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The methanation of carbon monoxide with Pt/ZnO catalysts activated at three different tempera- 
tures (220, 250, 300°C) is reported. An increase in specific activity that is paralleled by a drop in the 
CO chemisorption ability is found when the activation temperature is increased. Characterization 
of the samples with IR and TEM indicates extensive formation of a PtZn alloy already at 220°C. As 
the activation temperature increases, the spectroscopic data indicate an increased back-donation 
in the CO antibonding orbitals which seems to be related to a significant ligand effect of Zn in the 
alloy. It is suggested that other cooperating effects like the stabilization of the intermediate products 
and a larger hydrogen supply from the alloy during the reaction may play a significant role in the 
CO methanation. © 1990 Academic Press, Inc. 

INTRODUCTION 

The so-called Strong metal-support inter- 
action (SMSI) is still a subject of current 
interest in the catalysis field. 

A great number of papers (1-3) have been 
published on group VIII metals supported 
on transition metal oxides including La203 

and Z r O  2 or  T i O  2 and V20~, but not many 
results have been reported on other reduc- 
ible metal oxide systems. Indeed, a relation- 
ship between the oxide reducibility and the 
extent of SMSI was established some years 
ago by Tauster and Fung (4) who reported 
an extensive study of the SMSI properties 
of Ir supported on several reducible and non 
reducible oxides. 

Recently it has been reported (5) that 
Pt/ZnO shows a SMSI behavior after reduc- 
tion in H 2 but at temperatures significantly 
lower than Pt/TiOz. The origin of this inter- 
action has been ascribed (6) to changes in 
the surface composition of the metal parti- 
cles from pure Pt to PtZn alloy which pro- 
duce both a dilution and a ligand effect. 

Since the CO hydrogenation reaction has 
often been used as a probe to investigate 
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metal-support effects, in this paper we re- 
port the results obtained on CO hydrogena- 
tion with Pt/ZnO pretreated in H z at two 
different temperatures (250 and 300°C). 
HRTEM and IR data are also reported with 
the aim to better understand the nature of 
the factors that are at the origin of the ob- 
served enhancement of CO methanation in 
the samples reduced at higher temperature. 

EXPERIMENTAL 

Pt/ZnO samples were prepared by photo- 
deposition (6) on commercial ZnO (Kadox 
25) as support, with a method that was pre- 
viously described by Bard (7) for the deposi- 
tion on TiO2. The Pt content was 2.4 wt%. 

Chemisorption measurements were per- 
formed on fresh samples at 25°C in a flow 
system with a pulse technique. H2 
(99.999%), CO (99.95%), Ar (99.999%), and 
He (99,999%) were purified by passage 
through an oxytrap (Alltech) and molecular 
sieve filters. 02 (99.995%) was purified with 
a molecular sieve trap. 

The measurements of CO hydrogenation 
activity were carried out at atmospheric 
pressure in a glass flow differential reactor 

0021-9517/90 $3.00 
Copyright © 1990 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



382 BOCCUZZI ET AL. 

as previously described (8). The freshly pre- 
pared catalyst (0.4 g), diluted in a 1 : 8 ratio 
with carborundum (60-100 mesh), was acti- 
vated under a stream (30 ml/min) of H2/Ar 
mixture (2/1) at 220, 250, and 300°C for 2 h 
before being cooled to the reaction tempera- 
ture. The reaction conditions were: temper- 
ature 220 and 250°C, total pressure 1 arm, 
CO partial pressure 0.084 atm, H2:CO = 
3: I. All experiments were duplicated and 
conversion was in the range 0.1-0.3%. Re- 
actant and product gas concentrations were 
measured chromatographically using ther- 
mal conductivity and flame ionization de- 
tectors. 

The IR measurements were performed 
with an infrared cell, equipped with KBr 
windows, designed to treat the sample in 
situ under vacuum or under controlled and 
static atmospheres. Pellets were prepared 
by pressing the powder at 500 mn m -2. The 
spectra were recorded on a FTIR Perkin- 
Elmer 1760 spectrometer. 

The micrographs and the selected area 
electron diffraction patterns were taken 
with a Jeol 2000 EX electron microscope, 
equipped with a top entry stage. The pow- 
der was ultrasonically dispersed in isopro- 
pyl alcohol and the suspension was depos- 
ited on a copper grid with a holey carbon 
film. 

RESULTS AND DISCUSSION 

Chemisorption and Catalytic Data 

In Table 1 are reported the results of 02, 
CO, and H2 uptake and the catalytic activity 
of Pt/ZnO after three different reduction 
temperatures. While the 02 chemisorption 
increases slightly, the CO adsorbed is re- 
duced to about one-fourth with the increase 
of the reduction temperature from 220 to 
300°C. However, a subsequent calcination 
treatment at 400°C restores the CO adsorp- 
tion capability after reduction at 250°C. On 
the other hand, the amount of H2 adsorbed 
seems almost unaffected by the reduction 
treatment and, even more odd, the H/Pt ra- 
tios are much smaller than the correspond- 
ing CO/Pt. 

T A B L E  1 

C h e m i s o r p t i o n  a n d  C a t a l y t i c  A c t i v i t y  D a t a  o f  

P t / Z n O  S a m p l e s  R e d u c e d  a t  D i f f e r e n t  T e m p e r a t u r e s  

Reduction O/Pt CO/Pt  H/Pt Rate" l0 s x N 

temperature  (/zmole CH4/  (tzmole CH4/ 
(°C) s x g Pt) s x g .a tom Pt,)  t' 

220 (I.040 0.084 0.006 - -  

250 0.048 0.062 0.0(17 0.018 2.0 
300 0.062 0.021 0.008 0.056 17.7 

250 '  0.060 0.015 1.8 

" React ion condit ions:  T - 250°C; P - I a lm. ;  H J C O  - 3; Pco  - 
0.084 arm. 

/3 PI, - surface Pt a toms computed  from CO chemisorpt ion .  
' After O2, 400°C, I h. 

When the catalysts were tested in the hy- 
drogenation of carbon monoxide, only 
methane was observed as a product and the 
catalytic activity was in any case rather low. 
If we analyze the results, we observe that a 
significant enhancement of CO methanation 
was found on the Pt/ZnO reduced at 300°C 
with respect to the 250°C reduced sample; 
moreover the Turnover Number (N) based 
on the CO chemisorbed showed about a 
nine-fold increase. Again the original activ- 
ity is restored after calcining at 400°C and 
reduction at 250°C. No appreciable conver- 
sion was detected at 220°C, at least in our 
experimental conditions. 

In a previous paper (6) from an IR study 
of CO adsorption on Pt/ZnO systems, it was 
pointed out that when the sample was re- 
duced in H2, the Pt crystallites were con- 
verted into a Pt-Zn alloy already at 220°C 
while at 300°C a surface segregation of Zn 
occurred, which made the Pt sites almost 
isolated. In the present work, since the 
Pt/ZnO did not show any catalytic activity 
below 250°C, an analysis of the catalytic 
behavior before the occurrence of the Pt-  
Zn alloy formation has not been possible. 
Therefore the comparison of the catalytic 
behavior at the temperatures considered re- 
fers to two different situations in which the 
Pt-Zn alloy has been already formed, but 
where the surface composition differs be- 
cause of the segregation of Zn in the most 
strongly reduced sample. This seems to re- 
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flect in the quite large differences observed 
in the chemisorption and catalytic activity. 

Electron Microscopy Data 

Electron micrographs of the Pt/ZnO spec- 
imens reduced at 250°C show a quite broad 
particle size distribution, with a high num- 
ber of particles with diameters in the 2-10 
nm range but also with many particles in the 
10-30 nm range (Fig. 1). The most com- 
monly observed shape is a halfcubo-octahe- 
dron with the basal plane in contact with 
the support; sometimes a corrosion of the 
support in the contact region can be noticed 
(Fig. 1, region *). 

We have observed that the thickness of 
the thin layer of material visible around 
some Pt particles grows with the time and 
intensity of the exposure to the electron 
beam. This seems to suggest that this layer 
is primarily a consequence of the electron 
beam bombardment. 

The lattice fringe spacings observed in 
many particles are 3.6 A (Fig. 1, insert a) and 
exceed the largest Pt and ZnO interplanar 
spacings (2.26 and 2.81 A, respectively) 
while they are quite close to the 3.51 A spac- 
ing of the (001) planes in the 6-PtZn interme- 
tallic compound (JCPDS 6-0604). The pres- 
ence in this sample of the 8-PtZn phase is 
confirmed by the selected area microdiffrac- 
tion patterns of regions of the sample where 
mainly only one large metallic particle is 
present. In fact well-defined and ordered 
spots corresponding to the (110), (111), and 
(113) diffractions of this phase have been 
detected. 

The selected area diffraction of the sam- 
ples treated at 300°C shows extra spots (d = 
5.2 A) that might be related to another PtZn 
phase, with a different Pt/Zn ratio. How- 
ever, this cannot be identified with any of 
the many different Pt/Zn phases reported 
in the literature (JCPDS 23-466, 12-612, 23- 
1311). Extra spots or satellite spots can be 
produced in alloys by different phenomena 
such as composition fluctuations, antiphase 
domains, or dislocation arrays. These phe- 
nomena are more likely to explain our extra 

spots, since some disorder, dislocations (see 
Fig. 1, region []), and local changes in con- 
trast are also evident in the region reported 
in insert a. 

IR Data 

In Fig. 2 are shown the transmission spec- 
tra of Pt/ZnO reduced in pure H 2 at 220,250, 
and 300°C (curves a, b, and c). The three 
spectra are almost coincident in the high- 
frequency range while they diverge at low 
frequencies. It appears evident, therefore, 
that by reduction at high temperature a mon- 
otonic absorption growing toward low fre- 
quencies is produced (see insert). This ab- 
sorption can be interpreted as due to the 
interaction of the free electrons in the ZnO 
conduction band with the IR radiation. We 
observe that this absorption is almost absent 
in the mildly reduced Pt/ZnO samples (9) 
while it is very strong in pure ZnO treated 
in the same way (10). 

The absence of the free electron absorp- 
tion in the mildly reduced Pt/ZnO samples 
was interpreted as due to an electron trans- 
fer from the semiconductor conduction 
band to the metal (9) as a consequence of 
the difference in the Fermi level of the two 
phases (Pt ~ 5.7 eV, ZnOred ~ 4.2 eV). 

The gradual growth of the free electron 
absorption at increasing reduction tempera- 
tures indicates that an increase of the Fermi 
level of the metallic phase occurs as a conse- 
quence of these treatments. It has been 
shown previously (6) that after the H2 treat- 
ment at 220°C the metal particles are no 
longer made of pure Pt but are alloyed with 
Zn, The Zn work function is 4.33 eV, a value 
very close to the depth of the shallow donor 
levels of ZnO (4.24-4.37 eV) (10). Changes 
in the work function of the PtZn alloys are 
not known at the moment; however, a re- 
cent study of the NiPt alloy by PAX (11) 
showed that at low Ni content an abrupt 
reduction of the work function of Pt oc- 
curred and the alloy showed a work function 
very close to the Ni one. At increasing Ni 
contents, a further smooth reduction was 
observed. 
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FIG. 1. Photomicrographs of the Pt/ZnO catalyst reduced at 250°C: original magnification 1 x 105; 
insert: HRTEM image of a metallic region of the same catalyst; original magnification 8 x l05. 
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FIG. 2. IR transmission spectra of Pt/ZnO catalysts reduced at different temperatures: (a) 220°C; (b) 
250°C; (c) 300°C. Insert: difference in absorbance between (c) and (a). 

If the PtZn alloy work function has a be- 
havior similar to that of the NiPt one, the 
formation of the alloy can also be related to 
the population of the ZnO conduction band 
and the gradual reduction of the IR transpar- 
ency of the Pt/ZnO samples can be interpre- 
ted as due to a gradual increase of the PtZnO 
work function. 

The CO adsorption at room temperature 
on the Pt/ZnO samples prereduced in H2 at 
three different temperatures (220, 250, and 
300°C) gives rise to a small change in the 
overall IR transparency and to a single band 
at ~2070 cm-]; no bands in other spectral 
regions can be detected. 

In Fig. 3 are shown the absorption bands 
of the CO adsorbed at full coverage on the 
three samples prereduced in pure H2 at dif- 
ferent temperatures (curves a, b, and c): 
by increasing the reduction temperature, a 
decrease of the intensity and a redshift of 
the CO absorption band are observed. The 
band is ascribed to the CO adsorption on 
Pt sites present in PtZn surfaces containing 
different amounts of zinc. After reoxidation 
and outgassing at 400°C (curve d) the CO 

absorption gives rise to a stronger and blue- 
shifted band at ~2100 cm-1 that can be eas- 
ily assigned to the adsorption on pure Pt 
particles. 
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FzG. 3. Absorbance IR spectra of 10 Torr of CO 
adsorbed at room temperature on differently reduced 
samples: (a) 220°C; (b) 250°C; (c) 300°C; (d) sample 
reduced at 300°C reoxidized and outgassed at 400°C. 



386 BOCCUZZI ET AL 

The large shift of the band is the result of 
both a dilution and a chemical effect of the 
alloying. In fact, in a previous paper (6) it 
has been shown, by comparing the results 
of the adsorption of a 1 : 1 t2CO/13CO mix- 
ture on samples reduced at different temper- 
atures, that on the sample reduced at 300°C 
the Pt sites are almost isolated. Moreover 
the study ofa  1 : 9 t2CO/~3CO mixture on the 
latter sample has evidenced a quite large 
chemical contribution (=20 cm- l) to the red 
shift of the 12CO band. This chemical effect 
reveals an increased back-donation from the 
Pt orbitals to the CO antibonding 27r* levels. 
This could ease the CO dissociation. 

Surface Composition and 
Catalytic Activity 

As a result of a great number of mechanis- 
tic studies (12) a general agreement has 
emerged on the main pathways by which 
CO undergoes hydrogenation to form CH 4. 
The reaction requires initial CO and H2 dis- 
sociative chemisorptions: the carbon re- 
leased then reacts with the adsorbed hydro- 
gen to form CH 4 while oxygen reacts to form 
HE0. The direct cleavage of adsorbed CO 
involves a stabilization of the intermediate 
species Csurf and Osurf. 

NOW we discuss the factors that can make 
the reaction easier in our 300°C reduced 
sample. This has shown a methanation ac- 
tivity higher than the 250°C reduced one in 
spite of the lower CO chemisorption at room 
temperature. On the other hand the former 
catalyst shows a slight increase of Oz chemi- 
sorption. The CO chemisorption data ap- 
pear to be in line with the characteristic fea- 
tures of TiO2-supported metals in the SMSI 
state. Among the many explanations (13) 
that have been proposed to account for this 
phenomenon, the most widely accepted one 
(14) suggests the migration of TiOx species 
onto the metal surface, resulting, on the one 
side, in similar H z and CO chemisorption 
decreases and, on the other side giving rise 
to new active sites at the metal-titania inter- 
face for the CO hydrogenation. 

The noteworthy feature of the H2 chemi- 
sorption in this work is the very low cover- 

age compared to that obtained with CO. 
Now a mere site blockage by migration of 
support suboxides cannot account for such 
a difference in adsorption behavior. Similar 
results (15, 16) have been found in chemi- 
sorption studies on Pt-Sn and Pt-Pb alloys 
and two complementary explanations have 
been suggested: (i) the dissociative chemi- 
sorption of hydrogen is likely to require an 
ensemble of Pt atoms larger than the molec- 
ular adsorption of carbon monoxide, and the 
alloying of platinum would probably reduce 
the average ensemble size; (ii) alloying Pt 
with Sn would produce also a strong ligand 
effect resulting in a drastic lowering of the 
heat of adsorption of hydrogen. 

In the TiO2-supported Pt catalysts the 
enhanced hydrogenation activity in the 
SMSI state has been explained (17) with 
the formation at the Pt-TiO x interface of 
new active sites which could interact with 
the oxygen of the chemisorbed CO to ease 
the dissociation. However, we have no IR 
evidence for the presence of these species. 
In fact they are expected to have the CO 
stretching mode in the 1650-1500 cm -1 
region (18), while no bands in this region 
are detected in our case. Analogous behav- 
ior in similar Pt/TiO2 catalysts has been 
interpreted by Vannice and Sudhakar (19) 
by invoking the existence of an IR inactive 
CO species. However, a CO inactive spe- 
cies can be assumed only if the adsorption 
occurs parallel to a clean metallic surface; 
the IR inactivity, in this case, is justified 
by the screening of the CO dipole moment 
by the free electrons of the metals. This 
phenomenon is known as "metal surface 
selection rule" (20). 

On Pt-Ti systems parallel-adsorbed spe- 
cies are theoretically predictable. Actually 
theoretical calculations (21) of the CO ad- 
sorption on (111) and (100) surfaces of the 
Pt3Ti alloy predict parallel binding. How- 
ever, in this case the preference for parallel 
adsorption is a consequence of a ~--CO do- 
nation in the almost empty d orbitals of Ti, 
while for the PtZn alloy the d orbitals of 
Zn are almost full, and therefore the 7r-CO 
donation is prevented. 
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As previously shown, an increased back- 
donation from the Pt orbitals to the CO anti- 
bonding levels can be at the origin of the high 
methanation activity shown by the sample 
reduced at 300°C. We suggest that this is 
related to the decrease in the work function 
of the metallic particles in the highest tem- 
perature reduced samples. In addition, the 
cleavage of the adsorbed CO on our samples 
is also favored by a stabilization of the reac- 
tion products in the alloy. The 02 chemi- 
sorption parallels the methanation activity; 
this could suggest that a fraction of the Zn 
sites on the alloy surface may accept the 
oxygen atoms produced in the CO dissocia- 
tion and therefore have an important role in 
the reaction. 

The data here reported seem to suggest 
that a common explanation of the increased 
activity of the Pt/ZnO and Pt/TiOz catalysts 
in the SMSI states can be found. Recently 
(22) some PtTi phases have been identified 
by HRTEM on high-temperature reduced 
Pt/TiO 2 samples. 

Therefore in the two cases Pt is alloyed 
with two elements (Zn and Ti) that are char- 
acterized by the same work function (4.33 
eV) (23), lower with respect to that of pure 
Pt (5.7 eV) (23). This fact, as previously 
stated, can make the CO dissociation easier 
as a consequence of an increased population 
of the antibonding levels of the CO adsorbed 
molecules. 

In conclusion, on the basis of our analysis 
we can infer that several cooperating effects 
can have a role in the CO methanation on 
Pt supported on reducible oxides as a conse- 
quence of alloying effects, in particular an 
increased back-donation in the CO anti- 
bonding orbitals and the stabilization of the 
reaction products. 
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