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Abstract—The influence of electronic and geometric factors is considered in the context of the manifestation
of size effects in heterogeneous catalytic oxidation and hydrogenation reactions. Both of the factors are inter-
dependent; however, the electronic factor predominates with regard to small metal and metal oxide particles
(smaller than 10 nm), for which the energies of electron transitions in an activated complex are size-depen-
dent. Only the geometry of active component nanoparticles exerts the main effect on the catalytic properties
of coarser particles. In this case, the geometric factor depends on the accessibility of the active surface to reac-
tants. The probability of the occurrence of complex active centers including several surface atoms increases
as the active component particles of a catalyst become larger. The efficiency of the approach proposed to
study the activating effect of nanophase catalysts is demonstrated using the oxidation and hydrogenation
reactions of carbon oxides and the hydrogenation of acetonitrile and acetone as examples.
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INTRODUCTION

The nanosized particles of active metals and metal
oxides are of continuous interest to scientists who deal
with the problems of catalysis. A great number of
monographs and reviews have been devoted to studies
of the dependence of the catalytic activity of sub-
stances on their surface morphology and particle size
[1—8]. At the early stages of the development of the
theory of heterogeneous catalysis, attention has been
focused on the effect of the structure and texture char-
acteristics of a catalyst upon its activity rather than the
chemical nature of the catalyst. Roginskii [2] believed
that the energy required for the activation of reactant
molecules is accumulated in nonequilibrium, as a rule,
highly dispersed systems and the activity of a catalyst
depends on the occurrence of various types of surface
defects, which possess an excess free energy (supersat-
uration theory). According to Kobozev, the structural
organization of a catalyst is the main factor affecting
its activity. In accordance with the ensemble principle
by Kobozev, only amorphous formations consisting of
one or more atoms of an active substance exhibit cata-
Iytic activity, whereas the surface of large crystals is
catalytically inert [3, 4].

As early as the late 1940s, Boreskov [1] initiated
fundamental studies on the activating capacity of the
highly dispersed crystallites of catalytically active ele-
ments and their structure defects; his pupils and fol-
lowers continued these studies [7, 8]. The activation
effect of a number of catalytically active substances
depends on preparation and treatment procedures,
which affect the amount of possible surface defects. It

was found that, in a number of cases, the specific cat-
alytic activity of a solid at a constant chemical compo-
sition is independent of the dispersity of the active
component, the degree of crystallinity, and the prepa-
ration procedure. This made it possible to formulate
the so-called Boreskov rule on a constant specific cat-
alytic activity of substances. Deviations from this rule
were also detected; they were related to different cata-
Iytic activities of individual crystal faces. Note that the
above results were mainly obtained in the course of the
adsorption measurements of the total surface areas of
catalysts and, in some cases, the surface area of an
active component on inert supports. The subsequent
progress in the determination of relationships between
the catalytic activity of a solid and its electronic struc-
ture and structure and size characteristics became pos-
sible as a result of the development of modern instru-
mental techniques for studying substances at macro-
and microlevels: high-resolution electron microscopy,
transmission electron microscopy (TEM), and atomic
force microscopy, as well as spectroscopic, magnetic,
electronic, and diffraction techniques.

Boudart [9] studied the dependence of specific cat-
alytic activity on the dispersity of the catalyst and
found that the rate of reactions increased several times
as the particle size was decreased, although the
Boreskov rule was obeyed in the majority of cases.
These reactions were referred to as structure-sensitive,
and the reactions inconsistent with this rule were
referred to as structure-insensitive.

More recently, heterogeneous catalytic reactions
were tentatively subdivided into four types [10]. For
the reactions of the first type (structure-insensitive),

128



GEOMETRIC AND ELECTRONIC APPROACHES TO SIZE EFFECTS

TOF, s!

(@)
3.0

2.5

2.0

1.5

1.0 | | | | | 1 1 1
0 20 40 60 80 100 120 140 160

(©

| | | | | | |
0 20 40 60 80

|
100 120 14
d, nm

129

TOF, s7!
10 (b)

0 20 40 60 80 100 120 140

—_
o
1

(d)

—_— N W A U N 0 O
T

| | | | 1 | |
0 20 40 60 &0

1
100 120 14
d, nm

Fig. 1. Various types of the dependence of the turnover frequency of reaction on particle size: (a) structure-insensitive reaction,
(b) structure-sensitive reaction with a positive size effect, (c) structure-sensitive reaction with a negative size effect, and (d) struc-
ture-sensitive reaction in which the turnover number passes through a maximum.

which obey the Boreskov rule, the turnover frequency
(TOF) does not depend on particle size (Fig. 1a). In
structure-sensitive reactions, TOF can either increase
(Fig. 1b) with decreasing particle size (d) (i.e., small
particles are more active than large ones (a positive
size effect)) or decrease (Fig. lc; a negative size
effect). A variant when the TOF passes through a max-
imum can also occur; that is, medium-size particles
exhibit the highest activity (Fig. 1d).

In accordance with the classical concepts of struc-
ture-sensitive reactions, the positive and negative size
effects are due to different catalytic activities of centers
arranged at crystal-lattice faces, edges, and corners,
that is, the manifestation of a geometric factor [11,
12]. Correspondingly, information on the predomi-
nant localization of active centers can be obtained
from the slope of the dependence of the logarithm of
reaction rate on particle size. In the general case, if the
slope is >1, >2, or about 3, active centers are arranged
at the faces, edges, or corners of a crystal lattice. For
the structure-sensitive reactions that obey the
Boreskov rule, the slope is close to zero.

As an illustration, we can cite data on the catalytic
activity of differently shaped platinum nanoparticles.
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The activity of structurally different platinum nano-
particles increases with the number of Pt atoms at the
faces and corners of its crystal lattice in the following
order: cubic structure < spherical structure < tetrago-
nal structure [13].

The rates of the majority of heterogeneous catalytic
reactions are described by increasing or descending
nonlinear functions of particle size. A bell-shaped
curve is observed rarely; as a rule, this shape is related
to changes in the electronic structure of a catalyst
when its particle size becomes smaller than 10 nm,
that is, to the appearance of a so-called electronic fac-
tor. Here, it is reasonable to cite Bond [5], who wrote
in 1985 that it is likely that the electronic properties of
surface atoms themselves are more important than the
coordination state; however, the presence of a specific
group of atoms is required for some reactions; that is,
these two factors should be balanced.

More recently, Bond [6] concluded that the assign-
ment of size effects to the manifestation of geometric
or electronic factors is tentative, and the question of
whether the activity of metals depends on the elec-
tronic factor or the geometric structure has been
actively discussed in the scientific literature. This is
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similar to a choice of which leg, right or left, is more
important; ultimately, they are interdependent. Note
that the effect of the electronic factor on the catalytic
properties of metals has been primarily considered in
the context of electron density exchange between the
outer d orbitals of the metal and the binding orbitals of
adsorbed molecules [14]. In this case, the geometry of
an adsorption complex is often a factor responsible for
the activity of the catalytic system [8].

Nevertheless, for example, the question of which of
the two factors under consideration is responsible for
the catalytic properties of nanosized gold is still under
active discussion. It has been considered for a long
time that gold is inactive in catalytic reactions. First,
this is due to its high caking capacity and difficulty to
stabilize gold in a disperse state. The preparation of
nanosized gold particles from colloid solutions [15—
17] dramatically changed traditional concepts of the
catalytic inertness of this metal because these particles
exhibited unusually high activity and selectivity in
redox reactions. It was found that nanocrystalline gold
on various supports is highly active in the oxidation of
CO and hydrocarbons and the reduction of nitrogen
oxides, and it exhibits high selectivity in the catalytic
process of the removal of carbon monoxide from
hydrogen-containing gas mixtures by oxidation to
CO, [17-20]. A characteristic feature of the above
reactions is the nonmonotonic dependence of the cat-
alytic activity of Au nanoparticles on particle diameter
over the range of 2—5 nm [21]. Factors affecting the
catalytic properties of gold nanoparticles in this range
can be the following: the effect of a support and its
chemical nature, charge transfer, the occurrence of a
specific region at the active component—support
interface, the coordinative unsaturation of surface
gold atoms, and a quantum size effect due to the com-
mensurability of the exciton wavelength and interpla-
nar spacing in gold nanoparticles. An opinion has been
expressed that the occurrence of surface low-coordi-
nation Au atoms, which exhibit enhanced adsorption
properties toward CO and oxygen, plays a decisive role
[21, 22]. To demonstrate this, the authors of the cited
publications performed corresponding quantum-
chemical calculations using the density functional
theory. According to the results of these calculations,
the geometric structure of active centers has a crucial
effect on the electronic and derivative catalytic prop-
erties.

Goodman and coauthors [23—25] reported reliable
evidence that the unusually high activity and selectiv-
ity of nanosized gold are due to the manifestation of
quantum size effects. For example, the bell-shaped
dependence of the activity in the reaction of CO oxi-
dation on the size of Au nanoparticles can be
explained by changes in the electronic properties of
bilayer gold nanoclusters stabilized on the support sur-
face. The observed change in the band gap in the
region of 0.2—0.6 eV was due to metal transformation
to an insulator at a particle size smaller than 3.5 nm.

STRIZHAK et al.

According to Goodman and coauthors [23—25], the
manifestation of the catalytic properties of gold is
related to this effect.

Palladium and silver nanoclusters and nanosized
platinum films also exhibited unusually high activity
due to a quantum size effect [26—29]. In the general
case, the manifestation of quantum size effects in
nanosystems are identified based on a band edge shift
in the visible spectra to the blue region or broadening
the band gap with decreasing particle size (as com-
pared with coarsely crystalline substances).

Investigation of size effects in heterogeneous cata-
Iytic reactions on nanosized oxide systems is a chal-
lenging problem [28—32]. Stable metal oxide nano-
particles of the same size and shape are difficult to pre-
pare. Therefore, the observed changes in catalyst
activity cannot be unambiguously related to only one
of the following possible reasons: quantum size effect,
different coordinative unsaturation of metal atoms in
oxides, support effect, or charge transfer from the sup-
port to the active component and vice versa. A com-
parison of the activities of bulk zinc, copper, and
nickel oxides and their nanosized analogs in the reac-
tion of methanol synthesis from CO and hydrogen
demonstrated that the increased activity of ZnO
(3.9 nm) and NiO (3.1 nm) nanoparticles was prima-
rily due to a considerable increase in the specific sur-
face areas of the samples, that is, the manifestation of
a geometric factor [28].

Chen et al. [29] were the first to report the effect of
an electronic factor on the catalytic activity of highly
dispersed oxides (VO,, MoO,, WO,, and NbO,) sup-
ported on alumina, zirconia, and magnesia in the
reactions of ethane and propane dehydrogenation.
The reaction turnover frequency on these oxides,
which are two-dimensional film domains, monotoni-
cally increased with decreasing energy of an absorp-
tion band edge determined from a blue shift in the
electronic diffuse reflectance spectra of the samples. It
was found that electronic transitions detected in the
electronic diffuse reflectance spectra of metal oxides
were mechanistically related to redox cycles in the
process of the oxidative dehydrogenation of alkanes
with the participation of the lattice oxygen of oxides.
Note that the character of the observed dependence of
the rate of hydrogenation on the energy of an absorp-
tion band edge was almost the same in all of the oxides
regardless of the nature of the metal. Thus, differences
in the electronic diffuse reflectance spectra of nano-
sized oxides, as compared with their bulk analogs, can
serve as a characteristic of catalytic activity. This char-
acteristic can play a key role in the study of the effect
of an electronic factor on the catalytic properties of
nanosized materials, including the size effect.

The aim of this work was to reveal the effects of
electronic and geometric factors on the activity of het-
erogeneous catalysts under changes in the size of
active component nanoparticles using oxidation and
hydrogenation reactions as examples. The choice of a
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Fig. 2. Characteristics of the 1% ZnO/MgO catalyst: (a) TEM micrographs, (b) (/) electronic diffuse reflectance spectra, and (c)
ZnO particle size distribution (the histogram and the curve were obtained based on TEM data and a diffuse reflectance spectrum,
respectively). For comparison, (2) the electronic diffuse reflectance spectrum of a bulk sample of 1% ZnO—MgO, which was pre-
pared by mixing the macrocrystalline powders of MgO and ZnO, is given.

catalyst was very important; the catalyst should be cat-
alytically and optically active; it should have stable
structure and valence to exclude effects caused by
changes in these parameters, and it should be nano-
sized.

CARBON MONOXIDE OXIDATION REACTION

We used zinc oxide as a test material to study the
effect of an electronic factor on catalytic properties.
ZnO is an oxide on whose nanoparticles of size to
10 nm quantum size effects due to the discrete wave
functions of electrons are observed. These effects
manifest themselves in a broadening of the band gap
and an increase in the redox potentials of the valence
band and conduction band with decreasing size of
nanoparticles [33, 34]. In heterogeneous catalysis,
zinc oxide is used as an active component, support,
and structure and texture modifier for copper-con-
taining catalysts for the processes of organic synthesis
and dehydrogenation, the catalytic purification of
waste gases, and the preparation and purification of
hydrogen and as a model material for studying the
mechanisms of heterogeneous catalytic reactions [1].

Experimental

We prepared 1% ZnO/MgO catalysts with the aver-
age radius of zinc oxide nanoparticles from 2.00 to
2.30 nm. The nanoparticels were deposited onto a
support from a colloid solution [35—38]. The average
particle size was determined by analyzing particle size
distributions found based on the electronic absorption
spectra of ZnO nanoparticles in a colloid solution or
the diffuse reflectance spectra of these particles sup-
ported on MgO. A band edge shift to the low-wave-
length region suggests the presence of zinc oxide par-
ticles whose size lies within a so-called quantum range
(<10 nm), where the band structure of zinc oxide is
size-dependent, in the test samples. Electronic diffuse
reflectance spectroscopy is a highly sensitive tech-
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nique, which makes it possible to detect substances at
concentrations of <1%. A comparison of the experi-
mental results with TEM data supported the correct-
ness of the use of electronic spectroscopy for evaluat-
ing the size of ZnO nanoparticles not only in a colloid
solution but also upon supporting them onto a solid
support (Fig. 2) [35, 38].

The band gap of ZnO nanoparticles was taken £* =
1240/A, 5 (A, is the wavelength at which the intensity
of the electronic diffuse reflectance spectrum of 1%
Zn0O/MgO is 50% of the intensity of an exciton peak
or shoulder) [39].

The average radius of ZnO nanoparticles was cal-
culated from the particle size distribution found based
on electronic diffuse reflectance spectra [35]:

dA i
n(r) o« ——£4L,
yr
where A is the absorption intensity, » is the nanoparti-
cle radius, and n(r) is the nanoparticle size distribution
function. The radius of ZnO nanoparticles was deter-

mined from the electronic diffuse reflectance spectra
using the effective mass model [38]:
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where E™"° is the exciton localization energy on a

ZnO nanoparticle (eV); r is the radius of the ZnO

mass

nanoparticle (m); £, is the band gap of microcrys-
talline ZnO; # is the reduced Planck constant (A =

h/2m = 1.055 x 10734 T s); m and m, are the effective
masses of an electron and a hole, respectively (for

ZnO, m¥ = 0.26m, and m;" = 0.59m,); m, is the mass
of a free electron (9.11 x 1073! kg); e is the charge of a
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Table 1. Effect of the particle size of ZnO in 1% ZnO/MgO catalysts on their catalytic activity in CO oxidation and on the band

STRIZHAK et al.

gap
Catalyst (" £0.05, nm E* eV (mol CE)V)Z*IIO(;, Cat)~! TOF x 103, 57!
K-1 2.01 3.49 0.8 2.6
K-2 2.03 3.48 0.8 2.6
K-3 2.05 3.47 0.9 2.6
K-4 2.12 3.43 1.1 3.3
K-5 2.16 3.40 4.2 9.5
K-6 2.20 3.41 10.3 13.1
K-7 2.23 3.40 2.2 10.0
K-8 2.25 3.42 1.5 9.2
K-9 2.26 3.39 0.9 1.5
K-10 2.29 3.39 1.5 1.8

free electron (1.602 x 10~'° J/eV); ¢ is the relative per-
mittivity (for ZnO, it is 8.5); and g is the dielectric

constant (8.854 x 102 F/m).

The catalytic activities of ZnO/MgO samples con-
taining ZnO nanoparticles of various sizes were com-
pared in terms of TOF, which was calculated from the
specific rates of CO oxidation on a surface zinc atom
at 320°C.

Results and Discussion

Table 1 summarizes data on the average radius of
ZnO nanoparticles ({#)), the band gap (£%*), and the
turnover numbers calculated from the rates of CO oxi-
dation (W) on catalysts K-1—K-10.

The catalytic activity of ZnO nanoparticles is a
nonmonotonic function of band gap width and parti-
cle size. As can be seen in Fig. 3, catalyst K-6 ({r) =

TOF x 10°, 57!
16

12

0
338 340 342 344 346 3.48 3.50
E', eV

Fig. 3. Dependence of the turnover frequency in CO oxi-
dation over zinc oxide nanoparticles on the band gap.

2.20 = 0.05 nm), whose band gap is £* = 3.41 eV,
exhibited a higher catalytic activity than samples with
smaller and greater £*. The highest values of TOF
were observed on catalysts K-5—K-8 with band gaps of
3.40—3.42 eV, which contained ZnO nanoparticles
with average radii of 2.16, 2.20, 2.23, and 2.25 nm,
respectively. It is likely that the effects of changes in the
amount of oxygen vacancies or the structure of nano-
particles can be ignored at these insignificant changes
in the radius of ZnO. Note that the 1% ZnO/MgO cat-
alysts prepared under different conditions but con-
taining ZnO nanoparticles of the same size exhibited
the same catalytic activity within the limits of experi-
mental error. Thus, the catalytic activity of zinc oxide
nanoparticles of size to 5 nm depends on an electronic
factor, similarly to the activity of supported VO,,
MoO,, WO,, and NbO, oxides in the dehydrogenation
reactions of low-molecular-weight alkanes [29].

The particle size of an active component of a cata-
lyst can affect not only the electronic state of active
centers but also the energy of a catalytic process. The
concentration of active centers and the probability of
reactant adsorption on the planes of microcrystals also
depend on the size of nanoparticles.

HYDROGENATION REACTIONS

Next, we consider an approach that allows us to
take into account the effect of the particle size distri-
bution of an active component of a supported catalyst
on the preexponential factor of the rate constant of a
heterogeneous catalytic reaction. The adequacy of the
resulting theoretical dependences will be tested using
the kinetics of hydrogenation of acetone, acetonitrile,
carbon monoxide, and carbon dioxide in the presence
of a number of transition metals on various supports as
examples.

KINETICS AND CATALYSIS Vl. 52 No. 1 2011
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Table 2. Physicochemical and catalytic properties of various catalysts in acetone hydrogenation [40, 41]

Entry Catalyst Sy, m?/(g metal) d, nm E;, kJ/mol Inky,
1 Co/AlL,O; 75 7.5 68 7.31
2 Ni/Al,O4 212 2.4 43 1.7x 1073
3 Cu/AlL O, 165 3.4 58 4.3
4 Cu/Cr,0; 24 23 70 11.93
5 Ru/AlL,O3 90 4.4 39 —0.21
6 Rh/Al,0O5 163 2.5 17 —7.72
7 Ir/Al,0;4 38.5 5.8 71 8.3
8 Pt/Al,0O4 60 3.9 31 —1.68
9 Co 20 28.4 80 11.15
Experimental alyst, G is the number of possible positions of an acti-

The kinetics of hydrogenation of carbon oxides,
acetonitrile, and acetone was studied at atmospheric
pressure using a flow-circulation method under con-
ditions when a reverse reaction can be ignored [40—
47]. Varying the size of catalyst granules demonstrated
that these reactions occur in a kinetic region on grains
of size 0.25—0.1 mm. The rates of formation of indi-
vidual products were expressed in moles of a corre-
sponding carbon oxide or acetone consumed for the
formation of these products in 1 s per 1 m? of the active
metal surface. The specific surface area .5, of a metal
was calculated from the chemisorption of oxygen
under pulsed chromatographic conditions; the average
metal particle size d was determined from adsorption
data according to the equation [48]

i=L (1)
Sop
where p is the density of particles, .S, is the specific
surface area of an active component, and f3 is a coef-
ficient that takes into account the shape of particles.
Tables 2—5 summarize kinetic and physicochemical
parameters of supported catalysts.
The rate constant of reaction is determined by the
Arrhenius function

E

k= ke *7, )

where &, is the preexponential factor, R is the gas con-
stant, and 7'is temperature.

Using the transition state method as applied to sur-
face reactions, the preexponential factor of the rate
constant can be expressed by the equation

kTA_S*
m=mb;eR, 3)

where y is the transmission coefficient, L is the num-
ber of surface elements per unit surface area of the cat-
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vated complex, k7 is the product of the Boltzmann
constant and the temperature, /4 is the Planck con-
stant, and AS* is the activation entropy.

Results and Discussion

The activation entropy AS* in the same reaction on
a number of supported catalysts of different chemical
nature is approximately constant [48] because the
activated complexes are structurally similar. Conse-
quently, differences in preexponential factors on vari-
ous catalysts depend on a geometric factor. The prob-
ability of the occurrence of complex active centers on
larger particles of an active component than that on
small particles. Then, the value of L in Eq. (3) depends
on a particle size distribution.

In the test catalysts, metal particles are randomly
distributed on an inert support with a developed inner
surface. Most frequently, the distribution of a highly
dispersed component in real supported catalysts can-
not be described by a standard curve [49, 50]; as a rule,
the distribution function density is strongly asymmet-

Table 3. Physicochemical and catalytic properties of various cat-
alysts in carbon dioxide hydrogenation [42, 43]

Entry Catalyst Es, kJ/mol m/f)sl ;1978’,1 d, nm
1| Ni/ALO; 85 0.4 1.4
2 | Pd/ALO;, 94 1.1 7.6
3 | Rn/ALO;, 78 3.1 4.0
4 Rh/TiO, 95 4.5 29.5
5 | Rn/Nb,O; 90 16.0 19.5
6 Rh/ZrO, 84 2.0 11.4
7 Rh/MgO 93 9.9 40.0
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Table 4. Catalytic activity of Co and Ni particles on various
supports in CO hydrogenation and the average sizes of these
particles [44, 45]

Z
Entry | Catalyst kﬁ%fg’ol mlgi;_lg o d, nm
Cobalt
1 BeO 87 5.5 18
2 ALO; 74 4.3 6
3 SiO, 114 52.0 38
4 Cr,04 58 5.3 15
5 710, 98 8.4 33
6 MgO 24 1.0 3
Nickel
1 BeO 83 27 21
2 Sio, 91 3.2 6
3 Cr,05 84 1.9 12
4 710, 73 262 97

5 ALO; 78 11.4 2.4

Note: Reaction mixture, Pco =20 kPaand Py = 50 kPa.

Table 5. Catalytic activity of Ni particles on various supports
in acetonitrile hydrogenation and the average sizes of these
particles [46, 47]

Entry | Catalyst leierii ol mz; ;1_19 Z’_l d, nm
1 BeO 39 9.4 21
2 MgO 23 4.6 1
3 Sio, 26 1.53 6
4 WO, 37 4.0 86.4
5 710, 31 33.4 98.7
6 ALO; 41 1.0 2.4

ric. Therefore, we used the following density distribu-
tion function (Fig. 4) [51, 52]:

o(r) = ar M. “)

It allowed us to approximate the distribution of the
major portion of an active component; in this case, the
most probable value of 7, is close to the minimum size
r,. This distribution is characteristic of both particles
and pores.

The particle sizes of the active component lie in
some range. Consequently, the specific surface area of
a system that consists of particles with a certain shape
is equal to the sum of the surface areas of all of the par-

ticles, which is expressed by the following equation in
extreme case:

7

S = fjw(r)rzdr, (5)

n

where fis a coefficient depending on the shape and
number of particles per unit weight of an active com-
ponent; @(r) is the probability density of a particle size
distribution; and r; and r, are the minimum and max-
imum linear dimensions of particles, respectively. The
solution of this equation makes it possible to deter-
mine the dependence of the specific surface area of the
dispersed substance on the average size d of its parti-
cles.

In a study of the activity of catalysts, the active spe-
cific surface area is used, which is calculated from data
on the chemisorption of various substances (H,, O,,
CO, etc.), which serve as probes. The value of .S, thus
found is the surface area measured with a probe with
the linear size r, (the size of the adsorption complex of
the probe). In turn, the rate of a catalytic reaction is a
linear function of the number of active centers with the
linear size . The preexponential factor of the rate
constant of a reaction on catalysts of the same type is
constant only in the case that the same activated com-
plex is used as a probe. We denote this preexponential
factor by k ,-. Tripol’skii and Strizhak [53] found that,
if the particle size distribution of an active component
is described by Eq. (4), the preexponential factor
depends on the average particle size in the following
manner:

B

—
-]
i d
where 4 = lnko,.+21n(’/) and B = ln(’/).
’ h "y

Equation (6) characterizes the dependence of the
logarithm of the preexponential factor on the average
particle size of an active component found based on
adsorption data. The logarithm of k, increases with d;
graphically, this can be described as a saturation curve.

Let us analyze the resulting equations using the
reaction of acetone hydrogenation as an example. The
stepwise mechanism of this process, which is based on
a detailed kinetic and adsorption study, includes the
hydrogenation of adsorbed acetone by adsorbed H
atoms as a rate-limiting step [40, 41].

(1) (CH;),CO + Z, = Z,(CH;),CO;

Q)H, +2Zy=27Z4H;

(3) Z,(CH;),CO +ZyH — Z,(CH;),COH + Zy;

(4) Z,(CH;),COH + ZyH — Z;,(CH;),CHO + Z,;

At the first two steps, an adsorption equilibrium
between initial reactants is established. Hydrogen and
acetone are adsorbed at Zy and Z, centers, respec-

Ink,=A—BD, = A— (6)

KINETICS AND CATALYSIS Vl. 52 No. 1 2011
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Fig. 4. Plot of the density distribution function of particles
according to Eq. (4). The dashed line shows the real distri-
bution of particles.

tively. The kinetics of alcohol formation is described
by the equation [40, 41]
bH2PHz

bAPA
1+bAPA1+1/bH2PH2

W = k:;eAeH = k3 (7)

where k5 is the rate constant of the third step; 6, and
0y are surface coverages with acetone and hydrogen,
respectively; and b; are adsorption coefficients.

From Table 2, it follows that the activation energies
of the reaction on the test catalysts were different
because E, strongly depends on the chemical nature of
a metal. However, the chemical nature of a catalyst
affects only slightly the preexponential factor of the
rate constant of the rate-limiting step. Equation (6)
adequately describes (Fig. 5) the preexponential fac-
tors (Table 2).

Similar results were obtained in studies of the reac-
tion of carbon dioxide hydrogenation [42, 43]. In this
case, carbon monoxide can be formed along with
hydrocarbons. Tripol’skii et al. [43] reported the com-
plete mechanism of the reaction, which occurs via
three paths. This mechanism describes the formation
of all of the possible CO, hydrogenation products and
includes more than 14 steps. However, almost 100%
selectivity for methane formation was reached on cat-
alysts given in Table 3. Thus, it is not necessary to ana-
lyze the entire mechanism, and it is sufficient to
restrict ourselves by the consideration of the following
first six steps:

(1) H, +2Z =2ZH,

(2) CO, +2ZH = Z,CO,H,,

(3) Z,CO,H, + ZH = Z,HCO,H, + Z,

(4) ZzHCOsz + ZH = ZzH2C02H2 + Z,

(5) Z,H,CO,H,— ZCHOH + H,0 + Z,
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Fig. 5. Dependence of the logarithm of the preexponential
factor of the rate constant of a rate-limiting step in acetone
hydrogenation on the particle size of an active component
of the catalyst. The numbers of catalysts are indicated in
accordance with Table 2.

(6) ZCHOH + ZH — ZCH 2%+ CH, + H,0 + Z.

In the first four steps, an equilibrium is established.
Carbon dioxide from a gas phase interacts with two
adsorbed hydrogen atoms to form the intermediate
complex Z,CO,H,, and the consecutive addition of
two hydrogen atoms to this complex results in
Z,H,CO,H,. Upon the decomposition of this inter-
mediate compound, ZCHOH is formed, and methane
is the hydrogenation product of this substance. Step 5
is a rate-limiting step; consequently, the reaction pro-
ceeds through the formation of the same activated
complex on all of the catalysts. According to the above
mechanism, the rate of methane formation is
described by the equation

Wcm = k5K2K3K4Pc02 (szPHZ)2 (90)2, (8)

where ks is the rate of the rate-limiting step; K; are the
equilibrium constants of the corresponding steps;
by, is the adsorption coefficient of hydrogen; P; are the
partial pressures of reactants; and 6° is the fraction of
a free catalyst surface.

Figure 6 shows the dependence of the logarithm of
the preexponential factor of the rate constant of the
rate-limiting step on the average particle size d of a
transition metal. It follows that Eq. (6) adequately
describes experimental data obtained upon the hydro-
genation of carbon dioxide on all of the test catalysts.

An analogous approach can be used to analyze the
kinetics of a catalytic reaction in the case that the
numerical values of the rate constants of elementary
steps are unknown. Let us consider the reaction of car-
bon monoxide hydrogenation [44, 45]. The stepwise
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Fig. 6. Dependence of In ko (sy on the average size of metal

particles in the reaction of carbon dioxide hydrogenation.
The numbers of catalysts are indicated in accordance with
Table 3.

mechanism of this process was proposed based on a
detailed kinetic and adsorption study:

(1) CO+Z=27CO;

(2) H,+2Z=27ZH;

(3) ZCO+ZH =ZCOH + Z;

(4) ZCOH +ZH — ZX, + Z;

(5) ZX,+ ZH — zX, 2~ CH, + H,0 + Z;

(6) ZX, + ZXy — ZX, 22> CHg + ... + Z.

In steps 1—3, an adsorption equilibrium is estab-
lished; the surface reaction between ZCOH and ZH
(step 4) is a rate-limiting step. The above mechanism
corresponds to the following equation for the overall
rate of CO conversion:

KibcoPeobu, P,
[1 +bcoPeo + by, P, +(1+ K3bCOPCO):|

where k, is the rate constant of the rate-limiting step;

W=k4

O

K; is the equilibrium constant of the third step; and b;

are adsorption coefficients.

Table 4 summarizes the specific rates of reaction on
Co and Ni particles on various supports at the same
reaction mixture composition. The specific rate is pro-
portional to the effective rate constant, which, in turn,
is the product of the rate constant of a rate-limiting
step and the equilibrium constants of fast reversible
steps of the process. With consideration for Eq. (9),
the rate of a catalytic reaction can be described by the
expression

W o kor = keiy eXP(Ee% T) o kyKsbcoby,,  (10)

where k. is the effective rate constant, and E is the
effective activation energy, which includes the activa-

tion energy of the rate-limiting step 4, the enthalpy of
the third step, and the heats of adsorption of the initial
substances.

On the other hand,

ASy + ASco + ASy,
0 0,-0,0 ;0 0 R
Wy oc ke = kg K3bcoby, = ke , (1D

where AS; is the entropy change in steps 1—3. The
above assumption that the entropy of activation of an
activated complex is constant for the same reaction on
various catalysts [48] is also fully true of entropy
changes in these steps. In this case, the preexponential
factor of the rate constant &, in Eq. (6) may be replaced
by W,. Thus, we obtain

B

T ND2
- '
I d

From Fig. 7, which shows the dependence of the log-
arithm of W) in the reaction of CO hydrogenation on
the average size of cobalt and nickel particles on vari-
ous supports, it follows that Eq. (12) adequately
describes experimental data obtained in the hydroge-
nation of carbon monoxide on cobalt and nickel cata-
lysts.

The results of the study of the kinetics of hydroge-
nation of acetonitrile on supported metal catalysts also
support the above approach to the analysis of the
dependence of rate constant on the particle size distri-
bution of an active component. The complete mecha-
nism of this process, which consists of three reaction
paths and includes more than 13 steps, was published
earlier [46, 47]. To analyze this mechanism, it is suffi-
cient to restrict ourselves by the following first three
steps:

(1) CH;CN + Z\ = ZyCH;CN;
2) Hy,+2Z,=27Z4H;
(3) Z\CH;CN + ZyH — ZCH;CNH + Z,.

Insteps 1 and 2, an adsorption equilibrium is estab-
lished. The rate of reaction depends on the step of the
interaction of adsorbed hydrogen atoms and acetoni-
trile. This mechanism corresponds to the following
equation for the overall rate of acetonitrile conversion
[46, 47]:

InW, =A- (12)

W = k39CNeH, (13)

where k; is the rate constant of the rate-limiting step,
and Oy and Oy are surface coverages with acetonitrile
and hydrogen, respectively.

Table 5 summarizes the specific overall rates of
reaction on Ni particles on various supports at the
same reaction mixture composition. In this case, the
values of Oy and Oy are approximately constant, and
the specific rate is proportional to the constant k5:

Woc ks (14)

Figure 8 shows the dependence of the logarithm of
W, on the average particle size of nickel on various

KINETICS AND CATALYSIS Vl. 52 No. 1 2011
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Fig. 7. Dependence of InW/, on the average size of (a) cobalt or (b) nickel particles in the reaction of carbon monoxide hydroge-
nation. The numbers of catalysts are indicated in accordance with Table 4.

supports in the reaction of acetonitrile hydrogenation.
As can be seen, Eq. (6) adequately describes experi-
mental data obtained upon the hydrogenation of ace-
tonitrile on nickel catalysts.

Thus, the approach proposed for describing the
structure of supported catalysts allowed us to interpret
and quantitatively express the frequently observed
dependence of catalytic activity on the geometry of the
active surface. Moreover, the occurrence of these
dependences on different metals suggests that hydro-
genation reactions proceed through the same activated
complexes in all cases.

The use of the resulting dependences for the analy-
sis of kinetic parameters of so-called structure-sensi-
tive reactions opens up new opportunities for the tech-
nological design of optimum catalysts for various
industrially important heterogeneous catalytic pro-
cesses, in particular, the preparation of synthetic liquid
fuel from carbon oxides.

Thus, the above study indicates that it is incorrect
to consider the mechanism of the local interaction of
adsorbed molecules with a catalyst surface from the
standpoint of the separate effects of electronic and
geometric factors. These factors are interrelated, and
they equally affect the activity of heterogeneous cata-
lysts. The electronic factor mainly manifests itself in
the course of reaction on small particles (<10 nm), on
which electron transition energies in an activated
complex are size-dependent. Another reason for the
effect of the electronic factor on the catalytic behavior
of nanoparticles is that not only the fraction of surface
atoms increases but also the ratio between atoms
arranged at lattice faces, edges, and sites changes as
the particle size is decreased; these atoms exhibit vari-
ous coordinative unsaturation and, correspondingly,
differ from each other in electronic properties. Above
the specified limit (10 nm), only the geometry of active
component nanoparticles exerts the main effect on
catalytic properties. In this case, the role of the geo-
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metric factor depends on the accessibility of the active
surface to reactants. If a catalytic process takes place at
complex active centers including several surface
atoms, the probability of the occurrence of these cen-
ters increases as the particles of an active component
of the catalyst become larger. Consequently, the frac-
tion of the active surface increases to reach saturation.
Because real heterogeneous catalysts are polydisperse
systems (i.e., they are characterized by a nanoparticle
size distribution of the active component), their cata-
Iytic properties depend on both electronic and geo-
metric factors, and the ratio between the contributions
of these factors depends on the distribution function of
active component particles. We can state that the divi-
sion into electronic and geometric factors is tentative
because both of them depend on the particle size and,
consequently, geometry of the active component.
Therefore, in the course of structure-sensitive hetero-

InW,
Ok
4
6L
_8 | | | | | |
0 20 40 60 80 100
d, nm

Fig. 8. Dependence of InW, on the average size of nickel
particles in the reaction of acetonitrile hydrogenation. The
numbers of catalysts are indicated in accordance with
Table 5.
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geneous catalytic reactions, the geometry and the
chemical nature of the active component often have
equally strong effects on the catalytic properties of the
catalyst.
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