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The effects of dopants on chemisorptive and catalytic properties of metal crystallites are further 
investigated by additional characterization of supports and catalysts. Alterations of the Fermi 
energy level of Ti02 doped with altervalent cations are detected by measurements of specific 
electrical conductivity and activation energy of electron conduction. It is established that under 
any environment the specific electrical conductivity of higher-valence doped TiOr is significantly 
higher than that of undoped, equal-, and lower-valence doped TiO*. The CO chemisorption capac- 
ity of Pt supported on higher-valence doped carriers is found to be significantly reduced and to 
follow the same general trends as those of O2 and HI. Shifts in the vibrational frequency of CO 
adsorbed on these catalysts indicate that the metal-carbon bond is weakened, probably due to 
increased saturation of Pt d orbitals as a result of electronic interactions at the metal-support 
interfaCe. 8 1988 Academic Press, Inc 

INTRODUCTION 

The effects of altervalent cation doping 
of TiOz carriers on the chemisorptive prop- 
erties of small Pt crystallites were dis- 
cussed in an earlier paper (1). Normal che- 
misorption capacity for HZ and O2 was 
observed on Pt supported on titania doped 
with lower- and equal-valence cations (K+, 
Mg2+, Ge4+), while an irreversibly sup- 
pressed chemisorption of these gases was 
observed on Pt particles supported on tita- 
nia doped with higher-valence cations 
(Ta’+, Sb’+, W6+). TEM studies showed 
that the degrees of dispersion of Pt on 
doped and undoped carriers were approxi- 
mately the same, indicating that the ob- 
served phenomena are not a consequence 
of enlargement of Pt crystallites. ESCA re- 
sults indicated that no segregation of the 
dopants occurred on the surface of the cata- 
lyst carriers, indicating that the observed 
phenomena cannot be attributed to cover- 
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ment of Chemical Engineering, University of Patras, 
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age of the metal surface with the doping 
cations. The phenomenon of suppressed 
chemisorption capacity of Pt crystallites 
supported on higher-valence doped titania 
was found to be a strong function of the size 
of the metal particles, its magnitude de- 
creasing significantly at metal crystallites 
exceeding 40 A. 

These results were interpreted in terms 
of extended electronic interactions at the 
metal-semiconductor interface which was 
viewed as a Schottky junction. The elec- 
tronic interaction at the metal-semicon- 
ductor interface is attributed to the in- 
creased Fermi energy level of the 
higher-valence doped titania carriers. Such 
interactions alter the electronic structure of 
Pt by partially saturating its d orbitals, 
allowing it to gradually resemble the d” 
configuration of its neighbor in the peri- 
odic table, gold, which is a poor adsorber 
of HZ and 02. These ideas were first pro- 
posed by Schwab (2, and references 
therein) and Solymosi (3, and references 
therein). In a more recent study, Solymosi 
et al. (4) demonstrated that Rh crystal- 
lites supported on Ti02 doped with W6+ 
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ions exhibit enhanced activity in CO and 
COZ hydrogenation and explained this ob- 
servation with reasoning similar to that de- 
scribed above. 

In the present paper we report results of 
electrical conductivity measurements of 
doped titania carriers under various envi- 
ronments, which clearly demonstrate that 
the Fermi energy level of the parent TiOz 
support is significantly altered by alter- 
valent ion doping. The effects of dopants on 
the chemisorption characteristics of CO on 
Pt were also investigated in equilibrium 
chemisorption experiments and in infrared 
studies of CO adsorbed on Pt supported on 
doped carriers. These results offer addi- 
tional, although indirect, evidence of shifts 
in the electron structure of surface Pt atoms 
supported on higher-valence doped car- 
riers. 

EXPERIMENTAL PROCEDURES 

Preparation of doped TiOz supports and 
catalysts was described in a previous paper 
(1). For electrical conductivity measure- 
ments, TiOz was doped with a lower- 
valence cation (Mg2’), an equal-valence 
cation (Ge4+), and higher-valence cations 
(Ta5+, Sb’+, W6+) in order to alter its elec- 
tron structure. For ease of reference, 
samples are indicated as x% PtiTiO, (D), 
where x designates metal loading and D the 
dopant. 

Electrical conductivity experiments were 
performed in a flow cell which permits in 
situ studies of changes in electron conduc- 
tion of a sample under vacuum or in the 
presence of various gaseous environments. 
Already powdered samples were further 
crushed into fines and were compressed 
into pellets of known dimension (13.5 x 5 
mm) by applying a pressure of 800 atm. The 
conventional, two-probe, direct current 
technique was employed for all electrical 
conductivity measurements. Resistances 
were measured using an EICO Model 950 
bridge which has a useful range of 0.1 to 500 
MR. The bridge was calibrated against pre- 
cision resistors and found to be within 1% 

over the range 0.1 to 100 MIR, and about 
5-10% above 100 MLR. For resistances less 
than lo5 R, measurements were verified 
using a Keithley 177 multimeter. Resis- 
tances were recorded only when tempera- 
ture was constant and conductivity did not 
change with time. Specific electrical con- 
ductivities, u (a-’ cm-‘), were computed 
from measured conductance (I/R), taking 
into account the geometry of the sample by 

u = 1lR * t/s, (1) 

where t is the thickness and s the cross-sec- 
tional area of the sample pellet. 

Conductivity was measured as a function 
of temperature under the following atmo- 
spheres: (a) vacuum; (b) CO methanation 
conditions (24% HZ, 8% CO, 68% NJ, 
which will be referred to as H-JCO/N,; (c) 
CO oxidation conditions (4% 02, 2% CO, 
94% N?), which will be referred to as O?/ 
CO/N,; (d) CO; and (e) HZ. All measure- 
ments, other than vacuum, were conducted 
at a pressure of 1 atm, in flowing gases. 
Conductivity measurements were con- 
ducted under CO hydrogenation and oxida- 
tion conditions because the kinetic parame- 
ters of these catalysts were obtained under 
identical conditions. 

Equilibrium adsorption of CO on Pt 
surfaces was investigated in a constant- 
volume, high-vacuum apparatus (Micro- 
meritics, Accusorb 2 1 OOE). Room-tem- 
perature irreversible CO adsorption was 
measured by extrapolating isotherms to 
zero pressure. Adsorption on blank sup- 
ports was accounted for. Pretreatment 
schedule and other experimental details 
have been reported elsewhere (1). High- 
purity CO was used in the adsorption ex- 
periments and was further purified by being 
passed through a molecular sieve trap. 

For IR studies platinized samples were 
ground in an agate mortar and sieved (400 
mesh) to minimize radiation scattering ef- 
fects. Catalyst powders were either pressed 
alone or mixed with Ti02 before pressing 
into wafers in a g-in. die. A pressure of 650 
atm was applied to give good mechanical 
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strength. The wafers were placed in sample 
holders in portable quartz cells with water- 
cooled NaCl windows. Cells could be 
heated to temperatures up to 400°C for pre- 
treatment purposes and they were con- 
nected to a gas manifold which permitted in 
situ measurements. Spectra were recorded 
in a Perkin-Elmer 1800 Fourier transform 
infrared spectrophotometer equipped with 
a liquid nitrogen-cooled MCT high-sensi- 
tivity detector and a DTGS detector. Sev- 
eral scans were taken to obtain good SIN 
ratio. IR spectra were recorded in the sin- 
gle-beam mode. All samples were given the 
same pretreatment which consisted of 
flowing He at room temperature for i h, in- 
creasing the temperature to 200°C and hold- 
ing for 1 h, flowing H2 for 1.5 h, and cooling 
to room temperature in flowing He. The 
background spectrum was recorded at this 
point. Samples were then exposed to flow- 
ing CO for a period of approximately 1 h. 
The gas-phase CO was flushed with He un- 
til no gas-phase CO was detected. The 
background spectrum was subtracted from 
resulting spectra to obtain the spectrum of 
adsorbed CO. 

RESULTS AND DISCUSSION 

(a) Electrical Conductivity Measurements 

The methodology of this investigation in- 
volves modification of the electronic struc- 
ture of TiOz by incorporation of altervalent 
cations into its crystal structure, in order to 
alter its Fermi energy level. Since measure- 
ments of Fermi level or work function of 
supported metal catalysts can only be 
achieved with difficulty, electrical conduc- 
tivity measurements were conducted in or- 
der to obtain a qualitative estimate of the 
extent of modification of the electron state 
of TiOz, upon doping. It must also be em- 
phasized that conductivities measured in 
this study do not indicate absolute, intrinsic 
values since the samples employed were 
not single crystals but, rather, powdered 
and pelletized material. 

In addition to specific electrical conduc- 
tivity measurements, the activation energy 

of electron conduction, EC, was also deter- 
mined. It is well known (5, 6) that energetic 
quantities such as enthalpies of formation 
of anionic vacancies, energy of electron 
ionization, or activation energy of electron 
conduction are not affected by grain 
boundaries. Hence, EC constitutes a more 
reliable means of assessing changes in the 
electronic state of various samples. 

Conductivities measured in this investi- 
gation are primarily those of the catalyst 
carrier since the highly divided state of the 
metal and its moderate weight percentage 
do not allow electron conduction through 
the metal particles (7). However, it was 
deemed necessary to determine the effects 
of Pt content on overall conductivity. For 
this purpose the electrical conductivities of 
Pt/TiOz, with metal loadings of 0,0.06, 0.5, 
and 2%, and of Pt/TiO,(Sb’+) with the same 
metal loadings were determined in the tem- 
perature range 300-600 K, under vacuum 
and in a reducing atmosphere (24% HZ, in 
Nz). The effects of temperature on the elec- 
trical conductivity of these samples is 
shown in Fig. 1. 

Figure 1 shows that under vacuum, the 
specific electrical conductivity of platinized 
Ti02 decreases with increasing metal load- 
ing. Differences in electrical conductivity 
diminish as temperature increases. This be- 
havior is attributed to an “electron pump- 
ing effect” of Pt (5). Electrons are being 
pumped into and tied up at the Pt particles, 
thereby decreasing the conduction electron 
density of TiOz. This effect increases in sig- 
nificance with increasing metal loading, and 
it is more pronounced at lower tempera- 
tures because of the exothermicity of this 
process (5). The observed variation of elec- 
trical conductivity with Pt loading under 
vacuum supports the conclusion that the 
small amount of metal on the samples does 
not contribute directly to their conduc- 
tivity. If that were the case, an enhance- 
ment in conductivity would be expected 
with increasing metal loading since the con- 
ductivity of the metal is orders of magni- 
tude higher than that of Ti02. 
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FIG. 1. Effect of temperature on electrical conduc- 
tivity of Pt/TiOz under (A) reducing atmosphere and 
(B) vacuum. 

The variation of electrical conductivity 
with Pt loading in a reducing atmosphere is 
the exact opposite of that observed under 
vacuum. Conductivity is shown to increase 
with increasing Pt content, especially at 
iow temperatures. This phenomenon is at- 
tributed to dissociative adsorption of Hz 
on Pt particles and spillover of adsorbed 
atomic hydrogen to the support, resulting in 
generation of free electrons. This process 
increases in significance with increasing Pt 
loading, thus the observed behavior. The 
process of electron transfer into Pt parti- 
cles, which was described earlier, is also 
present in a reducing environment, but the 
hydrogen spillover process dominates and 
the net result is increased concentration 
of conduction electrons in TiOz. The ad- 
sorption of Hz on Pt decreases with increas- 
ing temperature. As a result, at high tem- 
peratures, electrical conductivities seem to 
merge or to follow the trend observed un- 
der vacuum. Thus, the relative significance 
of the two processes, which affect the con- 

centration of free electrons in TiO?, seems 
to be a function of temperature. Identical 
effects of Pt loading on electrical conduc- 
tivity were observed on Sbsf-doped TiOz 
samples under vacuum and in the same re- 
ducing atmosphere. 

The 0.5% Pt catalysts were used in all 
subsequent electrical conductivity mea- 
surements, because the dopant effects were 
observed to be more pronounced on such 
samples. Thus, any measured alteration in 
electrical properties of these samples yields 
the effective electronic interaction between 
the supported metal particles and the doped 
carriers more realistically. To determine if 
the modification of TiOz supports by alter- 
valent ion doping alters the electrical con- 
ductivity of TiOz, conductivity measure- 
ments of all doped and undoped samples 
were conducted in various environments- 
vacuum, H2, Hz/COIN?, 02/CO/N2, and 
CO. The effects of dopants on the electrical 
conductivity and activation energy of elec- 
tron conduction of TiOz under vacuum at 
333 K are shown in Fig. 2. It is apparent 
that under these conditions, the electrical 
conductivity of titania doped with cations 
of higher valence (Ta’+, SbS+, Wh+) is two 
to three orders of magnitude higher than 

-‘l-m t&l*+ T,4+ Ge4+ Ta5+ Sb5+ W6+ 
DOPANT CATION 

FIG. 2. Effects of dopants on specific electrical con- 
ductivity and activation energy of electron conduction 
of 0.5% Pt/TiO, (D) at 333 K under vacuum. 
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TABLE 1 

Specific Electrical Conductivity of 0.5% Pt/TiO, (D) 
at 450 K in Various Environments 

Sample cr (X’ cm-‘) 

Vacuum Hz HzICOIN~ CO O~ICOINZ 
x 10’ x 104 x 105 x 16 x IO” 

TiOl (Mg’+) 0.3 0.4 2 0.6 8 
TiOl 3 8 18 5 6 
Ti02 (5)” 2 8 II 3 
TiOz Ge4+) 2 7 12 4 - 

TiOz (TaS+) 18 12 25 IO 40 
TiOl (Sbst) 22 4s 99 50 70 
TiOl (W6’) 18 32 98 40 71 

” Sample sintered at 900°C for 5 h. 

that of undoped titania, while the electrical 
conductivity of Mg2+-doped TiOz is one or- 
der of magnitude lower. The conductivity 
of Ge4+-doped TiOz is approximately the 
same as that of the undoped sample. The 
activation energy of electron conduction is 
nearly unaffected by doping with lower- or 
equal-valence cations, but it is significantly 
reduced, by approximately 30 to 45%, upon 
doping with higher-valence cations. Similar 
results, obtained at 450 K under various en- 
vironments, are presented in Tables 1 and 
2. Although the trends depicted in Fig. 2 are 
still apparent, the effects of dopants are not 
as pronounced at the higher temperature. It 
can also be observed in Tables 1 and 2 that 
specific electrical conductivity and activa- 
tion energy are strong functions of the envi- 
ronment under which measurements are 
conducted. 

Based on these results, it can be argued 
that the conductivity of TiOz is significantly 
affected by the incorporation of cations of 
different valence into its crystal structure. 
Nevertheless, the true effect of modifica- 
tion of electronic structure of TiOz by alter- 
valent ion doping is given by the activation 
energy of electron conduction, EC, which is 
not influenced by grain boundary effects. 
The effect of various dopants on the activa- 
tion energy of electron conduction, EC, is 
shown graphically in Fig. 2 for experiments 
conducted under vacuum. It can be seen 

that the activation energy of electron con- 
duction of Ti02 is decreased by 30-45% 
when titania is doped with cations of higher 
valence (Ta’+, Sb’+, W6’>, whereas no sig- 
nificant change is observed for lower- 
valence (MS”) or equal-valence (Ge4’) 
doped Ti02. In any environment-vacuum, 
HZ, CO, H2/CO/N2, or OJCO/N,-the ac- 
tivation energy of electron conduction, as 
shown in Table 2, increases in the order 
Ti02 (W6’) < Ti02 (Sb”) = TiOz (Ta”) < 
Ti02 (Ge4’) = TiOz (Mg2’) < TiOz. The 
greater number of electrons available in a 
hexavalent-doped TiOz, compared to a pen- 
tavalent-doped Ti02, is reflected in the 
lower EC of the former. The EC for Ge4+- 
doped Ti02 and that of the undoped, sin- 
tered titania, Ti02 (s), are equal due to the 
fact that doping with Ge4+ did not alter the 
electronic structure of Ti02. Ti02 (s) and 
the doped titania were shown by X-ray dif- 
fraction to have undergone extensive ruti- 
lization compared to the unsintered Ti02. 
Titania with predominantly rutile structure 
has slightly a higher electron density than 
that with predominantly anatase structure, 
probably due to the greater amount of dis- 
orders associated with the rutile structure. 
This translates into a slightly lower EC of 
Ti02 (s) than that of unsintered TiOz. 

TABLE 2 

Activation Energy of Electron Conduction of 0.5% 
Pt/TiO* (0) in Various Environments 

Sample EC kcal/mole (eV) 
-. 

Vacuum H2 H#ZOIN2 CO O~ICOIN2 

TiOz (Mg*‘) 8.3 6.2 6.5 7.0 8.6 
(0.35) (0.26) (0.28) (0.30) (0.36) 

Ti02 9.9 7.4 7.4 7.5 8.2 
(0.42) (0.31) (0.31) (0.32) (0.35) 

TiOz 6)” 8.5 5.9 6.1 6.8 
(0.36) (0.25) (0.26) (0.29) - 

TiOZ CC&+) 8.3 6.0 6.2 6.6 - 
(0.35) (0.25) (0.26) (0.28) - 

TiOz (Ta’+) 6.2 4.6 4.7 5.2 6.8 
(0.26) (0.20) (0.20) (0.22) (0.29) 

TiOz (Sb5+) 6.3 4.4 4.8 5.1 7.1 
(0.27) (0.19) (0.20) (0.22) (0.30) 

TiOz (W6’) 4.8 3.0 3.0 3.3 5.6 
(0.20) (0.13) (0.13) (0.14) (0.24) 

’ Sample sintered at 900°C for 5 h. 
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FIG. 3. Temperature sensitivity of electrical conduc- 
tivity of 0.5% PtiTiO, (Sb”) (A) in Hz. (B) in Hz/CO/ 
N2, (C) in CO, (D) under vacuum, (E) in 02/COIN2. 

Representative results indicating the ef- 
fects of environment on electrical conduc- 
tivity and activation energy of electron con- 
duction are shown in Fig. 3 for Sb’+-doped 
catalysts, in the form of Arrhenius plots. 
Results obtained at 450 K are summarized 
in Tables I and 2. It is apparent that electri- 
cal conductivity, and to a smaller extent ac- 
tivation energy, are affected by the envi- 
ronment in which the sample exists. The 
variation of electrical conductivity with 
the atmosphere with which the sample is 
at equilibrium has been discussed by 
Herrmann and Pitchat (5, 7) and Solymosi 
(6) in terms of dehydration of Ti02 and sub- 
sequent generation of doubly charged oxy- 
gen vacancies, loss of lattice oxygen creat- 
ing anionic vacancies, reaction of CO with 
lattice oxygen, and hydrogen spillover. The 
same reasoning can be applied to explain 
the results shown in Fig. 3 and Tables 1 and 
2. Figure 3 and Tables 1 and 2 indicate that, 
for all samples, specific electrical conduc- 
tivity and activation energy of electron con- 
duction in various environments decrease 
in the order H2 > HZ/CO/N2 > CO > vac- 

uum > 02/CO/N2, and conductivity in- 
creases with increasing temperature. Using 
the data obtained from experiments under 
vacuum as a reference, the conductivity of 
all samples under reducing conditions is 
about three orders of magnitude higher than 
that under vacuum, while the conductivity 
in an oxidizing atmosphere is about four 
orders of magnitude lower than that under 
vacuum. The conductivity of Ti02 (doped 
and undoped) is inhibited by oxygen pres- 
sure, consistent with the behavior of n-type 
semiconductors. The high conductivity and 
low activation energy associated with H2 
arise from dehydration of titania and gener- 
ation of oxygen vacancies and free elec- 
trons, while that of CO is a consequence of 
reaction of CO with lattice oxygen produc- 
ing CO1 and free electrons. The low con- 
ductivity and high activation energy in an 
oxygen atmosphere result from the interac- 
tion of oxygen with anionic vacancies and 
free electrons to create lattice oxygen. The 
constancy of activation energy of electron 
conduction, or linearity of Arrhenius plots, 
for all catalyst samples subjected to these 
conditions indicates that within the temper- 
ature range employed in this study, and 
under conditions employed, the catalyst 
carriers conserve their semiconducting 
character. 

(h) Equilibrium Adsorption of CO 

The effects of dopants on the chemisorp- 
tion characteristics of CO on Pt were inves- 
tigated at room temperature using two sets 
of catalysts with metal loadings of 0.5 and 
2.0%. Typical adsorption isotherms are 
shown in Fig. 4 and results are summarized 
in Table 3. The effects of dopants on the 
chemisorptive capacity of the catalysts is 
presented in the form of normalized ratios 
or “suppression factor.” The suppression 
factor is defined as the ratio of the amount 
of CO adsorbed per Pt atom on the doped 
samples to the amount adsorbed per Pt 
atom on the undoped sample. Figure 4 and 
Table 3 indicate that Pt supported on 
higher-valence (Sb’+, Ta’+) doped TiOz ex- 



112 AKUBUIRO AND VERYKIOS 

Y ’ 100 
I 200 300 

CO PRESSURE (mmHg1 

FIG. 4. CO adsorption isotherms of 0.5% Pt/TiOz 
(D) at ambient temperature. 

hibits suppressed CO chemisorption capac- 
ity, while Pt supported on lower- and equal- 
valence (Mg’+, Ge4+) doped TiOz exhibits 
normal CO chemisorption capacity. Table 3 
also indicates that the effect of dopants is 
significantly more pronounced in the 0.5% 
Pt series than in the 2.0% Pt series. Identi- 
cal results were obtained in H2 and O2 
adsorption on these catalysts (1). These 
results were interpreted in terms of long- 
range electronic interactions between the 
doped catalyst carriers and the supported 
metal particles. Thus, these electronic 
interactions at the metal-semiconduc- 
tor interface affect the chemisorption char- 
acteristics of CO on Pt/TiO, (D) in a man- 
ner identical to that of H2 and OZ. Detailed 

v (cm-~1 

TABLE 3 

CO Adsorption on PtiTiO, (D) 

Carrier Red. 0.5% Pt/TiO> (D) 2% PtiTiOl (D) 
Temp. 

(“C) CO/M (CO/Mb CO/M (COIMh 
(C0hf)u.d CO/M)u.d 

Ti02 200 0.92 1.00 0.19 I.00 
TiOZ (M?‘) 2Kl 0.69 0.75 0.15 0.78 

Ti02 (G&) 200 0.83 0.91 0.16 0.83 

TiOz (Sb’+) 200 0.28 0.30 0.12 0.63 
TiOz (TEA’+) 200 0.23 0.25 0.10 0.52 

discussion of this phenomenon was pre- 
sented in an earlier publication (I). 

(c) FTIR Studies of Adsorbed CO 

FTIR spectra of CO adsorbed on Pt/TiO, 
are shown in Figs. 5-7 along with a spec- 
trum of CO adsorbed on Pt/Al,O, for com- 
parative purposes. Results are summarized 
in Table 4. In most cases, CO adsorbed on 
freshly reduced Pt surfaces produced three 
bands in the IR spectrum. A broadband ap- 
pears below 2000 cm-’ (between 1780 and 
1860 cm-‘). The major band appears be- 
tween 2050 and 2080 cm-’ with a second 
one which looks like a satellite/shoulder ap- 
pearing between 2080 and 2095 cm-‘. A 
shift of the major band toward higher fre- 
quencies (blue shift) is observed in the vi- 
brational frequency of CO adsorbed on Pt 

, 
200 2ao 1¶00 lwo 1700 

V (cm-’ I 

FIG. 5. Infrared spectra of CO adsorbed on 0.5% Pt/AI,O, and 0.5% Pt/TiO, at 298 K. 
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FIG. 6. Infrared spectra of CO adsorbed on 0.5% Pt/TiOz (Ta’+) and 0.5% PtiTiO, (Sb”) at 298 K. 

supported on TiOz doped with higher- 
valence cations (Ta5+, Sb’+, W’+) as can be 
seen in Figs. 6 and 7. This shift is a function 
of metal loading or metal crystallite size of 
the catalysts. Thus in the 0.5% Pt catalysts 
[average crystallite size approximately 20 W 
(I)] an increase in frequency in the range 
15-22 cm-’ is observed while in the 2% Pt 
catalysts [average crystallite size in the 
range 40-60 A (I)] the frequency shift is 
only 7-8 cm-‘. It must be stated at this 
point that the instrument resolution was set 
at 2 cm- ‘. No significant shift in wavenum- 
bers is observed for Pt supported on lower- 
valence doped Ti02. The broadbands which 
appear around 1830 cm-’ did not appear in 
the higher-valence doped catalysts proba- 

T 

bly due to suppressed CO adsorption ca- 
pacity of these catalysts. 

The broadband which appears between 
1780 and 1860 cm-’ is assigned to multi- 
coordinated CO, or more specifically to 
bridge-bonded CO on two Pt sites (9-11). 
Since this band is weak, it was predomi- 
nantly seen on catalysts which did not ex- 
hibit suppression of CO adsorption. This 
interpretation is consistent with the re- 
sults of Ibach et al. (12, 13) who showed 
that on clean Pt surfaces linearly bonded 
CO species appear first and that bridge- 
bonded CO appears only after 30% or more 
CO coverage is attained. The major peak 
which appears between 2050 and 2080 
cm-’ is generally assigned to linearly 

; 

/ 
2062 cm- 

v 18 6Cd 

60 cm-1 

2200 2000 1900 mil 1700 

V (cm-’ 1 U (cm-’ 1 

FIG. 7. Infrared spectra of CO adsorbed on 2% Pt/TiOz and 2% Pt/Ti02 (Sbj’) at 298 K. 
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TABLE 4 

Adsorbed CO Band Frequencies at 298 K, for Pt 
Supported on Doped and Undoped Samples 

Catalyst 

0.5% Pt/Ti02 
0.5% PtlTiOr (M$‘) 
0.5% Pt/TiOz (Zn*+) 
0.5% Pt/TiO* (Tax+) 
0.5% Pt/Ti02 (Sb’+) 
0.5% Pt/Ti02 (w6’) 
2.0% Pt/Ti02 
2.0% Pt/Ti02 (Sb”) 
0.5% Pt/Al,O3 

” (s), shoulder. 
b (b), broadband. 

Observed frequencies (cm-‘) 

Major Minor 

2057 2087(s) 1810(b) 
2055 2100,2122 1824 
2055 2102 - 
2072 2117 - 
2078 - 
2079 2128 1830(b) 
2060 2082 1826(b) 
2073 2084 
207 I 2090 2056(s) 1835(b)b 

bonded CO on reduced Pt surfaces. The ini- 
tial assignment of the HF peak to linearly 
adsorbed CO and the LF band to bridge- 
bonded CO was based on metal carbonyl 
spectra; nevertheless, more direct studies 
have proven these assignments to be cor- 
rect (12). The HF band has always been 
reported (9, 14, 15) to be more intense than 
the LF one, in agreement with results ob- 
tained in this study. Other adsorption bands 
observed between 2080 and 2095 cm-’ or 
between 2100 and 2130 cm-’ have been as- 
signed to a CO molecule and an oxygen 
atom bonded to the same Pt site (25-17) or 
to small CO islands completely surrounded 
by a layer of oxygen atoms (10, 16), or to 
subcarbonyl formation on small metal crys- 
tallites (9, 18, 19). However, since all cata- 
lysts in this study were reduced in situ in H2 
at 200°C prior to CO adsorption, the incli- 
nation is to attribute the presence of these 
bands to formation of subcarbonyls on 
small Pt crystallites. 

The reliability of FTIR measurements is 
determined by comparison of spectra ob- 
tained in this study with those reported in 
the literature. For this reason a spectrum of 
CO adsorbed on platinized A&O3 was re- 
corded. The major peak observed for lin- 
early bonded CO on 0.5% Pt/Al,O, at 2071 
cm-’ is in good agreement with values of 
2070 to 2073 cm-’ reported in the literature 

AND VERYKIOS 

for catalysts of approximately the same Pt 
dispersion (9, IO, 15, 20). For 0.5% Pti 
TiOz, the main peak observed at 2057 cm-’ 
fairly conforms with a value of 2050 cm-] 
reported by Vannice et al. (9) for 2% Pt/ 
Ti02. 

A shift toward higher frequencies (blue 
shift) is observed in the vibrational frequen- 
cies of CO adsorbed on Pt supported on 
TiOz doped with higher-valence cations 
(Tasf, Sb’+, W6+) whereas no significant 
shift is observed on Pt supported on lower- 
valence doped Ti02. Before attempting to 
link this behavior to electronic interactions, 
it is necessary to discuss the effects of 
metal particle size and surface coverage on 
the frequency of CO adsorption band. It 
has been shown by many researchers 
(10, 14, 20-22) that a band shift to higher 
frequency occurs with increasing CO sur- 
face coverage. A similar observation has 
been made by Barth et al. (23) in our labo- 
ratory. Since the higher-valence doped cat- 
alysts exhibit reduced CO chemisorption 
capacity (Table 4), a shift in the opposite 
direction (lower frequencies) would be ex- 
pected as a result of reduced surface cover- 
age. Barth et al. (23) have also found no 
substantial shift over a wide dispersion of 
Pt on TiOz. It can be concluded, therefore, 
that metal particle size and CO surface cov- 
erage are not responsible for the blue shift 
exhibited by higher-valence doped cata- 
lysts. 

Any modification in the metal-adsorbate 
bond strength affects the spectrum of ad- 
sorbed CO species. Since the metal-carbon 
vibration is out of the range of IR transmit- 
tance, the intense C-O bond vibrational 
frequency can provide information about 
the adsorbate-surface interaction. The blue 
shift observed on higher-valence doped cat- 
alysts indicates that the Pt-CO bond is 
weak, resulting in a strong C-O bond which 
manifests itself in a shift of CO vibrational 
frequencies to higher values approaching 
that of free CO (2143 cm-‘). A similar shift 
in the frequency of CO adsorption has been 
reported by Vannice et al. (9) over Pt/TiO, 
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catalysts in the SMSI state. These authors 
reported the HF band to occur at 2050 cm-’ 
on normal Pt/TiOz and at 2070 or 2080 cm-’ 
on Pt/TiO, in the SMSI state. This observa- 
tion, in combination with results of this 
study, supports recent theories that in addi- 
tion to the geometric factor, an electronic 
factor is also operative in the SMSI state. 

The binding of CO to a metal surface oc- 
curs through formation of a o bond by over- 
lap of an empty d orbital (d,:,:) and a lone 
pair on the carbon atom of CO, and forma- 
tion of a rr bond between a filled metal d 
orbital (d~J and an empty antibonding 7~ or- 
bital (r*) of CO. Then, if transfer of elec- 
trons from the doped carrier to the sup- 
ported Pt particles is assumed to partially 
fill the empty Pt d orbitals of the surface 
atoms, the overlapping of empty Pt d orbit- 
als (d,z-,,z) and a lone electron pair on the C 
atom will be less effective in forming a 
Pt-CO bond. On the other hand, the ability 
of filled d orbitals (d,,) to backdonate elec- 
trons to the 27~” orbitals of adsorbed CO 
will be enhanced due to greater availability 
of electrons. Nevertheless, donation of 
electrons to the 2~” orbitals of CO cannot 
occur without the first step (formation of 
the CT bond) of the adsorption process. The 
first step is prevented by the unavailability 
of empty Pt d orbitals. Thus, the binding of 
CO to Pt atoms with saturated d orbitals 
is a difficult process as evidenced by sup- 
pressed and weaker chemisorption. 

No frequency shifts are observed on Pt 
supported on lower-valence doped carriers. 
This phenomenon is due to the fact that 
electron transfer from Pt particles to the 
support requires a “hopping” mechanism 
from one acceptor site to another, which is 
a difficult process. Thus, in this case, no 
changes are observed in the CO adsorption 
spectrum and, in general, in the che- 
misorptive and catalytic properties of the 
supported metal. 

The shift of the CO vibrational frequency 
is in the range 15-22 cm-’ for the 0.5% 
Pt catalysts supported on higher-valence 
doped.TiOz, while only 7-8 cm-’ for the 2% 

Pt catalysts. It may be recalled that CO 
stretching vibrational frequency decreases 
as CO coverage decreases owing to a re- 
duction in dipole-dipole coupling (20, 21). 
Furthermore, the doped catalysts exhibit 
reduced saturation coverages. Thus, un- 
doped platinized titania with the same CO 
coverage as doped catalysts would yield a 
CO vibrational frequency lower than 2057 
cm-‘. The value obtained from a plot of CO 
stretching frequency versus CO coverage 
for Pt/A1203 (16) and Pt/SiO, (10) is approx- 
imately 30 cm-‘/loo% CO coverage. This is 
the difference in shifts of CO stretching fre- 
quency between a fully CO-covered surface 
and an isolated CO molecule with no di- 
pole-dipole interactions. If this value is as- 
sumed also to apply for platinized titania, 
the increase in the CO stretching vibra- 
tional frequency is estimated to be in the 
range 35-40 cm-’ for the 0.5% Pt catalysts 
while only about 10 cm-r for the 2% Pt cat- 
alysts. This difference is in accordance with 
chemisorption studies which have shown 
that reduction of the chemisorption capac- 
ity of low-metal-content catalysts (high dis- 
persion) is significantly more pronounced 
than that of higher-metal-content (low dis- 
persion) catalysts. The suppression factor 
for HZ, 02, and CO chemisorption capacity 
is approximately 80% on 0.5% Pt catalysts 
while only 20-30% on 2% Pt catalysts. This 
is due to the fact that charge transferred 
into large metal crystallites is not as effec- 
tive in altering the electron structure of sur- 
face metal atoms as charge transferred into 
smaller metal particles. Further discus- 
sion on the subject has been provided in 
Ref. (I). 

(d) Some Theoretical Considerations 

The model used to interpret results of 
this study is based on the theory of metal- 
semiconductor contacts (Schottky junc- 
tions). According to this theory the Fermi 
energy levels of a metal and a semicon- 
ductor in contact and at thermodynamic 
equilibrium are at equal heights. This re- 
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quirement results in electron transfer be- 
tween the two solids, the direction of which 
depends on the initial (before contact) work 
functions of the two solids. Before ac- 
cepting this theory as an explanation for the 
phenomena observed in this investigation, 
all other possible explanations must be 
carefully considered. Incomplete reduction 
of the metal, which could explain some of 
the observations made, was experimentally 
eliminated by varying reduction tempera- 
ture between 200 and 300°C and reduction 
time between 2 and 10 h. No changes in 
hydrogen uptake were detected, indicating 
that the reduction of the metal was proba- 
bly complete in all cases. Furthermore, 
Huizinga et al. (24) in TPR experiments un- 
der significantly milder conditions (5% HZ, 
linearly increasing temperature between 
273 and 473 K at a rate of 5 Kimin) have 
shown 75% reduction of the metal. This re- 
sult is a strong indication that 100% of the 
metal was reduced under the severe condi- 
tions employed in this study. 

Most of the observations made in this 
study could also be explained in terms of 
the conventional explanation for SMSI, 
namely that the metal becomes contam- 
inated by some species emanating from 
the support. A number of arguments 
against this hypothesis, based on ESCA 
and other measurements, were provided in 
(1). It must also be added that this hypothe- 
sis cannot explain the observed shifts in CO 
stretching frequencies or the enhanced hy- 
drogenation activity of Rh/TiOz (W) ob- 
served by Solymosi (4). To further test this 
hypothesis, Ti02 was mixed with Wo3 and 
heated at 5Oo”C, instead of at the 900°C re- 
quired for doping. At this temperature the 
foreign cation cannot diffuse into the crys- 
tal structure of TiOz. No changes in the 
chemisorptive and catalytic properties of Pt 
supported on this material were observed. 
This is a strong indication that species dif- 
fusing from the support do not contaminate 
the metal surface. The work of Lane and 
Wolf (25), which has shown that induction 
of SMSI is more difficult when titania is in 
the rutile form (as in this study) than in the 

anatase form, provides an additional argu- 
ment against this hypothesis. 

Another criticism of the electron transfer 
theory, as applied to interpret alterations of 
chemisorptive and catalytic properties of 
metal particles supported on semicon- 
ducting carriers, is that metals have a high 
concentration of free electrons and only 
minimal perturbations of their electron 
state can be expected as a result of elec- 
tronic interactions at the metal-semicon- 
ductor interface. We addressed this issue in 
an earlier publication (I) and showed that 
the difference in “affected volume” be- 
tween the semiconductor and the metal is 
of the same order of magnitude as the dif- 
ference in electron concentration between 
the two solids. Specifically, when the case 
of 0.5% Pt on TiOz doped with 0.1119 at.% 
W was examined, it was shown that the de- 
pletion region of the semiconductor at 300 
K is a hemispherical volume of 640 A 
radius. 

These calculations can be extended a 
step further to obtain an order of magnitude 
estimate of the number of electrons trans- 
ferred into the Pt particles per metal atom. 
Let us consider ,an isolated hemispherical 
Pt particle, 20 A in diameter, in contact 
with an infinitely extending TiOz surface as 
shown in Fig. 8. The volume of the semi- 
conductor which is partially depleted of 
electrons is a cylindrical volume of radius 
equal to the radius of the metal particle and 
a hemispherical volume of 640 A radius. 
The volume of the former is negligible com- 
pared to that of the latter and thus it can be 
ignored. (This is equivalent to assuming 
that the metal particle is a point on the sur- 

FIG. 8. Geometric model used in estimation of 
charge transferred into Pt particles. 
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face and the semiconductor volume par- 
tially depleted of electrons is a hemispheri- 
cal volume of 640 w radius.) 

The potential distribution in the depletion 
region of the Schottky barrier can be es- 
timated by solution of the one-dimensional 
Poisson equation under the depletion ap- 
proximation (26, 27) 

(dVldr2) = 
-4n-qNJes,, 0 < r < WO, (2) 

where V(r) is the potential distribution, q is 
the electron charge, E, is the permittivity of 
the semiconductor, Nd is the donor electron 
concentration, and W, is the radius of the 
affected hemispherical volume. Using the 
boundary conditions 

(dVldr) = V = 0 at r = Wfl (3) 

the following expression for V as a function 
of r is obtained: 

V(r) = -[2n+qNJc,] W$l - rl W”]‘. (4) 

In the derivation it is assumed that all do- 
nors are fully ionized. However, at low 
temperatures this is not the case and the 
concentration of free electrons, IZ(), may be 
substituted for Nd. 

The concentration of electrons at any 
point, r, within the depletion region is given 
by (27) 

n(r) = %J exp[qV(r)/kBTlj (5) 

where KB is Boltzmann’s constant and T 
the absolute temperature. Substituting Eq. 
(4) into Eq. (5), 

n(r) = 120 eXp[-(2rrq*n”W;;/E,kBT) 

X (1 - r/WcJ2]. (6) 

Equation (6) shows the electron concentra- 
tion profile within the depletion region of 
the semiconductor. The difference in total 
number of electrons within the same vol- 
ume before and after contact of the metal 
with the semiconductor designates the 
number of electrons transferred into the 
metal particle, Q. Thus, 

n, = (2/3)nWi& - i cy 2m2n(r)dr. (7) 

Equation (7) can be solved numerically to 
determine Q. Values of all parameters in- 
volved were estimated and reported in a 
previous publication (1). 

A hemispherical Pt particle, 20 A in di- 
ameter, contains approximately 140 atoms. 
Most of these atoms are either free surface 
atoms or atoms at the metal-support inter- 
face. Therefore, almost all of them will be 
affected by charge transferred into the par- 
ticle. The charge transferred per metal 
atom was estimated, by numerical integra- 
tion of Eq. (7), to be approximately one 
electron per metal atom. This value is of 
course very high, primarily due to the geo- 
metric model which was employed for its 
estimation. It was assumed that a Pt parti- 
cle exists isolated on a circular area of 640 
A in radius (not counting the area of the 
particle itself). This, of course, is not true. 
It is estimated that in such an area there 
would be approximately 200 Pt particles. 
All these particles will interact in a similar 
manner with the doped carrier. The poten- 
tial distribution and electron concentration 
profiles within the semiconductor will be af- 
fected by these interactions. Thus, the mag- 
nitude of charge transferred into the iso- 
lated Pt particle estimated in this manner 
should be considered only as an upper 
limit. A lower limit can also be estimated if 
it is assumed that in the same area of 640 A 
radius there exists a single Pt particle of 
volume and contact area equal to the sum 
of volumes and contact areas of the 200 par- 
ticles. This results in a particle of 140 A 
radius, consisting of approximately 28,000 
atoms. The thickness of this particle is not 
important since we will again assume that 
all atoms are equally affected by electronic 
interactions at the metal-semiconductor in- 
terface. 

The number of electrons transferred into 
this particle per atom of Pt was estimated in 
a manner identical to that used previously 
and it was found to be 0.008 electron per Pt 
atom. This represents the lower limit in the 
number of electrons transferred into the 
metal particles per atom of Pt. 

The actual magnitude of charge trans- 
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ferred lies between these two limits and it is 
probably closer to the upper limit since the 
geometry employed to estimate the lower 
limit is totally unrealistic. In any event, 
these estimates indicate that the charge 
transferred into small metal crystallites in 
contact with semiconducting supports 
could be significant enough to alter che- 
misorptive and catalytic properties of sur- 
face metal atoms. They also show that 
charge transferred per metal atom is a 
strong function of the size of metal crystal- 
lites as well as metal content of the catalyst 
which defines the surface density of the 
crystallites. These factors become even 
more important if it is realized that the 
charge transferred is distributed in a small 
distance into the metal particles (Thomas- 
Fermi screening distance) and surface 
atoms for electrostatic reasons. These con- 
siderations are reflected in the results of 
this investigation which show that the mag- 
nitude of alteration of surface properties is 
a strong function of metal content and 
metal crystallite size, decreasing dramati- 
cally with increasing particle size and metal 
content. 

CONCLUSIONS 

The following conclusions can be drawn 
from the results of this study: 

(i) Altervalent ion doping of titania has a 
significant influence on its specific electrical 
conductivity and activation energy of elec- 
tron conduction. This is indirect evidence 
that the Fermi energy level is also signifi- 
cantly affected by the doping process. In- 
corporation of cations of higher valence 
into the crystal structure of Ti02 results in 
an increased Fermi level due to increased 
concentration of free electrons. Electrical 
conductivity of platinized titania is a strong 
function of the environment in which the 
sample exists. 

(ii) The CO chemisorption capacity of 
higher-valence doped platinized titania is 
reduced, probably due to electronic inter- 
actions at the metal-support interface 
which result in electron transfer from the 

semiconducting support to the Pt crys- 
tallites. 

(iii) A blue shift observed in the CO ad- 
sorption frequency, indicating weakened 
chemisorption of CO on Pt supported on 
higher-valence doped carriers, probably 
originates from higher saturation of Pt d or- 
bitals. 

(iv) Order of magnitude estimation of 
charge transferred into Pt crystallites indi- 
cates that the amount of charge transferred 
per metal atom can be significant and it de- 
pends on metal dispersion as well as metal 
content of the catalysts, as it defines the 
surface density of supported Pt particles. 
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