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Within the framework of the Dogonadze-Kuznetsov-Levich theory, with the replacement of the classical
Boltzmann distribution by the Fermi-Dirac quantum distribution and the simplest dispersion law, an expression for
the discharge of currents at the dielectric/electrolyte interface is provided. An approach to estimate the average
density of electronic levels from which heterogeneous charge transfer is carried out is proposed. An expression for
obtaining the numerical value of the cathode current density was found. The conditions for the occurrence of surface
conductivity of a dielectric in a salt melt without its prior metallization are formulated. It is substantiated that the
type of surface conductivity depends on the energy reorganization, energy reagents and product reaction in the
electrode field, transmission coefficient and other quantities that have a value of the chemical composition of the
electrolyte, and can be significantly calculated by analytical or quantum chemical methods. It was established that
the adsorption of carbon dioxide on the surface of the dielectric leads to a significant polarization of the surface
cluster to the side of the conduction zone. The width of the band gap decreases, but the dielectric character of the
cluster does not change, there is no overlapping of the band, that is, the electrode does not acquire the
semiconducting and semimetallic character of conductivity. At that time, the adsorption of BO?  on the electrode
surface leads to a strong polarization of the surface cluster towards the valence band. With this width of the band

gap decreases slightly, less than in the case of carbon dioxide.
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Introduction

Hard materials that are particularly important from a
technical perspective are divided into natural hard
materials (diamond, corundum, and others) and synthetic
hard materials (refractory carbides, borides, nitrides, and
metal silicides). For metallurgy, industries of hard alloys
and grinding materials, it is necessary that a hard material
in addition to significant hardness (8-9 on the Mohs scale),
a high melting point also feature a metallic character and
be able to form alloys with metals of the iron group. These
requirements are met, in particular, by carbides of
transition metals of groups IV A - VI A of the periodic
table. Among them, the most important carbides are WC,
TiC, TaC, as well as VC, NbC and Mo,C, cemented by
cobalt or nickel [1-2].

The experimentally discovered [3] possibility of
deposition of galvanic coatings on natural and synthetic
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diamond-dielectrics without prior formation of a
conductive layer [4] showed an occurrence of conductivity
of a diamond immersed in a carbonate-containing melt
and lack of conductivity, for instance, in a boride-
containing melt. Based on the experimental data, the
authors [4] drew a phenomenological conclusion that
surface conductivity of diamond in oxide melts is caused
by the course of redox processes at interphacial boundary.
Later, a model scheme of variation of diamond surface
conductivity was proposed (based on the analysis of the
results of quantum chemical calculations), which explains
the occurrence of conductivity of a surface layer of
diamond-dielectric. However, the problem of a type and a
mechanism of occurence of the surface conductivity in
this case remains debatable which served as a springboard
for development and generalization of the Dogonadze-
Kuznetsov-Lyvych theory regarding dielectric/electrolyte
interphacial boundary in order to substantiate the
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possibility of occurence of surface conductivity of Where E - energy of an electron or a hole calculated
dielectric in saline melts. from the boundary of a corresponding band, A —
dimensional numerical parameter. Replacing
g(E) = const with g(E) = const definitely takes into
I. The research methodology account the features of the band structure of solids in the

best possible way to solve the given task.
According to the band theory of solids, density of

electronic levels in metals is practically constant, at the 1.1. Calculation of cathodic current density
same time for a dielectric and a semiconductor it depends through the conduction band
weakly on energy of electron in the depth of the band, but In order to calculate cathode current density within the

in the vicinity of the band boundaries the dependence is  framework of the Dogonadze-Kuznetsov-Levich theory at
complex and based on the choice of a particular  a single-electron transfer through the conduction band of
dependence model g = g(E). Since charge carriers  a solid, let us presume that: 1) the redox reaction takes
located near the band boundaries contribute the most to place at the distance of the maximum approach of a
discharge current, in order to establish the specificity of  discharging ion to the electrode, 2) electron transfer is not
heterogeneous  reactions  at  dielectric/electrolyte  accompanied by breaking or formation of chemical bonds,
boundary, it is necessary to take into account the  3)in order to exclude electron tunneling in the band gap,
dependence of density of electronic levels on energy of an the Debye shielding length in a solid body is taken as quite

electron. In this work, a standard model [5] of the  [arge, 4) total potential drop is concentrated in a solid
dependence of the density of electronic levels on the body. Taking the aforesaid into account, within the
energy is chosen: Dogonadze-Kuznetsov-Levich theory [5], the cathode
g(E)=A-VE 1) current density through the conduction band is equal to:
We [es) 1 — 2

je=A-FIe12LL1c(8) - 8 [, (E = (Bc + Fm))? 1+ex;% exp (4220 @)
where [c] — the concentration of discharging ions, wess — the Fermi energy, A — total (outer- and inner-sphere)
is the effective fluctuation frequency of all classic degrees reorganization energy. The limits of integration of the
of freedom, k(x) — a transmission coefficient, § — integral are chosen under the assumption that the energy
thickness of the reaction zone, E. — energy of conduction is counted from the minimum of the valence band. Since
band minimum at the absence of overvoltage, n —  the integral in expression (2) cannot be evaluated

overvoltage, AG(E) = Fn + W, — Wy + Ex — E - Gibbs precisely, we will rewrite it taking into account the
energy of the reaction, W, and Wy — the enegry of the asymptotic expansion of the integral by a large parameter
reaction product and the reactant in electrode field; Ep — B =RT:

3

jo= Ay (&)E exp (—_A;;'F") X exp (—_(A_ACJ'WP _WR)Z) X

3 \A+Ac-Wp+Wpr 4RT-A

X % (; o (G4 i) (2t )" 5, c,;f(s>(Ec+Fn)%((’"f:§;js[mT_s]). 3)

2 A+Ac-Wp+WpR (4RT-2) 2 > >

where f(E) = l—lEF_E X = F[c]%x@) -6, Ac = E; — Ep - distance from Fermi level to the minimum of the
“RT

m-—s

conduction band in equilibrium; S[mT_S] - Kronecker delta; [x] - the integral part of a number x.

2
Let us write out the first part of the obtained asymptotic series:

ﬁ( 2RT-A )g 1 (—(A—AC+WP—WR)2)

ex
2 \A+Ac-Wp+Wg 1+exp$ p 4RT-A

Je = Ax

In the simplest case when homogeneous electron gas in an electrode is non-degenerate (E — Er > RT), the Fermi—
Dirac distribution approaches the Maxwell-Boltzmann distribution:

(1+eme) " = e (7).

Asymptotic series for (3) appears as follows:

Je = A)(ﬁ( 2RTA )% exp (_AC+F") exp (—_(A_ACWP_WR)Z) X

3 \A+4c-Wp+Wg RT 4RT-A
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D .. 1 2RT-A m g
me 0 (7;1 Hi:O (E+ l) (A+Ac WP+WR) 6[?%1] (4)

(4RT-1)2

The first part of the expression (4) appears as follows:

Je = A)(ﬁ( 2RT-A ); exp (_AC+F") exp (‘01—AE+_WP—WR)2) 5)

2 \A+Ac-Wp+Wg RT 4RT-1

It should be noted that in [5], due to the choice of the simplest law of variance in the final formulas for discharge
currents, the value g(E) remained a parameter that could not be calculated precisely, which diminished the importance
of received results. The approach proposed in this work, as shown by the calculations, allows to present the average
density of electronic levels, from which the heterogeneous charge transfer is carried out, as follows:

gor = A (2 ®)

2 \A+Ac-Wp+Wpg

Thus, the proposed option of evaluation of the expression (4) enables obtaining a numerical value of cathode current
density. Thus, taking into account (5), formula (6) appears as follows:

2
. 2RT-A —AC+F77) —(A—dc+Wp-wy)
Je B X Gsr At+dc—Wy+Wy exp ( rr ) €*P 4RT-A ) (7)

If we take values of reorganization energy which both to influence the particle interaction mechanism in the
satisfy the inequality A > |4, — W, + W;| for a non- volumetric phase of a melt and to control the rate of redox
adiabatic reaction in the Point Particle Model, formula (7) reactions at the interfacial boundary “dielectric/melt”. It
turns into similar formulas for cathode current density ~ Obviously leads to the fact that in melts of a certain
through the conduction band obtained in [5] for the ~ chemical composition, dielectric begins to show an
interfacial boundary semiconductor/electrolyte. electrode function, and, as a consequence, acts as an active

The analysis of the expression (5) regarding a base in high-temperature electrochemical synthesis. It is
possibility of an appearance of discharge currents at the ~ Possible to establish the type of surface conductivity

interfacial boundary “dielectric/electrolyte” showed that  (electron or hole) only based on: 1) specifying the type of
1 particles in saline melt; 2) numerical calculation

concentration — and activation . .
1+exp? +F 1 (analytical or quantum chemistry methods) of
—(A—Ac+Wp-Wg)? . reorganization energy, energy of reactants and reaction
exP( 4RT-A ) components contribute the most products in electrode field, transmission coefficient, etc.

into the value of cathode current density through the Thus, within the framework of  Dogonadze-
conduction band. Knowing that for a dielectric in standard Kuznetsov-Levich theory, having replaced the classic
conditions —=— C+ % > 1, therefore % - 0 and as it Maxwell-Boltzmann distribution with the quantum

I+exp=gr Fermi-Dirac distribution and the simplest law of variance
g(E) = const with g(E) = A-+E, an expression for
discharge currents at the interfacial boundary
dielectric/electrolyte was obtained.

is derived from (5.3.4), j. = 0, which indicates the
absence of redox processes at the interphacial boundary. It
is obvious that current density may be non-zero if

% ~ 1. However, the following conditions are

required for this ratio to be realized: 1) high temperature 1.2. Quantum-chemical calculations of particle
of the environment; 2) significant cathodic overvoltages; parameters

3) appropriate physical and chemical properties of the Quantum-chemical calculations [6,7] were done in
electrolyte which contacts with the electrode surface, order to assess a possibility of appearance of surface

capable of affecting (e.g. due to adsorption), the change in conductivity. Electrode surface was modeled by a C7oH24
the distance from Fermi level to the minimum of cluster (Fig. 1); as melt structural particles for modeling a
conduction band. In reality, these conditions can be charge transfer stage at reduction of electrochemically
fulfilled only in saline melts, where the adsorption of melt active complexes (EACs) and receiving carbides and
ions can occur, which leads to the appearance of tungsten borides - isoelectronic molecules CO2 i BOy
significant induced dipole moments in the adsorbate together with an [WO4]? anion surrounded by two singly
particles due to the redistribution of electron density charged cations of the same type Ca®* or Mg?*, or by four
between adsorbent and adsorbate. As a result of the singly charged cations Li*.

aforesaid redistribution, a position of Fermi level changes,

and, as a consequence, it approaches the minimum of

conduction band (or the boundary of valence band)

transforming surface layer of dielectric into a conductive

state. Alteration in cationic-anionic composition of a melt

leads to a change in the values A, 4, x, Wp, Wy and allows
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Fig. 1. The structure of an electrode surface fragment
CroHas.

I1. Results and their discussion

Having calculated and analyzed the received values of
enegries of highest occupied (HOMO) and lowest
unoccupied molecular orbitals (LUMO), it is established
that a presence of the particles CO; and BO; in the
proximity of the cluster CroHog, firstly, does not affect the
HOMO values of the cluster CzoH24 radically. Secondly,
involvement of [WO4]? anions cause an insignificant rise
of HOMO values of the cluster, the rise is greater in the
case with BO,. Finally, when an EAC
{M ™ [WO,4]*}"™2* (Fig. 2) is involved, it, on the
contrary, decreases significantly (approximately twofold)
the HOMO values of the cluster. However, these values
decrease insignificantly for the clusters in the presence of
BO,. At the same time there is a downward trend of

0,6 -

energy gap values of the marginal molecular orbitals, the
trend is more substantial for carbonate melts. Reactivity
alteration of the surface of a dielectric electrode at the
alteration of cationic composition of a melt reflects both
the specificity of chemical interaction of particles in saline
melts and the course of heterogeneous redox reactions on
the surface of dielectric.

The essence of this effect (transition of the surface
layer of a dielectric into a conductive state) is caused by
the redistribution of electronic density between an
adsorbent and an adsorbate, which leads to corresponding
changes in values of Fermi energy of electrons on the
electrode surface, as well as energies of marginal
molecular orbitals of an EAC. It is obvious that the
greatest plus side of this effect is equalizing Fermi energy
levels of a cathode material and LUMO energies of an
EAC.

The points on the charts correspond to the following
interactions: 1- BOz or CO;; 2- CO; (or BOy)...[WO4]%
3- CO; (or BOY)... {Lis*[WO4]*}?*; 4 - CO2 (or BOy)...
{Ca22+[WO4]2'}2+; 5- CO; (or BOy)... {Mg4+[WO4]2'}2+;
6- CroHas; 7- C70Hz4... CO2 (or BOy); 8- CroHp...CO2
(or BOZ')...[WO4]2'; 9 CpoHps... CO2 (OI’ BOz')
{Lis" [WO4]?¥?*; 10- CqpHazs... COz (or BOR)...
{C&22+[WO4]2’}2+; 11 - CyHps... COs (or BOz_)
{Mg?*[WO,]*}**. The calculation of cathode current was
done at single-electron charge transfer through the
conduction band of a dielectric [8,9] using the selected
model of the dependence of electron level density on the
energy

g(E) = 4n(2m/h*)*/? (8)

which showed:

1 2 3 4 5
LUMO

6 7 8 9 10 11
HOMO n

Fig. 2. A line chart of LUMO and HOMO values for interactions CzoHz4...CO2 i C7oHza...BOy’, in the presence of
the particles {M,\™[WO,]?>}"2* where M=Li*, Ca?*, Mg?* in the presence of a) BO," b) — CO».
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3
j 1( h? \2 ’A—AG
ﬁ = COTLStE (277:mn) 2kT-A (9)
where j,, — current density in the model g(E) = const,
A — general reorganization energy, AG — Gibbs energy of
electron transfer reaction.

The calculation outcomes of solid/metal exchange
current ratio in accordance with (9) for alternative
interactions C70Hzs...CO2 1 C70Ho4...BO7’, in the presence
of the particles {M ™ [WO4]>}"™2* where M=Li*, Ca®*,
Mg?*, at n=0, n=4 — for the case of the cations Li*,
n=2 — Ca®*, Mg? based on the data received from

guantum-chemical calculations are presented in the table
below:

Table 1
Received results of solid (Cs2H21)/metal cathodic currents
ratio.
Echange currents Jol Ju
Type of interaction Y=CO, | Y=BO,

C7oH24...Y 0.0427 0.0044
Croblas...Y ... WO4” 0.0452 | 0.0048
C7oH24...Y .. .{Li4+[WO42']}2+ 0.0781 0.0054
CroHzs...Y.. {Ca**WO,*1}** | 0.0803 | 0.0056
CroHzs...Y.. {Mg2*WO,#]}¥** | 0.0779 | 0.0057

The analysis the above data shows the presence of
non-zero exchange currents on the surface of CsyHy,
which interact with structural particles of the melt. For
instance, when a diamond cluster interacts with CO2
particles, the ratio is by far greater than in interactions with
BO,. This trend remains when an EAC
{M™[WO4]>}™2* is involved, at the same time in
interactions with particles of a tungsten-containing melt,
the ratio jo/ j. rises almost twofold. For the entire range of
interactions of the cluster in the presence of BO, the ratio
Jo/j remains almost the same, this fact does not allow us
to assert the presence of heterogeneous electron exchange
reactions on diamond surface for boron-containing melts,
even with a qualitative comparison of values of the
exchange current values in a carbonate-containing melt. In
addition, it can be seen from expression (9) that in a
general case, the ratio depends both on the features of the

band structure of a solid and on the physicochemical
characteristics of the structural particles of the polar
liquid. For values of the Gibbs free energy AG that satisfy
the condition A >> AG, of the expression (9) it is directly
obtained that jo= j.

Conclusions

Thus, the model g(E)=const can be used to calculate
the rate of redox processes at solid/polar liquid boundary
only for Gibbs free energy values which satisfy the
condition A >> AG. In a general case, in order to calculate
exchange currents at semiconductor/polar liquid
interphacial boundaries, it is necessary to use other
dependences of variance law on the energy in accordance
with the features of a band structure of a solid. Also, the
analysis of the obtained results provides grounds for
substantiating the possibility of joint electroreduction of
melt particles on dielectric surface, which is achieved in
the presence, firstly, of carbonate-containing melt
particles - CO.. Secondly, the mere presence of CO;
particles in a tungsten-containing melt is not enough for
tungsten reduction. In order to implement joint
electroreduction of carbon and tungsten during the high-
temperature electrochemical synthesis of tungsten
carbides, the presence of strongly polarizing cations Li*,
Ca?*, Mg®* is necessary, i.e. the course of heterogeneous
redox reactions is possible only for particles of the type
Ma™[WQ4]>}"™2* in the presense of CO, which in
practice enables joint electroreduction by combining the
potentials of carbon and tungsten reduction (achieved
through changing melt acidity - cationic catalysis), as well
as alteration of phase composition of electrolysis products
and their nanostructure.

I would like to express my gratitude to PhD in
physical and chemical sciences, S. Kovalenko for
discussing the obtained results.
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JI.O. Conguuk

BnumB ckjaay po3Tony Ha ryCTHHY KATOAHOIO CTPYMY B €JIeKTPOAHUX
peakuisix

Incmumym konoionoi ximii ma ximii 60ou im. A.B. [Jymancexoeo HAH Yrpainu, m. Kuis, solianyk2017@gmail.com,

VYV pamkax teopii [loronamze-Kysuerosa-JleBudya i3 3aMiHOIO KIacHYHOro po3mnoniny bombiMana Ha
KBaHTOBUIT po3noxin Pepmi-Jlipaka it HalimpocTimoro 3akoHy AUCIIepCii oep>kaHoO BUpa3 Ul CTPYMIB pO3PSIY
Ha MDK(a3HId Mexi JieeKTPUK/eIeKTPOiT. 3alpOIOHOBaHO MiIXiJ OLIHKH CEPEeAHBbOI T'YCTHHU EIEKTPOHHUX
PiBHIB, 3 SKHX BiZOYyBa€ThCS TETEPOTCHHHN NEpEHOC 3apsAny. 3HAIIEHO BHpa3 A OTPUMAHHSA UYHCEIHHOTO
3HAQUeHHS TYCTHHM KaTrogHoro crpyMmy. C¢opMynboBaHO YMOBH BHHHMKHEHHsS ITOBEPXHEBOI IPOBITHOCTI
JeNIeKTpUKa B COIBOBOMY po3Tori 0e3 momepeaHboi ioro Meramizaiii. OOGrpyHTOBaHO, 1O THII HOBEPXHEBOI
MIPOBITHOCTI 3aJICKHUTH BiJ €Heprii peopranizarii, eHeprii peareHTiB i MPOTYKTIB peakiii B IO eIeKTpoAa,
TpaHcMiciitHOro koedilieHTa i iHIIMX BEJIMYHH, 3HAYCHHSI SIKUX BH3HAYAIOTHCS XIMIYHUM CKJIaJIOM EJIEKTPOJITY i
MOXYTh OYTH YHCEIFHO PO3paxoBaHI aHAJITHYHUMH a00 KBaHTOBOXIMIYHMMH MeToAaMH. BcTaHOBIIEHO, IO
azmcopOuis qioKcuIy ByIJIEHIO Ha IOBEPXHI JieIeKTpHKa NMPUBOAMTEH IO 3HAYHOI mMojsipu3anii kiacrepa
nmoBepxHi y0ik 30HU npoBigHocTi. [IlupruHa 3a00pOHEHOT 30HN 3MEHIIYETHCSI, ajle JieNeKTPUIHUA XapaKkTep
KJacTepa HE 3MIHIOEThCSA, HE BinOyBaeTbCs TeEepeKpUBaHHS 30H, TOOTO eNekTpon He HadyBae
HaIiBIPOBIJHUKOBOTO ¥ HaINiBMETaJeBOTO XapakTepy mHpoBimHocTi. B Toit wac axcopbuis BO2 Ha
MOBEPXHI €JIeKTPoAa MPUBOIUTH 10 CIIIBHOI MoJsIpHu3amnii kJacTepa moBepxHi y Oik BadeHTHOI 30HU. [Ipu
bOMY IIMPHHA 3a00pOHEHOT 30HH HE3HAYHO 3MEHIIYETHCS, MEHIIE HiXK y BUIMAAKY TiOKCUIY BYTJICIIO.

Kurouogi ciioBa. OKnCITIOBaIEHO-BIJHOBHI PEaKIlil, eMEKTPO, TieNeKTPHK, HAIBIPOBITHUK.
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