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ELECTRODYNAMICAL AND QUANTUM - CHEMICAL MODELLING THE
ELECTROCHEMICAL AND CATALYTIC PROCESSES ON METALS AND
SEMICONDUCTORS: LANTHANIDE PEROVSKITES

The quantum mechanical and electrodynamical approaches are used in problem of the catalytic
activity definition for metals, binary metallic alloys and semiconductor materials. There are found the
quantitative link between the electron structure parameters of indicated materials and their catalytic

activity on example of a simple model reactions of the following type: H= H* + e and O, =0, +e" .
It has been carried the qualitative estimate of catalytic properties for lanthanides perovskites.

INTRODUCTION

A new approach in electron theory of catalysis,
based on the electrodynamical and quantum mechan-
ical models, is being applied to study of catalytic pro-
cesses on metallic and semiconductors compounds.
We studied only those of the electronic structure pa-
rameters of these materials which define directly their
catalytic activity in simple model reactions of the fol-

lowing type: H= H* + eand O, =0, +e . It has been
found that the link between the Fermi level position
dependence upon the metal alloys components con-
centration and their catalytic activity is quite tight. A
study of catalytic activity for metals, metallic alloysand
semiconductors is of a great importance for different
practical applications, for example, during the elabo-
ration of electrochemical solid-state energy sources,
planning the efficacy of semiconductor sensors, etc.
(c.f. [1—12] and ref. there). It is known [8§—9] that the
components concentration’s change in metallic al-
loys could result in corresponding variation of cata-
Iytic activity as well as of electrochemical properties.
The attempts of comprehensive quantitative descrip-
tion of the metal-like systems (metallic alloys, heavily
doped semiconductors) electronic structure including
the description of processes on electrodes’ surfaces of
the electrochemical solid-state energy sources have
been undertaken in a number of papers (c.f. [1—12]),
in particular, within conceptual models which use the
density functional formalism [2, 3]. In these models a
description in the framework of electron density func-
tional on the metals surface is produced. As a result,
these models are not enough sensitive to energy value
and states density on the Fermi surface. Naturally,
there is a great number of papers (c.f. [1-3]), where
the catalysis and hemisorption problems are consid-
ered within ab initio quantum chemistry methods.
These calculations give very useful information about
processes considered, however, some quite important
moments of the physical and chemical nature of these
processes often remain up to known degree veiled.
As alternative, the effective model approaches have
been developed on the basis of the electrodynamical
and quantum- chemical modeling, in particular, this
approach could be represented by well known model
of Lidorenko and others (c.f. [3—12]). In cited refer-
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ences, different versions of indicated models and dif-
ferent catalytic materials are considered. In this paper
we consider a problem of catalytic activity definition
for binary metallic alloys and heavily doped semicon-
ductor materials. We try to find a quantitative link be-
tween the electron structure parameters of indicated
materials and their catalytic activity on example of
a simple model reactions of the following type: H =

=H"+e(A)and O, =0, +e” (B). It should be noted
that the level (A) often plays the role of limiting factor
in the hydration reactions. In paper it has been car-
ried the qualitative estimate of catalytic properties for
lanthanides perovskites too. In last years a great inter-
est attracts studying the perovskites which represent
the subgroup of oxides of the transition metals [11].
It has been shown that the rare-earth oxides of cobalt
RCo003 (R-rare-earth -element) can catalise the re-
action in the gas phase. This is related to different ex-
changed perovdkites of the following type: (La , , Pb,)
MnO3 and (Pr,, Pb,)MnO3. The perspective appli-
cation for cited compounds is the photoelectrolise of
water with the aim of obtaining oxygen and hydrogen.
As anodes of photoelectrolitic cells such compounds
as SrTiO3, BaTiO3 and others can be used. The big-
gest efficiency coefficient (10%) has been obtained in
the cell with SrTiO3 of n-type under radiating by light
with the photon energy which is less the forbidden
zone width. In order to understand the catalytic prop-
erties of the cited compounds it is necessary to know
electron characteristics of materials and mechanisms
odf the adsorbtion and charge transfer processes. As
the first step a qualitative estimate of catalytic proper-
ties of the cited substances is very much desirable.

SCOPE OF THE PAPER AND MODEL USED

The electron structure of metallic system in the
used approximation could be approximated by a set of
isotropic s-d bands [4, 5]. The static dielectric perme-
ability is represented as follows:

e=1l+e +e,+e,+¢€,, (D)

where ¢ (ij) describes the contribution into ¢ due to
the i-j transitions. In approximation of free electrons
the expression for g looks as:
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where k=q ay; ¢ — wave number; a, — Bohr radius; g,
= (3n? z; /Q)3; 7, — the electrons number in the ”i”
band; v(E,) = N(Epa?% e, N(E;) — the state density
on the Fermi surface in the ‘i’

The corresponding expression for g, is:

£,y =21V, (EF)k72|Mdd|2 <{1+[4(k;’)2 _kz}

In|(2k + k )/ 2k? —k|/4klk ¢
‘( F ) r ‘ F } 3)

Here the matrix element M, is defined by the su-
perposition of the wave functions for d electrons. The
contribution ¢ (ds) is important only for systems con-
taining the non-oxidable precious metals. This con-
tribution is defined as follows:

£, =[2mk, e f. /nnk? ] {+[4(kd y -]

In|(2k, +k )/ 2k, — k| / 4k, }. @
where my is the effective mass of electron in the con-
ductivity band; k,, f. — numeral parameters [3]. Usu-
ally the contribution g, in (1) for transition metals is
about several percents. The effective potential, which
imitates an effect of metallic potential field on the in-
culcated hydrogen atom (for process H = H* + e) is
defined as follows:
2e? =sinkr

== L o

It is supposed that the problem considered has the
spherical symmetry and the crystal potential is fully
screened by the conductivity electrons. Substitution
of (1) to (5) leads to the following expression:

O(r) = —e? a/r exp[—aR]cos[aR], (6)

where
o= [nﬂ 12(k; )z}% B )+ (ki /K3 Yoy (B, )+
Lkt 18 (Y

R=2q;r, a= (kfr )_l .

The numerical solution of the Schrodinger equa-
tion [13] for H atom in a field ®(7) gives the corre-
sponding spectrum of states, which could be con-
tinual or discrete depending on the parameter ! =
o/a.The spectrum is continual, if {<Co = 0,362 (c.f.
[4] & refs. their) and the corresponding material is a
catalyst for the H ionization reaction); if { > Co, the
spectrum is discrete (metal does not demonstrate cat-
alytic activity for cited reaction). In the binary me-
tallic alloy the Fermi level position E, as well as the
corresponding state density v(E;), accompanied with
electronic structure parameters o and a are changing
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under change of the admixture concentration c. It is
possible to use the Thomas-Fermi approach As an
approximation [14]. We suppose that the admixture's
atoms volume has the spherical form. The radius R, is
connected with concentration by the formula:

(gRc)? = (qr)c,

where r, — the electron gas characteristic parameter.
For screened potential V(r) near the admixture (if
|JAE: — V] < E}), the corresponding Poisson equation
looks as:

AV(r) = q* {V(r) — AEy (7

Elementary solution of equation (7) with the
boundary conditions:

@V/dr)g=0,(R) =0,V —>—Z,e/r, r—0,

where (Z, — difference of the components valences)
is defined as:

Wr, Ro) — AEy= [—=Z,e/rI{gRcchlq(Re — 1)1}/

/1gRcch(qRc) + sh(gRc)] 8)

Second boundary condition provides the expres-
sion for Fermi level shift in dependence upon the con-
centration c:

AE;=Ze* q/|qRcch(qRc) + sh(qR.)] )

One could see, that for the binary alloy, the val-
ue v(E,) is substituted by the value v(E;) = v(Ey)
+Av(E;). The parameters, which define the catalytic
activity for metallic compounds, are directly depen-
dent upon the components concentration. Let us
now establish a link between the electron structure
parameters and catalytic activity for the oxygen elec-
trorestoring reaction. We solve again the Schrodinger
equation for system: oxygen molecule —electron on
the potential field. If negative O, ion (experimental
value of electron bound energy to oxygen molecule
0,44 eV), has the bound state for given values of (6, 9),
then the material under examination is a good catalyst
for indicated reaction. Potential @ could be written
with an account of the two-center (7, r,) approxima-
tion as follows:

O(r) = —e? a/2ra exp|—aRa] cos[aRa] —

— e a/2rb exp[—o.Rb] cos[aRb]. (10)

The solution of Schrodinger equation for oxygen
in potential field @ is a well known two-centers prob-
lem of quantum mechanics. It is naturally solved in
the elliptic coordinates: u=(r,+r,)/R,, n=(r,—1;)/R.;
The variables’ separation in the Schrodinger equation
and transition to three 1-D differential equations are
possible using the approximation: /2 R,(n + n)=1/2
R,,u. Then potential (10) has the form:

O(u,n) = —2p a exp[—agF R,p] coslagF R,ul/

[Ros(1? — )] = g(w)/ (0 —m?).

The master differential equations system has the
following form:

{d/du (W — 1) d/du — [N, + m?/ (= 1) +



+twet Rye(w/24 T, =0 an

{d/dn (—m*+ Dd/dn + [, + n’m* (1 =)} S, =0,

{d*/d¢?> + m*}Z,= 0.
Wave function can be represented as follows:

One- electron energy £ = —2c2/Rab? is dependent
upon the main quantum number and also the sym-
metry of quantum numbers /, m; A, is a coupling con-

stant. Usual molecular orbitals (MO) correspond to
the orbitals-solutions (MOS) of (11) as follows:

(MO) — (MOS) = 16,—1s0; 16, —2pc; 26,—2s0;
26,—3po; 36,—3do; 1n,—2pm; 1n,—3dn; 36,—4pc.

The ground configuration of the oxygen molecule:
lol6,26,26,* 36,21, In,?. Our task is to calculate
the bond energy E(ln,). A standard approach to nu-
merical solution is based on the Numerov method
and matrix technique with using the Newton-Rafson
scheme (c.f.[15-17]). A new, more effective method
of the eigen-values definition and functions problem
solution, which is based on the operator perturbation
theory and Runge-Kutta integration procedure, was
proposed in ref. [13, 12, 15—18].

MODEL TO CATALYTIC ACTIVITY OF
SEMICONDUCTORS

Now, let us formulate a new effective approach to
description of catalytic processes on semiconductors
and determine connection between the semiconduc-
tors electron structure parameters and their catalytic
activity in the relation to simple model reaction of
the H= H" + e type. Above proposed model is trans-
formed through the following way. In order to describe
the electronic structure of semiconductor let us use
the known Resta model in the Thomas-Fermi theory
for semiconductors (c.f. [14]). We consider the model
semiconductor as the electron gas with non-perturbed
density n,. The corresponding Poisson equation is as
follows:

W) = q {V(r) — 4},

where ¢ = 4k./na, and A is a constant. Let us sup-
pose that there is the finite screening radius R near the
probing charge Z, and n(R) = n,. Then a constant A4 is
equal V(R). Beyond the radius R the point charge Z,
potential is equal to: V(R) = —Ze?*/[(0) r], ¥>R ,where
g(0) is a static dielectric permeability. Independent
solutions for the Poisson equation have the following
form: Ze’exp|qgr]/r. So, the general expression for po-
tential energy is:

Wr) = —Ze* /r{C,exp(qr) +

+C,exp(gr)} + A, r< R (12)

Taking into account the continuity condition,
boundary condition (M(r) — 0, r - 0) and formula
A = V(R), the expression for V' (12) looks as follows:

V() = —{Ze* /r}{shlq(R — r)]/sh[qR] —

— Ze/e(O)R, r< R. (13)

The continuity condition for electric field under
r = R allows to define a link between the screening pa-
rameter and € (0) as: (0) = sh[gR]/qR. If £(0)>1, Ris
equal to finite value comparable with distance to the
nearest atoms for example, for Si, Ge semiconduc-
tors R =4,4 a.u.). The Schrodinger equation solution
with potential (12) allows to define the corresponding
energy spectrum in dependence upon the parameters
€(0), kr and then a link between the semiconductors
electron structure parameters and their catalytic ac-
tivity likely above described one.

QUALITATIVE ESTIMATE FOR CATALYTIC
ACTIVITY OF THE ABO3 COMPOUNDS

We are interested by a search of the most opti-
mal and active catalyzers of the model reactions H =

=H"+e and O, =0,+e among the compounds
ABO3 (B=Fe,Ni,Co; A=La, Ce, Tb, Dy). We have
applied our scheme of the electrodynamic model-
ing for the case of the model reaction O, + e- = O-,.
Calculation is resulted in solution of the Schrodinger
equation (the Kohn-Sham equations system) for sys-
tem: oxygen molecule — electron in the potential field
of a material. If for the corresponding parameter  the
negative ion has the bound state then the material is
the catalyzer of reaction. And if the bond energy is
more them the catalytic properties will be manifested
in the more degree. We present the corresponding
bond energies for different compounds in table 1.

Table 1
Bond energies for system O, + e

Bond Bond

Compound energy, Compound  energy,
eV eV
LaFeO3 1,76 TbFeO3 1,82
LaCoO3 1,75 TbCoO3 1,81
LaNiO3 1,73 TbNiO3 1,78
CeFeO3 1,67 DyFeO3 1,64
CeCo0O3 1,67 DyCoO3 1,63
CeNiO3 1,65 DyNiO3 1,61

As the estimate shows, the most active catalyzers
among considered materials are the compounds as
follows: LaFeO3, LnCoO3, TbFeO3, TbCoO3. It is
of a great interest that this is in a full correspondence
with preliminary experimental studies [10,11]. It is
obvious that the further studying of the electrocata-
lytic properties of the cited compounds requires the
detailed calculation of the electron structure param-
eters, ab initio quantum modelling catalytic reactions,
which possibly run with forming the corresponding
adsorbtion complexes etc.

CONCLUSIONS

We present here the quantum mechanical and
electrodynamical approaches in problem of the cata-
Iytic activity definition for metals, metallic and semi-
conductor materials. On its basis it has been carried
the qualitative estimate of catalytic properties for lan-
thanides perovskites. The proposed approach could
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be modified for the semiconductor surface catalytic
reactions product and charge exchange processes
evaluation and, in such a way, could be used for the
semiconductor sensors efficacy prediction for the giv-
en reaction type. We believe that approach proposed
can be improved on the way of account for the whole
number of additional factors (the electrolyte influ-
ence, surface effects, electrode potential, the electro-
lyte type, the electron concentration in the layer and
many other [§—12]).
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0. B. I'tyuikos, 4. U. Jlenix, O. I1. ®enuyk,
0. 0. Xeuemniyc

EJIEKTPOJIMHAMIYHE TA KBAHTOBOXIMIYHE MOJEJTIOBAHHA EJIEKTPOXIMIYHMIX TA KATAIITUYHUX
IMPOJIIECIB HA METAJTIAX TA HAITIBITPOBIIHUKAX: ITEPOBCKITU JIAHTAHIJIIB

BukitaneHo HOBMIT KBAHTOBO- MEXaHIYHUI i eJIEKTPOAUHAMIYHUI TAXiI 10 BU3HAYEHHSI KaTaJiTUYHOI aKTUBHOCTI HAITiBITPO-
BiITHMKOBMX Ta OiHapHUX METaTiYHUX MaTepialliB. BUsIBIeHO KiJIbKiCHY KOPEJISIIiIo ITapaMeTpiB €JIeKTPOHOI CTPYKTYPH IITyKaHUX Ma-

TepiaiB i iX KaTaJTiTMYHOI0 aKTUBHICTIO Y BiIHOLIEHHI 10 MOJAENbHUX peakuiit tuny: H = H* + e, 0, =0, + e~ . BukoHaHo sIKicHy

OLIiHKY KaTaJiTUMHUX BJIACTUBOCTE! MEPOBCKUTIB JJaHTaHiIiB.
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A. B. Iltymikos, 4. W. Jlennx, A. I1. ®equyk,
0. 10. Xeuenunyc

BQJIEKTPOANMHAMMWNYECKOE 1 KBAHTOBOXUMMWYECKOE MOJAEJINPOBAHUE DJIEKTPOXUMMNYECKUX 1 KA-
TAINTUYECKHX ITPOITECCOB HA METAJUIAX 11 TTOJYITPOBOJHUKAX: IIEPOBCKUTDBI IAHTAHN OB
M310XeH KBAHTOBO - MEXaHUYECKUI 1 3JIEKTPOIMHAMUYECKU I ITOAXO/ K OTIPEIEIEHUIO KaTAIUTUUECKON aKTUBHOCTH MOJTYIIPO-

BOOJHUMKOBBIX 1 METATNIMYECKNX MATCPHUAJIOB. BrIsiBIeHa Koau4yecTBeHHAst Koppéranuda nmapaMeTpoB 3J1€KTpOHHOI7'I CTPYKTYPhBI UC-

KOMBIX MaTepHUaJIoB U MX KaTaJTUTUYECKO# aKTHBHOCTH 1O OTHOIIEHUIO K MOJIENbHBIM peakiusaM suna: = H* +e, O, =0, +e”.
BoinosHeHa KayecTBEHHAs OLIEHKA KaTaTUTUYECKUX CBOMCTB MEPOBCKUTOB JTAHTAHUIOB.



