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An in situ investigation of the electrical conductivity of Pt/TiO, catalysts (0.5 and 5 wt% Pt) has
been carried out under various conditions corresponding to two pretreatments (473 and 773 K in
H,), to H, or O, adsorptions and to H,—O, titrations at 295 K. To explain the results the following
hypotheses have been proposed: (i) in H,, H atoms migrated from Pt onto the O?" sites of TiO, and
released one electron per OH™ group formed, and (ii) under vacuum at 295 K an ‘*electron pumping
effect’” of the metal decreased the conductivity of the reduced oxide. When the catayst was under
strong metal-support interaction (SMSI) conditions (viz. after reduction in H, at 773 K), the metal
was markedly enriched in electrons. Accordingly, the particular chemisorption and catalytic prop-
erties of Pt under these conditions have been interpreted by the filling of its d orbitals which tend to
the d' configuration. The disappearance of the SMSI state after exposure to O, has been attributed
to the back donation of electrons to the titania by the platinum which thus recovered its normal

electronic configuration.

INTRODUCTION

It has been observed that when titanium
dioxide was used as a support for group
VIII metals, these metals lost their chemi-
sorptive properties toward H, and CO and
exhibited markedly modified catalytic be-
haviors in various reactions (hydrogena-
tion, hydrogenolysis, Fischer-Tropsch syn-
thesis), provided the catalysts were
reduced at a temperature =773 K (1-20).
This was attributed to a strong metal-sup-
port interaction (SMSI). It also occurs for
other reducible, transition metal oxide sup-
ports after treatment in H, at comparable
temperatures (2, 4-6). More recently,
analogous effects were found in the case of
the supports Al,O; and SiO, (6, 21).

Various hypotheses have been presented
to explain the suppression of the chemi-
sorptive properties of the catalysts in the
SMSI state. Agglomeration and encapsula-
tion of the metal particles as well as the
effect of impurities were rejected on the ba-
sis of various arguments (7). In the particu-
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lar case of Pt/TiO,, electron microscopy
studies have shown that in the SMSI state,
the platinum aggregates into ‘‘pillbox”’
structures on a lower oxide of titanium
Ti4O, (16). From these data and from mo-
lecular orbital calculations (3), as well as
from spectroscopic investigations dealing
with other systems (Pt/SrTiO;, Ni/TiO;)
(22-25), it was inferred that electrons can
be transferred to the metal from the re-
duced oxide. For the calculations, a local-
ized bonding model was used rather than a
model taking into account the collective
electronic properties of TiO, in order to ex-
tend the results to other types of supports.
For Ni deposited on TiO,, Al,O3, and SiO,,
it was speculated that, on the contrary,
electrons are withdrawn from the metal
crystallites by the oxide leading to a metal-
lic behavior more characteristic of cobalt
(17).

The present study was undertaken to cor-
roborate, for the most typical catalyst, Pt/
TiO,, this transfer of electrons between the
metal and its support and to establish the
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direction of this transfer by measuring in
situ the electrical conductivity of the semi-
conductor support, not only under the
SMSI conditions but also during various
reducing and oxidizing treatments, in par-
allel with chemisorption determinations.
Whereas the previous works on SMSI were
mainly concerned with the metal modifica-
tions, this method gives information on the
variations of the electronic state of the sup-
port. This investigation is also connected
with other studies of our group dealing with
the photocatalytic (26, 27) and photocon-
ductive (28) properties of these solids,
where exchanges of electrons and hydrogen
atoms between the platinum and the ana-
tase have been proposed.

EXPERIMENTAL
1. Catalytic Preparation

The two Pt/TiO, catalysts were prepared
by the impregnation of the nonporous De-
gussa P-25 anatse (50 m? g-!) with the re-
quired quantity of chloroplatinic acid ac-
cording to the method desribed in Refs.
(26) and (27). For nominal contents in Pt of
0.5 and 5 wt%, the chemical analyses indi-
cated 0.48 and 5.0 wt%. These samples will
be simply denoted 0.5-Pt and 5-Pt through-
out the text.

2. Catalyst Characterization

Electron microscopy. The transmission
electron microscopy (TEM) showed for the
two specimens a good homodispersion of
the Pt crystallites centered around a mean
diameter of 2.0 nm in both cases, so that the
average numbers of Pt particles deposited
per titania particle were in the ratio of the
Pt contents: ~10 Pt particles/TiO; particle
in the 5-Pt sample and ~1 Pt particle/TiO,
particle in the 0.5-Pt sample. A representa-
tive micrograph of the 5-Pt sample was in-
cluded in Ref. (26). More details on the par-
ticle size distribution of this type of
catalysts is reported in another article (28).
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Dispersion measurements by chemisorp-
tion. The percentage of platinum exposed
was determined by hydrogen and oxygen
adsorptions and oxygen-hydrogen titra-
tions assuming Pt—H and Pt.~O stoichio-
metries. The amounts of gases which have
reacted during the sequence (hydrogen
adsorption, oxygen titration, hydrogen ti-
tration, evacuation at 673 K, oxygen ad-
sorption, hydrogen titration, and, finally,
oxygen titration) are listed in Table 1 for the
samples previously reduced under 250 Torr
H, at 473 or 773 K and then evacuated in a
vacuum of 107 Torr (1 Torr = 133.3 Pa) at
673 K, a temperature high enough to re-
move all the chemisorbed hydrogen accord-
ing to Ref. (29).

The quantities corresponding to the sam-
ples reduced at the lower temperature
(LTR samples) were in close agreement
with equal stoichiometries for H, and O,.
The dispersions calculated from these val-
ues were equal to 34 and 54% for the 5-Pt
and 0.5-Pt samples, respectively, and were
consistent with the TEM data. For the sam-
ples reduced at the higher temperature
(HTR samples), the initial amounts of
chemisorbed hydrogen were drastically de-
creased (no chemisorption was even de-
tected for 0.5-Pt). However, after exposure
of the samples to oxygen, the subsequent
titrations and chemisorptions were affected
only to a small extent. In the case of the 5-
Pt sample, the apparent dispersion based
on the initial hydrogen chemisorption was
decreased by a factor of ~7. These behav-
iors are in accord with the previous studies
dealing with the SMSI.

3. Electrical Conductivity Measurements

Apparatus. The electrical conductivity
measurements were performed in a static
cell built to study in situ the electronic in-
teractions between a powder catalyst and
various gaseous reactants (30, 31). About
500 mg catalyst was placed between two
platinum electrodes (1.00 cm diameter) and
compressed under a constant pressure
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TABLE 1

Amounts of Gases Which Have Reacted (in wmol/g - catalyst) during the H, or O, Adsorptions and H»-0,
Reciprocal Titrations*

Catalyst Tx(K) H, ads. 0, tit. H, tit. O, ads. H, tit. 0O, tit.

5-Pt 473 41 65 126 45 134 66
773 6 56 105 37 114 53

0.5-Pt 473 6.5 9 18 6.4 16 7.8
773 0 6.0

@ Ty, temperature of reduction in H,.

(~10° Pa) for good electrical contacts be-
tween the catalyst particles without modi-
fying the texture. Thermocouples soldered
on each electrode were used either to moni-
tor the temperature or to measure the elec-
trical resistance using an R-meter (Schlum-
berger model V.M.1613)for R =1 MQora
digital teraohmmeter (Guildline Instru-
ments, model 9520) for higher values. The
electrical conductivity o (in Q' cm™!) was
calculated from the conductance 1/R by
taking into account the geometric factor #/S
of the sample (¢ is the thickness of the com-
pressed powder (=0.6 cm) and § is the sec-
tion area of the electrodes): o = 1/R - ¢/S.

Procedure. The electrical conductivity
was measured at the steady state corre-
sponding to each stage of the following se-
quences which were similar to those em-
ployed for the dispersion measurements:
after an evacuation at room temperature for
1 h, the sample was reduced overnight at
473 K under 250 Torr H,, outgassed at 673
K for 2 h to be sure that all the hydrogen
was evolved, and finally cooled to room
temperature. Increasing pressures of H,
(50-250 Torr) were then admitted onto the
catalyst which was afterward briefly out-
gassed before exposure to oxygen (50—100
Torr). These Hy-O, successions were re-
peated twice. Then the solid was reduced at
773 K under 250 Torr H, for 2 h, a long
enough period to obtain a stable conduc-
tivity value, and evacuated at the same
temperature for 2 h. After that, the same

sequence of Hy~O, exposures was per-
formed.

RESULTS

1. Samples Reduced at 473 K (LTR
Samples)

Figure 1 shows the variations of the loga-
rithm of the conductivity o (5-Pt catalyst)
and oy (pure TiO,) for the various steps of
the sequence specified in the preceding par-
agraph. For clarity, the values referring to
the 0.5-Pt catalyst have been omitted in this
figure but they will be indicated in the text
when necessary. Figure 2 presents Arrhe-
nius plots of the conductivity correspond-
ing to the stepwise decrease in temperature
from 673 to 295 K under vacuum (Fig. 1,
phase 4). Linear transforms were obtained
only for the Pt-loaded catalysts; activation
energies of conduction E, equal to 3.3 (0.5-
Pt) and 6.8 kcal mol~! (5-Pt) were deduced
(1 kcal mol~! = 4.185 kJ mol~?). In the case
of pure titania, E. was very low and not
constant: it increased with decreasing tem-
perature.

2. Samples Reduced at 773 K (HTR
Samples)

Figure 3 indicates the changes in o and oy
under the various conditions of the se-
quence described in the experimental sec-
tion. In Fig. 4 are shown Arrhenius plots of
the conductivity for the stepwise decrease
in temperature from 773 to 295 K under



428

o8 473673 295K ’
vac
- .0
Yol "7 oH, 2 qa=473K
' S [
-ab | o
P o g 20
:
]
-5-
o LL_______ 1 JL_
S r—————2 i
60
-9 {6107
E
[}
. ]
|
- :
-1p |
[}
1lzlal4| 5 L & |7|8|°
L SPSPRPIGS IR PP NP
Ha| vac. | Hy | Oz [H|O5]Hy]

FiG. 1. Logarithm of the electrical conductivity (in
Q71 ecm™Y) of TiO, (dotted line) and of the 5-Pt sample
(solid line) reduced at 473 K in H, as a function of the
different phases described in the text. The numbers of
the curves indicate the pressures (in Torr) of the corre-
sponding gas.

vacuum (Fig. 4, phase 4). Straight lines
were not obtained. At high temperatures,
the solids exhibited a metal-like conduction
(E. = 0). At lower temperatures, E. in-
creased, which showed that the support re-
covered—at least partially—a semiconduc-
tor character, this recovery increasing with
the Pt content.

INTERPRETATION AND DISCUSSION

Absolute values cannot be obtained from
conductivity measurements performed with
powders. However previous studies on
TiO, (30, 31) have shown that energetic
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quantities (such as the enthalpies of forma-
tion of anionic vacancies or the energy of
electron ionization) can be drawn on pow-
ders in excellent agreement with data aris-
ing from conductivity mesurements carried
out with single crystals (32) or from mea-
surements made on polycrystalline solids
with other techniques such as thermogra-
vimetry (33). This means that these quanti-
ties are not controlled by grain boundary
effects.

On the other hand, in the present case,
the presence of a maximum of 5 wt% of
platinum did not modify the conduction
mode between the anatase particles since
the probability of finding Pt crystallites just
at the contact points between the grains
is nil as may be seen on the micrograph
of Ref. (26): only ~1 (0.5-Pt) or ~10
(5-Pt) platinum particles (2 nm diameter)
were deposited on the surface of each non-
porous anatase grain (20-30 nm diameter).
Therefore, the conductivity measured ex-

Tr=473K
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F16G. 2. Arrhenius plots of the electrical conductivity
(in ! cm™!) of the LTR samples under vacuum.
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FiG. 3. Logarithm of the electrical conductivity (in
Q-Tcm™!) of TiO, (dotted line) and of the 5-Pt sample
(solid line) reduced at 773 K in H, as a function of the
different phases described in the text; the numbers on
the curves indicate the pressures (in Torr) of the corre-
sponding gas.

clusively referred to TiQO,, and the differ-
ences between o and oy give information on
metal-support interactions. These differ-
ences will be discussed stage by stage, sep-
arately for the solids reduced at low tem-
perature (473 K; LTR samples) and at high
temperature (773 K; HTR sampies).

1. LTR Samples

Hydrogen at 473 K (Fig. 1, phase 2). Pre-
vious studies on the electrical conductivity
of TiO; (30a) have shown that hydrogen re-
duces this oxide and creates anionic vacan-
cies Vg2-. These vacancies are produced
via the formation of hydroxyl groups and
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the subsequent dehydration of the surface:
H, + 202 2 H,0 + 0 + V- (1)

An increase in conductivity results from the
ionization of the first electron of these va-
cancies.

Vor-2 V- + e~ 2)

where V2- represents an anionic vacancy
with two trapped electrons (neutral entity
in the surface lattice) and V{2- an ionized
vacancy with only one electron trapped
(positive entity). The difference observed
here between o and o (Fig. 1) can be attrib-
uted to an increase in the reduction of TiO,
by H, which 1is catalyzed by Pt
(6, 7, 16, 18). The dissociative adsorption
of this gas on the metal and its subsequent
migration on the support has been reported
(34, 35). The conductivity of 0.5-Pt is situ-
ated between that of 5-Pt and o, which
shows that at 473 K the reduction degree of
TiO, increased with the platinum loading.
Evacuation at 673 K (Fig. 1, phase 3).
This evacuation inversed the values of o

TR =773K
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F1G. 4. Arrhenius plots of the electrical conductivity
(in ' cm™!) of the HTR samples under vacuum.
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and oy with respect to the previous step.
We attribute the increase in oy to an in-
crease in the concentration of anionic va-
cancies because (i) of a more pronounced
dehydroxylation of titania and (ii) of a par-
tial removal of surface lattice oxygen
30, 3D

0 2130,(g) + Vé- + e 3)

The same phenomenon should also take
place on the surface of the oxide in the case
of the Pt/TiO, specimens and, accordingly,
o should have increased and it should be
higher than or at least equal to oy. It is sug-
gested to attribute the difference between
the behaviors of TiO, and Pt/TiO; (o < oy)
to a migration of electrons from the support
to the metal in agreement with the theoreti-
cal calculations of Ref. (3) where an elec-
tron transfer occurs from Ti** to Pt, and
with surface spectroscopic studies dealing
with Pt/SrTiO; (22, 23) and Ni/rutile
(24, 25). This is symbolized by

e~ + Pt ep- @

where ep,” represents an electron trapped
by the platinum. Such an effect probably
occurred during phase 2 but could not be
distinguished because of the reduction of
TiO, by Pt and of the influence of the H,
adsorption (see below).

Cooling from 673 K to 295 K (Fig. 1,
phase 4). Pure titania appears as a quasime-
tallic conductor (E. = 0) at high tempera-
tures. The difference between the Arrhe-
nius plots of the three samples in Fig. 2 can
also be explained by an ‘‘electron pumping
effect’’ of the platinum which in fact ap-
pears more substantial at low temperatures
because of the exothermicity of Eq. (4)
(AH,4 < 0) corresponding to the electron af-
finity of the deposited platinum. For 0.5 Pt,
free electrons are available from shallow
donor levels located at 3.3 kcal mol~! (0.14
eV) below the conduction band, while for 5-
Pt free conduction electrons are ionized
from deeper levels (6.8 kcal mol~! (0.30
eV)) as a result of a more important pump-
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ing by a greater number of metal crystal-
lites.

Conductivity isotherm o = f(Py,) at 295
K (Fig. 1, phase 5). Hydrogen did not af-
fect oy, whereas it increased ¢ according to
the experimental law:

o =a+ bPy," (5)

which is illustrated in Fig. 5,I. The expo-
nent +1/2 shows (i) the electron-donor
character of hydrogen (8079 Py, > 0) and (ii)
the dissociative nature of its adsorption on
TiO,. Note that this adsorption necessarily
involved platinum since bare titania is in-
sensitive to Py, under the same conditions.
The relationship (5) can be accounted for by
the two following equations

iHy(®) + Pt; 2 Pt-H ©)
PteH + O 2Pt + OH™ + e~ (7)

Equation (6) represents the strong dissocia-
tive adsorption on surface platinum atoms
Pt,, and Eq. (7) the migration of hydrogen
atoms on the support where they ionosorb
as protons (18, 36) on anionic sites and
yield hydroxide ions, thus releasing free
electrons to the support. By taking into ac-
count Egs. (4) and (7) the steady-state prin-
ciple applied to the concentration [e~] of
free electrons in the support yields:

dle7]

ST k,[Pt—H][O*"]

+ k_slen™] — kale7][Pt]
= k_4[PLJIOH ][e"] =0 (8)
while the mass action law of Eq. (6) gives:

[Pts_H]

Ko = Py PL] @

The combination of Egs. (8) and (9) leads to
the relation:

[e] = k_4lep]
¢ 17 %Pt + k[Pt,JJOH]
ko[PtJ[O?"1 Py, 2
* Ko ety + kpioE (10

which is formally identical to Eq. (5) and
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F1G. 5. Linear transforms of the isotherms o = f(Py,) for the 5-Pt sample pretreated at 473 K (I) or
773 K (ID): Curve A, first H, adsorption; Curve B, second H, (after O, adsorption); ¢ in ' cm™'; Py, in

Torr.

which will be discussed in a following para-
graph.

Oxygen adsorption (Fig. 1, phase 6). Be-
sides the titration of Pt—~H species which
formed water plus Pt—~O species, oxygen
reoxidized the oxide surface by filling the
anionic vacancies according to the reverse
reaction of Eq. (3), thus considerably de-
creasing the conductivity. However, o was
higher than ¢, by more than three orders of
magnitude in the same pressure range (a
pressure of ~50 Torr was sufficient to reach
the equilibrium state), whereas the conduc-
tivity of 0.5-Pt was not distinguishable of
og. This difference can be tentatively inter-
preted as indicating that titania supporting a
sufficient loading of platinum has under-
gone a deeper reducing treatment by H, at
473 K. Consequently, there would remain
more anionic vacancies in the sublayers of
titania in the 5-Pt sample which cannot be
reoccupied by oxygen at room temperature
according to reaction (—3) because of a low
diffusion coefficient of oxygen.

Hydrogen—oxygen titrations (Fig. 1,
phases 7-9). For the two Pt/Ti0O, specimens
the o values obtained during the subsequent
H,-0; cycles were close to those found for
the first H, or O, adsorptions, whereas o
remained at the low level reached as a

result of the first O, adsorption. This means
that electrons could be repeatedly released
on the support in the presence of Pt and H,
according to Egs. (6) and (7).

2. HTR Samples

The temperature of 773 K was chosen in
agreement with the literature data because
it is high enough to induce SMSI and low
enough to avoid (i) a sintering of both metal
and oxide particles and (ii) the conversion
of anatase into rutile.

Hydrogen reduction at 773 K (Fig. 3,
phase 2). The increase in temperature from
473 to 773 K increased the reduction of
TiO,, but greatly diminished the difference
between o and oy; the same o level was
reached for 0.5-Pt and 5-Pt. This shows that
at 773 K the importance of the catalytic re-
duction of the support by Pt in the presence
of H, has substantially decreased as com-
pared with the noncatalytic chemical reduc-
tion of TiO, by this gas. The evacuation at
773 K only slightly decreased o and o be-
cause of the small coverage in H, at this
temperature (Fig. 3, phase 3).

Cooling to 295 K (Fig. 3, phase 4). The
quasimetallic behavior of pure titania in the
573-773 K temperature range where E, = 0
(Fig. 4) was a consequence of its high re-
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duction degree corresponding to a high con-
centration of singly ionized anionic vacan-
cies whose first electrons have been excited
to the conduction band (Eq. (2)).

The Pt/TiO, samples also behaved as
quasimetallic conductors at high tempera-
tures, but an increase in their activation en-
ergies of conduction was observed for tem-
peratures <473 K and was neatly more
important for 5-Pt, so that at 295 K

0o = Og.5.pt > Os.pt.

As in the case of the LTR samples, this
effect is consistent with an electron migra-
tion from the support to the metal (Eq. 4))
which increases (i) with increasing amounts
of Pt and (ii) with decreasing temperature.

Conductivity isotherm o = f(Pp,) at 295
K (Fig. 3, phase 5). The introduction of 60
Torr H; had no effect upon the electrical
conductivity of pure TiO, and of 0.5-Pt.
This result is in agreement with the adsorp-
tion measurements in Table 1 showing the
absence of H; adsorption for this latter sam-
ple which is in SMSI conditions. The rela-
tive increase of o of 5-Pt caused by the ad-
mission of 60 Torr H, was about 100 times
lower than that corresponding to the LTR
sample because of the higher conductivity
level. But the linear isotherm o = f (Py,"?)
(Fig. 5,II, curve A) indicates a dissociative
adsorption of hydrogen in conformity with
Egs. (5)«(7) with a slope b comparable to
that obtained for the LTR sample (Table 2).

TABLE 2
Coefficient a and b of Eq. (5) for the 5-Pt Sample“

Tr Corre- = 90/9 Py, a/Q¥!' cm™!
sponding (! cm™! Torr—12)
figure
473 K 5,1 4.0 x 103 4.5 X 103
773K 5,11 6.9 x 103 2.0 x 103
curve A
5,11 5.4 X 10-° 0.96 x 103
curve B

@ Tg, temperature of reduction in H,.
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This supports these equations and shows
that the smaller amount of H, chemisorbed
on the platinum of the HTR sample (Table
1) was sufficient to influence the TiO, con-
ductivity according to the same law as in
the case of the LTR sample.

Oxygen adsorption (Fig. 3, phase 6).
Qualitatively, oxygen had the same effect
as in the case of the LTR samples, i.e. (i)
the generation of Pt—O species on the metal
and (ii) the filling of the superficial anionic
vacancies of the oxide (Eq. (3)) which
seemed independent of the presence of the
deposited metal, since o = oy. The differ-
ence of several orders of magnitude be-
tween the semiconductivity values of pure
titania in oxygen for the LTR and HTR
samples could be accounted for by the crea-
tion, at high temperature, in the sublayers
of the oxide, of deeper donor defects (va-
cancies) which cannot be oxidized by gas-
eous oxygen at room temperature, possibly
because of the high activation energy for
the diffusion coefficient of oxygen within
the lattice (37).

Second H, Adsorption (Fig. 3, phase 7).
As expected, exposure to H, did not affect
oy. In the case of 5-Pt the linear relationship
between o and Py, was again observed as
shown in Fig. 5,11, curve B, with a slope b
(Eq. (5)) almost unchanged (Table 2). This
was due to the reproducibility of Egs. (6)
and (7) after an exposure to oxygen as evi-
denced, in parallel, by the results of Table
1. The validity of Eq. (10), which makes
explicit the empirical relation (5), is sup-
ported by the fact that the slopes b = da/
8 Py,"? of the lines in Fig. 5,I and 5,II are
very close to each other, irrespective of the
reduction temperature Ty, in agreement
with the constant factors which compose b
under the same conditions. The relative en-
richment in extra electrons of the platinum
particles can tentatively be evaluated from
the coefficient a of Eq. (5) which is propor-
tional to

_ k_sep]
k4Pt] + k_4[Pt;][OH"]

(11

a
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according to Eq. (10). Considering that in
the denominator of Eq. (11) the second
term can be neglected because it corre-
sponds to the hydrogen spillover, whereas
the first term refers to an exchange of elec-
trons, the coefficient a, whose values are
listed in Table 2 for 5-Pt, is proportional

to [ep 1/[Pt]. Therefore, semiquanti-
tatively, the ratio
_am _ ([ep” V[PtD)773
as3 (lep VIPtDars
2.0 x 1073
“asx 10 M

is indicative of the relative content in extra
electrons of the Pt particles reduced at 773
and 473 K. The consequence of this relative
excess of supplementary electrons upon the
chemisorptive and catalytic properties will
be discussed in the concluding remarks.

Second oxygen adsorption (Fig. 3, phase
8). The next adsorption of oxygen brought
o down to its level at ~107% Q! cm™.
Therefore, as in the case of the LTR sam-
ples, oxygen, besides the titration of Pt—H
species and the creation of Pt —~O entities,
captured the free electrons of the support
which have been generated during the pre-
ceding period under hydrogen.

CONCLUDING REMARKS

In the preceding paragraphs, the conduc-
tivity variations observed have been inter-
preted partly on the basis of processes pre-
viously proposed for TiO,, such as (i) the
formation of singly ionized oxygen vacan-
cies in H; or under vacuum at high tempera-
tures, (ii) the partial filling of these vacan-
cies by oxygen at room temperature, and
(iii) the ionosorption of O,.

However, to explain the differences
found in the presence of supported plati-
num particles, two other processes have
been invoked. First, in agreement with the
authors of Refs. (18, 36), it has been sug-
gested that hydrogen atoms chemisorbed
on platinum migrate onto the support
(“‘spillover’”) where they generate OH-
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ions at O~ sites and release electrons to the
support (Eq. (7)). Second, we think that the
present measurements reflect an electron
donation of the reduced anatase support to
the metal. When a semiconductor and a
metal are in contact, their Fermi levels
should be aligned. For monocrystals placed
in vacuum, the work function of platinum
(~5.36 eV) (38) exceeds that of reduced
TiO, (~4.6 eV) (39). Consequently, the
alignment of the Fermi levels of mono-
crystals of these materials will correspond
to a transfer of electrons from the semicon-
ductor to the metal. The present conclu-
sions are in agreement with the direction of
this electron transfer, which tends to show
that the positions of the Fermi levels of
TiO, and Pt are not inverted with respect to
the monocrystals for the divided powders
studied here. However, the various treat-
ments and atmospheres should affect the
work functions of both materials (40) (par-
ticularly if TiO, is partly reduced to a lower
oxide such as TiyO; (16)) and in conse-
quence modify the importance of the elec-
tron transfer. For instance, in H, the den-
sity in electrons of the Pt/TiO; samples was
greater under the SMSI conditions.

This excess of electrons in the metal
crystallites, which would preferentially af-
fect the outer atom layers for electrostatic
reasons, would modify the electronic struc-
ture of platinum by progressively filling its
d orbitals and therefore would change its
chemisorptive properties. Gold which fol-
lows platinum in the periodic table, does
not chemisorb H, and does not catalyze the
reactions involving dissociatively chemi-
sorbed hydrogen (41). Accordingly, it is
suggested that the decrease in chemisorp-
tive and catalytic properties of Pt/TiO, un-
der SMSI conditions observed in various
investigations may arise from the filling of
the metal d orbitals with electrons donated
by the support. The restoration of the
chemisorptive properties of the metal after
an intermediate admission of oxygen may
be explained by the reoxidation of the oxide
which becomes electron-demanding be-



434

cause of oxygen ionosorption, so that the
metal gives back its excess electrons to the
support and thus recovers its normal elec-
tronic configuration. In terms of semicon-
ductor band diagram, this back transfer is
justified by the increased exhaustion in
electrons of the anatase surface layer be-
cause of negatively adsorbed oxygen,
which requires a new charge equilibrium.

In short, the conductivity method indi-
cates that the collective properties of TiO,
are influenced by the deposited platinum.
This conclusion cannot be extended to
other supports on the basis of the present
data, which, however, show the impor-
tance of conductivity measurements in the
study of electronic metal-support interac-
tions for semiconducting supports.
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