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Abstract 

The kinetics of the catalytic combustion of methane by supported palladium oxide catalysts (2 wt.-% Pd/La203" 11A1203 and 
5 wt.-% Pd/~/-A1203) were examined for several oxygen partial pressure levels over the temperature range from 40-900°C using 
temperature-programmed reaction and slow ramp and hold temperature-time transient techniques. Combustion rates were 
measured by differential reaction in a fixed bed of powdered catalyst at lower temperatures (200-500°C). Also, by preparing 
the catalysts as thin (ca. 10/xm) coatings on an alumina tube and conducting the experiments with very high flows of dilute 
methane and oxygen in helium, the rate measurements were extended up to 900°C without significant contribution from gas 
phase reactions. The specific combustion activity of supported PdO shows a persistent hysteresis between 450 and 750°C, i.e., 
the rate of combustion between these temperature limits depends strongly on whether the catalyst is cooling from above 750°C 
or heating from below 450°C. This region is also notable for negative apparent activation energy in the rate of methane oxidation, 
i.e., the rate increases with decreasing temperature during reoxidation of the Pd metal and decreases with increasing temperature 
(especially with low oxygen partial pressure) prior to decomposition of the bulk oxide. Detailed time-temperature transient 
kinetic analyses were performed for supported PdO catalysts within the 450-750°C temperature range. The hysteresis in methane 
combustion rate is caused by a higher activation energy for reduction of oxygen chemisorbed on metallic Pd and by suppressed 
reoxidation of Pd metal relative to PdO decomposition. 
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1. Introduction 

Catalytic burners for gas turbine power gener- 
ation are nearing commercialization [1] in 
engines with moderate turbine expander inlet tem- 
peratures ( < 1250°C). The key to this technology 
is a catalyst that provides high steady combustion 
activity over the temperature range (500-900°C) 
without causing temperatures to exceed 1000°C 
[ 1 ]. Inlet stage catalysts under development for 
turbine combustors typically contain palladium 
oxide (PdO) dispersed over the surfaces of sta- 
bilized alumina supports [ 2,3 ]. The catalyst often 
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operates at temperatures near the decomposition 
point of PdO, where the rate of combustion 
becomes nearly independent of temperature. 

Supported palladium catalysts show complex 
behaviors for the combustion of methane over this 
temperature range because of the formation and 
decomposition of palladium oxide [3-5]. Far- 
rauto et al. [4], examined the combustion of meth- 
ane by ~/-AI203 supported PdO over a temperature 
range spanning both the decomposition of PdO 
and the reoxidation of Pd using thermogravimetric 
techniques. Farrauto et al. first reported the large 
hysteresis in rates of methane combustion over a 
heating and cooling cycle and confirmed the lower 
rate of combustion by the metallic Pd vs. the oxide, 
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PdO. Sekisawa et al. [ 5 ], reported a more exten- 
sion examination of supported PdO using temper- 
ature programming methods similar to the current 
work. This authors confirmed the lower activity 
of metallic Pd using high temperature X-ray dif- 
fraction measurements. Although Sekisawa et al., 
reported that the transition to the metallic phase 
created a decline in activity, they did not examine 
the more dramatic transitions in the combustion 
kinetics under cooling conditions. Their results 
clearly show that catalytic activity for methane 
combustion slows or declines as the transition 
from PdO to the metallic phase is completed. It 
was not clear that the decline in catalyst activity 
preceded the actual decomposition of PdO as 
observed by Sekisawa et al., in parallel tempera- 
ture programming desorption experiments. 

In the present investigation, reproducible tem- 
perature and time transient kinetics of methane 
oxidation by PdO supported on sintered lantha- 
num hexa-aluminate (La203" 11A1203) and on 7" 
alumina were used to examine the phases [6] and 
the combustion kinetics of palladium oxides in the 
complex PdO/Pd/aluminate catalyst system. In 
particular, the time dependence of the recovery of 
activity in the hysteresis zone was explored to 
determine if the combustion activity reaches the 
same level if given sufficient time for transitions 
to occur. Experiments involving temperature-pro- 
grammed reaction of methane with oxygen chem- 
isorbed on reduced Pd and with partially 
decomposed PdO were performed to clearly dis- 
tinguish the reactivity of different forms of oxy- 
gen. 

2. Experimental details 

2.1. Catalyst preparation 

1250°C for 72 h ensured that its surface area 
remained relatively unchanged during the course 
of methane combustion because the highest tem- 
perature that the catalyst reached during reaction 
was only 900°C. The PdO/y-AI203 catalyst was 
only examined as a powdered bed and probed by 
thermal transients because it was unstable in the 
combustion environment at temperatures above 
600°C and not suitable for repeated cycles about 
that temperature or for repeated cycles through the 
PdO/Pd transition temperature. The PdO/ 
La203" 11A1203 catalyst was used in both fixed 
bed and wash coated annular flow reactors and 
examined with both time and thermal transient 
techniques. 

For the wash coated tubular configuration, the 
catalyst consisted of a thin sintered layer of lan- 
thanum hexa-aluminate (La203" 11A1203) oxide 
that was impregnated with Pd salt and dried. The 
first 20-25 mm of the sealed end of the 3 mm 
diameter alumina tube was wash coated with a 
finely dispersed suspension containing lanthanum 
hexa-aluminate. The suspension was obtained by 
ballmilling a mixture containing the calcined 
La203" 11A1203 powder and methyl cellulose 
(used as a binder) in a dilute nitric acid solution. 
The alumina tube was coated twice by dipping 
and drying then fired at 1000°C for 12 hours. The 
amount ofLa203 • 11A1203 coated on the tube was 
11.1 mg. It was then dipped into an aqueous solu- 
tion of palladium (II) nitrate hydrate (Aldrich, AR 
grade) with required concentration (3.4 × 10- 3 
M) to give a nominal palladium loading of 2 wt.- 
% Pd with respect to the amount of lanthanum 
hexa-aluminate coating. The length of the coated 
section of the tube was 20 mm after removing the 
coatings on the tip. The catalyst was activated by 
heating in oxygen to 950°C before its use in meas- 
urements of the methane combustion rate. 

Commercial PdO/T-A1203 (Johnson Matthey, 
5 wt.-% Pd) powder and powdered and wash 
coated PdO catalysts (2 wt.-% Pd) supported by 
calcined lanthanum hexa-aluminate 
(La203 • 11A1203) were used in this investigation. 
Calcination of the hexa-aluminate support at 

2.2. Kinetic measurements with the annular 
reactor  

Catalytic combustion of methane with oxygen 
diluted in helium was conducted over the 
La203" 11A1203 supported palladium catalyst. 
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Fig. 1. Schematic drawing of the tube reactor used for high temperature kinetic rate measurements.  

The thin uniform coating, the annular configura- 
tion, and the high linear velocity (2-10 m s -1 )  

ensured that rate measurements were possible at 
high temperature with minimal thermal and con- 
centration gradients across the gas film boundary 
layer (Fig. 1). The methane concentration was 
kept constant at 0.51 vol.-%, while oxygen varied 
over a range of 1-41 vol.-% with helium making 
up the balance. Using the helium diluent and annu- 
lar gap distances of 0.1--0.3 mm, analysis shows 
that the methane conversion under boundary layer 
transport limited conditions would always exceed 
99%. A tapered reactor vessel was used to mini- 
mize gas phase oxidation in the downstream vol- 
ume. At the point of tapering, three glass indents 
were used to center the catalyst coated reactor 
tube. The effective catalyst temperature was meas- 
ured with a thermocouple probe located within the 
reactor tube (Fig. 1 ). 

Kinetic experiments were conducted at total 
flow rates of 0.5-12 cm 3 s -  1 (NTP) using 5-20 
mg catalyst (roughly 10-40/zm wash coat thick- 
ness). Reactor effluent compositions were ana- 
lyzed by an on-line mass spectrometer. The 
conversion for combustion of methane was 
deduced from the partial pressures of the products 
(CO2 and, rarely, CO) and the partial pressure of 
unconverted methane. The effective rate constants 
(Mols of methane converted per s per g catalyst 
for 1 atm of methane) reported here were calcu- 
lated from the fractional conversion of methane 
by assuming that the reaction was first order in 
methane concentration. Dilute methane was used 
to minimize heating and to lessen the effect of 

product water vapor and carbon dioxide on the 
low temperature activity of PdO. Methane oxi- 
dation rates typically showed integral first-order 
reaction behavior from 300-800°C for conver- 
sions below 50% as demonstrated by reproduci- 
ble, reversible, linear Arrhenius plots for the 
effective first-order rate constants for combustion 
of dilute methane by other supported metal oxides 
(e.g., Mn304). 

2.3. Temperature-programmed experiments 

Temperature-programmed desorption (TPD) 
experiments were conducted with the powdered 
catalysts and the coated tube in pure helium and 
in dilute oxygen (typically 1-2 vol.-% 02 in He) 
following a variety of treatment conditions. Tem- 
perature-programmed oxidation (TPO) was con- 
ducted by cooling in dilute oxygen or by heating 
in dilute oxygen after a sample was first cooled to 
room temperature in pure helium. Temperature- 
programmed reaction (TPR) experiments were 
conducted by heating preconditioned (oxidized or 
decomposed) catalysts in dilute methane (typi- 
cally 1.0 vol.-% CH4 in He) starting from room 
temperature after a period of flushing in pure 
helium. The temperature-programmed experi- 
ments used very low gas flow rates (as low as 
0.167 cm 3 / s) to increase the sensitivity of the on- 
line mass spectrometric analysis. These experi- 
ments were used to investigate differences in the 
reactivity of oxygen present in the catalyst follow- 
ing various pretreatment conditions, e.g., partial 
decomposition, chemisorption following corn- 
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plete reduction, partial reoxidation, etc. Following 
complete reduction of the palladium oxides, typ- 
ically <250°C, methane decomposition was 
always observed and identified by substantial evo- 
lution of H2. 

3. Results 

3.1. Oxygen adsorption and desorption 

The temperature-programmed decomposition 
(TPD) to 800°C in pure helium of a fully oxidized 
commercial (Johnson Matthey, 5 wt.-% Pd/alu- 
mina) PdO catalyst, and subsequent temperature- 
programmed reoxidation (TPO) in 0.01 atm 
oxygen (balance helium to 1 atm) shows a large 
gap (Fig. 2) between the decomposition temper- 
ature and the temperature of onset of reoxidation. 
This hysteresis gap was first reported by Farrauto 
et al. [4] using thermogravimetric analysis. The 
initial decomposition of the PdO precisely follows 
the thermodynamically equilibrium oxygen par- 
tial pressure of PdO/Pd [7,8]. Very similar TPD 
and TPO results are seen for our 2 wt.-% Pd/ 
La203" 11A1203 catalyst. The hysteresis between 
oxide decomposition and reoxidation of the Pd 
metal gives rise to unusual kinetics in the catalytic 
oxidation of methane. 

TPD experiments with 7-A1203-supported PdO 
(5 wt.-% Pd) consistently show two states of 
oxide (Fig. 3), one (often the larger) with 
decomposition temperatures characteristic of bulk 
PdO and another more stable oxide, presumably a 
surface or near surface oxide complex. The most 
volatile oxide (PdO) is more completely popu- 
lated at lower temperature (350°C in Fig. 3) 
although oxygen uptake by the catalyst at higher 
temperature (550°C in Fig. 3) always populates 
some PdO while fully populating the higher tem- 
perature (TPD) form of oxygen. Oxygen expo- 
sure to fully reduced Pd/T-A1203 apparently 
populates some PdO and some of the complex 
(TPD shows the characteristics of PdO and the 
higher temperature state, see Fig. 4). 

0 100 200 300 400 500 600 700 8O0 

T E M P E R A T U R E  (°C) 

Fig. 2. Temperature programmed decomposition (heating) of a fully 
oxidized commercial (Johnson Matthey, 5 wt.-% Pd/y-alumina ) 
PdO catalyst in pure helium, followed by temperature programmed 
reoxidation (cooling) in 0.01 atm oxygen (balance helium) in a 
cooling cycle. The heating and cooling rates were 0.5°C s -~. The 
decomposition and reoxidation conditions were: 123 mg catalyst; 
total flow rate: 50 cm 3 min-  ~. Equilibrium data taken from Ref. [ 8 ]. 
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Fig. 3. Temperature-programmed decomposition with O2 evolution 
for 5 wt.-% Pd/y-alumina after 300 s oxidation in 0.01 atm 02 at 
550°C and 350°C following cooling from 800°C. The heating rates 
were 0.5°C s -  1. 
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Fig. 4. Temperature-programmed decomposition of 5 wt.-% Pd/y- 
alumina after full oxidation (600 s oxidation in 0.01 atm Oa at 350°C ) 
and after reduction in 0.01 atm Ha at 300°C followed by 02 adsorption 
at O°C. 
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Fig. 5. TPD of the 2 wt.-% Pd/La203.11A1203 catalyst (tube) in 

0,02 atm 0 2 after cooling in 0.01 atm 02 from 800°C. 

TPD in 0.01 atm 02 with the coated tube shows 
oxygen uptake followed by delayed but rapidly 
rising desorption (Fig. 5) at 700°C. The shift in 
the desorption temperature is consistent with ther- 
modynamics of the PdO/Pd system. The net 
uptake just prior to decomposition may reflect 
completion of the oxidation of underlying Pd cry s- 
tallites caused by increased mobility of oxygen in 
the PdO lattice at the higher temperatures. The 
amount of oxygen released during PdO decom- 
position did not exceed the stoichiometric 
amounts (Table 1) and includes the amount 
absorbed during TPD just prior to reaching the 
decomposition temperature. 

3.2. Reaction kinetics 

Arrhenius plots of the first-order methane com- 
bustion kinetics over the 2 wt.-% Pd/ 
La203" 11A1203 catalyst shows several unusual 
and reproducible phenomena (Fig. 6) during 
repeated cooling and heating cycles. During the 
heating ramp, the effective first-order rate constant 
increases with temperature to 550°C. It then shows 
negative apparent activation energy by decreasing 
with increasing temperature before showing nor- 
mal Arrhenius behavior above 700°C. The deac- 
tivation of PdO/La203" 11A1203 occurs before 
the decomposition of PdO in 0.01 atm and parallel 
TPD/TPO experiments show that it may start to 
occur before decomposition and even while there 
is a net uptake of oxygen by the catalyst. In sep- 
arate experiments with flowing oxygen (in the 

absence of methane) decomposition always 
occurred at the equilibrium point although often a 
net uptake of oxygen was observed between 25- 
150°C below the decomposition point. During the 
cooling ramp, the rate constant decreases with 
temperature, reachinga minimum at about 560°C 
before it increases with decreasing temperature, 
reaching a maximum at 417°C. 

Clearly, there is a hysteresis gap in combustion 
rates over the temperature range, 420-680°C, just 
below the decomposition temperature of the PdO/ 
Pd system. Outside this temperature range, the rate 
constants of the heating and cooling runs are 

Table 1 

Effect of composition of atmosphere on the decomposit ion of PdO~/ 

La2Oa ' 11AlzOa (2 wt.-% Pd). The Pd oxides formed during treat- 

ment with ramp down from 900--40°C at a cooling rate of 30°C m i n -  1 

in 2% 02 ( 10 cm 3 m i n -  m ) 

Atmosphere Decomposit ion of PdO~ Oxygen 

(O2%) desorbed ~ 

(/xmol g 1 ) 

~ . .  (°C)" Tm~ (°C)b 

0 450 600 37.8 

1 660 700 70.3 

2 700 730 77.5 

a Temperature corresponding to the start of decomposit ion of PdOx 

in TPO/TPD from 40°C to 900°C at a heating rate of 30°C m i n -  ~. 

b Temperature at which maximal  decomposition of PdOx occurred in 

TPO/TPD from 40°C to 900°C at a heating rate of 30°C m i n -  1. 

c As 02 determined from TPO/TPD experiments. Amount of 02 in 
PdO: 102/zmol g 1. 
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Fig.  6, E f fec t i ve  f i rst order  rate constant  as a func t ion  o f  rec iprocal  

temperatures fo r  a methane (0 .005  a tm)  ox ida t i on  (0.01 arm 0 2 )  
coo l ing  and beat ing cycles over  the 2 w t . -% P d / L a 2 0 3 .  l 1AI=O3 
catalyst,  
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1000 K/TEMPERATURE 

Fig. 7. Effective first order rate constant for methane oxidation over 
2 wt.-% Pd/La203-11A1203 catalyst-coated tube during several 
cooling and reheating cycles with 0.01 atm oxygen. The cooling rates 
were 0.5°C s -  ] to the specified temperature followed by 300 s at that 
temperature and reheating 0.5°C s -  1 to 900°C. The reaction condi- 
tions were: 11 mg catalyst on a 3 mm alumina tube; 0.0052 atm CH4, 
0.01 atm 02, balance He (inlet composition); and 12.3 cm 3 s - ]  
(NTP) gas flow rate. 
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Fig. 8. Effective first order rate constant for methane oxidation vs. 
time for cooling cycles of Fig. 7. 

reproducible and reversible. The slope of the high 
temperature region (Pd metal) is greater than the 
low temperature region (PdO) indicating that the 
supported bulk Pd metal has a higher activation 
energy for catalytic methane combustion than sup- 
ported PdO. The transition region is of great inter- 
est because it contains information about the 
dynamics of PdO growth, sintering, and decom- 
position. 

We used ramp and hold heating and cooling 
cycles to further examine the effect on the com- 
bustion kinetics of PdO formation and decompo- 
sition dynamics across the transition region 
(Fig. 7, Fig. 8, Fig. 9). Leaving the system at 

550°C for 10 min formed only small amounts of 
PdO, since when the catalyst was again heated the 
nearly the same rate constant curve was obtained 
as during cooling of the supported Pd metal. Dur- 
ing the holding period for temperatures between 
550 and 450°C, the rate slowly increased with time 
(Fig. 8). Reheating immediately showed normal 
Arrhenius behavior, but a region of negative acti- 
vation energy appeared (although less pro- 
nounced for higher oxygen levels) until the 
metallic phase formed. In similar experiments 
with continued cooling following holding inter- 
vals in the transition range (Fig. 9), the apparent 
activation energy quickly reversed from positive 
to negative after additional cooling of less than 
25°C. Holding at 500°C for 10 min led to signifi- 
cant formation of PdO, but was not sufficient to 
fully oxidize all the Pd metal because its combus- 
tion activity is much lower than that of PdO 
formed by fully oxidizing the metal. Holding at 
450°C for 10 min results in complete oxidation of 
all the Pd available, since the rate constant vs. 
reciprocal temperature curve falls exactly on the 
same curve as the fully oxidized catalyst. Thus, 
the development of active PdO surface is signifi- 
cantly temperature dependent as well as time 
dependent. 

1000 K/TEMPERATURE 

Fig. 9. Effective first-order rate constant for methane oxidation in 
0.01 atm 02 over the 2 wt.-% Pd/La203" 11A!203 catalyst-coated 
tube during several cooling/hold/cooling intervals. The cooling 
internal began at 900°C with a cooling rate of 0.5°C s-1 to the 
specified temperature followed by a holding period of 300 s. Then 
catalyst was cooled at 0.5°C s-1 to room temperature. Reaction 
conditions were as indicated in Fig. 7. 
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Fig. 10. Effective first-order rate constant for methane oxidation of 
the 2 wt.-% Pd/La203.11A1203 catalyst with 0.101 atm oxygen. 
Cooling from 90(O0°C at 0.5°C s -  ~ was followed by heating from 
40-900°C at the same rate. Other reaction conditions were as in Fig. 
7. 
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Fig. 11. Effective first order rate constant for methane oxidation of 
the 2 wt.-% Pd/La203.11A1203 catalyst with 0.415 atm oxygen. 
Cooling from 90(0-40°C at 0.5°C s -  ~ was followed by heating from 
40-900°C at the same rate. Other reaction conditions were as in Fig. 
7, except 0.0031 atm CH4 was used and the total flow rate was 20 
cm 3 s -1 (NTP). 

Table 2 

Similar transient experimental results were 
observed for methane oxidation with 0.101 atm 
O2 (Fig. 10) and 0.411 atm O2 (Fig. 11 ), but the 
degree of negative apparent activation energy 
diminished, especially on the heating cycle. With 
0.411 atm 02, the rate of oxidation continued to 
increase with temperature to 900°C (Fig. 11 ). The 
cooling cycle with 0.411 atm 02 shows behavior 
similar to the case with 1 vol.-% 02. With high 
oxygen partial pressure (especially 41 vol.-% 
O2), formation of a partial oxidation product (car- 
bon monoxide) was often seen at high tempera- 
ture ( > 750°C), although generally controlled by 
increasing flow rates and by using tapered (down- 
stream of the tube) reactors. The CO production 
was attributed to homogeneous reactions in the 
post-catalyst region of the reactor. Table 2 sum- 
marizes the results of the 
temperature-programmed combustion experi- 
ments. Holding at temperature for up to 600 s 
during reaction always gave slowly increasing 
rates under conditions (temperature and oxygen 
partial pressure) where negative apparent activa- 
tion energy was observed. Holding at low tem- 
perature and holding with high oxygen levels 
almost always resulted in slowly decreasing rates 
(Table 2). 

3.3. Temperature-programmed reaction with 
methane (TPR) 

Fully oxidized PdO generally has slightly 
higher rates of methane oxidation during TPR 

Kinetic phenomena during cooling and heating cycles for methane oxidation over 2 wt.-% Pd/La203-11A1203 catalyst 

02 cone. ( vol.-% ) ~ e q u i l  (°C) Thol d (°C) Rate change during hold E°~t prior to hold 

1 677 550 ~ ca. 0 
500 0 <0  
450 ft < 0 

723 550 11 < 0 
500 ¢0 < 0 

450 U > 0 
837 600 ~ < 0 

550 ~ < 0  
500 ~ <0  

10.1 

41.1 

a Equilibrium temperature estimated from literature data [7,8]. 
b For negative apparent activation energy (Eact < 0). Eact was always > 0 after the holding period. 
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Fig. 12. Temperature-progranuned reaction with 0.01 atm CI-h of 
the 5 wt.-% Pd/7-alumina catalyst following oxidation at 550°C and 
350°C under the conditions as described in Fig. 3. 

100 150 2O0 25O 3OO 35O 40O 

TEMPERATURE (°C) 

Fig. 13. Temperature-programmed reaction with 0.01 atm CH4 of 
the 5 wt.-% Pd/y-alumina catalyst following oxidation at 250°C and 
following 300 s reduction in 0.01 atm H2 at 800°C, flushing 300 s in 
He at 800°C and oxygen adsorption at 40°C. 

(temperature-programmed reaction of the oxi- 
dized catalyst with 1 vol.-% CH4 and without gas 
phase oxygen) than partially decomposed PdO. 
The rates of oxidation by partially decomposed 
PdO are higher than fully oxidized PdO and much 
higher than oxygen chemisorbed on fully reduced 
Pd/T-A1203 (Fig. 12 and Fig. 13). Catalytic oxi- 
dation of methane by 7-Al/O3-supported PdO (5 
wt.-% Pd) was observed at temperatures as low 
as 100°C. TPR experiments show small differ- 
ences (attributable to the differing amounts of 
oxide present) between specific methane oxida- 
tion rates with oxygen absorbed at 550°C and oxy- 
gen absorbed at 350°C (Fig. 12). Note that the 
condition of catalyst before the TPR curves of 
Fig. 12 corresponds exactly to that before the TPD 
curves of Fig. 3. 

4. Discussion 

4.1. Oxidation of supported palladium catalysts 

The behavior of the alumina-supported palla- 
dium crystallites in reducing (hydrogen) and oxi- 
dizing (oxygen) atmospheres has been studied in 
detail by Chen and Ruckenstein [9,10] using 
transmission electron microscopy (TEM). In both 
studies, a thin film of palladium ( ~ 15/xm) was 
deposited by vacuum evaporation on an electron- 
transparent alumina film approximately 300/zm 
in thickness. In 1 atm oxygen at temperatures 
< 850°C, PdO crystallites formed and were found 
to spread over the alumina substrate. Chen and 
Ruckenstein [9] also found that upon heating the 
Pd film in pure oxygen, the crystallites of PdO that 
formed were not densely packed, but instead 
formed porous structures. They found that devel- 
opment of these porous structures was a function 
of both temperature and time. At a given temper- 
ature, the crystallites of palladium oxide became 
more porous as time progressed. Higher treatment 
temperature led to more extensive development 
of porous structures and eventually to the forma- 
tion of cavities of different sizes. It should be 
noted however, that the crystallites of Chen and 
Ruckenstein were larger than those normally 
encountered in active combustion catalysts, and 
that the observation times (ca. 104 h) were much 
longer than with kinetic experiments (100 s). 
K6nig et al. [ 11 ], using ellipsometry, also report 
the growth of highly porous PdO layers 20 to 50 
nm thick over 1/zm Pd films in dilute oxygen at 
500°C. As in the work of Ruckenstein et al., the 
formation of porous oxide layers resulting from 
the oxidation of polycrystalline Pd films reported 
by K6nig et al. may not be representative of the 
oxidation of individually dispersed and supported 
Pd metal crystallites. 

Recent high resolution TEM results reported by 
Grabowski et al. [ 12], shows the slow transfor- 
mation of the orientation of small Pd grains in 
alumina-supported catalysts, but not wetting and 
spreading or twinning (growth of several oxide 
crystals from one metal particle) or other surface 
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enhancing transformations of the metal during its 
oxidation. In observations using electron diffrac- 
tion with analytical TEM, we also saw that the 
epitaxial relationship of the. freshly reduced Pd/  
T-A1203 catalyst as observed by these workers was 
lost after a single oxidation reaction reduction 
cycle. No evidence of growth of multiple grains 
from metal particles or gross irregularity in the 
small crystallites of either Pd or PdO was observed 
in our studies over our relatively short time scales. 
Therefore, the significant differences in methane 
oxidation rates and in the temperatures of desorp- 
tion of oxygen for the oxide states cannot be attrib- 
uted to differences in surface area, and must be 
considered intrinsic properties (e.g., binding 
energy, morphology). 

The mechanism of PdO formation and decom- 
position on supporting oxides in a reaction stream 
(containing both methane and oxygen) is com- 
plex and poorly understood. Thermodynamically, 
PdO is stable at low temperature and high partial 
pressure of oxygen but oxidation of metallic sup- 
ported palladium is kinetically controlled at lower 
temperatures and depends on crystallite size. 
Oxides such as PdO2 and Pd203 are reportedly 
formed in electrochemistry probes of Pd elec- 
trodes, [13], but are also known to thermally 
decompose into PdO and 02 at 200°C and 0°C, 
respectively [ 14]. Thus, the bulk palladium oxide 
observed at temperatures above 200°C must be 
PdO or some unknown suboxide. Lam and Bou- 
dart [ 15 ] showed that supported on silica supports 
metallic palladium will oxidize to PdO with 5-10 
vol.-% of oxygen at temperatures < 260°C. Com- 
plete oxidation of small palladium particles (ca. 
70 A) to form PdO occurred in the temperature 
range 265-310°C [ 15]. Therefore, the catalytic 
behavior observed in the current investigation at 
temperatures above 310°C is attributed to the sur- 
face layers of oxygen over Pd metal, over bulk 
PdO, or over bulk palladium aluminate or lan- 
thanate (PdO. nA1203 or PdO. nLa203) phases. 

Recent publications by several workers consis- 
tently present spectroscopic evidence (ellipso- 
metry [ 11 ] and X-ray photoelectron spectroscopy 
(XPS) [ 12,16,17] ) for oxidized Pd existing at a 

higher valence state than PdO following reaction 
in net oxidizing atmospheres. It is possible that 
the assignment of reference state energies and the 
effect of alumina combine to give the appearance 
of higher valence states than + 2. Yet, in work on 
noble metal films using Raman and XPS spec- 
troscopies, Delgas et al. [ 18], show that higher 
oxides than thermodynamically possible can be 
produced in surface layers over Rh metal films. 
This and other observations of oxide growth on 
noble metal surfaces lead to the conclusion that it 
is possible to stabilize thin (but multilayered) sur- 
face complexes of Pd metal oxide over metal crys- 
tallites. 

The surface science literature reports that the 
heat of adsorption for chemisorbed oxygen is 
approximately 200 kJ/mol  02 for most noble 
metal surfaces [ 19]. On the square Pd(100) sur- 
face lattice the desorption of oxygen follows a 
second order (atomic recombination) rate law 
with activation energies ranging from 230 to 120 
kJ/mol  02 as the coverage increases above the 
stable p ( 2 × 2 )  quarter monolayer structure 
[20,21]. Complex surface structures observed 
over Pd(100) represent a layers of distorted PdO 
[22,23] overlying the metal lattice. Banse and 
Koel [24] were able to populate complex oxides 
and grow oxides on Pd( 111 ) by using NO2 as the 
oxidizing gas. This work, using a combination of 
TPD and surface spectroscopies, Auger electron 
spectroscopy, high resolution electron loss spec- 
troscopy and XPS, confirmed earlier reports [ 25 ] 
of strongly chemisorbed oxygen and also found a 
complex oxygen surface layer consisting of sub- 
surface and chemisorbed oxygen and palladium 
oxide. Taking high probability for adsorption (ca. 
0.1 ) reported at low coverage and the high binding 
energy of chemisorbed oxygen [ 19], desorption 
of oxygen should not be observed below 900°C 
under the TPD experiments of the current inves- 
tigation. Therefore, the energy of formation of 
chemisorbed oxygen may be so much greater than 
that of the bulk oxide (220 kJ/mol  02 over 
Pd(100) [21] a n d P d ( l l l )  [24] vs. 120kJ/mol  
for PdO [ 8 ] ) that a full monolayer of relatively 
passive chemisorbed oxygen always forms over 



292 J.G. McCarty / Catalysis Today 26 (1995) 283-293 

Table 3 
Reactive states of oxygen in y-alumina-supported PdO catalysts 
assigned by characteristic temperatures for TPD of 02 and TPR by 
CH~ 

Oxygen state a Characteristic temperature 

TPD(°C) b TPR(°C) ¢ 

O(a) /PdO(b)  80 40 
PdO(b) 680 150-180 
PdOx(m)/Pd(b) 760 180-200 
O(a) /Pd(b)  > 900 ca. 200 

a Key: a - chemisorbed state; m - surface complex; b -bulk  phase. 
Temperature at which partial pressure of 02 reaches 0.01 atm at a 

heating rate of 30°C min- ~. 
c Temperature at which CH4 conversion reaches 10% for 0.01 atm 
CI-I4 at GHSV~ 10000 h -~ and a heating rate of 30°C min -1. 

metallic Pd under combustion conditions inhibit- 
ing both methane reaction and oxygen absorption. 

These kinetic analyses indicate that the com- 
plex catalytic behavior of supported palladium for 
methane oxidation over the temperature range, 
400-750°C, is caused in part by the formation of 
a passive chemisorbed monolayer over metallic 
crystallites. The assignment of TPD and TPR oxy- 
gen 'states' for the current work is summarized in 
Table 3. 

4.2. Activation of supported palladium oxide 
catalysts 

Observations of differences in formation and 
methane combustion activity of PdO obtained 
from Pd by different oxidizing treatments are in 
general agreement with the those of many other 
investigators. The phenomena that activation of 
Pd/7-A1203 catalysts occurred during the course 
of combustion of methane at temperatures up to 
600°C were also observed by many other inves- 
tigators [4,5,26-29]. The degree of activation 
appears more pronounced at low temperatures 
than at high temperatures. Baldwin and Burch 
[26,27] suggested that the activation was caused 
by restructuring of the Pd oxide crystallites. 
Restructuring of catalysts was also been proposed 
by Baddour et al. [28], in an investigation of CO 
oxidation over Pd/SiO2 catalysts and by Hicks et 

al. [29], in examinations of CH4 oxidation by Pd 
and Pt catalysts. Such kinetic studies, including 
the current study, cannot determine the nature of 
the activated oxide from measurements of relative 
rates. In particular, the effect of particle size and 
the extent of oxidation of metal particles (porous 
oxide film, multilayered surface complex, or oxide 
crystallites?) must be resolved by direct obser- 
vation. 

Briot and Primet [30] found that the particle 
size of Pd/A1203 freshly prepared by reduction in 
hydrogen was found smaller than that of Pd/ 
A1203 aged at 600°C in CH4 and 02 streams for 
14 h before reduction (70 ,~ compared with 150 

o 

A, respectively). These authors concluded that the 
differences in combustion rates and particle mor- 
phology of bulk PdO is related to the size of the 
Pd crystallites (as measured after reduction). 

It is clear that the activation of PdO and its 
deactivation by cycling and aging arise from struc- 
tures not clearly identified by past and the present 
work. The relatively quick and extensive activa- 
tion by cooling supported Pd metal under expo- 
sure to oxygen is much more rapid than heating 
the reduced metal in oxygen. The maximum rate 
seen during the cooling cycle generally exceeds 
the maximum rate seen for the heating cycle. The 
limited extent of isothermal time transients clearly 
show that most of the change in catalytic activity 
is promoted by temperature decreases and not just 
slow time transients. It may be that metastable 
surface complexes, such as PdO2 or PdO(OH)2, 
which decompose between 350 and 550°C must 
proceed significant oxidation of the metal. Such 
surface complexes may be substantially more 
active for methane oxidation than the surfaces of 
bulk PdO and certainly more active than oxygen 
chemisorbed on the metal. The formation of an 
energetic surface oxide complex may well vary 
depending on crystal morphology and metal grain 
size. The deactivation of the PdO catalyst before 
the transition to the metallic phase may arise from 
the particle size distribution of PdO crystallites 
and the influence of particle size on surface free 
energy. Temperature and oxygen partial pressure 
could easily play predominant roles in the extent 
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of PdO formation, the kinetics of oxide growth, 
and the sintering of both metal and oxide particles. 

and J. McGinn of Sarnoff Laboratories in con- 
ducting the TEM examinations. 

4.3. Conclusions 
References 

The present transient kinetic experiments 
involving ramp and hold methane combustion 
kinetics, TPD and TPR by dilute methane of the 
fully oxidized, partially oxidized, and reduced 
PdO/y-alumina and PdO/La203- 11A1203 cata- 
lysts and recent literature reports lead to a number 
of conclusions: 

( 1 ) the hysteresis in methane combustion activ- 
ity stems from the formation a relatively stable 
saturated layer of chemisorbed oxygen, 

(2) oxygen chemisorbed to saturation on sur- 
faces of metallic Pd crystallites, both suppresses 
nucleation and growth of the active surfaces of 
bulk PdO and inhibits the rate of oxidation of 
methane, 

(3) for a given oxygen partial pressure, the 
extent of bulk Pd reoxidation is strongly temper- 
ature (and support) dependent implying that addi- 
tional free energy for nucleation or for a PdOx 
precursor is required for growth of high surface 
area PdO particles and 

(4) the differences in combustion rates 
observed for temperatures > 300°C is caused by 
the extent of formation of surface oxide com- 
plexes which is determined by the morphology of 
underlying bulk Pd metal and oxide phases which 
is, in turn, influenced by the thermal history of the 
catalyst. 
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