Haykoswuii BicHuK Ykropojacekoro yHiBepcutety. Cepis ®izuka. Bunyck 8. Yactuna 2. — 2000

BOUND STATES IN CATALYSIS: NEW
ELECTRODYNAMICAL AND QUANTUM CHEMICAL
MODELS IN ELECTRON THEORY OF CATALYSIS

A.V.Glushkov', Yu.A.Kruglyakl, V.D.Parkhomenko®”,
P.N.Tsybulev”, M.V.Belous®

! Atomic-Molecular-Laser Spectroscopy Centre,
Odesa Hydrometeorological Institute,
a/c 108, Odesa-9, 65009, Ukraine
2 Institute of General and Inorganic Chemistry, Ukr. Nat. Acad. Sci., Kyiv, Ukraine,
3 Institute of Intellectual Property, Kyiv, Ukraine
4 National Technical University of Ukraine “Kyiv Polytechnical Institute”,
Kyiv, Ukraine

New approach in the electron theory of catalysis, based on the electrodynamical and
quantum-chemical modelling of catalytic processes in metallic materials is devel-
oped. We have determined and studied the electron structure parameters of metal
alloys which determine the catalytic activity of metallic alloys for the simple model

reaction of the type: H = H" +e and O, = O, +e". It has been quantitatively

shown how the Fermi level position dependence upon the metal alloys components
concentration influences on the catalytic activity of alloys.

1. Investigation of the catalytic activity
for metals and metal alloys and development
of a comprehensive theory for catalysis is
one of the most important problems. Its so-
lution is of great importance, for example,
under creation and carrying out the electro-
chemical generators etc. [1-12]. It is known
that variation of component concentration in
a metallic alloy can result in the corre-
sponding change of its both catalytic activity
and electrochemical properties. The attempts
of comprehensive quantitative description of
the electron structure of metals (metallic al-
loys) in the processes on electrodes of elec-
trochemical generators have been undertaken
in a whole number of papers [1-3], in par-
ticular, within the conceptual models with
the use of the density functional formalism
[3]. In these quite effective (from the point of
view of calculations) models the description
is made in terms of electron density at the
metal or alloy surface. As a result, these
models are not enough sensitive to the value
and the density of states at the Fermi surface.
Evidently, in a great number of papers [1-3]
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the catalysis and hemosorption problems are
considered within ab initio quantum chemis-
try methods. Naturally, such quantum-
chemical calculations give very useful in-
formation about the processes considered,
however some quite important moments of
physical and chemical nature of these proc-
esses often remain to the certain extent
veiled. As an alternative, one can consider
effective approaches, developed on the basis
of both electrodynamical and quantum-
chemical modeling [4-6]. Here we develop a
new model approach to determine the cata-
lytic activity of binary metallic alloys. The
electron structure parameters of metal alloys
which determine the catalytic activity of
metallic alloys to the simple model
H=H"+e or O] =0, +e -type reaction,
are considered.

2. The electron structure of a metallic
system can be approximated by a set of iso-
tropic s-d bands [4, 5]. The static dielectric
permeability is represented as follows:

8=1+£SS +5dd+esd+5ds, )
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where g;; describes the contribution due to
the i-j transitions into €. In the free-electron

approximation the expression for & _ is
given by

& =27v (E )k {1+[4(ks)? —k2]Ln§(2k; +H) 26~k AKEEY e ©)

where k=g a; ; q is wave number; a, —

Bohr radius; gr = (37r2 Zi /Q)“3 ; z; — the
number of electrons in the i-th band,

of states at the Fermi surface in the i-th band.
The corresponding expression for ¢, has

the following form:

v(E,)= N,(E.)ase’, N,(E,)- the density

£y =27V, (B e My {1+ [4(kZ)? ~ 2 ]Lni(Zk,‘f +k)/2k4 -k)f/4kgk} ........ 6)

Here the matrix element M, is determined by the superposition of the wave functions for d
electrons. The contribution g(ds) is important only for the systems containing noble metals .
This contribution is determined as follows:

6, =[2m k& f.1 TP {L +[4(k )> — K2 1Lnl(2k ; +K) | 2k g = K|/ 4k o} e (4)

where m(s) is the effective mass of electron
in the conduction band; k;, f.- numeric pa-
rameters [6]. Note that the contribution of
&, in (1) for transition metals is about sev-

eral percents. The effective potential, which
imitates the effect of the potential metal
(metal alloy) field on the inculcated hydro-
gen atom, is determined as follows:
2 0 o3
O(r) = -2 [IBI 4y (5)
mr o ke(k)

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

O y=—e* a/r exp[-aR]cos[aR]. (6)

Here

o =[z"12(kp ) T v, (Ep) + Ckp [k Vo (Ep ) +

+ fo (ki 1 Rp) v (Ep )3

R=2g}r a=(k)"

The numeric solution of the Schrédinger
equation [9, 10] for hydrogen atom in the
potential field ®(r) gives the corresponding
spectrum of states, which can be continuous
or discrete depending upon the parameter
¢! =a/a. The spectrum is continuous if

£<L=0.362 (the corresponding material is a
good catalyst for the hydrogen ionization
reaction); if £>C,, then the spectrum is dis-
crete (the metal is not a catalyst for the reac-
tion in question).
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In the binary metallic alloy both the
Fermi level position Er and the correspond-
ing density of states v(Er), and, hence, the
electron structure parameters o and a vary
with the admixture concentration ¢. For ap-
proximate account of the given variation it
is possible to use the Thomas-Fermi ap-
proach [3]. Suppose the admixture atoms to
form a sphere. The radius is related to the
concentration as (gRc)” = (grs)>c (rs — the
characteristic parameter of electron gas). For

the screened potential V(r ) near the admix-
ture (under condition: | AE, =V |< E. ), the
corresponding Poisson equation is as fol-
lows:

AV(r)= q* {V(r)-AE. }. (T)

The elementary solution of equation (7)
under the boundary conditions: (dV/dr )g=0 ,
V(Rc)=0, V—>- Z, e /r, r—>0 ( Z, is the dif-
ference of the component valences) has the
form

V(r,R)—AE; =(-Ze/r[{qR.chlq(R, — )]+ sh[q(R, —r)1}/[qR.ch(qR.) + sh(qR.)] . (8)

The second boundary condition provides
the expression for the Fermi level shift de-
pending upon the concentration c:

AE. = Ze’q/[qR.ch(qR,) + sh(gR.)]. (9)

One can see that for a binary alloy the
value v(EFr) is substituted by the value v(Er)
=v(Er)tAv(EF). The parameters, which de-
termine the catalytic activity for metallic
compounds, are directly dependent on the
component concentration. As an example,
we estimate the catalytic activity of Ni-Cu
compound for the reaction H =H'+e.
The calculations show that the compound
with the concentration of Cu £ 15% is an ef-
fective catalyst for the cited reaction, how-
ever with the growth £(§—&,) the situation
changes into opposite in accordance with the
experimental data.

In the case of the model reaction of
O; =0, +e” type the situation is inverse in
comparison with the above described one.
The numeric solution of the Schrédinger
equation [11, 12] for oxygen molecule in the
potential field ®(r) gives the corresponding
spectrum of the states, which can be con-
tinuous or discrete depending on the pa-

rameter ¢~ =a/a. The spectrum is con-
tinuous if £>Cpound. (the corresponding mate-
rial is a good catalyst for the studied reac-

tion). If &<Cpound, then the spectrum is dis-
crete (the material is not a catalyst). Some
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promising catalytic materials and their cata-
Iytic activity predictions for some materials
(transition metals and alloys, semiconduc-
tors, lanthanides, perovskites) were consid-
ered within developed approach [12-17].

In conclusion we emphasize that here we
concentrate our attention on the principal
ideas. We believe that the proposed approach
can be improved by the account of the whole
number of additional factors (the electrolyte
influence, surface effects, electrode potential,
the electrolyte type, the concentration of
electrons in the layer etc. [16,17]). Especially
interesting is the development of similar
models for semiconductors and for other re-
actions (especially important are catalytic
processes for industry).
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3B’SI3AHI CTAHU B KATAJII3I: HOBI
EJJEKTPOIUHAMIYHA TA KBAHTOBO-XIMIYHA
MOJIEJII B EJEKTPOHHIU TEOPII KATAJII3Y
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! Tentp aToMmHOI, MoKy ISPHOT T J1a3epHOI CIIEKTPOCKOIT],
Onecbkuii rizpomereoponoriynmit iHCTHTYT, a/c 108, Onxeca-9, 65009
? [HCTHTYT 3aranbHOI Ta Heoprauiunoi ximii , HAH Yxpainu, Kuis
3 IncTuTyT inTenexTyansHoi BracHocTi, Kuis
* HarfioBansHnit TexHiunmi yaisepcuter “KuiBehKui momiTexniunmit incturyr”, Kuis

Po3po6iaeHo HOBHI MiIXiA B €JIEKTPOHHIH Teopil KaTanisy, sKui IPYHTYeThCA Ha HO-
BHX eJIEKTPOJMHAMIUHill Ta KBAHTOBOXIMIUHIN MOZEIIX KaTaiTUMHKX NpOLeciB Ha
MeTaliYHUX MaTepianax. BcTaHOBIEHO Ta JOCHIAXKEHO NapaMeTpy €NeKTPOHHOI
CTPYKTYpH METATIYHHX CIUIARIB, sKi BU3HAYAIOTH IX KATalliTUMHY aKTHBHICTH 1I0J0

monensHux peaxuit tary H = H* +e ta O, = O, + ¢~ . KinskicHo nokasaso,

AK 3aleXHICT, mnoyokenus piBHs Depmi BiX KoHIEHTpauii KOMIOHEHTIB Me-
TAiYHUX CTUIABIB BILIMBAE Ha X KATATITHIHY aKTHBHICTB.
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