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A series of supported platinum and palladium catalysts were tested for methane oxidation at 260 
to 370°C, 50 Torr methane, 110 Torr oxygen, 900 Torr helium, and conversions below 2%. The 
intrinsic rate varies by more than 5000 from the least active to the most active catalyst, indicating 
that the reaction is structure sensitive. The catalytic activity of platinum depends on the distribu- 
tion of the metal between a dispersed and a crystalline phase. These two phases are distinguished 
by absorbances at 2068 and 2080 cm ~, respectively, in the infrared spectrum of adsorbed carbon 
monoxide. The catalytic activity of palladium depends on the metal particle size. For the different 
classes of catalysts, the mean steady state turnover frequency (TOF) at 335°C and the mean 
apparent activation energy (Ea) are as follows: dispersed phase of platinum, TOF = 0.005 s -~ and 
Ea = 36 kcal/mole; crystalline phase of platinum, TOF = 0.08 s -1 and E, = 28 kcal/mole; small 
particles of palladium, TOF = 0.02 s 1 and Ea = 27 kcal/mole; and large particles of palladium, 
TOF = 1.3 s -~ and Ea = 29 kcal/mole. The structure sensitivity may be explained by differences in 
the reactivity of the adsorbed oxygen on these metal surfaces. © 1990 Academic Press, Inc. 

INTRODUCTION 

Catalysts play an important role in reduc- 
ing emissions from hydrocarbon combus- 
tion processes. They have been used two 
ways: as an additive to the combustor to 
enhance heterogeneous reactions (1-5), or 
as an emissions control device located 
downstream of the combustor (6-9). The 
advantage of a catalytically enhanced com- 
bustor is that it operates at much lower 
temperatures than an open flame burner, 
and greatly reduces the emissions of nitro- 
gen oxides. However, the thermal stability 
of the catalyst is a limiting factor in this 
application. 

Several studies of methane oxidation 
over platinum and palladium have been re- 
ported (4, 10-17). These were motivated by 
the observation that methane is a large 
component of the hydrocarbon emissions 
from combustion processes and that it is 
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the most difficult hydrocarbon to oxidize. 
Moreover, there is a direct application of 
the results to the catalytic combustion of 
natural gas (4). Most of the prior work has 
been concerned with the kinetics and mech- 
anism of this reaction. Several studies ex- 
amined the effect of catalyst composition 
on the rate (10, 13-16). However, in only 
one case (14) has the effect of catalyst 
structure been considered. 

We have undertaken a study to charac- 
terize the effects of catalyst structure on 
the intrinsic activity of platinum and palla- 
dium for methane oxidation. In this paper, 
we provide a comparison of the turnover 
frequencies observed over platinum and 
palladium under a standard set of reaction 
conditions. Several different aluminas and 
zirconias have been used as catalyst sup- 
ports. The metal dispersions vary over a 
range sufficient to give large changes in the 
distribution of sites on the crystallite sur- 
faces (18). The morphology of the crystal- 
lites is qualitatively assessed by infrared 
spectroscopy of adsorbed carbon monox- 
ide. In the accompanying paper, we exam- 
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TABLE 1 

Recipes for Preparation of the Catalysts 
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Sample Support Support Support Metal Deposition Catalyst 
number composition calcined surface salt technique calcined 

4 8 h r i n a i r  area 2 h r i n a i r  
(°C) (m2/g) (°C) 

Metal 
weight 
loading 

(%) 

1 a-AIOOH(A) ~' No 160 H2PtCI6 Ion exchange 500 
2 c~-AIOOH(A) 1050 60 Pt(NH3)4CI2 Impregnation b 500 
3b AIzO3(D)" 1000 83 H2PtC16 Ion exchange 500 
4 ZrO2(D) 1000 83 H2PtCI6 Ion exchange 700 
5 ZrO2(Z) J No 42 Pt(NH3)4C12 Ion exchange 500 
6 12% YzO3/ZrO2(Z) 1050 3 H2PtC16  Impregnation 500 
7 12% Y203/ZrO~_(Z) 1050 3 H z P t C 1 6  Impregnation 500 
8 a-AIOOH(A) 1050 3 Pt(NH3)4C12 Impregnation 500 
9 a-AIOOH(A) 1050 60 H2PdCI4 Impregnation 500 

10 a-AIOOH(A) 1200 e 4 Pd(NH3)4CI2 Impregnation 500 
1 lb AIzO3(D) 1200 e 4 Pd(NH3)4CI2 Impregnation 500 
12a AIzO3(D) 1000 83 H2PdC14 Ion exchange 700 
12b AIzO3(D) 1000 83 H.~PdCL Ion exchange 500 
13b AI203(D) 1000 83 HzPdCL Ion exchange 700 
14 12% Y2OflZrO2(Z) 1000 83 H2PdCI4 Ion exchange 700 

1050 3 H2PdCI4 Impregnation 500 

0.80 
0.50 
0.84 
0.78 
0.30 
0.50 
0.50 
0.50 
0.50 
0.50 
2.00 
0.20 
0.46 
0.46 
2.30 
0.50 

a A = Alpha products; a-AIOOH dehydrates to AlzO3 when heated above 450°C. 
b Incipient wetness impregnation. 
': D = Degussa flame-synthesized metal oxides. 
d Z = Zircar precipitated metal oxides. 

Calcined in air 2 hr only. 

ine in greater detail the effect of catalyst 
structure on methane oxidation over palla- 
dium supported on alumina (19). 

METHODS 

The catalyst supports used in this study 
were Alpha Products A1OOH, Degussa 
flame-synthesized A1203 " C " ,  Degussa 
flame-synthesized ZrO2, Zircar precipitated 
ZrO2, and Zircar precipitated 12 mol% 
Y203/ZrO2. The A1OOH decomposed to 
AI203 upon heating in air at 450°C. The sur- 
face area of A1OOH decreased continu- 
ously from 160 to 60 m2/g during heating for 
2-h intervals at temperatures from 500 to 
1000°C. The Degussa and Zircar zirconias 
had initial surface areas between 30 and 45 
m2/g. These surface areas could be main- 
tained during heating in air at temperatures 
up to 700°C. However, they rapidly de- 
creased during further heating, and at 

1000°C, the surface areas fell to about 3 m2/ 
g. The support with the highest thermal sta- 
bility was the Degussa AI203. Its surface 
area remained constant at 83 m2/g during 
heating in air for 2 to 48 h at 1000°C. Most 
of the supports were calcined prior to de- 
positing the precious metals on them. 

Recipes used to prepare the catalyst sam- 
ples are summarized in Table 1. The metals 
were deposited by ion exchange or by incip- 
ient wetness impregnation (20). The acidic 
chloride and the basic amine dichloride 
complexes were used. After adsorption of 
the metal salts onto the supports, the cata- 
lyst were dried at 105°C overnight and then 
calcined in air for 2 h at either 500 or 700°C. 
Samples removed from the oven were im- 
mediately stored in a desiccator. The metal 
weight loadings of the calcined catalysts 
were determined by inductively coupled 
plasma emission spectroscopy. 
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The metal dispersion (surface atoms/to- 
tal atoms) of each sample was determined 
by volumetric chemisorption (20). From 1 
to 3 g of catalyst was pelletized, crushed, 
and sieved to 32-60 mesh. The pellets were 
placed in a quartz chamber, reduced in 200 
cm3/min hydrogen for I h at 300°C, and 
then cooled to 25°C in 5 x 10 7 Torr vac- 
uum (1 Tort  = 133 N/m2). At room temper- 
ature, adsorption isotherms were measured 
in the pressure range 10 to 150 Tort. The 
linear dependency of the gas uptake on 
pressure at the higher pressures was back- 
extrapolated to zero to give the amount 
chemisorbed. The exposed platinum was 
determined by hydrogen titration of pread- 
sorbed oxygen, assuming a reaction stoichi- 
ometry of 1.5 H2/Pt-Os (21). The exposed 
palladium was determined by carbon mon- 
oxide adsorption, assuming a reaction stoi- 
chiometry of 1.06 CO/Pd~ (22). 

The intrinsic rates of methane oxidation 
were determined in a fixed-bed microreac- 
tor. Between 0.05 and 0.2 g of catalyst pel- 
lets was loaded into a 6.35-mm-o.d. quartz 
tube, and the tube mounted inside a forced- 
air, tubular furnace. The catalyst tempera- 
ture was measured by a thermocouple 
placed just upstream of the bed. Reactor 
effluent was analyzed by an on-line gas 
chromatograph, equipped with 1.83-m Car- 
bosphere packed column and thermal con- 
ductivity detector. Carbon dioxide was the 
only reaction product observed. 

Rate measurements were carried out as 
follows. The sample was heated in 50 cm3/ 
min helium to 300°C, and reduced in 50 
cm3/min hydrogen for 1 h at 300°C. The bed 
temperature was then adjusted to the reac- 
tion temperature in flowing helium. Next, 
the reaction was started by introducing 50 
Torr methane, 110 Torr oxygen, and 900 
Torr helium at flow rates between 200 and 
760 cm3/min (STP). The reaction was con- 
tinued until a steady state rate was ob- 
tained. This time varied from 4 to 20 h. At 
steady state, apparent activation energies 
were determined by varying the tempera- 
ture +-15°C about the mean. The mean tem- 

perature during a run ranged from 350 to 
370°C for the platinum catalysts and from 
260 to 350°C for the palladium catalysts. 
The amount of catalyst used, the flow rates, 
and the temperatures were selected to keep 
the methane conversion between 0.2 and 
2.0%. Below 2% conversion, the concen- 
tration of carbon dioxide in the gas leaving 
the reactor followed a linear dependence on 
the inverse of the total flow rate, thus en- 
suring no mass transport disguise of the 
rate. 

Infrared spectra of adsorbed carbon mon- 
oxide were obtained in an evacuable glass 
cell. A 0. l-g sample of catalyst was pressed 
into a 13-mm-diameter wafer and placed in 
the cell. The wafer was pretreated as de- 
scribed above in the chemisorption experi- 
ment. At room temperature, small aliquots 
of carbon monoxide, 0.5 to 2.5 x 10 -7 mole, 
were dosed into the chamber and the infra- 
red spectrum was recorded. The intensity 
of the bands for adsorbed carbon monoxide 
increased linearly with each dose until the 
saturation point was reached (22). The 
spectra shown in this report are for satura- 
tion only. The infrared spectra were re- 
corded on a Digilab FTS-40 spectrometer 
with a DTGS detector at 4 cm -~ resolution 
and coadding 256 scans. 

RESULTS 

Activities of  the Platinum Catalysts 

The effect of reaction time on the turn- 
over frequencies for methane oxidation 
over eight platinum catalysts is shown in 
Table 2. The turnover frequencies are 
based on the moles of carbon dioxide 
formed per second per mole of surface plat- 
inum atoms present initially. A variety of 
time-dependent behaviors are exhibited by 
the catalysts. Samples, 1, 2, 6, and 7 exhibit 
1-h induction periods in which the rates rise 
from zero to a steady value. Samples 3b, 4, 
and 5 exhibit high initial rates which decline 
gradually throughout the run. Sample 3a is 
peculiar in that the rate of methane oxida- 
tion over this catalyst increases steadily 
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TABLE 2 

Effect of Time on the Turnover Frequency for Methane Oxidation over Platinum 
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Sample Mean 
number  reaction 

temperature 
(°C) 

Turnover frequency (s ~) at 370°C" 

Initial I hr 2 hr 4 hr 6 hr 8 hr Final (time (hr)) 

1 370 n.d. h 0.007 0.007 0.007 0.007 0.007 0.007 (12) 
2 350 0.08 0.30 0.35 0.38 0.38 0.36 0.36 (12) 
3a 370 0.005 0.007 0.008 0.011 0.017 0.019 0.024 (17) 
3b 370 0.08 0.06 0.05 0.04 - -  - -  0.04 (4) 
4 350 0.65 0.32 0.28 0.23 0.21 - -  0.21 (6) 
5 350 0.29 0.36 0.32 0.27 0.25 0.23 0.23 (8) 
6 370 n.d. 0.08 0.16 0.22 0.16 - -  0.18 (7) 
7 350 n.d. 0.29 0.33 0.35 0.37 0.35 0.35 (8) 

" Corrected to 370°C using the measured activation energies. 
b n.d. = no COz detected. 
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FIG. 1. Infrared spectra of adsorbed carbon monox- 
ide at saturation coverage on platinum catalyst sam- 
ples 1, 2, 4, and 5. Infrared spectra were recorded 
before exposure to reaction conditions. 

during the 17-h run and never  attains a con- 
stant value. Examinat ion of  the turnover  
frequencies measured  at the end of the run 
reveals that they vary over  a wide range, 
f rom 0.007 s - '  for sample 1 to 0.36 s -j for 
sample 2. 

Infrared spectra  of  carbon monoxide ad- 
sorbed at saturation coverage  on samples 1, 
2, 3a, 3b, 4, and 5 are shown in Figs. 1 and 
2. Also shown in Fig. 2 is the infrared spec- 
t rum of carbon monoxide  adsorbed on sam- 
ples 3a and 3b after exposure  to reaction 
conditions. All samples,  including those 
which had been exposed  to reaction condi- 
tions, were reduced at 300°C prior to ad- 
sorbing the carbon monoxide.  The infrared 
bands range in f requency f rom 2065 to 2083 
cm 1, and may be ascribed to linearly 
bonded carbon monoxide (23-26). Not 
shown is a very small absorbance  at about 
1850 cm ~, which is due to bridge-bonded 
carbon monoxide.  

There  are notable differences in the infra- 
red spectra.  For  samples 2, 4, and 5, the 
infrared peak is narrow and centered at 
2080 cm -1. Converse ly ,  for samples  1, 3a, 
and 3b, the infrared peak is broad and cen- 
tered at 2068 cm -1. Samples  3a and 3b ex- 
hibit a high-frequency shoulder on the main 
peak.  After  exposure  to reaction condi- 
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FIG. 2. Infrared spectra of adsorbed carbon monox- 
•de at saturation coverage on platinum catalyst sam- 
ples 3a and 3b. The infrared spectra were recorded 
before and after exposure to reaction conditions. 

tion of the dispersion with turnover fre- 
quency is observed. For example, samples 
3a and 4 both have high dispersions, yet 
one of the samples exhibits low activity 
while the other exhibits high activity. On 
the other hand, the infrared bands for ad- 
sorbed carbon monoxide clearly correlate 
with turnover frequencies. Samples show- 
ing a broad infrared peak located at 2068 
cm 1 give low rates of methane oxidation. 
Conversely, samples showing a narrow in- 
frared peak located at 2080 cm -1 give high 
rates of methane oxidation. 

For samples 3a and 3b, there is also a 
correlation of before and after infrared 
spectra with the changes in turnover rate 
observed during the run. The activity of 
sample 3a increased steadily during reac- 
tion, and this was accompanied by an in- 
crease in the high-frequency shoulder of the 
infrared peak at approximately 2080 cm -~. 
By comparison, the activity of sample 3b 
decreased during reaction, and this was ac- 
companied by a decrease in the high-fre- 
quency shoulder. These trends are consis- 
tent with the results observed for the 
different catalyst samples; namely, high re- 
action rates correspond to the 2080 cm -] 
peak, while low reaction rates correspond 
to the 2068 cm-l peak. 

tions, the shoulder increases for sample 3a, 
while it decreases for sample 3b. 

The physical properties of the platinum 
catalysts are compared to the turnover fre- 
quencies and the activation energies for 
methane oxidation in Table 3. The disper- 
sions and the infrared results shown are for 
the fresh samples. Turnover frequencies 
extrapolated to zero time differ little from 
those recorded at the end of the run. There 
are basically two sets of catalyst samples: 
those of low activity, numbers 1, 3a, and 
3b; and those of high activity, numbers 2, 4, 
5, 6, and 7. Activation energies are signifi- 
cantly higher on samples of low activity 
than on those of high activity. No correla- 

Activities o f  the Palladium Catalysts 

The effect of reaction time on the turn- 
over frequencies of eight palladium cata- 
lysts is shown in Table 4. The turnover fre- 
quency is based on the moles of carbon 
dioxide produced per second per mole of 
surface palladium atoms present initially. 
As was observed for platinum, the palla- 
dium catalysts exhibit a variety of time-de- 
pendent behaviors. Sample 10 exhibits a I-h 
induction period, after which a high but 
gradually declining rate is established. 
Sample 1 lb has a relatively low initial activ- 
ity, which declines by half over the first 
hour of reaction, and remains constant 
thereafter. Samples 8, 9, 12b, 13b, and 14 
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TABLE 3 

Effect of Catalyst Structure on the Activity of Platinum for Methane Oxidation 
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Sample Catalyst Initial Initial Turnover  Activation 
number  composition dispersion carbon monoxide frequency energy 

(%) IR absorbance (s ~) at 335°C (kcal/mole)'  

Frequency FWHM" Initial s' Final 
(cm i) (cm i) 

1 0.8% Pt/AI203 67 2068 46 0.001 0.001 39.3 
3a 0.84% Pt/AI203 90 2070 43 0.001 0.005 33.6 
3b 0.78% Pt/Al20~ 6 2066 38 0.02 0.01 33.0 'l 

2 0.5% Pt/AI203 31 2077 24 0.10 0.10 29.0 
4 0.3% Pt/ZrO2 100 2083 24 0.07 0.05 32.4 
5 0.5% Pt/ZrO2 40 21)81 21 0.09 0.06 27.6 
6 0.5% P t / Y Z r O z  30 - -  - -  0.06 0.06 26.6 

7 0 .5% P t /YZ rO2  20 - -  - -  0. I I 0.11 26.6 

" Full width at half-maximum of infrared peak. 
h Initial value obtained by linear extrapolation of data at 2-17 hr of reaction back to zero time. 
' 1 kcal = 4.184 kJ. 
a Assumed value based on the activation energies measured for the other samples. 

exhibit 4- to 8-h induction periods in which 
the rate gradually increases to a constant 
value. Sample 12a also exhibits a gradually 
increasing rate; however,  in this case, no 
leveling off of the rate was noticeable at the 
end of  the 8-h run. This long induction pe- 
riod is a feature of  the palladium catalysts 
which is distinctly different from the trends 

observed for the platinum catalysts. The 
turnover frequencies measured at the end 
of  the run vary over a wide range for the 
eight samples, from 0.005 s J for sample 
I lb to !.24 s ~ for sample 10. 

Shown in Figs. 3 and 4 are infrared spec- 
tra of adsorbed carbon monoxide on the 
palladium catalysts after exposure to reac- 

TABLE 4 

Effect of Time on the Turnover Frequency for Methane Oxidation over Palladium 

Sample Mean 
number reaction 

temperature 
(°C} 

Turnover frequency (s ~) at 300°C '' 

Initial 1 hr 2 hr 4 hr 6 hr 8 hr Final (time (hr)) 

8 280 n .d?  0.21 0.29 0.47 0.57 0.50 0.50 (8) 
9 300 0.012 0.015 0.15 0.21 0.23 0.32 0.30 (16) 
10 280 n.d. 1.68 1.59 1.33 - -  - -  1.24 (5) 

l ib  350 0.010 0.005 0.005 0.005 0.005 - -  0.005 (7) 
12a 310 n.d. 0.001 0.007 0.010 0.012 0.015 0.015 (8) 
12b 300 n.d. 0.008 0.009 0.012 0.012 - -  0.012 (7) 
13b 300 0.027 0.11 0.33 0.86 - -  - -  0.80 (5) 
14 260 n.d. 0.12 0.25 0.65 0.83 1.09 1.00 (13) 

a Corrected to 300°C using the measured activation energies. 
b n.d. = no C02 detected. 
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FIG. 3. Infrared spect ra  of  adsorbed carbon monox-  
ide on pal ladium catalyst  samples  10, 12a, 12b, and 
13b. The  infrared spec t ra  were recorded after expo- 
sure to react ion condit ions.  

tion conditions. Infrared spectra obtained 
on the fresh catalyst samples are also pre- 
sented in Fig. 4. Two main bands appear in 
the spectra, one above and one below 2000 
cm -], which are due to linearly bonded and 
bridge-bonded carbon monoxide (22-25). 
The broad peak below 2000 cm-I may con- 
tain several overlapping absorbances, such 
as observed for sample 13b. The most 
prominent distinguishing feature of the in- 
frared spectra is the wide variation in the 
relative intensities of the bands for linearly 
bonded and bridge-bonded carbon monox- 
ide. 

Three of the catalyst samples, 8, 9, and 
l ib,  underwent large changes in morphol- 
ogy during methane oxidation. This is evi- 
dent from the redistribution of intensities in 
the infrared spectra recorded before and af- 
ter reaction. The spectra for samples 8 and 
9 in Fig. 4 reveal a decrease in the peak 
intensity for linearly bonded carbon mon- 
oxide relative to that for bridge-bonded car- 
bon monoxide. In addition, an absorbance 
at 1970 cm -l becomes more prominent 
within the low-frequency band. These 
changes correlate with the large increase in 
activity observed during reaction over the 
catalyst samples (see Table 4). The behav- 
ior of samples 8 and 9 may be contrasted to 
that of sample lib. For sample lib,  the 

o 
t -  

c/) 

2150 2050 1950 1850 1750 
Wavenumbers (cm "~) 

FIG. 4. Infrared spect ra  o f  adsorbed  carbon monox-  
ide at saturat ion coverage  on palladium catalyst  sam- 
ples 8, 9, and 1 lb. The  infrared spect ra  were recorded 
before and after exposure  to react ion condit ions.  
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T A B L E  5 

Effect of  Cata lys t  Structure  on the Activity of  Palladium for Methane  Oxidat ion 
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Sample  Cata lys t  Initial Carbon Turnove r  
n u m b e r  composi t ion  dispersion monoxide  f requency 

(%) IR absorbance ,  (s t) at 335°C b 
linear/bridge 
peak ratio" 

Initial Final 

Act ivat ion 
energy 

(kcal /mole) '  

I lb 0.2% Pd/AI203 84 0.8 I. 1 0.02 
12a 0.46% Pd/AI203 35 0.8 1.3 0.06 
12b 0.46% Pd/AIzO3 56 1.0 0.8 0.05 

8 0.5% Pd/AI203 63 1.8 0.7 2.3 
9 0.5% Pd/AI203 33 1.8 1.1 1.2 

10 2.0% Pd/AI203 12 0.2 0.2 5.6 
13b 2.3% Pd/AI203 10 0.3 0.2 3.3 
14 0.5% Pd/YZrO2 9 1.7 0.3 4.0 

25.7 
28.2 
28.0 ,/ 

30.1 
27.0 

29.8 
28.0 ,/ 
27.3 

" Ratio of  peak heights.  
b End of  run rate. 
" 1 kcal /mole  = 4.184 kJ. 
a A s s u m e d  value based on the activation energies  measured  for the other  samples .  

peak for linearly bonded carbon monoxide 
grows relative to that for bridged-bonded 
carbon monoxide, and the intensity at 1970 
cm 1 decreases. These changes correlate 
with the decrease in activity to a low value 
during reaction. 

The physical properties of the palladium 
catalysts are compared to the turnover fre- 
quencies and the apparent activation ener- 
gies for methane oxidation in Table 5. The 
rates are corrected to a reaction tempera- 
ture of 335°C. These catalysts may be sepa- 
rated into two groups: samples l lb, 12a, 
and 12b exhibiting low turnover frequen- 
cies, between 0.02 and 0.06 s-~; and sam- 
ples, 8, 9, 10, 13b, and 14 exhibiting high 
turnover frequencies, between 1.2 and 5.6 
s ~. Catalysts with low activity have a num- 
ber of common features. They consist of 
low concentrations of small palladium par- 
ticles (high dispersion) on 83 m2/g Degussa 
y-alumina. In addition, they show linear-to- 
bridge peak ratios in the infrared spectrum 
for adsorbed carbon monoxide of about 1.0. 
By contrast, three catalysts with high activ- 

ity, samples 10, 13b, and 14, contain large 
metal crystallites (low dispersion), and they 
show linear-to-bridge peak ratios after reac- 
tion of about 0.2. These results suggest that 
the turnover frequency for methane oxida- 
tion over palladium depends on the size of 
the metal crystallites and possibly on the 
distribution of sites on the metal surfaces. 

The properties of samples 8 and 9 appear 
to be anomalous. These catalysts initially 
contain small particles, the linear-to-bridge 
peak ratios after reaction are near 1.0, yet 
the turnover frequencies are high. How- 
ever, as described above, the infrared spec- 
tra of adsorbed carbon monoxide evidence 
a redistribution of sites on these catalysts 
during reaction. The new sites formed may 
be responsible for the high activities ob- 
served. 

D I S C U S S I O N  

Comparison with the Literature 

In Table 6, the results obtained in this 
study are compared with previously pub- 
lished work. Rates were extrapolated to our 
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TABLE 6 

Comparison of Methane Oxidation Rates over Platinum and Palladium Measured in Different Laboratories 

Reference Reactor Catalyst Turnover Activation 
type composition frequency energy 

(s i t , ,  (kcal/mole)~, 

Low High Low High 

This work Continuous Pt/AI203, ZrO2 0.001 0.11 26.6 39.3 
Anderson et al. (10) Pulsed CH4 in 02 Pt/AI203 0.006 0.18 23.5 24.6 
Yao (14) Continuous Pt/AI203 0.005 - -  24.0 - -  
Niwa et al. (16) Continuous Pt/Al203, SiO2, SIO2-A1203 0.001 0.02 13.1 33.3 
This work Continuous Pd/AI203, ZrO2 0.02 5.6 25.7 30.1 
Anderson et al. (10) Pulsed CH4 in 02 Pd/AI203 - -  0,9 - -  21.8 
Yao (14) Continuous Pd/AI203 0.05 1.4 17.0 20.0 
Cullis and Willatt (15) Pulsed CHa/O2 in He Pd/AI203, TiO2 18 43 17.9 22.7 

a Turnover frequencies extrapolated to 335°C, 
literature (14-16). 

b 1 kcal = 4.184 kJ. 

50 Torr CH4 and 110 Torr 02, using rate laws reported in the 

reaction conditions, using the reported acti- 
vation energies and assuming, in all cases 
except Yao's platinum catalyst, that the 
rate is first order in methane pressure and 
zero order in oxygen pressure (15, 16). In 
the case of Yao's platinum catalyst, the de- 
pendencies on methane and oxygen pres- 
sures were determined to be 0.7 and -0 .6 ,  
respectively (14). Anderson and co-work- 
ers (10) did not measure the metal disper- 
sion. However, to get a rough estimate of 
the turnover frequencies, a value of 10% 
was assumed for their catalysts. Cullis and 
Willatt (15) did not measure the metal dis- 
persion either, but they did obtain transmis- 
sion electron micrographs of the catalysts. 
The pictures indicate that the average metal 
particle varies from i l to 26 nm in diame- 
ter. A dispersion between 3 and 9% is con- 
sistent with the particle diameters they ob- 
served (18). Both Anderson et al. and 
Cullis and Willatt obtained reaction rates in 
a transient mode, in which the reaction 
mixture was periodically pulsed over the 
catalyst. In our work, in Yao's, and in 
Niwa et al. 's rates were obtained during 
continuous operation. 

Except for the results of Cullis and Wil- 
latt (15), the data obtained in the different 

laboratories are in good agreement. It is 
particularly noteworthy that we, Anderson 
et al. (10), Yao (14), and Niwa et al. (16) 
observe similar wide variations in the turn- 
over frequencies for methane oxidation 
over the platinum and palladium catalysts. 
The unusually high rates measured by Cul- 
lis and Willatt may be due to testing the 
catalysts with stoichiometric mixtures of 
methane and oxygen (O2/CH4 = 2). The 
other three studies tested the catalysts in 
excess oxygen. Alternatively, the high 
rates may be a result of grossly underesti- 
mating the metal dispersion on these cata- 
lysts. 

Structure Sensitivity o f  Platinum 

Examination of the data in Table 3 re- 
veals that methane oxidation over platinum 
is a structure-sensitive reaction. The turn- 
over frequency changes by 100-fold from 
the least active to the most active catalyst. 
There is a strong correlation of turnover 
frequencies with the infrared spectrum of 
adsorbed carbon monoxide. Low turnover 
frequencies correspond to a broad band lo- 
cated at 2068 cm -1, while high turnover fre- 
quencies correspond to a narrow band lo- 
cated at 2080 cm -1. We now consider what 
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surface structures are implied by these 
characteristic absorbances. 

Greenler, Hayden, and co-workers (27- 
29) obtained infrared spectra of carbon 
monoxide adsorbed on stepped platinum 
(111) single crystals at 85K. They observed 
two infrared peaks corresponding to ad- 
sorption at the steps and the terraces. The 
peaks shifted from 2065 to 2075 cm -1 and 
from 2085 to 2095 cm -1, respectively, with 
increasing coverage. Their results suggest 
that the infrared bands observed on sup- 
ported platinum catalysts may be due to 
carbon monoxide adsorption on the corner, 
edge, and close-packed face atoms of the 
crystallites (28). Corner and edge adsorp- 
tion would give the band below 2075 cm -l, 
while face adsorption would give the band 
above 2085 cm -1. 

The Greenler et al. model, however, is 
inconsistent with other experimental 
results. First, on supported platinum parti- 
cles the low- and high-frequency bands, if 
they appear together in the spectrum, are 
observed at all coverages (28). Whereas on 
the stepped single-crystal surface, the di- 
poles of the face- and edge-bound carbon 
monoxide couple at high coverage and 
eliminate the low-frequency band (27, 29). 
Second, on our catalysts there is no corre- 
lation of peak type with particle size. For 
example, the platinum on sample 4 is com- 
pletely dispersed, yet this sample exhibits a 
narrow infrared absorbance at 2083 cm -~. It 
is difficult to rationalize how such highly 
dispersed platinum could also expose ex- 
tended crystal faces of (111) orientation. 

An alternative interpretation of the infra- 
red spectra, proposed by Rothschild et al. 
(30), is that two phases of platinum coexist 
on the catalyst supports: a highly dispersed 
phase which is stabilized by alumina, and a 
crystalline phase which interacts only 
weakly with the support. Carbon monoxide 
adsorption on the dispersed phase is re- 
sponsible for the 2068 cm -J peak, while car- 
bon monoxide adsorption on the crystalline 
phase is responsible for the 2080 cm I peak. 
These assignments are consistent with the 

single-crystal results. The vibrational fre- 
quency of carbon monoxide adsorbed on 
platinum in the dispersed phase is close to 
that for the low coverage limit of carbon 
monoxide adsorbed on stepped platinum 
(533) (27). This makes sense, since in both 
situations the adsorbed molecule ? iso- 
lated. Furthermore, high carbon monoxide 
coverages on small platinum crystals 
should be analogous to islands of carbon 
monoxide on platinum (11 I). Depending on 
the size of the islands on Pt(111), the infra- 
red absorbance shifts from 2085 to 2100 
cm i (26, 27). This is in agreement with the 
position of the high-frequency band ob- 
served here and in other studies of sup- 
ported platinum (28, 30, 31). 

The presence of two phases of platinum 
on alumina has been established in several 
studies (32 and references therein). The rel- 
ative amount of the two phases formed 
depends on the support composition, the 
metal salt used, the amount of metal depos- 
ited, and the conditions of oxidation and 
reduction of the catalyst. High concentra- 
tions of the dispersed phase on alumina, up 
to 4 wt% platinum, can be obtained by ad- 
sorption of PtCI6-, followed by oxidation 
between 300 and 500°C and reduction at 
300 ° (32). Oxidation at 500°C produces a 
b'platinum oxychloride" species (33). Oxi- 
dation at 700°C and above causes the oxy- 
chloride species to decompose into large 
platinum crystallites, although a small 
amount of the dispersed phase remains af- 
ter this treatment (30, 33). 

Our results show a similar relationship 
between preparation conditions and forma- 
tion of the dispersed and crystalline phases 
of platinum. Three of the catalyst samples, 
1, 3a, and 3b, were prepared by ion ex- 
change of chloroplatinic acid onto alumina. 
Samples I and 3a were oxidized at 500°C 
and contain highly dispersed platinum. As 
expected, the infrared spectra of these sam- 
ples are dominated by the peak at 2068 
cm t (see Figs. 1 and 2). Sample 3b was 
oxidized at 700°C and contains large crys- 
tallites with a low dispersion. The infrared 
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spectrum for this sample at first seems 
anomalous because it exhibits a broad band 
centered at low wavenumbers. However, 
the crystallites on this sample may be ex- 
tremely large (30), such that the inventory 
of surface platinum atoms on the crystal- 
iites is actually less than that on the small 
amount of dispersed phase remaining. Sam- 
ples 4 and 5 utilized zirconia supports 
which do not stabilize the dispersed phase 
of platinum. Both of these samples show 
narrow infrared bands at 2080 cm -1. Sam- 
ple 2 was prepared in a way that should 
avoid formation of a dispersed phase. It 
was obtained by depositing the platinum 
amine complex onto a relatively inert alu- 
mina (o~-AIOOH calcined at 1050°C for 2 h). 
As shown in Fig. 1, sample 2 exhibits the 
narrow, high-frequency band characteristic 
of adsorption on platinum crystallites. 

Primet et al. (31, 34) and Peri (35) have 
shown that adsorption of other molecules 
with the carbon monoxide can shift the 
C-O stretching frequency up or down, de- 
pending on whether the coadsorbed mole- 
cule is an electron acceptor or electron do- 
nor. The infrared spectra shown in Figs. 1 
and 2 are not affected by coadsorbed spe- 
cies, such as oxygen and chlorine, because 
these are removed from the surface by re- 
duction at 300°C (34, 35). 

In summary, the rate of methane oxida- 
tion is affected by the structure of the ex- 
posed platinum. Dispersed phase platinum 
is characterized by a broad infrared band at 
2068 cm -1 for adsorbed carbon monoxide. 
It catalyzes the reaction at a turnover rate 
of 0.001 to 0.01 s -1 at 335°C with an appar- 
ent activation energy of 33 to 39 kcal/mole. 
Conversely, crystalline platinum is charac- 
terized by a narrow infrared band at 2080 
cm -1 for adsorbed carbon monoxide. The 
crystallites catalyze the reaction at a turn- 
over rate of 0.05 to 0.11 s -1 at 335°C with 
an apparent activation energy of 28 kcal/ 
mole. 

Structure Sensitivity of  Palladiurn 

Comparison of the data in Table 5 reveals 
that methane oxidation over palladium is a 

structure-sensitive reaction. The turnover 
frequency varies by a factor of 280 from the 
least active to the most active catalyst. The 
turnover frequencies depend strongly on 
the size of the palladium particles. Samples 
l lb,  12a, and 12b, with greater than 35% 
dispersion, are much less active than sam- 
ples 10, 13b, and 14, with less than 12% 
dispersion. Samples 8 and 9 were unstable 
during reaction, so their behavior is consid- 
ered separately below. 

For samples I0, l lb,  12a, 12b, 13b, and 
14, the infrared spectra of adsorbed carbon 
monoxide show a decrease in the linear-to- 
bridge peak ratio with increasing particle 
size. This trend is consistent with the types 
of surface sites assigned to these peaks. 
The band due to bridge-bonded carbon 
monoxide has been attributed by many au- 
thors to adsorption on the faces of the small 
palladium crystals (22, 24, 25, 36, 37). On 
the other hand, the band due to linearly 
bonded carbon monoxide has been attrib- 
uted to adsorption on all types of sites (22), 
including single-crystal planes (25) and iso- 
lated atoms (38). Thus, on small crystallites 
with a high fraction of corner and edge at- 
oms, the ratio of linearly bonded to bridge- 
bonded carbon monoxide should be rela- 
tively high; while on large crystallites with 
a high fraction of face atoms, the ratio of 
linearly bonded to bridge-bonded carbon 
monoxide should be relatively low. This is 
in agreement with the data reported in Ta- 
ble 5. 

For samples 8 and 9, the infrared spectra 
recorded before and after reaction evidence 
a dramatic change in the structure of the 
palladium crystallites. The before and after 
spectra are shown in Fig. 4. As a result of 
exposure to reaction conditions, the linear- 
to-bridge peak ratio decreases by a large 
amount, and is accompanied by growth of 
the 1970 cm -l band. The 1970 cm -1 band 
has been attributed to carbon monoxide ad- 
sorption on (100) planes (22, 24, 25, 36, 37). 
The shift in the distribution of the infrared 
bands is therefore consistent with an ag- 
glomeration of the palladium crystallites 
during reaction. The dispersion during 
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steady state reaction is probably much 
lower than that given in Table 5, and brings 
the results obtained for samples 8 and 9 into 
line with those for samples 10, 13b, and 14. 

The size of the palladium crystallites 
which could be stabilized on the supports 
depended on the support composition and 
method of preparation. Small crystallites 
were produced by ion exchanging a small 
amount of palladium, less than 0.5 wt%, 
onto the high-surface-area Degussa alu- 
mina. Large crystallites were produced by 
depositing either a large amount of palla- 
dium. 2.3 wt%, on the Degussa alumina or 
by depositing the palladium on the other 
lower-surface-area alumina and zirconia 
supports. 

Possible Explanation o f  the 
Structure Sensitivity 

Under our reaction conditions, the ex- 
posed platinum and palladium surfaces are 
covered with oxygen. This conclusion is 
supported by several facts: (1) In most 
cases, the observed rate law is first order in 
methane pressure and zero order in oxygen 
pressure (11-16). (2) Oxygen adsorption on 
platinum and palladium is extremely fast 
and irreversible below 400°C (39). Methane 
adsorption, on the other hand, is a slow, 
activated process (40). Oxygen should 
completely displace methane from the sur- 
face when the O2/CH4 ratio exceeds 2. 
Therefore, the structure sensitivity of 
methane oxidation should be related to dif- 
ferences in the reactivity of the adsorbed 
oxygen. 

The interaction of oxygen with supported 
platinum catalysts has been investigated in 
several laboratories (15, 16, 33, 41, 42). 
When platinum is completely dispersed, it 
oxidizes to PtO2 starting at 300°C (33, 41, 
42). However, when platinum is in the form 
of crystallites, only the surfaces of the crys- 
tallites are oxidized during heating in air up 
to 600°C (15, 33, 41). This is so irrespective 
of their size (42). If chlorine is present, the 
crystalline phase oxidizes more readily, and 
complete oxidation of the platinum has 
been observed at 500°C (16, 32). The dis- 

persed PtO2 is less reactive toward hydro- 
gen than the surface oxygen on the plati- 
num crystallites (32, 41). Temperature-pro- 
grammed reduction (TPR) of catalysts pre- 
viously oxidized at 300°C produces a broad, 
high-temperature peak corresponding to 
the dispersed phase, and a narrow, low- 
temperature peak corresponding to the 
crystalline phase (41). The high reactivity 
of the oxygen on the crystallites suggests 
that it is a "chemisorbed layer" and not a 
"surface oxide." 

The rate of methane oxidation is ex- 
pected to follow the rate of hydrogen reduc- 
tion of the oxygen covered platinum. Both 
of these reactions proceed by the rate limit- 
ing adsorption of the reducing reactant onto 
the surface oxygen (14, 15). Both reactions 
exhibit the same kinetics: first order in re- 
ducing reactant and zero order in oxygen 
(43). The observation of separate tempera- 
ture maxima in the TPR traces of platinum 
catalysts indicates that the activation ener- 
gies for reduction of each type of surface 
oxygen are different. More specifically, the 
activation energy of hydrogen reaction with 
dispersed PtO2 is higher than that with ad- 
sorbed oxygen on Pt crystallites. In agree- 
ment with these findings, we observe a 
higher activation energy for methane oxida- 
tion on the dispersed phase than on the 
crystalline phase (compare the activation 
energies of samples I and 2 in Table 3). 

Niwa et al. (16) observed a correlation of 
the rates of methane oxidation with the 
temperature-programmed reduction of plat- 
inum catalysts. A broad, low-temperature 
peak in the TPR trace corresponded to re- 
duction of the adsorbed oxygen. This peak 
shifted upward in temperature along with a 
decrease in the turnover frequency and an 
increase in the activation energy for meth- 
ane oxidation. The results of Niwa et al. are 
consistent with the existence of two types 
of surface oxygen, each with different reac- 
tivities toward hydrogen and methane. 

Studies of platinum single crystals have 
shown that oxygen reacts with at most the 
top two layers of the surface over a wide 
range of temperatures and oxygen pres- 
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sures (44, 45). Below 500°C, oxygen disso- 
ciatively chemisorbs onto the surface of the 
platinum crystals. At higher temperatures, 
an unreactive surface oxide may form. 
Gland (46) conducted a comprehensive 
study of oxygen adsorption on flat and 
stepped Pt(111). He observed almost no dif- 
ference in the energy of adsorption between 
the flat and the stepped surfaces. This 
result is pertinent to supported platinum 
catalysts, because it suggests that the reac- 
tivity of oxygen adsorbed on corner, edge, 
and face atoms of crystallites should be the 
same. In other words, the reactivity of the 
adsorbed oxygen should not change with 
crystallite size. Returning our attention to 
the TPR results, the observation by Mc- 
Cabe and co-workers (41) of a separate 
high-temperature peak on the more highly 
dispersed platinum catalysts is inconsistent 
with a simple change in the diameter of the 
metal particles. Rather there is a less reac- 
tive dispersed PtO2 and a more reactive ox- 
ygen adsorbed on Pt crystallites; the latter 
decreases in concentration relative to the 
former as the dispersion of the platinum in- 
creases. 

The interaction of oxygen with palladium 
catalysts differs from that observed for 
platinum catalysts. Between 200 and 900°C 
in an oxidizing environment, some fraction 
of the interior of the palladium particles ox- 
idizes (47). Oxidation breaks apart the 
metal crystallites, so that all the oxide 
formed is exposed and participates in catal- 
ysis (19). Under our reaction conditions of 
260 to 350°C and excess oxygen, some of 
the bulk palladium oxidizes, causing an in- 
crease in the number of active sites. Conse- 
quently, it is incorrect to base the turnover 
frequencies on the initial dispersion as has 
been done in Tables 4-6. However, at the 
time these measurements were taken, we 
did not know that the number of surface 
palladium atoms increases during reaction, 
and adsorption measurements were not 
made on the used samples. Thus, to pro- 
vide a comparison of the platinum and pal- 
ladium catalysts tested in this and in pre- 

vious studies, initial dispersions were used 
to calculate the turnover frequencies. 

In the accompanying paper (19), we 
show that the extent of palladium oxidation 
depends on the metal particle size. At 
300°C and 110 Torr of oxygen, small crys- 
tallites are completely oxidized, while large 
crystallites are partially oxidized. The com- 
pletely oxidized palladium disperses over 
the alumina as PdO. The partially oxidized 
palladium is broken into smaller crystallites 
which are covered with a layer of oxygen. 
A rough estimate of the turnover frequen- 
cies, corrected for palladium oxidation, can 
be made by assuming that the dispersion is 
1.0 for small particles (samples l lb and 12b) 
and 0.5 for large particles (samples 8, 9, 10, 
13b, and 14) (19). The recalculated turnover 
frequencies are 0.02 s -] for the former and 
from 0.7 to 3.0 s -1 for the latter. These 
results suggest that the palladium oxide dis- 
persed over the alumina is much less active 
than the oxide covering the fcc palladium 
crystallites (19). This interpretation is anal- 
ogous to what we have observed for plati- 
num. 

In summary, the structure sensitivity of 
platinum and palladium for methane oxida- 
tion may be explained by the different reac- 
tivities of adsorbed oxygen. The results 
suggest that there are four types of surface 
oxide: platinum oxide dispersed over alu- 
mina, oxygen adsorbed on platinum crys- 
tallites, palladium oxide dispersed over alu- 
mina, and oxygen adsorbed on palladium 
crystallites. At 335°C, the turnover rates for 
methane oxidation increase as follows: dis- 
persed PtO2, TOF = 0.005 s-I; dispersed 
PdO, TOF -- 0.02 s-Z; Pt crystallites, TOF 
= 0.08 s-I; and Pd crystallites, TOF = 1.3 
s-l .  

The possibility that residual chlorine on 
the catalyst poisons the reaction should be 
considered. We suspect that samples 3a 
and 12a may be affected by chloride poison- 
ing. Both of these catalysts were prepared 
by ion exchange of the metal chloride with 
Degussa alumina. Both of these catalysts 
exhibited reaction rates which steadily in- 
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creased throughout the run, as if a poison 
was slowly being removed from the metal 
particles. No effect of chlorine is apparent 
in the infrared spectrum of adsorbed carbon 
monoxide on these samples. However, in 
the accompanying paper (19), we show that 
palladium on Degussa alumina, prepared by 
ion exchange of HzPdCI4, oxidation at 
500°C, and reduction at 300°C, shows ab- 
normal methane and oxygen adsorption 
characteristics. Palladium on alumina oxi- 
dized at higher temperatures does not ex- 
hibit this behavior. 

CONCLUSIONS 

We have measured the intrinsic rates of  
methane oxidation in 5% excess oxygen 
over  a series of  platinum and palladium cat- 
alysts. The steady state turnover  frequen- 
cies vary over  a wide range, depending on 
the structure of the metal surface. Two 
types of  platinum are present,  a dispersed 
phase and a crystalline phase. The two 
phases are identified by their characteristic 
infrared spectra for adsorbed carbon mon- 
oxide. The former exhibits a 42 cm ~ wide 
band at 2068 c m  J, while the latter exhibits 
a 23 cm 1 wide band at 2080 cm ~. Under 
reaction conditions, the dispersed phase is 
conver ted  into PrO2 while the crystallites 
are covered with adsorbed oxygen.  The 
methane oxidation activity of  the dispersed 
PtO2 is 10 to 100 times lower than that of 
the platinum crystallites. Whether  or not 
the dispersed or crystalline phases are 
formed depends more on the support com- 
position and the method of preparation,  
than on the degree to which the platinum is 
dispersed over  the support. 

Over  palladium, the turnover  f requency 
for methane oxidation depends on particle 
size. Under reaction conditions, small crys- 
tallites on alumina are conver ted  into dis- 
persed PdO, while large crystallites are 
conver ted  into smaller ones covered with 
adsorbed oxygen (19). The results suggest 
that the methane oxidation activity of the 
dispersed PdO is 10 to 100 times lower than 
that of the small palladium crystallites. 
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