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Correlation functions of weakly inhomogeneous plasma

Abstract. This article focuses on the kinetic theory of inhomogeneous plasma and explores the interaction be-
tween a high-frequency electric field and weakly inhomogeneous plasma. Particularly, it examines the impact
of an external variable field on the kinetic and high-frequency properties of the plasma, including kinetic
equations, correlation functions, and distribution functions of charged particles. The study derives expressions
for the pair (two-particle) correlation function and the corresponding distribution function, taking into ac-
count the spatial inhomogeneity of the plasma and electric field, as well as the collisions between charged
particles. The results were obtained using the kinetic equation for the spatial-temporal spectral density of
fluctuations and the method of successive approximations (separation of slow motions and fast oscillations).
The field amplitude is considered a slowly varying function of time and coordinates. The calculations neglect
the contribution of the magnetic component of the electromagnetic field, which is applicable to longitudinal
electric fields. The results obtained in this article are primarily of theoretical interest, they reveal the picture
of the interaction of a weakly inhomogeneous plasma with a high-frequency electric field and can be used in
the construction of a kinetic theory of an inhomogeneous plasma located in high-frequency electromagnetic
fields. Note that for charged particles of the same sign, the correlation function is negative, and for particles
of different signs it is positive. In addition, the correlation function is exponentially small when the distance
between the particles is greater than the Debye radius. In all calculations, the contribution of the magnetic
component of the electromagnetic field is neglected, which is quite true for the longitudinal electric field.

Keywords: High-frequency properties, inhomogeneous plasma, kinetic equation, variable field, collision inte-
gral.

Introduction

The correlation function is a function of time and spatial coordinates that defines the correlation in sys-
tems with random processes. The correlation function is a measure of system ordering. It shows how micro-
scopic variables correlate at different moments in time and in different points on average. Sometimes it is
required to consider the temporal evolution of microscopic variables. In some cases, it is necessary to con-
sider the temporal evolution of microscopic variables, which is why the spatial correlation function is used. It
is important to understand that although in equilibrium some macroscopic variables are not dependent on
time, microscopic variables (for example, the particle velocity vector). Therefore, similar correlation func-
tions, essentially macroscopic quantities, may also depend on time. The correlation function is a measure of
system ordering. It shows how microscopic variables correlate at different moments in time and in different
points on average. The physical meaning of the correlation function of the particle number density is that it
shows the probability density of the relative positions of the particles. The correlation is caused by the pres-
ence of interactions between particles, leading to short-range order. It is known that isolated charged parti-
cles interact with each other according to Coulombs law. However, due to the long-range nature of Coulomb
forces, the interaction between two particles in a plasma is influenced by the presence of other charged parti-

6 BecTHuk KaparaHguHckoro yHusepcuTeTa
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Correlation functions of weakly inhomogeneous plasma

cles, i.e. correlation effects (collective interactions between particles) play a significant role in plasma. When
describing irreversible processes and constructing the kinetic theory of fluctuations in fully ionized plasma, it
is crucial to account for the correlations between particles. This problem is well described, particularly in
Klimontovich Yu. L papers [1] and in the works of other authors [2, 3]. For example, [4, 5] presents the bina-
ry (pair) correlation function and the corresponding distribution function of plasma particle coordinates and
momenta for a homogeneous and equilibrium plasma, without considering the influence of external fields.
Much attention is paid to the effects of external fields on the kinetic properties of plasma in [14-18]. In
particular, large—scale fluctuations are considered-fluctuations with correlation times of the order or greater
than the free path time and with correlation lengths of the order or greater than the free path length in the
presence of a high-frequency electric field. The effect of the interdependence of the motion of individual
particles is usually described by introducing correlation functions. Temporal correlation functions play a
fundamental role in studying the electrodynamic properties of plasma. Two-particle correlation functions are
considered in [19-21], in particular, three functions of paired correlations in a two-component (electrons and
ions) plasma are calculated in the second order by the plasma parameter. In [22], a system of equations was
obtained for the paired correlation function of phase density fluctuations and the renormalized linear
response function, taking into account linear electromagnetic processes that are quadratic in intensity of
fluctuations. In [23-25], a kinetic theory of a highly ideal plasma in an external field was constructed. The
resulting linearized kinetic equation for the external field and the relations of the theory of linear response
allow us to obtain a closed equation for a single-particle distribution function.

Main part. Experimental

Developing a consistent collision theory in plasma encounters significant difficulties associated with the
slow decrease of Coulomb forces with increasing distance between interacting particles. At any given time,
each charged plasma particle is exposed to a huge number of surrounding particles, and all of these effects
shall be somehow taken into account. Instead of a simple two-body problem, we face the challenging prob-
lem of many-body interactions. In a strict formulation such a problem is hardly solvable. To make a solution
possible, it is necessary to introduce some simplifications. The simplest is the pair collision approximation,
in which the plasma particle interactions are reduced to independent and instantaneous interactions of pairs
of particles. The effect of interdependence of the motion of individual charged particles is typically described
by introducing correlation functions. In this article, expressions for the simultaneous correlation function g,
of particles of components a, b and the two-particle distribution function f, will be obtained by the method
of successive approximations based on the kinetic equation for the space-time spectral density of fluctuations

8N, (6, p,t)dN, (d', p't). 1)

In this case, let's assume that the plasma is weakly inhomogeneous, i.e. all statistical processes occur-

ring in the six-dimensional phase space of coordinates ¢, ', and momenta, are different, p, p’ and it is

subjected to a longitudinally high-frequency and weakly inhomogeneous electric field E = Eo(q,gt)sin o,t

(aswell as B, =0).

Results and Discussion

To statistically describe processes in plasma under the condition & = Vi «1, a closed system of equa-

o,L

tions for the single-particle distribution functions f,, f, and for the functions (SNaSNb)Q , 0., can be used

(where Q=4q,d’, p, p’,t). The higher correlation functions g_, etc. are thus found to be small of order &°.
Therefore, to determine g, , the kinetic equation for function (1) is used, which can be written as [6-10]

A, (8NN, ) =-A, 2)

where

Cepusa «dusmka». 2024, 29, 3(115) 7
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— = 61:a = afb .
A —eana(éNbBE)q) e (SNaSE)W =2
v, <0,; p=0,,B.P.t: =1 y=d, B,

a

m,,, €, N,, — and respectively mass, charge and concentration; 8E — electric field fluctuation. It
should be noted that equation (2) is written under the condition of weak plasma inhomogeneity. This means

that the functions f,, f,, E, (SNaSNb)Q, (SNaSE) ,(SNbSE) vary little over distance of the Debye radius
v ¢

r, . Itis known that in weakly inhomogeneous plasma, correlations at points ¢ and ¢’ depend on F=q—d’
and

q+d

I, =

perform a decomposition by F% . In the first approximation, we get
q

(SNaSNb)Q = A (N3N, ) (3)
where
ro i ro
-— A=1--—; B=q,F,p,pt.
200G A 200 @r. PP
Substitute (3) into (2), using the Fourier integral transformation of the following functions:
= = ro (oo
SN _8N ——(ON_ON, | .
( a b)Bi (SNaSE)% '(SNbSE)%v 2 aq, ( a b)B
As a result of the calculations, we get [11]:
~ i 0
1-—— ON_6N =-A,, 4
A1), -4 @

where

&zeana(SNbSE) %+ebnb(8Na8E) ?7
) p Vo p

o

—

(pl :qul p 1t ; \Vl :r;vq.l 5lt’ Bo :E’q’ p' p,’t ; Wo ZE’q’ p’t ; (po = lz’q’ p,’t '
where k is the wave vector, with k || SE . We will solve equation (4) by the method of successive approxima-

. 1 . . . .
tions for the range of wave numbers k > T i.e., we represent the general solution of this equation as

_— _— ¢} — 1
(SNaSNb)BO =(8Na6Nb)BD +s(6Na5Nb)Bo . (5)
From (4) and (5), we obtain the following zero and first approximation equations:
A (3NN, ) =-A; (6)
A 1 ~ 0
A, (SNa8Nb)B =G, (N3N, ) )
2
¢~(Az) =
2 )\ okoq
Let's make variable transformations:
p—>C =G (8)
vV, = L (9)
m

And instead of spectral and single-particle distribution functions, we introduce the following new func-
tions:

8 BecTHuk KaparaHgmHckoro yHuBsepcuteTa
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0;1

f,(6.C,0t); f(d.Cut): (SNaSE) ,(SNbESE)R,(m) (10)

Let's remind that in (8) — (10) the following notations were used:

n

C =P +eC, G, =B +6C, C,=—Eocosayt
('00
p=k,q,C,,t R=k,q,C,.t n=k,q,C,,C,t

In order to simplify the further calculations and avoid complicating the introduced functions 10) we will
separate the slowly changing parts in each of them, which depend only on the slow variables, by g, Pa, P t

averaging over the period of external field 2_71:, i.e.

™,

F(4.Pt). F(d.F.t), (N,5E) | (8N,3E ), (3N,aN, )
Here
H=k,q,P,,t Y=k,4,P,t X=k,G,P,P,t.
In this case, equations (6) and (7) are written as
C,(3N3N,), =4, (11)

A ———\ 1 i~ ~
C, (3NN, ) == GG, (12)

and the solutions of the initial equation (4), according to (5, 11, 12), can be represented as [12]
(5N,N, ) =(3N,8N,) *+e(3N,5N,) (13)

where

é4=§+v0+(va +V, )= 0 +e,E 2 +ebE£'
ot ot oP, oP,

a b
. oo
C. = ak[@q(SNaN)xj;

A, =eana(8Nb6E) Z'; +ebnb(8N SE)

oF,

Y Pb

In the local equilibrium approximation, the solution of equation (11) is written as

(SNaSNb)XO =—DoTexp(D2 D, )JdF,F,, (14)
0

where

e.en,n, 4mnr, C(oi oo '
0T T, 1k D, =i(KV, ~KV, ~iv, );
: &, ,kE,
D, =-i(A ~A)(sino, (t-7)-sinog); A=

ma,bo‘)o
k, — Boltzmann constant; T, —the plasma temperature. We solve equation (12) under the condition

— 0. Using decomposition

eE=

o,L

exp(—iA,,sino, (t—1)) = i 1, (A )exp(—ine, (t-1));

S
1}
8

L (Aup )exp(imo,t)

M ]

exp(iA, , sin,t) =

>
I
|

8

from (12) we get:
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<(3N,8N,), >=-D, Z ;) =-D, i(nﬁnﬁns), (15)

N=—00

where the symbol < > means averaging over the electric field period E ; Lo (Aa,b) — Bessel functions of
order n and m;

oF, _ ¢ oF _ -
nlzcsa_ébea; n2=C7a_|5:Fafb; N, = GGy
Co=21"(A)L (AL (A):  C=217(A)L(A) (A): Co={l,(A).(A)};
2 2
c,=nu, 2o F iy, LR E
oP,0 oR,0q

fa,b and U,, — respectively, Miller forces and high-frequency quasi-potential [13]. Thus, the aver-
aged solution of the initial equation (4), according to (13), follows from expressions (14, 15), i.e.

(8N 3N,) >=-D, Z (16)
where
D, =G, (C, +F,R,); D,=m,+M,-
Using the integral
(27)° [ (nny) ™ <(8N,3N, ), >exp(i ?) K (17)

—00

we find the averaged two-particle correlation function <g,, (F q,E,,P,,P ,t)> for weakly inhomogeneous

plasma in the presence of an external field E , i.e.

H e,8,
<gab S=———
k Tg n=—ow

where the index “H” means “inhomogeneity” of the plasma and field E = ( ,€ )Sincoot: the field

(D, + D, )exp(-rr, ™), (18)

amplitude EO is a slowly varying function in time t (et) and coordinates ¥ (er). The parameter ¢
characterizing the slowness of the amplitude change satisfies the condition € =(VT l o, )<<1, here V, —

the thermal velocity of electrons; w, — frequency; L — characteristic size of change F,. It should be noted
that expression (18) is obtained under the condition

_ ea,on <
®, 2 rd '

ma,b(’oo

where r, ~(_ <A ~%. From here, L, — the path length of the more movable plasma particles (a or b)

over the period T ; ¢, — free path length; A — wave length. With this approach, we can neglect the de-

pendence of the Bessel function, in expression (17), on the wave vector k . From formula (18), it follows that
for charged particles of the same sign the correlation function is negative, and for particles of different sign is
positive. Moreover, g, is exponentially small when the distance between particles is larger than r,, i.e.

r >r, . Finally, the averaged two-particle distribution functions of coordinates and momenta is determined by
the expression:
Ceenn, < r
<F,'>=FF —222% Z exp(——}. (19)
: r

If there is no external field (E=0) and the plasma is homogeneous and in equilibrium, we obtain the
well-known expression for the functions and from equations (18, 19), where the index “O” denotes “homo-
geneity”.
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Conclusions

Thus, in this article, the problem of the interaction of a high-frequency electric field with a weakly in-
homogeneous plasma is investigated. In particular, the influence of an external alternating field on the kinetic
and high-frequency properties of plasma, such as kinetic equations, correlation functions and distribution
functions of charged particles, is considered. Expressions for the simultaneous two-particle correlation func-
tion and the corresponding distribution function have been derived using the method of successive approxi-
mations. This method separates slow motions and fast oscillations based on the kinetic equation for the spa-
tial-temporal spectral density of fluctuations. The expressions take into account electron-ion collisions and
the influence of a strong inhomogeneous electric field. To obtain these results, the kinetic equation for the
space—time spectral density of fluctuations and the method of successive approximations (separation of slow
movements and fast oscillations) were used. These results may be of interest to researchers working in the
field of Kkinetic theory of plasma and can be applied to the electrons motion theory in high-frequency fields,
fluctuations, nonequilibrium processes, stability of inhomogeneous plasma, and other collective and nonline-
ar phenomena.
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T. Komteibaes, M. Anuesa

9JICI3 OipTeKCi3 MIa3MaHbIH KOPPEJAIHUSJIBIK (PYyHKIIUATAPbI

Makana 06ipTekci3 IUla3MaHbIH KHHETHKAJBIK TEOPHMACHIHA apHaiFaH. MyHZa JKOFapbl JKHUIIKTI DJIEKTp
opiciHiH onci3 OipTekci3 ITa3MaMeH acepliecyiHe KaTBICTBI Macelle KapacThIpbUFaH. HaxTeipak aiitap
6oJicak, CBIPTKBI alHBIMAIIBI OPIC IUIA3MaHBIH KHHETHKAIBIK JKOHE JKOFaphl )KUUTIKTI KaCHETTepiHe XKaTaThIH
KAHETUKANBIK TCHIEYTe, KOPPEeNSIMSIbIK (DYHKIMAFa >KOHE 3apsATanfaH OeJIIeKTepHiH YJecTipiM
(YyHKUOMACHIHA KAHIIAIBIKTEL JOPEKENE ocep €T aJaThIHABIFBI 3epTTenreH. JKynTelK (€Ki OeIIIeKTiK)
KOpPEISIIMSUTBIK  (QYHKIMS MEH OFaH COWKEC KeNeTiH YJecTipiM (YHKIHMACHIHA apHalFaH OpHEKTEp
HIBIFAPBUIBI, KOpCeTimi. By epHeKTepe m1a3Ma MeH 3JIEeKTp OpiCiHiH KeHICTIKTIK OipTeKCI3ALTIKTEpi KoHe
3apsiaTanFaH OelNIIeKTepIiH COKTHIFBICYNapsl eckepinreH. CoHbIMEH Oipre, artajfaH HOTIDKeNepre Ko
JKETKI3y YIIH (QIyKTyalusiapablH KSHICTIKTi-YaKbITTBIK CIIEKTPIIK THIFBI3BIFbIHA apPHAIFAH KAHETHKAIBIK
TEHJIEY MEH Ti30eKTeCTiK KybIKTaynap (0asy KO3FalbicTap MEH IIammaH TepOerictepai Oeiy) Tocimi
KOJIIaHBUIBI. OpICTiH aMIUIMTYIackl KOOpAMHATANAD JKOHE YaKbIT OoMbIHIIA Oasty e3repmernti QyHKIHS Jer
TaHbUTaABL JKYpri3inren OapiblK ecenTeyiepae 3JIeKTPMAarHUTTIK OPICTiH MarHATTIK KYpayHIBICHIHBIH dcepi
€CKEepUITeH KOK >KOHEe O KaFrmal CBIPTKBI DIIEKTP OPICiHIH OOMIBIK KacHeTiHe Colkec Kenemi. ATanraH
OapIIBIK HOTIDKETIEP TEOPISUIBIK CHITaTTa OOJFAaHABIKTaH OJApAbl JKOFAPBl JKUUTIKTI 3JEKTPMArHUTTIK
epicTepliH ocepiHaeri OipTeKci3 TIa3MaHBIH KWHETHKANBIK TEOPHACHIH jKacay OaphIChIHIA KOJJaHyFa
6onansl. CoHbIMEH Oipre, aubIHFaH HOTIDKENIEpP SJIEKTPOHAAPABIH KOFAphl JKUIUTIKTI ©picTepaeri Ko3Fajbic
TeopusichiHAa, (GIyKTyalusulapaa, Tele-TeHCI3AIK IpolecTepie JKoHe 0acka Ja CBI3BIKTBI  eMec
KYOBLIBICTapIa KOJNJaHbUIa anaasl. KoppensuusiblK GYHKIMS KYHEHIH PETTUTIK eieMi OObIN TaObLIaIbl
JKOHE OJ1 MHKPOCKOINTHIK aHHBIMANBUIAPABIH SPTYPJIi HYKTelneple OpTYpii YakbIT Me3eTTepiHie Kaial
KOpPEJSIIUSUIAaHATEIHEIH KopceTei. 3apaaTapbl aTTac OeJIIeKTep YIIiH KOppensanus (QYHKOUSACH Tepic, ai
3apsIATapEIHBIH TaHOAIaps! 9pTYPIIi OesmexTep yiiH oH MoHI Oomansl. CoHbIMEH Oipre, OeIIeKTepIiH apa-
KalIbIKThIFB! JIeOaiiIblK pajuycTaH yiKeH OOJIFaH jkKariaiaa KOppeISIUSIIBIK (YHKIMS SKCITOHEHTAIIBIK
3aHIBUTBIK OOMBIHIIIA KEMU Oepei.

Kinm ce30ep: XOFapbl >KUUTIKTI KacWeTTep, OIpTEeKci3 IUia3Ma, KHHETHKAIBIK TEHIEY, alHBIMAalbl epic,
COKTBIFBICYJIap HHTETPAJIBL.

T. Komteibaes, M. Annesa

Koppensinuonnbie pyHKuu ¢j1a00 HEOTHOPOAHOM MJIA3MBbI

CraThsl TOCBSIIIEHa KUHETHYECKOH TEOpPHH HEOIHOPOJAHOH IUIa3Mbl. ABTOpaMH HCCIIeNOBaHa mpobiieMa
B3aMMOJICHCTBUSI HJIEKTPUIECKOTO TOJIST BEICOKOH YacTOTHI CO CI1ab0 HEOAHOPOIHOH ma3Moii. B wactHOCTH
pacCMOTPEHO BIHMSHHE BHEIIHETO IIEPEMEHHOTO MOJs Ha KHHETHYECKHe M BBICOKOYACTOTHBIC CBOWCTBA
IUIa3MBl, Takke Kak KHHETHYEeCKHe YpaBHEHWs, KOPPEIMIMOHHbIE (QYHKINH M (YHKIWH pacrpeneleHHs
3apsDKCHHBIX YacThll. I[loiydeHbl BBIPAKCHUS IAapHOH (IByXYaCTUYHOW) KOPPEISILMOHHOH (yHKUMH H
COOTBETCTBYIOIIEH (YHKINH PacIpeneNeHNs], yIUTHIBAIOMNE IPOCTPAHCTBEHHYIO HEOAHOPOIHOCTD ILIA3MBI
U 3JIEKTPUYECKOTO IMOJIA, a TaKXKe CTOJKHOBEHHS 3apsDKEHHBIX YacTHL. J{Is MOMydeHUs! 3THX pe3ynbTaToB
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UCIIOB30BATUCh KUHETHYECKOE YPABHEHHE IJIsI MPOCTPAHCTBEHHO-BPEMEHHOM CIIEKTPAnIbHON IIOTHOCTH
GuryKTyanuii ¥ METOA MOCHEIOBATENbHBIX MPUOIIKEHNH (pa3/ieneHne MEUICHHBIX ABMKCHHH M OBICTPBIX
OCHWULILMKA). AMIUIMTYJa TOJNSA SBISETCAd MEMLICHHO MeHsolelcs (QYHKIHMeH o0 BPEeMEHH M IO
KoopanHaTaM. Bo Bcex BBIYMCICHHAX TIpeHeOperaeTcss BKJIAJ MAarHUTHOH COCTAaBIIIONIEH 3IIEKTPO-
MAarHuTHOIO IOJIS, YTO BIOJHE CIPaBEIIMBO IS IPOAOJIBHOIO IEKTpUUEcKoro nosi. Bee nepednciieHHsle
pe3yabTaThl, HPEICTaBISIONINE, INPEXKIe BCEro, TEOPETHYECKHH HHTEpPec, MOTYT ObITh IPHMEHEHBI IIpH
MOCTPOCHUM KUHETUYECKON TEOpHHM HEOJHOPOIHOM IIa3Mbl, HaXOJALICHCS B 3JIEKTPOMArHUTHBIX IOJISIX
BBICOKOM dYacToTel. Kpome TOro, 3T pe3ynabTaTsl MOTYT OBITh HCIOJIB30BAaHBl B TEOPHUH JBIDKEHUS
3JICKTPOHOB B  BBICOKOYACTOTHBIX MOJAX, (IIyKTyalluil, HEPaBHOBECHBIX IIPOLECCOB, YCTOWYMBOCTU
HEOJHOPOJHOM IUIa3Mbl ¥ B JPYTUX KOJUICKTHBHO-HEIMHEHHBIX sABIeHUAX. KoppensaiuoHHas QyHKIMS SBIS-
eTcsl Mepoi YIopsiIoUeHHOCTH cucTeMbl. OHa MOKa3bIBaeT, KAk MHKPOCKOIIMYECKHE TePEeMEHHbIe KOppeIH-
PYIOT B pa3JIMYHbIE MOMEHTHI BPEMEHH B PA3IMUHBIX TOYKaX B CPeJHEM. 3aMETHM, YTO IS 3apsDKEHHBIX
YacTHI] OJMHAKOBOTO 3HaKa (YHKIWS KOPPEALMH OTpHIaTeNbHa, a T YacTHI[ Pa3HOro 3HaKa —
nonoxkurenbHa. Kpome Toro, KoppemsuonHast QyHKINS SKCIIOHEHITHAIBHO MaJja, KOTJja PacCTOSTHUE MKy
YJacTHIIaMH OoutbIe paanyca Jleoast.

Kniouesvie cnoséa: BBICOKOUACTOTHBIE CBONCTBA, HEOAHOPOJHAs IIIa3Ma, KUHETHUYECKOE YypaBHEHHE,
HepeMEeHHOE M0JIe, HHTETPall CTOIKHOBEHHUH.
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First-principles study of Oz molecule adsorption on pristine,
N, Ga-doped and -Ga-N- co-doped graphene

Abstract. The adsorption of O3 molecules (ozone) on graphene, N-doped graphene, Ga-doped graphene, and
-Ga-N- co-doped graphene with an emphasis on O3 detection was examined in this work. The physical char-
acteristics of -Ga-N-co-doped graphene are significantly altered upon O3 adsorption, which makes it a suita-
ble choice for O3 detection molecular sensors. The interaction between the O; molecule and the adsorbent is
explained on the basis of their adsorption energy, adsorption distance and charge transfer. It was found that
the adsorption of ozone molecules on the -Ga-N- co-doped graphene was more favorable in energy than that
on the pristine one, representing the superior sensing performance of -Ga-N- co-doped system. In our work,
we estimated the charge transfer between the O3 molecule and doped graphene nanostructures based on
Mulliken population analysis. The calculated adsorption energy value shows the ozone molecule more firmly
adsorbs on the surface of -Ga-N- co-doped graphene nanostructures (E,gs = —1.74 eV) than that of pristine
graphene (Egs = —0.41 eV), deriving from a stronger covalent bond between the ozone molecule and the -Ga-
N- co-doped graphene nanostructures. Our findings thus suggest that -Ga-N- co-doped graphene could be a
highly efficient gas sensor device for O3 detection in the environment.

Keywords: graphene, O3 adsorption, density functional theory, N-doped graphene, Ga-doped graphene, -Ga-
N- co-doped graphene, gas sensor, graphene-based sensors.

Introduction

Environmental pollution is a major concern today due to the increasing number of industrial processes,
vehicle exhaust, electronic devices, and human activity, which has led to an urgent need for sensors that are
sensitive, responsive, selective, and easy to recover. Sensing gases involving Os is crucial for improving
home security and keeping the environment healthy, as well as for regulating emissions from vehicles and
industries.

Ozone (0O,) is a molecule made up of three oxygen atoms [1], the color is colorless to pale blue. The
odor of ozone is pungent and highly flammable. Ozone is found in different layers of the Earth's atmosphere.
The majority of ozone resides in the stratosphere. Ozone is a protective layer that shields against harmful
ultraviolet radiation hitting the earth. However, the ozone layer we breathe at ground level is dangerous. It
forms through chemical reactions between oxides of nitrogen (NO,) and volatile organic compounds (VOC)
in the presence of sunlight [2]. It can have harmful effects on human health, causing respiratory problems. It
also has detrimental impacts on vegetation and ecosystems. Therefore, various types of sensors, including
graphene-based sensors, are used to measurement of a sensor response to ozone [3, 4].

Graphene-based sensors operate on the principle that the electrical conductivity of graphene can be in-
fluenced by the presence of certain gases, including ozone. When ozone molecules come into contact with
graphene, they can either donate or accept electrons, leading to changes in the electrical properties of the
graphene. This change in conductivity can be measured and correlated with the concentration of ozone in the
surrounding environment [5].

Since the graphene discovered by brilliant and curious scientists as Andre Geim and Konstantin
Novoselov, the area of two-dimensional (2D) nanomaterials have undergone rapid development, owing to
their potential applications in various fields. Applications covered include: electronics [6], optoelectron-
ics [7] and sensors [8], coatings [9], adhesives [10], lubricants [11], energy storage [12] and energy genera-
tion [13, 14] composites [15] and plastics [16], membranes [17] and filtration [18], life science [19] and bio-
medicine [20], construction materials [21], 3D printing/additive manufacturing [22] and much more.

Graphene nanostructures are very sensitive to many surface atoms because their two-dimensional struc-
ture means the entire material volume acts as a sensor surface. This makes them sensitive to external envi-
ronments, such as temperature, electrical signals, chemicals, magnetism and biological agents [23-27]. Be-
sides, to its sensitivity, graphene provides excellent mechanical strength, flexibility, thermal and electrical
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conductivity, and compactness. Properties that make graphene attractive for sensor applications: ultra-high
charge mobility, transparency, non-toxicity, high-tensile strength, high thermal conductivity, multi-
functionality. The technique that graphene devices function as gas sensors is based on how surface
adsorbates, which have specific adsorption sites and a chemical structure that makes them either donors or
acceptors, change the electrical conductivity of the device [28, 29].

Graphene, graphene oxide (GO) and their related modified nanomaterials exhibit superior performances
in the adsorption of environmental pollutants [30]. Despite its remarkable properties, graphene does have
some drawbacks, and doping can address these limitations. Pristine graphene lacks a band gap, which can
limit its use in certain electronic applications. Doping can be employed to open a band gap and make it more
suitable for electronic devices, such as sensors. Also, doped graphene can exhibit enhanced sensitivity in gas
sensing applications. Presently, a large number of studies reported on graphene doping to enhance electronic
properties, where researchers introduce foreign atoms into the graphene lattice by replacing carbon at-
oms [31-34]. The toxic gases were often found to have adsorbed more strongly on doped graphene than on
pristine graphene, based on the adsorption energies of the gases. This suggests that doped graphene sheets
would make effective toxic gas sensors [35]. We choose nitrogen as a representative dopant in graphene de-
pending on the dominant type of nitrogen functional group in which the planar nature of graphene is not dis-
turbed. In comparison to a carbon atom, a nitrogen atom contains one additional electron and is similar in
size [36], which is close to that of the carbon atom. Additionally, atoms of nitrogen and carbon can combine
to create strong bonds [37]. A more stable structure may emerge in this way. We have also considered galli-
um (from group I11A) atom. It is known that replacing a carbon atom in graphene with gallium is a useful
way to improve the electronic properties sensing ability [38]. The advantage of choosing gallium as a poten-
tial dopant metal is its weak chemical interaction with graphene, which preserves the integrity of the
graphene lattice. Multiple heteroatom co-doping has gained popularity recently because it gives an original,
synergistically connected electronic structure. In an interesting study conducted by [39] the electronic prop-
erties of graphene has been tuned by nitrogen and sulfur co-doping with appropriate doping atom concentra-
tion. In another study by X. Yan and co-authors [40] have been investigated multiple transition metal atoms
co-doped with graphene in different doping ways to study the effect on SO, gas. The results indicate that
both Ti-doped as well as Co and Ti co-doped graphene are ideal for SO, sensors. Recently, our study [41]
have examined that the addition of gallium and nitrogen atoms drastically changes the electronic structure of
graphene and may be a good candidate for sensing this toxic gas SO,. However, only a few reports about the
-Ga-N- co-doping effect on the electronic properties of graphene. Therefore, in this paper, we also suggest to
evaluate the adsorption behavior of -Ga-N- co-doped graphene.

It is thought that atomic-level awareness of condensed matter characteristics may be achieved by cut-
ting-edge computer simulations. In the simulation, a real system has been created and its attributes are ex-
plored by the simulator. Research using simulations is analogous to experiments in numerous ways. On the
other hand, full control over the experimental configurations and detailed access to findings are made possi-
ble because of simulations. These advantages make it possible to calculate first-principles material properties
in light of the fundamental physics outlined in the Schrédinger equation without free parameters [29].

In materials science, density functional theory (DFT) has become a powerful tool for tackling a variety
of issues [42]. DFT is today the most widely used method to study interacting electrons, and its applicability
ranges from atoms to solid systems, from nuclei to quantum fluids. In the literature on DFT, the importance
of computational approaches for 2D materials research is studied [43]. When it comes to doping graphene,
density functional theory calculations play an increasingly important role in predicting and explaining the
effects of doping on the electronic and structural properties of graphene-based materials. DFT calculations
can be used to determine the binding energies between graphene and dopant atoms. This information is valu-
able for assessing the strength of the interaction and stability of the doped graphene system. DFT predictions
guide experimentalists and researchers in designing and synthesizing doped graphene materials with desired
electronic properties. This helps to save time and resources by narrowing down the search for optimal doping
strategies.

For literature review, we reviewed different works related to adsorption of ozone molecule. Almost 20
years ago, researchers (2004) reported the feasibility of CNT film as an ozone sensor through first-principles
calculations, centred around the interaction of O3 with carbon nanotubes (CNTSs) [44]. Moreover, in another
research, ozone (O3) adsorption on pristine Stone—Wales (SW) defective BC3 graphene-like sheets was in-
vestigated using density functional calculations and it was found that Os is weakly adsorbed on the pristine
sheet [45]. The study of M. Vahdat and co-workers [46] reported about mechanistic insights on functionali-
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zation of graphene with ozone. Their calculations highlights that O3 is extremely attractive to functionalize
graphene even at room temperature.

However, as far as we know, Ga-doped graphene and co-doped graphene by gallium and nitrogen atoms
have not been reported for adsorption of O3 molecule. In this work, the adsorption of Oz molecule on the sur-

face of pristine, N- and Ga- and co-doped by -Ga-N- graphene has been calculated using the state-of-the-art
DFT simulation. The charge transfer between them and the density of states of the systems were studied in
order to determine their interactions. This study is our starting point for future theoretical and experimental
studies. We hope that it would be helpful for the both experimental and theoretical research groups that have
been working on the development of graphene based sensors.

Computational details

All calculations have been carried out using spin unrestricted DFT framework as implemented in Dmol®
module [47] to study the interactions between the O; molecules and pristine, N-doped graphene, Ga-doped
graphene and -Ga-N- co-doped graphene. It is widely recognized that simulations limited to the local density
approximation (LDA) underestimate equilibrium distances and overestimate bond energy E, [48]. Therefore,
we used the generalized gradient approximation (GGA) for improving the total energy, atomization energy
and energy barrier. The Perdew-Burke-Ernzerhof (PBE) functional within GGA was taken to describe the
exchange—correlation interaction [43, 49]. The DFT semi-core pseudopotential (DSPP) for core treatment
with double numerical basis set plus polarization (DNP) basis set have been employed [50]. To ensure that
the results of the calculations were comparable, identical conditions had been employed for graphene, the
nitrogen doped graphene, the gallium doped graphene and also graphene co-doped by gallium and nitrogen
system. The energy tolerance, maximum force and displacement convergence were set at 2x10° Ha,
0.004 Ha/A and 0.005 A respectively. The smearing technique was applied to the occupied orbitals with a
smearing value of 0.005 Ha (1 Ha = 27.2114 eV). And a real space global cut off radius of 4.5 A was em-
ployed. The Mulliken charge analysis computing procedure is used to find out the charge transfer values be-
tween the substrate and adsorbate.

To understand the interaction between the O; molecule and four systems, the adsorption energy was
calculated by equation

Eads = Egraphene+gas - Egraphene - Egas ) (1)
where E. e, 1S the total energy of graphene with adsorbed molecule, E ... is the total energy of
graphene, E is the total energy of the molecule.

Results and Discussion

Properties of the Structure: We start first calculating with the geometric structure of Oz was optimized
to their steadiest configuration before studying their adsorption. Figure 1 displays the structure, and the in-
formation of bond lengths and angles are shown in Table 1.

Figure 1. Structures of molecule O

Table 1
Structural parameters of structure

Gas molecule Bond Length (A) Angle (°)
0, 0-0 1.27 116.8

Geometry of Pristine Graphene and Doped Graphene: The optimized structure of graphene consists of
50 C atoms. The final configuration is shown in Figure 2. The C—C bond length calculated after optimization
is found to be 1.42 A, which agrees well with previous reports [51, 52].
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Figure 2. Relaxed geometries of 5x5 supercell of pristine graphene (a), where the carbon atoms are shown in grey
and nitrogen-doped graphene (b), where the nitrogen atom is shown in blue; gallium-doped graphene (c),
where the gallium atom is shown in pink; graphene co-doped by gallium and nitrogen atoms (d)

Adsorption of O3 on Pristine Graphene: After that, we investigated the configuration of the O; molecule
adsorbed on pristine graphene. The optimized structure for the adsorption of the O3z molecule on pristine is
shown in Figure 3. After optimization, the ozone molecule is positioned parallel above the graphene plane.
The corresponding geometrical parameters, the adsorption parameters, and the charge transfer of the
graphene + gas system are listed in Table 2.

In fact, the O-O distance (=1.27 A) increases upon adsorption. Meanwhile, it should be noted that the
optimized geometry of Oz molecules on pristine graphene and found physisorption of the molecules due to
the inert graphene surface. The results from other authors [46] agree with our results. This indicates that the
pristine graphene is insensitive to O; molecules.

Figure 3. The top view (a) and side view (b) of graphene + O3 system

Table 2
The detailed parameters of graphene+ gas system
Adsorption .
System Distance (A) Bond Length (A) Bond Angle (°) E... (€V) Qr(e)
1.31(0;-0,)
Graphene +0O; 2.96 131 (0,-0y) 116.8 -0.41 -0.259

Adsorption of O3 on N-Doped Graphene: The carbon atom of graphene was replaced with the nitrogen
atom to find a highly sensitive nanostructure, and the new structure was optimized. The adsorption of the O3
molecule on N-doped graphene was studied, and the optimized geometry of the N-doped graphene+0O; sys-
tem is displayed in Figure 4. After optimization, the ozone molecule is positioned with a titled A orientation
above the graphene plane. The adsorption of the O; molecule on N-doped graphene is weak, so the interac-
tion was not affected by the doped nitrogen atom. The ozone molecule is found physisorbed at a distance of

3.07 A. Surprisingly, the energy adsorption between ozone molecules and nitrogen-doped graphene had a
higher value.
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Figure 4. The top view (a) and side view (b) of nitrogen-doped graphene + O3 system

Table 3
The detailed parameters of nitrogen-doped graphene+ gas system
Adsorption .
System Distance (A) Bond Length (A) Bond Angle (°) E... (eV) Qr(e)
Nitrogen-doped 1.32 (04-0,)
graphene + O, 3.07 1.32(0,-0,) 116.4 -0.73 -0.404

Adsorption of O; on Ga-Doped Graphene: The optimized geometry for the Ga-doped graphene + O3
system is displayed in Figure 5. In this case, the larger atomic radius of the Ga atom results in a bond length
value of 1.86 A, which is longer than the C—C bond length in pristine graphene. The data conforms properly
with the earlier report [53]. The corresponding distance between the O; molecule and Ga atom in the Ga-
doped graphene is shorter than in the pristine graphene system. Moreover, the adsorption energy of the O;
molecule in the Ga-doped graphene system is slightly larger than that of the O; molecule in the pristine
graphene system. Furthermore, to investigate the changes in electronic structures in graphene caused by the
physical or chemisorption of O; molecules, the net electron transfer (Q) from either the pristine or the Ga-
doped graphene to the O3z molecules was by Mulliken analysis, where Qr is defined as the charge variation
caused by the O3 absorption. The Mulliken atomic charge analysis of the structure shows that charge trans-
fers from doped graphene sheets to Oz molecules. The electron transfer in the Ga-doped graphene is slightly
larger than in the pristine graphene. The results, as shown in Table 4, indicate that graphene doped with gal-
lium atom is much more sensitive to adsorption of molecule. This supports the notion that Ga doping influ-
ences the electronic properties of graphene substantially.

Figure 5. The top view (a) and side view (b) of gallium-doped graphene + O3 system

Table 4
The detailed parameters of the Ga-doped graphene+ gas system
Adsorption .
System Distance (A) Bond Length (A) | Bond Angle () E. (&V) Q- (e)
i 1.36 (0;-0,) i i
Ga-doped graphene +0; 2.01 1.38 (0,-05) 107.5 0.54 0.48

Adsorption of O; on -Ga-N- co-doped graphene: Three different positions of the O; molecule on the

-Ga-N- co-doped graphene were taken into consideration to investigate the adsorption behavior of the O3
molecule and find the most favorable position: the bond-bridge (B-site), the center of the hollow (H-site),
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and the center of the top (T-site). The optimized geometries with adsorption distance of all configurations
were illustrated in Figure 6. For all configurations, the negative adsorption energies were found which indi-
cate an attractive interaction between the ozone molecule and graphene co-doped by gallium and nitrogen.
All adsorption sites of the O; molecule are preferred to adsorb with —1.46 eV, —1.74 eV and —1.49 eV at a
distance 1.84 A, 1.95 A and 1.86 A from the -Ga-N- co-doped graphene, respectively. The adsorption ener-
gies depend on the interaction distance. The adsorption energy is greatly increased with the reduced of inter-
action distance between the O; molecule and -Ga-N- co-doped graphene. This indicates that the adsorption
site (H-site) shown in Figure 6 (c—d) is the most stable position with the strongest interaction between the O;
molecule and graphene co-doped by gallium and nitrogen. The 0zone molecule is positioned with a titled A
orientation above the graphene co-doped by gallium and nitrogen. Based on adsorption energy values in Ta-
ble 5, the ozone molecule has more interaction with co-doped graphene by gallium and nitrogen atoms.

Figure 6. The top view (a) and side view (b) of -Ga-N- co-doped graphene+O5 system in the B site;
the top view (c) and side view (d) of -Ga-N- co-doped graphene+O; system in the H site;
the top view (e) and side view (f) of -Ga-N- co-doped graphene+0O; system in the T site.

Table 5
The detailed parameters of the -Ga-N- co-doped graphene + gas system
Adsorption | Adsorption | Bond Types Bond

System Site | Distance (A) (A) Bond Length (A) | 1oy | Bas V)| Qr(©)
1.96 1.24 (04-0,)

B 1.84 (Ga-N) 161 (0,-00 1116 -146 |-0.468
-Ga-N- co-doped 2.03 1.36 (0;-0,)

graphene +0; H 1.95 (Ga-N) 141 (0,-Oy) 107.2 -1.74 | -0.53
1.95 1.27 (04-0,)

T 1.86 (Ga-N) 156 (0,-O5) 113.6 -1.49 |-0.504

Before optimization, the bond length between gallium and nitrogen atoms was 1.420A. Meanwhile, due
to the co-doping of the Ga and N atoms, the stress of the two C atoms around it in the system changed, caus-
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ing them to move away from their original positions. For instance, B site: C;-Ga=1.892 A,
C,-Ga=1.891 A. We found that the bond length of Ga-N was 1.967 A, while the angles of C;-Ga-C,,
C,-Ga-N, and C,-Ga-N were 96.8°, 92.3° and 91.8°, respectively. H-site: C;-Ga = 1.911 A, C,-Ga = 1.911 A.
We observed that the bond length of Ga-N was 2.027 A, while the angles of C;-Ga-C,, C,-Ga-N, and
C,-Ga-N were 99.6°, 88.8° and 88.7°, respectively. T-site: C,-Ga = 1.885 A, C,-Ga = 1.887 A. In this posi-
tion, we found that the bond length of Ga-N was 1.956 A, while the angles of C;-Ga-C,, C,-Ga-N, and
C,-Ga-N were 94.6°, 92.9° and 92.5°, respectively. As seen in Table 5, we found that all initial B, H, and T
configurations are almost changed. After optimization, the configurations do not keep their original adsorp-
tion site. The results of the adsorption energy indicate that the absorption on the H site is the most stable con-
figuration, and the stability order isH > T > B.

Summary and Conclusions

In summary, in this work, we conducted a study based on density functional theory (DFT) calculations
to investigate of adsorption ozone molecule on pristine, N-, Ga-doped graphene, and -Ga-N- co-doped
graphene. The adsorption geometries, adsorption energies, and charge transfer analysis are obtained. The O;
molecule showed physisorption on pristine graphene with low adsorption energies and little charge transfer,
which suggests that the unmodified graphene material. The adsorption of Oz on the N-doped graphene was
slightly stronger, which had an adsorption energy of (—0.73 eV) and little charge transfer. The adsorption
energy of O3 on the Ga-doped graphene (—0.54 ¢V) was much lower than on N-doped graphene. The N dop-
ing improved the interactions between the gas, while the Ga doping had no significant effect on the interac-
tions. In particular, the Ga doping of graphene significantly enhanced the adsorption of ozone molecules
relative to pristine graphene. However, -Ga-N- co-doped graphene demonstrates high adsorption energy to
ozone molecules (adsorption energy of —1.74 e¢V) that corresponds to the chemisorption. Thus, -Ga-N- co-
doped graphene is of great interest for gas sensing applications since it has stronger interactions with the O3
molecules than other structures discussed in the paper.

References

1 Zhang, J., Wei, Y., & Fang, Z. (2019). Ozone Pollution: A Major Health Hazard Worldwide. Front. Immunol., 10, 2518,
doi:10.3389/fimmu.2019.02518.

2 Manisalidis, 1., Stavropoulou, E., Stavropoulos, A., & Bezirtzoglou, E. (2020). Environmental and Health Impacts of Air Pol-
lution: A Review. Front. Public Health, 8, 14, doi:10.3389/fpubh.2020.00014.

3 Novikov, S., Himéldinen, J., Walden, J., lisakka, I., Lebedeva, N., & Satrapinski, A. (2013). Characterization of Epitaxial
and CVD Graphene with Double Metal-Graphene Contacts for Gas Sensing. In Proceedings of the 16th International Congress of
Metrology. EDP Sciences: Paris, France, 13003.

4 De Lima, B.S., Komorizono, A.A., Silva, W.A.S., Ndiaye, A.L., Brunet, J., Bernardi, M.1.B., & Mastelaro, V.R. (2021).
Ozone Detection in the Ppt-Level with rGO-ZnO Based Sensor. Sensors and Actuators B: Chemical, 338, 129779,
d0i:10.1016/j.snb.2021.129779.

5 Chung, M.G., Kim, D.H., Lee, HM., Kim, T., Choi, J.H., Seo, D.K., Yoo, J.-B.,, Hong, S.-H., Kang, T.J., &
Kim, Y.H. (2012). Highly Sensitive NO, Gas Sensor Based on Ozone Treated Graphene. Sensors and Actuators B: Chemical, 166-
167, 172-176, doi:10.1016/j.snb.2012.02.036.

6 Sigkins, M., Mullan, C., Son, S.-K., Yin, J.,, Watanabe, K., Taniguchi, T., Ghazaryan, D., Novoselov, K.S., &
Mishchenko, A. (2019). High-Temperature Electronic Devices Enabled by hBN-Encapsulated Graphene. Applied Physics Letters,
114, 123104, doi:10.1063/1.5088587.

7 Ubrig, N., Ponomarev, E., Zultak, J., Domaretskiy, D., Zolyomi, V., Terry, D., Howarth, J., Gutiérrez-Lezama, I.,
Zhukov, A., & Kudrynskyi, Z.R., et al. (2020). Design of van Der Waals Interfaces for Broad-Spectrum Optoelectronics. Nat. Mater.,
19, 299-304, d0i:10.1038/s41563-019-0601-3.

8 He, P., Brent, J.R., Ding, H., Yang, J., Lewis, D.J., O’Brien, P., & Derby, B. (2018). Fully Printed High Performance Humid-
ity Sensors Based on Two-Dimensional Materials. Nanoscale, 10, 5599-5606, d0i:10.1039/C7NR08115D.

9 Park, J.B., Kim, Y.-J,, Kim, S.-M,, Yoo, J.M., Kim, Y., Gorbachev, R., Barbolina, I.I., Kim, S.J., Kang, S., & Yoon, M.-H.,
et al. (2016). Non-Destructive Electron Microscopy Imaging and Analysis of Biological Samples with Graphene Coating. 2D Mater.,
3, 045004, doi:10.1088/2053-1583/3/4/045004.

10 Huang, Y., Xia, T., Kinloch, I., & Vallés, C. (2023). Graphene Nanoplatelets/Epoxy Nanocomposites as Conductive Adhe-
sives for out-of-Autoclave in-Situ CFRPs Repair. Composites Science and Technology, 237, 110007,
doi:10.1016/j.compscitech.2023.110007.

Cepusa «dusmka». 2024, 29, 3(115) 21



G.W. Beall, D.S. Akhmetsadyk et al.

11 Li, X., Zhang, D., Xu, X., & Lee, K.-R. (2020). Tailoring the Nanostructure of Graphene as an Oil-Based Additive: Toward
Synergistic  Lubrication with an Amorphous Carbon Film. ACS Appl. Mater. Interfaces, 12, 43320-43330,
doi:10.1021/acsami.0c12890.

12 Sathishkumar, N., Wu, S., & Chen, H. (2019). Boron- and Nitrogen-doped Penta-graphene as a Promising Material for Hy-
drogen Storage: A Computational Study. Int J Energy Res, 43, 4867-4878, doi:10.1002/er.4639.

13 Karmakar, S., Mistari, C.D., Shajahan, A.S., More, M.A., Chakraborty, B., & Behera, D. (2021). Enhancement of
Pseudocapacitive Behavior, Cyclic Performance, and Field Emission Characteristics of Reduced Graphene Oxide Reinforced
NiGa,O, Nanostructured Electrode: A First Principles Calculation to Correlate with Experimental Observation. J. Phys. Chem. C,
125, 7898-7912, doi:10.1021/acs.jpcc.0c11529.

14 Ye, M., Zhang, Z., Zhao, Y., & Qu, L. (2018). Graphene Platforms for Smart Energy Generation and Storage. Joule, 2, 245-
268, doi:10.1016/j.joule.2017.11.011.

15 Wijerathne, D., Gong, Y., Afroj, S., Karim, N., & Abeykoon, C. (2023). Mechanical and Thermal Properties of Graphene
Nanoplatelets-Reinforced Recycled Polycarbonate Composites. International Journal of Lightweight Materials and Manufacture, 6,
117-128, doi:10.1016/j.ijlmm.2022.09.001.

16 Chortarea, S., Kuru, O.C., Netkueakul, W., Pelin, M., Keshavan, S., Song, Z., Ma, B., Gomes, J., Abalos, E.V., Lu-
na, L. AV.D., et al. (2022). Hazard Assessment of Abraded Thermoplastic Composites Reinforced with Reduced Graphene Oxide.
Journal of Hazardous Materials, 435, 129053, doi:10.1016/j.jhazmat.2022.129053.

17 McNair, R., Cseri, L., Szekely, G., & Dryfe, R. (2020). Asymmetric Membrane Capacitive Deionization Using Anion-
Exchange Membranes Based on Quaternized Polymer Blends. ACS Appl. Polym. Mater., 2, 2946-2956,
doi:10.1021/acsapm.0c00432.

18 Schmidt, S.J., Dou, W., & Sydlik, S.A. (2023). Regeneratable Graphene-Based Water Filters for Heavy Metal Removal at
Home. ACS EST Water, 3, 2179-2185, doi:10.1021/acsestwater.3¢00010.

19 Pefia-Bahamonde, J., Nguyen, H.N., Fanourakis, S.K., & Rodrigues, D.F. (2018). Recent Advances in Graphene-Based Bio-
sensor Technology with Applications in Life Sciences. J Nanobiotechnol, 16, 75, doi:10.1186/s12951-018-0400-z.

20 Li, J., Zeng, H., Zeng, Z., Zeng, Y., & Xie, T. (2021). Promising Graphene-Based Nanomaterials and Their Biomedical Ap-
plications and Potential Risks: A  Comprehensive Review. ACS Biomater. Sci. Eng., 7, 5363-5396,
doi:10.1021/acsbiomaterials.1c00875.

21 Asim, N., Badiei, M., Samsudin, N.A., Mohammad, M., Razali, H., Soltani, S., & Amin, N. (2022). Application of Graphene-
Based Materials in Developing Sustainable Infrastructure: An Overview. Composites Part B: Engineering, 245, 110188,
doi:10.1016/j.compositesh.2022.110188.

22 Li, Y., Feng, Z., Huang, L., Essa, K., Bilotti, E., Zhang, H., Peijs, T., & Hao, L. (2019). Additive Manufacturing High Per-
formance Graphene-Based Composites: A Review. Composites Part A: Applied Science and Manufacturing, 124, 105483,
doi:10.1016/j.compositesa.2019.105483.

23 Han, R, Wang, L., Tang, X., Qian, J,, Yu, J., Chen, X., & Huang, Y. (2021). Facile Fabrication of rGO/LIG-Based Tempera-
ture Sensor with High Sensitivity. Materials Letters, 304, 130637, doi:10.1016/j.matlet.2021.130637.

24 Goodrum, R., Weldekidan, H., Li, H., Mohanty, A.K., & Misra, M. (2023). Graphene-Based Nanostructures from Green Pro-

cesses and Their Applications in Biomedical Sensors. Advanced Industrial and Engineering Polymer Research,
$2542504823000179, doi:10.1016/j.aiepr.2023.03.001.

25 Ananda Murthy, H.C., Gebremedhn Kelele, K., Ravikumar, C.R., Nagaswarupa, H.P., Tadesse, A., & Desalegn, T. (2021).
Graphene-Supported Nanomaterials as Electrochemical Sensors: A Mini Review. Results in Chemistry, 3, 100131,
doi:10.1016/j.rechem.2021.100131.

26 Shukla, V. (2020). Observation of Critical Magnetic Behavior in 2D Carbon Based Composites. Nanoscale Adv., 2, 962-990,
doi:10.1039/CONA00663J.

27 Bai, Y., Xu, T., & Zhang, X. (2020). Graphene-Based Biosensors for Detection of Biomarkers. Micromachines, 11, 60,
doi:10.3390/mi11010060.

28 Demon, S.Z.N., Kamisan, A.l., Abdullah, N., Noor, S.A.M., Khim, O.K., Kasim, N.A.M., Yahya, M.Z.A., Manaf, N.A.A,,
Azmi, A.F.M., & Halim, N.A. (2020). Graphene-Based Materials in Gas Sensor Applications: A Review. Sensors and Materials, 32,
759, doi:10.18494/SAM.2020.2492.

29 Ao, Z., Yang, J., & Li, S. (2011). Applications of Al Modified Graphene on Gas Sensors and Hydrogen Storage. In Physics
and Applications of Graphene — Theory; Mikhailov, S., Ed.; InTech, ISBN 978-953-307-152-7.

30 Kong, Q., Shi, X., Ma, W., Zhang, F., Yu, T., Zhao, F., Zhao, D., & Wei, C. (2021). Strategies to improve the adsorption
properties of graphene-based adsorbent towards heavy metal ions and their compound pollutants: A review. Journal of Hazardous
Materials, 415, 125690, doi:10.1016/j.jhazmat.2021.125690

31 Yutomo, E.B., Noor, F.A., & Winata, T. (2021). Effect of the Number of Nitrogen Dopants on the Electronic and Magnetic
Properties of Graphitic and Pyridinic N-Doped Graphene — a Density-Functional Study. RSC Adv., 11, 18371-18380,
doi:10.1039/D1RA01095F.

32 Zhang, J.-N., Ma, L., Zhang, M., Ma, L.-C., & Zhang, J.-M. (2020). First-Principles Study of the Electronic and Optical
Properties of Nitrogen and Gold Co-Doped Graphene. Superlattices and Microstructures, 139, 106363,
doi:10.1016/j.spmi.2019.106363.

33 Xu, Q. Yang, G., Fan, X., & Zheng, W. (2019). Improving the Quantum Capacitance of Graphene-Based Supercapacitors by
the Doping and Co-Doping: First-Principles Calculations. ACS Omega, 4, 13209-13217, doi:10.1021/acsomega.9b01359.

22 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



First-principles study of O3 molecule adsorption ...

34 Shih, P.-H., Do, T.-N., Gumbs, G., & Lin, M.-F. (2020). Electronic and Optical Properties of Doped Graphene. Physica E:
Low-dimensional Systems and Nanostructures, 118, 113894, doi:10.1016/j.physe.2019.113894.

35 Cruz-Martinez, H., Rojas-Chavez, H., Montejo-Alvaro, F., Pena-Castafieda, Y.A., Matadamas-Ortiz, P.T., & Medi-
na, D.I. (2021). Recent Developments in Graphene-Based Toxic Gas Sensors: A Theoretical Overview. Sensors, 21, 1992,
d0i:10.3390/521061992.

36 Alam, K.M., Kumar, P., Manuel, A.P., Vahidzadeh, E., Goswami, A., Zeng, S., Wu, W., Mahdi, N., Cui, K., Kobryn, A.E.,
etal. (2019). CVD Grown Nitrogen Doped Graphene Is an Exceptional Visible-Light Driven Photocatalyst for Surface Catalytic
Reactions. 2D Mater., 7, 015002, doi:10.1088/2053-1583/ab4554.

37 Gaidukevic, J., Aukstakojyte, R., Koztowski, M., Barkauskas, J., & Pauliukaite, R. (2023). A Simple Preparation of N-Doped
Reduced Graphene Oxide as an Electrode Material for the Detection of Hydrogen Peroxide and Glucose. Electrochimica Acta, 446,
142113, doi:10.1016/j.electacta.2023.142113.

38 Varghese, S.S., Swaminathan, S., Singh, K.K., & Mittal, V. (2016). Ab Initio Study on Gas Sensing Properties of Group 111
(B, Al and Ga) Doped Graphene. Computational Condensed Matter, 9, 40-55, doi:10.1016/j.cocom.2016.09.004.

39 Lee, J., Kwon, S., Kwon, S., Cho, M., Kim, K., Han, T., & Lee, S. (2019). Tunable Electronic Properties of Nitrogen and
Sulfur Doped Graphene: Density Functional Theory Approach. Nanomaterials, 9, 268, doi:10.3390/nan09020268.

40 Yan, X., Shen, T., Liu, X., Liu, C., & Gong, A. (2023). Transition Metal (Co, Ti) Decorated Graphene Monolayer and Their
Adsorption  Properties towards SO,:  First-Principle  Calculation. Solid State Communications, 369, 115196,
d0i:10.1016/j.s5¢.2023.115196.

41 Akhmetsadyk, D., llyin, A., Guseinov, N., & Beall, G. (2023). Adsorption of SO, Molecule on Pristine, N, Ga-Doped and -
Ga-N- Co-Doped Graphene: A DFT Study. Computation, 11, 235, doi:10.3390/computation11120235.

42 Neugebauer, J., & Hickel, T. (2013). Density Functional Theory in Materials Science. WIREs Comput Mol Sci, 3, 438-448,
doi:10.1002/wcms.1125.

43 Paul, J.T., Singh, A.K., Dong, Z., Zhuang, H., Revard, B.C., Rijal, B., Ashton, M., Linscheid, A., Blonsky, M., Gluhovic, D.,
et al. (2017). Computational Methods for 2D Materials: Discovery, Property Characterization, and Application Design. J. Phys.:
Condens. Matter, 29, 473001, doi:10.1088/1361-648X/aa9305.

44 Picozzi, S., Santucci, S., Lozzi, L., Cantalini, C., Baratto, C., Sherveglieri, G., Armentano, I., Kenny, J.M., Valentini, L., &
Delley, B. (2004). Ozone Adsorption on Carbon Nanotubes: Ab Initio Calculations and Experiments. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, 22, 1466-1470, doi:10.1116/1.1705587.

45 Peyghan, A.A., & Moradi, M. (2014). DFT Study of Ozone Dissociation on BC3 Graphene with Stone-Wales Defects. J Mol
Model, 20, 2071, doi:10.1007/s00894-014-2071-5.

46 Vahdat, M.T., Li, S., Huang, S., Bondaz, L., Bonnet, N., Hsu, K.-J., Marzari, N., & Agrawal, K.V. (2023). Mechanistic In-
sights on Functionalization of Graphene with Ozone. J. Phys. Chem. C, 127, 22015-22022, doi:10.1021/acs.jpcc.3c03994.

47 Delley, B. (2000). From Molecules to Solids with the DMol3 Approach. The Journal of Chemical Physics, 113, 7756-7764,
doi:10.1063/1.1316015.

48 Pramanik, A., & Kang, H.S. (2011). Density Functional Theory Study of O, and NO Adsorption on Heteroatom-Doped
Graphenes Including the van Der Waals Interaction. J. Phys. Chem. C, 115, 1097110978, doi:10.1021/jp200783b.

49 Perdew, J.P., Burke, K., & Ernzerhof, M. (1996). Generalized Gradient Approximation Made Simple. Phys. Rev. Lett., 77,
3865-3868, doi:10.1103/PhysRevLett.77.3865.

50 Delley, B. (2002). Hardness Conserving Semilocal Pseudopotentials. Phys. Rev. B, 66, 155125,
doi:10.1103/PhysRevB.66.155125.

51 Rani, P., & Jindal, V.K. (2013). Designing Band Gap of Graphene by B and N Dopant Atoms. RSC Adv., 3, 802-812,
doi:10.1039/C2RA22664B.

52 Aasi, A., Aghaei, S., Moore, M., & Panchapakesan, B. (2020). Pt-, Rh-, Ru-, and Cu-Single-Wall Carbon Nanotubes Are Ex-
ceptional Candidates for Design of Anti-Viral Surfaces: A Theoretical Study. IIMS, 21, 5211, d0i:10.3390/ijms21155211.

53 Liang, X.-Y., Ding, N., Ng, S.-P., & Wu, C.-M.L. (2017). Adsorption of Gas Molecules on Ga-Doped Graphene and Effect
of Applied Electric Field: A DFT Study. Applied Surface Science, 411, 11-17, doi:10.1016/j.apsusc.2017.03.178.

V. bumn, I.C. Axmercanpik, A.M. Unbun, M.A. Tynerenosa

Ta3za rpadenne, N, Ga :xone -Ga-N- k0ca jerupJieHreH rpagenae
O3 Mos1eKy1aChIHBIH aCOPOUMACHIHBIH AJIFAIIKBI IPUHIMIITEPIH 3epTTEY

Maxkanana O3 MonekynacbHbIH (030H) rpad)eHre, a30TIeH JIETUpIIeHIeH rpadeHre, rauIMiMeH JerupieHreH
rpadenre xoHe -Ga-N- koca nermpneHreH rpadeHre ancopOUUsCH 3epTrenreH. ['padeHre, a30THEH
JIETUpJIEHTeH TpadeHre, raJulMiiMeH JernpiieHreH rpadenre xoHe -Ga-N- koca nerupienred rpadenre Oj
azcopOumsichl (pM3MKANBIK KAaCHeTTEpiH adTapiblKTail esrepyiHe okeneni, Oyi1 oHsl O3 MOJEKyJIachlH
aHBIKTay MAaKCATBIHIAa MOJIEKYJIAIbIK CEHCOpJIap YIIIH NepCcleKTHBTI yMiTkep erteni. Oz Molekymacsl MeH
a7icopOeHT apachIHIAFEl ©3apa 9PEKeTTeCy OJIApABIH aJCOPOLMSIIBIK SHEPTHSCH, aJCOPOLUS KAIIBIKTBHIFBI
JKOHE 3apsATHIH TackIMagaHybl HerisiHae Tycinaipineni. O30H MonekynachiHblH -Ga-N- Koca neruprieHrexn
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rpadenre ancopOuUMACH Taza rpadeHre KaparaHaa SHeprus OOMbIHIIA KOJIAWJIBI €KeHI aHBIKTal[bl, OyJ
-Ga-N- Kkoca serupieHreH >XyHeHiH »OFapbhl CEHCOPJBIK CHIATTamanapelH Oimmipeni. Ocbl KyMbIcTa
MaikeH NONyJSIIMACBHIHBIH TaijayblHa HerizgenreH Oz MoJeKylackl MEH JICTHPICHTeH rpadeH
HaHOKYPBUIBIMJIapB! apachIHAAFE! 3apsSATHl TackMaiay Oarananrad. O30H Mosekynackl MeH -Ga-N- rpaden
HaHOKYPBUIBIMJIapHI apachIHAFb! KYIITI KOBAIICHTTIK OalJIaHBICTaH TYBIHIAUTHIH aicopOIHs SHEPT USACHIHBIH
ecentenred MoHI Taza rpadenre (Eu,s=-1,74eV) xaparanma -Ga-N- Koca nermpieHreH rpadeH
HaHOKYPBUTBIMIApBIHEIH (Eqqs = —0,41 eV) Geringe Kymripek agcopOnusulaHaThIHBIH kepceTeni. Ocbutaida,
6i3niH HoTIOKeepiMi3 -Ga-N- koca nerupnenre rpageHMen Kopiuaran opragarsl Oz aHBIKTAy YIIIH )KOFaphl
THIMJIi Ta3 CEHCOPHI KYPBUIFBICH O0JTybl MYMKiH €KEHIH KOpCeTei.

Kinm ces0ep: rpaden, Oz ancopOLMACH], THIFBI3ABIKTEIH ()YHKIMOHAIIBIK TEOPHACHI, a30TICH JICTHPICHIeH
rpaden, rawmiimer jnerupiaenredH rpaden, -Ga-N- koca neruprnenreH rpadeH, ra3 ceHcopsl, rpadeH
HETI3iHIET] ra3 CEHCOPHI.

I.V. bunn, I.C. Axmercaabik, A.M. Unbun, M.A. TynerenoBa

HccienoBanue nepBbiX NPUHIHUIIOB agcopOuun Mosekyabl O3 Ha yncToM rpademe,
JerupoBanHoMm N, Ga, u -Ga-N- co-j1erupoBannom rpadgene

B cratpe nccnenoBana agcopOmms Monekyiasl O3 (030HA) Ha rpadeHe, JeTUPOBAaHHOM TpadeHe ¢ a30ToM, Ha
nerupoBaHHOM Tpadene ¢ rawmeM u -Ga-N- co-nerupoBanHoM rpadene ¢ akueHToM Ha oOHapyxkenue Os.
Ancop6uus Oz Ha Tpadere, JerupoBaHHOM rpadeHe ¢ a30ToM, Ha JISTHPOBAaHHOM rpadeHe ¢ rammem u -Ga-
N- co-nerupoBaHHOM rpadeHe NMPUBOIUT K 3HAYMTEILHOMY M3MEHEHHIO (DM3MYECKHX CBOWCTB, YTO JENaeT
€ro MepCHEeKTUBHBIM KaHIUIATOM JUI1 MOJIEKYJSIPHBIX NaT4nkoB ais oOHapyxeHus Os;. B3anmonelicTBne
Mexxy Moiekynoii Oz m amcopOeHTOM OOBSCHSIETCS HAa OCHOBE MX OSHEPTHH aacopOLUH, pPacCTOSHUS
ancopbuuu U mepeHoca 3apsana. beuio oOHapyxeHO, 4To ajncopOuust Monekynsl o3oHa Ha -Ga-N- co-
JIETHpOBaHHOM rpadeHe Obuta OoJiee GIarONPHUATHON M0 SHEPIHH, YeM Ha YUCTOM, YTO HPeJCTaBIsieT coOon
HPEBOCXO/IHBIE CCHCOPHBIC XapakTepuCTUKU -Ga-N- co-nernpoBaHHo# cucrembl. B Hactosiel padote ObuT
OLICHEH ITIEPeHOC 3apsija Mexay Moiekyinoi Oz M JIeTMpOBaHHBIMH HAaHOCTPYKTYpaMH rpad)eHa Ha OCHOBE
aHaIM3a NOMy MY MautikeHa. PaccynTaHHOE 3HAUCHHUE SHEPTUH aiacopOLMU MOKa3bIBaeT, YTO MOJIEKYJa
030Ha 0oJiee MMPOYHO ancoOpOUpPYeTCs Ha IMOBEPXHOCTH HAHOCTPYKTYp TpadeHa, co-nerupoBaHHBIX -Ga-N-
(Eags = —1,74 eV), uem Ha unctom rpadene (Eygs = —0,41 eV), BoiTekas u3 6ojiee CHIIbHON KOBAICHTHOMN CBSI3U
Mexay Moiekynoi o3oHa M -Ga-N- co-nmermpoBaHHoro rpadena. Takxum o00pa3oM, HalllM pe3yJbTaThl
nokas3biBaloT, uTo -Ga-N- co-iernpoBaHHBIN TpadeH MOXKET OBITH BBICOKOI((EKTHBHBIM YCTPOHCTBOM
JaT4yrKa ra3a st ooHapyxenus Oz B OKpyKaroleit cpeze.

Kniouesvie crosa: rpaden, agcopouust Oz, Teopust pyHKIHOHANA TUIOTHOCTH, JISTHPOBAHHEIA a30TOM rpadeH,
JeTUpoBaHHbIN rawmeM TpadeH, -Ga-N- co-merupoBaHHbIi TpadeH, Ta30BBI CEHCOP, CEHCOPHI HA OCHOBE
rpadena.
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Formation of a combined electron-hole emission state
in the LIRbSO, — Eu phosphor

In the irradiated phosphor LiRbSO, —Eu , the mechanisms of formation of the induced or combined elec-

tron-emitting state at 3.1-2.94 eV were studied using optical and thermal activation spectroscopy methods. It
has been shown experimentally that the combined electron-emitting state of the phosphor is formed from the

electron states of impurity and intrinsic electron and hole trapping centers of Eu®* —SO, and SO -SO; .

Electron and hole trapping centers are created by irradiating the phosphor with photons exceeding the width
of the forbidden band of the matrix, where free electrons are created in the conduction band and a hole in the
valence band. The trapping center is formed by the capture of free electrons by impurities and anionic com-

plexes according to the reaction Eu®* +e” — Eu**, SO,*+e” — SO . In one process with electron centers,
holes in the form of SO? are localized. Thus, impurity and intrinsic Eu** —SO, and SO} —SO, electron-
hole trapping centers are formed. Similarly, trapping centers are formed as a result of charge transfer from the
excited anion of the SO?” complex to the Eu®* impurities and to the neighboring SO?" anions according to
the reaction (O* —Eu®") and (0> —SO?% ), and localized holes are also formed in one act along with it.
Combined electron-emitting states consisting of impurity and intrinsic electron states are excited by photons
with energies of ~4.0 eV and ~4.5 eV.

Keywords: electron; hole; recombination emission; intrinsic emission; sulfate; excitation.

Introduction

LiRbSO, — Eu phosphors, like other sulfates, can be used in dosimetry, as can CaSO, — Dy and CaSO, —
Eu. In phosphors activated by impurities, the Eu ion in the matrix may exist in different valences. For exam-
ple, in CaSO, — Eu impurities can be in the divalent state Eu** with an internally centered emission of about
390 nm. If Eu is in the trivalent state of Eu®" in this matrix, emission is observed at 595-610 nm.

The luminescent properties of activated phosphors with an impurity of Eu have been studied for several
decades [1-8]. In the works of the authors [9], redox reactions between Eu?* < Eu®* ions in CaSO, — Eu
were investigated. During thermal annealing up to 975 K and irradiation with gamma rays, based on meas-
urements of photoluminescence, thermoluminescence, and EPR signal, the conversion of Eu*, ions to Eu**,
as well as reverse reduction to Eu**, is demonstrated in phosphors.

In the work of the authors [10], a red glow was detected in a single crystal of sodium oxosulfate and yt-
trium NaY (SO.),-H,O activated with Eu** to illuminate emitting displays.

In a review article by the authors [11], the luminescence of Eu®" in various molybdates is considered. It
was found that the emission at 615 nm corresponds to the 5D,—7F, transitions in La,M0,09 — Eu molyb-
denum.

In the work [12], authors detected red emission at 617 nm, which is excited in La,ZrsMo,0y — Eu®*
molybdates by Zr*" and Mo®" sensitizers at photon energies of 395.5 nm and 465 nm, respectively. These
sensitizers are formed as a result of charge transfer from the matrix to the sensitizer ions, such as 0% — Zr*"
and O — Mo®".

The mechanisms of formation of electron-hole trapping centers in sulfates of alkaline and alkaline earth
metals activated by Mn?*, Cu® and Dy** impurities were studied in the works of the authors [13-21]. It is
shown that induced or combined electron-emitting states are formed in sulfates, which are excited in the
transparency regions of the matrix at photon energies of approximately 4.0 eV and 4.5 eV.

A brief review of the literature shows that phosphors activated by Eu** ions emit photons in the red re-
gion of the spectrum. These intracenter emissions are mainly excited by sensitizers, which themselves are
excited by the intrinsic electronic excitations of the matrix.
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In this paper, the nature of the intracenter emission of the Eu** ion in the LiRbSO, matrix will be inves-
tigated, as well as the mechanism of formation of an induced or combined electronic emission state, which is
formed from the electronic states of its intrinsic and impurity trapping centers when irradiated with photons
exceeding the band gap.

Experimental part

The studied samples were synthesized by slow evaporation. To prepare the sample, 1.2 g of LiRbSO,
powder and 0.3 mol% (0.37 g) Eu,O; were used as starting materials.

Li,SO, and Rb,SO, (SigmaAldrich) were dissolved in double deionized water at a temperature between
35 and 40 °C. After ensuring the solution was transparent, each lanthanide was added and mixed one by one,
checking the transparency of the solution. In a separate container, Eu,O3 was dissolved in a deionized solu-
tion of 40 ml at a temperature of 35-40 °C. Then both solutions were mixed at 35—40 °C within 1 hour. The
solution was slowly heated, LiRbSO, (Sigma-Aldrich) powder was added and dissolved with stirring.

For luminescent measurements, a LiRbSO, sample doped with Eu** (0.3 mol.%) was obtained by add-
ing Eu,0; (Thermo Scientific, 99.99 %) to the process. LiRbSO, — Eu®* was prepared by drying the doped
sample at 550 °C in air. The finished powders were pressed into tablets with a size of 8-9 mm and a thick-
ness of 1-2 mm. It was found that the optimal concentration of the Eu impurity in the LiRbSO, matrix is
0.3 mol.%. The resulting Eu impurity concentration of 0.3 mol.% was found to be optimal for spectroscopic
properties in research.

Emission and excitation spectra were obtained using a spectrofluorimeter CM2203 (Belarus). The Solar
CM2203 spectrofluorometer was used to measure the emission spectra in the spectral range of 1.5-6.2 eV.

Chemical analysis (EDX) was carried out on a TESCAN VEGA 3 LMH scanning electron microscope
with an Oxford Instruments (UK) microanalyzer system. The resolution was 3 nm at 30 kV (SE), 6 nm at
30 kV (BSE), the magnification ranged from 6x to 300000x%, and the screening magnification ranged from
12x to 600000x.

The thermally stimulated luminescence (TSL) method is one of the main experimental methods for
studying trapping centers in dielectrics. To obtain TSL curves, the crystal under study is cooled to the boiling
point of liquid nitrogen, 77 K. Under these conditions, the crystal is excited for some time by UV emission
or X-ray emission. After the excitation stops, the crystal heats up at a constant rate of 0.2 deg/s, and the in-
tensity of thermoluminescent emission is measured depending on the temperature.

Results

The nature of the intracenter emission of the Eu®* impurity and new Raman emissions resulting from
the interaction of impurities with the electronic excitations of the matrix were investigated.

The SEM figure (Fig. 1) shows that the powders have different sizes, approximately ranging from 5 to
200 microns (Fig. 1a). According to the results of SEM-EDX, a large number of peaks characteristic of met-
al ions were registered (Fig. 1b), confirming the presence of Eu content in the LiRbSO, powder.

Figure 1. The result of SEM-EDX powder LiRbSO, — Eu

Figure 2 shows the emission spectrum of the LiRbSO, — Eu phosphor irradiated with photons with an
energy of 5.46 eV at 300 K (curve 1). It can be observed from the figure that intracenter emissions of the
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Eu®* impurity appear at 2.03 eV, 1.9 eV, 1.8 eV, and 1.7 eV. The same phosphor was irradiated at 80 K
(curve 2). Figure 1 shows that at 80 K, in addition to intracenter emission, new radiation bands appear at
3.1eV,3.0eV,29¢eV, 26eV,24¢eV,2.3eV,and 2.2 eV.
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Figure 2. The emission spectrum of the LiRbSO, — Eu crystal at 300 K and 80 K:
when excited by photons: 1) E = 5.46 eV; 2) E =5.46 eV

Figure 3 shows the excitation spectrum of new electronic radiative states at 3.1 eV, 3.02 eV, 3.4 eV,
294 eV, 2.43 eV, 2.32 eV, and 2.23 eV at 300 K and 80 K. It can be seen from the figure that at 300 K, the
excitation bands are not clearly distinguished, and at 80 K, the excitation bands appear for emission of
294 ¢V, 3.02eV,3.1eV,3.92 eV, 443 eV, 5.64 eV, 5.9 eV, and 6.2 eV. From Figure 3 (curves 1-5), it can
be seen that the newly formed emission states located in two spectral ranges, 3.1-2.94 eV and 2.43-2.23 eV,
are mainly excited in three spectral regions of matrix transparency, 4.43-4.5 eV and 3.9-4.0 eV. Additional-
ly, the same emission states related to trapping centers are created near the fundamental region at 5.64—
6.2 eV as a result of charge transfer from anion to impurities or when an electron is captured by impurities or
neighboring anions.
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Figure 3. The excitation spectrum of the LiRbSO, — Eu crystal at 80 K: when excited by photons:
1)E=31eV;2)E=294¢eV;3)E=243eV;4) E=2.32¢V; 2) E=2.23eV
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Figure 4 shows the excitation spectrum of a pre-irradiated phosphor at 300 K and 80 K for the bands
2.06 eV, 1.9 eV, 1.8 eV, and 1.7 eV of intracenter emission. From Figure 4 (curves 1, 2, 3, 4, and 1', 2', 3/,
4", it can be seen that excitation bands appear corresponding to the emission of Eu®* ions in the LiRbSO, —
Eu phosphor. The emission bands of the Eu** ion are excited by the emission of the Eu** ion in the red region
of the spectrum.
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Figure 4. The excitation spectrum of the LiRbSO, — Eu crystal at 300 K and 80 K: when excited by photons:
1)E=2.06eV;1")E=2.06eV;2)E=19¢eV;2)E=19eV;3)E=1.7¢V;3)E=17eV;4)E=18¢V;4)E=18eV

Figure 5 shows the emission spectra of a pre-irradiated phosphor excited in the transparency region of
the matrix by photons with energies of 4.43-4.5 eV and 4.0 eV at 300 K and at 80 K.
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Figure 5. The emission spectrum of the LiRbSO, — Eu crystal when excited by photons:
1)E=4.43eVat300K;2)E=4.43¢eV at80K; 3) E=3.87eV at300K; 4) E=3.87¢eV at 80 K

Figure 5 (curves 1, 3) shows that when excited by photons with energies of 4.43-4.5 eV and 3.87-4.0 eV
at a temperature of 300 K, intracenter emissions appear at 2.06 eV, 1.9 eV, 1.8 eV and 1.7 eV (curves 1 and
3). At a liquid nitrogen temperature of 80 K (curves 2 and 4), the intensity of the intracenter emission de-
creases 4-5 times, the positions of the bands are preserved. At 80 K, in addition to the intracenter emission,
new radiation bands appear at 3.1 eV, 3.02 eV, 2.44 eV, 2.32 eV and 2.29 eV (curves 2, 4).
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The measurement of the intensity of the intracenter and newly created emission radiation bands from
the temperature of the matrix is shown in Figure 6.

LiRbSO4-Eu10%_powder_Tempzav

7 O T ——
| o, F - - 1)3,1eV
350 - il il L L ] e 2)2,95eV E
s o | gl o2 —--3)2,06eV| 1
300 i | ekl I TG - = = -4)2,0eV -
I .. < iX —=:5)1,79eV| |
S 250 f TRl il ——6)1,77eV| |
@ I 17T e} ]
>
=200 | -
f ol | " |
2 4
€ 150 | \ i
’.
I L Y B-
100 Sr=.3s 2 k- .
=N : <5
SN LN | L |
ot A T A LT
L 4 \__,.:-’-,,:,._“‘_,:'—-- ''''
ok Y ahagas, o eeeteareat et i
| RS ET SRR AT RS RE BTEU S TR SRR TS SRR SRR Y

50 100 150 200 250 300 350 400 450
T:K

Figure 6. Temperature dependence LiRbSO, — Eu luminescence of radiation during excitation:
1)E=31eV;2)E=295¢eV;3)E=2.06eV;4) E=20¢eV;5 E=179eV;1)E=1.77¢eV

It can be seen from the figure that the intensity of the new emission bands at 3.1 eV and 2.95 eV in the
temperature range of 100-150 K gradually decreases and flares up at 150-200 K, then rapidly decreases to a
minimum value in the range of 200-350 K (curves 1, 2). The temperature dependence of the change in the
intensity of intracenter emission at 2.03 eV, 1.9 eV, 1.8 eV and 1.7 eV looks like this: in the temperature
range from 100 K to 250 K, the intensity of all intracenter emission decreases rapidly, with some flare-up in
the temperature range of 150-200 K, then in the temperature range of 280-450 K it rapidly increases to the
maximum value.

Discussion

The novelty of the work is associated with the appearance of new emission bands when irradiated with
photons in the fundamental region of the spectrum at 80 K, where free electron-hole pairs are created or as a

result of charge transfer from the excited anionic complex SO?™ to impurities or to neighboring anions. In

the early works of the authors [17], it was known that in irradiated alkali metal sulfates, recombination emis-
sion at induced trapping centers occurred in the spectral range of 3.0-3.1 eV, 2.6-2.7 eV, and 2.3-2.4 V.
Figure 5 (curve 2, 4) shows that at 80 K, the intensity of the intracenter emission band at 2.06 eV, 1.9 eV,
1.8 eV, and 1.7 eV decreased and new recombination emission appeared at 2.94-3.1 eV, which are excited at
photon energies 3.92-4.0 eV and 4.43-4.5 eV. Low-energy recombination emission at 2.23-2.43 eV is also
excited in this spectral region. These recombination emissions are generated in the fundamental spectral
range of 5.64 eV, 5.9¢eV, and 6.2 eV.

Thus, two groups of new recombination emissions at 2.94-3.1 eV and 2.23-2.43 eV are excited by pho-
tons with energies of ~4.0 eV and ~4.5 eV in the transparency region of the LiRbSO, — Eu phosphor. These
photon energies at ~4.5 eV and ~4.0 eV are the absorption and excitation spectra of the electron-hole trap-
ping center formed in the transparency region.

In the next stage, an irradiated phosphor with induced trapping centers was excited with a photon ener-
gy equal to the excitation spectrum of the trapping centers at ~4.0 eV and ~4.5 eV. At the same time, new
recombination emissions appear back at 2.94-3.1 eV and 2.23-2.4 eV. The most important thing is that
intracenter emissions of the Eu®" impurity appear. These results mean that both emission, recombination, and
intracenter radiative decay identically from an induced or combined electron emissivity state. By measuring
the temperature dependence of the decay of the induced or combined electronic state, it is shown that the in-
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tensity of the recombination emission state at 2.94-3.1 eV in the temperature range from 100 K to 250 K de-
creases to a minimum value.

The intensity of the intracenter emission of the impurity increases to the maximum value at 2.06 eV,
19eV, 1.8eV, and 1.7 eV temperature range.

The decay and formation of an induced or recombined electronic emission state can be explained in this
way:

During irradiation with photons from 5.64-6.2 eV, electronic trapping centers are created during the lo-
calization of free electrons or during charge transfer from the excited anionic complex SO?” to impurities

Eu®" (O* — Eu®) electronic impurity trapping centers of Eu®* are formed in addition to the holes of SO, lo-
calized near the ground state of the Eu®* admixture. Thus, the centers of electronic trapping of impurities
Eu®* —SO; ™ are created. Similarly, when electrons are trapped or as a result of charge transfer from the ex-

cited anion SO2 (O —SO7") to neighboring anions, their intrinsic electron trapping centers SO are

formed, complementary to the holes SO . This is how the correct trapping centers SO; —SO, are formed.
Combined or induced electron-emitting states at 2.94-3.1 eV are created from the electronic states Eu®*
and SO under the conduction band with a certain ionization energy to the conduction band.
During heating of a phosphor with induced emission states in the temperature range of 100-250 K, ion-
ization of the electronic trapping centers occurs Eu* —Eu®* +e , SO} —SO? +e . The free electron

recombines with the hole SO, near the Eu*" admixture; the energy released during recombination excites the

impurity in the temperature range 250-450 K, in which we observe a rapid increase in the intensity of red
emission from the Eu®* impurity. In this way, energy is transferred from the excited matrix to the impurities.

Conclusions

1. In the irradiated LiRbSO, — Eu phosphor, new stimulated and combined radiative states were discov-
ered at 3.1-2.94 eV, which are excited at photon energies of ~4.0 eV and ~4.5 eV in the matrix transparency
region.

2. The emission states of 3.1-2.94 eV are created when the anion is excited by photons with an energy
of 5.64 eV as a result of charge transfer from the SO?” ion to the impurities Eu** and the neighboring ion by
the reaction (0> — Eu®") and (O* —SO7%).

3. Based on the measurement of the excitation spectra of recombination emission of 3.1-2.94 eV and
impurity emission of 2.06 eV, 1.8 eV and 1.7 eV, it was shown that they are simultaneously excited at pho-

ton energies of ~4.0 eV and ~4.5 eV. These values are the excitation spectrum of a new induced electronic
radiative state consisting of intrinsic and impurity electronic states of trapping centers.
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b.M. CanpikoBa, b.H. IOcyn6exona, C.A. [1a3sinbex, I'.b. baiipbaeBa, b.M. PaxsiMkanoB

LiRbSO, — Eu aromuHo¢opbIHAaFsl 6ipikTipiiren
JJIEKTPOHABI-KEMTIK CdyJIeleHy KYHiHiH Ty3l1yi

LiRbSO,~Eu coynenengipinres moMuHO(POpAa ONTHKAIBIK JKOHE TEPMOAKTHBALMSIIBIK CIIEKTPOCKOIHS
omicrepimen 3,1-2,94 5B uHAyKIUAIAHFAaH HeMece OipiKTipiIreH 3JeKTPOHBI coyJelieHy KYHiHiH maiiia 6o-
Iy MexaHu3Mmzepi 3eprtrenmi. JIloMHHODOPIBIH OipiKTIpireH 3JICKTPOHABI COYJIENCeHY Kyili Kocma JoHe
MEHTIKTi 37eKTPOHIBI KOHE KEMTiKTi KapMay OpTAIBIKTaphl, MeKTPOHABIK Kyitinem Eu** —SO, kome
SOT —SO, Tysinerini JKCIEpUMEHTANBI TypAe KOPCETiNreH. DIEKTPOHIb JKOHE KEMTIKTi KapMmay

OpTaJBIKTAPhl JIIOMHUHOMDOPIBIH THIABIM CalbIHFaH aiiMaK eHi OSHEPrusChIHAH acaThlH (POTOHAAPMEH
CoyJIeNIeHAIPY Ke3iH/e KYpblIaabl, MyH/[a OTKI3MIITIK 30HaCkIH/Ia 0OC IEKTPOH/IAP JKOHE BaJCHTTIK aliMaKTa
KeMTiK maiina 6onazael. Kapmay opTansiFbl 60C 2JIeKTpOHIap/Ibl, KOCTIAIAPMEH JKOHE aHHOHBIK KOMILJIEKCTEp

KapmanFan Eu®* +e” — Eu®", SO’ +e — SO peakumsacs Goiipimma Tysineni. bip mpouecte SO3
TYPIHJETi KEMTIKTEp 3JCKTPOH/IbI OPTATBIKTAPMEH JIOKanu3ausuianazapl. Ochuiaiiina, Kocma »oHe MEHIIIKTI
Eu®* —S0O;, xone SO?{ —SO, 3MeKTPOHIBIK KEMTIKTIK KapMay OpTaJbIKTaphl Maiiaa 6omansl. OckIFaH yKcac
SOZ  KoMIUIeKciHiH Ko3FaH aHMOHBIHAaH EU®* Kocmanmapra skoHe peakiusra coiikec kepiinec SO3
aHWOHIApPFa 3apSANTHIH ayBICYHl HOTIDKECiHAe 6achm amy opTameiktapsl (02 —Eu®") sxome (O° —S0% ),

COHali-aK Oip mpoleciHae OHBIMEH Oipre JOKaIn3alMsAIaHFaH KeMTIiKTep Ty3iieni. Kocnamap MeH MeHITIKTI
ANIEKTPOHIBIK KYHJIEpACH TYpaThiH OipiKKEH SJICKTPOH MLIBIFapaThlH Kyiuiep sHepruscel, ~4,0 5B ixoHe
~4,5 3B QoToHIapEIMEH KO3ABIPBUTAIbI.

Kinm co30ep: dMeKTPOH, KeMTIK, PeKOMOMHAIMSUIBIK CayJIeICHAIPY, MEHIIIKTI paguanus, cyibgar, Ko3y.
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O0pa3oBaHue KOMOMHHUPOBAHHOIO YJIEKTPOHHO-IBIPOYHOI0
U3JIy4aTeJbHOr0 cocTosiHusI B iomunHodope LIRbSO,—Eu

B o6nyuennom momuaodope LIRbSO,~Eu MeTogamMu ONTHYECKOH U TEPMOAKTUBALMOHHON CIICKTPOCKOIUH
HCCIIEIOBaHBl MEXaHU3MBI 00pa30BaHUS HWHIYNUPOBAHHOTO WM KOMOMHHPOBAaHHOTO 3JIEKTPOHHO-
U3JTy9aTeTIbHOTO COCTOSHUS TpH 3,1-2,94 5B. DKrepuMeHTaqbHO ITO0Ka3aHo, YTO KOMOMHHPOBAHHOE 3JIEK-
TPOHHO-HM3JTy4YaTeIbHOE COCTOSHHE JIIOMUHO(GOpPa GOopMHPYETCs U3 NEKTPOHHBIX COCTOSIHUI HMPUMECHBIX U

COBGCTBEHHBIX 3JIEKTPOHHO- U JBIPOYHEIX IIEHTPOB 3axBatoB EU”* —SO, u SO —SO; . DNeKTpOHHO- U JbI-

pOUHBIE IIEHTPHI 3aXBaTa CO3AAIOTCS MPH OOIyYCHUH JIFOMUHO(OpPa (HOTOHAMH, NMPEBBHIIAIOMINME IIHPHHY
3aIpeNIeHHOH 30HBI MaTPUIIBL, IJI€ CO3AI0TCSl CBOOOIHEIE SIEKTPOHBI B 30HE IIPOBOIMMOCTH M JBIPKA B Ba-
neHTHOH 30He. L[eHTp 3axBaTa 0OpasyeTcs IpH 3axBaTe CBOOOTHBIX HJICKTPOHOB MPUMECSIMH U aHHOHHBIMHU

KOMTITEKCcaMHy TIo peakmin Eu® + e — Eu?", SO +e~ —SO. . B 0fHOM aKTe C 3eKTPOHHBIMH IEHTpA-
MU JIOKanu3yloTcss Abipkd B Buae SO2 . TaxuM o6pa3oM, (pOPMHUPYIOTCS NPUMECHBIE M COOCTBEHHBIE
Eu* —-SO, u SO} —SO, >1eKTpOHHO-TBIPOIHEIE IEHTPHI 3aXBATOB. AHAJOTHYHO TIEHTPHI 3aXBaTa o0pa-
3yIOTCSl B pe3yJIbTaTe MepeHoca 3apsia OT Bo3Oys/IeHHOTo aHnoHa Kommiekca SO k mpumecam Eu™ u x

cocemanM annonaM SO’ mo peakm (O —Eu® ) u (O —SO% ), Takke B OJHOM aKTe BMECTE ¢ HEM

(hopMHpPYIOTCS JIOKATH30BaHHBIC IBIPKA. KOMOMHUpPOBAaHHBIE 3JEKTPOHHO-M3IIydaTeNIbHBIE COCTOSHHSA, CO-
CTOSIIIE U3 MPUMECHBIX H COOCTBEHHBIX 3JICKTPOHHBIX COCTOSHHM, BO30YKHalOTCs (OTOHAMH C SHEprueit
~4,0 u ~4,5 3B.

Kniouegvie cnosa: dNEKTPOH, ABIPKA, PEKOMOUHAIIMOHHOE H3JTy4eHHe, COOCTBEHHOE M3IIydeHHe, cynbdar,
BO30YXIEHHE.
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Enhanced charge separation at the interface of Cu,O/CuSCN
composite thin films synthesized by electrodeposition technique

This study focuses on the synthesis and characterization of hole transport layers (HTLs) for solar cells, par-
ticularly copper(l) thiocyanate (CuSCN) and cuprous oxide (Cu,0), synthesized via electrodeposition tech-
niques. CuSCN and Cu,O offer promising properties for efficient charge transport in photovoltaic devices.
The synthesis processes involve precise control of deposition parameters to achieve desired film morpholo-
gies and properties. Characterization techniques including scanning electron microscopy (SEM), atomic force
microscopy (AFM), and ultraviolet-visible (UV-Vis) spectroscopy provide insights into film morphology and
optical properties. Optimization of synthesis parameters for Cu,O films is explored to enhance their electrical
properties. Photoelectric response measurements indicate improved charge separation at the interface of
Cu,O/CuSCN composite films. These findings can contribute to the advancement of solar cell technology.
Furthermore, the study extends its exploration to the fabrication of Cu,O by electrodeposition at different pH
levels. SEM and X-ray diffraction (XRD) analyses reveal the impact of deposition parameters on film mor-
phology and crystal structure, providing valuable insights for tailored synthesis approaches. Overall, this
comprehensive study not only advances the understanding of HTL materials synthesis and optimization but
also provides valuable guidance for the development of high-efficiency and stable solar cell devices.

Keywords: solar cells; hole transport layers; electrodeposition; copper(l) thiocyanate; cuprous oxide; optimal
synthesis conditions; photoelectric response, chare transport.

Introduction

Solar energy stands at the forefront of sustainable energy solutions, offering a clean and renewable al-
ternative to conventional fossil fuels. At the heart of solar energy conversion lie solar cells, devices tasked
with harnessing sunlight and converting it into electrical energy. The efficiency and effectiveness of these
solar cells hinge on the intricate interplay of various materials within their structures. Among these materials,
hole transport layers (HTLs) play a crucial role in facilitating the efficient extraction and transportation of
positive charge carriers generated during the photovoltaic process [1].

In recent years, significant research efforts have been dedicated to the development and optimization of
HTL materials for solar cell applications. Among the promising candidates in this domain are copper(l)
thiocyanate (CuSCN) and cuprous oxide (Cu,O), both of which exhibit favorable properties for efficient
charge transport. CuSCN, a well-known semiconductor for photovoltaic applications, boasts suitable optical
properties and native p-type conductivity. Meanwhile, Cu,O, with its p-type semiconducting properties and
direct band gap, presents another attractive option for HTL materials [2, 3].

This study focuses on the synthesis and characterization of CuSCN and Cu,0 thin films as HTLs for so-
lar cells, employing electrodeposition techniques for precise control over their properties. Electrodeposition
offers advantages in terms of scalability, cost-effectiveness, and the ability to tailor material properties by
adjusting deposition parameters. By meticulously controlling deposition conditions, such as precursor solu-
tion composition, deposition potential, and temperature, the study aims to optimize the morphological and
electrical properties of the synthesized films.

The experimental part of the study delves into detailed synthesis procedures for CuSCN and Cu,O
films, elucidating the intricacies of electrodeposition techniques employed to achieve desired film morpholo-
gies and properties. Characterization techniques, including scanning electron microscopy (SEM), four point
probe and photoelectric response (PEC) provide valuable insights into the surface morphology, crystal struc-
ture and electrical and charge transfer properties of the synthesized films. Furthermore, the study explores
variations in synthesis conditions for Cu,O films, investigating the influence of parameters such pH on film
morphology and electrical properties. Through systematic variation of these parameters, the study aims to
elucidate optimal conditions for achieving low resistivity and enhanced charge transport capabilities in Cu,O
films combined with CuSCN films [4].
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Methods

To obtain high-quality thin films with minimal impurities, high-purity chemicals purchased from Sig-
ma-Aldrich were utilized. The following high-grade chemicals were employed in this work: Copper(ll) sul-
fate (anhydrous, powder, >99.99 % trace metals basis), Ethylenediaminetetraacetic acid (OmniPur® Grade,
>99.5 %), Potassium thiocyanate (ReagentPlus®, >99.0 %), Diethanolamine (BioUltra, >99.5 % (GC)), Lac-
tic acid (ACS reagent, >85 %), and Sodium hydroxide (ACS reagent, >97.0 %, pellets). To prepare the aque-
ous solutions, deionized water with a resistivity of 18.2 MQ.cm, purified using a Water Purification System
(Drawell Scientific, Smart-Q30UT), was used. The use of these high-grade chemicals helps to minimize im-
purities in the synthesized thin films, ensuring superior quality.

CuSCN thin films were synthesized by using electrochemical deposition on FTO covered glass sub-
strates. Prior to deposition, FTO substrates were cleaned with ultrasonic in 2 % Hellmanex solution (10 min),
deionized water (10 min), 2-propanol (10 min), and dried by a nitrogen flow. Then clean substrates were
treated by UV irradiation in order to remove any organic residuals. CuSCN-E is prepared by
electrodeposition in agueous solution containing 12 mM CuSO, and equivalent amount of EDTA
(Ethylenediaminetetraacetic acid) and KSCN (Potassium thiocyanate) whereas CuSCN-D is fabricated in
aqueous solution containing 15 mM CuSQ,, 67.5 mM DEA (Diethanolamine), and 45 mM KSCN. EDTA
and DEA were added before adding KSCN to prevent Cu(SCN), precipitate formation. The pH of EDTA-
contained precursor solution and DEA-contained precursor solution are 1.6 and 8.2, respectively. A standard
three-electrode configuration was used for electrochemical deposition with Pt counter electrode and
Ag/AgCl/sat. KCI reference electrode. All films were prepared using chronoamperometry technique with
various duration. The deposition potentials of CuSCN-E and CuSCN-D respectively are —0.3 V and —0.45 V
versus reference electrode [5, 6].

The electrochemical deposition of Cu,O films was carried out in an electrolyte solution consisting of
0.4 M cupric sulfate and 3 M lactic acid. By complexing with lactate ion, the copper is stabilized and the pH
can be raised to alkaline values. The pH of the bath solution was adjusted in the range of 10-12 by the addi-
tion of NaOH. The solution temperature was held constant during deposition by a hot plate with thermo-
regulator. Deposition temperature was 30 °C. Films were electrochemically deposited onto ITO (indium tin
oxide) substrates, which were placed in solution with a Pt counter electrode and a silver chloride reference
electrode (SCE). All potentials are reported versus the SCE reference electrode. Electrochemical deposition
was controlled by a potentiostat (CS300, Corrtest Instrument).

The surface morphology of thin films was studied by a scanning electron microscopy (MIRA 3 LMU
and Carl Zeiss Crossbeam 540 with GEMINI 11). The XRD spectra were probed by Rigaku SmartLab X-ray
diffractometer. The surface resistivity was measured by Four-Point Probe Unit (Ossila). PEC was measured
by potentiostat (CS300, Corrtest Instrument) and chopped light was supported by Ossila Solar Simulator.

Results and discussion

One of the promising inorganic semiconductors suitable for application in photovoltaics as a hole
transport material is copper thiocyanate (CuSCN). CuSCN is a well-known semiconductor for photovoltaic
application due to its suitable optical properties and charge transport properties. CUSCN has a high transpar-
ency in visible spectrum and have been reported to show native p-type conductivity. A benefit of utilizing
CuSCN in device applications is that it is non-toxic and its constituents are available in abundance in Earth.

In Figure 1, we present scanning electron microscope (SEM) images depicting the synthesized
CuSCN-E and CuSCN-D thin films. Upon examination of these images, a distinct disparity in surface mor-
phology between the two variants becomes evident. Both films exhibit a dense and uniform structure, indica-
tive of a well-controlled synthesis process. However, CUSCN-E demonstrates a notably smoother surface
texture, characterized by a relatively even distribution of material across the substrate. The average grain size
of the CuSCN-E film, calculated from SEM images, was found to be 2.3 um. In contrast, CuSCN-D film is
not uniform and displays clusters or agglomerates of CUSCN nanocrystals, resulting in a rougher appearance.
The average size of the grains in CuSCN-D were estimated to be 4.8 um. Despite the surface texture differ-
ences, analysis reveals that both types of films possess irregular shapes prevalent in the grain structure of
each film. This irregularity suggests inherent complexities in the crystallization process, likely influenced by
various synthesis parameters.

The observed smoother surface of the CuSCN-E film holds particular significance in the context of its
application as a hole transport layer (HTL) in solar cells. The uniformity and smoothness of this film are de-
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sirable traits for facilitating efficient charge transport within the device. In contrast, the presence of agglom-
erates in the CuSCN-D film may introduce discontinuities or barriers to charge flow, potentially compromis-

ing device performance. In furthering our study, CuSCN-E films were used as one of the components for
fabricating CuSCN/Cu20 composite films.

SEM HV: 25.0 kV WD: 5.67 mm
View field: 10.0 pm Det: SE
SEM MAG: 34.6 kx

SEM HV: 25:0 kV WD: 5.70 mm MIRACi TESCAN
View field: 10.00 ym Det: SE

SEM MAG: 34.6 kx Performance in nanospace

Performance in nanospace

A — CuSCN-D film and B — CuSCN-E film
Figure 1. SEM images of synthesized CuSCN films
Cuprous oxide (Cu,0) thin films are synthesized by using various techniques, and as a result, the physi-

cal and chemical properties are strongly dependent on the synthesis method. Here, we report results of syn-
thesis of Cu,O by electrodeposition technique (Fig. 2A).

A Reference B 1

Electrode

Working 4 §
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Figure 2. Diagram of the electrodeposition setup (A) and linear sweep voltammetric (LSV) measurement (B).
Diagram was adapted from [7]

Electrochemical deposition of films allows precise control of the driving force for the reactions in-
volved in deposition to control the structure and phase composition of the films. The electrochemical deposi-
tion of Cu,O films was carried out in an electrolyte solution consisting of 0.4 M cupric sulfate and 3 M lactic
acid. By complexing with lactate ion, the copper is stabilized and the pH can be raised to alkaline values.
The pH of the bath solution was adjusted in the range of 10-12 by the addition of NaOH. The solution tem-
perature was hold constant during deposition by a hot plate with thermo-regulator. Deposition temperature
was 30 °C. Films were electrochemically deposited onto ITO (indium tin oxide) substrates, which were
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placed in solution with a Pt counter electrode and a silver chloride reference electrode (SCE). All potentials
are reported versus the SCE reference electrode. Electrochemical deposition was controlled by a potentiostat.
The diagram of the electrodeposition is illustrated in Figure 2A.

The electrodeposition potential required for a synthesis in the potentiostatic mode is usually unknown.
In this situation, linear sweep voltammetric (LSV) measurements assist to identify oxidation-reduction pro-
cesses potentially undergone by the system of interest and choose an appropriate potential. Figure 2B shows
a cathodic scan performed between —0.9 and —1.2 V at a scan rate of 10 mVxs *, at temperature of 30 °C and
at pH of 11.5. As can be seen from LSV the steady-state currents for the deposition of Cu,O are in a potential

window between —0.35 and —0.55 V. Therefore, electrodeposition of Cu,O films was performed at working
electrode potential of -0.4 V vs SCE.

Synthesis of Cuprous Oxide (Cu,0) in various modes

In order to study the influence of pH solution on morphology of Cu,O films the electrodeposition were
performed in various pH. The plating bath was a 0.2 M CuSO, and 3 M lactic solution in deionized (DI) wa-
ter with 0.5 M K,HPQO, buffer. pH was adjusted to by adding a controlled amount of 2 M KOH drops. The
synthesis was carried out by using potentiostatic mode at 30 °C ranging from pH 8 to 12. It should be noted
that only the SEM and XRD data of the films deposited at pH 10 and 12 is shown due to there is no any no-
ticeable deference between films deposited at pH 9 and 10 and between pH 11 and 12. In the Figure 3, the
morphology and XRD spectra of Cu,O films electrodeposited at pH 10 and 12 are shown.

5000 (i)

< 4000 <5 4000
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= = N

€ 2000 ") _— € 2000 ) (222)
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Mo o oo FURIW
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Figure 3. SEM images and XRD spectra of Cu,0 thin films grown by potentiostatic electrochemical
deposition at T = 30 °C, WE potential 0.4 V and various pH 12 (A, C) and 10 (B, D).
Symbol * represents the signals from the substrate

From the SEM image (Fig. 3A), it is seen that the Cu,O film electrodeposited at pH 12 consists from
grains with cubic morphology and oriented along cubic diagonal. Figure 3C shows XRD pattern of this film.
XRD confirmed that film is Cu,O with cubic structure and there is preferential grain orientation, grains most-
ly grow along the direction perpendicular to the planes. However, SEM image of Cu,O films grown pH 10
(Fig. 3B) does no reveal any cubical morphology. The morphology of this film is different from the mor-
phology of the film grown at pH 12. Its grains have more irregular shape and their surfaces are rougher.
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XRD confirmed the presence of Cu,O structure and indicate the preferable grain orientation along [7] direc-
tion.

Further we investigated the electrical properties of electrodeposited Cu,O films. In Figure 4, the resis-
tivity of samples is plotted against the pH of the electrolyte used during fabrication. The graph reveals that
the resistivity of the film decreases as the pH increases. For instance, the film prepared at pH 9 has a resistiv-
ity of approximately 5-10" Q*cm, while the film prepared at pH 13 has a resistivity of about 4-10° Q*cm.
Therefore, the lowest resistivity is achieved at pH 13.0, which is two orders of magnitude lower than that of
the film prepared at pH 9.0.

1E+10
1E+09
1E+08

1E+07

Resistivity (Q-cm)

1E+06

1E+05
8 9 10 11 12 13 14

pH
Figure 4. Variation of the resistivity of the films with pH

Finally, we fabricated the composite Cu,O/CuSCN thin films and studied the efficiency of the charge
separation at the Cu,O/CuSCN interface by a photoelectric responses technique. For it, Cu,O were deposited
on the surface of CuSCN and photoelectric responses (PES) was measured. The Figure 5A represents SEM
cross section image of a Cu,0O/CuSCN composite film. The PES responses for bare and Cu,0/CuSCN com-
posite were measured in order to compare photocurrent response from Cu,O (Fig. 5B). The PES was meas-
ured in a three-electrode configuration. The electrolyte was a 1.0 M Na,SO, solution buffered at pH 4.9 with
potassium phosphate (0.1 M). The reference electrode was Ag/AgCl in saturated KCI, and a Pt wire was used
as the counter electrode. The photoresponse was measured under chopped irradiation from an Ossila Solar
Simulator with a light intensity 100 mW cm>. The scan rate for the linear sweep voltammetry was
10mVs'[8,9].

-0.2 4

Photocurrent (mA/cm?)

0.3

| J — Cu,0
—— CuSCN/Cu,0
} ‘ . 020 015 010  -0.05 0.00
S B R e Potential (V)

Figure 5. SEM cross-section image Cu,O/CuSCN thin film (A) and photoelectric responses
from a bare Cu,O and composite Cu,O/CuSCN films (B)
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It seen that Cu,0O/CuSCN HTL has at least two times higher current density in comparison with bare
Cu,0, which indicate on improved charge separation at the Cu,O/CuSCN. According the work L. Pan et al. a
favourable band bending occurs at the CuSCN/Cu,0 interface, which also contributes to the enhanced charge
separation, namely, the rapid extraction of holes from Cu,O [8-10]. In our further study, these fabricated
composite Cu,O/CuSCN thin films will be optimized in order to use as HTL for organic and perovskite solar
cells.

Conclusion

In conclusion, this study demonstrates the successful synthesis and characterization of CuSCN and
Cu,0 as a potential hole transport layers for solar cells. The electrodeposition techniques utilized allow for
precise control over film properties, leading to enhanced charge transport capabilities [11, 12]. Optimization
of synthesis parameters, particularly for Cu,O films, has been investigated to achieve low resistivity, crucial
for their application in solar cell devices. Photoelectric response measurements further confirm the effective-
ness of Cu,O/CuSCN composite films in improving charge separation and surface reactivity. These findings
provide valuable insights for the development of high-efficiency and stable solar cell devices. Future re-
search may focus on further optimizing synthesis conditions and exploring doping strategies to overcome
limitations and advance the practical application of these materials in photovoltaic technology [13-15].
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I'.C. CeiicenbaeBa, [[.C. Kambap, A.B. 3aBropoanuii, b.P. Unbscos

DJIeKTp TYHABIPY daicimen cuHTe3nearen Cu,O/CUSCN kyka KOMIO3UTTIK
IUIEHKAJAPAbIH HHTep(eiicinaeri 3apsaaThI 061yl KaKcapTy

By 3eprrey kyH Oatapesiapbl YIIiH, aTan alTKaHAa dJIEKTPOICTIO3HIUS icTepiMeH cuHTe3nenreH MbIc (1)
trouuanatel (CuSCN) sxoHe Mbic okcuai (CupO) yuriH keMmrikTepai TackiMannay KabarrapeiH (HTLS)
cuHTe3aeyre koHe cunartayra OarbiTTamraH. CuSCN jxoHe Cu,O (OTORNEKTPIIK KYpBUIFBUIapia 3apsiaThl
THIMAI TackIMajjay YIIiH MepCcreKTHBaIbl KacueTTep/ i ycbiHaasl. CHHTE3 mporecTepi KaKeTTi IIeHKaHbIH
MOpP(}OJIOTHSIIAPEl MEH KacHeTTepiHe KOJI )KeTKi3y YIIiH TYHABIPY MapaMeTpiepiH Ao OakblIay sl KaMTHIBL.
CumaTtrama oficTepi, COHBIH INIHAE CKaHepieyml 3JIeKTpoHAsl MuKpockon (COM), aTOMIBI-KYIITIK
mukpockonn (AKM) sxeme ymbrpakynrin (YK) crexrpockommst omictepi IuieHKa MOpPQOJIOTHAICH MeH
ONTHKAIBIK KacueTrTepi Typansl TyciHik Oepeni. Cu,O mueHKamapsl VIOIH CHHTE3 IIapamMeTpliepiH
OHTAWJIAHIBIPY OJIAPABIH JIEKTPIIK KACHETTEpiH KaKcapTy YIiH 3eprrenyne. POTOdIEeKTPIiK peaKnusHbI
ommey Cu,O/CuSCN KOMITO3UTTIK IUICHKANApbIHBIH HHTepeiciHae 3apsaaThiH OeiHyiHIH KaKcapFaHbIH
kepcereni. byn HoTmkenep KyH Oarapesuiapbl TEXHOJOTHACBIHBIH AaMyBIHA BIKIAI €Tyl MyMKiH. COHBIMEH
KaTap, 3epTTey o3 3epTTeyiepin apTypii pH neHreinepinne anextponenozunusiay apkeuisl Cu,O eHOipyre
neitin  keHeWrteni. CoHmal-ak, CKaHEpNEYIN SIEKTPOHIB MHKPOCKON JKOHE PEHTIeH KYPBUIBIMIBIK
Tangaynapel TYHIBIPY MapaMeTpiiepiHiH IUICHKa MOpP(OJOrHsACH MEH KPHCTAUl KYPBUIBIMBIHA JCEpiH
AHBIKTaWIBI, OYI CHHTE3IIH XEKe TocuImepi Typaibsl KYHABI TyciHik Oepeni. Tyracrail amranma, Oy KaH-
JKaKTBl ~ 3epTT€y  KEMTIKTEpAiH TachiManiay KaOaTTapblHBIH  MaTepHalJaphIHBIH  CHHTE3l  MeH
OHTAMNIAHIBIPBUTYBIH TYCIHYII JKETUIAIpIN KaHa KOWMAWIbpl, COHBIMEH KaTap JKOFaphl THIMII JKOHE Je
TYPaKTHI KYH OaTapesuiapbl KYpbUIFBUIAPHIH XKacay OOMBIHIIA KYHIB! YCHIHBICTAp Oepei.

Kinm ce3oep: xyH OaTapesiiapbl, KEMTIKTi TaChIMaJiay KaOaTel, JIEKTP TYHIABIPY, MbIc THOLMaHAaTHI (1), MbIc
OKCHJIi, CHHTE3/IiH OHTAWIIbI IapTTaphl, OTOIIEKTPIIIK XKayall, O6JIEKTepAiH TaChIMalIaHybl.

I'.C. CeiicenbaeBa, /[.C. Kambap, A.B. 3aBropoanuii, b.P. Unbscos

YayuinieHHoe pa3jiejieHue 3apsiioB HA TPaHUIIE Pa3/lejia TOHKHX KOMIO3UTHBIX
wi1eHOK Cuy;O/CuSCN, cCMHTEe3HPOBAHHBIX METOIOM JIEKTPOOCAKICHH S

OTO0 HCce0BaHHE COCPEIOTOYEHO Ha CUHTE3€ U XapaKTepHCTHKE JbIPOYHBIX TpaHCHopTHbIX cioes (HTL)
JUISL COJTHEYHBIX 3JIeMeHTOB, B yactHocTy THouuanara Meau (I) (CuSCN) u 3akucu memu (Cu,0O), nmomyueH-
HbIX Meronamu dnekTpoocaxaeHusi. CuSCN u Cu,O obnamaroT MHOTOOOEIIAIOIMMH CBOWCTBAMH ISt (-
(exTUBHOTO TIepeHoca 3apsiia B (OTOIEKTPUUECKUX yCTpoiicTBax. [Iporiecchl CHHTe3a BKIIIOYAIOT TOYHBIH
KOHTPOJIb MapaMeTPOB OCAKACHUS IS JOCTHXKEHHs KelaeMOoW MOp(OJIOruu M CBOWCTB IUIEHKH. MeTombl
OIIpe/IeIICHUs] XapaKTePUCTHK, BKIIIOYas CKaHUPYIOUIM 3J1eKTpOoHHbINH MUKpockon (COM), aTOMHO-CHIOBOM
mukpockon (ACM) u ynbrpaduoneroByio (V®D)-CHEeKTPOCKOIIHIO, MO3BOJISIOT MONYYUTh TPEACTABICHHE O
MOP(}OJIOTUH TIJIGHKH M ONTHYECKHUX CBOWCTBaX. M3ydyeHa BO3MOXKHOCTH ONTHMHU3ALNH TapaMeTPOB CHHTE3a
wieHok CupO Juist ymydIneHus UX 3JeKTPUUECKUX CBOWCTB. Vi3amMepeHus (GoTOIIEKTPHUYECKOro OTKIMKA yKa-
3BIBAIOT Ha yJIy4IICHHE pa3/ielIeHns] 3aps/ioB Ha TpaHMIe pa3nena KoMIo3uTHbIX mieHoK Cu,O/CuSCN. Ot
Pe3yabTaThl MOTYT CIIOCOOCTBOBATH PA3BUTHIO TEXHOJIOTHH CONHEYHBIX 3JIeMeHTOB. Kpome Toro, B Xo1e uc-
clie[oBaHMS OBUTH OTpeJereHs BO3MOXKHOCTH momydeHust Cu,0 METOIOM 3JIeKTPOOCAKACHHS TIPH Pa3Ind-
HBIX ypoBHAX pH. COM- 1 peHTreHOCTPYKTYPHBII aHaIIN36I BBIIBISIIOT BIMSHUE ITapaMETPOB OCAKACHHS Ha
MOP(}OJIOTHIO IUIEHKH U KPUCTAJUTMIECKYIO CTPYKTYPY, UTO AaeT HEHHYI0 HHPOPMAIHIO I pa3padoOTKN MH-
JUBUTyaNbHBIX MTOJXOM0B K CHHTE3Y. B I1e/oM, 3T0 BceCTOpOHHEe HCCIEeOBaHHE HE TOJIBKO YIIyOJsieT mo-
HIMaHUE CHHTE3a W ONTHMH3AI[MH MAaTEePUaJOB JBIPOYHBIX TPAHCIOPTHBIX CIIOEB, HO M JaeT IIEHHBIE PEKO-
MEH/IAIHMH 10 pa3paboTke BEICOKOI((GEKTHBHBIX U CTaOMIBHBIX YCTPOWCTB HA COTHEYHBIX IEMEHTaX.

Kniouesvie cnosa. CONHEUYHBIE 3JIEMEHTHBI, CJIOU IEPEHOCA ABIPOK, BJICKTPOOCAKACHHUC, THOLIMAHAT MEIU (l),
3aKHUCb ME€IH, OIITUMAJIbHBIC YCJIOBHA CUHTE34, q)OTOSHeKTpI/I‘IeCKI/Iﬁ OTKIJIMK, IIEPEHOC YaCTUII.
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Phthalocyanine and metal phthalocyanine are hole transport buffer layers
for perovskite solar cell fabrication

This approach allows you to more accurately evaluate the performance of solar panels and identify any prob-
lems or degradation in their operation. The LUMO value of mPc closer to the LUMO value of
CH3NH;l3PbCI, increased conversion energy and short circuit current density (Ji.), which reached a maxi-
mum value of 15.97 mA/cm? using the HTL layer of CuPc, and the open circuit voltage (V) reached a max-
imum at 0.97 V. The change in Jg. corresponds to the fill factor (FF) change. The filling factor (FF) reached a
maximum value of 67.35 % when using the HTL layer of CuPc and a minimum value (FF) of 54.23 % when
using the HTL layer of H,Pc. The lowest series resistance (R;) and interface resistance (R3) of 11.2 and
39.9 Ohms, respectively, were shown with the HTL layer of CuPc, Capacitive element CPE1 — 305 pF, Ca-
pacitive element CPE2 — 0.95 pF. CPE (Constant Phase Element) is an element used in equivalent circuits to
describe the non-ideal dielectric properties of materials. The decrease in CPE1 may indicate a decrease in the
heterogeneity of the dielectric properties of the perovskite material after coating with different HTL mPc lay-
ers. This may be due to changes in structure or mutual actions between layers as a result of exposure to dif-
ferences in energy levels.

Keywords: Perovskite solar cells, hole transport layers, metalphthalocyanine, absorption spectra, photovoltaic
properties, electrical impedance spectroscopy, ion migration.

Introduction

Phthalocyanine molecules have attracted widespread attention due to their outstanding thermal and
chemical stability and other promising properties. This class of molecules is actively studied in various tech-
nologically important fields such as magnetism, sensing, and optoelectronics due to the diverse chemical
composition and aromatic structure of the molecule. MPc macrocycles (M = Co, Cu, Ni, or Fe) have fourfold
symmetry and are typically adsorbed with their molecular plane parallel to the surface on metal surfaces. In
addition, MPc is often used as a protective coating for the photoactive perovskite layer, and its high thermal and
chemical stability can be extremely beneficial for the operation of perovskite salt solar cells (PSCs) [1-4].

Perovskite solar cells have several advantages, such as high open circuit voltage and high conversion
efficiency, due to a wide optical absorption spectrum. A typical perovskite solar cell design includes titanium
oxide for electron transfer, a CH3NH3Pbl; perovskite crystal as the photoactive layer, and a N'-octakis(4-
methoxyphenyl)-9,9'-spirobi[9H-fluorene]-2,2',7 layer. 7'-tetramine (spiro-OMeTAD) for hole transfer.
However, to improve the photovoltaic properties and chemical stability, there was a need to develop materi-
als that could replace spiro-OMeTAD as the hole transport layer. In recent years, phthalocyanine complexes
have begun to be used as organic semiconductors by modifying their molecular structure, including central
metal chemical groups and electronic structures [5-7]. Phthalocyanine plays an important role in improving
semiconductivity, charge carrier mobility, recombination-free carrier diffusion, and conversion efficiency.

However, complex synthesis processes and difficulties in purifying Spiro-OMeTAD lead to increased
production costs. Moreover, due to the primary structure of Spiro-OMeTAD, all significant conversion effi-
ciencies were achieved by adding dopants and impurities, which further increases the overall cost of the de-
vices and reduces their stability. Due to this, significant efforts have been made to develop more affordable,
impurity-free alternatives using simpler syntheses. Various design strategies and various types of impurity-
free hole transport materials (HTM) have been developed. Our group first reported the use of
cuprophthalocyanine (CuPc) with MoO; as a hybrid HTM, achieving an efficiency of 8.12 %.

Metal phthalocyanines (MPcs) offer exciting potential as p-type semiconductor materials for use as hole
transport layer (HTL) materials in perovskite solar cells (PSCs). MPcs boast high electrical conductivity,
catalytic activity, and exceptional chemical and thermal stability. Furthermore, the alignment of the valence
band maximum (VBM) and conduction band minimum (CBM) levels of the MPC with the energy levels of
the perovskite and counter electrodes ensures efficient device operation [8, 9]. This strong compatibility be-
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tween the MPC and other layers of the perovskite solar cell significantly enhances its performance and sta-
bility.

Research has shown that direct contact between perovskite layers and MoO; causes an undesirable
chemical reaction. P.Schulz and his team investigated the chemical and electronic structure of the
MoOs/MAPDI; interface. They discovered that direct contact of perovskite with MoO3; leads to the reduction
of MoO; to MoO,. The alignment of energy levels at the perovskite/MoO, interface is not favorable for hole
extraction. These findings were confirmed by F. Schulz and his colleagues. They studied the chemical reac-
tion occurring at the boundary of the CH3NH3PbCll; x and MoO; layer. Changing the valency of Mo in
MoO; from Mo® to Mo*" led to an increase in the concentration of MoO,. The oxidation of Pb* to Pb*" or
the oxidation of 21" to I”® is accompanied by a change in the valence of Mo from Mo® to Mo** [10]. This
leads to the formation of regions with a high density of defects at the interface, which become recombination
centers and reduce the performance of the perovskite solar cells.

To solve this problem, we applied a metal phthalocyanine (MPc) layer as an HTL interlayer. MPc has
excellent charge transfer properties and can effectively act as an HTL. Selection and optimization of HTL
layers are challenging tasks in the research and development of perovskite solar cells (PSCs). It is necessary
to achieve a balance between electrical conductivity, hole permeability, stability, adhesion to the perovskite
layer, and other factors to achieve high efficiency and stability of solar cells [11-14].

In this study, we propose adding an extra layer of phthalocyanine and its metal complexes between the
perovskite and the hole-conducting MoO, layer in order to enhance the efficiency and stability of perovskite
solar cells (PSCs). Our plan is to investigate and optimize the composition and structure of phthalocyanine
and its metal complexes, as well as various methods for their integration into perovskite material. Additional-
ly, we intend to examine how phthalocyanine nanostructures and their metal complexes affect the efficiency
of charge carrier transport in a perovskite solar cell.

Materials and Methods

Sample preparation and deposition process

The fabrication process of the perovskite solar cells (PSCs) involves several steps, including the prepa-
ration of substrates, deposition of the electron transport layer (ETL) and perovskite layer, and deposition of
the hole transport layer (HTL) and electrode layers.

Substrate Preparation:

Glass substrates coated with a fluorine-doped tin oxide (FTO) layer are cleaned thoroughly using ace-
tone, hot deionized water, and 2-propanol. Subsequently, UV-ozone treatment is performed.

Deposition of Electron Transport Layer (ETL):

A titanium dioxide (TiO;) sol-gel solution is prepared by mixing titanium VI isopropoxide (TTIP), ace-
tic acid, deionized water, isopropanol, and nitric acid. The solution is spin-coated onto the FTO-coated glass
substrates and annealed at 500 °C to obtain a crystalline TiO, layer.

Deposition of Perovskite Layer:

A solution containing methylammonium iodide (MAI) and lead chloride (PbCl,) dissolved in
N,N-Dimethylformamide (DMF) solvent is prepared. This perovskite solution is spin-coated onto the TiO,
surface at various speeds and annealed at 90 °C to form a crystalline perovskite layer.

Deposition of Hole Transport Layer (HTL): Metal phthalocyanine (MPc) is deposited as the HTL on the
perovskite surface via thermal evaporation. Subsequently, a layer of molybdenum oxide (MoO,) is thermally
evaporated on top of the mPc layer.

Deposition of Electrode Layers: An anode layer of silver (Ag) is thermally evaporated onto the MoOy
layer to complete the device structure. Throughout the fabrication process, precautions are taken to perform
all steps in a glove box filled with nitrogen to minimize exposure to moisture and oxygen, which could de-
grade the performance of the PSCs.

The structural formulas of mPc, MAI, and PbCl,, as well as a diagram illustrating the fabrication steps
of the perovskite solar cells (PSCs) and the structure of PSCs with energy diagrams of functional layers, are
provided in Figure 1 for reference.
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Figure 1. Structural formulas (a), a scheme of perovskite solar cell fabrication steps (b)

Analysis methods

The surface topography and thickness of the samples were probed using a JEOL JSPM-5400 atomic
force microscope (AFM). The AFM data were processed using Gwyddion Data-Processing Software, a mod-
ular program for SPM (scanning probe microscopy) data visualization and analysis. To measure the local
current distribution, an AFM Solver P47 (NT-MDT) was utilized. During current measurements, a voltage
was applied to the sample, while the conductive probe covered with a gold film was grounded. The surface
topography and root mean square (rms) roughness were measured in the semi-contact mode using an NSC14
probe from Micromash, while the current was measured in the contact mode using a CSC37/Au probe from
Micromash.

The absorption spectra of the samples were measured using an AvaSpec-ULS2048CL-EVO spectrome-
ter (Avantes). A combined deuterium-halogen light source AvaLight-DHc (Avantes) with an optical range of
200-2500 nm was employed as the light source. For thermal deposition, the CY-1700x-spc-2 vacuum sput-
tering unit (Zhengzhou CY Scientific Instruments Co., Ltd) was utilized.

The impedance spectra were measured using a P45X potentiostat-galvanostat with an FRA (frequency
response analyzer) module. The current-voltage (I-V) characteristics of solar devices were measured using a
PVIV-1A |-V Test Station under light illumination from a Sol3A Class AAA Solar Simulator (Newport).

Results and Discussion

Structural analysis of the prepared films

Figure 2 presents AFM images of the HTL layer's surface composed of various phthalocyanines and
MoQO;, created through vacuum thermal deposition. The figure reveals that the HTL layer's surface morphol-
ogy, when using different metal phthalocyanines and MoOs;, exhibits a granular structure with distinct
boundaries. Given that the particle size is roughly equivalent to the film's thickness, it's evident that these
films possess a greater number of defects and pores compared to others. For instance, CoPc films with a
250 nm thickness have an average particle size of 230 nm, suggesting a substantial amount of defects and
pores. Conversely, CuPc films at 230 nm thickness have an average particle size of 110.9 nm, nearly half the
film's thickness, indicating fewer defects and pores. Determining the average particle size in H,Pc and MoO;
films is challenging, as such structures' emergence could be attributed to the glass substrate's surface charac-
teristics.
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Figure 2. AFM images of hole-transport layers phthalocyanine (a) and molybdenum oxide

Table 1
Phthalocyanine and MoO; film roughness and particle size

Sample name Thickness, nm Ra, nm davg, NM
H,Pc 220 2.75 undetermined
CuPc 230 19.88 110
ZnPc 250 19.5 200
CoPc 250 9.37 230
NiPc 270 27.28 162
MoOs; 60-70 1.11 undetermined

Optical properties

Figure 3 shows the absorption spectra of metal and nonmetal phthalocyanine nanostructures. The ab-
sorption spectra show two very intense bands in the region of 300—400 nm (B-band), which correspond to
mixed n-n* and n-zm transitions a2u—2eg and b2u—2eg, as well as an absorption band in the region of 550—
750 nm (Q-range), which corresponds to the m-n* transition alu—2eg [15]. The absorption spectrum of a
vacuum-deposited CuPc film (Fig. 3, curve 1) in the Soret region has a maximum at A=326 nm, and in the Q-
range, two bands are observed with maxima at A=616 nm and A=692 nm. The characteristic splitting of the
absorption of nanostructures in the Q-range into two peaks is associated with Davydov splitting [16].

Understanding the optical absorption spectra of thin films is crucial for revealing the band structure and
energy gap of both crystalline and amorphous structures. The substitution of metal ions in phthalocyanine, as
well as the type of metal ions, can significantly alter the absorption and the position of the bands in these re-
gions. Phthalocyanine films display distinct absorption spectra in the B-range around 300-350 nm and in the
Q-range 550-650 nm, which are influenced by the metal complex [10, 16].

The graph in Figure 3 illustrates the spectral absorption distributions of thin PC films (1-3) within the
300-900 nm wavelength range. Notably, the films exhibited over 75 % transparency in the 400-500 nm and
above 750 nm wavelength regions. It is worth mentioning that metal-free phthalocyanine (H,Pc) and nickel
phthalocyanine show a pronounced Q-band absorption region around 599 nm. Conversely, metal
phthalocyanine thin films (CuPc and ZnPc) display a red-shift in these regions. Specifically, absorption
peaks were observed at 321, 599, and 686 nm for H,Pc, 321, 602, and 693 nm for CuPc, 330, 602, and
697 nm for ZnPc, 318, 600, and 693 nm for CoPc, and 327, 599, and 681 nm for NiPc.

The Tauc plot [17] was used to calculate the optical band gap of MPc films by plotting the dependence
of (ahv)"2 on photon energy for thin films of H,Pc, CuPc, ZnPc, CoPc, and NiPc (Fig. 3b). It was found that
the bandgap for metal-free thin films was approximately 1.63 eV. Moreover, the corresponding energies for
CuPc, ZnPc, CoPc, and NiPc thin films were 1.60, 1.61, 1.65, and 1.67 eV, respectively, indicating a slight
difference.
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Figure 3. Phthalocyanine films absorbance coefficient (a), optical band gap (b),
transmittance coefficient (c) and diagram of electronic transitions (d)
Table 2
Absorbance coefficient, optical bandgap, and transmittance coefficient
sample name B-band Q-band Band gap, |Transmittance (%)
P Jomax,nm | FWHM, nm ) max, nm FWHM, nm eV in A=700 nm
599.33 83.05
H,Pc 320.89 103.41 68649 107 49 1.63 50
602.21 85.06
CuPc 321.04 79.21 693 14 115 19 1.60 70
601.70 88.11
ZnPc 329.70 90.02 697 18 10484 1.61 50
599.96 87.06
CoPc 317.91 76.03 69267 73.60 1.65 50
. 598.71 75.92
NiPc 327.23 66.84 68085 7761 1.67 70

Photoelectrical and Electrical Impedance Spectroscopy characterizations

From Figure 4 and Table 3, it can be seen that the lowest LUMO value for CuPc is 5.2 eV, which is
closer to the LUMO of the photoactive layer, resulting in improved photovoltaic performance. The device
with the HTL CuPc layer showed the highest performance with a power conversion efficiency (PCE) of
10.28 %. At the highest LUMO of -5.1 and -5.0 eV, the photovoltaic performance of PSCs showed lower
values compared to devices based on more positive LUMOs.

Decreasing the LUMO value of Pc closer to the LUMO value of CH3NH;l3PbCl, increased conversion
energy and short circuit current density (Js.), which reached a maximum value of 15.97 mA/cm? using the
HTL layer of CuPc, and the open circuit voltage (V) reached a maximum at 0.97 V. The change in J cor-
responds to the fill factor (FF) change. The filling factor (FF) reached a maximum value of 67.35 % when
using the HTL layer of CuPc and a minimum value (FF) of 54.23 % when using the HTL layer of H,Pc.
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All PSC functional layers, except the different HTL materials, were deposited under the same condi-
tions, so the observed differences in photovoltaic performance are mainly due to the properties of the
phthalocyanine HTL and the phthalocyanine/perovskite interface. The differences in the change in fill factor
(FF) and hence J, are largely due to the change in HTL mPc conductivity caused by the change in HTL mPc.
Jscis also affected by the mPc/perovskite interface. It is well known that the compatibility of LUMO energy
levels for Pc and LUMO for CHsNH;lsPbCI, reduces its resistivity and increases the conductivity of the film.
Therefore, matching the energy levels should lead to an increase in its conductivity, and in the device, this
should improve the fill factor (FF) and increase Js..

a) b)
154
5 104
< ~e— CuPc
g ~—NiPe
CH3NH3I3PbClx = 5] ——CoPe
—s—ZnPc
——HPc
0 T T T v r
0.0 0.2 0.4 0.6 0.8 1.0
V, Voltage
J R
e
7 T
\n‘
-3
: l ll II WD u Y 1|[|r, R U
3 l
-6 ) <
W
c) d)

Figure 4.The structure of the device (a), current-voltage characteristics (b), energy diagram (c),
and diagram of a single-diode model of the electrical characteristics of I0SC (d)

Table 3
Photovoltaic performance of perovskite solar cells

> Jsc Ve Jmax Vinax FF n

PSC's HTL mA/cm? Vv mA/cm? Vv % %
CuPc 15.97 0.97 13.01 0.79 67.35 10.28
NiPc 15.38 0.94 12.47 0.75 66.39 9.35
CoPc 14.59 0.93 11.98 0.77 65.26 9.22
ZnPc 14.22 0.90 11.16 0.71 61.91 7.92
H,Pc 14.76 0.87 10.88 0.64 54.23 6.96

To gain a detailed understanding of how the mPc HTL layer affects charge carrier transport mecha-
nisms, we conducted impedance spectroscopy on perovskite solar cells. The impedance spectra were ana-
lyzed and fitted using the equivalent electrical circuit depicted in Figure 5a.

EIS is a non-destructive electrical characterization technique used to study the bulk and interface elec-
trochemical dynamics of various materials with both electronic and ionic behavior, such as solar cells, vari-
ous electrochemical electrodes, batteries, and fuel cells. EIS measures the resistive and capacitive behavior
of an electrochemical system by applying an alternating current (AC) potential at different frequencies and
measuring the AC response through the cell. EIS can be used in combination with light illumination to char-
acterize solar cells under operating conditions. Various physical processes occurring in the device will mani-
fest themselves in EIS responses at different characteristic frequencies.
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Figure 5. Nyquist impedance curves and equivalent circuit diagrams (insert) (a),
and increased high-frequency region curves (b) for perovskite solar cells

To interpret the EIS, the dual time constant equivalent circuit model proposed by Garcia-Belmonte and
colleagues [18, 19] is used. The circuit is a combination of a series of external resistance (R,), including con-
tact resistance, wire resistance, and electrode surface resistance, two non-ideal capacitive elements called
constant phase elements (CPE; and CPE;,), and two resistive elements (R, and R3). The constant phase ele-
ment (CPE) impedance is given by:

1
Z .= : 1
pce T ( J(D)p ( )

T is a constant with unit F cm2, and P is related to the purity angle. The capacitive element CPE; repre-
sents a non-ideal geometric capacitance and is related to the dielectric response of the perovskite layer,
which dominates the capacitive response in the high-frequency region (> 1 kHz) of the spectra. The second
capacitive element CPE, is a low-frequency characteristic (< 1 Hz) related to the accumulation of surface
charge at the solar cell interfaces. The resistance R; is related to CPE; and is related to the charge transfer
resistance of the bulk perovskite. This is also influenced by the low-frequency transport resistance Rj is asso-
ciated with many processes such as surface resistance, storage resistance at interfaces, as well as slow pro-
cesses such as ion diffusion and resistance to trap-mediated charge recombination in the bulk.

So, it is possible to extract the parameters of the equivalent circuit under 8 mwW/cm? LED illumination
(solar simulator) from the provided experiment. These are the parameters:

The lowest series resistance (R;) and interface resistance (Rs) of 11.2 and 39.9 Ohms, respectively, was
shown with the HTL layer of CuPc, Capacitive element CPE; — 305 pF, Capacitive element CPE, — 0.95 pF.
CPE (Constant Phase Element) is an element used in equivalent circuits to describe the non-ideal dielectric
properties of materials. The decrease in CPE; may indicate a decrease in the inhomogeneity of the dielectric
properties of the perovskite material after coating with different HTL mPc layers. This may be due to chang-
es in structure or mutual actions between layers as a result of exposure to differences in energy levels.

These changes could be significant for optimizing the performance of perovskite solar cells and other
devices utilizing perovskite materials. This is because the dielectric properties of the material can impact its
electrochemical stability, energy conversion efficiency, and other important performance parameters. The
increase in CPE, may be attributed to the accumulation of ions and electrons at the interfaces as shown in
Table 4.

Table 4
The value of charge transport parameters of perovskite solar cells
PSC’s HTL R, Ohm R,, Ohm R;, Ohm P1 n; p2 n,
CuPc 11.2 1478.8 39.9 3.05:10° 1 9510 0.03
NiPc 16.1 1642.9 428.6 14107 0.96 7.4-107 0.72
CoPc 24.9 17234 339.3 7.5-10F 1 6.7:-10%° 0.86
ZnPc 24.0 1909.2 234.5 7310 0.99 49-10" 0.32
H,Pc 27.47 986.6 110.9 2.7-107° 1 1.3-10™ 0.11
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Conclusions

The decrease in CPE; may indeed indicate a decrease in the heterogeneity of the dielectric properties of
the perovskite material after coating with various layers such as HTL mPc. When coated with different lay-
ers, changes can occur in the structure of the perovskite material, as well as interactions between these lay-
ers, for example, as a result of differences in energy levels. These changes can affect the dielectric properties
of the material, including its heterogeneity. Such analysis helps to understand what processes occur at the
interface level and how they affect the electrical characteristics of perovskite solar cells.

The lowest series resistance (R;) and interface resistance (Rs) of 11.2 and 39.9 Ohms, respectively, was
shown with the HTL layer of CuPc, Capacitive element CPE; — 305 pF, Capacitive element CPE, —
0.95 pF. CPE (Constant Phase Element) is an element used in equivalent circuits to describe the non-ideal
dielectric properties of materials. The decrease in CPE; may indicate a decrease in the inhomogeneity of the
dielectric properties of the perovskite material after coating with different HTL mPc layers. This may be due
to changes in structure or mutual actions between layers as a result of exposure to differences in energy lev-
els [10, 20].

Such changes could be important for optimizing the performance of perovskite solar cells and other de-
vices using perovskite materials since the dielectric properties of the material can affect its electrochemical
stability, energy conversion efficiency, and other key performance parameters. The increase in CPE, may be
due to the accumulation of ions and electrons at the interfaces.
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T.M. Mykamerkanu, A.K. Aiimyxanos, A.K. 3elinnaeHoB

DTaTOUMAHUH KOHE MeTAT (PTAOLHAHUH KEeMTIK TaChIMAJIay b
OydepJiik KadaTTapbiH NEPOBCKUT KYH 0aTapesiapbiH OHAIpYyre naigajiany

Byn Tocin xyH GaTapesulapbIHBIH OHIMIUITIH JaJTipeKk Oaranayra jKoHE OJIap/iblH KYMBICBIHIAFBI Ke3 KeJreH
npoGiieMasiapibl HeMece JerpaialysHbl aHbIKTayFa MyMKiHIik Gepeni. @oto aktusTi Kabat CH3NH3l3PbCIy
LUMO wMmoHiHe ¥aKplH KeMTiK TackiManaaymsl mPc LUMO MoHI TypieHAipy SHEPTHsIChIH KOHE KbICKa
TYWBIKTTy TOK TBHIFBIBABIFBIH (Jg) apTTeipmel, onm CuPc kemTik TaceiManmay KaOaThIH MaiifanaHbIT
15,97 MA/cM? MakcHMalbl MOHTE KETT1 JKOHE amlbK Tiz0ek kepHeyi (Vo) MakcumyM 0,97 B-ka xerTi. Jg
e3repici Tonteipy kodddummentinin (FF) esrepyine coiikec keneni. Tonteipy koaddummenti (FF) CuPc HTL
Ka0aThIH MaiiiaaHFaH Ke3e eH >korapsl MoHTe 67,35 % sxone HyPc HTL kabarwiH maiimananraH xe3zie eH
temenri moure (FF) 54,23 % xereni. EH TeMenri cepusiibik kemepri (Ry) xouHe uHTepdeiic keneprici (Rs)
coiikecinme 11,2 sxone 39,9 Om CuPc HTL kabateimen, CPE; coiitbiMabuibik ssementi — 305 nd, CPE,
CHIMBIMABLIBIK eMeHTi — 0,95 nd kepcetinmi. CPE (Typakrsl (a3anbiK 3JIeMEHT) — MaTepuaiiapably
Uieasbl eMec TUAJIEKTPIIIK KAaCHETTEePiH CUMaTTay YIIiH S9KBHBAICHTTI Ti30eKTep/ie KOIJaHbUIAThIH 3JIEMEHT.
CPE; temenzeyi optypai HTL mPc kabGaTTapbiMeH KamnTajdfaHHAH KEiHiH MEPOBCKUT MAaTEPHATbIHBIH
IUBJIEKTPIIIK KACHETTEPiHIH reTepOreHAUTIITiHIH TOMEHIEYiH KopceTyi MyMKiH. ByJl KypbUTBIMHBIH ©3repyiHe
HEMece DJHEprusl JeHreWsepiHaeri aWbpMalIbUTBIKTAapAbIH OCEpiHEH KabaTTap apachblHOAarel ©3apa
opekeTTepre OalIaHBICTHI OOTYBI MYMKIH.

Kinm ce30ep: mIepOBCKUTTI KYH OaTapesuiapbl, OTKI3TIIITIK KEMTIri 6ap Kabar, MeTai(TalolHaHIH, KYTHUTY
CreKTpIiepi, (POTOAEKTPIIK KaCHeTTepi, UMIEIaHC CIIEKTPOCKOMHSCH, HOHIAPABIH Ke3yi.

T.M. Mykamertkanu, A.K. Alimyxanos, A.K. 3eiiHn1eHOB

HepOBCKI/ITHLle COJIHECYHbIC 3JIEMEHTHBI ¢ UCITOJIBb30BaHUEM (I)TaJIOHI/IaHl/IHa
" €ro METAJJIOKOMILJICEKCOB B Ka4eCTBE CJ10A € IIprO‘IHOﬁ NMPpOBOAUMOCTBLIO

VYka3aHHBIH B paboTe MOAXOJ IMO3BOJISIET OoJiee TOYHO OLEHHUTH PAabOTy CONHEYHBIX ITaHelIel W BBIIBHTH
mo0ble TpoOJIeMBl WM Jerpajanuio B uX padore. YMensimenne 3HadeHuss LUMO it mPc Ommke x
3nayeHnto LUMO s CH3NH3I3PbCl, mpuBeno k yBennueHHro 3Hepruu mnepeodpasoBaHHs M INIOTHOCTH
TOKa KOPOTKOTO 3ambikaHus (Jg), KOTOpas IOCTHIIa MaKCHMalbHOTO 3HaueHus B 15,97 MA/cM? mpu
ucnons3zoBanu HTL cnos CuPc, a nanpspkenue xomocroro xoma (Vo) mocturio makcumyma B 0,97 B.
U3smenenne Jg, coorBercTByeT m3MeHeHuto koddduunenta 3anonsenus (FF). Koadouuuent 3anonHenus
(FF) moctur makcumanbHoro 3HaueHust B 67,35 % npu mpumenennn HTL crmos CuPc um MuHHMMansHOro
3HaueHuss B 54,23 % mnpu wucnonb3oBanun HTL cmos HyPc. Camoe HH3K0oe mocienoBarenbHOe
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conporusieHue (R;) m comporuBnenue unrepdeiica (R3) cocraBumu 11,2 u 39,9 OM cooTBeTCTBEHHO,
MOKa3aB JIy4luid pe3ynpTat npu ucnonszoBannd HTL cnost CuPc. Emkoctabie anementsl — CPE;-305 n® u
CPE,-0,95 n®. CPE (Constant Phase Element) siBisieTcsi 3IeMEHTOM, HCIOIb3YeMbIM B 3KBHBAJICHTHBIX
cXeMax, JJIsI ONHCAHWs HEUJCaTbHBIX THIICKTPHIECKHX CBOMCTB MartepuanoB. YMenbirenne CPE; moxer
YKa3bIBaTh Ha COKpalleHHe HEOJHOPOJHOCTH AMAIEKTPUYECKUX CBOMCTB ITEPOBCKUTHOTO MaTepuaja Mmocie
nokpeitust pasnmuaaeiMa HTL crosmu mPc. OTo MokeT OBITH CBS3aHO C M3MEHEHUSIMU B CTPYKTYpe HIH
B3aMMOJICHCTBHEM MEXIY CIIOSMH M3-3a Pa3HUIIBI B SHEPTETUUECKUX YPOBHSIX.

Kniouesvie cnosa: TEpOBCKUTHBIE CONMHEYHBIE 3JEMEHTHI, CIIOH C ABIPOYHOH MPOBOJMMOCTBIO, MeTaLIO(Ta-
JIOIIMAHUH, CIEKTPHI MOTJIOLIEHH, (OTOINEKTpUIECKHE CBONCTBA, HMIIEIAHCHAs CIIEKTPOCKOMHS, MUTPALIUs
HOHOB.
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Optical properties of ZnWQO, ceramics obtained by radiation synthesis

One of the promising methods for producing ceramics from tungstate metals of the MWQO, composition is ra-
diation synthesis using powerful electron fluxes. Due to the unique properties of radiation, it was possible to
significantly accelerate the synthesis process. It has been demonstrated that ZnWO, ceramics can be synthe-
sized by acting on an electron flux with an energy from 1.4 to 2.5 MeV and a high power density of 10-
25 kWi/cm?. In this regard, studies of the optical properties of ceramic samples of zinc tungstate ZnWO, ob-
tained by this method were carried out. The morphology of the surface, X-ray diffraction spectra and optical
properties of ZnWO, ceramics obtained by radiation synthesis were studied. X-ray diffraction measurements
and EDX analysis confirmed the formation of zinc tungstate ceramics ZnWO, as a result of radiation synthe-
sis. The absorption, luminescence, and luminescence excitation spectra of synthesized samples were meas-
ured. Luminescence spectra of a reference single crystal sample were also measured. X-ray diffraction con-
firmed the formation of zinc tungstate (ZnWO,) as a result of radiation synthesis. The luminescent spectra of
the synthesized sample coincide with the spectra of crystalline ZnWO,. A comparison of the luminescence
spectra of a synthesized ceramic sample and a monocrystalline reference sample measured under different op-
tical excitation conditions shows significant differences in the luminescence spectra of the synthesized sample
and the reference sample and indicates possible various defects present in the compared samples.

Keywords: ceramics; luminescence; radiation synthesis; zinc tungstate, X-ray diffraction spectra, EDX analy-
sis, power density, optical properties of ceramics.

Introduction

Most scintillation materials used in ionizing radiation detectors are used in single crystal form. It is
known that growing scintillation crystals with high melting point is a labor-intensive and expensive
process [1]. One of the promising approaches is the replacement of single crystals by ceramic materials, for
example, on the basis of alumina yttrium garnet Y;Als0,, (YAG) with metal tungstate ceramics, the study of
which has been carried out for quite a long time [2-5]. Due to their unique scintillation properties, such as
isotropy, possibility of giving any shapes [2—-7], advantages over monocrystalline materials, optical ceramic
materials are promising scintillators and detectors and are characterized by high efficiency, mechanical and
thermal stability. In contrast to technologies for the creation of single- crystalline materials, ceramic
technology offers the possibility of fabricating highly transparent and large- sized samples at lower synthesis
temperatures with homogeneous or controlled gradient distribution of activator ions [8-16], which is its
undoubted advantage. Nevertheless, today the technological peculiarities of creating ceramic materials are
still the subject of active study.

Metal tungstamates of alkaline-earth and transition group metals of the composition MWO, (M — Zn,
Mg, Ca, Mn, Ca, etc.) with a tungstate structure have long been of practical interest because of their
attractive luminescence [17, 18]. ZnWO, has been applied as a possible new material for microwave
amplification by stimulated emission [19], scintillator [20, 21] and optical hole grating material [22], etc.
Recently, new applications of this material have emerged, including large-scale bulk scintillators for high-
energy physics [23]. In particular, ZnWOQ, is a wide bandgap semiconductor with a bandgap width close to
4 eV [24] and is a promising material for new generation radiation detectors.

However, there are still many questions that require further study of these materials, so in a number of
studies proved the existence of nanodefects confirmed by studies of luminescence LiF:WO;, MgF,:WO;,
metal tungstates [25, 26]. In crystals of tungstate luminescence is caused by the existence of their own lattice
defects, in crystals of alkaline-earth metal fluorides luminescence is caused by defects introduced with
tungsten [27, 28].
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Due to the complex of certain properties, luminescent materials are widely used. As a rule, such
substances function under conditions of high external loads and therefore they should be resistant to thermal,
mechanical, radiation effects. The most promising is the use of ceramic materials, which accumulate the
advantages of crystalline and glassy materials. However, the process of synthesizing ceramics from
refractory compounds is rather complex, involves many steps, time- and energy- consuming. Many existing
technologies for the synthesis of ceramics from refractory materials, focused on a particular type of
compounds, are characterized by low reproducibility. There is a need to develop new synthesis methods that
are more universal, efficient and controllable. It is possible to significantly accelerate the synthesis of
refractory optical materials by stimulating solid-phase reactions in the radiation field. It can be expected that
the inclusion of new effects in the synthesis process, reactions between intermediate products of radiolysis,
will not only increase their speed, but also open up new possibilities for the creation of composite materials.

One of the promising methods of synthesis of ceramics with metal tungstate of composition MWOQO, is
the method of radiation synthesis in the field of powerful electron fluxes. It is supposed to use a powerful
flow of high-energy electrons to affect wide-gap refractory materials. In dielectric materials, the main share
of radiation (99 %) is spent on the creation of electronic excitations. At high power density (up to
30 kwW/cm?), high electron energies, more than 1 MeV, high ionization density and high concentration of
intermediate products of radiolysis are created in the material volume, which leads to the development of
effective diffusion processes, solid-phase and gas-phase reactions in the charge of precursor powders. This
feature is supposed to be used in the proposed project for the synthesis of promising luminescent materials
for LED?’s, scintillators, dosimeters. The possibility of synthesis is demonstrated on the example of synthesis
of scintillation material based on MgF, activated by tungsten, YAG:Ce phosphor ceramics [29].

It is necessary to know their optical properties of scintillation materials for using them. Therefore, the
work was carried out to study the optical properties of synthesized ceramic samples of zinc tungstate ZnWQ,
synthesized by radiation synthesis.

Experimental

Zinc tungstate ceramics (ZnWOQO,) were used in this work. These samples were obtained by radiation
synthesis from WQO;, ZnO powders at the UNU Stand ELV-6 electron beam accelerator at the G.I. Budker
Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences (G.l. Budker Insti-
tute of Nuclear Physics of SB RAS). Electron beams with energies ranging from 1.4 to 2.5 MeV were used.
These electron fluxes are sufficient for synthesis of samples with sizes up to 15 cm®. More details on the
technique of sample synthesis can be found in [29]. The single crystal ZnWO, was also used as a reference
standard.

X-ray diffractograms of the samples were obtained using a Bruker D8 ADVANCE diffractometer
equipped with a scintillation detector. Sample identification was performed using a database of powder dif-
fraction files, and indexing was performed using EVA software (Bruker, 2007) and using literature data [30].

The surface structure of tungstates was investigated. The study was carried out on a scanning electron
microscope (SEM) Mira 3 (TESCAN). To prepare the material for the study, the samples were fixed on a
special conductive tape. Since the investigated samples are dielectrics, the samples were coated with a con-
ductive layer of carbon on a Quorum Q150R ES sputtering machine. The study was carried out at an acceler-
ating voltage of 25 kV. Secondary electrons (SE (secondary electrons) detector) and back scattered electrons
(BSE, back scattered electrons) detectors were used. The EDX detector, INCAPentaFET-x3, Oxford Instru-
ments, England, was used for EDX analysis.

Absorption, luminescence and luminescence excitation spectra were measured using an AvaSphere 50-
HAL-12V integrating sphere, AvaSpec- ULS2048BCL-EVO spectrometer (Avantes, Netherlands) and
Aval ight DH-S deuterium-halogen light source were used to measure absorption spectra. Luminescence and
photoluminescence excitation spectra were measured on a SM 2203 Solar spectrofluorimeter. Luminescence
spectra were also measured using an AvaSpec-ULS2048BCL-EVO spectrometer with two types of excita-
tion sources UV region of mercury lamp emission obtained with UVS6 filter (ultraviolet glass number six)
and 355 nm laser AO-355A-1W.

Results and Discussion

Initially, the surface morphology of the synthesized ceramics was studied (Fig. 1). The sample has a
heterogeneous structure and there are microparticles on the surface of the sample of various shapes and sizes.
These particles may be the particles from which the ceramics were synthesized.
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Figure 1. SEM images of the surface of zinc tungstate sample

The EDX spectrum of the sample surface was measured. The EDX spectra confirm the presence of W
(1.8, 8.2,9.5 keV, etc.), Zn (1, 8.5 and 9.5 keV) and O peaks (0.5 keV), Figure 2. The stoichiometric compo-
sition of the samples obtained from the measurements is given in Table, where, G — a mass concentration of
elements, At — an atomic concentration of elements, ¢ — a standard deviation of the measured value. The
stoichiometric composition was determined from averaged data.

Table
EDX analysis data of zinc tungstate sample
Element G, % c At, %
Zn 18,3 2,12 13,3
W 57,4 2,58 14,8
O 24,3 3,17 71,9
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Figure 2. Energy-scattering characteristic X-ray spectra of the sample

According to the atomic concentrations of elements in the sample, the stoichiometric composition of the
sample was estimated. It amounted to ZnW, 1,05 45. This composition does not significantly differ from the
required composition of ZnWQ,. The discrepancy can be related both to the accuracy of EDX analysis and
possible changes in the composition of ceramics.

The measurement map of the EDX spectra is shown in Figure 3. The elemental composition is shown in
Figure 4. Comparison of the data shows that the distribution of tungsten and oxygen is uniform. While zinc
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is not evenly distributed on the surface in the microstructure having predominantly green color in Figure 3
zinc content is reduced. In the rest of the map it is distributed quite uniformly. Thus, it can be said that the
microstructure with reduced zinc content may be various tungsten oxide compounds WO,, WO; and possibly
intermediate oxides Wy,0ss and W10y [31].

25um

Figure 3. Map of EDX analysis of the sample composition surface
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Figure 4. Map of distribution of elements (W, O, Zn) on the surface of the sample

X-ray diffractogram of zinc tungstate ZnWQO, was obtained (Fig. 5).

In Figure 5, all diffraction peaks can be attributed to ZnWQ, using a standard map (JCPDS map No. 73-
0554). No peaks from other crystallized phases were observed, which also indicated the formation of ZnWQO,
crystals [30].

X-ray diffraction and elemental composition measurements confirmed the formation of zinc tungstate
ZnWO, by radiation synthesis.
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Figure 5. X-ray diffractogram of ZnWO,

Optical properties of the ceramics were investigated. Absorption spectra were measured for the sam-
ple (Fig. 6). Since the samples are opague absorption spectra cannot be measured by standard methods.
Therefore, the measurements were performed using an AvaSphere 50-HAL-12V integrating sphere and an
AvaSpec-ULS2048BCL-EVO spectrometer. The AvaLight-DH-S compact combined deuterium-halogen
light source was used as a light source.
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Figure 6. Absorption spectrum of zinc tungstate in the wavelength range from 350 to 1100 nm

Measurement of absorption spectra showed an increase in the optical density of the samples starting
from 450 nm to 350 nm. A similar increase in the intensity of the optical density of ZnWQO, samples was also
observed in [32]. It is shown that initially observed growth of optical density of ZnWO, crystal from 420 nm
to 340 nm is associated with the presence of impurities such as iron and/or chromium [32], further from
340 nm there is an intense growth of optical density of the crystal associated with the fundamental absorption
of ZnWOq, [32, 33].

The absorption spectrum in the range from 200 nm to 350 nm could not be recorded due to the low in-
tensity of the excitation source in this region of the spectrum. For better measurement of absorption spectra
in the UV region of the spectrum, a more powerful UV source is needed.

From the absorption spectra, the energy of transitions associated with absorption in the region from 350
to 450 nm was determined. It amounted to 2.25 eV. This value may indicate the possible absorption of de-

Cepusa «dusmka». 2024, 29, 3(115) 55



G.K. Alpyssova, D.A. Afanasyev et al.

fects in synthesized ceramics ZnWO, since the width of the forbidden zone of the forbidden zone (E), ac-
cording to literature data is 3.98 eV [33].

Luminescence and luminescence excitation spectra were measured. The luminescence excitation and
luminescence spectra are shown in Figures 7 and 8, respectively.
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Figure 7. Excitation spectrum of ZnWO, luminescence with signal detection in the luminescence maximum at 494 nm
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Figure 8. Luminescence spectrum of ZnWO, under excitation by a mercury lamp at Ay = 490 nm (250-320 nm) (1)
and spectrum under excitation by a laser source at 355 nm (2)

In the excitation spectrum, a band in the region from 200 to 260 nm is observed. A band in the region of
300-320 nm with a maximum at 310 nm is also observed.

Luminescence spectra of the samples obtained at excitation in the region of 250-320 nm under excita-
tion by a mercury lamp have the following characteristics: maximum luminescence intensity Amax = 494 nm,
half-width of the luminescence spectrum A\, =46 nm. Luminescence spectra at excitation of samples at
355 nm (AO-355A-1W) shifted to the red region of the spectrum relative to the luminescence spectra of
samples excited at 250-320 nm are observed. The maximum luminescence intensity and half-width of the
luminescence spectrum were: Amax = 496 NnM, Ay, = 64 nm. The shift is 2 nm.

The presence of optical density growth in the absorption spectrum from 400 nm to 350 nm with a calcu-
lated transition energy of 2.25 eV, as well as the presence of luminescence of the sample when excited by a
laser excitation source at 355 nm shows the presence of deep defect levels. Additional information can be
obtained by comparing the luminescence spectra of the synthesized ZnWO, sample with the reference single-
crystal ZnWQ, sample.
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The luminescence spectra of a reference sample of single crystal ZnWO, were measured. The spectrum
of the reference sample is shown in Figure 9 (a, b).
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Figure 9. Luminescence spectrum of single crystal ZnWO, sample under luminescence excitation
by mercury lamp (a) and laser excitation source (b)

In the case of the reference ZnWQO, sample, the shift of the luminescence intensity maximum is more
than 100 nm between the spectrum obtained under excitation by a mercury lamp Amax: =490 nm (250-
320 nm) and the spectrum under excitation at 355 nm Anax; = 600 nm. This is an additional indirect factor
indicating high defectivity of ZnWO, samples synthesized by the radiation method synthesis. Significant
differences in the luminescence spectra of the synthesized sample and the reference sample indicate possible
different defects present in the compared samples.

Conclusion

Thus, the surface morphology, EDX analysis, X-ray diffraction spectra and optical properties of
ZnWO, ceramics obtained by radiation synthesis were studied.

On the surface of synthesized ceramic samples there are microparticles of different shapes and sizes.
These particles may be the particles from which the synthesis of ceramics was carried out. The distribution
of tungsten and oxygen is uniform on the surface of the sample. Zinc is not uniformly distributed over the
surface. It is possible that the areas with reduced zinc content may contain various tungsten oxide com-
pounds.

X-ray diffraction measurements confirmed the formation of zinc tungstate ZnWQ, by radiation synthe-
sis.

The optical properties of ceramics were investigated. From the absorption spectra the energy value of
transitions related to absorption in the region from 350 to 450 nm. It amounted to 2.25 eV. This energy value
may indicate a significant presence of defects in the synthesized sample.

The luminescence spectra of the synthesized sample correspond to those of crystalline ZnWQO,. Com-
parison of luminescence spectra of the synthesized ceramic sample and single-crystal reference sample
measured under different conditions of optical excitation indicate significant differences in the luminescence
spectra of the synthesized sample and reference sample indicating possible different defects present in the
compared samples.

This research was funded by the Science Committee of the Ministry of Science and Higher Education of
the Republic of Kazakhstan (Grant No. AP 19579177).
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I'.K. AnnsicoBa, JI.A. Adanacwes, JK.K. bakuesa, JI.A. JIucuipina,
M.T'. T'onkosckuit, A.K. Tycynoekosa, A.A. Kucabekosa, C./l. Tyneyos

Pagunanusibik cMHTE3 apKbLIbI AJbIHFaH ZnW(Q, kepaMuKaCbIHbIH
ONTHKAJIBIK KacHeTTepi

MWO, xypambIHIarsl Bolb(paMaT MeTaqapblHaH KepaMUKa aTyIblH MepCIeKTHBAIIBI 9iCTepiHiH 0ipi —
OyJ1 PIEKTPOHAAPIBIH KyaTThl aFbIHAAPBIH IaiilajlaHa OTHIPHII, PaAuasUIbK cuHTe3 aaici. CayneneHyniy
Oipereil KacHMeTTEpiHIH apKachIHIA CHHTE3 IPOLCCIH aWTapibIKTail kemenaery MyMKiH Oommbl. ZnWO,
KepaMuKachl 3Hepruscel 1,4-teH 2,5 MaB-ra aeltinri xoHe KyaTsl 10—25 KBT/cM? OFaphl THIFBI3IBIKTAFbI
JJIEKTPOHIAp aFbIHBIHA OCEp €Ty JKOJIBIMEH CHHTE3JENyl MYMKIH eKeHAIri kepceTinai. Ockiran OaillaHBICTHI
ocel omicieH anbiHFaH ZnWO,; MBIpBII BOJB(GPAMATHIHBIH KEPAMUKAIBIK YJTLIEPIHIH ONTHKAIBIK
KacHeTTepiHe  3epTTeynep Kyprisiami. Kymeicta OeTki  KabarTelH  MOpPQOJOTHACH, PEHTIEH
IUQPaKIUACEIHBIH CHEKTPJIEPi JKOHE PpaJualMsUIBIK CHHTE3 oficiMeH anblHFaH ZnWO, KepaMHKaHBIH
ONTHKAJIBIK KacueTTepi 3eprrenai. Penrren mudpakuuscen enmmey xaHe EDX tanaay paauanusuiblk CHHTE3
HoTwkeciHne ZnWO, MbIpsIl Bodb(ppamMaThl KePaMHUKACBIHBIH KAJIBIITACYbIH pacTanbl. CHHTE3IeNreH
YITiIEpAiH  CiHIpY, JIOMHUHECHCHIUS, JIOMHHECICHIMSHBI KO3IBIpY crekTpiepi emmenai. CoHmaii-ak
STAJTOHIBIK MOHOKPHCTANIBIK YITiAeri JIIOMUHECHEHIMsI cHekTpiiepi emmeHnl. Pentren mudpakiuscel
pamuanusUTBIK CHHTE3 HOTWKeciHme MBIpem (ZnWO,) Bomb(hpaMaThHBIH Taiiaa OONYBIH pacTalbl.
CuHTe3MIeNnTeH YITiHIH JIOMUHECHEHTTIK CrekTpiaepi kpucranasl ZnWO, chekTpliepiMeH ColKec KeJemi.
OnTHKANBIK KO3ABIPYIBIH OPTYPIi >KaFdailapblHAa OJIISHTeH CHHTE3JeNTeH KepaMUKAbIK YITiHIH KOHe
MOHOKPHUCTAIBIK STAaJOHABIK YITIHIH JIOMHHECHEHIHS CIEKTPJIEPIH CaNbICTBIPY CHHTE3AEITeH YITiHIH
JKOHE OTAIOHABIK YATIHIH JIIOMUHECHEHIHsS CIEKTpJISpiHIeri eneyni alblpManibUIBIKTapIbsl  JKOHE
CaJIBICTBIPBUIATHIH YITiIep e O0ybl MyMKIH SPTYpJIi akayJiap/bl KOpCeTesi.

Kinm ces30ep: xepamuKa, JIOMHHECIECHIMS, DPAAMAlVSUIBIK CHHTE3, MBIPBIII BOJNb(ppaMaTbl, PEHTTEH
JudpakUsACHHEIH cnektpiepi, EDX-Ttannay, KyaT ThIFBI3/IBIFbI, KEPAMHUKAHBIH ONTHKAIBIK KACHETTEPI.

I'.'K. AnmsicoBa, JI.A. Adanacwes, K .K. bakuesa, JI.A. JIucuisina,
M.T". T'onxosckwii, A.K. Tycyn6ekosa, A.A. Kucabekona, C./l. Tyneyos

Onruueckue coiictea ZNWO, kepaMuKH, 10JIy4YeHHOMH
MEeTO/I0M PAAMAllNOHHOI0 CHHTE3a

OnuH 13 NepCHEeKTUBHBIX METOI0B MOJIy4YeHHsI KePaMUKH M3 METaJlIoB Bosib(pamara coctaBa MWO, — 3T0
paAMalOHHBIl CHHTE3 C HCIONB30BAHMEM MOIIHBIX MOTOKOB 3JIEKTPOHOB. braromaps yHHKaabHBIM
CBOWCTBAM H3JIy4eHHUs YIAJOCh 3HAYUTENBHO YCKOPHUTh MPOLECC CHHTE3a. BBUIO MPOEMOHCTPUPOBAHO, YTO
kepamuka ZnWO, MoKeT ObITh CHHTE3UPOBaHA IyTEM BO3/ICHCTBHS Ha IMOTOK 3JIEKTPOHOB C 3Hepruei ot 1,4
mo 2,5M»dB u BeIcOKOW MmIOTHOCTRIO MomHOCTH 10-25 kBt/cM? B cBsI3M ¢ 3THM OBUIM TIPOBEIEHBI
FCCIICIOBAHUSI ONTHYECKUX CBOWMCTB KepaMHUuecKnX o0pa3unoB Boibppamara uHKa ZnWO,, MOTyYeHHBIX
JaHHBIM MeToJOoM. B cratbe ObUIM M3y4deHbl MOP(OJIOrUsS NOBEPXHOCTH, CHEKTPBI PEHTI€HOBCKOH audpak-
MU U ONTHYECKue cBoiicTBa kepamuku ZNWO, METOZOM paJMallMOHHOTO CHHTE3a. I3MepeHust peHTIeHOB-
ckoit mudpakipn 1 EDX ananus noareepannu GpopmupoBanie kepaMuku Bojbdpamara unka ZnWO, B pe-
3yJbTaTe PaJHAllMOHHOIO CHHTe3a. VI3MepeHbI CIIEKTPhI MOTJIOICHHS, TIOMUHECLCHIINH, BO30OYKICHUS JIFO-
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G.K. Alpyssova, D.A. Afanasyev et al.

MMHECLICHIIMY CUHTE3UPOBAaHHBIX 00pa3uoB. Takke H3MEPeHbI CHEKTPbI JIOMUHECLICHIIMH 3TAJIOHHOTO MOHO-
KpUCTaIMuecKoro obpasua. PeHTreHoBckas mudpakuus HOATBEpAMIa o0pa3oBaHHE Bosb(ppamaTa LUHKA
(ZnWO,) B pesynbrare pagualldOHHOTO CHHTE3a. JIIOMHHECIIEHTHBIC CIICKTPBI CHHTE3UPOBAHHOTO 00pasia
COBIIAIAIOT CO cHeKTpamMH Kpuctammieckoro ZnWO,. CpaBHeHHE CIIEKTPOB JIIOMHHECIEHIINH CHHTE3HPO-
BaHHOTO KePaMHUYECKOro 00pa3na 1 MOHOKPHCTAUTMYECKOTO 3TAJIOHHOTO 00pa3na, N3MepeHHbIE TIPH Pa3HBIX
YCIIOBHSIX ONTHYECKOTO BO30Y)KICHHS, MMOKA3bIBAaCT 3HAYMTENbHBIC PA3INYUs B CIIEKTpPax JIOMHHECICHIINI
CHHTE3MPOBAaHHOTO 00paslia M ATAJOHHOTO 00paslia M yKa3blBaeT Ha BO3MOXKHBIE pa3yIMUHbIE HE(EKTH,
UMCIOIINECs B CPaBHUBAEMbIX 00pa3Lax.

Knrouesvie crosa: kepaMuka, JIOMUHECLICHIMSA, PaJUallHOHHbIA CHHTE3, BOJb()pamMaT LHHKA, CIIEKTPbI PEHT-
TeHOBCKOH nudpakimu, EDX-aHanus, IIoTHOCTh MOIITHOCTH, ONITUYECKHE CBOHCTBA KEPAMHKH.
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Critical current density of high-temperature
superconducting ceramics BSCCO Bi-2223

In the paper the results of the study on the synthesis of high-temperature superconducting ceramics of nomi-
nal composition Bi, ¢Pbg 4Sr,Ca,Cu30, by various methods were presented based on amorphous phases using
glass-ceramic technology and solid-phase method. For comparison, amorphous phases were obtained in two
ways. In the first case, a heating furnace of a special design was developed to obtain an amorphous phase,
which provides melting without using a crucible. The heating of the initial samples for melting is carried out
due to the combined effect of the convection heat flux and the radiation of heating elements, which consists
of the IR region of the spectrum at a melting temperature in the spectral range of 1300-1350 nm. In the se-
cond case, melting is carried out under the influence of broadband optical radiation, including UV, visible and
IR spectral regions. The production of glassy precursors is carried out by draining the melt onto a quenching
device in the form of a propeller made of stainless steel. Studies of the formation rate of the superconducting
high-temperature phase Bi-2223 were carried out in the same temperature conditions at 848-850 °C with in-
termediate grinding every 24 hours and the study of the phase composition by X-ray diffraction method.
Studies showed that the glass phase-based method ensures the completeness of the formation of the high-
temperature phase Bi-2223 and the rate of its formation is significantly higher than by the solid-phase method
(2.5-3 times). Studies of the critical density of the transport current have shown that the current value is
7.05x10° mA/cm?, (measured by the criterion of 1 pV/cm), which is significantly higher compared to other
methods.

Keywords: superconductivity, glass phase, microstructure, ceramics, IR radiation, diffractogram, melt, crys-
tallization.

Introduction

High-temperature superconductors (HTS) are one of the promising materials used in various advanced
areas of industry, science and technology. Their field of application covers such diverse areas as energy,
electronics and communications, space technology, medicine, metallurgy, instrument engineering and many
others. To date, a small group of HTS systems was developed, in which metal cuprates are the basis [1-3].
Among them, the following superconducting compounds are actively used in practice — compounds based
on bismuth (Bi, Pb),Sr,CaCu,0g (Bi-2212) and (Bi, Pb),Sr,Ca,Cuz0, (Bi-2223), as well as yttrium
YBa,Cus07_ (Y123). It is known that the main parameters of HTS materials are critical temperature, critical
current and critical magnetic field. The main factors determining the parameters of these HTSPS are: the cre-
ation of the necessary phase composition, increased textures, densities, the presence of pinning centers and
others, which depend on the methods and technological conditions for their production.

Currently, various methods are used for the synthesis of HTSP — they are widespread: solid-phase syn-
thesis, chemical and cryochemical, as well as various melt methods, etc [4—7]. The results of numerous stud-
ies show that obtaining the required critical parameters is not an easy task. A definite solution to the problem
of creating HTS materials of a given phase composition with the necessary critical parameters (especially
current ones) is the use of a glass-ceramic method. This method has certain advantages over others and al-
lows you to obtain high-density ceramics with the required morphology (texture) and controlled grain size.
In [8-11], the authors obtained, using the glass-ceramics method based on amorphous precursors, HTSC
samples with increased density (the density value reached closer to the theoretical 99.5 % and higher), as
well as with a high crystallite texture (97-98 %) according to direction of the crystal plane [00I].

The glass-ceramic method can only be used for compositions having glass-forming properties during
melt quenching, which is characteristic of the bismuth system. The method was first developed in the 1990s,
but we were unable to evaluate its advantages over the solid-phase method due to the not fully elucidated
processes during crystallization from the amorphous state of the phase with high Tc (Bi-2223). The synthesis
of bismuth-based HTSP has been carried out by many researchers [12—-18]. The analysis of these studies
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showed that if the synthesis of the low-temperature superconductor Bi-2212 using glass-ceramic technology
is not very difficult, then the synthesis of the high-temperature single-phase Bi-2223 based on glass phase is
not an easy task. Traditionally, to obtain glassy precursors, the melting of the initial charge is carried out in a
crucible made of corundum or platinum. During melting, there is a violation of the stoichiometric composi-
tion, especially significantly in oxygen (oxygen vacancy), as a result, oxygen deficiency negatively affects
the Kkinetics and dynamics, as well as the completeness of the formation of a superconducting high-
temperature phase 2223. The generalized results of the work on glass-ceramic technology were discussed in
detail in the work of Abe [19], which is also noted about the lack of oxygen. In this case, cations of variable
valence are reduced to a low-valent state, especially copper Cu™—Cu" [20, 21]. Compensation of oxygen
deficiency during thermal annealing during the formation of HTS is difficult, since the rate of oxygen diffu-
sion in dense structures of glassy precursors is very low, therefore long annealing (150-400 hours) is re-
quired. In this regard, the use of a method for producing bismuth-containing superconductors based on a
glass phase that does not lead to a significant violation of the component composition (especially oxygen)
could positively affect the completeness of the formation of the high-temperature superconducting phase Bi-
2223, as well as a significant increase in the critical current density and shorten the synthesis time.

In this regard, this paper considers a method for obtaining amorphous precursors without using a cruci-
ble and synthesizing high-temperature superconducting ceramics based on them and studying their critical
parameters.

The purpose of this work was to study the formation of a superconducting high-temperature phase Bi-
2223 and the critical parameters of superconducting ceramics of nominal composition Bi; gPbg 4Sr,Ca,Cus0,
synthesized on the basis of a glass phase using an optical light flux and the study of their critical parameters.

Experimental

For the synthesis of HTSP, reagents of the “extra clean” brand with a content of the main component of
at least 99.9 % were used: Bi,O3, PbO,, SrCO;, CaO and CuO. Before preparing the mixture of components,
the reagents were calcined at a temperature of 120 °C for 2 hours.

The phase compositions of superconductor samples were determined using Bruker DBADVANCEECO
and XPertPRO X-ray diffractometers (Netherlands). Microstructural and elemental analyses of the samples
were carried out on scanning electron microscopes JEOL-6490LA (Japan) with an energy dispersion analyz-
er system “OXFORD Instruments Analytikal Limited” (Great Britain) and JSM-6390LV (Japan) with an in-
tegrated energy dispersion X-ray analyzer (EDS) (acc. voltage — 20 kV, probe current — 1.0 nA). The criti-
cal temperature and the density of the critical transport current of the sulfur-conducting samples were meas-
ured by a four-point probe method using a Cryolndustry REF-1808-ACS cryocamera cooled with helium
gas, a LakeShoreModel 340 temperature meter and a microvoltmeter. The density of the critical transport
current (Jc) was determined by the criterion of 1 pV/cm. The critical temperature was measured, also by a
non-contact method, by studying the temperature dependence of magnetic susceptibility. This method is
highly sensitive and can detect traces of HTS phases with higher Tc in superconducting samples.

Results and discussions

The synthesis of HTSP composition Bi; sPb,4Sr,Ca,CuzO, was carried out in three ways. Synthesis
based on glassy precursors obtained in a specially designed resistive furnace, which provides melting of a
mixture of samples in the form of tablets without using a crucible and simultaneous quenching of the melt by
gradually draining the melt into a quenching device. The general diagram of the device for producing glassy
precursors from a melt is shown in Figure 1.

A platinum substrate was used as a support for the initial samples. The melting of the samples was car-
ried out due to the influence of a thermal convection flow and under the influence of an IR radiant flux in the
wavelength range of 1300-1350 nm, which is emitted from heating elements at a temperature of 1200-
1250 °C. The distance of the sample from the heating elements is 10-15 mm (the method of melting by resis-
tive heating).

For comparison, there is also a synthesis based on glassy precursors obtained by melting the initial mix-
ture under the influence of a radiant flux (electric arc lamp) and simultaneous quenching of the melt by flow-
ing onto the rotating propeller of the quenching device. The spectral composition of the radiant flux consists
of intense continuous radiation from the ultraviolet, visible and infrared regions of the spectrum. In addition,
the IR region of the spectrum, along with continuous radiation, contains intense linear radiation in the wave-
length range from 800 to 1000 nm (a method of melting by a radiant flux).

62 BecTHuK KaparaHguHckoro yHuBepcuTeTa



Critical current density of high-temperature ...

a 8 7
p ) b :
- ==
o o [+] - 2
RS */ﬁl*
5 e o
o i b ﬂ
= ==
—
| I |
L —< —h

a) sectional melting devices: 1 — insulating housing; 2 and 3 — heaters; 4 — initial workpiece;
5 — substrate (platinum) with workpiece; 6 — substrate holder; 7 — ceramic rod for hanging the substrate;
8 — convection air flow; b) top view of the melting device

Figure 1. A device for producing initial glassy precursors by melt quenching

Also, the synthesis of HTSP was carried out according to the traditional solid-phase method by heat
treatment of samples in the form of tablets in an isothermal mode at a temperature of 850 °C with intermedi-
ate grinding in a planetary mill every 24 hours.

The synthesis of HTSP based on glassy precursors was carried out, subsequently, according to the solid-
phase synthesis mode, which is described above according to the scheme: grinding — pressing — thermal an-
nealing.

For the synthesis of HTS ceramics based on glass phase, glassy precursors were previously obtained us-
ing the two methods described above. Visually, the precursors did not differ in appearance. Basically, they
consisted of plates with a glassy luster (Fig. 2).

30kV ~ X6,500 2um 0000 11 55 SEI

Figure 2. Microstructure of precursors of plates of the composition Bi; ¢Pbg 4Sr,Ca,Cu30,
obtained by quenching the melt by melting by resistive heating without using a crucible

The glassy appearance of the precursors was confirmed by X-ray studies, the absence of peaks on
diffractograms. The study of the elemental composition of glassy precursor samples showed a slight
deviation from the stoichiometric composition, i.e., a decrease in the content of calcium and lead was
observed (Fig. 3, Table).
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a — spectrum of a plate obtained in a furnace; b — spectrum of a plate obtained by a radiant flow

Figure 3. Energy-dispersive spectral electron microscopy studies of plate samples
obtained by ultra-fast quenching of the melt

Table
Elemental composition of precursors
Name of the samples o] Ca Cu Sr Pb Bi Sum
Melted in the oven, wt.% 22.72 5.25 17.22 16.43 5.15 33.23 100
Fused by a radiant stream, wt.% 24.34 3.96 16.88 16.51 4.08 34.23 100

In the samples obtained by melting with a radiant flux, the deviation is slightly greater. The large
decrease in the calcium and lead content in the samples obtained using the radiant flux is apparently related
to the increased melt temperature associated with the anisotropic, one-sided effect of the radiant flux.
Visually, it can be observed that the surface of the molten sample reaches the boiling point and above. The
temperature of the boiling melt (sample surface), as measured by a pyrometer, exceeds 1500-1600 °C. The
melting time of the surface of the initial samples under the action of a radiant flux is no more than 5 seconds.
As for the melting temperature mode of the initial samples in a device with resistive melting, it can be
strictly controlled with a difference of up to 2-3 degrees. At a melting temperature of 1250 °C, the melt
begins to drip off in the form of droplets about 10 seconds after loading the initial samples inside the melting
device onto a platinum substrate. Therefore, no significant change in the cationic composition was observed.
An increase in oxygen content was observed in all precursor plates, since in both methods the melting
processes are carried out in an oxidizing atmosphere.

The synthesis of superconducting phases was carried out according to the above technological regime.
Previously, the precursors of the plate were annealed at a temperature of 750-800 °C for 10-12 hours for
recrystallization. After that, they were crushed in a planetary mill and prepared samples in the form of tablets
with a diameter of 15 mm and a thickness of 2.0-2.5 mm by pressing at a pressure of 6000 kgf/cm?,

The synthesis of HTSP samples of all three types (using a radiant flux, resistive heating and solid-phase
synthesis) was carried out in the same temperature regime and technological conditions. The dynamics of the
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formation of the superconducting high-temperature phase Bi-2223 was traced by studying the phase
composition of the samples in every 24 hours of heat treatment. Analysis of diffraction patterns revealed the
presence of superconducting phases by comparison with data from the international ASTM database. The
quantitative assessment of the superconducting high-temperature phase Bi-2223 (Ky) was determined by the
ratio of the intensities of X-ray peaks [0010] (H[0010]) and the superconducting low-temperature phase Bi-
2212 [008] (L[008]) according to the formula

Ky = (H[0010]/(H[0010]+L[008])-100 %.

After 24 hours of heat treatment, no peaks of the high-temperature phase Bi-2223 were observed in the
solid-phase synthesis sample. And after 48 hours of heat treatment, all samples consisted of superconducting
phases.

After 48 hours of heat treatment, X-ray reflections of the high-temperature phase Bi-2223 and traces of
the low-temperature phase Bi-2212 were observed on the diffractogram of the sample obtained by melting in
the furnace. In the samples obtained by the radiant method, the content of the Bi-2212 phase was about
20 %. After 72 hours of heat treatment, only reflexes related to the high-temperature phase of Bi-2223 were
present in the samples obtained in the furnace. In the samples obtained by the radiant flux, the complete
formation of the high-temperature phase occurred after 96 hours of heat treatment. Whereas in the samples
obtained by the solid-phase method, the content of the low-temperature phase was about 25-30 %.
Diffractograms of the samples after 96 hours of annealing are shown in Figure 4.
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Figure 4. Diffractograms of HTSP samples of composition Bi; Pbg 4Sr,Ca,Cuz0y
after heat treatment at 850 °C, 96 hours
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The study of the microstructure showed that the crystallites have a lamellar shape with a plate thickness

of up to 350 microns (Fig. 5).

Figure 5. Microstructure of the HTSP sample of the composition Bi; ¢Pbg 4Sr,Ca,Cus0y

obtained on the basis of the glass phase

The study of the critical temperature showed that the temperature of the beginning of the transition to
the superconducting state corresponds to 115-117 K. The critical temperature of the T, corresponds to
103 K and 105 K for samples, respectively, obtained by melting in a furnace and radiant flux (Fig. 6).

1,2

1

0,8

0,6

0,4

R(T)/R(300)

0,2

0

1,2

0,8

0,6

0,4

R(TY/R(300)

0,2

a)

&

g

250 300 350

b)

250 300 350

a — melting in a furnace; b — melting by a radiant stream

Figure 6. Curves of temperature dependence of resistance of HTSP samples
of composition Biy gPbg 4Sr,Ca,CuzOy obtained on the basis of glass phase
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Studies of the critical temperature by the method of measuring the temperature dependence of the mag-

netic susceptibility of samples obtained by a radiant flux showed that microphases with higher T. up to
150 K are present in the samples.
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Figure 7. Curves of the temperature dependence of the magnetic susceptibility of the HTSP sample
of the composition Biy Pbg 4Sr,Ca,Cus0, obtained by a radiant flux
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Figure 8. Critical density of the transport current of samples of the composition Bi; ¢Pbg 4Sr.Ca,Cus0,
obtained on the basis of the glass phase

Analysis of the results of a study on the synthesis of HTS ceramics of the composition
Biy.6Pbo.4Sr,Ca,Cuz0y, obtained on the basis of amorphous precursors by quenching the melt during melting
in a furnace without using a crucible and using a concentrated radiant flux, as well as by the traditional solid-
phase method, show that the formation rate of the superconducting high-temperature phase Bi-2223 differs
significantly. The completeness of the formation of the high-temperature phase Bi-2223 and the increased
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rate of formation when using the glass phase can be explained by the following: firstly, the homogeneous
distribution of the components; secondly, during melting and quenching of the melt, bonds between atoms
are formed during the melting process and ultrafast quenching stabilizes the amorphous phase (presence of a
short-range order), which has increased internal energy, which ensures increased reactivity; thirdly, melting
and quenching of the melt is carried out in an oxidizing atmosphere, precursors contain excessive oxygen
content, cations of variable valence (Cu. Bi, Pb) of which are oxidized to a highly valent state; Fourth, it is
necessary to take into account the effects of high-density light flux, which can contribute to the formation of
defects, changes in the energy state of atoms, etc. During crystallization of the glass phase, depending on the
temperature, the formation of the Bi-2212 or Bi-2223 structure occurs due to the ordering of atoms. At tem-
peratures below 840 °C, the Bi-2212 phase stabilizes. At a temperature of 850 °C, the Bi-2223 phase is
formed, which means that the temperature range of phase formation is narrow. A slight difference in the rate
of formation of the Bi-2223 phase based on the glass phase obtained by various methods can be explained by
the fact that the melting temperature in the furnace can be strictly controlled. When melting by a radiant flux,
the initial samples are significantly overheated (above the boiling point), which can lead to a violation of the
composition due to evaporation. In this case, cations can replace each other. In the synthesis of HTSP based
on the glass phase obtained by the above methods, the distribution of components in precursors is more ho-
mogeneous.

If we compare the glass-ceramic method, when the melt is obtained in crucibles, then melting occurs
under equilibrium conditions and the homogeneity of the components is not ensured due to the difference in
the mass of atoms, there is a significant decrease in the oxygen content. This has a negative effect on the rate
of formation of the Bi-2223 phase.

As for solid-phase synthesis, the bond between atoms is formed during heat treatment, the distribution
of components is heterogeneous, phase formation will occur due to the diffusion of atoms and the formation
of a superconducting structure, the processes are relatively slow compared to glass-ceramic methods using
the above methods.

Conclusion

Based on amorphous precursors, HTSP ceramics of the composition Bi; ¢Pb 4Sr.Ca,CuzO, were synthe-
sized. For comparative analysis, the synthesis of superconducting ceramics was carried out on the basis of
glass phases obtained by melt production without using a crucible in a furnace, melting under the influence
of broadband optical radiation and synthesis of HTSP by a solid-phase method. Studies of the dynamics of
the formation of the Bi-2223 superconducting phase have shown that the rate of its formation is significantly
higher than in solid-phase synthesis. The critical temperature of superconductors is 103 K and 105 K for
samples obtained in a furnace and water under the action of a radiant flux, respectively. It was also found
that the critical density of the transport current is significantly higher than that of superconductors obtained
by co-deposition, solid-phase synthesis, etc.
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JI.E. Ycken6aes, A.C. Horaii, A.Jl. YckeHOaes,
E.A. Horaii, A.C. Kynycos, b.E. Xam3una

BSCCO Bi-2223 :xorapbl TeMIepaTypaJibl aCKbIH 0 TKI3Tilll
KePaMHKAHBIH KPUTHKAJBIK TOK ThIFbI3IbIFbI

Kympicra Bij gPhg 4Sr,Ca,CuzOy HOMMHANAEI KYpaMBIHIAFBl JKOFAphl TEMIIEPATypaabl ACKbIH OTKi3Til
KepaMHKaHBbI IbIHBI KEPAMUKAJIBIK TEXHOJIOTHs OOMbIHIIA aMOP(THI (hazanap HeriziH/e KoHe KaTThl (hazaybIK
dJlicTieH cHHTe3/iey OOWBIHIIA 3epTTey HATIKeNepi KenTipiaren. CanblcThipy yiIiH amopGThl dazanapast amy
eKi JKOJIMEH J>Ky3ere achlpbuiibl. BipiHmi omicte, amop®Tbl (a3zaHbl anxy VIIiH THUTeNnbpAi NaiganaxOait
Oankynpl KaMTaMachl3 €TETiH apHailbl TEXHOJOTHSUIBIK KBUIBITY Melli jkacanabl. baiky yuriH GacTamksl
YJITinepai KbI3AbIpYy KOHBEKIMSUIBIK JKBUTY arblHBIHBIH JkoHe 1300-1350 HM cmekTpiik aiimakra Oajiky
TeMIlepaTypaiblK pexuMi kesiHge cnektpaiy WK aiiMarblHaH TypaThlH KBI3ABIPY 3JIEMEHTTEPiHIH
coyJeNeHyiHiH OipJIeCKeH OCepiHeH jKy3ere achIpbUIafgsl. EKiHIN omicTe OalKy CHEKTpIiH yIbTPaKYITiH,
kepiHeTiH xoHe MK aliMakTapblH KAMTHTBIH KEH YKOJAKThI ONITHKAJIBIK COYJICNIeHYiH dCepiHEeH OPbIHaIaIbL.
HIemHBl TOPi3Ai TpeKypcopiapisl ady TOT OacHmalThIH OOJAaTTaH >KacallfaH BHHT TYPIHIETI COHIIpY
KYPBUIFBICBIHA OaJKbIMAaHBIH aFybl apKbUIbl iCKe achlpbUIafbl. Bi-2223 acKplH OTKI3TilI KOFaphI
TeMmreparypanblk —(a3aHblH TY3ily OKbUIZaMabIFbiH - 3eprrey  848-850°C  temmeparypama  Oipaeit
TEMIIEpaTypajblK pexXuMmaeplae op 24 caraT callblH apajblK YHTaKTayMeH >KoHE (azanblK KypaMblH
PEHTreHIIK NUPaKIHUIBIK 9iCIeH 3epTTeYMEH KYprizunai. 3eprreynep KepceTKeHIel, MbIHbI (azackiHa
HETI3[eNreH 9IiC >KOFaphl Temreparypaisl Bi-2223 ¢a3achlHbIH TOJNBIK KAJIBIITACYBIH KaMTaMachl3 €Teal
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JKOHE OHBIH TY31J1y KbUIIAMIBIFBI KaTThI (ha3ajblK d/1icKe KaparaHia eadyip sxorapsl (2,5-3 ece). Kpurnkanbik
TOTBIHBIH, THIFBI3BIFGIH 3PTTEY KOPCETKEHIEH, TOKTEH Memepi 7,05 10°mA/eM? (1 MkB/cM ermmremiMen
eJmIereHrex), Oy 6acka oficTepMeH CalbICTHIPFaH/Ia alTapIIBIKTal JKOFaphl eKeHAITiH Olaipesni.

Kinm ce30ep: acKplH OTKI3TIIITIK, IUBIHBI (ha3ackl, MUKPOKYpBUIBIM, Kepamuka, WK coynenenyi,
JudpakTorpamma, 6anky, KpUCTaJIIaHy.

J.E. Ycken6aes, A.C. Horaii, A.Jl. YckenOaes,
E.A. Horaii, A.C. Kynycos, b.E. Xam3una

IIJI0THOCTH KPUTHYECKOT0 TOKA BHICOKOTEMIIEPATYPHOM
cBepxnpoBoasimeii kepamukun BSCCO Bi-2223

B pabote mpuBeneHs! pe3ynbTaThl HCCIEI0BAaHUS IO CUHTE3y BBICOKOTEMIIEpATypHON CBEPXIPOBOAAIIEH Ke-
PaMUKH HOMHHaJIbHOTO cocTaBa Bij gPDg4Sr,Ca,CusOy pasnuuusiMu criocobamu, Ha 0CHOBE aMOphHBIX (a3
M0 CTEKJIOKEPaMHUUYECKON TEXHOJIOTHH U 10 TBepAo(hazHOMY criocoOy. CpaBHEHHE NOTy4IeHHS aMOP(HBIX (a3
OCYILIECTBIISUIOCH ABYMs criocobamu. B mepBoM ciyuae juis nomydeHus amopdHoit ¢a3bl paspaboTana Harpe-
BaTeJIbHAS I1eYb CIHEIHaNbHOI KOHCTPYKIUH, KOTOpas oOecreunBaeT IUIaBlIeHne 0e3 MCIOIb30BaHuUs THUIJI.
HarpeB ncxoqHbIX 00pa3LoB Ay IUIABJICHUS OCYIIECTBIISUICS 38 CYET COBMECTHOTO BIMSHUS KOHBEKIIHOHHO-
IO TEIUIOBOTO ITOTOKA W M3Ty4YEeHUs] HarpeBaTeNbHbIX AJIEMEHTOB, KoTopble cocTosT u3 MK-obnactu criekrpa
[IPU TEMIIEPATYpPHOM PEXHUME TUIaBICHHS B ceKTpainbHoit oomactu 1300—1350 am. Bo BTOpOM ciaydae mias-
JICHHE PeaTn30BhIBATIOCH IOJ JEHCTBUEM IIHMPOKONOIOCHOTO ONTHYECKOTO M3TydeHHs, BKIodaromero Y-
BuanMblil 1 UK-o0mactu cniekrpa. [lomydenne cTekioo0pa3HbIX MPEKypCOPOB OCYIIECTBIBIOCH 3@ CUET CTe-
KaHHMS pacIliaBa Ha YCTPOMCTBO 3aKalK{ B BUJE NPOIENIEpa, H3TOTOBISHHOTO U3 Heprkasetomeil cramm. Hc-
CIICZIOBaHUSI CKOPOCTH 00pa3oBaHUs CBEPXIPOBOIAIICH BBICOKOTEMIIEpaTypHoii das3bl Bi-2223 ocymiectsis-
JIMCh B OJJMHAKOBBIX TEMIIEPaTypHBIX pexxumMax rnpu 848—850 °C ¢ mpoMexKyTOYHEIM H3MEIIbUCHUEM KaKJIble
24 4 n uccnenoBanueM (a3oBOro COCTaBa PEHTTEHOBCKUM JU(PaKIMOHHBIM MeTonoM. McciienoBanus moka-
3aJIM, 4TO CHOCOO Ha OCHOBE CTEKJIO(a3bl 00ecIeunBaeT MOJHOTY (OPMHUPOBAHUS BBICOKOTEMIIEPATYPHOI
¢asel Bi-2223 u ckopocTh ee 00pa3oBaHMs CYLIECTBEHHO BBINIE, YeM MO TBepaodazHomy merony (2,5-3
pa3a). MccrnenoBaHnst KpUTUYECKOH TUIOTHOCTH TPAaHCHOPTHOTO TOKA MOKA3allH, YTO BEIMYHMHA TOKa (M3Me-
perHas o kpurepuio 1 pB/em) cocraBmser 7,05-10° MA/cM?, UTO 3HAYMTENBHO MPEBBIMIACT TTOKA3AHHS IO
CPaBHEHHIO C IPYTHMHI METOJaMH.

Kniouesvle croga: cBepXIpoOBOAUMOCTB, cTekinodas3a, MUKPOCTPYKTypa, kepamuka, MK uznyuenue, nudpax-
TOrpaMMa, paciuiaB, KPUCTAIUTH3ALHs.
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Effect of HVOF method spraying parameters on phase composition and mechanical
and tribological properties of 86WC-10Co-4Cr coating

Valve components used in the petroleum industry are subjected to intense wear during operation, which leads
to a sharp decrease in their durability. Usually, the often subjected to the wear process surface of the valves is
treated by tungsten carbide cladding to improve its durability. Because of the difficulty in applying tungsten
carbide using conventional surfacing techniques, high velocity oxyfuel (HVOF) spraying technology is rec-
ommended. In this work, the mechanical, tribological properties and phase composition of 86WC-10Co-4Cr
composition coatings obtained by HVOF Termika-3 high-velocity gas-fuel spraying were investigated. Vary-
ing the technological parameters of spraying was carried out by changing the spraying distance, which led to
differences in the thickness of the coatings. The phase composition, microstructure and distribution of ele-
ments were analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM) methods. The
hardness of the samples was measured on a microhardness tester using the Vickers method, the friction coef-
ficient and the wear rate were investigated using a friction and wear tester. It was determined that the surface
of the coatings had developed character and high roughness. The results of X-ray phase analysis showed the
predominance of hexagonal WC as the major phase, with a small amount of hexagonal tungsten carbide W2C
as the minor phase, and the minor presence of cobalt oxide CoO. It was found that the increased wear re-
sistance and low friction coefficient of 86WC-10Co-4Cr coatings are explained by the high volume fraction
of hard and stable WC grains with high resistance to wear.

Keywords: wear resistance, ceramic-metal coatings, high-velocity gas-flame spraying, gate valve, carbides,
decarburization, friction coefficient, microstructure.

Introduction

Any significant annual demand of oil and gas production and refining industry for shut-off valves, as
well as the high cost of repair and preventive maintenance work determines the need to increase the actual
service life of gate valves and the duration of the overhaul period. Gate valves are one of the important ele-
ments in the transportation of oil and gas, in the process of production from the well and through a complex
network of pipelines, determining safe operating conditions and environmental protection. Gate valves used
in the oil industry cause complex problems, one of which is their tightness. The main component affecting
the tightness of the gate valve and its good performance is the gate-seat assembly. The durability of the gate
assembly is ensured by using high strength, hard materials in all wear processes (adhesion, abrasion, erosion,
cavitation and corrosion), especially tungsten carbide sprayed using the high velocity gas flame spraying
(HVOF) process [1]. Over the last decade, a significant number of studies have been published on various
HVOF gun designs such as JP5000 [2, 3], warm spray [4, 5], DJ2700/2600 [6], Jetkote 11 [7, 8], CJS [6] and
K2 [8]. These studies have mainly focused on obtaining WC-Co-Cg coatings, which are widely used under
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high tribological loading conditions for wear protection such as abrasion, contact fatigue, erosion and sliding.
An additional advantage of high velocity gas flame spraying is that it can replace electrolytic hard chrome
plating (EHC). The EHC process uses toxic chromium compounds, especially hexavalent chromium
[Cr(VID)], which is a carcinogen and poses a serious threat to the environment and human health. In addition,
the application of EHC on an industrial scale requires high requirements for industrial ventilation, electrolyte
disposal and water treatment systems, which increases safety and environmental costs [9-11]. Therefore, the
HVOF process is much more efficient than EHC. HVOF high velocity gas flame spraying method is most
often used to deposit carbide-based materials, including 86WC-10Co-4Cr, which have high performance
characteristics and are the most suitable materials to increase the service life of shut-off valve parts. High
wear resistance of gas-thermal WC-Co coatings is provided by the combination of WC as a solid component
and cobalt as a plastic binder [12-14]. To improve the corrosion resistance of WC-Co coatings, WC-Co
powders are alloyed with chromium, as the Co-Cr matrix provides higher corrosion resistance than WC-Co
materials. 86WC-10Co-4Cr- coatings have high hardness, low coefficient of friction, and their wear re-
sistance is 3...5 times higher compared to hard chromium [4, 15, 16]. On obtaining a good coating, it also
requires tuning the appropriate process parameters. Among the many parameters that strongly influence the
quality and properties of the produced coatings is the spraying distance, which is one of the key parameters.

Therefore, the present work describes the mechanical and tribological properties of 86WC-10Co-4Cr
coatings obtained at different spraying distances using the HYOF Termika-3 process.

Materials and methods

In the present work, to provide improvement of tribological properties of the “gate-seat” assembly of
the valve of pipeline fittings, sintered metal-ceramic powder of tungsten carbide in cobalt-chromium matrix
86WC-10Co-4Cr (JSC “Polema”, Tula, Russia) with particle size 15+50 microns was used. Samples from
high-alloyed, corrosion-resistant steel 30X13 were used as a substrate. Before spraying, the substrate surface
was sandblasted under pressure of 0.6 MPa using electrocorundum.

Metalloceramic coatings 86WC-10Co-4Cr with different spraying distances were obtained on HVOF
Termika-3 (PlasmaScience LLP, Ust-Kamenogorsk). Table shows the parameters of coating spraying, spray-
ing distance values and an example code. The dwell time of all three samples during spraying was 10 s.

Table
Spray coating regimes 86WC-10Co-4Cr

Example code Al A2 | A3
Spraying distance, mm 200 300 | 400
Parameter regimes on the gas control panel Optimal values
Propane-butane mixture 2.9 Bar
Oxygen 5 Bar
Compressed air 3.2 Bar

The morphology and cross-section of the initial powder are presented in Figure 1 (SEM Phenom XL,
Wroclaw University of Science and Technology, Wroclaw, Poland). The powder particles were sintered ac-
cording to the manufacturer and their size ranged from 15 to 50 um. Porosity of coatings was evaluated by
SEM images using image analysis software Altami Studio 4.0 of optical microscope Altami MET 5S (Altami
LLC, St. Petersburg, Russia). From the figure it can be seen that the powder particles are predominantly
spherical in shape (Fig. 1a). This is important from the technological point of view, as it provides a suitable
bulkiness of the powder particles during spraying. According to the SEM analysis of the powder cross-
sectional image (Fig. 1b), it is found that morphologically the structure consists of two phases with different
colors, where, polygonal WC particles have a light color and the metallic phase of cobalt-chromium (matrix)
is represented in dark gray color. The tungsten carbide particles are well distributed and embedded in the
cobalt-chromium matrix, which is in agreement with many studies in the reported literatures [17-19]. It can
also be observed that pores are present, which may facilitate heat distribution and promote better melting or
semi-melting of the particles.
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Figure 1. Morphology of the initial (a) and cross section (b) powder agglomerate86WC-10Co-4Cr

X-ray diffraction analysis (XRD) of the powders and coatings was performed on a Cu-Ka-emitting
X'PertPRO diffractometer (Philips Corporation, Amsterdam, Netherlands) (A = 0.154 nm) operated at a volt-
age and current of 40 kV and 30 mA, respectively. Measurements were performed over a 20 range from 10°
to 80°, and for the experiments the step width and exposure time were set to 0.05° and 0.5 s for each step.
The roughness of the coatings Ra after spraying was determined using a Leica DCM8 3D profilometer
(Wroclaw University of Science and Technology, Wroclaw, Poland). The microstructure of the fabricated
coatings was analyzed using a Phenom XL scanning electron microscope. For each sample 20-25 images
were taken at different magnifications. The microhardness of the samples was measured along the cross sec-
tion of the coatings (10 measurements for each type of coating) on a microtweedometer MMT-X7B
(Wroclaw University of Science and Technology, Wroclaw, Poland) at indenter loads m = 200 g and dwell
time 10 s. Tribological wear tests were carried out on a friction machine using the standard technique “recip-
rocating motion” (Wroclaw University of Science and Technology, Wroclaw, Poland), where as a
counterbody used SiC ball with a diameter of 3.969 mm and hardness HV = 2800 mm was pressed by
weights (with a force Fn) to the surface of the sample, at a load of 20 N and linear velocity of 5 mm s-1, the
length of the wear track 3 mm. The system moving the plate consisted of two bearing bodies moving in the
same direction, allowing the friction force to be shared. The actuator was an electric drive consisting of a
stepper motor and helical gear. The motion force was transferred from the larger bogie to the smaller bogie
using a strain gauge load cell. The system allowed a fixed motion of the steel plate relative to the ball with a
defined velocity Vs and displacement S. The force causing the motion FT was recorded at a frequency of
10 Hz. The kinematic diagram of the friction pair used during the tests is shown in Figure 2.

ceramic ball
steel plate
FT
| [ A t 1 | ]
] - A

Figure 2. Structural diagram of the system used for friction and wear of coatings in the plate-ball system [20]

At each stage of the series of three measurements, the steel plate (on a moving carriage) performed a se-
ries of 500 motion cycles. The motion cycle consisted of two displacements (VSya =5 mm s ™) in both direc-
tions. The movement time in each direction was 0.4 s and the load on the friction node was FN=2N. The tests
were carried out under technically dry friction conditions. The friction coefficient p was calculated based on
the average friction force FT. The average width of the wear track measured with a LEICA DCM8 micro-
scope (Wroclaw University of Science and Technology, Wroclaw, Poland) after the test was taken as the
wear value.
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Results and discussion

Figure 3 shows the cross-sectional morphology of the coatings obtained at different spraying distances:
Al — 200 mm, A2 — 300 mm, A3 — 400 mm. All coatings are tightly adhered to the substrate without any
cracks and failures and no signs of delamination were observed. The thicknesses of the coatings were
h =60 um, h =97 um and h = 35 um for samples Al, A2 and A3, respectively. According to the variation of
the spraying distance, a variety in the thickness of the coatings was observed. In all coatings, the relative po-
rosity did not exceed 1.6 %, but the lowest porosity with a value of 0.5 % was shown by the coating obtained
at a spraying distance of 300 mm (Fig. 3b). Hence, the porosity is 1.6 %, 0.5 % and 1.3 % for samples Al,
A2 and A3, respectively.

When the spraying distance is increased to 200 mm, the powder particles experience prolonged expo-
sure to heat, which may cause them to overheat and result in the formation of microporous structure in the
coating. Further, when the spraying distance is increased up to 300 mm, there is a gradual decrease in the
heat effect and more intensive material deposition, which contributes to the formation of a more homogene-
ous and low-porosity coating. When further increasing the spraying distance up to 400 mm, leads to uneven
application of the material, which is probably caused by the non-dissolution of WC in the spraying process
and rapid cooling of the particles when reaching the substrate.

Mag. FW WV Int.  Det. wo pres.
oopm 1500x  346pm 15KV Image BSDFUl  13.200mm  0.10Pa

a— 200 mm; b — 300 mm; ¢ — 400 mm

Figure 3. SEM images of the cross-sectional morphology of 86WC-10Co-4Cr coatings
obtained by varying the spraying distance

Figure 4 displays the surface roughness measurements of the coatings obtained using a Leica DCM8 3D
profilometer. Images at different depths of the focal plane were acquired and a three-dimensional image and
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a plot of the distribution of the arithmetic mean profile deviation over the surface of 86WC-10Co-4Cr coat-
ings were created from these images (Fig. 4). In the analyzed samples there is a slight change in the surface
roughness, which is characterized by a regular fine microrelief. The roughness values are 2.5 um, 2 um and
2.3 um for samples Al, A2 and A3, respectively.

a) b)
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a— Al—200 mm; b — A2 — 300 mm and ¢ — A3 — 400 mm
Figure 4. Topographic images and surface roughnesses of Ra coatings obtained with varying the spraying distance

Figure 5 shows the diffractograms of 86WC-10Co-4Cr based coatings obtained with different spraying
distances. The results of XRD analysis showed that the phase composition of the coatings consists of hexag-
onal higher tungsten carbide WC as the major phase and a relatively small fraction of hexagonal lower tung-
sten carbide W,C as the minor phase, and there are also cobalt oxide CoO peaks present, the latter two of
which were obtained as a result of thermal decomposition of the powder during spraying, which is in agree-
ment with the author's study [21]. Based on the diagram of state of the W-C double system, it can be as-
sumed that in the temperature range of 2400-2800 °C there is a loss of carbon from the WC phase, which
leads to the formation of the brittle phase W2C [22-24]. At a spraying distance of 200 mm, the particles can
have a higher temperature and velocity, which promotes a more intense decomposition of WC to W,C. This
resulted in high intensity of W,C phase in Al coating compared to other coatings. At a spraying distance of
300 mm, the particle and surface temperature, may be lower compared to the distance of 200 mm, which re-
sulted in less intensive decomposition of WC to W,C and hence lower intensity of the W,C phase in the A2
coating. At a spraying distance of 400 mm, the particle and surface temperatures may not be as high as at
closer distances. However, due to the increased residence time of the particles in the flame, they have more
time to cool down and interact with the substrate. This may favor a more intense decomposition of WC to
W,C, which in turn may lead to an increase in the intensity of the W,C phase in the A3 coating, as can be
seen in Figure 5. The formation of the CoO oxide phase is explained by the fact that the high-speed gas
flame spraying used an oxygen-propane mixture as the oxidizing gas flame medium, which leads to a more
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intense interaction between WC and oxygen. As a result, there is a partial loss of carbon, consequently, the
excess carbon formed as a result of WC dissolution diffuses into the metal matrix and forms another carbide
W,C and oxide CoO phase. Thus, the appearance of the W,C phase in the coatings can be attributed to the
partial decarburization of WC during the deposition process. This mechanism is well known for coatings
containing tungsten carbide, as confirmed by literature sources [25, 26].

100
80 s WC
] *W,C
& CoO

40

Intensity (a.u.)
T

20—-

100 H
80

60 —

40

20—-

20 30 40 50 60 70 80
260(%)
Al — 200 mm; A2 — 300 mm; A3 — 400 mm
Figure 5. Coating diagrams of 86WC-10Co-4Cr at different spraying distances

The results of measurements of average values of microhardness of coatings depending on the regime
of spraying are presented in Figure 6. The results agree with the author's studies [27, 28], i.e., the higher the
degree of decarburization (transformation of WC into W,C), the lower the hardness.

These results also correlate with the XRD data (Fig. 5), where partial decarburization is observed in Al
and A3 coatings, while less pronounced decarburization is observed in A2 coating. This is confirmed by the
disappearance of the phase in some angles (52.6 and 62.3°), which, in turn, contributed to the hardness of the
coating.
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Figure 6. Microhardness of 86WC-10Co-4Cr coatings as a function of spraying distance
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Tribological wear tests were performed on a friction machine (Fig. 2) using the standard “reciprocating
motion” technique. Figure 7 shows the wear marks observed on the coating surface after the friction machine
tests. Also shown is a graph illustrating the dependence of the wear mark width on its depth, which was ob-
tained using a Leica DCM8 3D microscope.

0 50 100 150 200 250 300 350 pm
L s 1

pm

a— 200 mm; b — 300 mm; ¢ — 400 mm
Figure 7. Wear traces observed on the surface of 86WC-10Co-4Cr coating after reciprocating wear test

As shown in Figure 7a, the coating obtained at a spraying distance of 200 mm undergoes wear to a
greater depth compared to other coatings (Fig.7b, ¢), which show signs of wear to a less significant depth.
Figure 8 present graph shows the dependence of the wear volume on the spraying distance.

THE VOLUME OF WEAR, MM?

0,00517
0,00373

200 mm 300 mm 400 mm

Figure 8. Graph of dependence of wear volume on the spraying distance
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It has been established that with the increase of spraying distance the average friction coefficient and
wear volume of 86WC-10Co-4Cr metal-ceramic coating change by jumps, taking values p =0,23369;
u=0,0562; u=0,0566 and v =0,00918 mm?; v =0,00373 mm?; v =0,00517 mm? (Fig. 8) for samples Al,
A2 and A3. It can be seen from Figure 8 that the maximum wear resistance is characteristic of the coating
obtained at a spraying distance of 300 mm, while the minimum is for the sample obtained at a spraying dis-
tance of 200 mm. The increase in wear resistance can be explained by the decrease in the content of the low-
est carbide phase W,C, which is in agreement with the results of XRD analysis (Fig. 5 (A2)). The coating
obtained at a spraying distance of 300 mm is characterized by a high-volume fraction of hard and stable WC
grains with high wear resistance. Thus, the tribological test results show that the A2 coating after high-speed
gas-flame spraying has improved wear resistance and low coefficient of friction.

Conclusions

Thus, summarizing the above results, the following main conclusions of this paper can be drawn:

High velocity gas-flame spraying of 86WC-10Co-4Cr powder at different spacing resulted in coatings
with dense structure without cracks and fractures, tightly adhering to the base.

The porosity of the coatings did not exceed 1.6 %. The lowest porosity with the index of 0.5 % was the
coating obtained at a spraying distance of 300 mm.

X-ray diffraction analysis showed that the phase composition of the metal-ceramic coatings consisted of
hexagonal WC, hexagonal W,C and cubic cobalt oxide (CoO). The average spraying distance (300 mm) re-
sulted in a less intense decomposition of WC to W,C.

It was found that the maximum microhardness (889HV,) was observed in A2 coating, which can be at-
tributed to the decrease in the W,C phase fraction, while the minimum microhardness values were observed
in Al and A3 coatings.

The roughness of the coatings practically does not change with increasing spraying distance: 2.5 um,
2 um and 2.3 pm for samples A1 — 200 mm, A2 — 300 mm and A3 — 400 mm, respectively.

The maximum wear resistance is observed for the coating obtained at a spraying distance of 300 mm
(wear volume 0.00373 mm®), while the minimum wear resistance is characteristic of the coating obtained at a
distance of 200 mm (v = 0.00918 mm?).
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b.K. Paxagunos, H. Mykranoga, J[.H. Kokimkanos, I1. KoBaneBckuit

86WC-10C0-4Cr :xa0bIHBIHBIH (pa3aJIbIK KYPaMbl MEH MEXaHUKAJbIK-
TpuOoIorusibIK Kacuerrepine HVOF aaicinin Oypky mapameTtpJiepiHin acepi

OKcIuTyatanus Ke3iHjge MyHail eHepKociOiHAe KOJINaHbUIATHIH KIanaHAApAbIH KOMIIOHEHTTEpI KaTThl TO3yFa
yIIbIpaiiapl, Oy ojapAblH OEpIKTIriHIH KYpT TOMEHJIEyiHe oKeJlelni. ©OneTTe, TOo3y IpOLEciHe KUl
YIIBIPAATHIH BICBIPMATapbIH O€Ti, oNapAbIH OepiKTiriH apTThIPY YIIiH BoJIb(paM KapOUIiH KONIaHy apKbLUIbI
OankpITyMeH eHAeneni. JlocTypii OanmKpITy TEXHOJOTHSUIAPBIH KOJIaHa OTHIPBIN, BoJb(paMm KapOumiHn
KOJIZIaHy KHUbIH OOJFaHIBIKTaH, KOFaphl *KbULAAMABIKTEI OTTeri-oThiHbIMEH Oypky (HVOF) TexHomorusceia
Konnmany ycoiHbUIansl. JKymeicta HVOF Termika-3 »xorapsl KBUIIAMIBIKTHI Ta3AbIK SKIBIHABL OYpKY
onmicimen anbiHFaH 86WC-10C0-4Cr >kaOBIHIAPBIHBIH MEXaHUKAIBIK-TPHOOIOTHSIBIK KacHeTTepi MeH
(azanpIK Kypambl 3epTTeigi. BypKymiH TEXHOJOTHSUIBIK MapaMeTpliepiHiH e3repyl OYpKY KalIbIKTHIFBIH
©3repTy apKbUIBI JKY3€Te achIPBULABI, Oy skaObIHIap IbIH KaJIbIHIBIFBIHBIH ©3TepyiHe oKeNmi. DIeMeHTTepAiH
Tapaiysl, (a3aiblK KypaMm, MUKPOKYPBUIBIM CKaHEepJIeYIi 3JeKTPOHABIK MUKpockorl (COM) jkoHe peHTTeHIIK
mudpakmus (PLl) omicrepiH KosimaHy apKbulbl TanmaHabl. ChlHaMalapIblH KaTTBUIBIFEI BHKKepc omiciMeH
MHUKPOKATTBUIBIK OJIIIETIIITE OJIIIeHAl, Viikenmic Kod(duIMeHTi MEeH To3y Hopexeci YHKeNic HeH To3y
OJILICTIIIHIH KOMeTriMeH 3epTTeiiai. JKaObiHaapabiH OeTi JaMbIFaH CHUIIATKA XKOHE JKOFaphl KeIip-OyIbIpra ue
eKCHJIIT1 aHBIKTaNAbL. PeHTrenaik ¢asaiplk Tajnay HoTHkenepi anteiOypeiTel WC-HIH Heri3ri ¢aza petinge
6acpIM OOXyBIH, anTHIOYPHIUTH Bodbdpam kapouai W,C-HiH ekiHmn ¢asa peTiHze a3 GoybIH, COHAAM-aK
CoO koOambT OKcHAIiHIH ImaMansl OomyblH KepcerTi. 86WC-10C0-4Cr >xaOBIHIApPBIHBIH —TO3yFa
TO3IMAIIrIHIH JKOFapbsl OOJyBI JKOHE TOMEH Yiikenic koddduuueHTiHe ue OONyBl KOFaphl KAaTThl JKOHE
TypakTsl WC TyHipIIiKTepHiiH >KOFapbl KeJIeMIi YJIeCiIMEeH TYCIHIIPIIeTiHI aHBIKTANIbL.

Kinm ces30ep: To3yFa TO3IMALTIK, METAIUT-KEPAMHUKAIIBIK KaOBIHAAD, JKOFAPHI KBULTAMABIKTHI Ta3KaJbIHBIMEH
OYpKy, BICEIpMa, KapOuATEp, KOMIPTEKCi3AeHY, Yiikemic K03 HUIIMEeHT], MUKPOKYPBLUIBIM.

b.K. Paxagunos, H. Mykranosa, J[.H. Kakumxkanos, I1. KoBaneBckuit

Bausnue napamerpos HanbuieHnss HVOF meTona Ha ¢ga3oBblii coctaB
U MeXaHMKO-TPpudoJI0orudecKkue cBoiicrea nokpbiTusa 86 WC-10Co-4Cr

B npouecce sxcrutyatanuy KOMIOHEHTHI KJIAIIAHOB, UCIIOIb3yeMble B HE(TSHOM MPOMBIIIIIEHHOCTH, MOABEP-
raloTCsi HHTEHCUBHOMY H3HOCY, YTO IPHBOJIUT K PE3KOMY CHIDKSHHIO MX JOJNTOBEYHOCTH. OOBIYHO IOBEPX-
HOCTH 3aTBOPOB, KOTOpas YaCcTO MOABEPKEHA MPOIIecCyY M3HOCA, 00pabaThIBAETCs HAIUIABKOW C IPIMEHEHHEM
KapOuzma Bonb(dpaMa U TOBBINICHUS €€ JIOJNTOBEYHOCTH. B cBA3WM ¢ TeM, 4TO TPyIHO HAaHOCHUTH KapOuua
BOJIb(ppama ¢ MCIIOIb30BaHHEM TPAJAUIIMOHHBIX TEXHOJIOTHI HAIIABKH, PEKOMEHTYETCsI IPUMEHSITh TEXHOJIO-
THIO BBICOKOCKOPOCTHOTO KHCIopoAHO-TorummBHOro HambuteHHs (HVOF). B manHO# paboTe mcciaenoBaHbl
MEXaHHUKO-TPHOOIOTHIECKHE CBOMCTBA M (pa3oBBIil cocTaB MOKpbITHH coctaBa 86WC-10C0-4Cr, momydeH-
HBIX METOJIOM BBICOKOCKOPOCTHOTO razoruiamenHoro HamnbuieHus HVOF Termika—3. BapsupoBaHnue TexHO-
JIOTUYECKUX MTapaMeTPOB HAMBUICHNUS OCYILECTBIISUIOCH ITyTeM M3MEHEHHUs] PACCTOSHUS HAITBUICHUS, YTO TIPU-
BEJIO K Pa3jIMYusIM B TOJIIMHE MOKPHITHH. Da30BBIil cOCTaB, MUKPOCTPYKTYpa U paclpe/ieiieHHe HIeMEHTOB
MPOAHANTU3UPOBAHBI ¢ UCIOJIb30BAHUEM METOJIOB PeHTreHOBCKoW mudpaximu (PDA), ckanupyroriei sek-
TpoHHOI Mukpockonuu (COM). TBepaocTs 00pa3oB nu3MepsIIach Ha MEKPOTBEpAOMEpPE TI0 MeToy Bukkep-
ca, KOO(QPHUIMUEHT TPEHHUS M CTENEHb H3HOCA HCCIIENOBAINCH C TIPUMEHEHNEM M3MEPHTEIST TPEHUSI U U3HOCA.
OmnpeneneHo, 4To MOBEPXHOCTh MOKPHITHI 00JIaJaeT pa3BUTBIM XapaKTEPOM M BBICOKON MIEPOXOBATOCTHIO.
Pesynprate peHTreHO(a30BOr0 aHANN3a MMOKA3aly Npeodiaganue rekcaronanbHoro WC B Ka4ecTBe OCHOB-
HOHM (a3bl, ¢ HEOONBIIMM COACPKAHNEM T'eKcaroHaapbHOro Kapouma Bonbdpama W,C B KauecTBe BTOpOCTE-
NeHHOH (ha3bl, a TaKKe HE3HAYUTEIBHOE MPUCYTCTBHE Okcuaa kobambTa CoO. YCTaHOBICHO, YTO MOBBIMICH-
Hasi U3HOCOCTOMKOCTh M HU3KUI Kod(hduimeHT TpeHus nokpbituit 86WC-10C0-4Cr 00BsCHSAIOTCS BBICOKOM
00BeMHOH Jo1ei TBepbIX 1 cTabMIbHBIX 3epeH WC, 001aJalomux BEICOKOI CTOMKOCTBIO K H3HOCY.

Kniouesvie crosa: M3HOCOCTONKOCTD, METAIUIOKEPAMHIECKHE MTOKPHITHS, BEICOKOCKOPOCTHOE Ta30IUIAMEHHOE
HaITbUICHNE, 3a/[BIDKKA, KapOu/Ibl, 00e3yriepoxuBanue, K03 GUINEeHT TpeHNsI, MUKPOCTPYKTYpa.
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Investigation of mechanical and tribological properties
of NiCrAlY/Zr0O,-Y,0; coatings obtained by detonation spraying

In this study, multilayer gradient NiCrAlY/ZrO,-Y,0; coatings obtained by detonation spraying in 1D (spot
sputtering) and 2D (full-surface scanning sputtering) modes were investigated. The structure of coatings was
analyzed using scanning electron microscopy and electron dispersion analysis, mechanical properties (hard-
ness, modulus of elasticity) were determined using various techniques. The tribological characteristics of the
coatings including abrasion resistance and coefficient of friction were also studied. It was determined that the
coatings consist of alternating layers of NiCrAlY and ZrO,-Y,03, creating a multilayer gradient structure. It
was found that the NiCrAlY layers act as a bonding element, providing interlayer adhesion, and the ceramic
ZrO,-Y,03 layer serves as a thermal barrier protecting the substrate from high temperature loads. It was
found that the coatings in 2D mode have high microhardness compared to coatings in 1D mode. It was deter-
mined that the hardness of coatings smoothly increases from the substrate to the surface layers due to the gra-
dient increase in the content of ceramic materials. It was found that coatings obtained in 2D mode have better
wear resistance and lower coefficient of friction compared to coatings in 1D mode, indicating the greater effi-
ciency of coatings in dry friction conditions and their ability to prevent wear of the substrate material.

Keywords: thermal protection coating, gradient coatings, detonation spraying, tribological properties, micro-
hardness.

Introduction

Modern industry faces the need to improve the thermal stability of various machine parts and mecha-
nisms. This is especially relevant for the aviation industry, power engineering, chemical industry and other
areas where materials are exposed to high temperatures, aggressive media and intensive mechanical wear.
One of the promising methods of improving the performance characteristics of materials is the use of thermal
protective coatings (TPC) [1-5]. A thermal protective coating usually consists of a metallic bonding layer
and a ceramic top layer of zirconium dioxide stabilized with yttrium oxide (YSZ). YSZ is often used as a top
layer for high-temperature applications such as turbine blades in jet engines due to its low thermal conductiv-
ity, excellent chemical stability, and high fracture resistance. The metallic bonding coating typically per-
forms two main functions: 1) reduces the thermal mismatch between the YSZ and the substrate, and 2) pro-
tects the substrate from oxidation and corrosion. MCrAlY (M = Ni or Ni, Co) is a widely used alloy for these
purposes [6, 7].

The main problem with the use of heat protective coatings is the difference in thermal expansion coeffi-
cients between the part and coating materials. At significant temperature gradients, this can lead to cracking
of the coating and loss of its protective properties [8-11]. The mismatch in thermal expansion coefficients
between the bonding layer and the ceramic topcoat can also cause coating failure during thermal cy-
cling [12-15]. The binder layer generally has a higher coefficient of thermal expansion than the ceramic top-
coat, resulting in stress accumulation and coating damage. To address this problem, multilayer gradient coat-
ings have been developed to equalize the coefficients of thermal expansion between the layers. Multilayer
gradient coatings offer numerous advantages over single materials due to their improved properties. Such
coatings reduce thermal stresses by evenly distributing the thermal mismatch between the metal substrate
and the ceramic top layer over a large number of layers, which increases the durability of the TPC.

Various methods are used to apply thermal protection coatings, among which the most common are
electron beam physical vapor deposition (EB-PVD) and plasma spraying. EB-PVD method allows to create
coatings with columnar microstructure, providing high resistance to thermal cycling and improved adhe-
sion [16-18]. Plasma spraying allows the formation of coatings with a lamellar microstructure, which pro-
vides good thermal insulation properties and resistance to thermomechanical stresses. Although these meth-
ods have been used with great success, they are costly and time-consuming, and coating complexly shaped
parts can be difficult or even impossible to achieve [19].
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The detonation spraying (DS) method has recently attracted increasing attention due to its high versa-
tility and efficiency in working with various materials. Detonation spraying allows to vary technological pa-
rameters and alternate powder feeding, which makes it possible to control the temperature of the powder and
the applied coating. This makes it possible to regulate the structural-phase state of the coating material and
obtain coatings with specified properties. Advantages of the method include low porosity of the coating, high
bond strength with the substrate, minimal thermal effects, which allows avoiding thermal stresses and de-
formations even in thin-walled complex parts. Due to the low porosity and preservation of the chemical
composition of the powder, as well as the possibility of application using two dispensers, the detonation
method is promising for obtaining heat protective coatings [9]. In this regard, multilayer gradient coatings by
detonation spraying have been developed in this work, and their mechanical and tribological properties have
been considered.

The purpose of this work is to investigate the hardness and wear resistance of NiCrAlY/ZrO, based
gradient detonation coatings.

Materials and methods of research

In this work, 12Kh18N10T stainless steel with dimensions of 20mm was chosen as the substrate. The
surfaces of the substrate were sanded with MIRKA brand sandpaper to achieve a smooth and even surface
and sandblasted on all sides in a Nordberd NS3 percussion chamber to improve adhesion and relieve surface
stresses.

Table 1
Chemical composition of steel grade 12X18H10T
C Si Mn Ni S P Cr Mo V Cu
0.1-0.15 | 0.17-0.37 | 0.4-0.7 >0.3 > 0.025 > 0.03 0.9-1.2 |0.25-0.35| 0.15-0.3 >0.2

Metro 233B (YSZ) and PNX20K20Y13 (NiCrAlY) powders were used to obtain gradient coating based
on NiCrAlY/ZrO,-Y,0s. The morphology of YSZ and NiCrAlY powders are shown in Figure 1 (a, b), re-
spectively. YSZ powder has a particle size range of 20-45 um, and the powder particles are spherical in
shape. PNX20K20Yul13 (NiCrAlY) powder particles have an irregular shape with a particle size of 40 um.

Figure 1. Morphology of powders YSZ (a), NiCrAlY (b)

The chemical composition of the powders is given in Table 2 and 2.1, respectively.

Table 2
Chemical composition of Metco 233B powder (YSZ)

Y,05 . . Other oxides Monoclinic ZrO,
Si0, (Max) SiO; (max) | Al,O3 (max) | Fe,O3(max) | TiO, (max) (max) (vol.% max)
7.0-9.0 0.5 0.2 0.2 0.2 0.8 <25
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Table 2.1
Chemical composition of PNX20K20Yul3 powder (NiCrAlY)
Fe Cr Ni Co Mo Al Other (Y Si Nb C)
<0,3 20 basis 20 - 13 0.01-0.15

The CCDS2000 detonation spraying complex was used to produce gradient coatings. The coatings were
applied to the samples using the CCDS2000 (computer-controlled detonation spraying) unit. Figure 1 shows
the general view of the CCDS2000 detonation unit.

a — manipulator; b — powder dispenser; ¢ — spark plug; d — dispensing plate

Figure 2. General view of the detonation unit CCDS2000

Gradient coating based on NiCrAlY/ZrO,-Y,0; were applied to 12Kh18N10T steel specimens using a
method developed by us. This method includes abrasive blasting and coatings using PNX20K20Yul3
(NiCrAlY) and Metco 233B (YSZ) powders. The treated surface is infected with a jet of heated powder par-
ticles generated in the barrel of the detonation spraying unit. Surface blasting and coating are carried out se-
guentially in different detonation spraying model using the same NiCrAlY and YSZ powders. The surface
blasting mode is selected so that the abrasive particles reach the sprayed surface in a solid state and atomize
upon impact. The coating is applied by stepwise changing the detonation sputtering mode to obtain a gradi-
ent structure in which NiCrAlY smoothly transitions to YSZ from the substrate to the surface, and the sput-
tering process includes the following continuous steps:

— first stage — volume of barrel filling with gas mixture of acetylene and oxygen 35 % molar ratio of
barrel filling O,/C,H, is 0.97;

— second stage — volume of barrel filling with gas mixture of acetylene and oxygen is 61 % molar ratio
of barrel filling O,/C,H; is 2.52.

Gradient NiCrAlY/ZrO,-Y,0; coatings were obtained by detonation sputtering in two modes differing
from each other in the number of shots and the form of application on the substrate: spot sputtering (1D),
sputtering on the whole surface (2D). The number of shots in each of the modes is presented in Table 3 and
Table 4.

Table 3
Number of shots for 1D mode

N
N

NiCrAlY | 10 6 4 4 2 2 2 2 2 2 2 2 2 2
YSZ 2 2 2 2 2 2 2 2 2 2 2 2 4 4 6 40

Table 4
Number of shots for 2D mode

NiCrAlY 5 3 2 2 1 1 1 1 1 1 1 1 1 1 1 1
YSZ 1 1 1 1 1 1 1 1 1 1 1 1 2 2 3 20
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The volume of barrel filling with burning mixture for the two modes was selected experimentally and is
the same for both modes and is presented in Table 5.

Table 5
Volume of filling the detonation barrel with combustible mixture
. . Volume of barrel filling
Coating type Molar ratio O,/C,H, with gas mixture, %
PNX20K20Yul13 (NiCrAlY) 0.97 35
Metco 233B (YSZ) 2.52 61

The study of surface microstructure and analysis of morphology of cross sections of coatings were car-
ried out using scanning electron microscopy (SEM) on MIRA3 TESCAN equipment and with the help of
energy dispersive analyzer INCA ENERGY at E.A. Buketov Karaganda University.

The hardness tester “METOLAB 502” (GOST 6507-1-"2007) was used to check microhardness by
Vickers method. The indenter used for measurement was a diamond pyramid with an angle between the two
faces of 136°. The following mode was chosen to measure hardness by Vickers method: load 0.1 kg, load
time 10 sec.

To measure the nanohardness and Young's modulus of the obtained coatings a hardness tester
“FISHERSCOPE HM2000 S was used, the principle of operation of which is based on the Martens method
(DIN EN ISO 14577-1). For the hardness test a load of 2N and a dwell time at this load of 5 sec were
chosen.

The obtained coatings with mechanical properties (Young's modulus, hardness) were investigated using
a NanoScan-4D Compact nanohardness tester (FGBU “TISNSM”, Russia). Nanoindentation of coatings was
carried out by Oliver and Farr method using Berkovich indenter at a load of 100 mN (ASTM E2546-07).

Studies of abrasive wear of samples were carried out on a special experimental stand in accordance with
GOST 23,208-79, which corresponds to the American standard ASTM C6568 [20]. In the process of these
tests, a technique based on the impact of a rotating roller on the flat surface of the specimen was used. Before
starting the experiments, the specimens were pre-treated, including degreasing steps using acetone and sub-
sequent drying. Then, a cylindrical rubber roller was pressed against the flat surface of the test specimen with
a force of 44 N, and the roller began to rotate at a speed of 1 second per revolution. Abrasive particles (200—
250 um grit electrocorundum) were introduced into the test area at a rate of 41-42 g/min. The specimens
were tested for 10 minutes, resulting in a total wear length of 28.8 mm.

To assess the wear resistance of the tested samples, their wear was compared with the reference sample
in accordance with GOST-23,208-79. The mass of samples was measured using analytical scales Gibertini
CRYSTAL 100 CE with magnetic compensation. Before each weighing, the samples were cleaned from re-
sidual abrasive particles using compressed air. Assessment of material wear was carried out by measuring
the change in mass of the samples during the tests in accordance with the requirements of GOST-23,208-79.

The reciprocating friction tests were performed using a TRB? tribometer from Anton Paar Srl, based in
Peseux, Switzerland, using the standard ball-to-disk technique in accordance with ASTM G 133-95 and
ASTM G99. A WC ball with a diameter of 6.0 mm was used as a counterbody. A load of 10 N and a full
amplitude of motion of 5 mm with a frequency of motion of 7.50 Hz was selected. The length of the friction
path was — 300 m. Then with the help of profilometer were measured the area of wear trace and by substi-
tuting the obtained values into the formula were calculated the values of wear volume, on the basis of the
data obtained with the help of profilometer were created profilograms. Then, using specialized software, the
coefficient of wear intensity for the studied coatings was calculated.

Results and Discussion

Scanning electron microscopy (SEM) results showed that the coating consists of alternating layers of
NiCrAlY and ZrO,-Y,0;. The ZrO,-Y,0;3 layer is located on the surface of the coating and acts as a thermal
barrier layer, while the NiCrAlY layer serves as a bonding element between the substrate and the ceramic
layer underneath the coating. The coating has a multilayer structure obtained by alternating layers of differ-
ent materials. Several intermediate layers consisting of PNX20K20Yul3 and YSZ powders are present be-
tween the main layers. The electron dispersive spectral (EDS) analysis of the coatings in terms of the content
of individual elements for the 1D mode is shown in Figure 3, and for the 2D mode in Figure 3.
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The map of element distribution in the NiCrAlY/ZrO,-Y,0; gradient coating shows how the concentra-
tion of elements varies with the depth of the coating. This allows to evaluate the quality and homogeneity of
the gradient transition between layers. The results of cross-sectional mapping of the studied samples showed
the presence of the main elements of the coatings Zr, O, Ni, Cr, Al, Y and substrate Fe, with no extraneous
impurities. The thickness of the layers varied depending on the number of detonation sputtering shots. The
coating thickness was 273.72 + 1.26 um for sample 1D1 and 963.67 + 13.59 um for sample 2D2. Figure 3
also shows a gradual decrease in the NiCrAlY content from the substrate to the coating surface, while the
YSZ content gradually increases. The study of the element distribution map confirmed that alternating layers
of different materials helps to improve adhesion and reduce the probability of thermal stresses during coating
operation. The thermal barrier properties of the coating due to the presence of the ZrO,-Y,0; layer provide

effective protection of the substrate from high temperatures.

a — mode 1D; b — mode 2D

Weight%

l\\"“\
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164

189

®Zr O mNi 8Cr wAl wFe

Figure 3. Element distribution map in NiCrAlY/ZrO,-Y ,03 gradient coating

Y

The results of hardness measurements by the Martens method on a Fisherscope HM 2000 hardness test-
er are presented in Table 6.

Table 6

Results of hardness measurements according to the Martens method

Mode 1D Mode 2D
No HM [N/mm?] Eit/1-v* [GPa] No HM [N/mm?] Eit/1-v’ [GPa]
1 3873.2 100.0 1 4658.3 111.1
2 4262.1 121.6 2 3398.4 87.9
3 3466.4 100.4 3 4153.9 109.5
4 4202.4 120.9 4 4733.0 122.0
5 3611.0 89.6 5 4853.3 129.8

The results show that the coated samples obtained using 2D mode have the highest hardness with an av-
erage hardness (HM) value of 4359.4 N/mm? and an average modulus of elasticity (Eit/1-v?) of 112.1 GPa.
In turn, the samples obtained using 1D mode have an average Martens hardness value of 3957.9 N/mm? and
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a modulus of elasticity of 108.6 GPa. The values for both samples are significantly higher than the hardness
of the substrate material, which is 2002.03 N/mm? on the Martens scale. From these values, it can be con-
cluded that these coatings significantly increase the hardness of the specimen. Investigation of the elastic
modulus value showed that the original sample has a value of 186.86 GPa. The decrease in the elastic defor-
mation ability of the sample is due to the presence of ZrO,-Y,0; ceramic layers in the coating.

To determine the hardness of individual layers of the gradient coating, microhardness was investigated
by the Vickers method [21]. The arithmetic mean of three measurements in each of the investigated layers
was taken as the final values, since due to the design features of the device and the small thickness of the
individual layers, the indenter trace was left on the bordering layers. The microindentation results show a
clear pattern of increasing hardness values from the substrate to the YSZ surface layer. This trend is ob-
served in both coatings. The hardness increases smoothly with each layer due to the gradient increase in ce-
ramic content in the coating. The results of Vickers microhardness analysis for individual layers are present-
ed in Figure 4. For convenience, cross-sectional images of two samples with indentation traces obtained with
an Altamy Met 5C metallographic microscope were presented.

1D

893,5
YSZ

1| Adjacent layers

NICrAlY
12KLISNIOT R 254,7

0 200 400 600 800 1000

2D

N 986,6
YSZ
Adjacent layers M 740,2
Nicraly [N 547,6

12Kh18N10T - 279,3

0 500 1000 1500

a— 1D mode; b — 2D mode
Figure 4. NiCrAlY/ZrO,-Y,05 gradient coatings in cross section

In addition to hardness determination, to study the protective properties of gradient coatings in two
modes, the resistance to wear under dry friction against non-rigidly fixed particles was investigated accord-
ing to GOST 23.208-79. The results of relative wear resistance were determined. According to the results of
wear resistance studies the following values were obtained: the value of relative wear resistance for the 1D
mode is 3 times higher than for the 2D mode and amounted to 0.97, while for the coating in the 2D mode this
value amounted to 0.30. Figure 5 shows the footprints after WR measurement. The width of the trace for
both modes was 1.5 cm. Visually, it can be seen that the abrasion test trace is deeper for mode 1D than for
mode 2D, indicating the greater stability of the coating in mode 1D (Fig. 5).
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a— 2D mode; b — 1D mode
Figure 5. Traces after relative wear resistance measurement

Figure 6 shows the time dependence of the friction coefficient of detonation multilayer gradient coat-
ings. The average value of the friction coefficient of the sample in the first mode is 0.215 £ 0.048, and no
coating failure was observed until the sliding distance reached 400 meters (or 4000 seconds). For the second
specimen, the coefficient of friction was 0.584 + 0.130. This value is higher than that of the first specimen,
which may indicate its less effective thermal protection or sliding wear capability. The roughness and micro-
hardness values can affect the tribological characteristics of the samples [22]. The increase in surface rough-
ness of sample 1D compared to sample 2D leads to a decrease in the actual contact area of the interacting
bodies, which also leads to a decrease in the coefficient of friction.
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Figure 6. Graph of dependence of friction coefficient on friction path for both regimes

To determine the coefficient of wear intensity, profilograms were obtained on a Surtronic S128 abhvs
TAYLOR HOBSON profilometer. According to the measurement results, the roughness for the sample with
1D mode was 4.62 um, and for 2D mode — 5.23 um. The profilograms are presented in Figure 7. The Kii
value for the 1D sample was 5.226E-005 [mm?/N/m], for the 2D sample the same value was 6.805E-
006 [mm?*N/m]. These parameters show the resistance of the obtained coatings to friction wear, as the results
show the coating in 1D mode is more resistant to friction and wear.
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a— mode 1D; b — mode 2D
Figure 7. Profilograms for modes

Conclusion

The following conclusions can be drawn from the studies of gradient multilayer NiCrAlY/ZrO,-Y,0;
coatings obtained by detonation sputtering:

SEM and EDS analysis results confirmed the presence of a clear boundary between NiCrAlY and ZrO,-
Y,0; layers, as well as intermediate layers consisting of PNX20K20Yul13 and YSZ powders. The elemental
distribution map showed a homogeneous gradient transition between the layers, which is important for the
thermal barrier properties of the coating. Hardness studies by the Martens method and microhardness by the
Vickers method showed a significant increase in the hardness of the coated samples compared to the original
substrate material. The samples obtained in 2D mode showed higher hardness and elastic modulus compared
to those obtained in 1D mode. The results of wear resistance and coefficient of friction tests showed that the
coatings obtained in 1D mode had higher wear resistance and lower coefficient of friction compared to those
obtained in 2D mode. This indicates a better behavior of the 1D coating under dry friction and abrasion.
Measurements of roughness and wear intensity coefficient showed that coatings obtained in 1D mode have
lower roughness and higher wear resistance compared to coatings obtained in 2D mode.

In general, the developed NiCrAlY/ZrO,-Y,05-based gradient coatings exhibit high hardness, good ad-
hesion, excellent thermal barrier properties and high wear resistance. These coatings can be effectively used
to protect steel components operating under high temperature and abrasive wear conditions.
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I.b. byiitkenos, XK.b. Carnonauna, JI.I'. Cymo6aeBa, A.b. Hobuonauna, H.C. Paiico

JeTtoHanmusiiabIK 0ypKy aaicimen anbinFan NiCrAlY/ZrO,-Y,0; :ka0dbIHIaP bIHBIH
MEeXaHUKATBIK-TPHOOJIOTHSUIBIK KacCHEeTTEPiH 3epTTey

XKymeicra 1D (6ip opeiHma HykTemik Oypky) skoHe 2D (ckaHepney apkbUibl Oykin OeTke OypKy)
pexuMIepiHae AeTOHAMSIBIK OYpKy apkbuibl ansiaFal NiCrAlY/ZrO,-Y,0; ken KabaTThl TPAAUSHTTI KbLLY
KOPFaWTBIH JKaObIHAAphl 3epTTenreH. CkaHepneyml 3aeKTpoHabl Mukpockorus (COM) MeH 37IeKTpOHIIBI
JUCIEPCUSIIBIK TaAay/ bl KOJIIaHa OTHIPBII, )KaObIHAApAbIH MUKPOKYPBIIBIMBIHA TaJIIay XKYpPri3inai, spTypii
omicTepi, cOHBIH imiHme Bukepc omici MeH MapTeHC 9IiCiH KOJJIaHa OTBIPHIN, MEXaHHKAJbIK KacHeTTepi
(KaTTBUIBIK, cepmimMautik Moxymi) 3eprrenii. CoHpmaii-ak, >kaOBIHIApPABIH TPUOOJIOTHSUIBIK CHIIATTaMalapHl,
COHBIH iMIiHAE a0pa3mBTi TO3YFa TO3IMIUIIK KoHE YiKeTic KOdQ(HUIIHEHTI 3epTTey JKYMBICTapBI KYPTi3iiAreH.
XKabemmap NiCrAlY xone ZrO,-Y,0; HeriziHzeri aysicmanbsl KabaTTapblHaH TYPATHIHBI COHIAN-aK, KOl
Ka0aTThl TPaJAMEHT KYPBUIBIMBIH jkacalThiHbl Oenrimi Oommbl. NiCrAlY »xaObiH KabaTTapbl KabaT apajbIk
a/re3usiHbl  KAMTaMachl3 €TeTiH OalaHBICTBIPYINBl (QYHKUUSIHBI OpPBIHIAWTBHIHBL Oenrimi, an ZrO,-Y,03
KepaMHUKaJbIK KabaThl TOCCHIIITI )KOFaphl TeMIeparypa XYKTeMelepiHeH KOPFAaiThIH TePMUSUTBIK TOCKAYBLT
perinae kp3meT ereni. 2D pexxuMinae anbiHFaH jxabbiHaap 1D pexxuminaeri xaObIHAAPMEH CalbICTBIPFaH/Ia
JKOFapbl MHKPOKATTBUIBIKK MOHIH KepcerTi. KepamukanblK MaTepHaliapiAblH KypaMbIHbIH TI'DaJHEHTTI
WIFalObIHA OalIaHBICTHI KAaOBIHAAP/IBIH KATTBUIBIFEI TOCCHIITEH OCTKiI KabaTTapra JCHIH OipKeNKi eceTiHi
Oenrimi Gonmmel. 2D pexuMiHAE aNbIHFAH >KAOBIHIAPABIH TO3YFa TO3IMALIINT >KOFapsl eKkeHi jkoHe 1D
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pexuMinaeri jxaOblHIAPMEH CajbICThIpFaHaa Yiikedaic Kod()(GHULUUEHTI TOMEH eKEHIIr aHBIKTalIbl, Oy
3epITey HOTIDKeNepi OOMBIHINA Kyprak YHKeJic »XafjaiblHIa >KaObIHOApAbIH YJIKeH THIMIUIITH JKoHE
OJIapAbIH TOCCHIII MaTePHANbIHBIH TO3YBIH OONIbIpMay KabileTiH KepceTei.

Kinm  co30ep: >XpuUTymaH KOpPFaWTBIH KaOBIHAAp, TpPAAUEHT >KaOBIHAApHI, IETOHAISIBIK OYpKY,
TPHUOOJIOTHSITBIK KACHETTEPi, MUKPOKATTBLIBIK.

JI.b. byiitkenos, XX.b. Carnonauna, JI.I'. Cymo6aeBa, A.b. Habuonauna, H.C. Paiico

HccienoBanue Mexanuko-Tpudoaorndeckux coiicte NiCrAlY/ ZrO,_Y,0,
MOKPBITHIA, MOJYYeHHBIX METOOM €TOHAIIMOHHOT0 HANbLIEHHS

B crarbe u3ydensl MHOrocnoiHbIe rpagueHTHBIe NiCrAIY/ZrO,—Y,03, mony4eHHble METOIOM JAETOHAIHOH-
HOT'O HambUICHUS B pexkuMax 1D (TouedHoe HampUIeHHWE B OAHOM MecTe) U 2D (HambuieHHE Ha BCIO MTOBEPX-
HOCTh CKaHUpOBaHHEM). [IpoBeaeH aHaIM3 CTPYKTYpPbI MOKPHITUI C HCIOJIb30BAaHHEM CKAaHHMPYIOIICH >JeK-
TpoHHO# MuKpockomud (COM) U 3JIEKTPOHHO-AUCIICPCUOHHOTO aHAITN3a, ONPEICICHBI MEXaHHUECKHE CBOM-
cTBa (TBEPAOCTh, MOIYJb YIPYIOCTH) C IIPUMEHUEM PAa3IMYHBIX METOAMK, BKIIOYas MeTo] Bukkepca u Me-
Tox MapteHca. Taxke H3ydeHbl TPHOOJIIOTHIECKHE XapaKTePUCTHKH OKPBITHH, BKITFOYast aOpa3suBHYIO H3HO-
cocToikocTh U Kod(duuneHT TpeHus. OIpenesieHo, YTO IOKPBITHS COCTOAT M3 YEPeHyIOLINXCS CIOEB
NiCrAlY u ZrO,.Y,0;, co3maBas MHOTOCTOHHYIO TPaJHCHTHYIO CTPYKTYpY. YCTaHOBJEHO, YTO CIIOU
NiCrAlY BHIMOTHSIOT QYHKIHIO CBA3YIOLIETO 3JIEMEHTa, 00eCIIeUnBas MEKCIOCBYIO alre3uio, a KepaMmude-
ckuii cioit ZrO,—Y ,03 cIay:KUT TepMoOapbepoM, 3aIIUIIAIONIAM TIOUIOKKY OT BHICOKHX TEMITEpaTypHbIX Ha-
TPY30K. Y CTaHOBIJICHO, YTO MOKPHITHA B pexxiMe 2D 00magaroT BRICOKOH MUKPOTBEPAOCTHIO TI0 CPAaBHEHHIO C
HOKpPHITHSIMH B pexkxuMe 1D. OmnpezneneHo, 4To TBEPAOCTh MOKPHITHIT IIIABHO YBEIMYUBACTCS OT ITOUIOKKH K
MOBEPXHOCTHBIM CJIOSIM OJlarofaps TPaIdieHTHOMY YBEIHYSHHUIO COJEp)KaHUs KePaMHYECKHX MaTepHajoB.
VYcTaHOBIIEHO, YTO MOKPHITHUS, HOJyYeHHBIE B pexnme 2D, o0nanaroT sydmeld M3HOCOCTOMKOCTBIO U Oojee
HHU3KHM KO3 (UIIMEHTOM TPEeHHS 10 CPABHEHHIO C TIOKPHITHAMH B pexxuMme 1D, 4To yka3pIBaeT Ha OOJIBIIYIO
3¢ (EKTHBHOCTH TOKPHITHI B YCIOBHUAX CYXOTO TPEHHUS U MX CIIOCOOHOCTH MPENOTBPAIAaTh U3HOC MaTepHaia
TIOJUTOKKH.

Kniouesvie crosa: TeNno3anMTHOE MOKPHITHE, TPAIUEHTHBIE MOKPHITHA, IETOHAIIMOHHOE HaIbUICHHE, TPHOO-
JIOTUYECKUE CBOICTBA, MUKPOTBEPAOCTD.
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Research of heat conductivity of quartz material

In the article the results of a study of heat conductivity and thermal resistance of quartz-containing materials
were presented. The object of the study was a quartz mineral from the Aktas deposit, located in the Ulytau
district of the Karaganda region. The initial size was a piece of quartz mineral measuring 5-10 mm, which
was disassembled mechanically. To prepare the samples under study, quartz powder 0.2 mm thick, crushed
by the electric pulse method, was used. Electropulse technology is one of the methods based on the influence
of Yutkin, accompanied by the formation of a specially formed high-voltage pulsed electrical discharge inside
a volume of liquid. The pulse discharge frequency of the electrohydropulse installation for grinding the
mineral to the required fraction was f = 3 Hz, the pulse capacitor capacitance C = 0.4 pF, the pulse discharge
voltage U = 18-37 kV. The samples under study were made in the following dimensions: width 100 mm,
length 100 mm, height 25 mm. To evaluate the thermophysical properties of manufactured samples in a
stationary mode, the ITP-MG4 “100” installation was used, which determines the heat conductivity and
thermal resistance of materials for thermal insulation of industrial equipment and pipelines in accordance
with GOST 7076, based on the thermoelectric method, and GOST 30256, based on the thermal probe method.
As a result of the study, a graph of the temperature dependence of heat conductivity and thermal resistance of
quartz-containing materials was obtained. Based on the results obtained, it was established that the
thermophysical parameters of the sample containing quartz are lower compared to the sample consisting of
cement.

Keywords: heat conductivity, thermal resistance, quartz powder, electrical pulse, granulometric composition.

Introduction

Currently, there is a large number of building structures that provides the required level of thermal pro-
tection of buildings [1]. One of the most important problems in the production of building materials is the
reduction of energy costs and material intensity in the production of products and structures. Particular atten-
tion is paid to obtaining materials for construction based on local raw materials. One such raw material is
quartz [2].

Natural quartz is a crystalline mineral composed of silicon dioxide. It has a number of physical,
chemical and optical characteristics and is an important industrial raw material. Due to its high quality and
affordable price, it is widely used in various industries such as ceramics, chemistry, metallurgy and
electronics. At the same time, quartz powder is also widely used in construction. For the production of many
building materials, a sufficient amount of natural components is added to its composition. The quartz mineral
ranks 7th in terms of hardness on the Mohs scale. Its hardness and strength have an important role in
production. This feature makes it effective for businesses that require high-strength materials. It is added to
cement, concrete and other building materials in the construction sector. In this case, quartz powder is used
as a filler in the construction industry, combining the volume and strength of the mixture with other
materials. Mixtures of these raw materials in large volumes increase the strength of various materials by
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about 100 times. Thanks to the quartz powder added to the composition, these materials become durable and
elastic, which makes them resistant to abrasion and atmospheric influences.

Fine fractions of quartz powder are used for the production of dry construction mixtures [3]. They are
used in concrete restoration, for laying stoves and fireplaces, floor screed equipment, waterproofing struc-
tures, as well as for interior and exterior decoration. The high physical and chemical properties of quartz
sand find their application in a wide variety of industrial fields. Moreover, its use in a specific industry di-
rectly depends on the type of quartz and its physical characteristics [4]. At the same time, quartz powder is
widely used to improve the strength, weather resistance, texture and appearance of paints, coatings and
sealants.

Kazakhstan is one of the states known for its mineral resources. Owing to the country's vast reserves, it
is able to meet the global demand for quartz powder in various industries. Quartz is a multifaceted mineral
used in a variety of industries, both industrially and in everyday life. Kazakhstan continues to make a signifi-
cant contribution to meeting the needs of industries around the world with its quartz powder exporters to the
global market. Quartz powder remains an indispensable raw material for strengthening structures in con-
struction or demonstrating its importance in our daily lives and in various fields.

As a versatile material, quartz powder has many properties that make it popular in various industries.
The heatphysical properties of materials play an important role in various fields such as engineering, physics,
chemistry and technology. Understanding these properties makes it possible to improve heat transfer
processes and develop more efficient materials at different temperatures. Heat conductivity is also an
important value taken into account when planning thermal insulation work [5]. Selecting the right material is
very important; it determines how much thermal energy you will have to expend to heat the finished room.

Experimental methods for determining A values are based on measuring the amount of heat passing
through a test sample of normalized dimensions in a certain time at a given temperature difference [6].
Reduced heat conductivity reduces the rate of heat transfer between the internal and external environments.
Thus, the use of the studied materials, especially thermal conductivity measurements, potentially improves
the thermal performance of the building envelope. It also helps to reduce energy costs spent on air
conditioning over many years of operation of the structure [7].

Analysis of heat transfer through building elements is of great importance in solving construction prob-
lems, such as energy efficient design, thermal load of structures, thermal comfort planning [8-10].

The purpose of the work is an experimental research of heat conductivity and thermal resistance of
quartz-containing materials.

To achieve this aim, it is necessary to solve the following tasks:

— production of quartz-based samples processed using the electric pulse method;

— investigation of the heat physical properties of quartz-containing materials.

Experimental

The object of the research was the quartz mineral of the Aktas deposit (Fig. 1). Since quartz mineral is
used in construction in different sizes, powdered raw materials were obtained using the electric pulse
method [11]. This technology is one of the most environmentally efficient methods of crushing natural ores
and household waste [12-14]. Since the raw material has large dimensions (70-150 mm) before processing
by the electric pulse method, a piece of quartz was mechanically crushed to 5-10 mm so that it could fit into
the working cell of the installation (Fig. 2).

The production of quartz powder by the electric pulse method was carried out in the following
parameters: frequency of pulse discharges f =3 Hz; pulse capacitor capacity C = 0.4 uF; pulse discharge
voltage U = 18-37 kV [15]. The granulometric composition of quartz powder obtained by the electric pulse
method was determined by the sieve method according to GOST 12536-2014 “Methods for laboratory
determination of granulometric (grain) and microaggregate composition”.

In construction, quartz powder 0.2 mm in size is used in the manufacture of various products (plaster
materials, replacing a certain amount of cement with quartz flour, in the production of concrete and ceramic
materials). The resulting powder was passed through standard sieves with a mesh opening diameter of
0.2 mm (Fig. 3).

To assess the heatphysical properties of a granular sample, the ITP-MG4 “100” device was used, which
allows determining the heat conductivity and thermal resistance of materials for thermal insulation of
industrial equipment and pipelines in stationary mode according to GOST 7076 and by the heating probe
method according to GOST 30256, based on the thermoelectric method (Fig. 4).
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Figure 3. Powder size 0.2 mm quartz Figure 4. Heat conductivity meter ITP-MG4 100

Various samples were prepared to investigate the heat conductivity of quartz-containing samples:

Sample 1 is a mixture of 50 % quartz and 50 % Portland cement of the M400 brand;

Sample 2 is a mixture of 70 % quartz and 30 % Portland cement of the M400 brand.

The samples had a width of 100 mm, a length of 100 mm and a height of 25 mm (Fig. 5). When
developing mixtures, the amount of water was the same for each sample: 100 ml.

Figure 5. Investigated specimens

To study the thermal conductivity of the samples at a constant temperature of the cooler in the device
(15 °C), the temperature of the heater was changed from 25 °C to 45 °C. The graph (Fig. 6 and 7) below
shows the temperature dependence of the thermal conductivity and thermal resistance of the samples
according to the experimental results. The heatphysical parameters of the studied samples were compared
with those of a sample consisting of 100 % cement. 1 — a sample consisting of 100 % cement in the figures;
2 — a sample consisting of 50 % quartz powder; 3 — A sample consisting of 70 % quartz powder.
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Figure 6. Temperature-dependent change in heat conductivity of samples
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Figure 7. Temperature-dependent change in the thermal resistance of samples

It follows from the experimental data that the thermal conductivity of acid-free Portland cement in the
considered temperature ranges was A =0.569-0.596 W/m-K. The thermal conductivity of the quartz-
containing material varied in the following intervals: A = 0.516-0.521 W/m-K for a mixture of Portland
cement of the 50 % M400 brand and A = 0.400-0.411 W/m'K for a mixture of Portland cement of the 50 %
M400 brand; A = 0.400-0.411 W/m-K. from the data given, it follows that thermal conductivity of cement it
has been established that composite samples have low thermal conductivity. These results prove that a
certain amount of cement can be replaced with quartz powder [16].

Conclusions

The heat conductivity and thermal resistance of quartz-containing samples were investigated in
scientific work. When quartz was added to cement in the range of 50-70 %, construction raw materials with
favorable heatphysical parameters were obtained.

It was found that the thermal resistance of a material containing 70 % quartz is higher than the
temperature dependence of the thermal resistance of the samples. The thermal resistance of a material is a
parameter of the thermal conductivity resistance. The results obtained indicate the effectiveness of using
quartz as a heat-insulating material in construction.

From the above fraction, it was found that the addition of quartz powder to the material has a low
thermal conductivity. The experimental data can be used in the development of materials containing natural
minerals.

This research is funded by the Science Committee of the Ministry of Science and Higher Education of
the Republic of Kazakhstan (Grant AP14870607).
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J1.K. Kapa6ekxoBa, M.M. bonar6ekosa, E.A. XKonnacbek

KBapu kypamabsl MaTepHaJIbIH KbLIY OTKI3TIIITITH 3epTTEy

Makanaza KBapl Kypamjbl MaTepHaliapAblH JKbUTYy OTKI3TIIITIN MEH TEepMUSUIBIK KeAepriciH 3epTrey
HOTWOKeNepl KenTipinred. 3epTTey HBICAHBI peTiHAe YJbITay OONBICHIHBIH YJIBITAay aylaHBIHIA OpHAIaCKaH
AKTac KeH OpHBIHAH albIHFaH KBapIl MUHEpabl abIHABL. bacTankel emmemi peTiHge MeXaHUKAIBIK oJileH
OemmexrenreH 5-10 MM OonaThIH KBapll MHUHEPANBIHBIH Keceri MaiganaHbUIABL 3epTTeNeTiH YITinepai
JaWblHIAy YIIIH OSJIEKTPOUMITYJIBC ojiciMeH yHTakramraH 0,2 MM KBapl YHTarbl KOJIAHBUIJBL
DNeKTPOUMITYNIBCTIK TexHosoruss FOTKMHHIH ocepiHe Heri3JeireH, CyHbIK KOJEMiHiH ilIiHge apHaiibl
KaJIbIITaCKaH YKOFapbl BOJBTTHI UMITYJIBCTIK 3JIEKTP pa3psIbIHBIH Maiia OOJTybIMEH JKYpETiH omicTiH Oipi.
Munepanapl KaxeTTi (pakiusra YHTaKTay YIIiH 3JIeKTPOTHIPOUMITYNBCTIK KOHIBIPFBIHBIH HMMITYJIBCTIK
paspsa skuimiri f=3 T, wummynsctik KoHIeHcATOpAbiH ChIABIMABUIBIFEL  C = 0,4 MKD, HMITYIBCTIK
paspsinrapabie kepaeyi U = 18-37 kB Gonapl. 3epTrenerin yiarinep keieci enmemzae AaibHaanp: exi 100
MM, Y3bIHABIFBL 100 MM, OuikTiri 25 MM. [laiibiHAANFaH YATIIEPAIH KBUTY (U3UKAIBIK KACHETIH 3epTTEY YILIiH
CTalMOHAPJIBIK PEXUMIC TEPMOAJIEKTpIik omicke HerizgenreH MEMCT 7076 meMilekeTTiK CTaHAapTTapra
coiikec JkoHE KbUTy 30HI omicke HerizgenreH MEMCT 30256 MemiekeTTiK CTaHIapTTapra CoWKec
OHEpKACINTIK JkaOABIKTap MEH KyOBIpIapAsl JKBUTy OKIIAyJlayFa apHalFaH MaTepHalJapIblH KBLTY
OTKI3TIIITITIH jXoHEe XbuUTy KezaepriciH aHblKTalThiH W TIT-MI'4 «100» KOHABIPFBICHI KONJIAHBUIABL 3epTTey
HOTIDKECIHIEC KBapll KypamIbl MaTepuaIap/blH JKbUTy OTKI3TIIITINI MEH TEPMHSIBIK KeAepriciHiH
TeMIeparypara ToyeniIiK rpaduri ajabHABL. AJIBIHFAH HOTIDKEIEp HEeTi3iHAe KypaMbIHa KBapll O0ap yIriHiH
KbUTYy (U3MKAIBIK KOPCETKIIITEPiHIH LEMEHTTeH TYpaThlH YJTIMEH CalbICTBIPFaHIa TOMEH eKEHIIri
QHBIKTAJI/IBL.

Kinm co30ep: bUTy ©TKI3TIMITIK, TEPMISUIBIK KEAEPTi, KBAPLl YHTAFEI, SIEKTPHMILYJIBC, TPAHYIOMETPHUSIIBIK
Kypam.
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A.K. Xacenos, I'.A. bynkauposa, b.P. Hycyn6ekos, E.P. [lIparep,
J.K. Kapa6ekoBa, M.M. bBonar6ekosa, E.A. Kongacoex

I/ICCJIEJIOBaHI/Ie TENJIOIIPOBOTHOCTH KBAPUEBOI0 MaTepHaJia

B craTthe mpezncTaBieHbl pe3yabTaThl HUCCIENOBAHUS TEMIONPOBOIHOCTH M TEPMHUYECKOTO CONPOTUBICHUS
KBapIicojepkammx o6pasnoB. OOBEKT HCCIENOBaHUS — IMPUPOJHBI MHUHEPAT KBAaPLUUT MECTOPOMKICHUS
AKTac, paclooKeHHOro B YiblTayckoM paiione KaparanaumHckoit obmacti. B xauecTBe mepBOHaYaJIbHOTO
pa3Mepa HCIONb30BaNC KyCOK KBapIeBOro MHHepaina pasMepoM 5—10 MM, KOTOpEIi ObLT M3METbUEH MeXa-
HUYECKHM CIIOCOO00M. [yl M3roToBIeHHs 0OpasloB NPHMEHSUICS KBapleBBIH mecok auamerpoM 0,2 M,
M3MENTbYEHHBIN 3JIeKTPOUMITYIbCHBIM METOAOM. DJIEKTPOMMITYIJIECHASI TEXHOJIOTHS SIBISIETCS OJHAM U3 METO-
JIOB, OCHOBaHHBIX Ha 3ddekre FOTKHMHA, cConpoBOXIaroIIerocss 06pa3oBaHUEM CIEIHATEHO ChOpMHUPOBAHHO-
TO BBICOKOBOJIFTHOTO HMMITYJIBCHOTO 3JIEKTPHUYECKOTO paspsna B 0O0beMe JKHAKOCTH. YacToTa MMITYJIECHOTO
paspsza SNEKTPOrHAPOUMITYIIBCHOM YCTaHOBKH ULl U3MENBUCHHS MUHEpalla 10 HY)KHOH (paKiuy cOCTaBIIs-
da f=3 T'u, emxocts ummmyabscHoro koumeHcaropa C =0,4 Mk®, HampsDKEHHE HMITYJIBCHBIX Pa3psiIoB
U = 18-37 kB. Uccnenyembie 06pasiibl ObUTH H3TOTOBJICHBI B CASAYIOMMX pa3Mepax: mupuna 100 MM, 1minHa
100 mm, BbIcoTa 25 MM. 1715 OLIEHKH TETIO(U3NUECKUX CBOHCTB M3TOTOBICHHBIX 00Pa3lioB B CTAIIHOHAPHOM
pexxume npuMeneHa ycranoBka UTII-MI'4 «100», onpezendromias TEIUIONPOBOJHOCTh U TEIIOBOE COIPO-
THUBJICHHE MaTepHaIoB Ul TEIUION30JIIIUN IIPOMBIIUIEHHOTO 000pyJOBaHUS U TPYOOIIPOBOAOB B COOTBETCT-
Bun ¢ 'OCT 7076, ocHoBaHHBIM Ha TepMoaiekTpruueckoMm metoze, 1 ['OCT 30256, ocHOBaHHBIM Ha TEILIO-
BOM 30HIIOBOM MeToJie. B pesynpTare nccienoBanus moiydeH rpaguk TeMIepaTypHOH 3aBHCUMOCTH TEIIO-
MPOBOJHOCTH U TEPMHUYECKOTO COIPOTHBIICHHS KBAaPIICOAEP KAIINX MaTepranoB. Ha 0oCHOBaHMU MOTydeHHBIX
pe3yIbTaTOB YCTAHOBIECHO, UTO TEIIO(PH3NYECKHe IOKa3aTean oOpasia, COAep Kallero KBapll, HIDKe, MO
CPaBHEHUIO ¢ 00pa3IOM, COCTOSIINM U3 L[EMEHTA.

Kniouegvie  cnoea:  TEHIONPOBOJHOCTb, TEPMHUECKOE  COMPOTHUBICHHWE, KBAPLEBBIH  ITOPOIIOK,
3NEKTPOUMITYJIBC, TPAHYJIOMETPUIECKHH COCTaB.
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