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The physical, chemisorptive, and catalytic properties of platinum on a europium oxide-silica 
support were studied by Mossbauer spectroscopy, volumetric reduction, chemisorption, and eth- 
ane hydrogenolysis experiments. The Mbssbauer spectroscopy and volumetric reduction experi- 
ments showed that 40% of the silica-supported Eu3+ cations could be reduced to Eu2+ at 773 K; and 
the reducibility of the europium cations was enhanced to about SO% by the addition of platinum to 
the europium oxide-silica support. The primary reduction process was the formation of surface 
hydroxyl groups. The platinum particle sizes determined by hydrogen and carbon monoxide chemi- 
sorption, and confirmed by X-ray diffraction and electron microscopy, were substantially smaller 
for platinum on the mixed-oxide support than for platinum on silica. There was no evidence of 
suppressed H2 or CO chemisorption on platinum. The rate of ethane hydrogenolysis was an order 
of magnitude lower over platinum on the mixed-oxide support. This decreased activity may be 
explained in geometric terms; e.g., the Pt particles are smaller on the mixed-oxide support and 
ethane hydrogenolysis is a structure-sensitive reaction. o 1989 Academic PKSS. inc. 

INTRODUCTION 

Knowledge of the interactions which can 
occur between a metal and its support can 
be particularly important for the prepara- 
tion of catalysts with desired catalytic prop- 
erties. These metal-support interactions 
can alter the physical, chemical, and/or cat- 
alytic properties of the metal, as recently 
reviewed by Stevenson et al. (1). For ex- 
ample, it was first reported by Tauster et al. 
(2) that when a Group VIII metal is sup- 
ported on a reducible oxide support, such 
as titania, and reduced at high tempera- 
tures, the chemisorptive capacity of the 
metal is suppressed. The authors termed 
this behavior strong metal-support interac- 
tions, or SMSI. It was subsequently re- 
ported that these interactions can alter the 
catalytic properties of the metal; in general, 
these interactions favor facile reactions 
such as hydrogenation and dehydrogena- 

i Present address: W. R. Grace and Co., Research 
Division, 7379 Route 32, Columbia, MD 21044. 
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tion and inhibit demanding reactions such 
as hydrogenolysis (1). It is generally be- 
lieved that reduced support species par- 
tially cover the active metal surface, 
thereby altering the geometric and/or elec- 
tronic properties of the metal and also 
forming new active sites at metal-support 
interfaces. 

Although most of the studies of metal- 
support interactions have involved metals 
supported on transition metal oxides, a few 
studies have involved metals supported on 
rare earth oxides. For example, Bell and 
co-workers (3-6) found that CO chemi- 
sorption was suppressed over Pd/La203 
compared to Pd/SiOz. In addition, Pd/ 
La203 showed higher specific activity to- 
ward both methane and methanol synthesis 
from CO and Hz, although the activation 
energy for methane synthesis was higher 
over the Laz03-supported catalyst. Tem- 
perature-programmed reduction studies in- 
dicated that the lanthana in contact with 
palladium was partially reduced, and the 
authors attributed the altered chemisorp- 
tion and reaction behavior to an interaction 
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in which the reduced Lao, moieties par- 
tially cover the Pd metal but provide addi- 
tional sites for CO dissociation. 

In a systematic study of rare earth oxides 
as catalyst supports, Vannice and co-work- 
ers (7, 8) investigated chemisorption and 
CO hydrogenation over palladium sup- 
ported on seven rare earth oxide supports: 
Lad&, CeQ, Pr&h1, W% Sm03, 
Gd203, and Euz03. The existence of sup- 
pressed H2 or CO chemisorption after a 
high-temperature reduction could not be 
confirmed because chemisorption uptakes 
were small even after a low-temperature 
reduction. All of the rare earth-supported 
catalysts showed higher activity for both 
methane and methanol synthesis compared 
to the activity of palladium black, and the 
activation energy of each reaction was the 
same for all of the catalysts including the 
unsupported palladium. The authors attrib- 
uted the high activity to the creation of 
new active sites at the metal-support in- 
terface. 

Metal-support interactions have also 
been reported for metals supported on 
high-surface-area, noninteracting supports 
which have been promoted with rare earth 
oxides. For example, Rieck and Bell (9) re- 
ported a suppression of hydrogen and CO 
chemisorption, as measured by tempera- 
ture-programmed desorption, for Pd/SiO, 
catalysts promoted with La203, Ce02, 
Pr601 r, Nd203, or Smz03; the dispersions of 
the promoted and unpromoted samples, as 
measured by HZ-O2 titration, were the 
same. This latter result was due to the re- 
versible spreading followed by nucleation 
of rare earth oxides over Pd in the reducing 
followed by oxidizing treatments employed 
during Hz-O2 titrations. Temperature-pro- 
grammed reduction results indicated that 
the palladium aided in the reduction of the 
rare earth oxide promoter. The promoted 
catalysts showed enhanced methane syn- 
thesis activity compared to an unpromoted 
catalyst. 

In contrast to the chemisorption behavior 
reported by Bell and co-workers, Ryndin et 

al. (10) observed that platinum supported 
on a mixed-oxide containing silica and pra- 
seodymia had a higher dispersion and 
greater thermal stability than the unpro- 
moted sample. The promoted catalyst 
showed a decreased activity for ethane hy- 
drogenolysis, although the activation en- 
ergy for the reaction was lower for the pro- 
moted catalyst than for the unpromoted 
sample. Again, the rare earth-promoted 
catalyst showed an increased activity for 
CO hydrogenation with a high selectivity 
toward methanol. Similar behavior was re- 
ported for Pd supported on ceria-promoted 
silica (I I). 

The aforementioned experimental stud- 
ies indicate clearly that interactions occur 
between a noble metal and a rare earth ox- 
ide, but the exact nature of these interac- 
tions remains unclear. The present study 
further explores noble metal-rare earth ox- 
ide interactions by investigating a silica- 
supported platinum catalyst containing a 
europium oxide additive. In particular, the 
experiments in this study were designed to 
determine the effects of the platinum on the 
reducibility of the europium cations and to 
determine the effects of the europium on 
the chemisorptive and catalytic properties 
of the platinum. 

Europium oxide was the rare earth cho- 
sen for this study primarily because the re- 
ducibility of Euz03 is qualitatively similar to 
that of TiOz and because europium is a 
Mossbauer element. Thus, the reducibility 
of supported Eu3+ and the effects of plati- 
num on that reducibility could be readily 
determined by Mossbauer spectroscopy. In 
addition, volumetric reduction of the sup- 
ported Eu- ‘+ The chemisorptive properties . 
of the platinum, both with and without the 
europium oxide additive, were determined 
by hydrogen and carbon monoxide chemi- 
sorption and confirmed by X-ray diffraction 
and transmission electron microscopy. Eth- 
ane hydrogenolysis was used as a probe re- 
action to determine the effects of the euro- 
pium oxide on the catalytic properties of 
the platinum. 
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EXPERIMENTAL 

Catalyst Preparation 

Three catalysts were prepared and exam- 
ined in this study to determine the interac- 
tions between platinum and europium oxide 
on a silica support. These catalysts were 
Eu/SiOz, Pt/SiOz, and Pt/Eu/SiO,; the ap- 
proximate loadings of these catalysts were 
6% (by weight) europium and 1% platinum. 

All samples were prepared by incipient 
wetness impregnation using 1 cm3 of solu- 
tion to wet 1 g of silica support (Cab-0-Sil, 
Grade S-17, 400 m2/g, Cabot Corp.). The 
Eu/Si02 sample was prepared by dissolving 
the appropriate amount of EuCl3 * (HzO)e 
(Aldrich Chemical Co.) into distilled water. 
The Pt/Si02 sample was prepared in an 
analogous manner from H,PtCl, . (HzO)h 
(Strem Chemicals, Inc.). The Pt/Eu/SiO, 
sample was prepared by the addition of the 
platinum solution to Eu/Si02 which had 
been calcined in flowing oxygen at 773 K 
for 6 h. All samples were dried overnight at 
413 K before storage. 

The gases used in this study for catalyst 
treatment, volumetric reduction, and che- 
misorption measurements were purified ac- 
cording to the following procedures. Hy- 
drogen was purified by diffusion through a 
Pd-Ag membrane in a Milton-Roy Serfass 
hydrogen purifier. Oxygen was purified by 
passage through a molecular sieve trap at 
195 K, and nitrogen was purified by passage 
through copper turnings at 470 K followed 
by molecular sieves at 195 K. Carbon mon- 
oxide was purified by flowthrough glass 
beads at 570 K, followed by copper turnings 
at 470 K followed by molecular sieves at 
195 K. 

Miissbauer Spectroscopy 

Mossbauer spectra of the europium-con- 
taining samples were collected using an 
Austin Science Associates Model S-600 
Mossbauer spectrometer synchronized 
with a Tracer-Northern Model TN-1705 
multichannel analyzer. All spectra were 
taken at room temperature in the constant 

acceleration mode. Gamma radiation was 
detected with a proportional counter; the y- 
ray source was 50 mCi of 15’SmF3. The ve- 
locity scale was calibrated against the peak 
positions of a standard composed of 0.21 g 
EuS and 0.17 g EuF3, which gives peaks at 
- 12.52 and -0.59 mm/s, respectively (12). 
All spectra were computer-fit using the pro- 
gram MFIT (13), and isomer shifts are re- 
ported relative to Eu203. 

Catalysts were studied as 0.3-g pellets 
approximately 2 mm thick. The pellet was 
mounted in a stainless-steel holder and 
placed in a quartz cell with thin quartz win- 
dows to allow transmission of y-rays. The 
cell could be removed from the spectrome- 
ter and attached to a conventional gas-han- 
dling/vacuum system for sample pretreat- 
ment. 

In a typical experiment, the sample pellet 
was placed inside the cell and pretreated in 
flowing oxygen for 20 h at 773 K. After the 
oxygen was evacuated, the sample was re- 
duced in flowing hydrogen for 1 h at 773 K 
and then cooled to room temperature in 
flowing hydrogen. The sample was next 
sealed in hydrogen, and a Mossbauer spec- 
trum was collected. After the spectrum of 
the reduced sample was recorded, the sam- 
ple was treated in flowing oxygen at 773 K 
for 0.5 h. The sample was subsequently 
sealed in oxygen at room temperature, and 
a second spectrum was collected. 

Volumetric Reduction 

The amounts of hydrogen consumed, 
[H2], and water formed, [WI, during the re- 
duction of the three catalyst samples were 
measured using a standard gas-handling/ 
vacuum system in a manner similar to that 
of Hall and Massoth (14). Since all of the 
hydrogen consumed must either react with 
oxygen to form water or adsorb on the cata- 
lyst (e.g., in the form of hydroxyl groups), 
the amount of hydrogen adsorbed, [HZ,*], 
was determined from the volumetric reduc- 
tion experiments by the difference of the 
measured quantities [Hz] and [WI. 

In a typical experiment, approximately 1 
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g of catalyst was placed in a quartz cell; the 
cell was part of a closed loop which con- 
tained an all-glass pump to recirculate the 
gases and a cold trap 195 K to collect the 
water formed during the reduction. The en- 
tire experiment was conducted at 773 K. 
The sample was first treated in oxygen for 
20 h to remove residual water held by the 
silica and then evacuated for 1 h. Next, a 
known amount of hydrogen was expanded 
into the cell and loop. The water formed 
during this reduction was collected in the 
cold trap. The remainder of the recircula- 
tion loop was wrapped in heating tape and 
maintained at 373 K to prevent water from 
condensing on the glass walls. At the end of 
1 h, the final hydrogen pressure, which was 
typically about 6.7 x lo3 Pa, was measured 
with a Texas Instruments precision pres- 
sure gauge. The hydrogen was then 
pumped out of the system through the cold 
trap, and the sample was evacuated for 0.5 
h. Next, with the sample isolated from the 
system, the cold trap was warmed to room 
temperature and the pressure of the water 
vapor collected during the reduction was 
measured. 

HI0 and CO Chemisorption 

Hydrogen and CO chemisorption experi- 
ments were performed on all three catalysts 
after three standard pretreatments: 

Pretreatment A: Evacuation for 18 h at 
393 K, followed by reduction in flowing hy- 
drogen for 2 h at 493 K. 

Pretreatment B: Treatment in flowing ox- 
ygen at 773 K for 20 h, followed by reduc- 
tion in flowing hydrogen for 2 h at 573 K. 

Pretreatment C: Treatment in flowing ox- 
ygen at 773 K for 20 h, followed by reduc- 
tion in recirculating hydrogen at approxi- 
mately 6.7 X lo3 Pa at 773 K for 1 h. 

Pretreatment A was designed to give a 
highly dispersed Pt/SiO, catalyst, as de- 
scribed by Dorling et al. (1.5). Pretreatment 
B was designed to determine the effect of 
an extended high-temperature oxygen 
treatment on catalyst dispersion. As previ- 

ously explained, this treatment was neces- 
sary to remove water from the catalyst 
prior to volumetric reduction experiments. 
Pretreatment C was designed to determine 
the effect of a high-temperature reduction 
on the apparent catalyst dispersion. This 
high-temperature reduction was the same 
as that used in the volumetric reduction ex- 
periment . 

In addition to the above measurements, 
chemisorption experiments were also per- 
formed for Pt/Eu/SiO, after two additional 
pretreatments: 

Pretreatment D: Treatment in flowing 
oxygen at 773 K for 20 h, followed by re- 
duction in recirculating hydrogen for 5 h at 
773 K. 

Pretreatment E: Treatment in flowing 
oxygen at 773 K for 20 h, followed by re- 
duction in recirculating hydrogen for 1 h at 
873 K. 

These pretreatments were designed to de- 
termine if the severity of the reduction af- 
fected chemisorption properties. After all 
pretreatments, the catalyst sample was 
evacuated for 1 h at 623 K (for Pretreat- 
ments A and B) or 773 K (for Pretreatments 
C, D, and E) and then cooled to room tem- 
perature for chemisorption. 

Hydrogen chemisorption isotherms were 
collected at room temperature and rela- 
tively low pressures (<I .O X IO4 Pa) to min- 
imize adsorption on the support. Platinum 
dispersion was calculated from the hydro- 
gen chemisorption uptake by assuming a 
stoichiometry of one surface platinum atom 
per hydrogen atom adsorbed (16). After the 
hydrogen isotherm was completed, the 
sample was evacuated at 623 K for 1 h and 
cooled to room temperature, and a CO iso- 
therm was determined. The CO isotherm 
was collected at pressures up to 3.0 x lo4 
Pa. A correction for reversible uptake was 
made by evacuating the sample for 0.5 h at 
room temperature and measuring a second 
isotherm. The irreversible uptake of CO 
was determined by subtracting the second 
isotherm from the first at an equilibrium 



pressure of 1.3 x 104 Pa (17). The stoichi- 
ometry for irreversible CO chemisorption 
was assumed to be 1.15 atoms of surface Pt 
per molecule of CO adsorbed (16). 

X-Ray Diffraction and Electron 
Microscopy 

X-ray diffraction line broadening experi- 
ments were performed on selected samples 
with a Picker X-ray diffractometer using 
CuKo radiation. The diffraction peak at 28 
= 39.8’, which corresponds to the platinum 
(111) plane, was scanned at 0.125” (28)/ 
min. The particle diameter was determined 
from the peak width using the Scherrer 
equation with Warren’s correction for in- 
strumental broadening (18). 

cined for 20 h at 773 K, was loaded into 
the reactor and reduced to hydrogen at 773 
K for 1 h. The sample was then cooled in 
flowing hydrogen to the desired tempera- 
ture. Ethane hydrogenolysis was subse- 
quently carried out for 3 min, at which 
point the ethane flow was stopped while the 
hydrogen/helium flow was continued for 10 
min. The ethane flow was then continued 
and ethane hydrogenolysis carried out for 
another 3 min. This procedure is very simi- 
lar to that described by Sinfelt (19), and it 
was used to collect all data. 

Miissbauer Spectroscopy 

The platinum particles were also mea- 
sured by transmission electron microscopy. 
Specimens for TEM were prepared by dis- 
persing selected catalyst samples in metha- 
nol and depositing the solution on 3-mm- 
diameter, 400-mesh copper grids containing 
“holey” carbon film. The specimens were 
observed on a JEOL Model IOOB transmis- 
sion electron microscope using bright field 
imaging at a magnification of 125,000X . 

Ethane Hydrogenolysis 

Ethane hydrogenolysis was carried out in 
a glass system operating at a total pressure 
of 1 atm, with the catalyst in a down-flow 
geometry. Typical reaction conditions were 
set at a hydrogen pressure of 2 x lo4 Pa and 
an ethane pressure of 3 x lo3 Pa, with the 
remainder of the gas being helium. Re- 
search purity ethane (99.99%) was obtained 
from Matheson and used without further 
purification; high-purity hydrogen was 
passed through a Deoxo unit and molecular 
sieves at 78 K prior to use; and the helium 
carrier gas was purified by passage through 
copper turnings at 470 K followed by mo- 
lecular sieves at 78 K before use. Gas anal- 
ysis was accomplished chromatographi- 
tally (Carle Instruments Model 8700) using 
a Poropak Q column operated at 443 K. 

The Mossbauer spectrum of a sample of 
Eu/SiOz which had been treated in oxygen 
for 20 h at 773 K and then reduced at 773 K 
for 1 h is shown in Fig. IA. The spectrum of 
the same sample after a subsequent treat- 
ment in oxygen at 773 K for 0.5 h is shown 
in Fig. IB. Computer-fit values for the line 
positions, linewidths, and peak areas of 
these fits are given in Table 1. For the re- 
duced sample, the peak with an isomer shift 
(I.S.) of -13.9 mm/s can be assigned to 
Eu2+, since the isomer shift of divalent eu- 
ropium cations ranges from - 12 to - 15 
mm/s (12). Similarly, the peak at 0.2 mm/s 
corresponds to Eu3+, since the isomer shift 
of trivalent europium cations ranges from 
- 1.0 to +0.5 mm/s (12). As expected, the 
oxygen treatment at 773 K completely oxi- 
dizes the reduced europium cations. 

The percentage of Eu3+ which is reduced 
to Eu*+ after treatment in hydrogen can be 
determined from the Mossbauer spectra by 
assuming that the recoil-free fraction of 
Eu2+ is the same as that of Eu3+. The result- 
ing percentage reduction of Eu/Si02 after 
the l-h hydrogen treatment at 773 K is 39%. 
The assumption of equal recoil-free frac- 
tions for Eu*+ and Eu3+ was made in a pre- 
vious study of supported europium by Ross 
and Delgass (20), because these two cat- 
ions are known to have the same recoil-free 
fraction in bulk EuqOd (21). 

In a typical experiment, 0.1 to 0.3 g of 
catalyst, which had been previously cal- 
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FIG. 1. Miissbauer spectra of Eu/SiOr. (A) After reduction at 773 K; (B) after oxidation at 773 K. 

TABLE 1 

Mossbauer Spectroscopy Parameters for 6% Eu/SiOI and 1% Pt/6% Eu/Si@ 

Treatment I.S. EuZ+ Area I.S. Eu” Area 
(mm/s) peak (% mm/s) (mm/s) peak (% mm/s) 

width width 
(mm/s) (mm/s) 

6% EuiSiO, sample 
1 h Hz, -13.9 f 0.5 5.8 -r- 1.4 2.7 0.5 t 0.17 * 0.16 3.1 2 0.4 4.2 ? 0.4 

773 K 
0.5 h 02, - - 0.04 k 0.08 3.6 k 0.2 9.2 k 0.4 

773 K 

1 h Hz, 
773 K 

0.5 h 02, 
773 K 

1% Pt/6% Eu/SiO, Sample 
-14 f 0.6 6.8 2 1.7 2.0 * 0.4 0.06 2 0.24 3.3 2 0.7 1.9 * 0.3 

- - - -0.32 t 0.15 3.4 * 0.4 4.9 + 0.4 



186 MILLIGAN AND DUMESIC 

The spectrum of a sample of Pt/Eu/SiOz Volumetric Reduction 
which had been treated in oxygen for 20 h 
at 773 K and then reduced at 773 K for 1 h is 

The amounts of hydrogen consumed, wa- 

shown in Fig. 2A. The spectrum of the 
ter formed, and hydrogen adsorbed during 

same sample after treatment in oxygen at 
the reduction of Eu/Si02, Pt/SiO,, and Pt/ 
E u 1 lS.0 

773 K for 0.5 h is shown in Fig. 2B. The 
2 are given in Table 2. The silica 

computer-fit parameters for these spectra 
support did not consume a measurable 

are given in Table 1. As for the sample 
amount of hydrogen at 773 K. Each volu- 

without platinum, the reduced Pt/Eu/SiOz 
metric reduction experiment was repeated 

sample shows two peaks corresponding to 
on a fresh sample 

Eu2+ and Eu3+. The corresponding percent- 
Approximately 70-80% of the total hy- 

age reduction of the Pt/Eu/SiOz is 51%. 
d rogen consumed during the reduction of 

The oxygen-treated sample shows a peak at 
Eu/SiOz is adsorbed on the catalyst sur- 

-0.3 mm/s, which corresponds to Eu3+. 
face. If all of the hydrogen consumed is 

The isomer shifts and peak widths of both 
considered to contribute to the reduction of 

Eu*+ and Eu3+ are similar for the samples 
the europium then 9 

with and without platinum. % reduction = 2[HJ[Eu] x 100, 

1.004 

1.002 

c 
ii! 
5 1.0% 

z 

z 
z 0.999 

ii 
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FIG. 2. Miissbauer spectra of Pt/Eu/SiOZ. (A) After reduction at 773 K; (B) after oxidation at 773 K. 
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TABLE 2 

Volumetric Reduction Results 

Sample Reduction [Hz1 WI Wd 
conditions (wmlk) 

EulSiOr 1 h Hz, 773 K 33 IO 23 
EulSiOr 1 h Hz, 773 K 34 7 27 
Eu/SiOz 1 h Hz, 773 K 53 15 38 

Pt/SiOz lhH2,773K 17 II 6 
Pt/SiO, 1 h H2, 773 K 10 3 7 

Pt/Eu/SiO, 1 h HI, 773 K 125 27 98 
Pt/Eu/SiOz 1 h Hz, 773 K 126 35 91 
Pt/Eu/SiO, 1 h HZ, 773 K 140 28 112 

Pt/Eu/SiO, 5hH2,773K 130 31 99 
Pt/Eu/SiO, 5 h Hz, 773 K 158 53 105 

where [Eu] is the total amount of em-opium 
in the sample. For the Eu/SiOz samples 
listed in Table 2, the percentage reduction 
based on total hydrogen consumption 
ranges from 18 to 26%. Alternatively, if 
percentage reduction is defined as the for- 
mation of an oxygen vacancy (which corre- 
sponds to the formation of water during re- 
duction), then 

% reduction = 2[W]/[Eu] x 100 

and only 4-8% of the Eu3+ cations can be 
considered to be reduced. 

The Pt/SiO, samples consumed a small 
but measurable amount of hydrogen corre- 
sponding to 0.2-0.3 mol Hz/m01 Pt. This 
hydrogen consumption by Pt/SiO, may be 
due to the chemisorption of hydrogen by 
exposed platinum atoms. In addition, 
highly dispersed platinum oxide particles 
which remain after the oxygen pretreat- 
ment at 773 K may also be responsible for 
the hydrogen consumption (22). Thus, it is 
possible that the amount of hydrogen con- 
sumed by the Pt/SiO, samples is dependent 
on the dispersion of the platinum, but the 
exact relationship is not known. 

The Pt/Eu/SiO, samples consume signifi- 
cantly more hydrogen during reduction 
than would be expected based on a linear 
combination of the Eu/Si02 and Pt/SiO, 

samples. However, as will be shown later, 
the platinum of the Eu/SiOZ support has a 
higher dispersion than the platinum on the 
silica support. Therefore, it is not possible 
from these experiments to determine the 
amount of hydrogen which is associated 
with platinum and the amount which con- 
tributes to the reduction of europium. The 
reduction of Pt/Eu/SiO, at 773 K appears to 
be complete after 1 h, since essentially no 
additional hydrogen is consumed in 5 h. 

Chemisorption 

The uptakes of hydrogen and carbon 
monoxide on 6% Eu/Si02 after the three 
standard pretreatments are given in Table 
3. Essentially no hydrogen is chemisorbed 
by the Eu/SiOz samples after the low- or 
high-temperature reductions. Similarly, af- 
ter the low-temperature reductions (Pre- 
treatments A and B), the irreversible CO 
uptake is zero. In contrast, after reduction 
at 773 K (Pretreatment C), 2.4 prnol of CO 
are irreversibly held by the sample. This 
CO can be removed by evacuation at 353 K 
for 0.5 h. 

Representative dispersions determined 
by Hz and CO chemisorption for Pt/SiOz 
after the three pretreatments are given in 
Table 4. Each H2 chemisorption experiment 
was repeated on a fresh sample, and the 
difference in uptakes was always less than 
10%. After the low-temperature reduction 

TABLE 3 

Chemisorption Results for 6% Eu/SiOz 

Sample pretreatment Hz uptake CO uptake 
(pmolk) (wolig) 

A: 2 h Hz, 493 K0 0 0 
B: 20 h Ox, 773 K 0 0 

2 h Hz, 573 K” 
C: 20 h 02, 773 K 0 2.4 

1 h HZ, 773 K” 

u Sample was evacuated for 1 h at 623 K prior to 
chemisorption. 

b Sample was evacuated for 1 h at 773 K prior to 
chemisorption. 
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TABLE 4 

Chemisorption Results for 1% Pt/SiO, and 
1% Pt/6% Eu/Si02 

Sample pretreatment Dispersion 

H2 co 

1% Pt/SiO, sample 
A: 2 h Hz, 493 K” 0.36 - 
B: 2 h 02, 773 K 

2 h H2, 573 K” 0.26 0.25 
C: 20 h 02, 773 K 

1 h HZ, 773 Kb 0.19 0.18 

1% Pt/6% Eu/Si02 sample 
A: 2 h Hz, 493 K” 0.59 0.60 
B: 20 h 02, 773 K 

2 h H2, 573 K” 1.10 0.85 
C: 20 h 02, 773 K 

1 h H2, 773 Kh 0.75 0.65 
D: 20 h 02, 773 K 

5 h HZ, 773 Kb 0.71 0.69 
E: 20 h 02, 773 K 

1 h HZ, 873 Kb 0.17 0.20 

a Sample was evacuated for 1 h at 623 K 
prior to chemisorption. 

b Sample was evacuated for 1 h at 773 K 
prior to chemisorption. 

of Pretreatment A, the platinum dispersion 
as measured by hydrogen chemisorption is 
0.36. As expected, treatment of the sample 
in oxygen at 773 K for 20 h prior to the low- 
temperature reduction (Pretreatment B) 
causes a decrease in platinum dispersion; 
the dispersion after Pretreatment B calcu- 
lated from the H2 uptake is 0.26. Pretreat- 
ment C, involving a high-temperature re- 
duction at 773 K, causes a further decrease 
in sample dispersion to 0.19. The disper- 
sions calculated from CO uptakes are simi- 
lar to those obtained from the hydrogen up- 
takes. 

The Pt dispersions of the Pt/Eu/SiO, 
samples are given in Table 4. In contrast to 
the rapid equilibration of hydrogen with the 
Pt/SiOz samples, equilibration with the Pt/ 
Eu/SiO:! samples required 6-12 h. Each HZ 
chemisorption experiment was repeated on 
a fresh sample, and the difference in up- 

takes was less than 15%. After all of the 
standard pretreatments, the dispersions of 
the Pt/Eu/SiO, samples are higher than the 
dispersions of the samples without euro- 
pium. After the low-temperature reduction 
of Pretreatment A, the platinum dispersion 
as measured by both H2 and CO chemisorp- 
tion is approximately 0.60. Treatment in 
oxygen prior to the low-temperature-reduc- 
tion (Pretreatment B) causes an increase in 
dispersion. After Pretreatment B, the cata- 
lyst has a dispersion of 1.1 as measured by 
H2 chemisorption or 0.85 as measured by 
CO chemisorption. The large HZ uptake, 
and corresponding high platinum disper- 
sion, is probably due to hydrogen spillover 
onto the Eu/SiOz support. Reduction of the 
Pt/Eu/SiO, sample at 773 K (Pretreatment 
C) results in a small decrease in both the Hz 
and CO uptakes. The platinum dispersion 
after Pretreatment C is 0.75 when calcu- 
lated from the H2 uptake, or 0.65 when cal- 
culated from the CO uptake. There is es- 
sentially no change in H2 or CO uptakes 
after treatment in hydrogen for 5 h at 773 K 
(Pretreatment D) compared to treatment in 
hydrogen for 1 h (Pretreatment C). How- 
ever, after reduction for 1 h at 873 K (Pre- 
treatment E), the platinum dispersion as 
measured by H2 and CO chemisorption de- 
creases to approximately 0.20. 

The platinum dispersion, D, was con- 
verted to particle diameter by assuming 
spherical particles and a platinum surface 
density of 8 x IO-*O m*/atom (23). The cor- 
responding platinum particle diameter in 
nanometers is given by d = 1.1310. The 
particle diameters determined from the che- 
misorption experiments are given in Ta- 
ble 5. 

X-Ray Diffraction and Electron 
Microscopy 

Platinum particle sizes calculated from 
X-ray diffraction line broadening experi- 
ments are given in Table 5. No platinum 
peaks were detected for the Pt/Eu/Si02 
samples after reduction at 573 or 773 K, 
which indicates that the platinum particles 
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TABLE 5 

Platinum Particle Size (nm) Determinations 

Pretreatment” PtiSiO~ PtiEUiSiO~ 

Hz CO XRD TEM HZ CO XRD TEM 

A 3.1 - - - 1.9 1.9 - - 
B 4.3 4.5 9.7 - I.1 1.3 <s.o - 

C 6.0 6.3 9.1 3-1s 1.s 1.7 cs.0 3-x 
D 1.6 1.7 - - 
E 6.6 5.7 5.4 3-8 

” See Table 4 for a description of the pretreatment. 

in these samples are less than 5 nm in diam- 
eter. No diffraction peaks corresponding to 
Eu203 were observed. 

The range of particle sizes observed by 
transmission electron microscopy for se- 
lected sample is also included in Table 5. 
The platinum particles were generally 
spherical in shape. Since only a small num- 
ber of particles (~35) were observed for 
each sample, a quantitative analysis of av- 
erage particle size cannot be made, 

Ethane Hydrogenolysis 

The rate of ethane hydrogenolysis over 
Pt/SiO, at 673 K with a hydrogen pressure 
of 2 x lo4 Pa and an ethane pressure of 3 x 
IO3 Pa was 0.15 mol/h/g Pt. This corre- 
sponds to a turnover frequency of 0.045 s-l 
(since the Pt dispersion is 0.18). The activa- 
tion energy for the reaction was measured 
to be 190 2 20 kJ/mol, and the hydrogen 
and ethane reaction orders at 673 K were 
found to be - 1.3 ? 0.4 and 1.1 ? 0.2, re- 
spectively. These results are summarized in 
Table 6. 

The rate of ethane hydrogenolysis over 
the Pt/Eu/SiO, sample was considerably 
lower than that over the Pt/SiO, catalyst. 
Under the same reaction conditions noted 
above, the rate was 0.02 mol/h/g Pt. Since 
the Pt dispersion for this sample was rather 
high (0.65), the corresponding turnover fre- 
quency was 0.0017 ssl, a value approxi- 
mately 25 times lower than that over Pt/ 
SiOZ. Due to the low activity of this sample, 
the temperatures used for kinetic parameter 

measurements were higher than those used 
to study Pt/SiOz, as listed in Table 6. The 
activation energy was found to be 130 -+ 20 
kJ/mol, and the hydrogen and ethane reac- 
tion orders were determined to be -0.9 5 
0.2 and 1.3 -+ 0.3, respectively. These val- 
ues are summarized in Table 6. It should be 
noted that a sample of Eu/SiOz showed no 
activity for ethane hydrogenolysis under 
the experimental conditions of this study. 

DISCUSSION 

Reducibility of Supported Eu3’ 

The primary objectives of both the Moss- 
bauer spectroscopy and the volumetric re- 
duction experiments were to determine the 
reducibility of supported europium cations 
and to investigate the effect of platinum on 
that reducibility. Although bulk Euz03 can- 
not be reduced to Eu304 or EuO at tempera- 
tures below 1473 K, it was shown by Ross 
and Delgass (20) that supported Eu3+ can 
be reduced at lower temperatures. These 
researchers used Mossbauer spectroscopy 
to show that after hydrogen treatment at 
773 K for 6 h, the percentage of Eu3+ cat- 
ions reduced to Eu*+ in 10.5% Eu/Si02 was 
43%. The reduced Eu/SiOz sample was 
completely oxidized by exposure to air at 
room temperature. As can be seen in Table 

TABLE 6 

Ethane Hydrogenolysis Kinetic Parameters for 
PtiSiO, and Pt/Eu/SiOz 

Kinetic parameters” PtlSiO, PtiEuiSiO, 

TOF (ss’)* 0.045 0.0017 
EA (kJ/mol) 190 k 20’ 130 + 20d 
M -1.3 t 0.4’ -0.9 + 0.2’ 
II I.1 + 0.2? 1.3 + 0.3’ 

” Turnover frequency (TOF) = A exp(-E,/ 
RWiW,“, 

b Turnover frequency at 673 K for PHz = 2 x IO4 Pa, 
P csH6 = 3 X lo3 Pa. 

c Measured in the temperature range 670-715 K. 
d Measured in the temperature range 695-735 K. 
e Measured at 673 K. 
f Measured at 693 K. 
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1, the Mossbauer spectroscopy results from 
this study confirm that supported Eu3+ can 
be reduced to Eu2+ at 773 K and can be 
reoxidized by exposure to oxygen. The per- 
centage reduction of 6% Eu/Si02 after 
treatment in hydrogen for 1 h is 39%, which 
is in good agreement with the results of 
Ross and Delgass. 

The results of the volumetric reduction 
experiments also show that supported euro- 
pium oxide can be reduced in hydrogen at 
773 K. The average amount of hydrogen 
consumed by the Eu/Si02 samples corre- 
sponds to a maximum percentage reduction 
of Eu3+ of l&26%, while the amount of 
water formed during reduction corresponds 
to a percentage reduction of only 4-8%. 
This latter value is much smaller than the 
extent of reduction determined by Moss- 
bauer spectroscopy; therefore, it must be 
concluded that adsorbed hydrogen leads to 
reduction of Eu3+ to Eu2+. This would cor- 
respond to the formation of surface hy- 
droxyl groups via the possible reactions 

H2 + 2(Eu3+-02-) + 2(Eu2+-OH- 

H2 + 2(Si-0-Eu3+) + 
2(Si-OH + Eu2+) 

A possible explanation for the slightly 
lower percentage reduction determined by 
the hydrogen consumed in the volumetric 
measurements, compared to the Mossbauer 
spectroscopy results, is that the sample for 
Mossbauer spectroscopy was pretreated in 
flowing hydrogen at 1 x lo5 Pa, whereas the 
sample reduced volumetrically was treated 
in 6.6 x lo3 Pa of hydrogen. Thus, the 
higher hydrogen pressure used during 
Mossbauer spectroscopy could increase the 
number of surface hydroxyl groups and 
consequently increase the percentage of 
Eu3+ cations reduced to Eu2+. 

The addition of 1% platinum to Eu/Si02 
results in an increase in the percentage of 
Eu*+ cations that are detected by Moss- 
bauer spectroscopy after reduction. The 
percentage reduction for Pt/Eu/Si02 is 51% 
after hydrogen treatment at 773 K. Presum- 

ably, as in the Pt/TiO, system (24), the 
platinum aids in the reduction of Eu3+ by 
dissociating hydrogen molecules; the 
atomic hydrogen can then spill over to the 
support and reduce Eu3+ to Eu2+. The as- 
sumption that hydrogen can spill over to 
the europium cations is supported by the 
hydrogen chemisorption data, which show 
evidence of slow hydrogen uptake. The in- 
crease in percentage reduction for Pt/Eu/ 
SiOz is not large, perhaps because not all of 
the europium is in the immediate vicinity of 
a platinum particle and because the mobil- 
ity of hydrogen atoms on the mixed-oxide 
support is limited. 

As previously explained, the percentage 
reduction of Eu3+ in Pt/Eu/SiO, is difficult 
to determine quantitatively from the volu- 
metric reduction experiments because of 
the consumption of hydrogen by platinum. 
However, the results of these measure- 
ments are consistent with the Mossbauer 
spectroscopy results in that the hydrogen 
consumption by Pt/Eu/SiO, is larger than 
the combined uptakes of the Pt/SiO, and 
the Eu/Si02 samples. 

Effect of Europium Oxide on Platinum 
Dispersion 

As can be seen from Table 5, there is 
good agreement between the average parti- 
cle sizes of Pt/SiO, determined by H2 and 
CO chemisorption; however, the particle 
sizes determined by X-ray diffraction are 
significantly larger, mainly because this 
technique gives a volumed-averaged size 
and it cannot detect particles less than 5 nm 
in diameter. Thus, although the chemisorp- 
tion results show that the average platinum 
particle on Pt/SiO, after the high-tempera- 
ture reduction is 6 nm, the electron micros- 
copy results indicate that the particle size 
distribution for these samples is quite broad 
and that a number of particles are larger 
than 10 nm. 

There is no evidence for suppressed che- 
misorption over Pt/Eu/Si02. In fact, the 
most striking feature of Table 5 is that the 
platinum particles on the mixed-oxide sup- 



PROPERTIES OF PLATINUM 191 

port are significantly smaller than the parti- 
cles on the silica support after comparable 
pretreatments, as measured by both chemi- 
sorption and physical methods. For in- 
stance, after a low-temperature reduction 
(Pretreatment A), the platinum particle size 
on the silica support is 3 nm as determined 
by chemisorption, whereas on the mixed- 
oxide support it is only 2 nm; treatment in 
oxygen followed by a low-temperature re- 
duction (Pretreatment B) causes the plati- 
num on the silica support to grow to ap- 
proximately 4.4 nm, while this treatment 
causes a decrease in the particle size on the 
mixed oxide to approximately 1.2 nm. 

It is clear that the platinum dispersion on 
Pt/Eu/SiOz is very high when calculated 
from either H2 or CO chemisorption. Addi- 
tional insight into the chemisorptive behav- 
ior of PtlEuiSiO, can be obtained by com- 
paring the H2 and CO uptakes given in 
Table 4. For example, after Pretreatment B 
the Pt/Eu/SiOz sample consumes more 
than one hydrogen atom per platinum atom, 
and as already mentioned, hydrogen equili- 
bration takes much longer for the euro- 
pium-containing sample than for PtfSiO,. It 
should be noted that bulk EuzOj does not 
chemisorb hydrogen at room temperature 
(7), and neither does silica-supported euro- 
pium oxide (Table 3). Therefore, the ex- 
cess, slow hydrogen uptake can be attrib- 
uted to the spillover of hydrogen atoms 
from the platinum onto the europium oxide 
support. The phenomenon of hydrogen 
spillover has been previously proposed for 
Pt/TiOz by Beck and White (25) and Jiang 
et al. (26). Because of spillover, platinum 
dispersions determined by hydrogen chemi- 
sorption may be artificially high, and car- 
bon monoxide chemisorption may be a 
more reliable indicator of metal dispersion. 
It should be recalled, however, that after 
reduction at 773 K, partially reduced Eu/ 
SiOZ can irreversibly chemisorb a small 
amount of CO at 298 K (Table 3), as can 
bulk Eu203 (7). 

Although it has been shown that both hy- 
drogen and carbon monoxide chemisorp- 

tion on Pt/Eu/SiOz may overestimate metal 
dispersions (and thus predict artificially 
small particle sizes), the X-ray diffraction 
and electron microscopy results confirm 
that the platinum particles on the mixed- 
oxide support are indeed significantly 
smaller than the particles on the silica sup- 
port at reduction temperatures up to 873 K. 
The ability of a rare earth promoter to in- 
crease metal dispersion and thermal sta- 
bility has also been noted for Pd/SiOz 
promoted with ceria (11) and PtfSiO, 
promoted with praseodymia (10). In addi- 
tion, Regalbuto et al. (27) have recently re- 
ported that the tungsten oxide increases the 
dispersion of platinum on silica. 

Ethane Hydrogenolysis 

The ethane hydrogenolysis results show 
clearly that Pt on Eu/Si02 is approximately 
an order of magnitude less active than Pt 
supported on Si02. This is consistent with 
the behavior typically observed for ethane 
hydrogenolysis over titania-supported 
metals (I, 28-37). It is instructive to dis- 
cuss briefly these results with respect to 
possible electronic and geometric modifica- 
tions of Pt caused by the Eu/Si02 support. 

The observation that the apparent activa- 
tion energy for ethane hydrogenolysis over 
Pt/Eu/SiO, is lower than that over Pt/SiO* 
may at first be attributed to electronic ef- 
fects of the Eu/SiOz support. However, this 
is probably not the case. In work reported 
elsewhere (38), we have conducted kinetic 
modeling studies of ethane hydrogenoly- 
sis over Group VIII metals. The fundamen- 
tal parameters of this modeling are the 
strengths with which hydrogen and carbo- 
naceous species are bonded to the surface. 
For the case of Pt, we have estimated these 
bond strengths from calorimetric studies of 
hydrogen and carbon monoxide adsorption, 
combined with bond-order-conservation 
calculations (39). In short, we find that the 
lower activation energy for ethane hydro- 
genolysis over Pt/Eu/SiOz maybe due pri- 
marily to the fact that this sample was stud- 
ied at a higher temperature than Pt/SiO,. 
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Furthermore, we find calorimetrically that 
the differential heat of hydrogen adsorption 
on Pt/Eu/SiOz is the same as that over Pt/ 
Si02 (38). This is in agreement with the 
work of Chou and Vannice (40, 41) who 
found that the support had no effect on the 
heats of hydrogen and carbon monoxide ad- 
sorption on Pd. We thus conclude that the 
lower activity of Pt/Eu/SiO, for ethane hy- 
drogenolysis may be due primarily to a geo- 
metric effect. 

The origin of the geometric effect of the 
Eu/SiOz support on Pt remains uncertain at 
present. We suggest, however, that the ef- 
fect may be related simply to the ability of 
Eu/SiOz to stabilize small Pt particles, as 
discussed above. Since ethane hydrogeno- 
lysis is a structure-sensitive reaction (42, 
4.?), small Pt particles may be less active 
than larger particles, and this may be the 
origin of the lower activity of the Pt/Eu/ 
SiOZ sample. We cannot eliminate the pos- 
sibility that reduced europium oxide spe- 
cies migrate onto the Pt surface. However, 
europium oxide may be bonded strongly to 
the silica surface, as evidenced by the fact 
that no X-ray diffraction peaks are ob- 
served for bulk europium oxide phases and 
that the reducibility of europium is not 
characteristic of bulk europium oxides. Ac- 
cordingly, it is possible that europium oxide 
species remain bonded to the silica support 
and serve as anchoring sites for Pt parti- 
cles. This would explain the increase in Pt 
dispersion upon oxygen treatment of the Pt/ 
Eu/SiOz sample; i.e., Pt oxide species mi- 
grate over the support and become trapped 
at Eu oxide centers during oxidation. In the 
absence of these Eu oxide centers, plati- 
num on silica sinters during oxygen treat- 
ments. 

SUMMARY 

The primary objective of this study was 
to investigate the interactions between sup- 
ported platinum and a europium oxide ad- 
ditive. It was determined by Mossbauer 
spectroscopy that supported Eu3+ can be 
reduced at 773 K and that the reducibility of 

the supported europium cations is en- 
hanced by the platinum metal. A large ex- 
tent of this reduction is due to the adsorp- 
tion of hydrogen with the formation of 
surface hydroxyl groups. There is no evi- 
dence from this study of Pt/Eu/SiOz for the 
existence of suppressed H2 or CO chemi- 
sorption on platinum. However, an inter- 
action between the platinum and the 
europium oxide which is responsible for 
stabilizing Pt in a high state of dispersion 
takes place. The low activity for ethane hy- 
drogenolysis of Pt supported on Eu/SiOz 
may be due to the smaller metal particle 
size on this support than in the case of Pt 
supported on silica. 
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