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Abstract—Solid substitution solutions in CdS—ZnSe and CdS—ZnS systems have been fabricated and certi-
fied. Bulk (crystal chemistry, structural, and optical) and surface (acid—base) properties of these solutions
have been examined as compared to each other and their binary components. Regularities of changes in the
investigated properties upon changes in the systems’ compositions and in a series of analogs have been estab-
lished: these regularities have predominantly exhibited an extremal nature. Interrelations between the estab-
lished regularities have been validated, which allows predicting, based only on bulk properties, the surface
activity of advanced materials (fabricated solid solutions) toward gases of varied electronic nature—compo-
nents of natural and technological media. Practical guidelines on application of these materials to produce

appropriate sensors have been provided.
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INTRODUCTION

The unique properties of binary diamond-like
compounds, also including those of A'B!V type, as
well as the possibilities of controlling and improving
bulk and surface properties of corresponding solid
solutions, make advanced adsorbents and materials
based on these compounds promising for applications
in high technologies that incorporate nano- and sen-
sor equipment [1]. To predict these possibilities, it is
crucial to establish regularities in the changes of prop-
erties along with composition and the correlation
between these regularities, not only for this particular
system, but also for all parallel systems differing in at
least one binary component.

The objective of the present study was to analyze
comparative data on bulk (structural, crystal chemis-
try, and optical) and surface (acid—base) properties of
solid solutions in CdS—ZnSe and CdS—ZnS systems
and their binary components (CdS, ZnSe, and ZnS).

EXPERIMENTAL
The objects of study comprised primarily finely dis-
persed powders (S, < 1.4 m?/g) of CdS, ZnSe, ZnS,
and (CdS),(ZnSe), _, (x = 0.49, 0.55, 0.97 mol) and
(CdS),(ZnS), _, (x=0.20,0.62,0.78, 0.94 mol.) solid
solutions fabricated by a modified method of isother-

mal diffusion via a special heating routine [1] and cer-
tified mainly on the basis of X-ray data analysis.

X-ray investigation was performed using a D8
Advance diffractometer (Bruker, Germany) under
CuK,, irradiation (A = 0.15406 nm, 7= 293 K) via a
wide-angle recording technique [2—4] using a Lynx-
eye position-sensitive detector, as well as a
ICDDIPDF-2 database and TOPAS 3.0 software
(Bruker, Germany) to decode the obtained X-ray pat-
terns and to determine lattice parameters, respectively.

Electron-microscopic examination was carried out
using an SCM-5710 scanning electron microscope
equipped by a nitrogen-free X-ray energy-dispersive
spectrometer [5].

Optical studies (UV-spectra recording) were per-
formed using spectrophotometers of the type of UV-
2501 PC (Shimadzu, Japan) with an ISR-240 A diffu-
sive reflection accessory and SPECORD 40 in the
range of 190—900 nm [6]. These measurements were
mainly aimed at determining band-gap width AEF—a
crucial semiconductor characteristic—through study-
ing the optical absorption [1].

Absorption coefficient oo was calculated from the
UV spectra according to the known equation applica-
ble upon multiple radiations passing through a sample:

T=(01-Re™/[(1- Re™),
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Fig. 1. Dependences on composition of crystal lattice parameters (5) a and (/) ¢, (2) interplanar distance d;q, (3) X-ray density
pr» and (4) band-gap width AE of components of the (a) CdS—ZnSe and (b) CdS—ZnS systems.

where D is the sample thickness, 7'is the transmission
coefficient, and R is the reflection index.

Calculations of o and o> were performed using PC
custom-designed software.

The T=f(\A) and o> = f{hv) dependences were con-
structed on the basis of the obtained experimental and
calculation data. The band-gap width was determined
through extrapolation of the linear section of the o> =
f(hv) dependence until the point of intersection with
the Av axis [1].

Surface activity was estimated from pH value of the
surface isoelectric state pH,,, and total concentration
of acidic sites C,.,. pH;, values were obtained by the
hydrolytic adsorption method with an introduction of
ampholyte adsorbents represented by CdS, ZnSe, and
ZnS and (CdS),(ZnSe), _, and (CdS),(ZnS), _, solid
solutions with typical isoelectric points corresponding
to the solubility minimum. The final task consisted in
detecting the medium pH at which ampholyte adsor-
bents were able to detach equal (very small) amounts
of H" and OH~ ions [7].

Having data on the pH,, values would enable one
to determine the average power and ratio of acid and
base sites.

To determine C,,,, the nonaqueous conductometry
titration method was used [1]. In this case, the electric
conductivity of an equilibrium mixture (dispersed
adsorbent—semiconductor + solvent (methyl ethyl
ketone)) was measured with an introduction of titrant
(potassium ethylate). Based on the constructed differ-
ential curves, dependences of the specific conductivity
on the titrant volume, and the concentration of acidic

sites (total and for individual peaks) were calculated
according to the formula

C= VN x1000/m,

where V' is the volume of potassium ethylate spent in
titration, mL; N is the normal concentration of potas-
sium ethylate solution, g-eq/L; and m is the weight of
adsorbent, g.

The reproducibility and the accuracy of the exper-
imental data were verified by parallel measurements
using the methods of mathematical statistics and
quantitative analysis data processing. Statistical pro-
cessing of the obtained values, calculations of mea-
surements errors, and building and processing of
graphic dependences were performed using the Stat-2,
Microsoft Excel, and Origin software.

RESULTS AND DISCUSSION

According to the X-ray data (relative positioning and
distribution of the main lines on X-ray images of
binary components and solid solutions [1], found val-
ues of crystal lattice parameters ¢ and ¢, interplanar
distances dy,;, and density p,) (Fig. 1), solid substitu-
tion solutions were formed in the systems under study.
The solutions exhibited a cubic sphalerite structure (at
Xcgs < 0.03 mol) and a hexagonal wurtzite structure (at
Xcgs = 0.45 mol) in the CdS—ZnSe system and a hex-
agonal wurtzite structure in the CdS—ZnS system.

That formation of solid substitution solutions had
occurred was indirectly corroborated by a certain reg-
ularity in the UV spectra relative positioning (Fig. 2)
and, correspondingly, virtually linear or smoothly
changing of the band-gap width AE along with
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Fig. 2. UV spectra of components of the (a) CdS—ZnSe system ((1) ZnSe, (2) (CdS)0'03(ZnSe)0.97, (3) (CdS)( 45(ZnSe)q 55, (9
(CdS)g 51(ZnSe)g 49, and (5) CdS) and (b) the CdS—ZnS system ((I) ZnS, (2) CdSg,0ZnSggo, (3) CdSy2ZnS 33, (9

CdSO.7SZHSO.22’ (5) CdSO'94ZnS0.06, and (6), CdS)

changes in the composition (Fig. 1). The latter, just
like in changes of a, ¢, and d,,, along with the compo-
sition, indicated a prevalence of the statistical factor as
opposed to the extremal pattern observed for X-ray
density p, changes (Fig. 1).

Its acceptability was demonstrated in [1, 8, 9],
where corresponding generalizations and explanations
were provided based on a detailed analysis of semicon-
ductor solid solutions investigation data.

The element composition of solid solutions and the
binary systems components that conformed satisfac-
torily to the molar composition, the average sizes and
numbers of the most represented particles, and their
dependences on the systems’ composition were deter-
mined based on electron microscopy data [10, 11]. The
polycrystalline structure of the surface with inhomo-
geneously distributed crystallites able to associate into
agglomerates, including grains of varied size, was
established.

Let us examine surface-active (acid—base) properties
of CdS—ZnSe and CdS—ZnS system components. pH
values of the isoelectric state of these systems’ surfaces
exposed to air in the series

CdS — (CdS).(ZnSe),_, — ZnSe,

CdS — (CdS)(ZnS),_, — ZnS

fit within the ranges of 6.4—8.2 and 6.4—6.86, respec-
tively, which indicated a predominantly basic surface
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nature of zinc selenide and (CdS),(ZnSe), _, solid
solutions and weakly acidic surface nature of CdS—
ZnS system components.

These properties changed in an extremal manner
upon changes in the compositions of CdS—ZnSe and
CdS—ZnS systems: through a minimum at an excess
of ZnSe in the first case and through maxima at
excesses of ZnS and CdS in the second case (Fig. 3).

Results of nonaqueous conductometry titration
demonstrated different types of acidic sites on the ini-
tial (exposed to air) surfaces of the CdS—ZnSe and
CdS—ZnS systems’ surfaces, with curves AG/AV—V
containing three or four peaks (Fig. 4).

As we have stated earlier (for example, [1, 9]),
coordination-unsaturated atoms (Lewis sites), as well
as adsorbed water molecules and OH~ groups (Brgn-
sted sites), can act as acidic sites.

Both of the above may be determinative in the
investigated cases. For example, Lewis sites—coordi-
nation-unsaturated atoms with varied levels of unsatu-
ration and, consequently, varied effective charges
(g.)—must make a predominant contribution to the
acid—base state of the surface of the CdS—ZnS system
components characterized with pH,,, < 7, which was
corroborated by the formation of donor—acceptor
complexes with their participation, for example,

NHI’—A—3 (A—Cd, Zn), demonstrated by IR spectra,

Vol. 54 No.5 2018
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Fig. 3. (1) Dependences of X-ray density p,, (2) pH-isoelectric surface state pHjy,, (3) and total acidic site concentration C;; and

values of components of (a) CdS—ZnSe and (b) CdS—ZnS on composition.
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Fig. 4. Differential curves of nonaqueous conductometry titration of the components exposed in air of (a) the CdS—ZnSe system
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Fig. 5. Dependences of pH values of isoelectric state of
components of the ZnS—CdS system exposed to argon (2)
and NHj (/) treatment.

as well as by a nature of the influence of the principal
gas (NH;) on pH,, (an increase was observed) (Fig. 5).

Bronsted sites must make a predominant contribu-
tion to the acid—base state of the surface of the CdS—
ZnS system components at pH,,, > 7. This was indi-
cated by an elevated activity of these surfaces toward
acidic gases found from the results of direct adsorption
investigation. In particular, olcq, /Oy, > 1 even con-
sidering the reversible character of adsorption of
ammonia (i.e., at a weak adsorption bond) (for exam-
ple, see Fig. 6).

Comparing the dependences of the investigated prop-
erties on composition within each of the CdS—ZnSe and
CdS—ZnS systems was of interest, as was examining
similar dependences of the various indicated systems
taking into account changes in the corresponding
physical-chemical properties in a series of analogs—
the initial binary components of these systems: CdS —
ZnSe — 7ZnS. As a result, the following interrelated reg-
ularities were identified.

The CdS—ZnSe system with an increase in ZnSe
concentration (wide-band-gap component) demon-
strated a decrease in interplanar distance d,;; and crys-
tal lattice parameters a and ¢ and extremal changes (at
an excess of ZnSe) of X-ray density p,, pHis,, and Cy;
(Figs. 1, 3a). The presence of both direct and inverse
relations between p, and pH;,, is worth mentioning.
The direct relation was determined from the decrease
of coordination—unsaturation of atoms both in the
bulk and on the surface with an increase in p, increase
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Fig. 6. Isobar of adsorption isobar of ammonia on zinc sel-
enide at Py = 56 Pa.

and corresponding increase in the density of their
packing per volume unit of the crystal lattice. Hence,
the decrease of the Lewis sites’ contribution determin-
ing the surface acidity and the increase of that of Brgn-
sted sites that resulted in pH,,, increase toward CdS —
(CdS),(ZnSe), _, — ZnSe.

Here, at an excess of zinc selenide (x,q. = 0.97
mol.), the atomic packing density in the bulk increases
so much and their connection to surface atoms loosens
so much that an explosion of the surface atoms’ coor-
dination—unsaturation is observed, which is followed
by a decrease by pH,, (Fig. 3a). It is worth noting that
other compositions of the CdS—ZnSe system also
demonstrated a predominant effect of the zinc sele-
nide (the second binary component) on the surface
acid—base state, exhibiting a wider band-gap width
than the first binary component (CdS) (AE;,s. = 2.7—
2.9¢eV, AEq4s = 2.42 V).

Under a predominantly basic nature of the surface
of the CdS—ZnSe system, the components have been
hypothesized to manifest an elevated activity toward
acidic gases, which was corroborated by the above
data.

The discovered regularities of changes in volume
and surface properties with the composition of the
CdS—ZnS system, except for (a, ¢) = flxcqs) and AE =
S(xcgs), exhibited an extremal nature (Figs. 1, 3b),
which, as we stated earlier, was to a great extent deter-
mined by the complex inner processes that followed
the formation of solid solutions. Here, it is worth men-
tioning an inverse positioning of extrema on the pH,,, =
S (xcgs) and Gy = f(xcas) and pHg, = f(xcgs) and p, =
S (xcqs) curves (Fig. 3b): the minimum and maximum
Vol. 54

No.5 2018



COMPARATIVE PHYSICAL-CHEMICAL PROPERTIES

on the pH;,, = f(xcq4s) curve corresponded to the max-
ima and minima on the Cy, = f(xc4s) and p, = f(xcqgs)
curves. Thus, a relationship was observed between den-
sity p,, the relative contribution of coordination-unsatu-
rated atoms (Lewis sites), and the surface acidity.

In addition, it was of interest to observe the
“behavior” of the investigated physical-chemical
properties in the series of analogues CdS — ZnSe —
ZnS—the initial binary components of the CdS—ZnSe
and CdS—ZnS systems.

Note that, upon a transition from CdS to ZnS, they
changed through extrema corresponding to ZnSe
(Fig. 7). The latter was reflected in the physical-
chemical properties of solid solutions, in particular,
those of the CdS—ZnSe system (Figs. 1, 3a). The
CdS—ZnS system demonstrated the effect of both
excess binary components (Fig. 3b).

Aside from the obvious academic interest, the
identified interrelations between surface and bulk
physical-chemical properties (Figs. 1, 3) also open up
possibilities of preliminarily selecting optimal materi-
als for equipment (sensors, in our case) based only on
the data of bulk physical-chemical properties (X-ray
density p, in particular), skipping not only laborious
adsorption investigations, but also determination of
acid—base properties.

Since the CdS—ZnSe system components, except
for CdS, exhibited primarily a basic surface and the
CdS—ZnS components primarily acidic ones, they
can be recommended, respectively, for production of
sensors on microimpurities of acid (NO,, SO, types)
and base (NH; type) gases [9].

CONCLUSIONS

Solid solutions in the CdS—ZnSe and CdS—ZnS
systems verified as being solid substitution solutions
have been fabricated: they exhibited (depending on the
composition) a cubic sphalerite structure and a hexag-
onal wurtzite structure in the CdS—ZnSe system and a
hexagonal wurtzite structure in the CdS—ZnS system.
A crucial parameter of semiconductor materials (solid
solutions)—high-energy gap width (AF) values—have
been determined from the UV-spectra for the first
time.

Bulk (crystal chemistry, structural, and optical)
and surface (acid—base) properties of the fabricated
solid solutions and the initial binary components
(CdS, ZnSe, ZnS) have been examined. Regularities
of changes in the investigated properties with those of
the CdS—ZnSe and CdS—ZnS systems have been
established.

A certain parallel has been drawn between the
nature of the properties changes with compositions of
CdS—ZnSe and CdS—ZnS systems and in a series of
analogues—the initial binary components of these sys-
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tems, CdS — ZnSe — ZnS—from the suggested point
on the nature of active sites.

The identified interrelations between the estab-
lished regularities have been confirmed, which enables
one to predict the surface activity of new materials
with respect to gases of differing electron nature (com-
ponents of natural and technological media) on the
basis of only bulk properties.

The fabricated solid solutions are recommended
for production of sensors for acidic (pH,, > 7) or basic
(pH;,, < 7) gases.
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