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EPR was used to determine the paramagnetic platinum and oxygen species which are present
at various stages in the genesis of a supported platinum catalyst and to determine the effect of
the support on the formation of such species. Paramagnetic platinum centers, believed to be
due to Pt**, are formed when Pt (NH;),72/AL0; is calcined in O:; for low metal contents a
large fraction of the platinum is in the form of these species. Catalysts prepared by the same
techniques with SiO; as a support show no paramagnetic platinum signals. Adsorption of O,
on the Pt/Al,0; catalysts results in the formation of a 3-g O, signal and a second 2-¢ signal due
to O™ and results in a corresponding reduction in the platinum signal. Again Pt/SiO. did not
show comparable behavior. The results are interpreted in terms of electron transfer to the Al;Os.

INTRODUCTION

Although there has been a continuous in-
crease in the number of spectroscopic
techniques applied to the study of hetero-
geneous catalysts, no single technique
provides sufficiently complete character-
ization. Combination of as many charac-
terization techniques as appropriate and
integration of all of the information ob-
tained can provide a much better under-
standing of a heterogeneous catalyst, yet
adequate catalyst characterization remains
a most important need in our understanding
of heterogeneous catalysis. Electron para-
magnetic resonance (EPR) has been suc-
cessfully applied to the study of transition
metal oxide surfaces (1-7), but only limited
EPR results have been reported on “more
metallic” systems (8-14). EPR work on
supported catalysts has been limited to
02 on Ag/SiO, (8-10), Pd-Y zeolite (14),
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and to chlorine-containing Pt, Pt-Ir, and
Ir catalysts on Al,O; (13).

There is an increasing body of evidence
that even for metals as noble as platinum
chemical interactions with the support may
play an important role under many condi-
tions. For example, Katzer et al. (15) have
shown from EXAFS studies of supported Pt
that there appears to be electron transfer
from small Pt crystallites to alumina
which increases with decreasing Pt crystal-
lite size. Boudart and Gallezot (16) have
observed no electron transfer from small
Pt crystallites to monovalent Y zeolite
but have observed electron transfer with
multivalent (Ce) Y zeolites. Our EXAFS
results as well as those of Lytle (17) show
little electron transfer from supported Pt
to silica.

Tauster et al. (18) have reported that
Pt/TiO: chemisorbs H; normally after low-
temperature reduction, but after high-
temperature reduction it will not chemisorb
H,, although the Pt remains highly dis-
persed. Den Otter and Dautzenberg (19)
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TABLE 1

Dispersion and Calculated Crystallite Size
of Reduced Catalysts

Catalyst Pt (wt%) De dp? (nm)
Pt/ALO; 0.40 1.00 (1.14) <1.0
Pt/Al,0; 2.90 0.84 1.2
Pt/8i0; 2.90 0.69 15

e D = Dispersion = No. of Pt atoms on surface/
total No. of Pt atoms (chemisorption ratio greater
than 1.00 as shown in parentheses indicates devia-
tions from 1:1 Ptg:H stoichiometry at very high
degrees of dispersion).

b Average Pt crystallite size calculated from H.
chemisorption, based on spherical geometry.

have proposed that with high-temperature
H; reduction of Pt/Al;O; direct alloy type
bonding occurs between Pt and aluminum
of the partially reduced Al,O;. We have
shown that the specific catalytic activity
of Pt/AlL,O; for low-temperature NH; oxi-
dation decreases by over two orders of mag-
nitude with increasing Pt dispersion and
that highly dispersed Pt/SiO; has an order
of magnitude higher specific catalytic ac-
tivity than Pt/Al:O; of similar dispersion
(20). The nature of the chemical interaction
with the support as indicated by the above
examples requires further refinement.

The objectives of this work were to de-
termine the paramagnetic platinum and
oxygen species which are present in the
various stages in the genesis of a supported
platinum catalyst and to determine how the
support is involved in the formation of
such species.

EXPERIMENTAL METHODS

The alumina and silica on which the
platinum was to be placed was crushed and
screened to the 14- to 20-mesh range,
“washed in 209, nitric acid for 30 min, rinsed
with distilled water, dried, and calcined
at 973 K in air overnight. Platinum in the
form of Pt(NH;); (OH), was then ion ex-
changed (adsorbed) onto the alumina and
silica. The support was allowed to stand

in contact with the exchange solution for
12 days to assure uniform distribution
throughout the particles, the water was
evaporated at 363 K over several days, and
the samples were dried at 393 K for 1 day.
Samples of Pt/Al,0; and Pt/Si0, were
prepared containing 2.9 wt9, Pt and 0.4
wt9, Pt.

The resultant catalysts were typically
calcined in flowing oxygen by heating from
323 to 623 K at 1 K/min and then holding
at 623 K for 3 hr. For those samples that
were reduced, reduction was carried out
in flowing H; by heating from 323 to 623 K
at 1 K/min and holding at 623 K for 3 hr.
This procedure has been shown to give
highly dispersed Pt in Y zeolite (12) and
on these supports (13). The reduced
samples were amorphous to x-ray diffrac-
tion; dispersions determined by hydrogen
chemisorption and calculated Pt crystallite
sizes are given in Table 1. The 2.9 wt9,
Pt/Al,O; was shown by electron microscopy
to contain a narrow crystallite size distribu-
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tion with all Pt crystallites between 2.0
and 3.2 nm for over 500 crystallites counted.

Samples of Pt/Al,O; and of Pt/8i0; at
several stages of pretreatment were intro-
duced into the sample holder with an at-
tached EPR tube (Fig. 1) where further
controlled-atmosphere treatments and gas
dosing were carried out. The sample could
be heated and evacuated in bulb B which
promoted effective removal of gases re-
leased by the sample. The sample could
then be transferred into the 4-mm EPR
tube without environmental contact; gas
for later dosing could be stored in bulb
C. Evacuation was typically to less than
10—¢ Torr during the later stages of heat-
ing the sample and after cooling to room
temperature.

EPR spectra were taken on an AEG
(Model No. 533) spectrometer with an
X-band microwave bridge and low-tem-
perature accessory for measurements at
temperatures to 77 K. Measurement, tech-
niques were standard. Instrument param-
eters were varied over a broad range to
define conditions under which operating
parameters adversely affected line shape
and intensity, and these operating regions
were avoided.

To quantify the EPR spectra, suitable
quality spectra were divided into segments,
with very fine grids being used where the
rate of change of the derivative was large.
The data were then integrated using a
computerized trapazoidal integration tech-
nique. If the absorption curve did not close
to zero, a baseline correction technique was
applied, and the derivative curve was in-
tegrated again. The absorption curve
typically closed to better than 4159 on
the first integration and closed almost
exactly after application of baseline correc-
tion. Curves that did not close well on the
first integration and required large baseline
corrections were not used. Integration of
the absorption curve gave the desired area.
A sharp signal superimposed on a much
broader signal was observed in the presence
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of Os; the two lines were not separable in
the derivative mode. Integration of the
derivative spectra gave a broad absorption
peak with a narrower peak superimposed
on it. Smooth interpolation of the eurve for
the broad peak gave the baseline for the
narrow peak and permitted accurate deter-
mination of its area.

The alumina was high purity »-Al:O;
(Harshaw No. AL-0104) and had a surface
area of ~140 m?/g; the silica was from
W. R. Grace, Davison Chemical Division
(Grade 59) and had a surface area of
~290 m?/g. Gases were high purity from
Linde. A weak pitch from Varian contain-
ing 1 X 10" spins/cm was used to deter-
mine the concentration of paramagnetic
centers in the Pt samples.

RESULTS

The alumina support had a weak para-
magnetic signal with a ¢ value of 4.26. No
other signals appeared either before or
after evacuation or upon -calcining to
623 K in O, using the same procedures used
for the Pt-containing samples. Addition of
10-Torr O; to the calcined, evacuated sup-
port sample did not result in any new
signals or other changes; neither did
heating in H; to 623 K or subsequent addi-
tion of O,. The silica support also contained
a weak signal with an approximate g value
of 4.26. The silica did not show any other
signals after calcination in O, or after
heating in H, at 623 K; no new signals
appeared upon addition of 10-Torr O: to
either the calcined or reduced SiOs.

For the Pt/Al,0; the majority of the
work was done with a sample of 2.9 wt%,
Pt/Al:O0;. The results obtained were con-
firmed identically on a second sample, and
similar results were obtained on a sample
of 0.4 wt9, Pt/Al;0;. The EPR line with
a g value of 4.26 was also present in all
Pt/Al,O; and Pt/SiO; samples and was
independent of pretreatment or adsorption
conditions. Since it did not change in in-
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F1a. 2. EPR spectra of 2.9 wt%, Pt/Al:O; after calcination in O, at 623 K followed by evacuation
to <107* Torr at 623 K. (a) spectrum taken at 298 K; (b) spectrum taken at 80 K.

tensity, it could be used to gauge the
relative peak heights on the spectra pre-
presented below.

After drying the 2.9 wt9, Pt/AlO;
sample at 393 K for 3 hr the sample had a
very weak signal with a peak-to-peak
width (AH,,) of 58 Oe and a ¢ value of
about 2.01. Evacuation for 0.25 hr at 373 K

resulted in a 709, increase in the g = 2.01
signal, but no other changes were observed.
Caleining in O, to 623 K with evacuation
to <10~ Torr at 623 XK as outlined above
lead to a very strong, broad EPR signal
with a linewidth (AH,,) of 750 Oe and a
main g value of 2.222. This signal was about
200 times more intense than any other



282

signals previously observed. Figure 2a
shows the characteristic shape of this line
at 298 K. Cooling to 80 K resulted in a
reduction in the linewidth to about 600 Oe
and an increase in the measured signal in-
tensity which followed very well that pre-
dicted by the Curie-Weiss law (Fig. 2b).
The line with the g value of 2.01 was also
present in the 298 K spectrum although it
was very weak. The g = 2.01 line was not
present in all calecined evacuated samples
of Pt/Al;0;. The main signal (g = 2.222)
will hereafter be referred to as the platinum
signal; this signal has a fine structure,
which will be discussed below.

The addition of 10-Torr O to the EPR
tube resulted in the rapid formation of a
new, strong, and more complex EPR signal
with a peak-to-peak width (AH,,) of about
70 Oe and a g value of 2,010 for the main
line (Fig. 3). Associated with the formation
of this new line there was a simultaneous,

)
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marked reduction in the intensity of the
platinum (g = 2.222) signal. This new line
(9 = 2.010) will hereafter be referred to
as the oxygen signal. Reduction in the
oxygen pressure resulted in both a redue-
tion in the intensity of the oxygen signal
and a significant increase in the amount
of detail visible in the signal (Fig. 4). This
fine structure will be discussed below. More
complete evacuation to pressures below
10—* Torr at room temperature resulted in
complete removal of the oxygen signal and
return of the platinum signal to its original
intensity. Readdition of O, resulted in re-
appearance of the oxygen signal, and
evacuation removed it again. This cycle was
repeated six or seven times and was also
repeated several times on other samples
with no change in either the resultant
oxygen or platinum signals with respect to
either their shapes or intensities. Observed
changes in signal intensity (~15-20%,)

gs2.0l10
[ H, O ———=

500 Oe

—

Fic. 3. EPR spectrum obtained at 298 K upon addition of 10-Torr O, to the sample whose

spectrum is shown in Fig. 2
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Fiq. 4. EPR spectra of O, adsorbed on calcined, evacuated Pt/Al;0; sample whose spectrum is
shown in Fig. 2. Conditions: (a) 0.010-Torr O, spectrum taken at 298 K; (b) 0.10-Torr O,

spectrum taken at 80 K.

could be attributed mainly to effects re-
sulting from removing and repositioning
the sample tube in the EPR cavity

The presence of four peaks in the EPR
spectra of oxygen adsorbed on 2.9 wt9,
Pt/Al:O; which had been calcined and

evacuated at 623 K suggests that the
oxygen signal is actually composed of two
different signals. There is further indication
of this in the effect of O, pressure on the
signal. The intensity of the center line of
the oxygen signal increased relative to the
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other portions of the signal with decreasing
O pressure,

Addition of 10-Torr O, at 80 K resulted
in only a moderately strong oxygen signal
with a relatively weaker line in its center,
although the detailed structure was sub-
stantially missing due to physically ad-
sorbed oxygen. It is not clear whether the
reduced oxygen peak intensity resulted
because of the reduced reactivity of O at
80 K and thus its inability to dissociate or
because the oxygen was condensed on the
porous Al,O; in the upper portion of the
tube and never reached the Pt/Al,O; in the
lower portion of the tube. The oxygen
signal intensity relative to the platinum
signal intensity was approximately equiva-
lent to that observed for 0.02-Torr O.
at 298 K.

At 298 K with the O, pressure reduced
to 0.10 Torr, 100-Torr H, was added to the
EPR tube in the spectrometer, and a
spectrum was taken immediately thereafter.
There was no evidence of any remaining
oxygen signal in this spectrum, and the
platinum signal had returned to its normal
intensity. The adsorbed oxygen species had
reacted rapidly with added H. at room
temperature. After evacuation, addition of
10-Torr O, resulted in the reappearance of
the oxygen signal along with reduction in
the intensity of the platinum signal. Both
the oxygen and platinum signals were
significantly more intense (~259%) than
observed previously; this was probably
due to surface changes produced by reac-
tion with H, since an increase to this level
had not been observed in any of the other
experiments.

If the relaxation time is rapid relative to
the frequency of the microwave radiation
the signal intensity will be proportional to
the microwave power applied, and the
number of spins determined from the peak
intensity will be accurate. If saturation of
the signal with increasing power occurs, the
calculated spin concentration will be in
error. Room temperature spectra of the
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calcined and evacuated 2.9 wt9, Pt/AlO;
and of the sample in the presence of 0.2-
Torr O, showed the desired variation in
signal intensity with microwave power, in-
dicating lack of saturation effects.

The 0.4 wt9, Pt/Al:O; calcined at 623 K
in O, and evacuated to <10~* Torr at
623 K had a platinum signal which had a
lineshape equivalent to that observed for
the 2.9 wt% Pt/Al;O; and a peak intensity
which was about 709, of the value for the
2.9 wt9, Pt/Al;0;. Thus the number of
paramagnetic centers formed appears to
be only weakly dependent on the platinum
content in the range studied. The number
of paramagnetic centers formed may there-
fore be more a function of sites on the
Al,O; surface which interact with the
platinum. Addition of O, produced an
oxygen signal which had a line shape that
was identical to that for O, on the 2.9 wt%,
Pt/AlO; suggesting that the species formed
were the same. The intensity in the presence
of 10-Torr O, was less than that for the
2.9 wt9, Pt/Al,O; suggesting that the
paramagnetic platinum centers formed did
not, pick up O, as readily.

When the calcined Pt/Al;0; was reduced
in flowing H; at 623 K, the platinum signal
was climinated, but a new, strong sym-
metric signal of broad linewidth (AH,,
= 1420 Oe) appeared. The intensity of this
spectrum was proportional to the metal
content of the catalyst, and its linewidth
(AH,,) was reduced to about 250 Oe by
cooling to 80 K. It had an approximate g
value of 2.28. This signal will not be con-
sidered further here.

Addition of 10-Torr O, to the reduced
Pt/Aly0; did not result in the formation of
of an oxygen signal. Heating the reduced
Pt/Aly03 in 50-Torr O, overnight at 698 K
with subsequent evacuation to <10~ Torr
at 623 K and addition of 10-Torr O, at
298 K resulted in the appearance of a weak
oxygen signal identical in line shape to that
observed for the unreduced, calcined Pt/
Al,O; with 10-Torr Q.. However, the mag-
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nitude of the oxygen signal on this material
was only about 19, of the magnitude of the
oxygen signal for the unreduced, calcined
samples.

The sample of 2.9 wt9% Pt/SiO, was
calcined and evacuated in a manner iden-
tical to that for the Pt/Al;0; and EPR
spectra were taken. Although a signal
appeared to be present, it was very weak,
very broad, and very asymmetric, not at
all characteristic of the platinum signal
observed for Pt/Al;O;. The lineshape was
only slightly different and only slightly
more intense than the spectrum observed
for an empty, evacuated quartz EPR tube.
Addition of 10-Torr O: to the calcined,
evacuated Pt/Si0, sample did not result in
a distinguishable oxygen signal or any other
significant change in the spectrum, again
in marked contrast to the behavior ob-
served upon addition of O, to calcined,
evacuated Pt/Al.Os;.

Reduction of the Pt/SiO, at 623 K in
flowing H, produced at most a slight redue-
tion of the broad line in the spectrum; the
resultant spectrum was essentially that for
the empty, evacuated quartz EPR tube.
There was no similarity between the EPR
spectra for reduced Pt/SiO, and Pt/AlO,
although the Pt ecrystallite sizes as deter-
mined by H, chemisorption were similar.

When the reduced sample of Pt/SiO, was
calcined in O, at 623 K for 1.5 hr and
evacuated to <10~ Torr, there was again
a slight increase in the intensity of the
broad line, similar to the lineshape of the
initially caleined Pt/8i0,. Addition of
10-Torr O» to the sample of Pt/8i0,
which was calcined in O, after reduction
produced a weak and very narrow (AH,,
= 11 Oe) line occurring at about g = 2.01
which was apparently a 1—g¢ signal re-
sulting from an adsorbed oxygen species.
This signal was completely eliminated by
evacuation for 2 hr at 623 K with P < 10—
Torr. This oxygen signal could be reversibly
added and removed and was reduced by
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about a factor of 2 by reducing the O,
pressure to 0.01 Torr.

DISCUSSION OF RESULTS

The absorption peak with g = 4.26 is
probably due to impurity iron in the Al,O,
and the 8i0.; this is the g value typically
observed for iron in solids (21). The fact
that the peak intensity was less than
1/100 that of either the platinum or
oxygen signals and that it did not undergo
any changes with calcination, reduction, or
adsorption of O, either before or after Pt
addition suggests that it is not responsible
for or related to the other signals.

The appearance of the strong line at
g = 2.222 upon calcination and evacuation
of the Pt/Al;O; samples suggests that this
signal is due to an oxidized Pt species. The
signal is a 2 ¢ signal with g, = 2.222 and
gn = 2.046. The fine structure in the
spectrum is due to splitting by the isotope
of platinum (1%Pt) having a nuclear spin
I = %; this isotope is 349, abundant.
The other isotope, which is 669 abundant
and which has a nuclear spin I =0,
produces the major adsorption -curve.
The derivative of the EPR absorption
curve is constructed in Fig. 5 by sketching
in the summation of the adsorption
spectra from the lower portion and repre-
sents well the observed lineshape (Fig. 2).
The splitting parameters for the signal
(A, and A4,) were assumed equal and
equivalent to the splitting observed by
Geschwind and Remeika (22) for Pt in
a~Al,05, A = 150 Oe. Sroubek, et al. (23)
reported A = 140 Oe for Pt in Nb-doped
BaTiO,. The g, value obtained in this work
agrees well with that reported by Gesch-
wind and Remeika (22) for Pt in corundum
(for temperatures greater than 79 K,
g = 2.220 &£ 0.001). At 4.2 K the Pt signal
had g values of g = g, = 2.328 + 0.004
and g, = 2.011 =+ 0.006. Sroubek et al.
(23) reported ¢g. = 251 =+ 0.02 and

Il
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Fra. 5. Constructed paramagnetic platinum spectrum, using known parameters.

gu = 1.935 & 0.005 for Pt** in niobium-
doped BaTiO;.

Pt in the complex exchanged onto the
Al O, (Pt(NH;):(OH),) is Pt** which has
a 5d® configuration and should give no
EPR signal. Calcining should oxidize the
Pt to Pt¢+; our EXAFS work indicates
that this is the case (24). We speculate that
the platinum remains highly dispersed,
possibly atomically, since the coulombic
interactions between the original complex
and the Al,O; surface remain effective with
oxidation. Therefore clusters of platinum
oxide are almost certainly absent for the
0.4 wt%, Pt/Al:O; and are probably absent
for the 2.9 wt9}, Pt/Al,O; although we have
no direct evidence for this. Evacuation at
623 K probably causes a partial reduction
of the surface by removing oxygen anions

according to:
O—Pt*+—-0~ — OPt*+-02 4 30,. (1)

Neither Pt*+ (5d®) nor Pt** (5d%) is para-
magnetic. However, if OPt**-0% is in
contact with a Lewis acid center on the
surface of the calecined Al,O; electron
transfer to the Al;O; could occur,

OPt>+-02- 4+ L-Al, 05 —
DPt:‘Hﬂ_OZ— + L_—A1203, (2)

(Lewis acid center)

producing a paramagnetic Pt*+ (5d7) ion.
This would explain the formation of our
observed paramagnetic platinum centers.
This would also explain the observation
that the intensity of the platinum signal
was essentially independent of metal con-
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tent. Ion exchange would probably occur
at the strong sites first since we allowed
12 days for equilibration. Thus the number
of paramagnetic centers formed should be a
function of the support and not of metal
content as long as sufficient metal is
present. This is consistent with the ob-
servation that a 7.25-fold reduction in the
Pt content resulted in only a 309, reduction
in the platinum signal intensity.

It is not readily possible to determine
whether the platinum species responsible
for the paramagnetic resonance is Pt'" or
Pt3*; this is also the case in the work of
Geschwind and Reimeka (22) and of
Sroubek et al. (23). However, the chemistry
of the system as outlined above strongly
favors Pt3+.

A typical absorption spectrum obtained
by integration of a derivative platinum
EPR spectrum was quite asymetric due to
the 2-g signal. The area of this absorption
peak was ratioed to that of the weak pitch
sample, which for three scans reproduced
to better than 59, to obtain the number of
paramagnetic centers. Table 2 gives the
number of paramagnetic centers observed
for a series of experiments starting with a
freshly calcined, evacuated sample and
then consecutively adding and removing
oxygen, with spectra being taken after
each addition and removal. Reproducibility
was quite good. H; addition and evacuation
produced an apparently significant increase
in the concentration of paramagnetic
centers. The low-temperature determina-
tions are thought to be the most precise.
If it is assumed that the average bulk
density of the catalyst powder in the EPR
tube is 1.0 g/em?, the number of Pt atoms
per centimeter is about 5 X 107 for the
2.9 wt9, Pt/AL;O;. Therefore, about one
out of every 30 platinum atoms is para-
magnetic. For the 0.4 wt%, Pt/Al,O; this
ratio is about one out of every four platinum
atoms. This density of paramagnetic centers
is less than one center per 20 nm? of alumina
surface area. This is in the site density range
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of strong Lewis acid centers on calcined
AlO;.

The fact that paramagnetic platinum
centers were not formed for 29 wt%,
Pt/8i0; when it is calcined and evacuated
by the same procedure suggests that the
formation of the paramagnetic platinum
species involves a specific interaction with
the surface of the Al,O; and that the inter-
action is markedly different from that
which can occur with SiO,. A probable type
of interaction with Lewis acid centers on
Al,O; has been suggested above; similar
Lewis acid centers should not form on SiO»,.
Electron transfer to Al;O; is indicated by
our recent EXAFS studies of Pt/Al:Os;
these results show that highly dispersed
clusters of reduced platinum on Al:O; are
electron deficient suggesting electron trans-
fer to Lewis acid centers (15). We do not
see by EXAFS similar electron transfer
from Pt of an equally high degree of dis-
persion to Si0, for Pt/Si0., consistent
with our observed differences between
Pt/Al,0; and Pt/SiO; in this study. Small
Pt clusters on Y zeolites do not exhibit
electron transfer to the zeolite unless
multivalent cations are exchanged into the
zeolite (16).

The addition of O, to these calcined,
evacuated samples on Al,O; can lead to the
formation of Q4 species by

0 Pt#+-0% 4 0, — O,—Pt++-0*.  (3)

If site pairs are adjacent, O~ species could
also be formed by :

0Pt 00 4+ O PO+ + 0, —
O—Pt+-0~ + O—-Pt+-0  (4)
or

0*-Pt*+ O + [ Pt-0* —
0 -Pt+-0- + 0*—Pt++-0  (5)

Reactions (3), (4), and (5) provide a good
explanation of the oxygen signal. The com-
plex line that appears upon adsorption of
0. involves one species having a 3-g signal
and a second species clearly having a 1-g
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signal. The 3-¢ signal is characteristic of
the signal observed for Oy~ species which
have been demonstrated to form on many
outgassed oxide surfaces (1-7). This could
be produced by reaction (3). The g values
for the O, signal are g; = 2.141, g, = 2.010,
and g; = 1.963. These are in the range ob-
served for other systems (7-7), but values
of g; and g¢; this large and small, respec-
tively, for adsorbed O.~ have not been
previously reported; further clarification
of this signal is desirable.

The second species producing the sharp
signal at the center of the oxygen spectrum
is inferred to be O~ which would be formed
by dissociation of O, in an environment not
able to supply four electrons to form O,
for example, as indicated by Egs. (4)
and/or (5). It is possible that the O~ species
is associated with AI** as proposed by
Abdo et al. (25); however, it was reactive
with H, at room temperature. The main g
value of this species is 2.005 which is close
to values previously reported (1-3, 7, 25).
This species is more tightly bound than
0.~ (a) as would be expected and (b) as
indicated by the fact that the intensity of
this signal grows relative to that of the
O~ signal with decreasing O, partial pres-
sure. Similar behavior has been reported
for O, adsorption on outgassed metal
oxides (1, 2, 7, 25).

The 3-g signal indicates that there is no
axial symmetry in the system for the O.~
species. The large value for g, suggests that
the metal ion to which the Oy~ is bound
has a low change; this would favor Pt*+
rather than Pt** as postulated above. The
large value would also suggest rather ionic
character. Values of g, for O, adsorbed on
an aluminum ion at the surface of AlO;
are characteristically 2.034 to 2.038 (I, 2,
25-27) establishing that the O, species
observed in this work is not interacting
with Al** centers on the surface but is
interacting with Pt centers. This is con-
sistent with the observation that the plati-
num signal intensity decreased in propor-
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tion to the increase in the oxygen signal in-
tensity. Values of g; for Oy~ less than 2.003
have been reported (1, 28-30).

The signal assigned to O- is possibly a
2-g signal with g, at about 2.08; Fig. 4a
shows a spectrum at low oxygen pressure
which would appear to be composed of a
3~g Oy~ signal and a 2-g O~ signal. A value
of g = 2.042 has been reported for O— on
MgO (31, 32) and g, = 2.024 has been re-
ported for O~ on AP* (25). Thus the O-
signal appears to also be associated with
Pt and not with the support, consistent
with Egs. (4) and (5). We cannot derive
more detailed information from the data
about the nature of the paramagnetic
oxygen species because the emphasis of
the work was not to further quantify this
aspect. Additional studies, particularly in-
volving 70, would be useful.

Reactions (3), (4), and (5) indicate that
for every Oy~ or O~ species formed one
Pt3* should be converted to Pt*+. There
should therefore be a corresponding reduc-
tion in the intensity of the platinum signal ;
such an intensity reduction was observed.
The O, plus O~ peak intensities, obtained
by integrating the oxygen absorption peak
on top of the platinum absorption peak,
were converted into a number of para-
magnetic oxygen centers by ratioing the
oxygen absorption signal area to that of the
weak pitch. Table 2 summarizes the values
obtained for the experiments involving
adsorbed oxygen for the same series of ex-
periments summarized in the upper por-
tions of the table for zero O, pressure.
The precision is not as good as for the
platinum signal alone because of the greater
complexity of the spectra and the greater
height and narrowness of the oxygen EPR
signal. This reduces the platinum signal
heiglit as read out on the chart because
of the change in the amplification required
to accommodate the oxygen signal and
thus reduces the precision of the platinum
signal. Taking the best values from the
table the average concentration of para-
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TABLE 2

Concentration of Paramagnetic Centers for Supported Platinum Catalysts®

Sample O; pressure  Measurement, Number of Number of
(Torr) temperature platinum centers oxygen centers
(°K) per gram per gram
(X10718) (X10718)
2.9 wt%
Pt/ALO; 0 298 1.8 —_—
2.9 wt%,
Pt/ALO; 0 298 2.3% —
2.9 wt%,
Pt/ALO; 0 298 3.1¢ —
2.9 wt%
Pt/ALO; 0 80 2.3 —
2.9 wt%,
Pt/ALO; 0 80 2.4 —
2.9 wt%
Pt/ALO, 10 298 0.64¢ 0.804
(0.78)°
[0.57F
2.9 wt%
Pt/ALO; 10 298 11 0.48
(0.57)
[0.30]
2.9 wt%
Pt/AlLO; 10~ 298 1.2 0.75
(0.61)
[0.39]
2.9 wt%,
Pt/AlL:0; 10 298 2.12¢ 1.3
[0.37]
2.9 wt%,
Pt/AlL:0; 10 80 1.0 0.32
[0.157
2.9 wt9,
Pt/Al,04 0.01 298 1.4 0.17
[0.089]
0.4 wt%,
Pt/AlL:O; Low 298 1.0 0.06
2.9 wt%
Pt/Si0, 10 298 — 0.02

¢ Concentration of paramagnetic centers was obtained by double integrating the EPR derivative spectra,
rationing the area, adjusted to consistent operating parameters, to that for a weak pitch sample containing
1 X 10" spins/cm of sample measured at 298 and at 80 K, and assuming that the catalyst density in the
EPR tube was 1 g/cm?. For spectra containing both an oxygen and a platinum signal the entire line was
doubly integrated to give the entire absorption area; interpolation of the platinum peak to form a baseline
for the oxygen peak allowed the oxygen peak area to be obtained.

b After addition of 100-Torr Ho.

¢ Sample after addition of 100-Torr H, and evacuation.

4 Indicated numbers are probably not as precise because the signal peaks which were integrated were
small.

¢ Numbers in parentheses were obtained by double integration of only the derivative oxygen signal; since
the oxygen signal also contains the negative portion of the platinum signal which could not be subtracted,
it will contain a small but significant error.

7 Numbers in brackets are the ratios of the oxygen absorption area to the total absorption area.

¢ O, adsorption at 80 K ; oxygen signal much weaker than after adsorption at 298 K.
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magnetic platinum centers if 1.2 X 10!%/g,
and the average concentration of para-
magnetic oxygen centers if 0.64 X 10'8/g.
The average total number of paramagnetic
centers in the presence of 10-Torr O, was
1.8 X 10*%/g. This is about 259, below the
total number of paramagnetic platinum
centers before oxygen addition. According
to reactions (3), (4), and (5) for each para-
magnetic oxygen species formed a para-
magnetic platinum center should be elimi-
nated. This behavior is approximately ob-
served, supporting reactions (3), (4), and
(5) as probable ones. It is also possible
that a reaction such as

O=—Pt**-0~ 4 L—ALO; —

0 —Pt+-0%* + L-ALO; (6)

could occur during or following oxygen ad-
sorption resulting in a reduction in the
total number of paramagnetic (platinum
plus oxygen) centers. The observed reduc-
tion in total number of paramagnetic cen-
ters could be explained by this type of
reaction or could be due to experimental
causes; we favor causes such as Eq. (6)
over experimental causes. From the ratio
of the total number of paramagnetic
platinum centers plus oxygen centers
(assumed to be the total number of para-
magnetic platinum centers initially avail-
able) to the number of paramagnetic
oxygen centers, about 30 to 359, of
the paramagnetic platinum atoms adsorb
oxygen forming paramagnetic oxygen spe-
cies. The remaining paramagnetic platinum
centers are not available, possibly due to
steric reasons; some may be located in the
near-surface region of the Al,Os.

The calcined 0.4 wt9% Pt/Al:O; be-
haved in the same manner and was not
studied further.

In the presence of O, the Al,O; again
plays a vital role in the surface chemistry
of the calcined ecatalyst. The 2.9 wt%
Pt/8i0; after the same calcination and
evacuation procedure formed no para-
magnetic oxygen centers in the presence of
10-Torr O,. This is consistent with the
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absence of a measurable concentration of
paramagnetic platinum species for the
calcined Pt/8i0..

Although there may have been little
clustering induced by calcination, redue-
tion results in marked clustering and the
formation of small metal crystallites. These
small crystallites of reduced Pt atoms can
readily adsorb oxygen as demonstrated by
oxygen chemisorption and the oxygen-
hydrogen titration (33, 34). Reduced metal
atoms readily dissociate oxygen molecules
forming largely covalently chemisorbed
species or O%* ions. Thus Os~ or O~ forma-
tion is not expected on reduced platinum
surfaces and was not found. Clarkson and
Cirillo (8, 9) have reported the formation
of O, species on silver supported on
quartz; yet Abou-Kais et al. (10) could not
find paramagnetic oxygen species on silver
supported on silica.

Limited studies on the effect of reoxida-
tion showed that for Pt/Al,O; the proce-
dure used resulted in regeneration of
limited capability to form paramagnetic
oxygen species upon O, adsorption on the
catalyst after evauation at 623 K. We
speculate that appropriate reoxidation pro-
cedures could lead to recovery of a much
larger fraction of the capability for forma-
tion of paramagnetic oxygen species.

For Pt/8i0,, which did not form a
measurable concentration of paramagnetic
oxygen species after the original calcination
and evacuation, a small concentration
(Table 2) of paramagnetic oxygen species,
presumably O-, was formed when the
reduced sample was reoxidized and evacu-
ated followed by addition of 10-Torr O..
There was no evidence for the formation of
05~ species suggesting that in this case the
platinum surface on which the para-
magnetic oxygen species formed was a
partially oxidized platinum erystallite which
could provide a sufficiently high concentra-
tion of semireduced platinum atoms for
reactions (4) and (5) to occur.

Reduction of Pt/Al,O; replaced the
paramagnetic platinum signal discussed
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above with an intense, broad, symmetri-
cal absorption line having approximately
g = 2.28. This peak narrowed markedly
at lower temperature (80 K) but was not
studied further. The support again plays
a primary role in the behavior observed.
The reduced 2.9 wt%, Pt/SiO, displayed
no similar signal although the Pt crystal-
lites formed with SiO, were similar in size
to those formed with Al,O; (Table 1). If the
signal for reduced Pt/Al:O; were due to
odd electron effects as has recently been
observed and discussed (35-38), then a
similar signal should have been observed
for Pt/Si0, since it had roughly the same
Pt crystallite size (Table 1). Thus it can
be concluded that the EPR signal ob-
served for reduced Pt/Al:O; is due to a
direct involvement of platinum with the
ALO;; we have not studied this behavior
sufficiently to speculate on its origin.

These results clearly show the extent
and importance of interactions between
platinum and alumina as compared to the
platinum-silica system and point to the
need to consider much more carefully the
role of the support in the catalytic system
even for a metal as noble as platinum.
They also show that the chemistry of prepa-
ration and pretreatment can be quite im-
portant and probably plays a key role in
determining the nature of the final catalyst;
understanding the chemistry of the prepara-
tion and pretreatment of the catalyst
should provide for a better understanding
of the final catalyst.
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