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The chemisorption of hydrogen. oxygen and carbon monoxide on supported plati- 
num was studied by a pulse technique. Crystallite size was measured independently 
by electron microscopy. The resulting adsorption stoichiometries were compared with 
literature data which either include measurements of size or which compare the ad- 
sorption of two or more gases on the same solid. 

The study confirms that monolayer coverage on supported platinum crystallites 
corresponds to the adsorption of one hydrogen atom per surface platinum atom 
(0.1 < Pt,/Pt < 0.9), within acceptable limits. Most catalysts for which reliable size 
data are available support this correlation within iZO%. 

The stoichiometry of carbon monoxide chemisorption on small platinum crystal- 
lites (H/Pt > 0.25) is also reasonably constant. On platinum-silica, carbon monoxide 
uptakes are typically some 15% less than the corresponding volumes of hydrogen on 
a molecule/atom basis. Below H/Pt = 0.25, this CO/H ratio declines appreciably, 
probably due to steric effects. Results for platinum-alumina seem broadly similar, 
but insufficient data are available for this system. 

Volumes of hydrogen and oxygen chcmisorbed on supported platinum catalysts 
vary widely with respect to one another (0.4 < O/H < 1.0). This is probably due to 
changes in the stoichiometry of oxygen chemisorption on platinum as a result of the 
thermal history of the sample. Oxygen uptakes substantially lower than those of hy- 
drogen are obtained after reduction for one hour at 5OO”C, while almost equal volumes 
of hydrogc,n and oxygen are adsorbed after 15 hr in hydrogen at 500°C. This phe- 
nomenon is largely independent of crystallite size and is tentatively attributed to 
changes of the platinum surface from a defective form to an equilibrated structure 
of minimum surface energy. 

The stoichiometry of chemisorption on 
supported metal catalysts may be estimated 
by extrapolation from pure metal systems. 
However, theory suggests (1, 2) that small 
metal crystallites may behave differently 
from the bulk metal. Even if possible 
metal-support interactions are neglected, 
t,he average coordination number of surface 
atoms is lower in the small crystallite, and 
in the limit, essentially every metal atom is 
a surface atom. 

Adsorption properties peculiar to small 
metal crystallites have been demonstrated 
by experiment. Van Hardeveld and Van 
Montfoort (1) showed that, nitrogen was 

weakly chcmisorbed on 1 C-70 ;i crystallites 
of several metals which do not normally 
chcmisorb nitrogen. Wilson and Hall (S) 
found the stoichiometry of oxygen chemi- 
sorption on platinum-alumina to be vari- 
able. Dorling and Moss (4) observed similar 
effects for carbon monoxide chemisorption 
on platinum-silica. 

In contrast, several rcccnt studies sug- 
gest that hydrogen chemisorption on plati- 
num yields a reliable measure of surface 
area if it is assumed that each surface 
plat,inum atom adsorbs one hydrogen atom 
(S, 5, 6). This singular assumption implies 
that small platinum crystallites have sur- 
fact properties identical to those of the 
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bulk metal, which also takes up approxi- 
mately one hydrogen atom per surface 
pIat,inum atom (7). 

The present work examines the stoichi- 
ometry of hydrogen, oxygen and carbon 
monoxide chemisorption on small platinum 
crystallites. Particular emphasis is placed 
on independent measurements of platinum 
crystallite size, and studies incorporating 
such measurements are reviewed in an at- 
tempt to unify the current picture. Some 
new experiments were designed to test ad- 
sorption propertics as a function of crystal- 
lite size and the methods used to vary size. 
Since independent measurements of disper- 
sion were essential to these objectives, 
methods of making these measurements 
were examined in detail. Electron micros- 
copy was used extensively since many of 
the samples were not amenable to the 
X-ray diffraction method. Debye line 
broadening was also employed for those 
samples in which platinum crystallite size 
was sufficiently large. 

EXPERIMENTSL 

Chemisorption-procedure and defini- 
tions. The pulse adsorption method and its 
utility for the measurement, of hydrogen 
and oxygen chemisorption were discussed 
previously (6). In the present study, a 
typical experiment involved the following 
sequence: With 50 cc/min hydrogen flow, 
catalyst temperature was raised slowly 
(4”/min) to 500°C and held at this 
temperature for one hour. The gas flow was 
then changed to nitrogen (30 cc/min), the 
temperature maintained at 500°C for one 
hour and the sample cooled to room tem- 
perature. This will be referred to as “stan- 
dard reduction” throughout. Hydrogen 
chemisorption (H,) was then measured. 
When the final hydrogen pulse was fully 
eluted, the adsorbed hydrogen was titrated 
with oxygen to give OF; and subsequently, 
the hydrogen-oxygen titer (HT) was mea- 
sured. After heating briefly to 500°C in hy- 
drogen and stripping for one hour at the 
same temperature in helium (30 cc/min), 
carbon monoxide chemisorption (CO,) was 
measured at room temperature. Samples 
were discarded at this stage since the sur- 

face is difficult to clean after the adsorption 
of carbon monoxide (3). For the same 
reason, an intermediate determination of 
CO, was not made if catalysts were to be 
reexamined after more prolonged periods 
of reduction. 

Oxygen chemisorption (OA) was calcu- 
lated as (OT - 1/2H,), since it was shown 
previously (6) that 0, obtained in this way 
was equivalent to a direct determination. 
In general, On calculated as 1/2(H, - HA) 
was also equivalent, but this was not uni- 
versal since a part of the oxygen adsorbed 
by some catalysts did not react with hy- 
drogen. In general also, reproducible values 
of Or and HT were obtained in a sequence 
of titers HA + OT 3 HT + OT + HP, but 
clearly this was subject to the same 
limitations. 

Electron microscopy. The procedure used 
has already been described (6). Many of 
the catalysts studied contained extremely 
well-dispersed metal and had narrow size 
distributions. Excellent repeatability was 
obtained starting from different samples 
of the same batch in theee cases. Catalysts 
with lower metal area contained a wider 
range of crystallite sizes and representative 
sampling was therefore more critical. Ac- 
ceptable repeatability was obtained, but 
clearly the mean diameters could not be de- 
termined as accurately in such catalysts. 
Because of the statistical limitations intro- 
duced by a wide size distribution, catalysts 
were designed to avoid this problem as far 
as possible. For example, mean crystallite 
size can be varied by incremental increases 
in platinum loading, but extremely wide 
size ranges invariably result. Firing chemi- 
deposited platinum-silica catalysts in air 
produced the desired increase in crystallite 
size with a relatively narrow size 
distribution. 

X-Ray diffraction: Debye line broaden- 
ing was used as a measure of mean size 
when the platinum crystallites were suffi- 
ciently large. The peak width at half maxi- 
mum of the (l,l,l) diffraction line was used, 
and the data were corrected for Ica,cu, (fil- 
tered copper radiation) and instrumental 
line broadening. A value of 0.9 was as- 
sumed for the Scherrer constant. 
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Materials. Materials and catalyst prepa- 
ration were described in Part I (6). 

RESULTS 

(a) Platinum-Silica. After “standard re- 
duction” (see Experimental section), plati- 
num-silicas prepared by impregnation with 
chloroplatinic acid contained platinum crys- 
tallites some lo-5Ok in size. These crys- 
tallites were well dispersed throughout the 
silica, and the size distribution obtained for 
a 2.8 wt ‘j% platinum sample yielded a sur- 
face mean diameter (6) of 31 K. As shown 
in Table 1, hydrogen chemisorption on this 
sample gave an H/Pt value of about 0.4, 
and the ratios of H,: On: HT were approxi- 
mately 1.3: 1:3.25. An 0.5 wt s platinum- 
silica prepared from chloroplatinic acid 
gave similar results after standard 
reduction. 

Hydrogen adsorption and the hydrogen- 
oxygen titers were remeasured after over- 
night reduction at about 500°C. For both 
samples, H/Pt, had declined significantly 
while O/Pt was about. the same. In each 
ca?e this led to H,,: O.,:HT ratios close to 
1:1:3. 

Small platinum crystallites were also de- 
tected on standard reduction of catalysts 
prepared by chemideposition (8, 9). How- 
ever, the platinum crystallites were smaller 
[surface mean diameter = 13 A in a 2 wt % 
platinum-silica prepared by the method of 
Benesi, Curtis and Studer (8) I, had a nar- 
rower size distribution (7-25 ii), and cov- 
ered the silica more uniformly than in the 
case of the impregnated catalysts. 

In keeping with these observations, a 
high H/Pt ratio was obtained after st.and- 
ard reduction of this sample (Table 1). 
H.1: O.%: HT was close to 2: 1: 4. An equiva- 
lent catalyst containing 0.5 wt % platinum 
gave broadly similar results, as did a 2.7 
wt % platinum-silica prepared by the 
method of Poltorak and Boronin (9). 

After prolonged treatment in hydrogen at 
5OO”C, the adsorptive properties of all three 
samples changed in a similar way, which 
was also equivalent to the changes observed 
in the impregnated samples. H, decreased, 
0, remained almost constant, and conse- 

quently HA: Oa: HT ratios close to 1: 1: 3 
were obtained. 

As shown in Table 1, measurements of 
CO, on these silica-supported samples were 
always close to, but, somewhat lower than, 
the corresponding hydrogen uptakes on a 
molecule/atom basis. 

It may be inferred that. each of these 
catalysts had similar stability to prolonged 
treatment in hydrogen once the initial plat- 
inum crystallites were formed, but, that the 
different methods of contacting platinum 
ions and support had a marked effect on 
this initial size. The changes in size pro- 
duced by the extended hydrogen treatment 
were small in either case. Indeed, a clear 
distinction was not possible from electron 
micrographs, since t,he extended treatment 
frequently Fcemed to create large crystals 
in localized areas rather than a universal 
increase in size. 

However, as point,ed out by Dorling and 
nloss (101, the distribution of crystallite 
size on platinum-silica may be varied by 
other means. They showed that if the oven- 
dried catalysts were heated in air prior to 
reduction, large platinum crystals were 
formed. In keeping with their findings, cal- 
cinat,ion, which is standard practice in the 
preparation of many catalysts, caused plat- 
inum sintering in all platinum-silica sam- 
pIcs. In one series of experiments, several 
samples were oven-dried, placed in a cruci- 
ble and calcined in air. The furnace was 
programmed at 2”/min, terminating in 2 hr 
at 500°C. Each contained large platinum 
crystallites some 3%12OK in diameter, and 
it was found that similar effects were pro- 
duced even if air was swept from the fur- 
naee and the heat treatment carried out in 
an inert atmosphere. When chemideposited 
catalysts containing about 2 wt $% platinum 
were so treated in a nitrogen environment., 
H/Pt. values in the range 0.2-0.3 were ob- 
tained after subsequent standard reduction. 
The microscope confirmed that these low 
hydrogen uptakes were related to reaI 
changes in crystallite size and showed that, 
crystallites of the appropriate size were al- 
ready present after the heat treatment, 
alone. These were not changed significantly 
by the ensuing reduction in hydrogen. 
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The adsorptive properties of two such 
samples were examined in detail. Both were 
prepared by chemideposition, which was 
found to yield narrower size distributions 
whatever the subsequent treatment. After 
oven drying, they were treated at about 
500°C in oxygen and nitrogen, respectively; 
and after standard reduction, each gave 
H/Pt values of about’ 0.3. H, : O.l : HT ratios 
were close to 2: I :4 despit’e the fact that 
some of the oxygen chemisorbed was not, 
removed in the hydrogen titer (Table 1). 
(This war only observed on samples con- 
taining large platinum crystallites.) After 
treatment in hydrogen, these ratios ap- 

- proachecl 1: 1:3 as before. Further treat- 
ment, in oxygen at 500°C produced no 
further change at this time. 

Cryst,allite sizes did not appear to change 
greatly as a result of the extra treatment 
in hydrogen, but crystallite shape did ap- 
pear to change. The large crystals formed 
after short periods of high temperature 
treatment were irregular and poorly de- 
fined while prolonged reduction gave rela- 
tively sharp geometric forms, probably 
cube-octahedra bounded by square (l,O,O) 
and hexagonal (1 ,l,l) faces. However, cubic 
habits could not be entirely ruled out. 

The final size distribut,ions of these two 
catalysts were little different, and there was 
reasonably good agreement between the 
mean size calculated from the micrographs 
and that obtained by Debyc line broaden- 
ing (Table 1). As shown in Table 1 also, 
CO., war substantially lower than H, on 
these two samples. 

(b) Platinum-Alumina. A few plat,inum- 
alumina samples were examined for com- 
parison. .4ir calcination of platinum-alu- 
mina is standard procedure in many 
laboratories, and unlike the platinum-silica 
samples, final platinum dispersion in t,hese 
catalysts was unaffected by calcination at 
500°C. Discrete platinum crystallites were 
not observed after oven drying or on sub- 
sequent calcination. They were detected 
after “standard” reduction. On a 1.8% 
platinum-alumina, these were extremely 
small (7-20 k) and did not seem to be suf- 
ficiently numerous to account for the entire 
platinum loading. After 15 hr at 5OO”C, 

the mean size was little different, but con- 
siderably more platinum could be accounted 
for. This suggests that part of the platinum 
was present as units unresolved by the 
microscope after standard reduction. 

As shown in Table 1, the adsorption data 
for three such catalysts, containing 1.8, 0.7 
and 0.5 wt % platinum, were broadly similar 
to the results obtained for platinum-silica. 
Xfter ‘(standard” reduction, H, : OA : H, 
ratios were more nearly of the 2: I:4 type 
and approached 1: I:3 after prolonged 
treatment. in hydrogen. However, as ob- 
served previously (6)) the Ha values ob- 
tained initially for the 0.7 and 0.5 wt % 
platinum samples were lower than might be 
anticipated (5). 

As with platinum-silica, each of these 
samples took up significantly fewer carbon 
monoxide molecules than hydrogen atoms 
(Table 1) 

DISCUSSION 

Hydrogen chemisorption. The relation- 
ship between platinum size and hydrogen 
uptakes at 25°C was examined in Part I 
of this series (6). The two were in accept- 
able agreement if it was assumed that each 
surface plat’inum atom adsorbed one hy- 
drogen atom (H/Pt, = 1). The present re- 
sults confirm this trend and both are in- 
cluded in Fig. la, which compares H/Pt 
with the corresponding surface mean diam- 
eters (6’) calculated from electron micro- 
graphs. The full line of Fig. la was calcu- 
lated using the assumptions (6) of spherical 
geometry ; 1.12 X 1O1” surface platinum 
atoms/cm2 and an H/Pt, ratio of unity. 
The degree to which these assumptions arc 
valid is examined more critically in Fig. lb, 
in which the H/Pt ratios are compared to 
the appropriate Pt,/Pt ratios calculated on 
the above model. 

Several previous studies have included 
measurements of platinum size. Adams, 
Benesi, Curtis and Meisenheimer (II), for 
example, measured hydrogen chemisorption 
at 0°C on a platinum-silica catalyst and 
determined the mean crystallite size by 
both Debye line broadening and electron 
microscopy. Their calculation of Pt,/Pt 
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FIG. 1. Comparison of hydrogen chemisorption and platinum crystallite size, 0 present work; q Wilson 
and Hall (3, 24); A Dorling, Burlace and Moss (5); 0 Adams, Benesi, Curtis and Meisenheimer (11); and 
V Zaidmsn et al. (12). Open points are for platinum-aluminas, closed points for platinum-silicas. In lA, the 
line was calculated (6) assuming spherical geometry, H/Pt, = 1 and 1.12 X lOi platinum atoms/cm2. In 
lB, the full line represents a 1:l correspondence of H/Pt and Pt,,/Pt, the dotted lines +20’$7,‘, deviations 
from this 1: 1 relationship. 

was similar to that above, except that the 
area occupied by one platinum atom was 
taken as 11 A”. This corresponds to a sur- 
face site density of about 0.91 X lOI plat- 
inum atoms/cm2. Their data have been in- 
cluded in Fig. lb, recalculated on the basis 
of 1.12 X 1Ol5 platinum atoms/cm2. Simi- 
larly, values of Pt,/Pt were recalculated 
from the size distributions given by Wilson 
and Hall (3, 24) who measured Ha by ex- 
trapolating 25°C isotherms to zero pressure. 
Zaidman et al. (1%‘) used hydrogen uptakes 
at 250°C and 120 Torr to estimate HA and 
reported detailed size distributions for two 
of their catalysts. They did not compare the 
two quantitatively, but their data have also 
been included in Fig. 1. Dorling, Burlace 
and Moss (5) measured HA in the same way 
as Wilson and Hall but estimated Pt, by a 
more complex method. They obtained a 
mean size >50 A from Debye line broaden- 
ing, estimated the weight of metal detected 
and hence included the contribution of crys- 
tallites < 50 .A in diameter. The latter was 
taken to have a mean of 25 A on the basis 
of electron micrographs. From this point, 
their calculations were similar to that em- 

ployed here except that 1, of the platinum 
surface was assumed to be in contact with 
the support and therefore unavailable to 
hydrogen. Their data have been included in 
Fig. lb by multiplying their overall Pt, 
values by 1.2 and in Fig. la by back-cal- 
culating the appropriate mean diameters. 

The full line of Fig. lb represents a one- 
to-one correspondence between H/Pt and 
Pt,/Pt and accordingly implies that H/Pt, 
is equal to one. In contrast to the diverse 
opinions expressed in the literature, there- 
fore, studies which include reliable meas- 
urements of platinum size support this one- 
to-one relationship (0.1 < Pt,/Pt < 0.9) 
within accept,able limits. The X-ray diffrac- 
tion data of Spenadel and Boudart (IS), 
among others, extend this stoichiometry to 
larger crystals where similarity to bulk 
platinum might be anticipated. 

Most of the points of Fig. lb lie within 
the dotted lines which represent deviations 
of *20%. This is probably in keeping with 
the uncertainties in independent measure- 
ments of size, and the calculation of Pt, 
when mean size is known. Many points 
parallel the -20% deviation line, reflecting 
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the excellent agreement obtained by Dor- 
ling, Burlace and >Ioss (5), who assumed 
that one face of a cubic crystallite was 
wetted by the support; and by Adams, 
Benesi, Curtis and Meiecnheimer (II), who 

assumed a surface site density some 19% 
lower than employed here. However, all 
such calculations are necessarily simplist,ic, 
and the present model is preferred only be- 
cause it provides better fit of all available 
data to a single set of assumptions. In fact, 
the surface atom density assumed has no 
geometric basis in either case. Cuho-octa- 
hedra are bounded by (l,l,l) and (l,O,O) 
faces, cubes entirely by (l,O,O). These have 
site densities of about 1.5 and 1.3 X 1Ol5 
atoms/cm*, respectively, which suggests 
that either Pt, is lower on the surface of 
the small, apparently cube-octahedral crys- 
tallites t,han on extended planes of the 
r&vent, orientations, or alternat,ively, that 
an appreciable part of the crystallite sur- 
fact is inaccessible to hydrogen. If on t.he 
other hand, this inconsistency is taken to 
indicate that H/Pt, is not unity, then it 
favors a stoichiometry in which H/Pt, is 
less than one. 

Therefore, the data appear to cxcIude the 
possibility that H/Pt,s = 2 (14) and do not 
sulq)ort the treatment givtn by Bond (S), 
which would predict, for example, that 
cube-oct:thetlral crystallitcs 30 A in diam- 
eter yield H/Pt,$ and H/Pt values of about 
1.3 and 0.7, respectircly. 

The uncertainties associated with the 
measurements do not preclude less pro- 
nounced deviations. On the contrary, H/Pt 
values greater than one were observed on 
platinum-silica; and when H/Pt was about 
one, PtJPt appeared to be significantly less 
than unity. The latter could be due to the 
presence of crystallites not resolved by elec- 
tron microscopy, but it seems more likely 
that H/PtV may exceed one on extremely 
small erystallites supported on silica. (Pol- 
t.orak and Boronin (9) found H/Pt ratios 
as high as 1.3 on similar samples at 25°C.) 
In addition, Fig. 1 includes only one plati- 
num-alumina of low metal content [an 
0.16% platinum catalyst studied by Zaid- 
man et al. (12) 1, mainly because it is dif- 
ficult to size platinum in such samples. 

Therefore, the interpretation of hydrogen 
chemisorption on these samples remains 
uncertain (3, 12, 15, 16). 

With these possible exceptions, the avail- 
able dat,a show considerable accord despite 
the varied approaches. The estimation of 
platinum surface area by hydrogen chem- 
isorption requires an experimental defini- 
tion of monolayer coverage, and two such 
definitions have enjoyed widespread use, 
the zero pressure entrapolation of 25°C 
isotherms (3) and the adsorpt,ion at 250°C 
and about 200 Torr (13). Figure 1 suggests 
that when platinum is crystalline and ob- 
servable by electron microscopy, an H/Pt, 
ratio close to unity is obtained in either 
case and that the pulse adsorption results 
fit fairly well into this picture. This cor- 
relation encompasses the size range (15- 
70 A) in which a large fraction of the sllr- 
face platinum atoms have low coordination 
(1)) in which unusual chcmisorption be- 
havior has been observed for other ad- 
sorbates (1, 3) and in which large varia- 
tionj in H/P8 might. be predicted (a). 

Carbon monoxide cbemisorption. Al- 
though chemisorption of carbon monoxide 
on supported platinum has been reported 
frequently, few studies contain sufficient 
data to determine adsorption stoichiometry. 
The only detailed comparison with meas- 
urements of size is that of Dorling and 
Moss (4) for the platinum-silica system. 
Their studies indicated that CO/Pt, was 
about 0.87 on samples containing small 
platinum crystallites, but that this value 
decreases significantly on poorly dispersed 
catalysts (Pt,/Pt < 0.2). 

Comparison with other studies can be 
obtained by including investigations in 
which hydrogen and carbon monoxide ad- 
sorption were measured on t.he same cat- 
alysts. Thus the data of Dorling, Burlace 
and Moss (5), Gruber (16), Wilson and 
Hall (3) and the present work are com- 
pared in Fig. 2. CO/H is plotted against 
H/Pt, where CO/H is the ratio between 
the numbers of carbon monoxide molecules 
and hydrogen atoms taken up by each 
sample. The work of Dorling and Moss (4) 
has also been included. They compared 
C0.i with Pt,/Pt, and their data have been 
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FIG. 2. Comparison of hydrogen and carbon 
monoxide chemisorption on srlpported platinum, 
CO/H being on a molecule/atom basis. 0 present 
work; A Moss, et al. (4, 5); 0 Wilson and Hall (3); 
V Gruber (16). Open points are for platinum- 
aluminas, closed points for plat,inum-silicits. The 
dotted lines are at CO/H ratios of 1.0 and 0.8. 

used in Fig. 2 on the assumption that H/Pt, 
= 1. 

Clearly the present results follow the 
relationships established by Dorling and 
Moss (4) for platinum-silica catalysts. For 
H/Pt greater than about 0.25, all point,s lie 
within the range 0.83 < CO/H 2 0.96. Be- 
low H/Pt = 0.25, CO/H and therefore 
CO/Pt, decrease dramatically. Steric fac- 
tors provide a possible explanation of this 
behavior. The electron microscope suggest.s 
that the crystallites observed on silica be- 
low H/Pt = 0.25 are cube-octahedra 
bounded by (l,O,O) and (l,l,l) faces; and 
calculation suggests (17) that, while a 
CO/Pts ratio close to one may obtain on a 
(l,O,O) plane, the limiting ratio on a (l,l,l) 
plane is about 0.33. 

There is an alternative explanation. 
Eischens and Pliskin (18) observed two 
infrared absorption bands for carbon mon- 
oxide on supported plat.inum and ascribed 
these lower and higher energy bands to 
linear and bridge-bonded species, respec- 
tively. They found that the latter accounted 
for some 15% of the total adsorbed carbon 
monoxide on a platinum-silica catalyst, but 
about 50% of the total uptake on platinum- 
alumina. Many rat,ionalization of carbon 
monoxide chemisorption on plat.inum are 

based on this classic study, since it permits 
an assignment of CO/Pt, = 1 for the linear 
form and CO/Pt, = 0.5 for t’he bridged 
species. Insofar as adsorption data can be 
treated in this way, the results for plati- 
num-silica in Fig. 2 imply that the higher 
energy ir band should predominate on 
larger crystals (H/Pt < 0.25), causing the 
low CO/Pt, ratio. Infrared studies of carbon 
monoxide adsorption on supported nickel 
(19) and palladium (20) suggest that this 
may indeed be the case. However, the re- 
cent data reported by Van Hardeveld and 
Hartog (21) support an alternative model 
(22), which ascribes the higher energy band 
to linearly sorbed carbon monoxide on sur- 
face atoms of low coordination. This model 
predicts the appearance of the high energy 
band 15 A < d-sphere < 70 A and does not 
allow an assignment of CO/Pt, = 0.5 be- 
cause of bridge-bonding. For the present, 
therefore, the decrease in CO/Pt, on large 
platinum crystals is probably best ascribed 
to the spatial restrictions which govern 
carbon monoxide chemisorption on a (l,l,l) 
face. 

By inference, there can be little steric 
hindrance of carbon monoxide chemisorp- 
tion on platinum-silica above H/Pt = 0.25. 
It follows that the surface platinum atoms 
must be less densely packed than on a 
(l,l,l) face, which is in keeping with the 
low surface atom density which gave best 
fit to the hydrogen adsorption data. Never- 
theless, carbon monoxide uptakes were 
always less t,han the corresponding amounts 
of hydrogen. This is consistent with an 
H/PtS ratio of one, CO/Pt, being some- 
what lower (4) ; but the independent 
methods of estimating Pt, are probably not 
sufficiently accurate to distinguish which of 
H, or COa best measures Pt, on small 
platinum crystallites. 

Gruber’s data for platinum-alumina are 
clearly dissimilar to the trends observed 
on platinum-silica. His results showed mini- 
mum CO/H ratios when the platinum was 
best dispersed, CO/H being about 0.7 when 
H/Pt was approximately one. Gruber sug- 
gested that this was due to 50% bridge- 
bonding on the well-dispersed samples, 
again based largely on the work of Eischcn3 
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and Pliskin. However, Gruber measured 
hydrogen chemisorption by the conventional 
method and carbon monoxide chemisorp- 
tion by a pulse method. Since the latter ex- 
cludes weak chemisorption, an alternative 
explanation of the results is possible. How- 
ever, furt,her work is required in this area, 
particularly with respect to the existence or 
non-existence of bridged carbon monoxide 
species, since it seems less than satisfactory 
to rationalize discrepancies between hydro- 
gen and carbon monoxide uptakes in terms 
of bridge-bonding without the relevant 
infrared spectra. 

Oxygen adsorption and hydrogen-oxygen 
titration. Benson and Boudart (23) intro- 
duced the titration of presorbed oxygen with 
hydrogen as a measurement, of platinum 
dispersion. They assumed that supported 
platinum would behave as platinum black, 
so that HA: 0,: HT1 would bc 1: 1: 3. A single 
determination of 0, did yield an H,/O, 
ratio of about, 3.2. Mears and Hansford (14) 
later found 2: I :4 ratios on a variety of 
supported platinum catalysts, and subse- 
quent’ly, Wilson and Hall (3) showed that 
either ratio or intermediate values could 
obtain. Wilson and Hall concluded that 

these changing ratios were due to changes 
in the stoichiometry of oxygen chemisorp- 
tion on platinum. They suggested that ap- 
proximately one oxygen atom was adsorbed 
per two surface platinum atoms 011 small 
crystallites, while a one-to-one relationship 
was approached on large crystallit’cs. 

Comparisons of hydrogen and oxygen 
chemisorption are collected in Fig. 3, which 
includes the work of Mears and Hansford 
(14), Wilson and Hall (3, 24) and Buyan- 
ova, Ibragimora and Karnaukhov (15). The 
data for platinum-aluminas containing less 
than 0.2 wt% metal have been omitted. 
These gave H/Pt and O/Pt values sub- 
stantially greater than one (15) and may 
have unique properties. Studies in which 
0, was measured at clevatcd temperature 
have also been omitted, since Gruber (I6j 
showed that oxygen penetrates the platinum 
surface at high temperatures. 

In Fig. 3a, O/Pt is plotted vs H/Pt and 
the data are differentiated with respect to 
author and support. The solid lines of Fig. 
3a represent the limiting cases 0,/H, = 
0.5 and 0,/H, = 1.0, which must, in turn, 
give H.,:OZ1:HT ratios of 2:1:4 and 1:1:3 
if the titers arc reversible. Clearly, there- 

(o/Pt) (On/l-In) 

FIG. 3. Comparison of hydrogen and oxygen chemisorption on supported platinum catalysts. 0 presellt 
work; 0 Wilson and Hall (5, 24); n Buyanova, Ibragimova and Karnaukhov (15); V Mears and Hansford 
(f4). In 3A, the open points are for platinum-aluminas, t,he closed points for platinum-silicas. In 3B, there 
is no distinction of supports, the open points are for samples given “mild” reduction and the closed points 
for samples given “prolonged” reduction (see text). The lines of 3A are for Oa/Ha ratios of 0.5 and 1.0. 
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fore, all available measurements confirm 
that either ratio may be obtained and that 
intermediate values are common. However, 
no reasonable correlation of the ratio 
OA/H* with H/Pt, and thus dispersion, is 
apparent. 

Since the duration of high temperature 
treatment in hydrogen seemed to be im- 
portant (Table I), we have attempted to 
differentiate the available data on this basis. 
Samples given a “mild” reduction have been 
distinguished from those given “prolonged” 
treatment in hydrogen. The distinction is 
necessarily rather crude; but “mild” reduc- 
tion has been arbitrarily defined as l-3 hr 
at 5OO”C, “prolonged” reduction as exceed- 
ing 15 hr at 5OO”C, or the equivalent at 
higher temperatures as best this may be 
judged. In Fig. 3b, O,/Ha is compared to 
H/Pt on this basis. 

As pointed out by Wilson and Hall (S), 
changes in the ratio O,/H,i question whether 
H/Pt or O/Pt is more properly a function 
of platinum dispersion. The present study 
tends to support their suggestion that H/Pt, 
provides the better correlation with crys- 
tallite size. Fig. lb suggests that H/Pt, is 
approximately equal to unity, while Fig. 3b 
shows that OJH,, varies between 0.4 and 
1.0. However, it is clear again that the 
value of O,/HA is not primarily a function 
of H/Pt. Rather, all samples given “mild” 
reduction yield values in the range 0.4 < 
Oa/HA 5 0.8. (Indeed, with the exception 
of t.he present work, which will be biased 
if there is appreciable reversible adsorption 
of hydrogen (6), none exceed 0.7.) Samples 
given “prolonged” treatment in hydrogen 
on the other hand are predominantly in the 
range 0.8 < On/H, < 1.0. However, the dis- 
tinction is not clear-cut. Several points, 
which were obtained for platinum-alumina 
samples containing less than 1 wt % plati- 
num (3, 15) st,ill show relatively low 0.4/H, 
values after “prolonged” reduction. There- 
fore, thermal history does not uniquely de- 
termine On/Ha, and yet another anomaly 
occurs with platinum-aluminas at low 
metal loading. 

In keeping with the findings of Wilson 
and Hall, the present results show that Oa 
remains reasonably constant or increases 

very slightly, as the duration of reduction 
is increased (Table 1). Therefore, changes 
in Oa/H, are due primarily to decreases in 
HA. It follows that OA is probably smaller 
than Pt, after “mild” treatment and about 
equal to Pt, when the treatment is “pro- 
longed”. Presumably, these changes reflect 
the surface structure of the platinum crys- 
tallites. It seems reasonable t,o suppose that 
after “mild” reduction the metal crystallites 
formed may still have high surface energy. 
Each has been formed from some chance 
number of metal atoms and probably con- 
tains many ad-atoms and other surface 
atoms of low coordination. “Prolonged” 
treatment at 500°C must be expected to 
cause the equilibration of these defective 
structures. Minimum energy forms with 
the least possible surface unsaturation 
would be expected. It would be surprising 
if such changes did not cause subtle differ- 
ences in hydrogen adsorption capacity for 
a crystallite of any given size, but changes 
in the interaction with oxygen seem to be 
more pronounced. The modification of large 
platinum crystallites produced by pro- 
longed treatment in hydrogen and observed 
in the electron microscope is consistent with 
such structural equilibration. 

CONCLUSIONS 

The chemisorption of hydrogen on a 
single sample of platinum is highly com- 
plex. It is scarcely surprising therefore 
that the measurement of surface area in 
this way has been subject to controversy. 
Nevertheless, all studies which contain de- 
tailed measurements of crystallite size in- 
dicate that, within reasonable limits, each 
surface platinum atom adsorbs one hydro- 
gen atom. Indeed, the agreement is re- 
markably good when it is considered that 
the data were obtained in different labora- 
tories, frequently using different criteria to 
define the hydrogen monolayer. 

It follows that hydrogen chemisorption 
on small platinum crystallites is not very 
different to that on bulk platinum, that ad- 
sorption on the metal is successfully distin- 
guished from that on the support and that 
there is no apparent distinction between 
alumina- and silica-supported platinum on 
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this basis. However, uncertainties in the 
independent measurement of Pt, may mask 
subtle differences. Indeed, there is evidence 
that H/P& may exceed one on platinum- 
silica when the crystallites are extremely 
small, and that the correlation may not in- 
clude plat,inum-aluminas at low met,al 
loading. When freshly reduced, the latter 
contain platinum at least partly unresolved 
in the microscope and show unusual adsorp- 
tive properties. 

The stoichiometry of carbon monoxide 
chemisorption is also reasonably constant 
on small platinum crystallites and could 
conceivably correspond to CO/Pt, equal to 
one with H/Pt, some 15-20s higher. The 
independent measurements of size are not 
precise enough to distinguish between this 
and the preferred explanation in which 
H/Pt, is equal to one. Large platinum 
crystals adsorb much less carbon monoxide 
than hydrogen, which appears to bc due to 
a decrease in CO/P&, and may be caused 
by steric hindrance on extended planes of 
(I ,l,l) orientation. There may be differ- 
ences bet,ween carbon monoxide chemisorp- 
tion on platinum-alumina and platinurn- 
silica, but the available data are open to 
various interpretations. 

The volume of oxygen taken up by sup- 
ported platinum catalysts does not bear a 
const,ant relationship to the corresponding 
volume of hydrogen. This is ascribed 
largely to changes in the stoichiomet8ry of 
oxygen chemisorption on the platinum sur- 
face, and seems to be related to t#he thermal 
history of the sample. After long high-tem- 
perature treatment in hydrogen, the surface 
behaves like that of platinum black, ad- 
sorbing almost equal quamities of hydrogen 
and oxygen. Shorter treatments yield hy- 
drogen uptakes much greater than those of 
oxygen. 

Hydrogen chemisorption must therefore 
be recommended as the best determinant of 
platinum surface area. The stoichiometry 
of hydrogen chemisorption appears to be 
relatively constant over a wider range of 
crystallite size. Uncertainties in the stoichi- 
ometry of carbon monoxide adsorption on 
large crystals, and of the stoichiometry of 
oxygen adsorption over essentially the en- 

tire range of interest, make them less de- 
sirable for this use. It follows that the 
interpretation of hydrogen-oxygen titers 
will be difficult at best. 

The available hydrogen chemisorption 
data suggest that interatomic distances in 
the surface of small platinum crystallites 
may be appreciably higher than for perfect 
cubes or cube-octahedra. The high CO/Pt, 
ratios observed above H/Pt = 0.25 are con- 
sistent’ with this picture, since steric factors 
may not permit high CO/Pt, ratios on the 
more densely populated faces of platinum. 

Thermal history may be important, not 
only as a determinant of crystallite size, 
but also as it pertains to the equilibration 
of crystallite structure and the correspond- 
ing degree of surface unsaturation. 
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