, it is difficult to envision an oxygen species in a site other than the 
bridge site. It should also be noted that the (100) and (010) surfaces also expose only a single 
type of oxygen species. The second point is that both surfaces are polar and thus must 
reconstruct to maintain charge neutrality. There has been no work reported on the surface 
structure of PdO, however, other oxides and binary compounds (such as halides [9] and 111-V 
semiconductors [lo]) maintain charge neutrality through ordered vacancy structures. Along 
these lines, removing half the surface oxygens from the bulk terminated PdO (001) and (1 10) 
surfaces would create charge compensated surfaces. Although this creates arrays of oxygen 
vacancies, the surfaces are fully oxidized in that all the surface Pd atoms are formally in a 2+ 
oxidation state. As a result, oxygen cannot adsorb at the vacancies without oxidizing the surface 
Pd atoms beyond the 2+ oxidation state. Considering that CH4 combustion is typically carried 
out under conditions that are near the thermodynamic border between Pd and PdO, adsorption on 
these vacancy sites under reaction conditions seems unlikely. Along the same lines, oxygen 
desorption from the charge compensated surface would require reduction of surface Pd atoms; 
oxygen readsorption would then reoxidize the Pd atoms to Pd2'. While more massive 
reconstruction cannot be ruled out and defects such as steps and crystallite edges can create 
additional types of sites, the bulk crystal structure suggests only a single potential site for surface 
oxygen. If the edges and defects controlled reactivity, the reaction would be structure sensitive 
with small particles showing higher reactivity. This is not the case experimentally as particles 
less than 10 nm have been observed to show lower reactivity. 

experiments, these results do not rule out the possible role of mixed phases under some reaction 
conditions. The experimental results presented here, however, indicate that oxygen migration in 
bulk PdO can be fast compared to reoxidation from the gas at low temperatures. Studies of the 
oxidation of metallic Pd indicate that the reaction can be slow [2, 51. The above arguments 
suggest that Pd and PdO can coexist for extended periods at certain temperatures and oxygen 
pressures, which is not thermodynamically possible if equilibration with the gas phase is 
rapid. We also have shown that during methane oxidation reaction, surface reoxidatiodoxygen 
exchange with the gas phase is slow. Figure 5 shows low "0 uptake, especially at low 
temperatures, and Figure 10(b) shows from the oxygen balance that at low temperature the 
exchange is limited by the surface reaction. In earlier work using high resolution transmission 
electron microscopy (HRTEM) we observed that in transient conditions the surface can likely 

Although a single oxygen is likely responsible for reactivity at the conditions of our 
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consist of a patchy array of phases; it is also consistent with previous TPD and STM results of 
Zheng and Altman [ 1 11 that indicate a sequence of four phases during Pd oxidation, confirming 
at least one stable intermediate state. Along these lines, at any point in time the condensed phases 
can be described by oxygen - palladium mole fractions. Since both the miscibility of oxygen in 
Pd and the oxygen deficiency of PdO are limited, separation of the Pd and PdO phases will 
occur. The mixed Pd-0 surface would exist at the interface between the two bulk phases. The 
phase with the lowest surface tension would tend to completely encapsulate the higher surface 
tension phase. Since oxides typically have lower surface tension than metals, reduced Pd clusters 
formed during the reaction of methane with lattice oxygen at the PdO surface are likely to be 
encapsulated by the bulk oxide phase. The encapsulation mechanism likely consists of bulk 
oxygen diffusion towards the surface, thus in equilibration of the concentration of the vacancies 
between surface and bulk. This is consistent with our experimental observation that, at certain 
operating conditions, oxygen equilibration between the condensed phases can be fast compared 
to equilibration with the gas phase. Hence, Pd and PdO may coexist for an extended duration, 
even at high temperatures. These factors may affect reactivity when-the catalyst is reduced and 
then exposed to reaction mixture. 

isotopic distribution changed dramatically, only a single oxidation mechanism is likely for the 
conditions of our study. This is consistent with a Mars and Van Krevelen reaction mechanism 
and only a single type of surface oxygen as discussed above. The difference in the distribution of 
'*O atoms between water and CO;! cannot arise from differences in the reaction mechanism, or 
from oxidation using different type of surface oxygen species. The starting point in explaining 
this behavior is to identify the processes determining the isotopic composition of the PdO 
surface. 

oxygen can participate in methane combustion, but also bulk lattice oxygen. Initially, the surface 
is totally I 6 0 ;  therefore the first reaction mixture pulse is predominantly oxidized with l 6 0 ,  

which is reflected in the high concentration of '60-containing reaction products observed for the 
first labeled pulse, independently on the reaction temperature. The reduced sites generated at the 
PdO surface following desorption of the reaction products are reoxidized either with labeled 
oxygen from the gas phase by dissociative adsorption, or with bulk l60. 

ratio between the rates of the two reoxidation processes. Reoxidation fiom the gas phase is an 
activated process [ 121 and, thus, expected to be governed by an Arrhenius-type equation. The 
bulk oxygen diffusion is a mass transfer process. The activation energy for the oxidation is 
higher than for the diffusion coefficient. Consequently, the rates of the two concurrent processes 
are expected to respond differently with respect to temperature changes. At low temperatures, the 
oxygen uptake is limited by the methane oxidation reaction on the surface; as temperature is 
increased above 600K, bulk diffusion limits oxygen exchange. Indeed, the lattice oxygen 
consumption, which indirectly reflects the rate of bulk oxygen diffusion, has a stronger influence 
at lower temperatures as observed in Figure lO(b). The uptake of gas phase oxygen also meets 
the expected evolution. The post-reaction reduction experiments showed a small increase in the 

Since reactivity did not change pulse to pulse at a fixed temperature even when the 

The reaction products resulted for all pulses contain l60 atoms, thus not only surface 

It should be noted here that the '60/'80 ratio at the catalyst surface is determined by the 

0 uptake at low temperatures and a step increase between 700 and 745K. 18 

Examining the driving forces of the two proposed reoxidation processes, it is clear that 
both are favored by high temperatures and high density of surface reduced sites. These two 
variables are inter-related and connected to the rate of reaction. Therefore, the dynamics of 
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oxygen atoms, both at the surface and in the bulk, is determined by the relative rates of these 
three processes: (i) reaction of methane at the catalyst surface, (ii) reoxidation of the surface with 
bulk oxygen and (iii) reoxidation from the gas phase. However, in balancing the contribution of 
each process to the overall kinetics, one should also take into account the general context 
determined by the pulse reaction technique, that is the surface is exposed to the reaction 
environment only for a limited time, and the processes taking place at low rates may not be 
equilibrated under these circumstances. 

from the gas phase. Due to the high concentration of surface oxygen vacancies resulting after 
water desorption during the time between reaction mixture pulses the surface is reoxidized with 
bulk oxygen; this process may take place continuously during the 80 seconds time interval 
between two consecutive pulses. This is reflected in the low concentration of I8O containing 
isotopomers observed during reaction at 600K. In support of this interpretation is also the 
increase in l60 concentration in the reaction products observed at all investigated temperatures 
following a longer 5 minute pause after the seventeenth pulse (see Figure 2) when the catalyst is 
exposed only to He (024ppm). 

The hydroxyls produced by reaction have a long residence time on the catalyst at 
temperatures below 725K [ 131 and the hydrogen effectively samples the bulk. The isotopic 
oxygen distribution in water reflects that of the bulk (from reduction). By contrast, the COz 
molecules do not sample the bulk and are quickly desorbed, thus reflecting an isotopic 
composition closer to the instantaneous composition of the surface in presence of gas phase 
oxygen. Therefore, a first important conclusion would be that, at low temperature, water desorbs 
from the surface after the partial pressure of oxygen above the catalyst decreased significantly, 
leading to the low uptake of labeled oxygen at 600K. This is consistent with our previously 
reported results [ 131 showing that water desorption lags significantly the carbon dioxide 
desorption. At temperatures above 600K, however, surface oxygen exchange becomes faster than 
exchange with the bulk and gradients develop in the particle. At 745K a step change in oxygen 
uptake is noted coincident with the temperature at which water is desorbed, on the same time 
scale as C02. Throughout the lower temperature range the oxygen exchange rate mirrors that of 
the methane oxidation reaction suggesting that the reaction provides sites for oxygen 
readsorption on a time scale faster than hydroxyl desorption. This is consistent with our finding 
at these temperatures and pulse conditions that C02 desorption significantly precedes water. 

Along these lines, the reaction mechanism consistent with the experimental results 
presented here could be summarized in the following successive steps: (i) the methane molecule 
is activated possibly through reaction with a surface Pd-0 pair following the mechanism 
proposed by Broclawik [8] with formation of a methyl fiagment bound to the Pd2+ ion and a 
hydroxyl group; (ii) the methyl fragment is further rapidly oxidized to C02 generating more 
surface hydroxyls; (iii) the C02 is rapidly desorbed generating a surface vacancy; (iv) if the 
oxygen partial pressure above the catalyst is high enough, the oxygen vacancy will adsorb 
oxygen from the gas phase, otherwise it will be filled with oxygen from the bulk; (v) following 
recombination of hydroxyls generated during methane oxidation, more surface oxygen vacancies 
are generated; they are partially filled with oxygen from the gas phase and partially equilibrate 
with the bulk; (vi) between pulses the oxygen on the surface exchanges with the bulk, therefore 
l 8 0  from the gas phase migrates into the subsurface layers. At low temperatures this process is 
equilibrated; however, at higher temperatures a gradient develops between the surface and bulk 

The low rate of water desorption at low temperature may cause a delay in the reoxidation 
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The experimental results obtained with the supported catalyst indicate that zirconia is 
involved actively in the oxygen dynamics at the catalyst surface. However, at low temperatures 
(<600K) the oxygen exchange between the PdO phase and the support is slow. 

During reduction with methane at 700K the oxygen transfer from the support to reoxidize 
the PdO particles causes the reduction of the support. Under reaction conditions that favor higher 
rates of oxygen exchange between PdO and support than the rate of bulk oxygen diffusion or the 
rate of oxygen exchange with the gas phase, the isotopic composition of the C02 product would 
be determined by the oxygen exchange between support and the PdO phase. This may explain 
the behavior observed by Au-Yeung et al. [5] with their zirconia supported catalyst. 

Studying both supported and unsupported PdO catalyst showed that the reaction 
mechanism is not influenced by the support. However, it significantly contributes to the oxygen 
pool of the catalyst. This explains the good results for ceria-zirconia as supports for combustion 
catalyst and supports the idea of a stabilizing effect for the PdO phase, as observed earlier [7]. 

Conclusion 

We used isotopically labeled reaction mixture pulsed experiments with pure and 
supported PdI60 particles in order to investigate the contribution of the lattice oxygen in the 
reaction mechanism of methane combustion. Several conclusions derived from the results 
presented here. 

Although much has been made in the literature about potential differences between lattice 
and adsorbed oxygen species at the PdO surface, based on thermodynamic considerations 
we showed that the most favorable surfaces (00 1) and (1 10) expose a single type of 
oxygen species: an oxygen atom bridge bound to two Pd atoms. At our experimental 
conditions the reactivity data shows that this one form of oxygen is responsible for the 
oxidation of the carbon and hydrogen in the methane. 
The differences in the labeled oxygen atoms distribution between water and carbon 
dioxide are not due to different oxidation mechanisms for hydrogen and carbon, 
respectively, as it was previously suggested in other studies [ 11. Our results clearly 
indicate that, because of a lower rate of water desorption relative to the rate of isotopic 
equilibration of surface and bulk oxygen, and because hydrogen samples the bulk, the 
water molecules produced in the combustion reaction reflect the composition of the bulk 
catalyst. Carbon dioxide is desorbed more rapidly and it isreflective of the isotopic 
composition of the surface. 
Surface hydroxyls resulting from methane dissociation at the PdO surface impede the 
oxygen uptake by the catalyst. In pulsed experiments performed at temperatures below 
745K, because of the longer residence time of hydroxyl groups at the surface, following 
water desorption the oxygen partial pressure in the gas phase is too low to allow a 
significant oxygen uptake onto the reduced surface. As temperature increases, the rate of 
water desorption increases significantly, as well as the oxygen uptake. Therefore, the 
inhibitory effect of water molecules on the activity of the PdO catalyst for methane 
combustion can be explained, at least partially, by the mechanism discussed above. 
The zirconia support contributes significantly to the oxygen pool of the PdO phase 
available for the methane combustion. Experiments performed with isotopically labeled 

0 
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reaction mixture at two temperatures showed that at 700K the exchange of oxygen 
between support and PdO is very rapid. 
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Table 1. Sequences of experimental runs 

I Test Sequence 
# 1 2 3 4 5 6 

M/a N c  LRM/p LRM/p H/P Total 
[739K] [743K] [600K] [600K] [600K] reduction 

,-I M/a N C  LRM/p LRM/p H/P Total 
[739K] [743K] [700K] [700K] [7OOK] reduction 

'2 M/a N c  LRM/p LRM/p WP Total 
[739K] [743K] [670K] [670K] [670] reduction 

A M/a NC LRM/p L M p  DM/p Total 
-r [739K] [745K] [665K] [665K] [665K] reduction 

M/a N c  L W p  L W p  DM/p Total 
[739K] [745K] [625K] [625K] [625K] reduction 

f; M/a NC LRM/p LRM/p DM/p Total 
[739K] [744K] [745K] [745K] [745K] reduction 

-I LRM/p L W p  DM/p Total Cycling ' I [600K] I [600K] 1 [600K] I reduction I to 1173K I 
LRM/p L W p  DM/p Total Cycling 
[700K] [700K] [700K] reduction to 1173K 

7 
o/n 0 

[823K] 
o/n 0 

[823K] 
o/n 0 

[823K] 
o/n 0 

[823K] 
o/n 0 

[823K] 
o/n 0 

[823K] 

I 

M/a - catalyst activation with methane pulses; A/c - activity check with reaction mixture pulses (CH,? I2:He = 

1 :4:9S); LRWp - labeled reaction mixture pulses (CH4:'*02:He = 1 :4:9S); H/p - reduction with 5% H1 in He pulses; 
o/n 0 - treatment under flowing I6O2 overnight; DM/p - diluted methane (0.9 16% of methane in He) pulses for 
catalyst reduction; Total reduction was performed with continuous flow of 5% of hydrogen in He for 30 minutes at 
the test temperature. Cycling was performed at SWmin heatingkooling rate under flowing of unlabeled reaction 
mixture. The values in square brackets are the temperatures for each sequence. 
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Figure captions 
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Fig. 1. Typical distribution of oxygen isotopomers following labeled reaction mixture pulses 
over unsupported Pd160 particles. 

Fig. 2. Distribution of the carbon dioxide isotopomers observed with labeled reaction mixture 
pulses injected over the unsupported Pd160 particles at 600K and 745K. 

Fig. 3. Distribution of the carbon dioxide isotopomers resulted for the last pulse of the second 
series of labeled reaction mixture pulses injected over unsupported Pdi60 particles at 
different temperatures. 

Fig. 4. Distribution of water isotopomers observed for labeled reaction mixture pulses injected 
over unsupported PdI60 particles at different temperatures (a) and the relative fractions 
of H2"0 determined for the last reaction mixture pulse at the reaction temperatures 
used (b). 

Fig. 5.  Distribution of water isotopomers at different stages of PdO reduction using hydrogen 
(600 and 700K) or methane (665 and 745K). Reduction performed at the same 
temperature as the reaction. 

Fig. 6. Carbon dioxide isotopomers distribution resulted following labeled reaction mixture 
pulses injected over zirconia supported Pdi60 particles at 600 and 700K. 

Fig. 7. 

Fig. 8. 

Distribution of water isotopomers observed following labeled reaction mixture pulses 
over zirconia supported Pd160 particles at different reaction temperatures. 
Carbon dioxide isotopomers distribution observed during the reduction of the zirconia- 
supported catalyst with diluted methane pulses after labeled reaction mixture pulses at 
700K (a) and 600K (b). 

Fig. 9. Distribution of water isotopomers during the reduction of the supported catalyst using 
diluted methane pulses after labeled reaction mixture pulses injected at different 
temperatures. 

Fig. 10. The ODF values for carbon dioxide (a) and the overall lattice oxygen consumption (b) 
at different reaction temperatures. . , 

Fig. 1 1. The ODF values for water and carbon dioxide determined for the reduction of 
unsupported catalyst with diluted methane pulses. 

Fig. 12. Crystalline structure of PdO: (a) unit cell; (b) and (c) bulk terminated (001) and (1 10) 
surfaces, respectively; 
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TEMPERATURE AND TIME DEPENDENCE OF THE WATER INHIBITION EFFECT 
ON SUPPORTED PALLADIUM CATALYST FOR METHANE COMBUSTION 

Dragos Ciuparu*, Nikolaos Katsikis, Lisa Pfefferle 
Chemical Engineering Department, Yale University, New Haven, CT 06520, USA 
Phone: (203) 432-4383; Fax: (203) 432-4387; E-mail: drag;os.ciuparu@yale.edu 

Abstract 

combustion over zirconia supported palladium catalyst was qualitatively studied at different 
reaction temperatures under both pulsed and continuous flow experiments. Water inhibition of 
methane oxidation was found to depend strongly on the time constant for equilibration of the 
adsorptioddesorption of water, which, in turn, is a strong function of temperature. In pulsed 
experiments, at temperatures below 723K the water inhibition effect was found to be important, 
in agreement with previously reported results and consistent with results reported by other 
authors. This also coincides with the temperature at which desorption time gap between the 
measured C02 and water peaks disappears. Response to ch&ges in water concentration was 
found to be slow, thus not equilibrated at low temperatures. However, under continuous flow 
water poisoning is important to higher temperatures due to readsorption. 

The time constant for equilibration of water adsorptioddesorption during methane 

Keywords: Palladium oxide, catalytic combustion, water inhibition. 

Introduction 

methane combustion is widely accepted. Several studies [ 1 - 61 have presented evidence of this 
phenomenon at reaction conditions where PdO is known to be the thermodynamically stable 
phase of the catalyst. However, the kinetics of water desorption from the catalyst surface, as part 
of the overall kinetics of methane combustion, remains a matter of debate. There is a lack of 
agreement on the reaction order with respect to water and on the effect of temperature on the 
inhibition phenomenon. 

resulting from the methane combustion reaction (pulses of a stoichiometric mixture of methane 
and oxygen). Constant reaction orders with respect to water of -0.98 and -0.8 k 0.2 were 
reported by Ribeiro [2] and van Giezen [3], respectively, in continuous flow reaction 
experiments performed at 550K and 353 - 788K, respectively. However, Burch et al. [4, 51 
suggested the water inhibition effect is temperature dependent. They observed that the presence 
of water in the reaction mixture pulses injected at intervals of 2 - 3 minutes over an alumina 
supported PdO catalyst does not affect its activity at temperatures above 723K. 

In a recent study [6] we observed higher apparent activation energies for the combustion 
reaction at lower temperature/conversion region. Similar observations were reported by Carstens 
et al. [7] and Ahlstrom-Silversand and co-workers [8]. We proposed two reasons to explain this 

The inhibition effect of water molecules on the performance of palladium catalysts for 

Early work of Cullis and Willatt [ 11 reported no effect of water at concentration levels 

Corresponding author 

mailto:drag;os.ciuparu@yale.edu
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behavior: (i) the reaction order with respect to water is temperature dependent, and (ii) there is a 
long time required for the equilibration of surface water concentration in response to changes in 
the gas phase water concentration. 

In the present work we bring new experimental evidence to support the previously 
proposed explanation [6]. We directly demonstrate how the time factor affects the water 
inhibition effect on the PdO phase of the catalyst and its dependence on the reaction temperature. 

Experimental 

Aldrich on a zirconia support prepared using zirconyl nitrate hydrate from Aldrich as precursor, 
following a procedure described elsewhere [9]. After impregnation, the catalyst was calcined for 
2 hours at 873K in flowing oxygen. The palladium content of the catalyst was 3% with an 
average particle size of 10 nm as determined from XRD analysis [6]. 

mm internal diameter. The reactor was placed in an electric heater equipped with automatic 
temperature controller. The experimental setup allows the reactor to be operated both in 
continuous reaction mixture flow mode, and in pulse mode. The pulse mode consists of 20 p1 
reaction mixture pulses injected in the helium carrier stream that continuously flows through the 
catalytic bed. The switch from one mode to another can be accomplished on a minute time scale. 

The contact time both for pulsed and continuous flow experiments is below 0.5s. For the 
continuous flow experiments, a linear dependency was found between the methane conversion 
and the reaction mixture flow rate at different constant temperatures in the range of those used in 
our experiments. These results suggest that there are no transport limitations for these reaction 
conditions. 

The reaction mixture used for the wet feed experimental runs was saturated with water 
vapor in a temperature controlled saturator. The water concentration used in a typical run with 
“wet” feed was 2%, both for continuous flow or pulsed experiments. 

Before each experiment the catalyst was cycled under a continuous reaction mixture flow 
(C&:OZ:He = 1 :4:95 fiom Airgas) between room temperature and 1 173K, at a 5K min-’ 
heatinglcooling rate. According to our previous experience [6], this treatment enables the catalyst 
to preserve a constant activity vs. time on stream for more than 24 hours. 

and FID. This analytic setup allows determining the carbon oxides (CO and CO2) and the 
unreacted methane concentrations in the reactor effluent. Gas samples were also taken fiom the 
reactor immediately downstream of the catalytic bed and directed through a capillary pipe to a 
quadrupole mass spectrometer. The capillary tubes between reactor and the mass selective 
detector were heated in order to minimize water adsorption on the walls. This complementary 
analytic system allowed determination of the relative desorption rates of the reaction products. 

The catalyst was prepared by wet impregnation of a palladium nitrate solution from 

Approximately 50 mg of fiesh catalyst was loaded into an alumina tubular reactor with 4 

Reaction products were analyzed with a gas chromatograph equipped with methanizer 

Results 
For the first set of experiments the catalyst was heated under flowing helium at different 

temperatures. After the temperature stabilized at the desired value, a series of 16 dry reaction 
mixture pulses were injected at a constant time interval of 80 seconds. The methane conversion 
did not change with the number of pulses at constant temperature (P600K), being only a 
function of temperature. After a pulse series at constant temperature, the catalyst was further 
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heated under flowing helium to the next desired temperature in a time scale of tens of minutes 
(usually 30 to 40 minutes) and the pulse series resumed. 

The mass spectrometry analysis showed the expected stoichiometric distribution of the 
reaction products at constant temperature, except for the first two pulses when the water peaks 
were weaker, suggesting some of the water remained adsorbed in the system. The peak maxima 
observed with the mass spectrometer for methane, carbon dioxide and oxygen occurred with the 
same temporal profile, the maximum signal corresponding to the water peak, however, was 
delayed. For comparison purposes, in Table 1 temporal profiles for methane, water and carbon 
dioxide as resulted at three different temperatures are shown. The extent of the delay in the water 
peak maximum changed with the reaction temperature as depicted with solid squares in Fig. 1. 

adsorption on the capillary pipe between reactor and the mass spectrometer. At low reaction 
temperatures this effect is combined with a slower rate of water desorption from the catalyst 
surface, which leads to larger delays in the water peak maxima. 

1 YO oxygen in helium containing 3.45 % water. The composition of the reactor effluent was 
monitored for oxygen and water with the mass spectrometer. Again the water peaks were 
delayed compared to the oxygen peaks, but the time gap between the peaks was smaller than that 
observed under reaction conditions at the same low temperatures, and became constant for 
temperatures above 550K (see open squares in Fig. 1) suggesting a slow adsorption of water 
from the gas phase at the catalyst surface. 

The next experiments were performed in a dynamic temperature regime heating up at 
5Wmin. The temperature programmed reaction profiles for methane oxidation were recorded 
under both continuous flow (circles in Fig. 2) and pulsed flow (squares in Fig. 2) modes. During 
the pulsed TPR profile, “dry” or “wet” reaction mixture pulses were injected in the helium 
stream each 3 minutes. Between consecutive pulses the catalyst was held under flowing helium. 

Under continuous flow of reaction mixture the TPR profiles obtained for “dry” and “wet” 
feeds are parallel for the investigated temperature range, consistent with our previously reported 
results [6] obtained with continuous flow of “dry” and “wet” reaction mixture between 623K and 
1173K where the PdO phase of the catalyst is stable under the reaction conditions. By contrast, 
with reaction mixture pulses, the methane conversion obtained with “wet” feed reached the value 
observed with “dry” feed at about 773K, suggesting no water inhibition effect at that 
temperature. It could also suggest that the inhibition becomes saturated at a given water 
concentration, but this would be inconsistent with the trend noted for the continuous flow data. 
In addition, the activity in pulsed mode is considerably higher than in continuous mode. 

(open square symbol numbered 1 in Fig. 2) is located on the “dry” feed TPR profile. This feature 
was not an artifact being completely reproducible after a second heatingkooling cycle between 
573 and 773K in helium flow, confirming the slow uptake of water by the catalyst at low 
temperatures. 

Finally, a last pulsed experiment was carried out with “dry” and “wet” reaction mixture 
pulses injected over the catalyst at a constant temperature of 573K. This temperature is shown 
because the inhibition effect is strong (approximate reaction order with respect to water of -1) at 
this low temperature. The time interval between consecutive pulses was held constant at 5 
minutes. The methane conversion recorded for consecutive pulses are depicted in Fig. 3. The 
conversion decreased with the number of pulses for the “wet” reaction mixture. Importantly, the 

The constant delay observed at high reaction temperature is most likely caused by water 

A similar experiment was performed replacing the reaction mixture pulses with pulses of 

It should also be noted that the conversion observed for the first “wet” pulse injected 
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methane conversion recorded for the first “dry” and “wet” pulses were approximately equal. 
After the third pulse, the conversion observed with “wet” feed leveled off to a constant value, 
lower than the corresponding “dry” pulses. These observations are consistent with water 
equilibration occurring on the several minute time scale at 573K. A similar experiment 
performed at 523K with dry feed at the same time interval between successive pulses showed a 
decrease of methane conversion from 10.4% to 6.8% for the first 7 - 8 pulses followed by 
constant activity for the next 10 pulses. 

Discussion 

temperature/conversion region for methane oxidation over a PdZr02 catalyst. They observed 
two distinct branches of the Akhenius plot: below 465K the apparent activation energy was 
found to be 42.8 kcal/mole, while above this temperature, it was 20.8 kcal/mole. These values 
were determined without correcting for water poisoning. In the transient region between the two 
regions characterized by different apparent activation energies, the apparent activation energy 
measured was a function of the heating rate, suggesting a strong time-dependent component with 
the kinetics of the process. One could be tempted to assign this behavior to the activation of the 
catalyst as the temperature increases, consistent with results reported in many studies [ 1,6,  10, 
1 11. However, the same behavior was reported by Alkstrom-Silversand [8] with Si-stabilized 
alumina-supported palladium catalysts on cooling down the reaction temperature after the 
catalyst had been “activated” on a heat up cycle. We obtained superimposable Arrhenius plots on 
heating and cooling the temperature of the catalyst at a constant 5Wmin rate [6] .  These results 
clearly showed that the differences between the apparent activation energies for low and high 
temperature/conversion regions of the Arrhenius plots are not caused by catalyst activation. 

In previous kinetics studies, the reaction order with respect to water was determined 
assuming no temperature or time effect for water equilibration. For example, Ribeiro et al. [2] 
found - 0.98 reaction order with respect to water, but this value was determined from data 
recorded at 550K constant temperature. Van Giezen [ 5 ]  found constant - 0.8 +_ 0.2 order with 
respect to water for continuous flow of “wet” reaction mixture in 353 - 788K temperature range. 
To determine this value the author assumed zero order reaction orders with respect to oxygen 
and COZ, and constant reaction orders with respect to methane and water for the investigated 
temperature domain. They also assumed constant activity vs. time on stream, and that the 
catalyst responds immediately to changes in water concentration on both heating and cooling 
ramps. However, we showed that the reaction order with respect to water changes with the 
temperature and methane conversion (water concentration) [6]. Moreover, the equation proposed 

Cartsens et al. [7] reported higher apparent activation energies for the low 

r 

1 
by van Giezen [(EA)opp]Dry = ___ [(EA)appLc, (where y is the reaction order with respect to 

(1 - Y) 
water) predicts apparent activation energies as high as 80 kcal/mol for the methane combustion 
using dry feed (e.g. for the low temperature data of Carstens et al.[7] where the uncorrected 
apparent activation energy is 42.8 kcal/mol, the corresponding corrected value would be 85 
kcal/mol, which would dictate a physically unrealistic preexponential factor). 

higher apparent activation energy values for lower reaction temperatures and constant and lower 
values for higher reaction temperatures. We proposed that this effect is caused by a stronger 
inhibition effect of water at lower temperatures. These results are in agreement with those 
reported by Burch et al. [3] from pulsed experiments using “wet” reaction mixture. These authors 

Our recent results [6] obtained with continuous flow of “dry” reaction mixture indicate 
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observed lower inhibition effect at higher temperatures and reported almost no inhibition effect 
of water molecules on the catalytic activity in pulsed reaction mode above 723K. 

However, in previously reported [6] continuous flow experiments where water 
readsorption is important, feeding the reactor with “wet” reaction mixture led to important 
inhibition effects even at temperatures near the PdO thermal reduction. This stronger and 
temperature independent water inhibition effect was proposed to be strongly affected by the high 
time constant for the equilibration of the catalyst with respect to changes in the water 
concentration. The pulsed experiments presented here showed both time and temperature 
dependency of the water poisoning effect. 

the delay in the water peak maxima clearly indicate that water molecules’formed during the 
methane combustion reaction desorb slower than the other reaction products. It should also be 
noted that at 523K it takes 7 - 8 reaction mixture pulses until the water adsorptioddesorption 
equilibrium at the catalyst surface is reached even with dry reaction mixture, suggesting the same 
high value of the time constant for the equilibration with respect to variations in the water 
concentration. 

desorption from the catalyst is much slower at temperatures below 723K because water is 
desorbed after C02. This is consistent with our previous results [6] and with results reported by 
other authors [3]. It is also in agreement with the slow rate of water adsorption at the catalyst 
surface during the “wet” pulses of 1% oxygen in helium. These two experiments clearly indicate 
that the water that resulted from methane combustion lags the water introduced in the reactor 
with the gas feed. This is because during methane combustion reaction, water forms at the 
catalyst surface. Thus the surface is saturated with water and only desorption is important for the 
process kinetics at low temperatures. If water is present in the gas phase, desorption from the 
surface becomes even slower because the high partial pressure of water in the gas phase tends to 
accelerate adsorption. 

Stronger evidence for the high value of the time constant for equilibration with respect to 
water concentration modifications comes from Fig. 2. While the TPR profiles obtained for 
continuous flow of ”dry” and “wet” reaction mixtures are parallel, the profiles obtained using 
“dry” and “wet” reaction mixture pulses converge at about 773K, consistent with data reported 
by Burch [3 1. The negligible inhibition effect observed for the first “wet” pulse in the TPR 
profile suggests a low water adsorption rate and, again, is consistent with the high value for the 
time constant of equilibration with respect to the time constant for water concentration 
modification. The proposed explanation is in agreement with the high methane conversion 
observed with the first “wet” feed pulse followed by the sharp decrease of activity observed for 
the subsequently injected “wet” pulses, as depicted in Fig. 3. 

water molecules. This is consistent with the changes of the apparent activation energy of the 
methane combustion process observed at lower temperatures. However, the high values for the 
apparent activation energies reported for reaction conditions at which the water inhibition 
phenomenon is stronger suggest that water adsorption cannot be a pure physical process, but 
rather involves stronger, chemical like, binding energies between water molecules and PdO 
surface. Water inhibition at relatively high temperatures (723K for pulsed experiments and 900K 
for continuous flow of reaction mixture) suggests, thus that hydroxide formation as proposed by 
Burch [3] cannot be excluded. 

Firstly, the continuous desorption of water detected with the mass spectrometer as well as 

It is worthy to note that the delay in water peak maxima vs. temperature shows that water 

The long equilibration time could only be explained by means of activated adsorption for 
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Reaction of water molecules with metal oxide (001) surfaces (aAl2O3 and aFe2O3) was 
investigated by Chambers et al. [ 121. These authors reported from Photo-Electron Spectroscopy 
investigation that for both oxides the hydroxyl groups more strongly bond on surface defects 
than on terraces, the chemical shift between these two species being as high as 0.3 eV for 
corundum and 0.7eV for hematite. Along these lines and assuming the methane dissociation on a 
Pd-0 ions pair with the formation of a palladium-methyl pair and a hydroxyl group as proposed 
by Broclawik [ 131, the hydroxyl groups resulting from methane dissociation are likely to be 
stronger bound relative to hydroxyls resulting from water dissociation on the fully oxidized PdO 
surface. Following this rationale, measurements of water adsorptioddesorption kinetics in the 
absence of methane could be misleading. 

Conclusion 

respect to the methane oxidation reaction time scale and the time scale for many TPR 
experiments, especially at low reaction temperatures. This is reflected in the inhibition of 
methane oxidation by water to higher temperatures in continuous TPR experiments than in 
pulsed reaction experiments and is important because it suggests that experiments with water in 
the feed cannot be used to predict the behavior of real systems and that results from temperature 
programmed reaction experiments can be biased. Therefore simply correcting the data for the 
water poisoning effect is not straightforward. A detailed microkinetic model of the methane 
oxidation mechanism must be employed to correctly predict transient and steady state 
performance of real systems. 

Equilibration of the interaction of water with palladium-based catalysts is slow with 
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Table 1. Peak maxima (minutes) recorded for methane and reaction products for 10 successive 
reaction mixture pulses injected at equal time intervals at different temperatures. 

Temp. Pulse # 1 2 3 4 5 6 7 8 9 10 

CH4 1.066 2.397 3.730 5.063 6.396 7.729 9.062 10.395 11.729 13061 
bi 
0 H2O 1.094 2.422 3.757 5.086 6.421 7.752 9.083 10.417 11.750 13.080 

C02 1.071 2.403 3.735 5.069 6.401 7.734 9.067 10.396 11.734 13.066 

CH4 1.020 2.353 3.685 5.018 6.350 7.684 9.016 10.35 11.683 13.016 
b2 
v, H20 1.046 2.375 3.707 5.039 6.371 7.704 9.037 10.37 11.703 13.035 

C02 1.024 2.356 3.689 5.022 6.355 7.688 9.021 10.354 11.687 13.020 

CH4 1.088 2.419 3.752 5.085 6.418 7.752 9.084 10.418 11.751 13.083 
bi 
0 HzO 1.106 2.437 3.770 5.102 6.434 7.769 9.100 10.434 11.765 13.099 

C02 1.094 2.425 3.759 5.092 6.425 7.759 9.092 10.425 11.758 13.090 

m 
\o 

m 
\o 

v, 
b 

Figure captions 

Fig. 1. Delay in water peak maxima determined with the mass spectrometer at different reaction 
temperatures with and without reaction. 

Fig. 2. Temperature reaction profiles performed with “dry” (solid symbols) and “wet” (open 
symbols) under continuous flow of reaction mixture (circles) and reaction mixture pulses 
(squares in which the figures represent the pulses numbers). 

Fig. 3. Methane conversions recorded at constant temperature (573K) for successive “dry” and 
“wet” reaction mixture pulses. 
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Abstract 

Zirconia-supported Pdt60  and bulk Pd160 were used as methane combustion catalysts for 
a reaction mixture containing 1% methane and 4% I 8 0 2  in helium. The methane oxidation 
reaction was performed in pulsed experiments and the distribution of oxygen isotopes among the 
reaction products was monitored. The “0 content of the catalyst following labeled reaction 
mixture pulses was determined by catalyst reduction with either diluted hydrogen or diluted 
methane pulses. 

At low reaction temperature both C02 and water contained primarily I6O. As temperature 
increased, however, the “0 distribution in water and carbon dioxide changed differently. The 
isotopic composition of water molecules reflected the oxygen isotopic distribution in the bulk of 
the catalyst particles as determined by post reaction reduction experiments. The larger 
concentration of “0 in the carbon dioxide is explained by the differences in residence time and 
mobility of the products water and C02 on the catalyst. The hydrogedwater samples the bulk, 
while the C02 reflects the surface composition. The behavior of the zirconia supported catalyst 
was similar to the bulk PdO at the lowest temperature; however, as the temperature was 
increased above 600K, oxygen exchange with the support became important. 

catalyst surface: a bridge-bound oxygen to two palladium atoms. The surface is involved in the 
methane reaction mechanism by successive reductionheoxidation cycles. Reoxidation uses both 
bulk and gas phase oxygen, and also oxygen from the support in the case of zirconia supported 
catalyst. Under these conditions the gas phase oxygen exchange with the catalyst is limited by 
the methane oxidation surface reaction. 

The catalyst behavior is explained by the presence of a single oxygen species at the 

Keywords: Palladium oxide, methane combustion, labeled oxygen, surface oxygen 

Introduction 

Palladium-based catalysts are largely accepted as the most effective catalytic systems for 
the methane combustion reaction. Despite extensive study at a wide range of reaction conditions, 
there is a lack of agreement concerning the methane oxidation reaction mechanism under fuel 
lean conditions over the oxide phase of the catalyst (i.e. in 473 - 923K temperature range). 

Early pulsed reaction studies of Muller et al. [ 11 employed zirconia supported PdO 
catalysts labeled with PdI80, prepared from amorphous Pd - Zr alloys. These authors proposed 
that, both at 573K and 773K, the combustion reaction proceeds partly via a redox - Mars and 
van Krevelen - mechanism, but that the overall conversion is determined by the interplay 
between the surface reaction of “adsorbed” reactants and the redox mechanism. This study also 
reported an important influence of the oxygen isotopic exchange of carbon dioxide between the 
gas phase and the Pdt80  surface on the distribution of the carbon dioxide isotopomers, while the 
isotopic exchange of gas phase oxygen was negligible. 

In a more recent paper [2] these authors concluded that the ab‘straction of hydrogen atoms 
from the adsorbed methane species is a “normal surface reaction”, whereas the formation of 
oxygen - carbon bonds is more controlled by a redox mechanism involving lattice oxygen. 

Based on turnover rate measurements of the methane combustion reaction performed 
over zirconia-supported catalysts, Fuj imoto [3] proposed a set of elementary steps describing the 
reaction mechanism. In the proposed mechanism, the catalytic site is considered as a surface 
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oxygen vacancy or coordinatively unsaturated Pd site on the surface of PdO crystallites, depicted 
generally by “Pd-PdO site pair”. In a later work [4] these authors concluded that the overall 
mechanism resembles Mars - van Krevelen reduction-oxidation pathways in which “carbon 
atoms in the gas phase or physisorbed CH4 interacts with coordinatively unsaturated Pd sites on 
the surface of PdO crystallites and H atoms are abstracted sequentially from adsorbed CH4 by 
neighboring Pd - 0 surface species to form surface hydroxyl groups (Pd - OH)” [4]. The authors 
claimed the proposed mechanism avoids the need for the coexistence of a separate Pd metal 
phase in atomic contact with PdO, during methane oxidation. 

of Au-Yeung et a1.[5]. They performed the methane combustion reaction over zirconia-supported 
PdI60 particles using continuous flow of a reaction mixture containing 1 6 0 2  and “ 0 2  in equal 
amounts, in the 500-600 K temperature range. These authors observed negligible oxygen 
scrambling but important C02 scrambling during methane combustion. They also suggested that 
“lattice” oxygen is used more efficiently than oxygen from the gas phase in methane combustion. 

None of the above mentioned studies [ 1 - 51 measured the distribution of oxygen isotopes 
in the water molecules produced in the methane combustion reaction in a systematic manner. In 
addition, the catalysts used in the previous studies [ 1 - 51 were all supported on zirconia carriers, 
a support with relatively high oxygen mobility at moderate and high temperatures [6 ] .  Therefore 
oxygen can be exchanged between the PdO and the support and influence the distribution of 
oxygen atoms in the reaction products. 

The purpose of this work was to study the behavior of unsupported and zirconia- 
sup orted PdO particles in the methane combustion reaction in the presence of “02, measuring 
the 0 atoms distribution among the reaction products, including water. 

The mechanism proposed by Fujimoto [3,4] was further studied in the more recent work 

7 8  

Experimental 

The catalysts employed in this study were pure PdO (99.999% of purity) provided by 
Aldrich, and zirconia supported PdO (3% wt. as Pd) obtained as described elsewhere [7]. The 
average PdO particle size of the fresh supported catalyst determined from XRD was l o r n  [7]. 
The reaction mixtures used consisted of 1% methane, 4% oxygen and helium balance. The one 
containing regular 1 6 0 2  was provided by Airgas, while the one labeled with “ 0 2  (>97%) was 
obtained from Isotec. 

The reactivity tests were performed in a fixed bed alumina tubular reactor with 4 mm 
internal diameter, placed in an electric furnace with automated temperature control. The reaction 
system allowed operation in two modes: continuousj7ow mode in which the reaction mixture 
continuously flowed through the catalytic bed, and pulse mode in which the reaction mixture was 
injected in a carrier (helium) stream that was flowing continuously over the catalyst. The 
reaction products were injected in a gas chromatograph equipped with methanizer and FID that 
allowed measurement of the COY C02 and CH4 concentrations in the reactor effluent stream. For 
the pulsed experiments, a capillary tube was placed downstream of the catalytic bed and was 
connected to a mass selective quadrupole detector HP 597 1 A. The capillary tube between the 
reactor and the mass spectrometer was heated to minimize adsorption of water molecules on the 
walls. This analytic system allowed determination of the distribution of oxygen atoms among the 
combustion reaction products: carbon dioxide (CI602, C 0 0 and C”02) and water (H2I60 and 
H2180), respectively, as well as in the unreacted oxygen (1602, l6OI8O and “02). 

16 18 
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The experimental runs with pure PdO employed 3 mg of catalyst sustained in the reactor 
on an alumina wool bed. Before each test, the catalyst was completely reduced with hydrogen 
and reoxidized under flowing oxygen overnight at 823K. After the oxidizing treatment, the 
catalyst was pretreated with several pulses of methane, after which it showed constant activity 
with a series of unlabeled reaction mixture pulses at 745K. A typical run consisted of two series 
of 17 labeled reaction mixture pulses (0.5 ml) injected over the fully oxidized and activated 
PdI60 at constant temperature, followed by reduction either with diluted hydrogen (5% H2 in 
helium), or diluted methane (0.916% CH4 in helium) pulses at the reaction temperature. This 
allowed measurement of the distribution of oxygen isotopes in the catalyst. The time interval 
between successive pulses in a series was 80 seconds. The time break between the pulse series 
was about 250 seconds. Complete reduction was achieved with continuous flow of hydrogen 
after each series of pulsed experiment. 

reactor. Before and after the first test, the catalyst was cycled between room temperature (RT) 
and 1173K under continuous flow of regular reaction mixture at a heatingkooling rate of 5Wmin 
in order to ensure a constant activity of the catalyst, as discussed elsewhere [7]. On cooling 
down, the ramp was stopped at 700K for the first test, or 600K for the second one, respectively, 
and the reaction system was switched to pulse mode. After the temperature stabilized, two series 
of 17 labeled reaction mixture pulses (0.5 ml) were injected at the same time interval as with 
unsupported particles, followed by a series of diluted methane pulses for catalyst reduction. 
Complete reduction of the catalyst was accomplished with continuous flow of diluted hydrogen 
for 39 minutes. The catalyst structure did not change significantly in a manner that affected 
reactivity after several of the cycles described. Runs at a fixed temperature repeated at the end of 
this study were virtually indistinguishable with those recorded initially. The sequences of runs 
are summarized in Table 1. 

Because the catalyst is under flowing He (containing <lppm of oxygen as stated in the 
manufacturer catalog) between pulses at temperatures below 750K, we checked whether the 
catalyst could become partially reduced at these conditions. To this end, a catalyst sample having 
a stabilized activity was held under flowing helium for 45 hours at 735K. Series of pulses were 
injected after 16,23, 39 and 45 hours. The average methane conversion observed with reaction 
mixture pulses decreased from 84 to 80% after 16 hours, to 79% after 23 hours, to 71% after 39 
hours and to 70% after 45 hours. This decrease is similar to that of similar aging under 
continuous reaction conditions and is therefore attributed to changes in catalyst surface area. 
Also, in the actual experiments total conversion did not change pulse to pulse even though the 

For the tests with the zirconia-supported PdO, 9 mg of fresh catalyst were loaded in the 

0 distribution changed dramatically. 18 

Pulses of different volumes (i.e. 1 ml, 0.5 ml, 0.021ml) of reaction mixture injected over 
the catalysts at constant temperature showed a linear dependence between the methane 
conversion and the pulse volume, suggesting no diffusional limitations under pulsed conditions. 
Isotopic scrambling of oxygen atoms between reaction products and the catalyst surface does not 
influence the distribution of l80 atoms in the reaction products. 

Results 

The only reaction products detected following reaction mixture pulses were carbon 
dioxide and water. Oxygen, carbon dioxide and water isotopomers were monitored using the 



Appendix 111 1 

METHANE COMBUSTION ACTIVITY OF SUPPORTED PALLADIUM CATALYSTS 

AFTER PARTIAL REDUCTION. 

Short title: Combustion activity of partially reduced PdO 

Dragos Ciuparu* and Lisa Pfefferle 
Chemical Engineering Department, Yale University, New Haven, CT 06520, USA 
Phone: (203) 432-4383; Fax: (203) 432-43 87; E-mail: dragos.ciuparu@yale.edu 

Abstract 

been found to be strongly dependent on the oxygen content of the PdO catalyst particles. 
Reaction mixture pulses of 1 % methane, 4% oxygen and helium balance were injected over 
partially reduced catalysts obtained by chemical reduction with methane, and over completely 
reduced catalysts produced by thermal decomposition of the PdO phase. Catalyst activity was 
observed to initially increase with the degree of reduction, reaching a maximum and then 
decreasing continuously as the oxygen is depleted. The degree of chemical reduction is 
temperature dependent and at high temperatures, CO production is associated with extraction of 
subsurface oxygen. 

partially reduced catalysts reoxidize at higher rate. However, if a completely reduced layer forms 
on top of the oxide core, the reoxidation inhibition phenomenon is present and the reoxidation 
rate considerably decreases. At low temperature reaction conditions oxygen exchange from the 
bulk can be faster than reoxidation from the gas phase. 

The activity of ceria-zirconia supported palladium catalysts for methane combustion has 

Reoxidation of the completely reduced catalyst is slow and strongly inhibited, while the 

Keywords: methane combustion, palladium oxide, chemical reduction, thermal reduction. 

Introduction 
Palladium is a highly active oxidation catalyst for the complete combustion of a wide 

range of fuels including methane, other hydrocarbons, carbon monoxide and hydrogen. 
However, the catalyst activity for the combustion reaction changes significantly with reaction 
conditions and transient behavior including activity excursions and deactivation are not well 
understood. 

of agreement on many questions concerning the catalyst behavior during the reaction. Among 
other issues, activity as a function of oxidation state is not well understood, especially with 
respect to mixed states and transient operation. Oh et al. [ 1,2] argue that the reduced Pd form is 
more active. Hicks et al. [3] observed that the activity of dispersed PdO is 10 to 100 times less 
than that of small palladium crystallites, and these authors [4] also observed that the oxide layer 
dispersed over the palladium crystallites is much more active than the palladium oxide dispersed 
over the alumina. Burch et al. [ S  - 71, Farrauto et al. [8, 91, Primet et al. [ lo - 121 and McCarty 
[ 131 consider the metal phase to be less active or completely inactive. A recent study by 
Lyubovsky and Pfefferle [ 141 shows that metallic palladium can be more active than PdO in the 

In spite of the intensive research of the supported palladium catalysts, there is still a lack 

* Corresponding author 
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methane combustion reaction at higher temperatures and at stoichiometries near one and for fuel 
rich conditions. For a wide range of conditions, the catalyst activity has been observed to 
increase as the PdO is reduced or partially reduced. Positive activity excursions have been noted 
by many investigators in pulsed reduction by hydrogen or methane [ 14, 151, and the activity 
hysteresis and transient excursions noted in laboratory and large scale experiments cannot be 
predicted a priori from any published micro kinetic mechanism. 

palladium reoxidation temperatures observed in TGA and temperature programmed reaction 
(TPR) experiments and suggested that this difference may be due to the higher activity of the 
partially reduced / oxidized state of the catalyst. The results of the present work were obtained 
from pulse experiments with supported and unsupported palladium catalysts. The pulsed 
technique has the advantage that minimizes inhibition effects caused by readsorption of reaction 
products (Le. water) and the oxidation state of the catalyst can be modified stepwise by injecting 
small amounts of reducing or oxidizing reactants. These results are used to study the correlation 
between the oxygen content of the catalyst and its methane combustion activity. 

In our earlier work [ 161 we observed that there is lack of agreement between the 

Experimental 
The ceria-zirconia support was prepared using zirconyl nitrate hydrate and Ce(II1) nitrate 

precursors from Aldrich. Clear solutions of the precursors were mixed together and poured drop 
wise in ammonia under strong stirring. The precipitate was digested in ammonia for 120 hours, 
then filtered, washed with demineralized water several times and dried at 120°C for 12 hours in 
air. After drying, the solid was crushed and then calcined at 12OoC for 6 hours in oxygen. 
According to our previous experience [ 171 the resulting material is a crystalline solid solution 
containing 10% of ceria, and having a moderately high surface area. 

palladium. The impregnated support was further dried, and calcined under flowing oxygen at 
5OO0C for 2 hours. This preparation produced a catalyst with approximately 10 nm PdO particles. 
In reaction strategy used catalysts are reduced at 9OO0C and cooled under continuous reaction 
mixture at S°C/min to 36OoC. Repetition of this process produces PdO particle sizes from 15- 
25nm but these particles from UV-vis analysis and previous HRTEM studies are made up of 
smaller crystalline domains on the order of 5nm (see-for example [ 181). This form of catalyst is 
stable for long term catalyst operation and many oxidationheduction cyclings as performed in 
these studies. This is confirmed by earlier work using HRTEM [ 191 and TPR experiments [ 161 
and in this study by a return to the initially observed lowjtemperature activity. Although it is not 
possible to directly monitor surface state under high pressure conditions, we did carry similar 
pulsed and continuous flow experiments in a reaction cell placed in the diffuse reflectance 
accessory of an HP8452A UV-vis spectrometer. Thisexperimental 'setup allows measuring the 
band gap energy of the catalyst in situ, thus the oxidation state of the bulk catalyst. 

reoxidation of PdO after reduction. For comparison purposes, pure PdO (99.999%) from Aldrich 
was also used. I 

reactor with 4mm internal diameter. The reactor was placed in an electric heater equipped with 
automatic temperature controller. The experimental setup allows the reactor to be operated both 
in continuous reaction mixture flow mode, and in pulse mode. The pulse mode consists of 

Palladium nitrate was impregnated on the prepared support to give a catalyst with 3% of 

In past studies [ 161 we showed that a high oxygen mobility support can accelerate the 

Approximately 50 mg of fresh supported catalyst was loaded into an alumina tubular 
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reaction mixture pulses injected in the helium carrier stream that flows continuously through the 
catalytic bed. The switch from one mode to another can be accomplished in a minutes time scale. 

reaction mixture (CH4:02:He = 1 :4:95 from Airgas) between room temperature and 900°C at a 
S"C/min heatingkooling rate. As discussed elsewhere [ 161, this treatment enables the catalyst to 
preserve a constant activity vs. time on stream for more than 24 hours. 

and FID. This analytic setup allows determining the carbon oxides (CO and COz) and the 
unreacted methane concentrations in the reactor effluent. 

For the isotopically labeled experiments (1% CH4,4% ' * 0 2  in He), reactor effluent was 
sampled through a heated capillary pipe to a HP5971A mass selective detector, which allowed 
measuring the distribution of the reaction products isotopomers. 

Before each experiment the supported catalyst was cycled under continuous flow of 

The reaction products were analyzed in a gas chromatograph equipped with methanizer 

Results 

5"Clmin under continuous flow of reaction mixture to 360°C. At these reaction conditions the 
steady state methane conversion, expressed as concentration of CO2 produced versus the initial 
concentration of methane, was determined as depicted in the region (a) of Fig. 1. After a 30 
minute stabilization period the reaction system was switched to pulse mode - region (b) in Fig. 1 
- and consecutive reaction mixture pulses were injected at 5 minutes equal time intervals, if not 
otherwise specified. After several pulses, the catalytic activity stabilized at a considerably higher 
level than for the continuous mode, most likely because of the lower inhibitory effect of water 
under pulsed reaction conditions [6, 7, 161. After the methane conversion stabilized the pulse 
series was interrupted for 14 hours (point A in Fig. 1). During this time the helium carrier flowed 
continuously over the catalyst. The pulse series break produced only a small and temporary 
increase of the methane conversion, after which the catalytic activity returned to the value before 
the break, indicating the oxidation state of the catalyst does not change significantly under 
helium flow (< 1 ppm oxygen levels) at temperatures below 400°C. This was also confirmed by a 
similar experiment performed in the reaction cell placed in the UV-vis spectrometer. 

When the reaction mixture pulses were replaced with pure methane pulses - region (c) in 
Fig. 1 - the first pulse gave C02 amounts near the detection limit and the following two pulses 
gave undetectable amounts of carbon oxides. The UV-vis spectra indicates the catalyst is 
partially reduced. The methane pulses were again replaced with pulses of reaction mixture and 
the methane conversion changed as shown in the region (d) of Fig. 1. The activity rapidly 
increased to values recorded before catalysts reduction, reached a maximum and then decreased 
to undetectable values after 16 reaction mixture pulses. The pulse series was again interrupted 
for 15 minutes (points B in Fig. 1) and then resumed. Again high initial activity was observed, 
which rapidly decreased with the number of pulses. This behavior was completely reproducible, 
so that after a longer break (point C in Fig. 1 corresponds to 90 minutes break) the catalyst 

. mirrored the behavior observed immediately after methane reduction. This is likely a result of 
reduction of the surface layers during reaction (uptake of oxygen from the gas phase is slow) and 
replenishment of the surface with bulk oxygen in the pause period as also observed in our earlier 
work with isotopically labeled oxygen [20]. This was confirmed in a separate run with 
isotopically labeled oxygen described below. When the reaction system was switched back to 
continuous flow at the end of the experiment - region (e) in Fig. 1 - the catalyst recovered its 
initial activity on a time scale of tens of minutes (see region (a) of Fig. l),  but the catalyst was 

Prior to the pulsed reaction tests, the catalyst was heated to 900°C and then cooled at 
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still partially reduced as indicated by the UV- Vis spectrum indicating that reoxidation is slow 
under these conditions as noted in our work and that of others [19,21]. 

S°C/min in flowing reaction mixture to 360°C. After the catalyst activity at this temperature was 
constant under continuous flow conditions (region (a) in Fig. 2), the system was switched to 
pulse mode and a stable conversion was observed for 10 consecutive pulses, as plotted in region 
(b) in Fig. 2. This time, instead of pure methane pulses for the catalyst reduction, pulses of a 
mixture of 1% methane in helium were injected and the methane conversion changed with the 
number of pulses as depicted in the region (c) of Fig. 2. The methane conversion increased, 
reached a maximum, and then started to decrease. In region (d) of Fig. 2 the reaction system was 
switched to continuous flow of 1% methane in helium until no CO or C02 were detected in the 
reactor effluent (about 30 min). Then the reaction system was switched back to pulse mode - 
region (e) in Fig. 2 - and reaction mixture pulses were injected at the same time interval. Again, 
the catalyst mirrored the behavior observed after reduction with pure methane - see region (d) in 
Fig. 1. However, after reaching the minimum, the catalyst activity started to recover at a stable 
low rate. 

open symbols in Fig. 2(c)), indicating the increase in catalyst activity observed with slightly 
reduced PdO catalysts is not caused by the support. However, a reducible support is likely to 
influence this behavior by supplying oxygen to the partially reduced PdO phase. 

reaction mixtures and cooled to 390°C. Then a similar test was performed at this temperature 
showing the same qualitative behavior, as can be observed in Fig. 3. After activity stabilization 
under a continuous flow mode - region (a) in Fig. 3 -the system was switched to pulse mode 
and reaction mixture pulses were injected - region (b) in Fig. 3 - until a fairly constant 
conversion was observed. Then three pure methane pulses were injected for catalyst reduction, as 
depicted in region (c) of Fig. 3. After reduction, reaction mixture pulses were injected at 5 
minutes time intervals and the conversion changed as plotted in region (d) of Fig. 3. An initially 
high activity is observed, followed by a sharp decrease, and recovery to approximately the 
oxidized state. TR in Fig. 3 indicates where the catalyst was thermally reduced (heating to 
9OO0C and holding at this temperatu?e for 30 minutes under flowing helium). This procedure was 
shown in previous work [ 191 to produce a completely reduced catalyst. After the thermal 
reduction, the catalyst was cooled down to 390°C in helium flow and the reaction mixture pulse 
series was resumed at this temperature - see region (e) in.Fig. 3. The activity increased gradually 
to reach a plateau after about 20 pulses. It should be noted that the plateau activity is higher than 
that observed before reduction at the same reaction conditions in the region (b) of Fig. 3. 

Although the general trend is similar to the one in Fig. 1 , there are a few differences in 
the behavior of the catalysts. First, for thesame amount of catalyst, the amount of methane 
consumed during reduction at 390"C, as measured by the amount of C02 produced - region (c) 
in Fig. 3 - was higher than that consumed at 360°C showing a higher degree of reduction. Then, 
the activity peak observed after catalyst reduction is considerably higher than the value observed 
with reaction mixture pulses on the completely oxidized catalyst - region (b) of Fig. 3. 

reaction mixture at 490C. Again after constant conversion under continuous flow mode 
stabilized (region (a) in Fig. 4), the system was switched to pulse mode and reaction mixture 
pulses were injected until constant conversion was observed- see region (b) in Fig. 4. The 

For the next experiment, the catalyst was again cycled to 900°C and was cooled down at 

The same experiment performed with unsupported PdO at 390°C gave similar results (see 

After the test described in Fig. 2, the supported catalyst was again cycled to 9OO0C in the 

After a new cycling to 9OO0C in reaction mixture, the catalyst was cooled in flowing 
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catalyst was then reduced with pure methane pulses. In region (c) the CO and COz 
concentrations during the reduction by 6 successive methane pulses are depicted. After 
reduction, the series of reaction mixture pulses was resumed and the carbon oxides 
concentrations observed for successive pulses are depicted in the region (d) of Fig. 4. 

There are two important new features compared with the results obtained for similar 
experiments at lower temperatures (see Fig. 1 and 3). First, CO production was observed both 
during methane reduction, and when the reaction mixture pulse series was resumed with the 
chemically reduced catalyst. Second, after reaching the minimum activity with reaction mixture 
pulses, the reduced catalyst recovered only a few percent of its initial activity and stabilized at a 
much lower conversion than that observed with the completely oxidized catalyst. 

Another notable observation is the difference between the catalyst activity under the 
continuous flow regime and pulse regime. At 360°C the activity of the catalyst under the pulse 
regime is about four times higher than under continuous flow of reaction mixture. When the 
reaction system was switched between the two regimes at 490"C, an increase of only 15% of 
activity was observed. This behavior is consistent with other work showing a lesser inhibition 
effect of water at higher temperatures, although equilibration time, the support and other factors 
likely play a role [22]. 

In order to determine the reoxidation behavior under pulsed reactant flow at the 
temperatures of these experiments, the catalyst was thermally reduced at 900°C cooled in He to 
600°C and subjected to reactant pulses as described above. The methane conversion activity of 
the catalyst on a stepwise cooling ramp from 600°C is depicted in Fig. 5. Since the catalyst 
activity decreased with the reaction temperature between 600°C and 55OoC, we associate this 
activity with the metallic state of the catalyst. The temperature was decreased in a stepwise 
fashion until an increase in conversion was observed. At that moment the temperature was held 
constant and consecutive reaction mixture pulses were injected until constant conversion was 
observed. The catalyst activity has been shown in many previous studies [S, 9, 13, 16, 181 to 
increase with the progress of catalyst reoxidation. The thermally reduced catalyst did not 
reoxidize on the time scale of this experiment until the temperature was decreased to 46OoC, 
although under continuous flow of reaction mixture (not shown) the onset of the activity 
recovery was observed at 690°C. This suggests that in the final part of region (d) in Fig. 4 the 
low activity of the catalyst was due to incomplete reoxidation to crystalline PdO. 

A last run was carried out over a 3 % Pdzirconia supported catalyst using '*O2 instead of 
1 6 0 2  in the reaction mixture. The purpose was to assess the proposal that oxygen from the bulk 
was important in oxidizing the methane for the data in Fig. 1 region (d) and Fig. 2, region (e) and 
that surface oxidation from the gas phase can be slower than oxygen exchange from subsurface 
layers under these reaction conditions. After being cycled to 900°C in the reaction mixtures and 
cooled to 365"C, the catalyst was exposed to reaction mixture pulses containing 1%CH, and 4% 

After reactivity had stabilized (Fig. 6,  region (a)), the catalyst was partially reduced with 
diluted methane pulses - region (b). During reduction, reactivity increases to a maximum and 
then falls, consistent with the behavior observed for the earlier runs. Reaction mixture pulses 
were then resumed after a 9 minute pause (region (c)). Initially all of the oxygen in the COz and 
water comes from the I6O originally in the catalyst rather than from the "Oz from the gas phase. 
This is consistent with our earlier study showing that only one type of oxygen (lattice) is used for 
methane oxidation [20]. Even at the last reaction pulse in region (c), only 11% of the CO, 
contains '*O The water contains considerably less I8O than the C02 (note the x 10 scale change 
for water). This is again consistent with our earlier work [20] showing that hydrogen samples the 
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bulk and thus water reflects the bulk isotopic distribution of the catalyst. Reaction mixture was 
then paused for 30 minutes after which the reaction mixture pulses were resumed. At this point 
reactivity again increased dramatically and the fraction of l602 in the products increases likely 
because of oxygen exchange from the bulk to the surface. The catalyst is being reoxidized slowly 
from the gas phase as indicated by the increase of "0 in the products. The surface, however, is 
likely being depleted of oxygen during reaction as replacement from the gas phase competes 
with reoxidation of the bulk, and consumption of lattice oxygen by reaction. This catalyst was 
previously tested for oxygen exchange with the support which was found to become important 
under these pulsed reaction conditions at temperatures somewhat above that used here. The 
temperature where oxygen exchange with the support becomes fast is lower for continuous flow 
conditions. If oxygen exchange with the support were important here or for the catalyst used in 
Fig. 1 , however, the reactivity would not fall with pulse number. 

Because a potential source of the activity excursion after catalyst reduction could be due 
to carbon deposited on the catalyst surface, an experiment was also performed to check for the 
presence of carbonaceous deposits after reduction. Pure oxygen pulses injected over the pure 
methane reduced catalysts generated very small amounts of carbon dioxide. However, the 
resulting COz was undetectable using the detector sensitivity at which the pulse tests were 
performed. As a secondary check method, the total peak areas resulting for the chromatograms 
obtained during the activity excursion were fairly constant. Consequently, the COz 
concentrations recorded for reaction mixture pulses over the reduced catalyst resulted from 
methane combustion and not from surface carbon deposits oxidation. Carbon on the surface 
could, however have moderated activity excursions observed after reduction with pure methane. 

The results of the UV-vis experiments carried out from 350 to 550°C can be summarized 
as follows: 
0 

0 

0 

the catalyst is not reduced in helium flow at the temperatures and time scales of the pulsed 
experiments where the activity excursion were observed; 
the catalyst was not observed to be reduced during reaction mixture pulses or during 
continuous flow of reaction mixture; 
once the catalyst was slightly reduced by diluted methane pulses at 365"C, as much as 34 
subsequent reaction mixture pulses do not completely reoxidize catalyst; 

Discussion 

reduction with hydrogen or methane [ 14, 151. Bell and co-workers [ 151 observed that hydrogen 
pulses injected in the reaction mixture stream flowing continuously over the zirconia supported 
PdO catalyst at temperatures in the 125 - 1 80°C range produced a noticeable increase of the CO2 
production rate. However, after a certain number of hydrogen pulses, the catalyst activity 
dropped to zero, even at 180°C where the activity of the catalyst before hydrogen pulses was 
higher than zero, suggesting that a large degree of reduction eventually produces catalyst 
deactivation. The authors claimed that CH4 is not activated on PdO at low temperatures and 
ascribed the activity excursions to the formation of small amounts of Pd on the surface of PdO. 
They also claimed that the presence of metallic palladium in close contact with PdO greatly 
enhanced the rate of reduction of PdO by methane and argued that it occurs via a nucleation 
mechanism that requires the presence of metallic palladium [23]. However, the authors did not 
provide any experimental evidence of the presence of metallic palladium on the catalyst under 

Methane combustion activity excursions were previously reported following catalyst 
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the experimental conditions used. In previous work we and other authors have shown that a 
nucleation mechanism is likely [ 18, 19,241. 

A nucleation mechanism followed by oxygen transport limitations form the bulk would 
explain the increase followed by decrease in reactivity during reduction with diluted methane. 
First the surface layers are completely reduced then the rate of reduction is limited by transport 
of oxygen from bulk to the surface. Reduction with hydrogen results in constant conversion per 
pulse [20]. With diluted methane pulses, however, conversion during reduction of PdO varies 
dramatically pulse to pulse, (see Fig. 2). At low temperatures and mild reduction conditions the 
surface is reduced gradually. At these conditions methane conversion can increase on subsequent 
pulses before decreasing when the reduction process becomes limited by transport of oxygen to 
the surface. At high temperatures where the surface layers are completely reduced on the first 
pulse, conversion continually decreases because reaction is limited by transport of oxygen to the 
surface or by reoxidation from the gas phase. This is clearly shown in the data of Fig. 6 .  

In related work we showed that a single form of oxygen is likely responsible for 
reactivity at the conditions where the PdO phase is stable [20]. These results do not, however, 
rule out the possible role of mixed phases under some reaction conditions. Studies of the 
oxidation of metallic Pd indicate that the reaction can be slow [2, 51. In addition, at low 
temperature reaction conditions reoxidation from the bulk can be faster than from the gas phase. 
This creates a steady state of vacancy states. The above arguments suggest that Pd and PdO can 
coexist for extended periods at certain temperatures and oxygen pressures, which is not 
thermodynamically possible if equilibration with the gas phase is rapid. We and other researchers 
have shown that during methane oxidation reaction, surface reoxidatiodoxygen exchange with 
the gas phase is slow. In earlier work using high resolution transmission electron microscopy 
(HRTEM) we observed that in transient conditions the surface can likely consist of a patchy 
array of phases [19]. Previous TPD and STM results of Zheng and Altman [24] show a sequence 
of four phases during Pd oxidation, confirming at least one stable intermediate state. Along these 
lines, at any point in time the condensed phases can be described by oxygen- palladium mole 
fractions. Since both the miscibility of oxygen in Pd and the oxygen deficiency of PdO are 
limited, separation of the Pd and PdO phases will occur. The mixed Pd-0 surface would exist at 
the interfaGe between the two bulk phases. The phase with the lowest surface tension would tend 
to completely encapsulate the higher surface tension phase. Since oxides typically have lower 
surface tensions than metals, reduced Pd clusters formed during the reaction of methane with 
lattice oxygen at the PdO surface are likely to be encapsulated by the bulk oxide phase. The 
encapsulation mechanism likely consists of bulk oxygen diffusion towards the surface, thus in 
equilibration of the concentration of the vacancies between surface and bulk. This is consistent 
with our experimental observation that, at certain operating conditions, oxygen equilibration 
between the condensed phases can be fast compared to equilibration with the gas phase. Hence, 
Pd and PdO may coexist for an extended duration, even at high temperatures. These factors may 
affect reactivity when the catalyst is reduced and then exposed to reaction mixture as in the 
experiments described here. 

An important question that needs to be addressed is whether the chemical reduction with 
methane generates the same state of the catalyst as the thermal decomposition of PdO. It should 
be mentioned that the amount of methane consumed in the experiments where pure methane was 
used to reduce the catalysts is below the stoichiometric amount necessary for the complete 
reduction of the PdO catalyst, assuming the whole amount was consumed by the palladium 
oxide. Moreover, the amounts of methane consumed at different temperatures were different for 
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the same amount of catalyst: at.360"C only traces of C02 were detected, while at 39OoC the COZ 
concentration in the reactor effluent after the first methane pulse was considerably higher, and at 
490°C the oxygen balance suggests the bulk catalyst is highly reduced. At 49OoC, although the 
catalyst may be fully reduced, oxygen from the support could also be removed in the presence of 
Pd (pure zirconia does not reduce); however, we have shown in related research [20] that 
exchange of oxygen between zirconia and Pd under these pulsed reaction conditions becomes 
fast at 425OC). Consequently, the degree of the catalyst reduction with methane increases with 
the temperature. Based on the results presented here, we propose that, in contrast with the 
thermal reduction, the chemical reduction proceeds from the surface towards the particle bulk, 
thus forming a reduced layer on top of an oxide core. 

in helium for three hours at 360°C did not completely reduce the palladium oxide phase, but 
produces partially reduced PdO particles as observed by UV-vis spectroscopy. After this 
treatment the catalyst showed the same activity excursion (see Fig. 2). This suggests the 
energetic barrier for reduction increases with the degree of reduction, most likely because of the 
low diffusion rate of the bulk oxygen at low temperatures. Meanwhile, the reduced surface layer 
could also be less permeable for oxygen than palladium oxide, thus acting as a diffusional 
barrier. 

extracted by the methane molecules are available at a lower rate, likely due to diffusion 
limitations from the bulk. Comparing the temperature reduction profiles obtained using methane 
as reducing agent for catalysts pretreated at different conditions, Muller [25] proposed the 
existence of several kinds of PdO having different reactivities for the reduction with methane. In 
agreement with the "reduced layer on top of an oxide core" proposed model, extraction of the 
oxygen from the subsurface layers has a higher energy barrier than that for the surface oxygen, 
and has a lower rate than surface oxygen depletion. Under these circumstances, the CO formed 
as intermediary oxidation product is desorbed from the surface before being completely 
oxidized. However, since at the higher temperatures required for the subsurface oxygen 
extraction the oxygen mobility is higher, a contribution of the oxygen from the support cannot be 
completely ruled out. 

The catalysts that were partially reduced using methane pulses behaved completely 
differently in the combustiomreaction when compared with the catalysts that were fully reduced 
by thermal decomposition of the PdO phase. The initial combustion activity of the chemically 
reduced catalyst is much higher than that of the thermally reduced one, but this high activity 
rapidly decreases to a minimum and then increases again - see Figs. 2,3  and 4. In contrast, the 
thermally reduced catalyst had a low initial combustion activity, which gradually increased to 
reach a plateau value higher than that observed at the same reaction conditions before reduction 
(see Fig. 3), consistent with the activation noted in cycled TPR experiments. The catalyst 
reduced with methane at 490°C (Fig. 4) showed formation of carbon monoxide when exposed to 
reaction mixture pulses after the*reduction step, despite the presence of excess oxygen in the 
pulses. This behavior suggests that only lattice oxygen is used for methane oxidation, and the 
uptake of gas phase oxygen is slow, consistent with data in Fig. 6. Therefore, the amount of 
oxygen in the PdO layers near the surface accessible for the methane molecules at this 
temperature is not enough to completely oxidize the methane fragments resulted from 
dissociation of the methane molecules. This explanation is consistent with previous results [20] 
showing diffusion of oxygen from the bulk can be the rate limiting step for methane combustion. 

It should also be noted that, in a separate experiment, continuous flow of 1% of methane 

Formation of CO during reduction at high temperature suggests that the oxygen species 
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Following thermal decomposition, completely reduced palladium particles are obtained. 
Their initial catalytic activity for the methane combustion reaction'is low and increases as the 
catalyst is oxidized with oxygen from the reaction mixture pulses - see Fig. 3 - in agreement 
with previous temperature programmed reaction results [ 161. The chemical reduction process 
generates a different catalytic surface that is more reactive for methane combustion, but which 
deactivates with the number of reaction mixture pulses injected. The chemically reduced catalyst 
also reoxidizes more rapidly than the thermally reduced one. This is consistent with observations 
that catalysts that are only partially reduced reoxidize quickly while those h l l y  reduced show an 
inhibition to reoxidation when cooled. It is unclear yet whether the surface reduced layer 
produced by chemical reduction consists of metallic palladium or an intermediate PdO, phase 
with x<l . However, the initial activity of the chemically reduced catalyst increases with the 
degree of reduction until reaches a maximum, after which decreases as the oxygen content of the 
catalyst decreases - see region (c) of Fig. 2. 

On the other hand, the activity of the completely oxidized palladium catalyst stabilized at 
lower value than the steady state activity of the thermally reduced and reoxidized particles - see 
Fig. 3. An explanation for this activation associated with the reductionheoxidation process 
consists in the higher temperature for catalyst reoxidation during cycling in reaction mixture than 
that of the current experiment. During the cooling down ramp, at the oxygen partial pressure 
corresponding to continuous flow of reaction mixture at atmospheric pressure, the onset of the 
catalyst reoxidation was observed at about 690OC. Once the oxide particles are formed at higher 
temperature, their mobility is high and possibly sinter to give larger PdO particles and lower 
catalytic surface area. Reoxidation at lower temperature has been shown to produce small PdO, 
cauliflower - like domains [ 181. These form during surface rearrangements caused by density 
differences between the metallic and the oxide phases. These structures are less likely to sinter 
because of the lower oxidation temperature and, therefore, give higher surface density of the 
catalytic sites. 

decrease in time of the PdO core radius until the last layer of oxide at the surface. They 
suggested that formation and desorption of molecular oxygen at the catalyst surface is the rate 
limiting step of the PdO thermal reduction. However, because of the presence of methane in the 
reaction environment at the actual operation conditions of the catalyst, the extraction of the 
surface oxygen is accelerated by reaction with methane, as demonstrated by several mechanistic 
studies [2 1,251. For this reason, the bulk oxygen diffbsion is most likely to become the rate 
limiting step for the PdO phase decomposition. 

In the case of chemical reduction with methane, after the initial reduction of surface 
layers, the oxygen diffusion from the bulk likely controls the reduction process kinetics. Indeed, 
as observed in the region (c) of Fig. 2, once the surface oxygen is depleted with small, successive 
methane pulses, the combustion activity initially increases and then decreases, most likely 
because of the lack of the oxygen at the surface. However, the catalyst behavior after the breaks 
in the pulse series (points B and C in region (d) of Fig. 1) are likely due to the refilling of the 
reduced surface states with oxygen from the particle bulk in the absence of oxygen in the gas 
phase as shown from the experiment illustrated in Fig. 6. Since the amount of oxygen 
accumulated at the catalyst surface after a 15 minute break (point B in Fig. 1) is depleted in 5 
pulses of reaction mixture, while that accumulated after 90 minutes break (point C in Fig. 1) 
needed 11 reaction mixture pulses to be exhausted, the process of oxygen refilling of the reduced 
surface is slow, and the amount of bulk oxygen that reaches the reduced surface of the palladium 

With respect to the kinetics of the two reduction processes, Voogt E261 proposed a linear 
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phase at low temperatures needs a long time to equilibrate. Oxygen can also come from the 
catalyst support through a spill over mechanism from ceria - zirconia support toward the 
palladium phase of the catalyst. The rate of exchange of oxygen with the bulk, the gas phase and 
the support is highly temperature dependent. In another study we found that at temperatures 
below about 350°C bulk PdI60 and Pd160 supported on zirconia showed the same isotopic 
oxygen exchange rate when exposed to a reaction methane PO,. Breaks in the pulses on the 
minute time scale (He flowing over the catalyst) replenished the l6O on the surface. At higher 
temperatures, however, oxygen exchange with the zirconia support became important 
dominating at temperatures near 425°C. 

the reoxidation rate, but the temperature is also important. As seen in Fig. 5,  the completely 
reduced catalyst did not reoxidize with reaction mixture pulses at temperatures above 460°C. The 
reoxidation temperature is different from the one previously reported from temperature 
programmed reaction experiments [ 161, which was found to be as high as 690°C. The difference 
is due to the higher average oxygen partial pressure at the TPR reaction conditions. This result 
also shows the often observed inhibition of reoxidation phenomenon. As oxygen partial pressure 
is lowered the threshold temperature where significant oxidation takes place is also lowered. 
The initial stage of reoxidation has been proposed to consist of the formation of a strongly bound 
surface oxide state whose concentration does not change in time at constant temperature, as 
reported by Datye [ 18 1. This structure is likely to block the access of oxygen towards the particle 
bulk and probably has low activity for methane combustion. McCarty [ 131 proposed that the 
energy of formation of chemisorbed oxygen might be so much greater than that of the bulk oxide 
that a full monolayer of relatively passive chemisorbed oxygen forms over the metallic particle 
inhibiting both reaction and oxygen absorption. As temperature is decreased the reoxidation rate 
first increases and then decreases consistent with the above mechanism. This is also supported by 
recent studies of Pd (1 10) oxidation by Zheng and Altman [24]. They observed in their STM 
study that the palladium oxidation using NO2 underwent three steps: (i) rapid adsorption; (ii) 
oxygen penetration into the surface accompanied by island growth leading to the formation of 
two phases that are intermediate between Pd and PdO; (iii) formation of bulk PdO. Using TPD, 
these authors found that the heat of adsorption (first step of the proposed mechanism) assuming a 
second order desorption of oxygen was -50.2 kcal/mol, significantly higher that the 25.65 
kcal/mol heat of formation of PdO [27], in agreement with previous results of McCarty. 

dependent increasing and then decreasing as temperature increases, consistent with the many 
temperature programmed reaction studies showing “negative activation” [8,9, 13,16 and 
references therein]. At 360°C the activity recovered about 50% of the initial activity before 
reduction when exposed to reaction mixture pulses (compare Fig.2 regions b and e) consistent 
with UV-vis showing the catalyst was not fully reoxidized. As shown in Fig. 1, however 
reactivity was restored after exposure to a continuous flow of reaction mixture for several 
minutes. During the run at 39OoC, however, activity recovered over 90% of the pre-reduction 
value in a fewer number of pulses even though the degree of reduction was greater (regions (b) 
and (d) in Fig. 3). On the other hand, the catalyst chemically reduced at 490°C did not recover 
the activity level prior to reduction, suggesting the same inhibitory effect as observed for 
thermally reduced catalyst on cooling from high temperature. This is consistent with the data 
shown in Fig. 5 where the thermally reduced catalyst could not be oxidized by reaction mixture 
pulses until the temperature was lowered to 45OoC. At 490°C CO formation was observed both 

From the reoxidation point of view, the degree of reduction is observed to be critical for 

The reoxidation rate of the chemically reduced catalyst was observed to be temperature 
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during catalyst reduction and at the beginning of the reaction mixture pulses following the 
reduction. Since CO production has been associated with extraction of the oxygen from the 
subsurface layers, a reduced skin behaves as a metallic layer on top of a PdO core, likely 
showing the same strong oxygen chemisorption as described by McCarty. Under these 
circumstances as the surface is oxidized from the gas phase a sandwich structure of a metallic 
Jayer between two oxide layers would form. The slightly higher activity of this structure 
compared with the metallic particle is probably due to the oxygen diffusion from the PdO core 
toward the metallic layer that enables some of the strongly bound surface oxygen molecules to 
interact with methane molecules from the gas phase. Also, because the structure of the electronic 
bands of the thin reduced layer at the catalyst surface is likely to differ from the one of pure 
metallic particles, the binding energy of the chemisorbed oxygen is likely to be weaker. 

continuous flow reaction conditions have shown higher positive activity excursions induced by 
chemical reduction of the surface [ 14, 15,231. These showed lifetimes for the activated state 
from minutes to hours. These continuous flow studies, however, convolute the impact of the 
reduction on water poisoning with other'mechanisms that could increase or decrease reactivity. 
In addition most were carried out at higher temperatures where reoxidation of the reduced layer 
can be very slow. 

Previous studies of both alumina and zirconia supported palladium catalysts under 

Conclusions 
The thermal reduction of PdO in this study produces completely reduced, metallic 

particles, while the chemical reduction with methane pulses allows partial reduction of the 
catalyst. For equivalent amounts of methane injected over the catalytic bed, the degree of 
reduction depends on the temperature. High reduction temperatures allow the subsurface oxygen 
to be extracted. 

The activity of the chemically reduced supported palladium catalyst for methane 
combustion has been found to experience important changes with the modification of the oxygen 
content of the catalyst. Slightly reduced samples were observed to be more active for methane 
combustion than either completely oxidized or metallic particles. This is consistent with studies 
showing fuel rich oxidation over PdO (under conditions where PdO is the stable phase) to have a 
much higher specific activity than under excess oxygen conditions. Isotopic labeling experiment 
showed uptake from gas phase is slow in the presence of methane oxidation and also confirms 
single type lattice oxygen used to oxidize methane. 

continuous flow mode as expected from our previous underst-mding of water poisoning. A 
comparison of Fig. 1 , 3  and 4 shows that this difference becomes smaller as temperature is 
increased, consistent with the degree of water poisoning decreasing with temperature. 

reoxidize than the partially reduced one. Therefore, if the thermal decomposition of an industrial 
catalyst would be stopped before completion, the-activity hysteresis could be prevented because 
of the higher rate of reoxidation of the partially reduced catalyst. The presence of CO in the 
combustion products is likely associated with the initiation of bulk PdO reduction. 

mixture pulses gave evidence of the inhibition of reoxidation described by McCarty [ 131. 
Because this effect has been shown to be support dependent when palladium particle size is held 

The activity of the catalyst under the pulsed mode was significantly higher than under 

The completely reduced ceria-zirconia supported palladium catalyst is more difficult to 

Reoxidation of catalysts that had been completely reduced and then exposed to reaction 
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constant [ 161 the role of the support may provide an important clue to why reoxidation is 
inhibited. 
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Figure captions 

1. Methane combustion activity of a ceria-zirconia supported palladium catalyst with reaction 
mixture pulses; (a) continuous reaction mixture flow; (b) reaction mixture pulses; (c) pure 
methane pulses; (d) reaction mixture pulses; (e) continuous flow of reaction mixture. Points 
A, B and C stand for brakes in the pulse series of 14 hours (A), 15 minutes (B) and 90 
minutes (C), respectively. 

2. Methane combustion activity of the stepwise reduced ceria-zirconia supported catalyst; 
(a) continuous flow of reaction mixture; (b) reaction mixture pulses; (c) pulses of 1% of 
methane in helium, open symbols, reduction with 1% methane in helium for a bulk PdO 
catalyst; (d) continuous flow of 1% of methane in helium; (e) reaction mixture pulses. 

3.  Methane combustion activity of chemically and thermally reduced catalyst; (a) continuous 
flow of reaction mixture; (b) reaction mixture pulses; (c) pure methane pulses; (d) and (e) 
reaction mixture pulses. TR indicates the catalyst was thermally reduced. 

4. CO and C02 concentration in the reactor effluent after reaction mixture pulses over the 
thermally reduced catalyst; (a) continuous flow of reaction mixture; (b) reaction mixture 
pulses; (c) pure methane pulses; (d) reaction mixture pulses. 

5. Methane conversion observed after injecting reaction mixture pulses at different temperatures 
over the thermally reduced catalyst. 

6. Methane conversion and distribution of the ''0 isotope among the reaction products 
following labeled reaction mixture pulses over a partially reduced Pd160 catalyst: (a) 
unlabeled reaction mixture pulses; (b) pulses of 1% methane in He; (c) and (d) labeled 
reaction mixture pulses. The first series of labeled reaction mixture pulses was injected 
following a 9 minutes pause after reduction, and between (c) and (d) the catalyst was held 
under He flow for 30 minutes. 
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Abstract 

The oxidation of Pd(  1 1 I ) was characterized using scanning tunneling microscopy (STM ), temperature-programmed 
desorption (TPD), and low energy electron diffraction (LEED). Initial exposure of P d ( l 1 l )  t o  O2 a t  temperatures 
between 300 and 575 K resulted in a (2 x 2) structure observable by both LEED and STM. The maximum coverage 
achieved by 0, exposure a t  300 K was 0.25 ML. By increasing the temperature above 500 K, the oxygen coverage 
could be increased to  0.37 ML. To increase the oxygen coverage further, NO2 was used as the oxidant. On Pd( 1 1  1 ), 
NO, dissociatively adsorbs, with NO going to  the gas phase below 500 K, leaving oxygen on the surface. Above 
500 K, initial exposure of NOz to Pd( I 1  1)  also produced the (2 x 2) structure. Increasing the oxygen coverage to  
between 1.0 and 2.2 M L  resulted in a complicated LEED pattern. This pattern could be explained as the superposition 
of three equivalent domains of two surface structures: one with a square surface lattice rotated 15" with respect to 
Pd[ 1 IO], the other with a rectangular surface lattice with the short sides of the rectangles parallel to Pd[ 1 IO]. In STM 
movies, ad-islands and peninsulas were observed to nucleate and grow as the oxygen coverage reached this regime. 
The rectangular structure was observed on the original Pd( 11 1 )  terraces, and the square structure on the islands and 
peninsulas. This suggested that when the oxygen coverage exceeds 0.25 ML, oxygen atoms penetrate the surface 
creating a rectangular structure with a lower Pd atom density than the clean surface; the liberated Pd atoms, along 
with oxygen, then form the islands and peninsulas. The lattice constants obtained from the STM images were 
0.679k0.012 nm for the square structure and 0.394+0.008 nm and 0.638k0.022 nm for the rectangular structure, 
both consistent with LEED observations. Neither of these structures can be simply related t o  any crystal orientation 
of Pd or PdO, indicating that there are states intermediate between Pd and PdO. After further increasing the oxygen 
coverage, the complicated LEED patterns became faint and a low temperature shoulder attributed to PdO 
decomposition developed in T P D  traces. The results indicate that Pd( 1 1  1 )  oxidation proceeds through three stages 
involving four distinct surface states. 0 2000 Elsevier Science B.V. All rights reserved. 

Keyworh: Adsorption kinetics; Low energy electron diffraction (LEED); Nitrogen oxides; Oxidation; Oxygen; Palladium; Scanning 
tunneling microscopy; Thermal desorption spectroscopy 

1. Introduction and  the catalytic combust ion  of methane .  In cata-  
lytic converters,  the key reactions include the com- 
plete oxidation of any hydrocarbon in the exhaus t  
gas s t ream as well as the s imul taneous  oxidation 
of  CO and reduction of NO. Compared with the 
cur ren t  Pt/Rh catalyst ,  Pd  is more economical and 
can opera te  a t  higher temperatures, closer to the 
exhaust manifold [l] .  Pa l lad ium is also the most 

Pal lad ium has  been identified as a promising 
catalyst  for applications involving oxida t ion  reac- 
tions, including automotive catalytic converters 
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promising catalyst for the complete combustion of 
methane in advanced gas turbines where ultralow 
NO, emissions are desired [2-51. 

Unusual phenomena in Pd-catalyzed oxidation 
reactions, however, have created a number of chal- 
lenges that must be overcome before Pd-based 
catalysts can be implemented. These include oscilla- 
tions in the CO oxidation rate at high 0, to CO 
ratios. It is believed that changes in the nature of 
the oxygen species on the Pd surface cause the 
oscillations; however, the specific changes remain 
poorly understood. Early studies suggested that the 
oscillations were due to periodic filling and deple- 
tion of subsurface oxygen [6,7] but this idea was 
later challenged [8]. More recently, it was found 
that PdO could exist under conditions that lead to 
oscillations suggkting that the oscillations may be 
due to the formation and decomposition of PdO 
[9]. Oscillations have also been observed during 
Pd-catalyzed CH, oxidation when the O,/CH, ratio 
is near stoichiometric [2-4,10]. In addition, it is 
well documented that the activity of Pd catalysts 
for CH, combustion is extremely sensitive to the 
catalyst history [2-5,10,11]. This sensitivity is gen- 
erally ascribed to changes in the catalyst surface on 
oxidation and reduction; however, the nature of 
these changes and, how they influence the catalytic 
activity remains the subject of debate [2-5,10,1 I ] .  

The results outlined above indicate that the 
oxidation of Pd surfaces plays a key role in deter- 
mining the catalytic behavior of Pd. The inter- 
action of Pd with oxygen, however, remains poorly 
characterized. Previous studies have shown that 
initial exposure of Pd surfaces to O2 at or below 
room temperature leads to dissociation and the 
formation of a chemisorbed layer of oxygen. atoms. 
On Pd( 11  l ) ,  the adsorbed oxygen atoms form a 
( 2  x 2)  structure that saturates at a coverage of 
0.25 ML (ML =adsorbed atoms/surface metal 
atom) [ 12-15]. Higher oxygen coverages could be 
obtained at elevated temperatures and higher O2 
pressures [ 13,151, or by using stronger oxidants 
such as NO or NO2 [16-181. At these higher 
coverages, it has been suggested that oxygen can 
exist on and beneath the Pd surface in several 
different forms, depending on the oxidation condi- 
tions and the crystallographic orientation. These 
different forms include reports of subsurface 
oxygen on Pd( 110) [9,19], incorporation of oxygen 

into the Pd( I I I )  surface [ 141, a state intermediate 
between Pd and PdO on Pd(100) [20], PdO 
[9,13,17,20,21], and the formation of a very stable 
oxide [12,14]. The latter appears to be due to 
oxidation of trace amounts of Si segregating to 
the surface region from bulk Pd [20,21], while the 
other states remain poorly characterized. 

The catalytic activity of the different oxygen 
species on Pd surfaces is also unclear. For example, 
for CHI combustion the oxidation of Pd to form 
PdO results in changes in reactivity but dis- 
agreement remains as to whether Pd or PdO is 
more active [2-5,11,22-251. It has been suggested 
that the more labile oxygen in PdO makes it more 
active than Pd [ 111. Molecular beam studies, how- 
ever, indicate that CH, oxidation proceeds through 
dissociative adsorption of CH, followed by oxida- 
tion of the fragments, and that oxygen blocks sites 
for dissociative adsorption [23,24]. Quantum cal- 
culations also indicate that Pd is more active than 
the oxide for CH, dissociation [25]. Recent TEM 
studies have suggested that Pd and PdO coexist 
when the catalyst is most active [3]. 

Because of the uncertainties outlined above, we 
have begun to characterize the oxidation and 
reduction of Pd surfaces on the atomic scale using 
scanning tunneling microscopy (STM) along with 
temperature-programmed desorption (TPD) and 
low energy electron diffraction (LEED); in this 
paper the oxidation of Pd( 1 1  1) is described. It will 
be shown that Pd( 11 1) oxidation proceeds through 
three stages, involving four distinct oxygen states. 
These include an interesting mixed palladium- 
oxygen layer that is observed following saturation 
of the (2 x 2) chemisorbed oxygen layer, but prior 
to the formation of bulk PdO. As this mixed 
surface layer forms, the Pd density in the surface 
decreases, liberating Pd atoms. Along with oxygen, 
the liberated Pd nucleates and forms islands and 
peninsulas with a structure that is distinct from 
both the original terraces and PdO. The implica- 
tions of these results on Pd-catalyzed oxidation 
reactions are discussed. 

2. Experimental 

The experiments were performed using a UHV 
system equipped with a quadrupole mass spec- 
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trometer (UTI IOOC-12) for TPD, a double pass 
cylindrical mirror analyzer for Auger electron 
spectroscopy (AES), an ion gun for sputtering, 
LEED optics, and a high-speed variable-temper- 
ature STM. The pumping is provided by a 
300 1 s-' ion pump, resulting in a base pressure of 
less than 1 x IO-"Torr. A small turbo pump is 
employed to remove sputter gases and to evacuate 
a side chamber used for sample and tip introduc- 
tion. The side chamber can also be used to heat 
samples above 700 K at pressures above 10 Torr. 
The custom-designed microscope is capable of 
recording STM movies at speeds exceeding 1 image 
per second in the temperature range of 300-900 K 
[26], and allows two dosers to be aimed at the 
tunnel junction during scanning. 

The oxidants were led into the chamber through 
two variable leak valves, one for TPD and LEED 
experiments, and the other for in situ STM experi- 
ments. A stainless steel tube guided the gases from 
each leak valve to the sample. For TPD and LEED 
experiments, the sample was positioned within a 
few mm of the end of the tube, leading to effective 
pressures at the sample surface an estimated 45 
times the background pressure. This factor was 
obtained by comparing the time required to 
achieve a certain oxygen coverage, determined by 
the TPD peak integral, with the sample located in 
front of the tube, with the time required with the 
sample turned away from the tube. In the micro- 
scope, the sample was further from the doser, and 
the factor was estimated to be 5. For all the data 
presented in this paper, the gas exposures and the 
dosing pressures have taken these factors into 
account. 

The Pd( 11 1) sample was heated via conduction 
from resistively heated Ta wires spot-welded to a 
0.0127 mm thick Ta foil, which was in turn 
clamped to the back of the crystals by ceramic 
posts. The temperature was measured using a 
chromel-alumel thermocouple attached to the 
front of the crystal. The samples were subjected to 
repeated sputter-anneal cycles (sputtering with 
500 eV Ar' with the surface at 900 K and annea- 
ling at 1000 K )  until no impurities were detected 
by AES. Since the KLL signal of C overlaps the 
MNN signal of Pd, it is difficult to detect trace 
amounts of C by AES. Instead. oxygen titration 

was used to determine when the surface was free 
of C; a C-free surface exhibits no CO or CO, 
desorption when exposed to O2 near room ternper- 
ature [27]. During all TPD runs, CO and CO, 
were monitored in addition to 0,; if either CO or 
CO, desorption was observed, the data were 
discarded. 

3. Results 

3.1. TPD of 0, from Pd( I I I )  

Initial exposure of Pd(l1I) to 0, results in a 
single 0, TPD peak at 850 K. As shown in Fig. 1, 
the desorption peak temperature shifts from 850 K 
at low coverage to 800 K after exposure to 30 L; 
consistent with second-order desorption due to 
recombination of adsorbed oxygen atoms. The 
uptake curves in Fig. 2 show that at  room temper- 
ature the oxygen coverage saturates after exposure 

337.w L 

135000 L 

67.W I. 

l35OO L 

6500 L 

295 L 

M L  
20 L 
5 L  
I ,  
.I 

05L 
1 . 1 . 1 . 1 . 1 . 1 .  

500 600 700 800 900 1000 1100 

Temperature (K) 

Fig. I .  Series of TPD curves for 0, desorption from Pd( I I I )  
exposed to O1 at temperatures between 500 and 550K. The 
background pressure for each curve was essentially zero; the 
data have been offset so the traces for the different doses do 
not overlap. A heating rate of 5 K s - '  was used. . 
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Fig. 2. Comparison of oxygen uptake for exposure to NO, and 
0,. The data were obtained by integrating the oxygen TPD 
curves. The dashed line shows the maximum coverage obtained 
for O2 exposure at room temperature. 

to 30 L. Both LEED and STM results indicate 
that oxygen forms a ( 2  x 2) adsorbate structure 
under these conditions. This structure saturates at 
a coverage of 0.25 ML and so the TPD peak 
integral following saturation 0, doses at room 
temperature was used to calibrate the oxygen 
coverage for surface treatments that led to higher 
coverages. 

It was found that the oxygen coverage could be 
increased beyond 0.25 ML by exposing the surface 
to 0, at temperatures above 500 K. As shown in 
Fig. 1, a lower temperature shoulder began to 
appear at a dose of 6500 L. As the coverage was 
increased, a peak at - 725 K developed that grad- 
ually began to replace the 800 K peak. The highest 
exposures were obtained by dosing O2 at 
10-3Torr which resulted in oxygen coverages of 
0.37 ML. Although previous photoemission 
spectroscopy [ 141 and ellipsometry studies [ 151 
suggested that 0, could adsorb beyond saturation 

of the ( 2  x 2) layer, this is the first time on Pd( 1 1  1 )  
that an 0, thermal desorption signal other than 
that due to desorption of the (2 x 2) layer has been 
reported following 0, exposure. 

The oxygen coverage could not be significantly 
increased by raising the oxygen pressure above 
10 Torr while maintaining the crystal at 500 K. 
This difficulty may stem from the fact that high 
pressure 0, can stimulate the replacement reaction 
between 0, and the stainless steel walls of the 
UHV chamber to produce CO [28], which in turn 
can remove surface oxygen from Pd through CO, 
formation. As shown in Fig. 2, even at 500 K the 
0, sticking coefficient is very low above 30 L, and 
so trace amounts of CO can easily lead to CO, 
formation rates that equal the oxygen adsorption 
rate. To circumvent this problem, nitrogen dioxide, 
which is a much stronger oxidant than O,, was 
used to access higher oxygen coverages. On Pd 
surfaces, NO, dissociatively adsorbs below room 
temperature, yielding NO and 0 [17]. Above 
500 K, the NO desorbs leaving atomic 0 on the 
surface [18]. Fig. 3 shows the 0, TPD traces 
following NO, exposure at 500 K; the results are 
very similar to those of Banse et al. [17]. For 
reference, the bottom TPD curve was obtained 
following 30 L 0, exposure and corresponds to an 
oxygen coverage of 0.25 ML. Comparison of the 
curves for NO, and O2 exposure reveals that an 
oxygen coverage roughly an order of magnitude 
higher can be obtained with NO,. The data also 
reveal that the 725 K peak seen in Fig. 1 eventually 
completely replaces the 800 K peak and finally 
saturates at a dose of 30 L NO2. At higher NO, 
exposures, an additional desorption feature that 
started at around 590 K was observed. In a previ- 
ous study of the oxidation of Pd( 1 lo), a similar 
desorption peak appeared simultaneously with an 
XPS signature indicative of bulk PdO and thus 
the feature was associated with PdO decomposition 
[9]. Since the rate of PdO decomposition is 
expected to be independent of the orientation of 
the underlying Pd, the same assignment is sug- 
gested for Pd( 11 1). 

Comparison of the results to the simulated TPD 
curves for PdO decomposition shown in Fig. 4 are 
consistent with the assignment of the desorption 
feature starting at 590 K -to PdO decomposition. 
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Fig. 3. Series of TPD curves for O2 desorption from Pd( I I I )  
exposed to NO, at a temperature of 500 K. The bottom curve, 
denoted by the asterisk, was obtained following a 30 L 0, dose 
which corresponds to a coverage of 0.25 ML. The heating rate 
was 5 Ks-'. 

The simulated curves were obtained by calculating 
the rate of 0, desorption from the equilibrium 
dissociation pressure of PdO, assuming the oxide 
layer was uniformly dispersed across the surface, 
and that the background oxygen pressure was so 
low that the oxygen flux to the surface could be 
neglected. The dissociation pressure was estimated 
by extrapolating the data of Bayer et al. [29] to 
lower temperatures; Voogt et al. [ 151 have used a 
similar approach to estimate the stability of PdO 
at low pressure. Fig. 4 shows that O2 desorption 
due to PdO decomposition peaks at 600 K at 1 ML 
and shifts to higher temperature as the coverage 
increases. The predicted peak position occurs in 
the same range as that of the lowest temperature 
desorption peak seen in Fig. 3, again suggesting 
that the desorption feature is due to PdO 
decomposition. 

Fig. 2 provides a comparison between oxygen 

I I I I I I I I 
~~ ~ 

300 400 500 600 700 

Temperature (K) 

1. Simulated 0, TPD curves due to PdO decomposition 
for a heating rate of 5 K s-'. The curves correspond to initial 
PdO coverages of 0.5, I ,  2, and 3 ML respectively. 

uptake as a function of NO, and O2 exposure. 
The initial sticking coefficient for NO, dissociative 
adsorption is on the order of unity. In contrast, 
the initial sticking coefficient for 0, is over a factor 
of 20 lower and drops dramatically when the 
(2x2)  layer saturates, suggesting that the O2 
adsorption mechanism changes at 0.25 ML. The 
oxygen uptake due to NO2 exposure rolls off at 
much higher coverages; at about 2.0 ML as the 
725 K desorption peak approaches saturation. This 
roll-off is not due to slow decomposition of PdO 
at the 500 K adsorption temperature. At 500 K, 
the PdO dissociation pressure was estimated to be 
10-loTorr and so for I ML of PdO the oxygen 
coverage would drop by only 0.01 ML in 4 min, 
while the TPD curves were obtained seconds after 
the NO2 exposure was stopped. Thus the fall in 
the sticking coefficient when the coverage 
approaches 2.0 ML suggests a change in the ability 
of the surface to dissociate NO, as the 725 K peak 
saturates. In Section 3.3 it will be shown that this 
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change can be associated with a structural change 
in the surface. 

3.2. LEED resulls 

Exposure of Pd(ll1) to 0, at temperatures 
between 300 and 575 K resulted in (2 x 2) patterns 
as shown in Fig. 5. The (2 x 2) pattern was 
observed starting at a dose of 8 L corresponding 
to an oxygen coverage of 0.15 ML, and the pat- 
terns became more intense and sharper as the 
exposure was increased to 30 L. Increasing the 
0, exposure beyond 30 L produced no new LEED 
patterns. 

Initial exposure to NOz at 500-575 K also 
resulted in a (2 x 2) LEED pattern as shown in 
Fig. 6a. Increasing the NO, exposure slightly pro- 
duced new diffraction spots in addition to the 
spots associated with the (2 x 2) pattern. As the 
NO, exposure was increased, the intensity of these 
new spots became stronger, while the (2 x 2) spots 
faded, as shown in Fig. 6b-d. The oxygen coverage 
associated with these changes was 0.25-2.2 ML, 
the coverage regime where the 725 K TPD peak 
replaces the 800 K desorption peak. Increasing the 
NO, exposure into the regime where the thermal 
desorption feature associated with bulk PdO 
decomposition was observed caused the LEED 
pattern to fade and the diffuse background to 
increase. 

The LEED patterns in Fig. 6b-d were all 
obtained at 62 or 63eV. The spot intensities of 
these complicated LEED patterns were strongly 
dependent on energy, and additional spots became 

visible when the energy was changed. This is 
illustrated in Fig. 6e, which shows the LEED 
pattern obtained at 89eV after an NO, dose of 
8.1 L, the same exposure as in Fig. 6d. The sche- 
matic diagram in Fig. 6f shows the positions of all 
the observed spots. While the pattern is rather 
complicated, there are several distinctive features: 
an inner ring of 18 spots, a second ring of 12 
spots, and then groups of three spots. In the 
following section, it will be shown with the aid of 
STM that this pattern is due to three equivalent 
domains of two different structures. 

3.3. STM study of Pd( 111) oxidation 

Scanning tunneling microscopy images obtained 
after 0, exposure at room temperature were con- 
sistent with, LEED observations. The images in 
Fig. 7 reveal hexagonal patterns of bright protru- 
sions; i t  is unclear whether the bright features are 
due to the adsorbed 0 atoms or the exposed Pd 
atoms in the ordered adlayer. The nearest neighbor 
spacing between the protrusions is 0.549 f 
0.005nm, or within experimental error of twice 
the measured 0.277+_0.004 nm spacing of the Pd 
atoms on the ( 11 1 )  surface; the actual spacing of 
the Pd atoms on the (1 11) surface is 0.275 nm. 
Further, atomic resolution images of the Pd sub- 
strate indicate that the close-packed directions of 
the adlayer run parallel to Pd( 110) directions. 
Thus the images indicate that the adsorbed oxygen 
atoms form a (2 x 2) structure. Also, note that the 
images in Fig. 7 were obtained at subsaturation 
coverage, consistent with LEED observations of a 

Fig. 5. LEED patterns for (a) clean Pd( I 1  I) surface and (b) Pd( I 1 1 )  exposed to 30 L Oz at 300 K. 
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Fig. 6 LEED patterns illustrating structural changes corresponding to the following doses and exposure temperatures. (a) 0 68 L at 
500 K, (b) 0 79 L at 575 K, (c) 1.35 L at 575 K, (d) and (e) 8.1 L at 575 K. The sample was rotated between experiments accounting 
for the different orientations in (a) and (e) compared with (b)-(d). The diffraction spots are shown schematically in ( f ) ,  where the 
black solid sp06 illustrate those due to the Pd( I I I )  substrate. 

(2 x 2) pattern at low coverage. The adsorbate Increasing the oxygen coverage beyond 0.25 ML 
islanding also suggests sufficient mobility' -of caused dramatic changes in the surface. As shown 
adsorbed oxygen atoms at room temperature to in Fig. 8, STM images obtained after exposure of 
form ordered islands, and through surface attrac- Pd( 11 1) to 8.1 L NO2 at 575 K, a dose that results 
tive interactions between adsorbed oxygen atoms in the LEED pattern shown in Fig. 6f and an 
that are strong enough to stabilize the islands so intense 725 K desorption peak, reveal the growth 
that they can be imaged with STM. of islands and peninsulas on the surface. Close 
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Fig. 7. STM images of Pd( I 1  I )  exposed to O1 at 300 K, illustrating the expected periodicity and orientation for a (2 x 2) adsorbed 
oxygen layer. Image (a) was obtained at an essentially bare area and the periodicity corresponds to that of Pd( 11 1); the dark areas 
are attributed to 0. The image was obtained at a sample bias of 0.25 V and a tunnel current of 0.18 nA. Images (b) and (c) were 
obtained at a sample bias of 0.1 V and a tunnel current of 0.22 nA; under lhese conditions the (2  x 2) patches appear raised above 
the bare terraces. 

Fig. 8. Room temperature STM images of Pd( 11 1) exposed to 8. I L NO1 at a temperature of 575 K. The images were obtained at 
the following sample biases and tunnel currents: (a) - I  V and 0.55 nA, (b) - 1 V and 0.55 nA, (e) - I  V and 0.75 nA, (d) -0.75 V 
and 0.70 nA, (e) -0.5 V and 0.70 nA. The boxes in (b) highlight the areas where the images in (c), (d), and (e) were obtained. 

inspection of the terraces in Fig. 8c reveals stripes 
rotated 0, 120, and 240" with respect to Pd [ 1101. 
As shown in Fig. 8d, higher resolution images of 
the terraces showed that the stripes are due to a 

rectangular structure with lattice constants equal 
to 0.394+0.008 and 0.638k0.022 nm; the short 
sides of the rectangles run parallel to a Pd( 1 IO) 
direction. In contrast, the islands and peninsulas 
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display a distinctly different structure. As shown 
in Fig. 8e, high-resolution STM images of the 
islands and peninsulas revealed a square structure 
with a lattice constant of 0.679k0.012 nm; the 
squares are rotated 15" from a Pd( 110) direction. 

The STM images in Fig. 8 can explain the 
LEED patterns in Fig. 6d-f. Three equivalent 
domains of the rectangular structure with lattice 
constants a=0.39 nm and b=0.64 nm and 5 paral- 
lel to Pd( 110) directions produces the LEED 
pattern in Fig. 9a. Fig. 9b shows the LEED pattern 
due to three equivalent domains of the square 
structure with lattice constant 0.68 nm and each 
domain rotated 15" with respect to a Pd(ll0) 
direction in real space. Note that the (2,2) diffrac- 
tion spots due to the squares overlap the first- 
order spots due to the Pd( 11 1) substrate. Such a 
pattern has been reported previously and it was 
suggested that it was due to three equivalent 
domains of a square structure with a lattice con- 
stant of 0.75k0.05 nm [15]. This discrepancy in 
the lattice constant is due to the failure in the 
earlier work to account for the non-orthogonality 
of the lattice vectors of the hexagonal surface unit 
cell which leads to a factor of 2 l6 /3  that must be 
considered when the reciprocal lattice is inverted. 
It should also be noted that if the (2,2) spots due 
to the squares perfectly coincide with the Pd( 11  1 )  
(1,O) spots, then the lattice constant of the square 
structure would be 0.674 nm, which is within the 
experimental uncertainty of the STM measure- 
ments. Superimposing the patterns in Fig. 9a and 
b results in the pattern in Fig. 9c, which still does 
not completely reproduce the observed LEED 
pattern. First-order multiple scattering between 
the Pd( 11 1) substrate and the square structure, 
however, leads to the additional spots highlighted 
in Fig. 9d, and now the LEED pattern derived 
from the STM images (Fig. 9d) matches the 
observed pattern (Fig. 6f). Therefore, both STM 
and LEED indicate that replacement of the desorp- 
tion peak associated with desorption of oxygen 
chemisorbed in a ( 2  x 2) layer by a lower temper- 
ature peak is due to replacement of the (2 x 2 )  
structure by two distinct structures: (1) a rectangu- 
lar structure on the original terraces; and ( 2 )  a 
square structure that grows on top of the origi- 
nal surface. 

Closer inspection of the STM images in Fig. 8 
provides further insight into how oxidation 
changes the Pd surface. First, the islands and 
peninsulas are the same height, 0.2250.01 nm, as 
a step on the Pd( 1 11) surface, independent of the 
imaging bias. This indicates that the islands are 
Pd and that the square structure is due to an 
oxygen-induced reconstruction of a Pd( 11 1 ) sur- 
face. Further, since the measured island height is 
independent of tip bias, the square structure must 
be electronically similar to the rectangular struc- 
ture observed on the original terraces. Also, the 
islands are only seen on relatively wide terraces 
while the peninsulas are observed on narrower 
terraces. These observations are consistent with a 
nucleation and growth mechanism in which Pd 
atoms are liberated on the terraces and then diffuse 
across the surface. When the terraces are narrow, 
the diffusing atoms attach to pre-existing steps 
and, together with oxygen, form reconstructed 
peninsulas, while on wider terraces the diffusing 
Pd atoms collide with one another, nucleating 
islands. The Pd atoms are liberated from the 
original surface indicating that the rectangular 
structure is due to oxygen penetration into the 
surface, creating a rectangular structure with a 
lower Pd atom density. This mechanism is consis- 
tent with the sequence of LEED patterns observed 
as the 0 coverage was increased. As shown in 
Fig. 6, the intensity of the spots due to both the 
square and rectangular structures increase simulro- 
neoudy as the (2 x 2 )  spots fade. 

Oxygen penetration into the surface layer has 
been reported for other metals, and it has been 
suggested that a nearly coplanar metal-oxygen 
layer can be formed on AI( 100) [30,31]. A similar 
mechanism has also been observed for S on 
Ni(ll1) [32]. In this case, S atoms displace Ni 
atoms from the surface leading to a missing row 
reconstruction on the original terraces and Ni 
islands created from the ejected Ni atoms.While 
the observed rectangular unit cell is also suggestive 
of a missing row structure for 0 on Pd( 11 1 ), the 
lattice constants do not match any simple multiple 
of the Pd( 11 1) surface lattice constant and so it is 
difficult to assign the structure to a surface with 
periodic missing rows. 

To learn more about island nucleation and 
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Fig. 9. LEED schematics for: (a) three equivalent domains of the square structure (light grey circles) with a lattice constani of 
0.68 nm; (b) three equivalent domains of the rectangular structure (dark grey circles) with lattice constant 0.39 and 0.64 nm, respec- 
tively; (c) the superposition of (a) and (b); and (d) the superposition of (a) and (b) plus spots due to first order multiple scattering 
(open circles) between the square structure and the substrate. In (a) and (b), the squares and rectangles highlight the unit cells of 
the three equivalent domains. The black solid spots represent spots due to the Pd( I I I )  substrate. 

growth, STM movies were recorded while the 
sample was exposed to NO2 at elevated temper- 
atures. The images in Fig. 10 were taken from a 

, movie recorded while the surface was exposed to 
2.5 x lo-* Torr NO2 at 575 K. As shown in 
Fig. loa, small islands begin to appear in the 

middle of the large terrace only 17 s after the leak 
valve was opened, before any peninsulas are 
observed. The islands appear without any notice- 
able change in the step position, and through the 
entire sequence of images there is no apparent 
retreat of the step edge, indicating that the steps 
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Fig. 10. Frames taken from an STM movie recorded during in situ exDosure to 2.5 x 10-8Torr NO, at a temperature of 575 K. f ie  
sample was biased at -0.15V and the tunnel current waskOnA.  &e box in (i) highlights the area shownin Fig. 13. 

are not the source of Pd atoms for the islands. 
Further, there is no evidence of a higher island 

density near the step.edges suggesting that the 
steps are not significantly more reactive than the 
terraces for oxygen incorporation. The sequence 
of images also show that the islands and peninsulas 
exhibit preferred growth directions; in particular, 
the two peninsulas at the upper part of the center 

of the images grow much more rapidly perpendicu- 
lar to the step than parallel to the step. Also notice 
that the island at the bottom left of the image 
grows towards the step until it gets very close to 
it, at' which point growth in that direction stops. 
During the movie, several islands were observed 
to coalesce with no obvious slowdown in growth 
prior to coalescence, while others avoided one 
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Fig. I I .  Plot of the percentage of the surface covered by the 
islands and peninsulas versus time for the movie shown in 
Fig. 10. 

another in a manner similar to the island and the 
step. This variation can be understood in terms of 
domain boundary formation. When the islands are 
misaligned so that coalescence creates a domain 
boundary, the islands avoid one another, while if 
the islands are in the same registry with the sub- 
strate they easily coalesce. The minimum gap 
widths are consistent with this explanation. The 
domain boundary width must be greater than the 
0.68 nm lattice constant of the square structure by 
at least the spacing of the Pd atoms on the (1 11) 

surface, 0.275 nm. While the edge positions vary 
with time, the minimum observed gap between 
clusters that do not coalesce is 1.1 k 0. I6 nm. Since 
the islands have a different structure than the 
original terraces, the islands always avoid pre- 
existing steps. The observation of islands before 
peninsulas and the faster growth of the peninsulas 
away from rather than parallel to the step edges 
also suggest a barrier for adatoms to attach to 
pre-existing steps. This is not unexpected since 
attachment to pre-existing steps again creates 
domain boundaries. A result of the barrier is the 
development of series of voids at the step edges, 
as can be seen in Figs. 8a and 1Oi. The movie also 
shows that the island and peninsula growth rate 
remains relatively constant then slows after -300 s 
and completely stops after about 400s with 
roughly 32% of the surface covered by islands and 
peninsulas, as illustrated in Fig. I 1. These observa- 
tions are consistent with Fig. 2, and suggest that 
NO, dissociation proceeds through a precursor 
mechanism with the (2 x 2) structure containing 
the more reactive dissociation sites. This would 
lead to a constant growth rate until the (2  x 2) 
structure is nearly completely removed from the 
surface. 

The movie frames highlighted in Fig. 12 directly 
show the correlation between the structural change 
in the original terraces and island and peninsula 
growth. In Fig. 12a, irregular sections of the origi- 
nal terraces are raised 0.06 nm above the remainder 
of the terraces. As the NO, exposure increases, 
these areas decrease in size while the islands and 
peninsulas grow as shown in Fig. 12b and c. Thus, 

Fig. 12. Additional frames taken from'the same movie shown in Fig. 10. The frames highlight an intermediate height area of the 
original terraces attributed to the (2 x 2) structure that shrinks in size as the islands and peninsulas grow. 
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Fig. 13. Higher resolution images of the area highlighted in Fig. IOi after growth of the islands and peninsulas stopped. The sample 
was biased at (a) -0.50 V and (b) -0.25 V, respectively, with a tunnel current of 0.60 nA. A model is shown in (c) that explains 
the observed moirC patterns. In the model, the solid circles represent substrate Pd atoms and the partially transparent circles the 
position of the maxima in STM images due to the square structure. The solid lines highlight the positions where the maxima of the 
two lattices coincide, while the dashed lines highlight rows of maxima that are nearly coincident. 

the images show that increasing oxygen coverage 
simultaneously leads to a transformation in the 
terraces and growth of islands and peninsulas with 
a different structure. While it was not possible to 
image the raised areas with atomic resolution, 
since they disappear with increasing exposure and 
because the terraces are ultimately completely cov- 
ered by the rectangular structure, they are attrib- 
uted to Pd(l l1)  covered by a (2 x 2 )  layer of 
oxygen, 

After growth stopped, higher resolution images 
of the area highlighted in Fig. 1Oi were obtained. 
As shown in Fig. 13a, images of the peninsulas 
revealed a new striped pattern. The stripes appear 
as pairs with the distances between the pairs 
alternating between 1.4 and 1.9 nm. The stripe 
corrugation is 6.0 2 0.3 pm. After a tip-change was 
experienced, the square structure was observed in 
addition to the stripes as shown in Fig. 13b. In 
this image, the corrugation of the stripes is again 
6.0 k 0.3 pm while the corrugation of the squares 
is 15.1 kO.3 pm; the lattice constant of the square 
structure is the same as observed in Fig. 8. These 
observations indicate that the square structure is 
superimposed on a 1onger:range periodicity due to 
the lattice mismatch with the underlying layers. 
Fig. 13c illustrates what happens if we place the 
square structure on top of an unreconstructed 
Pd( 11 1) surface. Starting wi{h the row of maxima 
due to the square structure laying directly on top 
of the Pd atoms, we see that the next row of 

maxima along Pd[ I101 lie nearly on top of the Pd 
atoms. This would lead to a pair of raised stripes 
in STM images. If we move two more rows of 
maxima along Pd[ 1 IO], for a total of 1.44 nm, the 
maxima are again nearly on top of the Pd atoms, 
which would also lead to a stripe. The next row 
of maxima, 1.92 nm from where we started, lie 
almost directly on top Pd atoms creating another 
stripe. Comparing Fig. 13a and c shows that this 
model reproduces the experimentally observed 
periodicities. Thus the results indicate that the 
square structure grows on top of an unre- 
constructed Pd surface, consistent with the 
multiple scattering observed between the Pd( 1 I I ) 
substrate and the square structure with LEED. It 
should be mentioned that the reason the moire 
pattern was not observed in Fig. 8e is due to the 
quality of the image; when 6.0 pm high stripes 
were added to the image in Fig. 8e, the stripes d i d  
not rise above the noise level in the image. 

The results described above indicate that at 
575 K and an NO2 pressure in the Torr range, 
the oxidation of the Pd surface stops when the 
rectangular and square structures completely cover 
the surface. This is not surprising since Fig.4 
indicates that PdO decomposes at 575 K. 
Therefore, PdO formation was studied by dropping 
the temperature to 500 K while recording STM 
movies during NO, exposure. As shown in 
Fig. 14b, after exposure to 61 L NO2 (32.5 min at 
3.5 x Torr), clusters were observed on the 
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Fig. 14. STM images recorded in the bulk oxide formation regime. Images (a) and (b) show the same area of the surface (a) before 
and (b) after in situ exposure to 61 L NO, at a temperature of 500 K. Image (c) was obtained after Pd( I I I )  was dosed with 68 L 
NO, at 575 K,  followed by same amount of NO2 at 500 K.  The sample bias and the tunnel currents for these images are as follows: 
(a) -0.1 V and 0.55 nA, (b) -0.1 V and 0.70 nA. (c) -0.3 V and 0.55 nA. 

surface. As expected for a nucleation and growth 
process, there is a higher density of smaller clusters 
on the surface at the lower temperature. The total 
coverage of the clusters was also higher than that 
of the islands and peninsulas observed at 575 K. 
Zooming in on the individual clusters revealed no 
evidence of atomic scale features. After the STM 
images were recorded, LEED showed only a (1  x 1 ) 
pattern and some faint spots. TPD from this 
surface revealed the low temperature desorption 
feature associated with PdO. 

The failure to observe either an ordered LEED 
pattern or atomic-scale features in STM images 
once the oxide forms could be due to the small 
size of the clusters in Fig. 14b which would severely 
limit the size of the domains on the original 
terraces and the clusters. To investigate this possi- 
bility, a surface with large islands and peninsulas 
was prepared by NO, exposure at 575 K, and then 
further oxidized at 500 K. Oxidation of this surface 
caused the sharp LEED pattern due to the square 
and rectangular structures to fade. An STM image 
of a surface prepared in this manner is shown in 
Fig 14c. As expected, the island and peninsula 
sizes are now characteristic of initial oxidation at 
575 K. Zooming in on these larger islands, how- 
ever, again failed to reveal atomic-scale features, 
thus eliminating the possibility that the small 
domain size precluded the observation of atomic- ' 

scale periodicities following bulk oxidation at 
500 K. Thus, both STM and LEED indicate that 
as bulk PdO forms, the square and rectangular 

structures give way to a surface with no discernible 
crystalline order. 

4. Discussion 

The STM, LEED, and TPD results indicate 
that Pd( I 1  I )  oxidation proceeds through a three- 
step mechanism: (1 )  rapid adsorption that stops 
at 0.25 ML of atomic oxygen; (2) oxygen penetra- 
tion into the surface accompanied by island growth 
leading to the formation of two phases that are 
intermediate between Pd and PdO; (3)  formation 
of bulk PdO. The driving forces for this mechanism 
can be understood as follows. Assuming second- 
order desorption and a typical pre-exponential of 
the order s-l, the O2 desorption peak temper- 
ature at coverages less than 0.25 ML suggests a 
heat of adsorption of roughly - 50.2 kcal mol - - I  

[33], which is significantly higher than the 
-25.65 kcal mol-' (at 1050 K )  heat of formation 
of PdO [29]. Thus, as expected, initial exposure of 
either NO2 or 0, to Pd( 11 I )  results in oxygen 
adsorption. Increasing the coverage of the 
adsorbed layer beyond 0.25 ML requires compres- 
sion of the (2 x2)  layer that results in repulsive 
adsorbate-adsorbate interactions that reduce the 
heat of adsorption below the heat of formation of 
the oxide. Therefore, at higher coverages, oxide 
formation is favored. The Pd-Pd nearest neighbor 
distance in PdO is 0.305 nm versus 0.275 nm in 
Pd, so oxidation requires expansion of the Pd 
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surface; the resulting compression is relieved by 
ejecting Pd atoms from the terraces. At this stage, 
the moire pattern seen in the STM images, and 
the multiple scattering seen in the LEED patterns, 
indicate that single oxidic, or alternatively recon- 
structed, layers form on top of an unreconstructed 
Pd( 11 1) surface. As a result, the oxygen atoms 
and the Pd atoms in these layers interact with 
underlying Pd atoms that are bound to no other 
oxygen atoms. Therefore, it is not surprising that 
the oxygen atoms are more strongly bound in 
these layers than in the bulk oxide. Further, since 
the oxidic layers are so thin, interactions with the 
substrate and surface effects determine the struc- 
ture, and so the layers exhibit structures that are 
distinct from either Pd or PdO. As the oxygen 
coverage increases, bulk effects become important 
and the 0 - Pd bond strength becomes characteris- 
tic of the bulk oxide. It should be noted that these 
arguments assume that the shifts in the desorption 
peak temperatures are dominated by changes in 
the desorption activation energy and not the pre- 
exponential. 

While the general oxidation mechanism can be 
readily understood, a number of interesting ques- 
tions regarding Pd( 1 1 I )  oxidation remain. The 
first centers on why the islands and peninsulas 
exhibit different structures than the original ter- 
races. Since the structures are different, at least 
one of the structures must be due to a metastable 
phase, and kinetic limitations must play a role in 
determining the structure. It can be argued that 
the islands encounter little or no barrier to expan- 
sion because they have unbounded edges, while, 
in contrast, expansion within the terraces requires 
compressing the surface and ultimately ejecting Pd 
atoms. Along the same lines, a lower barrier is 
expected for restructuring a small cluster into a 
lower energy configuration than a terrace tens 
ofnm wide. Both arguments suggest that the 
square structure observed on the islands is the 
lower energy structure. In prior work on S on 
Ni( 1 I l ) ,  which exhibits a similar oxidation mecha- 
nism, it was found, however, that the islands and 
terraces displayed different structures at room tem- 
perature, and that annealing caused the islands to 
restructure into the same structure seen on the 
terraces [32,34]. It was therefore concluded that 

diffusional limitations prevented the islands from 
adopting the lower energy structure. Similar annea- 
ling experiments could not be performed for 0 on 
Pd ( 1 1 1 ) because 0 begins to desorb from Pd ( 1 1 1 ) 
only - 50 K above the 575 K reaction temperature 
required to form domains large enough to be 
imaged reliably with STM. 

The second question regards the specific atomic 
arrangements associated with each observed phase. 
Previous studies of chalcogen adsorption on Ni 
[32,34-371 and Pt( I 1  1) [38-401 at room temper- 
ature and below have also revealed ( 2  x 2)  struc- 
tures. A variety of techniques including surface 
extended X-ray absorption fine structure [35,36], 
photoelectron diffraction [41], LEED spot inten- 
sity analysis [36,39], and low temperature STM 
[40], all indicate that the chalcogen atoms sit 
above the fcc-type threefold hollows on the surface. 
Therefore, the (2  x 2) -0  structure on Pd( 1 1 1 ) is 
attributed to a simple chemisorbed layer in which 
the 0 atoms sit atop on an essentially unre- 
constructed surface. In prior work on the oxidation 
of supported Pd catalysts, it was suggested that 
initial oxidation created amorphous PdO [42]. The 
fading of the LEED pattern and the lack of any 
discernible order in STM images when evidence of 
bulk PdO was observed with TPD are consistent 
with the formation of an amorphous oxide. 

Determining the atomic positions of the inter- 
mediate states from the STM and LEED data 
remains a challenge. It is clear that the square and 
rectangular structures do not correspond to simple 
adsorbed layers in primitive structures. If this were 
the case, the lattice constants of the rectangular 
and square structures would suggest coverages of 
only 0.26 and 0.14 ML respectively, well below the 
measured coverage of 2.2 ML. It is also clear that 
the observed periodicities cannot be obtained by 
simple manipulation of either a Pd or PdO lattice. 
Palladium oxide crystallizes in a tetragonal struc- 
ture with lattice constants a = b = 0.305 nm and c = 
0.534 nm at room temperature; Pd atoms are 
located at (O,O, 0) and (0.5,0.5, O S ) ,  and oxygen 
atoms at 0 at (0.5,0,0.25) and (0.5,0,0.75). 
Palladium is an fcc metal with a lattice constant 
of 0.389 nm. Although the lattice constant of the 
square structure is roughly fi times the nearest 
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Fig. 15. Schematic diagram of the oxygen-terminated PdO(OO1) 
surface with 20% oxygen atoms on the top layer removed. This 
produces a (fi x VS)R26.6" structure with a lattice constant 
of 0.682 nm. 

neighbor spacing in Pd ( 1 1 1 ), as shown in Fig. 13c, 
the different symmetries of the surface and the 
underlying substrate dictate that few of the atoms 
in the square structure lie in the same registry with 
the substrate. Along similar lines, the 
(fi x fi)R26.6' ordered vacancy structure on 
PdO(001) shown in Fig. 15 yields a square surface 
with a lattice constant of 0.682 nm, within experi- 
mental error of the measured 0.679 nm lattice 
constant of the square structure. There are, how- 
ever, difficulties with this model. If the layer were 
essentially PdO. a step height closer to the 
0.267 nm PdO(001) step height rather than the 
0.226 nm Pd step height would be expected. Also, 
PdO(001) is a polar surface and so an ordered 
vacancy structure is not unexpected; however, the 
(t/s x fi)R26.6' structure corresponds to remov- 
ing 20% of the oxygen atoms, while neutrality 
would dictate that 50% of the oxygen atoms be 
removed. Finally, STM and LEED indicate that 

the square structure is rotated 15" with respect to 
the substrate, and so this model suggests an 11.6" 
rotation between PdO[ 1001 and Pd[ I IO], which 
yields no obvious epitaxial relationship between 
the oxide and the metal. Thus the results suggest 
that the intermediate states form structures that 
are distinct from both the metal and the bulk oxide. 

Regardless of the details of the structure of the 
intermediate phases, the results have important 
implications for Pd-catalyzed oxidation reactions. 
In the catalysis literature, variations in the catalytic 
activity of Pd oxidation catalysts are generally 
attributed to differences in activity between PdO 
and Pd [2-5,421. Since the intermediate states 
exhibit distinct structures and distinct Pd-0 bond 
strengths, these phases should also exhibit distinct 
catalytic behavior and therefore must be consid- 
ered in modeling Pd-catalyzed oxidation reactions. 
The adsorption and oxidation mechanism can also 
impact catalysis. The displacement of the Pd atoms 
from the ( 11 1 ) terraces prior to bulk oxidation 
results in massive restructuring of the surface at 
very modest temperatures (500 K).  For sustained 
catalytic reactions, the oxidation-reduction cycle 
will lead to catalyst restructuring and sintering at 
temperatures far lower than those normally associ- 
ated with these phenomena. This facile restructur- 
ing mechanism may play a key role in the observed 
sensitivity of Pd oxidation catalysts to catalyst 
history and preparation conditions. 

5. Summary 

The oxidation of Pd( 1 1  I )  proceeds through 
three. stages involving four distinct surface states. 
The first stage is chemisorption of atomic oxygen 
in a simple (2 x 2) overlayer. Desorption of the 
chemisorbed layer is a second-order process with 
a desorption peak temperature of 800 K at satura- 
tion. When Pd(ll1) is exposed to O2 at 300K, 
oxygen uptake does not proceed beyond this point. 
Increasing the exposure temperature to 500 K and 
using stronger oxidants allows the second and 
third stages to be accessed. In the second stage, 
'oxygen penetrates the surface creating a rectangu- 
lar structure with lattice constants equal to 
0.394+0.008 and 0.638 k0.022 nm; the short sides 
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of the rectangles run parallel to Pd( 1 I O )  direc- 
tions. Formation of the rectangular structure 
results in a decrease in the Pd atom density in the 
surface. The excess Pd atoms are ejected onto the 
terraces where they diffuse, collide, and ultimately 
nucleate and grow islands and peninsulas. The 
islands and peninsulas exhibit a square structure 
with a lattice constant of 0.679 k0.012 nm; the 
(10) directions of the squares are rotated IS" with 
respect to Pd( 1 I O )  directions. Neither the square 
nor rectangular structures could be referenced to 
any orientation of either Pd or PdO. At the end 
of this stage, oxygen desorbs in a single peak at 
725 K; lower than the 800 K peak temperature 
observed for chemisorption but higher than the 
peak temperature expected for bulk PdO dissoci- 
ation, indicating a Pd-0 bond strength intermedi- 
ate between chemisorbed oxygen and bulk PdO. 
Thus the second stage involves the formation of 
two intermediate phases that are distinctly different 
from both the simple chemisorbed oxygen layer 
and the bulk oxide. The second stage stops at 
2.2 ML, increasing the oxygen coverage further 
leads to the third stage: bulk PdO formation. 
Oxidation at 500 K produces an oxide that displays 
no evidence of crystalline order in either LEED or 
STM measurements. Both the formation of four 
distinct states and the surface restructuring that 
occurs during oxidation are expected to play key 
roles in Pd-catalyzed oxidation reactions. 
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