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Abstract—Pt/TiO, catalysts supported on ultradispersed rutile are prepared. The effect of strong metal-sup-
port interaction (SMSI) in these catalysts is more pronounced than in Pt/TiO, catalysts with greater fractions
of an anatase phase in the support. Mild oxidation of the rutile catalyst eliminates the SMSI effect.

INTRODUCTION

TiO, is the most typical and well-studied support for
demonstrating the effect of strong metal-support inter-
action (SMSI) [1]. Analysis of published data indicates
that the majority of studies concerning this effect in
TiO, was performed with Degussa P 25 powder, which
contains ~85% anatase and 15% rutile [2]. Rutile is the
most thermodynamically stable structure of titanium
dioxide. The anatase—rutile transition takes place at
1300 K; however, this temperature can be dramatically
lowered in the case of fine particles of TiO, or in the
presence of a metal that catalyzes the above transition.
The heating of a Pt/ TiO, catalyst in hydrogen to 773 K
(a temperature typical of the transition of the catalyst to
the SMSI state) results in a change in the phase compo-
sition of the Degussa P 25 support toward an increase
in the rutile fraction. The relationship between the
SMSI effect and the anatase—rutile phase transition was
directly demonstrated in a number of recent papers
(see, for example, [1]).

The aim of this work was to examine the SMSI
effect by the example of Pt/TiO, catalysts in which spe-
cially prepared ultrafine rutile was used as a support.
The catalyst activity was characterized by the rate of
toluene hydrogenation. The toluene hydrogenation on a
Pt/TiO, (Degussa P 25) catalyst was studied previously
[3]. In this work, X-ray diffraction patterns were
obtained and the magnetic susceptibilities of the sup-
ports and catalysts were measured at different steps of
the treatment. Data on the magnetic susceptibility of a
platinum/anatase catalyst were published in [4]. In this
work, we studied changes in the activity of the rutile-
based catalyst upon repeatedly performed low-temper-
ature reduction—high-temperature reduction—mild oxi-
dation (after the elimination of the SMSI effect) cycles.
For comparison, we examined catalysts based on
Degussa P 25 powders and pure anatase.

EXPERIMENTAL

Three types of titanium dioxide powder were used
as supports. Powders I and III with specific surface
areas of 95 and 65 m?/g, respectively, were prepared by
vapor-phase decomposition of TiCl, according to a pro-
cedure described in [5]. The X-ray diffraction patterns
of the initial supports (Fig. 1) indicate that their crystal-
line fraction primarily consists of rutile (powder I) or
anatase (powder III). Support II was a commercial
Degussa P 25 powder. According to our measurements,
its specific surface area was ~40 m?/g.

Pt/TiO, catalysts supported on rutile (I) containing
1 and 3 wt % platinum metal were prepared by impreg-

nating the support with a 0.5% (in terms of platinum)
aqueous H,PtClg solution. Before impregnation, the

support was calcined in an oxygen atmosphere (P, =
2.7 x 10* Pa) at 803 K for 3 h. After impregnation, the

sample was dried in air upon continuous stirring with a
quartz stick initially at 353—-363 K for 3-6 h and then at
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Fig. 1. Fragments of the X-ray diffraction patterns of
(1) support I after calcination in an oxygen atmosphere at
803 K and (2) initial support III in the region of the most
intense peaks of (A) anatase and (R) rutile phases.
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Table 1. Positions of the centers (C), half-widths (W), and integral intensities (I) of peaks in the X-ray diffraction patterns of

test samples*

Sample Treatment Peak C, degree W, degree 1
TiOKI) No treatment A 25.38 0.807 0.33
R 27.49 0.494 1.00
TiO,() 0,, 803K A 25.36 0.454 0.09
R 27.51 0.375 1.00
3%PTiOy () H,, 773K A 25.38 0.362 0.05
R 27.52 0.381 1.00
3%PUTiO,(I) After 6 cycles A Unchanged Unchanged >0.02
R 27.65 0.309 1.00
TiO,(III) No treatment A 25.29 0.432 1.00

* Henceforth, degrees are given on a 20 scale.

393-403 K for 1 h. The final samples were light yellow.
Catalysts based on anatase (powder III) were prepared
by a similar procedure {4]. The catalyst on support Il
was prepared by Shpiro et al. [6].

The catalytic measurements under steady-state con-
ditions were performed using a gradientless circulation
reactor described in [7]. The reaction kinetics and the
catalyst activity were studied at 403 and 433 K. The ini-
tial pressures of toluene and hydrogen were 1.16 x 10~
3 and 0.99 atm, respectively. Before hydrogenation, the
catalyst was reduced in a hydrogen flow directly in the
reactor at T,y =473 or 773 K.

For the magnetic susceptibility measurements, a
catalyst reduced in an separate quartz vessel was sealed
in a quartz ampule in a metal box with an inert atmo-
sphere. The magnetic susceptibility was measured by
the Faraday method at external magnetic field intensi-
ties of 4.1, 5.6, 6.3, 7.6, and 8.8 kOe using the instru-
ment described in [8]. The scale of the Faraday balance
was calibrated using Hg[Co(CNS),], for which the
mzi§netic susceptibility was taken equal to 16.44 x
107° CGS units per gram (X, at T=293 K. The precision
of magnetic susceptibility measurements of the instru-
ment was 2 X 10®° CGS units at H = 7.6 kOe.
The absolute accuracy of ) measurements primarily
depends on the accuracy of weighing the test samples.
In this study, the absolute accuracy of Y,, measure-
ments for catalysts was 0.01 x 10° CGS units in the
worst case.

The X-ray diffraction patterns of the catalysts were
measured at all stages of the synthesis and treatment (a
DRON ADP-1 instrument).

The specific surface area of TiO, powders was mea-
sured by the BET method using the low-temperature
adsorption of krypton.

RESULTS AND DISCUSSION

Figure 1 demonstrates the diffraction patterns of
supports I and III in the region of the most intense

peaks of rutile and anatase phases. The diffraction pat-
tern of initial support I exhibits a broad peak (peak A),
which results from an anatase impurity, apart from the
main peak due to the presence of rutile (peak R). The
calcination of powder in an oxygen atmosphere at 803 K
resulted in a decrease in the relative intensity of peak A
and in a decrease in the half-widths of both peaks
(Table 1). In this case, the specific surface area
decreased from 95 to 65 m*/g. Thus, as a result of the
preliminary calcination of the initial powder in oxygen,
the coherent scattering region of the component crys-
tallites increased and the fraction of the impurity phase
decreased; however, a reasonably high specific surface
area was retained.

The diffraction patterns of Pt/TiO, catalysts based
on support I both before and after reduction in hydro-
gen at 473 K are almost identical to the diffraction pat-
tern of the support precalcined in oxygen at 803 K.
Minor changes can be observed only in the diffraction
patterns of catalysts reduced at 773 K (Table 1). These
changes consist in a further decrease in the anatase
fraction and, in general, provide support for the pub-
lished data that platinum catalyzes the anatase-rutile
phase transition. In the case of support I, preliminary
calcination in oxygen dramatically decreased this
effect.

The phase composition of support II is well known
{2]. It is also known that high-temperature reduction of
catalysts based on support II (catalysts II) significantly
increased the fraction of a rutile phase [2]. The reduc-
tion of Pt/TiO, catalysts (IIT) at 774 K dramatically
decreased the specific surface area (to ~20 m?/g) and
increased the intensity of peak R in the diffraction pat-
tern.

The following equation that describes the rate of tol-
uene hydrogenation on Pt/TiO, catalysts in the temper-
ature range 403453 K was given in [3]:

r = k(PPYI(PY +k Py + kP, 1)
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where P, is the pressure of toluene; Py is the pressure of
hydrogen; n is the exponent equal to 1 or 2 depending
on the temperature for the preliminary reduction of the
catalyst [3]; and k%, k;, and k, are constants. With
P, = P,y(1 - x), equation (1) can be presented as

r=A(1-x/B-x)?, 2
where x is the fraction of reacted toluene, A =
kP}i[k; Py, and B = 1 + P} [kyPyg + kyPyfkyPyo. Thus,
using the experimental data and the condition that the
reaction rate is equal to zero at x = 1, we can find A and
B by the least-squares technique and hence determine

the rate of hydrogenation at the conversion equal to
zero: H0) = A/B2.

Figure 2 demonstrates the experimental data on the
kinetics of toluene hydrogenation on catalyst II. It can
be seen that function (2) adequately describes the
experimental results. The experimental data obtained
on other catalysts were treated in a similar manner.
Table 2 summarizes the results of calculations. The cat-
alysts on supports II and III exhibited the highest and
lowest activities, respectively, at a treatment tempera-
ture of 473 K. The rate of hydrogenation on all of the
three types of catalysts decreased as the temperature of
catalyst reduction increased. However, the activity of
catalyst III insignificantly decreased as the reduction
temperature increased from 473 to 773 K, whereas this
effect in catalyst I was considerable. We failed to detect
toluene transformations after the catalyst reduction at
773 K, whereas the reaction kinetics could be followed
using the same portion of the catalyst reduced at 473 K.
The rate of toluene hydrogenation on an anatase cata-
lyst (support III) at 433 K decreased from 1.30 to
~0.9 mmol g~! h! as the reduction temperature increased
from 473 to 773 K. Thus, the SMSI effect was most
pronounced in the case of catalyst I and least pro-
nounced in the case of catalyst III.

The SMSI effect can result from both reversible and
irreversible processes occurring during the reduction of
catalysts. To examine the reversibility of these pro-
cesses, the sequence of low-temperature (473 K) and
high-temperature reductions (773 K) is usually com-
pleted by mild oxidation of the catalyst. It was postu-
lated in the literature that a reversible component of the
SMSI effect disappears after mild oxidation; that is, the
catalyst activity after repeated low-temperature reduc-
tion returns to the initial level. Table 2 summarizes the
values of r(0) for catalysts I and II reduced at 473 K
after oxidation with the air at 473 K. These experiments
were not performed with catalyst ITI because the SMSI
effect for this catalyst was extremely low even in the
first cycle. The returning of H(0) to the initial level was
never observed. However, the value of H(0) for catalyst I
in the second cycle was lower than that in the first cycle,
whereas the opposite situation took place for catalyst I.
This finding stimulated us to study the changes in /(0)
on catalyst I upon repeatedly performing the following
cycles: reduction at 473 K-activity test in the reaction
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r,mmol g~1 h!

Fig. 2. Rate of toluene hydrogenation on 1%Pt/TiO, (II) as
a function of conversion at 403 K after preliminary reduc-
tion of the catalyst at () 473 or (2) 773 K. Points indicate
the experimental data, and lines correspond to calculations
by equation (2).

of toluene hydrogenation under standard conditions—
reduction at 773 K-activity test—oxidation and reduc-
tion at 473 K-activity test. Figure 3 illustrates the data
obtained. Curves I and 2 correspond to catalysts
reduced at 473 and 773 K, respectively. The first point
in curve I (the first cycle) was obtained after the reduc-
tion of a fresh catalyst at 473 K; the catalyst activity
was equal to zero after reduction at 773 K (curve 2).
After the oxidation and repeated reduction of this cata-
lyst at 473 K, its activity was higher than the initial
level, and the activity after oxidation and repeated
reduction at 773 K was higher than zero, although very
small (cycle 2). Further repeated oxidation and reduc-
tion at 473 K (cycles 3-5) brought the reaction rate of
toluene hydrogenation under standard conditions closer
to the initial level. A dramatic decrease in r(0) was
observed only after the sixth cycle. The rate of the reac-
tion on a catalyst reduced at 773 K remained almost
unchanged in repeated cycles. An analysis of the X-ray

Table 2. Rate of toluene hydrogenation on 1 wt % Pt/TiO,
catalysts at x=0

r(0), mmol g h!
Tre, K catalyst 1 catalyst II, | catalyst III,

403K [ 433K | 48K 433K
473 5.0 6.9 24.0 1.30
573 2.01 2.61 - -
673 0.35 0.38 - -
773 <0.03 | <0.03 3.96 0.92
473 8.7* | 10.6* 2.59* -

* The rate of toluene hydrogenation after the second cycle of the
catalyst pretreatment (see the text).
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Table 3. Magnetic susceptibility of test samples

Sample no. Sample Treatment Time of contact A 10F, CGS units
with air, min 290 K 80K
1 TiO(I) No treatment -0.11
2 TiO,(I) 0,,803K 60 -0.12
3 1%PU/TiO,(I) No treatment 1440 +0.11
4 1%PUTIOT) H,, 473K 0 +0.38 +0.89
5 1%PYTiO(I) H,, 473K 30 +0.12
6 1%PtTiOy(I) H,, 473K 1440 +0.07
7 1%PHTiOx(I) H,, 773K 0 +0.17 +0.30
8 1%PUTIONI) H,, 773 K 30 +0.10
9 1%PHTiOHI) H,, 773K 1440 +0.07
10 3%PUTIONI) No treatment 1440 +0.20
i1 3%PHTiONI) H,, 473K 0 +0.47 +0.75
12 3%PHTiOI) H,,473K 30 +0.16
13 3%PUTiO,(I) H,,473K 1440 +0.10
14 3%PHTiO,(1) H,, 773K 0 +0.33 +0.66
15 3%PtTiO,(I) H,, 773K 30 +0.10
16 3%PUTiON]) H,, 773K 1440 +0.07
17 TiO,(HI) No treatment -0.14
18 TiO,(IH) 0, 773K 1440 -0.16
19 1%Pt/TiO(11I) H,, 473K 0 +0.07
20 1%PtTiO(III) H,, 473K >3 +0.07
21 1%PtTiO,(III) H,, 773K 0 +0.17
22 1%PYTiO,(I1T) H,, 773K >3 +0.07

diffraction patterns of catalyst I after the sixth cycle
demonstrated that it almost completely consists of
rutile. In addition to the peaks of rutile, the diffraction
pattern exhibits rather intense peaks due to the presence
of platinum metal. The peak at 26 = 39.75° exhibits a
maximum intensity (particle diameter of 2.265 A). The
specific surface area of the catalyst after the sixth cycle
was as low as 26 m%g.

We failed to compare the magnetic properties of cat-
alysts of all types because a catalyst based on the
Degussa P 25 powder contained a detectable amount of
ferromagnetic impurities. Table 3 summarizes the
results of measurements of the magnetic susceptibility

Table 4. Treatment of the data on the magnetic susceptibil-
ity of catalysts I by equation (3)

%4 X 106, _19
Catalyst Treqs K C C&S units Nx10
1%Pt/TiO, 473 56 0.19 8.3
1%PYTiO, 773 12 0.15 1.8
3%PYTiO, 473 31 0.36 4.6
3%PvTiO, 773 36 0.20 5.4

of catalysts I and III. The TiO, powders prepared by us
are diamagnetic. Calcination of the powders in oxygen
left their magnetic susceptibility almost unaffected. All
Pt/TiO, catalysts are paramagnetic. A contact with the
air decreased a paramagnetic component of the suscep-
tibility. The paramagnetic susceptibility of catalyst III
reduced at a high temperature decreased more rapidly
than in the case of catalyst I. However, the susceptibil-
ity of catalyst III reduced at a low temperature
remained unchanged in contact with the air. All of the
reduced rutile catalysts acquire a weak paramagnetic
state with time. Catalyst I reduced at 473 K exhibits a
specific susceptibility higher than that of the catalyst
reduced at 773 K. In this respect, a rutile catalyst is dif-
ferent from an anatase one, whose susceptibility mono-
tonically increased as the reduction temperature was
increased. We also found that the paramagnetic suscepti-
bility of reduced catalysts I increased with the decreas-
ing temperature of the measurements (Table 3).

Let us consider these data within the framework of
two simple models.

Model 1: The reduction results in the formation of
platinum metal clusters, and the support remains unaf-
fected. Then, the magnetic susceptibility of a 1%
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r(0), mmol g~! h™!

1 2 3 4 5 6
Number of cycles

Fig. 3. Dependence of (0) at 403 K on the number of reduc-
tion—oxidation cycles of a 3%Pt/TiO, catalyst: (1) prelimi-
nary reduction at 473 K and (2) preliminary reduction at
773 K.

Pt/TiO, catalyst is X, = 0.99%,,, + 0.01)},,, where

X1/ and X}, are the magnetic susceptibilities of TiO,
and platinum metal, respectively. The susceptibility
X1/g is known (sample 2 in Table 3). According to [9],

X1/g = 0.97 X 10% CGS units for platinum metal. Con-
sequently, in terms of this model, Pt/TiO, ¥, = -0.11 X
10% CGS units for the 1% Pt/TiO, catalyst, and this

value is independent of the reduction and measurement
temperatures, in contrast to experimental results.

Model 2: The support is partially reduced simulta-
neously with the reduction of platinum (Ti** is formed).
It is well known that the magnetic susceptibility of
trivalent titanium obeys the Curie law (% = C/T) down
to very low temperatures [9]. The treatment of the
results of susceptibility measurements at two tempera-
tures using the equation

X = C/T+ Xth (3)

where 7, is a temperature-independent part of y, gives
positive values for both parameters (Table 4). We can
estimate the number N of Ti** ions per gram of the cat-
alyst from the relation

C= N(ueﬁ)Z/kB’ “
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where L is the effective magnetic momentum, and kg
is the Boltzmann constant assuming that ¢ = 1.85.
Table 4 summarizes the values of N thus found. The
total number of titanium atoms in 1 g of a 1% Pt/TiO,
catalyst is equal to 7.5 X 10%!, and the number of plati-
num atoms is 3.1 x 10'°, Consequently, the paramag-
netic Ti** ions can, in principle, affect the electronic
properties of platinum particles because their number is
comparable to the number of platinum atoms. A posi-
tive and reasonably high value of y,; can be indicative,
for example, of a great number of free electrons in the
sample. The y,; values for reduced catalysts cannot be
explained only by free electrons of platinum clusters, in
particular, if the diamagnetism of an ionic framework is
taken into account. It is believed that free electrons are
present in areas adjacent to platinum clusters on the
support. It is likely that paramagnetic centers formed
upon reduction of the support interact with one another,
and platinum particles participate in the exchange inter-
action as bridging structures.

To elucidate the question concerning the exchange
interactions in reduced Pt/TiO, catalysts, it is necessary
to examine the temperature dependence of the mag-
netic susceptibility in more detail.
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