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Nanoscale heterostructures ZnS/CdS have been synthesized in order to put into effect those gas sensors,
which work at room temperature. Synthesis was carried out in two stages. The first stage is the formation of
CdS nanorods. The second stage is solvothermal approach, it leads to deposition and growth of a ZnS particles
on CdS nanoparticles. A number of samples with different molar ratio Zn/Cd were synthesized.

The XRD method shows appearance of the cubic phase of ZnS on hexagonal CdS. The size of the
synthesized ZnS/CdS nanorods is an average length of 150-200 nm and a thickness approximately of
20 nm. Optical spectra for all the synthesized samples were recorded in the wavelength ranging of
350-800 nm at room temperature. The band gap of the synthesized CdS nanorods is 2.40 eV, those of the
heterostructures 0.75 ZnS/CdS and 1.0 ZnS/CdS are 2.38 and 2.35 eV respectively.

The dynamic response characteristics of sensors was measured in air and in the presence of acetone
or ammonia gas. The measurement was performed at room temperature. Each exposure/recovery cycle
was carried out for an exposure interval of 200-250 s followed by a recovery interval of 200 s in air. With
an increase of amount of the ZnS on the CdS surface, the response of the sensor increases respectively. All
the investigated sensors based on ZnS/CdS heterostructures have better sensitivity for NH; atmosphere
(for 0.75 ZnS/CdS about 1.4 times higher) in comparison with acetone atmosphere.
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INTRODUCTION toxic gas or volatility poisonous chemical
leakage [3].

By now, great efforts have been directed to
developing acetone gas sensors using various
sensing materials such as polymers [4], ceramics
[5], metal oxide semiconductors (MOS) [6],
carbon nanotube-based composites [7].

Various sensing materials such as transition
metal compounds, various metal oxide
semiconductors and conducting polymers were
extensively studied for NHs; gas sensor
applications, but still most of the works on NHs
sensors [8-10] were focused on high temperature
applications (up to 300 °C).

This study shows how semiconductor
heterostructures ~ ZnS/CdS  were  applied
successfully in toxic gas detection under ambient
conditions.

Semiconductor nanoparticles have attracted
much attention because of their peculiar optical
and electronic properties, quantum size effect,
and other important physical and chemical
properties [1, 2], which have great potential for
many applications. Both CdS and ZnS belong to
I1-VI group semiconductors, and they have
similar crystalline structures. Wurtzite CdS and
ZnS are direct band gap semiconductors with
energy gap of 2.42 and 3.70 eV at 300 K (being
measured in bulk) respectively. Due to higher
band gap energy, ZnS has been used as surface
passivation  material of CdS.  These
heterostructures can be used in design of sensors
for detection of harmful gases under ambient
conditions. Meanwhile, semiconductor sensors
are small and cheap.

In detection of gases such as acetone, EXPERIMENTAL SECTION
ammonia gives significant advantage in various
applications, such as industrial manufacturing,
environmental monitoring, and finding out of

Heterostructures ZnS/CdS were synthesized
using a two-step solvothermal approach. The
first step is the formation of CdS nanorods.
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Nanorods CdS  were  synthesized by
crystallization of 0.004 M Cd(NOs),-4H,0
(analytical grade) and 0.008 M thiourea
(analytical grade) from ethylenediamine
(analytical grade; 30 ml) at 393K.

Second step leads to the formation of ZnS
and further coalescence-exchange, which
consequently lead to deposition and growth of
ZnS particles on CdS ones. A number of samples
with different molar ratio Zn/Cd, such as 0.25,
0.5, 0.75, 1.0, 2.0 were synthesized. A mixed
aqueous solution of zincacetate and thiourea was
prepared by stirring for 1 h. The solution was
then added dropwise to the CdS nanorods in
water. Final solution was deposited into a
Teflon-lined autoclave and treated at 433 K for
4 h. CdS nanorods being coated with ZnS were
centrifuged in water continuously for many
times, later dried to obtain final powdery product.

Crystalline structures of obtained samples
were determined using X-ray analysis (DRON-4-07,
Lomo, USSR) in the emission of copper cathode
with nickel filter in Bragg-Brentano geometry.
UV-Vis spectra were recorded using a Lambda-35
spectrophotometer  (Perkin-Elmer). Electrical
properties were measured on a Solartron SI 1271
potentiostat (Solartron analytical, UK) at the
500 mV.

For gas sensing purposes, the ZnS/CdS
nanopowder obtained as described above was
mixed with a suitable amount of adhesive and
then grounded into a paste. In order to compose
the experimental sensor, a fiberglass plate was
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coated with the fresh semiconductor paste using
a small brush aiming to form thick film between
two parallel gold electrodes. Sensing
measurements were carried out in saturated
vapours of acetone or ammonia.

RESULTS AND DISCUSSION

Identification of structure characteristics was
performed by using diffraction patterns. X-ray
diffraction (XRD) graphs show diffraction peaks
which indicate the formation of ZnS/CdS
heterostructures.

The peaks were identified by comparing the
d-values obtained from the XRD patterns with
the standard JCPDS data-cards d-values. XRD
spectra of the obtained ZnS/CdS heterostructure
is in good correspondence with CdS
(JCPDS 75-1545) and ZnS (JCPDS 05-0566) in
a hexagonal phase (Fig. 1). XRD pattern exhibits
three preferential peaks assigned to (002), (110),
and (112), orientations of hexagonal phase of
CdS material. From JCPDS data for CdS, the
intensitive diffraction peak can be indexed as
(111) cubic and (002) hexagonal. It has been also
reported that the cubic and hexagonal phases of
CdS overlap [11,12]. However, the XRD
patterns show additional peaks corresponding to
distinctly plane (102) for hexagonal phase CdS.
The XRD pattern of ZnS can be identified as the
cubic zinc blend structure. The observed three
main diffraction peaks of ZnS at 26 = 28.9, 48.1
and 57.1° correspond to (111), (220) and (311)
planes.
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Fig. 1. X-ray diffraction patterns of nanorods CdS (1) and heterostructure 0.5ZnS/CdS (2); CdS (*), ZnS(#)

ISSN 2079-1704. CPTS 2017.V.8.N 4 433



S.L. Prokopenko, G.M. Gunya, S.M. Makhno, P.P. Gorbyk

The size of the synthesized 2ZnS/CdS
nanorods is an average length of 150-200 nm
and a thickness approximately of 20 nm [13].

Optical spectra for all samples were recorded
in the wavelength ranging of 350-800 nm at
room temperature (Fig.2). Fig.2 (curvel)
shows the absorption spectrum of CdS
nanoparticles. From the figure one can see that
broad absorption peak is observed at 465 nm in
visible region. Fig.2 (curves 2-6) shows the
optical absorption of ZnS/CdS nanoparticles.
The absorption edge of ZnS/CdS nanoparticles
exhibited blue shift compared to those of CdS
nanorods. This blue shift could be attributed by
an increase in the amount of a wide-gap
semiconductor ZnS in the heterostructure
ZnS/CdS.
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CdS nanorods can provide the lowest energy
states for electrons and holes, and the electron—
hole pairs tend to localization in semiconductor
with lower band gap energy. The CdS/ZnS
nanoparticles show the blue-shift of the
absorption spectrum and can lead to an increase
in the transition energies with respect to CdS
nanorods. Furthermore, due to the lattice
mismatch of ZnS and CdS nanoparticles (the unit
cell parameter a of the hexagonal crystal system
of ZnS and CdS respectively equals to 0.382 and
0.413 nm), the stress is induced and asymmetric
internal electric field is developed across the
interface. This can lead to changing the
electronic states and absorption properties of
heterostructures [14].
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The optical band gap energies are evaluated
by extrapolating the straight line portion of
(ahv)?> vs hv graph to hv axis at a=0. The
obtained band gap values of CdS, 0.75 ZnS/CdS
and 1.0 ZnS/CdS nanoparticles are 2.40, 2.38,
and 2.35 eV, respectively.

To calculate the sensitivity (S) of the sensor,
current measurement was used at a constant
voltage. The sensitivity is usually defined as the
current variation ratio of the measured gas
concentration. If the background gas is air, the
gas sensitivity is defined as follows:

5(%) = % x 100

L)

where R, and Ry are sensor resistances in normal
air and under gas [15, 16].
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Fig. 2. UV-Vis spectra (plotted as the Kubelka-Munk function) of nanorods CdS and heterostructures ZnS/CdS:
1-CdS, 2-0.25 ZnS/CdS, 3 - 0.5 ZnS/CdS, 4 — 0.75 ZnS/CdS, 5 - 1.0 ZnS/CdS, 6 — 2.0 ZnS/CdS
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The high performance of the sensor was
confirmed  through the repetition and
reproducibility experiments. Three or more
cycles of gas-sensing characteristics were
performed on each material for repetition. Gas-
sensing characteristics of three or more samples
of each type were tested for reproducibility.

Sensor's resistance was measured in air and
in the presence of acetone or ammonia gas. The
measurement was performed at room
temperature. Each exposure/recovery cycle was
carried out for an exposure interval of 200-250 s
followed by a recovery interval of 200 s in air.

The transient response characteristics of all
the samples in acetone gas are shown in Fig. 3.

Chemisorbed oxygen molecules tend to
capture electrons from the material, which leads
to increase in hole concentration and decrease in
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electron concentration (1)-(2). Therefore, the
sensor is in high resistance state in atmosphere
air as experimentally observed. When the sensor
is exposed to reducing gas such as acetone, the
gas molecules react with the oxygen ions on the
surface of sensor (3)—(5). Such reactions result in
retrieving the trapped electrons back to the
conduction band of the sensor and lead to
decrease of resistance for the gas sensor [17].

The gas-sensing mechanism is generally
ascribed to p-type semiconducting behaviour and
is dominated by positive charge carriers (holes),
whereas the adsorbed acetone gas on the sensor
surface serves as electron donor. The absorbed
acetone gas molecules cause a change of holes
concentration in semiconductor heterostructures
ZnS/CdS, resulting in increase in the surface
conductivity.

The values of electrical resistance of the
sensor decrease quickly as soon as the NHs gas
reacts with sensor material and then quickly
returns to its initial values being refreshed with
air, indicating a good repeatability and
reversibility of the NH; sensor (Fig. 4).
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Fig. 3. Plot of dynamic response and recovery curves to acetone gas of the heterostructures ZnS/CdS:
1-0.25 ZnS/CdS, 2 - 0.5 ZnS/CdS, 3 - 0.75 ZnS/CdS, 4 — 1.0 ZnS/CdS, 5 - 2.0 ZnS/CdS

S%
07 M

80+

100+

0 50 100

150 200 250 300

Fig. 4. Plot of dynamic response and recovery curves to NHs gas of the heterostructures ZnS/CdS:
1-0.25 ZnS/CdS, 2 - 0.5 ZnS/CdS, 3 - 0.75 ZnS/CdS, 4 — 1.0 ZnS/CdS, 5 - 2.0 ZnS/CdS
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It is known from the literature that ZnS acts
as a n-type semiconductor, which at room
temperature tends to adsorb ions of oxygen (O2")
from the atmosphere by reacting with reducing
gases, such as NHs. Reactions of NH3; molecules
with the oxygen species cause more electrons to
return to the conduction band because ammonia
acts as a donor of electrons. The surface
reactions between the NHs; and the sensor
material can be described as shown in (6)—(8)
[18-20]:

2NH3(ags) + 30™ — N2 + 3H,0 + 3e”
2NHyay + 7Oy —2NOxgy +3HOge+ 146 (8)

When the sensor is exposed to NH;
containing gas, the electrons being trapped by
the adsorptive states will be released, so leading
to decrease in sensor resistance, as
experimentally observed. All sensors, based on
heterostructures ZnS/CdS, have better results for
NH; atmosphere in comparison with acetone
atmosphere.

(1)

NHS(gas) = NHS(ads) (6)
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Fig. 5. Comparison of electrical responses of 0.75 ZnS/CdS: 1 —in acetone atmosphere, 2 — in NH; atmosphere

Fig. 5 shows that in ammonia atmosphere the
responses of 0.75 ZnS/CdS-based sensors are about
1.4 times higher than those in acetone atmosphere.

CONCLUSION

Semiconductor  heterostructures  ZnS/CdS
were successfully synthesized using two-step
solvothermal method. From the result of XRD,
hexagonal phases of CdS and cubic phases of ZnS
are confirmed. The as-prepared samples are used
to study the structural, optical, and sensor
properties.  All  investigated samples of
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heterostructures ZnS/CdS have shown decrease in
electrical resistance at room temperature in
ammonia and acetone atmosphere.

With an increase of amount of the ZnS on the
CdS surface (a change in the molar ratio of Zn/Cd
from 0.25 to 2.0), the response of the sensor
increases respectively. All the investigated sensors
based on ZnS/CdS heterostructures have better
sensitivity for NHs atmosphere (for 0.75 ZnS/CdS
about 1.4 times higher) in comparison with that of
acetone atmosphere.
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I'a30Buii JATYUK HA OCHOBiI HAHOPO3MIPHUX HANIBIPOBITHMKOBUX I'eTEPOCTPYKTYP
ZnS/CdS, mo npamnoe npu KiMHaTHii Temnepartypi

C.JIL Ilpokonenko, I''M. I'ynsi, C.M. Maxwno, ILIL I'opouk

Tuemumym ximii nogepxui im. O.0. Yyuxa Hayionanenoi akademii nayk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Yrpaina, sprokopwork@gmail.com

Cunme308anHo HaHOpo3Mipui Oucnepchi ecemepocmpykmypu ZnS/CdS onsn cmeopenns 2a3068ux
Jamuukie, sAKi egeKkmueHo npaywwmv npu KiMHamuitl memnepamypi. Memooom P®DA noxazano
BUHUKHeHHs1 KYOiunol ¢asu ZnS na eexcaconanvhomy CdS. Iloxazano smenwienHs wupunu 3a00poHeHol
30nu 3paskie 3 2.40 eB ona CdS 0o 2.35 eB ona 1.0 ZnS/CdS. Bucoxa cenexmusHicmo, 8i0meoproganicmo i
negeauxuti, 0o 100 c¢, uwac 3minu onopy 003601810Mb BUKOPUCMOBYBAMU CUHME308AHI 3PA3KU K
EKOHOMIYHI 2A3081 OAMYUKU HA AMOHIAK | AYEemoH.

Knrouosi cnosa: oamuux, ZnS/CdS ecemepocmpyxmypu, NHs, ayemon, Hanocmpudichi

I'a30Bblii JaTYHK HA OCHOBE HAHOPA3MEPHBIX MOJIYNPOBOAHHKOBBIX F€TEPOCTPYKTYP
ZnS/CdS, pa6oraoumii Npu KOMHATHOI TeMneparype

C.JIL. IIpokonenko, I''M. I'yns, C.H. Maxno, ILII. I'opoux

Hnemumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvhoii akademuu nayx Yxkpauml
ya. Fenepana Haymosa, 17, Kues, 03164, Ykpauna, sprokopwork@gmail.com

Cunme3suposanvl HanopasmepHvle oucnepcHvle 2emepocmpykmypol ZnS/CdS ons coz0anus 2az06vix
oamuukos, 3pgexmusno pabomarowux npu KomHamHou memnepamype. Memooom P®A noxazano
obpazosanue Kyouyecxot @azvl ZnS Ha eexcazonarvhom CdS. Iloxazano ymeHvulenue wUpuHsl
3anpewernnou 30nbl 06pasyos ¢ 2.40 9B ona CdS oo 2.35 2B ona 1.0 ZnS/CdS. Bvicoxas cenexmugrnocmo,
nosmopsemocmo u nebovuwoe, 00 100 ¢, pems uzmeneHus: CONPOMUBIEHUL NO3BOAIOM UCHOIbL30BAMb
CUHMESUPOBAHHbBLE 0OPA3YLL 8 KAYECMBE IKOHOMUUHBIX 2A308bIX OAMYUKO8 HA AMMUAK U AYEMOH.

Knroueegwie cnosa: oamuux, ZnS/CdS ecemepocmpyxmypot, NHs, ayemon, nanocmepoicrnu
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