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The influence of electric fields on the chemisorption and catalytic
properties of semiconductor catalysts
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ABSTRACT. Studies of the influence of electric fields on the
chemisorption and catalytic properties of semiconductor catalysts,
carried out in order to test the principal postulates of the electronic
theory of catalysis, are examined. It is shown that, because of the
high density of the surface states, the possibility of the electronic
control of the surfaces of polycrystalline catalysts by the field effect
method is extremely limited. Possible ways of regulating the
chemisorption and catalytic activities of solid catalysts with the aid
of an external electric field are discussed: (1) the change in the
concentration of polar molecules in strong inhomogeneous local
fields near the surface; (2) the activation of surface compounds by
"hot" electrons; (3) the modification of the defective structure when
the concentration of cations in the surface layers of oxide catalysts is
altered; (4) surface doping of film catalysts by alkali metals from
the dielectric support during their electrolytic deposition.
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Introduction

In chemical thermodynamics the external electric field is
considered, like pressure and temperature, as an additional
thermodynamic parameter influencing the rate and equilibrium
constants for a chemical reaction. The principal aspect of the
utilisation of electric fields in catalysis is at the junction between
catalysis and electrochemistry and has been the subject of a special
branch of chemistry—electrocatalysis. The need to solve practical
problems—the creation of highly effective hydrogen and oxygen
electrodes, the search for low-temperature hydrocarbon oxidation
catalysts, the intensification of various reactions involved in the
electrosynthesis of organic and inorganic compounds, and also the
additional possibilities for the investigation of the mechanism of
catalysis by electrochemical methods—have stimulated a large
number of studies in the field of electrocatalysis, the principal
results of which have been surveyed in a series of reviews1^* and
monographs.5·6

Very strong fields are used in the study of surfaces by the
autoelectronic and autoionic microscopic methods. These methods
make it possible to obtain an image of the surface and the use of an
atomic probe or a mass spectrometer also permits the study of the
chemical composition of the surface and of a wide variety of
reactions occurring in extremely strong electric fields at the tip of
the emitter. The field-stimulated surface reactions have been
analysed in a series of reviews.7~10

Finally, as the electronic ideas have developed, yet another aspect
of catalysis has arisen—the employment of the field effect method
in the study of the chemisorption and catalytic properties of
semiconductors.

The idea that free carriers are involved in chemisorption and
catalytic properties appeared in connection with the experimental
observation of the dependence of the electrophysical parameters of
semiconductors (electrical conductivity, electron work function, and
the Hall constant) on the gaseous and environment. The theoretical
foundations of the electronic theory of catalysis were laid in the
studies of Vol'kenshtein [Wolkenstein],11 Hauffe,12 German,13 and
other workers. The use of quantum-statistical methods for the
description of surface phenomena made it possible to discover the
role of the Fermi level as a "collective" factor influencing the
chemisorption and catalytic properties of semiconductors. Hence
follows directly the possibility of regulating the activity of catalysts
via external influences such as the introduction of heterovalent
additives14"16 and the application of an external electric field, which
shifts the position of the Fermi level on the semiconductor surface.

The change in the chemisorption and catalytic properties of
semiconductors following the application of an external electric field
was predicted theoretically by Vol'kenshtein as early as 1955.17

The electroadsorption effect was first observed experimentally in a
study18 where an increase in the hydrogen and carbon monoxide
pressure was noted when a positive potential was applied to a
germanium film specimen. At the present time the influence of the
field on chemisorption and catalytic properties has been observed
also in other studies. In view of the fundamental importance of
these results for the confirmation of the electronic theory of
catalysis, they have been described in many monographs and review
articles devoted to the physical chemistry of the surfaces of
semiconductors .n>19~21

In semiconductor physics, the field effect method has been given
a theoretical justification. It has found technical applications in
connection with the use of sufficiently perfect single crystals with the
lowest concentration of surface states at the semiconductor-dielectric
interface. However, the majority of the adsorption and catalytic
studies in which the field effect method was applied have been
carried out on polycrystalline specimens with a high concentration of
surface states, which exceeds by several orders of magnitude the
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density of the field-induced charge. Under such conditions, it is
impossible to expect any appreciable shift of the position of the
Fermi level or a change in the charge state of the catalytic reactive
centres. In most studies, qualitative results concerning the effect of
the field on adsorption and catalysis were presented without a
comparison of the orders of magnitude of the observed effect with
the concentration of the field-induced charge and the possible shift
of the surface potential. It is striking that, despite the entire wide
variety of the condenser designs and conditions (temperature,
pressure, electric field strength, material of the dielectric) used,
different secondary influences by the field on the heterogeneous
catalytic system were as a rule not taken into account.

The aim of the present review is a critical examinaion of the
results of studies of the chemisorption and catalytic properties of
semiconductors by the field effect method with allowance for the
physicochemical phenomena arising in systems when an external
field is applied and the discussion of the possible mechanisms of the
observed effects and the ways in which the electric field influences
the adsorption and catalytic processes.

Henceforth the terms "electroadsorption" and "electrocatalysis"
will be understood to imply the influence of an external field on the
chemisorption and catalytic processes regardless of the mechanism
involved in the action of that field. The electric field strength used
in the field effect method is determined by the breakdown strength
of the dielectric and does not exceed 3 χ 108 V m"1, but, owing to
the roughness of the relief, near the surface the field strength may
greatly exceed the average value calculated from the geometry of
the condenser. We shall therefore consider briefly below the
mechanisms of the influence of a very strong field on a hetero-
geneous gas-solid catalytic system.

Π. The possible mechanisms of the influence of a
very strong electric field ( > 108 V m"1) on a
heterogeneous gas-solid catalytic system

The electroadsorption and electrocatalytic effect in a gas-solid
system may be determined both by the change in the state of the gas
and solid molecules in the external field and by the influence of the
field on their interaction. The effect of the field on a heterogeneous
catalytic system is based on the following physical phenomena.

1. The change in the potential energy of the electrons of the
atoms, molecules, and ions formed in the autoionisation process in
a very strong external field (5 χ 109—5 χ 1010 V m"1).

2. The formation of a system of dipoles oriented by the field.
3. The change in the electron work function of the solid as a

consequence of the influence of the field on the electrostatic image
forces.

4. The appearance of a mechanical stress, directed at right angles
to the surface of the solid, when the electric field is applied.

We shall consider the mechanisms of the influence of the field on
adsorption and catalysis determined by these phenomena.

The possibility of altering the properties of a heterogeneous
catalytic system under the influence of very strong fields
(> 5 χ 109 V m"1), comparable to intraatomic fields, is not open
to doubt. Quantum-mechanical calculation performed for a series
of gas molecules have shown22'23 that, for Ε > 5 χ ΙΟ9 V πΓ1, the
electron density is redistributed and this is accompanied by a change
in the effective charges on atoms, in the bond lengths and angles,
and in the ionisation potentials and electron affinities and hence by

a change in the reactivity of the molecules. A simple diatomic
adsorbate-support model in an external electric field has been
calculated24 by the LCAO method. An effect of the field on the
bond energy, the equilibrium position, and the vibration frequencies
of the adsorbate has been observed for Ε > 109 V m"1. The
energies of the bonds formed on chemisorption of the H2O and CO
molecules on NaCl and MgO(OOl) have been given25 as a function of
the adsorbate-support distance in the presence of an external field.
It has been shown that the field alters not only the electrostatic but
also the exchange energy of the interaction of the adsorbed
molecules with the surface of ionic crystals.

In the strong electric field (~ 1010 V m"1) arising at the tip of the
ion emitter, atoms and molecules are ionised due to the quantum-
mechanical tunnel electron transfer through the barrier generated by
the field and the image forces in the metal.8"10'26 The change in the
form of the potential curve for the ion near the surface of the solid
when an external ~ 1010 V nT1 field is applied can lead (depending
on the sign of the field) either to the stabilisation of the surface ionic
structures or to the desorption of the ion by the field. Analysis of
the chemical composition of the surface by the method involving the
desorption of ions by the field using a time of flight atomic probe or
an ionic field mass spectrometer have made it possible to observe
various reactions occurring in the presence of strong electric fields.
The following types of reactions have been quoted in a review.9

(a) Proton or cation exchange in the ionisation of gas molecules
near the surface.

(b) The formation of complex ions on interaction of various gases
with metallic emitters.

(c) The decomposition of molecules into fragments under the
influence of the field.

(d) The ion-molecule reactions which can be initiated by radicals,
radical-ions, or molecules in ionised states.

The study of the elementary processes occurring under the
influence of very strong fields is of definite interest also for
catalysis in the absence of an external field, because fields with
Ε a: 109 V m"1, generated by the ionic lattice of the solid, are then
present over the surface of catalysts.27

For Ε < 5 χ 109 V m"1, where the changes in the quantum-
mechanical parameters of the molecules under the influence of the
field become insignificant, the influence of the field on the
adsorption and catalytic processes can be determined by polarisation
effects. On polarisation in an external electric field, molecules with
a dipole moment μ and a polarisability α receive an additional
energy & = μ is + l/2aiE2, which results in their preferential
orientation in space in the direction of the field, which cannot fail to
affect the energy of the bond between the adsorbed species and the
catalyst surface.

The dependence of the coverage of the tungsten tip of an [field
ion] emission microscope by oxygen and alkali metal atoms on the
field strength near the tip has been investigated.28"30 The state of
the surface before and after adsorption and also the change in the
degree of adsorption under the influence of fields of different
polarity were characterised by the electron work function of the tip
determined from the Fowler-Nordheim relation between the
emission current and the applied potential. It was observed that
the degree of surface coverage by metal atoms under the influence
of a field having a positive polarity increases and that under the
influence of a field with a negative polarity diminishes. In relation
to oxygen, the electron adsorption effect has the opposite sign—
additional adsorption of oxygen on the tungsten tip is observed
when a field with a negative polarity is applied. The results
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obtained make it possible to represent the metal and oxygen atoms
adsorbed in a charged form as dipoles with effective dipole
moments μ* and polarisabilities a*, the heat of adsorption of
which changes in the presence of the field Ε by an amount
Aq = μ*Ε+ι/2<χ*Ε2. With increase in the degree of coverage and
hence with decrease in the proportion of the charged form of the
chemisorbed species, the influence of the field on the chemisorption
weakens and the effective values of μ* and a* diminish in the
general case.

The changes in the state of the gas phase after the application
of an external field can also be described by means of a
thermodynamic approach31 taking into account the influence of
polarisation and spatial orientation processes on the entropy and the
internal and free energies of the reactants and products of the
chemical reaction and hence on its rate and equilibrium constants.
The change in free energy per unit volume of the dielectric after the
application of a field Ε is Δ !F = lj2 ε ο ε Λ is2. If the dielectric
constants εΰ of the reactants and products are not the same, there is
a possibility of a shift of the thermodynamic equilibrium in the
system. According to the data of Block and Moentack,32 the
change in the equilibrium constant Κ as a function of the electric
field strength Ε is determined by the relation

d In K/dE = AM/kT,

where AM is the difference between the field energies of all the
species in the field Ε before and after the reaction:

Λ w = [Σ μ, - Σ."']E + va [Σ «Ρ - Σ «J £ 2 .

(The subscripts r and ρ refer to the reactants and products of the
reaction respectively).

The change in the reaction rate constant as a result of the
decrease in the entropy of the dipolar molecules in the gas phase or
in the adsorption layer, caused by the freezing of the rotational
degrees of freedom in the electric field, has been estimated.33 For a
limited rotational freedom of the activated complex, this increases
the reaction rate constant in the field Ε = 9 χ ΙΟ9 V irT1 by a
factor of 102-104. Evidently the polarisation effect can have an
appreciable influence on the thermodynamic state of the gas phase
and on the rate of chemical processes in a field Ε > 10y V m"1,
where the field energies of the species exceed kT. For example,
$ ~ kT for a water molecule with μ = 1.8 D and α = 1.46 A when
Ε = 3 χ 109 V irf1. When Ε < 108 V irT1, the polarisation effects
may be neglected.

Another thermodynamic parameter which changes in the presence
of an inhomogeneous electric field is the pressure exerted by a
gaseous dielectric on the surface of the solid catalyst. In the space
near the electrode, the polarised gas molecules are acted upon by the
force

g- = (μ -f OLE) dE/dr,

which is proportional to the electric field strength gradient dE/dr and
which varies as the density of the flux of species incident per unit
area per unit time and of the momentum given up by the molecules
to the solid.7 The multilayer adsorption of water vapour (~ 100
monomolecular layers) on a tungsten tip has been observed34 at
high electric field strengths (E > 109 V πΓ1) and a low vapour
pressure (pn2o

 = 10~3 ? a ) m the chamber of an ion emitter. The
condensation of water vapour under such conditions can be
explained by the increase in the pressure pn2o by several orders of
magnitude near the tip as a result of the force acting on the dipolar

H2O molecules in the field direction. The sharp increase in surface
coverage of a germanium cathode by oxygen in a field with the
autoionic sign whose strength exceeds 1.39 χ 1010 V m"1 has been
noted.35 The authors attribute this threshold effect to the
possibility that the oxygen molecule may overcome the activation
barrier in adsorption on a germanium tip as a result of the energy
aquired in the inhomogeneous electric field. The increase in the
surface coverage of the catalyst by the reactants under the influence
of the electric field can alter the kinetics and mechanism of the
catalytic process.

The external electric field can act both on the local properties
of the solid catalyst and on the electron work function as a
consequence of the Schottky effect. The decrease in the electric
image forces in the presence of the external field reduces the overall
electron work function by an amount Δχ = e3 / 2£"1 / 2 and is
observed from the increase in the thermal electron and autoelectron
emission currents and also from the increase in the degree of surface
ionisation.36 The surface ionisation and ion adsorption and
desorption processes induced by the field can influence the rate of
homogeneous-heterogeneous catalytic reactions. As an example, one
may quote the decomposition of ammonia on the Pt-Rh-Pd catalyst
in an electric field.37 When a negative potential was applied to the
catalyst, an increase in the rate of decomposition of NH3 by a factor
of 1.5-2 was observed with a simultaneous decrease in temperature
and the conductivity of the specimen. The mechanism of the action
of the field was attributed by the authors to the field-induced
desorption of the negatively charged species, which accelerates the
gas-phase processes. The field thereby prevents the species
recombination processes on the surface, as a result of which the
temperature on the catalyst surface decreases.

The changes Δχ become appreciable for fields with Ε > 108 V πΓ1

and should have a significant influence on the rates of reactions in
which the electronic transitions between the solid and the surface
species constitute the rate-limiting stage of the reaction. The study
of the dependence of the activation energy for the decomposition of
formic acid and of the rate of the latter on the electron work
function of the catalyst, altered by an external electric field, has been
undertaken.38 A silver wire 2.5 x 10~5 m in diameter, serving as
the internal electrode of a cylindrical condenser, was used as the
catalyst. The changes in the electron work function Δχ after the
application of the field were detected reliably by measuring the
autoelectron emission currents. In conformity with earlier results,39

it was assumed that the catalytic decomposition of formic acid
should be accelerated by a field with a positive polarity of the silver
catalyst and should be inhibited by one with a negative polarity.
However, experiments showed that an irreversible decrease in the
rate of reaction takes place in both cases. The authors explained
this result by an increase in the roughness of the catalyst surface
and a change in its structure when the reaction takes place in the
presence of the field.

The mechanism of the change in the structure of the catalyst
surface in an external field is apparently complex, but, when
Ε > 109 V irT1, the mechanical stress GE — ι/&πεοΕ2, arising
under the influence of mechanical forces and directed at right angles
to the electrode surface, plays an important role. In fields with
Ε = (3-5) x 109 V irT1, whereupon the energy imparted by the
field to the gas molecules is comparable to kT, the mechanical stress
σ£ = ΙΟ6—107 Pa can induce the plastic deformation of the surface
layers of the solid.40
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Thus, despite the wide variety of the mechanisms of the action of
fields with Ε > 109 V m"1 on the catalytic system (the rearrange-
ment of the molecular and surface structures, the change in the
energy of the bond between the adsorbate and the surface, the
dependence of the rate and equilibrium constants for a chemical
reaction on the field, the increase in the gas pressure near the
catalyst-electrode, and the influence of the field on the electronic
transitions between the solid and the adsorbed species, and the
desorption of ions by the field), the possibility of using very strong
fields in catalytic studies is limited as a consequence of the
degradation of the catalyst surface by the field.

III. The influence of the electric field on the
chemisorption and catalytic processes occurring on
semiconductor catalysts

1. The mechanism of the influence of the electric field on
chemisorption and catalysis from the standpoint of the
electronic theory

In the case of a semiconductor catalyst, the influence of the field
on chemisorption and catalytic processes can be associated with the
shift of the position of the Fermi level on the semiconductor
surface when an additional surface charge is induced by the field.
This possibility has been examined in the electronic theory of
catalysis.11'41'42 According to the electronic theory,11 the gas
molecules are adsorbed on the surface of the semiconductor catalyst
in neutral and charged forms, between which transitions are possible.
The probability that a species exists in the charged or neutral state
and also the degree of surface coverage of the adsorbent under the
conditions of thermodynamic equilibrium, when adsorption
equilibrium between the gas phase and the surface and the
electronic equilibrium between the bands and the surface state have
been attained, is determined by the position of the Fermi level at the
surface of the semiconductor catalyst.11 The species chemisorbed in
the donor, acceptor, and neutral forms differ in their reactivities.
The Fermi level, by determining the concentration of the active
form, is thus a regulator of the rate of the catalytic reaction. The
rate of reaction may depend on the position of the Fermi level also
in the case where the intermediate surface compounds are formed
with participation of the conductivity electrons of the solid.43

Hence follows the possibility of a change in the adsorption capacity
and catalytic activity of the semiconductor catalyst after the
application of an external field, which alters the concentration of the
free carriers in the surface region of the semiconductor and hence the
level of the chemical potential of the electrons.

The relative changes in the chemisorption capacity and catalytic
activity induced by the electric field are defined by the following
relations according to the data of Baru and Vol'kenshtein:42

ΔΛΓ/JV, = (Ν - N9)/N0 = η * {exp [ τ (Vs - V,,)] - 1}, (1)

&, = {g- goVg = e x P [=F (V. - Vso)] - 1, (2)

where Ν and iV0 are the total numbers of species of the given kind
chemisorbed on a unit surface under the conditions of equilibrium
in the gas phase when the field is applied and in its absence,
η Ϊ? = ^-oINo is the relative content of the charged form on the
surface for Ε = 0, g and go are the rates of reaction when the field

is applied and in its absence, and VS-VSQ is the change in the
surface potential (in units of kT) equal to the shift of the position
of the Fermi level on the surface of the specimen following the
application of the field; (VS—VSQ) > 0 corresponds to an increase in
the electron work function after the induction of a positive charge in
the semiconductor and (Vs-Vso) < 0 corresponds to its decrease
after the introduction of a negative charge into the semiconductor.

It follows from Eqns.(l) and (2) that the field inducing a negative
charge in the semiconductor and shifting the level of the chemical
potential on the specimen surface upwards relative to the edge of
the band increases the degree of adsorption of acceptors (and also
accelerates the acceptor reaction) and diminishes the degree of
adsorption of donors (inhibits the donor reaction). The field
inducing a positive charge in the semiconductor acts in the opposite
way. The form of the functional dependence of Δ Ν/Ν ο and Ag/go
on Vs-Vso shows that the positive effect increases with increase in
the displacement of the surface potential, while the negative effect is
expressed by the asymptotic approach of ANjNo to η ο and of Ag/go
to -1 . Consequently the electrodesorption effect is limited by the
relative contribution of the charged form of chemisorption before
the application of the field.

2. The change in the bending of the bands of on the surfaces of
semiconductors under the influence of an external electric field

The conclusion arising from the electronic theory thai the
chemisorption and catalytic activities of semiconductors can be
regulated by an electric field has been tested experimentally. The
change in the concentration of free carriers in the surface region of
the semiconductor catalyst was achieved by applying a potential
difference to a condenser one of the plates of which consisted of the
semiconductor investigated. The wide variety of condenser designs
employed is striking (Fig. 1) A plane-parallel condenser has been
used in a number of studies44"49 (Figs, la, lc, and le), while the role
of the dielectric plate was assumed by a vacuum (gas) or a mica
plate. The principal deficiency of condensers having this design
is the presence of a field in the gas phase at the surface of the
adsorbate, which requires special precautions to avoid their discharge
and the ionisation of the gas.

A condenser design free from this disadvantage has been
proposed18 (Figs. \b and If). A thin film specimen, whose
thickness d is smaller than the Debye shielding length L, is sputtered
onto a support which serves simultaneously as the dielectric plate of
the condenser; a metallic electrode is deposited on the other side of
the support. Condensers having this design have been used in a
number of studies18'50"71 and it has been shown72 that, when the
condition d < L holds, the application of the field should alter the
position of the Fermi level and the degree of filling of the surface
states by electrons not only from the inner side of the film but also
from its outer side directed towards the gas phase.

Cylindrical condensers with a gap above the catalyst surface have
been used to investigate the influence of the field on chemisorption
and catalytic processes at elevated temperatures and pressures
(from 2 χ 103 to 105 Pa) 7 3" 7 7 (Figs, lg and 1Λ). In order to avoid
discharge processes in the gas phase and the electrical breakdown of
the dielectric, the field strength between the condenser plates was
kept at a value not exceeding 106 V m"1 and the charge induced in
the semiconductor was eA«v ^ 5 χ 1013 el. charge m~2. In a
number of studies,44"46·50"54, electroadsorption has been investigated
at room temperature and low adsorbate pressures (0.5 Pa), which
made it possible to increase the field strength to 2 χ 107-
2 χ 108 V m"1 and the induced charge to 1015-1016 el. charge m"2.
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A quantitative comparison of the experimental results for the
influence of the field on chemisorption and catalytic processes with
theoretical data derived from Eqns. (1) and (2) of the electronic
theory is possible, provided that the dependence of the shift of the
surface potential (Vs-Vs0) on the electric field strength Ε is known.
The dependence of Vs on Ε cannot be obtained purely theoretically
from the solution of the Poisson equation because a large part of the
charge induced by the field is captured by the surface state of the
semiconductor and the shift of the surface potential is much smaller
than the theoretically possible value. The field effect method has
been developed in detail for germanium and silicon single
crystals.78"80 This method makes it possible to calculate from the
experimental field effect curve the bending of the bands on the
surface and the charge captured by the surface state as a function of
the field-induced charge.

Most of the studies of the influence of the field on chemisorption
and catalytic processes have been carried out on polycrystalline
semiconductor specimens, an exact calculation of the electrophysical
parameters of the surface of which as a function of the electric field
strength is impossible. The relation obtained by Many et al.80 has
been used by Deren and Mania75 to estimate the order of magnitude
of the bending of the bands after the application of the field:

Vs - Vsa = cLE

where L is the Debye shielding length:

(4)

L = (soznkT/2ne-no)"', (5)

where εη and ε are the dielectric constants of the semiconductor
and the dielectric, Λ ο is the concentration of free carriers in the
semiconductor, and e is the charge of the electron. The field
strength in the semiconductor En is linked to the field strength in
the dielectric Ε by the electrostatic relation

£„=(*/*„)£. (6)

One should bear in mind that such a shift of the surface potential
is established in the first instant after the field has been switched on
and then, as the charge is captured by surface states, the quantity

Vs-Vso can decrease appreciably. Virtually all the semiconductors
investigated are characterised by a high density of surface states.

On a germanium single crystal, the density of fast and slow
states is 1016 m~2, but increases after the adsorption of water,
p-benzoquinone, and diphenylamine vapours to 1018 m~2 and
above.81'82 On epitaxial PbS films, the concentration of slow states
in vacuo is 1017 m~2.83 Evidently the density of surface states on
polycrystalline specimens should be even higher. The shift of the
Fermi level on the outer side of the film after the application of an
electric field to its reverse side has been determined by the conducti-
metric and the contact potential difference methods in a study57

carried out on polycrystalline T1O2 films deposited on mica
supports (the condenser illustrated in Fig. \b). It was shown that a
thin film of reduced T1O2 (~500 A) provides an almost complete
shield against the field and the change in the contact potential
difference is much lower than the theoretical value, which indicates a
transfer of a considerable proportion of the induced charge to the
surface states.

A large proportion of studies of the influence of the field on the
chemisorption and catalytic properties of semiconductors have been
carried out on polycrystalline zinc oxide specimens.48'50'51'66"68'76

The field effect on ZnO single crystals and polycrystalline film
specimens in vacuo has been observed by a number of workers.84"91

Estimating the mobility of the field effect with different initial
conductivities of the specimen, Heiland85 calculated the density of
surface states per unit energy range in the vicinity of the Fermi level:
SEF = 1018 m~2 eV"1. Later SEF was regarded92'93 as the
"effective" density of capture centres taking into account the fact
that a proportion of the states undergoing charge transfer after the
application of an electric field or on illumination exist not on the
surface but in the region of the space charge. The nature of the
capture centres for the free carriers is apparently immaterial for the
estimation of the shift of the Fermi level following the application of
the external field. Bearing in mind that the field-induced charge
eArtyis equal to the sum of the charges eAnss + eAnc(eAnss and
eAnc are respectively the density of the charge transferred to the
capture centres and the charge participating in the conduction by the

Figure 1. Design of the condensers used in the study of the influence of an external electric field on the chemisorption and
catalytic properties of semiconductors: 1, field electrodes; 2, layers of dielectric; 3, test specimens; 4, support or holder.



522 Russian Chemical Reviews 58 (6) 1989

specimen) and that we have eAnc <̂  eAnssso that eAny =* eAnss,
it is possible to estimate the shift of the Fermi level provided that the
density of states SEFJ Per unit energy range, is known:

(7)

Henceforth, in order to discriminate between the mechanisms of
the effect of the field on the chemisorption and catalytic properties
of polycrystalline semiconductors, the observed effects will be
compared with the changes in the surface potential Vs - Vs0

(possible for the field strengths Ε and the concentrations of the field
induced charge eAnv employed) calculated with the aid of Eqns. (4)
and (7).

3. The electroadsorption of gases on semiconductor adsorbents

(a) The electroadsorption of oxygen and methanol and water vapours
on a germanium single crystal

The classical field effect method78"80 has been used to investigate
the influence of the field on the adsorption of oxygen and methanol
and water vapours on a germanium single crystal.44"46 It is
noteworthy that the surface properties of germanium, studied by
many investigators,21'78"50 are by no means described by the simple
ideal crystal model with a local level of the adsorbed molecule,
which has served as the basis of Vol'kenshtein's electronic theory.
On a "real", i.e. oxidised, surface of the germanium single crystal78

one observes a high concentration of fast and slow states of
adsorption or biographical origin. By virtue of the cooperative
character of the local fields, the curves for the charge capture by
both fast and slow surface states, which depend on the surface
potential, are monotonic.

In the adsorption of different molecules, the local surface levels
are not manifested, but the energy spectrum shifts smoothly towards
an increase in the concentration of slow surface states. Kiselev94"97

proposed a donor-acceptor mechanism of the charging of the
surface in adsorption, which is based on the idea that the adsorbed
molecules interact with "defective" surface atoms. When an
adsorption complex is formed, the electrophysical parameters of the
defect change, as a result of which it is converted into a hole or
electron capture centre and the localisation of the charge influences
in its turn the character and strength of the bond. The chemi-
sorption of the charged form alters the bending of the bands on the
semiconductor surface, which entails a redistribution of the charge
between the levels of the chemisorbed species and the levels of the
biographical defects. The redistribution of the charge between the
fast and slow surface states of biographical and adsorption origin
and the continuous character of the energy spectrum complicate the
observation and interpretation of the electroadsorption effect.

Since the surface of the germanium single crystal (2 χ 10"4 m2) is
small, manometric adsorption measurements were not performed
and the electroadsorption effect was estimated from the sign and
magnitude of the change in the surface charge after the adsorption
of the gas in the presence of the field.44"46 The condenser
illustrated in Fig. la was used in these studies. It is striking that the
electroadsorption depended on the method used for the preliminary
treatment of the surface of the germanium single crystal. By
varying the etching conditions, two types of surface were obtained.
For the same geometry of the condenser, gas pressure, and electric
field strength, the electroadsorption of oxygen was observed on a
type II surface but was absent on a type I surface. On the other
hand, methanol vapour was adsorbed in the presence of the field
only on the type I surface. This must be regarded as proof that the

electroadsorption of gases is not associated with the discharge in the
gas phase but is determined by phenomena occurring on the surface
of germanium in the presence of the field.

The influence of a field with negative polarisation, which increases
the number of electrons on the surface, on the adsorption of O2 was
observed on incompletely oxidised type II germanium specimens with
a high density of slow acceptor states (there were no slow donor
states on these specimens). After the field had been switched off in
an oxygen atmosphere, the steady relaxation of the reverse electron
transition to the bulk of germanium from the slow acceptor states,
which are apparently centres for the adsorption of O2, increased
(compared with a vacuum). This induced an increase in the
negative surface charge (Fig. 2). An increase in the positive surface
charge has been detected on type I specimens, having the structure
of the "real" surface and a high density of slow donor states, in the
adsorption of methanol vapour under conditions involving the
application of a field with positive polarity to the specimen.

time, h

Δ-— 3

105β™ C m-2

Figure 2. Relaxation of the surface charge: 1, in the adsorption of
O2; 2, when the field is switched off in vacuo; 3, when the field is
switched off in an oxygen atmosphere; 4, the charge on the surface
conditioned in vacuo.

A quantitative comparison of the change in the positive charge of
the surface with the shift of the Fermi level has been carried out4 6 in
relation to the electroadsorption of water vapour using a pulse
method, which is free of the disadvantages of the field effect method
at a constant potential such as the inconstancy of the shift of the
Fermi level as a function of time, the filling of surface states of
non-adsorption origin, and appreciable changes in the surface
potential of the opposite sign when the field is switched off. The
amplitude, duration, and Q-factor of the pulses were chosen so that
the switching on of the pulse field in vacuo did not change the
surface charge of the specimen heated at 450 K. When a pulsed
field with a positive polarity is applied to germanium in the presence
of water vapour, the positive surface charge accumulates, the
accumulation effect increasing with increase in the amplitude of the
pulses. In a pulsed field with the opposite polarity, a decrease in
the positive surface charge was observed with a tendency towards
saturation as the amplitude of the pulses rose.
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The experimental dependence of the change in the positive surface
charge AQ yin the adsorption of water vapour on germanium in a
field with a positive polarity applied to the specimen (measured after
the completion of the rapid relaxation process) on the change in the
bending of the bands (Vs-Vs0) is described by the relation46

AQ\- = const -exp (V's — V'sll). (8)

The results of the study of the electroadsorption of water and
methanol vapours on germanium have been examined by Kiselev94"96

from the standpoint of the donor-acceptor model. According to
these data,94'95 the CH3OH and H2O vapours are adsorbed on an
oxidised germanium surface via a coordination mechanism in the
vicinity of surface defects, which serve as capture centres for holes
from the bulk of the semiconductor. The localisation of a hole near
a coordinated water molecule should result in the unshared electron
pair being pulled even further to the adsorption centre and in an
increase in bond strength. A field increasing the concentration of
holes on the semiconductor surface should promote the adsorption
of water molecules, while a field with the opposite polarity should
induce their desorption.94"97 In later studies,98'99 the accumulation
of the positive surface charge was explained by the protonation of
H2O. According to Kiselev and co-workers,98'99 the localisation of
a hole in a slow state increases the effective dipole of the adsorbed
complex, increases the amount of ionic character of the bond, and
decreases the activation energy for the heterolytic dissociation of
H2O. These processes can be regulated by altering the electronic
state of the surface with the aid of an external electric field. The
number of protonated water molecules increases exponentially with
increase in the shift of the surface potential (Vs-Vs0) in the presence
of the field.

(b) The electroadsorption of O2 on polycrystalline ZnO films

The influence of field on the adsorption of oxygen has been
investigated on β-HgS films47 and polycrystalline ZnO
specimens.48'50'51'56 A condenser with a mica plate, illustrated in
Fig. lc, where the maximum field strength was 10' V m"1, has been

used.47 In order to observe the effect, measurements were made
of the resistances of the specimens in the adsorption of O2 with
the field applied to the specimen. The adsorption of oxygen
(po2 — 5 χ 10"1 Pa) was accompanied by an increase in the
resistance of the β-HgS film exhibiting «-type conductivity. When a
field increasing the concentration of electrons in the semiconductor
was subsequently switched on, the resistance of the specimen σ fell
and, after it had been switched off, the resistance acquired a value
appreciably exceeding σ before the application of the field. This
result has been explained47 by the transition from the neutral form
of chemisorption to the charged form as a consequence of the
additional capture of electrons by centres with chemisorbed oxygen.

The additional increase in the resistance of the specimens after the
adsorption of oxygen with the field applied to the specimen has been
observed by Hoenig and Lane48 and Constantinescu et al.56 Hoenig
and Lane48 used a condenser with an air gap (Fig. lc), low field
strengths Emax = 5.6 χ 105 V m"1, and an induced charge
concentration EAnv = 2 χ 1013 el. charge m""2. Under these
conditions, the shift of the Fermi level, estimated according to
Eqn.(7), is ~2 χ 10"5 eV and the influence of the collective factor
on the adsorption of gases may be disregarded because it is
insignificant.

The fact that the additional increase in the resistance of the ZnO
film in the presence of oxygen occurred following the application of
a field with a negative polarity to the semiconductor is also striking
(Fig. 3a). This result is an argument against the discharge
mechanism of the electroadsorption of oxygen, since in a discharge
negative charging of the surface is attained after the application of a
positive potential to the specimen. However, the data obtained by
the field effect method on ZnO single crystals and polycrystalline
specimens (with the exception of one study100 carried out on a ZnO
single crystal freshly cleaved in an ultrahigh vacuum at low
temperatures) indicate the absence of surface conductivity of the
inversion type; the negative charge induced by the electric field
increases the conductivity of the specimen by an amount Δσ ν· It
has been shown88 that in an oxygen atmosphere the quantity Δσ ν
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Figure 3. The influence of the field on the adsorption of oxygen and hydrogen on polycrystalline ZnO films, a, Variation
of the conductivity of the specimen in a stream of the N2 + O2 mixture: 1, in the absence of the field; 2, on application of
a field having the - sign to the specimen; 3, on application of a field having the + sign to the specimen; b, The relative changes
in resistance AR/R0 as a function of the applied potential: J, on application of a field having the -sign to the specimen
(the changes AR/Ro in vacuo and in a O2 atmosphere are the same); 2, on application of a field having the + sign to the specimen
in vacuo; 3, ditto in a O2 atmosphere (po2 = 1.3 χ 102 Pa); c, the relative changes in the conductivity of the film Δσ/σ0 in the
adsorption of hydrogen (curve /) and oxygen (curve 2) atoms as a function of the magnitude and sign of the potential applied to
the field electrode (po2 = pa2

 = 1-33 Pa).
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diminishes (whilst retaining the positive sign) as a result of the
additional capture of electrons by the oxygen-generated acceptor
traps. The increase in the resistance of the ZnO films when a
negative-polarity field is applied to the semiconductor is apparently
associated with some kind of additional mechanism of capture of
free carriers by the adsorbed oxygen.

The field effect is usually considered in the literature from the
standpoint of the breakdown of the electronic equilibrium between
the surface and the bulk of the semiconductor when a transverse
electric field is applied. However, under conditions where a field
acts on defective structures such as those of polycrystalline oxide
films, there is apparently a shift of not only the electronic but also
of the electronic-ionic equilibrium in the surface region of the
semiconductor. In particular, on reduced ZnO films with a high
concentration of interstitial Zn + ions, there is a possibility of the
relaxation polarisation of the specimen under the influence of the
external field penetrating the specimen over a distance equal to the
Debye shielding length. The characteristic features of the variation
of the electrical conductivity of ZnO following the adsorption of
oxygen have been explained by the migration of the interstitial zinc
in the region of the space charge.101 In another study,102 this
phenomenon was regarded as an additional mechanism for the
discharge of a surface subjected to the action of a corona discharge.
The relaxation polarisation of ZnO following the application of a
positive potential to the field electrode of the condenser (Fig. lc)
should lead to the diffusion of Zn + into the bulk of the specimen
and of electrons to the ZnO surface. The increase in the resistance
of the film observed in electroadsorption of O2 can be explained by
the capture of these electrons by the chemisorbed oxygen.48

The relaxation polarisation of the film in an external field
apparently determines the mechanism of the electroadsorption of O2,
which has been observed56 from the additional increase in the
resistance of the ZnO film in a O2 atmosphere following the
application of a positive-polarity field to the specimen (Fig. 3b),
which seemingly conflicts with the ideas of the electronic theory of
adsorption. ZnO films with a thickness of (3-5) χ 104 nm,
comparable to the Debye shielding length, and the condenser
illustrated in Fig. 1/ were used in the above study. The authors
suggest that oxygen is adsorbed mainly on the outer side of the film
adjoining the gas phase and explain the observed effect by a change
in the potential within the Zn film as a result of the accumulation of
electrons at the oxide film-gas interface. The mechanism of such
electron accumulation is apparently associated with the migration of
mobile interstitial zinc ions Zn"*" to the glass-semiconductor interface
when a negative potential is applied to the field electrode.

A somewhat different result was obtained on ZnO films
5 χ 103 nm thick, sputtered onto a mica support (the condenser
illustrated in Fig. \b was used) under conditions where there was no
field over the semiconductor surface.50 The character of the change
in the film resistance agrees with the electronic theory of adsorption:
the negative-polarity field applied to the semiconductor increases the
concentration of negatively charged adsorbed oxygen atoms and
reduces the degree of adsorption of positively charged hydrogen
atoms (Fig. 3c), the relative increase in the concentration of the
charged forms of the chemisorbed species amounting to 7-9%. In
the study of Ryl'tsev et al.,50 the electroadsorption effects were
investigated at the field-induced charge concentrations eAnv =
1.6 x 1016 el. charge m~2, which are the maximum possible in the
field effect method, whereas in other investigations48'56 these
concentrations were lower by 2-3 orders of magnitude. The

shift of the Fermi level, estimated with the aid of Eqn. (7), is
~1.6 χ 10~2 eV and the values of AN~ observed by Ryl'tsev
et al.50 do not exceed those calculated by Eqn. (1).

Consequently the influence of the field on adsorption processes,
investigated by Ryl'tsev et al.,50 is probably due to the "collective"
factor. The discrepancy between the results obtained in the above
studies50·56 can be accounted for bearing in mind that Ryl'tsev
et al.50 used several times thinner films, which were "transparent" to
the gas, on which adsorption occurred not only on the outer side but
also over the entire surface of crystallites, including the space charge
region modified by the external field. Furthermore, relaxation
polarisation should influence to a lesser extent the results obtained
by Ryl'tsev et al.50 because they used films characterised by a
narrow space charge region whose specific resistance was lower
by 2-3 orders of magnitude than that of the films used by
Constantinescu et al.56

The adsorption of atomic hydrogen and oxygen on ZnO5 0 and
T1O2 5 1 films deposited on quartz supports and subjected to a
thermal field treatment has also been investigated. Despite the
sevenfold enrichment of the T1O2 specimen in electrons, the effects
observed51 were small: the rate of adsorption of oxygen atoms
increased by 15% and the rate of adsorption of hydrogen atoms
diminished by 25%. The authors explained the appreciable change
in the conductivity of the semiconductor films after they have been
acted upon by a field with a strength of 5 χ 106 V m-"1 at
500-650 Κ by the electret state of the quartz support. However,
according to Kovalenko's data,103 quartz does not possess the
properties of a very effective electret, its surface charge amounting
to 5 χ 1014 el. charge m~2, which cannot ensure a change in the
resistance of the oxide films by an order of magnitude. The type of
spectroscopic composition of the quartz was not indicated in the
above studies50·51 and no data were given concerning the electret
charging and discharging processes, which precludes a definite
conclusion about the mechanism of the action of the field on the
electrical conductivity and chemisorption properties of the films.

(c) The desorption of gases by the field using a metal-dielectric-

semiconductor system

One of the difficulties in the interpretation of the electro-
adsorption effects observed from the change in the resistance of the
specimen as a result of the action of the field in a gas atmosphere is
associated with the impossibility of separating the charges captured
by the adsorbed molecules and by the "slow" surface states of
non-adsorption origin, whose electrophysical parameters change as
a result of adsorption. Studies in which electroadsorption was
observed directly by the manometric method are therefore of great
interest.18·52"54 The shift of the adsorption equilibrium after the
application of the field was first investigated on polycrystalline
p-type germanium films ~103 nm thick.18'52 The condenser
illustrated in Fig. Ib, with the maximum values £ m a x =
7 χ 107 V nT1 and eAny = 4 χ 1015 el. charge nT2, was used
in the investigation. The desorption of H2, CO, and hydrocarbons
was observed after the application of a positive-polarity field to the
germanium film; the amount of desorbed gas corresponds to
thousandths of a monolayer. The application of a field having the
opposite sign did not result in the observation of the electro-
desorption effect. The authors explain the results18·52 by a change
in the occupancy by electrons of the adsorption centres located on
the outer side of the film, directed towards the gas phase, when the
field is applied to the inner side. Theoretically this is possible if the
film thickness d is smaller than the Debye shielding length L;72
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according to the authors,18'52 this conditions holds for d cz 103 nm.
The electrophysical parameters of the germanium films used were
not indicated in the above studies,18'52 but according to other
data1 0 4 '1 0 5 thin (< 104 nm) germanium films have p-type conductivity
and a high concentration of free carriers [np = (6-8) χ 1024 m~3]
regardless of the type of conductivity of the single crystal used for
the sputtering, which is due1 0 5 to the high density of surface acceptor
states. However, in this case L = 102 nm according to Eqn.(5) and
the condition d < L cannot be fulfilled.

1.8 2.0

Figure 4. The Arrhenius relations for the rate of decomposition of
formic acid at different currents flowing through the N1-AI2O3-AU
structure; i(A): 1, 0; 2, 0.25; 3, 0.5; 4, 1.0; 5, 1.5.

The influence of the field on the desorption of gases as well as
catalytic reactions has also been observed in other systems metal-
dielectric-thin film involving a semiconductor or a metallic catalyst,
but this happened after the application of a field of only one sign,
namely one with a positive polarity, to the catalyst.53"55'106 An
appreciable increase in the steady-state rate of decomposition of
formic acid and ammonia and also a change in the selectivity of the
oxidation of propene on a gold film deposited on a nickel disc with
an intervening AI2O3 layer has been observed55 after the application
of a negative potential to the nickel disc which performed the role
of a field electrode (the condenser illustrated in Fig. \b was used).
For different currents flowing through the metal-oxide-metal
(MOM) structure, a compensation effect was observed: with
increase in temperature, the influence of the field on the rate of
decomposition of formic acid was weakened (Fig. 4). The authors55

explain these results by a change in the rates of the elementary
processes in the interaction of the surface compounds with the
stream of "hot" electrons arising in the MOM and MDS (metal-
dielectric-semiconductor) structures when the electron gas in the
dielectric is heated by a strong electric field.107

Various mechanisms for the scattering of the kinetic energy of
electrons by the surface of the solid and the species adsorbed on it
have been detected by the spectroscopy of the characteristic losses of
low energy electrons (EELS).108 The possibility of the vibrational
excitation of the molecules adsorbed on the surface of a solid in
processes involving the capture of free carriers by deep electron traps
has been demonstrated.109 The resonance adsorption of the excess
kinetic energy of the "hot" electrons during scattering by surface
states of adsorption origin can apparently be accompanied by both
desorption and by the appearance of chemically active species.
After the electrodesorption of H2 and switching off the field at room
temperature, the sorption of oxygen and the evolution of methane
on germanium films were observed, which may be associated with
the activation of the surface hydrocarbon compounds.
Unfortunately the leakage currents in the condenser and their
dependence on the electric field strength were not indicated in the
above studies,18'52 which makes it difficult to discuss the mechanism
of the effect of the field.

(d) Gravimetric study of the influence of the field on the adsorption of
oxygen and methanol on a silver catalyst

In order to test the proposed electronic mechanism of the
oxidation of methanol, the influence of the field on the adsorption
of oxygen and methanol on a silver catalyst coated by an oxide film
was investigated gravimetrically73 at Τ = 723 Κ and Ρ = 105 Pa.
A result discouraging from the standpoint of the electronic theory
was obtained—oxygen was adsorbed for both negative and positive
polarity of the external field on the catalyst. A similar result had
been obtained earlier48 on ZnO films using a plane-parallel
condenser (Fig. lc). When a field increasing the concentration of
electrons in the semiconductor was switched on, the gas pressure in
the system fell, which indicated additional adsorption of O2. When
a field with the opposite polarity was switched on, increasing the
concentration of holes in the semiconductor, the desorption of
oxygen was observed initially at low field strengths, changing
subsequently to the adsorption of O2 with increase in field strength.
These results indicate that vacuum insulation conditions are
maintained for the mica-free condensers used by Hoenig and Lane,48

since the occurrence of a gas discharge should have been
accompanied only by an increase in pressure.

The fact that the concentration of oxygen adsorbed due to the
effect of the field (N-No) exceeds by several orders of magnitude the
concentration of the induced charge eAn y is striking.48'73 The
quantity N-No calculated48 from the change in pressure is 1017

molecules m~2, whereas edniy = 1013 el. charge m~2. The
adsorption of oxygen under the influence of fields of both polarities
has been explained72 by the polarisation of non-polar O2 molecules
and the attraction of the induced dipoles to the surface of the
cylindrical electrode. An electrostatic mechanism of the field effect
on adsorption can also be proposed to account for the results of
Hoenig and Lane48 bearing in mind that the strength of the
inhomogeneous electric field near the catalyst greatly exceeds the
value calculated from the geometry of the condenser because of the
roughness of the surface and is defined by the relation Ε = U/Ar,9

where U is the external potential difference and r is the radius of
individual crystallites or surface rugosities. For U = 500V and
r = 103 nm, the energy imparted by the field to the polarised O2
molecules exceeds their average kinetic energy in the absence of the
field. As a result of this, the gas pressure in the inhomogeneous
field over the catalyst surface and the degree of coverage of the latter
by the adsorbate increase when an external potential is applied.
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In the case of polar methanol molecules, the electroadsorption
effect has different signs for different polarities of the external field
in contrast to oxygen.73 In a negative-polarity field on a silver
catalyst, the degree of coverage by adsorbed methanol increases by
50%, while in a positive-polarity field it diminishes by approximately
the same amount. Bearing in mind the clear discrepancy between
the low field-induced charges (eAnv = 1012 el. charge πΓ2) and the
large electroadsorption effect, the electroadsorption of methanol, like
that of oxygen, must be explained by the electrostatic attraction of
the dipolar alcohol molecules to the surface of the charged catalyst
and not by the influence of the electronic factor. The orientation
of the methanol molecules with the positive end towards the surface
(the "hydrogen" orientation) apparently promotes the formation of
various surface compounds of methanol, which have been detected
by IR spectroscopy.110 The increase in the partial pressure of the
molecules with the "hydrogen" orientation both as a consequence of
the dipolar polarisation and the attraction of the dipoles in the
inhomogeneous field explains the increase in the amount of adsorbed
gas in the presence of a negative-polarity field on a silver catalyst.

4. The influence of the field on catalytic reactions
Examination of the experimental data for the influence of the

field on the adsorption of O2, H2, and methanol and water vapours
on semiconductor adsorbents has shown that in some cases the
observed effects can be explained by a shift of the Fermi level and a
change in the concentration of free carriers under the influence of
the external electric field, while in others they can be explained by
secondary effects such as the relaxation polarisation of the solid and
the polarisation of the gas in the vicinity of the catalyst surface. A
secondary process of this kind must be taken into account also in
the interpretation of the results obtained in the study of the influence
of the field on the reactions occurring on semiconductors.

a) Dehydrogenation of ethanol on ZnO and the oxidation of methanol
on a silver catalyst

In the study of catalytic reactions in the presence of an external
field, cylindrical condensers with an air gap and a low field strength
Ε between the plates are most often used. An exception is the study
of Ivankiv et al.,49 where a plane-parallel condenser with a mica
plate, illustrated in Fig. \c, permitting the attainment of Emax =
3.5 χ 107 V nT1 and Ε An v = 1015 el. charge m"2, was used to
investigate the influence of the field on the dehydrogenation of
ethanol. The study was performed at 523 Κ on pressed and
polished discs prepared from ZnO + 1% CuO powder. Copper
oxide is apparently added to achieve a satisfactory conductivity and
catalytic activity of the specimens. When a positive-polarity field
was switched on, the rate of dehydrogenation of ethanol increased
on the catalyst and the yield of aldehyde rose, while for a negative
polarity the rate of reaction fell. The authors attribute these effects
to a change in the concentration of the electron and hole gas on the
surface of the semiconductor when a transverse electric field is
applied. The results obtained agree with the idea that electron-
accepting surface centres participate in the alcohol dehydrogenation
reaction.111 It is noteworthy that the curve relating the electro-
catalytic effects to the electric field strength obtained in the above
study49 reaches a plateau (saturation) at Ε = 1.5 χ ΙΟ7 V πΓ1 and
does not change when Ε is increased to 3 χ 107 V m"1. The
insignificant leakage currents (3 χ 1014 electrons s"1) when the rate
of the catalytic reaction in the presence of the field changes
(2 χ 1017 molecules s"1) is also evidence against a discharge
mechanism of the electrocatalytic effect.

The influence of the field on the selectivity of the oxidation of
methanol on a silver catalyst covered by an oxide film has been
observed74 at Τ = 750 Κ and very low concentrations of the field-
induced charge (eAnv = 1012 el. charge m~2 is smaller by three
orders of magnitude than in the study of Ivankiv et al.49). A
condenser with a cooled field electrode, illustrated in Fig. lg, was
used.74 When a negative-polarity field was switched on, the yield
of formaldehyde on the catalyst increased by 7-8%, while in the
presence of a positive-polarity field the yield of formaldehyde fell
but that of CO2—the product of the total oxidation of CH3OH—
increased (Fig. 5). The authors explain the observed effect by a
change in the concentration of free carriers on the catalyst surface.
However, bearing in mind the very low concentration of the induced
carriers and the results for the influence of the field on the
adsorption of O2 and CH3OH, it would probably be more
reasonable to attribute the observed electrocatalytic effects to the
different reactivities of the surface compounds formed in the
adsorption of methanol, with the "hydrogen" and "oxygen" types
of orientation, in the partial and total methanol oxidation reactions.
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Figure 5. Dependence of the yield of methanol oxidation products
on the electric potential applied to the catalyst: /, the yield of
formaldehyde in the absence of the field; 2, ditto on application of
a field having the - sign to the specimen; 3, ditto for a field with
a + sign applied to the specimens; 4, the yield of CO2 in the
absence of the field and on application of a field having the + sign
to the specimen; 5, ditto with the - sign of the field applied to the
specimen.

(b) The oxidation of CO on NiO, ZnO, and Cu2O
When different metal oxide films, grown on the surface of a foil

by oxidation in oxygen at elevated temperatures were used, a change
in the rate of oxidation of CO to CO2 was observed in the presence
of an external electric field.75"77 In these studies, the external
potential was applied between the field electrode and the metallic
foil, which ensured the uniformity of the distribution of the potential
along the oxide film (the design of the condenser is shown in
Fig.lA).
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An increase in the rate of oxidation of CO by a factor of 1.5-2
and a decrease in the activation energy for the reaction by 0.21 eV
after a positive-polarity field had been applied to the catalyst were
observed75 on nickel oxide obtained by heating nickel foil at 1300 °C
in a stream of oxygen. A quantitative comparison of the relative
changes in the rate of reaction Ag/g0 as a function of the electric
field strength, according to Eqns. (2) and (4), has been carried out.75

Expressing the effective shielding length in terms of a series of
semiconductor characteristics of NiO, the authors found that the
experimental data agreed quantitatively with the theoretical relation
between Ag/g0 and E. However, it becomes clear from the
comparison of the data presented75 that the electric field strength in
the vacuum gap near the catalyst surface was used as the value of
E, whereas Eqn. (4) has been obtained for the electric field strength
in the semiconductor at the interface with the vacuum En. The
quantities En and Ε are linked by the relation En = Ε/εη, where εη

is the dielectric constant of the semiconductor. Bearing in mind
that 6Nio~ 10 for the field strength £ m a x = 106 V πΓ1 and
L = 3 χ 103 nm employed,73 we obtain from Eqn. (4) VsVs0 =
3 χ 10~3 eV. The experimentally observed increase in the rate of
reaction by a factor of 1.5—2 as well as the decrease in the activation
energy for the reaction after the application of the field by 0.21 eV
do not correspond to the maximum possible shift of the surface
potential, which could also be much smaller as a consequence of the
transfer of the charge to surface states.

Deren and Mania76 studied the influence of the field on the rate
of oxidation of CO to CO2 on the oxide coating of a zinc foil under
the conditions of an electrode working in a non-stationary regime,
whose activity gradually fell with time. After the application of a
positive potential to the field electrode, a sharp increase in the rate
of reaction was observed initially, but after several minutes it fell to
the value corresponding to the rate of oxidation in the absence of
the field. A field with the opposite polarity induces a temporary
decrease in the activity of ZnO. These results led to the conclusion
that there exists a limiting acceptor stage in the oxidation of CO to
CO2. The increase and then the decrease in the rate of oxidation
of CO after the application of a negative-polarity field to the catalyst
to values corresponding to a zero external potential is evidence
against the discharge mechanism of the electrocatalytic effect. The
authors explain the observed time variation by the transfer of the
induced electrons to slow surface states.

The electrocatalytic effect occurs also when CU2O is used as the
catalyst.77 In order to elucidate the mechanism of the field effect on
the catalytic activity of Cu2O, a study was made of the possibility
of the structural modification of the Cu2O film during its growth
on a copper plate at 1050 °C in the presence of a 106 V nT1 field.
When a positive potential was applied to the copper plate, the layer
of the Cu2O scale acquired an increased resistance, in contrast to
the copper(I) oxide formed in the absence of the field, which is
associated, according to the authors,77 with the formation of an
interstitial solid solution of the excess copper ions. When a field
with the opposite polarity was applied, layers of Cu2O with an
excess of oxygen, exhibiting a reduced resistance, were formed. The
influence of the field on the oxidation of copper also affects the
interplanar spacings in the specimens and the thickness of the oxide
films. The copper(I) oxide obtained in the absence and presence of
the field exhibited different catalytic properties. The Cu2O films
formed on application of a negative potential to the specimen had an
increased activity in the oxidation of CO to CO2 compared with the
films oxidised with application of a positive potential. This

difference increased when the reaction was carried out in the
presence of a field having the same sign as that used in the
formation of the film.

Thus the authors have shown that the enrichment or depletion of
the oxide surface in the metal cations under the influence of the
electric field may be the cause of the modification of its catalytic
activity. A similar change in the defective structure of the surface
may occur on NiO and ZnO specimens as a result of the migration
of the cations into the region of the space charge modified by the
external field. The movement of Ni 2 + in NiO as well as that of the
interstitial zinc in ZnO under conditions where the surface potential
is modified by the adsorbed oxygen has been considered.101'112 It
is noteworthy that, when NiO and ZnO films were used as the
catalysts, the acceleration of the oxidation of CO to CO2 was
observed for different signs of the external potential: after the
application of a positive-polarity field to NiO on a foil and after the
application of a negative-polarity field to ZnO. A catalytic study of
oxides was carried out in the low-temperature region (180-400 °C),
where the CO oxidation reaction probably has an associative
mechanism.113 According to the data of Sokolovskii et al.,114 the
decomposition of surface carbonates on ZnO proceeds with
participation of the O2 radical-anions. The sharp rise in the
catalytic activity of ZnO for a negative potential on the specimen
can apparently be explained by the additional adsorption of oxygen
in a charged form, which is observed (as described in the previous
Section) when the field-induced charge is transferred to the surface
adsorption states and also as a consequence of the relaxation
polarisation of the oxide in the region of the space charge.
According to Gravel',115 the rate-limiting stage of the oxidation of
CO on the NiO catalyst is the interaction of CO3 with the adsorbed
carbon monoxide. The enrichment of the surface layers of nickel
oxide in the Ni2 + and Ni 3 + cations promotes the formation of
carbonyl complexes and an increase in the catalytic activity of NiO.

(c) The reversible chemical modification of ZnO, TiO2, and Pt/TiO2

film catalysts by the electric field

A series of studies58"71 have been devoted to the mechanism of
the effect of the field on the adsorption and catalytic properties of
thin ZnO, TiO2, and Pt/TiO2 films deposited on the inner surface of
a Pyrex reactor (see the condenser illustrated in Fig. 1/). The
influence of the field on the rate of decomposition of isopropyl
alcohol,58 the oxidation of CO by NO and O2,

60 the decomposition
of NO 6 0 and water vapour,61 and the adsorption of O2,

5 9 '6 2 H2,6 1

and CO 6 2 has been observed. The results have been explained
from the standpoint of the electronic theory of catalysis with
participation of charged intermediate compounds in the catalytic
processes.

In order to test the mechanisms of the field effect, the above
reactions were reproduced in a quartz reactor (Fig. 1/) and also in
experiments using a plane-parallel condenser with a mica plate as
the dielectric (Fig. \b). For comparable field-induced charges, the
changes in the conductivity of the film (Δσ ν) deposited on mica
did not exceed several per cent of the initial conductivity of the
specimen, the shift of the Fermi level was less than Q.lkT, and the
influence of the field on the adsorption of oxygen and on the rate
of oxidation of CO and of the decomposition of NO were not
observed.57

In a glass reactor at temperatures in the range 130-160 °C,
changes in the conductivity of the ZnO, TiO2, and Pt/TiO2 films,
which were anomalously high for the field effect method, were
obtained for a positive potential applied to the field electrode. For
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an initial specific conductance σ 0 = 10 n-10 1 0 Ω, referred to a
unit surface of the specimen, the relative changes Ασν/σ0 reached
104-105 and the activation energy for electrical conduction fell from
0.7-0.9 to 0.1-0.2 eV.67 The ZnO, Pt/TiO2, and TiO2 films retained
a low resistance state for several tens of hours after the field had
been switched off, exhibiting at the same time a "memory effect"
with respect to the action of the field on chemisorption and catalytic
processes. However, their transition to the low resistance state was
reversible. The application of a negative potential to the field
electrode as well as heating to a high temperature resulted in the
return of the resistance of the films and of their chemisorption and
catalytic properties to the initial values. The results of the
measurements of the condenser charging and discharge currents
under conditions of the application of fields with the opposite
polarity and thermally stimulated depolarisation, also confirming the
reversibility of the change in the state of the film catalyst after
thermal field treatment, have provided a basis for explaining the
observed effects in terms of the relaxation polarisation of the Pyrex
glass, which has the properties of a thermoelectret.63 The thermo-
electrisation of the dielectric116 may be caused both by the formation
of dipoles and by the separation of charges in the electret during the
migration of current carriers (for example, Na + ions in Pyrex glass).

In order to elucidate the possibility of the transfer of sodium
from the support to the semiconductor film, the electron diffraction
and oxygen absorption methods as well as the method involving the
titration of the absorbed oxygen with carbon monoxide were used.
It was shown that the passage of a charge through the condenser is
accompanied by the electrolytic migration of sodium from the
dielectric glass support and its deposition on the surface of a
semiconductor film as a finely dispersed metallic phase.64""*6 Thus
the earlier results for the influence of the field on adsorption and
catalysis can be explained by the surface doping of the oxide films
with sodium. The adsorption of oxygen with application of a
positive potential to the field electrode takes place as a consequence
of the interaction of oxygen with sodium accompanied by the
formation of the compounds NaO2, Na2O2, and Na2O. When
sodium superoxide and peroxide are heated, they decompose with
evolution of oxygen, the maxima in the thermal desorption spectrum
being observed at 370 and 520 K.65 The decrease in the adsorption
capacity of the oxidised TiO2 film relative to hydrogen after the
preliminary application of a positive-polarity field to the field
electrode61 can be explained by the blocking of the hydrogen
adsorption centres by sodium atoms.117 The cause of the evolution
of hydrogen when water vapour is admitted into the system after
the latter had been exposed to the field is evident:71 hydrogen is
displaced from H2O by sodium, which binds strongly to the oxygen
of the water molecule.

The increase in the rate of absorption of a stoichiometric mixture
of O2 and CO and the simultaneous inhibition of the CO oxidation
reaction on ZnO films on application of the field68 can be explained
by the interaction of CO and CO2 with sodium oxides and the
formation of Na2CO3. The blocking of part of the ZnO surface by
these compounds reduces the steady-state rate of oxidation of CO
by a factor of 2-3, while the activation energy and the reaction
orders remain unaltered. At the same time, the electrophysical
parameters of the ZnO film working under stationary conditions
differ greatly from the initial values after the application of the field
as a result of the interaction of part of the sodium with the oxygen
of the crystal lattice (the activation energy for electrical conduction
diminishes from 0.65 to 0.17 eV). Hence it is concluded that the

concentration of the conductivity electrons is not the parameter
controlling the rate of oxidation of CO on ZnO films.
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Figure 6. Dependence of the activation energy for electrical
conduction in the Pt/TiO2 film on the amount of Na introduced (a)
and dependence of the rate of oxidation of CO on the Pt/TiO2 film
(~4 wt.% Pt) on the amount of electrodeposited Na (b):
1, in vacuo; 2, in the presence of the 2CO + O2 stoichiometric
mixture (P2C0 + 0, - 0.72 Pa).

In order to elucidate the role of the contact fields between the
active phase and the carrier in chemisorption and catalytic processes,
the effect of the field on a deposited Pt/TiO2 catalyst was
investigated.69'70 The transfer of sodium from the support to the
surface of the Pt/TiO2 film is accompanied, as in the case of TiO2,
by a sharp decrease in the activation energy for the electrical
conduction of the film at low levels of doping. The activation
energy does not change on further increase in the concentration of
the added sodium (Fig. 6a, curves 1 and 2). The change in the
catalytic properties of the Pt/TiO2 system on doping with sodium is
not correlated with the change in the activation energy for electrical
conduction (Fig. 6b) and is observed at higher concentrations of
added sodium where, according to the conditions in the preparation
of the sodium-modified deposited platinum catalyst, the chemical
interaction between sodium and platinum becomes possible.70 This
permits the conclusion that the position of the Fermi level in the
carrier and the associated contact phenomena at the metal-
semiconductor interface do not play an appreciable role in the
catalytic process on platinum.

When quartz is used as the dielectric, a similar pattern in the
variation of the electrical conductivity and in the catalytic and
chemisorption properties of TiO2 film is observed, but with the



Russian Chemical Reviews 58 (6) 1989 529

electric field applied at a higher temperature (~530 K) than for
Pyrex (430 K), this being associated with the reduced sodium content
in quartz.71

It is of interest to note that, when a field with a positive polarity
is applied to the field electrode during the oxidation of CO to CO2
on ZnO and Pt/TiO2 films, the catalysts are not poisoned irreversibly
by compounds formed by sodium with O2, CO, CO2, and Pt. For
standard conditioning at 750 K, these compounds decompose with
evolution of CO and CO2 to the gas phase and the sodium oxide
particles remaining on the surface react chemically with the glass,
fusing with the latter, as a result of which the catalytic activity of the
film returns to its initial value (before the application of the field).
The reversible character of the interaction of sodium with the oxides
ZnO, T1O2, and Pt/TiO2 makes it possible to return the catalytic and
adsorption characteristics of these catalysts to the initial values by
applying a field with the reverse polarity. This makes it possible to
use an external electric field to regulate the rates of catalytic
processes in which metallic sodium exhibits a satisfactory activity or
is a promoting additive.

At elevated temperatures (from 670 to 720 K), glass begins to
play the role of a solid electrolyte and the metal-glass-conducting
catalyst film system, in which the metal is exposed to air and the
catalyst is placed in the gas investigated, constitutes an electro-
chemical cell. As a result of adsorption and absorption processes
on the metal, glass, and the catalyst, electrode potentials arise
between the gas electrodes. They depend on the nature of the
catalyst and the gas investigated.118'119

The influence of polarisation on the rates of catalytic
hydrogen oxidation and ammonia synthesis reactions has been
investigated.120'121

(d) The influence of an alternating field on the oxidation of CO on

MO and the hydrogenation of ethylene on ZnO

It has been suggested122 that an alternating external field be used
as the basis of a method for the investigation and regulation of
heterogeneous catalytic reactions on semiconductors. The
possibility of the adsorption of gas molecules for one polarity of the
alternating field and of their desorption for the other as a function
of the donor-acceptor properties of the gas has been considered.122

The author122 called this phenomenon alternosorption. The use of
an alternating field makes it possible to control the time during
which the species are present on the catalyst surface. Whilst
studying the dependence of the rate of reaction on the frequency of
the external field, it is possible to determine the optimum time for
the elementary step in the oxidation-reduction catalytic process.

The influence of a sinusoidal 2.2 χ 106 V m"1 external field
on the rate of oxidation of CO to CO2 has been investigated at
123 °C.123 Nickel discs coated by a layer of NiO 103 nm thick,
separated from one another by ceramic plates, were used as the
catalyst. In the frequency range from 50 to 300 Hz, the rate of
oxidation of CO increases severalfold and passes through a
maximum located between 100 and 200 Hz. Hence it was
concluded that the time during which the adsorbed species are
present on the catalyst surface is between 5 and 10 ms.

The influence of the alternating electric field was investigated
in greater detail in the hydrogenation of ethylene on a ZnO
specimen.124 A polycrystalline zinc oxide powder was placed
between two field electrodes to which an alternating potential
was applied (see the condenser illustrated in Fig. Id). When a
1.2 χ 105 V irf1 sinusoidal potential was switched on in the
temperature range from 60° to 146 °C, a change in the reaction

orders with respect to hydrogen and ethylene and a decrease in the
activation energy from 71 to 48 kJ mol"1 were observed. The
authors were unable to establish the mechanism of the action of the
field, but noted that it may be associated with induction heating or
a discharge, because the rate of reaction decreased in the presence of
the field.

This study is of interest because of the methodological approach
to the selection of the condenser design. A design was selected
which does not require specially prepared film catalyst specimens
and ohmic terminals on them, the longitudinal alternating field being
applied directly to the polycrystalline powdered semiconductor,
(Fig. Id). The polycrystalline specimens consisted of a multiplicity
of crystallites loosely adjoining one another and having a large
number of contacts. The equivalent electric circuit of such
specimens consists of a combination of a series of active resistances
and capacitances. A theoretical model of the barrier conductivity
of polycrystalline films taking into account the change in the filling
of the surface states at the boundary between the crystallites, when
the height of the barrier was altered by application of an external
electric field, was examined.125 The application of an alternating
field to the polycrystalline semiconductor entails an alternation of
the charges of the contact capacitances accompanied by the filling
and emptying of the surface traps located in the boundary regions
of the crystallites.

According to the donor-acceptor mechanism of adsorption and
charging, the role of the effective electron and hole traps on the
surface of the semiconductor is assumed by electron-accepting and
electron-donating centres forming surface complexes with the
molecules adsorbed on them. The participation of the main centres
and also of the ion pair, consisting of a coordinatively unsaturated
cation and an oxygen ion, in the activation of adsorbed ethylene
and hydrogen during the hydrogenation of the former was examined
by Minachev et al.126 Apparently the mechanism of the influence
of the alternating field on the kinetics of the hydrogenation of
ethylene is determined by the change in the filling of these centres
by free carriers.

IV. Conclusion

This review has examined studies in which changes were observed
in the concentration of the charged form of the chemisorbed species,
in the coverage of the surface by the adsorbent, and in the rates of
catalytic reactions on application of an electric field at right angles
to the surface of the catalyst using various methods: conductimetric,
field effect, gravimetric, volumetric, and mass-spectrometric analysis
of the gas.

Various designs of the condensers, in which the field strength and
hence the charge induced in the semiconductors varied within wide
limits (from 1012 to 1016 el. charge πΓ2), were used for this purpose.
The estimates of the change in the surface potential following the
application of the field, obtained in the present review, show that
even at the highest concentration of the induced charge, amounting
to 1016 el. charge m~2, the quantity Vs-Vs0 on polycrystalline
specimens does not exceed tenths of kT. In almost all the studies
of the influence of the field on catalytic reactions, the induced charge
eAn v = 1012—1013 el. charge m~2 and the corresponding shifts of
the surface potential are negligible (<ζ kT). Thus, owing to the
high density of the surface states, the possibilities of the field effect
method for discovering the role of the collective factor in
semiconductor catalysis are extremely limited.
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The authors explained the results obtained in terms of a change in
the filling of the active surface centres by free carriers. Under
conditions where almost all the field-induced charge passes to the
surface states and the shift of the Fermi level is negligible, the
changes in the local properties of the surface under the influence of
the captured charge carriers come to the fore. In Vol'kenshtein's
theory, the electrons and holes on the semiconductor surface play
the role of free valences; their direct involvement in the formation
of a bond converts the adsorbed molecules into radicals with an
increased reactivity. In the donor-acceptor model of adsorption
and charging,21 the more probable and general case of the
deformation of the adsorbed complex in the Coulombic field of the
captured charge carrier is considered. This increases the amount of
ionic character of the bond and the probability of the dissociation
of the molecule. It has been shown109 that the capture of free
carriers by adsorbed states is accompanied by the evolution of the
excess energy, which is dissipated in the vibrational modes of the
adsorbed molecules, which can also stimulate their dissociation or
desorption.

Various secondary effects, i.e. effects not associated directly with
a change in the concentration of the free carriers, introduce some
uncertainty into the interpretation of the results for the influence of
the field on adsorption and catalysis. Essentially, only the change
in the chemisorption and catalytic properties of semiconductors
following the application of the electric field has been established in
the majority of studies, while the question of the mechanism of the
action of the field remained open. In the review much
attention has therefore been devoted to the most probable
mechanisms of chemisorption and catalysis in the presence of the
field for the given catalytic systems and associated with the
occurrence of a series of physicochemical processes, among which
the influence of the relaxation polarisation of the dielectric and of
the surface layers of the semiconductor must be specially
emphasised.

It is suggested in the electronic theory of catalysis that the field
effect method can shift the Fermi level and can alter the
concentration of electrons and holes on the semiconductor surface
without changing the chemical composition of the catalyst. This
point of view is in general incorrect because the application of an
external field to defective structures such as polycrystalline
semiconductor films and dielectric supports at elevated temperatures
(> 400 K) is accompanied by the migration of weakly attached ions
through space and the establishment of a new electronic-ionic
equilibrium. The defective structure and the chemical composition
of the catalyst surface are modified as a consequence of this.

It has been established64"66 that the surface doping of film
catalysts with sodium atoms deposited electrolytically from a
sodium-containing glass support having the ionic type of
conductivity can be achieved with the aid of an external field.
The alkali metals sodium and potassium on a carrier exhibit a
satisfactory catalytic activity,127·128 but they are of even greater
interest as promoting additives to deposited metallic catalysts.129'130

Electrodeposited sodium is introduced onto the surface in the
atomic form and exists on it in a finely dispersed metallic state.65'66

It is of interest to investigate in reducing media the catalytic activity
of finely dispersed metallic sodium and of the intermetallic
compounds formed when sodium interacts with the active metallic
phases of the deposited catalyst. Bearing in mind that, as a
consequence of the reversibility of the interaction of sodium with
oxides, its surface content can be varied smoothly in either direction
and that the amount of electrodeposited metal can be easily

evaluated coulometrically, the doping method proposed64"71 must be
recognised as a convenient procedure for the preparation of model
film catalysts. The use of other metal-containing glasses makes it
possible to extend the class of metallic doping additives.

A series of other physicochemical phenomena, which are
apparently responsible for the mechanisms and may be used to
regulate adsorption and catalytic processes, have been considered in
this review. They include the following.

1. The change in the concentration of polar molecules with a
definite type of orientation in strong inhomogeneous local fields
near the catalyst surface. The inhomogeneous fields arising as a
result of the greater curvature and roughness of the catalyst surface
relief may alter both the rate and the selectivity of the catalytic
process.

2. The involvement in the catalytic processes of the "hot"
electrons arising when a current flows in MOM and MDS structures.
As a result of the excess kinetic energy of the "hot" electrons, there
is a possibility of the activation of the reactants chemisorbed on the
catalyst or of the desorption of the reaction products and hence of
the acceleration of the catalytic reaction.

3. The change in the chemical composition of the surface layers
of the catalyst in an external electric field. The modification of the
defective structure as a result of the increase or decrease in the
concentration of cations near the catalyst surface alters the
probability of the formation of different surface compounds and can
be used in the study of the mechanisms of catalytic processes.

The study of the influence of an alternating field on catalytic
reactions is promising. When an alternating field is employed, there
is no need to assemble a special condenser, since there are many
contact capacitances in the polycrystalline specimen itself at the
boundary between the crystallites. When a sinusoidal potential is
switched on, the contact capacitances undergo alternating changes in
charge and there is a multiplicity of steps involving the capture of
free carriers by the surface states arising in the interaction of the
adsorbed molecules with the electron-accepting and electron-
donating centres on the semiconductor surface, which may entail the
deformation of the intramolecular bonds and a change in the
reactivity of the adsorbed molecules. Additional physicochemical
methods (IR spectroscopy, thermal desorption) can be used to
investigate the adsorption and catalytic processes occurring in the
presence of an alternating field.

In conclusion one must say that, although the prediction of the
electronic theory that the field effect method would prove promising
in the study of the elctronic factor in catalysis has not come true,
nevertheless an external electric field can be used effectively for the
regulation of the chemisorption and catalytic activities of
semiconductor catalysts. The different physicochemical processes
occurring when an electric field is switched on may stimulate
adsorption and catalytic reactions.
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