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Abstract. Gas analysis is one of the key methods for assessing the quality of atmospheric air in populated areas, as well as in the work area of produc-
tion facilities. Atmospheric air monitoring is especially necessary at facilities that have a significant negative impact on the environment, in parti-
cular, at ferrous metallurgy enterprises. The peculiarities of the gas analyzers used for air quality monitoring system are their sensitivity and
selectivity. To achieve these indicators, a properly selected sensing element is needed: a gas analyzer converter. Synthesized solid solutions
of semiconductor binary components, which proved themselves to be good adsorbents, are proposed as materials for the manufacture of converters.
In this paper, the authors examined semiconductor systems consisting of ZnTe and CdSe, conditions for synthesis of the solid solutions based
on them, and methods for their identification, which allowed the obtained materials to be certified as solid substitution solutions with cubic spha-
lerite and hexagonal wurtzite structures (depending on the composition). X-ray, micro-, electron-microscopic, and IR spectroscopic studies of solid
solutions made it possible to understand the surface structure of adsorbents. Results of the studies of the surface chemical composition, acid-base
properties of solid solutions and binary components of the system allow us to conclude that the Lewis and Brensted acid centers responsible for CO
adsorption on the surface are present on the surface. In the ZnTe—CdSe systems, there is a tendency to move from a slightly acidic region to a rela-
tive increase in the surface basicity with an increase in ZnTe content. When materials are placed in a CO atmosphere, gas adsorption on the surface
of solid solutions occurs in the same dependence, which was confirmed by the direct catalytic studies. The established patterns of changes with
the composition of bulk and surface properties allow us to recommend new obtained materials as primary converters of sensors.
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AnHomayus. I'a30BbIil aHAIN3 — OIMH M3 KIIFOYEBBIX METOJIOB OLICHKH KauecTBa aTMOC(HEPHOTO BO3/yXa B HACEJICHHBIX MTYHKTaX, a TAK)Ke B paboueid
30He TPOHM3BOACTB. OCOOEHHO HEOOXOAMM MOHHUTOPHUHI aTMOC()EPHOrO BO3IyXa Ha OOBEKTAaX, OKA3bIBAIOIIMX 3HAYMTEILHOE HEraTHBHOE
BO3/ICHCTBHE HA OKPY’KAIOLILYIO CPEe/y, B YACTHOCTH, Ha MPEINPUATUSIX YepHOIH MeTamtyprui. OCOOEHHOCTh ra30aHaIN3aTOPOB, UCHOIb3YEMbIX
JUISL CUCTEMBI HAOJFOICHHUS 38 KaYeCTBOM BO3/1yXa, 3aKJIF0UAETCS B UX YyBCTBUTEIBHOCTH U CEJICKTUBHOCTH. [1JIsl TOCTHIKEHMSI TAHHBIX MOKa3aTeseit
HEOoOXOIMM MPaBUIIBHO TOJ00PaHHBIN YyBCTBUTEIBHBIN JJIEMEHT: TIpeoOpa3oBaTelb ra30aHann3aropa. B kauecTBe MaTepHuaioB AJisi U3rOTOBICHHS
npeoOpazoBaresieil mpeuIaraloTcs CHHTE3HPOBAHHBIC TBEP/IbIE PACTBOPBI MOIYIIPOBOJHUKOBBIX OMHAPHBIX KOMIIOHEHTOB, KOTOPbIE 3aPEKOMEH/I0-
BaJM ce0st Kak xopouue agcopOeHTbl. B HacToseil pabore aBTopbl PacCMOTPENN MOIYIPOBOJHUKOBBIE cHcTeMbl, coctosiue n3 ZnTe u CdSe,
YCIIOBHSI CHHTE3a TBEPABIX PACTBOPOB HA MX OCHOBE, CIIOCOOBI MX UICHTH(HUKALNH, KOTOPbIE TO3BOJINIIN aTTECTOBATH IOTYyUYCHHbBIC MAaTePHUAIIbI KaK
TBEPJIbIe PACTBOPBI 3aMEILECHUsI ¢ KyOHMUECKO# CTPYKTYpoii (caniepuTa) U reKcaroHaiabHOH CTPYKTYpoid (BIOpIMTA) (B 3aBUCUMOCTH OT COCTAaBa).
BeinosiHeHHBIE peHTreHorpaduueckue, MUKPO-, AJIEKTPOHHO-MUKpockonnueckue, MK-crnekrpockonnueckue UcclieoBaHus TBEPbIX PACTBOPOB
MO3BOJIMJIM TIOHSITh CTPYKTYPY MOBEPXHOCTH aJICOPOCHTOB. Pe3ysbTarsl HCClie0BaHUH XUMUYECKOT0 COCTaBa MOBEPXHOCTH, KUCIOTHO-OCHOBHBIX
CBOIICTB TBEP/BIX PACTBOPOB U OMHAPHBIX KOMIIOHEHTOB CHCTEM MO3BOJISIIOT C/IeNIaTh BBIBOJ] O IIPUCYTCTBUHU Ha MIOBEPXHOCTH JIBUCOBCKUX U OpeH-
CTEJIOBCKMX KHMCIIOTHBIX LIEHTPOB, OTBevarouux 3a afacopouuto CO Ha nosepxHocTH. B cucremax ZnTe—CdSe nabironaeTcs TeHACHIUS riepexoaa
0T cI1a0OKNCIION 001aCTH K OTHOCUTEIHHOMY TOBBIIIEHHIO OCHOBHOCTH MOBEPXHOCTH ¢ yBenmueHneM conepxanus ZnTe. [Ipu momemennn mare-
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puanos B armochepy CO B Takoit ’xe 3aBUCUMOCTH IPOUCXOIUT aICOPOIIHs ra3a Ha MOBEPXHOCTH TBEPABIX PACTBOPOB, UTO MOATBEPANIIN HPSIMbIE
KaTaJIUTUYECKUE HCCIENOBAaHUS. YCTaHOBICHHBIC 3aKOHOMEPHOCTH H3MEHEHUH C COCTaBOM OOBEMHBIX M IIOBEPXHOCTHBIX CBOWUCTB MO3BOIIOT
PEeKOMEH/10BaTh HOBBIE TTOJyYSHHbIE MaTepHaIbl B KaUeCTBE IIEPBUUHBIX peoOpa3oBaTeneil CeHCOPOB-IaTUHKOB.

Kawuesvle cao06a: razoanannzarop, yrapHslil ras, HoJynpOBOAHHK, HOBbIE MaTepuallbl, TBEPIbIC PACTBOPHI, XUMUUECKHUI COCTAB, MOBEPXHOCTHBIEC H

00BEMHBIC CBOﬁCTBa, 3aKOHOMEPHOCTH

s yumupoeanus: Bacuna M.B., bamenko JLII. [lepcriekTHBHBIE KOHCTPYKINH T'a30aHAIN3ATOPOB JUI METAILTYpIruu. M3zeecmus 6y306. Uepnas
memannypeus. 2025;68(4):342-348. https://doi.org/10.17073/0368-0797-2025-4-342-348

- INTRODUCTION

In industrial zones of metallurgical enterprises, the con-
centration of carbon monoxide in the ambient air often
exceeds permissible limits, posing serious risks to both
employee health and the environment. To monitor air qua-
lity, gas analyzers are utilized; these devices rely on the bulk
and surface properties of their sensing elements, which
ensure high sensitivity, rapid response, and selectivity.
Timely detection of carbon monoxide in the workplace is
critical for preventing accidents, minimizing environmen-
tal damage, and safeguarding personnel health.

Semiconductor materials are commonly used as sens-
ing elements in gas analyzers due to their excellent adsorp-
tion properties [1]. Their sensitivity is primarily based
on gas molecule adsorption at the surface, the formation
of space-charge regions, and changes in the concentration
of charge carriers in the near-surface layer. The efficiency
of adsorption depends on the semiconductor’s structural
type, the nature and concentration of active surface cen-
ters, and its specific surface area [2]. Gas detection occurs
through changes in the electrical conductivity of the sens-
ing element (sensor signal) upon exposure to the target
gas [3]. Therefore, the choice of sensing material is a key
factor in analyzer performance. One promising approach
to enhancing the adsorption capacity of binary materials
involves the synthesis of diamond-like semiconductors
to produce novel multicomponent materials in the form
of solid solutions.

There is growing scientific and practical interest in
investigating the previously unexplored physicochemi-
cal properties of ZnTe—CdSe solid solutions. These
materials demonstrate favorable performance characte-
ristics combined with low production costs, making them
promising candidates for sensor applications [4]. Varying
the component ratio in the ZnTe—CdSe system allows for
the synthesis of solid solutions with tailored properties,
enabling their use in a wide range of applications.

The aim of this study is to synthesize and characte-
rize ZnTe—CdSe solid solutions and to determine poten-
tial areas of practical application based on their physico-
chemical properties.

To achieve this, the following objectives were set:

—to synthesize and characterize ZnTe—CdSe solid
solutions;

— to investigate the physicochemical surface proper-
ties of the system components;

— to evaluate the application potential of the resulting
materials in sensor technology as a cost-effective alterna-
tive.

[l MATERIALS AND METHODS

The study investigated fine powders of the binary com-
pounds ZnTe and CdSe, along with their solid solutions
(ZnTe) (CdSe), , synthesized using a method specifi-
cally developed for this material system [5]. The powders
had specific surface areas ranging from 0.3 to 0.91 m?%/g.
Confirmation of successful synthesis, formation of solid
solutions, and structural characteristics was carried out
through X-ray diffraction (XRD), optical and electron
microscopy, and infrared (IR) spectroscopy. The molar
compositions of the synthesized solid solutions were
verified against elemental compositions derived from
scanning electron microscopy (SEM) images.

XRD analysis was performed using a D8 Advance
Powder X-ray diffractometer (Bruker AXS, Germany)
with CuK  radiation (A=0.15406 nm) at 7'=293 K.
Measurements followed a wide-angle scanning proto-
col [6; 7], using a Lynxeye position-sensitive detector.
Data interpretation and refinement of the crystal lat-
tice parameters were conducted using the ICDD PDF-2
powder diffraction database and TOPAS 3.0 software
(Bruker) [8].

Microscopic examinations were carried out using
a KN 8700 microscope (Hilox, Japan) and a Micromed
POLAR 3 optical microscope with a resolution capa-
city of up to 7000* [9]. SEM analysis was performed
on a JCM-5700 scanning electron microscope equipped
with a JED-2300 energy-dispersive spectroscopy (EDS)
attachment [10].

Surface acid—base properties were analyzed using
hydrolytic adsorption (to determine the isoelectric point)
and non-aqueous conductometric titration [11]. Catalytic
properties were evaluated using a non-gradient flow-
circulation method, under conditions that minimized
the influence of mass and heat transfer. Tests were con-
ducted at temperatures ranging from 298 to 423 K and
a pressure of 101.3 kPa. The carrier gas (argon) was cir-
culated at a rate of 22 mL/min, and the pulse volume was
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set to 5 mL. Gas composition after reaction was assessed
by chromatographic analysis.

In the hydrolytic adsorption method, the pH value
was determined at which the amphoteric adsorbents
(ZnTe, CdSe, and their solid solutions (ZnTe) (CdSe), )
released equal and minimal amounts of H* and OH™ ions.
These materials exhibited distinct isoelectric points cor-
responding to their minimum solubility. The pH,  values
were used to assess the average strength and the ratio
of acidic to basic surface centers.

Reproducibility and measurement accuracy were
evaluated through parallel experiments, with data ana-
lyzed using standard methods of mathematical statistics
and quantitative analysis. Numerical processing, error
estimation, and the construction and analysis of graphical
data were performed using Stat-2, Microsoft Excel, and
Origin software.

[ RESULTS AND DISCUSSION

Synthesis of the solid solutions was performed in two
stages: heating of sealed ampoules from 573 to 1273 K,
followed by controlled cooling to 725K [12;13].
The synthesis parameters are presented in Table 1.

XRD analysis confirmed the formation of substi-
tutional solid solutions in the ZnTe—CdSe system.
In the diffraction patterns of the solid solutions, charac-
teristic peaks were shifted relative to those of the binary
compounds, indicating changes in the crystal struc-
ture [14]. Zinc telluride and solid solutions with excess
ZnTe exhibited a cubic sphalerite-type structure, while
cadmium selenide and solid solutions with excess CdSe
demonstrated a hexagonal wurtzite-type structure [15].

Lattice parameters (a, ¢), unit cell volume (Vp),
interplanar spacing (d,,,), and X-ray density (p,) varied
smoothly or linearly with composition [16]. The size
of the coherent scattering region was estimated using
the Scherrer equation.

The elemental distribution within the solid solutions
was assessed using scanning electron microscopy (SEM)
on a JCM-5700 microscope equipped with a nitrogen-free
energy-dispersive X-ray spectrometer.

SEM images of the powders of the binary compounds
and solid solutions of the studied system are shown in
Fig. 1.

In the phase-contrast SEM images of ZnTe—CdSe
solid solutions, bright CdSe inclusions smaller than 5 pm
were observed on the homogeneous background of ZnTe
grains. ZnTe binary compound is characterized by coarser
grains, a feature that persists in the solid solutions with
higher ZnTe content (Table 2).

The specific geometric surface area, surface-area
mean diameter, number-average diameter, volume-
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Table 1. Mode of obtaining solid solutions
based on the ZnTe—CdSe system components

Tabauya 1. Pexxum mo/1y4eHus1 TBepAbIX PACTBOPOB
HAa OCHOBEe KOMIOHEeHTOB cucTeMbl ZnTe—CdSe

iz temlile(;ﬁllﬁg, °C }tli(t)Illijrilg
300 21.0
500 19.0
600 10.0
Heating 700 37.0
800 29.0
900 20.5
1000 29.0
900 50.0
Cooling 700 25.0
500 111.0
Total 351.5

weighted diameter, and polydispersity index of the sys-
tems (Table 3) were calculated using the following for-
mulas:

pznidi pd,
ot
d

where S is the specific geometric surface area, m?/kg;
d, is the mean diameter of particles in each fraction; 7 is
the number of particles in the system; p is the X-ray den-
sity of the particles; d, d , dq represent the surface-area,
number-average, and volume-weighted mean diameters,
respectively; K is the polydispersity index.

The chemical nature of the acid centers responsible
for gas adsorption was determined using conductometric
titration [17], which also allowed quantification of their
concentration on the surface of the ZnTe—CdSe system
components. The acid centers responsible for gas adsorp-
tion on the surface are as follows: surface atoms with
varying degrees of coordination unsaturation — namely,
Cd and Zn atoms (Lewis acid centers), as well as adsorbed
water molecules and hydroxyl groups OH™ (Brensted acid
centers) [18]. These conclusions were supported by mea-
surements of the isoelectric point (pH) and IR spectra
of the surface [19].

The total concentration of acid centers exhibits
an extremal dependence on composition, with maxima
observed for (ZnTe),,(CdSe), ,, and (ZnTe), . (CdSe),, ,,
(Fig. 2). These compositions therefore demonstrate
the highest surface acidity, indicating a strong adsorption
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Fig. 1. SEM images of powders CdSe (a), (ZnTe),,(CdSe), ,, (b), (ZnTe), ((CdSe), ,, (¢) and ZnTe (d)
obtained at different magnifications (I —2)

Puc. 1. SEM u3o6paxenus nopoukos CdSe (a), (ZnTe)o,Z()(CdSe)o’74 (b), (ZnTe), ((CdSe), 5, (c) u ZnTe (d),
MOJTY4EHHBIX IIPU pa3HoM yBenndeHuH (/ — 2)

capacity of (ZnTe),(CdSe), ., and (ZnTe)  (CdSe), ;,
toward basic gases.

The increased surface activity (ZnTe), . (CdSe),,,
and (ZnTe),,(CdSe), ., solid solutions is further sup-
ported by the results of acid—base property analysis.
The pH,  values of the studied semiconductors (Table 4),
measured after air exposure, increase steadily with rising
ZnTe content. Upon exposure to CO, extrema appear in
the ZnTe—CdSe system corresponding to the composi-

tions (ZnTe), (CdSe),,, and (ZnTe) ,(CdSe),.,, and
overall, a shift in pH values toward the alkaline region
is observed. This behavior is attributed to the high
electron density of the carbon and oxygen atoms and
the strong double bond between them. The lone electron
pairs of CO and its vacant orbitals partially neutralize
the coordinatively unsaturated surface atoms (Zn, Cd),
thereby enabling the interaction. These findings support
the donor—acceptor interaction mechanism [20].

Table 2. Results of particle counting by microscopic analysis

Ta6/1ul4a 2. Pe3y.]'leaTl>l moacyera 4aCTull MUKPOCKOIMUYECKUM aHAJIU30M

. Number of particles by size range, um
Composition
5-7110-14,5(15-17,5|18-20|21—-24|25-31|32-35|37—-40|41-43 |50-53|57-60
CdSe 2 2 4 3 2 5 — - - — _
(ZnTe), ,(CdSe) o | — 5 2 5 3 6 1 - - _ _
(ZnTe),,(CdSe),,, | - 4 9 6 4 3 - - - — _
(ZnTe), (CdSe), 5, | — 5 4 2 4 4 - - - — _
(ZnTe), ,s(CdSe),,s | — 3 2 4 6 4 2 - - — -
ZnTe - 1 - - 2 4 - 4 3 1 3
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3.1

3

C, 10" g-eq/g

24 1 1 1 1
0 20 40 60 80 100

CdSe content, mol. %

Fig. 2. Dependence of the total concentration of acidic centers
of the ZnTe—CdSe system components exposed to air

Puc. 2. 3aBUCUMOCTb 00I1Ie# KOHIIEHTPALINH KACIOTHBIX IIEHTPOB
KOMIOHEHTOB cucteMbl ZnTe—CdSe, S3KCITIOHMPOBAHHBIX Ha BO3yXe

The most pronounced difference in pH, = values was
observed between CdSe and the solid solutions contain-
ing 26 and 68 % ZnTe in CdSe, respectively. These two
compositions were selected as candidate sensing mate-
rials for carbon monoxide gas analyzers.

The pH,  behavior in a CO atmosphere, along with
IR spectroscopic data indicating enhanced CO adsorption

Table 3. Results of variance analysis

Tabauya 3. Pe3ynbTaThl JUCIIEPCHOHHOTO AaHAJIN32

Composition d,pm | S, m¥kg K
CdSe 19.0 47.3 0.76
(ZnTe), ,(CdSe), | 143 | 444 | 056
(ZnTe),,(CdSe),,, | 183 | 506 | 082
(ZnTe), ((CdSe),,, | 194 | 466 | 08I
(ZnTe), ((CdSe),,, | 17.5 | 426 | 0.66
ZnTe 38.5 22.9 0.78

Table 4. pH values of isoelectric state of the surface
of the ZnTe—CdSe solid solutions
(x — ZnTe mole fraction) exposed to air ()
and in the CO atmosphere (I1)

Tabauya 4. 3navenusi pH M3031eKTPUYECKOTO COCTOSTHUS
MOBEPXHOCTHU TBepAbIX pacTBopoB ZnTe—CdSe
(x — moJ1. o1 ZnTe) npu 3xcnonupoBannu Ha Bo3ayxe (1)

u B atMocepe CO (I1)
Surface isoelectric point (pH)
Equgure of ZnTe—CdSe solid solutions at x
conditions
0 12 26 68 75 100
I 7.87 7.21 7.15 7.12 7.01 6.84
1l 8.35 7.37 7.82 7.75 7.32 7.80
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in CO + O, mixtures [19], allows for a preliminary (pre-
adsorption testing) prediction of high catalytic activity in
(ZnTe),,(CdSe), ,, and (ZnTe), (CdSe),,,. This pre-
diction was subsequently confirmed through direct cata-
lytic testing under identical conditions (Fig. 3).

Analysis of the experimental data indicates a signifi-
cant degree of catalytic CO conversion ()., ) €ven at room
temperature. For the (ZnTe),,(CdSe),,, composition,
the CO conversion rate reaches 79 %. As the temperature
increases, ¥, values generally rise, with maximum con-
version observed at 373 K.

A comparison of the CO oxidation efficiency and CO
adsorption capacity shows that CdSe and the solid solu-
tion (ZnTe),,(CdSe),,, demonstrate higher catalytic
activity, which is consistent with their surface acid—base
characteristics. In contrast, ZnTe exhibits lower catalytic
activity and adsorption capacity.

In summary, substitutional solid solutions were suc-
cessfully synthesized from the binary components ZnTe
and CdSe. The solid solutions obtained exhibit a cubic
structure when zinc telluride is in excess and a hexagonal
structure when cadmium selenide predominates. Electron
microscopy confirmed the molar and elemental composi-
tion of the samples.

Among the synthesized materials the (ZnTe), ,(CdSe), .,
and (ZnTe), (CdSe),,, compositions demonstrated
the largest specific surface area. A similar trend was
observed in these samples when analyzing the nature
of active surface centers after exposure to air and car-
bon monoxide, using hydrolytic adsorption and non-
aqueous conductometric titration. These results indicate
that the surfaces of these solid solutions are highly active

//“_7\
78 -
2
76
/ 4
A
74 - ¥
1
72 Lgl 1 1 1 1 1 1
290 310 330 350 370 390 410 430
T, K

82

80

Yo Vo

Fig. 3. Dependence of transformation degree ()
on temperature (7) of the ZnTe—CdSe system components:
ZnTe (1), (ZnTe), (CdSe), ;, (2), (ZnTe),,(CdSe), ., (3), CdSe (4)

Puc. 3. 3aBucumocTu crenenu npespamenus (x )
ot temmneparypsi (1) komnoHenToB cucrembl ZnTe—CdSe:
ZnTe (1), (ZnTe), (CdSe), 5, (2), (ZnTe), ,4(CdSe), 4, (3), CdSe (4)



I1ZVESTIYA. FERROUS METALLURGY. 2025;68(4):342-348.
Vasina M.V, Bashchenko L.P. Promising designs of gas analyzers for metallurgy

toward carbon monoxide. Their enhanced adsorption
capacity in both CO and CO + O, atmospheres was fur-
ther confirmed by IR spectroscopy.

[ ConcLusiOoNs

The study of catalytic CO oxidation over samples

of the ZnTe—CdSe system made it possible to preliminar-
ily determine the temperature ranges at which CO oxida-
tion occurs, as well as the most catalytically active compo-
sitions. Catalytic tests confirmed the activity of the solid
solutions (ZnTe),,(CdSe), ., and (ZnTe),(CdSe),,,,
making them suitable for use in environmental diag-
nostics to detect carbon monoxide in the workplace air
of metallurgical enterprises.
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