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The physical mechanisms of heterogeneous catalytic oxidizing reactions methanol oxidation using bimetallic
film layered mechanically strained PtNi and PtCu-based catalysts are reviewed. The main research methods are
theoretical calculations based on the density functional theory and the “ab initio” pseudopotential method. The
work illustrates that the mechanical stress and the presence of dissociated oxygen have the greatest impact on
increasing electron bimetallic catalyst activity during the oxidation of methanol with using bimetallic layered
mechanically strained PtNi and PtCu-based catalysts. The compression of the platinum film pushes the electron
density outside the film and it gives the density an elongated form and increases the chemical and absorption

activity of the film.
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Introduction

Nanoparticles and nanostructured materials are
actively studied in many fields of science. Such areas
include nanoenergy, in which fuel cells are one of the
most promising technologies for generating electricity.
Fuel cells (PE) are devices for the direct conversion of
chemical energy of fuel into electrical energy as a result
of electrochemical reactions. The development and
implementation of fuel cells is still an urgent task in the
development of new catalytic fuel oxidation systems
[1-5].

According to existing scientific research in the
development of nanoenergy, electrocatalysts must meet
the following requirements: be porous [6], have adequate
electronic conductivity, stability in the electrolyte,
selectivity for redox reactions, adsorption, catalytically
active and durable [7].

Currently, platinum group materials are widely used
in low-temperature fuel cells as catalysts for chemical
processes. In catalytic processes, Pt has advantages over
other chemical elements due to the unfilled electron
orbital 5d. Its main disadvantages are degradation during
long-term operation in PE, as well as high cost. The
solution to these problems is associated with the
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development of multicomponent catalytic systems based
on platinum with the inclusion of other metals [8, 9, 10].
This requires the use of highly efficient catalysts, which
could combine high reaction activity and extended
service life of these devices. Their development
strategies depend on a detailed understanding of the
mechanisms of fuel oxidation and oxygen reduction [11].
For multi-component catalytic systems, their most
active sites on the catalyst surface are the most
important, which is a key point for their development.
The inclusion of other chemical elements in platinum
affects the stability of the system as a whole. In [12-19],
bimetallic catalysts Pt-M (M: Fe, Ni, Cr, Cu, Co) were
studied to study the mechanisms of oxygen reduction.
Scientists have established a relationship between the
increase in catalytic activity and the compression and
stretching of the crystal lattice, the deformation of the
lattice, the shift of the d-zone in bimetallic catalysts.
Therefore, for practical success in the development
of catalytic structured and functional materials, for
example in energy conversion processes, it is necessary
to know quantitative information about the basic
concepts of the catalytic reaction [20]. This will at least
predict what are the optimal opportunities for chemical
reactions and what materials can be selected for the
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production of catalysts.

In this paper, we consider the physical mechanisms
of heterogeneous catalytic oxidation reactions, ie the
oxidation of methanol using bimetallic catalysts based on
PtNi and PtCu. For modeling and theoretical
calculations, we use the method of electron density
functional theory and the ab-initio pseudopotential
method.

I. Methods and objects of computing

The basic states of the alimentary-nuclear systems

were manifested by a self-consistent solution of the Kohn
and Sham equations, since only electronic changes were
determined with fixed atomic bases. Following Kohn and
Sham [21], the electron density was recorded in terms of
occupied orthonormal single-particle wave functions:

(N =2y, (r)|2 (@)

The point on the surface of the potential energy in
the Born-Oppenheimer approximation was determined
by a minimum concerning the wave functions of the
energy functional:
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where {Rj} — the coordinates of atomic shafts, {¢,,} - calculations, we found that when platinum is deposited
. ) on a Ni or Cu substrate, the distance between Pt - Pt
all possible external influences on the system. atoms is reduced, which in turn increases the catalytic
Because the calculation algorithm —implies  octivity of platinum. Reducing the length of the Pt - Pt

translational symmetry in the investigated atomic system,
an artificial super-lattice of the tetragonal type was
created. To obtain the film structure, the Ilattice
parameters along the axes OX, QY, OZ, had a ratio of 1:
1: 2. The parameters of the super-lattice and the atomic
basis are determined by the object of the study.

The parameters of the platinum lattice are larger than
those of nickel and copper, which allows the process to
create compressed layers Pt, either by the epitaxial build-
up of the layers Pt on the substrate Ni or Cu or the
cultivated (synthesized) alloy of a given composition
(PtxNiyx PtyCuy).

To study the physical mechanisms of the methanol
oxidation reaction on platinum-containing catalysts for
the comparative analysis, three groups of nano-objects
with a thickness of 4 atomic layers containing 32 atoms
in the base, which in the first group are divided into
objects: film Pt; film Cu; film Ni; film heterostructure
consisting of two atomic layers of nickel or copper-
coated on two sides on one platinum layer.

Next, the atomic systems described above,
supplemented by two oxygen atoms, were located in the
interstate positions of the surface layers Pt and alloys
PtuNiy.x Pt,Cuy..

The third model group was based on the second
group of objects with an addition on the surface of
methanol molecules. Also, for the possibility of
evaluating changes in atomic systems, an isolated
methanol molecule and two-layer platinum films were
additionally calculated.

I1. Results of calculation

According to the results of calculations using the
author's software code [22], the spectral characteristics of
the developed model atomic systems, the spatial
distributions of the density of valence electrons, and their
intersection were determined.

Analyzing our obtained results of theoretical
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bond promotes the formation of more favorable active
centers for oxygen chemisorption. The obtained
experimental results correlate with the results of other
authors [23, 24].

To study the physical mechanisms of the methanol
oxidation reaction on platinum-containing catalysts for
comparative analysis, we created pure 4-layer Cu and Ni
films with the addition of an oxygen atom in the position
between the surface atoms of the Cu film and the Ni film.
Figure 1 shows the spatial distributions of the valence
electron density for the 32 atomic Cu film in the planes
110) and (100) with the addition of a molecule of
methanol and atomic oxygen.
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Fig. 1. Intersections of spatial density distributions of
valence electrons in planes (110) and (100) 32-atoms
film Cu atom of methanol on the surface (the center of
the molecule is located above void between atoms on
the surface layer of catalyst) and the oxygen atom of
the molecule of O, is dealt face up in the position
between the surface atoms of Cu catalysts: (a, d) film
Cu; (b, e) film Cu with the addition of the atom O; (c,
f) Cu film with atom O and molecule of methanol.
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Fig. 2. Electronic spectra of the valence electrons for 4 layers film PtCu (a, b, ¢) with lattice Cu (a = 3.615 A) and
PtNi (d, e,f) with lattice Ni (a = 3.524 A) with absorption atoms on the surface: a) 4 layers film PtCu; b) 4 layers
film PtCu adding atom O; ¢) 4 layers PtCu with atom O and molecule of methanol; d) 4 layers film PtNi;

e) 4 layers film PtCu adding atom O; f) 4 layers film PtNi with atom O and molecule of methanol.

Figure 2 shows the distributions of electrons in
energy areas for the g point superlattice BrillGien zone
above the described systems. In the analysis of
distributions that meet the 4 layers of brief films PtCu
and PtNi, with added oxygen atoms and molecules of
methanol, it is evident that there is a significant
difference in the electronic properties of systems,
analyzed above for adding the atomic the oxygen in the
system. The character of the distribution of the electrons
as the energies and space changing from uniform to the
inherent systems with internal electric fields and energy
barriers: the emerging spatial area with locally higher
charge in the neighborhood of the oxygen atoms, and the
distribution (sorting) of electrons to energies on the
distribution of the dominant maximum energy near the
Fermi, thereby increasing the catalytic activity of the
films.

Conclusions

The methods of the functional of electron density
and pseudopotential from the first principles obtained
distributions of the density of valence electrons and
electronic energy spectra of bimetallic catalysts based on
Pt to determine the mechanisms of their increased
catalytic activity. It was found that mechanical stresses
and the presence of dissociated oxygen play the greatest
influence on the increase of the electronic activity of the
catalyst.
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Physics, Candidate of Physical and Mathematical
Sciences;

Ogorodnik Y.V. — senior researcher.
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Bimeraniuni HanokaTajizaropu PtCu Ta PtNi 149 naJuBHUX eJieMeHTIB

YKpusopisvruii nayionansnuii ynisepcumemKpusuii Pie, Yxpaina, hmchernikova@gmail.com
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Mu posrismaeMo (pi3myHI MeXaHI3MH TETEPOTCHHHX KATATITHYHUX OKUCIIOBAIBHHUX PEaKIiii OKWUCICHHS
METAaHOJY 3 BHKOPHCTAHHSAM OiMETaNiYHHX IUTIBKOBHUX IIAPYBaTUX MEXaHIYHO HANPYKEHHX KaTali3aTopiB Ha
ocHOBi PtNi ta PtCu. OCHOBHMMHM MeTOJaMHU AOCTI/DKSHHS € TEOPeTHYHi pO3paxyHKH, 3aCHOBaHI Ha Teopii
(GYHKLIOHABHOT EJIEKTPOHHOI TYCTHHH Ta MeETOXi IceBIomoTeHmianiB “ab initio”. PoGorta imoctpye, 110
MeXaHIuHe Halpy)KEHHS Ta HasSBHICTh JUCOLIHOBAHOIO KHCHIO MAalOTh HAHOUTBIIMK BIUIMB Ha ITiJBHIICHHS
KaTaliTUYHOI aKTHBHOCTI €JIEKTPOHHOro OiMETaJiYHOro KaTajizaTopa IiJ 4Yac OKHUCJICHHS MeTaHoNly 3
BUKOPHCTAHHSAM OIMeTaliyHHX IIapyBaTHX MEXaHIYHO HaNpyXeHHX KaTamizaTopiB Ha ocHOBi PtNi Ta PtCu.
CTHCHEHHS IIIaTHHOBOI IDTIBKM BHINTOBXYE EJIEKTPOHHY TYCTHHY HA30BHI IUTIBKH, 1 BOHAa HAamae TYCTHHI
BUTATHYTY (OpMY 30LTBIIYIOUH XiIMIUHY Ta IOTJIMHANEHY aKTHBHICTH TUTiBKH.

KiwouoBi cioBa: rereporeHHi KaTaimi3aTopu, OiMeTamiyHi IUTIBKOBI KaTajli3aTOpH, OKUCICHHS METaHOIY,
Teopist PyHKI[IOHATY, KpUCTaliYHa PEIliTKa, I'YCTHHA, eHePTeTHYHUH CIIEKTp, HATUBHI SIEMEHTH.
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