Norwegian Journal of development of the International Science No 121/2023 145

CORRELATIONS OF PARAMETERS OF PHOTOELECTROCHEMICAL AND CORRESPONDING
ELECTROCHEMICAL PROCESSES

Marsagishvili T.,

Dr.Sci., Ph.D., Head of Scientific Council, Head of Labor., R.Agladze Institute of Inorganic Chemistry and
Electrochemistry, Thilisi State University. Mindeli str. 11, 0186, Thilisi, Georgia

Machavariani M.

Ph.D., Leader Sci. Work. R.Agladze Institute of Inorganic Chemistry and Electrochemistry, Thilisi State
University. Mindeli str. 11, 0186, Thilisi, Georgia

https://doi.org/10.5281/zenodo.10246918

Abstract

The study of charge transfer processes in complex condensed systems occurring under the external electro-
magnetic influence makes it possible to expand information regarding the properties of the system significantly.
One of the most demanded properties of a system is its behavior under the influence of an electromagnetic field
of various frequency ranges [1 — 15]. In this regard, the study of electrochemical charge transfer processes and
corresponding photoprocesses is the most easily accessible and promising. Naturally, correlations between the
parameters of the charge phototransfer process and the parameters of the corresponding thermal processes are
necessary.

The work considers charge transfer processes and single-photon charge phototransfer processes in electro-
chemical systems. Analytical relationships between the characteristic parameters of the processes considered are
obtained, in particular in the range of parameters in which direct measurements are not always possible. Theoretical
calculations were carried out for the cathodic processes of charge transfer and phototransfer, but the results can

easily be generalized for the corresponding anodic processes.

Keywords: photoelectrochemical processes, electrochemical processes, condensed systems, solvation, spa-

tial dispersion, Green functions.

1. Introduction

When studying heterogeneous charge transfer pro-
cesses in complex condensed systems, the use of opti-
cal methods is of interest, since these methods signifi-
cantly expand the possibilities for establishing the
properties of the system [1 - 15]. First of all, the use of
optical methods in the analysis of heterogeneous sys-
tems allows simultaneous study of a combination of
two processes - the dark process of charge transfer at
the interface and in the volume of the system, and, at
the same time, the optical processes of charge photo-
transfer both in the volume of the system and at the in-
terface. In this case, various processes of dark and
photo charge transfer processes are possible. For exam-
ple, when illuminating the surface of a solid in a liquid,
it is possible to break any chemical bonds of molecules,
which in turn can cause photodesorption of some ions,
and on the other hand, the appearance of free valence
bonds on the surface and can stimulate the adsorption
of particles. Absorption of photons in semiconductor
electrodes can lead to an internal photoelectric effect,
and, consequently, the enrichment of the electrode with
free electrons or free holes, or both. All this will be re-
flected in heterogeneous processes, and when analyz-
ing experimental data, it is necessary to be able to con-
sider all possible mechanisms of charge transfer and
phototransfer processes [ 1, 5, 7, 9, 13, 15].

In general, it is quite difficult to present a theoret-
ical model in which all possible charge transfer pro-
cesses in heterogeneous systems will be represented;
therefore, for definiteness, we will consider the electro-
chemical process of electron transfer from a metal elec-
trode to a particle in an electrolyte solution under the

assumption that one reducing particle takes part in the
process.

2. Model of the system

Let us present the cathode current density in the
form:

. N,
ic = e~ [ dep(e)np ()W, (e) )
where e is electron charge, S is electrode surface,
N, is number of reagent particles in

N - .
volume V, (V—° = (C is volume concentration of re-
0

acting particles), p(¢) is density of one-electron states
in the electrode, ny(¢) is Fermi electron distribution
function, W, (¢) is the probability of electron transfer
from a given energy level of the electrode ¢ to a given
ion in an electrolyte solution per unit time. Integration
in formula (1) over ¢ is carried out over the entire en-
ergy spectrum from - oo to +co.

In fact, the main contribution to the integral over
energy comes from a small region of energy values near
the Fermi energy level.

The probability of an electron transfer from an
electrode to a particle can be represented as:

W.(e) = ?eﬁpi fCQ dOSp[e FO-OHife=F0Hf 1] (2)

Here F; is the free energy of system in the initial
state, including the energy of the ion in the electrolyte
solution and the energy of the electron in the metal at a
level with energy e; H; and Hy are channel adiabatic
Hamiltonians of the initial and final states, L is the elec-
tronic resonance integral for the transition of an elec-
tron from the metal of the electrode to a particle in so-
lution. Integration over the parameter 6 is carried out
along the contour cy that is parallel to the imaginary
axis with the condition 0<Ref<1. In formula (2) i is
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. 1 .
complex unit, § = el where k is Boltzmann constant,

T'is temperature on an absolute scale. If we isolate elec-
tron energy ¢ from F; and H;:

Hi :€—€F+Hip,

where &g is the energy of the Fermi level.

Then for the cathode current density we obtain the
expression:

i.=e %fcg do [ deePOEe0) p(Ing(e) ‘%eﬁFiFSp[e‘ﬁ(l‘e)HiFLe_ﬁerL] 4)

If we take into account that p(¢) is a slowly varying function of & for most metals (in the free electron model
the dependence p(¢) has root character), then for the current density we obtain:

ic = e e [, dbp(e”) eFFiESpleFOOMEL (e )e PO L(e")] [, denp(e)ePOeer) )

where the value of € is determined from the con-
dition
1-ng(e)=0 (6)
Therefrom
& =¢ep+kTln |£| (7

As the general analysis for the considered pro-
cesses shows, there are three regions for such pro-
cesses: barrier-free (6 — 1, the main contribution to the
process is made by energy levels above the Fermi
level), normal (6~0.5, the main contribution is made by
energy levels lying near the Fermi level) and activation-
free (6 — 0, the main contribution give energy levels
below the Fermi level).

The expression for the cathode current can be rep-
resented as

ic = i.(e)p(e)Ae™np(e7) (8)
where i.(€") is the current with a transition from
the level €, and
* _ T 1
Ae™ = kT sin(r@) 60 (1-6)1-9 ©)

This is the range of energy levels in the metal that
makes the main contribution to the cathode current.

As the analysis of the last formulas shows, for the
normal region, the main contribution to the range of en-
ergy levels comes from:

Ae* =mkT (10)

We(e, ) = 27 Tt Tiwoying,) EXPIBES — EfDI @ (N} | ({Nie 3, 0

where Ej), and Ef, are spectra of nuclear motion
of reagents of electrode and medium (solvent and elec-
trolyte) in the initial and final states, F? is free energy
of the system in the initial state, 1,, is overvoltage at
the electrode, 1y is the overvoltage at the point in the
system where the electron transition occurs (i.e., the de-
viation of the potential at this point from the corre-
sponding equilibrium value). {Ny,}, {Ni,} are the oc-
cupation numbers of photons in the initial and final
states, respectively, ®@;{Ny,} is the photon distribution
function in the initial state.

We assume that the energy spectra of the system
Ej, and Ef, contain the electrostatic energies of the

aw, (s, w) = %Ikadwkdfzkeﬁﬂ fc@ doSple PU-OHighs ¢=FOHs gk o POwK]

where d}‘{’ is transition dipole moment. The elec-
tron energy associated with the presence of an overvolt-
age at the electrode is included in the initial state Ham-
iltonian.

The correlation relationship between the probabil-
ities of phototransfer and dark electron transfer from
the electrode to the ion in solution has the form:

And in other cases, for barrier-free and activation-
free systems, the energy range is slightly larger (since
it is always no more than 1)

3. Basic relations

When studying electrochemical systems, the use
of photoelectrochemical methods can be quite informa-
tive, since photoelectrochemical processes can also oc-
cur along with dark electrochemical processes. For ex-
ample, when the electrode surface is illuminated, some
chemical bonds may be broken, which can lead to pho-
todesorption of some ions, on the one hand, and to the
appearance of free valences that stimulate adsorption
on the surface, on the other. For semiconductor elec-
trodes, the absorption of photons can stimulate the in-
ternal photoelectrochemical effect and lead to the en-
richment of the system with free electrons or free holes,
or both.

To be specific, let us consider the process of pho-
totransfer of an electron from a metal electrode to a par-
ticle in an electrolyte solution

ic = e 27 dep(e)ng()W, (e, w) (11)

Here, e is electron charge, No is the number of re-

ducing particles in the volume of the system, S is the
surface of the electrode, p(¢) is the density of one-elec-
trode states in the electrode, W, (&, ) is the probability
of phototransfer of an electron from a given energy
level of the electrode ¢ to a given ion per unit time:
Vei| (N, n) | 8(ES, = ERy + TaeoNieo — Ny i€ty + ety ) (12)
electron at equilibrium values of the electrode potential.
We assume that the concentration of the reagents is
high enough so that the y effect can be neglected (v is
overvoltage at the point in the system to which the elec-
tron is transferred, thus we consider that 1y = 0). V; is
matrix element from the perturbation V, taken using the
electronic wave function of the ground state in the final
and initial states.

For the probability of phototransfer of an electron
from the electrode energy level ¢ to a given ion in an
electrolyte solution upon absorption of one photon with
frequency and wave vector in the range from k to k +
A k, we obtain

(13)

2
ake

AW, (e, 0) = 7 I dwyd %WC(AF ~ wy) (14)

fi
Accordingly, the correlation relationship between
the dark current i, and the corresponding photocurrent
i.(w; en) has the form:

2

il
[Vril

i.(w;en) = 2?nlkt,dookd.(lk i.(en — wy) (15)
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The total probability of phototransfer of an elec-

tron from an electrode to an ion has the form
Wo(w) ="2[% dep(e) ne(e)W.(c,0)  (16)
The correlation relationship between the double
differential cross section of the probability of electron

2
phototransfer from the electrode to the ion W) 5
dwpdQy
the cathode current has the form
2
wel@) _ e |4
dwrdQy Y ko Vi lc(en wk) (17)

When the system is irradiated, in addition to the
cathode current, stimulation of the anodic current is
also possible. In this case, it is convenient to introduce
the relation
d?w,(w) e d';é’ z . , . ,
Tweany = 2c 0 [y, [ic(ed — wy) +ig(—en + wy)] (18)

where i, (—en + w;) is the dark anode current at
overvoltage —en + wy. This relationship is valid pro-
vided that the dipole moments and electronic resonance
integrals for the cathodic and anodic processes are ap-
proximately the same.

Depending on the overvoltage, the main contribu-
tion to the right side of the formula is made by either
the cathode current or the anode current - in the region
of large negative (cathode) overvoltages prevail i, , in
the region of large positive (anodic) overvoltages - iy,
only in the region of moderate overvoltages the contri-
butions of i, and i, are comparable.

Considering the absorption of light at a given fre-
quency as a function of overvoltage, in the classical ap-
proximation one can observe two maxima in the cath-
ode and anode regions

e max = t(Er — wi) (19)
where E,. is the total energy of system reorganiza-
tion.

In non-radiative processes (w, = 0), the limiting
kinetic currents are almost impossible to register due to
very high overvoltages

e max = TEr (20)

Since under this condition the current begins to be
limited by diffusion.

As can be seen from the correlation (11), if we
consider processes at different frequencies, so that the
maximum absorption will be observed at the frequency

Wmax = Er T en (21)

Thus, from the full absorption spectrum of the sys-
tem we can isolate the part that is associated with the
photoelectrochemical part.

The joint study of photoelectrochemical processes
and the corresponding dark chemical processes can sig-
nificantly expand the possibilities of analyzing electro-
chemical processes. According to formula (15), if you
measure the electrochemical and photoelectrochemical
currents separately, you can determine the ratio of the
transition dipole moment to the electronic resonance in-
tegral in order of magnitude. If is the distance x* at
which the overlap of the electron density of the reac-
tants in the initial and final states has a maximum, then
for an electron-nonadiabatic process

e2Sy
i =2

(22)

where x, is the distance from the electron locali-
zation point to the electrode after the transition to the
ion.

For a system in which the electron density distri-
bution on the reagent is spherically symmetric and the
photons are unpolarized, we obtain

dei~elx™ — xo|S5; (23)
and thus

o Yy, el = xol? (24)

Thus, a comprehensive study of dark and corre-
sponding photostimulated processes in electrochemical
systems allows for more detailed calculations of pro-
cess parameters. Similarly, one can study the processes
of charge transfer and phototransfer at the anode in an
electrochemical system.

4. Conclusions

The presented results allow us to conclude that
with a comprehensive study of the processes of charge
transfer and phototransfer on the electrode, as well as
the processes of light absorption on the electrode and in
the volume of the electrolyte, it is possible to study
electrode processes in the range of parameters where
direct measurements are not possible, in particular, ac-
tivation-free processes.

The results obtained for electrochemical and pho-
toelectrochemical systems can be transformed for het-
erogeneous and photo-heterogeneous systems, taking
into account small specificities that can characterize a
heterogeneous system - mainly in the case of a specific
surface of a semiconductor solid electrode.

References:

1. Fuishima A.K., Honda K. Electrochemical
Photolysis of Water at a Semiconductor Electrode. Na-
ture. 1972;238;37. https://doi.org/10.1038238037a0

2. Ros C., Andreu T., Morante J. R. Photoelec-
trochemical water splitting: a road from stable metal
oxides to protected thin film solar cells. Journal of Ma-
terials Chemistry A 2020;8(21);10625—
10669. https://doi.org/10.1039D0TA02755C.

3. Dr. Vaishakh Nair, Dr. Mario J. Mufioz-Ba-
tista, Dr. Marcos Fernandez-Garcia, Dr.  Rafael
Luque, Dr. Juan Carlos Colmenares. Thermo-Photoca-

talysis: Environmental and Energy Applications
ChemSusChem, Volumel2, Issuel0, 2019,
Pages 2098-2116. https://doi.org/10.1002/cssc.
201900175.

4. T. Marsagishvili, J. Aneli, E. Khdzinska, G.E.
Zaikov. On processes of the charge transfer in the elec-
trical conducting polymer materials. In: Chemistry and
Physics of Polymers and Composites. New Frontiers.
Edited by Gennady Zaikov, Timur Deberdeev, Ewa
Ktodziriska, Stefan Kubica. Toruri 2013, p 179.

5. Heller A., Aharon-Shalom E., Bonner W. A.,
Miller B. Hydrogen-evolving semiconductor photo-
cathodes: nature of the junction and function of the plat-
inum group metal catalyst. Journal of the American
Chemical Society, 1982;104,6942-6948.
https://doi.org/10.1021ja003892010.

6. Marsagishvili T, Machavariani M.
THEORETICAL ASPECTS OF PROCESSES OF
METAL PARTICLES ADSORPTION INSIDE


https://doi.org/10.1038238037a0
https://doi.org/10.1039D0TA02755C
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Nair/Vaishakh
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Mu%C3%B1oz%E2%80%90Batista/Mario+J.
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Mu%C3%B1oz%E2%80%90Batista/Mario+J.
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Fern%C3%A1ndez%E2%80%90Garc%C3%ADa/Marcos
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Luque/Rafael
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Luque/Rafael
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Colmenares/Juan+Carlos
Volume12, Issue10
https://doi.org/10.1002/cssc.%20201900175
https://doi.org/10.1002/cssc.%20201900175
https://doi.org/10.1021ja00389a010

148

Norwegian Journal of development of the International Science No 121/2023

CHANNELS AND ON SURFACE OF CARBON
SORBENTS |. Chemical Problems. 2022, v. 20 (3),
p.213-222. DOI:10.32737/2221-8688-2022-3-213-222

7. T.Marsagishvili, M. Matchavariani. Theoreti-
cal models for electrophotocatalysis processes, Interna-
tional Journal of Research Publications, Physics. 2023,
v.116, Issue 1, 156-163pp.
DOI: 10.47119/1JRP1001161120234408.

8. Tamaz Marsagishvili, Jimsher Aneli and Gen-
nady Efremovich Zaikov, Processes of the Charge
Transfer in the Electrical Conducting Polymer Materi-
als. In: Pharmaceutical and Medical Biotechnology:
New Perspectives, 2013, Editors: Rajmund Orlicki,
Cezary Cienciala, Larisa Petrovna Krylova, Jan Pieli-
chowski and Gennady E. Zaikov, pp. 201-212, 2013,
Nova Science Publishers, Inc., N.Y., USA.

9. MavY.,liaY.,WangL., YangM,, Bi Y., QiY.
Exfoliated thin Bi2MoO6 nanosheets supported on
WO3 electrode for enhanced photoelectrochemical wa-
ter splitting. Applied Surface Science. 2016;390:399—
405.

10. T. A. Marsagishvili, M. N. Machavarianiand,
G. D. Tatishvili. Conversion of substances by the appli-
cation of laser radiation. Eur. Chem. Bull., 2013, 3(2),
pp. 127- 132

11. Marsagishvili T., Chagelishvili V., Machavar-
iani M. and Pradeep K. Sharma. Investigation of the ad-
sorption processes by radio-spectroscopic method. Eur.
Chem. Bull., 2014, 3(3), pp. 217-223.

12. T. Marsagishvili, M. Machavariani, G. Tatish-
vili, E. Tskhakaia. Thermodynamic analysis of pro-
cesses with  the participation of  zeolites.
Bulg.Chem.Commun., v. 46, issue 2, 2014, p.423-430.

13. Choi Y. M., Lee B. W., Jung M. S., Han H. S.,
Kim S.H., Chen K., Kim D. H., Heinz T.F., Fan S.,
LeeJ.,, YiG-R., KimJ K., Park J. H. Retarded Charge—
Carrier Recombination in Photoelectrochemical Cells
from Plasmon-Induced Resonance Energy Transfer.
Advanced Energy Materials, 2020; 10(22); 2000570.

14. Diego Mateo, Jose Luis Cerrillo, Sara Durini
Jorge Gascon. Fundamentals and applications of photo-
thermal catalysis. Chem. Soc. Rev., 2021, 50, 2147-
2172.

15. Fujishima A., Honda K. Electrochemical Pho-
tolysis of Water at a Semiconductor Electrode. Na-
ture 238, 37-38 (1972).
https://doi.org/10.1038/238037a0.


http://dx.doi.org/10.32737/2221-8688-2022-3-213-222
https://doi.org/10.47119/IJRP1001161120234408
https://pubs.rsc.org/en/results?searchtext=Author%3ADiego%20Mateo
https://pubs.rsc.org/en/results?searchtext=Author%3AJose%20Luis%20Cerrillo
https://pubs.rsc.org/en/results?searchtext=Author%3ASara%20Durini
https://doi.org/10.1038/238037a0

