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Six palladium on alumina catalysts were prepared with dispersions between 3 and 86%. Over 
several cycles of carbon monoxide exposure at 25°C and reduction at 30O’C,the carbon monoxide, 
oxygen, and hydrogen adsorption capacities decreased by 20 to 50%. The loss of surface sites was 
higher on the small crystallites. The adsorption capacity recovered with oxidation at 550°C and 
reduction at 300°C. The carbon monoxide and oxygen treatments did not affect the hydrogen 
solubility in the palladium particles. However, infrared spectroscopy of adsorbed carbon monoxide 
revealed that the surface structure changed with the gas treatments. When the catalyst was con- 
verted from the carbon monoxide-exposed state to the oxidized state, the band at 1970 cm-’ for 
bridge-bonded carbon monoxide on (100) facets decreased, while the band at 2095 cm-’ for linearly 
bonded carbon monoxide on low-coordination sites increased. In some instances, the bands at 1995 
and 1885 cm-’ increased after oxidation, These latter features are tentatively assigned to bridged 
and threefold-bridged bonded carbon monoxide adjacent to linearly bonded carbon monoxide on 
low coordination sites. A model is presented to explain these results: cycles of carbon monoxide 
exposure and reduction smooth the crystallite surfaces into well-ordered facets, whereas cycles of 
oxidation and reduction roughen the surfaces. o 1990 Academic press, IIIC. 

INTRODUCTION 

Carbon monoxide adsorption is a valuable 
probe for characterizing the structure of me- 
tallic catalysts. The dispersion is calculated 
from the amount adsorbed at saturation 
(I-4). The morphology of the crystallite sur- 
faces is assessed by infrared spectroscopy 
of adsorbed carbon monoxide (4-8). Peaks 
observed in the infrared spectrum corre- 
spond to carbon monoxide bonding at sites 
with specific arrangements of metal atoms. 
The configuration of the site is deduced by 
comparison to infrared spectra of carbon 
monoxide adsorbed on single crystals 
(9-11). The distribution of peaks in the spec- 
trum is indicative of the distribution of sites 
on the crystallites. Assuming that the metal 
particles are unchanged by exposure to car- 
bon monoxide, these experiments, when 
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combined with measurements of catalytic 
reaction rates, provide a means of evaluat- 
ing the relationship between the structure 
and the reactivity of supported metals. 

In a study of supported palladium cata- 
lysts, Chou and Vannice (12) found that the 
adsorption capacity of the metal decreases 
over several cycles of carbon monoxide ad- 
sorption at 25°C and reduction at 400°C. The 
adsorption capacity did not recover follow- 
ing oxidation at 300 to 500°C and reduction 
at 300°C. These treatments should have re- 
moved the adsorbed carbon monoxide and 
any carbon formed by carbon monoxide dis- 
proportionation (13-16). The results of 
Chou and Vannice suggest that carbon mon- 
oxide adsorption alters the structure of the 
palladium crystallites. 

We have further investigated the effect of 
exposing palladium on alumina to carbon 
monoxide at room temperature. Catalysts of 
different metal loading and dispersion were 
alternately treated with carbon monoxide at 
25°C and with oxygen at 300 to 600°C. After 
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TABLE 1 

Properties of the Palladium on Alumina Catalysts 

Sample Oxidation Palladium Ratio of CO 
number temperature loading adsorbed to total 

(“Cl (%I palladium” (%) 

llb 700 0.20 86 
llc 900 0.20 59 
12b 700 0.46 59 
12c 900 0.46 19 
13b 700 2.30 11 
13c 900 2.30 3 

0 Uptake of CO after initial oxidation and reduction. 

each treatment, the catalysts were reduced 
at 300°C and characterized by carbon mon- 
oxide, oxygen, and hydrogen adsorption, by 
hydrogen absorption, by infrared spectros- 
copy of adsorbed carbon monoxide, and by 
temperature-programmed oxidation. We 
have found that the adsorption capacity and 
the infrared spectrum of adsorbed carbon 
monoxide change dramatically as the cata- 
lyst is cycled between carbon monoxide ex- 
posure and oxidation. 

EXPERIMENTAL 

Materials 

The catalysts were prepared by room tem- 
perature ion exchange of H,PdCl, with De- 
gussa aluminum oxide “C” (17). The alu- 
mina was first calcined in air at 1000°C for 24 
h (surface area 83 m’/g). After ion exchange, 
the samples were filtered from solution, 
washed with distilled water, dried at 105°C 
overnight, and oxidized at 700 or 900°C for 
2 h. Then the samples were stored in a desic- 
cator. The weight percents of palladium in 
the oxidized samples were determined by 
inductively coupled plasma emission spec- 
troscopy. The sample number, the oxidation 
temperature, the palladium loading, and the 
initial amount of adsorbed carbon monoxide 
are shown for each catalyst in Table 1. 

The gases used were Matheson research 
purity carbon monoxide (99.99%) and Liq- 
uid Air Corp. hydrogen (99.995%), helium 

(99.995%), and oxygen (99.995%). The car- 
bon monoxide impurities were less than 5 
ppm CO2 and 26 ppm total carbon in hydro- 
carbons. The carbon monoxide was added 
to the glass chemisorption apparatus by 
passing it through glass beads held at 300°C 
and then through a 13X molecular sieve trap 
immersed in dry ice (- 78°C). For the gas 
treatments using the pulse-flow apparatus, 
the gases were passed through 13X molecu- 
lar sieve traps immersed in dry ice. The car- 
bon monoxide, hydrogen, and helium were 
also passed through an oxygen adsorbent 
(Alltech) located before the cold traps. 

Methods 

The uptake of carbon monoxide and oxy- 
gen on each sample was determined by volu- 
metric chemisorption (1). From 1 to 3 g of 
catalyst was pelletized, crushed, and sieved 
to 32-60 mesh size. The pellets were placed 
in a quartz chamber, reduced in 200 cm3/ 
min hydrogen at 300°C for 1 h, and then 
cooled from 300 to 25°C in 1 x lop6 Torr 
vacuum (1 Torr = 133 N/m*). The carbon 
monoxide adsorption isotherm was mea- 
sured at 25°C in the pressure range from 10 
to 150 Torr. The linear dependence of the 
gas uptake on pressure at the higher pres- 
sures was back-extrapolated to zero to give 
the amount adsorbed. 

After recording the first isotherm, the 
sample was briefly exposed to air and re- 
duced in 200 cm3/min hydrogen at 300°C for 
1 h. Then the carbon monoxide uptake was 
measured. This procedure was repeated 
many times until the amount adsorbed re- 
mained constant. The condition of the cata- 
lyst at this stage is denoted as the “CO cy- 
cled” state. Next, the sample was oxidized 
in 200 cm3/min oxygen at 550°C for 1 h and 
reduced in 200 cm3/min hydrogen at 300°C 
for 1 h. Then the carbon monoxide adsorp- 
tion isotherm was recorded again. This pro- 
cedure was also repeated until the amount 
adsorbed remained constant. The condition 
of the catalyst at this stage is denoted as the 
“oxidized” state. After completing each of 
the cycles of carbon monoxide exposure and 
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oxidation, the sample was reduced at 300°C 
and the oxygen adsorption isotherm was re- 
corded. 

The hydrogen solubility was determined 
on each sample to assess the effect of carbon 
monoxide exposure on the bulk properties 
of the palladium particles. These measure- 
ments were performed in the volumetric 
chemisorption apparatus, using the back- 
sorption technique described by Boudart 
and Hwang (18). The hydrogen solubility 
was measured after three cycles of carbon 
monoxide adsorption at 25°C and reduction 
at 300°C (CO cycled), and again after two 
cycles of oxidation at 600°C and reduction 
at 300°C (oxidized). After the last reduction 
step, the sample was cooled in flowing hy- 
drogen to 25°C and held for 10 min. The 
chamber was pumped out to 1 X 10e5 Torr 
over 10 min. Then a known amount of hy- 
drogen was admitted to the chamber such 
that 200 Torr remained in the gas after sev- 
eral hours of contact with the catalyst. The 
amount of hydrogen adsorbed at 25°C and 
200 Torr was calculated from a material bal- 
ance on the system. 

Infrared spectra of adsorbed carbon mon- 
oxide of the CO cycled and the oxidized 
catalyst samples were recorded. A 0.1-g 
sample was pressed into a 13-mm-diameter 
wafer and placed in a glass cell. The wafer 
was treated as described in the chemisorp- 
tion experiments. At room temperature, 
small aliquots of carbon monoxide, 0.5 to 
2.5 x 10m7 mol, were dosed into the cham- 
ber and the infrared spectrum was recorded. 
The intensity of the infrared bands increased 
linearly with each dose until the saturation 
point was reached (4). The spectra shown 
are for saturation only. The infrared spectra 
were recorded on a Digilab FTS-40 spec- 
trometer with a DTGS detector at 4-cm-’ 
resolution and coadding 64 scans. 

Adsorption experiments were performed 
in a pulse-flow apparatus equipped with on- 
line gas chromatography. The concentra- 
tions of oxygen, carbon monoxide, and car- 
bon dioxide exiting the reactor were mea- 
sured with a Carbosphere column (Alltech) 

and a thermal conductivity detector. Each 
catalyst sample used in these experiments 
had been subjected to many cycles of carbon 
monoxide adsorption, reduction and oxida- 
tion in the chemisorption apparatus. First, 
the sample was converted to the oxidized 
state: it was heated in 50 cm3/min oxygen 
from 25 to 600°C in 20 min, held at 600°C for 
about 30 min until no more carbon dioxide 
evolved, cooled to 3OO”C, purged with he- 
lium, and reduced at 300°C for 20 min. These 
oxidation and reduction steps were repeated 
to ensure that the amount of surface carbon 
was reduced to a minimum. The sample was 
then cooled to 50°C and reheated in 50 cm3/ 
min oxygen from 50 to 600°C at ll”C/min. 
The temperature-programmed oxidation of 
surface carbon to carbon dioxide was re- 
corded during the heating cycle. Next, the 
sample was reduced at 300°C cooled in hy- 
drogen to 50°C purged with 30 cm3/min he- 
lium, and pulsed with oxygen and hydrogen. 
The dispersion was calculated from the 
number of oxygen and hydrogen pulses ad- 
sorbed at 50°C assuming 9 0, and 4 H, are 
consumed per surface palladium atom (Pd,) 
(3, 4). The value measured at this stage of 
the experiment corresponds to the disper- 
sion of the catalyst in the oxidized state. 

The catalyst was converted to the CO- 
cycled state in the pulse-flow apparatus as 
follows: it was exposed to 10 cm3/min car- 
bon monoxide at 25°C for 30 min, heated in 
50 cm3/min hydrogen from 25 to 300°C at 
6”C/min, reduced at 300°C for 20 min, and 
cooled in hydrogen to 50°C. At 50°C the 
palladium dispersion was determined by 
pulsing the sample with oxygen and hydro- 
gen. This sequence of treatments was re- 
peated three times. The hydrogen-oxygen 
titration after the third cycle gave the disper- 
sion of the catalyst in the CO cycled state. 
After this last titration, the sample was 
heated in 50 cm3/min oxygen from 50 to 
600°C at 1 l”C/min and held at 600°C for 20 
min. The temperature-programmed oxida- 
tion of surface carbon to carbon dioxide was 
recorded during the heating cycle. Then the 
sample was cooled to 3OO”C, helium purged 
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FIG. 1. The dependence of the ratio of carbon mon- 
oxide adsorbed to total palladium on the number of 
cycles of carbon monoxide adsorption at 2X, oxida- 
tion at 300 to 600°C (cycles 4, 10-M) and reduction at 
300°C for sample 1 lb. 

for 10 min, reduced in 50 cm3/min hydrogen 
at 300°C for 20 min, and cooled in hydrogen 
to 50°C. At 50°C the catalyst was titrated 
with oxygen and hydrogen. This cycle of 
temperature-programmed oxidation, reduc- 
tion, and HZ-O, titration was repeated 
twice. 

RESULTS AND DISCUSSION 

Effect of Gas Treatments on the 
Adsorption Capacity 
Figure 1 shows the change in the carbon 

monoxide uptake of sample 1 lb with cycling 
between carbon monoxide adsorption, re- 
duction, and oxidation in the chemisorption 
apparatus. During the first three cycles, the 
sample is alternately exposed to carbon 
monoxide and reduced at 300°C. The num- 
ber of carbon monoxide molecules adsorbed 
per total palladium atoms (CO/Pd,) falls 
from 0.86 to 0.48. This is similar to the drop 
in adsorption capacity observed by Chou 
and Vannice (12) during their adsorption ex- 
periments. In the fourth cycle, sample llb 
is oxidized at 300°C and reduced at 300°C 
prior to adsorption. Only a small amount of 
the carbon monoxide uptake is recovered 
by this treatment. During five more cycles 

of reduction and adsorption, the amount ad- 
sorbed slowly declines to 0.40. In the 10th 
through the 18th cycles, the catalyst is oxi- 
dized at 450 to 550°C and the adsorption 
capacity increases to 0.76 CO/Pd,. Oxida- 
tion at 550°C is required to stabilize the car- 
bon monoxide uptake against repeated cy- 
cling. 

The oxygen uptake is affected in the same 
fashion by the gas treatments. After the last 
cycle of carbon monoxide adsorption and 
reduction (cycle 9, Fig. l), sample llb ad- 
sorbs 0.32 O/Pd,, whereas after the last cy- 
cle of carbon monoxide adsorption, oxida- 
tion at 550°C and reduction at 300°C (cycle 
18, Fig. l), sample llb adsorbs 0.74 O/Pd,. 
These values are in good agreement with 
the carbon monoxide uptakes, assuming one 
carbon monoxide molecule and one 0 atom 
are adsorbed per Pd, . 

The pulse-flow apparatus was used to ex- 
plore the effects of different exposures to 
carbon monoxide and oxygen on the adsorp- 
tion capacity of sample 13b. The results are 
summarized in Table 2. In the first cycle, 
after oxidation at 500°C and reduction at 
300°C the sample adsorbs 0.105 CO/Pd,. 
Three additional cycles of reduction at 

TABLE 2 

Changes in the Palladium Dispersion on Exposing 
Sample 13b to Different Gas Treatments 

Cycle Treatment” Ratio of CO Palladium 
adsorbed to total dispersi& 

Time Gas Temperature palladium (%) em 
09 eo 

1 1.3 0, 500 10.5 
5 0.3 0, 25 10.0 
6 1.0 co 25 6.3 
7 1.5 co 25 5.5 
8 1.0 co 25 5.3 
9 1.0 02 500 6.4 

10 1.0 0, 550 7.3 7.2 

New sample 
11 1.2 0, 600 11.6 
12 0.5 co 25 6.2 
13 0.5 co 25 6.1 
14 0.3 02 600 8.1 
15 0.3 0, 604 8.8 

n After each treatment the sample was reduced 1 h at 300°C. 
b Dispersion measured by Hz-O, titration at 50°C. 
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300°C and pulse adsorption of carbon mon- 
oxide at 25°C (cycles 2-4, not shown in the 
table) do not change the amount of carbon 
monoxide adsorbed. This proves that ad- 
sorbed carbon monoxide is not responsible 
for the drop in adsorption capacity. 

During the volumetric chemisorption ex- 
periments, the samples were briefly exposed 
to air before each reduction step. To see if 
this lowers the adsorption capacity, sample 
13b was exposed to oxygen at 25°C in the 
fifth cycle. No change in the carbon monox- 
ide uptake is observed with this treatment. 
In the sixth through the eighth cycles, sam- 
ple 13b was repeatedly contacted with flow- 
ing carbon monoxide at 25°C and reduced 
at 300°C. This time the amount of carbon 
monoxide adsorbed decreases from 0.100 to 
0.053 CO/Pd,. These experiments demon- 
strate that the adsorption capacity drops 
only if the catalyst is exposed to a continu- 
,ous pressure of carbon monoxide at room 
‘temperature. 

As shown in the 9th and 10th cycles, oxi- 
dation of sample 13b at 500 and 550°C in- 
creases the carbon monoxide uptake to 
0.073 CO/Pd,. This is 70% of the initial ad- 
sorption capacity. When these same experi- 
ments are conducted in the volumetric che- 
misorption apparatus, the adsorption 
capacity is fully recovered by oxidation. 
The main difference between the pulse-flow 
experiment and the chemisorption experi- 
ment is that the carbon monoxide pressure 
is 760 Ton- in the former case, but between 
10 and 150 Tot-r in the latter case. Evidently, 
exposing the catalyst to a higher pressure of 
carbon monoxide makes it more difficult to 
restore the palladium to the oxidized state. 

In the 10th cycle, sample 13b was pulsed 
with carbon monoxide and titrated with hy- 
drogen and oxygen. The dispersion mea- 
sured by HZ-O, titration equals the ratio of 
carbon monoxide adsorbed to total palla- 
dium. This corresponds to an adsorption 
stoichiometry of 1 CO/Pd,, in agreement 
with previous studies of supported palla- 
dium catalysts (3, 4). The bottom half of 
Table 2 reports the results of a second series 

of tests in which the metal surface was ti- 
trated with hydrogen and oxygen after each 
cycle. As the sample is oxidized, exposed 
to carbon monoxide, and oxidized again, the 
dispersion changes from 11.6 to 6.1 to 8.8%. 
These dispersions are within 20% of the ra- 
tios of carbon monoxide adsorbed to total 
palladium measured after the same treat- 
ments in cycles 1 to 10. Since the amounts 
of carbon monoxide, oxygen, and hydrogen 
adsorbed are equally affected, the change in 
adsorption capacity with the carbon monox- 
ide and oxygen treatments results from a 
change in the number of exposed palladium 
atoms. 

The effects of CO cycling and oxidation 
on the adsorption capacities of the different 
palladium catalysts are shown in Table 3. 
Assuming that one oxygen atom is adsorbed 
per surface palladium atom, the oxygen up- 
takes measured by volumetric chemisorp- 
tion and the dispersions measured by pulsed 
HZ-O, titration agree to within experimental 
error. However, the carbon monoxide up- 
takes measured by volumetric chemisorp- 
tion and the dispersions measured by pulsed 
HZ-O, titration do not agree as well. The 
ratio of carbon monoxide molecules ad- 
sorbed per surface palladium atom ranges 
from 1.00 to 1.81. This discrepancy may be 
due to the adsorption of carbon monoxide 
in excess of monolayer coverage, either on 
the metal or on the support, during equili- 
bration of the sample with the carbon mon- 
oxide gas in the chemisorption apparatus. 
When carbon monoxide is adsorbed onto 
the catalyst in the pulse-flow apparatus, the 
uptake equals the expected value of 1 CO/ 
Pd, (see cycle 10, Table 2). 

As shown in Table 3, all the samples are 
affected by CO cycling.The percentage de- 
crease in adsorption capacity is about the 
same for carbon monoxide and oxygen ad- 
sorption and for hydrogen and oxygen titra- 
tion. This affirms our conclusion that CO 
cycling reduces the amount of exposed pal- 
ladium. Oxidation at 550°C increases the ad- 
sorption capacity to within 15% of the value 
recorded before CO cycling. The data in the 
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TABLE 3 

Changes in the Adsorption Capacity with CO Cycling and Oxidation of the Palladium on Alumina Catalysts 

Sample Ratio of CO adsorbed Ratio of 0 adsorbed Palladium Decrease in 
number to total palladium (%) to total palladium (%) dispersion” dispersionb 

(%) 
Initial CO cycled Oxidized CO cycled Oxidized CO cycled Oxidized 

llb 86 40 76 32 14 28 70 60 
llc 59 37 69 25 48 26 47 45 
12b 59 29 51 16 44 16 37 57 
12c 19 10 15 6 13 8 15 47 
13b 11 8 12 6 9 6 9 33 
13c 3 2.5 3 2 3 2 3 33 

,J Dispersion measured by HZ-O2 titration at 50°C. 
b Decrease = (oxidized - cycled)/oxidized. 

last column of Table 3 reveal that the loss 
of adsorption sites is slightly dependent on 
particle size. The percentage decrease in 
dispersion is greater on the smaller par- 
titles . 

One possible explanation for the drop in 
adsorption capacity with exposure to car- 
bon monoxide is that carbon monoxide dis- 
proportionates, depositing carbon on the 
surface of the palladium particles (13-16). 
This reaction is unlikely at room tempera- 
ture, but could occur when the adsorbed 
carbon monoxide is heated in hydrogen to 
300°C. To check this possibility, the amount 
of carbon on the samples was analyzed by 
temperature-programmed oxidation. A se- 
ries of temperature-programmed oxidation 
spectra for sample 12b is shown in Fig. 2. 
Spectrum (a) was recorded after oxidation 
at 600°C and reduction at 300°C. A burst of 
carbon dioxide appears at 35o”C, after 
which a small amount continues to evolve 
during oxidation at 600°C. The am$mt of 
carbon dioxide produced corresponds to 
0.09 adsorbed carbon atoms per total palla- 
dium atoms (C/Pd,). Spectrum (b) was re- 
corded after converting the sample into the 
CO cycled state. The carbon dioxide now 
appears at 39O”C, 40°C higher than in spec- 
trum (a). Nevertheless, the same amount of 
carbon dioxide is produced. Spectrum (c) 

was recorded after spectrum (b) and reduc- 
tion of the catalyst at 300°C. In this case, 
the peak maximum shifts down to 340°C 
and the amount of carbon dioxide produced 
corresponds to 0.05 ClPd,. Since equal 
amounts of carbon are oxidized off the sam- 
ple before and after carbon monoxide cy- 
cling, no carbon is deposited as a result of 
this treatment. Therefore, the loss of ad- 
sorption capacity upon exposure to carbon 
monoxide is not due to adsorbed carbon. 

The amount of carbon dioxide desorbed 
from sample 12b during temperature-pro- 
grammed oxidation averages 3.3 x lop6 
molig. This quantity may be compared to 
1.3 x 10m6 mol/g carbon dioxide desorbed 
from the alumina support and between 1.0 
and 3.0 x lop6 mol/g carbon dioxide de- 
sorbed from the other catalyst samples dur- 
ing the same sequence of treatments. Since 
the amount desorbed varies over a narrow 
range from one sample to the next and is 
close to the value for the alumina, it is con- 
cluded that the carbon dioxide arises from 
the oxidation of carbon bound to the alu- 
mina support. The carbon dioxide peak 
in the temperature-programmed oxidation 
spectrum of the support occurs at 465°C. By 
contrast, sample 12b exhibits a peak maxi- 
mum at 345 or 390°C. The lower temperature 
of the peak means that the palladium cata- 
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FIG. 2. Temperature-programmed oxidation spectra 
for sample 12b: (a) after oxidation at 600°C and reduc- 
tion at 300°C; (b) after three cycles of carbon monoxide 
exposure at 25°C and reduction at 300°C; (c) after spec- 
trum (b) and reduction at 300°C; and (d) after carbon 
monoxide exposure at 300°C and reduction at 300°C. 

lyzes the oxidation of the carbon off the 
alumina. 

The following experiment was conducted 
to document what occurs when carbon is 
deposited by carbon monoxide dispropor- 
tionation. The sample was heated in 10 cm3/ 
min carbon monoxide from 25 to 300°C at 
6”C/min, held in 10 cm3/min carbon monox- 
ide at 300°C for 1 h, helium purged at 300°C 
for 3 h to remove the adsorbed carbon mon- 
oxide, cooled to room temperature, and ti- 
trated with hydrogen and oxygen. A temper- 
ature-programmed oxidation spectrum, Fig. 

2d, was then obtained. After this oxidation, 
the sample was reduced and titrated with 
hydrogen and oxygen. The amount of car- 
bon deposited from carbon monoxide at 
300°C far exceeds the amount of surface pal- 
ladium lost. The temperature-programmed 
oxidation spectrum indicates a net accumu- 
lation of 0.85 C/Pd, (after correcting for the 
support adsorption). This may be contrasted 
to the decrease in palladium dispersion from 
24 to 7%. Furthermore, the loss of adsorp- 
tion sites is irreversible, since oxidation at 
600°C only increases the dispersion to 11%. 
The percentage change in adsorption capac- 
ity due to carbon monoxide exposure at 
300°C is greater than that due to carbon 
monoxide exposure at 25°C. In the latter 
case, carbon monoxide exposure decreases 
the dispersion from 37 to 16%, and subse- 
quent oxidation increases the dispersion to 
24%. 

Ichikawa et al. (14) investigated carbon 
monoxide disproportionation on silica-sup- 
ported palladium. On two samples with dis- 
persions of 79 and 88%, the adsorption ca- 
pacity decreased over several cycles of 
carbon monoxide adsorption and desorp- 
tion. On one sample with a dispersion of 
38%, the adsorption capacity remained con- 
stant during the cycling. The loss of surface 
sites on the highly dispersed palladium was 
approximately equal to the amount of car- 
bon deposited by carbon monoxide dispro- 
portionation. In contrast to their results, we 
find that catalysts with low and high disper- 
sions exhibit lower adsorption capacity after 
exposure to carbon monoxide. Moreover, 
the amount of carbon deposited bears no 
relation to the change in the number of sur- 
face sites. The main difference between 
their study and ours is the way the palladium 
was exposed to carbon monoxide. Ichikawa 
et al. (14) cycled the catalysts between 25 
and 400°C in an evacuated system with car- 
bon monoxide present on the surface of the 
palladium particles. Under these condi- 
tions, exposed palladium atoms will be lost 
only by the decomposition of adsorbed car- 
bon monoxide into adsorbed carbon. 
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TABLE 4 

Effect of CO Cycling and Oxidation on the 
Hydrogen Solubility 

Sample Palladium Ratio of H absorbed 
number dispersion” (%) to total palladiumb (%) 

CO cycled Oxidized 

Ilb 
llc 
12b 
12c 
13b 
13c 

70 26 29 
47 50 53 
37 63 70 
15 46 49 
9 - - 
3 73 70 

’ Oxidized state. 
b Amount of hydrogen absorbed at 2s”C on palladium 

precovered with hydrogen. 

The spectra in Fig. 2 reveal a correlation 
between the nature of the treatment and the 
temperature for the maximum rate of carbon 
dioxide production. After oxidation and re- 
duction, sample 12b exhibits a maximum 
rate at 345°C (spectra (a) and (c)), whereas 
after CO cycling, or after exposure to car- 
bon monoxide at 300°C and reduction at 
300°C sample 12b exhibits a maximum rate 
at 390°C (spectra (b) and (d)). These data 
show that the palladium in the CO-cycled 
state catalyzes the oxidation of adsorbed 
carbon at a slower rate than the palladium 
in the oxidized state. 

Another possible explanation for the drop 
in adsorption capacity with exposure to car- 
bon monoxide is that the palladium particles 
agglomerate. This hypothesis can be 
checked by measuring the hydrogen solubil- 
ity in the particles (18). If the particle size 
increases on exposure to carbon monoxide, 
then the uptake of hydrogen in the bulk 
should go up. Table 4 shows the amounts of 
hydrogen back-absorbed into the catalyst 
samples after they had been covered with 
chemisorbed hydrogen. The number of hy- 
drogen atoms absorbed varies from 26 to 
73% of the total number of palladium atoms. 
Samples with smaller metal particles take 
up less because fewer metal atoms are below 

the surface. On the large particles, the solu- 
bility equals the value observed for bulk 
crystals of palladium (19). As shown in Ta- 
ble 4, the hydrogen solubilities in the palla- 
dium in the CO-cycled and oxidized states 
are within 6% of one another. This differ- 
ence is within the experimental error of the 
measurement. Therefore, the metal crystal- 
lites do not agglomerate in the presence of 
carbon monoxide gas at room temperature. 

In summary, subjecting palladium parti- 
cles to a pressure of carbon monoxide at 
room temperature reduces the metal disper- 
sion, which in turn reduces the uptake of 
carbon monoxide, oxygen, and hydrogen. 
More surface palladium is lost as the carbon 
monoxide pressure and temperature are in- 
creased. The drop in dispersion does not 
result from the blocking of sites by strongly 
adsorbed carbon monoxide or by adsorbed 
carbon. Moreover, the drop in dispersion 
does not result from the agglomeration of 
the metal crystallites. The missing sites are 
regained by oxidation at 550°C provided the 
exposure to carbon monoxide is at room 
temperature and is below 150 Torr CO. 
These changes in dispersion are slightly 
more pronounced on the small metal par- 
titles. 

Effect of Gas Treatments on the Surface 
Structure 

The effect of CO cycling and oxidation 
on the surface structure of the palladium 
crystallites was probed by infrared spectros- 
copy of adsorbed carbon monoxide. We 
shall first examine the infrared spectra for 
samples lib, llc, and 12b shown in Figs. 3, 
4, and 5, respectively. These samples ex- 
hibit dispersions ranging from 70 to 37% in 
the oxidized state and contain relatively 
small particles of palladium. The infrared 
spectra of the CO-cycled state of the three 
catalysts exhibit bands at 2082 and 1970 
cm-‘. The 1970-cm-’ peak contains a broad 
shoulder on the low-frequency side which 
probably consists of two peaks of diminish- 
ing intensity at 1925 and 1875 cm-‘. The 
shape of this shoulder is the only recogniz- 
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FIG. 3. Infrared spectra of adsorbed carbon monox- 
ide on sample llb in the oxidized state and in the 
CO cycled state. The difference spectrum equals the 
oxidized spectrum minus the CO cycled spectrum. 

able difference between the infrared spectra 
of the CO-cycled state of these catalysts. 

The infrared spectra of the CO-cycled 
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FIG. 4. Infrared spectra of adsorbed carbon monox- 
ide on sample llc in the oxidized state and in the CO 
cycled state. The difference spectrum equals the oxi- 
dized spectrum minus the CO cycled spectrum. 

Sample 12 b _ 

Wavenumbers (cm-‘) 

FIG. 5. Infrared spectra of adsorbed carbon monox- 
ide on sample 12b in the oxidized state and in the 
CO cycled state. The difference spectrum equals the 
oxidized spectrum minus the CO cycled spectrum. 

state of samples lib, llc, and 12b are very 
similar to those observed in previous studies 
of palladium catalysts (d-6,20). By analogy 
to the infrared spectra of carbon monoxide 
adsorbed on palladium single crystals (10, 
21,22), the peak at 1970 cm-’ and the shoul- 
der at 1925 cm-’ may be assigned to a car- 
bon monoxide bridge bonded to (100) and 
(111) facets, respectively, on the palladium 
crystallites (4, 6, 9). The assignment of the 
low-frequency peak to carbon monoxide ad- 
sorbed on (111) facets was recently con- 
firmed by infrared spectroscopy of coad- 
sorbed carbon monoxide and ethylidyne 
(7). The other, smaller band at 2082 cm-’ is 
due to linearly bonded carbon monoxide on 
planes, comers, edges, and defect sites of 
the particles (4). Based on these assign- 
merits, and the distribution of the peaks ob- 
served in the spectra, the small palladium 
particles in the CO-cycled state appear to 
be terminated by smooth, low index planes. 

The infrared spectra of the oxidized state 
of samples llb, 1 lc, and 12b exhibit a large 
peak near 2090 cm-’ and a broadband ex- 
tending from 2000 to 1800 cm-‘. The broad 
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FIG. 6. Infrared spectra of adsorbed carbon monox- 
ide on sample 12c in the oxidized state and in the CO 
cycled state. The difference spectrum equals the oxi- 
dized spectrum minus the CO cycled spectrum. 

band is made up of peaks at approximately 
1980, 1935, 1900, and 1875 cm-‘. The shape 
of this band varies from sample to sample. 
Also shown in each figure is a difference 
spectrum, which is obtained by subtracting 
the CO-cycled spectrum from the oxidized 
spectrum. The difference spectra show that 
on transforming the samples from the CO- 
cycled state to the oxidized state, the 1970- 
cm-’ peak disappears and is replaced by 
large peaks near 2095 cm-‘. This redistribu- 
tion of intensities corresponds to replacing 
carbon monoxide bridge bonded to Pd( 100) 
with carbon monoxide linearly bonded to 
low coordination sites. Apparently, oxida- 
tion at 550°C converts the (100) facets on the 
crystallites into rough, disordered surfaces. 

Shown in Fig. 6 are the infrared spectra 
for sample 12~. This sample exhibits a dis- 
persion of 15% after oxidation and contains 
large particles of palladium. The infrared 
spectrum of the CO cycled state is domi- 
nated by the peak for linearly adsorbed car- 
bon monoxide at 2076 cm-‘. This indicates 
that a good portion of the palladium surface 
is composed of steps, edges, defects, and 
other low-coordination sites. The band for 
bridge-bonded carbon monoxide is made up 
of nearly equal contributions of the peaks at 
1980 and 1940 cm- l. A distribution of facets 

on the metal particles consistent with these 
intensities is half (100) and half (111). 

The difference spectrum shows that on 
converting sample 12c from the CO-cycled 
state to the oxidized state, infrared peaks at 
2099,1999,1882, 1783,1656, and 1450 cm-’ 
increase in intensity, while the infrared peak 
at 2070 cm-’ decreases in intensity. The 
1656- and 1450-cm-’ peaks grow the most. 
They are due to the symmetric and asym- 
metric stretching modes of a surface carbon- 
ate (23). These bands do not appear on alu- 
mina after it is oxidized at 900°C reduced 
at 3OO”C, and exposed to carbon monoxide. 
O’Neill and Yates (24) observed these 
bands when nickel oxide supported on alu- 
mina was contacted with carbon monoxide 
and assigned them to carbonate bound to 
the nickel oxide. An alternative explana- 
tion, which we prefer, is that the carbonate 
forms on the alumina on sites created by an 
interaction of the metal with the support 
during catalyst preparation. However, addi- 
tional experiments must be done to deter- 
mine whether this is true. 

Small bands at 1656 and 1450 cm-’ are 
observed for the other catalyst samples in 
the oxidized state. The bands are always 
larger for the “c” series samples than for 
the “b” series samples, and therefore, are 
linked to the initial oxidation at 900°C (see 
Table 1). Nevertheless, only on sample 12c 
do the intensities of the carbonate peaks 
grow to larger than 10% of the intensities of 
the peaks for carbon monoxide on pal- 
ladium. 

The 2099-, 1999-, and 1882-cm-’ absor- 
bances observed in the difference spectrum 
of sample 12c are due to linear, bridge, and 
threefold-bridge attachment of carbon mon- 
oxide to palladium. These bands have been 
detected previously for adsorption of car- 
bon monoxide on Pd(ll1) at 90 K (10) and 
on Pd/SiO, at 80 K (25). In the latter study, 
the authors observed, at high coverages, a 
stoichiometric conversion of two bridge- 
bonded carbon monoxide molecules into 
two linearly bonded carbon monoxide mole- 
cules with the adsorption of a third carbon 
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FIG. 7. Infrared spectra of adsorbed carbon monox- 
ide on sample 13b in the oxidized state and in the 
CO cycled state. The difference spectrum equals the 
oxidized spectrum minus the CO cycled spectrum. 

monoxide molecule. The increased cover- 
age results in )bridge and linear bonding of 
carbon monoxide to the same palladium 
atom, and it is these species which yield the 
1999- and 2099-cm-’ peaks. By the same 
reasoning, the peak at 1882 cm-’ may be 
assigned to threefold-bridge-bonded carbon 
monoxide sharing a palladium atom with lin- 
early bonded carbon monoxide. 

In the previous two studies (10, 25), the 
sites giving rise to 2099-, 1999-, and 1882- 
cm-’ peaks are occupied by crowding car- 
bon monoxide onto crystal planes at 80 or 
90 K. However, on our catalysts, these sites 
are occupied at room temperature. We pro- 
pose that our catalysts contain rough sur- 
faces, similar to highly stepped single crys- 
tals. Shared bonding to palladium occurs at 
the step, with linear attachment of carbon 
monoxide to the step atom and bridge at- 
tachment of carbon monoxide to the adja- 
cent terrace site. An infrared study of car- 
bon monoxide adsorption on stepped 
Pd(lOO) and Pd(ll1) is needed to validate 
these assignments. Nevertheless, this inter- 
pretation is consistent with the surface of 

the palladium particles becoming rougher 
after oxidation at 550°C. 

Shown in Fig. 7 are the infrared spectra 
for sample 13b. This catalyst exhibits a dis- 
persion of 9% after oxidation. The CO-cy- 
cled and oxidized states exhibit similar in- 
frared spectra,with peaks at 2085, 1995, and 
1950 cm- ‘. The difference spectrum shows 
that conversion to the oxidized state in- 
creases the intensity of the 2097- and 1997- 
cm-’ bands and decreases slightly the inten- 
sity of the 1970-cm-’ band. These changes 
are consistent with a portion of the (100) 
facets transforming into a disordered sur- 
face structure. 

Shown in Fig. 8 are the infrared,spectra 
for sample 13~. This catalyst exhibits a dis- 
persion of 3% after oxidation. It contains the 
largest palladium particles of the six samples 
studied. The infrared spectrum of the CO- 
cycled state shows two peaks at 2050 and 
1955 cm-‘. The distribution of intensities is 
characteristic of linear and bridge bonding 
of carbon monoxide to surfaces composed 
mostly of (111) facets. Conversion to the 
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FIG. 8. Infrared spectra of adsorbed carbon monox- 
ide on sample 13c in the oxidized state and in the CO 
cycled state. The difference spectrum equals the oxi- 
dized spectrum minus the CO cycled spectrum. 
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oxidized state produces a relatively large 
increase in the intensity of bands at 2078, 
1990, and 1940 cm-‘. The peak at 1990 cm-’ 
is similar to that observed at high carbon 
monoxide coverages on Pd(210) and Pd(lOO) 
single crystals (10). These results indicate 
that oxidation of sample 13c generates addi- 
tional facets on the crystallites which are of 
a more open geometry than the (111) planes. 

To summarize, the infrared spectra of ad- 
sorbed carbon monoxide reveal that the sur- 
face structure of the palladium crystallites 
is strongly affected by the gas treatments. 
Oxidation at 550°C roughens the metal 
surfaces. The uneven structure persists 
through hydrogen reduction at 300°C and 
adsorption of carbon monoxide at 25°C. On 
exposure of the catalyst to carbon monoxide 
gas at room temperature, the rough surfaces 
transform into smooth planes of mainly 
(100) orientation. There are exceptions to 
this trend, however. Oxidation of sample 
12c at 550°C generates a large number of 
sites which convert carbon monoxide into 
adsorbed carbonate. These sites may be on 
palladium oxide or on alumina. Oxidation of 
sample 13c at 550°C increases the number 
of facets exposed on the palladium particles. 
These facets exhibit an open geometry simi- 
lar to a (210) or a (100) orientation. 

Model for the Restructuring of Palladium 
Crystallites 
Our results can be explained by a re- 

arrangement of the atoms on the surface of 
the palladium crystallites. A model for this 
process is shown in Fig. 9. After oxidation, 
the surface is rough. Contacting the catalyst 
with carbon monoxide gas at room tempera- 
ture smooths away the irregularities, con- 
verting the surface into low-index crystal 
facets. The process is reversible provided 
the exposure is at room temperature and the 
pressure of carbon monoxide is well below 
760 Torr. 

For the two-dimensional particles shown 
in Fig. 9, the unshaded atoms on the perime- 
ter make up the “surface,” while the shaded 
atoms in the center make up the “bulk.” 

CO,25’C 

OX 

CO Cycled Oxidized 
D=49% D = 76% 

FIG. 9. A model for the restructuring of the palla- 
dium crystallite surfaces. Carbon monoxide exposure 
at 25°C followed by reduction at 300°C smooths the 
surfaces, whereas oxidation at 550°C followed by re- 
duction at 300°C roughens them. Surface atoms are 
unshaded; bulk atoms are shaded. 

The particle in the oxidized state exhibits a 
dispersion of 76% (28 PdJ37 Pd,), whereas 
the particle in the CO-cycled state exhibits 
a dispersion of 49% (18 Pd,/37 Pd,). Both 
particles show the same number of bulk 
atoms because both particles dissolve the 
same amount of hydrogen. If infrared spec- 
tra were recorded of carbon monoxide ad- 
sorbed on these particles, the oxidized state 
would show larger peaks for linearly bonded 
carbon monoxide at 2095 cm- ’ and for 
bridge-bonded carbon monoxide at 1995 and 
1882 cm-‘. All of these trends are consistent 
with the adsorption characteristics exhib- 
ited by the palladium on alumina catalysts. 

Prior studies of palladium oxidation sup- 
port the model of surface roughening. Chen 
and Ruckenstein (26-28) took electron mi- 
crographs of alumina-supported palladium 
particles after heating them to different tem- 
peratures in oxygen. Extensive fragmenta- 
tion and pitting of the particles occurs during 
oxidation between 350 and 870°C. Upon re- 
duction at 550°C the fragments collapse to- 
gether to form crystallites of about the same 
size as those present before oxidation (28). 
This confirms that no change in the size of 
the palladium crystallites occurs following 
oxidation at 550°C and reduction at 300°C. 
Lattice imaging and optical diffraction in the 
electron microscope reveal that the frag- 
ments of oxidized palladium mainly consist 
of fee metal (29). The oxide is limited to a 
thin film covering the exterior of the metal 
cores (17). Campbell et al. (30) found that 
the surface of palladium foil roughens and 
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develops pits during oxidation. To achieve 
tetrahedral coordination of oxygen about 
each metal atom as occurs in palladium ox- 
ide (31), the metal atoms must move far from 
their original positions. During reduction at 
300°C the metal atoms cannot reorganize 
into low-index crystal planes, and as a re- 
sult, the surface remains disordered. 

Datye and co-workers (32, 33) have ob- 
served similar changes in the morphology 
of silica-supported rhodium crystallites with 
repeated cycles of oxidation and reduction. 
Oxidation at 500°C followed by reduction at 
temperatures below 300°C produces poly- 
crystalline rhodium particles with many 
grain boundaries and considerable surface 
roughness. The roughness can be removed 
by reduction in hydrogen between 400 and 
600°C. Braunschweig et al. (33) also showed 
that the change in surface structure affects 
the catalytic properties of the rhodium. 

In an earlier study (17), we determined 
how much palladium oxidizes when the cat- 
alysts are equilibrated in 110 Torr 0, at 
300°C. The amount of oxygen adsorbed un- 
der these conditions far exceeds the number 
of surface atoms, indicating that a portion 
of the bulk palladium oxidizes. The extent of 
oxidation increases with decreasing particle 
size and increasing crystal imperfections. 
The effect of carbon monoxide exposure, 
oxidation, and reduction on the extent of 
oxidation at 300°C and 110 Torr 0, was ex- 
amined in the present study. The amount of 
oxygen adsorbed remains constant irrespec- 
tive of whether the sample is exposed to 
carbon monoxide at 25°C and reduced at 
300°C or is oxidized at 550°C and reduced at 
300°C prior to the adsorption experiment. 
Hence, CO cycling and oxidation do not 
affect the overall structure of the palladium 
particles, i.e., their size, shape, and degree 
of crystallinity, since these variables deter- 
mine how much oxide forms on the particles 
at 300°C. 

A tentative explanation of the restructur- 
ing of the palladium on exposure to carbon 
monoxide at room temperature is as follows, 

A mobile palladium carbonyl species forms 
in the presence of carbon monoxide gas and 
palladium metal: 

Pd, + xC0, G Pd(CO),,. 

This carbonyl species exists only on the sur- 
face of the particles and decomposes on de- 
sorption into the vapor. It can be considered 
a less stable chemical analog to nickel tetra- 
carbonyl, which is a liquid at room tempera- 
ture (34). The rearrangement of metal atoms 
is driven by the minimization of the surface 
free energy of the particles. The mobile pal- 
ladium carbonyls move from positions of 
low coordination number to those of high 
coordination number, thereby smoothing 
out the uneven surface. The free energy of 
formation of the palladium carbonyl should 
be negative, because raising the tempera- 
ture accelerates the restructuring of the 
crystallites’. 

The model of surface restructuring needs 
to be verified by further experimentation. 
High-resolution electron microscopy would 
be most helpful, since it would provide vi- 
sual confirmation of the changes in morphol- 
ogy. The effects of catalyst preparation and 
support composition should be studied to 
assess the generality of this phenomenon. 
In addition, the assignments of the infrared 
bands for adsorbed carbon monoxide should 
be checked against studies of stepped single 
crystals of palladium. 

Implications for Catalyst Design 

The reversible transformation from 
smooth crystallites to rough ones provides 
a way of tailoring the catalytic properties of 
palladium. For a structure-insensitive reac- 
tion, oxidation can be used to roughen the 
particles and increase the amount of ex- 
posed palladium. Conversely, for a struc- 
ture-sensitive reaction, which proceeds at a 
high rate on low-index crystal facets, carbon 
monoxide exposure can be used to smooth 
out the particles and increase the percentage 
of the surface oriented in (100) and (111) 
planes. 
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A difference in the catalytic activity of the 
oxidized state and the CO-cycled state is 
observed for the oxidation of adsorbed car- 
bon. Shown in Fig. 2 are the temperature- 
programmed oxidation spectra for removal 
of residual carbon on the catalysts. The 
temperature of the maximum rate of carbon 
dioxide formation is about 45°C lower on 
palladium in the oxidized state than in the 
CO-cycled state. Evidently, adsorbed car- 
bon oxidizes at a faster rate on the rough 
palladium surfaces. 

Surface restructuring may play a role in 
catalytic reactions which either consume or 
produce carbon monoxide. Regardless of 
the initial condition of the catalyst, exposure 
to carbon monoxide during reaction should 
convert the palladium particles into the CO- 
cycled state. Baddour et al. (35) reported a 
“break-in” phenomenon for carbon monox- 
ide oxidation over silica-supported palla- 
dium. The infrared spectrum they recorded 
before reaction is characteristic of palla- 
dium in the oxidized state, since it contains 
a broad low-frequency band with maxima 
occurring at 1965, 1940, 1920, and 1885 
cm - ‘. During reaction in several Torr of ox- 
ygen and carbon monoxide at 200°C the 
infrared spectrum slowly changes to a shape 
characteristic of palladium in the CO-cycled 
state. The low-frequency band in this spec- 
trum consists of a main peak at 1985 
cm-land a shoulder at 1965 cm-‘. Baddour 
et al. (35) observed a large decrease in the 
apparent activation energy with break-in, 
although the rate of reaction remained fairly 
constant. They attributed the break-in phe- 
nomenon to a structural rearrangement of 
the palladium surface. 

Often the variation in rate with particle 
size is used to gauge the structure-sensitiv- 
ity of catalytic reactions (36). However, the 
infrared spectra shown in Figs. 3 through 8 
reveal that the surface structure can be quite 
similar on particles of widely varying size. 
For example, compare the infrared spectra 
of the oxidized states of sample 1 lb (disper- 
sion 70%) and sample 12b (dispersion 37%). 

Except for a subtle difference in the shape 
of the band for bridge-bonded carbon mon- 
oxide, the infrared spectra of these samples 
exhibit a similar distribution of peak intensi- 
ties. A better test of structure-sensitivity 
may be to measure the reaction rate over 
sample 13c in both the CO-cycled and the 
oxidized states. Although the dispersion 
changes little between these two states, the 
infrared spectra in Fig. 8 indicate large dif- 
ferences in the surface structure. 

CONCLUSIONS 

After the initial oxidation at 700 or 900°C 
and reduction at 3Oo”C, the palladium on 
alumina catalysts exhibit dispersions rang- 
ing from 3 to 86%. Repeated cycling be- 
tween carbon monoxide exposure at room 
temperature and reduction at 300°C lowers 
the dispersion of all the samples by 20 to 
50%. Small crystallites exhibit larger drops 
in dispersion. The lost adsorption sites can 
be recovered by oxidation at 550°C and re- 
duction at 3OO”C, provided the carbon mon- 
oxide exposure is at room temperature and 
below 760 Torr. The hydrogen solubility in 
the bulk of the palladium crystallites is unaf- 
fected by CO cycling. Infrared spectroscopy 
of adsorbed carbon monoxide shows that 
CO cycling increases the amount of carbon 
monoxide bridge bonded to (100) facets, 
while it decreases the amount of carbon 
monoxide linearly bonded to low coordina- 
tion sites. 

These results are consistent with the re- 
versible interconversion of rough palladium 
surfaces into smooth ones with cycling be- 
tween oxidation at 550°C and carbon mon- 
oxide exposure at 25°C. The metal atoms 
move to new coordination sites when the 
outer layers of the crystallites are oxidized 
at 550°C. Reduction at 300°C does not an- 
neal out the surface irregularities generated 
by oxidation. However, carbon monoxide 
exposure, possibly through the formation of 
a mobil palladium carbonyl species,smooths 
away the imperfections, reforming the low 
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index crystal facets. Further experiments 
should be performed to verify this model of 
the process. 

Surface restructuring may be used to en- 
hance the catalytic activity of palladium. 
Oxidation and reduction can roughen the 
surface to increase the number of sites for 
structure-insensitive reactions. Conversely, 
carbon monoxide exposure and reduction 
can increase the number of oriented facets 
on the crystallites for structure-sensitive re- 
actions. 
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