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The adsorption of carbon monoxide, dioxygen, and dihydrogen on three platinum catalysts (0.89%
wiw Pt/aluming, 0.75% w/w Pt/silica, and 0.48% w/w Pt/molybdena) prepared by impregnation
and one catalyst (0.52% w/w Pt/molybdena) prepared by co-crystallization has been studied. On
Pt/alumina and Pt/silica, three states of adsorbed carbon monoxide have been detected, one weakly
held at 293 K and two strongly held. Of the two strongly adsorbed species, one is linearly bonded.
the other bridge bonded. Over 80% of the strongly held material is able to exchange with gas-phase
carbon monoxide. On the Pt/alumina. adsorption of submonolayer quantities of carbon monoxide
results in a modification of the binding energy of surfuce hydrogen such that the hydrogen can be
displaced by subsequent adsorption of carbon monoxide. Carbon monoxide reacts with hydroxyl
groups of the support during thermal desorption from Pt/alumina to form carbon dioxide and
dihydrogen. An activation energy barrier was observed for carbon monoxide adsorption on Pt/silica
within the temperature range 256-297 K. Pt/molybdena prepared by co-crystallization adsorbed

carbon monoxide but not dioxygen.

INTRODUCTION

The preparation and physical characteri-
sation of a number of platinum catalysts was
described in Part I (/). This paper reports
part of the chemical characterisation of
four samples, namely, Pt/alumina, Pt/sil-
ica, and Pt/molybdena, prepared by im-
pregnation, and Pt/molybdena prepared by
co-crystallization. Carbon monoxide ad-
sorption has been studied by static and
pulse-flow techniques, incorporating both
stable and radioactive isotopes, and the
infrared spectra of adsorbed carbon mon-
oxide have been recorded. The adsorption
of dioxygen, and its interaction with carbon
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monoxide and with dihydrogen, has also
been examined.

EXPERIMENTAL
Nomenclature

A standard nomenclature has been
adopted to designate the catalyst prepara-
tion method. Catalysts designated (I) have
been prepared by impregnation, catalysts
designated (C) have been prepared by co-
crystallization, The units used throughout
this series of publications are molecules g ',
where the weight refers to the total weight
of the catalyst as distinct from the weight of
metal. All ratios of platinum to adsorbed
gas, e.g., Pt:CO, refer to total number of
platinum atoms, a subscript *‘s”’ being used
to denote when only surface platinum atoms
are being considered.
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Apparatus and Procedures

Chemisorption studies were performed in
a dynamic mode using a pulse-flow microre-
actor system. Using this system the cata-
lysts (typically 0.3-0.5 g) could be reduced
in situ in flowing 5% dihydrogen in dinitro-
gen by heating to 573 K at 7 K min !. When
reduction had ceased the flow was changed
to helium (60 cm® min~') and the catalyst
was held at 573 K until no dihydrogen could
be detected in the effluent. The catalyst was
cooled, maintained in flowing helium and
the adsorptive was admitted by injecting
pulses of known size (typically 2 c¢cm?,
6.67 x 10° Pa, or 0.05 cm?, 0.101 MPa) into
the helium carrier-gas stream and hence to
the catalyst. The amount of gas adsorbed,
from any pulse, was determined from the
difference between a calibration peak area
and the peak area obtained following the
injection of pulses of comparable size onto
the catalyst. Typical detection limit for ad-
sorption was 2 x 10" molecules g=}. De-
sorptions were performed by heating the
catalyst to 573 K in flowing helium. After
thermal desorption the catalyst was cooled

in flowing helium. Adsorptions and desorp-
tions were followed using a gas chromato-
graph fitted with a thermal conductivity de-
tector and Porapak Q column coupled to a
mass spectrometer (Spectramass SM100D,
having a high-resolution RF head).

Chemisorptions, using "*C-carbon mon-
oxide in a static system, were determined at
ambient temperature and at pressures up
to 133 Pa. The system used was of similar
design to that described elsewhere (2).

Infra-red spectra were obtained in either
transmission or diffuse reflectance modes
using a Nicolet SDXC FTIR spectrometer.
The instrument was set up for 2 cm ™! res-
olution using a TGS detector for transmis-
sion measurements and a liquid-dinitrogen-
cooled MCT detector for diffuse reflectance
measurements. A Barnes DRIFTS cell, fit-
ted with an environmental chamber, was
used for the diffuse reflectance measure-
ments. For the transmission studies an in
situ heatable flow cell (Fig. 1), of similar
design to that described by Moon et al. (3),
was developed.

Pt/alumina and Pt/silica catalysts were
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examined by infrared spectroscopy in the
transmission mode and were reduced in situ
in a flow of 6% dihydrogen in dinitrogen at
573 K for 2 h. The Pt/molybdena catalysts
were not susceptible to infrared examina-
tion by transmission and were studied by
diffuse reflectance. Samples were mixed
with diamond powder (typically 1:5 dilu-
tion) to improve the reflectance and then
reduced statically in 3.47 x 10* Pa dihydro-
gen at 573 K for 2 h.

RESULTS
Curbon Monoxide Adsorption

Platinum/alumina (I). The adsorption of
carbon monoxide on Pt/alumina was mea-
sured by pulsing aliquots of gas over the
sample as described above at 294 and 273 K
(see Table [). The amount of carbon monox-
ide adsorbed, at both temperatures, was
(1.979 = 0.108) x 10" molecules g~ !, giving
a CO.y,,:Ptratioof 0.72: 1.

On a pulse-by-pulse analysis of carbon
monoxide chemisorption it was observed
that the second and third pulses of carbon
monoxide displaced dihydrogen from the
catalyst. However, no species was dis-
placed/desorbed when the first pulse of car-
bon monoxide adsorbed on the catalyst.
When adsorption had ceased the catalyst
was heated to 573 K in flowing helium, with
the effluent being passed through a trap at
77 K. Dihydrogen and carbon monoxide
were detected in the reactor effluent and
the carbon monoxide desorption profile is
shown in Fig. 2. On warming the trap carbon
dioxide was detected (4.60 x 10" molecules
CO, was desorbed; CO, 4, ,: COsye,
4.3:1). The catalyst was then cooled and the
carbon monoxide chemisorption repeated.

As in the initial adsorption sequence, no
dihydrogen was displaced by the first pulse
but dihydrogen was displaced by the second
pulse of carbon monoxide. Once adsorption
ceased (CO adsorbed, 1.036 x 10" mole-
cules g~ ') the catalyst was again heated to
573 K in flowing helium but the effluent was
not passed through a trap. The desorption
profiles are shown in Fig. 2, and it can be
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FiG. 2. Desorption profiles, after CO adsorption on
Pt/alumina, of (a) CO by GC analysis, after effluent gas
had been passed through a trap at 77 K: (b) H, by MS
analysis; and (¢) CO, by MS analysis when desorption
was performed without a trap.

seen that there is coincident desorption of
carbon dioxide and dihydrogen; the
COyusy : €Oy, ratio was 2.3: 1. This ad-
sorption—desorption cycle was repeated
with identical results. On the fourth adsorp-
tion cycle, however, no dihydrogen was dis-
placed by the carbon monoxide; the thermal
desorption was identical to the previous
ones.

The "C-carbon monoxide chemisorption
isotherm for Pt/alumina is presented in Fig.
3 (curve a). This was obtained at 298 K for
catalyst reduced in flowing dihydrogen at
573 K. Evacuation of the saturated sample
for 0.5 h resulted in a loss of 26.6% of the
adsorbed carbon monoxide. Subsequent ad-
mission of 6.67 kPa of '*C-carbon monoxide
to the evacuated system resulted in removal
of 84% of the remaining surface radioac-
tivity.

The spectrum of carbon monoxide ad-
sorbed on Pt/alumina was found to consist
of two bands with maxima at 2076 and 1857
cm~' (Fig. 4). Spectra recorded at higher
temperatures revealed that adsorbed carbon
monoxide could still be detected up to
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F1G. 3. MC-carbon monoxide adsorption isotherms
obtained with Pt/alumina (1) (0.6281 g: curve (a)).
Pt/silica (0.628 g; curve (b)) and Pt/molybdena (1) (0.628
g: curve (¢)} at 293 K (M'CO specific activity = 0.203
mCi mmol 1),

523 K. The infrared spectrum of carbon
monoxide adsorbed on reduced Pt/alumina
at 298 K was obtained only after consider-
able experimental effort. A separate paper
will address the interpretation of the com-
plex spectra obtained.

Platinum/silica (I). The adsorption of car-
bon monoxide on Pt/silica was measured
at 294, 273, and 256 K (sece Table 1). As
temperature was decreased the amount of
carbon monoxide adsorbed decreased, in-
dicative of an activated adsorption. The ac-
tivation energy was calculated to be 21 = 3
kJ mol .

A pulse-by-pulse analysis of carbon mon-
oxide chemisorption at 294 K revealed that,
on adsorption of the first pulse of carbon
monoxide, dihydrogen was displaced/de-
sorbed from the sample; with subsequent
pulses of carbon monoxide no further dihy-
drogen displacement or evolution was de-
tected. On thermal desorption only a small
quantity of carbon dioxide was desorbed
(6.6 x 107 molecules CO, desorbed,
COyuus) 1 COsges, = 8.8: 1) and no dihydro-
gen was detected.

The '"“C-carbon monoxide isotherm for
Pt/silica, at 298 K, is presented in Fig. 3
(curve b). Evacuation of the catalyst for
0.5 h resulted in a loss of 47.4% of the ad-
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sorbed carbon monoxide. Admission of 6.67
kPa of '*C-carbon monoxide to the evacu-
ated system resulted in 9092 removal of the
HC-carbon monoxide remaining on the
surface.

The infrared spectrum of carbon monox-
ide adsorbed on Pt/silica at 298 K, after sub-
traction of background, is shown in Fig. 4.
The band is centered at 2085 cm ! but has
a slight shoulder on the high frequency side.
On heating the sample the spectrum of ad-
sorbed carbon monoxide had disappeared
by 433 K.

Platinum/molybdena (I). The adsorption
of carbon monoxide on Pt/molybdena (1)
was measured at 294 and 273 K. The amount
adsorbed, at both temperatures, was (5.16 =
0.78) x 10" molecules g~ ', giving a CO : Pt
ratio of 0.35: 1.

Analysis during the adsorption revealed
that no dihydrogen was displaced/desorbed
from the catalyst on adsorption of carbon
monoxide. On thermal desorption to 573 K
only a small quantity of carbon dioxide was
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FiG. 4. FTIR spectra of carbon monoxide adsorbed
on (a) Pt/alumina. (b) Pt/silica, and (¢) Pt/molybdena
h.
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desorbed (3.5 x 10" molecules CO, de-
sorbed, CO,,,;: COs4e., = 13.7:1) and no
dihydrogen was detected.

The C-carbon monoxide isotherm for
Pt/molybdena (1), constructed at 298 K, is
presented in Fig. 3 (curve ¢). Evacuation of
the saturated system for 0.5 h resulted in a
loss of 68.0% of the adsorbed carbon mon-
oxide. Subsequent admission of 6.67 kPa
of '*C-carbon monoxide to the evacuated
system caused no change in the concentra-
tion of '*C-carbon monoxide on the surface.

Carbon monoxide adsorption on Pt/MoO,
(I) resulted in a broad asymmetric band in
the infrared spectrum at 2088 cm ™! (Fig. 4).
The spectrum of adsorbed carbon monoxide
could still be detected on heating the sample
to 546 K.

Platinum/molvbdena (C). The adsorption
of carbon monoxide on the Pt/molybdena
(C) was studied at 273 K. The amount of CO
adsorbed was (1.23 * 0.15) x 10" mole-
cules g7', giving a CO, ,:Pt ratio of
0.08 : 1. On adsorption of the carbon monox-
ide no dihydrogen was displaced from the
sample. On thermal desorption no quantifi-
able desorption of carbon monoxide oc-
curred: however, at 573 K dihydrogen was
desorbed.

No band in the infrared spectrum could
be detected on adsorption of carbon monox-
ide on to Pt/molybdena (C).

The '#C-carbon monoxide isotherm for
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FiG. 5. "C-carbon monoxide adsorption isotherm
obtained with Pt/molybdena (C) (0.204 g) at 294 K
("CO specific activity = 0.203 mCi mmol ).

211
@
© 5
>
3 o,
g4r
Q
“n
Q
<
<L /r
L
(=]
=
0
o 2k
w
]
3
8
5 1
s
B
80 1 A L L |
0 20 40 60 80 100 120

Total Molecules Dioxygen Eluted / x 10'°

FiG. 6. Dioxygen adsorption isotherm obtained with
Pt/molybdena (1).

Pt/molybdena (C), constructed at 298 K, is
presented in Fig. 5. Evacuation of the satu-
rated system for 16 h resulted in a loss of
46.5% of the adsorbed carbon monoxide.
Subsequent admission of 6.67 kPa of *C-
carbon monoxide to the evacuated system
caused a 4.9% reduction in the concentra-
tion of '*C-carbon monoxide on the surface.

Dioxvgen Chemisorption

Platinum/alumina (I). The adsorption of
dioxygen was studied by pulsing dioxygen
over the catalyst, at 273 K, immediately
after reduction. The amount adsorbed was
(6.81 = 0.15) x 10" molecules g '. giving
an O, : Pt ratio of 0.50: 1.

Platinum/silica (I). The adsorption of di-
oxygen at 273 K was examined immediately
after reduction: the amount adsorbed was
5.73 x 10" molecules g '. giving an
O,4. - Ptratio of 0.50: 1.

Platinum/molybdena (I). Dioxygen was
pulsed over the catalyst at 273 K immedi-
ately after reduction. However, both the
amount of dioxygen adsorbed (4.052 x 10"
molecules g~'. giving an O, : Pt ratio of
5.53: 1) and the shape of the isotherm (Fig.
6) suggested that the adsorption had in-
volved not only the metal but also the
support.

Platinum/molybdena (C). After reduction
of a fresh sample dioxygen was pulsed over
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TABLE |

Adsorption of Carbon Monoxide and Dioxygen on
the Various Catalysts

Catalyst Temp.”  Adsorbate Amount X: P
(K) adsorbed”
(molecules
x 10'%)
Pt/ALLO, () 273 CcO 19.79 0.72:1
PU/ALO, (1) 273 0, 6.81 0.50: 1
Pt/SiO, (D) 256 CcO 1.47
Pt/SiO, (1) 273 CO 2.10
Pt/SiO, (I 273 CcO 277
Pt/Si0, (D) 294 CcO 5.60
Pt/Si0, (1) 273 0, 573 0.50:1
Pt/MoO; () 273 CO 5.16 0.35:1
Pt/MoO, (I} 273 [ON) 40.52 5.53:1
Pt/MoO; (C) 273 CO 1.23 0.08:1
Pt/MoO, (C) 273 0O, 0.00 0.00:1

¢ Temperature at which adsorption was measured.

® Units, molecules g .

« X = CO or O dependent on adsorbing gas.

the catalyst at 273 K; no dioxygen adsorp-
tion was detected.

Table 1 summarises the carbon monoxide
and dioxygen adsorptions for the four cata-
lysts.

The Interaction of Carbon Monoxide
and Dioxygen

Platinum/alumina (I'). A sample was sub-
jected to a series of six carbon monoxide
adsorption—desorption cycles at 294 K as
detailed above. No dihydrogen was liber-
ated during adsorption after the fourth cy-
cle; however, dihydrogen and carbon diox-
ide were both detected from each thermal
desorption cycle. After the sixth adsorp-
tion/desorption cycle carbon monoxide was
pulsed over the catalyst until saturation
(1.108 x 10" molecules g~ '). Once the cata-
lyst was saturated with carbon monoxide,
dioxygen was pulsed over the catalyst.

As dioxygen adsorbed, carbon dioxide
was produced; the amount of carbon dioxide
produced was equivalent to 91% of the car-
bon monoxide adsorbed on a molar basis.
The amount of dioxygen adsorbed was
1.6 x 10" molecules g~!. On the assump-
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tion that the CO,,, , : Pt, ratio was [ : 1, then
an O, ,: Pt, ratio of 0.32: | was obtained.
The catalyst was taken through a thermal
desorption cycle; that is, it was heated to
573 K in flowing helium, cooled, and dioxy-
gen pulsed over the sample until no further
dioxygen adsorption took place. The
amount of dioxygen adsorbed was 5.38 x
10" molecules g ™' O, : Pt = 0.39: 1. Car-
bon monoxide was then pulsed over the di-
oxygen-saturated catalyst.

As carbon monoxide adsorbed, carbon di-
oxide was produced; 55% of the adsorbed
dioxygen was removed as carbon dioxide
(assuming COgg,, + 0.50,,4.,— CO,). The
amount of carbon monoxide adsorbed was
1.318 x 10" molecules g~'. Coadsorbed
carbon monoxide and dioxygen were now
present on the sample and were stable at
293 K. When the catalyst was heated to
573 K in flowing helium, carbon dioxide de-
sorbed (COq,,:CO;4., = 2.4:1) but no
dihydrogen desorbed. The amount of car-
bon dioxide produced accounted for the re-
maining 45% of the adsorbed dioxygen. The
sample was subsequently cooled and a car-
bon monoxide adsorption/desorption cycle
performed; there was coincident desorption
of carbon dioxide and dihydrogen during the
thermal desorption.

Platinum/silica (I). A Pt/silica catalyst
was subjected to a series of four carbon
monoxide adsorption-desorption cycles as
detailed above. After the first cycle no dihy-
drogen was displaced/desorbed during ad-
sorption; carbon monoxide and carbon di-
oxide were both detected from each thermal
desorption cycle. After four adsorption/de-
sorption cycles, carbon monoxide was
pulsed over the catalyst until saturation
(3.47 x 10" molecules g~'). Dioxygen was
then pulsed over the carbon monoxide satu-
rated sample.

As the dioxygen adsorbed, carbon diox-
ide was produced; the amount of carbon
dioxide released was 7.13 x 10'* molecules
g~ '. Therefore some of the carbon (monox-
ide) retained during the carbon monoxide
adsorption/desorption cycles is also re-
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moved by dioxygen at 293 K. The amount
of dioxygen adsorbed was 1.2 x 10'® mole-
cules g™!; assuming a CO,,,: Pt, ratio of
1:1, then O, ,: Pt of 0.34: 1 is obtained.
When dioxygen adsorption had ceased the
catalyst was heated to 573 K in flowing he-
lium, cooled, and dioxygen pulsed over the
sample until no further dioxygen adsorption
was detected. The amount of dioxygen ad-
sorbed was 4.73 x 10" molecules g7!, giv-
ing an Oy, ,: Pt ratio of 0.41:1. Carbon
monoxide was then pulsed over the dioxy-
gen-saturated catalyst. As the carbon mon-
oxide adsorbed, carbon dioxide was pro-
duced; 70% of the adsorbed oxygen was
removed as carbon dioxide and the catalyst
adsorbed an enhanced amount of carbon
monoxide, that is greater than that adsorbed
on a fresh sample (7.07 X 10" molecules
g~!, cf. 5.60 x 10" molecules g~'). Ad-
sorbed carbon monoxide and dioxygen now
coexisted and were stable at 293 K. The cat-
alyst was heated to 573 K in flowing helium,
when trace quantities of carbon monoxide
and carbon dioxide were detected.

Platinum/molybdena (I). A catalyst was
subjected to a series of four carbon mon-
oxide adsorption—desorption c¢ycles as
detailed above. During adsorption of the
carbon monoxide no dihydrogen was
displaced/desorbed; carbon monoxide and
carbon dioxide were both detected from
each thermal desorption cycle.

After four adsorption/desorption cycles
carbon monoxide was pulsed over the cata-
lyst until saturation (2.22 X 10" molecules
g~ ). As dioxygen was pulsed over the satu-
rated catalyst carbon monoxide was de-
sorbed. This was in marked contrast to the
behaviour of the Pt/alumina and Pt/silica
catalysts, which both desorbed carbon diox-
ide. Approximately 25% (5.5 x 10'7 mole-
cules g~ ") of the initially adsorbed carbon
monoxide was desorbed by dioxygen. The
amount of dioxygen adsorbed was 1.435 X
10" molecules g~ ', which gives an
Oyags : Pt ratio of 1.9:1. The sample was
heated to 573 K in flowing helium with the
effluent passed through a trap at 77 K; no

213

desorption products were detected. When
dioxygen was preadsorbed no carbon mon-
oxide adsorption occurred.

Platinum/molybdena (C). Due to the low
carbon monoxide adsorption capacity and
the absence of any detectable oxygen ad-
sorption, no experiments similar to those
described above were performed on this cat-
alyst.

Effect of Retained Oxygen on Carbon
Monoxide Adsorption

Platinum/alumina (I). Dioxygen was ad-
sorbed on a fresh catalyst immediately after
reduction. When adsorption ceased the gas
flow was switched from helium to 5% dihy-
drogen/dinitrogen and the catalyst was held
under this stream for 1 h, at 293 K. The
carrier gas was then returned to helium and
the sample heated to 573 K. A peak signi-
fying dihydrogen desorption was detected,
its maximum being at 390 K.

The sample was cooled to 273 K and car-
bon monoxide passed over the catalyst until
saturation. The amount of carbon monoxide
adsorbed was (1.515 + 0.013) x 10" mole-
cules g~'. When adsorption ceased the cata-
lyst was heated to 573 K in flowing helium
with the effluent being passed through a trap
at 77 K. No carbon monoxide was desorbed
from the catalyst. On warming the trap car-
bon dioxide was detected (CO,q,,: COxges )
= 2.1:1).

When the experiment was repeated using
isotopically labelled carbon monoxide
(BCO/CQ, 1: 1), the desorbed carbon di-
oxide had an "*O:'® O ratio of 0.02: 1. This
requires that 7.00 x 10'"® oxygen atoms g~
were left on the surface from the dioxygen
adsorption, which is equivalent to 50% of
that adsorbed. No isotope exchange in the
carbon monoxide was detected.

Platinum/silica (I). Dioxygen was ad-
sorbed on the catalyst immediately after re-
duction. When adsorption ceased the gas
flow was switched from helium to 5% dihy-
drogen/dinitrogen. The catalyst was held
under the 5% dihydrogen/dinitrogen stream
for 1 h, at 293 K, whereupon the flow was
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switched to helium and the sample was
heated to 573 K. A peak indicating dihydro-
gen desorption was detected, its maximum
being at 378 K.

The sample was cooled to 294 K and iso-
topically labelled carbon monoxide (''CO/
C"™0, 1:1) passed over the catalyst until
there was no further uptake. The amount of
carbon monoxide adsorbed was 6.43 x 10"
molecules g . During adsorption a trace of
carbon dioxide was produced. Mass spec-
tral analysis of the carbon dioxide revealed
that although the C : "'C ratio was the same
as in the starting carbon monoxide, the
O : "0 ratio had altered from 1.4: I in the
starting carbon monoxide to 0.3:1 in the
exit carbon dioxide. When adsorption
had ceased the catalyst was heated to
573 K in flowing helium, with the effluent
gas being passed through a trap at 77 K.
No carbon monoxide was desorbed from
the catalyst. On warming the trap carbon
dioxide was detected (CO . ,: COsyyooy =
14.8:1).

Platinum/molvbdena (I). Dioxygen was
adsorbed on the catalyst as described
above. When adsorption ceased the gas flow
was switched from helium to 5% dihydro-
gen/dinitrogen. The catalyst was subjected
to the 5% dihydrogen/dinitrogen stream for
1 hat 293 K. then the gas flow was returned
to helium and the sample heated to 573 K.
A dihydrogen desorption peak was detected
with the peak maximum at 373 K. At 493 K
the sample again began to evolve dihydro-
gen and this continued until heating was
stopped at 573 K. The sample was then
cooled to 273 K and carbon monoxide
passed over the catalyst until there was no
further uptake. The amount of carbon mon-
oxide adsorbed was 2.86 x 10" molecules
g~ '. When adsorption ceased the catalyst
was heated to 573 K in flowing helium with
the effluent gas being passed through a trap
at 77 K. Only a trace of carbon monoxide
was desorbed from the catalyst during ther-
mal desorption. On warming the trap, car-
bon dioxide was detected (CO, . ,: COs s )
= 16.8:1).
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Platinum/molvbdena (C). Dioxygen was
passed over the catalyst sample as outlined
in the dioxygen adsorption section. No ad-
sorption was observed; the helium gas flow
was switched to 5% dihydrogen/dinitrogen
for 1 h at 293 K, then returned to helium
and the sample heated to 573 K. At 493 K
dihydrogen evolution commenced and con-
tinued until heating was stopped at 573 K.

The sample was cooled to 273 K and car-
bon monoxide passed over the catalyst until
there was no further uptake. The amount of
carbon monoxide adsorbed was 2.5 x 10"
molecules g='. On thermal desorption to
573 K no detectable amount of carbon mon-
oxide or dioxide was desorbed. Dihydrogen
was again desorbed with maximum rate of
desorption occurring at 573 K.

DISCUSSION
Cuarbon Monoxide Adsorption

Platinum/alumina (I'). The adsorption of
carbon monoxide on platinum/alumina cata-
lystsis a system which has been well studied
(4-10) and in general our results are in
agreement with the literature. '*C-carbon
monoxide chemisorption indicates that
there are two forms of adsorbed carbon
monoxide distinguishable by their strength
of adsorption. There is a weakly bound spe-
cies which can be reasonably assumed to
give rise to the secondary adsorption which
is removable by evacuation. Such a second-
ary adsorption is unusual with carbon mon-
oxide adsorption over Group VIII metals
(71), but similar observations have been ob-
tained for carbon monoxide adsorption on
copper in a partially oxidised state (/2), and
a weakly held adsorbed state of carbon mon-
oxide has also been observed on Pt/alumina
by Bain ¢t «l. (4) and by Heyne and Tomp-
kins (5). Bain et al. (4) report that the
amount weakly held was 359, which is in
reasonable agreement with our figure of
27%. The primary region of the isotherm is
typical of strong carbon monoxide adsorp-
tion on platinum that is not removable by
evacuation.

Adsorbed carbon monoxide which is sta-
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ble in vacuo at 298 K (i.e., the primary re-
gion of the isotherm) gives an infrared spec-
trum that indicates that there are two
species present, one linear (2076 cm ') and
one bridged (1857 cm™'), with the majority
species being linearly bound. This agrees
with Primet et al. (6), who reported bands
at 2075 and 1850 cm ™', From the adsorption
measurements using '*C-carbon monoxide,
84% of the strongly adsorbed species is ex-
changeable with gas phase carbon monox-
ide. Therefore it is the linearly bound form
of adsorbed carbon monoxide which ex-
changes with the gas phase.

When carbon monoxide is pulsed over
platinum/alumina in a flow of helium the
adsorbed species can be equated with the
strongly bound species detectable by infra-
red spectroscopy and static "C-carbon
monoxide chemisorption. From the initial
pulse-flow carbon monoxide chemisorption
results, and assuming a linearly bound spe-
cies with a 1: 1 CO,, : Pt ratio, a platinum
particle size of ~2.5 nm can be calculated,
which is not inconsistent with that obtained
from electron microscopy, as discussed in
Part 1 (/).

Adsorption of the first pulse of carbon
monoxide on the Pt/alumina catalyst results
in no displacement of dihydrogen indicating
that the reduction procedure does not leave
residual hydrogen upon the surface. How-
ever, upon adsorption of the second and
third pulses of carbon monoxide, dihydro-
gen was desorbed, and this process was re-
peatable throughout four adsorption/ther-
mal desorption cycles. Subsequent carbon
monoxide adsorptions resulted in no dihy-
drogen being desorbed. Therefore, there is
a limited quantity of hydrogen which is not
initially on the surface but can be liberated
on adsorption of carbon monoxide. Pail and
Thomson (/3, 14) showed that both sup-
ported platinum and platinum black can ab-
sorb hydrogen, hence a limited amount of
hydrogen can be present inside platinum
crystallites; in addition, Wells has proposed
“*hydrogen occlusion’’ as a general phenom-
enon (/5) with Group VIII metals. How-
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ever, it is difficult to assign such behaviour
to this catalyst given the small size of the
platinum crystallites (/). Norton et al. (16)
have shown that adsorption of carbon mon-
oxide on Pt(110) results in a surface recon-
struction which also affects subsurface lay-
ers, whilst Christmannand Ertl (/7, /18) have
shown that H-atoms prefer binding to a
highly coordinated site and that these atoms
have a higher average heat of adsorption (by
10 kJ mol ') than those adsorbed on lower
coordination sites. Therefore, the adsorp-
tion of the first pulse of carbon monoxide
can result in a surface reconstruction/relax-
ation which can lower the heat of adsorption
for the H-atoms by several kJ mol ' and
hence make them susceptible to displace-
ment by further pulses of carbon monoxide.
Further evidence supporting this interpreta-
tion will be forthcoming in a following paper
which deals with the coadsorption of carbon
monoxide and ethene.

On thermal desorption, carbon monox-
ide, carbon dioxide and dihydrogen were
all detected in the reactor effiuent. Carbon
dioxide and dihydrogen were found to have
coincident desorption temperatures which
usually indicates that they are desorption
products from a common species {(/9); how-
ever, in this case, this is unlikely. Clearly,
the carbon dioxide is formed from carbon
monoxide by addition of an oxygen atom
but. as is reported elsewhere in this paper,
a reaction

CO(ads) + O(ads) — CO,(g)

results in no coincident evolution of dihy-
drogen. Therefore a simple oxidation or the
conversion

2CO(ads) — CO,(g) + C(ads)

can be discounted. To achieve coincident
desorption, hydrogen must be involved in
the process at the surface. As this process
occurs even after all the strongly bound hy-
drogen has been removed and the only sub-
stantial source of hydrogen in the catalyst is
the population of hydroxyl groups on the



216

support, then a reaction of the type

CO(ads) + OH(support) —
COs(g) + 0.5H,(g)

is likely at the metal-support interface and
would result in coincident desorption of car-
bon dioxide and dihydrogen. It is possible
that the secondary adsorption region found
at low temperatures in a static system may
be due to carbon monoxide adsorbed at the
interface, but below the temperature at
which reaction is initiated.

In summary, three states of adsorbed car-
bon monoxide have been detected, one
weakly held at 293 K and two strongly held.
Of the two strongly adsorbed states, one is
linearly bonded, the other bridge bonded.
Approximately 849 of the strongly held ma-
terial is able to exchange with gas phase
carbon monoxide. Adsorption of submono-
layer levels of carbon monoxide results in a
surface process which modifies the strength
of binding of surface hydrogen such that
subsequently it can be displaced by carbon
monoxide. Carbon monoxide reacts with
surface hydroxyls during thermal desorp-
tion to form carbon dioxide and dihydrogen.

Platinum/silica (I). The "C-carbon mon-
oxide adsorption isotherm obtained with the
Pt/silica catalyst also exhibited primary and
secondary regions in the isotherm with the
species responsible for the secondary region
only weakly adsorbed. Bain et al. (4) also
detected a weakly bound species similar to
that found with Pt/alumina on Pt/silica. The
strongly adsorbed species exchanged with
gas-phase carbon monoxide to the extent of
90%. The infrared analysis of the adsorbed
species giving rise to the primary region
showed only one band indicative of linearly
bound carbon monoxide (2085 cm ™), which
is in good agreement with that obtained by
Sarkany and Gonzalez (20) at 2083 c¢cm~'.
The results from the EUROPT-1 study (27)
differ in that three bands are recorded, with
the highest being at 2075 cm~'; however,
at high coverages one of the participating
laboratories obtained a band at 2080 ¢cm .
These results are in keeping with those ob-

JACKSON ET AL.

tained from the Pt/alumina catalyst; how-
ever, the pulse chemisorption revealed
some differences. Carbon monoxide ad-
sorption on platinum is not, under normal
conditions, considered to be an activated
process, yet with this catalyst an activation
barrier to adsorption was observed. How-
ever, with this catalyst, there is some resid-
ual surface hydrogen which is displaced by
incoming carbon monoxide. If the strength
of the M—H bond was similar to that of the
M-CO bond, then the observed effect on
the carbon monoxide adsorption would be
an activated adsorption and indeed, on
Ru(0001), evidence has been obtained for
adsorbed H-atoms hindering subsequent
carbon monoxide adsorption (22).

In summary, three types of adsorbed spe-
cies have been detected: (i) a weakly bound
state removeable by pumping at 293 K, and
(i1) two strongly bound states, one of which
exchanges with gas phase carbon monoxide
and is linearly bonded, and a second which
does not exchange and which represents
less than 10% of the strongly adsorbed mate-
rial. The catalyst retains surface hydrogen
which may be responsible for the apparent
activation energy barrier observed in carbon
monoxide adsorption.

Platinum/molybdena (I). The “C-carbon
monoxide adsorption isotherm showed both
a primary and secondary adsorption region
although, because of the small uptake, they
are not well defined. The secondary region
was again removable by evacuation; how-
ever, no exchange with gas phase carbon
monoxide was detected for the species
which makes up the primary region, which
contrasts with the behaviour observed with
both the silica- and alumina-supported sam-
ples. However, given the small uptake, cou-
pled with the inherent standard deviation
encountered in the radiotracer counting sta-
tistics, it is possible that a small degree of
exchange may have gone undetected. The
infrared spectrum of material adsorbed in
the primary region exhibited a single band
(2088 cm ') assigned to linearly bound car-
bon monoxide. Therefore all the linearly



SUPPORTED METAL CATALYSTS, Il

bound species are (within experimental er-
ror) nonexchangeable, whereas, with the sil-
ica- and the alumina-supported samples, a
significant proportion of the linearly bonded
species was exchangeable. Therefore, ei-
ther there are no adsorption sites available
for incoming gas molecules, that is,

CO(g) + COf(ads.),

or there must be no equivalence of the newly
adsorbed molecule with the species already
present on the surface, that is,

CO(g) — COf(ads.) # *CO(ads.).

Thus on the Pt/molybdena (I) catalyst there
are only two detectable adsorbed states of
carbon monoxide, compared to three on the
Pt/alumina and Pt/silica. Of these two, the
strongly adsorbed state, although linearly
bound, does not exchange with gas-phase
carbon monoxide, in contrast to the situa-
tion on Pt/alumina and Pt/silica where over
80% of this species was exchangeable.

Platinum/molybdena (C). Static adsorp-
tion using '“C-carbon monoxide showed
there to be primary and secondary adsorp-
tion regions and that only a small proportion
(approx. 5%) of the material corresponding
to the primary region was exchangeable.
This suggests that the catalyst is similar to
the one prepared by impregnation, although
there are significant differences. Of all our
catalysts, this sample exhibits the lowest
capacity for carbon monoxide adsorption,
possibly due to platinum being trapped in
the bulk and not available to participate in
adsorption; also, no band for adsorbed car-
bon monoxide was detected in the infrared
spectrum after adsorption. However, the
absence of a band may be ascribed to a lack
of sensitivity since the amount of carbon
monoxide adsorbed (as determined from the
pulse-flow measurements) was not sufficient
to guarantee infrared detection in the diffuse
reflectance mode.

Therefore on Pt/molybdena (C), three ad-
sorbed states of carbon monoxide are de-
tected. One is a weakly bound species and
two are strongly bound, one of which can
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exchange with gas-phase carbon monoxide
to the extent of 5%.

Dioxygen Chemisorption

Platinum/alumina (1), Pt/silica (I). Diox-
ygen adsorption over the alumina- and sili-
ca-supported samples showed no unique
features. However, it is noticeable that the
Oyud., - Pt ratios are similar, indicating a sim-
ilar degree of dispersion. The value of 0.5: 1
obtained with these two catalysts is consis-
tent with the adsorption of dioxygen on
small platinum particles as previously pro-
posed by Wilson and Hall (23). The results
are also in agreement with the electron mi-
croscopy results quoted in Part I (1), which
indicated that the alumina- and silica-sup-
ported catalysts have similar particle size
distributions. With the alumina-supported
sample the extent of dioxygen adsorption is
not approximately half the extent of carbon
monoxide adsorption, as would be expected
(i) if the dioxygen adsorbed in arandom two-
site manner, (ii) given that the majority of
the carbon monoxide is adsorbed linearly,
and (iii) remembering thata 1 : 1 CO,,, ,: Pt,
and O, ,: Pt, was obtained for EUROPT-1
(21). However, Norton ¢t al. (16) have de-
termined the absolute coverages of carbon
monoxide and oxygen on Pt(I11) and have
compared carbon monoxide coverages on
Pt(100), Pt(110), and Pt(111) and have found
them to be within 6% of each other. At
300 K on Pt(111) the ratio between the num-
ber of adsorbed oxygen atoms and the num-
ber of adsorbed carbon monoxide molecules
15 0.53, not 1; on this basis, an adsorption of
1.979 x 10" carbon monoxide molecules
on Pt/alumina should result in an oxygen
atom adsorption of 1.043 x 10", which is
in reasonable agreement with our value of
1.362 x 10,

Platinum/molybdena (C). The absence of
dioxygen adsorption on this catalyst is
highly unusual. When the sample was re-
duced the molybdenum trioxide was con-
verted into a hydrogen bronze as outlined in
the previous paper (/). Such material nor-
mally adsorbs dioxygen; however, the ab-
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sence of bulk oxidation of the support indi-
cates that oxidation of the hydrogen
molybdenum bronze requires adsorption
and subsequent spillover from the metal to
the support rather than direct adsorption on
the support from the ges phase.

Platinum/molybdena (I). Dioxygen ad-
sorption on a sample of the Pt/molybdena
bronze is complicated by adsorption on the
support. Hence, the measured uptake is that
on both the support and the metal. Even
assuming that all the dioxygen is chemi-
sorbed on the support, the total quantity is
insufficient to fully reoxidise the molybdena
bronze, in agreement with the XPS results
presented in Part 1 (/).

The Interaction of Carbon Monoxide
and Dioxygen

Platinum/alumina (I). When dioxygen
was pulsed over a carbon monoxide precov-
ered surface there was immediate produc-
tion of carbon dioxide, which continued un-
til most of the carbon monoxide had been
removed. However, not all of the adsorbed
carbon monoxide reacted, approximately
9% being unreactive to adsorbed oxygen at
293 K.

Two strongly bound species of carbon
monoxide have been shown to be present
on the surface and the one which did not
undergo (*CO/MCO) exchange constituted
approximately 16% of the total adsorbed.
Given the difference in techniques used to
obtain the two measurements, it is likely
that the species which does not undergo ex-
change is also that which is unreactive to
oxygen at 293 K.

When an oxygen precovered surface was
subjected to pulses of carbon monoxide only
55% of the adsorbed oxygen was reactive at
293 K, sothat 4.84 x 10" oxygen atomsg ™'
were retained by the catalyst. This differ-
ence in behaviour between carbon monox-
ide reacting with an oxygen precovered sur-
face and oxygen reacting with a carbon
monoxide precovered surface has been ob-
served previously (24).

On heating the catalyst the retained oxy-
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gen was removed by reaction with adsorbed
carbon monoxide to give carbon dioxide,
with no coincident evolution of dihydrogen.
When a carbon monoxide chemisorption
was carried out immediately after this series
of reactions there was, on thermal desorp-
tion, coincident desorption of carbon diox-
ide and dihydrogen. This confirms that car-
bon dioxide can be produced from an
oxygen/carbon monoxide reaction with no
desorption of dihydrogen and that there is
another process for the production of car-
bon dioxide which results in coincident de-
sorption of carbon dioxide and dihydrogen,
that is,
CO(ads) + OH(support) —

CO,(g) + 0.5H(g).

Platinum/silica (I). The reaction ob-
served when dioxygen was pulsed over a
carbon monoxide precovered Pt/silica sam-
ple was similar to that found with Pt/alu-
mina; however, the reaction was more facile
and some of the retained species present
after the four adsorption/desorption cycles
was also oxidised. This indicates a higher
reactivity for this catalyst than has been re-
ported in the literature (24). However, the
ratio obtained of oxygen atoms adsorbed to
the number of sites liberated by the oxygen
treatment is 0.34, which agrees with the
value of 0.32 obtained for the Pt/alumina
catalyst, indicating a similarity in adsorbed
state.

When carbon monoxide was pulsed over
an oxygen precovered Pt/silica, 70% of the
adsorbed oxygen was removed, again indi-
cating a higher activity than for Pt/alumina.
On subsequent adsorption of carbon mon-
oxide, the sample adsorbed 26% more car-
bon monoxide than a fresh catalyst. This
unusual result may be caused either by sur-
face restructuring or by a reduction in the
activation energy barrier which exists for
carbon monoxide adsorption on this sample.
Reduction of this barrier may be achieved
by the preadsorbed dioxygen removing the
residual hydrogen left after the reduction
process and proposed (above) to be respon-
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sible for the activation of the carbon monox-
ide adsorption.

Platinum/molybdena (I). When dioxygen
was passed over a sample precovered with
carbon monoxide, desorption of carbon
monoxide occured and no carbon dioxide
was formed. This unusual result is in keep-
ing with the behaviour of the catalyst to-
wards carbon monoxide adsorption. For
both the Pt/silica and Pt/alumina catalysts,
the amount of carbon dioxide produced is
related to the amount of exchangeable car-
bon monoxide as detected in the “C/'*C-
carbon monoxide exchange reaction. How-
ever, no adsorbed carbon monoxide could
be exchanged on the Pt/molybdena catalyst
and hence there is no carbon dioxide pro-
duction. The amount of adsorbed dioxygen
is also reduced from that adsorbed on a fresh
catalyst, indicating that the route for oxygen
transfer to the support is via the metal and
is hindered by the presence of the carbon
monoxide. This is consistent with the XPS
results presented in Part 1 (/), which indi-
cated that no Mo(V) state was present, as it
is this valency state which would be e¢x-
pected to participate in the direct adsorption
of dioxygen.

Effect of Residual Dioxygen on Carbon
Monoxide Adsorption

Platinum/alumina (I'). After adsorption of
dioxygen at 293 K. treatment of the catalyst
with 5% dihydrogen/dinitrogen does not to-
tally re-reduce the surface. Dihydrogen is
adsorbed vet does not undergo reaction with
all the adsorbed oxygen. This behaviour is
similar to that seen with carbon monoxide
pulsed over an oxygen precovered surface.
Using isotopically labelled gases, the
amount of residual oxygen has been deter-
mined to be 7 x 10" oxygen atoms g~ !,
which is greater than the amount of oxygen
(4.84 x 10" oxygen atoms g ') which did
not react with carbon monoxide pulsed over
an oxygen precovered sample. In fact the
reactivity of adsorbed oxygen to both hy-
drogen and carbon monoxide is very similar
but with carbon monoxide, as expected, be-
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ing the stronger reducing agent. The nonre-
acting hydrogen subsequently desorbs as di-
hydrogen. Carbon monoxide adsorption on
the catalyst after this treatment is reduced
by 23.5%, probably due to site blocking by
residual oxygen adatoms, and during ther-
mal desorption there is an increase in the
amount of carbon dioxide produced due to

COf(ads.) + 0.50,(ads.) — CO,

(note no coincident dihydrogen desorption).

Platinum/silica (I, The Pt/silica catalyst
behaves in qualitatively the same way as the
Pt/alumina and the same arguments apply,
although the amount of carbon monoxide
adsorbed (6.43 x 10" molecules g ') is
higher than that adsorbed on a fresh catalyst
at 294 K (see Table 1). As outlined pre-
viously, this enhancement of adsorptive ca-
pacity appears to require that either oxygen
is present, or that the catalyst has been
treated with oxygen, resulting in a surface
restructuring or a reduction in the activation
energy barrier which exists for carbon mon-
oxide adsorption on this catalyst.

Platinum/molybdena (I). This Pt/molyb-
dena is significantly different from the other
catalysts. Treatment with dihydrogen at
293 K after dioxygen adsorption is sufficient
to regenerate the hydrogen molybdenum
bronze. The catalyst desorbs dihydrogen at
a temperature similar to that observed for
the other catalyst samples, but there is then
a continuous evolution of dihvdrogen due 1o
reverse spillover from the hydrogen molyb-
denum bronze. The reduced amount of car-
bon monoxide adsorption (45%) is in keep-
ing with the other catalysts and is related
to the presence of residual oxygen on the
surface; however, because of oxygen spill-
over to the support, dioxygen adsorption
on the metal component was not quanti-
fiable.

Platinum/molybdena (C). After treat-
ment with dihydrogen at 293 K there was no
subsequent detectable desorption of dihy-
drogen which could be associated solely
with the metal component of the catalyst.
However, the formation of the hydrogen



220

molybdenum bronze and the subsequent de-
sorption of dihydrogen indicates that there
is metal available for dihydrogen/hydrogen,
adsorption/desorption, dissociation/associ-
ation, and spillover/reverse spillover. The
loss of 80% of the carbon monoxide chemi-
sorption capacity suggests that either resid-
ual hydrogen was blocking the adsorption
or that there was some limited dioxygen ad-
sorption which was below the limit of detec-
tion and did not spillover onto the hydrogen
molybdenum bronze.
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