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The nature of lattice defects induced by strong metal-support interaction (SMSI) treatment in
titania supporting platinum has been studied by ir situ electrical conductivity measurements as a
function of oxygen pressure. The variations between 425 and 500°C of the electrical conductivity o
vs Po, (o = k - Pg)) are indicative of the presence of singly ionized vacancies. Their heats of
formation are equal to twice the activation energy of conduction (AH = +81 kcal mol™'). The heat
of Pt/TiO, regeneration determined by microcalorimetry corresponds, in absolute value, to the heat
of filling two anionic vacancies by one molecule of O,. It is substantially lower than the heats of
titanium suboxide reoxidation, which rules out the presence of such species on Pt/TiO, real cata-
lysts in the SMSI state. Titania has a stoichiometry of TiO, s, i.€., still close to that of anatase.
These anionic vacancies can be filled by the oxygen of water molecules arising from the methana-
tion reaction (AH = —23 kcal mol~!), thus explaining the suppression of the SMSI state under
working conditions. To each singly ionized anionic vacancy corresponds onc free electron of
conduction, which increases the Fermi level of titania and makes possible an electron transfer to
the metal. The electron transfer can inhibit H, or CO chemisorption, if these molecules chemisorb

as dipoles with a donor character to the metal as evidenced by conductivity.

Inc.

INTRODUCTION

In recent years titania has become a
widely used material in catalysis (7). It of-
ten appears as a nonconventional support
for metal catalysts, since it is able to induce
some effects on the activity and the selec-
tivity of the supported metal. The most
striking effect is the so-called strong metal—
support interaction (SMSI) in which a M/
TiO, catalyst is reduced at high tempera-
ture (500°C) and the metal loses, at least
partially, its chemisorptive properties with
respect to H, and CO. This effect was first
discovered by Tauster et al. on titania (2)
and then extended to other reducible sup-
ports (3). It was universally accepted since,
up to now, no counterexample was rc-
ported in the literature. Two symposia have
been devoted to this effect (4, 5).

Since 1978, many articles have been writ-
ten on this subject and it would be impos-
sible to cite all of them. However, several
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reviews that indicate most of the papers on
the subject have appeared (6-10).

Several explanations have been given to
account for the loss of chemisorptive and
catalytic properties: the occurrence of an
electronic effect with an electron transfer
from the support to the metal (1/-18), the
formation of intermetallic compounds (/9-
24), the existence of hydrogen spillover
(25-28), and more recently the decoration
of the metal by TiO, mobile species (29—
34). In the last case, most of the studies
were concerned with model catalysts,
whereas for real catalysts, with well-dis-
persed metal particles on high-surface-area
titania, no firm evidence of overlayer for-
mation was available, as noted by Tauster
(7).

In the present study, an attempt has been
made to identify the naturc of the defects
generated on titania by SMSI as well as
their heats of formation by mcasuring in
situ the electrical conductivity of real Pt/
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TiO, catalysts. The results are tentatively
correlated to previous calorimetric data
(35), and some thermodynamic consider-
ations are presented to account for the re-
activity of Pt/TiO; in the SMSI state.

EXPERIMENTAL
Catalyst Preparation

Pt/TiO, was prepared by the impregna-
tion of nonporous Degussa P-25 anatase (50
m?/g) with the required quantity of hexa-
chloroplatinic acid. The suspension was
then dried in a rotating flask by evacuation
at 80°C and then in an oven at 110°C for 2 h.
The resulting batch was then reduced in a
hydrogen flow (35 cm® m~!) at 480°C for 15
h. The reduction was preceded and fol-
lowed by a nitrogen flush during the in-
crease and decrease in temperature. The
batch was kept in a closed vial until further
use.

Catalyst Characterization

The platinum dispersion—or percentage
exposed—corresponding to the ratio of sur-
face Pt atoms to the total number of Pt
atoms measured by chemical analysis (5
wt%) was determined by hydrogen chemi-
sorption and H,-0O, titration. After reduc-
tion at 20°C, the catalyst chemisorbed 1 cm?
H, per gram (44.6 umol H, g~ 1), which cor-
responds to a dispersion of 35%. This value
is in good agreement with the mean particle
size determined by transmission electron
microscopy (TEM), which showed homo-
dispersed platinum particles of ~1.5 nm,
regularly distributed on all the particles of
the support (Fig. 1).

When the temperature of reduction was
raised to 500°C, the amount of chemisorbed
hydrogen decreased, as expected from the
SMSI effect, from 44.6 to 6 umol g7, i.e.,
by a factor of 7.8.

Fi16. 1. TEM micrograph of 5§ wt% Pt/TiO,.
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Electrical Conductivity Measurements

The electrical conductivity measure-
ments were performed in a static cell, built
to study in situ the electronic interactions
between a powder catalyst and various gas-
eous reactants (described in Ref. (36)).
About 500 mg of catalyst was placed be-
tween two platinum electrodes (1.00 cm in
diameter) and compressed under a constant
pressure of ~10° Pa for good electrical con-
tacts between particles without modifica-
tion of the texture. The electrical conduc-
tivity 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 compressed powder (0.6
cm) and § the section area of the elec-
trodes): o = 1/R - 1/8.

RESULTS AND DISCUSSION
Preliminary Remarks

Absolute values cannot be obtained from
conductivity measurements performed with
powders. However, previous studies on
TiO, (37, 38) have shown that the energetic
quantities (such as the enthalpies of forma-
tion of anionic vacancies or the energy of
electron ionization) that can be drawn from
measurements on powders are in excellent
agreement with those arising from conduc-
tivity measurements carried out on single
crystals (39) or from measurements made
on polycrystalline solids with other tech-
niques such as thermogravimetry (40). This
means that the determination of these quan-
tities is not controlled by grain-boundary ef-
fects.

On the other hand, in the present case,
the presence of 5 wt% platinum did not
modify the conduction mode between the
anatase particles since the probability of
finding Pt crystallites at all the contact
points between the TiO, grains is nil, as
may be directly observed from TEM micro-
graphs (Fig. 1). An average of only ~10
platinum particles (1.5 nm) was deposited
on the surface of each nonporous anatase
grain (2030 nm in diameter). Therefore,

the conductivity measured referred exclu-
sively to TiQO,. This is in agreement with the
percolation theory for conductivities of
composite mixtures comprising metallic
and semiconducting components (4/ and
references therein).

Evidence for Anionic Vacancies

For pure semiconductor oxides, anionic
vacancies can be evidenced by electrical
conductivity measurements at the thermo-
dynamic equilibrium with various oxygen
pressures at different temperatures (36—
40).

The solid was first put in the SMSI state
by the following treatment: evacuation
(107® Torr; 1 Torr = 133.3 Pa) for 1 h at
room temperature, introduction of 250 Torr
H,, heating to 500°C, and reduction at this
temperature for 2 h. The catalyst was then
outgassed under 1076 Torr for 30 min. Once
the SMSI state was obtained, oxygen was
introduced at 500°C under a pressure of 160
Torr. Instantaneously, the electrical con-
ductivity decreased by more than six orders
of magnitude and was followed by steady
state. Py, was subsequently decreased to
various values. The corresponding electri-
cal conductivity data are presented in Fig.
2. Similar isotherms were obtained at dif-
ferent temperatures. It must be noted that
all the variations of o vs T or Py, were re-
versible.

Under constant oxygen pressure (160
Torr) the electrical conductivity varied ex-
ponentially with temperature as evidenced
by the Arrhenius plot of Fig. 3. An activa-
tion energy of conduction of 40.5 kcal mol ™!
(169.5 kJ mol~') was found.

Since the slopes of the isotherms in Fig. 2
are close to —1, the anionic vacancy model
can be applied. !

Anionic vacancies have been produced
by hydrogen reduction at 500°C,

O + H; 2 H,O + V. 8

V- represents an anionic vacancy with
two trapped electrons. This entity is neutral
with respect to the lattice as are the oxygen
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Fi16. 2. Variations of the electrical conductivity o (in
Q~' cm™) of Pt/TiO; as a function of Py, (in Torr).

anions 0%~ of TiO,. The charge balance of
Eq. (1) is obtained by taking into account
the charges of the exponent of O?~ and of
the subscript of V-,

When oxygen is introduced, two reac-
tions occur simultaneously:

(i) the coverage of the surface platinum
atoms,

Pts + 10, 2 Pts — O, 2

(ii) the partial filling of anionic vacancies
whose concentration is governed by the
thermodynamic equilibrium

0™ 2 V- + 305(g). 3

At 500°C, anionic vacancies do not re-
main neutral. The thermal energy is suffi-
cient to ionize their first electron into the
conduction band,

Voz— 2 V82+ + e_-

“4)

The singly ionized anionic vacancies are
positively charged with respect to the lat-
tice.

The mass action law, applied to Eqs. (3)
and (4), yields
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Equations (5) and (6) combined with the
electrical neutrality condition ([e7] =
[VE-)) give the relationship

o = [e7] = (K:Ky)"Po,"

= [(K3)0(K4)0]”2 expl—(AH;

+ AH)/2RTIPGM. (7)

The exponent —3 found from the slopes of
the log—log plot of Fig. 2 is therefore indica-
tive of anionic vacancies formed by hydro-
gen reduction.

Experimentally, o was found to vary as

o =k - P5" exp(—E./RT). ®
By comparison of Egs. (7) and (8),
AH, + AH, = 2E.. )

Since the ionization energy of the first elec-
tron A H, is generally small compared to the
heat of formation of anionic vacancies,
AH,, one obtains AH; ~ 2E. = +81 kcal
mol~! (339 kJ mol~!). This value is the same
as that obtained for pure bare titania (37),
and for Ga’* or Nb** doped TiO, (38). It is
also identical to that obtained for single
crystals of TiO; (39) as well as to that ob-

log O

-9 |

1 1 1
13 3 1.4
10°/T1

F1G. 3. Arrhenius plot log o = f(1/T) of the electri-
cal conductivity of Pt/TiO, under a pressure of 160
Torr O,.
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tained by other techniques such as thermo-
gravimetry (40). It should be emphasized
that it corresponds to a thermodynamic pa-
rameter which is not affected by the pres-
ence of deposited platinum. This means
that Eqs. (2)-(4) are independent. It should
be noted that these anionic vacancies can
be produced also during high-temperature
evacuation (38).

Comparison with Microcalorimetry

The destruction of the SMSI state, corre-
sponding to the almost complete regenera-
tion of Pt/TiO, properties relative to H;
chemisorption, was previously studied at
room temperature by microcalorimetry
(35). It required 0.5 cm® O, per gram of
catalyst. The corresponding heat of regen-
eration AH, was found equal to —156 kcal
mol~! O, (653 kJ mol™!). In the electrical
conductivity study, the reoxidation of the
support corresponds to Eq. (—=3) whose en-
thalpy AH_; is equal to —81 kcal mol™! of
anionic vacancies, i.e., —162 kcal mol~! O,.
The nearly equal values found for AH, and
AH_; mean that the destruction of the
SMSI state of Pt/TiO, by exposure to oxy-
gen proceeds only via the filling of the an-
ionic vacancies created by hydrogen reduc-
tion. The presence of Pt, which catalyzes
the reduction of TiO, (15, 16), has, how-
ever, no effect on AH,, since an identical
heat of reoxidation of bare titania has been
found (—150 to —160 kcal mol™) (42).

The heat of regeneration AH, is much
smaller than the heat of oxidation of tita-
nium suboxides collected in Table 1, which
does not support the existence of such ox-
ides at the surface of reduced titania. Simi-
larly, AH, is much smaller than the heat of
oxidation of titanium into TiO,, which rules
out the presence of Ti metal under SMSI
conditions.

The results of both electrical conductiv-
ity and microcalorimetry concerning the re-
generation treatment indicate that on real
catalyst the presence of suboxides TiO,
could not be thermodynamically evi-
denced. This is in line with the degree of

TABLE 1

Enthalpies of Oxidation of Titanium Suboxides

AH (kcal mol™")

Oxide (0%
TiO (a) + 30, — TiO, (rutile) 103 206
Ti;O; (@) + 10, — TiO, (rutile) 96 192
TiyOs (o) + 30, — TiO, 97 193.5
Ti, 0, + 10, — TiO, 112 224

reduction of titania, deduced from the
quantity of oxygen necessary to regenerate
the support (0.5 cm?® g=!). It corresponds to
the formula TiO, g9, Which is in good agree-
ment with previous results (43) and is very
close to the anatase stoichiometry.

Adsorption of H,

After low-temperature reduction (LTR)
treatment, the catalyst chemisorbed ca. 1
cm® g7! H, under a maximum pressure of
1.5 Torr. The corresponding initial heat of
adsorption was found equal to 22 kcal mol ™!
(35), in excellent agreement with previous
results obtained on platinum (44, 45). After
high-temperature reduction (HTR) treat-
ment, it chemisorbed only 0.13 cm?® g7!' H,
while the initial heat of adsorption de-
creased to 18.5 kcal mol~!. Moreover, hy-
drogen chemisorption was almost com-
pletely reversible. This is in agreement with
previous results which evidenced a weakly
bound hydrogen species (/4, 47-49).

The substantial change in the energetics
of H, chemisorption can be interpreted in
terms of an electronic factor. Electrochem-
ists consider that chemisorption of hydro-
gen occurs with the formation of dipoles at
the surface of the metal (50-52). Conse-
quently, if the metal is enriched with excess
electrons coming from the reduced support,
the formation of Pt§"—H?" dipoles will be
counteracted. This can explain why both
the heat of chemisorption and the amount
of chemisorbed H atoms decrease under
SMSI conditions. These effects are pro-
gressive between LTR (200°C) and HTR
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TABLE 2

Pt/TiO,: Inhibition Factor R for Various Platinum
Loadings at Constant Metal Particle Size (~2 nm)

Metal content ng, (ads) ny, (ads) R = ny,
(Wt%) Tr = 200°C Tr = 500°C (200°C)/np, (500°C)
0.5 6.5 0 o
5 44.6 6 7.8
5¢ 42 6 7
1¢ 90.5 26 35

“ From Ref. (16).

(500°C) treatments. The decrease in the
amount of H; adsorbed is already detect-
able for Tx = 300°C (ny, ads(300°C) = 0.86
cm?® g71), whereas the decrease in the heat
of adsorption occurs only for Tr = 400°C.
Increasing reduction temperatures yield a
higher degree of reduction which progres-
sively increases titania’s Fermi level, mak-
ing stronger the electron transfer from the
support to the metal (53). The electron
transfer remains limited since the contact
concerns a metal with a high electron den-
sity (10?2 cm~3) and a reduced semiconduc-
tor whose electron density is 10° times
lower and estimated from the present elec-
trical conductivity measurements to be ca
102 cm—3. However, the small size of the Pt
crystallites (1.5 nm) makes the electronic
interaction with the adsorbed phase partic-
ularly intense.

From a quantitative point of view, the
inhibition of H, chemisorption decreases
with the metal loading (Table 2). When the
weight percentage of platinum increases
from 0.5 to 10% at a constant mean particle
size (d ~ 1.5 nm), the inhibition factor de-
fined as the ratio of H, adsorbed in the nor-
mal state to that adsorbed in the SMSI state
decreases from « to 3.5. It seems that the
relative electron enrichment per particle of
Pt decreases when the number of these par-
ticles increases, as if the electron reservoir
constituted by the support had the same ini-
tial concentration of free electrons to be
shared between the metal crystallites. A
similar trend for the inhibition factor was
observed for the catalytic cyclopentane-

deuterium isotopic exchange on the same
samples under uv illumination (54).

Adsorption of CO

Under SMSI conditions the initial heat
of adsorption remains constant (32 kcal
mol~1), but strongly decreases with the cov-
erage (35). As for hydrogen, CO adsorption
is almost totally reversible under SMSI
conditions. This can be accounted for also
by the existence of an electronic factor
which counteracts the chemisorption of CO
molecules as dipoles at the surface of the
metal.

CO + H, Interactions on Pt/TiO, in the
SMSI State

CO + H; interactions have been studied
both at room temperature and at reaction
temperature (290°C).

Room temperature. At room tempera-
ture, when CO is first introduced, the elec-
trical conductivity o increases instanta-
neously and then remains constant and
independent of Pcq (Fig. 4). The initial in-
crease in o means that CO chemisorbs on
Pt with a donor character and that some
excess electrons in the metal are then resti-
tuted to titania whose conductivity in-

@t cml)

ox10°
o

H,
200
co

4} 10 25 75 100

e

(‘) * |J00
t/min
FiG. 4. (CO + H,) interactions on Pt/TiO, (5%) in
the SMSI state at room temperature (pressures in
Torr).
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creases. No ¢ variation is observed as a
function of Pco on bare titania, which dem-
onstrates that the variation of o (Pt/TiO,) is
due to the chemisorption of CO on Pt. Such
a donor character is in favor of the forma-
tion of dipoles at the surface of the metal.
The absence of a decrease in ¢ at the intro-
duction of CO implies that CO does not de-
compose either on TiO, or at the metal-
oxide interface since, otherwise, the atomic
oxygen produced would have filled anionic
vacancies with the consumption of free
electrons (Eq. (—3)). The lack of influence
upon o of subsequent increasing CO pres-
sures means that the platinum surface is al-
ready saturated.

When hydrogen is introduced, the elec-
trical conductivity increases slowly simi-
larly to hydrogen spillover (55),

(10)
(11

This means that hydrogen is able to dis-
place CO from certain of its sites (56). This
is thermodynamically possible since the
strong adsorption sites for hydrogen under
SMSI conditions have a higher heat of ad-
sorption (18 kcal mol~!) than the weakest
adsorption sites for CO (12 kcal mol™!) (35).
These sites must be located close to the
metal-support interface since they enable
hydrogen to spill over the surface of titania
(Fig. 4).

Reaction temperature. The same experi-
ments were repeated at 290°C at which the
temperature methanation occurs. The elec-
trical conductivity variations are presented
in Fig. 5. Similarly to what happens at room
temperature, the adsorption of CO on plati-
num still has a donor character and some
excess electrons are retrodonated to the
support, thus increasing the conductivity of
the sample.

When hydrogen is introduced (H,/CO =
2) there is a sharp initial increase in o fol-
lowed by a slow decrease for 2 h. The
change in o at the introduction of H, is still
indicative that H, has been able to chemi-

H; + 2Pts « 2Pts — H
Pt~ H+ O =2Ptg+ OH + e".

H,
2
co 100
10 so i T 295°C
6
‘TC:
NO
*
b
2 k
1 A L
o t / min 100

FiG. 5. (CO + H,) interactions on Pt/TiO, in the
SMSI state at reaction temperature (290°C) (pressures
in Torr).

sorb by displacing CO from certain of its
weakest adsorption sites. The slow de-
crease in ¢ means that titania is progres-
sively partly reoxidized. The reoxidation
cannot originate from CO decomposition,
since, otherwise, it would have occurred
during the previous CO adsorption. Oxygen
must intervene from a reaction product,
namely water. This was confirmed by intro-
ducing water in contact with Pt/TiO, under
identical conditions, which gave the same
decay.

Because reoxidation of titania by water is
a spontaneous process, AG is negative,
and, from the formula AG = AH — TAS,
(AH - TAS) must also be negative, or
equally TAS must be larger than AH. Now
AS will also be negative because titania’s
reoxidation produces a more ordered sys-
tem (reduced substoichiometry, destruc-
tion of lattice defects, disappearance of free
electrons of conduction); hence AH must
also be negative, and the process must
therefore be exothermic. This is confirmed
by the calculation of the enthalpy of the
reaction,

V- + H,O+ e 20 + Hy (12)



50 JEAN-MARIE HERRMANN

AHp; = EA[Jprod. — 2AH cact
= —(AHﬂzo + AH3)
= +58 — 81 = —23 kcal mol~! < 0,

where AHy, is the heat of formation of wa-
ter and AH;, the heat of formation of an-
ionic vacancies determined here above
from o (7, P,,) measurements. The exo-
thermicity of Eq. (12) is responsible for the
sharp initial increase in o in Fig. 5. The
hydrogen production in Eq. (12) has been
evidenced by pulse chromatography (57).
The decrease in conductivity connected
with the partial reoxidation of titania by wa-
ter (Fig. 5) is much more limited than that
due to pure oxygen. This is not unexpected
since (i) pure O, is a stronger oxidizing
agent, i.e., strongly electrophilic, and (ii)
the presence of the (H, + CO) reacting mix-
ture maintains titania in a partially reduced
state.

Concerning the (CO + H,) reaction, it is
known that SMSI conditions do not inhibit
the activity of the metal. The first explana-
tion is that active CO and H, species are
only those whose chemisorption sites are
not affected by SMSI (58) and are close to
the interface perimeter (59). The second
explanation is that, as soon as the catalyst
works, the water formed by the reaction
reoxidizes the support (Eq. 12) and de-
stroys, at least partially, the SMSI state
(60, 61). The initial reaction rate can even
be accelerated by the initial increase in tem-
perature due to the exothermicity of reac-
tion (12).

CONCLUSIONS

Under SMSI conditions, real Pt/TiO, cat-
alysts contain ionic vacancies in the singly
ionized state. The heat of formation of
these defects is equal to +81 kcal mol~! and
corresponds to the absolute value of the
heat of reoxidation of titania by oxygen.
These anionic vacancies can be partially
filled with oxygen arising from water pro-
duced by the methanation reaction, which
destroys the SMSI state.

The electrons originating from the first

ionization of anionic vacancies are partially
trapped by the metal. This electron enrich-
ment of Pt can counteract H, or CO chemi-
sorption if the adsorbed species behave as
dipoles with a donor character evidenced
by electrical conductivity measurements.
This could, in particular, explain the de-
crease in the initial heat of adsorption of
hydrogen from 22 to 18.5 kcal mol~! deter-
mined by microcalorimetry (35).

The occurrence of an electronic factor, in
line with previous pioneer works (46, 62,
63, and references therein) for metals de-
posited on semiconductors, is supported by
recent papers based on spectroscopic meth-
ods, which have evidenced an electron
transfer from the support to the metal (64—
66). It is also substantiated by the existence
of SMSI effects induced by replacing the
high-temperature reduction of Pt/TiO, ei-
ther by introducing an alkaline additive
(67) or by doping titania with penta- or
hexavalent heterocations (68, 69).

In addition, the same concept of electron
transfer is commonly used in heteroge-
neous photocatalysis to account for the re-
activity of the same Pt/TiO; catalysts when
they are illuminated at room temperature
with photons capable of exciting electrons
from the valence band to the conduction
band (54, 70, 71).
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