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The method of thermovacuum electroconductivity (TVE) curves for the analysis of surface 
phases in disperse systems is described. The theoretical basis of the application of electric 
measurements for the investigation of the surface of disperse objects is presented. Examples of 
the use of the TVE-curves method for characterization of diverse catalytic systems and the 
solving of some problems of heterogeneous catalysis are discussed. The TVE-curves method is 
an efficient tool for the control of the phase-structural state of the surfaces of objects of a 
semiconductor type. 
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The development  of  heterogeneous catalysts with 
specified properties,  one of  the main problems of the 
science of  heterogeneous catalysis, requires detailed de- 
scription of  the catalytic surface including data on phase 
composi t ion and phase transformations.  It is well known 
that the nature of  surface phases and the state of  inter- 
faces crucially affect the formation and activity of a 
catalytic system. However,  in m o d e m  surface science, 
special at tent ion is paid to studies of local surface sites 
and structures, whereas no significance is attached to the 
analysis of  surface phases and development  of  corre- 
sponding techniques.  I One of  the new promising ap- 
proaches to phase analysis of  the surface is the use of  

electrophysical characteristics. In a series of  works, the 
relation between the electrical parameters  of  a solid and 
its bulk and surface phases have been shown, z -6  and the 
corresponding techniques for measurement  are well de-  
veloped and fairly simple. 7 

In this review, a method of  qualitative analysis of 
surface phases in disperse materials is described. This is 
the method of thermovacuum electroconductivi ty curves 
(TVE-curves), which is based on the probing of  subsur- 
face layers with a direct current when a sample is heated 
in a vacuum. Special at tention is paid to the physical 
basics of  the method; correctness of  the use of  electric 
measurements for the analysis of  disperse materials is 
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shown; some approaches to characterization of  disperse 
systems with electroconductivity related to the TVE- 
curves method are considered briefly, and the place of  
our method in this row is shown; general basics and 
potencialities of  the method are described; the results of  
its use for the studying of  various catalytic systems with 
the conductivity of  semiconductor type and for the solv- 
ing of  some problems of  heterogeneous catalysis are 
summarized. 

Physical basis of the method 

The TVE-curves method is based on experimental 
data obtained by probing of a disperse object with a 
direct current. Such a method was widely used in the 60s 
in attempts to develop a general mechanism of redox 
heterogeneous catalysis on the basis of  the electron 
theory. 8,9 Although these attempts have not been suc- 
cessful as a whole, l° the accumulated experimental data 
and their analysis allowed one to establish a series of  
important regularities in heterogeneous catalysis. 1] In 
recent  works, 12-17 new correlations between catalytic 
activity and electrical properties have been discovered. 
Nevertheless, it is commonly believed now that the high 
and unstable contact barriers between the granules of a 
powder and a pronounced sensitivity of  the electro- 
conductivity to "the biography" of  an object and its 
surface state rule out, in principle, the possibility of  
obtaining reproducible and meaningful results of  mea- 
surements using direct current. However, detailed analy- 
sis shows that it is not true. 18 The above-mentioned 
difficulties of  electrical measurements are not of  a prin- 
ciple but of an experimental nature, and they can be 
overcome by the development of an appropriate proce- 
dure. The conclusions on the character of  information 
for a disperse system, which are obtained by measure- 
ments using direct current, are presented below. 

Object and the depth of probing with a direct current 

The measurement of electroconductivity with a direct 
current or alternating low-frequency current (in the kHz 
region) allows one to investigate surface layers of  the 
grains of  a disperse material, because current transfer in 
such a material generally occurs through the regions of  a 
space charge. The depth of the layer under probing, viz., 
the radius of the Debye screening, is 10-6--10 -4  cm. 
Unlike the XPS technique, whose data are informative 
on the average elemental composition of  a surface layer, 
the electroconductivity method is precisely that tech- 
nique which is sensitive to the phase state of  the surface, 
viz., to the phase composition, distribution, and deft- 
ciency (doping) of surface phases. By the character of  
the information obtained, the electroconductivity differs 
from other spectroscopic techniques such as 1R spectros- 
copy, which detects no phases but local sites of  the 
surface, e.g., with the aid of  adsorbed molecules. On the 

other hand, unlike measurments of  electroconductivity 
with an alternative high-frequency current (in M Hz  
region), measurements with a direct current characterize 
the surface (subcontact) layers, i.e., the regions which 
are of interest for catalysis but which escape from obser- 
vation because of  shunting at high frequencies. 

Barrier effects and the character of 
the information obtained 

The electroconductivity of  powders measured with a 
direct current is limited to the values of  barrier (contact) 
potentials at the intergrain boundaries. However, it char- 
acterizes not only these contacts. The electroconductivity 
with a direct current depends significantly on the bulk 
properties of a disperse material. Actually, according to 
calculations performed by Garrett and Brattain 19 as far 
back as the 50s, intergranular contacts can be considered 
as a particular case of  surface states, and a contact 
potential can be treated as a contribution (in this case, a 
predominant one) to the overall surface potential and 
consequently to the subsurface conductivity measured, 
which is a characteristic of  a subsurface layer depending 
on the chemical nature of  the object. A similar conclu- 
sion also follows from the classic works of  Slater, 2° 
Petritz, 2] and others. According to the models developed 
in these works, the contact potential changes substan- 
tially depending on the position of  the bulk Fermi level, 
and consequently changes in the electroconductivity ob- 
served contain information about the electronic state of  a 
bulk. However,  when one measures  the e lec t ro-  
conductivity of a powder object, this information is 
distorted by "noises" of  contact potentials. For a single 
crystal, in the framework of  the electron theory of  
catalysis, one can predict exact correlation between the 
electroconductivity of a catalyst and its activity.ll As was 
already mentioned above, in a number  of  works on 
powder catalysts, correlations between the electro- 
conductivity and activity, which were predicted for single 
crystals, were also revealed despite the scatter in the 
data. This is one more argument in favor of  the essential 
dependence of the electroconductivity of  a disperse ma- 
terial on the bulk electronic state of  the object. 

The theory by Shklovskii 22 gives the more general 
approach to the interpretation of  current phenomena in 
a disperse system. According to this theory, disperse 
conducting material can be presented as a barrier-disor- 
dered system, i.e., as the multitude of  contact barriers, 
different in values, that determine the whole complex of  
properties expressed in the electroconductivity value mea- 
sured, O'meas , with the ~bul, ~surf, ~cont, O'adm, A(3ads, 
ACrtop, etc. contributions. Contact barriers (resistances) in 
a sample may differ by many orders, and for each 
substance there is a typical function of  distribution of  
contact barriers, whose character depends on both the 
nature of contacting substances and other conditions: 
temperature, chemical composition of an atmosphere, 
etc. The overall resistance of  a whole system of barriers 
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and consequently Omeas are also control led by the value 
of  only one barrier  which was named as a key barrier. As 
a rule, in th ree-d iment iona l  systems, the value of  the key 
barrier  is related to the barrier distribution function as 
follows: 1/4 to 1/3 fraction of  barriers, depending on the 
average number  of  neighbors, has the higher conduct iv-  
ity than the key barrier,  and the remaining 3/4 to 2/3 
fraction has the lower conductivity (Fig. 1, a). The key 
barrier  is statistic, i.e., it is a summurized characterist ic 
of  the barrier distribution through conductivities.  Due to 
a huge total number  of  barriers, the posit ion of  the key 
barrier  do not actually undergo random fluctuations and 
is stable enough to serve as the characterist ic of  the 
object under measurement .  On the other  hand, the 
posit ion of  the key barrier is affected by the propert ies of  
all groups of  barriers, and consequently,  on the basis of  
its posit ion one can make a conclusion about the state of  
a whole system. In polydisperse systems, the surface and 
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Fig. 1. Barrier distribution function for a polycrystalline mate- 
rial (a) and for a mixture of A and B polycrystalline materials 
(b). For the sake of simplicity, the shape of the function was 
chosen as rectangular; %, a key conductivity. The contribution 
of the distribution function of the hardly conducting compo- 
nent B shifts the value of the key conductivity. Dashed region 
corresponds to the values in which the tYaction of cenductivity 
is higher than that of key conductivity and in both cases is 
equal to 1/4 of the overall area. 

contact  barriers contribute mainly into the conductivity.  
When two phases without chemical  interaction are mixed, 
the contact  barriers of  three types arise in a system: two 
homophase types of  barriers, AA and BB (with distribu- 
t ion functions typical of  pure A and B phases),  and a 
heterophase type of  barriers, AII, whose distr ibution 
function is unknown beforehand. The overall distribu- 
t ion function of  barriers is the sum of  these three func- 
tions, and their relative contributions depend on the 
number  of  contacts of each type. Variation in the com-  
ponent  ratio in the mixture results in a change in the 
posit ion of  the key barrier and in the corresponding shift 
of  the key condt/ctivity o k (see Fig. 1, b). The existence 
of  such barrier disordering in disperse objects has been 
confirmed experimentally, z3 The use of  the Shklovskii 
approach for the analysis of  experimental  data is dis- 
cussed below (see pp. 260 and 273). 

Sensitivity of  measurements and boundary conditions 

Due to high concentrat ion of  intergranular  contacts 
typical of disperse materials, the electroconductivi ty is 
very sensitive to a change in the state of  an object. The 
use of  a direct current for character izat ion of  these 
materials allows one to determine an op t imum combina-  
tion of  high sensitivity to directed changes in a surface 
state with the necessary level of  statistical stability of  the 
object toward random fluctuations. Figure 2 indicates 
the advantages ment ioned of  a polycrystall ine object as 
compared to a single crystal (cf Fig. 2, a and b ) as well 
as those of  a direct current in comparison with al ternat-  
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Fig. 2. Sensitivity of the electroconductivity of futile (a, b) 24 
and electroresistance of the ZnO--Cr203 system (c, d) 25 to the 
adsorption of gases under measurements at various conditions: 
a, a polycrystalline sample of TiO2; b, TiO 2 monocrystal; c, 
measurement using a direct current; d, measurement using an 
alternating current (30 kHz); 1, the starting measurements in a 
vacuum; 2, oxygen admitting; 3, hydrogen admitting. 
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ing current (cf Fig. 2, c and d). However, in friable or 
too coarsely dispersed powders, intergranular contacts 
are unstable and undergo such significant fluctuations 
that the appropriate relation of electroconductivity with 
bulk properties of a substance is violated. In order for the 
electroconductivity of a measured object to actually con- 
tain the characteristic information about the object that 
is predicted by theoretical analysis, it is necessary to have 
a high content and stability of intergranular contacts, 
under which the electroconductivity is not limited to the 
number and quality of these contacts. The fact that 
electroconductivity is independent of voltage (contacts 
are Ohmic) or of the pressure of the object over a wide 
range of pressures (from 100 to 5000 kg cm -2) can serve 
as the criterion of fulfillment of the boundary conditions 
mentioned. 

The methodical problem 

Thus, the electroconductivity of a polycrystalline (dis- 
perse) object measured with a direct current is controlled 
by contact barriers and through their properties reflects 
the electronic state of the bulk of the crystallites (gran- 
ules). When definite boundary conditions are fulfilled, a 
change in the electroconductivity reflects a change in 
this state. The measurement of the electroconductivity of 
polycrystalline materials with a direct current can be 
considered as a highly sensitive technique for studying 
processes at the surface and subsurface layers of solids, 
e.g., adsorption, catalysis, surface and topochemical re- 
actions, and as an essentially possible basis for the 
method of detecting individual surface phases. For real- 
ization of such an opportunity, a technique was neces- 
sary that was capable of separating the individual charac- 
teristics of the object from the background of "biographi- 
cal noises." The TVE-curves method solves this problem. 

Before starting the description of the TVE-curves 
method, let us consider briefly some conventional and 
new applications of electrical measurements for the in- 
vestigation of catalysts and other disperse materials, 
because the method of TVE-curves is capable of these 
same measurements, and comparison with relative ap- 
proaches will be carried out below (for detailed analysis 
of the use of electroconductivity for characterization of 
solids see the review 18). 

Some approaches to the investigation of catalysts 
similar to the TVE-curves method 

Percolation dependences of electroconductivity 
(evaluation of structural-energetic nonuniformity of 

a catalysO 

Activity and efficiency of a catalytic system are deter- 
mined not only by its chemical and electronic properties, 
but also by geometric and topological structure. Geo- 
metric factors impose especially strong limitations to 

transport characteristics (electro- and thermo- 
conductivity, diffusion), which, consequently, can be 
used for high-sensitive control of the phase-structural 
state of a heterogeneous catalyst. Electroconductivity has 
an advantage as compared to other transport properties, 
which is important for catalytic studies. It allows one to 
determine not only the structural peculiarities of an 
object, viz., the.space distribution of microcrystals or 
small clusters, between which a charge is transferred, but 
also the energetic parameters of a system. For correct 
determination of structural peculiarities on the basis of 
electrical probing, adequate models of both the structure 
of a system and electroconductivity are necessary, and 
these models are under development now. 26-z9 

Electroconductivity of disperse objects is concerned 
to so called percolation processes. 30,31 The percolation 
phenomenon, which means, in this case, a flow of 
electric current in a system, is due to the formation of an 
"infinite", or percolation, cluster, viz., a continious chain 
of elements, whose conductivity is higher than a critical 
(key) value. The possibility of arising of such chain 
depends on both the number of conducting elements and 
their space distribution. Minimum concentration of con- 
ducting elements, at which they form an infinite cluster, 
is called by a percolation threshold. The dependence of 
the electroconductivity on concentration observed ex- 
perimentally can be characterized by three parameters. 
The first is the position of the percolation threshold, i.e., 
the concentration of a conducting phase, at which the 
conductivity increases sharply due to the arising of infi- 
nite conducting cluster. Two other parameters are the 
slopes of the experimental curve before and after the 
threshold. The position of the percolation threshold 
depends on the nature of the distribution of components 
in the object and can shift from the theoretical value 
calculated for ideal, statistically uniform distribution. 
For example, when coarsely dispersed nonconducting 
elements are "coated" by a highly disperse conducting 
substance, the formation of continiously conducting con- 
tacts proceeds more readily and, as a result, the percola- 
tion threshold is lowered. On the contrary, when the 
nonconducting material covers the surface of conducting 
elements, the percolation becomes difficult, and the 
threshold increases (see pp. 272, 273). The slopes of the 
curve before and after the percolation threshold depend 
on both the nature of nonuniformity of a system and the 
ratio of heights of various intergranular barriers, viz., on 
intergranular interactions. Consequently, on the basis of 
the position of the percolation threshold and the charac- 
ter of the percolation curve, one can make a conclusion 
about the distribution of components in the system and 
the structural peculiarities of the object as well as on the 
possible interactions in it. 

The idea of using the percolation approach for ener- 
getic characterization of a surface has been suggested by 
Shklovskii 22 and developed in later works. 26,z7,32 This 
direction is very" perspective for studying catalysts and 
adsorbents. Thus, in the recent work 33 devoted to the 
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problem of catalyst poisoning, a developed surface is 
treated as a fractal, i.e., as the object with intermediate 
dimentionality (in this case, between two and three) or 
as a highly branched infinite cluster. Analysis of this 
object showed that the crushing of a cluster, which 
distorts the continuous percolation through the whole 
object, leads to the poisoning of a catalyst. On this basis, 
the conclusion was drawn that catalysis cannot be treated 
as a purely local phenomenon, but the collective interac- 
tions should be also taken into account. The most im- 
portant results for the solving the problems of catalysis 
should be expected from dissemination of the concept of 
percolation to the structures which are close to real 
catalysts, i.e., multicomponent systems with interphase 
interactions. The development of such models is con- 
nected with significant difficulties. Now, the parameters 
of the simplest objects, individual polycrystalline sub- 
stances and binary systems without chemical interaction, 
are studied with the aid of computer simulation. 

In the framework of the Monte Carlo method, the 
theoretical models of the electroconductivity of multi- 
component powders are proposed. 2a,29 The main param- 
eters of the systems analyzed are the region of a change 
in conductivities of intergranular barriers, the extent of 
friability of a powder, and the extent of nonuniformity in 
the component distribution. It is shown theoretically for 
binary mechanical A+B mixtures that the percolation 
threshold enhances with a rise in powder friability and is 
strongly dependent  on the extent and nature of 
nonuniformity in the component distribution (Fig. 3). 
The lesser mutual incorporation of phases (this corre- 
sponds to an increase in W 0 parameter of the model), the 
weaker is their influence on each other and the sharper is 
the jump in the conductivity at the percolation thresh- 
old. The slopes of the curves in before- and after- 
threshold regions are due to the ratio of the conductivi- 
ties of three groups of contact barriers (homophase AA 
and BB and heterophase AB) and the width of the 

corresponding distribution functions. On the basis of 
these slopes one can judge on the nature of the interac- 
tion between the components. 

On the basis of these conceptions, one managed to 
treat the behavior of a series of the mechanical mixtures 
observed experimentally (Fe304+MgO , Fe304+NiO , 
Ni+ZrO2)) 4,3s An example of this analysis for the mix- 
tures of Fe and Ni oxides prepared by various procedures 
of components mixing is presented in Fig. 4. Curve 1 
describes the experimental data on the electroconductivity 
of Fe304+NiO samples prepared by prolonged mixing. It 
is seen that when the volume fraction of Fe304 (X) 
increases from 0 to 0.3, the electroconductivity of the 
mixtures changes slightly. At X c ~ 0.33, the jump in the 
conductivity by two orders (a percolation jump) and 
further monotonical growth to the value typical of Fe304 
are observed. Such a behavior is typical of a statistically 
uniform mixture, and this is confirmed by a theoretical 
calculation (curve 3). Curve 2 describes the experimental 
concentration dependence of conductivity of the mixture 
of the same oxides prepared by prolonged grinding. The 
first peculiarity of this curve is the extremely high value 
of the percolation threshold (X c ~ 0.5) which is typical of 
either very friable or very nonuniform systems. A signifi- 
cant increase in friability under the formation of the 
mechanical mixture is unlikely, because the conditions 
of preparation were standard: the equal dispersion of the 
starting oxides and the constant pressure of pressing the 
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Fig. 4. Electroconductivity of the NiO+Fe304 mechanical mix- 
ture (X, the volume fraction of Fe304) under various modes of 
component mixing: I and 2, the experiment for the mixtures 
obtained by mixing (I) and grinding (2); 3 and 4, the theoreti- 
cal calculation for a statistically uniform mixture (3) and for 
the mixture with deaggregated Fe304 phases (4). 
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pellets. More realistic explanation for the high percola- 
tion threshold takes into account the nonuniformity of a 
mixture, in which Fe304 grains are separated from each 
other by weakly conducting NiO grains. This distribution 
can arise as the result of either the incorporation of 
nonconducting grains into the conducting ones under 
intense grinding or the breaking of the grains of the 
conducting NiO phase, which is softer than Fe304, and 
covering of the hard grains of Fe304 by these moieties. 
The supposed structure was simulated with the use of the 
procedure of "deaggregation" of the conducting phase 
(curve 4). The proximity of curves 2 and 4 points to 
validity of the model described for the mixture studied. 

The second peculiarity of the experimental curve 2 
(see Fig. 4) is its negative slope in the before-threshold 
region. This evidences that as the better conducting 
component (Fe304) is added, the conductivity is not 
improved but becomes weaker. The theoretical analy- 
sis 28,29 shows that such a paradoxical behavior should be 
observed when arising heterophase contacts (between 
Fe30 4 and NiO granules) conduct still weaker that the 
star~ing poorly conducting homophase contacts in NiO. 
For this system, this fact serves as evidence for the 
absence of chemical interaction between components. 
Nickel ferrite, a product of the interaction of Fe30 4 with 
NiO, exhibits high conductivity; therefore, in the case of 
its foruaation and substitution of the heterophase contact 
by nickel ferrite, one could expect a rise in the 
electroconductivity. 

Thus, the computer analysis of the dependence of 
electroconductivity on concentration and percolation 
characteristics allows one to establish the structural fac- 
tors, which determine the observed behavior of an ob- 
ject, and to make a conclusion about the mutual influ- 
ence of the phases present. 

Diagrams "electroconductivity--composition" 
(control of the formation of phases) 

Recording changes in electroconductivity depending 
on composition is one of the common forms of the use 
of electrical measurements in the investigation of binary 
systems. 18 In this way one can reveal the topochemical 
processes that proceed at various ratios of components in 
a system and result in the appearance, redistribution, or 
disappearance of various phases. 

This approach should be distinguished from doping 
with small amounts of additives which was often used for 
the verification of the electron theory of catalysis, s - l l  
The influence of this doping of semiconductors and 
catalysts on electroconductivity is studied ill detail and 
well described by the Verwey mechanism. From the 
topochemical viewpoint, a doping consists of the only 
process, viz., the formation of solid solutions of substitu- 
tion. an According to the Verwey rule of controlled va- 
lence, 37 the introduction of a cation with a lowered 
valence into an oxide lattice results in the appearance of 

additive positive charge, a hole, and, consequently, to 
lowering in the energetic boundary of electronic fulfill- 
ment, viz., the Fermi level or chemical potential. Corre- 
spondingly, the electroconductivity decreases in the case 
of semiconductor of n-type (electronic) and increases in 
the case of semiconductor of p-type (hole) as is ob- 
served, for example, under the doping of the n-semicon- 
ductor ZnO and p-semiconductor NiO with Li + ions. 
The region of the feasibility of the Verwey mechanism is 
restricted by the limit of the solubility of an additive, 
viz., usually below 10--15 mol. %. In addition, the condi- 
tions of uniform distribution of a solid solution between 
a surface and a bulk as well as the absence of other 
compounds in a system should be hold. The most re- 
markable changes in the conductivity by the Verwey 
mechanism are observed at the very small content of an 
admixture, as a rule, below 1%. 

By contrast, diagrams "electroconductivity--compo- 
sition" discussed in this section are informative in those 
cases when the significant changes in electrical proper- 
ties are observed at the concentrations of an additive 
which exceed substantially the limit of solubility. These 
changes are mainly due to chemical and structural trans- 
formations, therefore, electrical measurements for ob- 
taining the diagrams "electroconductivity-- composition" 
in a wide range of compositions can give information 
about the interactions between the components and dis- 
tribution of the phases formed, as it takes place in the 
case of catalysts. 

However, the diagrams "electroconductivity-- com- 
position" can be also useful for determining the phase 
ratios in the case of small amounts of additives. For 
example, if the direction of changes in the 
electroconductivity in the range of small additives does 
not correspond to the Verwey rule, then the reason of a 
jump in the electroconductivity should be not the forma- 
tion of solid solutions of substitution, but the arising of a 
new phase which is distributed in a system in such a 
manner that is observed already at a very small content. 
This case corresponds to the conditions of facilitated 
percolation discussed above (p. 260). Moreover, if the 
jumps in the electroconductivity under doping with small 
additives do correspond to the rule of controlled valency, 
this cannot be obligatory connected with the formation 
of solid solutions of substitution: the formation of new 
phases can be also the reason in this case. NiO--TiO 2 
system can serve as an example: the formation of the 
surface nickel titanate was proved with the TVE-curves 
method (see the section "Chemical interaction with the 
formation of a new compound"). 

All variety of the shapes of experimental diagrams 
"electroconductivity--composition" can be reduced to 
three types. 18 

The simplest and rare type is a monotonical depen- 
dence without extrema. Such a shape of a curve is 
observed in the systems with unlimited mutual solubility 
of components which form a continuous row of solid 
solutions, viz., CoO--MgO. 38 The diagrams for CeO 2 -  
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MgO, C0304--8b204, Fe304--MgCr20 4 systems and the 
high-temperature NiO--MgO system belong to this type. 

Only one extremum is observed in the diagrams of 
the second type, which indicates the formation of a 
chemical compound or limited solid solution of compo- 
nents. Such a diagram is obtained for the V2Os--Fe203 
system; 39 similar behavior is observed in SnO2--Sb204, 
C00--A1203, PbO--TiO 2, CoO--Mn304, NiO--V2Os,, 
and other systems. 

Diagrams of the third type are characterized by sev- 
eral extrema that point to the arising of a number of new 
phases in a system. This is observed for Bi203--MoO3, 40 
as well as for Cr203--Sn02, CuO--Cr203, CeO2--ZrO 2, 
Bi203--WO3, SnNbO4--TiO2, etc. 

Noteworthy, that in the most of such works, the 
percolation nature of regularities observed was not taken 
into account, therefore, the determination of a composi- 
tion of new phases was not quite correct. In fact, the 
position of the extremum in a diagram does not coincide 
with exact composition of the new phase formed but 
indicates the components ratio, at which the concentra- 
tion of this phase becomes already sufficient for the 
formation of infinite conducting cluster. The apperance 
of a new phase corresponds to somewhat lesser content 
of the second component than that determined from the 
position of extremum. 

Electroconductivity as the indicator of 
topochemical transformations 

Due to its high sensitiviy to changes in the state of a 
dispersed system and particularly in a phase composi- 
tion, the electroconductivity proved to be very useful not 
only for phase control with the aid of "electro- 
conductivity--composition" diagrams, but for successful 
study of various phase transformations in materials of a 
semiconductor type. The method of electroconductivity 
is applicable to the study of virtually all the main types of 
topochemical processes including the formation of sur- 
face phases in various gaseous media (viz., reduction, 
oxidation, sulfidization, coke formation, etc.), thermal 
decomposition, topochemical reactions (viz., interphase 
interaction, exchange, phase transitions of the 1st and 
2nd types). 18,36,41,42 Among objects that are of interest 
as catalysts, one can point to a number of works on the 
kinetics and mechanism of the processes of reduction of 
oxides and oxidation of corresponding metals (Ni, Cu, 
Fe, Co, etc.) as well as of the processes of partial 
elimination of lattice oxygen during vacuum heating of 
oxides which comparatively easily give out a portion of 
the oxygen (ZnO, CdO, TiO 2, MoO 3, SnO2)) 8 Electri- 
cal measurements in the study of the reactions of 
thermolysis of hydroxides, carbonates, oxalates, and other 
salts, which are precursors of a number of catalytic 
systems, give valuable information on the mechanisms of 
genesis of catalysts. 41,4z The use of the electro- 
conductivity is efficient for observing the very initial 
stages of interphase interactions, because the electro- 

conductivity substantially exceeds in sensitivity both 
X-ray phase analysis (see p. 270) and thermal analysis 
for those reactions that start at intergranular contacts. 
For example, with the use of the electroconductivity it 
has been shown that the formation of ferrite in the 
ZnO+Fe203 sysl~em starts 120 °C lower than indicated 
by the DTA results, 43 and the beginning of the interac- 
tion between MoO 3 and strontium carbonate to form 
molybdate phase is registered at 470 °C according to 
thermal gravimetric data, whereas it occurs already at 
100 ° C according to the electroconductivity data. 44 

Monitoring of  the surface of  a catalyst 
with the use of electroconductivity 

Among numerous applications of the method of 
electroconductivity to the study of solids, "the monitor- 
ing by electroconductivity" suggested by Bjorklund and 
Lundstrom 4s is the closest to catalytic problems. This 
approach allows one to use changes in the electro- 
conductivity for observation of any processes at the 
subsurface region of a catalyst, viz., both topochemical 
and adsorption--desorption processes. The sensitivity of 
electroconductivity toward the latter is so high that 
makes it possible to develop electrical devices for sensors 
in order to detect traces of gaseous impurities (below 
10--13 ppm). 46 

In the strict sense, Bjorklund and Lundstrom only 
summarized and formulated the idea which actually has 
long been performed in many studies, la This summa- 
rized approach proved to be very fruitful. Owing to the 
use of the electroconductivity as a probe, one can follow 
various changes in a state of a catalyst at different stages: 
genesis, performance, deactivation, and regeneration. 
Unfortunately, the authors 4s did not develop any com- 
mon technique, so one should choose a corresponding 
procedure of electrical measurements for every type of 
objects. 

The studies of a "monitoring" type can also include 
the observations, for example, for the solid intermediate 
in a catalytic reaction, 47 deactivation due to coke forma- 
tion at the surface, 4a the periodic changes in a state of 
the surface of the catalyst in a pulse regime, 49 as well as 
above-mentioned works on thermolysis and phase trans- 
formation at the initial stages of performance of a cata- 
lyst. Monitoring by the electroconductivity was efficient 
for elucidating the mechanism of the strong metal-- 
support interaction (SMSI). s° Thus, for Pt--TiO 2 system 
studied in detail, the steps of this interaction have been 
followed and the electronic nature of the effect of the 
support on the catalytic and adsorption properties of the 
metal in the case of the SMSI has been shown, sl-sa The 
data on electroconductivity is also important for the 
study of other phenomenon in catalysis which is similar 
to the SMSI, viz., the strong interaction oxide--support 
(or oxide--oxide), s4,ss because in these works, the 
electroconductivity proves to be one of the most infor- 
mative tools for investigation (see p. 272). 
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In the conclusion of  the introductory section devoted 
to various approaches to the use of  the electroconductivity 
for characterization of  solids we should stress that the 
TVE-curves method can be treated partially as a combi- 
nation and partially as a development of  approaches 
considered. It can be also treated as the modification of  
monitoring the surface of  a catalyst by the electro- 
conductivity and as the efficient method for detecting 
the topochemical phase transformations in an object as 
well as improving of  the procedures "electroconductivity-- 
composition" and percolation analysis. 

Eleetroeonduetivity for surface phase analysis 
(the TVE-curves method) 

Prerequisites and analogs. In a series of  works, 2-6 it 
has been shown that electroconductivity with a direct 
current and its temperature dependence, when measured 
in a vacuum or in a gaseous atmosphere, proved to be 
well reproducible individual characteristics of  some sub- 
stances. However, no works published previously con- 
tained the conclusion that such measurements could be 
the basis of  an ingenious technique for phase analysis. 
The character of  the information obtained by probing 
dispersed materials with a direct current indicates that 
the electroconductivity can be used for the development 
of  the original method of  phase analysis of  the surface. 
Direct evidence for the reality of  the development of  
such an analytical method has been obtained in our 
previous experiments on the comparison of  plots of  
temperature dependences of  the electroconductivity us- 
ing various catalysts with conductivity of  a semiconduc- 
tor type upon heating in a vacuum, s6-s9 

The method based on electrical measurements which 
was suitable for conventional phase analysis of  the sur- 
face, the TVE-curves method, has been finally developed 
by us to 197960 (see also works 18, 61). It can be 
categorized to the group of  the methods of  the type 
"electroconductivity for surface phase analysis" (ESPA). 
After the TVE-curves method has already been devel- 
oped, the reports appeared on the use of  some new 
electrical and electrochemical approaches for the analy- 
sis of  surface phases: the method of  dzeta-potential, 62 
the method of  the curves of  potentiodynamic polariza- 
tion, 63 the method of  the chronopotentiometric curves, 64 
the method of  the point of  zero charge, 65 as well as the 
topographic description of  the surface with the use of  
work function in the method of  scanning tunnel micros- 
copy (STM). 66 Each approach including ours gives the 
intrinsic specific picture of  a phase state of  the surface 
and does not duplicate the others. 

The principle. The use of  the electroconductivity for 
phase analysis is impossible without a measurement tech- 
nique which could allow one to separate characteristic 
information about a dispersed object from a "biographic 
noise" in the data obtained with a direct current. The 
scattering in the values of  the electroconductivity for 
various samples of  the same substance is too great that 

these values are not suitable as individual characteristics 
of  an object. For example, the values of  the electro- 
conductivity of  NiO, CuO, and ZnO reported by various 
authors are represented as the vertical lines which are 
overlapped (Fig. 5, a). However, the averaged values of  
the electroconductivity for each oxide shown by arrows 
differ from each other. In other words, statistically reli- 
able differences in the electroconductivity of  individual 
oxides occur. Consequently, a possible method to reveal 
the individual information about an object from the 
electrical data could be a thorough standardization of  the 
procedures of  preparation and characterization of  objects 
under comparison. But this way is extremely laborious 
and hardly practicable. 

We suggested another principle for the solving of  the 
methodical problem: to make the "scanning" o f  superim- 
posed segments (see Fig. 5, a) through the temperature 
of  a measurement. As is shown in Fig. 5, b, for each 
oxide its own band, a sort of  a "temperature spectrum of  
electroconductivity" is obtained. These bands differ sig- 
nificantly from each other in a shape and position, 
therefore, they can be successfully used for the phase 
analysis upon combined presence of  several oxides. 

When the electrical characteristics are obtained by 
this procedure, the differences between objects become 
noticeable, because with a gradual rise in a temperature 
of  heating in vacuo, two additional processes appear, 
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Fig. 5. Scheme of obtaining the characteristic bands of 
electroconductivity by a "temperature scanning" of the lines of 
scattering: a, the segments which represent the scattering of the 
results at the same temperature of measurement for ZnO (1), 
CuO (2), and NiO (3) oxides; b, the "scanning" of the same 
lines of scattering with the measurement of electroconductivity 
during a rise in temperature of heating in a vacuum. 
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which variously affect the electroconductivity of differ- 
ent objects. The first process is a desorption. It reflects 
mainly the desorption of oxygen and determine a shape 
of the left, low-temperature fraction of the band. In this 
case, the electroconductivity of p-semiconductors with 
high sensor sensitivity (NiO) falls; the electroconductivity 
of less sensitive p-semiconductors (CuO) changes slightly 
and that of n-semiconductors (ZnO), by contrast, in- 
creases. The second process which occurs when a sample 
is heated in vacuo, is of a topochemical nature. It affects 
a shape of the right, high-temperature fraction of the 
band: with a rise in a temperature, the deficiency of a 
lattice increases and oxygen ions are removed from 
anionic sites. In NiO, this process starts at ~250 °C; at 
350--400 °C the reduction of NiO results in the appear- 
ance of metallic disseminations. In other oxides, 
topochemical distortions of a lattice are observed at 
other temperatures, and the electroconductivity changes 
in another way. 

Thus, the main peculiarity of the method described 
consists in that a run of irreversible changes in the 
electroconductivity rather than merely the value of 
electroconductivity at a definite temperature is recorded, 
when the object is heated in a vacuum. In this way, it is 
possible to use purposefully a high sensitivity of the 
electrical measurements to changes in a state of the 
object which is usually a sourse of noncontrolled scatter- 
ing in experimental values. The shifts in electro- 
conductivity that occur in a specified regime of vacuum 
heating are sensitive to the nature of the object and 
overcome significantly a random scattering of electric 
values at each temperature. Therefore, the plots ob- 
tained, viz . ,  the thermovacuum electroconductivity 
curves, or the TVE-curves, have a shape typical of this 
individual substance independent of the "biography" of a 
sample, and consequently they can be used as the stan- 
dards in the phase analysis. 

The specific shape of these plots is due to the depen- 
dence of electroconductivity on the following main fac- 
tors, whose relative contribution is determined by the 
chemical nature of an object and is different in various 
temperature regions: 

- - a  reversible increase in electroconductivity with 
rise in temperature according to the Arrhenius law, 
which is typical of semiconductors and for various sub- 
stances covers a wide range of values of the activation 
energy of conductivity E a, from ~0 to several electron 
volts; 

- -  a decrease in the coverage of the surface as a result 
of desorption of gases and vapors (oxygen, water), whose 
effect is greatest on heating to 200--300 °C. Changes in 
the electroconductivity caused by this effect are different 
not only over a range of values, but are also opposite in 
sign (for n- and p-semiconductors); 

--  reductive processes in a vacuum which change the 
nature and the extent of deficiency of a lattice. For 
example, in the case of an oxide, it is the removal of 
lattice oxygen resulting in the formation of strongly 

deficient or quasi-metallic structures, which is the most 
noticeable in the range of 300--400 °C (depending on the 
lattice energy); 

- -  other processes ill a lattice: decomposition of re- 
sidual hydroxides and carbonates, structurization, crys- 
tallization, etc. These processes occur if the temperature 
of thermal pretreatment is insufficiently high (for ex- 
ample, in the in situ regime). 

Noteworthy that at present the computer simulation 
of the processes mentioned, which determine a character 
of the TVE-curves in various temperature ranges, is 
carried out with the use of the program packet developed 
by us. zS,z9 This will permit to evaluate quantitatively the 
contribution of different components into the experi- 
mental gmeas value; as a result, the TVE-curves method 
will obtain a deeper physical ground, and the opportu- 
nity will appear to judge more thoroughly about the state 
and changes in an object. 

The procedure. The measurements of electrocon- 
ductivity are carried out in a vacuum cell (10-4--10 -5 
Torr) with the use of a set of ohmmeters and 
teraohmmeters (viz., MOM-3 and MOM-4, E6-6 and 
E6-7, E6-13, etc.) in the range of resistances from 0. I to 
1013 Ohm. The samples are pressed under the pressure of 
(5+8)" 103 Kg cm -2 in the form of pellets whose faces 
are covered with a graphite layer (of a soft pencil or 
Aquadag) for providing the ohmic contacts with elec- 
trodes. Electrodes of stainless steel are commonly used. 
Experiments with other electrodes, in particular with 
those of nickel, showed that contact potentials at the 
sample--electrode boundary do not affect substantially 
the results of measurements. This allows one to use a 
two-electrode scheme. The compensation four-electrode 
scheme can be necessary only in the case of objects with 
very small resistances which are comparative with those 
of the contacts at the object--electrode boundary. The 
activation energy of conductivity E a (eV) is calculated 
from the Arrhenius temperature dependence of the spe- 
cific electroconductivity a (Ohm -1 cm -l)  according to 
the formula: 

a = aoexp[-E/(kT)].  

The procedure of obtaining the TVE-curves is pre- 
sented in Fig. 6, a and b. A pellet of a sample is heated 
stepwise in vacuo from 100 to 400 °C at 50 ° intervals (the 
step temperatures are designated as Tvac). The sample is 
kept to a constant value of the electroconductivity at 
each Tvac (30--60 min), and this value is recorded (the 
corresponding values of log a in Fig. 6, a are marked by 
the figures from 1 to 6). After keeping at each Tvac, the 
reversible Arrhenius dependence of electroconductivity 
on the temperature of a measurement is determined in 
the range from Tva c down to 20 °C, viz., after heating at 
Tva c = 100 °C in the range from 100 °C to 20 °C, after Tvac 
= 150 °C in the range from 150 °C to 20 °C, etc. Thus, a 
series of the Arrhenius straight lines is obtained, each 
line with its own slope (the corresponding activation 
energies are designated by symbols from E l to E6). 
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Fig. 6. Arrhenius dependences of the conductivity (a) of the NiO sample evacuated at Tvae/°C: 100 (1), 150 (2), 200 (3), 250 (4), 300 
(5), 350 (6), and the TVE-curves (b) obtained for log o and E a on the basis of this data. 

As is seen in Fig. 6, b, one can obtain the TVE- 
curves of  two types: for the values of  log cr and E o. In the 
method described,  the Eo values characterize the chang- 
ing energetics of  successive desorption and topochemical  
processes rather than a zone structure of  the object under  
study. Therefore,  the TVE-curves with using E o are the 
mirror reflections of  the TVE-curves with using log o, 
however, somet imes one type proves to be more infor- 
mative than the other  and can have another shape, viz., 
as in the case of  ferrites. 

Dashed lines in Fig. 6, b describe the case of  a 
"break" in the Arrhenius straight line, i.e., the appear-  
ance of  two different values of  the activation energy of 
conductivity (E o and E o ' ) ,  which characterize the object 
in the high- and low-temperature  regions of  measure- 
ments, respectively. As a result, the TVE-curve in the 
Eo--Tvac coordinates  is broken for two branches con- 
ceming to different surface phases. 

It is shown for the example of NiO (Fig. 7) how a 
characteristic band is obtained for each individual sub- 
stance from a number  of  TVE-curves measured on 
samples of  this substance of  various origins; this band is 
used as the standard for the surface phase analysis. The 
width of  the band at each temperature corresponds to a 
random "biographic" scattering that can amount  to sev- 
eral orders, as is seen in Fig. 7. Curves 6 and 7go beyond 
the standard band for NiO, indicating the presence of  a 
phase that differs from NiO. Curve 6 corresponds to 
nickel hydroxide decomposed incompletely because of  a 
too low calcination temperature (350 °C), and curve 7 
indicates  the effect of  anionic  s tabi l izat ion of  the 
NiO phase, which is described in a corresponding sec- 
tion (p. 279). 

The standard bands for a series of  oxides are pre- 
sented in Fig. 8. The procedure of the surface phase 
analysis consists in the obtaining of the TVE-curve for 

the object under  study followed by identif icat ion of  the 
surface phases by graphic comparison of  the curve with 
standard bands for those compounds  whose presence is 
possible in this sample. If  the data for obtaining the band 
typical of  any substance is insufficient, then only one 
standard curve can be used for the phase analysis. 
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Fig. 7. TVE-curves for NiO samples obtained from nickel 
hydroxide at the following values of pH of precipitation and 
the temperature of calcination (°C): 1, 9.3 (400); 2, 8.1 (700); 
3, 9.3 (700); 4, 8.6 (430); 5, 8.9 (600); 6, 8.1 (350); 7, the NiO 
sample obtained by the calcination of nickel hydroxocarbonate 
at 700 °C. 
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Fig. 8. Standard TVE-bands for several compounds calcined preliminarily at 400--600 °C. 

The TVE-curves method is very simple and needs no 
thorough observing methodical conditions. A characteris- 
tic shape of  the curve is retained under a chmage in a wide 
region in the pressure o f  pressing a pellet (100--10000 kg 
cm-2) ,  a depth of  a vacuum in a cell (from 
10 -6 Torr to forevacuum), dispersion of  an object, thick- 
hess of  a pellet, as well as under the use of  various contact 
coverages for a pellet and various materials for electrodes. 
The weak effect of  changes in methodical parameters on a 
shape of  the TVE-curve can be explained on the basis of 
the Shklovskii theory (p. 258), according to which a great 
amount and variety of  barriers in a barrier-disordered 

object provide the relative stability of  the key conductivity 
and smooth out a biographic scattering in the experimen- 
tal values of  the electroconductivity. 

Use of the TVE-curves method 
in heterogeneous catalysis 

Migration of phases in a catalyst 

In order to show how the m e a s u r e m e n t s  of  
electroconductivity allow one to control the redistribu- 
tion of  phases in a solid, it is most convenient to begin 
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with considering the simplest  system - -  a binary me-  
chanical mixture. 

Migration of the phases interacting with each other in a 
mechanical mixture (NiO--CuO). Figure 9 presents the 
results of  the surface phase analysis of  the mechanical  
mixture of  nickel and copper oxides precalcined at 700 °C 
containing only 3 mol. % of  CuO. 67 This small additive, 
if uniformly distributed, does not affect the electro- 
conductivity of  the system as one should expect on the 
basis of  the percolat ion approach,  and the mixture pre- 
pared is actually similar to NiO in its behavior  (cf curves 
1 and 3). However,  after calcination at 600 °C, no TVE- 
curve characteristic for NiO is observed but broken curve 
4 which gives evidence for the formation of  two new 
surface phases. The X-ray phase analysis of  the bulk of  
the calcined mixture reveals coexistence of  two solid 
solutions: CuO in the NiO lattice and NiO in the CuO 
lattice. Correspodingly,  one should refer curve 4", which 
is similar to "distorted" curve 1, to the NiO-based  solu- 
tion and curve 4", which is close to curve 2, to the CuO-  
based solution. This means that after calcination,  the 
distribution of  a small additive of  CuO in a mixture 
becomes nonuniform. CuO in the amount  of  only 3 
tool. % proves to be concentrated predominant ly  in sub- 
surface layers and provides the formation of  the subsur- 
face infinite cluster from the CuO-based  solid solution. 
Thus, at 600 °C, the CuO phase exhibits high migration 
mobili ty in the direction to the surface of  particles as 
well as a capabili ty "to spread" at surface layers. 

This example allows one to consider  the possibilities 
of  the TVE-curves method with respect to one more 
problem. It connects with the topochemical  t ransforma- 
tions of  a catalyst, the formation of  the phases of  an 
alternating composi t ion,  viz., solid solutions. The ap-  
pearance  of  two solid so lu t ions  men t ioned ,  when / ,  
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Fig. 9. The TVE-cnrves of the mechanical mixture of 97 mol. % 
NiO (700 °C)+3 tool. % CnO (700 °C): 1, NiO (700 °C); Z CuO 
(700 °C); 3, the mixture: 4--4', the mixture after additional 
heating at 600 °C. 

N i O + C u O  mixture is calcined,  occurs,  on the one hand, 
via incorporation of Cu 2+ ions into the N iO latt ice and, 
on the other hand, via. incorporat ion of  Ni  2+ ions into 
the lattice of  the excess surface CuO phase arised due to 
migration of  CuO to the surface of  particles.  The  distor-  
tion of  lattices of  individual N iO  and CuO phases due to 
incorporation of  the extraneous ions first results in some-  
what distortion of  a shape of  the TVE-curve,  as seen in 
Fig. 9, and, secondly, in a shift in the posi t ion of  the 
curve in a plot (el curve 1 for N iO  with curves 4--4" for 
a solid solution of  "NiO type"). Both indicat ions (the 
distortion and shift of  the TVE-curve)  are typical of  the 
formation of  namely solid solutions rather  than of  sto- 
ichiometric compounds and are used for the analysis of  
various catalytic systems. 

In#ial migration of phases in precursors (nickel and 
copper hydroxoearbonates). When catalysts are prepared,  
the redistribution of  phases and interact ion between 
them begin at the initial stages of  genesis of  an active 
state in precursors and depend on the procedure  of  
preparation. The use of the TVE-curves method  in situ 
(for uncalcined samples) allows one to follow these 
processes. Figure 10 presents the results of  the surface 
phase analysis of  the system of  nickel  and copper  
hydroxocarbonates (precursors of  oxide n i cke l - - coppe r  
catalysts). 67 In the system with Ni : Cu = 2 : 1 atomic ratio 
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Fig. 10. TVE-curves of the uncalcined precursors of the NiO-- 
CuO system: I and 2, nickel and copper hydroxocarbonates, 
respectively; 3 and 4, samples with the Ni : Cu = 2 : 1 ratio 
prepared by wet mixing and precipitation, respectively; 5, a 
sample with the Ni : Cu = 1 : 1 ratio prepared by coprecopotation; 
6, a mechanical mixture of 67 tool. % Ni hydroxocarbonate + 
33 tool. % Cu hydroxocarbonate. 
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prepared by coprecipitation, both at the surface and in 
the bulk nickel hydroxocarbonate prevails (curve 4 coin- 
cides virtually with curve 1 for pure nickel hydroxide). It 
follows that in coprecipitated samples as in a mechanical 
mixture (curve 6), the surface is not enriched by copper 
con ta in ing  c o m p o u n d .  Curve 5 obta ined  for the 
coprecipitated sample with a greater concentration of  
copper containing compound (Ni : Cu = 1 : 1) is close to 
curve 2 for pure copper hydroxocarbonate indicating 
somewhat enrichment of  the surface by copper-contain- 
ing compound,  viz., its possible migration. When the 
same system is obtained by wet (chemical) mixing, the 
formation of  the surface solid solution of  an intermediate 
mixed type is observed even in the sample in which a 
"nicker' component  prevails (curve 3). This points un- 
doubtedly to the enrichment of  the surface by a "copper" 
component ,  viz., its facilitated migration trader the con- 
ditions of  chemical mixing. 

Chemical interaction in a catalyst to form solid solutions 

Systems with unlimited mutual solubility of components 
(NiO--MgO). By means o f X R D ,  IR spectroscopy, DTA, 
and ESR techniques, the existence of a continious row of 
solid solutions in the coprecipitated N iO- -MgO system 
calcined at 700 °C, which arise at the stage of hydroxides, 
has been established. 5s'6s These solutions are nonuni- 
form: Ni 2+ ions form associates (clusters). 69 The TVE- 
curves of  two types obtained (Fig. 11) allow one, to- 
gether with magnetic data, to reveal NiO clusters of  two 
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Fig. 11. Electrical characteristics (the TVE-curves) depending 
on the composition of NiO--MgO system (700 °C): 1, MgO; 2, 
1 mol. % NiO; 3, 3 mol. % NiO; 4, 10 tool. % NiO; 5, 15 
tool. % NiO; 6, 29 tool. % NiO; 7, 60 tool. ,'% NiO; 8, 9l rook % 
NiO; 9, NiO. 

types depending on the components ratio. The depen- 
dence of  the electroconductivity on the concentration in 
this system is of  a percolation nature (see p. 260). In the 
before-threshold region at a NiO concentration from l 
to 15 mol. %, only "small" clusters form (curves 2--5 are 
close to curve 1 obtained for MgO). In the after-thresh- 
old region, starting from ~30 mol. % NiO, "large" clusters 
appear, which are the nuclei for the NiO crystallites 
(curves 6--0 ° in shape are classed as NiO type). It is also 
established that in the catalysts calcined at 700 °C, NiO 
clusters are nonuniformly distributed between the bulk 
and the surface, and the calcination at 1100 °C not only 
eliminates this nonuniformity of  the system, but also 
results in the disappearance of  large clusters. Thus, the 
TVE-curves method allows one "to decode" the phase 
composition of  the object and follow its transformations 
in the course of  the percolation process. 

The catalytic activity of  the system under discussion 
in the reactions of  the N20  decomposition 7° correlates 
well with a change in the surface phase composition 
(Fig. 12). In a series of  the catalysts calcined at 700 °C, 
the samples containing small clusters are characterized 
by E a values that fall into a dashed region of  average 
values. One can conclude that the large clusters are more 
active than the small ones. In the case of  a mechanical 
mixture of  Ni and Mg oxides calcined at 700 °C, the low 
value of  E a is already observed at only 3 tool. % NiO 
(point 3). It is due to that NiO in a mechanical mixture 
exists in a free state. In a series of  more uniform 
coprecipitated catalysts obtained at 1100 °C (curve 2), 
the catalytic behavior of  solid solutions is due to less 
active small clusters, and the activity of  pure NiO phase 
decreases because of  sintering (annealing of  defects) 
which is prevented by Mg 2+ ions in the region of  solid 
solutions. 
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Fig. 12. Energy of activation of the N20 decomposition de- 
pending on the composition of the NiO--MgO catalysts cal- 
cined preliminarily at 700 °C(I) and 1100 °C (2); 3, the me- 
chanical mixture of 3 mol. % NIO+97 tool. % MgO (700 °C). 
The dashed region is the region of the average E a values. 
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Fig. 13. Electrical characteristics (the TVE-curves) of the NiO-- 
CuO system (700 °C). Numbers near the curves represent the 
NiO content (mol. %) in this sample. 
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Fig. 14. Dependence of the catalytic activity in N20 decompo- 
sition (a) and the activation energy of conductivity E o (b) of the 
NiO--CuO (700 °C) system on its composition. 

Systems with limited mutual solubility of components 
(NiO--CuO). Nickel  and copper  oxides interact readily. 
As was above ment ioned,  the formation of  solid solutions 
is observed already in the N i O + C u O  mechanical  mix- 
ture when they are heated (p. 268). According to the 
XRD data, in the bulk of  the N i O - - C u O  system pre- 
pared by coprecipi ta t ion with an aqueous solution of  
ammonia  from aqueous solutions of  nitrates, the l imited 
solid solutions of  substitution form (below 5 tool. % NiO 
in CuO and below 25 mol.% CuO in NiO). The surface 
phase analysis (Fig. 13) reveals substantial differences 
between the surface and bulk composit ions.  71-73 In a 
series of  the samples calcined at 700 °C, in a wide range 
of  the NiO content  from 3 to 82 tool. % (see region A), 
virtually the same TVE-curves of  a CuO-type  are re- 
tained. However,  these curves differ from the TVE-curve 
for the individual CuO phase by the absence of  a sharp 
drop in the E o value to ~0 in the region of high Tva c- 
Such a drop in the E~ values and the corresponding 
growth in the electroconduct ivi ty  is commonly  observed 

at Tva c 300--350 °C and gives evidence for the reduction 
of  CuO to Cu. The result obtained means that  the 
surface of  the catalysts with the composi t ions ment ioned 
is covered with the solid solution of  NiO in CuO,  in 
which CuO is stabilized against reduction.  This con-  
firmed the conclusion on the high migration mobil i ty  of  
the CuO phase. On the other  hand, when the NiO phase 
prevails (97 mol. %), the TVE-curve is close to that of  a 
NiO type and consequently reveals the second solid 
solution at the surface, the NiO-based  solution (CuO in 
NiO).  

The catalytic activity of  this system also correlates 
well with the surface composi t ion estimated. 71 In the 
region of  the CuO-based  solid solution (3--82 mol. % 
NiO),  the activity in the decomposi t ion of  N 2 0  lowers 
smoothly  (Fig. 14, a) as the hole conductivity becomes 
weaker with a rise in the nickel content  (see Fig. 14, b). 
A decrease in the activity is apparently due to the 
progressive impeding of  the donor ra te-determining step 
(desorption of  02).  In the region of  the NiO-based  solid 



Surface phase analysis using electroconductivity Russ.Chem.Bull., Vol. 45, No. 2, February, 1996 271 

solution (97 mol. % NiO), the activity drops as compared 
to the individual NiO phase (see Fig. 14, a); respec- 
tively, a jump-like increase in the hole conductivity is 
observed when CuO is added to NiO (see Fig. 14, b). 
This drop in activity can be explained by impeding the 
acceptor stage (adsorption of N20) which becomes a rate 
determining step. 

It should be emphasized that it is very difficult to 
obtain by other techniques the information about the 
formation of the surface solid solutions given by the 
TVE-curves method (as is described in this section and 
further). Thus, the XPS technique points to the quanti- 
tative ratio of ions at the surface, viz., Ni 2+ and Cu 2+, 
but does not allow one to conclude definitely whether 
the corresponding Ni and Cu oxides are present sepa- 
rately or form a solid solution. 

Chemical interaction to form a new compound 

Systems without mutual solubility of components (Ni0-- 
7702). When the NiO--TiO 2 system is prepared by 
coprecipitation, one expects to obtain a uniform distri- 
bution of NiO in the matrix of the inert support, because 
TiO 2 in a mechanical mixture with NiO forms no chemi- 
cal compounds at temperatures below 1000 °C and, un- 
like MgO and CuO, does not form any solid solu- 
tions.74-76 
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Fig. 15. Electrical characteristics (the TVE-curves) depending 
on the composition of the NiO--TiO 2 system (430 °C): 1, TiO2; 
2, 1 mol.%NiO; 3,5 mol. % NiO; 4, 12mol. %NiO; 5, 23 
tool. % NiO; 6, 35 mol. % NiO; 7, 60 tool. % NiO; 8, 80 mol. % 
NiO; 9, 96 mol. % NiO; 10, NiO; 11, an equimolar mechanical 
mixture of NiO (430 °C) + TiO 2 (430 °C). 

However, the surface phase analysis of the samples of 
this system calcined at 430 °C (Fig. 15) revealed a new 
phase that is formed already at this temperature and 
differs by the TVE-curves from both NiO and TiO 2. The 
presence of this phase determines the nature of the 
conductivity of the system in a very wide range of 
compositions (curves 2--o°). As only 1 mol. % of the NiO 
additive is sufficient for arising of a new phase, it is 
obvious that this phase covers the surface of the catalyst 
with a thin layer. 57 It is identified as nickel titanate 
(NiTiO3), because a rise in the calcination temperature 
to 600 °C did not result in a change in the surface 
composition, but the lines of NiTiO 3 bulk phase ap- 
peared on diffractograms which were absent after calci- 
nation at 430 °C. Thus, when a new phase appears in the 
region of intergranular contacts at the surface layer, the 
TVE-curves method proves substantially more sensitive 
than XRD and reveals the initial stage of the formation 
of"low-temperature" NiTiO 3 already at 430 °C. 

The approach ou the basis of the TVE-curves method 
described allows one to avoid an error when analyzing a 
system with a "electroconductivity-- composition" dia- 
gram. On the basis of a drop in the electroconductivity, 
when small additives of the second component at both 
edges of a scale of compositions are introduced (this 
corresponds formally to the Verwey rule), one could 
make a conclusion on the formation of mutual solid 
solutions (see p. 262). It has been made just such a 
suggestion by the authors of work, 77 who found a drop in 
electroconductivity in NiO--TiO 2 system with a rise in 
NiO content from 0.41 to 1.61 tool. % and ascribed this 
effect to the formation of a solid solution. The TVE- 
curves method allowed one to establish that the real 
reason for jumps in the electroconductivity is the forma- 
tion of surface nickel titanate. No solid solutions form in 
this system (the parameter of oxide lattice in mixed 
samples remains constant); consequently, the 
correspondance of changes in the electroconductivity to 
the Verwey rule is only an accidental. 

The registration of changes in a work function which 
is due to the additive contribution of potentials of all 
surface phases, serves as the addition to the results of the 
surface phase analysis. 7s,79 In the range of compositions 
of 23--35 tool. % NiO, the surface is completely covered 
with nickel titanate; in the range of 0--23 tool. % NiO, 
the TiO 2 and NiTiO 3, phases coexist and in the range of 
35--100 tool. % NiO, the NiTiO 3 and NiO phases do so. 
The results obtained can explain the catalytic behavior of 
the system in the decomposition of N20. The activity 
decreases with a decrease in the NiO concentration in 
the range from 100 to 35 mol. % of NiO and then 
remains at the very low level. 57,58 This is in line with the 
fact established that the NiO active phase is completely 
screened by the surface layer of inactive NiTiO 3 at the 
NiO content which is not higher than 35 tool. %. 

Systems containing solid solutions with a compound 
formed (NiO--Mo03). The results of the surface phase 
analysis of a series of the NiO--MoO 3 catalysts prepared 
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by wet interaction of oxides 8°,81 (Fig. 16) show that the 
samples studied are divided for three groups by a type of 
the TVE-curves, viz., for the surface composition. 
l) MoO 3 type is described by curves 1 and 2, which 
represent the range of compositions of 9--33 moL % NiO 
and virtually fall into a standard band 7 for MoO 3 phase. 
2) NiO type is described by curve 4, which depicts the 
composition with 91 mol. % of NiO and is close in a 
shape to curve 5 for NiO; however, the maximum in the 
region of Tva c 200--300 °C typical of NiO is substantially 
smoothed down. 3) Nickel molybdate type is described 
by curve 3 (the sample with 64 mol. % NiO), which only 
slightly differs from curve 6 for NiMoO 4 phase. 

It follows that at the NiO content not higher than 33 
tool. %, the MoOa-based solid solution, whose formation 
is confirmed by X-ray phase analysis, is present at the 
surface. A proximity of curve 3 to curve 6, which de- 
scribes standard nickel molybdate NiMoO4, means that 
with a rise in the NiO content (to 64 mol. %), a new 
phase forms which should be identified as a nickel 
molybdate. In the region of high NiO concentration (91 
tool. %), the surface NiO-based solid solution forms. It 
can be only the NiMoO4--NiO solid solution rather than 
MoO3--NiO , because in this system (similarly to the 
NiO--TiO 2 system), dissolution of MoO 3 in NiO is ruled 
out. According to the principle of controlled valency, 
doping cations of higher valence (Mo6+), which substi- 
tute for cations in the lattice of p-semiconductor oxide 
(NiO), should increase its electrical resistance and the 
activation energy of conductivity, but in our experiment, 
the E o value drops when small additions of MoO 3 are 
introduced. 

The results of the surface phase analysis obtained 
allow one to explain why the catalytic activity of NiO in 
the reaction of N20 decomposition drops when intro- 
ducing a small amount (9 mol. %) of MoOs. 8° It is 
obvious that the formation of the surface solid solution 
of nickel molybdate in NiO results in distortion of the 
NiO lattice and consequently deactivation of the cata- 
lyst. 

Interaction of an active phase with a support 
(percolation aspecO 

Effect of strong metal--support interaction (Ni--7302). 
A number of works carried out with the use of  modern 
techniques are devoted to the effect of  strong metal--  
support interaction (SMSI); however, in a number of 
real systems the nature of SMSI remains unclear, s0 The 
TVE-curves method gives new information on the pro- 
cesses connected with this effect, for example, for partial 
reduction of the NiO--TiO 2 system. 8z It follows from 
Fig. 17 that reduction at 500 °C results in the transforma- 
tion of the semiconductor NiO--TiO 2 system (see Fig. 
15) to a pseudometallic system with a very low activation 
energy of conductivity (curve 1). The nickel metal formed 
is not observed: the nickel-containing sample (curve 1) 
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F i g .  16. TVE-curves for the samples of the NiO--MoO 3 system 
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Fig. 17. Influence of reduction on the electrical characteristics 
of the NiO--TiO 2 system (430 °C), the SMSI effect: 1, the 
sample with 23 tool. % of NiO reduced at 500 °C; 2, TiO 2 
support reduced at 500 °C; 3, the sample with 23 tool. % of NiO 
reduced at 350 °C; 4, NiTiO 3 (430 °C). 
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does not exhibit better conductivity as compared to the 
reduced support (curve 2). The surface phase with good 
conductivity found in these samples is the deficient 
phase of lower TiO x oxide (with oxygen vacancies in a 
lattice), whose presence in the bulk of the reduced 
system is confirmed by the XRD and magnetic 
succeptibility data. 

Another picture is observed for the catalysts prepared 
by milder reduction of the NiO--TiO 2 system at 350 °C. 
The reduced system remains semicoductor, but the TVE- 
curves method reveals the phase of TiO 2 type instead of 
titanate (see Fig. 17, curve 3, which is similar in a shape 
to the dashed band for TiO2). This means that the very 
dilute solid solution of NiO in TiO 2 (of the NisTil_502 
composition), whose formation stabilizes the lattice of 
titanium oxide, is present at the surface of this sample 
rather than the titanate which is characterized by a 
minimum on the curve at Tva c 200 °C (curve 4). It is 
noteworthy that in this case the nickel metal also does 
not manifest itself. According to the adsorption, X-ray, 
and magnetic data, this is due to the fact that contacts 
between nickel crystallites at the surface become difficult 
because of a partial screening, or "decoration," of the 
metallic surface owing to the accumulation of the mate- 
rial of the support on the particles of the metal. This is 
one of the mechanisms of the SMSI effect, s° Clearly 
this prevents the formation of the infinite nickel cluster 
and development of the nickel phase (this is an example 
of hampered percolation). 

Information about the formation of the layer of the 
TiO2-based solid solution at the surface under mild 
reduction of the NiO--TiO 2 system and its role in the 
SIMS effect is unique. It is difficult to obtain this 
information with any other technique. 

Effect of strong oxide--oxide interaction (Mn Q~--Si02). 
According to the literature data, sa heating the MnO 2 -  
SiO 2 mixtures to 350--400 °C causes no chemical inter- 
action. Our studies of MnO2--SiO 2 system prepared by 
impregnation and calcined at 500 °C contirm this re- 
sult. s4 The data on electroconductivity provide evidence 
for percolation behavior of this system typical of a binary 
mechanical mixture: at the content of the MnO 2 semi- 
conductor oxide below 12 tool. %, all TVE-curves remain 
in the region of dielectric SiO2, and the addition of 19 
mol. % MnO 2 causes a jump-like rise in the conductivity 
and the corresponding lowering in Ecr. The TVE-curves 
for all samples containing >_19 tool. % of MnO 2 are 
located in the region of standard band of MnO2, which is 
due to percolation, i.e., a flow of electric current through 
the chain of continuous contacts between MnO 2 par- 
ticles. Figure 18 presents this data as the dependence of 
the activation energy of conductivity on the volume 
concentration of components. The threshold of a perco- 
lation jump observed on curve I (19 mol. % MnO 2) 
corresponds to ~ 15 vol. % MnO 2 which is close to the 
theoretical value calculated on the basis of percolation 
models for a uniform mechanical mixture (15--25 vol. % 
depending on parameters of calculation)) ° The absense 
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Fig. 18. Concentration dependences of the activation energy of 
conductivity for the MnOx--SiO 2 system: the starting MnO 2 -  
SiO 2 system (500 °C) (1) and Mn304--SiO2 system obtained by 
the redox treatment at 500 °C (2). 

of the interaction in MnO2--SiO 2 system at 500 °C is also 
confirmed by the additivity of the values of the specific 
surface area of MnO 2 and SiO 2 found at different ratios 
of these components in the system, a4 

However, more detailed studies showed that in this 
system, under definite conditions, the substantial inter- 
actions of a special nature can occur. The surface phase 
analysis revealed that succesive redox treatment of the 
MnO2--SiO 2 system at 500 °C resulted in the transfor- 
mation of phase-structural state of the surface. In this 
series of the samples (curve 2), the percolation jump is 
observed at the significantly higher content of manga- 
nese oxide (40 vol. %), which transforms from MnO 2 to 
Mn304 after treatment. An increase in the percolation 
threshold is not connected with a change in the disper- 
sion of manganese oxide. Really, according XPS data, 
the size of crystallites of Mn304 (60--100 A) is lesser 
than that of MnO 2 (120--220 A). The appearance of 
more dispersed Mn304 crystallites would facilitate the 
formation of percolation cluster and, hence, to lower the 
percolation threshold rather than to heighten it. It is 
important for the explanation of hampered percolation 
that after redox treatment, a fraction of the surface of 
supported Mn304 becomes inaccesible for chemisorp- 
tion, i.e., proves to be screened by a support. The 
conclusion can be drawn that the treatment at 500 °C 
mentioned transforms the system of not interacting 
MnO2--SiO 2 oxides into the Mn304--SiO 2 system with 
the strong interaction of oxide--oxide type whose mecha- 
nism is not of chemical nature, s4,ss By analogy with one 
of the supposed mechanisms of the effect of the strong 
interaction oxide--oxide, one can suggest that in this 
case, an incapsulation process occurs, s° viz., a partial 
immersion of the Mn304 crystals into the bulk of a 
support. The catalytic behavior of the MnOx--SiO 2 sys- 
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tem, which was evaluated by its activity in the reaction 
of  complete  oxidat ion of  CH 4 catalyzed by manganese 
oxides, is in line with changes in the phase-structural  
state of  the surface described: the CH 4 conversion de- 
creases sharply after redox treatment  of  the catalyst 
samples. 

Similar  compar ison of  the percolation thresholds for 
the ox ide - -a luminoca lc ium cement  systems showed that 
the strength of  the bond of  oxides with a support de-  
creases in the sequense NiO > CuO > ZnO. s9 111 the 
Z n O - - c e m e n t  system, the introduction of excess AI20 3 
still more weakened the bond of  ZnO with the support 
and increased the concentrat ion of  free ZnO at the 
surface, respectively. This allowed one to optimize the 
catalytic propert ies of  Z n O - - c e m e n t  system in the in- 
dustrial processes of  hydrotreatment  of  natural and in- 
dustrial gases. 

The examples  presented and the data for the N i O - -  
MgO system discussed above show the advantages of  
percolat ion approach for the elucidating of  the nature of  
interaction in solid semiconductor  systems. The use of  
the TVE-curves method in these measurements extends 
the possibilities of  the percolat ion analysis because al- 
lows one not only to fix the arising of  a new conducting 
phase but also identify it qualitatively, s5 

Distribution of phases in muiticomponent systems 

Coexistence of several sofid solutions (NiO--CuO-- 
cement). In the past few years, catalysts  based on 
a luminocalc ium cements  have been widely used in vari- 
ous processes, because they combine high activity with 
enhanced thermal  stability, mechanical  strength, and 
stability to coke formation and they can be obtained by 
the topochemical  reaction of  components  using an eco-  
logically pure technology without waste waters. Among 
the catalysts of  a new generat ion,  the N i O i C u O - -  
ta lume system is the most thoroughly studied with the 
TVE-curves method ( talume is a chemical  mixture of  
ca l c ium m o n o a l u m i n a t e  C a O ' A 1 2 0 3 ,  CA,  wi th  
dialuminate CaO" 2A1203, CA2). Cement-conta in ing  sys- 
tems are obtained by chemical  mixing of  Ni and Cu 
hydroxocarbonates with CA and CA 2 in the presence of  
aqua ammonia ,  s6,s7 With the use of  XRD,  DTA, and IR 
spectroscopy techniques it was found that in this case 
solid solutions of  Ni and Cu hydroxoaluminates  form, 
whose presence at the surface can be established by the 
TVE-curves method.  The surface phase analysis of  the 
oxide N i O - - C u O - - t a l u m e  system formed during calci-  
nation of  the precursors ment ioned at 400 °C (Fig. 19) 
reveals several solid solutions. First, these are the solid 
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solutions on the basis of  NiO and CuO: the NiO type, 
the solution of AI203 in NiO (curve 1); the CuO type, 
the solution of AI203 in CuO (curves 5--7); the mixed 
type, the solution of AI203 in the NiO--CuO solid 
solutions (curves 2--4). After sintering of the surface 
solid solutions mentioned, two solid solutions on the 
basis of aluminum oxide can also be developed: NiO in 
AI203 (see Fig. 19, a, curves 2 and 3 in the region Tva c 
300--350 °C) and CuO in AI203 (see p. 277). The first 
three solid solutions are responsible for the catalytic 
activity of the system in the reaction of O 2 hydrogena- 
tion (Fig. 20), which is used for purification of industrial 
gases. The CuO-based solid solutions differ by somewhat 
higher level of activity (band A) than the NiO-based 
solid solutions (band B). s8 The relative constancy in the 
activity level with a change in a composition of a catalyst 
within each activity band as well as the stability of the 
active surface toward moderate heating (650 °C) give 
evidence for the formation in the cement-containing 
catalysts of a specific methastable structure which pro- 
vides their high activity. Destruction of this specific 
structure, which occurs, for example, under insufficiently 
fast cooling of the catalyst after the reaction in the 
presence of the O 2 admixture, results in siglfificant deac- 
tivation (see Fig. 20, points along the straight line C). 
The XPS data confirm this conclusion. In the active 
catalyst, the state of Ni 2+ in surface solid solutions is 
stabilized and nickel cations can be reduced to Ni ° at 
300 °C only for 60 %, whereas after the thermal deactiva- 
tion mentioned, reduction occurs completely already at 
250 °C,S9 
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Fig. 20. Dependence of  the temperature of 50 % conversion 
(T0. 5) of oxygen in the reaction of its hydrogenation on the 
composition of the NiO--CuO--cement  catalysts: 1, starting 
samples (calcined at 400 °C); 2, samples after moderate over- 
heating (650 °C); 3 catalysts prepared repeatedly, A, the region 
of enhanced activity (CuO-based solid solutions); B, the region 
of reduced activity (NiO-based solid solutions); C, the region 
of deactivation, 

Data on the formation of surface solid solutions were 
also obtained for the Co304--CuO--aluminocalcium ce- 
ment system, and the presence of cement in this case 
also facilitates the formation of solid solutions between 
components. 90 

Anchored surface phases (supported chlorides). Various 
chlorinated hydrocarbons which are widely used as in- 
dustrial chemicals and solvents, can be obtained by the 
processes of oxidative chlorination at 350--400 °C, which 
are efficiently catalyzed by impregnated systems con- 
taining CuC12 (or CuCI2--KCI ) on A1203 (or SiO2) with 
the content of a salt component of 12" 10 -4 g-ion g-l of 
a catalyst. It is shown with the DTA method that the salt 
component interacts chemically with the support upon 
fusion and forms various compounds which participate 
in catalysis. The surface phase analysis of these catalysts 
is an example of the use of the TVE-curves method in an 
in situ version (for the samples which underwent no 
preliminary heating). These catalysts are hereinafter re- 
ferred as KCuAl(c~,y)-Si, where K = KCI, Cu = CuCI2, 
Al(cc,~) = ct- and y-A1203, Si = SiO2. 91 

Figure 21 presents the behavior of the starting salts, 
oxides, and binary systems under heating in a vacuum. 
The enhanced values of electroconductivity and low 
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Fig. 22. TVE-curves for ternary chloride systems: 1, KCuAI(o0; 
2, (Cu+K)AI(cO; 3, (K+Cu)Al(ct); 4, KCuAI(7); 5, KCuSi. 

values of E,, for KCI, CuC12, and A120 3 (curves 1, 2, 4, 
5) are caused by the effect of superionic conductivity due 
to impurities (in particular, 13-A120 3 and hydrochlo- 
rides). Deposition of CuCI 2 on A1203 has nearly no 
effect on the electrical properties of oxides (cf curves 4 
and 6), whereas after introduction of KC1, potassium 
aluminates form and the state of superionic conductivity 
is distorted. As a result, the electroconductivity lowers by 
a few orders and E~ strongly increases (cf curves 4 and 
7). The excessive KCI is distributed at the surface as 
isolated islands and does not form a general percolation 
cluster as can be judged from the distance between 
curves 7 and 1. The electroconductivity of supported 
binary KCu system is very sensitive to a biography (curves 
3a--3d) and becomes unstable after fusion (above 200 °C). 

In ternary systems the picture is different (Fig. 22). 
The KCuAI(oc) system obtained by combined supporting 
of KCI and CuCI 2 on c~-AI20 3 (curve 1) does not re- 
semble in the character of the TVE-curves any one of 
the binary systems considered, and under succesive depo- 
sition, the results depend on the order of introduction of 
components. If  CuCI 2 is first supported, then the 
(Cu+K)AI(a) system below Tva c 150 °C is close to KAl(ct) 
binary system (see Fig. 21, curve 7) by the TVE-curve 
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Fig. 23. TVE-curves for the oxides and binary combinations in 
the ZnO--Fe203--A1203 system: 1, ZnO; 2, ct-Fe203; 3, Fe304; 
4, ZnO--Fe203 prior to performance; 5, Fe203--AA203 prior to 
performance; 6, Fe203--Al203 after reaction; 7, ZnO--Fe203- 
Al203 prior to performance; 8, ZnO--Fe203--Al203 after reac- 
tion. 

(curve 2), and under further heating in a vacuum, its 
behavior is the same as that of KCuAl(a) (see Fig. 22, 
curve 1). If KCI is first supported and (K+Cu)Al(ot) is 
obtained, then the TVE-curve (curve 3) reproduces the 
behavior of methastable states of the KCu system (see 
Fig. 21, curve 3d). In spite of these differences, it is seen 
that after heating at Tvac 300 °C, curves 2 and 3 (see Fig. 
22) nearly coincide with curve 1. Apparently, at the 
surface of the heated samples, the same phases form as 
in the KCuAI(cO system. On the basis of the XRD and 
DTA data, one can conclude that the active catalytic 
surface is formed by the complex salts of KCuCl 3 and 
K2CuC14 compositions which are anchored on the sup- 
port. When chlorides are supported on SiO2, a similar 
picture is observed (see the upper branch of curve 5 
below Tvac 300 °C), but in this case, one more phase is 
developed, possibly, the excessive CuCI 2 (see Fig. 21, 
the lower branch of curve 5 which is similar to curve 2). 
The heating to Tva c 350 °C, apparently, results in the 
destruction of these active salt complexes anchored on 
the support. When y-A1203 is used as a support, the 
active complexes are anchored with a lesser strength and 
destructed already at T,,ac 300 °C (curve 4). 

Identification of the surface active phase 

Ferrites on a support. The zinc and magnesium ferrites 
(ZnFe20 4 and MgFe204) exhibit high activity in the 
process of oxidative dehydrogenation of butenes to divinyl 
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at 500 °C and are the most active upon deposition on 
AI203 (by coprecipitation from oxalates). In the ZnO--  
Fe203--AI203 system calcined at 250 °C, the formation 
of several phases is possible. The TVE-curves method 
helps to reveal the surface phase that is responsible for 
catalytic activity of supported ferrites. With this purpose, 
a comparison of the activity with the surface composi- 
tion for all components of this system and all binary 
compositions, which can form in it, has been carried 
out. 9z Comparison of the curves in Fig. 23 shows that 
ZnO--Fe203--AI203 system (500 °C) before performance 
is the closest in its surface composition (curve 7) to the 
Fe203--A1203 binary combinarion (curve 5), however, 
the TVE-curve for the teruary system is shifted to the 
region of higher resistances and the values of the activa- 
tion energy of conductivity. This shift can be explained 
by the presence of zinc aluminate ZnA1204 dielectric 
phase. 

Comparison of the samples after theatment with a 
reaction mixture shows that the ZnO--Fe203--AI203 
system in active state (curve 8) is also very close in a 
surface composition to the Fe203--A1203 binary combi- 
nation (curve 6), which differs in a type of the TVE- 
curve and activity from its components, Fe203 (or Fe304) 
and AI203. Hence, the surface phase should be iron 
aluminate FeAI204, , the product of the interaction of the 
components of this binary combination. But all alumi- 
nates are dielectrics, therefore, the enhanced conductiv- 
ity of the supposed FeA1204 can be explained by the 
presence of the Fe304 ferrite phase that forms a solid 
solution with FeAI204. Thus, it is most probable, that at 
the surface of the ZnO--Fe203--A1203 active system, 

the solid solution of FeAJ204--Fe304 ferrite srtucture 
forms which can also include zinc ferrite ZnFe204 iden- 
tified by the X-ray phase analysis~ 

Catalysts for hydrotreatment processes (Co9S8--MoS2). 
The results of the surface phase analysis of the Co--  
Mo--S sulfide system (Fig. 24) showed 93 that the com- 
ponents of this system in their electrical behavior are 
concerned to different classes of conductors: molybde- 
num sulfide MoS 2 (curve 1) is a typical semiconductor 
with the activation energy of conductivity E o ~0.2 eV, 
whereas cobalt sulfide Co9S s (curve 2) exhibits 
pseudometal properties with enhanced electroconductivity 
that in fact does not alter with a temperature (Ecr ~ 0). In 
the Co9Ss--MoS 2 system, independently of the prepara- 
tion procedure, viz., coprecipitation (curve 3) or impreg- 
nation (curve 4), both TVE-curves belong to a MoS 2 
type. In fact, they are close to the TVE-curve for molyb- 
denum sulfide in a slope and nearly straight line form but 
are shifted from it in the values of electroconductivity by 
1--3 orders. Consequently, the main fraction of the 
surface of the catalysts prepared is the phase on the basis 
of MoS 2. The enhanced electroconductivity, in accor- 
dance with the magnetic data, is due to the presence of 
Co 2+ ions intercalated into the interlayer space of lay- 
ered structure of molybdenum sulfide, i.e., to the forma- 
tion of the "solid solution of incorporation" of C09S 8 in 
MoS> Comparison with the TVE-characteristics for sev- 
eral mechanical C09Ss+MoS 2 mixtures allowed one to 
conclude on the enr ichment  of  the surface of 
coprecipitated and impregnated systems by the phase of 
the solid solution formed. This conclusion is in line with 
the XPS data. 
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Thus, the analysis performed not only confirmed the 
numerous literature data on the role of so-called Co--  
Mo--S phase as the active phase of sulfide catalysts of 
hydrotreatment but also made it possible to conclude 
about the nature of this active phase as the Co9S8--MoS 2 
solid solution. 

Interesting conclusions can be drawn from a com- 
parison of our data with the results on measurements of 
the same system carried out with a direct current but 
without using the TVE-procedure. 94 The authors pre- 
sented thier results in the Arrhenius coordinates (Fig. 
25). The plot obtained nearly exactly coincides with our 
plot in Fig. 24 as its mirror reflection because of the 
opposite direction of a temperature axis. This coinci- 
dence is due to that for both components of the Co9S 8 -  
MoS 2 system, the TVE-curves are nearly straight lines. 
in this particular case, the TVE-curves should not much 
differ from the plots of temperature dependence of 
electroconductivity in the Arrhenius coordinates. Almost 
precise quantitative coincidence of the plots is also due 
to that in the work under comparison, 94 the measure- 
ments were carried out in a reductive atmosphere (H 2 or 
H2+H2S), i.e., under the conditions close to those of 
vacuum heating upon obtaining the TVE-curves. Note- 
worthy that the authors of the work discussed did not 
found in their measurments any general analytical op- 
portunities and even paid no attention to that the method 
used reveales namely surface phases. 

Deactivation and regeneration of catalysts 

Destruction and reconstruction of an active surface 
solution (NiO--CuO--cement system in oxygen hydrogena- 
tion). Study of the performance of the NiO--CuO--  
aluminocalcium cement catalyst in the process of oxygen 
hydrogenation showed that in the case of significant 
overheating (to 800 °C), a specific surface structure was 
partially destructed (see p. 274) and the catalyst was 
deactivated, aS,s9 We proposed the procedure of regen- 
eration without waste waters which includes the intro- 
duction of the additives of powder active oxide (or 
copper hydroxocarbonate, its precursor) in the deacti- 
vated catalyst followed by calcination at 250--300 °C 
resulting in the incorporation of the oxide into a surface 
solid solution by topochemical reaction. 95,96 Complete 
regeneration proved to be achieved when adding 20 wt. % 
of Cu hydroxocarbonate in the catalyst. The surface 
phase analysis of the catalyst samples (Fig. 26) after 
deactivation (curve 2) and regeneration (curves 3--5) 
allowed one to identify a solid solution of CuO in the 
A120 3 incorporated in a cement (curve 2 which is close 
to a band of cement). This means that in the deactivated 
catalyst the surface of the cement-based solid solution 
becomes uncovered because of sintering of the active 
surface solid solution of A120 3 in CuO. After the regen- 
eration of activity, the state of the surface (curves 4 and 
5) approaches to that of the initial CuO-based solid 
solution (curve 1). 
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Fig. 26. Change in the electrical characteristics under deactiva- 
tion and regeneration of the catalyst of the 20 CuO--I 5 NiO-- 
cement (wt.%) composition in 09 hydrogenation: 1, starting 
catalyst; 2, after deactivation; 3, after regeneration with calci- 
nation; 4, after regeneration with the addition of CnO; 5, after 
regeneration with the addition of copper hydroxocarbonate. 

Coke formation and refining of the surface (NiO-- 
cement and NiO--CuO--cement systems in heavy oil resi- 
due cracking). The NiO--CuO--aluminocalcium cement 
system proved to be very perspective as the catalyst for 
cracking of heavy oil residue. 97 The analysis with the 
TVE-curves method made it possible to follow phase- 
strucrural state of the surface at all stages of this process. 
Figure 27 shows for the 35 mol. % NiO--cement  catalyst 
that after the catalytic reaction, the surface is covered by 
coke film with a good conductivity (curve 2). The coke 
cannot be removed by gasification (curve 3). After regen- 
eration (curve 4), the surface is purified from a coke but 
not return to the starting state, i.e., to the NiO-based 
solid solution (curve 1), and proves to be irreversibly 
changed. Thus, the surface phase analysis shows that 
under conditions of the catalytic reaction, sintering of 
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Fig. 27. Electrical characteristics of the catalyst of the 35 wt. 98 
NiO--cement composition at various stages of heavy oil residue 
cracking: 1, starting catalyst; 2, after cracking; 3, after gasifica- 
tion; 4, after regeneration. 

the active surface phase occurs (which is confirmed by 
the XRD data) and the cement-based solid solution of 
NiO in AI20 3 becomes uncovered (curve 4). 

Systems with local control of electroconductivity 

Ferrite structure. Comparison of the electrical behav- 
ior of ferrites of different composition revealed the 
peculiarttty of the TVE-curves which is inherent, appar- 
ently, of all curves concerning to ferrite phases. Inde- 
pendently of chemical composition, the value of the 
activation energy of conductivity E~ of ferrites in all 
range of Tva c is close to zero (see Fig. 22, curves 3 and 
4). This is possibly connected with the mechanism of 
conductivity in ferrites which is based on the 
activationless exchange between Fe 2+ <-> Fe 3+ ions lo- 
cated at the neighboring B-positions of an elementary 
unit through all crystalline lattice. Similar mechanism 
can be realized not only in ferrites but in other systems 
containing ions with unstable valency (manganese, vana- 
dium) as well as in the structures with interacting ions of 
transition and nontransition elements, e.g., in perovskites 
described in the following section. 

Perovskite structure. The studies of past few years 
showed that complex oxides with perovskite structure (of 
ABO 3 summarized formula) exhibited catalytic activity in 
a number of reactions, which much depend not only on 
the composition of oxides but also on the distribution of 
cations between A- and B-positions of an elementary 
unit. By means of the TVE-curves, XRD, and XPS 
methods, 9s the effect on the catalytic activity in benzene 
hydrogenation of some A- and B-cations in synthesized 
perovskites of general formula A4[BRe2[]]OI2 , where A 
= Ba 2+, Sr 2+, B - -  Co 2+, Ni 2+, Ca 2+, [] is a cationic 
vacancy, was studied. The surface phase analysis shows 
that the electronic state of the surface of perovskites of 
different composition is first due to the presence of Re 7+ 
ions in B-positions, because the substitution of Co 2+ 
ions located at the same positions for Ca 2+ ions results in 
no essential difference in electrical behavior of oxides. 
The nature of cations in A-positions, Sr 2+ or Ba 2+, also 
does not affect electroconductivity. Unlike Co 2+ and 
Ca 2+, Ni 2+ ions in B-positions hamper a current trans- 
fer. The Re 7+ ions provide a semiconductor-type con- 
ductivity only in a perovskite structure whereas barium 
perrhenate proves to be a dielectric. 

According to the XPS data, after the reaction of 
benzene hydrogenation at the surface of perovskites, -25 
mol. % of rhenium is reduced to Re °, but the conductiv- 
ity remains of the semiconductor type. This means that 
rhenium metal does not form infinite percolative cluster. 
The perovskites studied differ significantly in catalytic 
activity: Sr4CoRe2[]Ot2 and SraNiRe2[]Ol2 are very 
active, but Sr4CaRe21-'lOl2 and Ba4CoRe21-'IOI2, as 
barium perrhenate, exhibit virtually no activity. At the 
same time, the differences between the TVE-curves for 
the perovskites of different composition are smoothed 
down after the catalytic reaction. Consequently, in the 
case of perovskites, the catalytic activity is first due to 
local properties of an active site. It was found that Sr in 
A-position provide the conditions for high activity, 
whereas Ba in A-position and Ca in B-position deacti- 
vate the catalyst. 

One can conclude that the nature of the electro- 
conductivity of perovskites and their catalytic activity are 
determined by the specificity of perovskite structure 
rather than chemical nature of the surface phase. In this 
structure, both the mechanism of conductivity and the 
activity are due to the presence of specific ions in special 
sites. It is because of a special mechanism of conductiv- 
ity that in some compounds of perovskite structure, the 
conditions arise for appearance of high-temperature su- 
perconductivity (HTSC). 

Anionic stabilization of a crystalline lattice 

Surface phase analysis with the use of the TVE- 
curves method made it possible to establish that when 
the NiO--CuO system is prepared by coprecipitation by 
sodium carbonate from a solution of sulfates or by 
thermal decomposition of hydroxocarbonates, stabiliza- 
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tion of oxides obtained occurs toward heating in a vacuum 
(see Fig. 7, curve 7). This effect was explained by a 
phenomenon of modification of the crystalline lattice 
with residual anions (SO42-, CO32-) 99 and referred to as 
the effect of anionic stabilization. 67 

The observed stabilization of the NiO--CuO solid 
solutions fhat were prepared from nitrates in the concen- 
tration region of 3--82 mol. % NiO (see Fig. 13) also 
seems to be due to the effect of anionic stabilization 
caused by high content of residual hydroxyls, which 
retain upon formation of solid solutions. The effect of 
anionic stabilization is also observed in a number of 
other systems studied, in particular, in the NiO--MoO 3 
(see Fig. 16, curves 4 and 5) and ZnO--CuO systems. !°° 

Possibilities and limitations of the method 

On the basis of the results of the analysis performed 
and taking into account the examples considered, one 
can summarize the possibilities and efficiency of the use 
of the proposed metod of the surface phase analysis. 

The measurements of electrovconductivity with a 
direct current, which are suitable in principle for charac- 
terization of disperse systems, have some peculiarities 
which are of a special interest for the study of catalysts. 
First, these measurements can probe the subsurface lay- 
ers that determine the catalytic activity. Secondly, owing 
to the multiplicity of intergranular contacts and high 
value of the surface/bulk ratio that are inherent of 
powders, these measurements are extremely sensitive to 
surface processes and, hence, to genesis of a catalyst and 
changes in its surface. 

The TVE-curves method allowes one to carry out 
qualitative phase analysis of the surface of disperse sys- 
tems. The content of a phase found at the surface can be 
evaluated only relatively on the basis of the difference in 
heights of the arrangement of the curves in a plot, e.g., 
for a series of similar objects with different content of 
this phase (see Figs. 11, 13, and 15). 

The developed method of the surface phase analysis 
is suitable mainly to the objects with a semiconductor 
conductivity, viz., with the specific electroconductivity 
g20oc in the range from 10-2--10 -3 to 10-10--10-12 
Ohm -I cm -l. The TVE-curves do not reveal the qualita- 
tive differences neither among metals nor among 
dielecrics. However, this fact does not produce much 
limitations for the investigation of catalysts, because 
significant number of known catalitically active com- 
pounds and systems, viz., nearly all oxides and sulfides, 
borides, carbides, many composite and supported cata- 
lysts, including metallic film structures, can be 
catagorized as semiconductor objects. 

The method can be used in two modifications: as the 
registration method for the analysis of some conditional- 
stationary state of the surface in the previously trained 
samples and as the method for controlling the processes 
of genesis in an in situ version, i.e., for the samples which 
tmderwent no preleminary thermal treatment (see Figs. 

21 and 22). As in both versions vacuum heating to 400 °C 
causes commonly irreversible changes in the composi- 
tion and structure of a sample, the TVE-curves obtained 
are, as a rule, irreversible, although at the initial stage of 
heating, when only desorption processes occur, at least a 
partial reversibility of the TVE-curve is possible. 

The TVE-curves give information, as a rule, about 
predominant surface phase whose particles form a chain 
of continious conducting contacts (an "infinite cluster") 
at the surface. However, under specific conditions, the 
possibility of detecting other phases also appears. 
1. If the systems with changing components ratio rather 
than a separate sample of a fixed composition are under 
study, various surface phases are developed at different 
compositions (see Figs. 11, 13, 15, and 19). 2. If elec- 
tronic switching occurs during vacuum heating, the left 
branch of the TVE-curve characterizes one phase and 
the right branch charactirizes another phase (see Fig. 19, 
a, curves 2--4), or a break appears at the Arrhenius 
straight line at the specific temperature, and then the 
TVE-curve is divided to two branches, each of them 
determining its own phase (see Fig. 9, curve 4 and Fig. 
22, curves 4 and 5). 3. If a phase transformation occurs. 
For example, upon reduction and sintering of supported 
active oxide, a support can become uncovered (see Fig. 
26, curve 2 and Fig. 27, curve 4), while under thermolysis 
of a residual surface hydroxide an oxide can arise (see 
Fig. 7, curve 6). 4. In the case of overlapping (superposi- 
tion) of the TVE-curves for two or several phases, one 
can observe the distortion of a curve and its shift in a 
plot (see Fig. 19, b, curves 1, 7). 5. When solid solutions 
form, the TVE-curve of a pure phase is shifted in a plot 
or somewhat distorted accepting an intermediate shape 
(see Fig. 19, b, curves 2--4 in comparison with curve 1). 

Sensitivity of the method, determined as the lower 
limit of the concentration of a phase found, depends on 
the dispersion and distribution of phases in a system. 
Under statistical distribution, the concentration of 15-- 
25 vol. % (a theoretical value of the percolation thresh- 
old) is necessary for the arising of conducting ("infinite") 
surface cluster. However, under the conditions favoring 
the determination (a thin layer on a support or the 
formation of a new phase at intergranular contacts), the 
sensitivity can achieve 1%, i.e., to exceed substantially 
that of the XRD method, as was shown for the NiO-- 
TiO 2 system (see Fig. 15). On the other hand, one can 
judge about the character of phase distribution in an 
object by the difference in the sensitivity for specific 
phases. For example, insensitivity to the presense of 
nickel metal in the reduced NiO--TiO 2 system (see Fig. 
17) gives evidence for the screening of the metal particles 
by a support. 

In the combination with other physical and physico- 
chemical methods (XRD, XPS, electron microscopy, 
adsorption, catalytic test reactions), the TVE-curves 
method allows one to obtain a new information about 
phase-structural state of an object, genesis and transfor- 
mations of catalytically active surface, in particular, 
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about the appearance, distribution, migration, and inter- 
action of  surface phases. 

Conclusions 

The method of  thermovacuum curves of  electro- 
conductivity (the TVE-curves method) makes it possible 
to carry out qualitative estimation of  the phases at the 
surface of  a disperse object by measuring the electro- 
conductivity with a direct current during heating in 
vacuo. The method is very simple; nevetherless, it helps 
to obtain new and uncommon information in many 
cases. In combinat ion with other physical measurements, 
the proposed method allows one for the first time to 
characterize at the phase level the surface of  various 
catalytic systems of  semiconductor type (single, com-  
plex, and supported oxides, sulfides, chlorides). With the 
use of  the method, one manages to follow the biography 
of  an active surface starting from the precursors of  active 
phases and to compare the catalytic activity of  the 
objects studied with the surface phase composition. The 
use o f  the TVE-curves method contributed much to 
solving a number  of  problems of  heterogeneous catalysis 
related to the genesis and state of  an active surface, as 
well as deactivation and regeneration of  a catalyst. First, 
these include problems on the formation of  surface solid 
solutions, migration and distribution of surface phases 
the relation between catalytic activity and the surface 
phase structural state, the mechanism of interaction of  
an active phase with a support, and the conditions of  
stabilization, destruction, and regeneration of  active struc- 
tures. The TVE-curves method, in combination with the 
procedures of  "electroconductivity-- composition" and 
percolation analysis, allows one to extend the possibili- 
ties o f  these procedures owing to the identification of  the 
phases revealed. 

The applications of  the TVE-curves method are pro- 
spective not only in the field of  heterogeneous catalysis 
but also for solving problems connected with other dis- 
perse solids: adsorbents, ceramics, sensors, HTSC-mate-  
rials, organic semiconductors,  l°l,l°z as well as of  prob- 
lems of  topochemistry 85 and mechanochemistry. 1°3 
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