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Abstract⎯Adsorption properties of solid solutions and binary components of the InP–ZnS system with
respect to NO2 and NH3 in the temperature intervals of 250–490 K and initial pressures of 15–30 Pa have
been studied for the first time. In selecting adsorbates, their unequal electron nature and toxicity is taken into
account. An analysis of experimental dependences of adsorption αp = f(T), αT = f(P), and αT = f(t) and cal-
culated values of differential heat, differential entropy, activation energy of adsorption, and electrical conduc-
tivity “behavior” under condition of adsorption is conducted. As a result, the temperature conditions for
occurrence of physical and chemical activated adsorption are established. With regard to the results of
IR spectroscopy, the studies of acid-base properties of the surfaces of the system components, and their
charging under conditions of adsorption, the ideas are substantiated about the nature of active centers, the
role of which is taken by surface coordinately unsaturated atoms (primarily In and Zn atoms) and about the
donor-acceptor mechanism of gas adsorption with gases participating as acceptors. Increased activity of the
surfaces of the system semiconductors with respect to basic gases, which is confirmed unambiguously by the
direct adsorption studies, and also the change in electrical conductivity under conditions of adsorption even
at room temperature have been the basis for recommending the studied semiconductors to be used for fabri-
cating the corresponding low-temperature sensors.
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INTRODUCTION

With the development of many areas of state-of-
the art technology, creating novel materials, which are
the more effective, the better known their properties,
has been remained urgent. In this respect, there has
been a growing interest in the surface and detailed
information on its physicochemical properties deter-
mined by the related atomic-molecular and electron
processes that necessarily start with adsorption.

Adsorption begins heterogeneous catalytic reac-
tions; it is unavoidable even under conditions of semi-
conductor crystal growth, in their treatment and stor-
age, and during fabrication and operation of devices.

From these considerations, we study adsorption
properties of the novel materials, solid solutions based
on binary diamond-like semiconductors of AIIIBV

(InP) and AIIBVI (ZnS)–(InP)x(ZnS)1 – x type in this
work.

The adsorbates (NO2, NH3) were selected on the
basis of the interest, on one hand, in gases having dif-
ferent electron nature and, on the other hand, in toxic
components of the ambient and technological media.

EXPERIMENTAL
Solid solutions of (InP)x(ZnS)1 – x (x = 3.0, 6.0,

10.0, 18.0, 85.0, 93.0, 96.0, 98.0 mol %) were obtained
by the procedure developed specially for this system
based on isothermal diffusion of original binary com-
pounds (InP, ZnS) and available information on their
physical and physicochemical properties by using
a substantiated mode and a thermal heating program
[1, 2].

The obtained solid solutions were certified accord-
ing to the results of the X-ray examinations and the
results of micro- and electron-microscopic studies.
The studied samples were prepared as fine powders
(Sspec = 0.34–1.35 m2/g) and nanofilms (d = 20–
90 nm).

The X-ray examinations were conducted on a
Bruker AXS D8 Advance diffractometer (Germany) in
CuKα radiation (λ = 0.15406 nm, T = 293 K) by sur-
veying in the region of far corners [3, 4] with a Lynxeye
position sensitive detector, as well as using the
ICDDIPDF-2 powder diffraction database and a
TOPAS 3.0 (Bruker) software for interpreting X-ray
patterns (XRD patterns) and refining the parameters
1089



1090 KIROVSKAYA et al.

Fig. 1. Temperature dependences for values of adsorption
of (1) NO2 and (2) NH3 on (a) InP and (b) ZnS at initial
pressure Pin = 30 Pa.
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Fig. 2. (a) Equilibrium and (b) kinetic isotherms of adsorp-
tion for (1) NO2 and (2) NH3 on solid solution
(InP)0.18(ZnS)0.82 at T = 320 K, Pin = 30 Pa.
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of the lattices, respectively; the microscopic studies
were carried out on KN 8700 (Xilox, Japan) and
POLAR-3 Micromed devices with a resolving capac-
ity up to 7000 [5]; the electron-microscopic studies
were made on a JSM-5700 scanning electron micro-
scope equipped with a JED-2300 attachment for
energy-dispersive analysis [6].

The adsorption properties (with respect to NO2,
NH3) were studied by the piezoquartz microweighing
method (sensitivity of 1.23 × 10–11 g/cm2 Hz) and by
the volumetric method [7] (within the temperature of
250–490 K and pressure of 15–30 Pa) together with
methods of IR spectroscopy of multiple frustrated
total internal reflection (IRS MFTIR) and determina-
tion of electrical conductivity (σ). IR spectra were
obtained on a InfraLum FT-02 Fourier spectrometer
with a MFTIR attachment; σ was determined by the
probe compensation method [1, 7].

Adsorbate gases (NO2, NH3) were obtained by the
known techniques [8].

The reproducibility and accuracy of the experi-
mental data were verified by the results of parallel
measurements by means of the methods of mathemat-
ical statistics and processing of the results of quantita-
tive analysis, as well as using Stat-2, Microsoft Excel,
and Origin software.
INORGANIC MATE
DISCUSSION

With the required criteria met, the results of the
X-ray examinations unambiguously indicated the for-
mation of substitutional solid solutions with a cubic
sphalerite structure in the InP–ZnS system (at the
assigned compositions) [2]. These results also indi-
rectly confirm and significantly supplement the results
of micro- and electron-microscopic studies, which
served as the basis for determining the surface struc-
tures, the average sizes (lavg), and the average numbers
(navg) of the most representative particles of the system
components, their elemental compositions being
almost coincident with the prescribed molar composi-
tions [9].

Figures 1 and 2 present the typical experimental
adsorption dependences for NO2 and NH3: αp = f(T),
αT = f(P), and αT = f(t). Even the appearance of the
adsorption isobars (α = f(T)) suggests the occurrence
of physical adsorption at T < 298 K and primarily
chemically activated adsorption at higher tempera-
RIALS: APPLIED RESEARCH  Vol. 13  No. 4  2022
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Fig. 3. Execution of (a) the Langmuir equation and (b) the
Roginsky–Zeldovich–Elovich equation during the
adsorption of (1) NO2 and (2) NH3 on solid solution
(InP)0.18(ZnS)0.82 (T = 320 K, Pin = 30 Pa).

(a)

(b)

0.07
1/P, Pa

0.060.050.03

0.158
1/α × 104, mmol/m2

0.156

0.154

0.152

0.150

0.148

0.115

0.110

0.114
0.113
0.112
0.111

0.04

5100
RT log t

46003600 41002600

7.5
α × 104, mmol/m2

7.0

6.5

6.0

5.5

4.0

5.0

4.5

3100

2

1

2

1

tures. This suggestion is confirmed by the results of
analyzing the equilibrium and kinetic adsorption iso-
therms and the estimated values of activation energy
(Eα), differential heat (qα), and differential entropy
(‒ΔS) of adsorption.

The adsorption equilibrium isotherms α = f(P)
(Fig. 2a) obey the Langmuir equation (linearized in
coordinates 1/α–1/P) (Fig. 3a) [7]; the adsorption
kinetic isotherms α = f(t) (Fig. 2b) adhere to the
Roginsky–Zeldovich–Elovich equation (linearized in
coordinates α–RT log t) (Fig. 3b) [7], which is valid
for the surfaces with a uniformly inhomogeneous
character of distribution. Its execution was the basis
for using a method for “controlling band” [7] to find
the average values of activation energy of adsorption at
T > 298 K and different filling of the surfaces (the val-
ues of α). They amount to ≥18 kJ/mol.

Differential heat of adsorption (qα) was calculated
by the Clausius–Clapeyron equation (for the
descending segments of isobars) [7] and the semiem-
pirical equation proposed in [10] (for all segments of
isobars); the differential entropies of adsorption (–ΔS)
were found by the equation [7]

where qα is the differential heat of adsorption, T is the
temperature, R is the molar gas constant, P is the equi-
librium pressure at the specified T, and P0 is the stan-
dard pressure (P0 = 1 atm = 133.3 × 760 Pa).

At different temperatures (250–490 K) and the dif-
ferent filling of the surfaces, the values of differential
heat of gas adsorption (NO2, NH3) amount to 4.2–
12.4 kJ/mol, and the values of the differential entropy
of adsorption (–ΔS) are ≥78.3 J/mol K.

The growth in activation energy (Eα) and the
decrease in heat (qα) and entropy (i.e., the growth in
‒ΔS) of adsorption with filling of the surfaces indicate
their inhomogeneity and the presence of active centers
being different in force and energy state. This is con-
firmed by the results of nonaqueous conductometric
titration: the differential curves of dependence of elec-
trical conductivity of the equilibrium mixture (a dis-
persed component of the InP–ZnS + solvent +
methyl-ethyl ketone system) on the volume of titra-
nate (potassium ethylate) contain three or more peaks
each [9, 11].

As for the nature of the active centers, in accor-
dance with the results of determining pH of the
isoelectric state of the component surfaces in the sys-
tem, pHiso, and the results of the mechanochemical
studies [2, 9, 11], coordinately unsaturated atoms,
adsorbed water molecules, and OH– groups may play
this role. In this respect, the absolute values of pHiso
(<7), their increase under the action of main gas
(NH3) and at an increase in more ionic ZnS compo-
nent and consequently having a more hydrated surface

α−Δ = + 0ln / ,qS R P P
T

INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
in the InP–ZnS system (from 6.0 to 6.6), and also the
smaller values of gas adsorption on ZnS than on InP
(Fig. 1) are indicative of a relatively prevailing role of
coordinately unsaturated atoms of the Lewis centers
[2, 11].

It is pertinent to note the increased adsorbability of
the main gas (NH3) compared to acid gas (NO2)
(Fig. 1), which directly (as a result of direct adsorption
studies) confirms the increased adsorption activity of
the component surfaces in the InP–ZnS system with
respect to the main gases, which is projected from the
results of studying the acid-base properties (the calcu-
lations of pHiso) [2] and an additionally relatively dom-
inant role of coordinately unsaturated atoms as active
centers.
 13  No. 4  2022
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Fig. 4. IR spectra of MFTIR of the surfaces on the compo-
nents of the InP–ZnS system exposed to the air: (1) InP;
(2) ZnS.
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Fig. 5. Temperature dependences of electrical conductivity
of solid solution (InP)0.18(ZnS)0.82 (1) in vacuum and
(2) under conditions of adsorption of NH3 at Pin = 15 Pa.
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On the basis of the above and in accordance with
the results of the adsorption studies on the other dia-
mond-like semiconductors [1, 10, 11], it becomes evi-
dent that the adsorption of NO2 and NH3 occurs by
the donor-acceptor mechanism with the involvement
of surface coordinately unsaturated atoms as acceptors
(primarily the A–In, Zn atoms having more pro-
nounced metallic properties).

Hence, we logically represent the adsorption inter-
actions of NO2 and NH3 by the schemes [1, 11]

The formation of such donor-acceptor bonds with
the involvement of surface coordinately unsaturated
atoms is revealed by the IR spectra of MFTIR exposed
in the surface air that include the stretching bands of
adsorbed coordinately bonded molecules of H2O and

CO2 (H2O+δ—A–δ, —A–δ) (Fig. 4).
As part of deepened clarification of the mechanism

of gas adsorption and recognition of the role, along
with a local factor, it is expedient to determine the
“behavior” of electrical conductivity under conditions
of gas adsorption.

The results of such studies are presented in Fig. 5.
The temperature dependence of electrical conduc-

tivity of a solid solution in this case (InP)0.18(ZnS)0.82
in vacuum is typical of semiconductors and obeys the
exponential law [7]

Under the action of adsorbed ammonia, the elec-
trical conductivity grows (Eσ decreases accordingly),

+δ −δ+ → −2gas 2NO A NO A (ads);
+δ −δ+ → −3gas 3NO A NO A (ads).

+δ
2CO

σ σ = σ − 
 

0 exp .E
RT
INORGANIC MATE
and the higher the temperature, the more noticeable
the growth (Fig. 5).

The mere fact of the change in electrical conduc-
tivity under conditions of adsorption indicates the
charge and the change in the electron state of the sur-
face, which is possible during chemical interaction
and consequently during the formation of a single
quantum-chemical “adsorbent-adsorbate” system [1,
7, 12]. This in turn indicates the dependence of the
adsorbability of NH3 molecules not only on a local
factor (chemical properties of the adsorbate molecules
and active centers) but also on a collective (electron)
factor, which is determined by the Fermi level position
and the character of the energy spectrum of the sur-
faces [1, 7, 12]. That is under the mentioned formation
of —A–δ donor-acceptor bonds, free carriers are
necessarily involved in the elementary act of adsorp-
tion, although gas adsorption selectivity is determined
by the local properties of the surface [1, 7, 10, 12].

It is pertinent to note that the concentration of free
carriers (n electrons and p holes) in crystalline solids is
related to the width of the band gap and the Fermi
level position therein [7]:

where E1 and E2 are the energies corresponding to the
upper edge of the valence band and the lower edge of
the conduction band, EF is the energy corresponding
to the Fermi level, K is the Boltzmann constant, and C
is a constant that depends on the effective mass of car-
riers and temperature.

From this follows validity of the statement by
F.F. Volkenstein (within the framework of the electron
theory of adsorption and catalysis) about the role of

+δ
3NH

− − − −= =2 F 1 F( ) ( )/ ; / ,E E E En Ce KT p Ce KT
RIALS: APPLIED RESEARCH  Vol. 13  No. 4  2022
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the Fermi level as a regulator of adsorption and cata-
lytic activity [7, 13].

In terms of the feasibility of using the studied semi-
conductors in the sensor technology, increased activ-
ity of their surfaces with respect to the main gases,
which is confirmed by the results of direct adsorption
studies, and the change in electrical conductivity
observed even at room temperature during adsorption
deserve consideration.

CONCLUSIONS
Adsorption properties of the binary and multicom-

ponent semiconductors of the InP–ZnS system with
respect to NO2 and NH3 having different electron
nature and being toxic components of the surrounding
and processing media were considered for the first
time.

On the basis of the analysis of the experimental
dependences of adsorption, the calculated values of
differential heat and entropy, the activation energy of
adsorption, and the results of determining electrical
conductivity under conditions of adsorption, the tem-
perature conditions were established for occurrence of
physical and chemical activated adsorption.

With consideration of the results of the earlier stud-
ies of acid-base properties of the surfaces of the com-
ponents of the InP–ZnS system, the suggestions
about the nature of active centers and the adsorption
mechanism were made and substantiated IR-spectro-
scopically: adsorption of NO2 and NH3 occurs by the
donor-acceptor mechanism with surface coordinately
unsaturated atoms (primarily In and Zn atoms) acting
as acceptors.

The direct adsorption studies unambiguously con-
firmed the increased activity of the surfaces of the
components of the InP–ZnS system with respect to
the main gases, which was revealed according to the
results of studying the acid-base properties. In view of
this fact and the change in electrical conductivity
under conditions of adsorption even at room tempera-
ture, we recommend them for fabricating the corre-
sponding low-temperature sensor devices.
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