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Abstract: In the presented research work, the kinetics and mechanism of the deposition process of thin iron,
selenium and Fe-Se films have been studied by recording a cyclic and linear polarization curves by
potentiodynamic method using Pt and Ni electrodes. Individual and co-deposition potential areas of the
components of the electrolyte on the Pt electrode were determined. In order to determine the optimal
electrolysis mode and electrolyte composition, the effect of various factors (concentration of initial
components, temperature, etc.) on the co-electrodeposition process of Fe-Se was studied. In addition, Fe-Se
samples deposited on the surface of Ni electrodes were thermally treated at 450°C and studied by SEM and
X-ray phase analysis methods. Elemental analysis of the films shows that they contain 42.2% Fe and 57.8%

Se.
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Introduction

In our time, the great demand for
renewable energy sources and energy storage
devices with high-efficiency grows day by day
[1-2]. Thin films of metal chalcogenides are
widely used in these devices [3-6]. In this
regard, in the last few years, iron chalcogenides
attract attention due to their structure, the band
gap, physicochemical, magnetic and etc.
properties.

Iron monoselenide can be obtained
variously. In some studies, FeSe thin films were
deposited on a conductive glass electrode coated
with fluorine-additive tin oxide by electron-
beam evaporation of Fe(NO3)-9H,0 in the range
of 0.18-0.03M concentration. The effect of
concentration on the thickness, structure,
surface morphology, composition and optical
properties of deposited samples were studied [7-
12]. Nanocrystalline iron monoselenide was
synthesized on the surface of platinum or gold
electrodes from aqueous acid solutions
containing HSeOs, SeOs” and Fe® ions by
potentiostatic or galvanostatic methods. The
current density and potential values providing
the deposition of tetragonal iron selenide were

determined by electrochemical method [13, 14].

FeSe samples consisting of polygonal
crystallites were synthesized by [13-15] authors.
Atomic force microscopy were used to
determine the optical properties and UV-VIS
spectroscopy was applied to study the surface
topography of thin films. According to the
results, the bandgap of the deposited films is
1.23 eV, and as the deposition time increases,
the bandgap of the deposited thin films
decreases. Detailed study of the samples by X-
ray diffraction, Raman spectroscopy, scanning
electron microscopy and energy dispersion
spectroscopy shows that they are rich in
amorphous selenium. High abundance of
selenium makes it possible to synthesize good
crystalline, tetragonal FeSe;.

Selenides of transition metals are widely
studied as anode materials for batteries and as
an effective electro-catalyst in  photo-
electrochemical decomposition of water. Iron
chalcogenides are widely investigated for
different applications, such as hydrogen
evolution reaction, light energy conversion
devices, solar cells, superconductors, high-
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capacity capacitors (supercapacitors) and
storage devices. In terms of usefulness, these are
mostly  studied as photovoltaic  or
supercapacitors [15, 16].

Analysis of reference data shows that
Fe-Se thin films were mainly synthesized from

acid solutions [13, 15, 17, 18]. Therefore, the
main purpose of this study — as a continuation of
our research about the synthesis of metal
chalcogenides [19-22] - is to obtain thin iron
selenium films from aqueous solutions using a
simple and inexpensive electrochemical method.

Experimental part

Pt and Ni electrodes were used in
galvanostatic synthesis and potentiodynamic
research, and they were connected to an
ampermeter for regulating the current. The thin
films obtained by this method were thermally
treated at 450°C in an argon medium. It was
observed that the obtained thin film changed
from an amorphous structure to a crystalline
structure.

Potentiodynamic studies were
performed using lviumSoft-programmed and
computer-equipped “IVIUMSTAT
Electrochemical Interface” potentiostat. In this
case, a three-electrode electrochemical cell with
a volume of 100 ml was used. Pt wire with an
area of 0.3 cm? and Ni plate with an area of 2
cm? were used as working electrodes. Saturated
silver/silver chloride (Ag/AgCI/KCI) electrode

was used as the reference electrode, and Pt plate
with an area of 4 cm? applied as the auxiliary
electrode.

The morphological structure and phase
composition of the samples were studied by the
scanning electron microscope (SEM) and “D2
Phazer” (filter CuK,, Ni) X-ray phase analyzer
of German company Bruker, respectively.

Electrolyte solutions containing 0.1 M
Fe(NO3)s - 9H,0 and 0.01 M H,SeO3 were used

during the experiments. After cleaning the Pt
electrode in concentrated nitric acid, it is
washed with distilled water. The Ni electrode is
polished chemically in nitric acid and then
electrochemically in a solution consisting of
concentrated sulfuric acid (H2S0,),
orthophosphate acid (H3PO4) and distilled
water.

Results and discussion

The deposition potential area for both
iron (Fe) and selenium (Se) was determined by
studying the electrochemical reduction process
of the initial components separately to carry out
the co-deposition process by electrochemical
method. Initially, the electro-reduction potential
area of iron ions in an aqueous electrolyte was
specified. The experiments were performed by

the potentiodynamic method recording a
polarization curve on the surface of the Pt
electrode.

Fig. 1 shows the mechanism of the
electrochemical reduction process of Fe ions on
the Pt electrode. As is seen from the Fig., the
process occurs through the following scheme in
two stages within 0.6 - (-0.9) V potential range:

Fe (11T) — Fe(IT) — Fe (0)

Here, electroreduction to divalent iron
ions occurs in the potential range of 0.6 - 0.1V
(1), and electro-reduction to neutral iron occurs

Fe¥* + e = Fe?*
Fe?* +e =Fe

in the range of -0.2 - (-0.5) V according to (2)
reaction [23]:

(1)
(2)
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Here, after -0.5V potential, the surface of the Pt
electrode is covered with iron and it becomes

Current

.....................

Potental

Then, starting from the -0.9 V potential, the free
iron ions are evenly distributed on the surface of
the electrode, and thus the current consumed in
the process increases sharply due to the
thickening of the layer deposited on the

(L

Petential

The mechanism of the electrochemical
reduction process of selenite ions on the Pt
electrode is shown in Fig.2. The electro-

passive, and thereby the current value decreases.

Fig. 1. Cyclic polarization curve of the
electro-reduction process of iron ions in an
aqueous electrolyte on the Pt electrode.
Electrolyte (M): 0.1 Fe(NOs); - 9H,O +
H,O, T =298K, Ey = 0.02 V/sec.

electrode surface. After the potential of -1.0 V,
the release of hydrogen gas is observed in the
electro-reduction process which affects the
process, so the process was studied to the
potential of -1.0 V.

Fig. 2. Cyclic polarization curve of the
electro-reduction process of selenium
ions from an aqueous electrolyte on a Pt
electrode. Electrolyte (M): 0.1 M
H,SeOs, T = 298K, Ey = 0.02V/sec

reduction process of selenite ions proceeds in
two stages in the potential range of 0.5 - 0.1 V
in line with the following scheme:

Se (IV) — Se (0) — Se (II)

Initially, the reaction (3) occurs starting from
the stationary potential (0.5 V) to the 0.1 V
potential, and after the 0.1 V potential, the

Se05% + 7TH' +6e” = HSe™ + 3H,0
Se05> + 6H" +6e” = Se? + 3H,0

After  determining the deposition
potential area of initial components and the
mechanism of the electro-reduction process,
their  electrochemical  co-deposition  was

complete reduction of the selenide ions occurs
according to the reaction (4)

(3)
(4)

performed. In order to carry out this process,
numerous studies were carried out and a
combination of stoichiometric composition and
its thin films obtained. The research work was
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performed on both Pt (Fig. 3) and Ni (Fig. 4)
electrodes.

-

T T
03 0.0 03

Potential

As is seen from Fig. 3, the co-deposition
process occurs at a potential of 0.65 - (-0.6) V.
Here, the potential range of 0.65 - (-0.38) V
indicates the electro-reduction of selenite ions.
After -0.38 V potential, the Fe-Se films were
deposited due to the combination of iron ions

Current

Potential

The  electrochemical  co-deposition
process of iron and selenium on the surface of
the electrode was slightly different (Fig. 4).
Thus, starting from the 0.0V potential, the -0.3
V potential range accords with the reduction of
selenide ions to selenium. Starting from the -
0.3V potential, selenium atoms were reduced to
selenide ions and the obtained selenide ions
combine with iron ions on the surface of the
electrode to form a thin iron monoselenide film.

The electrochemical deposition of iron

Fig. 3. Cyclic polarization curve of the
electrochemical co-deposition process of Fe
and Se from an aqueous electrolyte on the
Pt electrode. Electrolyte (M): 0.035 Fe
(NO3)3 + 0.0025 Hgseo;),; T =298 K, Ey =
0.02 V/sec.

with selenide ions formed in the electrolyte.
After a potential of -0.38 V, the surface of the Pt
electrode was covered with a gradually
compacting layer of Fe-Se, which led to a
thickening of the film. Thus, a sharp increase in
current was observed (Fig. 3).

Fig. 4. Cyclic polarization curve of the
electrochemical co-deposition process of
Fe and Se from an aqueous electrolyte on
the Ni electrode. Electrolyte (M): 0.035
Fe (NOs); + 0.0025 H,SeO3; T = 298 K,
Ey =0.02 V/sec.

monoselenide was also confirmed by X-ray and
SEM analyzes of samples obtained on the Ni
electrode.

Fig.5 shows the X-ray phase analysis of
Fe-Se sample obtained from an aqueous
electrolyte on the surface of Ni electrode. It is
seen from the Fig. that the intensities of the
diffraction peaks of this sample were very weak.
The reason of this is the amorphous structure of
the deposited iron monoselenide.
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Fig. 5. X-ray phase analysis of Fe-Se sample from aqueous electrolyte on Ni electrode. Electrolyte
(M): 0.035 Fe(NO3); + 0.0025 H,SeO3; T=298 K.
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Fig. 6. X-ray phase analysis, morphology and element composition of the FeSe sample deposited on
the Ni electrode. Electrolyte (M): 0.035 Fe(NO3)3 + 0.0025 H,SeO3; t=30 min.
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Fig. 7. X-ray phase analysis, morphology and element composition of the FeSe sample deposited on
the Ni electrode; Electrolyte (M): 0.035 Fe(NO3)3 + 0.0025 H,SeOs; t=60 min.

In order to increase the crystallinity of the The thickness of the deposited thin films is 4-6
samples, they were thermally processed in an Ar  microns. According to the results of EDS
atmosphere at 450°C temperature for 0.5-1 hour  (element composition) analysis, the composition
(Fig.s 6, 7). The results of repeated X-ray phase of the films corresponds to the stoichiometry
analysis show that more satisfying crystals are and they consist of 42.2% Fe and 57.8% Se.
observed in the heat-treated sample for 1 hour.

mA

1 - /// Fig. 8. The effect of temperature on the process
G 2’ il " ! of electrochemical co-deposition of Fe and Se
3’ e __‘:\V/ /i | from an aqueous electrolyte on the Pt electrode;
N gl X/ | Electrolyte (M): 0.035 Fe(NOg); + 0.0025
¥ \a— S H,SeOs; Ey=0.02 V/s. T(K): 1- 298; 2 - 308; 3 -
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The effect of some important factors on  composition and electrolysis condition for the
the electrochemical deposition process was deposition of iron monoselenide thin films. The
studied to determine the optimal electrolyte effect of temperature on the co-deposition
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process was studied in the range of 298-348 K
(Fig. 8). As is seen from the figure, the increase
in temperature has a positive effect on the
electrodeposition  process. Thus, at a
temperature of 298 K and at 348 K, the
stationary potential is 0.67V and 0.72V,
respectively. That is, with the positive effect of
temperature, the co-deposition potential shifts to
the direction of the positive potential area of

Current

Potential

0.05V. However, the increase in temperature
has a negative effect on the quality of the
deposited  films.  Thus, their adhesion
deteriorates, they begin to break off the
electrode surface, and the composition of the
films deviates from the stoichiometry.
Therefore, 298-308 K was chosen as the optimal
temperature range.

Potential

Fig. 9. The effect of concentration of ions on the electrochemical co-deposition process of Fe and
Se from an aqueous electrolyte on the Pt electrode; Electrolyte (M): 1- 0.025; 2- 0.035; 3- 0.045; 4-
0.055 Fe(NO3); + 0.0025 M H,SeOs (Fig. 9 a); 0.035 Fe(NO3)s+ 1- 0.0005; 2- 0.0025; 3- 0.005; 4-

0.0075 H,SeO5(Fig. 9 b); Ev=0.02 V/s. T = 298 K

The effect of Fe and Se on the co-
deposition  process of the initial ion
concentration (Fig. 9 a, b) and the rate of
potential change (potential gradient) (Fig. 10)
were also studied by recording linear
polarization curves. When studying the effect of
concentration, first, the concentration of selenite
ions in the solution is kept constant. The
concentration of iron ions was studied in the

mA

Current
L
o

o4
od
°
o]
"

Potential

range of 0.025-0.055 M (Fig. 9 a). The
concentration of selenite ions was examined in
the range of 0.0005-0.0075M at the constant
concentration of iron ions (Fig. 9 b). As is seen
from the figure, in both cases there is no
significant sharp potential in the electrochemical
deposition process, only the current required to
the process (0.5 mA) slightly increases.

Fig. 10. Cathode polarization curves of the
electrochemical deposition process of Fe
and Se from an aqueous electrolyte on the
Pt electrode at different rates of potential
change (1- 0.005; 2- 0.02; 3- 0.04; 4- 0.06;
5- 0.08; 6- 0.1). Electrolyte (M): 0.035 M
Fe(NO3)s x 9H,0 + 0.0025 M H,SeO3
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The effect of rate of potential change on the co-
deposition process was studied in the range of
0.005 - 0.08V/s (Fig. 10). As is seen from the
figure, despite the fact that the study of the rate

of potential change does not show a positive
potential shift, there is an increase in the current
consumed in the electrodeposition process. This
increase is approximately 0.8 mA.

Conclusion

In this  work, the separate
electroreduction process of iron and selenium
on the surface of the Pt electrode was studied by
the electrochemical method and their deposition
potential areas determined. The Kkinetics and
mechanism of the deposition process of Fe-Se
thin films were studied by potentiodynamic
methods and recording cyclic and linear
polarization curves using Ni electrodes. The
effect of various factors (concentration of initial

components, temperature, etc.) on the co-
electro-deposition process was studied to
determine the optimal electrolysis mode and
electrolyte composition. Besides, Fe-Se samples
deposited on the surface of Ni electrodes were
thermally treated at 450°C and studied by SEM
and X-ray phase analysis methods. Elemental
analysis of the films shows that they contain
42.2% Fe and 57.8% Se.
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DOMIR MONOSELENID NAZIK TOBOQOLORININ ELEKTROKIMYOVI SINTEZI

A.O. Zeynalova, S.P. Cavadova, V.A. Macidzada, A4.S. Oliyev

AMEA akad. M. Nagiyev adina Kataliz va Qeyri-iizvi kimya Institutu
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Togdim olunan isds damir, selen vo Fe-Se nazik tabalorinin ¢ékma prosesinin kinetika va mexanizmi
Pt vo Ni elektrodlarindan istifads etmaklo potensiodinamik iisulla tsiklik va Xotti polyarizasiya
ayrilari ¢cokmaklo Gyranilmisdir. Elektroliti taskil edan komponentlorin Pt elektrodu tizarinda ham
ayriligda, ham da birgo ¢okma potensial sahalori miiayyan edilmisdir. Optimal elektroliz rejimi vo
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elektrolit torkibini miiayyanlasdirmak iiciin Fe-Se-nin birga elektrocékma prosesina miixtolif
amillarin (ilkin komponentlorin gatiligi, temperatur vo S.) tosiri arasdriimisdr. Bundan olava, Ni
elektrodlart sathina cokdiiriilmiis Fe-Se niimunalari 450°C temperaturda termiki emal olunmus,
SEM va rentgen-faza analiz metodlarii ilo todqiq edilmisdir. ToboQalorin element analizi géstorir Ki,
onlarn tarkibinda 42.2 % Fe va 57.8 % Se var.

Keywords: elektro¢okma, domir monoselenid, polyarizasiya, elektroreduksiya

SJIEKTPOXHMHYECKHH CHHTE3 TOHKHX IJIEHOK MOHOCEJEHH/IA JKEJIE3A
A.O. 3eunanoea, C.IL. /[»casaoosa, B.A. Maoycuozaoe, A.Ill. Anuee

HUnemumym Kamanuza u Heopeanuueckou Xumuu um. M. Haeuesa HAHA
AZ 1143, np. I. J[orcasuoa 113, baxy, Azepoatioxcan
vuska_80@mail.ru

B npedcmasnennou pabome ucciedosanvl KUHEMUKA U MeXAHU3M HPOYeccd 0CandCOeHUs dicenesd,
cenena u monxkux nienox Fe-Se cuamuem yukiuueckux u NUHEUHBIX NOAAPUIAYUOHHBIX KPUBHIX
ROMEHYUOOUHAMUYECKUM Memodom ¢ ucnonvzosanuem Pt u Ni anexmpooos. Onpedenenvi obnacme
NOMEHYUAN08 KOMHOHEHMO8 6 OMOENbHOCMU 6 COCmage JNeKMpOIUma U COBMECHHO20 UX
ocadicoenus na Pt-anexmpooe. C yenvio onpedenenus onmumanbHO20 pedCUMa 31eKmponusa u
cocmasa 31eKkmponuma Ovlio U3V4eHO GIUAHUE PASTUUHBIX PAKMopos (KOHYeHmMpayus UcxoOHbIX
KOMNOHEHmo8, memnepamypa u 0Op.) Ha npoyecc 31ekmpoocadcoenuss Fe-Se. Kpome moeo,
obpasyvr Fe-Se, nanecemnvie na nosepxmocmv HUKeneblX I1EKMPOO08, ObLIU NOOBEPSHYMbl
mepmoobpabomke npu 450°C u uccreoosansvr memodamu CIM u peHnmeenoghazo6020 amaiusa.
Dnemenmmubulil AHAU3 NIEHOK NOKA3bieaenm, ymo onu cooepacam 42.2 % Fe u 57.8 % Se.
Knrouegvie cnoea: aneKmpoocaxicoenue, MoHnocenenuo acenesa, noasipusayus,
9J1eKMPOBOCCMAHOBNIEHUE.
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