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The nature of adsorbed oxygen on Pt/Al,O, supported catalysts and the reaction 
on the surface of oxygen with hydrogen have been studied. Gas uptake data show 
that a repeated (H,O,) titration step leads to subsequent enhancement of the 
hydrogen adsorbed on the surface, and a retardation of subsequent oxygen uptake. 
The enhancement is correlated to the ratio of initial hydrogen to initial oxygen 
uptakes, which in turn depends on the dispersion of the platinum crystallites. 

Infrared spectra of CO adsorbed on catalysts with preadsorbed oxygen reveal 
two types of adsorbed oxygen species. Type I forms during room temperature 
adsorption, while Type II is found after high temperature adsorption and repeated 
(O&O) treatment. 

Type II adsorbed oxygen is not observed after repeated (H,O,) treatments, and 
hence is ruled out as a cause of enhancement. Hz0 generated during the titration 
step is postulated as a possible cause of the enhancement/retardation effect. 

Clas adsorption on metal surfaces has 
become a fairly standard technique for the 
determination of the dispersion of sup- 
ported metal catalysts. Conversion of a 
corrected volumetric gas uptake to a metal 
surface area or dispersion requires the as- 
sumption of a stoichiometry of adsorption. 

In their studies of low concentration sup- 
ported Pt catalysts, Benson and Boudart 
(1) proposed that H, titration of adsorbed 
0, would increase the sensitivity of mea- 
surement. In interpreting their results they 
used the stoichiometry, 

pt surf 0 + 9 Hz + Hz0 + Pt surf &a-n, 
2 (1) 

with an n value of 3, but Mears and Hans- 
ford (2) found n values closer to 4. Wilson 
and Hall (3) proposed to resolve this dis- 
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crepancy by postulating that n is 3 for 
large crystallites, but incomplete surface 
coverage by 0, on small crystallites leads 
to apparent n values of 4 for highly dis- 
persed catalysts. Dalla Betta and Boudart 
(4) similarly found that small platinum 
clusters on Y zeolite took up less oxygen 
per surface atom than larger platinum crys- 
tals. Like Wilson and Hall, they attributed 
this phenomenon to the relative electron 
deficiency of small particles compared to 
large ones. Basset et al. (5) studied heats 
of adsorption and reaction for both the 
titration of oxygen, Eq. (1)) and the titra- 
tion of adsorbed hydrogen 

2Pt G H + ; Oe 4 &O + 2Pt ,u.- O(mn-I). (2) 

They also found an n value of 3 for large 
metal particles, and calculated low heat 
of adsorption values (about 18 kcal/mole) 
for the capture by the support of the H,O 
generated during titration. 

A preliminary survey of titration data in 
this laboratory showed considerable devia- 
tion from the simple stoichiometric picture 
presented by Eqs. (1) and (2). Initial hy- 
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drogen uptakes generally exceeded initial 
oxygen uptakes. By “initial” we mean the 
gas adsorbed on the “degassed” catalyst 
surface, as compared to that calculated as 
remaining on the surface after a titration 
step, which we refer to as secondary, ter- 
tiary, etc. uptakes. In addition, the secon- 
dary or tertiary uptakes of gases differed 
from the initial uptake of the same gas on 
a ‘(degassed” surface. We frequently ob- 
served that. 

and 

H’A > HA, (3) 

O’A 5 OA, (4) 

where H’.4 and O’.., are the uptakes of hy- 
drogen and oxygen aft.er titration, corrected 
for the amount of gas consumed to form 
water, and H, and Oa are initial gas up- 
takes. Thus titration seems to enhance the 
adsorption of hydrogen and to retard the 
adsorpt’ion of oxygen on Pt-on-alumina 
catalysts. 

In this work the deviations from a sim- 
ple constant stoichiometry are documented 
by static and flow system gas uptake data. 
The data of other authors are also sum- 
marized. Three possible explanations of the 
deviations are discussed: a modification of 
the surface area, as proposed by Darens- 
bourg and Eischens (6), the formation of 
more than one type of adsorbed oxygen 
species, and a promotion/retardation effect 
stemming from the water generated during 
the titration. Infrared spectroscopy was 
used to examine the nature of t,he surface 
oxygen species during adsorption and 
titration. 

Infrared spectroscopy has been applied 
extensively to study adsorbed species on 
catalysts. Heyne and Tompkins (7) have 
recorded ir spectra of CO adsorbed on 
silica-supported Pt pretreated with oxygen 
at 300°C. They observed two different 
kinds of CO adsorbed on platinum sites: 
one on plat,inum metal (2080 cm-l), the 
other on platinum ion (2120 cm-l). They 
also found that oxygen adsorbed on plati- 
num metal could be removed by carbon 
monoxide (as carbon dioxide), while that 
on platinum ion could not. Primet et al. 

(8) concluded from their ir study that a 
part of the surface platinum adsorbs both 
oxygen and carbon monoxide on the same 
site, and gives an ir absorption band of 
C=O stretching shifted to 2120 cm-l. 

They showed that such species Pt 
/O 

\ 
co 

could be obtained even at room tempera- 
ture by repeated (O,-CO) treatment. 

These investigations with ir spectroscopy 
indicate that the adsorption of oxygen on 
Pt is not simple: namely there are at least 
two different kinds of adsorbed species of 
oxygen. In this work, volumetric uptake 
data has been supplemented by an ir study 
of the nature of the surface oxygen species 
after repeated O,-CO and 0,-H, treat- 
ments, and after 0, adsorption at tempera- 
tures from 25 to 500°C. 

EXPERIMENTAL METHODS 

Catalysts used in this experiment were 
Pt on ALO,, both commercial and pre- 
pared samples. Prepared catalysts were 
made by wetting in an H,PtCl, solution, 
followed by evaporation (at 110°C) to 
dryness and reduction in flowing hydrogen. 

TABLE 1 
DESCRIPTION OF CATALYSTS 

Cat’- Pt content 
alyst W%) Type of support 

A 0.5 
B 0.5 
c 0.5 
1) 0.5 
E 4.76 
F 2.46 
(: 0 10 
H 1.00 
I 2.03 
J 1.61 
K 2.03 

Englehard (Lot No. 18-381) 
-0 
-b 

-c 

,410nd 
.41on 
Alon 
Alon 
Alon 
Kaiser 201 alumina 
Kaiser 201 alumina 

a Same as catalyst A except sint,ered for 16 hr in 
02 at’500”C. 

* Same as catalyst, A except) sintered for 16 hr in 
Ozat600”C. 

c Same as catalyst A except sintered for 16 hr in 
02 at 700°C. 

* Regist’ered trade mark of Cabot Corp. 
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Table 1 shows the details of the catalysts 
used in this work. 

Gas uptakes were measured on both con- 
ventional static and flow systems. The 
static apparatus was a conventional high 
vacuum system. The flow system was a 
pulse type similar to that described by 
Free1 (9). The carrier gas was passed over 
a heated bed of mixed Cu-CuO catalyst 
[after Meyer and Ronge (10) ] to remove 
traces of H, and 0,. It was dried by pas- 
sage over a molecular sieve bed. Hydrogen 
was electrolytically generated, purified over 
a supported Pt bed, and dried in a molecu- 
lar sieve bed. Linde Ultra High Purity 
oxygen (>99.995,%) was used as received. 

For the flow system, standard pretreat- 
ment was reduction in hydrogen for 1 hr 
at 5OO”C, followed by outgassing in He 
for 1 hr at 500°C. For the static runs the 
catalyst was reduced in hydrogen at 500°C 
for 2 hr and then evacuated for another 2 
hr at that temperature. For both systems, 
gas uptakes were generally measured at 
room temperatures-exceptions are noted 
in the text. 

Infrared measurements were carried out 
on catalyst I. Infrared transparent wafers 
were prepared by pressing a finely crushed 
powder in a 1 in. diameter die at pressures 
of 12 tons/in2. The catalyst wafer was 
placed in an in situ infrared cell with 
sodium chloride windows. Pretreatment 
conditions were identical to those fcr the 
static measurements described above. Sub- 
sequent ir spectra were recorded at room 
temperature on a Perkin-Elmer Model 621 
spectrophotometer, using a similar cell 
without a catalyst wafer in the reference 
beam. 

EXPERIMENTAL RESULTS 

1. Isotherms and Isobars of Oxygen 
and Hydrogen 

Figure 1 illustrates typical isotherms of 
oxygen uptake obtained with the static 
system at temperatures from 25 to 500°C 
for catalyst I. The adsorption isotherm was 
extrapolated to zero pressure to obtain the 
adsorbed amount of oxygen on platinum. 

Figure 2 shows oxygen and hydrogen 

“0 20 40 647 a0 100 120 140 

PRESSURE, torr 

FIG. 1. Oxygen isotherms for a 2.03% Pt on 
Alon catalyst. 

uptakes as a function of temperature mea- 
sured in the static system for catalysts E 
and I, and in the flow system for catalyst 
A. Hydrogen uptakes were remeasured at 
room temperature after reducing the sam- 
ple used for the measurement of each static 
oxygen adsorption isotherm (Table 2). For 
catalyst I, reduction at 500°C was enough 
to restore the original hydrogen uptake 

t 
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FIG. 2. Oxygen and hydrogen isobars for three 
different Pt/Al,O, catalysts. 
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TABLE 2 
02 ADSORPTION UPTAKES AS A FUNCTION 

OF TEMPERATURE, AND Hz TITRATION 
AND ADSORPTION UPTAKES 

AT ROOM TEMPERATURE 

Subse- 
quent 
l.“OlTl 
temp 

Oxygen Room temp hydro- 
adsorption hydrogen titration gen ad- 

sorption 
Uptake Uptake uptakes 

Cat- Temp (atoms/ (atoms/ HT/ (atoms/ 
alyst (“C) atom) atom) OA atom) 

I 1tT 0.31 1.39 4.4s 0.73 
100 0.36 1.49 4.14 0.72 
197 0.42 1.69 4.12 0.73 
290 0.49 1.72 3.44 - 
387 0.63 1 62 2.57 0.73 
485 0.75 0.96 1.30 0.74 

E RT 0.30 1.32 4.40 0.61 
100 0.32 1.13 3.53 - 
200 0.40 1.30 3.25 - 
300 0.46 1.31 2.85 0.60 
395 0.40 1.04 2.60 0.45 
500 0.39 0.72 1.85 0.39 

value. On catalyst E, however, subsequent 
hydrogen uptakes were found to be de- 
pressed by 24.4 and 35.470 after oxygen 
adsorption measurements at 400 and 5OO”C, 
respectively. Assuming that these decreases 
in hydrogen uptake resulted from a de- 
crease in metal surface area, oxygen up- 
takes at these temperatures were corrected 
and the corrected values are shown in Fig. 
2 by the broken line. 

Oxygen uptakes were found to increase 
with increasing uptake temperature, while 
hydrogen uptakes decreased. In the room 
temperature region hydrogen uptake is 
higher than oxygen uptake for both cata- 
lysts A and E, as measured by both 
systems. 

2. Hydrogen Titration of Oxygen Absorbed 
at Elevated Temperatures 

Experiments were designed to test the 
reactivity of oxygen adsorbed at various 
temperatures with gaseous hydrogen. Oxy- 
gen was added at 100 Torr to catalysts 

E and I at temperatures from 25 to 5OO”C, 
following which the catalyst was evacuated 
for 0.5 hr and cooled to room temperature. 
Hydrogen titration uptakes were then mea- 
sured. Oxygen and hydrogen titer uptakes 
are shown in Table 2. 

These data suggest that oxygen adsorbed 
at higher temperatures is less reducible by 
hydrogen at room temperature than the 
oxygen adsorbed at 25°C. Oxygen adsorbed 
at elevated temperatures may form a new 
type of surface species or may oxidize 
metal below the surface layer. This 
phenomenon was further studied by ir 
spectroscopy. 

3. Infrared Spectra of CO Adsorbed on 
Pt with 0, Preadsorbed at 

Various Temperatures 

Infrared discs of catalyst I were con- 
tacted with 0, at temperatures from 25 
to 500°C in the in situ ir cell. Following 
0, adsorption (100 Torr 0, pressure) the 
sample was cooled to room temperature, 
the cell was evacuated and the catalyst was 
cont,acted with CO at 100 Torr for 2 hr. 
Infrared spectra, following these treat- 
ments, showed absorption bands with max- 
ima near 2120, 2060-80, 1800, 1640, 1480 
and 3600 cm-‘. The last four bands corre- 
spond to those observed by Parkyns (11) 
when CO, was adsorbed on alumina. 
Eischens and Pliskin (la), in their study 
of CO adsorption on supported Pt, ob- 
served bands at. 2060-80 and 1800 cm-l, 
which they attributed to the linear and 
bridged forms of adsorbed CO. Heyne and 
Tompkins (7) and Primet et al. (8) oh- 
served a band at 2120 cm-l when CO was 
contacted with a catalyst which had pre- 
viously been exposed to oxygen. Their 
interpretation as to the nature of the bend 
responsible for this band differs; the 
former workers at,tribute it to CO adsorbed 
on Pt ions while the latter assign it to 
CO adsorbed on a Pt atom which also has 
an adsorbed oxygen atom. 

In our work the bands at 1480, 1640 and 
3600 cm-l, and part of the band at 1800 
cm-l, are probably due to the interaction 
of CO,, formed by the oxidation of CO 
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with adsorbed O,, with the alumina sup- 
port. CO adsorbed on Pt, probably in the 
bridged structure, also contributes to the 
band at 1800 cm-’ since this band is pres- 
ent when CO is adsorbed on a freshly re- 
duced sample. When oxygen was introduced 
at room temperature to a freshly reduced 
sample onto which CO has been adsorbed, 
the absorption bands at 206CMl cm-l and 
near 1800 cm-l decreased in intensity, and 
a new band developed at 2120 cm-*. This 
new band is the one also observed by 
Heyne and Tompkins (7) and Primet et 
al. (8). The intensity of the 2060-80 cm-l 
band initially decreased rapidly, but it did 
not disappear completely over a period of 
several hours unless the catalyst was heated 
to 100°C. Heyne and Tompkins (7) re- 
ported that this band rapidly disappeared 
completely at room temperature. This dif- 
ference is possibly due to the different 
support, as postulated by Eischens and 
Pliskin (I%‘), or it may be caused by dif- 
ferences in Pt crystallite sizes. 

The band at 2120 cm-l was also ob- 
served when CO was introduced to the 
catalyst which had preadsorbed oxygen at 
elevated temperatures. This is illustrated 
in Fig. 3. The intensity of this band in- 
creased with increasing temperature of 
oxygen adsorption up to 4OO”C, then de- 
creased when 0, was preadsorbed at 500°C. 
The 2060-80 cm-l band, however, continu- 
ally decreased with increasing oxygen 
adsorption temperature. 

These results suggest that oxygen is 
taken up by supported platinum on at 
least two different sites. One site, which 
gives the 2060-80 cm-l band when CO is 
admitted, is generally associated with ad- 
sorption of oxygen on a platinum atom. 
This species of oxygen is readily removed 
by CO in a reaction to form CO,, and the 
band thus arises from CO adsorbed on the 
“clean” site. The second site for adsorbed 
oxygen, which gives rise to the 2120 cm-’ 
band when CO is introduced, has been as- 
sociated with platinum ion, or a platinum 
atom which simultaneously adsorbs CO 
and oxygen. This second species of oxygen 
is thus less reactive with CO, and is formed 
more extensively as the temperature of 

-l I I I I 

2200 2000 
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FIG. 3. Variation of the 2060-N and 2120 cm-’ 
bands from CO adsorbed on Pt/Al,Os catalysts 
with different 0, preadsorption temperatures. (a) 
Freshly reduced sample; (b) Oz preadsorbed at: 
2OO”C, (c) 4OO”C, (d) !SOO”C. 

oxygen adsorption increases up to 400°C. 
For convenience we refer to this second 
species of adsorbed oxygen as Type II oxy- 
gen, and to the previously described site 
as Type I. However, it should be empha- 
sized that the exact character of the sites 
is not definitively established. 

The 2120 cm-l Type II band decreases 
when the sample is treated with hydrogen 
at room temperature and is recontacted 
with CO. At the same time the 2060-80 
cm-l Type I band increases, suggesting 
that hydrogen is capable of reducing some 
Type II sites to metallic platinum which 
subsequently adsorbs CO. However, the 
higher the temperature of oxygen pread- 
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sorption, the less reducible the Type II 
oxygen becomes. 

A series of experiments was designed to 
further investigate the nature of the two 
oxygen sites. Oxygen was adsorbed on two 
freshly reduced samples of catalyst I, at 
room temperature for one sample and 
460°C for the other. Subsequently both 
samples were evacuated at 400°C for 16 
hr. The sample that had 0, adsorbed at 
room temperature did not show any fur- 
ther 0, uptake when oxygen was read- 
mitted at room temperature. However, the 
other sample took up 21.5% of the original 
0, uptake when oxygen was readmitted 
at 400°C. These results suggest that oxy- 
gen may be more easily removed from 
Type II sites, formed at 4OO”C, than from 
Type I sites, which predominate in 0, 
adsorption at 25°C. The removal could be 
either desorption or migration into the 
metal to form a bulk oxide. 

In other experiments CO spectra were 
recorded of two samples of catalyst I after 
adsorption of 0, at 4OO”C, one after 0.5 
hr evacuation, and the other after a 16 hr 

I I 1 
2200 2000 

WAVE NUMBER, cm-’ 

FIG. 4. Infiuence of evacuation on the 2o60-80 
and 2120 cm-’ bands (0, preadsorbed at 400°C). 
(a) Evacuated 0.5 hr, (b) evacuated 16 hr. 

evacuation. The spectra, shown in Fig. 4, 
again indicate a sizeable decline in Type II 
sites, but almost no change in Type I sites. 
Similarly, a spectra recorded after 0, 
adsorption at room temperature followed 
by 16 hr evacuation at 400°C shows only 
a slight decrease in the 2075 cm-l peak 
from the Type I site, and no evidence of 
a peak at 2120 cm-‘. 

These results not only suggest that oxy- 
gen is removable from Type II sites far 
more readily than from Type I sites, but 
also indicate that Type II species are not 
formed from adsorbed Type I species. Heat- 
ing in vacuum a sample on which 0, had 
been adsorbed at room temperatures to 
temperatures (400°C) where Type II sites 
are formed does not generate Type II oxy- 
gen. Thus Type II sites may be formed 
only by contact with gaseous oxygen or, 
as will be subsequent’ly shown, during 
cyclic treatment at room temperature with 
CO and 0,. 

4. Gas Uptakes in Titration Sequences 

Table 3 shows the results from a num- 
ber of titration sequences in both direc- 
tions (i.e., O,-HZ--O, and HZ-0,-H,) . While 
the trend is not universal, it is evident that 
secondary and tertiary hydrogen uptakes 
(H2’ and H3’) are generally higher than 
the initial hydrogen uptake, while secon- 
dary and tertiary oxygen uptakes (02’ 
and 03’) are generally less than or equal 
to the initial oxygen uptake (see Table 3 
for nomenclature.) A survey of other re- 
ported titration data (2, S, 5, 13, 14) 
showed that only Wilson and Hall (3, 13) 
reported instances where secondary hydro- 
gen uptake is substantially lower than the 
initial hydrogen uptake. 

Figure 5 shows a plot of the posttitration 
hydrogen enhancement (H2’/Hl or H3’/ 
Hl) as a function of the hydrogen uptake 
to oxygen uptake (Hl/Ol) ratio. This plot 
includes the data of Wilson and Hall (3, 
IS) and Basset et al. (5) as well as our 
own. The data of Gruber (14) was excluded 
because oxygen uptake was measured at 
a different temperature (350”) than the 
hydrogen uptake, and samples were evacu- 
ated at 500°C between titrations. 
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TABLE 3 
Hz AND 02 ADSORPTION AND TITRATION UPTAKE@ 

Cat,- Hz Adsorp- Oz Adsorp- 
a Temp tion ratios tion ratios Com- 

Run lyst (“C) Hl 02 H3 01 H2 03 Hl/Ol H3’:H2’:Hl 03’:02’:01 mentsb 

l&2 I RT 0.73 0.58 1.42 0.31 1.39 0.63 2.36 1.35:1.05:1 0.77:0.68:1 1 
3&4 E RT 0.60 0.55 1.31 0.35 1.34 0.54 1.71 1.35:1.07:1 0.63:0.71:1 1 
5&6 K RT 1.08 0.80 1.86 0.36 1.86 0.88 3.00 1.25:1.05:1 0.86:0.72:1 1,2 
7 A -98 0.38 0.35 0.36 0.09: - :l 3 
X&9 A 0 0.22 0.29 0.18 0.58 1.26 l.Ol:l 0.97:1 

I’)& 11 A 0 0.23 0.29 0.18 0.60 1.33 1.07:1 0.99: 1 
12 A 97 0.22 0.36 0.77 1.63: - :l 
13 A 206 0.14 0.39 0.81 1.19: - :l 
14&15 B 0 0.32 0.34 0.20 0.70 1.59 0.95:1 0.92:1 
16&17 C 0 0.27 0.32 0.20 0.57 1.37 0.63:1 0.90:1 
18 & 19 D 0 0.09 0.12 0.08 0.25 1.11 0.92:1 0.88:1 
20&21 E RT 0.37 0.42 0.90 0.26 0.91 0.42 1.42 1.17:1.09:1 0.86:0.90:1 
22&23 F RT 0.39 0.46 0.96 0.25 0.96 0.48 1.53 1.09:1.17:1 1.01:1.07:1 
24&25 F RT 0.30 1.34 0.77 0.16 1.90 1.30: - :l 1.21:1 4 
26 F RT 0.36 0.43 0.86 1.01: - :l 
27&28 G RT 0.40 0.61 1.32 0.27 1.10 0.64 1.49 1.25:1.40:1 1.51:1.52:1 5 
29 H RT 0.16 0.46 0.97 
30&31 J 0 0.28 0.26 0.12 0.48 2.28 0.87:1 l.Ol:l 
32&33 J RT 0.22 0.22 0.46 0.12 0.46 1.84 1.10:1.04:1 0.93:1 
34 J RT 0.22 0.22 0.44 1.06: - :I 6 

* Nomenclature: HX and OX are measured Ht and 0% uptakes in gas atoms per Pt atom for step “X” in 
the titration sequence, e.g., for the series H2-OZ-Hz-02 the corresponding uptakes are HI, 02, H3, and 04, 
for the series OZ-HZ-OS-HZ the uptakes are 01, H2,03, and H4. HX’ and OX’ are the Hz and 02 adsorption 
uptakes for step X calculated from the measured total uptakes. 

) Comments: (1) Data obtained in static system; all other results are from flow system. (2) Evacuated at 
500°C for 6 hr prior to adsorption measurements. (3) Results not included in Figs. 5 and 6. (4) Catalyst 
charge (3 g) wetted by injecting 0.5 cc of degassed Hz0 into the carrier gas after pretreatment and prior to 
adsorption measurements. (5) Low concentration of Pt; results susceptible to large relative error. (6) Run 34 
extended for 14 (02-H*) cycles (results shown in Fig. 7). 

Two interesting observations emerge 
from inspection of Fig. 5. First, all of the 
points from our experiments which show a 
hydrogen enhancement factor less than 
unity were recorded at 0°C or were sin- 
tered in O2 before measurement. For all 
room temperature measurements of non- 
sintered specimens, secondary and tertiary 
hydrogen adsorption is higher than the 
initial hydrogen uptakes. One titration 
sequence (Run 7) was run in a methanol 
ice bath ( -98°C). The tertiary hydrogen 
adsorption is only 10% of the initial up- 
take, which we postulate arises from the 
fact that generated HZ0 freezes and blocks 
access to the metal surface. The 0°C points 
similarly may experience some surface 
blockage, leading to lower enhancement 

ratios than occur in titrations at room 
temperature or higher. 

Second, Wilson and Hall’s data reveals 
cases where low enhancement factors are 
observed. All of these points occur where 
the initial hydrogen uptake is less than 
about 1.3 times the initial oxygen uptake. 
Finally, a check of Wilson and Hall’s pre- 
treatment conditions indicates that all their 
points showing enhancement ratios less 
than unity had been exposed to air or hy- 
drogen at temperatures of 545°C or higher, 
with most treated at temperatures greater 
than 600°C. Thus from Fig. 5 the trend 
is evident that catalysts which have initial 
hydrogen uptakes greater than about 1.3 
times the initial oxygen uptakes tend to 
show enhancement of hydrogen adsorption 
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OOY 

Hl/Ol 

FIG. 5. Hydrogen enhancement ratio (H3’/Hl 
or H2’/Hl) as a function of the ratio of initial 
hydrogen uptake to initial oxygen uptake (Hl/ 
01). 

after one or two titrations, part,icularly at 
room temperatures and higher. 

Figure 6 shows a plot of the ratio of 
initial hydrogen uptake to initial oxygen 
uptake (Hl/Ol) versus the catalyst dis- 
persion as measured by hydrogen uptake 
(Hl). Again, the data of Wilson and 
Hall (3, 13) and Basset et al. (5) are 
included. While considerable scatter is evi- 
dent in the data, a trend to a higher H/O 
ratio with increasing dispersion (smaller 
particle size) is evident. Thus, as Wilson 
and Hall suggest, chemisorption data sup- 
ports a variable stoichiometry, with hydro- 

gen and oxygen uptakes being about the 
same only on larger platinum crystallites. 

5. Long Titration Sequence 

One experiment (Run 34) on catalyst J 
was extended for a total of 14 (0,-H,) 
titration sequences. Figure 7 shows the 
resulting uptakes of titered oxygen and hy- 
drogen, as well as the ratio of hydrogen 
uptake to oxygen uptake for each step. 
The final HT/OT ratio does not approach 
2.0 as predicted by stoichiometric consid- 
erations, but rather is asymptotic to about 
2.02. This 1% factor could well arise from 
the failure of the flow system to detect a 
small portion of the hydrogen which is 
reversibly adsorbed and ‘(bleeds” off. How- 
ever, it is evident that hydrogen adsorp- 
tion enhancement continues through the 
first 8 titration sequences, and thus this 
effect is not restricted only to the first 
titrations. 

6. Infrared Spectra of CO Adsorbed in Pt 
After Repeated Sequences of (02-CO) 

and (0,-H,) Treatments 

a. (O,-CO) Cycles 

Oxygen (100 Torr) and carbon monoxide 
(100 Torr) were cyclically introduced, at 
room temperature with evacuation for 0.5 

0 02 04 06 08 IO 12 

Hl, hydrogen atoms /Pt atom 

FIG. 6. Variation of initial uptake ratio (Hl/ 
01) with catalyst dispersion as measured by 
hydrogen uptake (Hl). 
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o.zot , , , , , , , , , ( , , , , j 
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TITRATION CYCLE 

FIG. 7. Long-term titration: plot of: (a) oxy- 

gen titer uptake; (b) hydrogen titer uptake; and 
(c) the ratio HT/OT for each titration cycle. 
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FIG. 8. The effect of (CO-02) cyclic treatment: 
(a) 1st cycle, (b) 3rd cycle, (c) 6th cycle. (-1 
CO adsorption; (---) 0, treatment; (- *) Hz 
treatment. 

hr between cycles, to catalyst I, and ir 
spectra were recorded after each addition. 
Figure 8 shows some of the recorded 
spectra. 

After the second CO adsorption the 
2070-75 cm-’ band reached a maximum, 
and subsequent (Oz-CO) sequences caused 
this band to decrease in intensity. On the 
other hand, the 2120 cm-l band increased 
with cyclic treatment. Thus repeated 
(CO-O,) treatments generate increasing 
amounts of Type II surface adsorbed oxy- 
gen, which is not reduced by the next CO 
titer. 

When freshly reduced catalyst I was 
contacted for 17 hr with oxygen at room 
temperature, subsequent CO treatment did 
not generate the 2120 cm-l Type II oxy- 
gen band. Thus it is the cyclic treatment 
with CO which promotes the formation of 
the Type II site, rather than the time of 
contacting with Oz. When hydrogen was 
introduced at room temperature to a cycli- 
cally treated catalyst, the 2120 cm-l band 
decreased but was not totally reduced. The 
2070-75 cm-l band shifted to lower fre- 
quency (Au = 20 cm-l). 

b. (02-H,) Cycles 

In these experiments fresh catalyst was 
contacted with oxygen, then hydrogen, and 
then CO was introduced to the cell and 

---- BEFORE EVACUATION _ 
- AFTER l/2 HR 

EVACUATION 

2000 I.800 1600 

WAVE NUMBER, cm-’ 

FIG. 9. The effect of (O,Hz) cyclic treatment: 
(a) CO adsorption on the reduced catalyst, (b) 
after 1st cycle; (c) after 5th cycle. 

the spectra were recorded. Typical results 
are shown in Fig. 9. As found by Darens- 
bourg and Eischens (6), the 2070-75 cm-l 
band is enhanced by subsequent treatments. 
In addition, we observed the band to shift 
to 2060 cm-l (AU = 15 cm-l). This shift 
is almost identical to the shift observed 
by Primet et al. (8) when water was added 
to their CO adsorption system. We thus 
tentatively ascribe the shift to a modifica- 
tion of adsorbed CO electronic properties 
arising from the H,O generated during 
titration. 

Evidence of H-O-H bending, in the 1630 
cm-’ band shown in Fig. 9, further demon- 
strates the presence of water. Also, absorp- 
tion in the 3500-3800 cm-’ region, due to 
alumina OH groups, increased with increas- 
ing number of 0,--H, cycles, indicating that 
some of the generated H,O was being 
taken up by the alumina. 

The 1835 cm-l band was enhanced by 
repeated O,-Hz cycles, as shown in Fig. 9. 
This was not observed in the cyclic (02-- 
CO) treatment. The most outstanding dif- 
ference, however, between the two treat- 
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ments is that the 2120 cm-l band, attrib- 
uted to Type II oxygen, was not detected 
in the cyclic (0,-H,) treatment, even after 
six cycles. 

DISCUSSION 

lated in Table 4. The results indicate a 
general enhancement of H, uptakes during 
titration and a retardation of 0, uptakes. 
Thus the variation in adsorption stoichiom- 
etry which we observed during titration is 
not att,ributable to insufficient degassing. 

Enhancement of hydrogen uptake fol- Darensbourg and Eischens (6’) noted Hz 
lowing titration is demonstrated by the re- enhancement in their ir studies of sup- 
sults in Table 3 and Fig. 5. It may be ported Pt catalysts, and attribute it to an 
argued that this apparent increase is due increase in metal surface area arising from 
to incomplete Hz desorption during the the room temperature reduction of the ad- 
relatively short degassing periods after sorbed oxygen. Hansford (15) also ob- 
reduction (1 to 2 hr at 500°C). However, served that titration resulted in a 25% 
an absolute measure of enhancement or enhancement of hydrogen uptake measured 
retardation, independent of initial surface in a flow system, and supported the con- 
hydrogen coverage, can be calculated, as clusion of an increase in surface area re- 
shown in Eqs. 5 to 10. Thus sulting from successive oxidation and re- 

(Hl/Z)Hs (02/Z JO2 
Pt-H, - Pt-H, - Pt-Ob + ; Hz0 

(H3/2)Hz 
- Pt-H, + b Hz0 (5) 

(01/2 10, a CH2/2)Hz (03/2)0~ ” 
Pt-H 5 ;-Pt-Od + ;H20- Pt-H, + dH*O=+’ Pt-0, + ;HzO 

where 2 is the number of H, atoms remain- 
ing on the platinum per platinum atom 
after evacuation, and a, b, c, cl, e, and f 
are the number of hydrogen or oxygen 
atoms adsorbed per platinum atom at vari- 
ous stages in the titration sequences. (All 
stoichiometric coefficients in these equa- 
tions are expressed in terms of total metal 
atoms, hence they are not an absolute sur- 
face stoichiometry.) The absolute enhance- 
ment in H, adsorption is given by (c-a) 
and (e-a). According to Eq. (5) 

duction in mild conditions. In an earlier 
work Aston, Tomeesko and Fisher (16) 
also observed this enhancement effect. In 
examining our results, we have considered 
this hypothesis and two others: the crea- 
tion of different species of surface oxygen, 
as occurs during repeated (CO-O,) treat- 
ments, and an influence from the water 
generated during titration. 

(c-a) = H3 - 2(02) (7) 

and from Eqs. 5 and 6 

(e-a) = H2 - 2(01) - HI. (8) 

Similarly, the retardation of 0, adsorption 
is given by 

(d-f) = 7 - 03 (9) 

and 

(d-b) = 01 + 7 - 02. (10) 

The values of (c-a), (e-a), (d-f) and 
(d-b) obtained from our data are tabu- 

The primary difficulty with an interpre- 
tation of a permanent increase in metal 
surface resulting from titration is that it 
fails to explain the retardation or lack of 
enhancement of oxygen uptake. In some 
cases the reduction of 0, uptake exceeded 
35% on the second titer (03’) and 30% 
on the first titer (02’). For this reason we 
conclude that a simple physical size ex- 
planation for hydrogen enhancement is not 
satisfactory. It is possible to conceive of 
the Pt surface cyclicly varying as the ad- 
sorbent gas changes. However, this surface 
modification through gas interaction does 
not in itself explain why more surface 
would be created on subsequent hydrogen 
titers compared to the initial titer. The 
possibility that the water generated during 
titration is responsible for a modification 

(6) 
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TABLE 4 
HYDROGEN ENHANCEMENT AND OXYGEN RETARDATION DURING TITRATION 

HZ enhancement 02 retardation 

Temp H atoms/Pt atom 0 atoms/Pt atom 
Run (“Cl (c-a) (e-a) (d-f 1 k-b) 

l&2 RT 0.26 0.04 0.07 0.10 
3&4 RT 0.21 0.04 0.13 0.10 
5&6 RT 0.26 0.06 0.05 0.10 
7 -98 -0.34 
8&9 0 0.03 0.005 

10 & 11 0 0.02 0.001 
12 +97 0.04 
13 +206 0.02 
14 & 15 0 -0.02 0.02 
16 & 17 0 -0.06 0.02 
18 & 19 0 -0.01 0.01 
20 & 21 RT 0.06 0.02 0.04 0.03 
22 & 23 RT 0.03 0.07 -0.002 -0.02 
24 & 25 RT 0.09 
26 RT 0.005 
27 & 28 RT 0.10 0.16 -0.09 -0.14 
29 RT 0.05 
30 & 31 0 -0.04 
32 & 33 RT 0.02 0.01 0.01 
34 RT 0.01 

in the Pt surface on subsequent titers is 
discussed below. 

It is evident from the ir results that the 
two CO bands may be correlated with 
two different oxygen adsorption sites. The 
Type II site associated with the 2120 cm-l 
band appears after high temperature ad- 
sorption of oxygen, but is also generated 
during room temperature repeated (O?- 
CO) treatment. Once formed, this Type II 
site is not totally reducible by hydrogen 
at room temperature. (Total reduction is 
observed at 150°C.) However, the Type II 
sites decrease substantially during high 
temperature evacuation, while Type I sites 
do not. 

cm-l band. We therefore do conclude that 
Type II sites are not generated during 
(0,-H,) titration sequences. This does not, 
of course, imply that other surface com- 
plexes may not. be formed which account 
for the H, enhancement/O, retardation 
effect. 

Another factor to be considered in titra- 
tion anomalies is the effect of the water 
generated. The results presented in Tables 
3 and 4 indicate that at temperatures of 
0°C and below both H, and O2 adsorp- 
tion may be retarded. This may be due to 
incomplete reaction during titration and/or 
blockage of the Pt surface by H,O. At 
room temperature and above H, adsorp- 

Given these results for (02-CO) treat- tion is enhanced and O2 adsorption is re- 
ment, we speculated that cyclical (0,-H,) tarded. This may be caused by an altera- 
treatment at room temperature might simi- tion of the A1203/Pt interaction due to the 
larly generate the second type of oxygen H,OJAl,O, interaction in the vicinity of 
site. If these sites could still adsorb hydro- Pt crystallites. A second possibility is that 
gen, then enhanced hydrogen and retarded the presence of water significantly changes 
oxygen uptakes could be explained. How- the adsorbent-adsorbate interaction, and 
ever, CO adsorption after repeated (02-H,) leads to a restructured metal surface. This 
treatments gave no evidence of the 2120 latter postulate could conceivably be 



checked by comparing LEED patterns of 
Pt surfaces contacted with dry and moist 
adsorbents. From ir evidence we concluded 
that some of the water is taken up by the 
support. However, the water affects CO 
adsorbed on Pt sufficiently to generate a 
shift in the 2075 cm-l band, also observed 
by Primet et al. (8). This indicates a 
change in the electronic properties of the 
platinum. 

The changes in H, and 0, adsorption 
upt.akes are much more marked for the 
static results than for the dynamic ones. 
The presence of the carrier gas in the 
dynamic measurements may facilitate the 
movement of water from the Pt. surfaces 
to areas of the support sufficiently removed 
from the Pt crystallites so as to reduce the 
effect of water on subsequent, adsorptions. 

It is impossible to duplicate posttitration 
wetting conditions by addition of H,O to 
a fresh cat.alyst, because during titration 
water is generated only at the platinum 
crystallite locations. However, one experi- 
ment (Runs 24 and 25) was made on cata- 
lyst F in which a 3.1 g catalyst charge was 
wetted by 0.5 cc of degassed distilled H,O. 
While this major dose of water caused both 
initial hydrogen and initial oxygen uptakes 
to decrease, the oxygen decrease (37%) 
was greater than the hydrogen decrease 
(20%). Thus for the wetted catalyst, the 
Hl/Ol ratio was 1.90, compared to 1.53 
for the dry sample, again indicating that 
wetting more greatly retarded oxygen up- 
take. While this single result is by no means 
conclusive, it suggests that the effect of 
wetting on gas uptakes warrants further 
investigation. 

It is easy to postulate an influence of 
crystallite size on the effect of HZ0 on 
gas uptakes. Primet et al. (8) attributed 
the shift of the 2075 cm-l band in CO 
adsorption on a wetted catalyst to the 
electronic donation from the water to t,he 
platinum crystallite. Both Wilson and Hall 
(3) and Dalla Betta and Boudart (4) 
have cited the relative electron deficiency 
of small platinum crystallites in explain- 
ing oxygen uptake differences among cata- 
lysts of varying dispersion. If the water 
does act as an electron donor, it could 

affect the small crystallites more signifi- 
cantly than the larger ones. Thus the 
mechanism of uptake enhancement/retar- 
dation may be electronic, rather than phys- 
ical blocking of the surface sites as cited 
for the -98°C results. 

The other interesting point to emerge 
from this study is a dependence of the 
relative uptakes of hydrogen and oxygen, 
as measured by the ratio Hl/Ol, on the 
dispersion. Wilson and Hall (3) first noted 
this in accounting for the discrepancy be- 
tween Benson and Boudart’s (1) and Mears 
and Hansford’s (2) titration stoichiom- 
etries. In Fig. 5, it is evident that Wilson 
and Hall’s data predict, the start of a devia- 
tion between hydrogen and oxygen uptakes 
as the dispersion measured by H, adsorp- 
tion exceeds about 0.3. Our data and that 
of Basset et al. (5) indicate that hydro- 
gen and oxygen uptakes differ over the 
entire dispersion range. This discrepancy 
may well be attributable to Wilson and 
Hall’s generally more severe pretreatment 
conditions. 

Wilson and Hall used particle size dis- 
tribution analysis of electron micrographs 
to attribute the deviation of hydrogen and 
oxygen uptakes in small particles to Ptz 
Osurf stoichiometry on small platinum par- 
ticles. They argued that evidence points to 
an H/PLf ratio of unity regardless of 
metal part.icle size. Dalla Betta and Bou- 
dart (4) also concludes that oxygen uptake 
on small particles is less than 1 oxygen 
per surface metal atom, based on calcula- 
tions of the size of particles in the cages 
in a Y zeolite. In this work we did not 
attempt to independently determine hydro- 
gen and oxygen adsorption stoichiometries, 
through separate measurement’ of crystal- 
lite size. Rather, we only note the influ- 
ence of dispersion, and hence particle size, 
on the relative uptakes of the two gases. 

CONCLUSIONS 

Titration of adsorbed hydrogen and oxy- 
gen on supported platinum catalysts gen- 
erally results in enhanced posttitration 
adsorbed hydrogen values, and reduced 
posttitration adsorbed oxygen values. The 
enhancement occurs over a variety of cata- 
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