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In this study investigated the electrochemical synthesis of zinc oxide (ZnO) nanoparticles using the sur-
factant FK 06213. This substance is a non-ionic surfactant from the group of alcohol ethoxylates. FK 06213
is a yellow liquid with a characteristic odor, with a pH value at 20 °C of 7. The density at 20 °C is 0.95 g/cm?.
The class of viscosity or consistency is kinematic at 40 °C: 60 mm?/s. The synthesis was conducted through
galvanostatic electrolysis, where various parameter is surfactant concentration. Other parameters of elec-
trolysis as temperature, duration, electrolyte concentration and current density were the same in all exper-
iments. A total of 10 experiments were conducted. The presence of FK 06213 significantly impacted on the
morphology and size distribution of ZnO particles, resulting in the formation of a white precipitate. Electro-
chemical analysis confirmed the oxidation of zinc at the anode and hydrogen evolution at the cathode, leading
to the precipitation of ZnO. All obtained powders were studied using X-ray phase and structural analysis
methods. The presence of other components was not established. According to the analysis results, the crys-
talline structure of the obtained samples belongs to the hexagonal system (space group P63mc), in which
zinc atoms have a tetrahedral coordination with oxygen atoms. The average particle thickness varies from
22.4 to 32.4 nm. For concentrations of 0.2 and 0.5 g/L, the thickness values are the smallest — 22.4 and 23.2
nm, respectively. The average particle length ranges from 196 to 444 nm, while the width ranges from 62 to
184 nm. The unfilled octahedral voids are a significant factor that can be utilized for adding elements with
larger atomic radii as alloying components to improve material properties. The non-centrosymmetry of this
structure is an important argument in predicting the nonlinear optical properties of the obtained material.

3 M.P. Semenenko Institute of Geochemistry, Mineralogy and Ore Formation NAS of Ukraine, 03142 Kyiv, Ukraine

Keywords: Electrochemical synthesis, Nanoparticles, Zinc oxide, Crystalline structure.

DOI: 10.21272/nep.16(6).06016

1. INTRODUCTION

The rapid development of chemistry as a science is
accompanied by the emergence of new chemical com-
pounds obtained through cutting-edge synthesis meth-
ods. The study of the optical properties of semiconduc-
tors has played an important role in the development of
these novel synthesis techniques.

7ZnO is a well-known luminescent material, a semi-
conductor with direct bandgap transitions. Zinc oxide is
a technologically important material. Zinc oxide nano-
particles are used for the production of transparent con-
ductive films, surface acoustic wave devices, and piezoe-
lectric receivers [1].

As a semiconductor, ZnO can be used for detecting
UV-A radiation (300-400 nm). When doped with magne-
sium, the range can be shifted to the UV-B and UV-C
(200-280 nm) region. It has some other interesting prop-
erties that make it very promising for functional optoe-
lectronic devices. Due to the high binding energy of ex-
citons in ZnO (60 meV), effective laser generation can be
achieved at room and elevated temperatures [2].

Nanoscale zinc oxide particles are used in the pro-

* Correspondence e-mail: Smitiukh.Oleksandr@vnu.edu.ua

2077-6772/2024/16(6)06016(5)

06016-1

PACS numbers: 61.66. —f, 82.45.Aa

duction of solar cells, transparent conductive films, sur-
face acoustic wave devices, piezoelectric receivers, gas
sensors, and biological sensors [3]. There are many
methods for obtaining zinc oxide nanoparticles [4]. We
utilize the synthesis of zinc oxide nanopowders through
the electrolysis of an aqueous sodium chloride solution
with a soluble zinc anode [5-9]. One of the factors that
influence the properties of the synthesized particles is
the addition of substances that can potentially alter par-
ticle sizes [7].

In this work, the electrolytic synthesis of zinc oxide was
conducted using a surfactant with the trade name FK
06213. This substance is a non-ionic surfactant from the
group of alcohol ethoxylates. FK 06213 is a yellow liquid
with a characteristic odor, with a pH value at 20 °C of 7.
The density at 20 °C is 0.95 g/cm?. The class of viscosity or
consistency is kinematic at 40 °C: 60 mm?/s.

2. EXPERIMENTAL DETAILS

Nanometer-sized zinc oxide deposits are obtained
through the electrolysis of an aqueous solution contain-
ing 1M sodium chloride and one of the surfactant FK
06213 with a concentration ranging from 0.1 to 1 g/L in
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a galvanostatic mode with two electrodes — a steel cath-
ode with a surface area of 5 cm? and a cylindrical zinc
anode at a constant temperature of 90 °C. A magnetic
stirrer was used to mix the electrolyte solution.

As a power source for the direct current, we used the
B5-46 device. A constant current was passed through
the electrolyte solution for 20 minutes.

For the experiments, approximately 200 ml of elec-
trolyte solution is required. The solutions were prepared
in volumetric flasks of 200 or 250 ml. To do this, we
weighed 11.69 g (for 200 ml) or 14.61 g of sodium chloride
(for 250 ml) and the corresponding mass of surfactant cal-
culated from 0.1 to 1 g/LL and transferred the weighed
amounts into volumetric flasks, adding distilled water. The
volumetric flasks were brought up to the mark in a ther-
mostat at the experimental temperature (90 °C). The re-
sulting solution was poured into a 400 ml beaker. The zinc
electrode was weighed and immersed in the beaker along
with the steel electrode. The electrodes were connected to
the power source using copper wires.

The electrolyzer (a beaker with the electrolyte solu-
tion and immersed electrodes, along with contact and
regular thermometers) was placed in the thermostat. Af-
ter this, the magnetic stirrer, rectifier, and stopwatch
were turned on.

Gas (hydrogen) was released near the cathode, the
anode dissolved, and particles of white color began to
form immediately around it, settling at the bottom.

After synthesis, the beaker was left to cool. A white
precipitate with small gray patches remained at the bot-
tom of the beaker. After cooling, the solution was poured
off from the beaker (decanted) and filled with distilled
water again. The following day, the solution from the
beaker was poured off again and distilled water was
added once more, and this process continued until the
solution became clear and stopped foaming. Then, the
precipitate at the bottom of the beaker was transferred
to a Petri dish and left to dry for a day at a temperature
of 50 °C, after which the obtained product was weighed.
The zinc electrodes used during synthesis were air-dried
and weighed. The mass of the anode decreased.

Electrolysis occurs according to the reaction:

Zn + H20 — ZnO| + H2?1.

The processes occurring at the electrodes are:
Anode (+): Zn — 2e~ — Zn2*
Cathode (-): 2H20 + 2¢- — 20H -+ H21

In total, 10 experiments were conducted, differing in
the content of surfactant FK 06213 — from 0.1 to 1.0 g/L.
The initial temperature varied from 89.5 °C to 90.3 °C;
current strength was 2.5 A; current density was
0.5 A/cm?; electrolysis time was 20 minutes.

Table 1 — The details of experiment

No LELiE (2L Current, V
content, g/l
11 0.1 6.0
12 0.2 6.2
13 0.3 5.9
14 0.4 5.2
15 0.5 5.0
16 0.6 4.9
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No [P Dl Current, V
content, g/l

17 0.7 4.8

18 0.8 4.3

19 0.9 4.8

110 1.0 4.9

The powder-like bulk and cathodic deposits were
studied using X-ray phase analysis to determine the
structure and particle sizes. The basis of X-ray analyti-
cal methods lies in two characteristics of these rays:
their ability to penetrate matter and their ability to dif-
fract from the particles that make up the substance.
X-ray diffraction can be viewed as the reflection of these
rays from atomic planes of a crystal and can be described
by the Bragg's equation, according to which the maxima
of the intensity of the diffraction pattern must satisfy
the conditions:

nA=2d sin 0, (1)

where n is an integer (1, 2, 3...), known as the order of
reflection, A is the wavelength of the X-ray radiation, d
is the minimum interplanar distance, and 6 is the angle
of reflection. Knowing the wavelength of monochromatic
(characteristic) X-ray radiation and the angles of reflec-
tion, one can calculate the interplanar distances, param-
eters of the unit cell, and establish the structure and
spatial arrangement of atoms in the crystal lattice.

Based on the obtained diffraction pattern, the struc-
ture of the powder-like deposits is identified. From the
resulting diffractograms, in addition to identifying the
structure of the substance, one can determine the aver-
age particle size.

In his first work on determining particle sizes, Paul
Scherrer proposed the following formula in 1918 [10]:

D =K cos 0, 2

where D is the average particle size in nm; K is a constant
whose value depends on the shape of the particle, which in
our case is equal to 0.941; B1is defined as the full width at
half maximum of the peak measured in radians; A is the
wavelength of X-ray radiation, equal to 0.15418 nm; 6 is the
angle of diffraction for the maximum.

Scanning electron microscopy of the synthesized
samples was carried out at the Institute of Geochemis-
try, Mineralogy and Ore Formation of the National
Academy of Sciences of Ukraine named after M. P. Se-
menenko [8].

3. DISCUSSION

The diffractograms of nanoparticles are presented in
Fig. 1-2. Reflections of all diffractograms completely co-
incide with the theoretical diffractogram for wurtzite-
modified zinc oxide (SG P6smc).

Calculation of the parameters of the maximum re-
flection from the diffractogram for particles synthesized
with different surfactant content at a NaCl concentra-
tion of 58.45 g/l, a current density of 0.5 A/cm? and a
temperature of 90 °C is given in Table 2.
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Fig. 1 - Diffractograms of volumetric precipitates obtained for
samples I1-I5 at a temperature of 90 °C, time of electrolysisis
20 min, current strength of 2.5 A and different surfactant
content (g/1): 11 —-0.1; 12 —0.2; I3 - 0.3; 14 — 0.4; I5 — 0.5 g/l
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Fig. 2 - Diffractograms of volumetric precipitates obtained for
samples [1-15 at a temperature of 90 °C, time of electrolysisis
20 min, current strength of 2.5 A and different surfactant
content (g/1): I6 — 0,6; 17— 0,7; I8 — 0,8; 19 — 0,9; 110 — 1,0 g/l

Table 2 — The value of the main reflection

No (O (023 01- 02 20
11 36.49 36.15 0.34 36.35
12 36.49 36.10 0.39 36.30
13 36.46 36.12 0.34 36.30
14 36.42 36.12 0.30 36.35
15 36.47 36.10 0.37 36.35
16 36.46 36.13 0.33 36.25
17 36.45 36.14 0.31 36.30
18 36.39 36.12 0.27 36.30
19 36.46 36.12 0.34 36.30
110 36.47 36.14 0.33 36.30
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After processing the diffractograms, the thickness of
zincoxide particles was calculated. The results of
determinations of the half-width of the peak and the
maximum of the angle 6, as well as the calculations of
the average sizes for bulk are given in Table 3.

Table 3 — The calculation of thickness with Sharrer’s method

No | O1- B 20 | cosH- FK D

(023 ra- ©) 102 06213 | (nm)

(®) | dian content

- 103 of, g/l

I1 [0.34| 5.93 |36.35| 95.011 0.1 25.7
12 10.39| 6.81 |36.30| 95.024 0.2 22.4
I3 [0.34| 5.93 [36.30 | 95.024 0.3 25.7
I4 10.30| 5.24 [36.35] 95.011 0.4 29.2
I5 [0.37| 6.46 |36.35| 95.038 0.5 23.6
16 |0.33| 5,76 |36.25| 95.024 0.6 26.5
17 10.31| 5.41 |36.30| 95.024 0.7 28.2
I8 [0.27| 4.71 |36.30| 95.024 0.8 32.4
19 [0.34| 5.93 [36.30 | 95.024 0.9 25.7
110 | 0.33| 5.76 | 36.30 | 95.024 1.0 26.5

The results of the calculation are presented in Fig. 3.

T
33,0 +—D, nm
31,0
290 A, / |\
2.0 A\
25,0 €
23,0 \vy/
21,0

0

0,2 0,4 0,6 0,8 1,0

Fig. 3 — Dependence of thethickness (nm) of zinc oxide particles
synthesized by electrolysis on the content of FK 06213 (g/1)
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Fig.4 — SEM images of zinc oxide samples synthesized with
different concentrations of surfactant FK 06213 (g/1): 11 — 0.1;
12 -0.2; I3 - 0.3; 14 — 0.4; I5 — 0.5; 16 — 0.6; I7 — 0.7; I8 — 0.8;
19-0.9;110 - 1.0.

We investigated the images and calculated the di-
mensions. The results of SEM analysis is presented in
Fig. 4.

As can be seen in fig. 3, the influence of FK 06213
content on the average thickness of zinc oxide powder
particles is insignificant. The addition of surfactant
leads to a significant spread of particle thickness values.
This particle size varies from 22.4 to 32.4 nm. The aver-
age value of the particle thickness is 26.6 +2.0 nm.

After processing the results of SEM studies, the av-
erage length and width of the synthesized particles were
determined (Table 4) and the distribution of the number
of particles by ranges (histogram in Fig. 5).

Table 4 — The average particle size of zinc oxide when adding
FK 06213

FK Average Average Average
06213 length, width, thickness,
content nm nm nm
of, g/l
0.1 329 133 25
0.2 157 62 25.7
0.3 210 81 22.4
0.4 202 77 25.7
0.5 270 96 29.2
0.6 196 79 23.2
0.7 310 110 26.5
0.8 409 131 28.2
0.9 408 160 32.4
1.0 444 184 25.7

This dependence is more clearly observed in Fig. 5.
As can be seen from the Table 4 and Fig. 5, the addition
of surfactant from 0.1 to 0.6 g/l makes it possible to ob-
tain particles smaller in average length and width com-
pared to the sample obtained without the addition of
surfactant. At other concentrations, larger particles
were synthesized.

In Fig. 6 histogram of the distribution of the percent-
age of the number of particles by length is shown. At the
content of 0.1 and 0.3 g/ of surfactant, the largest num-
ber of particles is in the range of 51+100 nm, and at the
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content of 0.4, 0.6, 0.7 and 0.9 g/1, particles in the range
of 301 prevail +400 nm. However, in the absence of sur-
factant and at concentrations of 0.2, 0.5 and 0.8 g/1, the
largest number of particles is in the range of 101+150
nm. Also, at a surfactant concentration of 1 g/l, the larg-
est number of particles is in the range of 501+600 nm.

500,04 nm
400,0 — o9
300,0 Q /
200,0 N\ N —
100,04 o1
0 T T T
0,2 0,4 0,6 0.8 1,0

Fig. 5 — Dependence of the average linear dimensions of
electrochemically synthesized zinc oxide particles on the
content of FK 06213
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Fig. 6 — Distribution of the percentage of the number of
particles by length depending on the content of FK 06213

According to the results of diffraction pattern analy-
sis, we synthesized a-ZnO. The crystal structure of
a-Zn0 is presented in Fig. 7.

Fig. 7 - The project of a unit cell of &-ZnO (SG P6smc) and FCS
(First Coordination Setting of the structure) tetrahedral of Zn
atoms

As it can be seen from Fig. 7, only two out of eight
tetrahedral voids are occupied. Octahedral voids are not
filled. It means that the structure may be modified by
smaller atoms and in such a way to improve some phys-
ical properties, for instance, non-linear because the
structure is asymmetric.

The presence of FK 06213 does not result in signifi-
cant particle reduction as it is with TERGITOL 15-S-5
in the work [11].

4. CONCLUSIONS

An electrochemical synthesis of zinc oxide was
carried out by electrolysis of a 1 M aqueous solution of
sodium chloride with a surfactant content of FK 06213
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from 0.1 to 1 g/l with a soluble zinc anode at a constant
temperature of 90 °C, electrolysis duration of 20 min,
and a current density of 0.5 A/em2. The effect of
surfactant content on particle size is controversial, so it
cannot be considered a stabilizer of particle size,
although at low concentrations, smaller particles are
formed than in the sample synthesized with out the
addition of surfactant.

This study highlights the potential of electrochemi-
cal methods for synthesizing ZnO nanomaterials with

REFERENCES
1. C. Klingshirn, H. Haug, Phys. Rep. 70 No 5, 315 (1981).
2. Gerald D. Mahan, Encyclopedia Britannica (2024).

3. S. Raha, Md. Ahmaruzzaman, Nanoscale Adv. 4, 1868
(2022).

4. 7. dJiang, B. Liu, L. Yu, Y. Tong, M. Yan, R. Zhang, W. Han,
Y. Hao, L. Shangguan, S. Zhang, W. Li, J. Alloy. Compd.
956, 170316 (2023).

5. A.Reshak, O. Yanchuk, D. Prots, L. Tsurkova, O. Marchuk,
I. Urubkov, V. Pekhnyo, O. Fedorchuk, Z. Alahmed,
H. Kamarudin, Int. J. Electrochem. Sci. 9 No 11, 6378
(2014).

6. O.M. Yanchuk, J. Ebothe, A.M. El-Naggar A. Albassam,
L.V. Tsurkova, O.M. Marchuk G. Lakshminarayana,
S. Tkaczyk, 1.V. Kityk, A.O. Fedorchuk, O.M. Vykhryst,
1.V. Urubkov, Physica E 86, 184 (2017).

JJ. NANO- ELECTRON. PHYS. 16, 06016 (2024)

tailored properties through the strategic use of surfac-
tants. Future research could explore the application of
different surfactants and their effects on the electro-
chemical synthesis process, as well as the characteriza-
tion and potential applications of the produced ZnO
nanoparticles in fields such as catalysis, photovoltaics,
and biomedical applications. The findings contribute to
a deeper understanding of the electrochemical synthesis
mechanisms and open avenues for further innovation in
nanomaterial production.

7. L. Schlur, J.R. Calado, D. Spitzer, R SocOpenSci. 5 No 8,
180510 (2018).

8. 0.V. Smitiukh, O.V. Marchuk, O.M. Yanchuk, Yu.O.
Khmaruk, D.S. Zhernov, J. Nano- Electron. Phys. 16 No 1,
01024 (2024).

9. G. Torres Delgado, C. Ztniga Romero, S. Mayén Hernan-
dez, R. Castanedo Pérez, A. Zelaya Angel, Sol. Energy Ma-
ter. Sol. C. 93 No 1, 55 (2008).

10. P. Scherrer, Mathematisch-Physikalische Klasse 2, 98
(1918).

11. O.V. Smitiukh, O.V. Marchuk, O.M. Yanchuk, R.I.
Kotsyubchyk, Oleksii A. Vyshnevskyi, J. Nano- Electron.
Phys. 16 No 5, 05032 (2024).

Enexrpoximiunuii cCMHTE3 HUHK OKCUAY B IPUCYTHOCTI
nmoBepxHero-akTuBHOI peyornuu FK 06213

O.B. Cwmitox!, O.B. Mapuyxk!, O.M. Auuyk!2, 10.0. Xmapyx!,
['M. Muponuyk!, I.I. Berumuauwnis!, O.A.Bunraeschruii?

1 Bonurncvkuti HaylonanvHuli yrigepcumem imeni Jleci Yipainku, 43025 Jlyuvk, Yepaina
2 Bosntuncokull meduunuil incmumym, 43016 Jlyuvk, Yrpaina
3 ITncmumym 2eoximii, minepasio2ii ma pyooymeoperrs im. M.II. Cemenenra, 03142 Kuis, Yipaina

VY 1poMy TOCITTIKEHH] JOCTIKEHO eJIeKTPOXIMIYHIHN CHHTe3 HAHOUACTHHOK OKcu Ty UHKY (Zn0) 3 BuKo-
prcTaHHSM oBepxHeBo-arTuBHOI peuoBuHr FK 06213. s peyoBrHA € HEI0HHOIO ITOBEPXHEBO-AKTUBHOI pe-
YOBHHOIO 3 TPYIH aJIKOroJib eTokcuiaaris, FK 06213 — sxoBTa piuHa 3 XapaKTepHUM 3aI1axoM, 31 3HAYeHHIM
pH mpu 20 °C 7. I'ycrura upu 20 °C crazosuts 0,95 r/em °. Kitac B's;3kocTi 260 KOHCUCTEHITIT KiIHEMATHIHUN
mpu 40 °C: 60 mm?/c. CuHTE3 ITPOBOIMEBCS 34 TOTIOMOIOI0 TAJTbBAHOCTATUYHOTO €JIEKTPOJTI3Y, /e 3MIHHUAM I1a-
PaMeTpoM € KOHIIEHTPAIIis T0OBEPXHEBO-aKTUBHOI pe4oBUHMU. [HIII mapaMeTpu eJIeKTPOIIi3y, TAKl AK TeMIepa-
Typa, TPUBAJICTH 1 TYCTUHA CTPYMY OYJI OJHAKOBHUMU y BCIX €KCIIEPUMEHTAX, 3MIHIOBAJIM JIUIIIE KOHIIEHTPA-
it eexTpoJity Beworo 0yito mposegeno 10 excrepumenTtis. Hassaicts FK 06213 cripaBuiio sHAYHUN BILJINB
Ha MOPQOJIOriio 1 po3moaii poaMipis yacTuHOK Zn0. EjxexTpoxiMivynmil aHAII3 TIATBEPIUB OKUCHEHHS IIMHKY
HA aHOII Ta BU/IJIEHHSA BOJHIO HA KATOJI, IO IIpH3BeJIo A0 ocamkernsa ZnO. Bel oTpuMani moponky BuBYAa-
JIUCST 32 JOTIOMOT010 (ha30BOr0 Ta CTPYKTYPHOrO X-IIPOMEHeBOro aHaridy. HasBHICTh IHIINX KOMIIOHEHTIB He
Oys10 BcTaHOBIJIEHO. 3a pe3yabTaraMu X-IPOMEHEBOI0 aHAJI3Y KPUCTAJIYHA CTPYKTypa OTPUMAHUX 3PA3KiB
HAJIEKUTD JI0 TEKCArOHAIBHOI crcTeMH (IIpocTopoBa rpyma P63mce), B AKIM aTOMM ITUHKY MAIOTh TETPaeIpUYHe
OTOYEHHS 3 aToMiB oKcureHy. CepeHs TOBIUHA YACTUHOK BapioeThbes Bl 22,4 mo 32,4 um. {1 koHIIeHTpAa-
miit 0,2 1 0,5 1/J1 3HaYeHHA TOBITUHY € HauMeHIuMu — 22,4 1 23,2 BignosigHo. Cepeus JOBKUHA YACTUHOK €
B Meskax 196+444 umM, a mupuHa — 62+184 uM. HesanoBHeHICTh OKTAeIPUYHUX IIyCTOT € BATOMUM (DAKTOPOM,
SIKUY MOKHA BUKOPUCTATHU 3 METOI JIOJABAHHS €JIEeMEeHTIB 3 OlJIBIIINM aTOMHUX PAJILyCOM SIK JIETYIOYOTO KOM-
THOHEHTA JJIs TIOKPAIeHHs BJIACTHBOCTe Marepiany. HelreHTpocuMeTpuyHICTS ITi€l CTPYKTYPU € BasKJIMBUAM
apryMeHTOM B IIPOrHO3YBAHHI HEJIIHIMHO-OITHYHUX BJIACTHBOCTEN OTPUMAHOI0 MaTepiay.

Knrouoei ciosa: Enexrpoximiuauit cunres, Hamouactuuru, Oxcup muury, Kpucramiunaa crpykrypa.
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