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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII ITYBJIK AT

Pepakimiiina Koseria 36ipHuka HayKoBux mpaib «HaHocucTeMu, HaHOMATEpiain, HAHOTEXHOJIOTII»
JOTPUMYEThCSI €TUYHUX HOPM, NPUUHATHUX MI’KHAPOJHWM HAYKOBHUM CIIiBTOBAPWCTBOM, i pOOUTH
yce sl 3amobiraHHA OyAb-AKUM IIOPYIIEHHSAM I1X. ¥ CBOIMl [isJIbHOCTI pefaKIlisi CIMpaeThCs Ha
pexomenzanii Komirery 3 ernkn HaykoBux myoOuikariit (http://publicationethics.org).

000B’A3KM pegaKuii
. Bci npencrasiieHi cTaTTi peneH3yIOThCS eKCIIepTaMu B JaHil o61acTi.
. ITig yac posriAmy cTaTTi BpaXxoBYIOThCS Ii BiAgmoBigHicTh mpeameTHiit obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, YUNTAOEJBHICTH i MOBa (IIpaBomIuUC).
. 3a pesysJbTaTaMU PEIeH3YBaHHS CTATTS MOKe OyTU IPUIHSATA A0 OmyOIiKyBaHHS 0e3 Jopo6-
KU, IPUHHATA 3 TOPOOKOI0 abo BigxwuieHa.
. BigxuieHi crarTi moBTOPHO He PEIEeH3YIOTHCS.
. CrarTi MOKYTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM UYMHOM HE IIiAXOAATH
I yOsTiKarrii.
. Pepakmia yxBaiioe pilieHHA oo myOsikaiii, Kepyroouuch MOJITHKOI 30ipHUKAa, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.
. He momyckaeTrbes mo myburikailii indopmaiiisi, SKIO € AOCTATHLO IiJCTaB yBaKaTH, II[0 BOHA
€ miarisTom.
3a HasgBHOCTH AKUX-HEOyIb KOHQJIIKTIB iHTepeciB ((hiHaHCOBUX, aKageMiuHUX, OCOOMCTUX) BCi
YYacHUKHU IIPOIlecy pelleH3yBaHHS IIOBUHHI cHoBicTUTH IIpo Iie penkosierii. Bei cmipui nuranHsa
PO3IJIANAIOThCA Ha 3acifiaHHi pegkKoJerii.
IIpuiiaari go onyOIiKyBaHHA CTaTTi pO3MiIIAIOTHCA Y BiAKPUTOMY HOCTYIL Ha caiTi 30ipHHMKA;
aBTOPCBHKI ImpaBa 30epiraloThbCs 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

. PerieHseHTH OI[IHIOIOTH CTATTi 3a IXHIM BMicTOM, 0E3BiZHOCHO J0 HAIIOHAJILHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairilHUX mepeKoHaHb, eTHIYHOI MPUHANEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CriBpoGiTHUKY pefakKiiii He IMOBUHHI MOBIAOMJIATH SKY-HeOyAb iH(opMallio mpo crarti, II[0
HagidmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHHKaMU pefakiiii Ta Buma-
BHUIITBA.

. PerniensyBanHs moBUHHE OyTH IIpoBeaeHO 06’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpa HEIPU-
nyctuMa. PereHseHTu 3000B’A3aHi OOI'PYHTOBYBATHU CBOIO TOUKY 30pPY YiTKO if 06’€KTUBHO.

. PenensyBanusi moroMarae BUJABIEBI HpUiiMaTy PillleHHA Ta 3a JOIIOMOIOI0 CIIiBPOOITHUIITBA
3 pelleH3eHTaMU i aBTOPaMU MOJIIIIIINTH CTATTIO.

. Marepianu, orpumani nisa pereHsii, € KOHGIZEHIiHHUME JOKYMEHTaMH Ta PeleH3YIOThCA
aHOHIMHO.

. PerenseHnT Takoyk 3000B’s3aHUiI 3BepPTATH yBary peJaKTopa Ha icTOTHY ab0 4acTKOBY HOIi0-
HiCTH IIpeACTaBJIEHOI CTATTi 3 AKOIO-HEOYIb iHIIOI POGOTOI0, 3 AKOKI PEIeH3eHT Ge3rnocepes-
HBO 3HAWOMUH.

IIpuHIMIN, AKMMHU NOBHUHHI KePYyBAaTHCA aBTOPH HAYKOBUX ITyOJiKaIii

. ABTOpH craTell MOBMHHI HagaBaTU TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOI'OBO-
peHHs i 3HAYMMOCTH.

. AsBTopu craTTi DOBMHHI HaJaBaTHU MOCTOBipHI pe3yJbTaTH IIPOBEAEHOr0 OIJIAAy U aHamisu
nmocaimxenb. CBiqoMo mOMUIKOBI a60 chanbcudikoBaHi TBepKeHHA HEIPUHHATHI.

. CraTTss MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh iHdopmarlii mjis ImepeBipKM Ta IIOBTOPEHHS
eKCIIepUMEHTIB ab0 po3paxyHKiB iHmwumu pociaigankamvu. [Ilaxpaiicbki abo cBimomo Hempas-
IVBi 3aABM MPUPIiBHIOIOTHCA IO HEETUYHOTO IMOBOAYKEHHS i € HeIPUHHATHUMMU.

. ABTOpPH MOXKYTb HAJaBaTH OPUIiHAJBHI PeryJsapHi # oriasamoBi poGoTu. 3a BUKOPUCTAHHS
TeKcToBOi abo rpadiunoi indopmarii, orpumanol 3 pobiT iHmMX 0ci6, 000B’sI3KOBO HEOOXimHI
MOCUJIAaHHS Ha BiAmoBigHi myGiikarii abo mucbMOBHU [03Bia iXHIX aBTOPIB.

. Ilogaua craTTi OGiABII HijK B OQUH KYPHAJ PO3IIHIOETHCA SK HEeTHYHE ITOBOIKEHHS i € He-
TPUNHATHOIO.

. ABTOpPCTBO IMOBUHHE OyTH OOME)KEeHe TUMM, XTO 3pOOMB 3HAUHUIN BHECOK y KOHIIEMIil0, PO3-
POOKY, BUKOHAHHA a00 iHTepIIPeTaIlilo 3asBJIEHOT0 AOCIiIKeHH.

. Ioxepesa (hiHAaHCOBOI MiATPUMKYU OCTiMIKEHHA, 0 TYOIiKyeThCS, MOKYTb OyTH 3a3HAUEHi.
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Surface Morphology of Thin Films of (Y,,Ga,,),0; Activated by Cr®*

0. M. Bordun!, B. O. Bordun?, I. I. Medvid!, M. V. Protsak’,
I. Yo. Kukharskyy', K. L. Biliak', D. M. Maksymchuk!, I. M. Kofliuk’,
and D. S. Leonov?

Tvan Franko National University of Lviv,
50, Drahomanov Str.,

UA-79005 Lviv, Ukraine

2Technical Centre, N.A.S. of Ukraine,

13, Pokrovska Str.,

UA-04070 Kyiv, Ukraine

Thin films of (Y, 06Gag.04):05:Cr are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on polycrystalline polycor and
amorphous v-SiO, substrates. The study of the surface morphology of thin
films by atomic force microscopy (AFM) shows that the transition from v-
Si0, substrates to polycor increases the average diameter of crystallites,
which form the film, from 123 nm to 372 nm for films annealed in an argon
atmosphere. The heat treatment of films on v-SiO, substrates in an argon at-
mosphere leads to an increase in the root-mean-square roughness of thin
films, which is of 1.2 nm and 2.9 nm for the unannealed and annealed films in
an argon atmosphere, respectively. The analysis of the distributions of crys-
tallites by the value of the grain diameter is carried out, and, as found during
the heat treatment of (Y,0Gay.94)205:Cr films on v-SiO, substrates, the
growth of crystallites perpendicular to the film surface is observed.

Meromom BucokouacToTHOro (BY) OHHO-IIJIa3MOBOTO PO3IIOPOIINEHHS B aT-
Moc(epi aprouy Ha HDOJIKPUCTANIUYHUX ITiAKJAAIMHKAX IIOJIKOPY ¥ aMOop(hHUX
migknaguEKax L-Si0, omep:xano TOHKI NHiBKE (Y 0sGag4)203:Cr. Iocai-
IyKeHHA MOp@oJiorii moBepxHi TOHKMX IIJIiBOK METOJAOM aTOMHO-CHJIOBOI Mi-
Kpockomii (ACM) mokasanu, IO 3 IePexXoAoM Bin migxkJaaguHOK L-Si0, M0
HOJIIKOPY 3pOCTae cepemHill miamMerep KPHUCTAJIITIB, AKi (opMyloTh IIiBKY
Big 123 M mo 372 HM a4 WIiBOK, BigmameHux y atrmocdepi apromy. Tep-
MO000OpOO6JIeHHA IIJIiBOK Ha MiAKJIagUHKAX 3 L-Si0, y aTMochepi aprouwy mpu-
BOJAUTH OO0 30iJbIIIEeHHS CePeIHbOKBAAPATUYHOI IIIEPCTKOCTU TOHKHUX ILIiBOK,
10 CTAHOBJIATH JJIsA HEBiAmaJIeHOI Ta BigmasieHOl IJIiBOK y aTmocdepi aprory
1,2 am i 2,9 um Bigmosiguo. IIpoBemeHO aHANIi3y PO3mMOAiJiB KpHCTATIITIB 3a
BeJIMUYMHOIO JisgMeTpa 3epeH i BCTaHOBJIEHO, II[0 3a TePMOOOPOOJIEHHS IJIiBOK
(Y0.06Ga9.94)205:Cr Ha migxmagmarkax v-Si0, cmocTepiraeTbcs 3pOCTaHHA KPU-
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CTaJiTiB MepUIeHAUKYJIAPHO O IOBEPXHI IIJIiBKU.

Key words: gallium oxide, chromium activator, thin films, crystallites,
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1. INTRODUCTION

In recent years, nanostructured oxide materials have been widely
studied, among which Ga,0; occupies an important place. Gallium
oxide B-Ga,0; belongs to the wide-bandgap semiconductors, with a
bandgap width of 4.5 to 5.1 eV, depending on the preparation condi-
tions. This material is widely used in solar cells, gas sensors, ultravi-
olet photodetectors, luminescent devices, high-power Schottky di-
odes, and transistors [1-10]. Due to its good chemical and thermal
stability, this material is promising for use in luminescent devices.
In this regard, pure gallium oxide thin films, activated by various
impurities, obtained by various methods, are widely studied. The
photoluminescence spectrum of gallium oxide at room temperature
usually shows ultraviolet and blue radiation [11-15]. In general, the
optical and electrical characteristics of thin films based on B-Ga,O,
are determined by the methods of their preparation, deposition
modes, substrate type, and processing technology, as well as the in-
troduction of impurities, which can purposefully change the spectral-
luminescent and electrophysical properties of these films. To this
end, thin films with the chemical composition (Y Gag.94):05:Cr were
studied in this work, in which some Ga®*" ions were replaced by isova-
lent Y?' ions, which did not require local compensation of the electric
charge. This substitution is because Y,0O; films are also quite promis-
ing in terms of their use in modern optoelectronic and luminescent
technology [16—19]. This also allows us to better study the lumines-
cence centres in thin films based on (-Ga,0; since the luminescence
efficiency in these films is largely determined by the peculiarities of
recombination processes, which luminescence centres of defective
origin usually cause.

In general, the physical properties of thin films are complicated be-
cause films do not always have a perfect structure and can be polycrys-
talline, amorphous, and contain inclusions of other phases. Obtaining
the required and stable reproducible properties of polycrystalline films
is further complicated by the presence of intergranular boundaries
(IGBs). The physical properties of polycrystalline thin films are largely
determined not only by the material properties but also by the energy



SURFACE MORPHOLOGY OF THIN FILMS OF (Y, 4sGa,.6,):05 ACTIVATED BY Cr** 3

levels arising from the presence of the IGBs. It is clear that such levels
are also determined by the size of the crystallites that form the thin
films. This led to the study of the surface morphology of thin films of
(Y.06Gag.94)205:Cr using atomic force microscopy, which is presented in
this paper. The films were obtained by the method of RF ion-plasma
sputtering, which is optimal for obtaining homogeneous semiconduc-
tor and dielectric films [19].

2. EXPERIMENTAL TECHNIQUE

Thin films of (Y,06Gag.94)205:Cr with a thickness of 0.5-1.2 um were
obtained by RF ion-plasma sputtering on polycrystalline polycor
((99.8% o(alpha)-Al,0;) substrates and amorphous fused quartz v-
SiO, substrates. The RF sputtering was carried out in an argon at-
mosphere in a system using the magnetic field of external solenoids
for compression and additional ionization of the plasma column.
The feedstock was a mixture of Y,0; and Ga,O; oxides of the stoi-
chiometric composition of the ‘OCHY’ grade (extra pure). The con-
centration of the Cr®" activator was 0.5 mol.% . After the films were
deposited on v-SiO, and polycor substrates, they were heat treated
in argon at 1000-1100°C.

The structure and phase composition of the obtained films were
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray
diffraction studies showed the presence of a polycrystalline struc-
ture with a predominant orientation in the (002), (111), (110), and
(5612) planes. The analysis of the obtained diffractograms shows
that the structure of the films obtained corresponds to the mono-
clinic crystal structure of p-Ga,0;. The diffractograms of
(Y.06Gag.94)205:Cr thin films almost completely correspond to the
diffractograms of unalloyed (Y,0Gag94):0; thin films, which were
presented earlier in our work [20].

The surface morphology of the films was studied using an
INTEGRA TS-150 atomic force microscope (AFM). The image of the
surface of thin films was obtained in the semi-contact mode.

The x-ray photoelectron spectroscopy (XPS) method was used to
analyse the elemental composition of the surface of the obtained
thin films. The x-ray photoelectron spectroscopy (XPS, Phoibos
150, Specs) spectra were recorded using a monochromatic x-ray
source AlK, (1486.6 eV). The binding energy was calibrated against
the signal from Cls at 285.0 eV.

3. RESULTS AND DISCUSSION

Microphotographs of the surface of (Y0Gagg4)205:Cr thin films ob-
tained by RF ion plasma sputtering on v-SiO, substrates without
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heat treatment and after heat treatment in an argon atmosphere
and on polycor substrates after heat treatment in an argon atmos-
phere are shown in Fig. 1.
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Fig. 1. Images of the surface morphology of (Y 06Ga94):05:Cr thin films
obtained by RF sputtering on v-SiO, substrates without heat treatment (a,
b) and after heat treatment in an argon atmosphere (¢, d) and on polycor
substrates after heat treatment in an argon atmosphere (e, f). Images a, ¢
and e are two-dimensional, b, d and f are three-dimensional.
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TABLE. Parameters of crystal grains of thin films of (Y, 0sGag ¢4)205:Cr.

Without heat |Heat treatment in| Heat treatment

Parameter treatment on Ar on a v-SiO, in Ar on a
v-Si0, substrate substrate polycor substrate
Average grain 181 123 372
diameter, nm
RMS roughness, nm 1,2 2,9 9,5

Maximum grain

height, nm 12 33 55
Average grain 2960 6040 234000

volume, nm?

The topography of the samples was quantitatively characterized
by standard parameters: root-mean-square roughness, maximum
grain height, average grain diameter, and average grain volume,
which were calculated from AFM data using the Image Analysis 3.5
image-processing module for areas of the same size (5000x5000
nm).

The characteristic parameters of (Y, ¢sGag.04)2:03:Cr thin films de-
posited on v-SiO, substrates without heat treatment and for films
deposited on v-SiO, and polycor substrates after heat treatment in
an argon atmosphere are shown in Table.

As can be seen from the results obtained, different types of sub-
strates and the presence of heat treatment have a significant effect
on the size of crystal grains and surface roughness of the obtained
samples.

The analysis of AFM images (Fig. 1) and parameters of crystal
grains (Table) of the surface of (Y, ¢sGagos)205:Cr films shows that
the films deposited on the amorphous quartz substrate v-SiO, are
formed from significantly smaller grains than when the films are
deposited on a polycrystalline polycor substrate. The size of crystal-
lites of thin films of (Y,06Gag.94)205:Cr deposited on a v-SiO, sub-
strate after heat treatment in an argon atmosphere increases, alt-
hough a decrease in the average size of the diameter of the grains,
from which these films are formed is observed. At the same time,
the value of the average volume of crystallites increases significant-
ly. Such an increase in the size of crystalline grains and, in particu-
lar, an increase in the average grain volume and changes in the
value of the root-mean-square roughness indicate a complication of
the surface structure.

A comparison of the histograms of the distribution of grain
heights (Fig. 2) shows that smaller grains are formed on fused
quartz substrates, which form the surface of unannealed
(Y0.06Ga0.94)205:Cr thin films, although their average diameters are
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Fig. 2. Distribution of grain heights for AFM images of (Y, sGag.4)205:Cr
thin films obtained by RF sputtering on v-SiO, substrates without heat
treatment (a), after heat treatment in an argon atmosphere (b), and on
polycor substrates after heat treatment in an argon atmosphere (c).

larger than those of annealed films in an argon atmosphere are.
Heat treatment of thin films of (Y, 06Gag94)205:Cr deposited on a
quartz substrate in an argon atmosphere significantly affects the
value of grain height compared to unannealed films (increases by
about 2.4 times). If we compare the parameter RMS surface rough-
ness of thin films, then, for films deposited on NaCl substrates, it
is the highest value compared to unannealed films and films sub-
jected to heat treatment in an argon atmosphere deposited on
quartz substrates. For films annealed in an argon atmosphere and
deposited on polycor substrates, the value of this parameter differs
by about 3.3 times compared to thin films of (Y, 4Gag.94)205:Cr de-
posited on a quartz substrate.

The increase in the size of crystalline grains in (Y ¢6Gag.94)205:Cr
thin films after heat treatment (Table) indicates the possibility of
the transition of the film surface to a more nanostructured state
due to the crystallization of the surface layer.
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The characteristic distributions of grain diameter sizes in thin
films of (Y,.06Gag.94):05:Cr depending on the type of substrate and
the presence of heat treatment are shown in Fig. 3.

A thorough review [21] analysed the growth of crystal grains in
thin films and the evolution of crystal structures and showed that
polycrystalline thin films with thicknesses up to 1 ym, which is typ-
ical for our (Y, ¢6Gagq4):05:Cr films, often have 2D-like structures.
In such structures, most grain boundaries are perpendicular to the
film surface. Most of the materials analysed in [21] form films of
nonequilibrium grains with sizes smaller than the film thickness
and form two-dimensional structures only after annealing. Based on
numerical results, [21] also concluded that the formation of grains
in thin films is difficult to describe accurately using modelling or
comparison with experiments that described the study of foams or
monolayers. In general, grain sizes in polycrystalline films are
lognormally distributed in size.
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Fig. 3. The distribution of grain diameter sizes and the calculated approx-
imate diameter distribution on AFM images of (Y, 0sGag.94)205:Cr thin films
obtained by RF sputtering on v-SiO, substrates without heat treatment (a),
after heat treatment in an argon atmosphere (b), and on polycor substrates
after heat treatment in an argon atmosphere (c).
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In some cases, further grain growth is observed due to ‘anoma-
lous’ growth or preferential growth of several grains, which usually
have specific crystallographic orientation relations relative to the
substrate surface plane. Our results show that such a situation is
most likely characteristic of the (Y06Gagq4)205:Cr films we ob-
tained. When the number of growing grains leads to a ‘matrix’ of
grains beyond the static boundaries, a bimodal grain size distribu-
tion develops, which is called secondary grain growth [22]. Grains
that grow abnormally often have a limited or homogeneous texture.
Secondary grain growth in thin films typically involves an evolution
in the distribution of grain textures as well as an evolution in the
grain size distribution.

Our results of the distribution of grain diameter sizes in thin
films of (Y, 0Gag.94)205:Cr (Fig. 3) indicate that when these films are
deposited on polycor substrates after annealing in an argon atmos-
phere, an unimodal distribution of diameters with a maximum in
the region of 365 nm is observed. A more complex shape of the di-
ameter distribution is formed when the films are deposited on an
amorphous v-SiO, substrate after annealing in an argon atmosphere.
In particular, for freshly deposited films (Fig. 3, a), a unimodal
distribution with a maximum in the 170 nm region is manifested.
After heat treatment of such films in an argon atmosphere (Fig. 3,
b), a bimodal distribution with maxima in the region of 100 and
135 nm is observed.

Analysing the situation described above, we can conclude that
during the heat treatment process, grain growth occurs due to the
processes of growth and sintering. It should be noted that a similar
situation is observed during RF deposition on v-SiO, substrates and
B-Ga,05; thin films, where the growth of secondary and tertiary
grains is observed [23]. The growth of secondary and even tertiary
grains was observed in these films both during RF sputtering and
during heat treatment.

For unannealed (Y, :6Gag94)205:Cr thin films deposited on v-SiO,
substrates and annealed films in an argon atmosphere deposited on
polycor substrates, the distribution of grains by diameter is well
described by a normal logarithmic law. This situation is typical for
the distribution of grains by diameter in polycrystalline films [24].
In particular, this situation is observed during the RF deposition of
Y,0;:Eu thin films [25].

To describe the obtained dependences (Fig. 3, a, c), we use the
normal logarithmic law, which is used to distribute grains by diam-
eter size in polycrystalline films [24]:

1 _(lnD—u)2
f(D)_ GD\/ﬁexp[ 202 :|’
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where _[ f(x)dx =1, D is the grain diameter divided by the film
0

thickness; pu is the average value of InD; o is the standard deviation

(dispersion) of InD—-p. When fitting the data, p and o are inde-
pendent adjustable parameters.

Our analysis shows that during the RF deposition of thin films
on a v-Si0, substrate, a unimodal distribution of grains in terms of
diameter is observed (Fig. 3, a) with a maximum at 170 nm and a
dispersion of 6.2 nm. The subsequent annealing of these films in an
argon atmosphere results in a bimodal distribution of overlapping
bands with maxima located in regions around 100 and 135 nm. Due
to the significant overlap, the variances of these distributions are
25.1 and 13.3 nm, respectively. It is characteristic that grain
growth during the annealing of thin films of (Y ¢sGag.94)205:Cr oc-
curs in the direction perpendicular to the film surface. During the
annealing of (Y, 0Gag4)205:Cr films deposited on a polycor sub-
strate, an unimodal lognormal distribution of grain diameter sizes
with a maximum in the region of 365 nm and a dispersion of 2.7
nm is observed.

To verify the elemental composition of the obtained thin films, x-
ray photoelectron spectroscopy (XPS) spectra were analysed. The
characteristic XPS spectra for the unannealed (Y, (Gag.94):05:Cr thin
films deposited on v-SiO, substrates and the annealed films in the
argon atmosphere deposited on v-SiO, and polycor substrates are
shown in Fig. 4.

The analysis showed that the recorded spectra contain peaks cor-
responding to Ols, Cls, Y3d, Ga3p, and Cr2p atoms. At the same

350
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Fig. 4. XPS spectra of (Y, 0sGag.94)205:Cr thin films obtained by RF sputter-
ing on v-SiO, substrates without heat treatment (1), after heat treatment
in an argon atmosphere (2), and on polycor substrates after heat treatment
in an argon atmosphere (3).
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time, the peak characteristic of the Cr 2p atom is expressed rela-
tively weakly, since the chromium concentration in the obtained
films is insignificant. It is characteristic that it is most intensively
manifested in (Y, 06Gag94):03:Cr films deposited on polycor sub-
strates.

4. CONCLUSIONS

It has been established that thin films of (Y, ,Gag.94)205:Cr formed
from nanometer grains are formed by RF ion-plasma sputtering on
polycrystalline polycor and amorphous v-SiO, substrates. Based on
the AFM images, it is shown that the average diameters of the crys-
tallites of the films on polycor substrates after heat treatment in an
argon atmosphere are of 372 nm, on v-SiO, substrates without heat
treatment, are of 181 nm, and after heat treatment in an argon at-
mosphere, are of 123 nm. The heat treatment of films on v-SiO,
substrates in an argon atmosphere leads to an increase in the root
mean square roughness from 1.2 to 2.9 nm. It has been found that
when thin films of (Y,.06Ga¢.94):05:Cr are deposited on u-SiO, sub-
strates, an unimodal lognormal distribution of grains in terms of
diameter size with a maximum at 170 nm and a dispersion of 6.2
nm is observed. In the process of heat treatment of such films, a
bimodal distribution appears with maxima at 100 and 135 nm and
dispersions of 25.1 and 13 nm, respectively. During this heat
treatment, grain growth perpendicular to the film surface is ob-
served. During the heat treatment of films deposited on polycar-
bonate substrates, a unimodal distribution of grains by diameter
with a maximum of 365 nm and a dispersion of 2.7 nm occurs.

REFERENCES

1. M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui and S. Yamakoshi, phys.
status solidi (a), 211, No. 1: 21 (2014);
https://doi.org/10.1002/pssa.201330197

2. M. He, Q. Zeng, and L. Ye, Crystals, 13, No. 10: 1434 (2023);
https://doi.org/10.3390/cryst13101434

3. X. Chen, K. W. Liu, Z. Z. Zhang, C. R. Wang, B. H. Li, H. F. Zhao,

D. X. Zhao, and D. Z. Shen, ACS Appl. Mater. Inter., 8, No. 6: 4185 (2016);
https://doi.org/10.1021/acsami.5b11956

4. S. Kumar and R. Singh, phys. status solidi (RRL), 7, No. 10: 781 (2013);
https://doi.org/10.1002/pssr.201307253

5. D. Y. Guo, Z. P. Wu, Y. H. An, P. G. Li, P. C. Wang, X. L. Chu,

X. C. Guo, Y. S. Zhi, M. Lei, L. H. Li, and W. H. Tang, Appl. Phys. Lett.,
106, No. 6: 042105 (2015); https://doi.org/10.1063/1.4907174

6. S. Kumar, S. Dhara, R. Agarwal, and R. Singh, J. Alloys Compounds, 683:

143 (2016); https://doi.org/10.1016/j.jallcom.2016.05.079


https://doi.org/10.1002/pssa.201330197
https://doi.org/10.3390/cryst13101434
https://doi.org/10.1021/acsami.5b11956
https://doi.org/10.1002/pssr.201307253
https://doi.org/10.1063/1.4907174
https://doi.org/10.1016/j.jallcom.2016.05.079

SURFACE MORPHOLOGY OF THIN FILMS OF (Y, 4,Ga, 6,);05s ACTIVATED BY Cr** 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

R. Suzuki, S. Nakagomi, Y. Kokubun, N. Arai, and S. Ohira, Appl. Phys.
Lett., 94, No. 22: 222102 (2009); https://doi.org/10.1063/1.3147197

K. Sasaki, M. Higashiwaki, A. Kuramata, T. Masui, and S. Yamakoshi,
IEEE Electron. Device Lett., 34, No. 4: 493 (2013);
https://doi.org10.1109/LED.2013.2244057

M. Higashiwaki, AAPPS Bull., 32: 3 (2022);
https://doi.org/10.1007/s43673-021-00033-0

K. Sasaki, M. Higashiwaki, A. Kuramata, T. Masui, and S. Yamakoshi,

J. Cryst. Growth, 378: 591 (2013);
https://doi.org/10.1016/j.jcrysgro.2013.02.015

0. M. Bordun, B. O. Bordun, I. Yo. Kukharskyy, and I. I. Medvid, J. Appl.
Spectrosc., 86, No. 6: 1010 (2020); https://doi.org/10.1007/s10812-020-
00932-4

A. K. Saikumar, Sh. D. Nehate, and K. B. Sundaram, ECS J. of Solid State
Science and Technol., 8, No. 7: Q3064 (2019);
https://doi.org/10.1149/2.0141907jss

Lingyi Kong, Jin Ma, Caina Luan, Wei Mi, and Yu Lv, Thin Solid Films,
520, No. 13: 4270 (2012); https://doi.org/10.1016/j.tsf.2012.02.027

0. M. Bordun, B. O. Bordun, I. I. Medvid, and I. Yo. Kukharskyy, Acta
Physica Polonica A, 133, No. 4: 910 (2018);
https://doi.org/10.12693/APhysPolA.133.910

K. H. Choi and H. C. Kang, Materials Letters, 123: 160 (2014);
https://doi.org/10.1016/j.matlet.2014.03.038

C. B. Willingham, J. M. Wahl, P. K. Hogan, L. C. Kupferberg, T. Y. Wong,
and A. M. De, Proc. SPIE, 5078: 179 (2003);
https://doi.org/10.1117/12.500986

T. Igarashi, M. Thara, T. Kusunoki, K. Ohno, T. Isobe, and M. Senna, Appl.
Phys. Lett., 76, No. 12: 1549 (2000); https://doi.org/10.1063/1.1260921
0. M. Bordun, I. M. Bordun, and S. S. Novosad, J. Appl. Spectr., 62, No. 6:
1060 (1995); https://doi.org/10.1007/BF02606760

K. Wasa, M. Kitabatake, and H. Adachi, Thin Film Materials Technology:
— Sputtering of Compound Materials (New York: Springer—William Andrew
Inc Publishing: 2004).

0. M. Bordun, B. O. Bordun, I. J. Kukharskyy, I. I. Medvid, O. Ya. Mylyo,
M. V. Partyka, and D. S. Leonov, Nanosistemi, Nanomateriali, Nano-
tehnologii, 17, Iss. 1: 123 (2019); https://doi.org/10.15407/nnn.17.01.123
C. V. Thompson, Sol. State Phys., 55: 269 (2001);
https://doi.org/10.1016,/S0081-1947(01)80006-0

C. V. Thompson, J. Appl. Phys., 58: 763 (1985);
https://doi.org/10.1063,/1.336194

0. M. Bordun, B. O. Bordun, I. Yo. Kukharskyy, I.I. Medvid, I. I. Polovynko,
Zh. Ya. Tsapovska, and D. S. Leonov, Nanosistemi, Nanomateriali, Nano-
tehnologii, 19, Iss. 1: 159 (2021); https://doi.org/10.15407/nnn.19.01.159
J. E. Palmer, C. V. Thompson, and Henry L. Smith, J. Appl. Phys., 62,

No. 6: 2492 (1987); https://dx.doi.org/10.1063/1.339460

0. M. Bordun, I. O. Bordun, I. M. Kofliuk, I. Yo. Kukharskyy, I. I. Medvid,
Zh. Ya. Tsapovska, and D. S. Leonov, Nanosistemi, Nanomateriali, Nano-
tehnologii, 20, Iss. 1: 91 (2021); https://doi.org/10.15407/nnn.20.01.091


https://doi.org/10.1063/1.3147197
https://doi.org/
https://doi.org/
https://doi.org/10.1007/s43673-021-00033-0
https://doi.org/10.1016/j.jcrysgro.2013.02.015
https://doi.org/10.1007/s10812-020-00932-4
https://doi.org/10.1007/s10812-020-00932-4
https://doi.org/10.1149/2.0141907jss
https://doi.org/10.1016/j.tsf.2012.02.027
https://www.scopus.com/authid/detail.uri?authorId=6603117351
https://www.scopus.com/authid/detail.uri?authorId=56418611800
https://www.scopus.com/authid/detail.uri?authorId=57185721000
https://www.scopus.com/authid/detail.uri?authorId=55801554300
https://www.scopus.com/authid/detail.uri?authorId=55801554300
https://www.scopus.com/sourceid/26936?origin=resultslist
https://doi.org/10.12693/APhysPolA.133.910
https://doi.org/10.1016/j.matlet.2014.03.038
https://doi.org/10.1117/12.500986
https://doi.org/10.1063/1.126092
https://doi.org/10.1007/BF02606760
https://doi.org/10.15407/nnn.17.01.123
https://doi.org/10.1016/S0081-1947(01)80006-0
https://doi.org/10.1063/1.336194
https://doi.org/10.15407/nnn.19.01.159
https://dx.doi.org/10.1063/1.339460
https://doi.org/10.15407/nnn.20.01.091




Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2024 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)

2024, 1. 22, Ne 1, cc. 13-30 HanpykoBazo B Ykpaini.
https://doi.org/10.15407/nnn.22.01.013

PACS numbers: 61.66.Fn, 64.75.Nx, 65.40.Ba, 81.30.Dz, 81.40.Cd, 82.33.Pt, 82.60.Lf

Predicting the Thermodynamic Stability of (Gd,-,Ln_),SiO;
and (Lu,-,Ln ),SiO; Solid Solutions of the P2,/c Space Group
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Within the framework of V. S. Urusov’s crystal-energy theory of isomor-
phous substitutions, the mixing energies (interaction parameters) and
critical decomposition (stability) temperatures are calculated for the
(Gd,_,Ln,),SiO; systems, where Ln represents rare-earth elements (REEs)
or yttrium. The values of the total mixing energies are determined mainly
by contributions arising from the difference in sizes of the substituting
structural units. The contributions due to differences in the degree of ion-
icity of the chemical bond between the components are significantly
smaller and can be neglected in most cases. Diagrams of the thermody-
namic stability of systems (Gd,_,Ln,),SiO; and decomposition domes of the
(Gd,_,Ln,),SiO; and (Lu,_,Ln,),SiO; systems are presented, which allow for
graphical prediction of decomposition temperatures of solid solutions
within the specified substitution limits, equilibrium substitution limits at
a given temperature, and ranges of thermodynamic stability for solid so-
lutions. The predictions of thermodynamic stability are consistent with
experimental data previously reported in the literature for solid solutions
based on doped gadolinium oxyorthosilicate. The gadolinium oxyorthosili-
cate solid solutions, which exhibit luminescent, scintillation, and other
practically important properties, due to their very low critical decomposi-
tion temperatures and a wide temperature range of thermodynamic stabil-
ity compared to solid solutions of oxyorthosilicate of other REEs, can find
practical applications as nanomaterials.

Y paMKax KpucCTaJoeHepreTnuHoi Teopii izomopduuUx 3amimiens B. C. Ypy-
COoBa pPO3pPaxoBaHO eHeprii smimianHa (mapaMeTpw B3aeMoAii) Ta KPUTHUUHI
TeMIepaTypu posmnany (crabimbHoctu) y cucremax (Gd, ,Ln,),SiO;, qe Ln —
pinkicuosemenbHi enemenTu (P3E) it irTpiii. BemmuwmHu cymapHoi eHeprii
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3MillIaHHA BU3HAYAIOTHCA B OCHOBHOMY BHECKAMU, 3yMOBJIECHUMHU PiKHUIIEIO
PO3MipiB CTPYKTYPHUX ONWHUIH, AKi 3amimniaroTbcAd. BelmumHU BHECKIB 3a
PaxXyHOK BimMiHHOCTeI y CTymeHi HOHHOCTM XE€MiYHOTO 3B’S3KY KOMIIOHEH-
TiB icTOTHO MeHIIIi Ta 34e6iJIbIIIOr0 HUMU MOJKHA HeXTyBaTu. IIpeacTraBiieHO
Iisrpamy TepmoauHamiuHol crabinmbHocTm cucremu (Gd,_,Ln,),SiO; Ta Gani
posnany cucrem (Gd,_ Ln,),SiO; i (Lu,_,Ln,),SiO;, aAKi yMOKINBIOIOTL I'Pa-
¢diuHO mepembauvaTH TeMIIEPATypPH PO3IaAy TBEPAUX POIUMHIB 3a 3aJaHUX
rpaHULb 3aMillleHHA, PiBHOBaKHI I'paHUIl 3aMillleHHA 3a 3aJaHOI TeMIlepa-
Typu I obJsiacTi TepMoAMHAMIUHOI CcTabiIbHOCTY TBEPAMX PO3UMHiB. Pe3yib-
TaTu MPOTHO3YBAHHS TEPMOAMHAMIUHOI CTabiIbHOCTM He CylepedyaTh eKcIle-
PUMEHTAJIbHUM JaHUM, PaHillle HaBeJeHUM y JIiTepaTypi AJg TBepAHUX PO3-
yuHIB Ha OCHOBI momoBaHoro Iamosinifo okcuoprocuiikary. TBepAl POSUMHE
T'agouiniio OKCHOPTOCUJIIKATy, SKi MaioTh JIIOMiHECIIeHTHi, CHUHTUIAIiNHI
# iHIIi TPaKTHUYHO Ba)KJIUBI BJIAaCTUBOCTi, BHACIIZOK y'Ke HUSBKUX KPUTU-
YHUX TeMIepaTyp poslajy Ta AyKe UINPOKOr0 TeMIepPaTypHOro iHTepBaly
TePMOANHAMIUHOI CTA0iIbHOCTH B IOPiBHAHHI 3 TBEPAUMHU POIUYNMHAMHU OK-
cuoprocuiaikaris immux P3E MoXyTh 3HAWTH IPaKTHUUYHE 3aCTOCYBaHHA B
SAKOCTi HaHOMATEpPiAJiB.

Key words: solid solution, mixing energy, isomorphous substitutions, com-
plex oxide systems, oxyorthosilicate, rare-earth elements, gadolinium, yt-
trium.

KarouoBi cioBa: TBepauii po3uWH, eHeprisg 3MimnraHHs, isoMopdHi 3amimnieH-
H, CKJAQTHOOKCHUAHI CHCTEeMU, OKCHUOPTOCUJIIKATH, PiAKicHO3eMeJIbHi eje-
MeHTH, L anominiil, ITpiii.

(Received 23 June, 2023 )

1. INTRODUCTION

Gadolinium oxyorthosilicate (Gd,SiO;), doped with rare-earth elements
(REEs), can be utilized as phosphors, gamma radiation detectors for
high-energy physics in nuclear physics, single-crystal scintillators,
and in the latest generation of scintillation detectors in positron emis-
sion tomography (PET). It is also employed for monitoring radiation
levels in test sites and the operation of pulsed electron guns and elec-
tron beam technology, as well as in oil well logging [1-5]. This is due
to the complex set of physicochemical and electrophysical properties
possessed by Gd,SiO;, including relatively high density, chemical and
thermal stability, non-hygroscopicity, and radiation resistance [1]. It
exhibits a high absorption coefficient, good uniformity of scintillation
characteristics [2], sufficient radiation intensity, high potential as
gamma radiation detectors [3], excellent energy resolution, rapid de-
cay, and superior homogeneity of scintillation blinking [4]. Rare-earth
elements Ce, Eu, Tb, Dy, and Yb are commonly used as dopants, while
La, Gd, Lu, and Y serve as second components in the crystalline ma-
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trices of mixed gadolinium oxyorthosilicates. Consequently, intensive
research has been conducted in recent years to investigate the effects
of isomorphous substitutions on various properties of solid solutions
of REEs oxyorthosilicates based on Gd,SiO;, including mixed ox-
yorthosilicates, as described in works [6—18].

However, it is not always considered that solid solutions synthe-
sized at high temperatures are prone to decomposition upon cooling
within the region of thermodynamic instability, leading to changes
in phase composition and properties [19—21]. This can result in ma-
terial degradation and a lack of reproducibility of properties during
practical application.

Therefore, it is desirable to evaluate the thermodynamic stability
of solid solutions in the corresponding systems before their synthe-
sis and properties investigation, considering the synthesis condi-
tions, expected operating conditions, and even storage conditions.
However, the physicochemical foundations for synthesizing of REEs
oxyorthosilicates solid solutions, such as phase diagrams and their
thermodynamic stability, have been scarcely studied to date.

The experimental determination of substitution limits by x-ray
phase analysis (x-ray diffraction—XRD) using the ‘annealing and
hardening’ method, and the subsequent evaluation of the stability
regions of solid solutions, is complicated by the difficulty of reach-
ing equilibrium at low temperatures due to slow diffusion rates in
the solid phase and the possibility of partial decomposition upon
cooling from high temperatures. Additionally, XRD may provide
limited information when the components have nearly identical siz-
es of substituting structural units, or in the case of spinodal de-
composition of the solid solution [19-21], or in the case of na-
nosized particles in the studied samples, which can lead to broaden-
ing and overlapping of x-ray reflections.

Insufficient information about the stability regions of solid solu-
tions forces researchers to choose the composition of matrices and
modifying additives (dopants) based either on analogous systems or
through a ‘trial-and-error’ approach. This can result in excessive
consumption of expensive reagents and prolonged research dura-
tion.

Therefore, it is rational to employ not only experimental but also
computational methods that are free from the aforementioned limita-
tions. As an example of such an approach, we can refer to studies
[22, 23], where the synthesis conditions for samples of the Y, .Sc, PO,
system were determined based on computational results obtained for
this system in [24].

Considering the above, the aim of this study was to predict the re-
gions of thermodynamic stability for solid solutions of gadolinium
oxyorthosilicates (Gd,,Ln,),SiO; and lutetium oxyorthosilicates
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(Lu,_,Ln,),SiO0; with the space group P2,/c.

The choice of gadolinium oxyorthosilicate as one of the compo-
nents in the (Gd, ,Ln,),SiO; systems is justified by the fact that it
does not have inherent absorption bands in the visible spectrum and
is expected to form wide regions of solid solutions with oxyorthosili-
cates of most REEs at relatively low temperatures due to the similar-
ity in ionic radii [25] and electronegativity values [26] between gado-
linium and other REEs. According to [19], the prediction of substitu-
tion limits is based on 1 mole of substituting cation, and the anionic
sublattice of oxyorthosilicates contains SiO;” and O* anions not di-
rectly bonded to Si atoms [27]. Therefore, the composition of the ox-
yorthosilicate is presented as a pseudobinary compound
Gd[(Si0,)5005], and the corresponding solid solutions are denoted as
(Gd,_,Ln)[(Si0,)5005], while the traditional formula notation of gad-
olinium oxyorthosilicate Gd,SiO; is used in the article text.

2. CALCULATION METHODOLOGY AND INITIAL DATA

In the developed by V. S. Urusov crystal-energy theory of isomor-
phous substitutions [19—21], the main challenge in determining the
limits of isomorphous substitutions and regions of thermodynamic
stability is finding the mixing energy. Once the mixing energy is
known, the substitution limit (x) can be calculated for a given de-
composition (stability) temperature (T,), or the decomposition tem-
perature can be determined for a given substitution limit, allowing
for the determination of regions of thermodynamic stability. The
Becker equation in the regular solid solution approximation (Eq. (1)
can be used for these calculations [28]:

_ 1-2x
|

=RT,/Q. (1)

n
1-x

The critical decomposition temperatures (T,,) in this case are cal-
culated using Eq. (2) [19]:

T..=Q/(2kN), (2)

where x is the substitution limit; R, is the universal gas constant; @
is the mixing energy; k is the Boltzmann constant; N is Avogadro’s
number. In both cases, the value of @ is expressed in cal/mol [19].
The Becker equation can be used because the size parameter (Ta-
ble 1) does not exceed 0.1 [19]. The size parameter was calculated
based on the volumes of unit cells: &= (VY3  —V./3 )/Vl/3 [19],

) . LnySiO; Gd,SiOy min
where V., is the volume of the smaller unit cell.
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The use of unit cell volumes for the calculation is justified by the
lack of available literature providing interatomic distances for the
low-temperature modification Ln,SiO,, as seen in [29-31]. Further-
more, the authors in [29], who initially described the P2,/c space
group for Ln,SiO;, do not present cell parameters for Lu,SiO;.
Therefore, we determined the volume of the unit cell of the low-
temperature modification Lu,SiO; (approximately 384 A®) through
extrapolation of the unit cell volumes of Ln,SiO; based on the ionic
radii of REEs [32].

Since the components of the considered systems are isostructural
[27, 29], the equation 3 for calculating the mixing energy () con-
sists of two contributions arising from the difference in sizes of
substituting structural units (®;) and the difference in the ionicity
of the chemical bond between the components (®;) [19].

1390mz, z o(Ac)’
2R

It should be noted that at temperatures above 1173-1373 K, the
components of systems involving high-temperature modifications of
oxyorthosilicates in the series of REEs from Dy to Lu and from La
to Tb are not isostructural (the P2,/c space group is observed for
oxyorthosilicates from La to Tb, while the B2/b space group is ob-
served for Dy to Lu oxyorthosilicates) [27]. Therefore, in this case,
it is also necessary to consider a third contribution to the mixing
energy due to the enthalpy of the polymorphic transition
P2,/c - B2/b [19], for which, according to our data, there is no in-
formation available in the literature.

In equation 3, the value of C is a constant calculated from the
expression C = 20(2Ay + 1) [21], where Ay represents the electronega-
tivity difference between the cations [26] and the anion [33] in the
pseudobinary approximation of the structure (Table 1). The choice
of the y scale [26], unlike scales used by other authors, is based on
the fact that y values vary with periodicity, increasing in the series
Ce**—Eu®" from 1.348 to 1.433 and in the series Gd*'-Yb*" from
1.886 to 1.479, with a sharp decrease during the transitions Eu®*—
Gd?*" from 1.433 to 1.386 and Yb*—Lu® from 1.479 to 1.431. These
variations are due to the peculiarities of the electronic shell filling
of REEs. The lanthanum has a free 4f shell, europium and gadolin-
ium have a half-filled 4f shell (7 electrons), and ytterbium and lute-
tium have a completely filled 4f shell (14 electrons). In the transi-
tion from Eu to Gd and from Y to Lu, as well as for La, the first
electron appears on the 5d sublevel.

m is the number of formula units in the pseudobinary approxima-
tion of the structure (Gd,_.Ln,)[(Si0,),;0,5] is calculated per 1 mole
of substituting structural unit (1 + 0.5+ 0.5=2); n—the coordina-

R=Q,+Q =Cmnz,z5 + [kJ/mol].  (3)
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tion number of the substituting structural unit in the pseudobinary
approximation of the structure (in the first cation position,
n="7:68i0; tetrahedra and one O? ion; in the second position,
n=6:3Si0;" tetrahedra and three O* ions [27]), i.e., on average,
n=6.5; z,, z,—the formal charges of the substituting and common
structural units in the components: z,=3, z,=4-0.5+2.0.5=3; 6—
the size parameter, calculated for each system based on the volumes
of unit cells provided in [27, 29]; e—the degree of ionicity of the
chemical bond were determined based on the electronegativity dif-
ference y between the REE cations and the anion, as provided in
[26, 33]. The value of y for the SiO; radical was adopted as y of the
oxide anion, following the recommendation [34], and it was taken as
3.7 [33].

o is the reduced Madelung constant, equal to 1.9, was calculated
using the Hoppe formula [35]: (a/n)? + oo = 1.81;

R is the average cation—anion interatomic distance in the pseudobi-
nary approximation, was calculated for one of the previously studied
structures of this structural type—Gd[(SiO,), ;0051 [27]. The distances
between the cation and the tetrahedral anion were taken into account
as the sum of the distances (Gd—O + Si—0) and the distance between
the cation and oxygen (Gd—O) not bonded to a Si atom for both posi-
tions of gadolinium [27]. For the first position: the cation is surround-
ed by 6 tetrahedra-+1 oxygen, resulting in an average distance of
[6-(2.49 + 1.63) + 2.85]/7 = 8.86A; for the second position: the cation is
surrounded by 3 tetrahedra + 3 oxygen, resulting in an average dis-
tance of [3:(2.39+1.63)+3-2.30)]/6=3.15 A. The average distance,
considering both cation positions, is R=38.5 A. The calculation error
for T, was £100 K [19].

3. RESULTS OF THE CALCULATIONS AND DISCUSSION
3.1. Mixing Energies of Oxyorthosilicates (Gd,-.Ln,),SiO;

Some initial data and results of the mixing energy calculations are
summarized in Table 1 and Fig. 1. As can be seen from the provided
data, with an increase in the atomic number of the REEs, the con-
tributions to the total mixing energy due to differences in the sizes
of substituting structural units @z (Fig. 1) smoothly vary in the se-
ries of systems from (Gd,_ La,),SiO; to (Gd,_.Eu,),SiO;, decreasing
significantly from 21.110 to 0.127, and then increasing from 0.198
to 8.355 kJ/mol in the series of solid solutions from (Gd;_,Tb,),SiO;
to (Gd,_,Lu,),SiO;.

Such variation in the @, mixing energy is caused by the fact that
in the series of systems with La—Eu oxyorthosilicates, the differ-
ences between the crystal radii of the ions in the La—Eu range
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Fig. 1. Dependences of the calculated contributions to the mixing energies
of solid solutions @, (m) and Q. (®), as well as for @ (A), in the systems
(Gd,_,Ln,),SiO; for the La—Lu series.

(1.8300-1.206 A) and gadolinium (1.193 A) decrease, while in the
series of systems with Tb—Lu oxyorthosilicates (1.180-1.117 A), on
the contrary, they increase. This is because the crystal radius of
gadolinium (1.193 A) is very close to the radius of europium and
terbium (1.206 and 1.180 A). Here and further, the crystal ionic
radii of cations are given according to R. Shannon [25] for a co-
ordination number of 8.

The value of the total mixing energy @ is mostly determined by
the contribution due to differences in the sizes of the substituting
structural units @y, except for the systems (Gd, ,Tm,),SiO, and
(Gd,_,Yb,),SiO;, where the contribution @, is comparable to the cor-
responding values of ®z. The minimal mixing energies of the sys-
tems in the series (Gd;_.Sm,),SiO;—(Gd,_.Dy,),SiO; are due to very
close values of the crystal ionic radii and electronegativities of the
respective REEs and gadolinium. The maxima in the contributions
Q. for (Gd,_.La,),SiO;, (Gd,_.Eu,),SiO;, and (Gd,_.Yb,),SiO; are due
to the above-mentioned electronic shell structures of lanthanum,
europium, and ytterbium.

3.2. Limits of Isomorphous Substitutions in Oxyorthosilicates
(Gd,-,Ln,),Si0;

The decomposition temperatures of limited series of solid solutions
(Table 2) were calculated based on the given substitution limits at
x=0.01, 0.03, 0.09, and 0.20 using equation (1), while the critical
decomposition (stability) temperatures were determined at x=0.50
using Eq. (2).
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TABLE 2. Decomposition temperatures of solid solutions of oxyorthosili-
cates (Gd,_,Ln,),SiO; for x=0.01, 0.03, 0.09, and 0.20, and critical de-
composition temperatures (T., [K] for x = 0.50).

In Decomposition temperatures, K
x=0.01 | x=0.03 | x=0.09 | x=0.20 |x=0.50(T,)

La 587 745 976 1178 1377
Ce 373 473 620 757 874
Pr 207 262 344 415 485
Nd 135 171 225 271 316
Pm 68 86 109 137 158
Sm 28 36 46 57 67
Eu 25 32 41 51 59
Tb 11 13 18 21 25
Dy 35 44 56 69 81
Ho 84 106 135 168 196
Er 105 133 174 210 246
Tm 186 235 308 377 435
Yb 268 339 445 543 628
Lu 229 291 381 466 538
Y 81 102 134 163 190

Based on the calculated values of the decomposition tempera-

tures, their dependences on the REEs numbers were plotted (Fig. 2).

T, K
] —n— (x = 0.01)
1400 o —e—b (x = 0.03)
1200 4 ¢ (x=0.09)
10004 . e 0.50)
1.\ e (x = 0.50)
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Fig. 2. Dependences of the calculated decomposition temperatures of solid
solutions of oxyorthosilicates (Gd,_Ln,),SiO; on the REEs atomic numbers
for substitution limits x=0.01 (a), x=0.03 (b), x=0.09 (¢), x=0.20 (d), and
x=0.50 (e).
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These dependences allow for graphical determination of the equilib-
rium substitution limits (x) at specified decomposition temperatures
(T,), or the decomposition temperatures for given substitution lim-
its for gadolinium oxyorthosilicate with REEs ranging from La to
Lu [24]. The intersection points of an isotherm drawn from a given
decomposition temperature and a vertical line drawn from the REE
number allows for estimating the composition range within which
the substitution limit is located, and interpolation along this verti-
cal line segment between the two closest curves provides the actual
substitution limit. To refine the substitution limit, the dependence
of calculated decomposition temperatures on the specified composi-
tion (decomposition dome) can be plotted for a specific system. The
critical decomposition temperatures for unlimited series of solid so-
lutions (Fig. 2, e) vary with the REEs numbers in accordance with
the changes in the total mixing energy, as predicted by the Becker
equation.

3.3. Thermodynamic Stability Regions of (Gd,—_,Ln,),SiO; Solid Solu-
tions

Based on Figure 2, the thermodynamic stability regions of
(Gd,_,Ln,),SiO; solid solutions can be assessed graphically. At tempera-
tures above T, (curve e), the unlimited series of solid solutions are
thermodynamically stable across the concentration range of 1.0> x> 0.
In the region below curve e, at temperatures below T,,, the unlimited
solid solutions become unstable and can undergo decomposition into
phases with limited solubility if the diffusion rate and time are
enough for their formation [24]. Solid solutions with x values of 0.01,
0.03, 0.09, and 0.20 are thermodynamically stable in the regions
above curves (a), (b), (¢), and (d), respectively, while they become un-
stable below these curves.

It should be noted that solid solutions of (Gd;_.Ln,),SiO; systems
have very low critical decomposition temperatures, with 8 out of 15
such systems even below room temperature. Therefore, the latter
will exhibit thermodynamic stability over a wide temperature range,
ranging from below room temperature to the melting temperatures,
which for REEs oxyorthosilicates are in the range of 2170-2320 K
[86]. This fact may indicate an advantage of Gd-based oxyorthosili-
cates solid solution materials in terms of stability of properties and
their reproducibility compared to similar materials based on solid
solutions of oxyorthosilicates of other REEs such as cerium [37].

For all (Gd,_,Ln,),SiO; systems, the decomposition temperatures
were calculated within the composition range of 1.0 > x>0 with a
step size of x =0.05, and decomposition domes were plotted (Fig. 3).
They allow for a more precise graphical determination of the ther-
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modynamic stability regions, the decomposition temperature for a
given limiting composition of the solid solution, or its equilibrium
composition at a given decomposition temperature.

4. COMPARISON OF CALCULATION RESULTS WITH
LITERATURE DATA

In the literature, there is scarce data available on the thermody-
namic stability, substitution limits, and critical decomposition tem-
peratures of solid solution systems based on Gd,SiO,. This, of
course, hinders the assessment of the reliability of the conducted
calculations. However, there are numerous studies on the synthesis
temperatures of Gd,SiO; doped with REEs, for example [11, 17, 40—
42], and as far as we know, about 15 studies on the synthesis tem-
peratures of mixed oxyorthosilicates [1-4, 6—-10, 12-14, 16, 38, 39]
(Table 3).
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Since the dopant content is usually in small quantity or several
percent, solid solutions involving it can be thermodynamically sta-
ble over a wide temperature range [19]. On the other hand, the
amount of the second REE in the mixed oxyorthosilicate matrix
typically constitutes tens of percent, which can lead to the decom-
position of the solid solution, accompanied by changes in phase
composition and properties upon cooling after synthesis and during
practical application. For example, mixed crystals of Lu,,Gd,; ¢SiO;
annealed after growth have shown improved scintillation emission,
higher light output (2.0 times higher than that of Gd,SiO;), and
good energy resolution [4], highlighting the need to ensure their
thermodynamic stability during cooling and practical use.

Comparison of the calculation results with the experimental lit-
erature data on synthesis temperatures, as presented in Table 3,
indicates that the synthesis of (Gd,_,Ln,),SiO; oxyorthosilicates
solid solution in the majority of studies was conducted within the
predicted ranges of thermodynamic stability. This is because the
synthesis temperatures were higher than the calculated critical
decomposition temperatures. Only in studies [13, 16] and possibly
[38, 39], were the synthesis temperatures lower than the calculat-
ed critical decomposition temperatures. In other words, the au-
thors carried out the synthesis of solid solution samples at tem-
peratures below the decomposition dome temperatures of the
(Gd,_,La,),SiO; solid solution (Table 3). This resulted in the for-
mation of two-phase solid solutions samples in systems [13, 16, 38,
39], where the interplanar distances of each phase varied with the
composition, which is also consistent with the prediction results.
Below the decomposition dome, samples in an equilibrium state
should not be single-phase.

5. DECOMPOSITION DOMES OF (Lu,_,Ln,),Si0; SYSTEMS

Previously [32], using the same methodology, we calculated the
mixing energies and critical decomposition temperatures of
(Lu,_,Ln,),Si0, systems. However, the decomposition domes were
not presented. In addition to the work [32], the decomposition
domes of (Lu;_.Ln,),SiO; systems are shown in Fig. 4.

6. CONCLUSIONS

1. The values of total mixing energies @ decrease in the case of sub-
stituting gadolinium with cerium subgroup REEs in the series from
La to Eu, and they show a moderate increase when gadolinium is
substituted with yttrium subgroup REEs. In both cases, these val-
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ues are mainly determined by contributions arising from the differ-
ences in sizes of the substituting structural units Qp.

2. The contributions arising from the differences in the degree of
ionicity of the chemical bond between the components are signifi-
cantly smaller, and in most cases (except for (Gd, ,Yb,),SiO, and
(Gd;_,Tm,),SiO; systems), they can be neglected. The insignificant
maxima in the @, contributions for (Gd,_,La,),SiO;, (Gd,_,Eu,),SiO;,
and (Gd,_,Yb,),SiO;, are attributed to the peculiarities of the elec-
tronic shell structures of lanthanum, europium, and ytterbium.

3. The diagram of thermodynamic stability for the (Gd;_.Ln,),SiO;
systems and the domes of decomposition for the (Gd,_,Ln,),SiO; and
(Lu,_,Ln,),Si0; systems are presented, allowing for graphical predic-
tion of solid solutions decomposition temperatures based on given
substitution limits, equilibrium substitution limits for given tem-
perature, and ranges of thermodynamic stability.

4. The calculation results are consistent with the experimental lit-
erature data in the sense that the synthesis of single-phase samples
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of solid solutions (Gd;_,Ln,),SiO; in studies [6—-12, 14, 15, 17, 18]
was conducted within the predicted regions of thermodynamic sta-
bility, while the synthesis of multiphase samples [13, 16, 38, 39]
was carried out within the predicted regions of solid solution de-
composition.

5. The majority of solid solution systems (8 out of 15) have critical
decomposition temperatures below room temperature. Therefore,
they may hold promise in the production of nanomaterials, as their
synthesis typically requires relatively low temperatures.

6. Due to the very wide temperature range of thermodynamic stabil-
ity, materials based on gadolinium oxyorthosilicate solid solutions
may exhibit superior properties and reproducibility compared to
materials based on oxyorthosilicates solid solutions of other REEs.

ACKNOWLEDGMENTS

The work of R.S., M.O., and G.E. was partially supported by the
Programme of Fundamental Research funded by the Ministry of
Education and Science of Ukraine (grant ID 0122U000762). R.S.
expresses gratitude to the ‘European Chemistry School for Ukraini-
ans’ project for the support provided.

REFERENCES

1. O. Ts. Sidletsky and B. V. Grynyov, Stsyntylyatsiyni Krystaly na Osnovi
Tverdykh Rozchyniv Zamishchennya [Scintillation Crystals Based on Solid
Substitutional Solutions] (Kharkiv: ISMA: 2019) (in Ukrainian);
http://functmaterials.org.ua/contents/book/Book Sidletskiy.pdf

2. S. Shimizu, K. Kurashige, T. Usui, N. Shimura, K. Sumiya,

N. Senguttuvan, A. Gunji, M. Kamada, and H. Ishibashi, IEEE Transac-
tions on Nuclear Science, 53, No. 1: 14 (2006);
do0i:10.1109/TNS.2005.862975

3. V. Jary, E. Mihokova, J. A. Maresm, A. Beitlerova, D. Kurtsev,

O. Sidletskiy, and M. Nikl, J. Phys. D: Appl. Phys., 47, No. 34: 365304
(2014); doi:10.1088,/0022-3727/47/36/365304

4. T. Usui, S. Shimizu, N. Shimura, K. Kurashige, Y. Kurata, K. Sumiya,
N. Senguttuvan, A. Gunji, M. Kamada, and H. Ishibashi, IEEE Transac-
tions on Nuclear Science, 54, No. 1: 19 (2007);
do0i:10.1109/TNS.2006.886373

5. A. 1. Slesarev, V. Ju. Ivanov, A. V. Ishchenko, A. N. Cherepanov,

B. V. Shulgin, A. V. Chepkasova, and M. Kobajashi, Working Substance for
Thermo-Exoelectronic Dosimetry (Patent RU 2331086 C1, IPC GO1T 1/20,
GO1T 3/06 (2006.01). Application: 2007113282/28, 09.04.2007. Date of
publication: 10.08.2008 Bull. 22); http://hdl.handle.net/10995/68666

6. P. Thiyagarajan, B. Tiwari, M. Kottaisamy, N. Rama, and
M. S. Ramachandra Rao, Appl. Phys. A, 94, No. 3: 607 (2009);


http://functmaterials.org.ua/contents/book/Book_Sidletskiy.pdf
doi:10.1109/TNS.2005.862975
doi:10.1088/0022-3727/47/36/365304
doi:10.1109/TNS.2006.886373
http://hdl.handle.net/10995/68666

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

(Gd,_Ln,),SiO; AND (Lu,_,Ln,),SiO; SOLID SOLUTIONS 29

https://doi.org/10.1007/s00339-008-4861-z

Q. Wu, X. Jing, and H. Jiao, Opt. Mater., 31, No. 8: 1123 (2009);
https://doi.org/10.1016/j.optmat.2008.12.004

L. H. Zheng, R. Lisiecki, Q. G. Wang, X. D. Xu, L. B. Su, W. Ryba-
Romanowski, and J. Xu, Lasers, Sources, and Related Photonic Devices
(OSA-Technical Digest (CD): Optica Publishing Group: 2012);
https://doi.org/10.1364/AI0OM.2012.IW3D.4

M. Jie, G. Zhao, X. Zeng, L. Su, H. Pang, X. He, and J. Xu, J. Cryst.
Growth, 277, Nos. 1-4: 175 (2005);
https://doi.org/10.1016/j.jcrysgro.2004.12.160

D. Kurtsev, O. Sidletskiy, S. Neicheva, V. Bondar, O. Zelenskaya,

V. Tarasov, M. Biatov, and A. Gektin, Mater. Res. Bull., 52: 25 (2014);
https://doi.org/10.1016/j.materresbull.2014.01.006

V. V. Shinde, A. Tiwari, and S. J. Dhoble, J. Mol. Struct., 1217: 128397
(2020); https://doi.org/10.1016/j.molstruc.2020.128397

Yu. Zorenko, V. Gorbenko, V. Savchyn, T. Voznyak, B. Grinyov,

0. Sidletskiy, D. Kurtsev, A. Fedorov, V. Baumer, M. Nikl, J. A. Mares,
A. Beitlerova, P. Prusa, and M. Kucera, J. Cryst. Growth, 337, No. 1: 72
(2011); https://doi.org/10.1016/j.jcrysgro.2011.10.003

S. N. Ogugua, S. K. K. Shaat, H. C. Swart, and O. M. Ntwaeaborwa,

J. Phys. Chem. Solids, 83: 109 (2015);
https://doi.org/10.1016/j.jpcs.2015.04.002

S. N. Ogugua, S. K. K. Shaat, H. C. Swart, and O. M. Ntwaeaborwa,

J. Lumin., 179: 154 (2016); https://doi.org/10.1016/j.jlumin.2016.06.056
M. Gao, P. Zhang, L. Luo, R. Guo, and Yu. Wang, Optik, 225: 165814
(2021); https://doi.org/10.1016/j.ij1e0.2020.165814

S. N. Ogugua, H. C. Swart, and O. M. Ntwaeaborwa, Physica B, 535: 143
(2018); https://doi.org/10.1016/j.physb.2017.07.006

Ch. A. Rao and K. V. R. Murthy, Int. J. Sci. Res. (IJSR), 10, No. 1: 516
(2021); do0i:10.21275/SR21110114938

H. Feng, J. Chen, Zh. Zhang, Y. Wang, Zh. Xu, J. Zhao, and R. Mao, Radi-
at. Meas., 109: 8 (2018); https://doi.org/10.1016/j.radmeas.2017.12.001
V. S. Urusov, Teoriya Izomorfnoi Smesimosti [The Theory of Isomorphous
Miscibility] (Moskva: Nauka: 1977) (in Russian).

V. S. Urusov, Fortschr. Mineral., 52: 141 (1975).

V. S. Urusov, V. L. Tauson, and V. V. Akimov, Geokhimiya Tverdogo Tela
[Geochemistry of Solid State] (Moskva: GEOS: 1997) (in Russian).

D. Spassky, A. Vasil’ev, V. Nagirnyi, I. Kudryavtseva, D. Deyneko,

I. Nikiforov, I. Kondratyev, and B. Zadneprovski, Materials, 15, No. 19:
6844 (2022); https://doi.org/10.3390/mal15196844

V. S. Voznyak-Levushkina, A. A. Arapova, D. A. Spassky, I. V. Nikiforov,
and B. I. Zadneprovski, Phys. Solid State, 64, No. 11: 567 (2022);
https://doi.org/10.1134/S1063783422110130

E. I. Get’man, S. V. Radio, and L. I. Ardanova, Inorg. Mater., 54, No. 6:
596 (2018); https://doi.org/10.1134/S0020168518060031

R. D. Shannon, Acta Crystallogr., Sect. A, 32, No. 5: 751 (1976);
https://doi.org/10.1107/S0567739476001551

K. Li, and D. Xue, J. Phys. Chem. A, 110, No. 39: 11332 (2006);
https://doi.org/10.1021/jp062886k


https://doi.org/10.1007/s00339-008-4861-z
https://doi.org/10.1016/j.optmat.2008.12.004
https://doi.org/10.1364/AIOM.2012.IW3D.4
https://doi.org/10.1016/j.jcrysgro.2004.12.160
https://doi.org/10.1016/j.materresbull.2014.01.006
https://doi.org/10.1016/j.molstruc.2020.128397
https://doi.org/10.1016/j.jcrysgro.2011.10.003
https://doi.org/10.1016/j.jpcs.2015.04.002
https://doi.org/10.1016/j.jlumin.2016.06.056
https://doi.org/10.1016/j.ijleo.2020.165814
https://doi.org/10.1016/j.physb.2017.07.006
doi:10.21275/SR21110114938
https://doi.org/10.1016/j.radmeas.2017.12.001
https://doi.org/10.3390/ma15196844
https://doi.org/10.1134/S1063783422110130
https://doi.org/10.1134/S0020168518060031
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1021/jp062886k

30

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

E.I. GET’MAN, O. Yu. MARIICHAK, L.I. ARDANOVA, and S. V. RADIO

J. Felsche, The Crystal Chemistry of the Rare-Earth Silicates. In: Rare
Earths. Structure and Bonding (Berlin—Heidelberg: Springer: 1973), vol. 13;
https://doi.org/10.1007/3-540-06125-8 3

R. Becker, Z. Metallkd., 29: 245 (1937) (in German).

J. Wang, Sh. Tian, G. Li, F. Liao, and X. Jing, Mater. Res. Bull., 36, No.
10: 1855 (2001); https://doi.org/10.1016/S0025-5408(01)00664-X

E. G. Yukihara, L. G. Jacobsohn, M. W. Blair, B. L. Bennett, S. C. Tornga,
R. E. Muenchausen, J. Lumin., 130, No. 12: 2309 (2010);
https://doi.org/10.1016/j.jlumin.2010.07.010

R. E. Muenchausen, E. A. McKigney, L. G. Jacobsohn, M. W. Blair,

B. L. Bennett, and D. W. Cooke, IEEE Transactions on Nuclear Science, 55,
No. 3: 1532 (2008); doi:10.1109/TNS.2008.922844

E. I. Get’man, Yu. A. Oleksii, S. V. Radio, and L. I. Ardanova, Tonkie
Khimicheskie Tekhnologii [Fine Chemical Technologies], 15, No. 5: 54
(2020); https://doi.org/10.32362/2410-6593-2020-15-5-54-62

S. S. Batsanov, Strukturnaya Khimiya. Fakty i Zavisimosti [Structural
Chemistry. Facts and Dependences] (Moskva: Dialog-MGU: 2000) (in Rus-
sian).

S. S. Batsanov, Russ. Chem. Rev., 37, No. 5: 332 (1968);
https://doi.org/10.1070/RC1968v037n05ABEH001639

R. Hoppe, Adv. Fluor. Chem., 6: 387 (1970).

B. Grynyov, V. Ryzhikov, J. K. Kim, and M. Jae, Scintillator Crystals, Ra-
diation Detectors & Instruments on Their Base (Kharkiv: 2004);
http://functmaterials.org.ua/contents/book/Ryzhikov-2004.pdf

E. I. Get’man and S. V. Radio, Nanomaterials and Nanocomposites,
Nanostructure Surfaces, and Their Applications. Springer Proceedings in
Physics (Eds. O. Fesenko and L. Yatsenko) (Springer: Cham.: 2021), vol.
246; https://doi.org/10.1007/978-3-030-51905-6_39

S. N. Ogugua, R. L. Nyenge, P. T. Sechogela, H. C. Swart, and

0. M. Ntwaeaborwa, J. Vac. Sci. Technol. A, 34, No. 19: 021520 (2016);
https://doi.org/10.1116,/1.4942502

S. N. Ogugua, S. K. K. Shaat, H. C. Swart, R. E. Kroon, and

0. M. Ntwaeaborwa, J. Alloys Compd., 775: 950 (2019);
https://doi.org/10.1016/j.jallcom.2018.10.090

V. Y. Ivanov, V. A. Pustovarov, M. Kirm, E. S. Shlygin, and

K. I. Shirinskii, Phys. Solid State, 47, No. 8: 1492 (2005);
https://doi.org/10.1134/1.2014499

K. Shakampally, P. M. Rao, and K. V. R. Murthy, International Journal for
Research in Applied Science & Engineering Technology (IJRASET ), 5, No.
XI: 1735 (2017).

T. Utsu and S. Akiyama, J. Cryst. Growth, 109, Nos. 1-4: 385 (1991);
https://doi.org/10.1016,/0022-0248(91)90207-L


https://doi.org/10.1007/3-540-06125-8_3
https://doi.org/10.1016/S0025-5408(01)00664-X
https://doi.org/10.1016/j.jlumin.2010.07.010
doi:10.1109/TNS.2008.922844
https://doi.org/10.32362/2410-6593-2020-15-5-54-62
https://doi.org/10.1070/RC1968v037n05ABEH001639
http://functmaterials.org.ua/contents/book/Ryzhikov-2004.pdf
https://doi.org/10.1007/978-3-030-51905-6_39
https://doi.org/10.1116/1.4942502
https://doi.org/10.1016/j.jallcom.2018.10.090
https://doi.org/10.1134/1.2014499
https://doi.org/10.1016/0022-0248(91)90207-L

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2024 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2024, 1. 22, Ne 1, cc. 31-39 HazapykosaHo B YKpaiHi.
https://doi.org/10.15407/nnn.22.01.031

PACS numbers: 63.22.Rc, 65.40.Ba, 65.40.De, 65.80.Ck, 81.05.ue

Machine Learning of the Physicothermal Properties
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Mohammad Imran Aziz

Shibli National College,
Physics Department,
Azamgarh, India

Graphene is the emerging area of nanomaterials due to their prospect for
coming generation electronic devices. Various studies of graphene have
been carried out to investigate the phonon properties, elastic properties.
However, the physicothermal properties such as heat capacity and Griinei-
sen parameter have been neglected. The Griineisen parameter is the main
physical parameter in thermal expansion mechanisms. These parameters are
generally positive for some modes, but they are found to be negative for g
values in high-symmetry directions. They are found negative for acoustic
mode in case of graphene. The Debye model for the specific heat at low
temperatures is also taken into account for acoustic branches. The heat ca-
pacity of the graphene is also computed. Physicothermal properties investi-
gated by PYTHON program is agreed very close with the result of other
researchers.

I'paden € HOBOIO rasry3sio HAaHOMATEPiAJJiB ueped IXHIO IMEePCHEKTUBHICTH AJIs
€eJIEKTPOHHUX NPUCTPOIB Mai0yTHHLOTO MOKOJIiHHA. Bynu mpoBeneHi pisHi mo-
caimkeHHa rpadeHy OJid BUBUEeHHA (DOHOHHUX BJIACTUBOCTEH, NPYKHiX BJac-
tuBocreii. OgHaK TaKUMU (QiBUKO-TEPMIUHUMU BJIACTUBOCTAMU, AK TEIJIOMiC-
TKicTb i rpmHaﬁseHiB mapaMmeTep, HeXTYBaJIU. rpIOHaﬁ3eHiB mapaMeTep € oc-
HOBHUM (DiBMYHUM HTapaMeTpPOM B MeXaHi3MaxX TemJoBOTro po3mupeHHs. Ili
mapamMeTpu, K IIPaBUJIO, TO3UTUBHI A HeAKUX MO, ajle BOHU BUSBJISIIOTH-
cA HeTaTUBHUMU [IJIs 3HAUEHDb ( Y HaAIPAMKAaxX BUCOKOI cuMmerpii. Bouu BusaB-
JAIOTHCA HETaTUBHUMU [JIA aKyCTUYHOI MoAu y BuUmagky rpadeny. Ilebais
MOJeJNIb AJs MUTOMOI TeIJIOMICTKOCTHM 3a HUBBKUX TEMIIePaTyp BPaXxOBYETHCSA
i gns akycTmuHmX TiMTOK. TaKoyK OOUMCIIOETHLCA TEILIOMICTKiCTh Tpadeny.
disuKo-TepMiuHi BaacTMBOCTi, mociaimkeni sa mporpamoro PYTHON, nmy:xe
OJIN3BKi M0 pe3yabTaTiB iHIMNX AOCTiIIHUKIB.

Key words: Hamiltonian mechanics, harmonic oscillators, heat capacity,
thermal properties of graphene.
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1. INTRODUCTION

For decades, scientists and researchers believed that two-dimensional
(2D) crystals are thermodynamically unstable. Graphene was the
first two-dimensional material that has successfully been exfoliated
from bulk graphite in 2004. The graphene structure has interesting
features, which is the good reason for studying its thermal proper-
ties. Graphene is a monolayer of hexagonally arranged carbon atoms,
which has become practically available today [1-3].

The atoms in the 2D monolayer graphene are capable of executing
oscillations about their equilibrium position (n,!). In oscillating
states, the instantaneous position of atoms (n,l) is denoted by
r(n,l) = x(n,1) + u(n,l) . Thus, the Hamiltonian of the graphene is

M. . 1 nm ,
H = ani #uf(n,l) + Eznli zmzy cDij [l’lrjui(n’l)uj (m’l ) ’ (1)

where

o, (nm] _ { U } . @)
L ou,(n,)ou,;(m,l') .

nm
The force constants are defined as @, [l l'] = —yee; , where e, and

e; are the unit-vector components; it is the force acting on the nt
atom in the I cell along i" direction due to a unit displacement of
the m™ atom in the I'" cell along j™ direction.

The equation of vibrating motion is given by

M ii,(n,l) = —me ( Juj (m,l'). (3)

The solution of above equation is modified by the periodicity of
lattice with a wave-like solution of type

u,(n,1) = M,"?u,, exp[i{q - r(n,l) — o(q)t}], 4)

nm
LU

where u,, is the amplitude of vibration along i** direction of the n'
atom, o is the angular frequency, q is wave vector, and the factor
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M;"? has been chosen for convenience in further calculations [4].
The equation of motion in matrix notation is

o?(0)MU(q) = D(@)U(q) . (%)
The condition for non-trivial solution
|D(@) - o’ (@MI|=0. (6)

The elements of dynamical matrix are defined as
nm
D, =3, @, (l,lfjeXp (iq - r(nm, i), (7)

The above equation in matrix form is solved by MATLAB pro-
gram. And the result is investigated along hexagonal Brillouin zone

27 ,oj [13-15].

a3

with symmetry points I'(0,0), M (

2. STUDY OF GRUNEISEN PARAMETERS OF GRAPHENE

On the basis of oscillator model, Griineisen predicted that the three
important physical properties of a solid, the thermal expansion coef-
ficient, the lattice specific heat, and the compressibility are linked
together. To understand the physical importance of the relation, we
examine that the frequency of a lattice vibration of specified wave
vector changes with the lattice parameter of the solid; this leads to
anharmonic effect. For simplicity, we assume that a given change in
lattice parameter gives rise to the same relative change of frequency
of every mode of vibration. The results of Kamlesh et al. were ob-
tained by calculating individual values of the angular frequencies
0, 4,; for different modes in high-symmetry direction [12, 14, 15].
The Griineisen parameter for 2D nanostructure materials of IV™
group of semiconductor is derived by Xu-Jin Ge et al. [21]:

. a, aa)a .
Y(q,j) = ——>— {6—‘”} . (8)
Oyq.j a |,

It is now clear that, if o,,; is angular frequency of the solid, cor-
responding to wave vector q, mode j, a, is the equilibrium lattice
constant. Y(q,j) is independent of compressibility and, thus, it has
the same value for every modes at low temperature. Thus, at low
frequency modes, the variation is negligible for Griineisen parameter.

However, when Griineisen parameter Y(q,j) is associated with acous-
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TABLE 1. Calculated Griineisen parameters of graphene for acoustic
modes.

Wave vector, q Griineisen parameter for acoustic mode
0.00 -0.0
0.05 -4.4801
0.10 -8.5944
0.15 -12.1295
0.20 -15.0468
0.25 -17.4116
0.30 -19.3231
0.35 -20.8768
0.40 -22.1518
0.45 -23.2099
0.50 -24.0980
0.55 —-24.8514
0.60 -25.4972
0.65 -26.0559
0.70 -26.5433
0.75 -26.9719
0.80 -27.3515

tic modes, it is heavily weighted and tends to a decrease in Y(q,j).
Griineisen parameter Y(q,j) is the same for modes in the dispersive
region of any given branch of acoustic modes and, here, the optic
modes can be ignored. The Y(q,j) calculated in Table 1 comes from
the PYTHON program.

In high-symmetry direction M-I, Griineisen parameter of gra-
phene is determined by acoustic modes:

Y(qs J) = —a, ? qy |:00t (? qy% J:| . (9)

The Grineisen parameter plays greater role in finding the de-
pendence of various thermal properties of nanomaterials on differ-
ent temperature from phonon frequency to thermal conductivity of
a nanomaterial [6, 7]. We have shown that the graphene LA and TA
modes have negative Griineisen parameters (Fig. 1). This negative
value is because of the anomalous hardening of phonon modes upon
expansion and 2D buckled mode. However, the acoustic modes have
Griineisen parameters, which are varying from 0 to —27.35 for gra-
phene corresponding to different wave vector q. Such high values of
Grineisen parameters lead to high value of thermal conductivity.
These acoustic modes generate highly negative Griineisen parame-
ters. The other modes such as LA, LO, TA, TO and the remaining
transverse modes (ZO) has not dominant effect [12].
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Gruinsen parameter of the graphen

Gruinsen parameter of the graphen — Z0

Gruinsen parametr, V'
s

Gruinsen parametr, V'
(=2

00 01 02 03 04 05 06 07 08 53 24 0 1 3 3

‘Wave vector, q ‘Wave vector, q

Fig. 1. Variation of Griineisen parameter with wave vector q in high-
symmetry direction I'-M.

3. DEBYE TEMPERATURE VARIATION OF GRAPHENE

The Debye theory agrees with both the classical and the Einstein
quantum theories. The quantum considerations are of almost no
significance at higher temperature range [5]. The theory gives a
quite satisfactory account of the observed variation of the heat ca-
pacity in the low-temperature region. The Debye theory of specific
heat also treats the atoms of the monolayer graphene as harmonic
oscillators, however, incapable of vibrating independently of one
another. It rather treats them to be strongly coupled together oscil-
lating relative to their neighbours in the lattice. Therefore, we
should consider the vibrational motion of the monolayer graphene
as a whole rather than the vibrational motion of a single atom [16,
17].

The Debye formula for heat capacity of graphene as 2D material
is derived as

TY cor  xe

C= 4R(—] [ ————dx; (10)
0) 7% (e"-1

here, x = ho/(k.T).

The value of R=N.k. depends on the units involved, but it is
usually stated with S.I. units as R=8.314 J/(mol-K). The parameter
0 entering into our present discussion is usually referred to as the
Debye temperature. It plays the role of a characteristic temperature
of a solid. With the Debye temperature at sufficiently low tempera-
tures T, here, only acoustic modes are excited. In this case, x>>1
and the upper limit of the integration can be extended to infinity.
The integral is then deduced in terms of Riemann—Zeta function (.
The heat capacity of graphene is simulated with the PYTHON pro-
gram.
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The variation of the experimentally measured heat capacity is
compared with that computed data (Table 2). This comparison is
performed by plotting the heat capacity against the temperature.
For determination of the exact variation of Debye temperatures, we
have used PYTHON program. In this technique, the specific heat is
expressed in terms of Riemann—Zeta function £ (3). { (3) has a spe-
cial value of the Riemann—Zeta function, which is equal to
1.202056903 [9]. From the calculated heat capacities at different
temperatures, heat capacity of pure graphene is determined in
terms of Riemann—Zeta function. We make a plot of this function
by using the PYTHON program. It is seen from this plot that the
heat capacity approaches the zero value as T — 0 K. For higher
temperature, heat capacity is not varying abruptly and almost con-
stant 2Nkjg. It is easily observed from the graph as shown in Fig. 2
that heat capacity for pure graphene reaches a 0.97 J/(g'K) near
room temperature. The specific heat at constant volume behaviour
of the graphene does not show any anomaly. Figure 2 illustrates the

TABLE 2. Variation of heat capacity with temperature of graphene.

Heat capacity with Heat capacity,
Temperature, K Riemann—Zeta function, ¢ (3) J/(g'K)
0 0 0

40 0.0165000625919003-zeta(3) 0.0198
80 0.0660002503676014-zeta(3) 0.0793
120 0.148500563327103-zeta(3) 0.1785
160 0.264001001470406-zeta(3) 0.4958
200 0.412501564797509-zeta(3) 0.7140
240 0.594002253308412-zeta(3) 0.9718
280 0.808503067003117-zeta(3) 1.2693
320 1.05600400588162-zeta(3)

Heat capacity of graphene

—e— Debye temperature variation

Heat capacity, C
f=1
)

0 50 100 150 200 250 300
Temperature, T

Fig. 2. Debye temperature variation at low temperatures.
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higher order of agreement with other researchers [8—-10].

4. CONCLUSIONS

Based on the discussion above, it is important to note that the physi-
cothermal properties, such as Griineisen parameter, are strongly de-
pendent on wave vector and Debye temperature, as well as on phonon
polarizations [10, 11]. We evaluate it along high-symmetry directions
for acoustic modes because this mode play main role in thermal ex-
pansion. We find that the Griineisen parameter of graphene 2D ma-
terials is negative for low-frequency phonons near I'. This is happen-
ing because the lower acoustic modes are excited at low tempera-
tures. The computed Griineisen parameters of the LA and T'A branch-
es are highest for graphene with similar results. The study of mono-
layer graphene under quasi-harmonic approximation gives the nega-
tive values of Griineisen parameters, which will be further used in
determination of thermal expansion coefficients and thermal conduc-
tivity of nanomaterials. Figure 2 illustrates that the order of the
agreement between the Debye curve and the experimental curve for
graphene is remarkable [17]. This is, of course, what we should ex-
pect of the Debye approximation at sufficiently low temperatures.
Long-wavelength acoustic modes are just the modes, which may be
treated as in elastic continuum concept of Debye theory. Notwith-
standing the great success of the Debye theory, precise measurements
in the low-temperature region show certain deviations from the theo-
retical predictions. Debye model for the heat capacity of graphene
has been remarkably successful in describing the simulations in the
low-temperature range. This conclusion is supported by the work of
Pop et al. [18].
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PROGRAM ORGANIZATION

Appendix A. PYTHON Program of the Griineisen Parameter of
Graphene

import matplotlib.pyplot as plt
import numpy as np

import math

# #vj=gamma
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a=2.47
vj=8.98
points=np.arange(-np.pi, np.pi, 0.1)
def solve(fun):
op =[]
for i in points:
op.append(fun(i))

return op
def v(gx):

return (((-
a)*math.sqrt(3))/2)*(math.sqrt(11*vj))*(np.arctan(math.sqrt(3)*qx*a))
v = solve(v)
plt.plot(points,v)
plt.ylabel(“Griineisen parameter V)
plt.xlabel(“Wave vector (q)”)
plt.plot(points, v, color= ‘k’, linewidth=1, marker=‘0’)
plt.suptitle(‘Griineisen Parameter of the Graphene’, x=0.50, y=0.98)
plt.legend([‘ZO’])
plt.show()

Appendix B. Python Program of the Heat Capacity of Graphene

import math

import numpy as np

import matplotlib.pyplot as plt

from  future  import division

from sympy import *

x, T=symbols(‘x T7)
integrate(((x*x*x)*exp(x))/((exp(x)-1)*(exp(x)-1)), (x, 0, 00))

C-1
T-0,40,80,120,160,200,240,280,320]

foriin T:
calC=(2*zeta(3)*8.31%4%i*i)/(25639*%2539)
C.append(calC)
plt.ylabel(“Heat Capacity(C)”)
plt.xlabel(“Temperature (7))
plt.plot(T, C, color=‘k’, linewidth=1, marker = ‘0’)
plt.suptitleCHEAT CAPACITY OF GRAPHENE’, x=0.50, y=0.98)
plt.legend(] ‘Debye temperature variation’])
plt.plot(T, C)
plt.show()
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The paper presents the study of the structure, protective and mechanical
properties of nickel composite coatings modified with ultradispersed dia-
monds and electrodeposited under conditions of external stimulation by
laser radiation. An analysis of the cathodic polarization curves shows that
the presence of dispersed particles with a concentration of 2—-15 g/1 in the
aqueous electrolyte solution leads to a shift in the cathodic potential to the
electronegative region by 108-340 mV, respectively, that indicates an in-
crease in charge-transfer resistance. Nickel composite coatings obtained by
laser-assisted electrodeposition are characterized by a higher content of
ultradispersed diamond particles in the coating (4.35—-5.10 wt.%) as com-
pared to the mode of deposition without laser irradiation (2.24-3.15
wt.%). In this case, the proportion of particles of smaller size (= 0.25-1
um) increases in the coatings. The more intense penetration of dispersed-
phase particles into the emerging coating during the laser stimulation of
the electrodeposition process is due to the presence of a temperature gradi-
ent, which provides an additional supply of metal ions in the irradiation
region. Increased concentration of the dispersed phase in nickel composite
coatings promotes formation of a finer crystalline coating structure, en-
hanced hardness, corrosion resistance, and wear resistance of the coatings.

Y nmauiifi pobGOTi MpeaCTaBJIEHO MOCTIMIKEHHA CTPYKTYPH, 3aXMCHUX i MeXa-
HiYHMX BJIACTHMBOCTEH HIiKJIEBUX KOMIIO3UI[IMHUX IIOKPUTTIB, MoAu(piKOBa-
HUX YJbTPAAUCIEPCHUMHU AiAMaHTaMU, €JeKTPOOCAIKEeHUX B YyMOBaxX 30B-
HiIIITHBOTO BILIWBY JIa3ePHUM BUNPOMiHEHHAM. AHajiza KaTOOZHUX MOJAPHU-
3alifHMX KPUBUX IIOKaszajia, N0 HAaABHICTH Yy BOOZHOMY DO3UMHI eJEeKTPOJIi-
Ty IAWCIEPCHUX YACTHHOK i3 KOHIleHTpalieoo y 2-15 r/1 mpuBOAUTH OO
3MiIlleHHS KATOMHOTO IOTEHIIAJY B eJleKTpoHeraTuBHy obiacth Ha 108—-340
MB BigmoBigHo, 110 BKasye Ha 30iJbIlIeHHA OmOpPy mepemaui sapany. Hikie-
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Bi KOMIIOBUTHI HMOKPUTTSA, OAEPKaHi MeTOJOM JIa3epPHOTO eJIeKTPOOCAAKeH-
Hs, XapaKkTepuU3yIOThCA BUIMUM BMICTOM YJIBTPAAUCIEPCHUX IiTMAHTOBUX
YacTUHOK y moKpuTTi (4,35—-5,10 Mmac.% ) mopiBHAHO 3i crmocobom ocaIKeH-
Ha 0e3 jazepHOTO ompoMimioBamuA (2,24-3,15 mac.%). Boamouac y mOK-
PUTTAX 30iJMBITYETHCSI UACTKA YACTHHOK MeHIIoOro posamipy (= 0,25—-1 mMrm).
Binpm iHTeHcuBHe NMPOHMKHEHHS YaCTHHOK OUCIIEpCHOI (asm y dopmiBHe
MOKPUTTSA IIiJ Yac Ja3epHOI CTHUMYJIAINII IIpolecy eJeKTPOOCAAKEeHHA 3YMO-
BJIEHO HAABHICTIO TeMIepaTypHOTO I'PalieHTy, AKMWU 3abe3leuye MomaTKOBe
HAAXOMKeHHS HOHIB MeTany B 00JacTh ompoMmiHioBaHHs. IligBuieHa KOH-
ImeHTpalia aucnepcHol (Gasu B HiKJIEBUX KOMIIOSUI[IMHUX IOKPUTTAX CIIPH-
se (POpMyBaHHIO OiJbIT APiOHOKPUCTANIUHOI CTPYKTYpPU IIOKPUTTS, IIiIBU-
IeHHIO TBEPAOCTH, KOPO3iliHOl CTiHKOCTM Ta 3HOCOCTIAKOCTH MOKPUTTIB.

Key words: ultradispersed diamond particles, composite nickel coatings,
laser-assisted electrodeposition, structure, mechanical and protective prop-
erties.

KarouoBi croBa: yiabTpagucoepcHi AiTMaHTOBI YacTHHKH, KOMIIO3UITifiHI
HIKJIEBI TOKPUTTHA, Ja3€PHOCTUMYJIbLOBAHE EJIEKTPOOCAIKEHHA, CTPYKTYpAa,
MeXaHiuHi Ta 3aXMCHi BJIaCTUBOCTI.
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1. INTRODUCTION

There are many ways to harden the surface of parts in order to in-
crease the service life of mechanisms, parts and friction pairs,
among them: thermochemical treatment or various methods of coat-
ing. One of the known ways to improve mechanical properties of the
surface is its electrolytic modification by deposition of metal films
with the required operational parameters, the most important of
which are hardness and wear resistance. However, metal and alloy
films, in terms of their physicochemical properties, often do not
meet the increased requirements of modern technology. The solution
to the surface hardening problem is the modification of the metal
matrix with particles of the dispersed phase to obtain composite
electrolytic coatings (CEC).

It is known that the introduction of solid dispersed particles (ul-
tradispersed diamonds (UDD)) into electrolytic coatings increases
their microhardness and wear resistance. The reasons for this are
the reduction of crystallite sizes of the deposited metal and the
presence of superhard particles in the coating [1-4]. The conducted
literature analysis [5—10] showed that the methods of influencing
the process of co-deposition of metal films with UDD include the
use of ultrasonic or mechanical stirring of the electrolyte solution
in the process of electrodeposition. Because of this activation of the
electrodeposition process, solid dispersed particles incorporated into
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the coating being formed, prevent the growth of the crystalline
phase nuclei, which is the reason for the formation of a finer crys-
talline coating structure.

In this paper, we consider a laser-assisted method for the electro-
deposition of composite nickel electrolytic coatings. The purpose of
this work is to study the effect of laser radiation on the process of
co-deposition of metal ions and ultradispersed diamond particles,
structure, mechanical and protective properties of electrodeposited
composite nickel coatings.

2. MATERIALS AND METHODS

Electrodeposition of composite coatings was carried out from sul-
phate nickel-plating electrolyte of the following composition: Ni-
S0,7H,0 — 300 g/1, H;BO; — 30 g/1, Na,SO,-10H,0 — 50 g/l at
pH = 5. The concentration of UDD (Cy,p) in the aqueous electrolyte
solution was varied in the range from 2 g/1 up to 15 g/I.

Due to the developed surface and the presence of a large number
of functional groups, individual nanodiamond particles with an av-
erage particle size of 4-5 nm form strong primary aggregates,
which, as a rule, act as indestructible parts of nanodiamond pow-
ders. UDD particles are prone to spontaneous aggregation among
themselves into extremely strong aggregates (40—100 nm) with the
subsequent formation of less strong secondary aggregates (up to 1—
5 um) [1-4].

Electrodeposition was carried out under external exposure to radi-
ation from a CO, gas-discharge laser generating in a continuous mode
at a wavelength of 10.6 ym at a laser-radiation power of 25 W (Fig.
1). The temperature of the aqueous electrolyte solution in the near-

[
> -
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Fig. 1. Scheme of the test installation: I—emitting source (CO,-laser); 2—
rotary mirror; 3—electrolytic cell; 4—cathode; 5—anode; 6 —power supply.
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cathode irradiation region increased from 293 K to 351 K. For com-
parison, the coatings were also deposited using a direct current at a
density of 100 A/m?.

The microhardness of the coating was measured on a PMT-3 mi-
crohardness tester with an indenter load of 0.196 N. Wear tests of
samples were conducted on the friction machine with reciprocating
motion of samples with frequency of 0.5 s and amplitude of 0.15
m in conditions of dry friction against steel under load of 1.7 N.
The friction path was parallel to the substrate. Wear resistance was
evaluated by weight loss of the coating. X-ray microanalysis was
performed using a JSM-64901LV scanning electron microscope (Ja-
pan). X-ray phase analysis of the films was conducted on a DRON-
2.0 diffractometer using scintillation detection of x-rays. Shooting
to determine the phase composition of nickel films was carried out
in monochromatized CuK, radiation.

The polarization dependences were recorded in the potentiody-
namic mode on a P-5827M potentiostat at a potential sweep rate of
10 mV/s. The measurements were carried out in a three-electrode
electrolytic cell. A copper plate was used as the working electrode
(cathode). The reference electrode was a silver chloride electrode,
and the auxiliary electrode was a platinum electrode.

The viscosity of the aqueous electrolyte solution was determined
using a VPZh-4 capillary glass viscometer with an internal capillary
diameter of 1.12 mm. A characteristic property of an aqueous nick-
el-plating electrolyte solution is low sedimentation resistance, lead-
ing to uneven distribution of nanodiamond particles in the metal
matrix. In order to keep the UDD particles suspended in the electro-
lyte solution and to prevent settling of particles to the bottom of
the electrolytic cell, the aqueous electrolyte solution was stirred
with a magnetic stirrer before starting the electrodeposition pro-
cess.

Accelerated corrosion tests consisted of immersing samples in a
3% sodium chloride solution. The corrosion rate was determined by
the gravimetric method (by weight loss of the metal coating). Ex-
ternal examination of the samples was carried out daily until the
first signs of corrosion appeared and scored on a 10-point scale
[11].

3. RESULTS AND DISCUSSION OF THEM

In order to determine the optimal modes of electrodeposition of
composite coatings of increased hardness and wear resistance, we
studied the effect of the concentration of UDD particles (Cypp, g/L)
in an aqueous electrolyte solution on the kinematic viscosity of the
solution (v, mm?/s) (Fig. 2).
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Fig. 2. Dependence of the kinematic viscosity of aqueous nickel-plating
electrolyte solution on temperature and concentration of the dispersed
phase in the electrolyte [g/1]: 1—0; 2—2; 3—10; 4—15.

From the analysis of the results obtained, it follows that with an
increase in the temperature of the aqueous electrolyte solution, the
viscosity of the solution decreases, because of which larger UDD
particles settle in the lower layers of the electrolyte solution, and
their number in the near-cathode region sharply decreases. The in-
crease in concentration of the disperse phase particles of the finer
fraction in the coating formed under the laser-assisted mode of
electrodeposition is due to an increase in the flux density of metal
ions adsorbed on the surfaces of UDD particles [12, 13], as a result
of which the particles of the dispersed phase acquire a positive
charge, which promotes electrophoretic co-deposition.

When using laser radiation sources, the main mechanism of laser
stimulation of the electrodeposition process is the heating of the
metal—electrolyte interface [14, 15]. In Refs. [16—18], the use of
laser irradiation of the near-cathode region in the process of elec-
trodeposition of composite coatings contributes to an increase in the
cathode current density. Thus, it is of considerable interest to study
the effect of laser radiation on the co-deposition of UDD particles
and metal ions.

An analysis of the cathodic polarization curves (Fig. 3) showed
that the presence of dispersed particles in the aqueous electrolyte
solution leads to a shift in the cathodic potential to the electronega-
tive region that indicates an increase in charge transfer resistance.

The increase in the cathodic overpotential during laser-assisted
electrodeposition can be explained by the increased, in the direction
of laser radiation, flux density of complexes formed because of ad-
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Fig. 3. Cathodic polarization dependences obtained in sulfuric acid nickel-
plating electrolyte: 1—without UDD; 2—with UDD (Cy,p=2 g/1); 3—with
UDD (Cypp =15 g/1); 4—with UDD (Cypp =15 g/1, laser-assisted mode).

sorption of metal ions on the surfaces of UDD particles. Electropo-
sitive charged complex aggregates formed because of the total
charge, moving to the cathode surface, block it, thereby, leading to
a decrease in the active surface area of the cathode.

Analysis of x-ray patterns of electrolytic nickel coatings (Fig. 4)
shows that diffraction maxima corresponding to the diamond phase
of carbon overlap with lines corresponding to the crystalline phase
of electrolytic nickel that complicates determination of the nanodi-
amond/nickel ratio in the coating and determines the need for stud-
ies of the elemental composition of the coatings. In pure nickel
coatings, the preferential orientation of crystallites in the [111] di-
rection is observed (Fig. 4, a). The introduction of UDD did not
lead to a change in the CEC phase composition, and the diffraction
patterns do not show a significant redistribution of the line intensi-
ty (Fig. 4, b). In composite nickel coatings obtained in the laser-
assisted electrodeposition mode, a redistribution of the intensity of
the (111) and (220) lines is observed (Fig. 4, c¢), which indicates a
change in the conditions of electrocrystallization.

Figure 5 shows the results of x-ray microanalysis of the ele-
mental composition of the coating surface. From the results of x-
ray microanalysis of the elemental composition of the coating sur-
face, it follows that the fraction of UDD particles of certain sizes
depends on the electrodeposition mode [19, 20]. The average diame-
ter of UDD particles in CEC deposited without laser irradiation was
1.5-2 pym. Composite nickel coatings obtained by laser-assisted elec-
trodeposition are characterized by a higher content of UDD parti-
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Fig. 4. Diffractograms: (a) UDD powder; (b) Ni (without laser irradiation);
(c) Ni+UDD (without laser irradiation); (d) Ni+UDD (laser-assisted mode).

cles in the coating (4.35-5.10 wt.%) as compared to the mode of
deposition without laser irradiation (2.24-3.15 wt.%). In this case,
the proportion of particles of smaller size = 0.25-1 pm increases in
the coatings.

According to the Nernst—Planck equation [21], the increase in dis-
perse phase particle flux density in the aqueous electrolyte solution
to the surface of the coating formed during laser-assisted electrodep-
osition is due to the potential gradient and rise in the diffusion coef-
ficient [22].

The structure and mechanical properties of the resulting compo-
site coating largely depend on the concentration and size of UDD
particles in the coating. The results of studies of the fractional
composition of UDD particles on the surface of composite electrolyt-
ic nickel coatings show that during DC electrodeposition UDD par-
ticles of larger size reach the cathode surface. Agglomerates of
UDD particles with a size of 1.5 nm are formed on the CEC surface
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Fig. 5. X-ray microanalysis: (a) Ni (without laser irradiation); (b)
Ni + UDD (without laser irradiation); (¢) Ni+ UDD (laser-assisted mode).

resulting in formation of coarser crystalline coatings (Fig. 6, a)
with microhardness of 1800-1950 MPa.

' 100 um

— 100 pm__

Fig. 6. Surface morphology of the electrolytic nickel composite coatings:
(a) direct current without laser irradiation; (b) laser-assisted mode.
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The inclusion of smaller UDD particles (=2 0.25—1 pum) in the coat-
ing composition in the laser irradiation region complicates the sur-
face diffusion of metal adatoms and prevents the growth of nuclei
of the crystalline phase that results in formation of a finer crystal-
line coating structure (Fig. 6, b).

Composite coatings are formed more fine-grained that determined
microhardness increase from 2500 MPa outside the irradiation area
to 3700 MPa in the irradiation area.

Figure 7 shows the results of the corrosion tests on nickel coat-
ings. It should be noted that the corrosion rate of the samples test-
ed was uniform. However, the change in mass of the carbon-
containing nickel coatings over 144 hours is slower than in the pure
nickel coatings. This is due to the increased extent of the interlayer
boundaries that contain the UDD particles.

The results of the conducted studies make it possible to attribute
nickel coatings deposited by means of direct current to the ‘Re-
sistant’ group with a score of 4, and the intensification of the pro-
cess of co-deposition of UDD particles under laser irradiation con-
tributes to the production of composite nickel coatings that belong
to the ‘Extremely resistant’ group with a score of 3. This is caused:
firstly, by the fact that the UDD particles block the cathode surface
thus reducing the area of the active cathode surface that changes
the coating growth structure in the cross-section from columnar
(Fig. 8, a) to microlayer (Fig. 8, b); secondly, by an increase in met-
al ion flux density adsorbed on the UDD particle surfaces, which
contributes to a more intense incorporation of UDD particles into
the deposited coating. Increased concentration of dispersed phase
particles from 2.24 to 4.35 wt.% leads to the formation of fine-
grained coatings with fewer pores, which prevents the formation of
corrosion centres, in contrast to columnar growth, where the sur-
face of coatings is more heterogeneous.

An increase in the UDD content of the nickel films enhances the
wear resistance of the coatings. Nickel coatings electrodeposited
from the aqueous electrolyte solution without UDD addition lose
10% of their weight after 5 hours of wear. When UDD with 2 g/1
concentration were added to the aqueous electrolyte solution, the
losses were of 6—8%, and for laser-assisted electrodeposition coat-
ings, they were of 1-2%.

4. CONCLUSION

1. The increase in the concentration of smaller UDD particles
(20.25—-1 pm) in the coating formed under laser-assisted deposition
is due to the potential gradient and rise in the diffusion coefficient.
2. The increase in the flux density of complexes formed because of
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Fig. 7. Dependences of the mass change of electrolytic coatings: I—Ni
(without laser irradiation); 2—Ni+ UDD (Cy,p =2 g/1, without laser irradi-
ation); 3—Ni+UDD (Cypp =15 g/1, without laser irradiation); 4—Ni+UDD
(Cypp =15 g/1, laser-assisted mode).

Fig. 8. Structure of electrolytic coatings in cross section: direct current:
(a) Ni (without laser irradiation); (b) Ni+ UDD (laser-assisted mode).

the adsorption of metal ions on the surfaces of UDD particles leads
to an increase in oversaturation at the crystallization front. The
formed coating is reached by smaller size UDD particles that block
the growth of nuclei of the crystalline phase, which leads to the
formation of a more densely packed coating and changes the cross-
sectional growth structure from columnar to microlayer.

3. The formation of finer crystalline coatings and change of cross-
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sectional growth structure from columnar to microlayer at laser-
assisted deposition process resulted in improvement of mechanical
and protective properties of carbon-containing nickel coatings (coat-
ing microhardness increased from 1800-1950 MPa to 2500-3700
MPa, corrosion resistance increased 2 times, and the wear of coatings
decreased 3 times).
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?Ruiscvkuil nayionanrvHuil yniesepcumem imeni Tapaca Ilesuenka,

8y.. Borodumupcvra, 64/13,

01601 Kuis, Ykpaina

HocrimKxeHO YyMOBU CHUHTE3UM Ta XapaKTEPUCTHUKUN HAHOIOPHUCTOTO aHOTHO-
okucHenoro amiominito (AOA). Ilpomec aHOAYBaHHA TPOBOAUJIN B PO3UMHI
IIIaBJIEBOI KMCJIOTH, AKU MicTuB ByrJeleBi HaHouactTuHKu (BHY). 3rigzo 3
JaHUMHM CKaHYBAJbHOI €JIeKTPOHHOI MiKpOCKOIIii, po3Mip mIOp OKCHUIHOTO
mapy craoBuThb 20—40 HM, TOBIIMHA CTiHOK mOp — A0 50 HM. Y BUOAAKY
aHOAyBaHHSA AaJNIOMiHiI0O 3a BifCyTHOCTM HOOABKM BYIJIEIIEBOTO MAaTepisdry
aHajoriu"i mapamerpu ctaHoBaATh 50—100 am i 30 M Bigmosigmo. EderT
BILIMBY BYIJIEIIEBOTO MAaTEPiANy Ha CTPYKTYPY IOPYBATOTO IIAPy IIOSACHIO-
€ThCS 3 TOUKU 30py azcopbitii itoro Ha AOA mix yac mpollecy aHOAYBaHHA.
Byraenesi HAHOYACTUHKHI TOCIILIKEeHO 3a ITOIIOMOTOIO UV-Vis-
CHEKTPOCKOIIil, TMHAMIUHOTO JIa3epHOr0 PO3CiAHHA (B arperoBaHOMY CTaHi),
CIIEKTPOCKOIIil KoMOiHaIifinoro poaciaaaa ta IY-cmexTpockomii. Busasieno
BHCOKY HEBIIOPAAKOBAHICThL CTPYKTYPHU BYIJIEIleBUX HaHOuacTHHOK. Omep-
JKaHO isoTepmy amcopbiiii, 3 AKOi BCTaHOBJIEHO, IO copOIiiima piBHOBara
HaMOiNbII ommcyeThecsa PiBHAHHAM ThOMKiHaA. 3almpolOHOBAHO KpHCTajisza-
mito AOA B rizporepManbHUX yMoBax 3a temiepatypu y 200°C.

The conditions and characteristics for nanoporous anodic oxidized alumin-
ium (AOA) are presented. The anodizing process is carried out in a solu-
tion of oxalic acid containing carbon nanoparticles (CNPs). The carbon
nanoparticles are studied by ultraviolet—visible spectroscopy, dynamic la-
ser scattering (in the aggregated state), Raman spectroscopy, and infrared
spectroscopy. Scanning electron microscopes are used to study the mor-
phology of the AOA. The pore size of the porous layer is of 20—-40 nm,
and the pore-wall thickness is up to 50 nm. In the absence of the addition
of carbon material, similar surface parameters are of 50—100 nm and 30
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nm, respectively. The effect of the carbon material on the structuring of
the pore layer is explained in terms of adsorption of it on the AOA during
anodizing process. A high-disordered structure of carbon nanoparticles is
revealed. The adsorption isotherm is obtained, and it is found that the
Temkin model is the most suitable for describing the sorption equilibrium.
The crystallization of AOA under hydrothermal conditions at 200°C is
proposed. The addition of CNDs to the oxalic acid electrolyte reduces the
pore size of obtained anodized aluminium. Carbon nanoparticles effect on
the formation of the porous structure of AOA with adsorption. The ad-
vantage of CNDs over GO is the fabrication of AOA with smaller pores in
mild conditions without aggressive reagents. The effect of CNDs on the
porous structure of AOA can be explained, on the one hand, by its shield-
ing by carbon nanoparticles, and on the other hand, by the ‘damping ef-
fect’ of CNDs on the faster thermal expansion of aluminium compared to
Al O;. It is possible to obtain samples of AOA with nanoscale pores by en-
vironmentally friendly synthesis using cheap and readily available chemi-
cals. To obtain crystalline Al,O;, hydrothermal treatment can be imple-
mented that has the advantage of a lower crystallization temperature over
calcination.

KarouoBi croBa: aHOJHO-OKMCHEHUIT aJOMiHill, ByrieleBi HaHOYACTUHKH,
HAHOIIOPH, aAcopOIlid, MexaHi3sM aHOAYBaHHA.

Key words: anodic oxidized aluminium, carbon nanoparticles, nanopores,
adsorption, anodizing mechanism.

(Ompumano 21 uepsrnsa 2023 p.)

1. BCTYII

IIpakTuune sacTocyBaHHA TrigpaToBaHoro okcuay Auominiio (ITAO)
OXOILTIOE BEJIUWKY KijbKicTh ramysein [1]. ¥V mertanyprii Ta xemiuHii
IPOMMCJIIOBOCTI IIeifi MaTepisfJ BUKOPHCTOBYIOTH IJIS OHEeP:KaHHS UIC-
TOTO AJNIOMiHiI0, a TAKOMK OJISI OJep:KaHHs OKCHUAY, CyJabdary, dropu-
Iy aJioMiHil0, CHHTeTHYHUX IIeoJjiTiB Toifo. Kpim mboro, rigparosa-
HUIN OKCHUJI aJIOMiHil0 3aCTOCOBYETLCSA Y BUPOOHUIITBI moJiMmepiB, Ka-
yuyKiB, JaxkodapboBux marepiamis. 3acrocoByoun I'AO y akocTi mo-
0aBOK MOKJIMBO IIOHU3UTH TOPIOUiCTL, 3aMUCTICTh, BUAIIEHHS TUMY
Ta TOKCHUYHUX rasiB Imig udac mosxexxoracimua. ¥ meaunuui I'AO Bu-
KOPHCTOBYEThCA AK OOBOJiKaJabHUHII 3acid Ta aHTamuA-TpuBaJOi il
IJs HopMaJisallil KMCJIOTHO-JIY:KHOTO 0ajlaHCcy ILIYHKOBO-KUIIKOBOTO
TPaKTy JIOOUHU, IJd JIKYBaHHA 3aXBOPIOBAHb IIIJIYHKA Ta ABaHAMIIA-
TUHAJNOI KUIIKU. Y (apMaKoJiorii MaTepisys BXOAUTH OO CKJIAAy BaK-
IuH i 3y0HOI macTu.

¥ Bogomigrororii I'AO BukoHye QYHKI[IIO agCcOpPOEHTY, AKMUI alcop-
O0ye AK KaTioHU, Tak i amionm sane:xkHo Bixm pH posumny [2]. Ile Biapi-
3HfAE TOro Bim OiNBIIOCTM HEOPTaHiUYHUX aAcOpOeHTiB, TaKWUX SAK TifI-
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podochaTu OaraToBAJIEHTHHX METaJiB, AKi MalOTh JHIIIE KAaTiOHO00-
Mingy 3gaTHicTh [3—5]. TAO BUKOPUCTOBYIOTHL AK HOGABKY MO TimpaTo-
BaHUX OKcufis Zr, Ti, Sn aasa mocuiaeHHA iXHIX aHIOHOOOMiHHMX BJa-
ctruBocteii [6—8]. TAO Tako:k 3aCTOCOBYIOTH OJiAd MOAU(DIKYBAHHA TO-
JiMepHUX MeMOpaH OapoMeMOpPaHHOTO PO3ALIEHHS 3 METOI0 IIOJIIII-
IIeHHA IXHiX 3aTPUMYBAJILHOI 3JaTHOCTH, €JIEKTPOIIPOBIZHOCTH Ta Tif-
podinbaUx BiaactTuBocteii [9, 10]. Lleit maTepian 3amrpoOIOHOBAHO IS
monu(ikyBaHHa fToHOOOMiHHMX moaiMmepiB [11]. ¥V sramanux BUIIagKax
T'AO mogmi6uuit no rizparoBamoro miokcuay IlmpKoHiio, AKUIT BUKOPUC-
TOBYETBHCA IJIA TUX Ke mineit [12—-15]. BapTo sasmauuTu, 1mo mo I'AO
MOKHA BiJHECTHM TaKOM aMop(pHUI aHOIHO-OKMCHEHWIN aJIIOMiHii
(AOA) y BUTIAAi TOTOBOTO MPOAYKTY.

IIpomecu amomyBaHHSA IIMPOKO BUKOPUCTOBYIOTHLCA MJIsI 00POOJIEHHS
moBepxHi MeraniB mepen GapbyBanuam [16]. Immumu chepamu 3acTo-
cyBamHa AOA e ceHcopu, KaTaiza, MmeMOpamHe poamisenns [17]; iioro
TaKOX BUKOPHUCTOBYIOTHL AK MATPHUINIO IJIA BUPOIITYBAaHHA HAHOTPYOOK
abo HamocTpukHIB [18].

Y nBox ocTaHHiX BUIIagxKax mopucta cTpykrypa AOA € ocobauBo
BaxkjauBoio. OmHaK IIif Yac aHOAYBAHHS HAHOPO3MipHiI IIOpu YTBOPIO-
IOTBCA B JOCTATHBO KOHIIEHTPOBAHUX PO3UMHAX Ar'PECUBHUX pPeareHTiB
(H,SO,, H,PO,), HaBiTL TOKCUYHUX CHONYK, Takux Ak H,SeO, [17]. ¥V
cepemoBHUIIi exoJioriuno umcToi Kucaotu H,C,O, yTBOPIOIOTLCA DOCTAT-
HBO BeJUKi mopu, po3mip Akmx mnepesuinye 100 em. ¥V Toit Ke uac,
YacTKOBe eKpaHyBamHa moBepxHi AQOA mig uac aHOAyBaHHS MOXKe
MIPUBECTHU 10 30iJbINIeHHA T'YCTUHU CTPYMY Ha BiAKPUTHUX OiIAHKAX i,
K HACJIJOK, M0 3MeHIImeHHs po3Mmipy mop AOA. Immioro mpo6JieMoro €
3aMiHa BHCOKOYMCTOTO AJIOMiHiI0, AKMHU 3a3BUUYail BUKOPUCTOBYETBHCH
IS aHOAYBAHHSA, Ha OiJbIN AEINeBIIUN MAaTepidAa 3 TeXHiUHOI0 UHCTO-
Toto [19].

HoBiTHi#i ByrierneBuii HaHOMAaTepifAJ, TaKUH AK OKcCHUI TpadeHy
(OI'), € rapHUM KaHIUIATOM B AKOCTi JOOABKH M0 €IEKTPOJITY, OCKi-
JBbKU BiH afcopOyeThcsA HA IOBEPXHi OKCHAIB 6araToOBAJIEHTHUX MeTa-
JaiB. Hampukiazn, e Jae MOMKJINBICTL ofep:KaTy HaHOKOMIIO3UT TiO,—
OTI" [20]. Pawmime 0yno BuABIeHO, 110 nogzaBaHHsa OI' 1o posuuHy IaB-
JIeBOI KHUCJIOTH 3abeslleuye YTBOPEHHA MeHIIuX Imop mopiBaaHo 3 AOA,
OIEP;KaHUMU B YKMCTOMY PO3UMHI IIBOTO eJieKTpoJiTy [21].

B pob6otri mocaimskeHOo BIJAMB ByrJelleBux HamouacTuHok (BHUY),
AKUX MOKHa JIETKO OJlepKaTy B TiApoTepMajbHUX yMmoBax [22], Ha
dopMyBaHHA mopyBaToro mapy. Kpim Toro, BupiiryeTbesa mpobieMma
TepMiuHoro ob6pobisenHa AOA. 3aszeuuait memOpany AOA HaHOCATH
Ha aJIOMiHiflOBYy HigKJIaguHKY, 11100 3a0e3meunTyH XeMiuHy Ta MeXa-
HiuHY cTabiJIbHOCTI OKCHUAHOTO MaTepidaay; ogHAK AadA 6inbIinoi cTabi-
JBHOCTH OKCHIHOTO IIapy HeoOXimme TepmiuHe oOpoOJEHHS 3a BUCO-
Koi Temmeparypu. OmHak TeMmIepaTypa TOILIEHHsS AJIOMiHiI0 cTaHO-
BuTh 660°C. TomMy 3aIpOmIOHOBAHO BMKOPHCTAHHS TiJpPOTEPMAaJILHOTO
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o0pobaenus AOA, aKe MOKHa BUKOHATH 3a OiIbIII HH3BKOI TeMIepa-
Typu. SIK mpaBmiio, Id IIpoleaypa BUKJIMKAE KpPHCTaJisalliro amopd-
HOTO OoKcuay AjroMiHiio (iHomi 3 yTBOpeHHAM KopyHAY) [23].

2. EKCIIEPUMEHTAJIBHA YACTHHA

Marepiamu. B axocTi BUXimHUX peareHTiB BUKOPUCTOBYBAJU: IlaBJe-
By kuciaory C,H,0,, xmopug Kyupymy CuCl, 56H,0, Harpito rigpox-
cung NaOH, consuy xucaory HCI, ¢pochopuy rmucaory H;PO,, xpomar
Kaxito K,CrO,, aumonny kucaory CcHgO,, etrunenmiamin C,HgN, (Bci
peareHTH MapKHu X.4.), TUCTUJIbOBAHY BOXY.

Cunrezy BHY spificHoBaIu 3a METOAUWKOIO, OIMMCAaHOIO B pobori [22],
sAKa I'PYHTyeThbea Ha migxoxni [24]. HaBsamxky 1,05 r tuMoHHOI KuCJIO-
TH PO3UMHANHN B AuCTHIboBaHiH Boxmi (10 cm®); mami momaBamm amik-
Bory 0,33 cm® erunengiaminy. IToTiM PO3UMH BUJIMBAIU B TepMeTHU-
HU# peaxkTop i HarpiBamm 3a 200°C BmpomoB:K 5 rox. 3rigHO 3 maHU-
mu IIEM-aHanidm BHUCOKOI pPO3aijbuoi 3TaTHOCTH, 3a IIUX YMOB YTBO-
pioiorbea HaHouyacTuHKU (8—12 HMm). Koumenrpamnitzo BHY y posuuni
BU3HAUAJIM BUIAPOBYBAHHAM BOAMW 3 IOJAJBININM 3BaKyBaHHAM Ha-
BaKKu. IIpuroroBaHmil pO3UMH BUKOPHUCTOBYBAJU HAK J00aBKY [0
IIABJIEBOTO €JEKTPOJITY; YacTUHY pO3UMHY 30epiramm mpoTarom 2
MicAaIriB.

Metogu nocaimskens. CoekTpu KOMOIHAIIHOTO PO3CiAHHA OmEpPIKY-
Baly 3a KiMHATHOI TeMIlepaTypu B PEKUMi 3BOPOTHLOTO PO3CiAHHS
Ha moTpifiHoMy pamaHiBcbKoMy cuekTpomerpi T-64000 Horiba Jobin-
Yvon (Horiba scientific), ocuamrenomy II3C-meTekTOpOM 3 eJIeKTpUU-
HUM OXOJIO)KE€HHAM, 3 BUKOPUCTAHHSAM METOAY Ja3epPHOro JUHaMiu-
HOTO po3cigHHA cBiTaa. [[na 30ym:KeHHA BUKOPHCTOBYBAJM JIiHIiIO
Ar—Kr-iioHHOTO J1a3epa 3 AOBXKHUHOIO XBuai vy 488 HM. 30ymKeHe BU-
mpoMiHeHHS (POKYyCYyBaJOCA Ha IOBEPXHi 3pasKa 3a JOIOMOTOI0 OIITH-
yHUX 06’eKTUBiIB x50, 10 maBaJio Ja3epHY ILIAMY IiAMeTpoOM O6JIN3b-
Ko 1 mxM. IY-crmeKTpu peecTpyBanu 3a momomoroio [Y-cmeKTpomerpa
Spectrum BX (PerkinElmer Instruments, CIITA).

Ilepen eneKTPOXEMIiUHHMM €EKCIEPHMEHTOM PO3UYMH aKTUBYBaJU
yabTpasBykoM i3 uactrorow y 30 kI'm yopomor:k 10 xBuimH 3a momo-
MOTO0I0 YJIbTPa3ByKoBoi BanHu (Bandelin, Yropimuaa).

AnonyBanHA. B eKcriepuMeHTi BUKOPUCTOBYBAJIM aJIOMiHifOBY (ostiio
roBiuHOO y 0,1 MM i BmicToM amominmito y 99,97%. Kpim mworo,
BUXimHUI anmoMiHiil micTuB momimku Pepymy, Cuiimito ta Kynmpymy
(mo 0,1 at.% woxkHOr0). Ilepen aHogyBaHHAM (POJIiI0 BigmasoBaau 3a
500°C BUOpOMOBK 2 roguH, OOPOOJAIM YJIBTPa3BYKOM, ITPOMUBAJIU
C,H,OH, a moTim Ha ogHy cTOpoHY (oJii HaHOoCcUIHM MacKy 3 ¢oTope-
sucty. IlmiBkoBuii ¢oropesuct RISTON mHakmamaam Ha IIOBEPXHIO
IS ofep:kaHHA MastoHKa. [IlinmbHMIT 3aXuMCHUM IIap OKcuIy AJIOMi-
Hifo maBuau 3a momomoroio 5 M NaOH, gani mpomuBaiau Bogoro [21].
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BepTukaabHy eJeKTpOXeMiuHy KOMipKy OyJio po3AijieHo Ha [OBa
BigmisenHs asromimifioBoro Qoaieio (amomuoio). Emextpoxir (0,3 M
IaBJeBa KHCJIOTa), TeMIIEpaTypy AKOro MTiATpuMyBajaW Ha pPiBHI
10°C, mupKya0BaB uepes BigmileHHS aHOAHOTO IaBjeHHA. IliraTmuHO-
By KaTomy OyJO po3TallloBaHO Oe3mocepefHLO HAaBOPOTH aHOOUW. AHO-
IyBaHHA IpoBomuiocsa 3a Hampyru y 40 B; momepenuno momaBaBcs
iMmoynabe y 100 B (ana BumaieHHS HeaJIOMiHIHOBUX ITOMIITIOK).

3 BUKOPUCTAHHAM OJHOKOMIIOHEHTHOI'O €JIEKTPOJIITY IITaBJIeBOi K-
CJIOTH OKUCHEHHS ajioMiHito mpoBomuau B aBa ertamu [17]. Ilicas
IepIIOT0 eTamy aHOMHOTO IaBJeHHs BUAaanu O0ap’epumii map AOA
6% -posumaom H;PO,, mo mictus taxko:x H,CrO,. Ipyry cragiro aHo-
OYBAHHA IIPOBOJAMJIN B €JIEKTPOJIITI TAKOrO K CKJany. ¥ BUIIAIKY BU-
KOPHCTAHHSA B SKOCTi €JIEKTPOJIITY ABOKOMIIOHEHTHOT'O PO3UHHY, IO
mictuts H,C,0, Ta BHY, mpoiiec aHOAyBaHHS BKJIOUAB JIUIINE OIHY
cTajmiro aHOAyBaHHA. A BuUIaJeHHA B3aJWIIIKOBOrO ajioMiHil0O B
orBopax Macku miaacTuHy AOA o6pob6asanu posuumHoMm CuCl, B xomIe-
urpoBauiii HCl. Posumn H;PO, BukopucToByBaBCA IJid BUAAJCHHSA
mapy okcuny AJoMiHiIo Ha OHI mOp s ofep:KaHHA HacKPisHUX Ka-
HaJIiB.

Opep:xanuii 3i smimmanoro enektposaity AOA o00pobasanru rigporep-
MaJIbHO 3a THCKY Yy 2 6ap i Temmeparypu y 200°C. [Ina mocaim:KkeHHS
($a30BUX IIE€PETBOPEHb IIPOBOAUJIM PEECTPAIil0 PEHTI'eHOrpamMu Ha
mudpakromerpi JPOH-3M (JIOMO, Pocia) iz soBHimHiMu cTaHmap-
ramu SiO, (crapmapr 20) i Al,O; (crammapr iHTeHcmBHOCTH). Ilocri-
IKeHHs mpoBoguan 3 Cu-aHOMOIO0 i3 MOBKHUHOIO XBUJII PEHTI'€HiBCHKO-
ro sunpominenua y 0,154178 um 3 Buxkopucranuaam Ni-pimsTpa.

Hna pocaimsxenus wmopgoJorii AOA BUKOPHCTOBYBaJM PACTPOBi
enexTpouHi Mikpockomnu: SEO-SEM Inspect S50-B (CymcbKuii 3aBon
«EmexTporHa ontuka») i Tescan Mira SLMU (TESCAN, Yexis). Ilo-
nepenubo 3pasku AOA Oyau MOKPUTI yILTPATOHKUM IIapoM cpibJia.

Apcop6rritini BractuBocti AOA BuBUaIM B CTAIliOHAPHUX YMOBaX.
ToryBanu posuuH, mo mictus 0,0068 mr-cm ® BHY, i posbasisann iio-
ro IJjdA ojep:KaHHA 3paskiB aaa UV-Vis-mipass (xkamiopyBaabHOI
Kpupoi). CuekTpu sanmcyBasum Ha crneKTpodoromerpi Shimadzu UV-
VIS mini 1240 (Shimadzu, Anonis) B giamasoui 200—600 um; 6azoBa
Jimia BigmoBimana meiiomisoBamiii Bomi. KaniOpyBaabHy JdiHito OyJio
moOymoBaHO Ha OCHOBI mammx eKCTHMHKII maa 350 mm. Haxi sBamkeni
spasku AOA surpumysaau B 50 cm® posunny BHY supomosx 24 rog,.
Ilicna awmanism piguH pos3paxoByBaju amcopOIiiiHy MmicTKicTh (A) sa
(opMyJI0I0

— I/S(Cl — C)
m b

A

me C, i C — mouyaTkoBa Ta KiHlleBa KoHIeHTparlii, V — 00’em posuu-
HY, m — Maca aacopOeHTy.
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Ilepen mpoBemeHHAM MipAHL METOLOM JIA3€PHOTO PO3CIIHHA MIJIs
po30UTTS arperoBaHmx YacTUHOK posumH BHY miggaBaau BOJIKUBY
YJIBTPa3BYKY.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

fAx 6ysno BcTamoBieHO paHitie, podmip BHY cranmoButs 8—12 M [22];
BOOHUI KOJIOITHUYM PO3YMH MAa€ TEMHO-)KOBTHH KOJIip. JIlomMiHecIieH-
I[idg cmocrepiraerbca B TeMHOTI i3 Y ®-Bunpominernam (puc. 1).

IIin wac crapimHsa BigmOyBaeThcA arperyBaHHs, i amiamerep BHY
3HAXOAUTLCA y miamasoHi 150-250 um (pumc. 2). ¥ KOJOiZHOMY pO3-
YMHI IepeBa)karloTh arperatu, giamMerep AKux craHoBuTh 200 HM.

Ha Y®-cmexkTpax croocTepiramoTbcsd MaKCUMyM IIOTJIMHAHHA IJIA
200 EM, AKWiEl NOB’A3aHWI 38 71— -mepexomoM aromoBux C—C-
3B’A3KiB, i mik ana 350 HM, 3yMOBJIeHHIl n—7 -IlepexoJaMi apoMaTH-
yaux C—C-3B’askiB (puc. 3). IuTeHCHBHiCTH MiKiB 3MeHITyeTbCcA 3i
3MEHINIeHHAM KOHIIeHTpallii posumHy. KamiopysaiabHy KpuBy O0YyJIO
no0ymoBaHo s Maxcumymy aiad 350 HM. OcCKiJIbKH 3aJeKHICTH €

Puc. 1. Jlrominecuennia BHY y Y®-sunpominensi.’

Lth o
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(=]

0.1 I 10 100 1000 10000
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Puc. 2. Posmoxin 3a posmipamu arperopanux ugactuaox BHU.2
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Puc. 3. Cunexrpu posuuuis BHY, nosmaueri mudpamu, mr-cm ° (a): 1 —

koHneuTpaiia 0,0136; 2 — koumeutpaia 0,017; 3 — xkoumenTtpania 0,023;
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Puc. 4. Pamaniserki cunektpu BHY (1) ta AOA (2), omep:kaHi B eIeKTpPOJIi-
i, mo mictute BHY (a); HeKOHBOJIONIA CHEKTPY AJA OCTAHHBOTO 3pasKa
(0.

JiHiHOI0, MOKHA BU3HAUNTU KOHIeHTpaIlito BHY.

Coekrep KombOimamiifimoro poscigaaa gaa AOA geMoHCTpye nOBa
acuMeTpruuHUX miku aaa 1383 i 2220 cm ' (puc. 4). Ilepmuii mixk,
BOUEBHUAb, OB’ SI3aHUN 3i CTPyKTypoio Byryeiio. OCKiIbKU MeTon Cu-
HTe3u mepenbauae (GopmMyBaHHA JeroBanoi HiTporemom cTpykTypu
rpadeny [24], To ApyTy cMyTy 3yMOBJIEHO KOJMBAHHAMM HOHI30BaHUX
aminorpym [25]. BoHu MoKyTh OyTH mpuemHaHi 40 ILTOIMMHU Tpade-
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HY uepe3 aipaTHUHi BYTJIEBOTHEBi JIAHITIOTM ITif yac KapOomisarrii.
AcumeTrpia mikiB i BUAMMUX IJIeUell YMOKJIMBJIIIOE IIPOBECTU IEKOH-
BOJIIOIIiIO cIIeKTpiB (puc. 4).

Ilicia pexoHBoJOIII cIeKkTep MicTuTh Kinbka mikKiB. Hai6imnim
iHTeHCHBHI cMyru BigHOCATHCA M0 cMyT D (1883 cm ') i G (1587 em™)
[26]. D-cmyry 3yMOBJIeHO peskmMaMu (POHOHHOTO AUXAHHSA, CIIPUYN-
HeHUMU ByTIJelneBUMH Bakamciamum. Cmyra G € pes3yJabTaToOM BHPO-
IKeHuX E,,-(pOHOHHMX MOJ ByIJIeleBUX sp®-3B’askiB. Iliku HeBmOpA-
OIKOBAHi; BigHOIIeHHA IXHIX iHTeHCHBHOCTeH craHoBuTh 0,96, 110
CBIIUMTL TPO BEJIUKY KIIbKiCTh AedeKTiB, 3yMOBJIEHUX JIeI'YBAHHIM
Hitporen- i OxcurenBmicauMu (QyHKIiOHAIRHUMU Tpymamu. Cmyru,
AKi cmocTepiraroThcsa 3a MEHINHNX 3HAaUYeHbL 3CYBY KoMOiHaIliiiHOTO po-
3CiAHHA, 3yMOBJIeHO BIJIMBOM Higkgammeaku (SiO,) Ta QYHKI[IOHAIDL-
HUX rpyn (Kapbokcu-, emoKcuauHuxX i deHombumx). Ilikwm, 1o 3maxo-
IATbCA 3a OiJIBIIT BUCOKWX 3HAYEHb 3CYBY, 3YMOBJIEHO BaJIECHTHUMU
KOJIMBAHHAMU aMiHOTPYI.

IIupoxnii mik IY-cuexTpy B imTepBami 4000-3000 cM ' 3yMOBJIeHMIH
rosmBaHHaAMu H,0, a Takoxx OH, CH i NH (NH, i mipoabHux) rpym
(puc. 5). CH,-rpynu BigHOCATBCA A0 cMyT maa 2930 cm ' i 2858 cm!
(Oxcuren- i HiTporenBmicHi rpynm MOKyTh OyTH IpUETHAHi IO ILIO-
muH rpadeHy caMe depes IIi TPyNM); KOJUBAHHA Ai1d 2367 cM ', Boue-
BUIb, moB’sa3aHe 3i 3B askoMm Kap6om—Hirtporeu [25]. Ilik mma 1722
cM ' 3yMOBIIeHIH KapOOHLIOM KapOOKCHIBLHHUX IPyI; cMyry aaa 1620
cM ' 3yMOBJIEHO ByTJIeIleBUM KapkacoM, TooTo C—C-kommuBarHamu. Ka-
pOOKCcHILHI Ta (PeHOJbHI Ipynu BigHOCATHCSI A0 cMyr ana 1401 i 1257
cM '; emokcupHi rpymu BigmoBimaroTs 3a mik A 1070 cvm ', Ilipuaunm
nae MmaxcuMyM miaa 1200 cv ' emyra guasa 1560 cvm ' HameXKuTh mipory.

Ha pucynky 6 mokasano mm:kHi#T 6ik AOA 3 6ap’epuum 1apom (3
TIOPOYKHBOI CTOPOHM €JIEKTPOXEMiUuHOI KOMIpKM) 0 BUAAJEHHA HEOKU-
CHeHOr'o ajoMiHito. BujHo HepiBHOMipHI OmyKJIOCTi, AKi B mepIiiomy
HaGIMKeHHI € chepuuyHMMU. IxHiH posmip craHoBuTH 75—-100 HM.
Tpoxy MeHIIi OIyKJOCTi CIIOCTEPIralOThCA AJS 3pasKa, OHepP:KaHOro B
npucyTtaocti BHY.

HonaBanua BHY 1o 1aBiieBOro eJIeKTPOJIITY BIJIMBAaE Ha IIOpU

4000 3000 2000 1000

Puc. 5. IndppauepBormii ciexrep HUY.5
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Puc. 6. HuxHill 6iK A0 BUAaJeHHA 3aJUINKOBOrO ajloMiHiio (a, 6), BepxHii
6ik (8, 2) Ta momepeuHuil mepepis (d, ¢) AOA, CUHTE30BAaHOTO 3 BUKOPUCTAH-
mam uncroro H,C,0, (a, 6, ) i konoigaoro posunry BHY y H,C,0, (6, 2, e).°

AOA. IIna spaska, oxep:xkanoro 6es BHY, komipuacty mopucrty crpy-
KTypy BUIHO 3 OOKY HOBEpPXHi, IO KOHTAKTyBaja 3 eJIEKTPOJiTOM.
dopma 1IOp € reKcaroHajJbHOIO; CTOPOHA I'eKCaroHy Mae€ MOBKUHY ¥
23 um. Hismerep mop — 50-100 HM; mepeBa)kalOTh IIOPU HANOIIB-
m1oro posMipy. CTiHKHM mOp MaioTh TOBHIMHY O0J1M3bK0 30 HM.

Ilig wac cuHTe3u 3pas3KiB y 3MiIIaHOMY €JIeKTPOJIiTI BUAHO MEHIIi
mopu OiJbIN HempaBuUIbHOI opmu. Posmip mop cramosuts 20—40 HM,
TOBIIIUHA CTiHOK mOp — g0 50 HM. Y IOIepeuHoOMYy IIepepisi BHIHO
CTPMIKHi, SKi posTamioBadi O6JM3BLKO OoAMH 10 oxuHoro. Ilopo:XHuHHN
MiK IIMUMM CTPUMIKHAMHK BiJIIOBiZAIOTH HACKPISHUM i IPAMMUM IIOPaM.
Y Bumazky 3paskiB, ofep:KaHNX Yy JABOKOMIOHEHTHOMY eJIeKTPOJIiTi,
crpu:kHiI ToBHIi. Ile cBimumTh, Wpo TOBCTImIi CTIiHKM TOpP, OCKiIbKHU
mopu 1boro AOA € MeHIIMMU IIOPiBHAHO 3i 3pasKoM, CHMHTE30BAHUM
B OJHOKOMIIOHEHTHOMY €JIeKTPOJIiTi.

Boime BHY moikza mosicHuTH, Oepyduum OO yBarm MexaHismu (op-
myBanHA mopuctoi cTpykTypu AOA. Koim HaHOYACTHMHKM aacopoy-
IOTbCSI Ha IIOBEPXHI TigpaTOBaHMX OKCHUIIB, BOHM, MMOBIpHO, 3aTHI
BILIMBATH Ha po3Mip mop (amcopOilid miATBEePH:KYyeThCA MTOAIOHICTIO
cuexTpiB KoMmOimamiiiHoro poacigauas BHY i AOA; mus. pwuc. 4, a).
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Hanpukximan, Teopis BorosasieHchbKoro mpomnonye posriaazatu AOA ak
Komoimumit 06’eKT, a came, AK r'enb [17]. Ha amoxi dopmyioThbes akTu-
BHI IIeHTPH, Je 3apOMKyIOThCa MaiOyTHI Mmimenn. Bouu 30iabHIyIOTHCSA
Ta IIEePETBOPIOIOTHCA HA IOJIHMOHU, IKi € BOJOKHHCTUMU HaJIUMUYKOIIONI-
oummMu Mminemamu. Ili Mileamn € OCHOBOIO CKeJeTy OKCHUIHOTO TI'efio.
Mimenu sapam;KaroThCd HeTaTUBHO BHACIIZOK amcopOIrii amiomis. Ilo-
suTuBHUMN 3apapn aminorpyn BHY 3abesmeuye amcopOIliro HaHOUYACTH-
HOK BYIJIEITI0O Ha OKCHUIi 3a pPaxyHOK eJIeKTpocTaTHuyHOl B3aemomii. Ile
TOCUJIIOE eKpPaHyBaHHS IIOBEPXHi asoMiHilioBux enextpon. [lificHo,
CTPYM IIi yac aHomyBaHHsA 3MeHITyeTbes 3 40 mo 35 MA (3a BimcyTHO-
ctu BHY B enexTpouiti) i 1o 20 MA (3a mpucytaoctu BHY).

3rigHo 3 MoAesaeM MJIACTUYHOIO IOTOKY 3a ToMIicoHOM, SKUI 3ra-
nyerbea B [17], fiornm O® MirpyooThs A0 Mexki IOZiTy MeTaI—pO3umMH
mig uac aHomyBaHHs. EKpamyBamHa yacTuHoK AOA 3a DOIOMOTOIO
BHUY ob6me:xye mirpaiiito, To0TO OKMCHEHHSA aJIOMiHifO.

MeraneBuii anmoMminiii, okcun AJioMiHilo Ta rpaderH xapaxkTepusy-
IOThCSA PI3HUMM 3HAUEeHHAMM TeILionpoBiznoctu [Br-m “K™']: 247
(Al), 35 (xkpucramiuamii Al,O,;), 5000 (rpaden). KoepimienTu Temmio-
BOTO POBIIMpPEHHA CTAHOBIATH 2,3-107° i 8,4-10° K™ nna Al i Al,O,
BigmoBigHo. I'padeHy mpuramaHHe Bif’€MHe TeIJIOBe POBIIMPEHHA
(-3,2—3,8)-10°* K™!). Ile osmauae, mo ancopboBaHi HAHOYACTHHKU
BYIJIEIIO € «JeMIIpepaMmu», AKi 3amobiraioTb po3TPiCKYBAHHIO OKCUIY
BHACJIi/IOK iHTeHCHBHIIIIOT0 HarpiBaHHA aJIOMiHIiIO ITi yac aHOAYyBaH-
H.

Kpim cmexTpiB komOiHaiifiHoro poscigauHA (puc. 4), HOTJIMHAHHA
BHY mnosepxueio AOA minTBepI:KyeThbcAd aAcOpOIiHUMUN TAaHUMU
(puc. 7). BcraHnoBieHo, IO i3oTepMa IOTJIMHAHHS OIUCYETLCA PiB-
HAHHEAM ThOMKiHAa:

1,0t /‘
-

A-103, mrr!

0,5 ' ' :
-1,26 —1,24 -1,22 -1,20 -1,18

logC, mr-r?!

Puc. 7. Isorepma azcop6mii BHYU y ThOMKiHOBIX KOOpPAUHATAX.
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Puc. 8. Posmogin 3a posmipamu arperopanux yactuaok BHY y posuwmHi, 1110
MmicTuB mucmepcuuit AOA.2

2,3a
A = %log bC,
me f — koedimieHT moBepxHeBOI HeomHOpimHOCTHM, b — KOHCTAHTA,
1o BimoOpaskae TemsoTy axpcopbiiii, a,,, — MaKcuMaJbHa MiCTKicTb

(aa mary excmepumenty — 0,0011 mr-rt).

3rigao 3 momenem ThoMKiHa, B mepliry uepry amacopOiis BimOyBa-
€ThCS Ha OLJIBIN HEHACHYEHUX IMEeHTPaX 3 MaKCHUMAJbHUM BUIIJICHHIM
rerya. IloTiM 3amIOBHIOIOTHECA IEHTPHU 3i CJIAOIIOI0 amcopOIlifiHOI0 37a-
THiCTIO. 3 MepexoA0oM Bij OiJbIII 7O MEHINI HeHACHUYEHUX IEHTPIiB Tem-
Jora anacopOIlii 3MeHIIIYyeThCS eKCIoHeHIinHo. K Oymo sHaligeno,
f=0,35, b=20. Ile cBiguUTL PO JOCTATHHO BHCOKY I'€TE€POTeHHIiCTH
noBepxHiI AOA, AKa BKJIOUYae K aM(OTEepHUN OKCHUI, TaK i oKcajar-
MoHMU.

Arperosani HaHOYAaCTHMHKHU BYIJIEII0O TaKok aacopOyioTbea AOA,
10 IMiATBEPAKEeHO METOAOM AMHAMIUHOIO Ja3ePHOTro poaciauusa (puc.
8). Hacruaku AOA, aki Oyju aucmeproBaHi 3a JOIOMOTOI0 YJILTPA3-
BYKY, MaioTh poamip y 110-130 mm. Ilik, axuii Bimmosimae arpera-
TaM, 3MiIlyeThCcsI B 00JiacTh Oinbimux 3HaueHb (Bim 150—-250 mo 200-
800 um). ¥V po3umHi mepeBakKalTh YaCcTUHKU poaMipom y 300 HM.

4. BAICHOBRH

HomnaBamua BHY mo 1maBieBoro ejIeKTPOJIITY 3abesreuye 3MeHIIeHHST
po3Mipy mop aHOAHO-OKMCHeHOoro amoMiniro. BHY BmiamBaroTs Ha ¢o-
pmyBaHHA mopucToi cTpyKTypum AOA anamoriuno go OI' [21]. Ilepe-
Baroto BHY mag OI' e¢ ogmep:xkamHa AQOA 3 MeHIIHMH HOOpaMu B
M’ AKX yMoBaxX 0e3 arpecuBHuX pearentiB. Boaus BHY ma mopucty
cTpyKTYypy AOA MOKHA IOSCHUTH, 3 OTJHOTO OOKY, ii eKpaHyBaHHAM
HAHOYACTUHKAMHU BYIJIEII0, a 3 iHIIOr0 — «aMOPTU3YBAJILHOIO Ti€I0»
BHY Ha 6inbin IIBUAKE TEPMOPOIMIMPEHHS AJNIOMiHiI0 HOPiBHAHO 3
AlLO;.
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TaxuMm umHOM, MOKHAa ogepskaTtu 3pasku AOA 3 HaHOpPO3MipHHMN
mopaM¥ IMIJISIXOM €KOJIOTiUHO YMCTOI CHMHTE3W 3 BUKOPUCTAHHAM Je-
MIeBUX i HOCTYyIHUX XeMiuHMX peareHTiB. I omepsKaHHA KpHUCTaJi-
ymoro Al,O; Moxke OyTH peasi3oBaHO TiApoTepMalibHY CHUHTE3Y, IIepe-
Barom AKOI HaJ IIPOKapIOBAHHAM € HUMKUa TeMIlepaTypa KpucTaJisa-
Irii.
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! Fig. 1. Luminescence of CNPs under UV radiation.

2 Fig. 2. Distribution according to the size of aggregated particles of CNPs.

3 Fig. 3. Spectra of CNPs’ solutions marked with numbers [mg-cm®] (a): I—concentration
0.0136; 2—concentration 0.017; 3—concentration 0.023; 4—concentration 0.034; 5—
concentration 0.068; (6) calibration curve.

4 Fig. 4. Raman spectra of CNPs (1) and AOA (2) obtained in an electrolyte containing CNPs
(a); deconvolution of the spectrum for the last sample (6).

® Fig. 5. Infrared spectrum of NPs.

5 Fig. 6. Lower side before removal of residual aluminium (a, 6), upper side (8, 2) and cross
section (0, e) of AOA synthesized using pure H,C,0, (a, 8, d) and colloidal solution of CNPs
in H,C,0, (6, 2, e).

" Fig. 7. Isotherm of adsorption of CNPs in Temkin’s co-ordinates.

8 Fig. 8. Size distribution of aggregated particles of CNPs in a solution containing dispersed
AOA.
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CtpykTypHi Ta (poTOXEeMiUHi XapaKTePUCTUKHN TiOPUMIHUX
karaaizaropiB Ti0,/Si0,/MiKpoBOJIACTOHIT, OTEPKAHUX 30JIb—
reJib-MeTOa0M

0. B. 3imuenko, B. [I. €:xoBa, O. JI. ToacToB

ITnecmumym ximii eucoxomonexyaaprux cnoayx HAH Ykpainu,
Xapxiscvre woce, 48,
02155 Kuis, Ykpaina

doroakTuBHi Ti0,/SiO,-KOMIO3UTH OAEPIKAHO in Situ 30Jb—Te€JIb-METOJ0M
muasaxoM ocagxeHHa cymimi TiO, xH,0 ta SiO, yH,0 ma moBepxHIO MiKpo-
HizoBaHoro mpupoausoro CaSiO; (BoslacTOHITY) 3 iXHBOIO MONAJIBIION KOH-
nmeHcatiero. Ilomasnbilie TemIepaTypHe OOpPOOGJEHHA KOMIIO3UTHOTO IIapy
CHpUsE CHOJYYEHHIO OPTOKUCIOT i ()OPMYBAHHIO HAaHOCTPYKTYPOBAHUX Ma-
TepisaniB. Bukopucranas SiO,-BMiCcHHX CHIOJIYK, 30KpeMa OpPraHOCWJIAHIB i
Kaxiit cunikary, 1o BifirpaioTh POJIb CIOJNYYHHUX 1 CTPYKTYPHUX MOAM(Di-
kKaropiB dasu TiO,, 3abe3meuye dhopMyBaHHA TiOPUIHMUX AUCIIEPCHUX KaTa-
JizaTopiB, OyZOBY AKMX ImigTBepa:keHo maHumMu [Y-Pyp’e-cmeKTpocKommii.
3a JaHMMU PEHTI'eHO(Da30BOI aHaJIi3W BCTAHOBJIEHO (opMyBaHHS (asu Ha-
HoKpucrtamiunoro TiO, amarasHoi Kpucramiunoi moaudikarii, BMicT AKoi
nepeBuiitye 70% . Jlaui mopomerpil cBiguaTh, 1[0 HAHOCTPYKTYPOBaHi 3pas-
KU € MiKpOIIOPHCTUMH MaTepidjaMu 3 IHTOMOIO IIOBepxHelo y 60—225 m2r !
i 06’emom Mikpomop Bixm 2 mo 30 mm® 1!, Oninka eeKTHBHOCTU OLepPXKAHUX
KOMIIOBUTHUX (hoTOKaTransizaTopiB y JlabopaTOpHUX yMOBax IIiji OMpPOMiHEH-
HAM Y®-cBiT/IOM y JUHAMIYHMX yMOBaxXx Ta y peajbHUX yMOBaxX y CTaTUY-
HOMY PEXXUMi ITii OMPOMiHEHHAM COHAYHUM i PO3CIAHMM AEHHUM CBiTJIOM
OPOAEeMOHCTPYBaJia IXHIO BHCOKY (PpOTOXeMiuHy aKTHBHICTHL B peakiiii oxuc-
HeHHsa OapBHUKIB MeTusieHoBoro OjaxuTHOro (MB) Ta Hirposumny. Hiaa ¢o-
TOKaTaJidaTopiB mim ompomimeHHAM Y®P-CBITIOM XapaKTEepPHOIO € BHCOKA
IMBUAKICTB AecTpyKnii (v,,) 6apsauka MB, mo carae 7,2 pMons T Lrog . Y
BUIIPOOYBaHHI (POoTOKATATITUYHOI AKTUBHOCTM KOMIIO3UTIB y BUTJIALI IIOK-
puTTiB, HaHeceHMX Ha iHepTHUil cybeTpar, OyJ0 IOKAas3aHo, IO OAep:Kami
TIIOKPUTTSA Iif [i€l0 COHAYHOTO OCBITJIE€HHS JeMOHCTPYIOTH BEJIUYHHY U,
6amspko 0,115 mmonb-cm 2g06a! (gna MB) i mo 0,06 HMOJur(:M_?‘-,qua_]f
(oA mpommcioBOTO OapBHUMKA Hirposuwny). OmepskaHi pe3yabTaTy CBiguaTh
PO MOMKJIMBICTH MPAKTUYHOTO BUKOPUCTAHHA Ofep:KaHuUX (hOoTOKaTaaizaro-
PiB A1 BUTOTOBJIEHHSA NPUCTPOIB AJSA OUYUINEHHS CTIiYHUX BOJ Bif opraniu-
HUX 3a0pyAHIOBAYiB, a TAKOXK AJS ONep:KaHHSA MOKPUTTIB, 3LaTHUX OO ca-
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MOOYHUINEHHS AJSA BHYTPIIITHBOTO Ta 30BHIIITHHOI'O 3aCTOCYBAHHS.

Photoactive TiO,/SiO, composites are fabricated via in situ sol-gel ap-
proach by deposition of as-prepared mixture of orthotitanic (TiO, xH,0)
and orthosilicic (SiO, yH,0) acids onto a surface of micronized natural
mineral CaSiO; (wollastonite) followed by their condensation. Thermal
treatment of the raw composite layer activates deep condensation of or-
thoacids and leads to the formation of nanostructured composite materi-
als. Using SiO, precursors, namely, organosilicon compounds and potassi-
um silicate playing the role of binders and structure modifiers of TiO,
phase, provides the formation of hybrid-powdered catalysts. The hybrid
structure of the composite catalysts is considered by FTIR spectroscopy.
The results of WAXS demonstrate an appearance of nanocrystalline TiO,
anatase phase with crystalline phase content of up to 70%. Porosity
measurements of the composites show a formation of nanostructured ma-
terials with well-defined microporous structure, which is characterized by
surface area in the range of 60—225 m?g! and micropore volume of 2—30
mm?g!. Evaluation of efficacy of produced composite photocatalysts in
laboratory conditions under the dynamic regime and irradiation by UV-
light as well as in environmental conditions in the static regime and under
irradiation by direct solar light or scattered daylight demonstrate high
photochemical activity in the oxidation reaction of methylene blue (MB)
and nigrosine dyes. The photocatalysts are characterized by a high degra-
dation rate (v,,) of MB dye under UV-illumination that reaches 7.2
pmol-g 1-hr!. Testing the photocatalytic coatings fabricated by spray-
drying approach of powdered catalysts on inert substrate demonstrates
appropriate activity as well. The degradation rate (v,,) value of the coat-
ings under direct solar-light illumination reaches 0.115 nmol-cm 2.day*!
(for MB dye) and 0.06 nmol-cm ?day ' (for industrial nigrosine dye).
Thus, the results evidence of perspectives of practical uses of produced
photocatalysts for manufacturing of cartridges for purification and de-
contamination of wastewater as well as for producing self-cleaning coat-
ings for internal and external uses.

Karouosi cmoBa: TiO,, BojacToHiT, KOMIIOBUTH, CTPYKTypa, BJIACTUBOCTI,
doToKaTATITUUHE OUUIIEHHA.

Key words: TiO,, wollastonite, composites, structure, properties, photocata-
lytic decontamination.

(Ompumano 15 uwepgus 2023 p.)

1. BCTYII

Po3pobka HOBUX BUCOKOAUCIIEPCHUX (POTOXEMiUHO aKTHUBHUX MaTepi-
ANiB 1 MOKpPUTTIB Ha IXHill OCHOBiI € aKTyaJbHUM B3aBJaHHAM BIIPO-
IOoB:K OaraTbox pokis [1-3]. HesBarkaiouu Ha TEHIEHIIiIO IOMIYKY HO-
BUX KaTaJjisaTopiB Ha ocuHoBi cmoanyk Ti, Zn, Cd, Ce, Bi, W, Mo Ta
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iH., maiibijpIlla yBara He3MiHHO HaJaeThcA (oToKaTadizaTopaM Ha
ocuoBi TiO,, fioro kombGimarii 3 momudirkaropamu (Au, Ag, Pt, Pd,
N, Si), immumMy QyHKIIIOHAILHUME CIIOJYKaMH, a TAaKOK TiOpUIHUM
MaTepifiaM Ha #oro ocHoBi [3—5].

Cepen mHusku riopugznmx marepisaiB Ha ocuoBi TiO,, KoMmmosuTu
TiO,/Si0, maroTh HaNOINBIII IIEPCHEKTWBU B3aCTOCYBAHHA 3aBIAKU
xeMiuHiil cTabiabHOCTI, CIpOIIeHill TexXHOoJOorii omep:;KaHHA Ta BUCO-
Kii (poroxemiuHill akTuBHOCTi. B mporieci poToKaTaIiTUUYHOI mecTpy-
KIii pasoM 3 MiHepaJiizalfieo TakoX BimOyBaeThbCS UYACTKOBE OKIIC-
HEeHHA Ta Trigpodingizamia opramiuyHux PedvyoBUH, IO HOJIIINye edek-
TUBHICTL NHOBEPXOHBb, 3JaTHUX J0 CaMOOUUINEeHHdA. BomHouac moxa-
BaHHA M0 cKJany (oTokartaraizaTropiB SiO, sbepirae mocraTHiil piBeHb
rizrpodinbHOCTH IMOBEPXHi KaTaji3aTOpiB BHACJiJAOK BMCOKOI MIiJIbHO-
ctu =Si—OH-rpyn [6, 7]. Ti6puaui moxpurta TiO,/SiO,, oxep:kaHi
30JIb—I'€JIb-METOJIOM, MAalOTh HiJABHUINEHY KMCJIOTHICTh BHACJIIJOK Hasd-
BHOCTH CTPYKTypHuUX (parmenriB SiO,, 110 cIpuAe IMOJINIIEHHIO aJ-
copbrii pagukanis OH" ta fiomis OH i spocTamHIO TrigpoditbHOCTH
ixupoi moBepxHi [8]. fIK pe3yabraTr, akKTUBYETHCA IIPOIleC cOpOIlii mMo-
aexkyna H,O ta mecopbriii mpoaAyKTiB pyHHYBaHHSA OPTaHiYHUX CHOJIYK-
dabpynuoBauiB. IligBuimutu rigpodinsuicTh (oToraramizaTopiB Ta-
KOXX MOJKHA, 30iabiryroum ryctury mnoBepxueBux OH-rpyn mim uac
moxaudiryBanua TiO, cnmomyxkamu Al Tta Zn.

HomatrkoBoio @yHKIielo SiO, B mpormeci yrBopeHHs TiO,-BmMicHHX
KOMIIOSUTIB € KOHTPOJIb peaKIlil KoHAeHcallili I pocTy HAaHOYACTUHOK
TiO,. B pesyabrari Blaemoxii mizk =Ti—OH- i =Si—OH nHaHOUYacTHMHOK
rizpaToBaHMX OJiroMepHUX (OPM BiAIOBIAHUX OPTOKMUCJIOT Bifg0yBa-
€ThCA YTBOpPeHHA Tidpuanux 3B’sa3KiB =Ti—0-Si=, 110 B momajabIIomMy
migBuiye GoToakTuBHiCTE HaHOKpucTaaiB TiO,. Kpim Toro, oairome-
PY OPTOKPEMHINOBOI KMCJIOTH BUKOHYIOTH (DYHKI[i}0 CIIOJTYYHOIO, IO
3’ennye maHokpucraau TiO,, a ixmi amopdHa cTpyKTypa Ta MmoJimmc-
IIepCHICTh MiABUMIYIOTH IMOPUCTICTH i MOJIINMIIYIOTH AJOCTYIHICTH KarTa-
JITUYHUX MEHTPIiB TaKUX KOMIIOBUTIB y (POTOKATANITUUYHUX MIpOIlecax
[9]. Lleit mpoliec MO3UTHUBHO BILIMBAE HA IIHUTOMY IIOBEPXHIO Ta KiJb-
KicTh KaramiTunuaux meHTpiB Ti0,/SiO,-kommosuriB. Takuit migxin mo
CTBOpPeHHA (PoTOoKaTagisaTopiB 3 KpucTamiunoio daszowo TiO,, mo ma-
IOTh HEBIOPAIKOBaHY OyJOBY fK pe3yJbTAT CIIOJYUYEHHA CKJIAJOBUX
pisHoi mpupoau Ta pyHKIioHamsbHOCTU [10], € BifoMuUM i MIUPOKO BU-
KOPUCTOBYETHCA IJIA IMiABUIIEHHSA (POTOXEMiIUHOI aKTUBHOCTU KOMIIO-
BUTHHUX KaTaJil3aTopis.

IlepcuekTuBHicTh BuKoOpucTaHHsa SiO, mAid cTBOpeHHA (OTOKATAJII-
3aTOpPiB BimoOpasKeHO y BeJIUKiNl KiJBKOCTI HOCHifKeHBb 3 IIiei mpo-
omematuru [3, 5, 11-14]. AKTUBHOro PO3BUTKY BOAHOpPa3 HaOyB HO-
BUM migxim i3 3aMiHOI0 HMIMPOKO 3aCTOCOBAHUX HeCTaOiJIbHUX Oprai-
yaux noxigamx Cuiimito [15] Ha crabinbHi Heopramiuui mogudirkaro-
pu [16], mryuni SiO,-BmicHiI marepisgau (miporermnuit SiO,, cuiikare-
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Jai, aeporeii, ckJyo) [7, 17, 18] Ta mpupoaui cuiaikaTHi MiHepamu —
TJIMHU, OEHTOHITH, INIIIAaTH, IMeoaiTu, KBapr [19-22]. Bamausumu ime-
peBaramMm cyOGCTpPaTiB NPUPOTHLOTO MOXOMMKEHHS € MOXKJIUBICTHL edek-
TuBHOTO BuKopuctanHsa TiO, 3a #oro ocamkeHHs Ha cyOcTpaT y BU-
TJISAL1I TOHKOTrO IIapy Ta, 3a moTpedu, MOAM(MIKyBaHHSA IOBEPXHi Cy0-
crpaty. 3okpema, BBegeHHa Ti0,/Si0, KOMIIO3UTY B IIeMEHTHY CYMIiIIl
Hazae i TOMiTHI (poTOKATANITUUYHI BJIACTUBOCTI, a CIIOJYYEHHSA KiJib-
KOX KOMIIOHEHTIB 3 pisHUMH (YHKIOiaMEH (KOHCTPYKI[iHHUMU,
B’SI3aJILHUMH, KATAJiTUUYHUMMU, 3aXUCHUMU TOIIO) MOJimIye cTabi-
JBHICTh (POTOKATAJITUYHUX IIOBEPXOHb [0 BIJIMBY KJIIMaTUUYHUX
ynuaHUKIB [19]. Hucnepcui rommosutu TiO,/Si0O,, omep:kani miposi-
3010 3 Oioremmoro SiO,, TeMOHCTPYIOTH 3aM0BiNIbHY eheKTHUBHICTHL Ie-
CTPYKIIii opramiunux sabpynuioBauiB [20]. KoHTpoinoBaHe ocamsKeH-
Ha mapy TiO, Ha TpupoAHi aTIOMOCHIIKATH YMOKJIUBIIOE OJEep:KaTH
IIapyBaTi KaTajaisaTopu AJA OUMINeHHS KUCJIOTHUX CcTiuHuMX Box [21].
ABTopu 6Gararnbox pobiT BimsHauamTh, 0 MiHepaJbHi cybcTpaTu He
IOTipHIyIOTh (DOTOXEMiUHI XapaKTEePUCTUKU KaTajlisaTopiB, HATOMiCTh
IaloTh 3MOTY 3acTocyBaTH Bimomi cmocobu mommdikyBanHs TiO, mas
OigBUINEHHA aKTUBHOCTH (hOTOKATAi3aToOpiB, B TOMY YHCJi y BUIU-
Mi#i objacTi cmekTpy [22]. Ause ciim 3asHauuTH BigoMuil (akT, IO
JesaKi HeopraHiugi croayku Ta oHM, Hanpukiaajg Na', mo npucyTHi B
OinbIIocTi MPUPOAHiIX MiHepaJsiB, 3maTHI moripiryBatm QoToxeMiuHi
BiactuBocTi TiO,-BMicHUX KarasiisaTopiB [23, 24]. OgauM 3 mpupo-
HiX cyOcTpaTiB 3 BUCOKUM HOTEHI[isIJIOM 3aCTOCYBaHHS JIsI OJepPyKaH-
HA (oTokaTasizaTopiB € MiHepas BojsacToHIT — npupoxHiii CaSiOs,
10 He MicTuTh HoHM Na', HATOMIiCTh MOMKe MICTHTH CIiJ0oBi KiIbKocC-
Ti igmux enementiB (Fe, Mg, Mn), 110 MOXYTb OYTH HOTEHI[IHHUMU
monudikaTopaMu KiHIleBUX (POTOAKTHUBHUX cucTeM. POpMyBaHHS 30-
BHIIITHBOTO IIapy Ha IIOBEPXHiI iHePTHUX IPUPOJHiIX HOCIIB Mae
eKOHOMiuHe MiAI'PYHTHA, OCKIJIbKH YMOKJIHUBJIIOE CIPOCTUTU METO.
oIep:;KaHHA Ta 3MEHIIUTH BUTPATy KOMIOHEHTIB, NPU3HAUEHUX IJIs
CTBOPEHHA KaTaJji3aTopiB, i3 30epe:keHHAM iXHbOI e)eKTUBHOCTHU.

B 6inbImocTi mocaimikenb Oy BU3HaUeHHS (OTOXeMiuHOI aKTHUBHO-
CTU KaTajilaTOpPiB BUKOPHCTOBYIOTH CTAHIapPTHI (MOAe/JbHi) opraHiuni
3a0pyoHIOBAYi — BOJOPO3UMHHI OapBHUKMU: METUJICHOBUU OJaKUTHUI
(MB), wmeTuJOBUII OpaH;KEBUII, POJAMIiH TOIIO, IO YMOKJIUBJIIIOE
CIPOCTUTH BUBUEHHS MPOIIECiB (POTOXEeMiUHOTO OKMCHEHHS Il mdieio
doroxaTasizaTopiB. Ase 1i GApBHUKM He € €TAJOHHUMMU CIIOJYKAaMU-
3a0pyaHIOBaYaMU, OCKiIbKM, IIO-IIepIlie, He 3aBXKAU 3yCTPidualoThCA Y
Bigxomax IIPOMUCJIOBOCTU Ta, MO-APyre, 3aBAAKKU OCOOJIUBOCTIM XeMi-
yHOI OyI0BU, 30KpeMa 3JATHOCTiI JO0 OKMCHEHHS Y JOCTAaTHBO M’ AKUX
yMOBaX, MOBHOITIHHO HE BiITBOPIOIOTH ITOTEHIiMHI MOMKJIMBOCTI KaTa-
jgizaropiB. Ha Bigminy Bim «eTasoHHUX» OapBHUKIB, € MHOTEHIIIHHO
HebesImeuHi opramiuHi CIOJIYKHU, IO aKTUBHO BUKOPHUCTOBYIOTHCS B
MIPOMUCJIOBUX MpOIlecax i MosgBa AKUX Yy IIPUPOSHLOMY CEpemOBUII
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Hece IIOTEHI[IMHY IIKOAY MOBKiaIo. OpHie0 3 TakKMX OpraHiuvHmX
CIIOJIYK € 0apBHUK HITPO3WH, IO € HPOAYKTOM OKICHEHHS aHiJiHy.
3aBOsaKu 0CcOOJUBilT XeMiuHifl CTPYKTYpPi HirposwH BaKKO IIiAJZAa€TbCs
rIuOOKiil mecTpyKIlii, 0coGJIMBO B MPUPOAHiX YMOBAX, IO € IOJOBHUM
KpuUTepieM iioro HeOe3meKM AJId HaBKOJHUIIHLOI'O CEPEIOBUIIA.

Couparounchk Ha CydyacHi JOCATHEHHsS B o0JjacTi (GoToOaKTHBHUX
kommosutiB Ti0,/Si0,, cupAMyBaHHSA MaTepiAo3HABCTBAa Ha pecyp-
co30eperkeHHsI ¥ eKOHOMIiUHY [OIiJIbHICTH IIPOMMCJIOBOI CHHTE3U
KOMIIOSBUTHUX KaTajli3aTopiB, B JaHiii poOOTi 3aIIpoOIIOHOBAHO CHOCi0
ofep:KaHHA HOBUX riopmaamx Qoroxarainizaropi TiO,/SiO, 3 BuUKO-
PHUCTAHHAM MEePCHeKTUBHOTO IIPUPOAHLOTO cybcTpaTy — MiHepanry
BOJIACTOHITY Ta TrimpodinbHUX SiO,-BMiCHMX CTPYKTYPHHX Momu(ika-
TOPiB 1 CIIOIYYHUX, JOCTIIKEHO CTPYKTYPHi, cOpOIlitiHi Ta (oToxemi-
YHi XapaKTepMCTUKU JNCIIEPCHUX KOMIIO3UTIB, a TaKOXK IIepeBipeHO
KimeTnuHi mapamMeTpu (HOTOXEMiUHOI aKTHUBHOCTH OAepP:KaHUX KaTaJli-
TUYHO AKTUBHUX HAHOCTPYKTYPOBAHUX IOKPUTTIB Yy MPUPOTHIX yMO-
Bax, OJA 4Yoro OyJo 3acTocoBaHO MeTon ¥ P-BUI-CIIEKTPOCKOMii Ha
BiOuBaHHA.

N.
=
2 Cli/
SN S N
| . | . HN N. NH
MertunenoBuii 0JIaKUTHUNA ~
HN N SNH*
\ N le
N Q‘N SO,Na
/
MeTtuioBuii opaH:KeBUA
Hirposun

2. EKCIIEPUMEHTAJIBHA YJACTHHA

Haa ogepskanasa (QOTOAKTUBHUX KOMIIO3UTIB Bukopucrtaau Turam(IV)
xgopun TiCl, (95%) Ta Bomumit posumn NH; (28%). fAx Buximui
KOMIIOHEHTH IJA OJep:KaHHSA TigpaToBaHOI (GopMH OPTOKPEMHilioBOi
KHCJIOTH, CTPYKTYypHOTO MoaudikaTopa Ta HEOPraHiuYHOT'O CIOJIYUHO-
ro, 0yso obpano uactkoBo rigpoxaiszoBanuii (C,H;0),Si (mpomyxr EC-
40; Bmict SiO, — 40%) i Bomuwmit posumu Kamiii cuairkary K,SiO,
(36%; K,0/Si0,=3,05). fAx opramiuHi cmonyxku-sabpymHiOBadi, BU-
KOpUCTOBYBasmu OapBHUK MeTuaeHoBuil OmakutHuit (MB) i mpomucio-
Buii 0apBHUK, II0 BUKOPHCTOBYIOTHL y IIKipAHOMY BUPOOHUIITBI,

Hirposuu uopuunii. K mMiHepaJabHUII CyOCTPAT BUKOPHCTOBYBAJIU MiK-
poHizoBaHMIT HpUpPOAHiNE MiHepasa BojaacrtouiT (B™; mapxa MupoJut
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15-96; smicT SiO, — 49,2% wmac.; cepenHiii JgiHiliHUA posmip uacTu-
HOK a0o miamerep BoJIOKOH — 12+ 7 mMm). K cybGcTpar aas IOK-
puUTTS (oToKAaTaIi3aTOpoOM, BUKOPHCTOBYBAJIU OUHIIEHY II€MEHTHO-
0eTOHHY ITOBEPXHIO — OCHOBHUI THUIN IIOBEPXHi IIPOMUCIOBUX i KHT-
JOBUX IIPUMIiIlleHb, IPUAATHUN OJIsd HAaHECEeHHA NeKOPATHUBHUX i (PYH-
KIIiOHAJIBbHUX IIOKPUTTIB.

JucriepcHi KOMIIOBUTHI (pOTOKaTasIi3aTOpu OJlep:KaHO KOHIeHCcalli-
efo rigparoBarux ¢opm oproruranoroi (H,TiO,) Ta oproKkpemHiiioBOI
(H,SiO,) KucaoT 3 mOJaNBIIUM OCAIMKEHHIM KOHIEeHCOBAHOTO ribpum-
HOT'O Ti[pO30JII0 HA HOBEPXHI0 MiKPOHiI30BaHOIO BOJIACTOHITY. 3TiZHO
3 METOIUKOI0, 40 Boauoro posuuHy TiCl, 3a iHTeHCHBHOro mepemiry-
BaHHA A0JaBajM IeBHY KiJbKiCTh PO3UMHY aMOHiaKy JJA YacTKOBOI
HeliTpasizarii cymimri; manxi BBoguau BoJjgactoHiT Ta EC-40 aK momu-
dirarop (SiO;°), momaBamm sanumKoBy Kinbkicts NH; pus moBHOT
HelTpaJizalii cymimri Ta BurpumyBanu 3a 90°C mporsarom 2 rom s
3aBepIIeHHA IIPOIEeCiB KOHAeHCAlil i ocaJKeHHA. 32 BUKOPUCTAHHSA
monmupiraropa K,Si0; (SiO;*°*) amoHiak He BUKOPHCTOByBaiu BHA-
CJiMOK BMCOKOI JYsKHOCTH po3umHy Kamiii cuiikary, a immmi cragii
mporiecy Oyam amanorivammu. OfepsKaHi OuCIepCHi KOMMIO3UTU Bin-
Iinanu meHTpudyryBaHHAM, IPOMUBAJIN AUCTUILOBAHOIO BOIOI0 JIs
BugasieHHs ¥oniB Cl, cymuau 3a temneparypu y 90°C Ta KaabIuHy-
Basu 3a 400°C BmpomoB:x 1 rox.

Hna omep:xanHsa mokpuTTiB 1o 10% wmac. Bogmoi aucmepcii xommo-
autiB momasaau 5% wmac. EC-40 i 3a m0omoMorow MeToay HAIIOPOIIIEH-
HS HAHOCHUJIM MOTPiOHUI ITap MOKPUTTA HA IIeMEeHTHO-OETOHHY IIOBe-
PXHIO, Uepryloun Ipollec HaHeceHHA 3 CYMIKoo (spray drying) sa ki-
MHATHOI TeMIIepaTypu. 3a oO0paHUX YMOB OIepsKaHuil IIap IOKPUTTS
MaB ToBuinay y 100 + 20 MKM.

XeMmiuHy OyIZOBY BUXiTHHX CKJIAJOBUX i KOMIIO3UTIB BUBUAJIU Me-
rogoM IY-cmexTpockorii ma npunani Bruker TENSOR 37 B mianasoni
v Bix 4000 mo 400 cm'. PentrenogaszoBy (P®A) cTPpYyKTYypy KOMIIO-
BUTIB MOCTiIKEeHO MEeTOAOM IITHPOKOKYTHBLOI peHTreHorpadii 3 BUKO-
pucrtaHHAM peHTreHiBCcbKOi Kamepu IPM-1 i CukK,-BumpomiHeHHs,
moHoxpoMmaTtusdoBaHoro Ni-¢inbTpom, Ta BU3HAUEHO CTYIIiHb KpUCTA-
adiuoctu (X,,) i cepezpniii posmip mHaHokpucramis TiO, xKomMmosuTis
(Dyp). IImromy mosepxHIO (S,,,) # 00’eMm Mikpomop (Vi,,,) 3pPasKiB
KoMIo3uTiB oriHmoBanu 3a MeroxoM BET na amaniszatopi KELVIN
1042. CopOiiiiHi xapaKTepUCTUKU KOMIIOBUTIB Y BOJHOMY CEPEIOBU-
IIi IO BiTHOIIIEHHIO A0 OPTraHiYHMX MOJIEKYJI BU3HAYAJIU MeTOoAoM (o-
ToMeTpii ILIAXOM TeMHOBOI amcopoOIiii 50 MrM-posumHy OapBHUKA
MB yupomos:x 3 rom. ApmcopOrifina MicTKiCTh AUCIIEpPCHUX MAaTepis-
7B (Yus [IMOIB-T']) € BAKJIMBOIO XapaKTePUCTUKOI aKTHUBHOCTHU IIO-
BepXOHb (hoTOKaATAIi3aTOPiB.

doToxeMiuHy aKTUBHICTHL KaTaji3aTOpiB IlepeBipeHO Ha opraHiu-
HuUX sabpynHioBauax — OapBHuUKax MDB Ta HirposmuHi 3 BuKopucTan-
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HAM MeTony ¥ P-BU-CIIEKTPOMETPil y pekmMax IIOTJIMHAHHA Ta Bif-
ouBaHHA. MogeabHi JOoCHimgKeHHS (POTOKATATITHMUHOI il KOMIIO3UTIB
npoBoguan MeTomoM Qoromerpii ama A =670 HM 3a 3MeHIIEHHAM
rkoumerTpanii MB (ACyg [aMoab-r']) 3a uac ompominenHa. 3a MeTo-
IUKOI0 HaBaXXKy KoMio3uty Macoio y 0,05 r aucmeprysanam y 40 M
0,05 MM Bomuoro posumny MB Tta miggaBaau Y®P-ompoMiHeHHIO
(mxepeno — kommiaekc Jgammn Philips TLK 40W105 sarajbHOIO II0-
ry:xHuicTio y 300 Br, I=1,26 mBr-c™m %, A,,.. =365 HM). 3a pesyabTa-
TaMU JOCHiJKeHb BHU3HAYaJM IIBUJKICTE QoTomecTpyKmii (v,
[umons T ' rox']) 6apBHHUKiB. Ba BimcyTHOCTH KaTamizaTopa doTomer-
pagamia MB B ganux ymMoBax He BimOyBaJiacs.

HocaimxeHHsa (POTOXEMIUHNX XapPaKTEPUCTUK MOKPUTTIB HTPOBOM-
JU 3a HACTYIHOI0 MeToaAnKoo. Ha MOKPUTTA HaHOCUJIM PO3UUH OapB-
HUKa (ekBiBaJleHT 3 HMOJb), CYIINJIN 3a KiMHATHOI TeMIlepaTypHu Ta
OiggaBajgyu OIIPOMiIHEHHIO 3a [OBOX pPeXuMiB. Domorxamasimuydnuil
pexcum 1 — mpame coHA4YHe cBiTaO 3 rox. (E.,=0,145 MBTcM ?),
posciaHe geHHe cBiTio 9 rog. (E.,=0,024 MBr-cm %). Pomoramadi-
muynuil pexcum 2 — posciaHe gmeHHe cBitao 12 rox. (E.,= 0,024
MBr-cm ?). EHepreTuuni mapaMeTpu OIpPOMiHeHHS, PO3PaxoBaHi fAK
cepelHili TTOKA3HUK D MipAHL YIIPOIOBXK KOKHOI'O IIepioay OCBiTiIeH-
Ha (IpAMe COHSYHEe OCBiTJIeHHS, pO3CisiHe MeHHe OCBiTJIEHHS) 3a IO-
momoroo pazniomerpa ATT-1515 y cmexTpanbHOMy aisimasomi 320—
390 HM, ITII0 € OCHOBHUM JisITa30HOM IIOTJIMHAHHSA IJs (PpOoTOKaTasisa-
TopiB Ha ocHOBi TiO, (doroxemiunow axkTuBHicTIO OimbitocTu TiO,-
BMicHMX KarajisaTopiB masa A >400 uMm Mo:kHa HexTyBaTu). Tpuba-
JicTh QoTOKATATITHUHUX BUIPOOyBaub nasa MB ckaagana 14 ni6, mias
Hirposuny — 21 moby. 3a pesyJbTaTaMu IOCIiI:KeHb BHU3HAUEHO ce-
PefHI0 Ta MaKCHMAJbHY IIBUAKICTE (POTOZECTPYKIil OGapBHUKIB (U,
Ta U, BIATIOBiZHO [EMOIL-cM 21004 ']), a TAK0M MIUTOMUH IMOKASHUK
dorogecTpyknii 6apsEuKiB Ha 1 cM® moBepxHi mokpurta (AC).

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Opep:xanua TibpugHux QoTokKartagizaTopiB ma ocuHoBi TiO, 3a obpa-
HUM MEeTOIOM € CYKYIHicTiO mporlieciB riaposisu TiCl, 3 mepeTrBopeH-
HAM Yy [OHCIEPCHY TigpaToBany (OPMY OPTOTHUTAHOBOI KHCJIOTH
(TiO,-xH,0) Ta ii KoHpaeHcalii 3 YacTMHKaMM TipaTOBaHOI OPTOKpe-
MmHitoBoi Kucaotu SiO, yH,0 3 yTBOpeHHAM TriOpHIHOTO TiAPO30JIO0,
AKWU BHACJIZOK B3aeMOii 3 ITOBEPXHEIO0 BOJIACTOHITY, IIO0 MAa€ IIOBe-
pxHery Si—OH- i Ca-OH-dyuKmionambHicTs [25], ocamKylOThCA Y
BUTJISAAI KOMIIO3UTHOTO IIAPy Ha IIOBEpPXHIO cybcTpaty. Temmepartyp-
He 00po0JIeHHA cIpuse Aerimgpararlrii rigpososio Ta KOHIeHcallil cKJa-
IOBUX 3 YTBOPEHHAM TiOpuAHUX AucHepcHuX (GOTOKAaTaIi3aTopPiB.
CkJag Ta OCHOBHI XapaKTepPUCTUKU OJEP:KAaHUX KOMIIO3UTIB y BHCO-
KOIMCIIEPCHOMY CTaHi HaBemeHO B Tabm. 1.
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OcobauBocTi xemiumoi OymZoBM KOMIIOBUTHUX (POTOKATAIi3aToOpiB
BUBUYEeHO 3a momomoror IY-Pyp’e-crmekTpockormii (puc. 1, a) [26, 27].
Axmro posrnsuytu cmextep cyberpary (CaSiO;; 3pasox 5), MokHA
BimsHaumuTy HU3BKHH BMicT moBepxHeBUX OH-Tpyn (Vomuaxe = 9458
cM ') AK pesyJbTaT MILThHOI KpHCTATiuHOI OyZoBM MiHepaay Ta HHU3b-
Kuil BMicT amcop60BaHOI BOJMOTH (Viomaee = 1685 ¢M '), 10 € TUHIOBUM
IJIST HEIIOPMCTOI CTPYKTYPH BoJIacTOHITY. TaKkoXK MOXKHA cIiocTepiraTu
nHaaBHicTb COZ -HOHIB (Voomae = 1428 cM '), 1Mo 3a3BWuail € y CKIafi
OpUPOAHiX MiHepaJiB. TaKoX IJd MiKpPOUACTHMHOK CyOCTpaTy CIIOCTe-
piraeTbcsa HM3Ka CMYTr MOTJIMHAHHSA, IO IiATBEPIKYIOTH CTPYKTYPHI
0COOJIMBOCTI CHMJIIKATHMX MAaTepidaiaiB, a caMe, HaABHiCTL 3B’ aA3KiB O—
Si—0 3 maxkcumymamu s 1081 cM ' (BaseHTHI MICTKOBL, Vogio bridge) 1
966 cM ' (BaneHTHI HEMICTKOBI, Vogiononbriage)s 921 1 900 em™' (acumer-
puuHi Ta cumeTpuuHi JgedopmamiiiHi, JOpgio.s T& Oosios BLAMNOBiLHO).
HomaTkoBo imeHTHdiKoBano 3B’ a3Ku Si—0—Si, cMyru KoJIuBaHb AKUX
matoTh Makcumymu 17 1060 1 1016 e ' (8giog:0s 1 Osiosis), 681 1 644
cM ' (Sgiosias 1 Osiosis BLAMOBIAHO), Ta CMYTy, TUIIOBY AJisi KPUCTAJid-
HUX CUJIIKATHUX CTPYKTYp Auasa 472 cm '. Kpim Toro, izenTudikosano
cMmyru gedopMallifHUX KOJUBAHL cuiaaHoabHuUX Si—OH-rpym 3 Max-
cumyMaMu s 566 i 509 e ! Ta v, A1a 451 cv .

Ha IY-cnmexkTpax KOMIO3UTIB BHACJHiZOK (OpMyBaHHSA DPO3BUHEHOI
IIOBEPXHi Ta IIOPUCTOI CTPYKTYPU CIIOCTEPiraeThbCcs MiABUINEHHSA BMic-
Ty moBepxHeBux OH-rpym (voy=3450 cm™') i axcopb6oBaHOi BoJOrH
(Vi,o= 1635 cm™'). HasBHicTh mMpoKoi KoMmILieKcHOI cmyru Si—O—Si
B mianmasomi 1250—1160 cm ' i HOBOI cMyTH Jygo 3 MAKCHMYMOM MIJIS

Abs
LY %
Abs

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
v, cM 1 v, em!
a 0

Puc. 1. IY-®Pyp’e-cuekTpu BOJACTOHITY Ta KOMIO3UTHUX (POTOKATATIIZATOPIB
(a) i xomnosuty TiB""Si-4 mo Ta micis ompomiHeHnHs 3a HasgBHocTu MB (6):
TiB*®*Si-4a (1), TiB“*Si-4 (2), TiB"®Si-7 (3), TiB™Si-6 (4), BosactoHiT (5),
TiB**Si-4 3 agcopbosanum MB (6), TiB*Si-4 micia doTomecTpyknii MB (7).
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793 cm ' BKasye Ha IOABY B CKJIaAi KOMIIO3UTiB amopdHOro SiO,, 1o
YTBOPIOETHCSA B Pe3yJIbTAaTi KOHIEHCAIIiMHMX MIPOIleciB 3a ydacTiO Tij-
paTtoBaHOoi (opMH OPTOKPEMHIHOBOI KHCJIOTH IIiJi Yac oOAep:KaHHsd
TiO,/SiO,-kommosuTiB. Kpim Toro, Ha cmeKTpax 3pasKiB y miAmasoni
v>800 cm ! izeHTH(])iKOBAHO IIMPOKY KOMILIEKCHY CMYTy KOJIHBAHb,
1[0 YTBOPHJIACSA BHACJIIMOK CYIIEPIIO3UIlil CMYT KOJMBaHL 3B’ A3KiB Si—
0-Si BozacToriTy 8i cmyramu Ti—O-Si 3 Mmakcumymom mias 937 em ' i
Ti—O-Ti ana 797 cm ' [28]. Ba TemMmepaTypHOTo 00pOGIEHHA (KAJIb-
IIUHYBaHHS) KOMIIO3UTIB (3pasku 2—4) BimOyBaeTbcA BUIAJEHHSA Til-
paTHOI Ta copboBaHOI BOJ i yacTKoBa KoHAeHcallia BimbHmMXx Si—OH-
rpyn [29] y moBepxHeBOMY ITapi KOMIIO3UTY, IO CIIPUUYUHAE HTOMiTHE
NOHM)KEeHHSA iHTerpajbHOI iHTEHCMBHOCTU CMYTU Vgoy. BogHOUAC IIPU-
pona KpeMHiliBMicHOTO MoamdikaTopa MOMITHO He BIJIMBA€ Ha CTPY-
KTYpHi XapaKTepUCTUKU TiOpUIHUX CHUCTEM.

Ha mpuxnazni riopuagmoro xommosuty TiB“Si-4 ta 6apsuuxa MDB
(puc. 1, 6 i puc. 2, a) OyJI0 ZOCHiIAKEHO MOCTiAOBHICTD CTAAiil mpoIle-
cy (oTOoKaTaNiTUUYHOI MECTPYKIIl opraHiyHMX CIIOJYK KaTaJisaTopa-
MU JAHOTO THUIY. 3a OUCHepr'yBaHHA THCIEPCHOTO KaTaJisaTopa B po-
3unHi OapBHUKA 3a BiICYTHOCTH OCBITJIEHHS CIIOCTEpPiraeThcs aKTUBHA
dasza amcopOITii opraHiyHMX MOJIEKYJ IIOBEPXHEI0 YaCTUHOK KOMIIO3MU-
Ty, IO MOMKHAa cmocrepiraty mo moABi y IY-cmeKTpi KOMIIOBUTY Bij-
noBiguux cmyr koauBaub (C—H i C—H/C-N; pwuc. 1, 6, cuexrep 6).
Bapro BKasaTu, 110 HAABHICTH CMYT 3 Ay:Ke HMU3bKOIO iHTEHCUBHICTIO
B obsacti 3azHauenux cmyr C—H i C—-H/C—-N Ak Ha cmeKkTpax BUXi-
HOTO BOJacTOHiTYy, Tak i B IY-cumekTpi xommosuty TiB"Si-4 micas
OIIPOMiHEeHHS ITOB’fA3aHAa 3 HACHiAKaMU IPOOOIiATOTOBKH.

Amnaniza Y®P-Buja-cuekTpiB morauHaHHa posumHiB MB mo Ta micia
amcopOIrii cBiAUMTL PO 3HAUHY PiKHUII0 B KOHIIEHTpAIlii OapBHUKA
— MailKe 3HUKAIOTh XxapakTepHi a1 MDB ocHOBHI cMyru morJamHaHHSA
B Y®-gianazoni (246 i 291 um) Ta y Buaumii obsacti cuexkTpy (612 i
664 um) (puc. 2, a, cuektpu I i 2 BimmoBigmo). Takok mimg BOIMBOM
Y®-ompominenas B IY-cmexkTpi Karajsisatopa 3 azacopboBanum MDB
3HUKAIOTh CMYT'YM KOJHUBAaHb, IPUTAMaHHiI OapBHUKY, IO CBiIUUTEL IPO
mepebir peakIiii oro OKMCHEHHA Ha MOBEPXHI KaTaJjisaTopa Ta Jeco-
poO11ii mpoayKTiB mecTpykIlii B 00’eM posuuny (puc. 1, 6, ciektep 7).

Amnaniza cuekTpy MomenabHOro posumny MB micoa doromecTpyKitii
CBiUMTL TPO IOBHe 3HUKHEHHA CMyTr moriamHaHHa MB, ane moBHOI
MmiHepaJgisaiii moaexkyn MB 3a 1 rom. Y®-ompominenusa He BinOysa-
€ThCA, OCKIIBKY OKpEeMi IPOAYKTH AECTPYKIIil 3aJMIIalOThLCSI B peak-
MiflHOMY cepemoBUIIi, IO BUIHO IO HAABHOCTI OCTATOYHOIO IIOTJIU-
HaHHA PO3UYMHY B mianasoHi A < 280 um (puc. 2, a, cuexrep 3). Cuin
BiIBHAUUTU, IO BiACYTHICTH CMYyTHM B8 A, =246 HM cBiguuTH TpO
pyliHyBaHHA apomatuuHoro ¢enoriaszonbHoro Axapa MbB [30] ak oguo-
ro 3 XeMiuHO cTabilbHMX (parMeHTiB MOJIEKYJH, IO BayKKO IIiama-
I0ThCS PYUHYBAaHHIO B IPUPOAHiX YMOBaX.
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Puc. 2. Y®-puj-creKTpu HoriauHanHs (a) posunnis MB: suxigauit 5107 M (1),
micasa TemHOBOI azcop6birii Ha TiB*Si-4 (2), micas dorozecTpykii Ha TiB*Si-4
(3); onrurui MiKkpodoTorpadii (6) spaskis: B*® (1), TiB™-2 (2), TiB*™Si-6 (3).2

Amnaniza wmikpodororpagdiii gucmepcHMX KOMOO3UTIB (puc. 2, 6)
IEeMOHCTPYE 30iJbIIeHHS JiHIHHNX PO3MipiB YaCTUHOK BOJACTOHITY
Bigm 7-10 mgm mo 15-29 mrm (TiB"™-2) i 19-37 mxm (TiB™Si-6) 3a
ocaJKeHHA Ha IXHIO MOoBepxHIO riopuanoro mapy Ti0,/Si0,. 3a numu
JaHUMM TOpUOJM3HA TOBIWHA IOPUCTOTO KATAJiTUYHO AaKTHUBHOTO
IIapy Ha IIOBEPXHi 4YacTMHOK cKJagae 4—12 MKM 1 3aleXuTh Bin
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CIIiBBiTHOIIIEHHsS KOMIIOHEHTiB. AJle TeHIeHIlisg Mo arperaiii moBepx-
HEeBO-MOAN(PiKOBAHNX MiKPOYACTHHOK BOJIACTOHITY Ha CTamii CYIIKH
Ta KaJbIIMHYBAaHHA 3pasKiB KOMIIO3UTIB IIOTipIIIye TOUYHICTDL MipAHbB.
Posraamaroun B3aeMO3B’A30K MiK aacopOIifiHoio Ta GoToxeMiuHOI0
aKTHUBHOCTSMM, & TAKOK PEHTI'eHO()a30BOI0 Ta IIOPUCTOIO OyJOBaMU
riopuaAHNX KOMIIO3UTIB, MOKHA BU3HAUUTH II€BHiI O3HAKM II€PCIEKTI-
BHUX KOMIIOSUTHUX (orokaranizaTopiB (tada. 1). Ima Takmx mare-
piayiB, omep:KaHMX 3a 3aIPOIMOHOBAHWM METOJIOM, XapaKTepHe 3Me-
HIMIEeHHA CepeIHbOro Po3Mipy HaHOKpucTataiB (< 20 HM) Ta CTyIeHS
kpucraigiuaoctu (< 75%). Kpim Toro, xpucramiuna ¢asa TiO, xomiro-
BUTHHUX KaTaJIi3aTOPiB CKJIAJAEThCSA IEePEeBaKHO 3 aHaTa3HOI MoOmumpi-
Karii (pedaekc mpaa 20 = 25,4°; puc. 3, a), a BiTHOCHUI BMicT MOnu-
dikarii pyTray TOYHO BUBHAUNUTU HEMOJKJIMBO BHACJiIJIOK HOTO MaJo-
ro Bmicty. HeoOximHOo 3a3HauMTH, IO OAHI€I0 3 KJIIOUOBUX OCOOJIMBO-
cTell, II0 BM3HAYAIOTh e(DeKTHUBHICTH KaTaJidaTOpiB, € IXHS IOpPHCTA
OoynmoBa. PesysmbraTu mopometpii cBiguarh, 1m0 BuKopucTaHHA SiO,-
BMiCHUX CIIOJYYHUX 3a0€31eUyIOTh BUCOKi 3HAUEHHS HUTOMOI IIOBED-
xHi Ta 3amoBinbHUI 006’eM Mikpomop (10-30 mMm®/r) y mopiBHAHHI 3
kommosutom TiBY-2, omepskanuMm ocamkeHHaAM TiO, Ha TOBEPXHIO
BOJIACTOHITY B3a BifICYTHOCTU CTPYKTYpPHuUX MoxudikaropiB. 30iab-
mrenua Bmicty TiO, mo BigHomieHHI0 10 MoAu(pikaTopa TaKOK IIPUBO-
IUTH OO0 KOMIIAKTYBaHHA CKJAJOBUX KOMIIOBUTY B IIPOIlECi KOHJAEHCA-
mii (TiB™Si-7) Ta moripmienua ioro mopucroctu. OTiKe, IJIA HUSKU
nucnepcaux TiO,/SiO,-kommnosutis, 3okpema TiB"Si-4 Ta TiB™Si-6,
XapaKTepHUMU € BHCOKHMI piBeHb TEeMHOBOI amcopOIlii 0apBHUKA, IO
cArae 5—6 NIMOJLT ', COPUYMHEHMH IIOPHUCTOI0 6YyJ0BOI0 MaTepiamy,
OIEP?KAHOTO 30JIb—I'€JIb-METOJIOM 3a IiABUIIEHOT0 BMiCTy CHOJYYHOTO
(SiO,-BmicHOrO MOmudirkaTopa), a TaKOK MTiABUINEHI IMBUAKIiCTL i
eeKTUBHICTE (DOTOAECTPYKIIii GapBHMKA, 1[0 CATAIOThL 7 IMOJL-T -Tox
i 25 pmouan-r ! BigmosizHo. HaTomicTh OKpeMi 3paskm KaTasizaTopis,
ak ot TiB™-1, TiB"-2 ta TiB™Si-7, xapakTepusyoTbcAd HUSBKUM Pi-
BHeM ajcopOiii 6apBHMKA i3 3aJOBiIBPHMMU IapaMeTrpaMu (poToxemi-
YHOI AaKTUBHOCTU, IO MOKHA OB A3aTH 3 MIiABUINEHUM BMiCTOM
TiO,, BemmkKa KiJbKiCTh AKOro B IIPOIleCi omep:KaHHS KOMIIO3UTIB
cupusae KOMIAKTyBaHHIO B IIPOIlECi KOHAeHcaIlil OpTOKUCIOT i, BiAmo-
BifiHO, mOCaa0/II0€ TTOPOYTBOPEHHS 3i 30eperKeHHAM BUCOKOI KiJIbKOC-
TH KaTaJiTUYHUX IEHTPIB Y IOBEPXHEBOMY IITapi KOMMIO3UTY. 3a Bif-
CYTHOCTH TEMIIEPATYPHOTO OOPOOJIEHHA KOMIIO3UT 3 aMOP(MHUM ITOBe-
pxuaeBuM 1mmapom TiO,/SiO, (TiB™Si-4a) xapaKTepuayeTbCs BUCOKUM
piBHeM @QyHKIioHasmizalii moBepxHi (mizBumenuit Bmict Ti—OH- Ta
Si—OH-rpym), 3aBAAKN YOMY MAa€ IOJIIINeHi copOIiiiHi BaacTUBOCTI
IO TIOJIAPHUX OPTaHiYHUX MOJIEKYJ, aJjie 3a BiICYTHOCTU KPHUCTAaJiu-
Hoi (hasu TiO, poroxemiuHa aKTHUBHICTH Mali’Ke He MPOABIAECTHCA.
VzarasbHIOIOUN €KCIlepUMEeHTAaJIbHI JaHi 3 (oToxeMiuHMX BJIaCTU-
BOCTEll QUCTEPCHUX KOMIIO3UTIB B MOAEJIbHUX YMOBaX, MOYKHAa CTBEP-
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Puc. 3. [udppakrorpaMu MINPOKOKYTHBOTO PO3CisTHHSA PeHTr'eHOBUX HTPOMEHiB
(a) BonacroHiTy Ta fioro kommosuris: B* (1), TiB*-2 (2), TiB**Si-4 (3), TiB™*Si-
6 (4), TiB™Si-7 (5); rimetTnuni kpusi dorogerpaganii (C/Cy(t)) Hirposmuy HaA
TIOBEPXHi MOKPUTTIB 3a pisHUX yMOB onpoMiHeHHs (6) i (6): TiB"-1 (1), TiB"*-2
(2), TiB*™-3 (3), TiB"®Si-4 (4), TiB™Si-5 (5), TiB"*®Si-6 (6), TiB™*Si-7 (7).*

IKYyBaTH, IO TiOpUIHI cucTeMU MAIOTh 3aJ0BiIbHY aKTHUBHICTD.

Ta mHaimikapimum Oyjio Bu3HAUMTHU, UM 30epiraioThb (oroxemiuwi
XapaKTePUCTUKM KOMIIO3UTHI KaTaJisaTopu B YMOBaxX, HaOIMKEeHUX
10 peaJbHUX — Yy BUTJIAAI MOKpUTTiB. [lya 1mboro 6yj0 3aCTOCOBAHO
MeTon Y®P-BUI-CIEKTPOCKOIIil B pekuMi BimbuBaHHS OJid BUBUYEHHS
KiHeTUKM (POTOXEMiUHOTO OKMCHEHHsS 0apBHUKIB Ha MOBEPXHi KaTaJsi-
TUYHO aKTUBHUX KOMIIOSUTHUX MOKPUTTiIB. Ilani mipauHa ¢oTtoxemi-
YHOI aKTMBHOCTY IOKPUTTIB riOpUAHUX KOMIIO3UTIB HaBeIeHO B Ta0JI. 2.
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PesyibraTu cBiguaTh, I1M0, He3BaKalOUM Ha HU3LKI eHepreTHYHi
XapaKTepUCTUKU ONPOMiHEHHA B 000X perkmMax TOCTIIKeHHS KOM-
mo3uTHNX nokputTiB (0,145 MBr-cm? i 0,024 MBr-cm? 3a pisHEX
YMOB eKCHepHMEeHTY), 3arajbHi TeHIEeHIIii, oJep:KaHi B MOIeJIbHUX
yMOBax IJis OUCIEPCHUX KaTaisaTopiB, 36epiratorbes. [JIda mMOKpPHUT-
TiB Ha OCHOBiI BHUCOKOAKTHMBHUX KOMIIO3UTIB NMOKA3HUKU 3araJbHOTO
piBHA  (doromecTpyKIiii 6GapBHHMKIB MaloTh 3HauvenHa 1,2—-1,6
HMOJIb-CM > i3 v, =0,09-0,12 amonb-cm >xob6a ' (masz MB) i 1,0-1,2
HMOJIb-CM * i3 v, 6usbko 0,05-0,06 HMoub-cM >-106a ' (miasa Hirposu-
HY) mig gac gpomorxamanimuunozo pexcumy 1. HeBesmry piskHUIIO Y
moxasHuKax AC OapBHUKIB MOKHA IIOACHUTH Pi3HOI0 TPUBAJIICTIO
npoBeneHHsa Mipaab (MB — 14 gxi6, mirposum — 21 mob6a). TeopeTuu-
He 3HAUEHHSA TPUBAJOCTU OKNCHEHHsS OAapBHUKIB 3a BUSHAUYEHUMMU IIO-
KasHUKaMH V.,, pPO3paxoBaHe 3a JaHUMU IIBUIAKOCTU (DOTOAECTPYKIIII,
cranoBuTh 17,5—-23 mobu (maa MB) i 34,5-43,5 mobu (ans Hirposu-
Hy). 3a BifcyTHOCTH IPSMOTO COHSYHOrO cBiTia (¢pomorxamanimuy-
nHuit pexcum 2) norxasaurum AC i v, moHmEy0ThCA np0 0,9-1,2
HEMOJb-cM 2 i 0,07-0,09 HMOIL-cM %moba ' (mia MB) Ta mo 0,8-1,1
HEMOJb-cM 2 i 0,04—0,05 EMOIBL-cM 21064 * (nua Hirposuny). Teoperu-
YHUHN 4Yac pPO3KJaJaHHA OapBHUKIB 3a JaHWMX YMOB 3pocrae Ha 5—15
mi6 i 2—6 mi6 maa MB i mirposuny Bigmosimmo.

HesBasxaroun Ha BiIHOCHO HM3bKi IMOKA3HUKU U, CILA BiAMiTHTH
icToTHY BiAMiHHICTH B yMOBaxX HpPOBENEeHHS BUIPOOYBaHb y IIOPiB-
HAHHI 3 MOJEeJIbHUM eKCIepHMMeHTOM. B MomelbHOMY MOCJimKeHHi
MipAHHA (POTOKATAJIITHYHOI aKTMBHOCTU IIPOBOAMJIMN 3a& BUCOKOI IO-
TY*KHOCTH ONPOMiHEHHA Ta B AMHAMIUHUX AUQPY3iHHO-CIIPUATINBUX
yMoOBax, M0 Iepeadavae yuacThb OiJbIITOCTH KaTAaJiTHUUYHUX IEHTPiB Ha
TIOBEePXHi YaCTUHOK KOMIIO3UTIB, a TAKOXK MOJIIIIIIIeHi YMOBU IIPOIIECiB
copO11ii/mecopbirii 6apBHUKIB i mpoayKTiB ixmix meperBopensb. Haro-
MicTh ITif yac MipAHHA aKTUBHOCTU HOKPUTTIB y (POTOKATATIITUUHOMY
mporieci 6epe yuacTh IIeBHA YaCTKa IIOBEPXHIi YaCTMHOK KOMIIO3UTY, a
IIpoIlec MOEeCTPYKIIil OpraHiuHMX CIONYK BiAOYBAETHCS Y CTATUUYHUX
yMOBax, I0 He 3a0esdmneuye au@ysifinuii 0OMiH O0apBHMKA Ta MPOAYK-
TiB HOro IepeTBOPEHHSA i3 30BHIINIHIM CepemoOBUIIEM MO0 AOCATHEHHS
MiHepaJgisaiii opramiuaux MoJieKyJa. CYKyIOHIiCTL HeraTUBHUX YMH-
HUKIiB BIJIUBY Ha mpolec (oTOKaTaJiTUUHOI AeCTPYKIil opraHiuyHuMX
CIIOJIYK 3HAUYHO IMOHMKYE AKTHUBHICTH IIOKPUTTIB, OJEpPKaHUX 3 BUCO-
KOAKTHUBHUX KOMIIO3UTHHUX KaTaJai3aTopis.

HertanbHa aHadida KiHETHYHUX KPUBUX (POTONECTPYKIiI Hirposmuy
Ha MOKpuTTAX (puc. 3, 6, 8) CBiqUUTh, 10 3a IPOBEJEHHSI MipAHb aK-
TUBHOCTH B eHeprojedimutHOMy @Qomoxamanimuunomy pexcumi 2
I OiIbITOCTH KOMIIO3UTIB (400 A1 MaIoaKTHBHUX 3paskiB TiB" -3
ta TiB"Si-5 3 Huspkum BMmicTtoMm TiO, 3a pomoramansimuyiHozo pe-
sdcumy 1) crmocTepiraeTbcs «OTPYEHHA KaTalizaTopa» — MNamiHHA U,
yepe3 14—17 ni6 Big mouyaTKy eKCIepUMEHTY.
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3asHaveHe NHOB’sI3aHe 3 «eKPaHYBaHHAM» IIOBepPXHi KOMIIO3UTIB i3
HUB3bKOIO KOHIIEHTPAIi€I0 KaTaJiTHYHUX MeHTpiB Big VYP-
OIIPOMiHEHHS MPOAYKTAMHU HEIIOBHOTO OKMCHEHHSA OapBHUKA (IIOJIiITN-
KJIIYHUMU MOJIEKYJaMU 3 BUCOKHMM CTYIIeHEM apOMATHUYHOCTH Ta Kap-
bomizoBanummMu mpomykTamu). lammii edpext OyJsio momiueHo mim uac
JOCJimKeHHs (POTOMECTPYKIiI 000X OapBHUKIB, aje HAMOLILII icTOT-
HUM BiH BUABHUBCA caMe AJIA HIrpO3UHY 3aBAAKU OiJbIIif OKCHIATH-
BHi#l crifikocTi fioro mojekysa. I[ificHO, AKIIO POITJIAHYTH XeMiduHY
OyIOBY HIrpo3mHy, BHJIHO, IO IJA MOr0 MOJEKYJ XapaKTepHUI BU-
COKMI CTYIIiHbP apoOMaATHYHOCTH Ta CXWJbHICTHL IO KOHJIEHcaIlil 3a
TIUOOKOTO OKHCHEHHSA 3 YTBOPEHHAM IIOJINMUKIIYHUX CTPYKTYP,
AKUM IIPUTAMaHHA 34aTHICTh moramHaTu ¥ P- i BugmMe CBiTJIO y IIIH-
POKOMY CHEeKTpaJbHOMY misdmnasoHi. [Jid BHCOKOAKTUBHUX KOMIIO3U-
TiB y AUHAMIUHNX pPeKUMaX OOCJIiIKEeHb i 3a BUKOPHUCTAHHS MEHIII
OKCHIATUBHO CTilikux cmoayk (axk MDB) edekT «oTpyeHHA KaTaJisa-
TOpa» IMOMiueHO He OyJIO.

4. BAICHOBRH

B pesyabrari mpoBezeHoi po6oTH omep:kaHO KOMIIOSHUTHI (poToKaTai-
3aTOpU ILJIAXOM OCAM»KEHHS TiApO30JiB 3 KOHJIEHCOBAaHUX TipaToBa-
HUX (OpM OpPTOTHUTAHOBOI ¥ OPTOKPEMHINOBOI KMCJIOT Ha IIOBEPXHIO
npuponuboro Kanbmiii cuimikaty — BoJsactoHitTy. OOpani ymMoBu ofe-
p:KaHHS KOMIIO3UTIB YMOMKJINBJIIOIOTL OepiKaTh MaTepidau 3 riopui-
HOIO0 O0ymoBOIO, B AKill Si0, BUKOHY€E POJIb CIIOJYUYHOTO Ta CTPYKTYPHO-
ro moaudikaropa, IO CHOPHUAE YTBOPEHHIO MOPUCTUX KOMIIO3UTHUX
MAaTepisaIiB 3 HOJNIIIeHnMHy 3MaTHICTIO OO amcopOIrii MoJeKyJs opraHi-
YHUX PEUOBUH i (poTOXeMiuHOI0 aKTuBHiCcTIO. PedyabTaTy DOCJTiIKeH-
HS IIPOJEMOHCTPYBAJIM BaKJIUBiCTh cTamii copbirii—mecopbiIrii B mporire-
ci oToKaTANIITUUYHOTO OKMCHEHHS OPraHiuYHMUX CIOJYK, IO JA€ 3MOTY
JOCATTHU IIBUAKICTL (POTOAECTPYKIII MeTHUIeHOBOro OJaKUTHOTO B MO-
IelpbHUX yMoBax Y®-ompominenHs mo 4,2—7,2 pumouas T lrox . Ilix
Yyac OPOBEAEeHHA MipAHBb (POTOKATATITUUYHOI aKTUBHOCTHU MOKPUTTIB B
yMoOBaxX, HAOJIMMKEHMX 0 pealbHuX (IpsaMe coHAUYHe abo poacisme
IeHHe OCBiTJIeHHA), OJS YOT0 IJs KiZbKicHOI OIiHKM KaTaJliTHUYHOL
aktuBHOCTH TiO,-BMicHMX KaTajgidaTopiB OyJI0 BUKODPHUCTAHO METO.
Y®-BuA-CIIEKTPOCKOIIiI Ha BigOMBaHHSA, cepemHs IMBUIAKICTL doTomec-
TPYKIIil OpraHiYHMUX CHOJIYK IIOMITHO MOHMKYyeThcsa i carae 0,12
HMOJIb-CM >-m06a ' maa MB rta 0,06 mEMoJb-cM 2mo6a ' A8 IPOMUCIIO-
BOI'0 3a0pyAHIOBaYa HIrpO3SHHY 34 YaCTKOBOT'O OIPOMiHEHHS COHIUYHUM
cBiTioM. B eHeprozedinuTHUX yMOBaxX 3a BiICYTHOCTU IPAMOIO COH-
YHOTO OIPOMiHEeHHA IIi MokasHuku ckjaagaots 0,09 i 0,05
HMOJIb-CM -f06a ' miua MB i mirposuny Bigmosigmo. 3aranpHa ederTH-
BHiCTH (POTOKATANITUYHOI MEeCTPYKIlii opraHiuHMX 3a0pyaHIOBAUiB Yy
3a3HaYeHNX YMOBaX Te)K IOHMMKYEThbCeA ¥ mopiBuHioe 1,24-1,62 Ta
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0,97-1,22 amoxnb-cm 2 gaa MB i mirposumy BigmoBigHO, IO OB’ sA3aHe
3 PisKHHNIEI0 B iHTEHCHUBHOCTI JKepeJ ONPOMiHEHHHA, BiJICYTHICTIO AU-
dysifiHOro OOMiHYy OpraHiuYHMX MOJEKYJ i HPOAYKTIB AecTpyKIii ix,
yuacTio V (POTOXeMiuHHX IIpoIlecax OOMesKeHOI YaCTKH KaTaJiTUUHO
AKTUBHUX I[€HTPIiB IIOBEPXHi KOMIIO3UTY TOIO. AJie, He3BAKAIOUM Ha
3a3HaveHi BiIMiHHOCTi, CTBOpeHi riOpUIHI KOMIIO3UTH Ta MOKPUTTA Ha
iXHi## OCHOBiI IpOAEMOHCTPYBaJIU e(PeKTHUBHICTH, AK (OTOKATATITUUHO
AKTUBHI IIOBEpPXHi, 3JaTHIi 4O CAMOOUMUIIEHHS, Ta MOJKJMUBICTHL BUKO-
pucCTaHHS iX IJd BUJAJIEHHA Hebes3leuHuX 3a0pyaHIOBAYIB y IIPOMIC-
JIOBOCTi Ta mMoOyTi 3a pi3sHUX PEKMMiB OCBiTJI€HHS.
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The quantum dots (QD) based filtering circuits work on the principle of
capacitive admittance, due to which they have less power dissipation,
small dimension, and almost zero noise. In the present study, we report
synthesis, characterization, and application of the styrene butadiene rub-
ber (SBR) capped ZnS quantum dots as nanodimensional tuned filter. The
ZnS quantum dots are characterized by standard characterization tech-
niques such as absorption spectroscopy, XRD study, and high-resolution
TEM microscopy; the admittance variation with frequency is tested for
the same. The SBR capped ZnS quantum dots are found to work as a
tuned band pass filter with pass band in the range of 20-32 MHz with a
critical frequency of 20 MHz.

Cxemu QinpTpalrii Ha OCHOBI KBAHTOBUX IISTOK IIPAIlIOIOTh 3a IIPUHITUIIOM
€MHiCHOI IPOMYCKHOI 30aTHOCTU, 3aBAAKKM YOMY BOHH MAIOTh MEHIIY PO3Ci-
I0BaHy IOTY}KHICTH, MaJii po3Mipu Ta Maiiike HYJIbOBUH ITyM. ¥ IILOMY JOC-
JiMKeHHI MU IOBiZOMJISAEMO IIPO CHMHTE3y, XapaKTepuaallilo Ta 3acTOCyBaH-
HS KBAHTOBUX IIATOK ZnNS, TMOKPUTUX CTUPOJI-OYTAZi€HOBUM KayUyYKOM
(CBK), ax maHopo3MipHOTO HajalrToBaHoro ¢GinbTpa. KBaHTOBI maATKM ZnS
XapaxkTepus3yIOThCA CTAHAAPTHUMU METOJAMHU BU3HAUEHHS XapaKTEPUCTUK,
TaKUMU AK CIIEKTPOCKOIIiA IOTJIMHAHHSA, NOCHiIMKEeHHA PEeHTI'€HiBCHKOI Nu-
¢dpakiii Ta IpPOCBiTHA eJEeKTPOHHA MiKDPOCKOIIisI 3 BUCOKOKI PO3AiJbY0I0
3IATHICTIO; 3MiHA IPOITYCKHOI 3ZATHOCTH 3 YACTOTOIO IIepPeBipAEThHCA HA Te
came. BecramosieHo, 1m0 KBaHTOBI mATKu ZnS, moxkpuri CBK, mpaifioioTs AK
HaJIaIITOBAaHUI CMyroBuii (iJbTep i3 cMyromw MponycKaHHA B AiAmasoHi 20—
32 MTI'11 i3 kpuTuuHOO YactoTow y 20 MI'm.
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1. INTRODUCTION

Electronic filter is the component that allows a specific range of
frequencies to pass through it and rejects the other. Depending up-
on the frequency range, electronic filters are classified as low pass
filter (0 Hz to several kHz or MHz), high pass filter (several kHz to
several MHz), band pass that allows a band of frequency, band re-
ject filter that rejects a band of frequency. In case of quantum dots,
admittance changes with operating frequency. This is the primary
characteristic of tuned device and filter. The variation in quantum
dot admittance with frequency occurs because quantum dots are as-
sociated with capacitance and quantum dot admittance (or imped-
ance) is basically due to capacitance present in the specimen. The
capacitance (hence, capacitive admittance) is a function of quantum
dot size, shape and material [1].

There are several advantages of using QD based filtering circuits
compared to traditional filtering circuits. It works on the principle
of QD admittance which is basically capacitive in nature while in
general the tuned circuits are made using R and L elements. In QD
based filters, power dissipation is very less and producing no con-
siderable noise. Also, as the dimension is very small, simple circuit-
ry, may be used for detecting any signal in a very sophisticated re-
ceiver section. The resonance frequency of QD (assembly) is a func-
tion of size, shape and material used. Hence, these parameters are
fixed for specific QD (assembly) [2].

For disk and spherical shaped quantum dots of radius r, the ca-
pacitance is given as follow:

C = 8¢y(g/gy)r for disk, (1)
C =4ney(e/gy)r for sphere, (2)

where ¢/g, is the dimensionless dielectric constant of the semicon-
ducting material, which forms the dot, and g,=8.8542-10"'? F/m is
the dielectric constant of free space. Our quantum dots are of
spherical shape, hence, the admittance of our quantum dot varia-
tion with size/shape follows the relation (2).

The capping material used for the synthesis is styrene butadiene
rubber (SBR) latex, which controls the growth of QD size. The
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TABLE 1. Physical properties of styrene butadiene rubber (SBR) latex.

Physical properties of SBR

Melting point, °C 273
Specific gravity 0.93
Specific heat, J/(gm-K) 1.89
Thermal conductivity, W /(m-K) 1.34
Refractive index 1.53
Dielectric constant 3.1

‘ —CH,— CH—CH,—CH= CH—CH;—

. o tn

S
" 000 Na*

Fig. 1. Structure of styrene butadiene rubber (SBR) latex.

physical properties of SBR and the chemical structure is shown in
Table 1 and Fig. 1, respectively [3].

2. EXPERIMENTAL

One coat of SBR latex is drawn over glass substrate and then dried
slowly to avoid spilling. The coated glass substrate is dipped into
ZnCl, solution mixed with few drops of HNO, for one hour and then
taken out followed by ammonia passivation for half an hour. Final-
ly, the glass substrate is dipped into freshly prepared 2 wt.% Na,S
D/D water solution, until it appears fully yellow. The milky white
thin film contains the semiconductor ZnS quantum dots embedded
in SBR latex [4].

The synthesized samples have been tested by UV/VIS spectropho-
tometer, x-ray diffraction spectrometer, and high-resolution trans-
mission microscope (HRTEM). UV—vis light absorption spectra were
obtained using Perkin Elmer Perkin Elmer Lambda 35 ultraviolet
visible (UV-vis) spectrophotometer. X-ray diffraction (XRD) pat-
terns were obtained (Bruker AXS, X-ray source: CuK,) as well as
high-resolution transmission electron microscopy (JEM 1000 C XII).

To study the admittance of our synthesized quantum dot samples
(assembly of quantum dots), two ends of 99% pure fine gold wire of
0.01 mm diameter are made fixed very close to each other within
micron range over the glass substrate. By means of a syringe, a
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single tiny drop of quantum dot liquid sample is gently put over the
two free ends of gold wires to make the microcontact. The specimen
is dried partially by natural process to avoid spilling and then in
oven to stick it properly upon the substrate. After that, the free
ends of probing wires are connected to admittance (impedance) ana-
lyser (Solartron SI 1260). The sample is ready for admittance analy-
sis. Though the quantum dots are embedded in nonconducting ma-
trix (SBR), the electrons (current) can pass through the sample (as-
sembly of quantum dots) by means of tunnelling of electrons from
one quantum dot to the another as the quantum dots are isolated
from each other by very thin insulating wall of matrix, which is
obvious from TEM images of the samples.

3. RESULTS AND DISCUSSION

The absorption spectra of the synthesized ZnS quantum dots are
shown in Fig. 2. It can be observed from the figure that a strong
absorbance edge occurs at 225 nm for undoped ZnS, determined by
drawing a tangent on point, from which there is sudden increase in
the absorption (as observed in Fig. 2) to meet the x-axis. From the
absorption edge, the nanoband gap of the quantum dot (E,,) is de-
termined from the formula E,, = hc/A, where hc=1.12 eV, and A is
the value of absorption edge [5].

In the case of doped samples the absorption spectra are a little
‘blue shifted’. The reason for this ‘blue-shift’ towards lower wave-
length is due to increased nucleation rate in the quantum dot crys-
tal on introducing dopant ions into it [6]. This slight blue shift in
spectra is also considered an indication of the successful doping of
quantum dots. From the absorbance edge, particle size has been es-
timated by hyperbolic band model [6].

21°h*E
= \/m*(Ez —Ey ®
gn gb

Here, R is the quantum dot radius to be calculated; whereas, m” (ef-
fective mass of the specimen), k (Planck’s constant), E,, (bulk band-
gap) are constant for each material. Thus, the size of quantum dots
varies with the increase in E,, (the quantum dot band gap), which is
determined from the absorption edge in the UV-vis spectrum. The
other values used in the present estimation are as follows: bulk
band-gap (E,) for ZnS is of 3.65eV, electron effective mass of ZnS
at room temperature is of 3.64-107*' Kg [7], and the Plank’s con-
stant is of 6.626:107** J-s. The estimated size of ZnS quantum dots
from the ‘hyperbolic band model’ is of 10.5 nm.

The XRD characteristics of synthesized ZnS quantum dot samples
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Fig. 2. UV—vis absorption spectra of ZnS quantum dots.
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Fig. 3. XRD of ZnS quantum dots.

are shown in Fig. 3. The approximate (average) size of the particle
is calculated by using the Debye—Scherrer formula [8]:

_0.9M
Wcos0’

where L and 6 are the wavelength of x-rays (0.1541 nm) and the
glancing angle, respectively. The W and D are full width at half
maxima (FWHM) and particle diameter (crystallite size), respec-
tively. The crystalline planes corresponding to the first, second, and
third XRD peaks are (111), (220), and (311), respectively [9]. The
average particle size of the synthesized quantum dots has been es-
timated to be in the range of 9.61 nm to 11.2 nm from the XRD
spectra from the x-ray diffractogram peaks. Further, by comparing
the obtained XRD spectra peaks with the International Center Dif-
fraction Data (ICDD) card number JCPDS-00.001.0792, it has been
revealed that obtained peaks match that of standard ZnS data.
Thus, quantum dots are also having a Wurtzite crystalline struc-
ture [10].

Quantum dots’ formation and sizes are confirmed by taking high-

(2)
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resolution transmission electron microscope (HRTEM) images of the
prepared samples. It can be observed in Fig. 4 that the size of syn-
thesized ZnS quantum dots is around 10 nm, which is in close
agreement with that of the estimated sizes obtained from absorption
spectroscopy and XRD.

The admittance versus frequency plot for the synthesized SBR
capped ZnS quantum dots are shown in Fig. 5. Admittance analysis
of ZnS quantum dots capped with SBR is shown in Table 2 to study
the changes of admittance with frequency.

It is observed that admittance increases slowly with increase in
frequency up to a certain frequency range 2 and after that, at a
particular critical frequency, admittance rises in a relatively steeper
fashion. This critical frequency of ZnS is of 20 MHz. The admit-
tance remains almost constant in higher frequencies, 32 MHz in
present investigation, for ZnS sample in SBR latex.

=

Fig. 4. HRTEM image of ZnS quantum dots.
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Fig. 5. Filtering behaviour ZnS quantum dots on SBR latex.

TABLE 2. Nanofilter characteristic data for SBR capped ZnS quantum dots.

Sample [Matrix used|Stop band, MHzPass band, MHz Crltl(c fa; fli'/legtzlency

ZnS SBR QD SBR 0 to 20 20 to 32 20
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4. CONCLUSIONS

ZnS quantum dots are synthesized on SBR latex matrix using sim-
ple, low cost chemical synthesis method. The optical and structural
properties of the synthesized quantum dots are studied using stand-
ard characterization techniques, from which it was found that the
quantum dots have an absorption edge of 225 nm and have a wurtz-
ite structure. The size of the quantum dots are found to be in and
around 10 nm that matches with the estimation from the absorption
and XRD spectra analysis. To check the nanofilter application of
ZnS quantum dots, admittance characteristics of quantum dots are
studied and the variation is plotted against changing frequencies. It
was noted that SBR capped ZnS quantum dots can successfully act
as band pass filter with stop band and pass band frequencies in the
range 0-20 MHz and 20-32 MHz, respectively. The critical fre-
quency for the ZnS nanofilter is observed to be around 20 MHz.
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The process of photogeneration of charges and the temperature of the
transition to the viscous-flow state (7,) in thin films of polyepoxypropyl-
carbazole PEPC—-Cg4, composites fabricated by means of toluene-solution
casting in strong external electric fields are investigated. Consistent and
correlated changes in the temperature of the transition of the sample ma-
terial to viscous-flow state (T',) and in the effective temperature of the
quantum yield of photogeneration (T'y) are found out. As shown, the dif-
ference between T, and T, for the PEPC-C;, composites does not exceed
10% of these values, when the concentration of Cg, fullerene changes.
This indicates changes in the molecular structure and, consequently, die-
lectric constant in the vicinity of the centre of photogeneration of elec-
tric-charge carriers.
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Hocaigsxeno mporec doToreHepairii 3apsapiB i TemmepaTypy mIepexomy [0
B’A3KomIMHHOTO cTaHy (7,) V TOHKHX ILIiBKaxX IOJIieIOKCHUIPOIiIKapb6aso-
apHUX ITEITK—Cg)-KOMIO3UTiB, OfeP/KaHUX JUTTAM 3 TOJYOJHHOTO POBUUHY
B CHJIBHUX 30BHIIIIHiX €JIEKTPUUYHUX TOJISAX. BUABJIEHO MOCJIiOBHI Ta Kope-
JbOBAHI 3MiHM TeMIepaTypHu IIepexoay MAaTepisay 3pasKa y B’A3KOILINHHUN
cran (T,) Ta edeKTMBHOI TeMIlepaTypu KBaHTOBOTO Buxonay QoToreHeparii
(T,). Ilokazano, mo piskauia misk T, i T, komnoauris IIEIIK—-Cy, He mepe-
Bumye 10% mux 3HaueHb i3 3MiHOI0 KoHIeHTpanii dyanepeny Cg,. Ile BKa-
3ye Ha 3MiHW MOJIEKYJAPHOI CTPYKTYpPH i, AK HACJIIJOK, AieJeKTPUYHOL
IIPOHUKHOCTU B OKOJIi IIeHTPYy (PoToIr'eHepallil HOCIIB eJIeKTPUYHOTO 3apALY.

Key words: amorphous molecular semiconductor, fullerene, photogenera-
tion, electric charge, current density.

Karouori cioBa: amMopdHUIA MOJIEKYJIAPHUNE HAMiBIPOBiZHUK, QYyJiepeH,
dororenepania, eJeKTPUIHUN 3apan, TYCTUHA CTPYMY.
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1. INTRODUCTION

The magnitude of the quantum yield (n) of photogeneration of elec-
tric charge carriers in light-sensitive amorphous molecular semi-
conductors (AMSs) is one of the basic parameters that determine
the fields and possibilities of their use. For the development of pho-
tosensitive media, the determining parameter is the amplification of
signals using selective plasmon resonance electromagnetic fields.
These effects appear in the development of AMSs for solar batter-
ies, reversible layers for the registration and analysis of their 2-
and 3-dimensional amplitude—phase optical information, and optical
sensors [1-4].

According to the literature [56—7], the quantum yield of photogen-
eration depends significantly on the molecular composition and
structure of the material. In the AMSs, the photogeneration process
[2, 5—T7] is determined by the features of the structure of the photo-
sensitive medium directly in the centre of charge photogeneration.
The mobilities of charge carriers of different signs differ signifi-
cantly. In particular, PEPC and polyvinylcarbazole (PVC) sensitized
by electron-acceptor impurities have linear dimensions of the zone,
beyond which the movement of twin charge carriers ceases to be
correlated, and the charges become independent of each other and
are determined by the Onsager radius.

At the same time, there is no satisfactory explanation of the lin-
ear dependence of the logarithm of photocurrent (Jp,c) on the in-
verse thermodynamic temperature (T') of the medium [8]. This
phenomenon is observed under strong (pre-breakdown) electric
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fields. There is no explanation of the nature of the characteristic
temperature (T,) [8, 9]. By means of the analysis of the quantum
yield of photogeneration of charge carriers and their mobility, the
temperature is renormalized, i.e., T is replaced by Ty =T "' -T," .
According to Ref. [8], the occurrence of T, is determined by the
relative probabilities, when overcoming the Coulomb barrier of the
charged centre of localization of a mobile charge due to the activa-
tion and tunnelling transitions. In Refs. [2, 3, 10], the temperature
T, was registered; however, the physical factors that caused this
phenomenon were not discussed. Therefore, it is necessary to find
out which characteristics (local or integral) of a sensitized AMS de-
termine the process of photogeneration of charge carriers and to
investigate the dependence of the effective temperature on the
structure and parameters of the material.

The aim of the work was to study the dependence of the effective
temperature (7T,) in the layers of PEPC doped with Cg, fullerenes on
the concentration of dopants, and to determine the correlation be-
tween T, and the temperature of the transition of the material into
the viscous-flow state.

2. EXPERIMENTAL TECHNIQUES

Samples of PEPC films doped with Cg, fullerene were investigated,
which were produced by the techniques of toluene solution casting
and deposition by thermal evaporation in vacuum. It was taken into
account that the properties of nanocomposites are determined by
the characteristics of their constituents and the method of their
production [8]. The photoluminescence spectra of the PEPC + Cq,
composite also indicate significant differences in the production of
the samples. Therefore, the use of a certain technology for obtain-
ing samples provides a specific nature of their properties and the
interaction of existing structures in the PEPC + C4, composite.

With aim to prepare cast samples, a fixed amount of C4, was pre-
viously dissolved in toluene heated up to 50°C. After the fullerene
powder had been completely dissolved, the solution was weighed,
which made it possible to determine its weight and volume concen-
tration. PEPC powder was used for the preparation of composite
samples. The PEPC powder was dissolved in toluene without heat-
ing. The prepared solutions were mixed with each other in such a
way that the concentration of the composite was equal 0; 0.5; 0.7;
2.5 and 3 wt.%. Then, these solutions were cast onto a rigid base
with a thickness of d=0.9-1.2 pym to produce thick films. After
casting, the samples were dried in a thermal cabinet at 80°C for 4
hours. Rigid rectangular 1 cmx2 cm quartz plates were used as sub-
strates. A translucent conductive SnO, (ITO) layer with a resistance
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of 30 Ohm per square centimetre was applied to the surface of the
substrate. The surface AMS layer was applied on the plate from the
SnO, side. A conductive silver contact was deposited onto the free
surface of the AMS layer. The optical absorption spectra were ob-
tained at a Specord M-40 spectrophotometer. The photocurrent den-
sity of the samples was measured when they were irradiated with
monochromatic light of the visible range. An incandescent lamp
with a set of light filters was used to irradiate the samples. The
light intensity was varied using neutral light filters and was in the
range of 0.2—5 W/m?. The electric field strength between the silver
contacts and SnO, was measured in the range of (1-20)-10” V/m.
The kinetics of the current during irradiation and after turning off
the light was recorded using a memory oscilloscope.

The melting point was measured by the well-known optical meth-
od of determining the rheological characteristics of thin films [10].
The block-diagram of the device is shown in Fig. 1.

According to the method of [11], the layer of AMS material was
electrically charged to the pre-breakdown potential difference. Dur-
ing heating, the thin film reaches the temperature of the transition
to the viscous-flow state. Therefore, it becomes possible to form a
phase diffraction grating on the free surface of the sample due to
the ponderomotive forces caused by the electrocapillary effect.

The melting point of the sample was measured using optical
method [3]. The method consists in measuring the logarithmic dec-
rements (w) of the change in the amplitudes of the harmonic relief

Fig. 1. Block diagram of device for measuring melting point: 1—thin film;
2—Sn0,; 3—glass; 4—measuring probe; 5—unit for measuring the poten-
tial of thin film; 6 —high-voltage generator; 7—block for isothermal heat-
ing of thin film; 8—LG-38 laser; 9—Fourier lens; 10—15—photoreceivers;
16—electric contacts.
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(k) formed on the free surface of the thin AMS film deposited on a
planar substrate and heated above the glass transition temperature.
The values of w depend on both the rheological characteristics of
the material and the spatial frequency (k) of the relief on the free
surface of the layer [3]. The dynamics of & changes over time ac-
cording to the law

h(k,t) = h,exp (w(k)t) sin(ky), (1)

where h, is the amplitude at the moment ¢ = 0.

The logarithmic decrement of the change in the deformation am-
plitude of an electrically neutral layer of deformed material is de-
termined by the forces of surface tension and viscosity and can be
written as [4, 8]:

w(k) = -2 {

o (2)

0.5sh(2kd) — kd
ch?(kd) + (kd)? |’

where A is the coefficient of surface tension of the sample, n is the
dynamic viscosity of the sample, and d is the sample thickness.

A harmonic relief formed on the surface of the sample; the dy-
namics of the amplitude of this relief was studied by measuring the
first-order intensity of light diffracted on the grating. The intensi-
ty of the diffracted light, which is proportional to the square root
of the relief amplitude, was taken into account. The rheological pa-
rameters of the sample were determined by analysis of the dynamics
of the diffraction pattern and using relations (1) and (2). Using the
Newton model of the dynamics of heated sample, the kinetics of the
logarithm of the ratio of the intensity of diffracted light I(¢) to the
intensity of light I, at the initial moment of time is described by

the relationship
1n(@jo¢_ét, (3)
I, n

At the temperature T,, the linear dependence (3) begins to break
that indicates the transition of the sample from a viscous to a high-
ly-elastic state [12]. The accuracy of T, measurements is determined
by the minimum value of the registered residual relief. The error of
this method does not exceed 1.5-2%.

With aim to select the wavelength of the excitation light, optical
absorption spectra (A) of composite PEPC + C4, film samples were
measured at room temperature. The results of the measurements
are shown in Fig. 2.

A comparison of curves I and 2 (Fig. 2), which correspond to the
spectra of PEPC without dopants and PEPC with 0.5 wt.% Cq,
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Fig. 2. Absorption spectra of cast samples; radiation source is a hydrogen
lamp, T =300 K, quartz substrate: 1—PEPC; 2—PEPC with 0.5 wt.% Cg;
3—PEPC with 3 wt.% Cg,.

shows that the dopant at small concentrations increases the intensi-
ty of absorption in the short-wavelength region of the spectrum
(A<375 nm) and does not affect the absorption in the long-
wavelength region (A > 375 nm). This may indicate the additive na-
ture of absorption of the components of the composite. When the
concentration of the dopant increases (at least up to 1 wt.%), the
absorption spectra change significantly: a wide diffuse band appears
in the region A > 375 nm. This effect can occur due to the formation
of new absorption centres in the region A > 375 nm with dimers in-
volved [13].

The occurrence of bands in the spectra of PEPC nanocomposite
with fullerenes, which are not observed for pure PEPC and pure
Cso» is explained by the formation of charge-transfer complexes
(CTCs) in the PEPC+ C4, system. The formation of these CTCs
should lead to the formation of new energy levels, which form zones
of jump transport of charge carriers [13].

The characteristics of the quantum yield of the photogeneration
of charge carriers were determined by studying the photocurrent.
For a reasonable use of this technique, the following factors should
be fulfilled: the approximation of small charge drift (the field of
volume charge carriers is much lower than the external electric
field E), the blocking nature of the electrical contacts of the sam-
ples, an insignificant contribution of the processes of thermally ac-
tivated generation of charges and recombination to the density of
current through the sample.

The analysis of weak absorption of light passing through the
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sample layer is implemented in the case of ad << 1, where a is the
absorption coefficient of the sample material. When the irradiation
is uniform and the approximation of small charge drift is fulfilled,
the stationary distributions of concentrations of holes p(y) and elec-
trons n(y) inside the sample layer are determined by the equations
(4) and (5). These equations are valid, when the electric field E is
directed along the OY axis:

dn@) _,

G+G,,, —vny)ply) +u,E , 4)

G+ Gy, — YY) P(Y) ~ upEdZ—(y‘I/) =0. (5)

The boundary conditions should take into account the possibility of
injection (or exit) of charge carriers and the volume of AMS; so,
they have the following form:

p(y =0)=p,, (6)
ny=d)=n,. (7)

Here, G is the efficiency of photogeneration of electrons (holes) per
unit time, G4, is the efficiency of thermofield photogeneration of
charge carriers, ny(p,) is the concentration of electrons (holes) in the
near-contact region near the injecting contacts, which determine the
injection current, p,(u,) is the mobility of electrons (holes), y is the
constant of geminate recombination of charge carriers, which de-
termines the intensity of recombination processes and governs the
nonlinear character of transport processes.

The current density passing through the sample without its illu-
mination (j,,.) under a weak effect of recombination processes is
described by the equation

jdark = eMpEpo + e“nEnO + eGdarkd ’ (8)

where e is the elementary electric charge.
When the sample is irradiated, the current density j,,, is deter-
mined by the expression:

Juane = 5 | [, Ep(@) + 1, En() Jy 9)

The solution to the problem (4)—(7) has a rather complex form,
which is significantly simplified by taking into account only expres-
sions, which depend on no more than the first order of y. In this
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case, the following relation holds:

d*Gj d’G?j
i =eGd + i —evldn + dark + dark , 10
Jiight Jaark “/|: oPo 2unupeE2 6HanE2 (10)
(Jaars)”
For a given j,,.,, the maximum possible value n,p, = = —..
Hppe E
Thus, when the following condition is met:
; 2 2y 3,2
eGd + jdark >> ey : d(]da;k) + d GJdark + d G , (11)
wu,E e 2e 6
we have
jlight ~ eGA + jiupy | = jlight — Jaark - (12)

According to this expression, the current through the irradiated
AMS sample is the sum of the injection current and the currents
caused by the processes of thermofield generation and photogenera-
tion of electric charge carriers. To fulfil condition (11), a small re-
combination coefficient, small sample layer thicknesses, and a
strong external electric field are needed. The condition (11) is a cri-
terion for the validity of using the results of the investigation of
stationary photocurrents in flat layers of low-conductive materials
with non-blocking contacts to study the quantum yield of photogen-
eration of electric charge carriers.

3. DISCUSSION

Current density measurements were carried out in PEPC samples
doped with C4, without irradiation. The results of j,,, measure-
ments at room temperature for various d are shown in Figs. 3, a, b.

The values of current density j,,, between the deposited contacts
in the general case were determined by the thermofield generation
of charge carriers and the processes of injection from the metal into
the AMS layer. As can be seen, the current density is weakly de-
pendent on the electric field at E > 7-10°” V/m. This indicates the
dominant role of the thermofield generation of charge carriers, and
the field dependence of the injection currents should be described
by an exponential relationship of the Richardson—Schottky type [4,
8]. A comparison of the plots in Figs. 3, a, b shows that j,,, in-
creases with the concentration of Cg,. This is explained by the clus-
tering of fullerene molecules in the process of forming solid compo-
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Fig. 3. Dependence of current density j,,, on magnitude of applied exter-
nal electric field at room temperature for samples: a—PEPC + 0.7 wt.%
Ceo: 1—d=0.9 pm, 2—d=1.2 pm; b—PEPC+ 2.5 wt.% Cg: 1—d =0.95
um, 2—d=1.17 pum.

sites based on the AMS matrix.

The studies of the dependence of the photocurrent density j on
the intensity of the excitation light (Fig. 4) showed a proportional
relationship between them, taking into account the relationship
(12).

It is shown that the dependence (1) in Fig. 4 was obtained at field
strength E=1.25-10" V/m, and the dependence (2), at E=1.67-10"
V/m. A comparison of the currents in Figs. 3, 4 shows that the re-
lationship g, << jug: holds. This provides an opportunity to use the
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Fig. 4. Dependence of photocurrent for PEPC + 2 wt.% Cg4, sample on pow-
er density of excitation light for different values of field strength.
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measurements of steady-state photocurrents and to investigate the
quantum yield properties of the photogeneration of charge carriers.

Further analysis shows that the dependence of the photocurrent
density (as well as the efficiency of the photogeneration quantum
yield) on the intensity of the applied field is well described by the
following relationship [4, 7, 8]:

iE) = J, exp{w[l 1 ﬂ (13)

k, \T T,

where j, is a value weakly dependent on E, B, = 1/q3 /nseo is the
Poole—Frenkel constant, T is the sample temperature, T, is the ef-
fective temperature, cg, is the dielectric constant of the material,
and kz is the Boltzmann constant. This dependence well describes
the features of the behaviour of the photocurrent density of previ-
ously studied samples of fullerene-containing polymers with various
sensitizers. The following expression was used for the analysis of
the experimental data (13):

In j(E) oc\/EBkﬂ(%—Tij. (14)

As can be seen, the value of the Poole—Frenkel constant depends
on the dielectric constant of material. For thin-film PEPC + Cg,
composites produced by toluene solution casting, this parameter is
not precisely determined. Therefore, the value of the Poole—Frenkel
constant was calculated for several values of the dielectric constant:
£=3, 3.5 and 4.

Based on these calculations, the dependence of the product of the
Poole—Frenkel constant on the difference between the inverse tem-

perature and the inverse effective temperature 6 = Bﬂ[l —lj on
By \T T,

the value of the effective temperature (this value determines the

inclination angle of the dependence Inj(E)) was determined. The re-

sults are shown in Fig. 5.

As seen from Fig. 5, the angle of inclination of the dependence
Inj(E) depends significantly both on the dielectric constant of mate-
rial and on T,. Using the dielectric constant 3, which is close to the
value for pure PEPC [4], the theoretical dependence Inj(E) for PEPC
samples with various concentrations of fullerenes was calculated.

The calculated and experimental dependences, Inj(E), were com-
pared. The angle of inclination of the theoretical dependence
changed due to the change in T,. The T, value was chosen in such a
way that the root-mean-square difference between the theoretical
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Fig. 5. Dependence of parameter & on value of effective temperature for
various values of dielectric constant: 3, 3.5 and 4.

and experimental curves was minimal. The results of this compari-
son for the PEPC + C,, nanocomposites with different fullerene con-
tent are shown in Figs. 6, a, b. Using the experimental and theoret-
ical results, the effective temperature of the samples was deter-
mined.

As can be seen from the above data, the effective temperature for
PEPC samples with different concentrations of fullerenes increases
with Cg, content, which may indicate decreasing role of tunnelling
processes in the electron—hole pair separation [2, 8].
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Fig. 6. Dependence of theoretical (solid line) and experimental (red
squares) of photocurrent density j logarithm on applied field for samples:
a—PEPC + 0.7 wt.% Cq,, for dielectric constant ¢ =3, temperature 300 K,
effective temperature 360 K; b—PEPC + 2.5 wt.% Cg, for dielectric con-
stant € = 3, temperature 300 K, effective temperature 380 K.
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Fig. 7. Dependence of temperature of transition into viscous-flow state on
fullerene content in composites.

The temperatures of the transition to the viscous-flow state T, of
PEPC samples with 0, 0.7, 2.5, and 3 wt.% C4, were determined;
the results are shown in Fig. 7.

Figure 7 shows that the temperature T, increases with Cg, con-
tent. This indicates either an increase in the intensity of intermo-
lecular interaction, or the formation of undeformed hard nanostruc-
tures that contain Cg); the size of these nanostructures depends on
fullerene content. It is worthwhile to note that the T, values coin-
cide with the values of the effective temperature with an accuracy
of 10% (T,=~T,). This effect may indicate that the effective tem-
perature, as well as the melting point, are determined by the forces
of intermolecular interaction in the nanocomposite, or both these
parameters are determined by the processes of Cg;, coagulation in
the polymer matrix.

4. SUMMARY

At low concentrations of fullerenes in the PEPC matrix (less than
0.5 wt.%), the absorption spectrum in the visible region is formed
by independent optical transitions in PEPC and Cg. When the con-
centration of Cy, dopant increases (above 1 wt.%), new bands appear
in PEPC composites with fullerenes. This non-linear nature of the
effect of Cg, concentration may indicate the dominant role of the
interaction of PEPC molecules with Cg;, dimers. The dependence of
the density of photocurrent generated in volume of PEPC + Cg, films
on the electric field is consistent with the modified Poole—Frenkel
law, which indicates a jump mechanism of the transport of charge
carriers during their photogeneration. The modified Poole—Frenkel
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constant depends on the Cg, concentration that indicates a change in
the local dielectric constant in the vicinity of the photogeneration
centre when the C4, concentration changes.

The temperature of the transition to the viscous-flow state in the
PEPC + C4, composite samples depends on the C4, concentration; it
increases with concentration, which indicates increasing intensity of
intermolecular interaction, or the formation of undeformed hard
nanostructures containing C4,. The characteristic temperature coin-
cides with an accuracy of 10% with the value of the melting point
of the PEPC + Cg, composite that indicates that the photogeneration
of charge carriers and melting depend on the same processes.
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This study investigates the synthesis of new nanocomposites (NCs) com-
prising polyvinyl alcohol (PVA) and carboxymethyl cellulose (CMC) with
silicon dioxide (SiO,) and chromium trioxide (Cr,0;) for the use in gamma-
rays’-shielding applications. The nanocomposites exhibit desirable proper-
ties such as low weight, elasticity, high attenuation coefficients, and cost-
effectiveness for gamma-rays’ shielding. The structural properties of
PVA-CMC-SiO,—Cr,0; nanocomposites are studied. The scanning electron
microscopy reveals that the top surface of the PVA-CMC/Si0,—Cr,0; NCs
films exhibits uniform and cohesive aggregates or fragments distributed
randomly, when the weight percentage reaches 8% . The uniform distribu-
tion of nanoparticles (NPs) in the blend is evidenced by the optical micro-
scope images and leads to a continuous network within the polymer ma-
trix. The study results regarding the utilization of gamma-rays’ shielding
demonstrate that the nanocomposites composed of PVA-CMC/SiO,—Cr,0,4
display significant attenuation coefficients for gamma rays.

Y 1mpomy [mocCHimKeHHI MOCHII:KYeTbCSA CHUHTE3a HOBUX HAHOKOMIIOSUTIB
(HE), mo ckaagamoThea 3 moaiBiuisoBoro cuupty (IIBA) Ta KapbokcuMeTH-
aneatono3u (KMII) 3 mioxkcmmom Curimito (SiO,;) Ta Tpuoxkcumom Xpomy
(Cr,0;) nns BUKOPUCTAaHHA B eKpaHyBaHHI ramma-nmpoMeHiB. Hamokommosu-
T JeMOHCTPYIOTh Taki 6askaHi BJIACTUBOCTi, K MaJja Bara, IPYsKHICTh, BU-
COKi Koe(imieHTn 3aracaHHsa I eKOHOMIUHICTH IJi eKpaHyBaHHS TaMMa-
mpomeHiB. [locaimxeHo CTPYKTYpHiI BjaacTmBocTi HamoKommoauTiB ITBA-—-
KMII-SiO,—Cr,0;. CrkamyBanbHa eJeKTPOHHA MIiKPOCKOIig ©IOKAa3ye, IO
BepxHA noBepxHa miaiBok IIBA-KMII/SiO,—Cr,0; HK memoncrpye ogHODiA-
Hi Ta 3B’szaHi arperatu abo parmMeHTH, PO3MOLiJIEHI BUIIAJKOBUM UHHOM,
KOoJIn BaroBuii BimcoTok mocsarae 8% . PiBHoMmipHUMI po3moais HAHOUACTUHOK
(HY) y cymimi nigrBepaKyeThca 300pasKeHHAMU B OIITMYHOMY MiKPOCKOMi
Ta IPUBOAUTL M0 Oe3IlepepBHOI Mepeki BcepeauHi moJsriMepHoi matpuii. Pe-
3yJIbTATH OOCIIAMKEHHSA II[OJ0 BUKOPUCTAHHA €eKPaHYBaHHA raMMa-IPOMEHiB
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JIEeMOHCTPYIOTh, III0 HAHOKOMIIOBUTH, sKi cKiaamaioTbes 3 IIBA-KMII/SiO,—
Cr,0,, 1eMOHCTPYIOTh 3HAUHI KoedilieHTH 3aracamHs raMMa-IpPOMEHiB.
2Us

Key words: nanocomposites, SiO,—Cr,0; nanoparticles, polyvinyl alcohol,
carboxymethyl cellulose, structural properties, gamma-rays’ shielding.

Karouori crosa: manoxkommosutu, Hanouactuuku Si0,—Cr,0,;, moaisinigo-
BUH CHOUPT, KapOOKCUMETMJIIIENIIONI03a, CTPYKTYPHiI BJIACTUBOCTI, eKpaHy-
BaHHS raMMa-IIPOMEHiB.
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1. INTRODUCTION

Nanotechnology is a nascent scientific discipline that emerged from
the observation that materials exhibit markedly distinct character-
istics at the nanoscale in contrast to their properties at larger par-
ticle sizes [1]. Nanotechnologies are considered crucial technologies
of the current century, and significant research endeavours are be-
ing undertaken in this domain. There is a possibility that additional
applications will be accessible shortly. Nanotechnology exhibits sig-
nificant potential across multiple domains due to the distinctive
physical, chemical, and biological properties of structural features
at the nanoscale compared to their macroscopic counterparts [2, 3].
The field of nanomaterials research adopts a materials science-
oriented methodology in the realm of nanotechnology. One nanome-
ter (nm) is one billionth of a meter. Nanomaterials are materials
with a characteristic unit size ranging from 1 to 100 nanometers.
The distinctive characteristics of these materials are frequently at-
tributed to their dimensions, morphology, and chemical constitution
[4]. Two primary factors contribute to nanomaterials’ distinct prop-
erties compared to other materials. The augmentation of the rela-
tive surface area and the manifestation of quantum effects are be-
ing considered [5]. Nanocomposites are composite materials contain-
ing at least one nanometric scale component (10™° m) [6].
Nanocomposites (NCs) are composed of polymers, both natural
and synthetic and nanomaterials. The term ‘nanomaterials’ refers to
materials, which possess topography at the nanoscale or are con-
structed of nanosize building components. Nanocomposites’ funda-
mental concept involves establishing a substantial interface between
the polymer matrix and the nanosize constituent units. Nanocompo-
sites’ mechanical, electrical, thermal, optical, electrochemical, and
catalytic properties are expected to exhibit significant differences
from those of their constituent materials [7, 8]. Polyvinyl alcohol
(PVA) is a water-soluble synthetic polymer. Its low toxicity and ex-
ceptional properties characterize it as a wound dressing and biore-
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actor material. PVA is characterized by its semi-crystalline nature,
attributed to the coexistence of amorphous and crystalline regions.
This unique feature results in interfacial effects that enhance the
materials’ physical properties [9, 10].

Polyvinyl alcohol exhibits distinctive characteristics, including
biodegradability, environmental sustainability, good chemical stabil-
ity, elongation, tensile strength, elevated abrasion resistance, good
charge storage capacity, flexibility, facile film process ability,
thermal stability, and economical manufacturing expenses [11, 12].
The substance undergoes rapid decomposition when exposed to ele-
vated temperatures. Various additives, including polymers, salts,
nanocomposites, and ions, are commonly incorporated into polyvinyl
alcohol (PVA) to enhance and alter its characteristics [13]. PVA ex-
hibits inadequate electrical insulation properties, but can acquire
conductivity upon doping with certain inorganic fillers [14].

Carboxymethyl cellulose (CMC) is a significant polymer in vari-
ous industrial sectors such as drag reduction, detergents, drugs,
paper, and oil well drilling operations, textiles, and foods. The di-
verse characteristics of carboxymethyl cellulose are contingent upon
three key factors: the distribution of carboxyl substituents along
the polymer chains, the average carboxyl content per hydro glucose
unit, and the molecular weight of the polymer [15]. The anionic
polymer CMC is derived from natural cellulose through chemical
modification and is characterized by its biodegradability, biocom-
patibility, and natural origin [16]. The particles of silicon dioxide
(Si0,) exhibit solid plasticizing properties that have the potential to
improve both chemical and mechanical characteristics [17].

Silicon dioxide (SiO,) is an amorphous, nontoxic material with
many potential applications. Nanofillers composed of fumed silicon
dioxide (Si0O,) are utilized in electronics and thermoplastic polymers
[18]. SiO, nanoparticles are utilized as additives in electronic pack-
aging and thermoplastic polymers [19]. Chromium oxide (Cr,0;) is
classified as a p-type metal oxide semiconductor with a hexagonal
crystal structure. It possesses remarkable properties, including ex-
ceptional decay resistance, the ability to conduct electricity, and a
high melting point. These valuable properties have enabled its ap-
plication in various practical biomedical contexts. The utilization of
Cr,0; nanoparticles as a highly effective catalyst in chemical reac-
tions has been observed [20]. The radiation phenomenon is charac-
terized by the transfer of energy from a source through space,
which can penetrate various materials [21]. Synthetic polymers have
the potential to be utilized in the production of innovative materials
that can serve as radiation shielding. Moreover, the supplementary
benefits of low industrial cost, durability, and high chemical and
thermal stability are among the favoured characteristics and quali-
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ties of enhanced shielding [22]. The present study endeavours to
fabricate a nanosystem comprising PVA, CMC, SiO,, and Cr,0; for
radiation attenuation.

2. EXPERIMENTAL PART

Silicon dioxide (SiO,)—chromium trioxide (Cr,0;) nanoparticles
(NPs) were used in various weight percentages in the films of nano-
composites (0, 2, 4, 6, and 8 wt.%), which were created using the
casting process.

The process involved dissolving pure PVA and CMC (68/32) in 40
ml of distilled water for 40 minutes while stirring with a magnetic
stirrer at 70°C to achieve a more homogeneous solution; this result-
ed in the creation of PVA-CMC-SiO,—Cr,0; nanocomposite films.
The fluid was confined within a Petri dish. The resultant solution
was subjected to a four-day drying period at ambient temperature
after synthesizing polymer mixture nanocomposites.

To measure, NCs were removed from the petri dish and used. The
surface morphology of the PVA-CMC-SiO,—Cr,0; nanocomposites
was observed using a scanning electron microscope (Model/Mira-3;
Details/1.2 nm at 30 kV; 2.3 nm at 3 kV; Manufacturing and Coun-
try/Tescan, France) and an Olympus type Nikon-73346 optical mi-
croscope with a magnifying power of x10 and a camera for micro-
scopic photography was utilized.

The present study investigates the gamma ray attenuation prop-
erties of Si0,—Cr,0; nanoparticles with varying volume fractions,
utilizing nanocomposites for gamma ray shielding. Samples were
positioned before a collimated beam from gamma-ray sources (Cs-
137.5 mci). The separation between the gamma ray and the detector
is 2 cm. The present study involved the determination of linear at-
tenuation coefficients through the utilization of Geiger counter
measurements. The measurements were conducted on transmitted
gamma ray fluxes that passed through nanocomposites composed of
PVA-CMC-SiO,—Cr,0; NCs.

The equation presented below can be utilized to calculate the linear
attenuation coefficients (u) based on the material thicknesses [23]:

N =Nye™, (1)

where the number of radiation particles, denoted as N,, detected
over a specified time interval in the absence of an absorber, and the
attenuation coefficient of gamma radiation, represented by u. Addi-
tionally, the study examines the number of particles, denoted as N,
detected over the same time interval when a sample of thickness x
is introduced.
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3. RESULTS AND DISCUSSIONS

3.1. Scanning Electron Microscope (SEM) Measurements of PVA—
CMC/Si0,—Cr,0; NCs

Scanning electron microscopy (SEM) images give a good impression of
the size and morphology of PVA-CMC/SiO,—Cr,0,; nanocomposites in
Fig. 1. The findings indicate that the polymer image (a) exhibits soft-

SEM HV: 15.0 KV WD: 14.68 mm
View flokd: 4.24 pm
SEM MAG: 30.0 kx| Dato(midly): 03/03/23

Fig. 1. SEM images of PVA-CMC/Si0,~Cr,0, NCs: (a) PVA-CMC; (b) 2 wt.%
Si0,~Cr,05; (¢) 4 wt.% Si0,~Cr,0s; (d) 6 wt.% Si0,~Cr,0s; (e) 8 wt.% Si0,~Cr, 0.
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ness, uniformity, and coherence [21]. The alterations in the surface
morphology of PVA-CMC/SiO,—Cr,0; nanocomposites are observed to
be correlated with the incorporation of SiO, and Cr,0; nanoparticles, as
depicted in Figs. 1, b, ¢, d and e. The photographic evidence indicates
that the size of granule particles is increasing with the augmentation
of the SiO, and Cr,0; nanoparticles’ content.
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Fig. 2. Grain size for PVA-CMC/SiO,—Cr,0; NCs: (a) PVA-CMC; (b) 2 wt.%
Si0y;—Cr,04; (¢) 4 wt. % Si0;—Cr,04; (d) 6 wt. % SiO,—Cr,0s; (e) 8 wt. % Si0,—Cr,0s.
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The surface morphology of the nanocomposites composed of PVA,
CMC, SiQ,, and Cr,0, displays numerous dispersed lumps or pieces on the
top surface. The image depicts how the amount of silicon dioxide (SiO,)
and chromium trioxide (Cr,0;) nanoparticles on the surface increases as
their concentration rises [24—-27]. Figure 2 shows the grain size for
PVA-CMC/SiO,—Cr,0; nanocomposites calculate from SEM images.

3.2. Optical Microscope for PVA—CMC—-SiO,—Cr,0; NCs

Figure 3 displays magnified images of PVA-CMC-SiO,—Cr,0,)

Fig. 3. Optical microscope images of PVA-CMC/SiO,—Cr,0; NCs at a mag-
nification (x10): (@) PVA-CMC; (b) 2 wt.% SiO,—Cr,05; (¢) 4 wt.% SiO,—
Cr,05; (d) 6 wt.% Si0,—Cr,05; (e) 8 wt.% SiO,—Cr,0;.
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nanocomposite films at different concentrations. The nanocompo-
sites exhibited distinguishable characteristics between the SiO,—
Cr,0; nanoparticles and the PVA/CMC blend. Upon incorporating
Si0,—Cr,0; nanoparticles into the polymeric blend, they exhibit a
uniform dispersion throughout the blend and a high degree of prox-
imity. Upon reaching a concentration of 8 wt.%, the SiO,—Cr,0,
particles transition to form a cohesive network. Nanoparticles are
linked within polymers, specifically in polyvinyl alcohol (PVA) and
carboxymethyl cellulose (CMC), in the context of films. The net-
work depicted in Figs. 3, a, b, ¢, d, and e facilitates the movement
of charge carriers, resulting in a modification of the material char-
acteristics [28—30].

3.3. Application of PVA—-CMC/SiO,—Cr,0; NCs for Gamma-Rays’
Shielding

Figure 4 illustrates the oscillations of (N/N,;) in PVA-CMC compo-
sites with different concentrations of SiO,—Cr,0; nanoparticles. The
attenuation of radiation increases due to the rise in concentrations
of Si0,—Cr,0; nanoparticles, leading to a decrease in transmission
radiation [31-33]. Figure 5 shows increasing In(N/N,) of PVA/CMC
mixture with increases of SiO,—Cr,0; NPs concentrations [34].

The graphical representation in Fig. 6 depicts the fluctuation in
attenuation coefficients of gamma radiation concerning the concen-
trations of SiO,—Cr,0; nanoparticles in a PVA-CMC blend. The esca-
lation observed in attenuation coefficients with increasing nanopar-

0.95F

0.85

N/N,

0.80

0.75

U'700 1 2 3 4 5 6 7 8

Con, of 5i0,~Cr,0, nanoparticles, wt.%

Fig. 4. Variance of (N/N,) for PVA/CMC mixture with different concen-
trations of SiO,/Cr,0; NPs.
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Fig. 5. Change of In(N/N,) for PVA/CMC blend with different concentra-
tions of SiO,/Cr,05; nanoparticles

ticle concentrations can be attributed to the absorption or reflection
of gamma radiation by the nanocomposite shielding materials, as
documented in Refs. [35—39].

Upon comparison, the outcomes of polymer nanocomposites and
concrete, as depicted in figure below, exhibited a high degree of
similarity. The composite polymer exhibited superior properties to
concrete owing to its enhanced mobility, absence of electrical con-

0.040

0.038

0.036

p, em™

0.034

0'032() 1 2 3 4 5 6 7 8

Con. of 8i0,-Cr,0, nanoparticles, wt.%

Fig. 6. Variance of attenuation coefficients of gamma radiation for
PVA/CMC blends with different concentrations of SiO,/Cr,0; nanoparti-
cles.
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ductivity, and potential to impede the escape of neutrons [40—-43].

4. CONCLUSIONS

The present study involved the production of plastic nanocomposite
films utilizing the casting solution fabrication method. The films
were comprised of silicon dioxide (SiO,), chromium trioxide (Cr,0;)
nanoparticles, polyvinyl alcohol (PVA), and carboxymethyl cellulose
(CMC). The top surface of the PVA-CMC/SiO,—Cr,0; NCs films was
analysed using SEM to depict its surface morphology. The results
revealed the presence of diverse fragments or aggregates that were
randomly dispersed across the surface. When silicon dioxide (SiO,)
and chromium trioxide (Cr,05) nanoparticles are formed in a poly-
mer mixture at a concentration of eight percent by weight, images
taken using an optical microscope (OM) reveal that they form a con-
tinuous network. Finally, as concentration NPs increases, the at-
tenuation coefficient rises for gamma radiation with an increase in
the concentration of SiO,—Cr,0; nanoparticles.
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Liquid detection has been one of the buzzwords that refer to sensing of
various liquids, which include water, chemicals, oils, etc. This detection
gains more significance with the advent of metamaterials. Metamaterials
are proved well suited in antenna designing, cloaking devices, solar cells,
and sensors. Many papers reported metamaterial sensors, which can detect
liquid chemicals, oils, etc. through shift in resonance frequency. Very few
papers reported the applications of metamaterial sensors in water treat-
ment. Water purification is one of the prime essentials for the existence
of healthy humankind. It can be used to remove unwanted chemicals, con-
taminants and gases from water. The process of water purification can be
done with various methods such as thermal, adsorption, distillation, desal-
ination, reverse osmosis, etc. The main aim is to produce water required
for specific purpose. In this context, role of metamaterials in water puri-
fication is of prime significance. Keeping this in view, an attempt is made
to review the importance of metamaterial sensors in liquid detection along
with water purification and its importance in comparison with earlier
techniques already available.

Busasinennsa pigmHm OyJa0 OSHMM i3 MOZHHX CJIiB, SIKi CTOCYIOThCS 30HIY-
BaHHS PiBHMX piAMH, OO0 AKUX HAJEXKaThb BOJa, XeMikaru, ojii tomro. Ile
BUABJIEHHS HabyBae OiJbIIIOr0 3HaUeHHSA 3 MOSBOIO0 MeTamarepisaaiB. J[oBe-
IeHO, II[0 MeTaMaTepiaau mobpe HMiAXOAATH A PO3POOKU aHTEH, MacKyBa-
JbHUX IIPUCTPOIB, COHAUHMUX Oarapeii i maBauiB. ¥ 6araTbox poboTax IIOBi-
IOMJISIJIOCS IIPO JMaBadi 3 MeramMaTepidasiB, AKi MOMKYTh BUSABJIATH PiAKi xe-
MiKaTu, Macja TOIIO uYepel3 3CYB pPe30HAHCHOI uactoTu. [yske Majso crareim
TIOBiIOMJIANM TPO 3aCTOCYBAaHHA NaBadyiB 3 MeTaMaTepiAsiB y ob6pobseHHi
Bomu. OUUINEeHHS BOAU € OAHi€I0 i3 HaWBaKJIUBININX YMOB iCHYBaHHS 370-
pOBOTO JI0ACTBA. MOTO MOXM(HA BHKOPHCTOBYBATH JJIA BUJAJEHHS 3 BOJH
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HebasKaHMX XeMiUuHMX PedYoBHUH, 3a0pyAHeHb i rasiB. IIpolec ouuieHHs BO-
IV MOXKe 3AiJICHIOBATHUCA PIBHMMU MeTOJaMU, TAKUMM AK TepMiuHi, ajcop-
OIitini, muMCTHUAAIiNHI, OMpicHIOBAJIbHiI, 3BOPOTHA ocMo3a ToIo. OCHOBHOIO
METOI0 € OJep:KaHHA BOAU, HEOOXimHOol AaA meBHHUX Iijei. ¥ IbOMY KOH-
TEeKCTi POJIb MeTaMaTepiAJiB y OUMINEeHHi BOAM Ma€ MHepIIopsAHe 3HAUEHHS.
3Baskaouu Ha Ie, 3po0JieHO cIpo0y MeperJsHyTH BaKJHUBiCTL maBadiB 3
MeTaMaTepisagiB y BUABJEHHI PiAVH pasoM i3 OUUIIEHHSIM BOAU Ta BayKJIU-
BicTh IX y IOPiBHAHHI 3 monepesHiMU, BiKe JOCTYIHUMU MeTOLaMU.

Key words: metamaterial (MTM) sensors, liquid detection, water purifica-
tion, sludge volume index, finite integration technique (FIT).

KarouoBi cioBa: JaTuMKy 3 MeTaMaTepiAliB, BUABJIEHHSA PiAWHN, OUMILEH-
HS BOIM, iHAEKC 00’eMy MYyJy, METOH CKiHueHHOI iHTerparrii.

(Received 7 June, 2023)

1. INTRODUCTION

It is not possible to think of any application related to metamaterial
without Russian physicist Veselago (1968) who demonstrated nega-
tive refraction with tailored materials [1]. He indicated that nega-
tive permittivity and permeability values lead to negative refraction
in a material. Such material was developed by Pendry after thirty
years [2]. Materials tailored for electromagnetic properties beyond
their inherent nature are called metamaterials (MTM).

MTM’s find various applications in design of antennas, cloaking
devices, sensors etc. to name the few. Antennas designed metamate-
rials exhibit lightweight, high gain, high bandwidth and maximum
channel efficiency [3]. Cloaking makes objects to be invisible. This
technique became prominent with the advent of metamaterials.
Cloaking techniques involve acoustic or EM waves with current fo-
cus on extension of bandwidth for invisibility of specific objects.
Cloaking is achieved by using metamaterials by deflecting certain
frequencies [4—19].

Solar cells designed with metamaterials are of prime importance.
They can reduce reflected light and increase incident light. At the
same time, solar cells designed with MTM’s have limited absorption
for majority of the solar spectrum. Keeping this in view, various
absorbers that utilize solar energy in effective ways were innovated
with metamaterials. Semi-circular solar cells with 77% absorption
of solar and 84% of visible regions were reported with Ni and SiN
materials [20]. Solar cells designed with silicon and metamaterial
reflectors are reported to have high efficiency [21]. Apart from
these applications MTM’s play vital role, when used as sensing de-
vices.
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2. METAMATERIAL SENSORS

Sensors have become part of our daily life. They can be designed
with different materials; however, sensors developed from met-
amaterials find various advantages as compared to ordinary materi-
als. In spite of some limitations on usage of metamaterials as sen-
sors [22, 23], they are preferred. Broadband materials can be re-
placed with sensors as they can operate at single frequency. In addi-
tion, MTM sensors possess high sensitivity and resolution [24] mak-
ing metamaterials significant in enhancing the sensors perfor-
mance. Even though MTM sensors are widely developed for various
applications in measuring humidity, temperature, etc., designing
and fabrication of MTM sensors in liquid detection plays a vital
role. Liquid detection can be related to chemicals, acids as well as
water, oil, etc.

3. METAMATERIAL SENSORS IN LIQUID DETECTION

Detection of chemicals having similar dielectric properties is a ma-
jor task as the principle of detection depends on the change in die-
lectric parameters of the samples under investigation. In this con-
text, an MTM-based sensor capable of detecting liquid chemicals be-
tween 8 GHz to 12 GHz was designed and fabricated. This was
achieved by testing different designs using CST microwave studio
in which a genetic algorithm was embedded and optimizing the re-
quired resonator dimensions.

Any MTM sensor generally consists of a resonator of designated
shape and dimensions. Depending on the type of application, the
structure of resonator is changed. The main principle behind the
design of resonator depends on the frequency shift between simu-
lated and experimental values or a comparison between similar
samples in a particular band. Many resonators of different shape
and dimensions were reported depending on the sensing application.

Figure 1 shows the MTM based sensor that operates in X-band
with proposed dimensions (22.86x10.16 mm?) that can detect liquid
chemicals. As shown in this figure, it consists of three layers. The
top layer is a G-shaped copper resonator deposited on either side of
middle layer, which is FR-4 (Flame Retardant) substrate. The bot-
tom layer is of 10 mm thickness, which can be used to keep the test
sample. Figure 1, a represent a unit cell compatible with X-band
waveguide, which correlates with experimental study.

Figure 2 shows the design of MTM sensor with two ports added
on either side with necessary boundary conditions as per the simu-
lation output. During simulation, various boundary conditions are
applied in order to measure the S-parameters as per the measure-
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22.86 mm

>

10.16 mm

Sensor

G-shaped resonator

FR4 type dielectric
substrate

Fig. 1. MTM based sensor for liquid detection (reproduced with permission
from [25]).

PEC

Fig. 2. MTM sensor with simulated boundary conditions (reproduced with

permission from [25]).

ments of wave-guide WR-90 as well to assign x—y directions to
boundary conditions of perfect electrical conductor (PEC) with z-

axis for the direction of propagation.



METAMATERIAL SENSORS IN LIQUID DETECTION: AN ILLUSTRIOUS REVIEW 123

Figure 3 shows the complete experimental setup with developed
MTM-based sensor, waveguide configuration and sample holder with
sample under study.

The above-mentioned experimental setup was used to measure
transmission coefficient (S21) with liquid sample. Initially the sam-
ple was injected into holder and (S21) was measured between 8—-12
GHz. This was repeated every sample. In addition, (S21) was calcu-
lated numerically by taking the dielectric properties of each sample.
Both simulated and experimental results confirmed the ability of
the designed sensor in detecting various liquids through resonance
frequency shift of 250 MHz (transformer oil and diesel oil), 200
MHz (corn, cotton, olive oil, 150 MHz (ethyl alcohol substituted
with aniline) and 50 MHz (carbon tetrachloride with benzene. This
was achieved by developing a resonator in X-band. It was reported
that this sensor could differentiate clean and waste transformer
oils, branded and unbranded diesel oils by a resonant shift of 250
MHz even though their dielectric constants are very close of about
(2.84 and 2.73) and (2.71 and 2.48). Similar measurements have
confirmed 200 MHz shift for cotton, corn and olive oils with 3.2,
3.08 and 2.55 dielectric values. The experimental and simulated re-
sults are highly correlated confirming the ability of designed sensor
in chemical detection. At the same time, it is of low cost, durable

G-Shaped Resonator]

i
b
-

ector Netwdrk Analyze

el e

Fig. 3. Experimental setup of MTM sensor (reproduced with permission
from [25]).
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and highly accurate. This MTM sensor is of high importance in liq-
uid chemical detection [25].

An MTM-based optical sensor for sucrose detection has been re-
ported. The sensor was optimized by developing a metamaterial sur-
face of broad wavelength using E-beam lithography. The detection
accuracy of the sensor was very high as compared to an ordinary
thin film sensor. The central wavelength of MTM sensor (967 nm)
was much higher than the gold film sensor (933 nm). A big shift in
wavelength (148.7 nm) between gold film and MTM sensors was re-
ported. This large shift in wavelength is assigned to high resonance
intensity experienced by metamaterial surface attributed to low
particle size. These outputs confirmed better sensitivity with met-
amaterials [26]. In continuation, various MTM sensors are designed
that include temperature sensors based on semiconductor metamate-
rials [27], sensors for sensing permittivity of alcohol, etc. [28] were
reported.

In a similar way, a MTM absorber based on resonator of swastika
shape resonator was designed. The sensing ability of this sensor at
X-band frequency was demonstrated both theoretically and experi-
mentally. This structure consists of a resonator of swastika shape
on top of dielectric layer having gap to fill liquids under test.

Figure 4 shows an MTM-based sensor that can determine liquid
chemicals and the ratios in water. It has a swastika shaped copper
resonator of width 1mm placed on FR4 substrate with 1.6 mm
thickness and 4.2 dielectric constant and 0.02 tangent losses. A res-
ervoir of 3.5 mm thickness between copper plate and resonator was
set up to place the chemical liquids for detection.

As every liquid chemical has its own electrical and permittivity
values, shift in resonance frequency takes place by bringing a
change in absorption value of MTM absorber. This is correlated
with systems impedance matching. The swastika resonator is de-
signed as per the numerical results, which have unique properties
as compared to other resonators. It is also reported that compatibil-
ity between unit cell dimensions and X-band waveguide has been
established.

Figure 5, a shows the fabricated MTM sensor with dimensions as
per simulation output. The sample under study (Fig. 5, b) has been
placed into the X-band waveguide. Figure 5, ¢ shows the reservoir
for liquid chemical. X-band waveguide is fed by VNA between 8 and
12GHz for each sample separately. Simulation was done using fi-
nite integrate technique to find MTM structures absorption of lig-
uid chemical depending on its electrical property. With the help of
Vector Network Analyser, loss tangents and dielectric constants for
acetone, ethanol, water, methanol, etc. are measured in specified
frequency range. It was reported that absorption ratios significantly
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Fig. 4. Swastika-shaped MTM resonator (reproduced with permission from

[29D]).

Fig. 5. (a)—Fabricated MTM sensor with simulated dimensions; (b)—X-
band waveguide; (c¢)—reservoir (reproduced with permission from [29]).

differ between the investigating samples. In addition, the shift in
resonance frequency estimates their density rate accurately. It is
also demonstrated that absorption properties of the MTM sensor
varies with resonator dimensions. Both observed and simulated re-
sults inferred the linear relation between resonance frequency and
permittivity of swastika shaped MTM sensor for the samples under
study. Since they are highly correlated, this sensor might be con-
sidered for detecting different liquid chemicals [29].
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3. METAMATERIAL SENSORS IN WATER TREATMENT

Huge amount of wastewater was being processed throughout the
world [30]. In this sewage water is one which was the wastewater
released after consumption for household purposes like washing,
flushing, etc. This water is generally made to accumulate in a sewer
facility, which is black (due to bathing, dishwashing) and grey (toi-
let water) in colour. It is a combination of paper wrappers, sanitary
items, soap residue and chemical composition of waste material with
foul smell. This results in sewage pollution creating threat to envi-
ronment and human health apart from affecting agriculture, aquat-
ic and biodiversity. Hence, this water needs to be treated that is
known as sewage treatment. Sewage treatment involve various pro-
cesses [31] that include pre-treatment, primary, secondary, tertiary
and sludge treatments. Pre-treatment is the first step, in which
large materials such as bottles are scanned and reduced to smaller
particles. These particles are removed and the water is ready for
primary treatment. During primary treatment, heavy particles set-
tle down the surface while biological content will be removed during
secondary treatment. Even though secondary treatment removes
most of the virus and bacteria, components like nitrogen, phospho-
rus, etc. may be present in the wastewater. This can be removed
through tertiary treatment. This water can be reused as industrial
water. Further treatment may help to use this water for cleaning.
Beyond all these treatments, wastewater can be treated using sludge
treatment. In this process, disintegration of organic matter and hy-
drolysis of macromolecular components leads to usage of solid de-
posits of sludge as fertilizers and for production of energy, etc.
[32].

Sludge disintegration technique may be thermal, mechanical,
chemical or microwave radiation based. It is reported that release-
ment of organic matter depends on final temperature [33], which
affect dielectric properties of materials. Dielectric properties play
important role in determining its EM-field distribution in a given
material. The electrical properties of Waste activated sludge (WAS)
which prevalent in sewage treatment plant has been reported by
[84] with the help of open-ended coaxial probe technique. In this
context, MTM sensor that sense variation in complex permittivity
with resonance frequency shift is of importance. Metamaterials are
tailored to control and manipulate electromagnetic waves [35]. Since
the year 2000 when negative permittivity and permeability are
demonstrated by metamaterials [36], various applications like an-
tenna designing, cloaking devices have been stimulated [37]. Simi-
larly, metamaterial absorbers are being used in various fields [38,
39]. Energy harvesting applications with microwave metamaterial
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absorbers have been developed [40, 41]. In continuation, metamate-
rial sensors that sense temperature, pressure, liquid chemicals, etc.
are being reported [42—-45]. Majority of MTM sensors are designed
to study the change in complex permittivity through shift in reso-
nance frequency based on capacitive effects [46]. For a given mate-
rial, dipoles behave as per the complex dielectric constant that de-
pends on its physical and chemical properties [47—55]. The impact
of environmental parameters on complex permittivity using open-
ended coaxial probe was reported [56].

Sludge volume index (SVI) is one of the parameters in process
control, which describes the sludge settled in an aeration tank of an
activated sludge. It is measured dividing amount of sludge settled
in thirty minutes for one litre sample by concentration of suspended
solids. Its value should range between 50-150 mL/g beyond which
measures need to be taken to control the sludge levels. Various
techniques to measure SVI has been earlier reported [57, 58], but
for the first time a MTM sensor was reported for prediction of SVI
and validate in microwave range. This technique demonstrated bet-
ter visibility than the regular method of using a coaxial probe in
which complex permittivity values are being measured. Later, an
MTM sensor was designed as per the frequency of operation
through simulation using FIT. Such MTM sensor was simulated and
developed with the help of CNC (computerized numerical control)
controlled PCB machine. Its ability was tested with vector network
analyser (VNA) whose results demonstrated high sensitivity and ef-
fectiveness of designed sensor for water treatment. The designed
sensor structure has two square copper resonators front and back
along with another resonator with meander lines from left top to
the right bottom of substrate made with Isola material of low die-
lectric loss. A sensor layer of thickness 10 mm was placed behind
the backside resonator whose dimensions are compatible for X-band.
The front and rear sides of waveguide sample holders are covered
with kapton film of 25-um thickness that was considered in simula-
tion to correlate with experiment similar to lab setup.

Using this sensor, SVI index was measured in three stages of
wastewater treatment given by water entry point, aeration and exit
stages. Measurements of dielectric constant and MTM sensor are
considered. Three samples tested between 8 GHz and 12 GHz for
entrance, aeration and exit stages are reported to vary from 67 to
32.54, 39.64 and 56. Secondly, the measured dielectric constants of
wastewater samples were simulated by assigning these values to a
microwave simulator. The resonant frequencies of entrance, aera-
tion and exit stages of water are found to be 10.208 GHz, 10.024
GHz and 10.232 GHz with about 230 MHz bandwidth indicating the
ability of sensor in distinguishing different stages of water sam-
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ples. These results are compared with experimental values obtained
from network analyser, which are highly correlated with small dif-
ferences in resonance frequency. Hence, this technique suits deter-
mination of liquid type [59].

4. CONCLUSIONS

This paper mainly reviewed the role of MTM sensors in liquid detec-
tion with prime focus on designed resonators and their successful
implementation. It is observed that MTM sensors used in detection
of liquids replace the traditional coaxial tube technique in X-band
range of frequency. Mainly we observed that replacement of coaxial
tube technique along with simulation is being carried out simulta-
neously. These sensors could differentiate between clean and waste
transformer oils by a frequency shift of 250 MHz even their dielec-
tric constants are very close by a difference of 0.11. Similarly, a
frequency shift of 200 MHz was observed for olive, corn and cotton
oils with dielectric constants 2.55, 3.08 and 3.2. Similar is the case
with branded and unbranded diesels. This sensor proved to be suc-
cessful in terms of speed, economical and accuracy. Apart from liq-
uid detection, MTM sensors are proved very useful in water treat-
ment centres. In this review, we observed an excellent MTM sensor
that can detect sludge volume Index (SVI) efficiently. For the first
time in the journey of MTM sensors this was reported, which may
lead to many applications in detecting water quality in future. To
design this sensor, complex permittivity values of water samples
are being measured. The simulated and experimental results proved
the efficiency of this sensor with high sensitivity and its effective-
ness for usage in water treatment. For a given water treatment cen-
tre, five experimental values for same sample were reported to have
about 0.5% standard deviation at resonance frequency. The simula-
tion values are highly correlated with experimental values for en-
trance, aeration and exit of the water treatment centre with a shift
of 72 MHz, 16 MHz and 88 MHz, respectively. A minimum of 230
MHz frequency shift exist between different samples under study,
which can determine water quality. This journey of MTM sensors in
water treatment may lead to new inventions in detecting and puri-
fying water quality with low cost and high speed masking the exist-
ing conventional techniques.
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Energy storage and energy-storage devices have been a buzzword for long
time as it is one of the essential needs in human life. These devices in-
clude mechanical systems, thermal systems, and batteries. These systems
embedded with software can monitor the charging and discharging phe-
nomena of energy. In this context, the role of rechargeable batteries needs
to be reviewed. Even though novel types of rechargeable batteries are be-
ing continuously developed for storage of electricity, more attention and
research towards supercapacitors is on the way. Huge number of research-
ers around the globe is involved in developing supercapacitors with im-
proved performance making them more and more useful. The main aim is
to improve their efficiency, energy density, operating voltage, miniaturi-
zation, optimization, economy, and environmental acceptance. For the last
few years, lightweight and carbon-based novel wearable supercapacitors
are developed. High durability, eco-friendliness, being non-volatile and
electrostatic mechanism of supercapacitors make them advantageous than
conventional batteries. In this regard, advances in microelectronics de-
mand microsupercapacitors (MSCs). The selection of electrode in microsu-
percapacitor plays significant role in the fabrication. In this selection,
MXenes as a family of 2D material play a vital role. Very high conductiv-
ity and high capacity of charge storage makes MXenes as one of the po-
tential materials for electrodes in microsupercapacitors. This prompts us
to review the role of MXenes in microsupercapacitors. This article reviews
the recent advances of MXenes-based MSCs with emphasis on their fabri-
cation techniques.

HaxonwuyBaui eHeprii Ta mpucTpoi HaKOIMYEHHA eHeprii BiKe JTaBHO CTaJIH

MOJIHHUM CJIOBOM, OCKLIBKHU Ile OJHA 3 HallBaKJMUBIMINX IMOTPed y *KUTTI JIIO-
nuHU. Jlo TaKUX TPUCTPOIB HaJIeKaTh MeXaHiuHi cuCcTeMH, TEIJIOBi cucTeMu
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i akymyaaropu. Ili cucremu, BOymoBaHi B mporpamHe 3abes3meueHHS, MO-
JKYTh KOHTDOJIIOBATH ABUINlA 3apANKaHHA Ta PO3PAIKAHHA eHeprii. Y mbo-
MY KOHTEKCTi HeoOXilHO meperjaHyTH POJIb aKyMyJsaTOpHuUX Oarapeii. He-
3BasKaOuu Ha Te, IO AJis 30epiraHHA eJIeKTpoeHeprii mocTiiiHo po3pobJisd-
I0ThCS HOBI THOU aKyMyJATOPHUX Oarapeil, Bce Oijblle yBarm Ta JOCJIi-
I:KeHb y raJiysi cyIlepKoHAeHcaTOpiB BiKe HaA miaxomi. BeamnuesHa KiabKicTh
IOCTiZHUKIB MO BChOMY CBiTY 6epe y4acTh y po3poOIli CymepKOHIeHCAaTOPiB
3 TOJIIMIIIEHOI0 HTPOAYKTUBHICTIO, IO poOUTH iX Bce O6imbm KopucHuUMHU. Oc-
HOBHOIO METOIO € IIiABUINEeHHS iXHbOl e)eKTUBHOCTHU, I'YCTHUHUH €Heprii, po-
6ouoi Hampyru, MiHigTiopmsailii, onmTumisaiii, eKoOHOMIiYHOCTH ¥ €KOJOTiu-
HOTO COPUUHATTS. 3a OCTaHHI KijbKa pPoKiB Oyau po3pobjeHi Jierki Ta Kap-
OOHOBiI HOBiI HmpUAATHI I/ HOCIHHA CylepKOHAeHcaTopu. Bucoka moBroBiu-
HiCTh, €KOJIOTiUHIiCTb, €HEepProHe3aJIe:KHICTh 1 eJIEKTPOCTATUUYHUNA MeXaHi3M
CYIIePKOHAEeHCATOPiB POOJATh iX BUTIAHIMIMMU Iepel 3BUYAMHUMH aKyMYy-
aaTopaMu. ¥ 3B SABKY 3 IIMM JOCSATHEHHS MiKPOEJEeKTPOHIKM BUMAaramoTh
mikpocynepkougencaTopiB (MCK). Bubip erexkTponu B MiKpOCYIEepPKOHIEH-
caTopi Bimirpae sHauHy poJib Y BUTOTOBJIeHHi. ¥ Iiii m0o0ipiii MaxkceHu AK
cimeiicTBo 2D-MaTepidasiB Bimirpae JKHUTTEBO BasKJIUBY poJib. I[y:ke BHCOKa
IpPOBigHiCTL 1 BHCOKa €MHiCThL HaKONMMUyBaua 3apsany POOUTH MaKCEHU Of-
HUM 3 IIOTEeHI[IHHWX MaTepisaiaiB /s eJeKTPoa Y MiKpoCyIepKOHIeHCaTOo-
pax. Ile cnmoHyKae Hac POSIVIAHYTH POJIb MaKCEeHIB y MiKpoCyIlepKOHAeHCA-
Topax. ¥ Iiil craTTi poariaamaioTbca ocraHHi mocarHenusa MCK Ha ocHOBi
MaKCeHiB 3 aKI[eHTOM Ha TeXHOJOTisIX BUTOTOBJIEHHS iX.

Key words: 2D MXenes, microsupercapacitors, energy storage, E-textiles,
health monitoring.

Karouori cioBa: 2D-MaKceHU, MiKPOCYIIEPKOHIEHCATOPH, HAKOIUYYBaUi eHe-
prii, eJeKTPOHHUI TEKCTUJ/Ib, MOHITOPHHI' 340POB .

(Received 19 May, 2023)

1. INTRODUCTION

High capacitance value is being one of the top priorities since few dec-
ades in electrochemical systems. This could not be achieved earlier, but
researchers have proved that supercapacitors could show a new direc-
tion in developing electrical energy storage systems [1]. Novel materi-
als, technologies, huge surfaces and minute interelectrode distances
are being developed in recent times. Many materials exhibit high pseu-
do-capacitance achieving large capacitance values as compared to nor-
mal capacitors and are called supercapacitors or ultra-capacitors) [2].
Figure 1 shows the image of a supercapacitor.

Supercapacitors play a significant role in new generation electronic
devices and systems. Carbon and its allotropes play a vital role in su-
percapacitors in view of their thermal stability, chemical stability, me-
chanical strength, good conductivity, high electron mobility, wide
range of temperatures, large surface area and morphology.
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Fig. 1. Supercapacitor (courtesy [3]).

Figure 2 shows the classification of supercapacitors.

Depending on the mechanism involved in energy storage, super-
capacitors are of two types: pseudo-capacitors where charge storage
is fast due to redox reactions, double-layered capacitors where
charge storage depends on electrostatic principles [3, 4]. If an elec-
trode material exhibit either one or both mechanisms mentioned
above, hybrid capacitors can be formed with them. Figure 3 shows
different types of supercapacitors.

High-power rapid charging and discharging make supercapacitors
significant in energy harvesting from renewable energy sources,
power, industrial control, transport, consumer electronics, defence,
medical, communications, electric and hybrid vehicles [6—9].

2. MATERIALS FOR SUPERCAPACITORS

Supercapacitors are widely used for energy storage mainly due to
their environment friendly nature, huge number of charge, dis-
charge cycles and durability with less maintenance [10]. However,
as compared to battery they have low energy density. This drawback
force researchers towards new materials and technologies. In this
context, 2D nanomaterials such as graphene, fullerene, and carbon
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Fig. 2. Classification of supercapacitors (courtesy [3]).

nanotubes are used as appropriate electrolytes [11]. In this journey,
usage of copper minerals, chalcosine [12] and coveline [13] was tak-
en up. In addition, perovskite oxides based on lanthanum, stronti-
um, and cerium, etc. are being researched [14]. In order to improve
further the efficiency of supercapacitors, MXenes were used.
Increased demand for flexible and smart wearable energy micro-
devices force researchers towards design and development of micro-
energy storage devices. Since microbatteries have limited life and
power density, best alternative to them are microsupercapacitors
(MSCs) despite lower energy density. Still stability and fast
charge/discharge cycles MSCs are preferred [15]. MSCs may be of
regular sandwich type or plane interdigital pattern type, in which
the second one offers better performance [16, 17]. Various 2D ma-
terials such as graphene, MXenes with excellent electronic, optical,
mechanical, physical and chemical properties make them significant
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in energy storage applications [18]. Even with large conductivity
and surface area, carbon based materials lack high energy density
[19-24]. Likewise, pseudo-capacitive materials, which have low con-
ductivity [25—28], are used in MSCs. Since the discovery of MXenes
in 2011, they have gathered the attention of scientific community
for usage in MSCs [29].

2. MXenes: SYNTHESIS AND PROPERTIES

MXenes are synthesized either by selective etching or through
chemical vapour deposition. First reports on synthesis of MXene
indicated elimination of Al layer from Ti;AlC, (MAX) by using hy-
drogen fluoride [28]. Exfoliated two-dimensional Ti;C,T, possess
morphology similar to 2D sheets resembling graphene sheets [30].
Various methods were used to avoid highly acidic HF acid.

Figure 4 below demonstrates the development of MXenes from
MAX phases through HF treatment and their compositions in peri-
odic table.
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Fig. 4. (a) Schematic showing the synthesis of MXene from MAX by HF
treatment; (b) synthesis mechanism of different order of MXenes by MAX
phases; (c) compositions of MXene elements in periodic table (courtesy [31]).

Based on the method of synthesis, the characteristics of MXene
are altered. It is reported that more than twenty types of MXenes
have been synthesized experimentally [32].

MXenes act as significant platforms for supercapacitors in view of
their electrical, mechanical properties and their surface morphology.
They are classified into metallic, semi-metallic and semi-conducting
materials [33]. Usually uncovered, they exhibit high conductivity and
their electronic properties strongly depend on morphology and stack-
ing of MXene sheets. It is reported that delaminated MXenes exhibit
ultrahigh conductivity of up to 9880 S/cm [34]. Also depending on the
synthesis method, a conductivity of 1 000 S/cm with HF etching was
reported by MXene. This can be tuned to an extent of 4600 S/cm to
6500 S/cm in case of thick films with delaminated MXene by altering
sonication and etching [35].

Mechanical properties of MXenes depend on their specific physical
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and chemical properties. Many studies on mechanical, electronic and
thermal properties of various MXenes have been reported [36—40].
Young’s modulus of Ti;C,0, and Ti;CO, were reported as 466 and 983
GPA [41], which correlate with values predicted by simulation [42]. In
this context, a study reported a paper film with Ti;C,T,/PVA compo-
site of thickness of 5 ym that can withstand approximately 15 000
times of its weight [43] indicating its strong wear. However, surface
properties can be modified through surface terminations.

3. MXenes AND THEIR HYBRIDS FOR
MICROSUPERCAPACITORS

High metallic conductivity and unique morphology of MXenes make
them highly significant in microsupercapacitors. Low cost MXene
MSC with 128 S/cm electrical conductivity and 25 mF/cm? capacitance
in PVA-H,SO, gel electrolyte was reported [44]. They also demonstrat-
ed that capacitance increases with thickness of the material. Similarly,
MXene based MSC with wafer scale approach using photolithography
with more capacitance was reported. This device was capable of con-
verting the output peak voltage from 0.6 V to —0.56 V as compared to a
commercial capacitor with 4mF [45]. A Ti;C,T, spray coated glass sub-
strate with inter digital pattern with an areal capacitance of 20
mF/cm? at 20 mV/s and ultrahigh volumetric capacitance of 357F/cm?®
at 0.2 mA/cm? was fabricated. This was superior to other carbon mate-
rials already reported. However, usage of platinum collectors was re-
ported to increase an areal capacitance to 27.3 mF/cm?[46]. Recently a
semi-transparent MXene film was used with micropatterns of various
transparency levels. With increase of 50% transparency, an areal ca-
pacitance increased by almost fifteen times from 19 pF/cm? to 283
pF/cm?. At the same time, increase in resistance from 0.8 kQ to 2 kQ
with increase in coating cycle has been observed [47]. Double-sided
MSCs with MXene ink of 7.2 V potential were fabricated. Sharp rise in
capacitance was observed with decrease of inter spacing between
MZXene electrodes. Such device with an inter electrode gap of 10 um
offered huge volumetric capacitance of 308 F/cm® at 5 mV/s and
96.4% efficiency above 10 000 cycles too [48]. Series connected MSCs
achieved a high potential of up to 2.4 V [49]. Fabrication of MSCs with
MXene as negative and MXene—MoO, film as positive electrode was
reported. This technique included vacuum filtration of films followed
by laser cutting of interdigital patterns as shown in Fig. 5 [50].

By using the technique of vacuum filtration, thick sheets of
MXene were used to develop films with conductivity up to 1.25-10°
S/m for flexible microsupercapacitor. Likewise, MSCs with interdig-
ital pattern having 8340 mF/cm?® areal capacitance and 183 F/cm?
volumetric capacitance with energy density of 12.4 mWh/cm® and



140 N. V. KRISHNA PRASAD and N. MADHAVI

Laser cutting

= rr
o
_u¢'

-—

Assemble

Fig. 5. (a) Fabrication process of MXene//MXene—-MoO,-MSCs with differ-
ent shapes such as spiral (b), parallel inter digital fingers (¢, d), twelve
parallel inter digital MSCs integrated on one paper (e), and MSCs trans-
ferred onto glass substrate (f) and cloth substrate (g) (courtesy [50]).

power density of 218 mW /cm?® are fabricated [51]. In addition, pa-
per based MXene electrodes with high conductivity and areal capac-
itance of 28.4 mF/cm? at 0.05 mA/cm?® was fabricated. In continua-
tion, fabrication of electrodes in series as well as parallel was taken
up to achieve required capacitance [52].

MSCs based on MXenes and CNT with fast ion diffusion and high
conductivity were reported. They achieved this by fixing a gap of
500 nm between interdigital fingers and obtained areal capacitance
of 8317.3 mF/cm? at 50 mV/s. Decrease in gap increased an areal
capacitance and energy density attributed to improved rate of ionic
transfer [53, 54]. Fabrication of a three dimensional MXene/rGO
aerogel MSC was reported. Figure 6 show the fabrication process, in
which the device was embedded with polyurethane for adhering to
external damage. This device exhibits an areal capacitance of 34.6
mF/ cm? at 1 mV/s with excellent recovery of electronic and me-
chanical properties even after full breakdown [55, 56].

A high performance asymmetric flexible MSC with rGO as positive
and MXene as negative electrodes achieved a working potential of 1 V
with number of bending cycles and 2.4 mF/cm? areal capacitance at 2
mV/s indicating MXenes potential for negative electrodes in asymmet-
ric devices with high stability and strong performance [56].
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MXene-rGO composite; (d) cycling stability of MXene—rGO composite aer-
ogel MSC at 2 mA-cm™.

MXenes are also capable of producing textile based energy stor-
age devices with high stability and tunability. Helical shaped
MXene/CNT with scaffold hybrid structure reported 19.1 F/cm?®
volumetric capacitance at 1 A/cm® in aqueous LiCl electrolyte. Its
energy density was of about 2.55 to 1.15 mWh/cm? at power densi-
ty of 0.046 W/cm? to 1.82 W /cm?, which is almost equal to the best
performing capacitor [57].
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Similarly, fabricated MXene/rGO hybrid fibre supercapacitors us-
ing wet spinning exhibit high volumetric capacitance of 586.4 F/cm? at
10 mV/s. These fibres report high conductivity of 3-10* S/cm whose
flexibility can be enhanced by changing the grapheme content [58].
Similarly, fabrication of MSCs by introducing the MoS, into MXenes
enhanced the electrochemical performance by 60% in comparison to
pristine MXene [59]. Self-restacking of MXene layers was taken up by
adding RuO, nanoparticles in order to improve ion exchange rate. In-
tegration of conductive Ag nanowires into MXene decreases electrodes
surface resistance. These strategies achieved MSC with volumetric ca-
pacitance of 864.2 F-cm™2 at 1 mV/s with 90% of capacitance retention
even after 10 000 cycles [60].

PANI/MXene-based film electrodes with an exceptionally high vol-
umetric capacitance of 1167 F-cm™ were reported for the first time
[61]. Stretchable MSCs based on MXene/bacterial cellulose composite
with high Young’s modulus of 15—-35 GPa and tensile strength of up to
200-300 GPa were fabricated. Here, bacterial cellulose acts as a gap
between MXene sheets preventing re-stacking of MXene flakes [62].
MXene—polymer composite nanofibers as flexible yarn electrodes were
synthesized. This was achieved by electro spinning of active material
on PET sheets. This device displays high areal capacitance of up to
18.39 mF/cm? at scan rate of 50 mV/s, which is better than many other
carbon based yarn fibre supercapacitors [63]. In continuation, another
group reported similar MSCs such as MXene/PEDOT-PSS-based yarn
supercapacitors (YSCs) with 95% capacitive retention after 10 000 cy-
cles, which is found significant in portable electronics [64]. In the same
way, fabrication of dual-core yarn supercapacitor (YSC) with GO and
MZXene hybrid fibres encapsulated with PVA-H,SO, was reported. Its
mean diameter was of approximately 500 pym with excellent linear ca-
pacitance of 43.6 mF/cm at 20 mV/s [65].

5. CONCLUSIONS

Right from the discovery of MXenes, they have become one of the
unique choices for microelectrodes in MSCs for electronics applica-
tions. Their excellent properties such as large conductivity, volumet-
ric capacitance makes them well suited for MSCs. However, fabrication
of MXene-based MSCs is in the development stage, which needs to be
further optimized in terms of material used for electrode, substrates
and electrolytes. As per the existing literature, main focus of MXene
based MSCs is towards the increase in areal capacitance and power den-
sity. Already, it is observed that self-discharging in open circuit condi-
tion needs to be attended on immediate basis. As per the earlier re-
ports, this drawback can be rectified through integrating MSCs with
solar power cells to enhance long-term charge storage property instead
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of self-discharging. In order to increase the electrochemical perfor-
mance, electrolyte selection plays a vital role. Usually, polymer gel
electrolyte was used for ion exchange in MXene-based electrodes for
microdevices, whose output voltage is low. Hence, alternative is re-
quired in order to increase the voltage and stability. Hence, different
electrolytes and polymers need to be envisaged, which enhance per-
formance of MSCs. However, ionogel may be one option with high sta-
bility in terms of mechanical and thermal than regular gel electrolytes.
Expansion of potential may be possible with asymmetric devices for
real time applications. Apart from the Ti;C,Ti, (MXene) based MSCs,
many MXene materials might be synthesised for better understanding
of charge storage mechanism that lead to future MSCs devices.
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Synthesis and Improved Dielectric Properties of PVP/TiN/Si;N,
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Nanocomposites of PVP/TiN/Si;N, films are prepared with different con-
centrations to utilize in many industrial fields. The dielectric properties
of PVP/TiN/Si;N, nanocomposites are examined in the frequency range
from 100 Hz to 5 MHz. The experimental results demonstrate that the
dielectric constant, dielectric loss and electrical conductivity of
PVP/TiN/Si;N, nanocomposites increase with increasing concentration. In
addition, the dielectric constant and dielectric loss of PVP/TiN/Si;N,
nanocomposites are reduced, while the conductivity is increased with ris-
ing frequency. Finally, the obtained results indicate that the
PVP/TiN/Si;N, nanocomposites can be considered as new nanomaterials to
use in different electronics fields.

Hamoromnosutu mriBok nosiBirinmipoaizon/TiN/Si;N, 6yimo BurorossieHo 3
Pi3HMMM KOHIIEHTPAIiAMHU IJIA BUKOPUCTAHHA B 0araThoX Tay3saX IPOMIUC-
aoBoctu. llocuim:keHO AieleKTPUUYHI BJIACTUBOCTI HAHOKOMIIO3UTIB IIOJIiBi-
Hinmiposigon/TiN/Si;N, y miamasoni gacror Bixg 100 I'm o 5 MTI'u. Excme-
PUMEHTAaJIbHI pPe3yJbTaTH IIOKAa3ajid, IM0 JiejieKTPpWYHA HPOHUKHICTH, mie-
JEeKTPUYHI BTPATU U €JeKTPOIIPOBIAHICT, HAHOKOMIIO3UTIB ITOJIiBiHiIMipOJTi-
mou/TiN/Si;N, spocraiors i3 30inbmenaam kKouuentpanii. Kpim Toro, mie-
JIEKTPUYHA IMPOHUKHICTH i AiesleKTPUYHI BTpaTu HAHOKOMIIOSUTIB ITOJiBiHi-
auipoaigon/TiN/Si;N, sMeHImuaIncA, a TPoBigHiCTh 3pocia 3i 36iJMbIIEHHAM
yactoTu. Haperri, omep:kaHi pesyabTaTyé MOKAa3ajau, 110 HAHOKOMIIO3UTH
noJsiBiHinmmiponigon/TiN/Si;N, MoKHA posrasazaTu AK HOBI HaHOMAaTepiaam
IS BUKOPHCTAHHSA B Pi3HUX 00JIaCTAX €JIEKTPOHIKHU.

Key words: TiN/Si;N,, dielectric properties, polyvinylpyrrolidone, elec-
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tronics fields, nanocomposites.

Karouori caosa: TiN/Si;N,, niemekTpuuni BjacTuBOCTi, moJiBiHinmipoJTi-
[OH, €JIEKTPUYHI [OJIsI, HAHOKOMIIO3UTH.
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1. INTRODUCTION

Polymer composites are a class of materials with prominent physi-
cochemical properties, where a polymer acts as the matrix and mi-
cro-, macro-, or nanomaterials as the filler. Researchers have re-
ported that nanofillers (e.g., carbon nanotubes or nanosemiconduc-
tors) can improve some features of polymers, such as their electrical
conductivity and mechanical behaviour. Accordingly, polymer nano-
composites (PNCs) are interesting for the industry due to their en-
hanced properties and have been receiving applications in fields
such as environmental remediation, energy storage, and biomedicine
[1].

Polymers have been widely used in various applications due to
outstanding properties such as their low cost, stability, easy fabri-
cation, etc.

The advantages of polymer matrix composites include their low
cost and straightforward fabrication processes. Furthermore, poly-
mer composites can be used as the primary material to create light-
weight, flexible electronics, which is advantageous considering con-
sumer demand [2].

Polyvinylpyrrolidone (PVP) has a good stable environment, easy
processing, and moderate electric conductivity. It has a wide range
of applications such as electrochemical devices (batteries, displays)
[3].

Silicon nitride (SizN,) is amid the mainly significant ceramic ma-
terials for elevated-temperature fields because of its combination of
mechanical properties at room and elevated temperatures, resistance
to oxidation, low thermal expansion coefficient, and low density
compared of refractory metals [4].

Titanium nitride (TiN) shows excellent chemical resistance, superi-
or electrical conductivity, and good adhesion with most materials [5].

The nanocomposites consisting of nanostructure doped with differ-
ent materials have numerous applications in different fields like op-
tical fields [6—15], energy storage [16—18], sensors [19—-20], electron-
ics and optoelectronics [21-35], antibacterial [36—41], radiation
shielding and bioenvironmental [42—-47].

The present work objects to prepare the PVP/TiN/Si;N, nanocom-
posites’ films to employ in many industrial applications.
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2. MATERIALS AND METHODS

The used nanomaterials in this work are TiN and Si;N, nanoparti-
cles (NPs) as filler and PVP as matrix. The films of PVP/TiN/Si;N,
nanocomposites were prepared using casting process with various
concentrations of 12.5 gm/L, 25 gm/L, and 50 gm/L with ratio of
TiN/Si;N, NPs (6 wt.%) and content of 50% TiN and 50% Si;N,.
The dielectric properties of PVP/TiN/Si;N, nanocomposites’ films
were examined at frequency ranged from 100 Hz to 5 MHz using
LCR meter (HIOKI 3532-50 LCR HI TESTER). The dielectric con-
stant (¢') is found by [48] as follows:

&= C,/Cy, (1)

where C, is the matter capacitance and C, is the capacitance of vac-
uum.
Dielectric loss (g") is calculated by [49] as follows:

" =¢'D, (2)

where D is the dispersion factor. The A.C. electrical conductivity is
given by [50]:

Ouc = 2nfe' De,. 3)

4. RESULTS AND DISCUSSION

Figures 1-4 demonstrate the difference in the dielectric constant
and dielectric loss with frequency and concentration for
PVP/TiN/Si;N, nanocomposites’ films, respectively.

The dielectric constant and dielectric loss rise with increasing
concentration; this behaviour is due to rise in number of charges’
carriers. The high values of dielectric constant and dielectric loss at
lower frequencies were assigned to the availability of enough time
for the dipoles to interact with the fields before it changes, while
the values of dielectric constant and dielectric loss decrease at high-
er frequencies due to the shorter time available to them [51-65].

The electrical conductivity performance with concentration and
frequency for PVP/TiN/Si;N, nanocomposites are shown in Figs. 5
and 6, respectively. The electrical conductivity increases with an
increase in the concentration and frequency. The rise of electrical
conductivity as the concentration increases due to increase in the
charge-carriers’ numbers. The frequency-dependent conductivity is
caused by the hopping of electrons in the localized states near the
Fermi level and due to the excitation of charge carriers to the
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Fig. 1. Difference in the dielectric constant with frequency for
PVP/TiN/Si;N, nanocomposites.
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Fig. 2. Variation of dielectric loss with frequency for PVP/TiN/Si;N,
nanocomposites.

states in the conduction band [66—70].

5. CONCLUSIONS

This work includes fabrication of PVP/TiN/Si;N, nanocomposites’
films with various concentrations to utilize in different industrial
applications.

The dielectric properties of PVP/TiN/Si;N, nanocomposites were
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Fig. 3. Dielectric constant variation with concentration for PVP/TiN/Si;N,
nanocomposites.
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Fig. 4. Performance of dielectric loss with concentration for
PVP/TiN/Si;N, nanocomposites.

examined in the frequency range of 100 Hz—5 MHz. The results
showed that the dielectric constant, dielectric loss and electrical
conductivity of PVP/TiN/Si;N, nanocomposites are increased with
increasing concentration. The dielectric constant and dielectric loss
of PVP/TiN/Si;N, nanocomposites are reduced, while the conductiv-
ity is increased with rising frequency.

The results illustrate that the PVP/TiN/Si;N, nanocomposites
may be considered as new nanomaterials to employ in various elec-
tronics applications.
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Fig. 5. Electrical conductivity performance with frequency for
PVP/TiN/Si;N, nanocomposites.
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Fig. 6. Variation of electrical conductivity with concentration for
PVP/TiN/Si;N, nanocomposites.
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The present study aims to prepare the PVP/Si;N,/Al,O; nanostructures to
use them in different electrical and electronics fields. The dielectric prop-
erties of PVP/Si;N,/Al,0; nanostructures are tested. The experimental
results illustrate that the dielectric constant (¢') and dielectric loss (g"”) of
PVP/Si;N,/Al,O; nanostructures decrease, while the electrical conductivi-
ty (o.c) is rising with a rise in the frequency. The dielectric parameters
(dielectric constant, dielectric loss, and electrical conductivity) are rising
with a rise in the concentration. Finally, the results show that the
PVP/SizN,/Al,O; nanostructures can be appropriate in various electronics
fields.

Ile mocnimkeHHA CIPAMOBAHO Ha MiATOTOBKY HAHOCTPYKTYP IOJIiBiHiJMIipO-
aigoun/SisN,/Al,O; nisa BUKOpUCTAHHA 1X Yy PI3HUX Tasys3ax eJeKTPOTeXHiKu
1 enexTpoHikuM. BruBUeHO AieleKTPUUYHI BJIACTMBOCTI HAHOCTPYKTYP IIOJIiBi-
Hinmipoainon/SisN,/Al,0;. Pesynbraty eKcliepUMeHTY IIOKa3yiOTh, IO Hgie-
JIEKTPpUYHA TPOHUKHICTE (') i miemeKTpuuHi BTpaTté (£") HAHOCTPYKTYpP IIO-
aisirinmipoxizon/SizN,/Al,O; 3MeHIIYIOTHCS, TOAI AK eIeKTPOIPOBigHICTH
(0sc) Bpocrae 3i 36inprieHHAM yactoTu. lliesekTpuuHi mapamerpu (Iiesex-
TPpUYHA TMPOHUKHICTD, MieJIeKTPUYHI BTpATH ¥ eJeKTPONPOBiAHICTH) 3pocTa-
I0Th 3i 30isbITeHHAM KoHIleHTparii. Haperti, pe3yabTaTi MoKas3yoTh, IO
HAHOCTPYKTypHu moJiBinimmipoaizon/SizN,/Al,O; MOXKYyTs OyTH ZOPEYHUMU
B PisHUX 00J1aCTAX €JIEKTPOHIKU.

Key words: polyvinylpyrrolidone, Si;N,/Al,O;, nanostructures, dielectric
constant, conductivity.
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Karouori caora: moaisininmiposimon, SigN,/Al,O;, HaHOCTPYKTYDPHU, HdieseK-
TPUYHA IIPOHUKHICTh, €JIEKTPONPOBiIHICTE.
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1. INTRODUCTION

Polymeric materials are generally insulating or nonconductive ma-
terials in nature and normally used in electric and electronic appli-
cations as insulators, but likely to accumulate the electronic dis-
charge.

The composites are the wonder materials, which are an essential
part of today’s materials due to the advantages such as low weight,
corrosion resistance, high fatigue strength, and faster assembly.
They are extensively used as materials in making aircraft struc-
tures, electronic packaging to medical equipment, and space vehicle
to home building. The composites offer unusual combinations of
materials properties such as weight, strength, stiffness, permeabil-
ity, electrical, biodegradability and optical properties that is diffi-
cult to attain separately by individual components [1].

As the demand for electronics and capacitor devices increases,
high dielectric materials have attracted increasing attention.

Polymer materials own advantages of ease of processing, flexibil-
ity, and good mechanical properties but the dielectric properties are
usually less than satisfactory. Therefore, the preparation of high
dielectric composites by introducing high dielectric fillers has be-
come a research hotspot [2]. Polyvinylpyrrolidone (PVP) has a high
polar group, low toxicity, biodegradable and amorphous nature with
good film properties. It has two interactive sites N atom and C=0
group. It acts as a protecting agent with other surfaces of inorganic
compounds [3].

Silicon nitride (Siz;N,) is a highly stable covalent compound with
great application value in many fields due to good corrosion re-
sistance and excellent resistance to temperature change. It may be
an effective filler to improve the performance of polymer materials
[4]. Alumina particles act as barriers to dislocations, and the in-
crease of its content increases hardness, compressive strength and
Young’s modulus, however, decreases ductility [5].

The nanocomposites have huge applications in different fields
like antibacterial [6—11], energy storage [12—14], optical fields [15—
24], radiation shielding and bioenvironmental [25—30], electronics
and optoelectronics [31-45] sensors [46, 47].

This work deals with preparation of PVP/Si;N,/Al,O; nanostruc-
tures and investigating the A.C. electrical properties to use in vari-
ous electronics applications.
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2. MATERIALS AND METHODS

The materials were used in present work are PVP as matrix with
Siz;N,/Al,O; nanoparticles (NPs) as additive. The PVP/Si;N,/Al,O,
nanostructures were prepared using casting method with concentra-
tions (C,=12.5 gm/L, C,=25 gm/L, and C; =50 gm/L) and constant
ratio of SizN,/Al,0; NPs (6%) with concentration of 50% Al,O; and
50% Siz;N,. The dielectric properties of PVP/Si;N,/Al,O; nanostruc-
tures were tested at frequency range (100 Hz—-5 MHz) by LCR me-
ter (HIOKI 3532-50 LCR HI TESTER).
The dielectric constant (¢') was calculated by [48]:

£ =C,/Cy, (1)

where C, is the capacitance of matter and C, is the vacuum capaci-
tance.
Dielectric loss (¢") was found by [48]:

¢"=¢D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity was given [49]:

Gac = 2nfe' Dgy. 3)

3. RESULTS AND DISCUSSION

Figures 1-4 show the variation of dielectric constant (¢') and dielec-
tric loss (¢") with frequency and concentration, respectively. The
figures show that €' and &” have large values at low frequencies. The
interfacial effects present in the majority of the film and the elec-
trode effects might both be responsible for the high values of &' and
g". It can be observed that for all frequency ranges, the values of &’
and ¢" for PVP/Si;N,/Al,O; nanostructures rise with increasing
concentration. The increase of & and &" values can be related to
raise in the number charges carriers [50—-63].

The behaviour of A.C. electrical conductivity for the
PVP/Si;N,/Al,O; nanostructures with frequency and concentration
are shown in Figs. 5 and 6, respectively. From these figures, the
conductivity increases with rising of the concentration. The low-
frequency region exhibits dispersion due to spatial charging or inter
polarization.

In addition, the decrease of conductivity at lower frequency was
due to decrease number of mobile ions resulting from charged cu-
mulative at polymer interfaces. The improvement of electrical con-
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Fig. 1. Variation of dielectric constant for the PVP/Si;N,/Al,O; nanostruc-
tures with frequency.
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Fig. 2. Dielectric loss variation for the PVP/Si;N,/Al,0; nanostructures
with frequency.

ductivity with concentration was because of the raising the number
of dopants, where the Si;N,/Al,O;NPs molecules begin to bridge the
gaps between two localized states and lower potential barriers sepa-
rating them; therefore, the transfer of charge carriers is easy be-
tween them, according to the percolation theory; hence, the conduc-
tivity increases as a results of increase the number of charges carri-
ers.

Moreover, this improvement is assigned to the higher conductivity
of the added Si;N,/Al,O; NPs and increased charge mobility due to the
increased amorphous degree within the doped samples [64—69].
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Fig. 3. Behaviour of dielectric constant for the PVP/Si;N,/Al,O,
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Fig. 4. Dielectric loss performance for the PVP/Si;N,/Al,O; nanostructures
with concentration.

4. CONCLUSIONS

This work involved fabrication of PVP/Si;N,/Al,O; nanostructures to
use in various electrical and electronics applications. The dielectric
properties of PVP/Si;N,/Al,0; nanostructures were examined. The re-
sults showed that the dielectric constant and dielectric loss of
PVP/Si;N,/Al,O; nanostructures decreased while the electrical conduc-
tivity was rise with a rise in the frequency. The dielectric parameters
(dielectric constant, dielectric loss and electrical conductivity) were
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Fig. 5. Variation of A.C. electrical conductivity for the PVP/Si;N,/Al,O;
nanostructures with frequency.
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Fig. 6. Behaviour of A.C. electrical conductivity for the PVP/Si;N,/Al,O,4
nanostructures with concentration.

raised with a rise in the concentration. The obtained results showed
that the PVP/Si;N,/Al,O; nanostructures could be suitable in many
electronics applications.
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The present work aims to prepare of the indium oxide (In,O;)—silicon car-
bide (SiC) nanostructures doping the polyvinyl alcohol (PVA) to use in
different electronics fields. The dielectric properties of PVA-In,0,—SiC
nanocomposites are examined. The results demonstrate that the dielectric
constant and dielectric loss of the PVA-In,0,—SiC nanocomposites are de-
creased with an increase in the frequency, while the electrical conductivi-
ty is increased as frequency is increased. The dielectric constant, dielec-
tric loss, and electrical conductivity of PVA are increased with an in-
crease in the In,0,—SiC nanoparticles’ (NPs) concentration. Finally, the
obtained results for the dielectric properties indicate that the PVA-In,0;—
SiC nanocomposites can be suitable in various electronics fields.

Mertoio maHOi PpoGOTH € BUT'OTOBJIEHHA HAHOCTPYKTYD okcupy imzgiro (In,05)—
Kapb6iny xpemuito (SiC), 1o jgeryiors moJisinimosuit coupt (IIBC), mas Bu-
KODUCTAHHA B DPi3HUX ranysdax eyieKTpoHiku. [locraimxeHo IieseKTpUUHi
BaactuBocTi HaHokommo3utie IIBC—In,0,—SiC. PesynbTaTu moKas3yioTh, IO
JieJIeKTPUYHA NPOHUKHICTL i giedeKTpuuHi BTpaTu HaHoKommoautiB ITBC—
In,0;—SiC smMeHIIyIOTHCS 31 30iTBITEHHAM YacTOTH, TOAL SAK €JIeKTPOIPOBiA-
HicTh 3pocTae 3i 36imbIIeHHAM dYacToTu. [ieleKTpmuHa TPOHUKHICTH, Iie-
JeKTpUYHiI BTpaTu I ejekTpomnpoBigzuicTe IIBC 3pocTatoTh 3i 30iabIlieHHAM
KOoHIleHTpalii HaHouacTMHOK In,0,—SiC. Hapemri, ozep:kaHi pesyabTaTu
CTOCOBHO [i€JIEKTPUYHUX BJIACTUBOCTEIl MOKa3yIOTh, IO HAHOKOMIIO3UTH
IIBC—In,0,—SiC MoxyTh OyTH NPUAATHUMHU y PIBHUX Tasy3daX eJIeKTPOHIKU.

Key words: polyvinyl alcohol, SiC, In,0O;, nanocomposites, dielectric prop-
erties, conductivity.

Karouori caora: mouiBimimosuit cnupt, SiC, In,O;, HaHOKOMIIO3UTH, Hiejie-
KTPUYHI BJIaCTUBOCTi, €JIEKTPOIPOBIAHICTD.
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1. INTRODUCTION

Ongoing progress is being made toward the manufacture of more
flexible dielectric nanocomposites, which can lead to distinctive des-
ignated technologies. The nanocomposites films were created by dis-
persing nanosize inorganic additives in an organic polymeric ma-
trix. Those composites have been employed in a variety of imple-
mentations, such supercapacitors as well as stretchy electrodes.
Composite films with distinct structural as well as dielectric proper-
ties are used as substances for electrical energy storage instru-
ments. The composite films are important because they merge the
polymers’ machinability, longevity, as well as ductile qualities with
the thermal stability as well as electric conductivities of the
nanoadditive [1].

Silicon carbide (SiC) is used as a heat exchanger module, as it is a
promising material for increasing corrosion resistance. In addition,
SiC has excellent characteristics, including its low density and high
specific thermal conductivity. It is well known that SiC has excel-
lent thermal stability and corrosion resistance [2].

Indium oxide (In,O;) is an important functional semiconductor
material, having direct band gap of =2 3.6 eV and indirect band gap
of =22.6 eV, which has drawn much research interest in both fun-
damental and experimental research fields due to its ultrasensitive
gas sensing characteristics, photocatalytic properties and extensive
applications in sensors, flat panel displays, optoelectronic devices
etc. [3].

Polyvinyl alcohol (PVA) is characterized by carbon chain back-
bone linked with hydroxyl groups. The hydroxyl groups, OH
groups, are considered as a source of hydrogen bonding; therefore,
it helps to form the polymer blends or polymer complexes. PVA is
water-soluble and biocompatible polymer and is vastly used in the
preparation of polymer blends due to its excellent physical and
chemical properties. Therefore, the applications of PVA can be in-
creased more and more by adding different dopant materials into
PVA matrix [4].

There many studies on nanocomposites to employ in various
fields like sensors [5, 6], electronics and optoelectronics [7—20], an-
tibacterial [21-26], radiation shielding and bioenvironmental [27—
32], optical fields [33—42], and energy storage [43—45].

This paper deals with fabrication of PVA-In,0;—SiC nanocompo-
sites and investigating the dielectric properties to apply in different
industrial fields.
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2. MATERIALS AND METHODS

Films of PVA/In,0,/SiC nanocomposites were prepared by casting
process. The film of pure PVA was fabricated by dissolving of 1 gm
of PVA in distilled water (30 ml). The In,0;—SiC NPs were added to
the PVA with contents of 1.2%, 2.4%, 3.6% . The dielectric charac-
teristics of PVA-In,0,—SiC nanocomposites were measured within
the frequency (f) range from 100 Hz to 5-10° Hz by using LCR me-
ter (HIOKI 3532-50 LCR HI TESTER). The dielectric constant, &,
was determined by [46]:

g =C,d/eA, (1)

where C, is the capacitance, d is thickness, and A in [em?].
Dielectric loss, &”, was given by [47]:

¢"=¢D, (2)

where D represents the dispersion factor.
The A.C. electrical conductivity was found by [48]:

Gac = 2nfe' Dgy. 3)

3. RESULTS AND DISCUSSION

The behaviours of dielectric constant and dielectric loss with fre-
quency and content of In,0,—SiC NPs are shown in Figs. 1-4. The

507 s _,,\‘\ —— Pure
'_/ \ —a—1.2 wi.%

T ——2.4 wt.%

451 \\ ——3.6 wt.%
s . S j
5\\—;\\]\
4.0 - :

354

a/\_‘\)_/\
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110 1-10° 1104 1108 1.10° 1107
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F, Hz

Fig. 1. Behaviour of dielectric constant with frequency for the PVA-
In,0,—SiC nanocomposites.
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Fig. 2. Dielectric loss performance with frequency for the PVA-In,0,—SiC
nanocomposites.

dielectric constant and dielectric loss are reduced with frequency
while increased with content of In,0;—SiC NPs. These behaviours of
both dielectric constant and dielectric loss due to the high contribu-
tion of charge accumulation in the nanocomposites assigned to the
effect of polarization effect. The dielectric constant and dielectric
loss are increased when the In,0;,—SiC NPs content increases due to
increase of charge-carriers’ numbers [49-57].

481
451
421
3.9

3.67

Dielectric constant

3.31

3.0 — 77—
0 1 2 3 4

Con. of In,0,/8iC NPs, wt.%

Fig. 3. Variation of dielectric constant of PVA with content of In,0,—SiC
NPs.
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Fig. 4. Dielectric loss variation of PVA with content of In,0,—SiC NPs.
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Fig. 5. Variation of A.C. electrical conductivity for PVA-In,0,—SiC nano-
composites with frequency.

Figures 5 and 6 demonstrate the variation of A.C. electrical con-
ductivity for PVA-In,0,—SiC nanocomposites with frequency and
content of In,0,—SiC NPs. As the In,0;—SiC NPs ratio is increased,
the inorganic filler molecules start bridging the gap separating the
two localized states and lowering the potential barrier between
them, thereby, facilitating the transfer of charge carriers between
two localized states; hence, the conductivity increases as a result of
increase the charges carrier numbers. The frequency-dependent
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Fig. 6. Behaviour of A.C. electrical conductivity for PVA with content of
In,0,—SiC NPs.

conductivity is caused by the hopping of charge carriers in the lo-
calized state. The term hopping refers to the sudden displacement
of charge carriers from one position to another neighbouring site
and, in general, includes both jumps over a potential barrier and
quantum mechanical tunnelling [58—68].

4. CONCLUSIONS

In this study, PVA-In,0;—SiC nanocomposites were synthesised to
utilize in various electronics approaches.

The dielectric properties of PVA-In,0,—SiC nanocomposites were
tested. The results showed the dielectric constant and dielectric loss
of PVA-In,0,—SiC nanocomposites decreased with rising frequency
while the electrical conductivity increased as frequency increased.
The dielectric constant, dielectric loss and electrical conductivity of
PVA increased with increasing of the In,0,—SiC NPs concentrations.
The final results for dielectric properties showed that the PVA-
In,0;—SiC nanocomposites might be appropriate in many electronics
approaches.

REFERENCES

1. B. M. Alotaibi, H. A. Al-Yousef, A. Atta, and F. A.Taher, Journal of Ovonic
Research, 19, No. 2: 175 (2023);



BOOSTING THE DIELECTRIC PROPERTIES OF PVA/In,0,/SiC NANOSTRUCTURES 173

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

https://doi.org/10.15251/JOR.2023.192.175

A. Ichinose, K. Kuwata, T. Esaki, T. Matsuda, and N. Kobayashi, J. of Ma-
ter. Sci. and Chem. Eng., 8: 23 (2020);
https://doi.org/10.4236/msce.2020.811002

M. A. M. Khan, R. Siwach, S. Kumar, J. Ahmed, and M. Ahamed, J. of Al-
loys and Compounds, 846: 1 (2020);
https://doi.org/10.1016/j.jallcom.2020.156479

T. Fahmy, A. Sarhan, and Z. M. Elgahtani, Int. J. of Eng. Res. and Techno.,
13, No. 3: 454 (2020); https://dx.doi.org/10.37624/IJERT/13.3.2020.454-
461

H. Ahmed and A. Hashim, International Journal of Scientific & Technology
Research, 8, Iss. 11: 1014 (2019).

B. Mohammed, H. Ahmed, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 20, No. 1: 187 (2022);
https://doi.org/10.15407/nnn.20.01.187

A. Hazim, A. Hashim, and H. M. Abduljalil, Nanosistemi, Nanomateriali,
Nanotehnologii, 18, Iss. 4: 983 (2020);
https://doi.org/10.15407/nnn.18.04.983

A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii,
18, Iss. 4: 969 (2020); https://doi.org/10.15407/nnn.18.04.969

A. Hazim, A. Hashim, and H. M. Abduljalil, Egypt. J. Chem., 64, No. 1: 359
(2021); doi:10.21608/EJCHEM.2019.18513.2144

H. Ahmed and A. Hashim, Journal of Molecular Modeling, 26: 1 (2020);
d0i:10.1007/s00894-020-04479-1

H. Ahmed and A. Hashim, Silicon, 14: 4907 (2022);
https://doi.org/10.1007/s12633-021-01258-2

A. Hashim, Opt. Quant. Electron., 53: 1 (2021);
https://doi.org/10.1007/s11082-021-03100-w

H. Ahmed and A. Hashim, Trans. Electr. Electron. Mater., 23: 237 (2022);
https://doi.org/10.1007/s42341-021-00340-1

H. Ahmed and A. Hashim, Silicon, 14: 7025 (2021);
https://doi.org/10.1007/s12633-021-01465-x

A. Hazim, A. Hashim, and H. M. Abduljalil, Trans. Electr. Electron. Mater.,
21: 48 (2019); https://doi.org/10.1007/s42341-019-00148-0

A. F. Kadhim and A. Hashim, Opt. Quant. Electron., 55: 432 (2023);
https://doi.org/10.1007/s11082-023-04699-8

H. Ahmed and A. Hashim, Opt. Quant. Electron., 55: 280 (2023);
https://doi.org/10.1007/s11082-022-04528-4

G. Ahmed and A. Hashim, Silicon, 15: 3977 (2023);
https://doi.org/10.1007/s12633-023-02322-9

M. H. Meteab, A. Hashim, and B. H. Rabee, Opt. Quant. Electron., 55: 187
(2023); https://doi.org/10.1007/s11082-022-04447-4

B. Mohammed, H. Ahmed, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 1: 113 (2023);
https://doi.org/10.15407/nnn.21.01.113

A. Hashim, I. R. Agool, and K. J. Kadhim, Journal of Bionanoscience, 12,
No. 5: 608 (2018); d0i:10.1166/jbns.2018.1580

A. Hazim, A. Hashim, and H. M. Abduljalil, International Journal of
Emerging Trends in Engineering Research, 7, No. 8: 68 (2019);


https://doi.org/10.15251/JOR.2023.192.175
https://doi.org/10.4236/msce.2020.811002
https://doi.org/10.1016/j.jallcom.2020.156479
https://dx.doi.org/10.37624/IJERT/13.3.2020.454-461
https://dx.doi.org/10.37624/IJERT/13.3.2020.454-461
https://doi.org/10.15407/nnn.20.01.187
https://doi.org/10.15407/nnn.18.04.983
https://doi.org/10.15407/nnn.18.04.969
doi:10.21608/EJCHEM.2019.18513.2144
doi:10.1007/s00894-020-04479-1
https://doi.org/10.1007/s12633-021-01258-2
https://doi.org/10.1007/s11082-021-03100-w
https://doi.org/10.1007/s42341-021-00340-1
https://doi.org/10.1007/s12633-021-01465-x
https://doi.org/10.1007/s42341-019-00148-0
https://doi.org/10.1007/s11082-023-04699-8
https://doi.org/10.1007/s11082-022-04528-4
https://doi.org/10.1007/s12633-023-02322-9
https://doi.org/10.1007/s11082-022-04447-4
https://doi.org/10.15407/nnn.21.01.113
doi:10.1166/jbns.2018.1580

174

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ahmed HASHIM and M. H. ABBAS

https://doi.org/10.30534 /ijeter/2019/01782019

A. Hazim, H. M. Abduljalil, and A. Hashim, International Journal of
Emerging Trends in Engineering Research, 7, No. 8: 104 (2019);
https://doi.org/10.30534 /ijeter/2019/04782019

0. B. Fadil and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
Iss. 4: 1029 (2022); https://doi.org/10.15407/nnn.20.04.1029

W. O. Obaid and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 4: 1009 (2022); https://doi.org/10.15407/nnn.20.04.1009

M. H. Meteab, A. Hashim, and B. H. Rabee, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 1: 199 (2023);
https://doi.org/10.15407/nnn.21.01.199

A. Hashim and N. Hamid, Journal of Bionanoscience, 12, No. 6: 788 (2018);
doi:10.1166/jbns.2018.1591

A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 488
(2018); do0i:10.1166/jbns.2018.1551

A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 504
(2018); do0i:10.1166/jbns.2018.1561

B. Abbas and A. Hashim, International Journal of Emerging Trends in En-
gineering Research, 7, No. 8: 131 (2019);

https://doi.org/10.30534 /ijeter/2019/06782019

K. H. H. Al-Attiyah, A. Hashim, and S. F. Obaid, Journal of Bionanosci-
ence, 12: 200 (2018); d0i:10.1166/jbns.2018.1526

H. A. J. Hussien, A. Hadi, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 20, Iss. 4: 1001 (2022);
https://doi.org/10.15407/nnn.20.04.1001

H. Ahmed and A. Hashim, Silicon, 14: 6637 (2022);
https://doi.org/10.1007/s12633-021-01449-x

H. Ahmed and A. Hashim, Silicon, 13: 4331 (2020);
https://doi.org/10.1007/s12633-020-00723-8

H. Ahmed and A. Hashim, Transactions on Electrical and Electronic Mate-
rials, 22: 335 (2021); https://doi.org/10.1007/s42341-020-00244-6

N. AH. Al-Aaraji, A. Hashim, A. Hadi, and H. M. Abduljalil, Silicon, 14:
10037 (2022); https://doi.org/10.1007/s12633-022-01730-7

H. Ahmed and A. Hashim, Opt. Quant. Electron., 55: 1 (2023);
https://doi.org/10.1007/s11082-022-04273-8

W. O. Obaid and A. Hashim, Silicon, 14: 11199 (2022);
https://doi.org/10.1007/s12633-022-01854-w

O. B. Fadil and A. Hashim, Silicon, 14: 9845 (2022);
https://doi.org/10.1007/s12633-022-01728-1

H. Ahmed and A. Hashim, Silicon, 15: 2339 (2023);
https://doi.org/10.1007/s12633-022-02173-w

H. B. Hassan, H. M. Abduljalil, and A. Hashim, Nanosistemi, Nanomateri-
ali, Nanotehnologii, 20, No. 4: 941 (2022);
https://doi.org/10.15407/nnn.20.04.941

H. A. Jawad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 4: 963 (2022); https://doi.org/10.15407/nnn.20.04.963

Abbas Sahi Shareef, Farhan Lafta Rashid, Aseel Hadi, and Ahmed Hashim,
International Journal of Scientific & Technology Research, 8, Iss. 11: 1041
(2019); https://www.researchgate.net/publication/337315854 Water-


https://doi.org/10.30534/ijeter/2019/01782019
https://doi.org/10.30534/ijeter/2019/04782019
https://doi.org/10.15407/nnn.20.04.1029
https://doi.org/10.15407/nnn.20.04.1009
https://doi.org/10.15407/nnn.21.01.199
doi:10.1166/jbns.2018.1591
doi:10.1166/jbns.2018.1551
doi:10.1166/jbns.2018.1561
https://doi.org/10.30534/ijeter/2019/06782019
doi:10.1166/jbns.2018.1526
https://doi.org/10.15407/nnn.20.04.1001
https://doi.org/10.1007/s12633-021-01449-x
https://doi.org/10.1007/s12633-020-00723-8
https://doi.org/10.1007/s42341-020-00244-6
https://doi.org/10.1007/s12633-022-01730-7
https://doi.org/10.1007/s11082-022-04273-8
https://doi.org/10.1007/s12633-022-01854-w
https://doi.org/10.1007/s12633-022-01728-1
https://doi.org/10.1007/s12633-022-02173-w
https://doi.org/10.15407/nnn.20.04.941
https://doi.org/10.15407/nnn.20.04.963
https://www.researchgate.net/publication/337315854_Water-Polyethylene_Glycol_Sic-Wc_And_Ceo2WcNanofluids_For_Saving_Solar_Energy

BOOSTING THE DIELECTRIC PROPERTIES OF PVA/In,0,/SiC NANOSTRUCTURES 175

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Polyethylene Glycol Sic-
Wec_And_Ceo2WcNanofluids For Saving Solar Energy

A. Hadi, A. Hashim, and D. Hassan, Bulletin of Electrical Engineering and
Informatics, 9, No. 1: 83 (2020); doi:10.11591/eei.v9i1.1323

H. Ahmed and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
Iss. 4: 951 (2022); https://doi.org/10.15407/nnn.20.04.951

S. Ishaq, F. Kanwal, S. Atiq, M. Moussa, U. Azhar, and D. Losic, Materials,
13: 1 (2020); doi:10.3390/ma13010205

T. A. Abdel-Baset and A. Hassen, Physica B, 499: 24 (2016);
http://dx.doi.org/10.1016/j.physb.2016.07.002

C. S. Rani and N. J. John, Int. J. of Innovative Techno. and Exploring Eng.,
8, Iss. 11: 1285 (2019).

A. M. Ismail, Mohamed H. El-Newehy, Mehrez E. El-Naggar, A. Meera
Moydeen, and A. A. Menazea, Journal of Materials Research and Technolo-
gy, 9, Iss. 5: 11178 (2020); hlttps://doi.org/10.1016/j.jmrt.2020.08.013

Z. S. Hamad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 1: 159 (2022); https://doi.org/10.15407/nnn.20.01.159

A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 1: 165 (2022); https://doi.org/10.15407/nnn.20.01.165

A. Hashim and A. Jassim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
No. 1: 177 (2022); https://doi.org/10.15407/nnn.20.01.177

A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 2: 507 (2022); https://doi.org/10.15407/nnn.20.02.507

B. Mohammed, H. Ahmed, and A. Hashim, Journal of Physics: Conference
Series, 1879: 1 (2021); doi:10.1088,/1742-6596,/1879/3/032110

D. Hassan and A. H. Ah-Yasari, Bulletin of Electrical Engineering and In-
formatics, 8, Iss. 1: 52 (2019); d0i:10.11591 /eei.v8i1.1019

D. Hassan and A. Hashim, Bulletin of Electrical Engineering and Informat-
ics, 7, Iss. 4: 547 (2018); d0i:10.11591 /eei.v7i4.969

A. Hashim, M. H. Abbas, N. AH. Al-Aaraji, and A. Hadi, J. Inorg. Organ-
omet Polym., 33: 1 (2023); https://doi.org/10.1007/s10904-022-02485-9

R. Divya, M. Meena, C. K. Mahadevan, and C. M. Padma, Journal of Engi-
neering Research and Applications, 4, Iss. 5: 1 (2014).

A. Hashim, M. H. Abbas, N. AH. Al-Aaraji, and A. Hadi, Silicon, 15: 1283
(2023); https://doi.org/10.1007/s12633-022-02104-9

M. H. Meteab, A. Hashim, and B. H. Rabee, Silicon, 15: 1609 (2023);
https://doi.org/10.1007/s12633-022-02114-7

N. Al-Huda Al-Aaraji, A. Hashim, A. Hadi, and H. M. Abduljalil, Silicon,
14: 4699 (2022); https://doi.org/10.1007/s12633-021-01265-3

M. H. Meteab, A. Hashim, and B. H. Rabee, Silicon, 15: 251 (2023);
https://doi.org/10.1007/s12633-022-02020-y

A. Hashim, A. Hadi, and M. H. Abbas, Opt. Quant. Electron., 55: 642
(2023); https://doi.org/10.1007/s11082-023-04929-z

A. Hashim, A. Hadi, and M. H. Abbas, Silicon, 15: 6431 (2023);
https://doi.org/10.1007/s12633-023-02529-w

H. A. J. Hussien and A. Hashim, J. Inorg. Organomet. Polym., 33: 2331
(2023); https://doi.org/10.1007/s10904-023-02688-8

A. Hashim, A. Hadi, N. A. H. Al-Aaraji, and F. L. Rashid, Silicon, 15: 56725
(2023); https://doi.org/10.1007/s12633-023-02471-x


https://www.researchgate.net/publication/337315854_Water-Polyethylene_Glycol_Sic-Wc_And_Ceo2WcNanofluids_For_Saving_Solar_Energy
https://www.researchgate.net/publication/337315854_Water-Polyethylene_Glycol_Sic-Wc_And_Ceo2WcNanofluids_For_Saving_Solar_Energy
doi:10.11591/eei.v9i1.1323
https://doi.org/10.15407/nnn.20.04.951
doi:10.3390/ma13010205
http://dx.doi.org/10.1016/j.physb.2016.07.002
https://doi.org/10.1016/j.jmrt.2020.08.013
https://doi.org/10.15407/nnn.20.01.159
https://doi.org/10.15407/nnn.20.01.165
https://doi.org/10.15407/nnn.20.01.177
https://doi.org/10.15407/nnn.20.02.507
doi:10.1088/1742-6596/1879/3/032110
doi:10.11591/eei.v8i1.1019
doi:10.11591/eei.v7i4.969
https://doi.org/10.1007/s10904-022-02485-9
https://doi.org/10.1007/s12633-022-02104-9
https://doi.org/10.1007/s12633-022-02114-7
https://doi.org/10.1007/s12633-021-01265-3
https://doi.org/10.1007/s12633-022-02020-y
https://doi.org/10.1007/s11082-023-04929-z
https://doi.org/10.1007/s12633-023-02529-w
https://doi.org/10.1007/s10904-023-02688-8
https://doi.org/10.1007/s12633-023-02471-x

176 Ahmed HASHIM and M. H. ABBAS

67. A. F. Kadhim and A. Hashim, Silicon, 15: 4613 (2023);
https://doi.org/10.1007/s12633-023-02381-y

68. H. A. Jawad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
21, No. 1: 133 (2023); https://doi.org/10.15407/nnn.21.01.133


https://doi.org/10.1007/s12633-023-02381-y
https://doi.org/10.15407/nnn.21.01.133

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2024 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2024, 1. 22, Ne 1, cc. 177-186 HaznpykoBaHo B YKpaiHi.
https://doi.org/10.15407/nnn.22.01.177

PACSnumbers: 72.80.Tm, 77.22.Ch, 77.22.Gm, 77.55.+f, 77.84.Lf, 81.07.Pr, 82.35.Np

Tailoring the Dielectric Properties of PS/In,0,/SiC Nanocomposites
for Nanoelectronics Fields

Ahmed Hashim! and Aseel Hadi?

!College of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq

2College of Materials Engineering,

Department of Ceramic and Building Materials,
University of Babylon,

Hillah, Iraq

In this article, fabrication of polystyrene (PS)—-indium oxide (In,O;)—
silicon carbide (SiC) nanocomposites with low weight, low cost and high
corrosion resistance is investigated. The dielectric properties of PS—In,0;—
SiC nanocomposites are studied. The experimental results show that the
dielectric constant and dielectric loss of PS—In,0;—SiC nanocomposites are
decreased with an increase in the frequency, while the electrical conduc-
tivity is increased as frequency is increased. The dielectric constant, die-
lectric loss, and electrical conductivity of PS are increased with an in-
crease in the In,0;—SiC-nanoparticles’ concentration. The final results for
dielectric properties show that the PS—In,0,—SiC nanocomposites may be
useful in different electronics applications.

Y wmiit crarTti 6yJI0 AOCHIAMKEHO BUTOTOBJICHHS HAHOKOMIIO3UTIB MIMOJIiCTHPOJI
(IIC)—oxkcup iugio (In,0;)—krapbing kpemuito (SiC) 3 HM3BLKOIO Barowo, HU3b-
KO0 BapTiCTIO Ta BHMCOKOIO KOPO3iiiHOIO cTiliKicTio. Byso mocaimskeHo miese-
KTpUYHi BjacTuBocTi HaHOKOMIO3uTiB PS—In,0,—SiC. ExcnepumenrtanbHi
pes3yJabTaTy MOKas3yIOTh, IO eJeKTPUYHA NPOHUKHICTH i miesleKTpuuHi BTpa-
T HaHOKOMIO3UTiB IIC—In,0,—SiC 3menmyoThca 3i 30igbIIeHHAM YacTOTH,
TOAi AK eJIeKTPOIPOBiAHiICTHL 3pocTae 3i 36imbmrienHAM yacToTu. [iemexkTpu-
YHa IPOHWKHICTH, AieJeKTpUYHi BTpatu i exeKktpouporixHicts IIC 3pocrta-
I0Th 31 30iJBIIEHHAM KOHIeHTpalii HaHouacTMHOK In,0;—SiC. OcraTouni
pes3yJabTaTy CTOCOBHO AieJIEKTPUYHUX BJIACTHUBOCTEHM IOKAa3yIOTh, IO HAHO-
komnosuTtu IIC-In,0,—SiC MoxyTs OyTH KOPHMCHUMM! B Pi3HMX 3aCTOCYBaH-
HAX IJd eJIeKTPOHIKU.

Key words: In,0,;, SiC, polystyrene, nanocomposites dielectric properties,
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conductivity.

Karouori caora: In,0;, SiC, mosicTupos, HAHOKOMIIO3UTH, [Ji€JIEeKTPUUHI
BJIACTHUBOCTI, IIPOBiIHiCTE.
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1. INTRODUCTION

Polymer nanocomposites have captured the interest of many re-
searchers owing to their high performance, remarkable mechanical
and thermal properties. They possess outstanding properties, such
as improved mechanical strength and dimensional stability, better
optical, magnetic, and electrical properties, enhanced water and ox-
ygen barrier, thermal stability, meaningful flame retardation,
chemical resistance, increased anti-scratch and wear resistance
properties, etc. [1].

Silicon carbide (SiC) is one of the main commonly utilized non-
oxide ceramics for many industrial fields relating to its attention
the elevated temperature characteristics like good strength, excel-
lent hardness, and elevated resistance for thermal shock and wear.
It also has a good resistance for chemical oxidation. The perfor-
mance of SiC under such great conditions is projected to allow ma-
jor enhancement to a multiplicity of fields. SiC nanostructures have
exposed to display superior characteristics compare to the SiC bulk.
It also demonstrates the potential fields in UV photodetectors and
diodes relating to a higher efficiency for light emission [1].

Indium oxide (In,O;) is an important and well-known transparent
conducting oxide of n-type semiconductor exhibiting a wide band
gap, chemical stability, high electrical conductivity and transparen-
cy to visible light. It is frequently used for photovoltaic devices,
transparent windows, liquid crystal displays (LCD), light emitting
diode (LED), solar cell, gas sensors, and antireflecting coatings [2].

Polystyrene (PS) is an inexpensive, environmentally friendly pol-
ymer it is among the most popular materials which has many appli-
cations in industry, building and construction, domestic appliances
and food packaging. In food packaging, polystyrene can be used in
many shapes as monolayer plastic film, plastic sheet, or injection
moulded and foamed. Plasticizers usually used in the industry for
improving the workability of the polymers by lowering the glass
transition temperature (T,) [4].

There are several studies on nanostructured substances to make
use in such fields as electronics and optoelectronics [5-19], radia-
tion shielding and bioenvironmental [20—-25], sensors [26, 27], anti-
bacterial [28—33], energy storage [34—36], optical fields [37—46].
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This work aims to prepare the PS—In,0,—SiC nanocomposites and
to study the dielectric properties used in different electronics appli-
cations.

2. MATERIALS AND METHODS

Nanocomposites of PS—In,0,—SiC were prepared by using solution-
casting method. The pure PS film was fabricated by dissolving of 1
gm of this polymer in chloroform (30 ml). The In,0;,—SiC NPs were
added to the PS with contents are 1.2 wt.%, 2.4 wt.%, and 3.6
wt.% . The dielectric properties of PS—In,0,—SiC nanocomposites
were tested at frequency range (100 Hz—5-10° Hz) using LCR meter
(HIOKI 3532-50 LCR HI TESTER).
The dielectric constant (¢') was determined by [47]:

g =C,d/eA, (1)

where C, is matter capacitance, d is the thickness, A is the area.
Dielectric loss (¢") was found by [48]:

¢"=¢D, (2)

where D is the dispersion factor.
The electrical conductivity was given by [49]:

Oac = 2ufe' Dg,. 3)

3. RESULTS AND DISCUSSION

Figures 1-4 show the variations of dielectric constant and dielectric
loss with frequency and content of In,0,—SiC NPs, respectively. The
performances of dielectric constant and dielectric loss in the given
frequency range as the following, the strong frequencies dispersion
of the permittivity is seen at low range of frequency.

The values of dielectric constant and dielectric loss are decreased
with increase of frequency due to the relaxation process and may be
due to charge accumulation inside the nanocomposites attributed to
influence of interfacial polarization on permittivity.

With addition of the filler In,0;—SiC, the values of both dielec-
tric constant and dielectric loss increases at the range of lower fre-
quency and nearly the same at the range of the higher frequency
attributed to the filler cause more localization of charge carriers
along with mobile ions causing higher ionic conductivity. Also, the
rise of dielectric constant and dielectric loss with increasing content
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Fig. 1. Variation of dielectric constant for the PS—-In,0;—SiC nanocompo-
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Fig. 2. Behaviour of dielectric loss for the PS—In,0,—SiC nanocomposites
with frequency.

of In,0;—SiC NPs due to increase in the numbers of charges carriers
[60-61].

Figures 5 and 6 demonstrate the behaviour of A.C. electrical con-
ductivity with frequency and In,O,—SiC NPs content, respectively.
As shown in these figures, the A.C. electrical conductivity rises
with an increase in the frequency and In,O;—SiC NPs content. It
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Fig. 4. Dielectric loss performance for PS with content of In,0,—SiC NPs.

was also observed that the values of AC electrical conductivity are
increased as the concentration of In,0,—SiC NPs increased into PS
matrix. The increase of conductivity due to increase the mobility
and charge-carriers’ numbers. Furthermore, these observations
could be assigned to space-charge polarization [62—69].
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4. CONCLUSIONS

The present work includes manufacture of PS—In,0,—SiC nanocom-
posites with low weight, low cost and high corrosion resistance. The
dielectric properties of PS—In,0;—SiC nanocomposites were tested.
The results showed that the dielectric constant and dielectric loss of
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PS—-In,0,—SiC nanocomposites decreased with an increase in the fre-
quency while the electrical conductivity increased as frequency in-
creased. The dielectric constant, dielectric loss and electrical con-
ductivity of PS increased with an increase in the In,0;—SiC nano-
particles concentrations. The final results for dielectric properties
showed that the PS—In,0;,—SiC nanocomposites might be suitable in
many electronics fields.
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This work objects to fabrication of PVP/Ag/SiC nanostructures and inves-
tigation of the dielectric properties to use them in various electronics ap-
plications with lightweight and low cost. The results demonstrate that the
dielectric constant and dielectric loss of PVP/Ag/SiC nanostructures are
reduced, while the electrical conductivity is increased with an increase in
the frequency. The dielectric constant, dielectric loss, and electrical con-
ductivity are increased with an increase of the concentration. Finally, the
results of dielectric properties indicate that the PVP/Ag/SiC nanostruc-
tures can be suitable in different electronics fields.

IT1o poGoTy cnpAMOBaHO Ha BUT'OTOBJIEHHS HAHOCTPYKTYP HOJiBiHinmipoJi-
mou/Ag/SiC Tta mochisKeHHA MieJeKTPUUYHUX BJACTUBOCTEH IJIA BUKOPUC-
TaHHA 1X yV PiSHUX €JeKTPOHHUX 3aCTOCYBAHHSX 3 JIETKOIO Barol Ta HU3L-
KO0 IiHOMI0. PesyabTaTy mMOKasyoTh, IO MieJIEeKTPUYHA ITPOHUKHICTE i mie-
JIEKTPUYHI BTPATH HAHOCTPYKTYP moJiBiHimmipoaimon/Ag/SiC 3MeHIIYIOTH-
cd, a eJeKTPONPOBiAHICTL 3pocTae 3i 30iabIIeHHAM uvacToTH. [[ieqekTpuuna
OPOHUKHICTb, IieJIeKTPUYHI BTpPaTH ¥ eJIeKTPOIPOBiAHICTHL 3pocTaloTh 3i
30iJIbIlIeHHAM KOHIeHTpalii. HapermiTi, pesyJabTaTH CTOCOBHO dieJIEKTPHUU-
HUX BJACTHBOCTEH MOKa3ylTh, II0 HAHOCTPYKTYPHU IIOJiBiHiJITipoJi-
moH/Ag/SiC MoKyTh OYTH MPUIATHUMU ¥ PiBHUX TaIy3AX €JIeKTPOHIKHU.

Key words: polyvinylpyrrolidone, Ag/SiC, nanostructures, dielectric prop-
erties, electronics fields.

Karouosi cmoBa: mosiBininmiposimon, Ag/SiC, HaHOCTPYKTYypHU, TieJeKTpU-
YHi BJIaCTWUBOCTi, Tajly3i eJIeKTPOHIKHU.
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1. INTRODUCTION

Polymer nanocomposites are one of the most important materials in
the academic and industrial areas, and are produced by dispersing
nanofillers with one or more dimensions at nanoscale into the poly-
meric matrix.

Recently, researchers have been attracted to polymer nanocompo-
sites over conventional microcomposites due to their wide applica-
tions in electromechanical systems and their large interfacial area
per unit volume of the dispersion medium [1].

Organic/inorganic nanocomposites are extremely promising for
applications in light-emitting diodes, photodiodes, photovoltaic
cells, smart microelectronic device, and gas sensors among others.
The properties of nanocomposites’ films can be adjusted by varying
the composition. Their fabrication shares the same advantages of
organic device technology, such as low cost production and the pos-
sibility of device fabrication on large area and flexible substrates
[2].

Among noble metal nanoparticles, silver has been extensively
studied due to the possibilities for their use in different areas of
nonlinear optics, optoelectronics, and laser physics. Silver nanopar-
ticles are advantageous compared with nanoparticles of other noble
metals (in particular, gold and copper) as the energy of the surface
plasmon resonance lies far from the energy corresponding to inter-
band transitions. This allows one to distinguish clearly the effect of
surface plasmons on different optical properties.

Therefore, nanocomposites, in which the silver nanoparticles are
dispersed in a dielectric matrix, have some advantages in this re-
gard [3].

Silicon carbide (SiC) nanoparticles have high thermal conductivi-
ty, stability, purity, good wear resistance, and a low thermal expan-
sion coefficient. At high temperatures, these particles are also re-
sistant to oxidation [4].

Polyvinylpyrrolidone (PVP) has chosen because it has excellent
characteristics such as optical, mechanical and electrical properties.
PVP has ad-chive nature. Thus, it may be used in electronic circuit
boards and display device applications. PVP has good compatibility
and can easily form films with large internal area [5].

The nanocomposites materials were suggested to utilize in differ-
ent applications such as optical fields [6—15], antibacterial [16—21],
sensors [22, 23], radiation shielding and bioenvironmental [24—-29],
energy storage [30—32], electronics and optoelectronics [33—46].

This article aims to prepare of PVP/Ag/SiC nanostructures and
studying the dielectric properties to utilize in different electronics
fields.
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2. MATERIALS AND METHODS

Nanocomposites films of PVP doped with Ag/SiC nanoparticles were
fabricated using casting process with different concentrations
(C,=12.5 gm/L, C,=25 gm/L, and C;=50 gm/L). Ag—SiC nanopar-
ticles (NPs) with a ratio of 6% were added to polymer with content
of 50% Ag and 50% SiC. The dielectric properties of PVP/Ag/SiC
nanostructures films were measured at frequency range 100 Hz-—
5-10° Hz by LCR meter (HIOKI 3532-50 LCR HI TESTER).
The dielectric constant (¢') was determined by [47]:

' =C,/Cy, (1)

where C, is the matter capacitance and C, is the vacuum capaci-
tance.
Dielectric loss (¢") was given by [47]:

" =¢'D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity was found [48] as follows:

Gac = 2nfe' Dgy. 3)

4. RESULTS AND DISCUSSION

The behaviours of dielectric constant and dielectric loss with fre-
quency and concentration are shown in Figs. 1-4, respectively. It
can be seen that with increasing frequency dielectric constant (g'),
dielectric loss (¢") decreases. This is because of the available relaxa-
tion time of the polymer. At low frequencies, polymer molecules get
sufficient time to orient themselves according to the applied field.
However, as the frequency increases, molecules are not getting suf-
ficient time to orient themselves according to the direction of the
electrical field.

Therefore, the overall polarization effect decreases and, conse-
quently, the value of dielectric constant decreases too, as it is di-
rectly proportional to the value of polarization. At high frequen-
cies, as the polarization decreases, the dielectric loss and dissipation
factor, also decreases as sufficient time is not provided to the pol-
ymer chain to generate phase angle. Thus, at high frequencies, the
contribution of orientational or dipole polarization vanishes and the
effect is only for electronic polarization, which is instantaneous.
The dielectric constant and dielectric loss increase with rising con-
centration that relates to increase in charge carriers [49-60].
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Fig. 1. Behaviour of dielectric constant with frequency for the
PVP/Ag/SiC nanostructures.

0.16 7
-,
—— C2
-+ - CB
o
[
*g 0.12
<]
o
8
&
bl
Q
2 0081
2
=)
0.04

1.10° 1.10°7 1-104 1.10° 1-10¢ 1-107

F, Hz

Fig. 2. Dielectric loss performance with frequency for the PVP/Ag/SiC
nanostructures.

Figures 5 and 6 show the variation of A.C. conductivity for
PVP/Ag/SiC nanostructures films with frequency for varied con-
centrations. As shown in these figures, the electrical conductivity
increases with increasing the concentration, because the distributed
Ag/SiC NPs in the polymer matrix has increased the number of
conductive pathways and rise in the charge-carriers’ numbers. In
addition, the conductivity of PVP/Ag/SiC nanostructures films in-
creases with rising of the frequency. The dependence of conductivi-
ty with the frequency is caused by the hopping of carriers of charge
in the localized levels [61-68].
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Fig. 3. Dielectric constant variation for the PVP/Ag/SiC nanostructures
with concentration.
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Fig. 4. Variation of dielectric loss for the PVP/Ag/SiC nanostructures
with concentration.

5. CONCLUSIONS

This study comprises preparation of PVP/Ag/SiC nanostructures
and examining the dielectric properties to use them in different
electronics fields with lightweight and low cost. The results showed
that the dielectric constant and dielectric loss of PVP/Ag/SiC
nanostructures reduced while the electrical conductivity increased
with an increase in the frequency. The dielectric constant, dielectric
loss and electrical conductivity rise with increasing of the concen-
tration. The final results indicated that the dielectric properties in-
dicated that the PVP/Ag/SiC nanostructures could be suitable in
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various electronics applications.
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The use of nanomaterials is a modern trend in electrochemical analysis
because of the ease and accuracy of the analysis that, in addition, being
non-destructive to the samples, gives the possibility of repeating the anal-
ysis to obtain better results. In this research, films of a co-conductive
polymer of pyrrole and one of its derivatives are fabricated by docking on
a graphite substrate. The film and the substrate form a modified electrode
described by EIS and CV in the presence and absence of valsartan. Using a
modified electrode, the concentration of valsartan is determined in titres
and blood samples of patients with a standard deviation (SD =0.6). The
quantitative and detection limit are LOQ=6 pyM and LOD=1.8 uM, re-
spectively. DPV with standard addition method has standard deviation
(SD=0.34). The new method succeeds in being more accurate with
LOQ=3.4 yM and LOD=1.1 puM, respectively. F-test proves that the
HPLC method is not better than DPV and DPV with modified standard
addition methods in determining the drug concentration of valsartan. The
modified standard addition method is probably the best.

Bukopucranaa maHoMaTepiAdiB € Cy4acHOIO TeHAEHIi€I0 B eJeKTPOXeMiuHin
aHaJIi3i uepes JeTKicTh i TOUHiCTH aHaidW; KPiM TOro, BOHU HE PYHHYIOTH
3pas3Ku, IO Ja€ MOMKJIMBICTH IIOBTOPHOI aHAJI3MW OJISA OHepP:KaHHS JIIIIIITNIX
pesyabTaTiB. ¥ IbOMY IOCJHiMKEHHI IJIiBKK IIPOBiIAHOTO IIOJIiMepy IIipoay i
OIHOI'0 3 MOro MOXigHWX OyJIM BUT'OTOBJIEHI IIJISIXOM CTHKYBAaHHS Ha rpadi-
ToBifl migkaammuIii. IlaiBka Ta miakmaguHKa yTBOpHMJAM MOAu(iKOBaHY eje-
KTPOZY, OIMMCAHY €JIEKTPOXEMIiUHOI iMIIEJaHCHOIO CIIEKTPOCKOIII€I0 Ta ITUK-
JiYHOIO0 BOJIBTAMIEPOMETPi€I0, V IPUCYTHOCTI Ta 3a BilCYyTHOCTU BaJjicapTa-
HYy. 3a JOomoMOroio MOoAu(MiKoBaHOl eJeKTPOAM BU3HAUEHO KOHIIEHTPAI[ilo
BaJIcApTaHy B THUTPaX i 3pasdkax KpPOBi maImieHTiB 3i cTaHZapTHUM BiIXHWJIOM
(SD =0,6). KinbKkicHa mMeixa Ta Meka BUABJIEHHA CTaHOBIATHL LOQ =6 uM i
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LOD =1,8 uM sBignoBiguo. [udepeHiifina iMmmyibcHa BOJIbTaMIIEPOMETPiA 3
MEeTOJOM CTaHIAPTHOTO MOJaBaHHA Mae€ crammapTHui Bigxua (SD=0,34).
Hosuii meton cras 6imbir Tounum i3 LOQ =3,4 uM i LOD =1,1 uM Bigmosi-
IHO. F-TecT 1OBiB, IO MeTOJ BUCOKOe(eKTHBHOI PiguHHOI xpomartorpadii
He € KpaluM, aHi:k audepeHIliiHA iMOyJbcHA BOJIBTAMIIEPDOMETPis Ta Ou-
depeHIliiHA iMIyJbCHA BOJbTAMIIEPOMETPiA 3 MOoAMGMpIKOBAHMMU CTaHIAPT-
HUMHJ MeTOJaMU AOJAaBaHHS y BU3HAUEHHI KOHIIEHTpAIlii mpermapaTy BaJjcap-
rany. MoaudikoBaHUil cTaHIAapPTHUIN METOJ AOAAaBaHHS, MMOBipHO, € HaMJIi-
TIIITAM.

Key words: polymer thin films, anchoration, modified electrode, differen-
tial pulse voltammetry, valsartan.

Karouori coaoBa: moniMepHi TOHKiI IUIiBKM, aHKepyBaHHSA, MoAudiKoBaHA
eJIeKTpoja, nudepeHItiiina iMmoyabcHa BOJbTAMIIEPOMETPisd, BaJcapTaH.

(Received 7 June, 2023; in revised form, 24 June, 2023)

1. INTRODUCTION

Electrochemical analysis is a modern, accurate, non-destructive
sampling technique [1], which can be used on water-soluble solid or
liquid samples [2]. Electrochemical analysis has many characteris-
tics and advantages [3]. All methods work through the contact of
the sample solution with a working electrode, and the circuit is
completed with an auxiliary electrode and the potential is measured
with respect to a comparator electrode within the triple cell [4].

Electrochemical analysis involves measuring current (ampere),
potential (volt), or amount of electricity (charge) (coulombs) against
time, potential, or current [3]. During the analysis, precise electri-
cal devices measure the very slight changes in the analytical signal
values against the changes of the corresponding factor in the exper-
iment. The analysis depends mostly on electrical conductivity and
oxidation—reduction reactions within the cell, in which the meas-
urement is made [5]. Working electrodes are the base for cell used
in an analytical or chemical application [6].

Electrodes are often composed of a surface of a chemically inert
material that is a good conductor of electric current; this material
forms the main body of the electrode in electrical operations and
transfers the electric current to the circuit outside the solution [5].
Many layers can be added to the surface of the electrode for work
[6]. Recently, there is a tendency to use nanofilms on electrodes in
many applications, such as electrolysis, electrolysis, and photoelec-
trolysis [7]. The thickness of the film, the size of its particles, the
type of its constituent material, and the electrode material affect
the application of the film and the method of its manufacture on
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the surface of the electrode [8]. Nanofilms are made chemically by
anchoring and electrodeposition and physically by dipcoting and
spincoting. Dipcoting and spincoting were preferred for fabrication
of films, which are used for analytical applications, due to the ease
of fabrication of very thin, well-covered, homogeneous films [9].

Films in analytical applications are very thin and easily damaged;
so, we need to renew constantly them to reuse them again [10].
Conductive polymers can form thin films by an anchoring method.
Concentration, temperature and time all affect the film thickness
and particle size [11]. Electrodeposition is used in the preparation
of many thin films of metal oxides and conductive polymers. The
potential and current of deposition and the film material often af-
fect the thickness of the film, the size of its particles and its stabil-
ity. Many researchers made thin films by electrodeposition and
studied their analytical properties [12].

The drug valsartan is widely used in patients with chronically ele-
vated arterial pressure at different doses that suit the patient’s con-
dition alone or in synergy with one or more other drugs. Many re-
searchers have developed analysis methods that meet the need, but
need more development [13]. In this research, we present a method
for analysing the valsartan in both pure samples and capsules and in
blood samples, based on measurements of the cyclic potential of the
aqueous solution on a working electrode, whose surface is covered
with a film of poly(pyrrole-formylpyrrol) by anchoring.

2. EXPERIMENTAL
2.1. Materials

Pyrrole-2-carboxaldehyde 98% sigma, pyrrole > 98% sigma trichlo-
roacetic acid sigma, and graphite electrodes sigma.

2.2. Measurements

Thin films were characterized by electrochemical impedance spectros-
copy (EIS) applied using in KC10, (1 M) solution, 1 mA/cm? and 0.58 V
in the range of 0.1 Hz—10 kHz, cycle voltammetry (CV) method at a
scan rate of 100 mV-s™' within the potential range of -0.2—1 V (AMEL
model 2550). Thin film morphologies were examined with AFM (Nano-
surf model eseyscan2) and SEM (TESCAN model MIRAS3).

2.3. Analysis Protocol

The differential pulse voltammetry (DPV) was in a potential range
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of 0.01 to 0.6 V at scan rate of 5 mV-s™* and the DPV input data
are as follow: step potential of 0.004 V, modulation amplitude of
0.08 V, modulation time of 0.2 s, and interval time 0.5 s. The DPV
oxidation peaks of valsartan were at 227+ 5 mV against the
Ag/AgCl electrode. HPLC [13] used mobile phase acetonitrile and
water in the ratio 55:45 (v/v), and the pH adjusted to 3.6 with 88%
orthophosphoric acid with a flow rate of 1.0 ml-min™ and C18 col-
umn (250x4.6 mm id, 5 pym particle size).

2.4. Thin Films Fabrication

The film was fabricated by anchoration in the reaction solution
(pyrrole and 2-formyl pyrrole (10 mmol)) was dissolved in the 25 ml
of ethanol, and 3 g of trichloroacetic acid was added [14]. The elec-
trodes were immersed in the solution of reaction, and left in the
solution for 30 min and removed from the solution. The films (on
electrodes) were washed with deionized water and alcohol (do not
touch the film surface).

2.5. Film Deposition

Graphite electrodes were sanded to great fineness. Electrode was
isolated with electrical insulator coating except for a precisely de-
fined surface (1 cm?). The films were fabricated by docking: the
electrode was immersed completely in the reaction solution to pre-
pare a polymer.

2.6. Sample Analysis

The valsartan samples were analysed in two methods for compari-
son; the first method is by HPLC as the reference method, and the
second method is by DPV. Standard series were prepared from
standard analysis using the same method. Samples from three
sources of valsartan were obtained for the purpose of the study.

2.6.1. Capsule Sample

The capsule was obtained from the pharmacy outlets in the city of
Baghdad for a drug produced by a national company. According to
the attached leaflet, it contains a substance containing (160 mg) an
active substance loaded with excipients and film-coated. Ten cap-
sules were taken and finely ground. Transfer to a 1000 ml volumet-
ric flask and add water to the mark. A solution of theoretical con-
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centration of 100 mg/L was prepared from the mother liquor.

2.6.2. Pure Substance Sample

The active substance of the valsartan drug was taken from the
manufacturing laboratory; the data sheet for the substance was re-
viewed, and the data of the substance was verified before working
on it. From the material, weigh accurately, transfer to a beach, add
the solution to it, stir until dissolution, transfer to a volumetric
flask, and complete the volume to the mark.

2.6.3. Patient Blood Sample

A blood sample (5 ml) was taken from a patient’s left hand vein af-
ter the patient’s consent by a medical specialist with sterile instru-
ments after 2, 4 and 6 hours of taking the drug. Samples were sub-
jected to primary treatment to obtain blood serum and sedimenta-
tion of soluble proteins. The treated serum sample was transferred
to a 25 mL calibrated flask and filled with distilled water to the
mark.

3. RESULTS AND DISCUSSION
3.1. SEM of Polymer

Electron microscopy images give information about the shape and
size of nanoparticles. Figure 1 shows pictures of the electronic mi-
croscope of the polymer. Polymer particles are bacillus in close sizes
and the size of the particles is of around 70 nm. The particles on a
rough surface are clogged to be coral.

Fig. 1. Scanning electron microscopy images of polymer.
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3.2. AFM of Polymer Thin Films

Figure 2 shows the atomic force microscopy images for two areas of
the film.

Topography

10 12 %

| 2 4 6 8
e

Fig. 2. The atomic force microscopy images for two areas of the film.
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Fig. 3. (a) Cyclic voltammetry of the electrodes with valsartan 100 uM; (b)
cyclic voltammetry of the electrodes without valsartan; (¢) Nyquist plot
for films; (d) equivalent electrical circuits for the films.
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From the comparison of Fig. 2, a and b, it appears that there is a
good homogeneity in the structure of the films forming the surface
of the electrode, the peaks are close in height up to 80 nm, the sur-
face is rough, and the particle size is of about 60 nm in both imag-
es. This approximates the particle size in electron microscopy imag-
es, and the particle shape is similar too.

3.3. CV and EIS of Polymer Thin Films

The cyclic voltammetry of the electrodes (Fig. 3, ) shows two clear
return oxidation peaks on two electrodes, the peak around 0.582 V,
when using the electrodes (Fig. 3, b) valsartan solution. The oxida-
tion peak differs, which becomes at 0.679 V.

Figure 3, ¢ shows the electrochemical impedance spectrum for
electrodes. The curves consist of two parts. Semi-circular at high
frequencies is the first part, and the other one is linear at low fre-
quencies. In order to analyse the EIS results, we fitted the imped-
ance data to equivalent electrical circuits (Fig. 3, d), which consist
of resistance (solution resistance R;) of 46 +5 Ohm. Warburg Im-
pedance (noted W) or capacitance is, therefore, ascribed to the dif-
fusive capacitance (a: 54 = 7 and B: 43 +5 (m-Ohm)?). Warburg Im-
pedance is analogous to resistance (R,) and capacitance (®). Re-
sistance (R,) is (a: 154 +£18 and b: 185+ 42 Ohm), while @ is the
double-layer capacitance (a: 0.23 + 0.02 and b: 0.183 + 0.02 pF/cm?).

3.4. Valsartan Analysis by HPLC

A standard method was used to determine the valsartan using
HPLC according to Ref. [13], where a titre series (100—-600 nM) was
prepared and analysed according to the conditions of the afore-
mentioned method. Figure 4 shows: the peak area versus valsartan
concentration, (y=898870x + 1-10°)-regression equation with noise
rate (0.013) and LOD =0.039 uM and LOQ =0.132 uM.

3.5. Valsartan Analysis by DPV

Figure 5 shows the current measurement curves in DPV and the
linear regression curve of current density versus concentration. In
Figure 5, a, the current density increases exponentially with in-
creasing valsartan concentration. The linear regression equation is
(y=0.0368x + 6.99) with a correlation coefficient (R, =0.998), with
a standard deviation (SD=0.6). The limit of detection (LOD) and
limit of quantification (LOQ) were calculated by standard deviation
(signal to SD ratio of 3:1) and quantified (signal to SD ratio of
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Fig. 5. (a) current measurement curves in DPV; (b) current density vs
valsartan concentration; (¢) current measurement curves in DPV by the
modified standard addition method; (d) current density vs valsartan con-
centration.

10:1), respectively: LOD=1.8 uM and LOQ = 6.0 uM.

Tables 1 and 2 show the results of valsartan analysis. Retrospec-
tive titre samples reached (58.1 1uM) blood samples gave results
with good reproducibility.

Figure 5 shows the current measurement curves in DPV by the
modified standard addition method, where a concentrated titre solu-



PREPARATION AND CHARACTERIZATION OF NANOFILM-COATED ELECTRODES 205

TABLE 1. The results of the analysis of samples of valsartan.

Level, % | n |Concentration, uM concenF;(r)':f:lign, M Recovery RSD
50 5 150 147.9 99.2 0.584
100 5 300 298.5 99.5 0.486
150 5 450 449.1 99.8 0.569

TABLE 2. Shows the results of valsartan analysis by DPV and DPV-S.A.M.

Method | Level, % | n |Concentration, uM Fouqd Recovery| RSD
concentration, pM

50 5 175 177.6 101.5 0.459

PDV 100 5 350 349.3 99.8 0.658

150 5 525 519.2 98.9 0.662

50 5 175 173.8 99.3 0.349

PDV-S.A.M. 100 5 350 344.8 98.5 0.417

150 5 525 528.2 100.6 0.394

tion of valsartan (525 nM) was used as an unknown solution, and an
amount of a high-concentration titre solution was added to it ac-
cording to the titre series. The concentration was calculated from
the regression equation. The linear regression equation is
(y=0.0872x + 19.63) with a correlation coefficient (R?=0.998),
with a standard deviation (SD = 0.34). The limit of detection (LOD)
and limit of quantification (LOQ) were calculated by standard devia-
tion (signal to SD ratio of 3:1) and quantified (signal to SD ratio of
10:1), respectively: LOD=1.0 uM and LOQ = 3.4 uM.

Table 2 shows the results of valsartan analysis retrieved from ti-
tre samples (58.2 1M) in blood samples; the concentration of valsar-
tan was determined by the modified standard addition method, and
we got good results with a good reproducibility.

The concentration of valsartan was determined by three methods:
HPLC, DPV, and DPV with modified standard addition. The meth-
ods were compared with a paired F-test to determine the most accu-
rate method. The F-value for (0.05, 9, 9) is of 3.117. Table 3 shows
F,,, for comparison of methods. From this table, HPLC method is
not batter than DPV and DPV with modified standard addition.

4. CONCLUSIONS

Conductive polymer thin film was fabricated on a graphite substrate
and characterized by SEM and AFM. The film and substrate formed
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TABLE 3. F,,, shown for comparison of methods.
Method vs Method n Fo,
DPV vs HPLC 9 2.250
DPV-S.A. vs HPLC 9 0.723
DPV vs DPV-S.A. 9 3.114

a modified electrode. The modified electrode was described by CV
and EIS in the presence and absence of valsartan. Using a modified
electrode, the concentration of valsartan was determined in titres
and blood samples of patients, with a standard deviation (SD = 0.6).
The quantitative and detection limit are LOQ =6 p1M and LOD=1.8
nM, respectively; DPV with standard addition method has been
modified to suit the use of limited volume samples such as human
blood samples and non-destructive measurement methods. The new
method has standard deviation (SD=0.34). The new method suc-
ceeded in being more accurate with LOQ=3.4 uM and LOD=1.1 uM
respectively. Fisher’s test proved that the HPLC method is not su-
perior to the electrochemical methods in determining the drug con-
centration of valsartan; by comparing the two methods, it was
found that the modified standard addition method is more accurate,
especially with its ability to exclude the effect of the matrix.

5. HIGHLIGHTS

A nanofilm of a carrier polymer was fabricated and characterized by
SEM and AFM.

Preparation of a conducting electrode, characterization by elec-
trical impedance spectrum, and study by CV are used to determine
the possibility of using it for the analysis of valsartan.

It is introduced a modified standard addition method for limited-
source samples and non-destructive analytical methods.
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In the current research, Q-switched Nd:YAG-laser ablation is used to cre-
ate the copper-oxide nanoparticles (NPs). A disc-shaped copper target is
subjected to the ablation procedure, while it is submerged in double-
distilled water. The ablation is carried out with pulse counts ranging from
100, 200, 300, 400, and 500 with two different energy levels, namely,
200 mdJ and 400 mdJ. Transmission electron microscopy (TEM), x-ray dif-
fraction analysis (XRD), and UV-vis spectrophotometry are used to de-
termine the morphological and optical properties of nanoparticles. An in-
crease in the absorbance spectrum with an increase in the number of puls-
es indicates an increase in the concentration of copper-oxide nanoparti-
cles. The peaks of surface-plasmon resonance at 217 nm are seen in the
absorption spectra as the laser pulses increased. A slight reduction in the
optical band gap is occurred too. CuO-NPs’ formation is verified by XRD
analysis, which also reveals that the copper-oxide NPs’ structure is a
monoclinic lattice. Further, the results of the TEM and UV-vis analyses
show that there are presented CuO nanoparticles. CuO nanoparticles,
which are nearly spherical, are found, according to the findings of the
TEM and UV-vis analyses. When 200 mdJ and 400 mdJ of energy are used,
it is discovered that the average diameters of these nanoparticles are of
about 46 nm and 52 nm, respectively. Additionally, our study results
show that CuO NPs at 200 mdJ are more effective for inhibiting S. aureus
and E. coli than they are at 400 mdJ with the same number of pulses.

VY morounomy gocuaimxenui abasamia smasepom Nd:YAG iz mopyisrmiero mo6-
POTHOCTM BUKOPHCTOBYBAJU AJs CTBOPEHHA HAHOYACTHMHOK oKcuay Kympy-
my. [duckomonibHy MigHy MilleHb migmaBaju MPOIERypi abiasArii, 3aHypIioo-
uyy ii y ABiui gucTuaboBaHy BOAy. AOJIAIiI0 MPOBOAUMIN 3 MiAPaXyHKOM iM-
myabciB y miamasoui Bim 100, 200, 300, 400 i 500 3 mBoMa pisHUMU PiBHA-
mu eneprii, a came, 200 mIx i 400 mIx. Hna BusHaueHHA MOPQOJIOTIU-
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HUX Ta ONTUYHUX BJACTHUBOCTEH HAHOUACTUHOK BUKOPHCTOBYBAJU ITPOCBIT-
JIIOBAaJIbHY eJeKTPoHHY MiKpockomito (IIEM), peHTreHiBCchbKY Amppakiiiiny
anamnizy (PIA) Ta cneKTpohoTOMETPUUHY aHAJNisy V BUAUMIiN Ta yabTpadi-
0JIETOBi#l oOJsacTAX cBiTJia. 30iJbIIIeHHSA CIEKTPY IOTJIMHAHHA 3i 306iJbIlIeH-
HAM KiJIBbKOCTM iMIOyJIBCiB CBigUMUTH PO 30i/IbINTeHHA KOHIIEHTpAIlii HaHoua-
ctuHOK oxcunay Kymnpywmy. Ilikum moBepxXHeBOTO IIIAa3MOHHOT'O pe3oHAaHCY 0i-
aa 217 gm Oysu MOMITHI B cHEeKTpaxX HOTJIMHAHHA, KOJIU JIa3epHi iMmysabcu
s0inbmyBanuca. Tako:k BinOysmocs He3HAaUHe 3MEHINEHHA ONTUYHOI 3a6opo-
HeHOI cmyru. YTBopenHa CuO-HaHouacTuHOK Oyso miaTBepmsxkerHo PIA, saka
TaKOXK IIOKasajia, III0 CTPYKTypa HaHOUACTUHOK oKcuay Kympywmy OGysna mo-
HOKJIiHHOIO r'paTHHIe0. Kpim Toro, pesyasratu IITEM Ta cumextpodoromer-
puUuYHOI aHajism mHoKasajaum HasgBHicTh HaHouacTmHOK CuO. HamouacTuHKH
CuO, aki 6ynu maii:ke chepruuHUMU, OYJI0 3HAKIEHO 3TiAHO 3 Pe3yabTaTaMu
IIEM i cmexTpodoromerpuunoi aHamisu. Koaum Oyj0 BUKOpHCTAaHO piBHI
emeprii y 200 m/Ix i 400 Mk, 6yI0 BUABIEHO, IO CePEIHI AiAMETPH ITUX
HAHOYAaCTUHOK CTAaHOBUJIM TpmoOsam3uo 46 um i 52 mm Bigmosigao. Kpim To-
ro, pesyJIbTaTH HAIIOTO MOCIiM:KeHHsS IIOKas3yioTh, IMo CuO-HaHOUYACTUHKU
3a ymoBu 200 MJ[:x Oyam epeKTHUBHINMIMMU AJA iHrioyBamua S. aureus i E.
coli, mik 3a ymoBu piBHA 400 MI[»k 3 Tako0 K KiJTbKicTIO iMIIyabCiB.

Key words: copper-oxide nanoparticles, UV-visible laser ablation, XRD,
TEM, particle size, antibacterial activity.

KarouoBi croBa: HaHouacTuHKM okcuay Kynpymy, Y®-Buamma JsasepHa ab-
aamnia, POA, IIEM, po3mip 4yacTHHOK, aHTUOAKTEPiAIbHA aKTUBHICTE.
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1. INTRODUCTION

The nanoparticles (NPs) offer significant scientific benefits as they
serve as a crucial intermediary between macroscopic materials and
atomic or molecular structures. The physical properties of bulk mate-
rials are required to remain constant and independent of size, while at
the nanoscale, the physical properties of nanomaterials exhibit size-
dependent characteristics, such as quantum size effect and quantum
confinement in semiconductor nanoparticles, as well as surface plas-
mon resonance in certain metal nanoparticles [1]. The optimal methods
for synthesizing metallic nanoparticles should exhibit reproducibility
and the capacity to regulate particle shape while achieving uniform
yields. In addition, the method exceptional qualities include the exclu-
sion of toxic precursors, utilization of eco-friendly solvents, mainte-
nance of reaction temperature in proximity to ambient temperature,
and reduction of by-product production [2].

Pulse laser ablation in liquid (PLAL) presents distinct advantages
for the synthesis of nanostructured particles, such as high purity,
simplicity, rapidity, and the absence of the need for sophisticated


https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!

CHARACTERIZATION AND EVALUATION OF THE ANTIMICROBIAL ACTIVITY OF CuO 211

vacuum equipment or chemicals, which may contaminate the final
product and pollute the environment [3, 4]. The PLAL technique,
despite its experimental simplicity, is distinguished by intricate and
rapid mechanisms that can be succinctly described as a series of four
phases. Upon impact with a solid target, the foremost portion of the
laser pulse causes the evaporation of a slender stratum of substance,
thereby instigating the creation of plasma. The plasma generated at
the outset gives rise to a region of elevated optical absorption, which
subsequently absorbs the remainder of the laser pulse and undergoes
ionization to attain a state of high pressure. The isotropic propaga-
tion of a shock wave into the surrounding medium is driven by the
expansion of high-pressure plasma [5]. Throughout the duration of
the laser pulse, the plasma undergoes growth and consistently ac-
companies and reinforces the expansion of the shock. Subsequent to
the cessation of the laser pulse, the shock wave propagates outward
by utilizing the internal energy present within the shock front; the
decay process occurs rapidly and results in the generation of an
acoustic wave within a few 100 ns [6].

The transfer of energy from plasma to liquid results in the genera-
tion of a slender gaseous envelope encircling the plasma, thereby initi-
ating the formation of a cavitation bubble. The elevated internal pres-
sure of the bubble propels it to expand externally. Because of the fluid
mass inertia, the bubble surpasses its state of equilibrium and attains
its utmost radius at the point where the temperature of the bubbles’
interior matches that of the adjacent liquid [7, 8]. Upon reaching a cer-
tain stage, the vapour pressure within the bubble decreases to the satu-
ration pressure corresponding to the temperature of the liquid, which
is approximately one hundred times less than the hydrostatic pres-
sure [9, 10].

Following this, the bubble undergoes contraction, and the inward
movement persists until the gas reaches a level of compression that
is sufficient to cause a reversal of the motion. Upon rebound, the
bubble releases surplus energy in the form of a secondary shock.
The ejected matter is usually captured by the bubble and eventually
delivered into the water after the bubble collapses. This provides a
relatively straightforward and feasible method for creating nano-
particles with desirable structures and properties [11-13]. Fur-
thermore, the mechanism of nanostructuring surface is contingent
upon various laser parameters, including limited to the number of
laser pulses, energy per pulse, pulse width, and wavelength, as well
as ambient conditions. The technique high level of confinement of
plasma pressure, precise and efficient cooling and ease of use ren-
der it highly advantageous and valuable. The successful application
of this technique is of significant importance in the production of
oxides that are synthesized through chemical reactions occurring at
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the liquid—solid interface [14, 15].

It’s also through various physical parameters of laser radiation,
including laser pulse energy, repetition rates, laser wavelength, fo-
cal spot size, and focusing conditions, that efficient NPs size con-
trol can be achieved [16, 17]. PLAL is used to create a variety of
novel materials, including nanodiamond and related nanocrystals,
metallic nanocrystals, nanocrystal alloys, and metal oxides [18, 19].
The PLAL present methodology exhibits several benefits in compar-
ison to alternative techniques, such as its straightforwardness, lack
of by-products, absence of post-synthesis washing requirements,
economic feasibility, and adjustable experimental parameters. Quan-
tum dots (QD) are a type of semiconductor nanoparticle character-
ized by their zero-dimensional structure. They exhibit distinct opti-
cal properties such as narrow emission peaks and a broad excitation
range. The wavelengths of emission and energy gap of quantum
dots are significantly influenced by the particle size, which is a re-
sult of the confinement effect [20, 21].

Copper is a widely used material due to its plentiful availability,
low cost, thermal and electrical conductivity and antimicrobial char-
acteristics. Colloidal copper-oxide nanoparticles (CuO NPs) are syn-
thesized using pulsed laser ablation technology on a copper target in
a liquid medium. CuO nanoparticles have shown potential for bio-
medical applications due to their antibacterial activity. Moreover,
CuO nanostructured materials show utility in diverse applications,
including biosensors, gas sensors, lithium-ion battery electrode ma-
terials, photo detectors, and supercapacitors [22, 23]. The phenome-
non of surface plasmon resonance (SPR) is contingent upon the mor-
phology and dimensions of the particle, in addition to the optical
characteristics of the nanoparticles their distinctive, particularly
their sharp plasmon absorption peak, make them highly appealing
for biophysical, biochemical, and biotechnological applications [24].
Additionally, the copper oxide nanoparticles exhibited inhibitory
properties against two bacterial groups, namely gram-positive bacte-
ria such as B. subtilis and S. aureus, and gram-negative bacteria
such as E. coli and P. aeruginosa. The inhibitory effects were ob-
served to be dependent on the size of the particles [25, 26].

The present research pertains to the production of copper oxide na-
noparticles through the employment of the PLAL method, where, by
the manipulation of ablated energies and pulse counts, it is exercised
for the purpose of control. The study examined the optical and morpho-
logical characteristics of the samples through the utilization of vari-
ous analytical techniques, including UV-visible spectrophotometry, x-
ray diffraction analysis, and transmission electron microscopy. Fur-
thermore, the study employed CuO NPs to assess their antibacterial
effectiveness against Staphylococcus aureus and Escherichia coli.
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2. EXPERIMENTAL SETUP
2.1. Method for Preparation of CuO Nanoparticles

The colloidal solutions of CuO nanoparticles were synthesized in a
liquid medium by the pulsed laser ablation technique (PLAL). A
disc-shaped target made of high-purity copper (99.99%) with a di-
ameter = 20 mm and a thickness = 2 mm was positioned 10 cm away
from the laser source. The target was placed in a beaker containing
5 ml of double-distilled water (DDW).

Figure 1 illustrates the experimental setup for PLAL. The Q-
switched Nd:YAG is a mechanism to generate high-intensity, short-
duration pulses of light. The experimental setup employed Nd:YAG
laser operating at a repetition rate of 6 Hz, emitting at a wave-
length of 1064 nm and with a pulse width of 10 ns. Under standard
conditions of temperature and pressure, the laser source changed
two distinct energy levels 200 and 400 mdJ. The number of pulses
was systematically altered between 100 and 500, with increments of
100 pulses for each energy level.

Figure 2 shows the effects of laser pulses on the copper metal
surface. Before to ablation, the target underwent a series of clean-
ing procedures involving deionized water, acetone, and ethanol to
eliminate any oxide layer that may have formed due to exposure to
air. Additionally, the target was subjected to ultrasonic treatment
to remove any mechanical impurities. In the course of the ablation
procedure, the beaker underwent a gradual rotation to prevent the
formation of craters on the target surface due to the focused beam
and to facilitate the dispersion of the NPs generated through the

Incident laser beam
[ Nd-YAG laser

Mirror
1064 nm

Convex lens €

CuO nanoparticles

Beaker DDW layer

Cu target

Rotator ——

Fig. 1. PLAL system schematic diagram.
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a

Fig. 2. Copper-metal surface ((a) before (b) after) ablated.
movement of the liquid.

2.2. Antibacterial Activity of CuO NPs

The medium was prepared by dissolving 37 grams of Mueller—
Hinton agar (MHA) in one litre of distilled water. The pH of the
medium was regulated to 7.2 and subsequently sterilized in an au-
toclave. Subsequently, into single-use petri dishes and positioned on
a flat plane with a thickness of roughly 5 mm, followed by refriger-
ation at a temperature of 4 degrees Celsius until employment. The
well was made in the MHA with a sterile micropipette tip. In this
study, the antibacterial activity of copper-oxide nanoparticles (CuO
NPs) at two different energy levels of 200 mdJ and 400 mdJ and with
500 pulses was evaluated using two Dbacterial strains, namely
Staphylococcus aureus (gram-positive) and Escherichia coli (gram-
negative). In this procedure, the bacteria were inoculated onto the
media of the plates (MHA) using sterile cotton swabs and were
evenly spread. Subsequently, a volume of 150 ul of a colloidal solu-
tion of CuO nanoparticles was introduced to each of the previously
arranged bacterial. Subsequently, the plates housing both the test
organism and CuO NPs were subjected to incubation at a tempera-
ture of 37°C for duration of 24 hours. Following incubation, the
impact of CuO NPs on bacterial growth was assessed through the
observation of the inhibition zone and the transformation of the
surface into a transparent layer, indicative of the suppression of
bacterial growth.

3. RESULTS AND DISCUSSION
3.1. The Optical Properties of Copper-Oxide NPs

The investigation of spectroscopic absorption in a synthesized colloi-
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dal solution of copper oxide nanoparticles in double distilled water
was conducted using a Shimadzu (UV-1800) UV-vis spectrophotome-
ter. The absorbance of colloidal nanoparticles varies with the wave-
length of their absorption spectra. The findings depicted in Fig. 3
show a favourable relationship between the number of laser pulses
and the level of CuO-NPs’ concentration, as evidenced by the ob-
served increase in absorption. The presence of CuO nanoparticles is
indicated by the elevation of the surface-plasmon resonance peak
(SPRP). Furthermore, with an increase in the number of laser puls-
es, the peak exhibited a reduction in width, while the dimensions of
CuO NPs experienced an increase. Spherical copper oxide NPs were
synthesized based on the detection of a plasmon single peak. The al-
teration in hue of colloidal CuO nanoparticles to a pale green, as de-
picted in Fig. 4, can be attributed to plasmon absorption.

10 CuONPs 2 CuONPs
. E =200 md . E =400 mJ
= 0.8 —— pulses = 100 2 0.8 — pulses = 100
o —— pulses = 200 ® — pulses = 200
I | — pulses = 300 14 ——pulses = 300
qé 0.6 —— pulses =400 :5; 0.6 — pulses =400
= —— pulses =500 = ——pulses =500
2041 2 044
o o
2 2
= 0.2-"\ 2 021
0.0 T T T T T T 0.0 v T T r T T |
200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 5350
A, nm A, nm
a b

Fig. 3. Absorption spectra of CuO NPs in double distilled water at various
numbers of pulses and different pulse energies.
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Fig. 4. Photograph of the copper-oxide NPs prepared by PLAL using num-
ber of laser pulses and different energies (a) 200 mdJ and (b) 400 md.
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The SPRP is subject to modification by the size of the particles,
resulting in a red shift towards longer wavelengths within the spec-
trum. Furthermore, it can be observed that the nanoparticles
demonstrate a diminished absorption coefficient, resulting in ele-
vated transmission values on the longer wavelength end of the spec-
trum, encompassing the visible range and wavelengths measuring
up to 500 nm. The low absorption phenomenon can be elucidated by
the reduction in energy of the incident photon as the wavelength
increases, which results in the photon’s inability to interact with
the atoms present in the colloidal medium. Hence, the photons will
undergo transmission instead of absorption.

The optical band gap was calculated using linear extrapolation of
the equation’s (ahv) versus (hv) curve by fitting Tauc’s relation
[27]. The direct optical band gap is determined using the absorption
coefficient calculated as a function of the incident photon energy.
CuO nanoparticles were generated using 100 to 500 numbers of
pulses at various laser energies of 200 mdJ and 400 mdJ:

(ahv)'* = D(hv - E""), (1)

where D is a constant and v represents the photon energy.

The absorption coefficient (o) is influenced by both the incident
photon energy and the material’s properties. This relationship has
been utilized to calculate the absorption coefficient, which is con-
tingent on the absorbance (4) and the thickness (d) [28]:

2.303A
o=—.
d

Figures 5 and 6 show the optical band gap of copper oxide nano-
particles decreased as the number of pulses has increased. This re-
sult could be due to the quantum confinement effect. This increase
is a result of quantum confinement.

Figure 7 as the number of laser pulses increases, the concentra-
tion of CuO NPs causes an increase in the absorption coefficient.

From the surface-plasmon resonance peak, copper oxide nanopar-
ticles optical constants can be evaluated their values. The refractive
index (n) is directly proportional to the concentration of CuO NPs.
The refractive index can be calculated by [29, 30]:

4R i Kk R+1 ,
(R-1) R-1

(2)

(3)

where R and K, the reflectance and extinction coefficient, respec-
tively. The extinction coefficient can be calculated from the rela-
tionship [31]:
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Fig. 5. Tauc plots of the CuO NPs prepared with various laser pulse ener-
gies of (a) 200 mdJ and (b) 400 md.
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Fig. 6. Optical band gap values for prepared CuO NPs at various energies
as a function of the number of pulses.

ar

K Y. (4)

The electric field of light interacts with the electrons in the na-
noparticle in a way that is different from the way it interacts with
electrons in bulk materials. This effect is more pronounced for
smaller particles because the surface area-to-volume ratio increases
as the particle size decreases. In particular, the electric field near
the surface of a nanoparticle is enhanced, leading to an increase in
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Fig. 7. Absorption coefficient versus wavelength of CuO NPs.
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Fig. 8. Refractive index versus wavelength for copper-oxide NPs.

the refractive index and extinction coefficient with the number of
laser pulses an increase as shown in Figs. 8 and 9.

Evaluation of the real and imaginary parts of the dielectric con-
stant is done using the complex dielectric constant
e=¢ —ig, = (n+iK)*. The real (¢,) and imaginary (g) parts of the
dielectric constant are related to the refractive index and extinction
coefficient by the following relationships [32]:

g, =n’-K?, (5)

g, =2nk. (6)

Figure 10 the increase in the real and imaginary dielectric con-
stants of copper oxide nanoparticles with increasing laser pulse

number can be attributed to the enhanced polarization and in-
creased scattering and absorption of light, respectively.


https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!

CHARACTERIZATION AND EVALUATION OF THE ANTIMICROBIAL ACTIVITY OF CuO 219

— pulses = 100, K, = 0.107
— pulses = 200, K, = 0.172
— pulses = 300, K,,=0.224
— pulses = 400, K,.= 0.296
— pulses = 500, K, = 0.363
0.40
CuONPs
0.35 E =200 mJ
0.301
0.251
020
0,151
0.10-\
0.051
200 250 300 350 400 450 500 530
A, nm
a

—pulses = 100, K,
——pulses = 200, K
— pulses = 300, K n
—pulses = 400, K, = 0.299
—pulses = 500, XK, = 0.850

- 0.106
o = 0,162
=(.243

0.40
0.351
0,304
0.251
0,204

0,051

0.154,
O.IO-N\\W

CuONPs
E =400 mJ

200 250 300 350 400 450 500 550

A, nm
b

Fig. 9. Extinction coefficient versus wavelength for copper-oxide NPs.
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The relationship between the linear refractive index and the line-
ar absorption coefficient can be used to determine the optical con-
ductivity of CuO NPs [31]:

_anc

cTopt. 4TC 4

where ¢ is the speed of light in a vacuum. The increase in optical
conductivity can be attributed to the greater number of excited
electrons with increasing concentrations of CuO NPs, as shown in
Fig. 11.

(7)
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Fig. 11. Optical conductivity versus wavelength of CuO NPs as a function
number of laser pulses.
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Fig. 12. XRD patterns of the samples prepared by laser ablation in DDW.
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3.2. Morphology and Particle Size Analysis for CuO NPs
3.2.1. X-Ray Diffraction Patterns

The XRD patterns of CuO NPs in DDW laser-ablated at 200 mdJ and 400

mdJ with same number of pulses (500) are shown in Fig. 12. The average

crystallite size was computed using the Debye—Scherrer equation [33]:
kA

— X-ray , 3
* BcosO (3)

where the shape factor constant k is of 0.9, A, the x-ray wave-
length is of 0.15406 nm, P is the full width at half-maximum
FWHM intensity in radians, and 6 is the diffraction angle (Bragg
angle). The calculated average crystallite size for CuO nanoparticles
is found to be between 50 nm and 73 nm for 200 mdJ and 400 md,
respectively. The analysis of x-ray diffraction patterns revealed
that CuO NPs have the crystallographic planes of monoclinic (1 1
0),110),(-111),(112),((020),(020)and (11-3)can be in-
dexed to the diffraction peaks at about 26 =32, 35, 51, 58 and 61°
conformed to the ICSD standard No. 98-004-3181; 01-089-2531.
Furthermore, the diffraction peaks at around 26 =28, 46, 59 and
61° can be assigned to the crystallographic planes (4 0 0), (0 2 6), (0
0 8), and (0 2 8) which can be regarded as an orthorhombic crystal
system. This is consistent with the standard ICSD No. 98-008-5080.
The XRD results also corroborate the absence of impurities in the
ablated nanoparticles, as the XRD patterns do not contain any
peaks other than CuO nanoparticles. Using Scherrer’s equation, the
mean crystallite size of each sample was determined.

As shown in Table, the mean crystallite size of laser-ablated na-
noparticles increases marginally with increasing pulse energy, ac-
cording to the literature [34, 35].

CuO nanoparticles may be formed by two common processes, the
thermal evaporation of atomic (and ionic) species from the liquid—solid
interface and the thermally-induced discharge of nanometer-size mol-
ten droplets from the target. At the interface of liquid and target, the
adiabatic expansion of the created plasma confines the surrounding
double distilled water. The presence of PLAL in DDW solution results
in an oxygen-rich cavitation bubble environment. Plasma’s high tem-
perature and pressure create the chemical conditions for the formation
of CuO. Therefore, species within the plasma plume can interact to
produce CuO nanoparticles. Eventually, the plasma is extinguished,
and the CuO structures solidify [36, 37]. In addition, DDW can react
with molten particles, and molten Cu oxidation contributes to the for-
mation of CuO. Consequently, both of these phenomena may be respon-
sible for the formation of CuO structures [38, 39].
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Fig. 13. TEM images and the particle size distribution of copper-oxide NPs
with (a) 200 mdJ (b) 400 mdJ at 500 pulses.

3.2.2. Transmission Electron Microscopy (TEM)

Transmission EM analysis was used to confirm the average particle
size, size distribution, and morphology of individual CuO nanopar-
ticles prepared by the PLAL technique under 200 mdJ and 400 mdJ
with 500 pulses. Analysis of TEM images uses the Image J pro-
gram. The TEM image in Fig. 13 clearly shows that the aforemen-
tioned NPs have morphology, which is almost spherical. Copper ox-
ide NPs diameters between 44 and 51 nm were confirmed by the
TEM image. Using TEM analysis, which is consistent with that ob-
tained from x-ray diffraction, On the other hand, because CuO na-
noparticles tend to agglomerate, the agglomeration of nanoparticles
can be attributed to the absence of antiagglomeration agents in the
colloidal aqueous solution.

4. ANTIBACTERIAL ACTIVITY OF COPPER-OXIDE NPs

The diameter of inhibition zones was estimated using a meter ruler,
and the mean value for each organism was recorded for two types of
bacteria. The samples of CuO NPs with 500 pulses and laser ener-
gies of 200 mdJ and 400 mdJ were poured into wells on plates. DDW
was used as a negative control to determine the antibacterial activi-
ty. According to our investigation, the CuO NPs produced did not
significantly suppress the growth of the bacteria S. aureus G(+ve)
and E. coli G(-ve). A surge in bacterial resistance may be to blame
for this. Additionally, efficiency of nanoparticle synthesis by the
PLAL technique is low compared with other synthesis techniques
[34]. The copper-oxide NPs prepared by PLAL have inhibitory areas
that can be seen in Figs. 14, 15 for both the energy and pulse con-



224 Khalaf AJAJ, Abdullah M. ALI, and Mushtaq Abed AL-JUBBORI

E.Coli

CuONPs  CuONPs
200 mJ vy 400 mJ
e el e

®

b
Fig. 14. Photograph of the antibacterial activity test of CuO NPs prepared
for Staphylococcus aureus and Escherichia coli.
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Fig. 15. Histogram of antibacterial activity for CuO NPs at 200 mJ and
400 mdJ with the same number of 500 pulses.

figurations indicated. For the same number of pulses, the 200-mdJ
nanoparticles were more effective than the 400-mdJ ones. In many
instances, it is still unclear whether the death of the bacterium was
caused by a single mechanism or a mixture of mechanisms. Nega-
tively charged bacterial cell surfaces and positively charged nano-
particles may attract each other electrostatically. In contact with
bacterial cells, copper oxide nanoparticles can pierce the cell wall
and break the cell membrane, causing the release of cellular con-
tents and ultimately cell death.

5. CONCLUSIONS

Copper-oxide nanoparticles can be easily produced by using the laser
ablation technique on a copper target in double-distilled water. Af-
ter several analyses were performed to investigate and characterize
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the Cu NPs, according to UV-visible spectroscopy, the absorbance
increased as the number of pulses increased. As the number of laser
pulses increased, the plasmon peak at 217 nm redshifted. The com-
pounds associated with the oxidation of Cu NPs into CuO NPs were
produced by the reaction of dissolved oxygen in water with the Cu
NPs. At the same number of pulses, copper-oxide NPs prepared at
400 mdJ have a larger size than samples prepared at 200 mdJ. CuO
nanoparticles have a spherical shape and diameters ranging from 46
nm to 52 nm for 200 mdJ and 400 mdJ, respectively. However, com-
pared to Escherichia coli (gram —ve) bacteria, the tested Staphylo-
coccus aureus (gram +ve) bacteria demonstrated a higher sensitivi-
ty to copper-oxide NPs. This is due to variations in the molecular
makeup of the cell walls of these bacterial strains. The results of
our study show that when the laser energy is low and the same
number of pulses, copper oxide nanoparticles have a stronger anti-
bacterial effect against S. aureus and E. coli, respectively.
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