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The electrical conductivity of Pt, Rh, and Ni catalysts deposited on titania was followed in situ
during all the pretreatment phases leading either to a ‘‘normal’’ state after reduction in H, at low
temperature (473 K) or to a strong metal-support interaction (SMSI) state after reduction at 773 K.
In both cases, an electron migration from the support to the metal was evidenced under vacuum.
This excess of electrons in the metal was highly accentuated by the SMSI conditions. The partial or
total inhibition of hydrogen chemisorption on the metals was attributed to an electronic effect, the
extra electrons saturating the unfilled d-orbitals of the surface metal atoms or inducing long dis-
tance electronic interactions which counteract the establishment of M—H bonds. The sensitivity to
SMSI for the three samples used was found to vary in the order Ni > Pt > Rh. This was qualita-
tively explained for rhodium by its greater number of unfilled d-orbitals per atom, whereas the case
of nickel was found more difficult to interpret because of its low dispersion {or large particle size)
and its tendency to be partly irreversibly oxidized. The absence of inhibition by SMSI for reactions
involving hydrogen like spillover presently evidenced and explicited by an isotherm law (o = oy +
kP&’i) or CO methanation, is explained by the fact that only a fraction of the hydrogen coverage is

needed to let the reaction run.

INTRODUCTION

Group VIII metals deposited mainly on
titania but also on other similar semicon-
ductor oxides are known to induce strong
metal-support interactions which greatly
affect their chemisorptive and catalytic
properties in reactions involving H, and
CO. This SMSI effect, as first stated by
Tauster ef al. (1), commonly occurs after a
high temperature reduction of the catalysts
in hydrogen and can disappear, at least par-
tially, by introducing either gaseous oxygen
or water. Various hypotheses have been
proposed and discussed to account for the
inhibition of chemisorption and reactivity
at the surface of the metals. The agglomera-
tion or encapsulation of the metal particles,
the influence of impurities or contamina-
tion, the existence of an alloy have been

! Present address: Laboratoire de Physico-Chimie
des Interfaces, U.A. CNRS n°404, Ecole Centrale de
Lyon, 69131 Ecully-Cédex, France.

rejected as possible sources of the SMSI
state (see for instance ref. (2)). The same
authors propose the occurrence of an elec-
tron transfer from the support to the metal,
this assumption being based on the neces-
sity for obtaining a SMSI effect, of dealing
with reducible transition metal oxide sup-
ports (3) as later observed in refs. (4) and
(5).

Moreover, it is known that surface migra-
tion of TiO, can occur readily under the
conditions of the formation of SMSI char-
acteristics according to the conclusions
drawn from the study of various titania sup-
ported metals such as Fe (6), Rh (7), or Ni
(8).

Any electron transfer from an oxide to a
metal can readily occur, when they are put
into contact, by the spontaneous alignment
of their Fermi levels, provided the work
function of the metal (¢,) be greater than
that of the oxide (¢ox). The latter will de-
pend upon the reduction state of the oxide:
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the more reduced the oxide, the smaller ¢,
and the stronger the electron migration to
the metal (5, 9). Several spectroscopic
studies (10-14) have evidenced such an
electron transfer in agreement with electri-
cal measurements (5, 15) or molecular or-
bital calculations (16).

In the same line, an “‘artificial”” SMSI ef-
fect was even recently induced by replacing
the high temperature reduction of Pt/TiO,
by the introduction of an alkaline additive.
This was interpreted by an electron donor
effect of potassium to platinum (17). An-
other artificial way to increase the concen-
tration in free electrons in TiO, and conse-
quently to favor the electron transfer to the
metal consists in illuminating the solid with
suitable wavelengths (hy = E; (TiO,) =
3.02 eV). A direct correlation between the
amount of deposited platinum (with a con-
stant dispersion) and the photoconductance
of the solid has been evidenced and inter-
preted (18).

A previous electrical conductivity study
(15) has shown that platinum in SMSI con-
ditions is strongly enriched in excess elec-
trons coming from the reduced support and
is consequently loosing its normal adsorp-
tive properties with respect to hydrogen be-
cause of an alteration of its normal d-elec-
tron configuration, which tends to make it
progressively resemble its d'° neighbor in
the periodic table, namely gold, known as a
poor hydrogen sorbent and a poor hydroge-
nation catalysts (19).

In the present work, the electrical con-
ductivity study was extended to Ni and Rh,
thus allowing comparisons between three
metals, each one belonging to a different
row in group VIII. An attempt was made to
explain the differences due to the nature of
the metal, as for instance the smaller sensi-
tivity to SMSI of rhodium in comparison
with platinum and nickel (20).

EXPERIMENTAL

Catalyst preparation. The various M/
TiO, catalysts were prepared by the im-
pregnation of non porous Degussa P-25 an-
atase (50 m? g~') with the required quantity
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of a soluble salt of the metal chosen:
chloroplatinic acid, rhodium trichloride,
and nickel hexamine nitrate.

The suspension was then dried in a rotat-
ing flask by evacuation at 80°C and then in
an oven at 110°C for 2 h. The reduction by
H, at 480°C for 15 h was preceded and fol-
lowed by a nitrogen flush during the in-
crease and decrease in temperature.

Chemical analysis gave metal loadings
close to the nominal weight contents (~5
wt%).

Catalyst characterization. Transmission
electron microscopy (TEM) showed that
platinum and rhodium were present as well
homodispersed particles of 2 and 3.5 nm,
respectively, whereas no Ni particles could
be detected because of a lack of contrast
between metal and oxide particles of simi-
lar orders of magnitude. However, mag-
netic measurements could provide an esti-
mate of the mean diameter (13.5 + 2.5 nm)
of the nickel crystallites. Moreover this
mean diameter was very close to that deter-
mined by TEM on another 5 wt% Ni/TiO,
sample, obtained with larger spherical TiO,
particles (170 nm) previously used in ref.
(21), which could allow a neat and unam-
biguous distinction between Ni and TiO,
particles.

Dispersion measurement for Pt and Rh
by chemisorptions and titrations are pre-
sented in Table 1. H,-O, chemisorptions
and titrations are in good agreement for the
catalysts reduced at low temperature (LTR

TABLE 1

Amounts of Gases Which Have Reacted* during H,
and O, Adsorptions and H,-O, Reciprocal Titrations
on Pt and RW/TiO,

5-PU/TIO; 5-RW/TiO;
TR =473 T =773 Te =473 Tx =773
H; ads 42 6 67 24
0, tit. 65 56 112 100
H, tit. 126 105 224 201
0O; ads 45 37 106 88
H, tit. 134 114 298 244
0, tit. 66 53 122 112

¢ In micromoles per gram of catalyst.
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samples). For what concerns the rhodium-
oxygen stoichiometry, the surface species
seem to be closer to Rh,O; than to Rh-O.

For nickel, since oxygen chemisorption
is partially irreversible and corresponds to
an oxidation of the metal, only H, chemi-
sorptions were carried out. Moreover, to
make sure that all the nickel is 100% re-
duced as Ni® atoms according to magnetic
measurement (22), the low reduction tem-
perature was chosen equal to 623 K. The
amounts of chemisorbed H, were respec-
tively equal to 8 umol H, g for Tr = 623 K
and 0 umol H, g3\ for Tg = 773 K.

Electrical conductivity measurements.
They were carried out in the same static
cell as that previously used for the study of
Pt-TiO, electronic interactions (15).

The electrical conductivity was mea-
sured in situ during all the pretreatments
and the chemisorption-titration phases cor-
responding to the first column of Table 1. It
has to be recalled that the experimental
data obtained do not provide absolute in-
trinsic electrical conductivity values since
the solid is not a single crystal but a pow-
der. However, the relative variations are
significant. Moreover, one must underline
that the conductivity measured refers ex-
clusively to that of the support since the
highly divided state of the metal as well as
its moderate weight percentage (5%) cannot
allow an electric conduction through the
metal crystallites as confirmed by TEM ex-
amination.

Procedures. Two reducing treatments
were applied to the different catalysts, one
at a low temperature (473 K; LTR samples)
and the other at a higher temperature (773
K; HTR samples). Of M/TiO; 500 mg was
inserted between the two electrodes, evac-
uated at room temperature for 1 h, reduced
overnight at 473 K under 250 Torr H, (1
Torr = 133.3 Pa), then evacuated (10~
Torr) at 673 K for 2 h to make sure that all
hydrogen was evolved according to ref. (23)
and finally cooled down to room tempera-
ture. Increasing pressures of H; in the 10-
250 Torr range were introduced in contact
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with the solid to follow the influence of Py,
on the electrical behaviour of the Pt-TiO,
system. After H,-O, titrations, the solid
was reduced at 773 K under 250 Torr H, for
2 h, then evacuated at the same tempera-
ture for 2 h, cooled down to room tempera-
ture, and submitted to the same H>-0O, se-
quences as for LTR samples.

RESULTS AND DISCUSSION

Samples Reduced at 473 K (LTR
Samples)

The variations of the electrical conduc-
tivity o of the different M/TiO; catalysts for
the various subsequent phases mentioned
above is represented with a logarithmic
scale in Fig. 1.

Ti0, and Pt/TiO,. The behavior of these
two solids has been already described in
ref. (15). In the case of TiO,, the effects of
hydrogen at 473 K and of vacuum at 673 K
were based on:

4737 T 6737 1 300K

Pt

L_.¥__To2
<1012
Ha, | vac L Hg L 02 | Hy
250 7 | 168 V"1 s0T 00" 150" T s0 ' ' so

P/Torr

F1G. 1. Variations of the electrical conductivity of
the LTR samples as a function of various sequences
(lower x axis: atmospheres with pressures in Torr; up-
per x axis: temperature (K)).
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(i) the dehydroxylation of the surface and
the subsequent formation of anionic vacan-
cies Vg2-

20H; 2 H,0(g) + O + V- (D)

(ii) the ionization of the first electron of
these vacancies

Vor- 2@ V- + e

2)

(iii) the loss of surface lattice oxygen cre-
ating additional singly ionized anionic va-
cancies

0} 2 305g) + Véo- + e™. 3)

In the case of Pt/TiO,, the higher conduc-
tivity in H, at 473 K has been explained by a
catalytic effect of the metal which (i) chemi-
sorbs dissociatively molecular hydrogen

M+ iH,2M; - H 4)

where M, represents a surface metal atom,
and (ii) enables the migration of atomic hy-
drogen onto the support (spillover effect)
via the formation of OH; groups with sur-
face lattice anions O?~ with release of one
free electron per proton formed

M;-H+0*2M;+0H; +e. (5

The lower conductivity of Pt/TiO, under
vacuum at 673 K (Fig. 1) was interpreted in
terms of an electron enrichment of the
metal due to the alignment of the Fermi lev-
els in agreement with the respective values
of the work functions: ¢ (reduced TiO,) 4.6
eV (24); ¢p, = 5.36 V. This electron trans-
fer can be symbolized by

e+ Ma ey

(6)

where ey represents an excess electron in
the metal.

Since equilibrium (6) is exothermic be-
cause of the electron affinity of the metal, it
will be displaced to the right by decreasing
the temperature. The partial depletion of
TiO; in free electrons by the metal enables
the samples to conserve a semiconductor
behaviour in the whole temperature range
investigated (300-673 K) as evidenced by
the constant activation energy of conduc-
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FIG. 2. Arrhenius plot of the electrical conductivity
o under vacuum after reduction in H, (250 Torr) at 473
K and evacuation at 673 K.

tion (Fig. 2) in contrast with pure TiO;
which behaves as a quasi-metallic conduc-
tor with a very small and variable apparent
activation energy of conduction. The varia-
tions of the electrical conductivity o of Pt/
TiO, measured at steady state as a function
of hydrogen pressure follow an isotherm

law in P}

o=o0y+ kP}.{zz ™

which can be accounted for by Eqgs. (4)-(6)
with the condition do/dtad(e)/dt = 0 as pre-
viously discussed in ref. (15).

Finally, the introduction of oxygen pro-
duces a strong electron capture by reoxida-
tion of the support [Eq. (—3)], evidenced by
a high decrease in electrical conductivity
(Fig. 1). The smaller decrease for opyrio,
was explained by a higher content in deeper
defects which could not be reoxidized at
room temperature by oxygen because of its
low diffusion coefficient.

Rh and Ni/TiOy: Rhodium. The results
are qualitatively the same as for platinum,
thus confirming the model previously pro-
posed. Actually, the respective values of
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the work functions of reduced titania (4.6
eV) and of Rh (4.98 eV) (25) as well as the
requirement of an alignment of the Fermi
levels, are in agreement with an electron
migration from the support to the metal as
for platinum [Eq. (6)]. The consequent elec-
tron deficit of titania allows it to conserve a
semiconductive behavior under vacuum be-
tween 673 and 300 K, i.e., with a constant
activation energy of conduction, despite its
high reduction level and in contrast with
titania alone (see the Arrhenius plot in Fig.
2).

The same isotherm variations o = f(Py,)
[Eq. (7)] are found for hydrogen spillover at
room temperature showing that Egs. (4)-
(6) are still observed.

When oxygen is introduced after a brief
evacuation, the hydrogen titration occurs
on the metal (see Table 1), while the electri-
cal conductivity drops by several orders of
magnitude (Fig. 1). This is due essentially
to the reoxidation of titania which fills its
anionic vacancies [Eq. (—3)], thus scaveng-
ing the free electrons of the oxide, including
those restituted by the metal to its support.

Finally the last hydrogen introduction
shows that, once the oxygen titration is ac-
complished, the surface metal atoms are
covered with dissociatively chemisorbed
hydrogen which can then spill over the sur-
face of the support with the same isotherm
law [Eq. (7)].

Nickel. According to Fig. 1, the nickel
sample behaves qualitatively as Pt and Rh.
The nickel work function (¢n; = 5.03 eV) is
also compatible with an electron enrich-
ment of the metal due to the Fermi level
alignment. The linear Arrhenius plot of Fig.
2 confirms the semiconductor nature of Ni/
TiO>—in contrast with TiO>—linked to a
partial depletion in free electrons of the
support. However, some differences with
Pt and Rh can be evidenced: the initial re-
duction by H, (see Fig. 1, phase 1) is less
important, the establishment of the electri-
cal conductivity steady state is very slow at
room temperature, and the effect upon con-
ductivity of the second exposure to hydro-
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gen which corresponds to the titration of
oxygen by H, is very small in comparison
with Pt and Rh.

The two first phenomena can be ex-
plained by the lower dispersion of nickel
whose crystallites (d = 13.5 nm) can only
affect the support particles which they are
in contact with, since there is statistically
only 0.15 Ni particle present per particle of
TiO,, instead of ~10 for both Pt and Rh
samples.

The third phenomenon is directly con-
nected with the partial irreversibility of the
chemisorption of oxygen which cannot be
stoichiometrically titrated by hydrogen.

Sample Reduced at 773 K (HTR
Samples). SMSI State

The same sequences as in Fig. 1 were
repeated on the same samples after reduc-
tion at 773 K in order to observe the modifi-
cations induced by the strong metal-sup-
port interactions.

At 773 K under 250 Torr H,, all three
metal catalysts have the same high conduc-
tivity level (Fig. 3). Note that oo, is very
close to omrrio,, which tends to indicate that
the thermal reduction of pure titania is very
high in these conditions and almost inde-
pendent of the presence of a supported
metal.

The evacuation of hydrogen a 773 K pro-
duces only very small variations of o with
the same tendencies as for LTR samples
(Fig. 1), i.e. (i) with an increase of orio,,
due to a supplementary creation under vac-
uum of anionic vacancies [Eq. (3)] and (ii)
with a decrease of owrio, due to an electron
transfer to the metal [Eq. (6)]. When the
temperature is lowered, all the solids be-
have as quasimetallic conductors (do/dT =
0) between 773 and 473 K, whereas below
473 K the apparent activation energy of
conduction increases (Fig. 4). This partial
recovery of a semiconductive behavior at
the lower temperatures can be accounted
for by a progressive exhaustion of TiO; in
free electrons because of the simultaneous
enrichment of the metal due to the shift to
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Fi1G. 3. Variations of the electrical conductivity of
HTR samples as a function of various atmospheres
(pressures equal to 50 Torr otherwise stated).

the right side of reaction (6) which is exo-
thermic and favored when T is decreased.
According to Fig. 3, qualitatively, the rela-
tive extent of this electron transfer between
the support and the metal seems to occur in
the sequence Rh > Pt > Ni.

3
10/7

F1G. 4. Arrhenius plot of the electrical conductivity
o under vacuum after reduction in H, (250 Torr) and
evacuation at 773 K.
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The subsequent hydrogen introduction
only increases the conductivity of the solids
which are able to chemisorb some H; in the
SMSI state, namely Pt and Rh samples as
evidenced by Fig. 1 and Table 1. For these
two metals, the same isotherm law [Eq. (7)]
is observed. On the contrary, the conduc-
tivity of Ni/Ti0O, remains unaffected by hy-
drogen pressure (do/dPy, = 0). This means
that reactions (4) and (5) do not occur be-
cause of a complete inhibition of hydrogen
chemisorption on nickel due to an SMSI
effect at its maximum level. This behavior
is identical to that of a Pt sample with a low
loading (0.5%) (15), which tends to show
that nickel would be specially sensitive to
SMSI. In particular, one can notice that Ni
dispersion or percentage exposed deduced
from H, chemisorption on a LTR sample is
substantially lower than that based on mag-
netic measurements which would mean
that, even after a low temperature treat-
ment, a partial SMSI state exists which
reaches completion after reduction at
500°C.

The subsequent introduction of oxygen
drastically decreases the conductivities of
all samples, following the same reoxidation
process of TiO, described above for LTR
samples [Eq. (—3)].

Finally a new introduction of H, (Fig. 3)
increases again the conductivities of all the
metal containing samples, including nickel
which exhibits, however, very slow o vari-
ations as for the LTR sample. This confirms
that the SMSI state which affects H, chemi-
sorption is destroyed, at least partially, by
an exposure to oxygen at room tempera-
ture.

CONCLUDING REMARKS

By measuring in situ the electrical con-
ductivities of titania deposited Pt, Rh, and
Ni catalysts and comparing them to that of
the bare support, it has been possible to
establish the balance in free electrons be-
tween the metal and its support in the nor-
mal and SMSI states respectively.

The deposited metals favour titania’s sur-
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face reduction in H, by initiating a spillover
process of atomic hydrogen which gener-
ates OH groups able to desorb as water
molecules, thus creating superficial anionic
vacancies. Under vacuum, free electrons
are able to migrate from the support to the
metal through the metal-oxide interface be-
cause of the alignment of the Fermi levels
which operates in conformity with the re-
spective work function values.

Since titania’s work function ¢rio, de-
creases when the oxide is more reduced,
passing from 5.5 eV in the oxidized state to
4.6 eV in the reduced one (24), a higher
reduction temperature will render easier
the electron migration to the metal which
leads to the conclusion that the existence of
the SMSI state of M/TiO, catalysts corre-
sponds to a strong electron excess within
the metal. If the establishment of a metal-
hydrogen bond consists in an electron shar-
ing between a H atom and an unfilled d4-
band surface metal atom, a progressive
filling of these d-orbitals will gradually af-
fect the chemisorptive properties of the
metal with respect to H; as recently dis-
cussed for NO (26). Qualitatively, the elec-
tronic configuration of Ni, Rh, and Pt atoms
would partially and progressively resemble
that of their d'° neighbors of the 1B-group,
namely Cu, Ag, and Au, which are known
as poor hydrogen adsorbents and poor cata-
lysts for hydrogen involving reactions (19).
From electrical conductivity it is not possi-
ble to quantitatively estimate the relative
electron enrichment ¢/M of the metal, but
values as high as 0.6 and 0.13 electron/
metal atom were given for Pt (10) and Ni
(11, 12) respectively from spectroscopic
observations. However, we suggest that an
important electron transfer, i.e., with a ra-
tio e~/M close to unity, is not necessarily
required to induce a SMSI effect if the ex-
cess of electrons suffices to partially coun-
teract the electron sharing during H, chemi-
sorption.

In Table 2, the SMSI intensity has been
tentatively quantified by the ratio R, de-
noted ‘‘inhibition factor,”’ of the hydrogen
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TABLE 2

Inhibition Factor R for Various Catalysts with
Different Crystallite Size?

Metal content d Inhibition factor R
(W1%) (nm) R = ny, (ads)LTR/
ny,(ads)HTR
Pt/TiO, 5 2 7
PU/TiO, 0.5 2 ©
Ni/TiO, 5 13.5 %
RWTiO, N 3.5 2.8

4 R is defined as the ratio of the number of H, molecules
chemisorbed on the LTR sample to the number of H, mole-
cules chemisorbed on the HTR sample.

quantities chemisorbed on LTR and HTR
samples. For the same given weight per-
centage (5%), the SMSI effect follows the
order Ni > Pt > Rh. According to the metal
loading, the total amount of Ni atoms on
the support is close to 2 times that of Rh
and 3 times that of Pt. For the same amount
of electron transferred from TiO, to the
metal particles, each nickel particle would
have much less electrons than Pt and Rh
particles. Therefore, one would expect that
Ni shows the least SMSI effect. Three rea-
sons can be invoked to account for the op-
posite result obtained: (i) further Ni ag-
glomeration, (ii) a much lower dispersion of
Ni, and (iii) a special aptitude of nickel to
SMSI. The first reason, commonly ob-
served in SMSI, cannot apply in the present
case since all solids have been previously
treated in H, at high temperature (480°C)
during preparation and before characteriza-
tion. A further treatment in H, at a compa-
rable temperature (500°C) does not modify
the mean size of Ni particles as observed by
magnetic measurements (see for instance
Table 1 in ref. (27)). For the two other rea-
sons, it is difficult to separate their respec-
tive effect upon SMSI. One must consider
the possibility that the morphology of the
metal particles depends on the extent of re-
duction of the titania surface. According to
Fig. 3 (step 1), all three metals give the
same o level, i.e., the same reduction de-
gree for titania. However different mor-
phologies may be favored for different
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which could be obtalned only as large parti-
cles with the same reduction procedure as
for Pt and Rh. Consequently, because of
this textural factor (big particles) and of its
tendency to be irreversibiy oxidized, nickei
should be considered as a special case
among the three metals studied.
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The inhibition factor of rhodium is the
smallest, in conformity with the weaker
sensitivity to SMSI generally observed for
this metal (20). This can be explained by a
greater number of unfilled d-orbitals per
metal atom, which makes more difficult a
progressive electron saturation responsible
for the decrease of H, chemisorption.

For a given metal (see Pt in Table 2), with
constant dispersion and crystallite size (2
nm), a decrease in the metal content by a
factor of 10

makpc ﬂ'\n metal move m
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easily to a complete SMSI because of an
equivalent number of free electron avail-
able from the support for a 10 times smaller
total number of metal atoms.

The restoration of a normai behavior of
the metal after an exposure to oxygen at
room temperature is then easily explained
with the back-donation of excess electrons
by the metal to its support whose reoxida-
tion is highly electrophilic.

The electronic explanation of SMSI does

nat eveliide quctematically tha acenrrance
1IUL CALIUUL dyollidtiauialily v ULLuliviive

of other simultaneous phenomena which
could be also responsible for SMSI such as
the possible migration of TiO, on the metal
particles (6—8). However, since the electri-
cai conductivity measured refiecis essen-
tially that of the support, as recalled in the
experimental part, its variations cannot be
physically perturbed—and hence ac-
counted for—by the presence of TiO, sub-
oxide located on the metal grains, except if
an electron exchange is involved via the

metal_cninnart interface
HICa—dupPpuIt iwrial v,

To summarize, when a metal is in SMSI
conditions, it is enriched with excess elec-
trons coming from its reduced support.
However, other concepts such as the exact

lllllUClle UL LllC uauuc Ul lllC lllClal llaVC lU

factors like dlspersmn partlcle size, and
morphology can strongly modify the extent
of SMSI upon chemisorption and catalysis
(see for instance nickel).

Some catalytic reactions involving H; are
not inhibited by SMSI as for instance CO
methanation. This can be easily accounted
for, if one considers, as in refs. (28, 29),
that only a small fraction of adsorbed hy-
drogen atoms is reacting. The hydrogen
pool adsorbed in the SMSI conditions is
then S'Liluucul if not uu to aupply the reac-
tion with active hydrogen. Moreover one
has to take into account the reaction tem-
perature which, if it is high enough, will
favor the back-reaction of electron transfer
[Eq. (—6)], thus limiting the electronic
cause of the SMSI effect.
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