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ABSTRACT. The possibilities of applying some X-ray diffraction
methods in the study of multicomponent highly disperse systems are
examined. Such methods include the method based on the radial
distribution of atoms (RDA), full-profile X-ray diffraction analysis
(FPA), and the method involving the determination of substructural
characteristics (MDSC). Examples of the determination of the
structural and substructural characteristics of the most important
catalyst carriers as well as deposited and non-deposited metallic
catalysts are presented.
The bibliography includes 129 references.
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I. Introduction

Despite the widescale use of X-ray diffraction methods in
materials science, the application to the study of catalysts is mainly
limited to qualitative and quantitative phase analyses of wgll
crystallised coarsely disperse (crystallite size in the range 50—1000 A)
systems. In his concluding remarks in a well known monograph
devoted to methods for the study of catalysts, Lambert' indicates
eight criteria in terms of which the effectiveness of the method
should be estimated: (1) the need to use centralised or local
laboratory equipment; (2) speed of analysis; (3) the possibility of
studying catalysts in the course of their operation or after use;
(4) destructiveness or non-destructiveness of the method; (5) the
universality of the method (sensitivity in relation to various chemical
elements, suitability for the study of deposited and non-deposited
catalysts); (6) the possibility of obtaining useful information in the
presence of a large amount of contaminants formed during the
operation of the catalyst; (7) cost; (8) thickness of the layer of the
specimen investigated.

Evidently, from this standpoint, X-ray diffraction methods are
entirely effective, but, since it is assumed that they yield information
mainly about the structural and substructural characteristics of the
bulk phase of the specimen, inadequate attention has been devoted
to them. The authors of monographs in which the structural

features of catalysts are discussed, for example, Lambert! and
Anderson,? as a rule do not dwell on the X-ray diffraction methods
for their investigation. At the Ist European Conference on Powder
Diffraction held in March 1991 in Munich, a small number of
experimental studies on highly disperse materials were presented,>
only three of which’™ were devoted to the study of catalysts.
Nevertheless, X-ray diffraction methods occupy a place among the
series of physical methods for the study of catalysts, especially
deposited catalysts, because they make it possible to obtain
information simultaneously about the dispersity and phase
composition of the active component and the carrier and about their
structural characteristics and the degree of their interaction.

Examination of the usual parameters of the diffraction patterns of
well crystallised substances, such as the positions, intensities, and
form of the diffraction maxima, for the investigation of highly
disperse multicomponent catalytic systems yields little information.
Special X-ray diffraction methods for the investigation of highly
disperse materials, based on the integral analysis of the curve for the
X-ray scattering intensity, namely the method based on the radial
distribution of atoms (RDA), the methods based on the
determination of substructural characteristics (MDSC), and full-
profile X-ray analysis (FPA), are being developed at the Institute of
Catalysis of the Siberian Division of the USSR Academy of Sciences.
This review deals with the fundamental possibilities of the methods
developed and presents the results of their use in order to obtain
structural and substructural characteristics of the principal catalysts
carriers (aluminium oxides and carbon materials) as well as
deposited and non-deposited metallic catalysts having different
chemical compositions.

I1. The possibilities of X-ray diffraction methods in
the study of multicomponent highy disperse systems

1. Methods based on the radial distribution of atoms

Mainly liquids (solutions and liquid metals) and amorphous and
vitreous materials have been studied experimentally by the RDA
method (see, for example, Refs. 10—13). Procedures for the
interpretation of data and for the analysis of errors of different kinds
have been examined theoretically.'*?' Catalysts have been studied
by the RDA method in a number of investigations.'>?? Many
catalysts of different chemical composition have been investigated in
the Laboratory of Structural Research Methods at the Institute of
Catalysis of the Siberian Division of the USSR Academy of Sciences.
This review presents the results of the investigation of catalyst
carriers and metallic catalysts.
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The X-ray diffraction RDA method is based on the relation
between the atomic density (p) radial distribution function and the
intensity of the coherent scattering of X-rays i(s) in the diffraction
experiment:

Smax
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where p(r) is the spherically symmetrical atom distribution function,
d the pyknometric density, L the Avogadro number, M the
molecular weight, I(s) the coherent component of the scattered
diffraction beam, r the radius-vector of the inverse lattice, po(r) the
average density obtained for a completely random distribution of
atoms, i.e. in the absence of interference, K the effective number of
electrons, f, the atomic unit factor, and N the number of atoms in
the agglomeration.

In the case of binary systems, where the atoms of one system
(phase) form separate groups since they are surrounded only by
atoms of the same system, the formula has the following general
form:303!

P (r) =CApAA (7') +Capaa (r)+ZCACBpA87 )

where p4, pPps, and p4p are the partial RDA fupctions and C4 and
Cp are the concentrations of individual phases.

It is useful to use Eqn. (2) instead of Eqn. (1) for comparable
values of C, and Cp  In deposited metallic catalysts, the
concentration of the metal is low relative to the carrier (Cp < Cy ),
so that Eqn. 1 can be used.

For the calculation of the RDA curves, it is essential to have at
one’s disposal certain experimental and reference characteristics of
the test substance. Such experimental data are (1) the set of data for
the intensity of scattering by the specimen; (2) the set of data for
the intensity of phonon scattering; (3) information about the
thickness of the specimen and the pressing density (these quantities
are important for systems consisting of light atoms); (4) chemical
composition of the specimen (n4...n,,) per molecule; (5) pyknometric
density.

Data from reference sources include (1) the number of electrons in
the atoms; (2) the absorption coefficients of the atoms for the given
X-ray irradiation; (3) radiation wavelength; (4) atomic factors of
the atoms. The RDA curves are plotted in terms of the variables
41tr2p and f(r), where r is expressed in Angstroms and the electron
density p in electron® A

The quantitative parameters of the structure are the equilibrium
interatomic distances (the values of r to which correspond the
electron density peaks), the coordination numbers Z (determined
from the areas of the coordination peaks), the averge quadratic
atomic shifts (determined from the widths of the coordination
peaks), as well as the distance over which the correlation in the
disposition of atoms disappears [the distance r starting from a
certain value p (r) = po]. The experimental areas of the

coordination peak corresponding to the given distance r can be
compared with the theoretical values calculated from the formulae

HT=2nAZABKAKB; H7‘=nAZAAKsz (3)

where ny is the number of atoms of kind 4, which depends on the
chemical composition, and Z4p the coordination number, i.e. the
number of atoms of kind B in the spherical shell bounded by the
distances r and r + d from the centre of the atom of kind A4.

When the reliability criteria concerning the normalisation of the
intensity curves hold and there is only a slight deviation from the
series of approximations involved in the derivation of the principal
formulae (the isotropic nature of the accumulation of atoms, the
homogeneity of the medium, and infinite extent of the volume
ensuring a statistically equiprobable environment of the atoms), the
positions of the coordination peaks on the RDA curves are
determined to within Ar/r = +0.5% and the accuracy of the
determination of the areas is to within +5%.

Analysis of the RDA curves makes it possible not only to obtain
the standard information described above but also to estimate the
size of the crystallites when the latter is less than 30 A. The
determination is based on the fact that the form of the interference
function for a high dispersity of the crystallites depends on their size.
The form of the peaks on the scattering intensity curve and their
resolution vary as a function of size.’>3* For example, if the size of
the metal crystallite with a face-centred cubic (FCC) lattice is 30 A,
then only 24 out of the 35 diffraction peaks are resolved. A change
in the scattering intensity curve leads to a change in the RDA
function. The coordination numbers in spherical particles of a metal
with a face-centred cubic structure, whose diameters were multiples
by factors of 3, 5, 7, etc. of the diameters of the individual atoms,
have been evaluated by a statistical calculation.* With decrease in
the size of the particles, there is a steady decrease in the area of the
coordination peaks. For a particular size, there are consistent ratios
of the areas. This feature has been used to estimate the sizes of
highly disperse particles.>**' For a platinum particle diameter of
8 A, the area of the first coordination sphere is half the value
calculated for an infinite crystal, while the area of the second sphere
is smaller by 30%; for a diameter of 30 A, these areas are smaller
by 15 and 25% respectively.

A characteristic feature of the calculation of the RDA curves by
Moroz? is double normalisation (with respect to the far region of
angles and with respect to the areas under the scattering intensity
curves) and the use of experimental scattering factors. Criteria were
developed for the reliability of the RDA curves as regards the
normalisation of the X-ray scattering intensity and the intermediate
parameters of the calculation.2%*?

Experimental errors leading to failure of the reliability criteria
were analysed, including the errors in the measurement of the
intensity over a wide range of angles and at a single point (incorrect
allowance for the contribution of the background and Compton
scattering, the presence of fluorescent emission) and also the errors
in the specification of the chemical composition 2

At the same time, procedures were developed for taking into
account the contribution of the carrier to the overall X-ray scattering
intensity curve and the RDA curve for the catalyst. Comparison of
the curves for the intensity of the scattering of X-rays by the catalyst
and the carrier is difficult owing to the different depths of the
“working layer”, because the catalyst contains as a rule a highly
absorbing component. These disadvantages can be avoided if
corrections are introduced in the analysis of the scattering intensity
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curves for the background, polarisation, and absorption, and when
the change to electronic units is made. The change to electronic
units for the scattering intensity curve is an intermediate stage in the
calculation of the RDA function and the construction of the
difference intensity curve (DIC) then becomes possible.2%4?

The determination of the dispersity of the active component in
highly disperse deposited catalysts (D < 30 A) is based on the
analysis of the difference RDA curves. In principle, scattering
intensity data are obtained by the RDA methods in the same way as
in the usual precision measurements: the scattered X-ray intensity is
measured over a wide range of angles with similar accuracies using
monochromatic radiation. Short-wavelength molybdenum radiation
with AK, = 0.71 A is usually employed. The intensity is measured
for angles up to 20 = 160°, which corresponds to Spex =
4nsinOpe/A = 1741 A.

The use of a monochromator leads to the loss of up to 80% of
the intensity. The monochromator, ensuring a better relation
between the signal and the background, does not transmit Compton
(incoherent) scattering for angles 8 > 20°. For smaller angles, the
monochromator transmits the entire Compton scattering, but in this
region the Compton scattering itself is small, ?™*

Conditions for an automated experiment with computer
calculations have been described. The experiment lasts ~50 h and
requires the stable operation of the apparatus (diffractometers of the
DRON-3,4 or HZG-4C, B, A type are usually employed). The
successful application of the RDA method requires that the
following conditions be maintained:

1. The structure of the system components under consideration
must be simple; the set of different interatomic distances must be
small and the coordination numbers must be large.

2. Heavy atoms, whose percentage content is high, must be
present in the system.

3. The components must have a perfect structure (absence of
defects and vacancies). Analysis of the RDA curves does in fact
make it possible to discover the presence of imperfections in the
structure as a result of the comparison of the observed and
calculated curves.

4. Accurate chemical analysis is essential.

5. A model of the postulated structure is needed.

The RDA method examined has been used successfully in the
study of highy disperse systems of different chemical composition.
However, the rigorous requirements which must be met by the
experiment (monochromatisation, correct allowance for incoherent
scattering, duration of the experiment) and by the preliminary
treatment of data (careful normalisation of the scattering curves) and
the ambiguity of the interpretation of the RDA curves limit the
possibilities of this method in normal X-ray laboratories.

A high-speed method for the determination of atomic radial
distribution functions, based on the a priori assumption that the
functions of the background incoherent and independent gas
scattering are monotonic, is being developed at present. This
method does not require the measurement of the background and
the knowledge of the intensity of the Compton scattering. The
structure-sensitive part of the intensity curves is isolated with the aid
of the cubic B-spline minimised by the method of least squares.**
The method has been tested on polycrystalline silver and
palladium.** The Fourier analysis of the structure-sensitive part of
the intensity curve is used to obtain radial distribution functions by
a procedure similar to that used in the Fourier transformation of the
function of the long-range fine structure of the X-ray absorption
spectrum in the EXAFS method, used to obtain structural

information.***’  The proposed method makes it possible to

accelerate and simplify the procedure involving the collection and
treatment of experimental data (the experiment can be carried out
without a monochromator, with a B-filter, and the normalisation of
the intensity curves is also not needed). However, it cannot be used
to establish the structural parameters of unknown materials, because
it does not permit the determination of the absolute values of the
coordination numbers. This method can be employed to analyse the
changes in the structural characteristics in a series of specimens.

2. The method based on the full-profile X-ray analysis

About 20 years ago, a new effective method for the interpretation
of powder diffraction data, called the Rietveld method,*® appeared in
neutron diffraction. It was subsequently used also in X-ray
diffraction. %2

The FPA method is based on the minimisation of the difference
between the experimental and calculated diffraction patterns at any
point on the X-ray diffraction pattern profile.

The function

N
o= Z Wi(y® — yt)Z,

is minimised by the methods of least squares. Here y° and y* are
respectively the experimental and calculated intensities at the ith
point of the profile, w; is the weighting function, and N the number
of points on the profile. Next, a sequence of corrections to the
parameters of the specified model, converging to zero, is calculated.
The summation in terms of the matrix elements of the least squares
method is carried out over all the points on the profile included in
the calculation. A series of matrices with the specified weighting
factor are added to the matrix thus constructed. These matrices take
into account the limitations to the ranges of variation of the
interatomic distances and the equality of the bond lengths between
various atoms, atoms in special positions being included in the
calculation.”® Since a non-linear relation between the parameters is
fitted by a linear relation in the least squares method, it is essential
to carry out several refining cycles.

The unreliability factors are used to estimate the reliability of the
model:

N
Ry=) |Y:-kY!) Y (profile-based factor)

and
N
Rr= Z [Is— &I / Z I (intensity-based factor)
3

The factor Rp is found by summation over all the points of the
profile and R; by summation over the intensities of the diffraction
lines. Rp usually exceeds R; by a factor of two, while R; is in its
turn greater than the unreliability factor Rp, used in the single
crystal method, by a factor of 1.5—2.

We used a computer program written in FORTRAN for the
BESM-6 computer,”>** which includes the program published by
Clark, et al.”

The entire X-ray diffraction pattern can be represented as a linear
combination of the profiles of individual peaks. The overall
intensity at each point on the pattern is described by the expression

N
Yi=kY Y%+Y?,
J
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where Q;; is the peak shape function, k& the reduction coefficient,
Y? the background at the ith point, and Y; the intensity of the jth
reflection.

A line diagram based on the specified model is used for the
construction of the theoretical profile (this requires the knowledge of
the unit cell parameter, the symmetry space group, and the atomic
coordinates).

The theoretical intensity is calculated by the formula

Imi=Fu.LPGn,

where L, P, and G are the Lorentz, polarisation, and geometrical
factors respectively, n is the repeatability factor, and Fjy the
structure factor. The structure factor is calculated in a general form
in accordance with the formula

2 - :
Fiti = | Xty exp 2 ety iz |

=t

where x;, y;, and z, are atomic coordinates, f; is the atomic factor, p;
the multiplicity of the atoms, T; the thermal multiplier, and 4, k, and
I are the reflection indices.

Next, the line diagram is smeared by the function of the profile,
which has parameters depending on the reflection angle. The
neighbouring reflections contribute to the intensity at each point on
the diffraction pattern. The main difficulty in the application of the
Rietveld method involves the description of an individual profile of a
reflection, since, in contrast to neutron diffraction, where Pearson’s
YII functions are used successfully, a similar unique theoretically
well-founded function has not yet been proposed in X-ray
diffraction. This is associated with the fact that the diffraction peaks
corresponding to different reflection angles have different shapes and
the experimental dependence of the peak half-width on the angle 0 is
not monotonic owing to effects caused by the real structure of the
polycrystalline material (microdistortion, smallness of the coherent
scattering regions, anisotropy, packing defects).*>**>® The majority
of investigators®*>%! assume that a single profile is described most
successfully by the generalised Pearson function:

9gm_q\*% T (m) [ (29{_~26j)z ] —m
Py=2 Hit{ 1+4 ——F—(2Vm—1 .
( £ ) T'(m—'/,) H? ( )

where I' represents gamma-functions, H; is the peak half-width
(the width of the peak at the level of half its height); the power
exponent m may be refined.

In our calculations, we used the version with m = 2 whereupon
the Pearson function becomes a modified Lorentz function:

2'/:_1 4(212__1)

H}

-2
ML(20,,20) = “[1+ —(20-2033] .

According to Vzinshtein’s formula,!* the dependence of Hj on §; has
the form
H? = utan?6 + vtan 6 + w.

The parameters u, v, and w are found from individual reflections and
are refined.

In the FPA method, there are also other approaches, in particular
the synthesis of the diffraction profile on the basis of specified
instrumental, spectroscopic, and physical experimental parameters.*?
All the calculations are carried out in terms of Fourier coefficients,
which ensures sufficient accuracy and speed. This approach made it
possible to determine not only the structure but also the substructure
parameters of substances.®>

The FPA method is useful in the solution of many problems
involving the refinement of structures whose type is already known.
Such problems include the distribution of isomorphous impurities,
the ordering of defects, the distribution of cations in spinels and
other compounds, etc.%° However, examples of the application of
this method in the determination of unknown structures of new
compounds also exist.” ">

The following structural parameters can be determined by the
FPA method: (1) the atomic coordinates in fractions of the cells x, y,
and z; (2) the overall thermal parameter (Q); (3) individual
isotropic thermal factors of the ith atom; (4) the coefficient of the
occupation of a given site by the ith atom (n;); (5) the scaling
coefficient (k).

In addition, a series of profile parameters, determining certain
characteristics of the specimen and of the recording, can be refined:
(1) the line half-width parameters u, v, and w; (2) the overall shift of
the X-ray diffraction pattern relative to the origin z; (3) the lattice
parameters 4, B, C, o, B, and y; (4) the asymmetry parameter P;
(5) the texture parameter G; (6) the ratio of the intensities of the
radiation components K, and K, (after passage through the
monochromator, IK.l and IKﬂ2 may not be 2).

The experimental data obtained by the FPA method as well as the
RDA method consist of measurements for individual points. The
scanning step is determined by the line width (usually 0.01—0.05°).
The use of Soller slits is obligatory. For a reliable determination of
the profile parameters, it is recommended that individual peaks and
non-doublet K} radiation be employed.5’

3. The method involving the determination of substructural
characteristics

The method involving the determination of substructural
characteristics (sizes of crystallites and their microdistortions,
parameters determining the size distribution of crystallites), based on
the harmonic analysis of the diffraction peak profiles, can be applied
to systems of virtually any chemical composition in which the size of
the crystallites is 30— 1000 A. An important feature is the fact that
the substructural characteristics listed above refer directly to the
component investigated (metal, oxide, salt, etc.) in the system under
consideration.

The role of all the experimental factors influencing the profile of
the diffraction maximum, such as the width of the slits on the
collimator in the tube and in the counter, the focussing conditions
etc. has been examined in detail.”*””

For a clear-cut differentiation of the profiles of the diffraction
lines for the phase investigated, it is essential to carry out precision
measurements of the line intensity at each point, which is achieved
by scanning over the points with accumulation of a large number of
counts. The lines are focussed using the 1:2:0.25 slit on the
goniometer and monochromatised non-doublet CuKp radiation
(the monochromator is a flat graphite plate) in the range of angles
exceeding by a factor of ~5 the half-width of the diffraction
maximum. This is necessary in order to avoid additional errors
associated with the numerical analysis of a profile of complex shape.
The wide range of scanning angles ensures a satisfactory
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determination of the line “tails”, which is essential for the accurate
determination of the Fourier coefficients. The correct determination
of the profile of the instrumental line is very important.”
Corondum (0-Al,O3;) or silver black are chosen as reference
standards. Their line profiles are described by the function

b = utan?6 + vtand + w,

where u, v, and w are constants and 0 is the Wulff — Bragg angle.

The substructural characteristics of deposited catalysts must be
determined in four stages. The first stage consists in the separation
of the diffraction maxima of the active component from the
background due to the presence of the carrier. In the course of such
treatment, the catalyst and carrier intensity curves are normalised
and the background due to the carrier can be fitted by a polynomial.
In the case of a single-phase system (for example, a metallic black)
the problem simplifies and involves the usual separation of the
background from the diffraction maximum.

The second stage reduces to the isolation from the experimental
curve of the intensity of the profile associated with the physical
broadening of the line (allowance for the instrumental line width).
The third stage involves the finding of the fraction of the physical
broadening of the line associated solely with the fine dispersity of the
system (allowance from microdistortions). Warren’s method is used
for this purpose.”” The method involving the expansion in Fourier
series of the functions describing the profiles of the diffraction
maxima of the reference standard and the test specimen is used in
the second and third stages.

The parameters of the size distribution of the crystallites or the
distribution function are found in the fourth stage. The profile of
the diffraction maximum depends in principle on the crystallite size
distribution function. However, according to Guinier,”® the
distribution of the lengths of sections in the crystallite (chords)
perpendicular to the reflecting plane can be determined directly from
the X-ray line profiles. It has been suggested’ that the hk!/ line
profile, determined by the reflection from crystallites, coincides with
the profile of the diffraction line which arises in the presence of a set
of parallel and incoherent linear sections. The ratios of the lengths
of these sections must be the same as those of the chords of the
grains perpendicular to the reflecting [A, k, /] plane. According to
Bertaut’s formula,” the intensity of the diffraction maximum is

sin®* ndmzx

1(x)=jw

o

g(m)dm,

where x = 0—8, is the angular scattering relative to the centre of
gravity of the lines for the angle 6, g(m) the function of the
probability of the distribution of the lengths m of the chords
perpendicular to the reflecting plane of the lattice in the set of
crystallites, 4 = (2cos8)/A, 0 is the Wulff —Bragg angle, and A the
radiation wavelength. The use of this equation presupposes that
only the part of the physical broadening caused by the small size of
the crystallites enters into the diffraction maximum profile. The
profile is deduced from Fourier coefficients and normalised:

@ =@/ [ s

The normalised function has a number of properties.?® Thus, for
x = 0 (at the maximum), we have ff(0) = 1/ = DA, where D =
A/2Bcos 8 is the average effective size of the crystallites (according to

the Selyakov—Scherrer procedure) and P is the integral half-width of
the line profile. The normalised function fi(x) is related to the
function I(x) by the expression

I(z) = (M1/A) fu (),

where M, is the first moment of the chord length distribution
function g(m). The moment of any order of the chord length
distribution function

Mo = [ mrgmydm,  M,=1(0)
[
can be expressed in terms of M;:
Moo= (nt+1) (n+2)M, jm"h(m)dm,
[

where h(m) is the cosine component of the Fourier transformant
nGx).

Thus, knowing the diffraction maximum profile, it is possible, in
principle, to determine the parameters characterising the size
distribution of the crystallites, because the moments of the chord
distribution curve can be determined on the basis of these data. The
function itself can be deduced from the moments of the distribution
curve. The quantity ¥ = M,— M? characterises the variance of the
distribution. In a study® using various methods of describing the
distribution, such as the &-function, the Gaussian function, the
overall logarithmic distribution, and the lognormal distribution, it
has been shown that the last distribution describes correctly the
distribution of the chords in metallic particles on different carriers.
The quality of the fit is characterised by the reliability coefficient. In
our investigation,® it was also suggested that the chords present in
the set of crystallites obey the lognormal distribution law (LND):

q(m)= lnm—lnu)’

exp — (
a¥2nm 2¢0°

The parameters p and o of the distribution can be obtained from the
moments of the distribution curve g (m) by means of the formula

M=M‘2/Vm, eu:=M2/M|2-

A computer program was devised to interpret the experimental
data. The following input information is used: (1) the intensities of
two X-ray lines, of the specimen and the reference standard, the
initial and final scanning angles, the scanning steps for the specimen
in the reference standard, and the number of Fourier coefficients
which must be calculated; (2) the range of the expansions; (3) the
positions of the line maxima (either the position itself is specified or
the centre of gravity is calculated); (4) the lattice parameter and
Young’s modulus. Young’s modulus is required for the calculation
of the microdistortions using the two lines corresponding to
reflections from the [4, k, /] plane in different directions.

The calculated output data are as follows: (1) the Fourier
coefficients of the initial lines of the specimen and the standard, the
Fourier coefficients of the true physical broadening of each line, and
the Fourier coefficients of the broadening due to the block structure
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and microdistortions; (2) the curves deduced for the true physical
broadening and the block structure normalised with respect to area;
(3) the moments of the chord size distribution curve; (4) the
distribution of the microdistortions; (5) the average particle size
calculated from the Selyakov—Scherrer formula using the integral
half-width of the function of the broadening induced by the block
structure; (6) the positions of the centres of gravity of the initial
lines.

Knowing the LND parameters p and o, it is possible to find
(1) the most probable size of the crystallites mg, (2) the average size
of the crystallites in the bulk phase m, and (3) the area of the surface
formed by the set of crystallites.

Thus the method involving the determination of substructural
characteristics, based on the harmonic analysis of the diffraction
peak profiles, yields information about the sizes of the crystallites,
which exceed by a factor of 10® the wavelength, the microdistortions
of the crystallites equilibrated in the bulk phase, and the parameters
determining the size distribution of the crystallites. An important
case of the breakdown of order in the crystal is that of the planar
disorder. This is particularly important for close-packed structures
or structures made up of planar networks superimposed in
accordance with a definite law. The deviations from the general law
governing the deposition of layers relative to one another in such
structures influence significantly the diffraction line profiles.”®"®

In principle all the characteristics obtained by the method
considered, apart from the size of the microdistortions, can be
determined with the aid of an electron microscope. However, the
electron microscope method is local in scope and requires the
availability of a large statistical set of data. Furthermore, the
electron beam can affect small particles with a low melting point.
The surface area of metals on carriers can also be determined by the
chemisorption method. However, it is subject to a series of
limitations determined by the assumptions underlying it. The
application of this method presupposes the selective nature of the
adsorption, the knowledge of the stoichiometric coefficient for the
chemisorption of the adsorbate, and the availability of information
about the number of surface metal atoms. The method involving the
determination of substructural characteristics is usually employed to
establish the size of the crystallites and of the microdistortions
equilibrated within the bulk of the crystallite. We were able to
supplement this information by data concerning the size distribution
of crystallites, 853

II1. Structural and substructural characteristics of
catalyst carriers

1. Aluminium oxides

(a) Low-temperature forms

The dehydration of the initial aluminium hydroxides above 473 K
gives rise to the formation of different low-temperature forms of the
oxides, depending on the nature of the hydroxides: amorphous, ¥, ¥,
p, and n. In terms of their structure, these oxides are defective
spinels, in the structure of which 21.33 cations are distributed among
24 cationic sites. In conformity with the requirements of
stoichiometry and electroneutrality, they are described by the general
formula Alg;3[J1/304. The differences between the forms are
manifested by the distribution of vacancies among the cationic sites.
It has been suggested that the vacancies in y-Al,Oj; are located

preferentially in octahedra, while those in the m-forms are in
tetrahedra 3+ %°

The diffraction patterns of the low-temperature forms of
aluminium oxide, obtained from pseudoboehmite, bayerite, and
gibbsite, differ only slightly from one another. Characteristic regions
exhibiting differences in the diffraction pattern correspond to each
form.  Analysis of these differences constitutes the basis of
quantitative phase analysis.2®*%%!

The RDA curves for the low-temperature forms differ from one
another less than the corresponding scattering intensity curves
(the RDA curve for the amorphous phase obtained from the
deposited hydroxide is an exception).?®®*®* This indicates the
similarity of their structures and the equality of the interatomic
distances and of the coordination numbers in the first coordination
spheres.

Irel
70 -
40 -
~ I,"\
- .y

| |

i 1 I " La 1 P TR

28
Figure 1. Fragments of the experimental (continuous line)

diffraction pattern of m-Al,O; and the pattern calculated on the
basis of the defective spinel model with vacancies (dashed curve).”®

We investigated by the FPA method the structures of the low-
temperature oxides obtained from boehmite, pseudoboehmite, and
bayerite.>>%

Models of defective spinels with different distributions of
vacancies were used as the initial models for the calculation of
the diffraction patterns: in octahedra—Al[Alj333(J267]032 and in
tetrahedra—Als 33(J2.67[Al;6]O32. The calculations were carried out
within the framework of the space group Fd3m with the origin of
coordinates at a tetrahedral cation. Fig. 1 presents the experimental
diffraction pattern of mn-Al,O; and the pattern calculated on the
basis of the spinel with vacancies model. Evidently the most intense
experimental line is 4.4.0, whereas according to the calculation the
most intense line should be 3.1.1. Furthermore, the experimental
intensity of the 2.2.2 line is appreciably higher than the calculated
intensity. The difference between the calculated and experimental
densities is also significant: the calculated density is 3.62 g cm™,
while the experimental densities range from 3.35 to 3.42 g cm™ for
different forms. The unreliability factor R is about 40% for both
models described by the general formula Aly; 2372467032 A change
in the distributon of vacancies between the tetrahedral and
octahedral sites does not reduce R.
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In the real structures of the low-temperature oxides, an
appreciable proportion of the anions exist as OH ™~ groups. Having
included these groups in the structure, it is possible to describe the
oxides by the general formula ALO3;.nH,O, where 0 < n < 0.6.
According to this formula, the ratio of the numbers of cations and
oxygen atoms is altered and this makes it possible to consider
formally another spinel structure with a greater number of cationic
vacancies. By varying the number of these vacancies in the range
from 2.67 to 6.5, which corresponds to a number of water molecules
between 0 and 0.6, it is possible to reduce the R factor to ~30% for
the optimum number of vacancies of about 5. Variation of the
distribution of vacancies among the cationic sites within the limits
indicated does not reduce the R factor.

The space group Fd3m permits the existence of two pairs of
cationic sites when the origin of coordinates is selected at the point
43m: it is possible to select the coordinates A(0; 0; 0) or A*(0.5; 0.5;
0.5) for the eightfold site (tetrahedra) and B(0.625; 0.625; 0.625) or
B*(0.125; 0.125; 0.125) for the sixteenfold site (octahedra). The use
of only the coordinates A* and B* is equivalent to a shift of the
origin of coordinates, which naturally does not alter the R factor. A
model of the type A% A,B}B, O3 (OH,..), was examined. It
follows from steric considerations that the use of type A*
coordinates is possible only when the four nearest octahedral cations
B are removed simultaneously. The disposition of the cations B*
requires in its turn the removal of two nearest cations A displaced
relative to one another by a vector with the coordinates 0.25; 0.25;
0.25. The B* atom is then located at the centre of the vector.

Several models of the structures of the low-temperature oxides
were calculated. The data for modelling the 1n-Al,O; structure are
presented in Table 1, which also indicates the unreliability factors
and the calculated densities. It follows from the Table that the
lowest unreliability factor corresponds to the structural formula

A¢3As1sB1oBiooOse-: (OH, ... ).,

where A and B are the spinel cationic sites and A* and B* are the
non-spinel cationic sites.

Table 1. Modelling of the n-Al,O; structure.

Parameter 1 2 3 s

x - - - 15
X 5.66 80 175 6.75
h - - - 10
» 160 13.66 115 10,0
R 456 447 341 10.1
dgem™? 3.60-3.70 3.33-3.35

Note. The following notation has been adopted for the models:

1, Asss002.33B16032;
.03,_,(0OH,...),.

2, AgBi366[d233032; 3 and 4, A¥A, BYB,.

Table 2 presents the structural formulae and data for the
distribution of cations in the low-temperature oxides. It is striking
that anionic modification of the low-temperature oxide (inclusion of

OH groups in the anionic skeleton) entails cationic modification
(new positions of the aluminium cations). Such compounds are
referred to as “protospinel” compounds.”’

Table 2 shows that the fraction of tetrahedral cations is almost
the same in all the forms (0.4—0.46). The greatest number of filled
tetrahedra (8.5) combined with the smallest number of filled
octahedra (10.0) occurs in the yr,0e-Al;O3 form. In terms of the
ratio of the numbers of tetrahedra and octahedra the oxides can be
arranged in the series Yxioe > M > Yoo

Table 2. Structural formulae and the distribution of cations in low-
temperature aluminium oxides.

Form of  |Fraction of |Fraction of . _A+B
otide | tetrabedrs (1| otrahedra (o)’ o MB | AR |
Yoe 040 060 0.66 145 375 39
Ynsoe 0,46 054 0.85 1575 2,75 5.7

L] 043 057 0.75 16.75 25 6.7

Note. The following forms of the oxides were examined:
Yoo~ A;:JsAs.aoB;:.oB».aOnas(OHv -+ Jg.2s;
Pafoe = Ay zs4e .753}' 0B9.00g3.5 (OH, - - Jg 50;
= Ay 5088.75B1.0B10.0083.550F - - Jg..

Thus on the basis of the real diffraction pattern and using the
method of the full-profile analysis, we established that the low-
temperature forms y- and n-Al,O; cannot be described as spinel-type
structures with a statistical or regular distribution of vacancies. If
the space group Fd3m is adopted as a basis, then the above forms
can be regarded as structures in which two allowed tetrahedral and
two allowed octahedral sites are filled statistically. Each form has its
own characteristic number of anions consisting of hydroxy-groups or
other residual groups of the type NO3, CI, etc.

The OH groups were regarded®® as the structural elements of the
low-temperature forms, but it was assumed that there are vacancies
in the cationic sublattice: Aly[14023(0OH),. Using the general Debye
formula for the scattering intensity and comparing the synthesised
and experimental diffraction patterns, Espinat, et al.”® confirmed the
validity of the model of y-A1,03 described above.

(b) High-temperature forms

The high-temperature 8- and 8 -forms of aluminium oxide are also
used widely as carriers for catalysts of high-temperature processes.
They are produced from y- and n-ALOj; by dehydration at
temperatures above 1100 K. It has been shown by the RDA
method® that, together with the loss of OH groups, dehydration
involves a rearrangement of the structures associated with a decrease
and increase in the filling of the octahedral and tetrahedral cationic
sites respectively.  Under these conditons, new cationic sites,
uncharacteristic of the low-temperature forms, are filled. The
high-temperature aluminium oxides differ in the filling of the
cationic sites and are described by the general formula
ERA,"%A,“B;;BKO:Q_[(OH,...)f, where R + x3 + x4 + y3 + y4 <
21.33 and f is the number of structural OH and other groups. The
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formation of the 8- and 6-forms can be regarded as a result of the
structural compensation for the partial removal of hydroxy-groups
and other anionic “impurities” during the complete dehydration of
the hydroxides to anhydrous a-Al,Os.

(c) Promoted aluminium oxides

The refinement of the structures of the low-temperature aluminium
oxides made it possible to put forward a hypothesis concerning the
mechanism of the formation of the solid solutions and non-
stoichiometric spinels obtained when cations and anions are
introduced. Since all the ionic sites in the structures of the oxides
are characterised as regards their positions in the cell and the degree
of their filling, it is possible to construct models of the hydroxide
oxide compounds modified by cations and anions.

The polymorphic transformations occurring on aluminium oxides
have been investigated'°>'% and the phase compositions and
structures of the low-temperature oxides promoted by divalent and
trivalent cations (Mg ", Ni2*, Cu?¥, Cr®*) have been analysed. It
has been shown'?!% that the low-temperature solid solutions are
formed in these systems as a result of the filling of the vacancies in
the bulk-phase structure of the spinel and by the substitution of
certain tetrahedral and octahedral sites in the structure of the
protospinel. The substitution of aluminium by a divalent cation in
the protospinel structure, without a distinct preference for an
octahedral or a tetrahedral environment, leads to the breakdown of
the electroneutrality of the Al,O; molecule. The excess charge can
then be compensated either by an increase in the number of
hydroxy-groups in the anionic skeleton (on formation of mixtures of
hydroxides by coprecipitation) or by the removal of some of the
anions, i.e. OH™ and NO3 (during heat treatment). In both cases, a
general disordering of the structure, in particular of the anionic
skeleton, is observed, which is manifested by a frequently noted
broadening of the diffraction maxima. Another way of
compensating for the excess charge is also possible. This can be
achieved if the cations occupy preferentially the tetrahedral sites and
involves a rearrangement of the cationic skeleton. Such
rearrangement can be attained by the migration of aluminium from
the A* and B* sites to the A and B sites respectively and the
disposition of the divalent cations in the A sites. This results in the
formation of a normal spinel of the type AByO4. The location of
the divalent cation in a tetrahedral site A does not require structural
compensation, because it corresponds to the arrangement typical for
a spinel. In such systems an increase in temperature does not entail
the formation of the intermediate & - and 8-forms of Al,Os.

The distribution of cations in the structure of an alumino-
magnesium spinel with a non-stoichiometric composition was
refined'”” by the FPA method. The magnesium and aluminium
cations were detected at sites uncharacteristic of a spinel. These
cations are regarded as point defects. It was established by the
method involving the determination of substructural characteristics
that the dominant type of defects in the specimen is packing defects
caused by half-dislocations, whose concentration is virtually identical
with the concentration of the detected point defects. The presence in
the specimen of specific extended defects, whose orientation is
identical with that of the half-dislocation vector, was confirmed by
high-resolution electron microscopy. The non-stoichiometric
aluminomagnesium spinel was investigated by a version of the FPA
program, in which provision is made for the possibility of refining
individual profile parameters of the diffraction peaks. The solution
of this problem can also be assisted by the application of the
versions used in other studies.5%1%8

2. Carbon carriers for catalysts

Carbon materials are widely used as sorbents, but recently porous
carbon materials have come to be used also as carriers for metallic
catalysts and as catalysts themselves. The study of the structural
and substructural characteristics of these materials is extremely
important for the elucidation of their adsorption and texture
characteristics in order to achieve an understanding of the chemistry
of their surfaces. The carbon materials investigated include Sibunit,
Altunit, activated charcoals (from Saran plastic and birchwood),
acetylenic carbon black, and brown coal semicoke %1011

The following characteristics were determined for Sibunit: degree
of crystallinity X = 0.65, fraction of aromatic carbon 4 = 1.0,
degree of three-dimensional order y = 0.3, size of crystallites in the
plane of aromatic layers L, = 35 A, size of crystallites in the
direction at right angles to the plane of aromatic layers (thickness of
packets of layers) L, = 40 A. The size distribution of the particles
was determined for Altunit by X-ray diffraction, which yielded a
variance of the distribution V = 230 A2, the average particle size
L=20 A, and the most probable particle size mo = 10 A. It was
established that microdiffraction does not occur in Altunit. It was
suggested that Silbunit has a graphite-like structure, while Altunit
has a diamond-like structure. The interatomic distances r and
coordination numbers were calculated for these structures and were
determined from the RDA curve (Tables 3 and 4).

Table 3. Structural characteristics of Sibunit.?’

rA CN.

expt. cale. expt. calc.
1.44 142 2.2 3
244 246 6.0 6
2.90 2.84 3.6 3
3.36 3.37 25 2
-~ { 3.66 -~ 12
3.78 3.76 131 6
- { 447 diffuse 12
429 4.26 peaks 6
- { 441 ditto 12
488 492 " 6

Table 4. Structural characteristics of Altunit.2’

T A CN.
expt. cale. expt. calc.
158 1.54 24 4
2.54 2.52 114 12
3.02 2.96 101 12
3.46 3.57 30 6
3.90 3.89 10.0 12
438 437 220 24
4.78 4,63 16.0 16
5.22 528 240 2
5.74 5.64 243 24
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Examination of Tables 3 and 4 showed that Tibunit has a
somewhat disordered graphite structure while Altunit has the
diamond structure. A globule 35 A in diameter is a coherently
scattering element in Sibunit, which corresponds to ~ 100 unit cells.
The layered structure is retained in such a globule, but the interlayer
distance along the ¢ axis has increased owing to the azimuthal
disorientation of the graphite networks. Together with the three-
dimensionally ordered crystalline carbon, the specimen contains also
carbon in the form of two-dimensional hexagonal formations, i.e. the
entire carbon is aromatic (4 = 1).

The diamond structure of Altunit is characterised by an increased
unit cell parameter a (Aa = 0.007 A). This change is apparently
associated with the high dispersity of the material (the size of the
crystallites is ~20 A). An important characteristic of Altunit is the
absence of microdistortions equilibrated in the bulk of the crystallite.
The [size] distribution of the particles in this material is fairly
narrow.

Carbon carriers also include activated charcoals differing in their
porous structure: Saran and birchwood charcoals, brown coal
semicoke, and acetylenic carbon black."'? The Saran charcoal has
the most perfect structure; the highest degree of three-dimensional
order (y = 0.3) and high degrees of aromaticity and crystallinity are
characteristic of this material. The RDA curves for the above
carbon materials show that the Saran charcoal is also distinguished
by a more pronounced long-range order than, for example,
acetylenic carbon black, which exhibits a weak three-dimensional
order and a low aromaticity and crystallinity.

IV. Structural and substructural characteristics of
deposited and non-deposited monometallic catalysts

The development of X-ray diffraction methods for the study of
highly disperse systems and refinement of the structures of catalyst
carriers have made it possible to carry out precision analyses of
highly disperse metal —carrier systems. In the course of such
investigations, it was essential to answer the question whether the
metal —carrier system is additive and whether it is permissible to use
the structural and substructural characteristics of highly disperse
non-deposited metals (blacks) in the study of deposited particles.
Can blacks serve as reference standards for the construction of
difference RDA curves? What is the role of the carrier in the
stabilisation of the active component?

Table 5. Substructural characteristics of metal blacks.#2

Crystallo- L1 1072, A2 m, & 10%
graphic

direction Pt , Pd Pt ’ Pd Pt Pd Pt Pd
[111] 38 | 370 98 11 16 330 38 12
[100) 38 | 25 48 50 22 180 3.8 1.4

The study of the structural and substructural characteristics of
highly disperse and non-deposited metals (Pt, Ir, 3% P4,%? and
Ni'!2) showed that, as the size of the crystallites decreases from 700
to 40 A, the coordination peaks (CP) on the RDA curves are

broadened and their area diminishes. The mean square displace-
ments of the atoms relative to the equilibrium position are ~3% of
the shortest distance. Analysis of the RDA curves showed that the
blacks exist in a polydisperse state, i.e. the coordination peak areas
on these curves do not exhibit an unambiguous dependence on
dispersity. The substructural characteristics of the non-deposited
metals depend significantly on the average size L of the crystallites
(Table 5): for large values of L, a wider size distribution of the
crystallites is observed, mainly in the direction of the growth of the
particles [111], while small particles are isotropic. Small crystallites
are distinguished by greater microdistortions, which alter the
structural characteristics— the unit cell parameter (by 3 x 107> A)
and the coordination numbers.>

The substructural characteristics of the non-deposited and
deposited highly disperse metals were compared for aluminoplatinum
catalysts and platinum blacks.®* Model catalysts containing 3.8 wt.%
Pt on y-Al,03 and blacks heat-treated at different temperatures were
used as the objects of study. Table 6 shows that the black and the
non-deposited aluminoplatinum catalyst, heat-treated at the same
temperature (773 K), are characterised by significantly different
average sizes of the crystallites and variances of the size distributions
of the particles. The size distribution of the platinum particles in the
non-deposited catalyst is narrower.

Table 6. Comparison of the substructural characteristics of highly
disperse deposited and massive metals.3

Specimen, heat s Substructural characteristics Micro-
treatment &./ Pl distortions,
temperature ¢ mg LA Ve10-, A? ma, A 10%
PY/ALO;, 38 88+8 46 37 35 -
713 K

Pt/AlLO;, 38 1 160 96 100 -
1103 K

Pt black, - 62 150 154 70 14
mK

Pt black, - - 38 98 2 38
WK

The structural characteristics of the non-deposited metals were
obtained by the RDA method. Table 7 indicates the interatomic
distances and the coordination peak areas as well as the sizes of the
crystallites (L) for aluminoplatinum catalysts containing 2.4 and
7 wt.% Pt on y-ALO;. Analysis of the Table shows that only a
certain proportion of platinum is present in the face-centred cubic
structure of the metal and varies within the range 0.5—0.7. The
ratios of the coordination peak areas corresponding to different
coordination spheres (26:58:62:102 and 112:245:234:465) for
catalysts with platinum contents of 2.4 and 7 wt.% respectively are
close to the theoretical ratios 1:2:2:4. This shows that the metal
particles are ordered and well crystallised.

Thus it follows from the comparison of the substructural and
structural characteristics of the non-deposited and deposited metals
that the carrier influences significantly the state of the metallic highly
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disperse particles: the structure of the deposited particles is closer to
ideality (the changes in the interatomic distances and coordination
numbers characteristic of the blacks are not observed and there are
no microdistortions). It becomes clear why the affinity of the
adsorption isotherms on the deposited catalysts holds only when the
crystallised black is used as the reference standard:''* the metal on
the carrier surface apparently exists in a micro-single crystal state,
i.e. the similarity of the adsorption properties is a consequence of the
identity of the structural and substructural characteristics.

Table 7. Theoretical and experimental interatomic distances (r) and
coordination numbers for deposited aluminoplatinum catalysts.

24% Pt/y-ALO; 7% Pt/y-AL0;
Ex;‘:“ﬁ“ CN. " A CP area, ol? n i CP area, ¢l ?
calo. |theory| calc. theory  cale. {theory| calc. theory
1 12 278278 54 26 | 278]280] 170 142
1 2 | 480 4801 108 58 | 480 | 478 | 340 245
v 2% | 6217620 108 62 | 6211646 | 340 234
VI 48 |734]740] 216 102 {734]734| 680 465
/B¢ 0.51 0.69
LA 30 40

*P. /P, is the ratio of the experimental and calculated coordination
peak areas.

Comparison of the structural and substructural characteristics of
the deposited and non-deposited metals shows that highly disperse
blacks cannot serve as reference standards for the construction of the
difference RDA curves in the study of the phase composition of
deposited catalysts.

Catalysts containing 1.5—30 wt.% of platinum, iridium, and
palladium on y-, y-, M-, and 8-Al,0, 363891417 an4 on carbon
carriers® were also investigated, the dispersity of the active
component was estimated, and data were obtained for the phase
compositions of the catalysts at different stages of their preparation.
The dispersity and composition of the active component depend on
the conditions in the preparation of the catalyst: when they are
prepared by the method involving the impregnation of carriers with
a solution of the metal-containing component, the temperature and
composition of the gas phase play a significant role.  After
impregnation with a chlorine-containing substance and drying in air,
a complex between the carrier and the (MCI)?Z anion is formed in
the catalyst, some of the chloride ions in the complex being replaced
by hydroxy-groups. Activation by oxidative treatment at 723 K
leads to the decomposition of the complex and an interaction phase,
incorporating the metal ion, arises between the carrier and the active
component. This phase has a spinel-like structure.>*!!> Metal jons
are not distributed statistically on the surface of the carrier but are
incorported in its structure. The reduced catalysts contain not only
the metallic phase but also the interaction phase.

Fig. 2a presents fragments of the diffraction scattering intensity
curves on the 1n-Al,O; carrier and the 10 wt.% Ir/n-Al,O; catalyst
as well as the difference intensity curve (DIC). On the latter, there is

a diffraction maximum due to iridium (0.2.2) (20 = 69°2') and the
maximum (4.4.0) of the protospinel phase, the unit cell parameter of
which has increased by 0.01 A compared with that of the carrier.
The position of the 0.2.2 line coincides with the theoretical position
calculated for the iridium single crystal with a face-centred cubic
latice. The RDA curve was plotted on the basis of the difference
intensity curve (Fig. 2b). Together with the peaks corresponding to
the interatomic distances in the face-centred cubic lattice of iridium
(r = 2.7, 3.84, 4.70, 5.43, 6.07, 7.18 A), the RDA curve contains a
peak due to the protospinel interaction phase (r = 3.3, 4.2, 5.2,
etc. A). The amount of iridium incorporated in the form of ions in
the interaction phase is determined by the overall content of the
deposited metal, the structure of the carrier, and the temperature and
composition of the gaseous medium. For a large iridium content in
the ionic form, the specimens exhibit an enhanced chemisorption
capacity in relation to hydrogen, which is associated with the
additional adsorption of hydrogen on the modified carrier.>”
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Figure 2. Fragments of the curves for the diffraction scattering of
X-rays by the 10% Ir/n-Al,O; catalyst (curve 1) and the carrier
(curve 2) (in counts) and the difference intensity curve (curve 3)
(in electronic units) (@) as well as the difference RDA curve
calculated from the difference intensity curve*? (b).

The study of different deposited metallic catalysts showed?® that
in the general case the metal can exist in the following states: (a) as
metallic particles distributed on the carrier surface; (b) as oxide
particles or as an oxide film on the surfaces of large crystallites;
(c) as the phase due to the interaction with the carrier, which is
formed on activation (heat treatment with air) of the catalyst. The
existence of these states and their thermal stability together with
diffusional atom (particle) migration processes influence one of the
most important characteristics of the deposited catalyst—the
dispersity of the active component.
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Figure 3. Dependence of the amount of Pt* (line 1) and the Pt°
particle size (line 2) on the heat treatment temperature of the
aluminoplatinum catalyst in oxidising (@) and reducing (b) gaseous
media.'?®

Table 8. Certain characteristics of platinum catalysts on various
carriers.

ific surface
Carrier S‘ﬁm PY/Pt+ LA
ml S-l
1-Al0s 140 06 30
1-AL,04 350 05 30
6-AL0s 70 04 30
Si0, 300 10 100
C 600 04 30
ZnALO, 12 10 350

Fig. 3 presents the dependences of the sizes of the platinum
crystallites D in the aluminoplatinum catalyst and of the amount of
platinum incorporated in the interaction phase on the temperature in
various gaseous media. In an oxidising medium (Fig. 3a), an
antiparallel relation is observed between the amount of Pt* in the
carrier structure and the dispersity of the metallic particles
distributed on the surface. Evidently, the decomposition of the
spinel-like phase results in the concentration of atoms on the surface
and in the sintering of the active components. The decrease in the
amount of platinum bound to the carrier apparently lowers the
number of sites where the metallic particles are fixed on the carrier
surface, which entails the sintering of these particles. A similar
explanation was given, for example, in a study''® of the role of ions
as “enmergy traps” for metallic particles. In a reducing medium
(Fig. 3b), a decrease in the amount of platinum bound to the carrier
does not cause a sharp alteration of the sizes of the crystallites,
because above 773 K an increase in the dispersity of the active
component due to the dissolution of hydrogen in platinum is
observed.!™ During phase transformations in the carrier, the
interaction phase also decomposes, this being accompanied by the
appearance of highly disperse metallic particles.® The Pt° and Pt*
active centres exhibit definite catalytic activity: Pt° is active in the

cyclohexane dehydrogenation reaction and Pt* is active in the
dehydrocyclisation of n-heptane.!!>!? Table 8 presents the results
of the comparison of the platinum impregnation catalysts deposited
on sections of the carrier differing in their chemical nature and in
their specific surfaces.

The Table shows that the amount of metal incorporated in the
interaction phase is determined not by the surface area of the carrier
but by its structure. The bulk-phase structure of the carrier
determines also the number of reactive groups which can participate
in the formation of the sites where highly disperse zerovalent metal
particles are fixed.

V. Determination of the phase composition of
deposited bimetallic catalysts

1t is fairly difficult to obtain information about the structure of
highly disperse bimetallic deposited catalysts, because mainly a
comparative method is used for this purpose: the RDA curves for
the carrier, the active component with the carrier, and the modifying
element with the carrier are compared with the RDA curves for the
bimetallic catalyst. The results of the X-ray diffraction study are
therefore mainly qualitative and concern the phase composition. We
shall consider the study of platinum —rhenium, platinum—tin, and
nickel —tin catalysts.

1. Platinum —rhenium catalysts

Platinun —rhenium catalysts on y-Al,O;, obtained by the
impregnation method, were investigated by Ushakov, et al.,'*! who
compared specimens containing only platinum, only rhenium, and a
combination comprising 2 wt.% Pt + 0.8 wt.% Re. Analysis of the
difference curves showed that (1) in both the bimetallic and
aluminorhenium catalysts there is no metallic rhenium phase; (2) the
areas of the coordination peaks for the platinum structure in the
bimetallic catalyst are smaller than in the aluminoplatinum catalyst;
(3) the areas of the coordination peaks for the carrier structure in
the bimetallic system increase for the octahedral distances (Fig. 4).
This permitted the conclusion that the rhenium in the bimetallic
catalyst is present in the oxidised state (during preparation, the
carrier interacts with rhenium ions) and the dispersity of platinum
increases.

Analysis of the diffraction patterns recorded accurately by a
procedure involving the accumulation of 2 x 10° counts did not
reveal the shift of the diffraction maxima characteristic of the
platinum —rhenium alloy. Platinum —rhenium catalysts on silica gel,
obtained by the method involving the successive impregnation of the
carrier with NH4ReO4 and H,PtClg solutions and the deposition of
the organometallic complexes [Re(OC,Hs)s]3 and Pt(n-C4H7);, were
also investigated.'??

Fig. 4 presents the RDA curves for the two specimens
investigated. Im the impregnation specimen, the active component
exists in a fairly coarsely disperse state: all the coordination peaks
correspond, as regards their areas and positions, to the structures of
the metallic rhenium and platinum, the Pt— Re alloy phase not being
observed. The RDA curve for the catalyst obtained by the
immobilisation of the platinum particles on the rhenium ion-
modified silica gel surface has only the first coordination peak of the
face-centred cubic structure of platinum. Hence it follows that
platinum crystallises in a highly disperse state (the crystallite
diameters are ~6 A). The state of rhenium can be inferred from the
coordination peak at r = 2.48 A. This value of r corresponds to the
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Re—Re distance in the trinuclear rhenium complexes used for the
deposition of low-valence ions on the silica gel surface. The
conclusions reached were confirmed by other physical methods
(EXAFS, X-ray photoelectron spectroscopy, chemisorption).123
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Figure 4. RDA curves for the SiO, carrier (curve 1) and the
platinum —rhenium  catalysts obtained from organometallic
compounds (curve 2) and by the impregnation method (curve 3).'
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Figure 5. RDA curves for the y-Al,O; carrier (curve 1), the

aluminotin catalyst (curve 2), and the aluminoplatinum —tin catalyst
(curve 3).12*

2. Platinum — tin catalysts

In the course of the development of a thermostable and selective
catalyst for the aromatisation of paraffinic hydrocarbons,'?*!% it
was observed that the aromatising activity and stability of the
catalysts synthesised by the interaction of platinum tetrachloride
with low-valence tin ions stabilised on the aluminium oxide surface is

appreciably higher than that of the reference catalyst prepared by the
impregnation method. In order to elucidate the causes of the
modifying effect of tin, a study was made of specimens containing
2.5 wt.% Sn and 2.6 wt.% Pt + 3.9 wt.% Sn on y-Al,Os;. The
form of the RDA curves (Fig. 5) indicates the absence of the metallic
tin phase and of Pt—Sn alloys.

The dispersity of the crystalline platinum phase is high (the size of
the crystallite is ~10 A) and tin is incorporated in the carrier
surface, forming a spinel-like phase (the areas of the coordination
peaks corresponding to the A—B, B—O, and B—B distances
increase). Mossbauer spectroscopic data also confirmed that tin
does not form an alloy with platinum but is present in the carrier
structure. The effective charge on the platinum atoms decreases in
the presence of Sn’" ions (X-ray photoelectron spectroscopic data),
which alters the adsorption and catalytic properties of platinum.
The coordinatively unsaturated tin ions on the carrier surface are
centres for the stabilisation of platinum atoms. The increase in the
energy of the interaction of the active component with the carrier is
indicated by the thermal stability of the active phase (the dispersity
of platinum is close to the limiting value and persists for a long time
up to a reduction temperature of ~873 K).

When silicon oxide modified by tin acetate is used as the
carrier,'”® the phase composition of the active component is
different: part of the tin (~!/3) is reduced to the zerovalent state,
forming the Pt3Sn alloy, while the remainder is bound chemically to
the SiO, surface. Thus the state of tin on silica gel is different than
on y-Al,O3;. The catalytic properties are likewise different: the
catalysts on y-Al,O; propagate the hydrogenolysis and aromatisation
reactions at temperatures above 673 K and are inactive up to this
temperature in benzene and cyclohexane hydrogenation reactions,
whereas catalysts on SiO, are active in the former reaction already at
373 K and in the latter at 523 K.

The platinum —tin catalysts on a zinc —aluminium spinel are used
for the single-stage dehydrogenation of lower paraffins to diolefins in
water vapour at atmospheric pressure.!?” The study of the genesis of
the phase composition of a catalyst containing 0.4—1 wt.% Pt +
1—-5 wt.% Sn at all stages of their preparation showed that the
gaseous medium used in the preliminary heat treatment affects
significantly the composition of the catalyst. Reduction directly after
drying of both monometallic and bimetallic catalysts (H,, 848 K)
leads to the formation of inactive intermetallic compounds with zinc
(ZnO enters into the composition of the carrier as an excess phase),
the composition of these compounds being determined by the ZnO
content. After activation in an oxidising medium with water vapour,
the X-ray diffraction patterns of the platinum — tin and monometallic
platinum catalysts show the platinum lines corresponding to the
normal unit cell parameter. Tin is then present in an oxidised state.
With increase in the zinc content, there is also an increase in the
dispersity of platinum (the particle size diminishes from 130 to 60 A)
and there is also a decrease in the fraction of well crystallised
platinum. After activation, there is no interaction of the active
components with one another and with the carrier and the SnO, and
Pt phases are present on the carrier surface.

A solid solution of tin in platinum with a face-centred cubic
lattice is formed during the dehydrogenation reaction. For the ratios
Pt:Sn = 1:3 and 1:5, the intermetallic compound Pt;Sn with a
primitive cubic cell is formed, whereas in the presence of a high
platinum content the PtSn and PtSn, alloys are produced.

An important feature of the catalysts investigated is that the
platinum —tin alloys are stable only in the reaction medium and are
produced solely when acted upon by the latter. The regeneration of
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the catalyst (elimination of carbonaceous deposits) leads to the
decomposition of the alloys. However, when a new dehydrogenation
cycle is carried out, the platinum —tin alloys are reformed already in
the first minutes.

The role of the modifying additive is interesting. The tin in the
platinum catalysts deposited on a spinel can play a dual role—it can
serve either as a promoting agent, increasing appreciably the activity
and selectivity of platinum in the lower paraffin dehydrogenation
reaction (alloys containing <25 at.% of tin, having the platinum
structure, are then formed in the catalyst) or behaves as a
catalytic poison (on formation of alloys with a high tin
content). Similar results were obtained for catalysts deposited on a
magnesium — aluminium spinel.

3. Nickel —tin catalysts

The addition of tin to aluminonickel catalysts alters significantly
the mode of reaction of unsaturated hydrocarbons: nickel catalysts
accelerate the hydrogenolysis reaction, while nickel —tin catalysts on
v-ALO; exhibit an aromatising activity at high temperatures, which
is typical of the Pt/Al,O4 catalysts.'?*

4nr’p(r), el2 A~}
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Figure 6. RDA curves for the y-Al,O; carrier (curve 1) and the
aluminonickel —tin catalyst (curve 2) as well as the difference RDA
curve (curve 3).1%

Diffractometric studies'®® of nickel —tin catalysts (1.7 wt.% Ni +
3.5 wt.% Sn on aluminium oxide) showed that the o-Sn phase with a
particle size of 50 A and a metallic nickel phase are formed in the
specimens reduced at 823 K. Metallic nickel phases with a face-
centred cubic structure (r = 2.50, 4.30, 5.56, and 6.58 A), metallic
o-Sn phases (r = 2.97, 3.17, 4.57, and 6.49 A), and metallic nickel
phases with a hexagonal structure (r = 2.66, 3.75, 4.33, 4.60, 5.08,
and 5.93 A) are detected on the difference RDA curve (Fig. 6). The
stabilisation of the last structure is known to require the obligatory
presence of admixtures of other metals. 'Indeed, data concerning the
effect of temperature on the relative magnetisation of nickel —tin
catalysts show that their Curie point is lower by 40 K than for the

catalyst without the additive. This confirms the formation of a
nickel —tin alloy (containing 2% of tin). X-Ray spectroscopic data
and analysis of the Méssbauer spectra also confirm the presence of a
Ni—Sn alloy in the catalysts investigated, but the Méossbauer
spectroscopic data indicate also the presence of Sn®* in the carrier
structure. The RDA curves also have maxima corresponding to the
interatomic distances in the phase in which the tin interacts with
aluminium oxide (* = 1.76 and 3.30 A). The surface Sn2* ions on
the carrier are apparently centres for the stabilisation of highly
disperse alloy particles.

VI. Conclusion

Thus, despite the apparently small amount of information
contained in the initial diffraction data (the diffraction peaks are
small, diffuse, and frequently superimposed on another), an
appropriate formulation of the experiment with interpretation of the
results by modern computer techniques makes it possible to obtain a
lot of useful data on the phase composition (RDA method) and the
structural (FPA method) and substructural (RDA and MDSC
methods) characteristics of the test objects.

During the last decade, the long-range fine structure of the X-ray
absorption spectra of a given chemical element (EXAFS
spectroscopy) began to be studied widely in the investigation of the
structure of its local environment.***’ This method has many
advantages over the X-ray RDA method: (1) selectivity, associated
with the possibility of obtaining independent RDA curves for the
local environment of each chemical element in the specimen; (2) the
possibility of determining not only the interatomic distances and
coordination numbers but also the kind of atoms in the vicinity of
the specified atom. A powerful source of X-rays (synchrotron
radiation) is usually employed in this method, which makes it highly
sensitive and rapid. Such a source can be used also in the X-ray
diffraction method. However, the EXAFS method is inferior to the
X-ray diffraction RDA method in that the information obtained
with its aid concerns mainly 1—2 coordination spheres in the
structure, which significantly hinders the analysis of the structural
characteristics. On the other hand, one obtains by the EXAFS
method interatomic distances which are not absolute but involve a
phase shift. Problems arise also in the determination of the
coordination numbers.

Despite the existence of a number of difficulties concerning also
the very principles of the EXAFS method and the procedures used
to extract structural information, at the present time it is widely
employed in the study of catalysts.*’ The data for metallic deposited
catalysts obtained by this method in the main agree with the results
obtained previously by the X-ray diffraction RDA method. It is
apparently useful to combine the two methods.
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