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In order to develop sensors capable to detect harmful gases at the ambient temperature, the
semiconductor heterostructure PbS/CdS has been synthesized. Formation of CdS nanorods was conducted
in the presence of ethylenediamine. An ion-exchange method was used to deposit PbS nanoparticles over
the CdS nanorods to produce a large area of the surface heterojunction. Series of samples of with
variation in the PbS amount on the CdS surface (from 2.5 to 20 mol. %) was obtained. Surface
morphology, optical properties and performance characteristics of the PbS/CdS heterostructure gas
sensors were studied. The sample performance characteristics were measured by means of change in
electric resistance of sensor due to reaction between the surface of material and NHj; in saturated vapours
of ammonia. The gas sensor based on the PbS/CdS heterostructures have shorter response and recovery
time compared to a sensor based on the CdS solely. It has been shown that with increase in amount of PbS
on the CdS surface from 2.5 to 20 mol. % the sensor response rate becomes 1.7 times greater.
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INTRODUTION detection of the NHj is based on resistive sensors
A . . . made of various metal oxide semiconductors
mmonia plays a vital role in all forms of (6, 7]

life and it is the second most widely used
chemical in the world [1]. Natural ammonia level
present in the atmosphere is low (1-5 ppb). The
lower limit of human NHj perception by smell is
tabulated to be around 25 ppm. It is acutely toxic
if inhaled above the moderate quantity. The
search for novel and more effective sensors for
monitoring of ammonia concentrations in air is EXPERIMENTAL DETAILS
of great interest in many fields, including the
environmental —monitoring, the automotive
exhaust detection, and in chemical and medical
industries in general [2-5]. However, the high
cost of the classical analytical instruments
(spectroscopic gas sensor, optical gas sensor,
mass chromatography, mass spectrograph, etc.)
in monitoring systems limits the control of the
air quality.

Alternatively, semiconducting nanomaterials
have attracted a considerable interest due to their
high sensitivity, selectivity, and short response
time. In addition, they have low power
consumption, lightweight; possesses a simplicity
in operation and a low maintenance cost that is
highly attractive for portable applications. One n[Cd(EDA), " +nS* (&(CdS)n . 2
of the mostly used sensing mechanisms for

In the present study, PbS nanoparticles were
deposited over the surface of CdS nanorods at
room temperature (25 °C) via straightforward
and non-expensive chemical route. The
p-PbS/n-CdS system was applied successfully in
NHj; detection at the ambient conditions.

CdS nanorods were synthesized through co-
crystallization of 0.004 M Cd(NO;),4H,O
(analytical grade) and 0.008 M thiourea
(analytical  grade) from ethylenediamine
(C,H4(NH,),, analytical grade) (30 ml) at 393 K.
After cooling to the ambient temperature, the
obtained precipitate was washed with an excess
of distilled water, centrifuged and dried at 330 K.
Formation of CdS nanorods in ethylenediamine
was carried out according to the following
equations:

nCd* +2n(EDA) <> n[Cd(EDA), ]** (0
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Cd*" ions from the cadmium nitrate solution
react with ethylenediamine ligands forming a
relatively stable complex (Eq. 1), which under
synthesis conditions promotes a crystal growth
(Eq. 2) into a rod-like structure [8].

PbS/CdS heterostructures were obtained via

conventional ion-exchange method according to
the Eq. 3. In order to form PbS nanoparticles on
the surface of CdS nanorods at a different Cd/Pb
ratio, the lead acetate solution was added to the
CdS nanorods dispersion. CdS/PbS
semiconductor nanorods were formed via
process when Pb”" ions displace Cd-ions in Cd-
S bonds on the surface of CdS nanorods (Eq. 3),
even the PbS has a different crystalline structure
from that of CdS [9, 10].
Pb*" + CdS — Cd*" + PbS + AG (3)
where AG, the Gibbs free energy of the reaction,
equal to —4.618 kJ/mol, which makes the ion
exchange possible. Previously [11] was shown
that an increase in the Pb-ions concentration
leads to increase in the PbS shell due to Pb** ions
diffusion into the CdS nanorod bulk. Samples
were named accordingly to the percentage
content of the lead ions in the semiconductor.

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. Diffuse reflectance spectra

were  recorded using a  Lambda-35
spectrophotometer  (Perkin-Elmer). Electrical
properties were measured on a Solortron SI 1271
potentiostat (Solortron analytical, UK) at the
500 mV. Morphology of samples was studied
using a TEM  (Transmission Electron
Microscope) JEOL JEM-2100F.

For gas sensing purposes, the PbS/CdS
nanopowder, obtained as described earlier, was
mixed with a suitable amount of adhesive and
then ground into a paste. In order to compose the
experimental NH; sensor, a fiberglass plate was
coated with the fresh semiconductor paste using
a small brush to form a thick film between two
parallel gold electrodes. The NH; sensing
measurements were carried out in saturated
vapors of ammonia.

RESULTS AND DISCUSSION

X-ray diffraction patterns of PbS/CdS
heterostructures contain three most intense peaks
at 26.7, 43.9 and 51.9° 2@, which correspond to
(002), (110) and (112) planes of hexagonal CdS
(JCPDS 75-1545) and four peaks at 26, 30.1, 43
and 51° 2@ of the (111), (200), (220) and (311)
cubic planes of the PbS (JCPDS 78-1054)
respectively (Fig. 1 a).

TEM image of the CdS shows a nanorod
bundles with an average length of 150-200 nm
and a diameter approximately of 20 nm for an
individual rod (Fig. 1 b).
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Fig.1. a — X-ray diffraction patterns of nanorods and heterostructures: / — CdS, 2 — 2.5 % PbS/CdS, 3 —

20 %PbS/CdS; b — TEM image of CdS nanowires
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UV-Vis spectra of the synthesized samples
of CdS and PbS/CdS are shown in Fig.2 a.
Nanorods of pristine CdS obtained under
experimental conditions have a band gap energy
of 2.4eV (Eq.4). PbS/CdS heterostructures
exhibit a higher absorption than the initial
sample and with growth in the Pb content, the
absorption band extends to the wavelength range
550 to 1100 nm.

The band gap E, was calculated from the
following equation:

(ahv)" = A(hv — Ey) “4)

where hv is the photon energy, o is the
absorption coefficient, 4 is a constant
characteristic of the material, £, is the band gap,
and n depends of the type of transition. If the
value of n =1/2, 2, 3/2 and 3, the band gap is of:
allowed direct, allowed indirect, forbidden direct
and forbidden indirect type, respectively. The
curve of calculated (ahv)® versus hv for
15 % PbS/CdS sample is shown in Fig. 2 . The
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value of hv extrapolated to a=0 gives the
absorption band gap energy. The curve in
Fig. 2 b can be linearly fitted into two lines with
intercepts at 2.25 and 1.38 eV. The band gap
values for 15 % PbS/CdS sample are higher than
those for CdS and PbS (2.25eV [12] and
0.41 eV [13], respectively), indicating that the
sizes of CdS and PbS particles are within the
nanoscale.

A gas sensing performance of the sensor
based on PbS/CdS heterostructures is highly
depends on the operating temperature due to
related adsorption—desorption property of the gas
on the sensing material. The operating
temperature is one of important sensing
properties for a gas sensor and a low operating
temperature such as room temperature is
preferable for its practical applications.
Nevertheless, most reports on the NH; sensors
are focused on the high temperature sensing
applications [14-16].
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Fig. 2. UV-Vis absorption spectra of CdS nanorods and PbS/CdS heterostructures (plotted as the Kubelka-Munk function):
1 —CdS, 2 —2.5% PbS/CdS, 3 — 5 % PbS/CdS, 4 — 10 % PbS/CdS, 5 — 15 % PbS/CdS, 6 — 20 % PbS/CdS (a),
optical band gap energy of heterostructure 15%PbS/CdS obtained by extrapolation to o= 0 (b)

The electrical resistance of the sensor was
measured in presence and absence of examined
gases. The values of electrical resistance of the
sensor decrease quickly as soon as the NH; gas
reacts with sensor material and then quickly
returns to its initial values when refreshed with
air, indicating a good repeatability and
reversibility of the NH; sensor (Fig. 3).

For the semiconducting material, the
following equation (5) was used to determine gas
responses [17];

100

RB. - B
s{oa) = £—3 % 100

T )

where R, is the resistance of the sensor in the
fresh air and R, is the resistance of the sensor in
the presence of the test gas. Dynamic response
transients of sensors are shown in Fig. 3. With
increase in the PbS concentration in the
PbS/CdS, the sensor's sensitivity increases, the
reaction rate of the sensor increases too.
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The semiconductor gas sensing mechanism
is based on reactions between gas molecules and
the surface of the material, which cause changes
in the material resistance due to a charge transfer
between the adsorbate and the adsorbent. The
mobile oxygen on the semiconductor surface acts
as the selective site in gas adsorption.
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Fig. 3. Plot of gas response (%) versus time (s) for
the PbS/CdS sensor device at a fixed voltage
©O5Vv)y: 1 - 25%PbS/CdS, 2 -
5% PbS/CdS, 3 — 10 % PbS/CdS, 4 -
15 % PbS/CdS and 5 — 20 % PbS/CdS

When the sensor material is exposed to vapors
of ammonia, the superficial reactions of NHj
molecules with the oxygen species caused more
electrons to return to the conduction band because
ammonia acting as the electron donor. The surface
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reactions between the NH; and the sensor material
can be described as follows [18-21]:

Os(gas) > Os(ads)
O,(ads) + e — O, (ads)

0, (ads) + e — 20 (ads)

NH;(gas) = NHj(ads)

2NHj;(ads) + 30 (ads) — N, + 3H,0 + 3¢
2NHj;(ads) + 50 (ads) <> 3H,0 + 2NO; + 5S¢
4NO + 2NH;3 — 2N, + N,O + 3H,0

NO + 1/20,(gas) <> NO,

NO, +e < NO, (ads)

NO; + 1/2 Oy(gas) + ¢ «> NO5 (ads)

where O (ads), NO, (ads), and NOj (ads)
represent negatively charged chemisorbed
species, and e free electrons available for
electrical conduction. The relations means that
when the sensor is exposed to NH; containing
gas, electrons trapped by the adsorptive states
will be released, leading to a decrease in sensor
resistance, as experimentally observed (Fig. 3).

When the pristine CdS is used as a sensor, a
very slow recovery after NH; adsorption is
observed. Resistance for the CdS sample is more
than an order less in magnitude than that of the
heterostructure PbS/CdS (Fig. 4).
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Fig. 4. Dynamic response transients of sensors based on nanostructure 20 % PbS/CdS (two cycles) (a) and CdS ()

to NH; at room temperature

ISSN 2079-1704. CPTS 2017.V.8.N 1



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

CONCLUSIONS PbS/CdS heterostructures have better sensing
response and recovery time when compared with
the CdS-based sensor. Gas sensor based on
nanoparticles PbS/CdS demonstrates an excellent
sensitivity, rapid response/recovery time towards
NH; gas at the room temperature.

A simple chemical approach was used to
deposit a PbS nanoparticles on the surface of
CdS nanorods. Inclusion of Pb ions into CdS
matrix improves the semiconductor sensing
properties significantly. The sensors based on

I'a3zoBuii natunk NH; Ha ocHoBi rerepoctpykryp PbS/CdS, mo npaimroe B ymoBax
KIMHATHOI TeMnepaTypu

C.JI. lIpoxkonenko, I''M. I'yns, C.M. Maxno, ILII. I'opoux

Inemumym ximii nosepxni in. O.0. Yyiika Hayionanenoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, sprokop@yandex.ru

3 memoro po3pobru 0amuuKis, sKi MONCYMb GUABUMU WKIOAUGT 2a3u NPU KIMHAMHIL memnepamypi,
oynu cunmesosani Hanienpogionuxosi zemepocmpykmypu PbS/CdS na ocnosi nanocmpuoicnie CdS.
Buxopucmano memoo ionnozo 3amiwenHs Ons HaHecewHs Hanoyacmunok PbS Ha nosepxmio
Hanocmpuoicnie CdS, 0na ompumanus eeauxoi naowi nosepxui eemeponepexody. Jocnidxceno ix
Mopghonoeisn, onmuuni gnacmugocmi ma xapakmepucmuku oamuuxa NH;. Ilokazano, wo npu 30invuienni
kinokocmi PbS na nogsepxui CdS 3 2.5 0o 20 % weuoxicmo gioeyxy damuuka 30ineuyemocs 6 1.7 paszu.

Knwuogi cnosa: oamuux, cemepocmpyxkmypu PbS/CdS, amoniax, nanocmpuoicui

I'asoBbIit naTunk NH3 Ha ocHoBe rerepoctTpykryp PbS/CdS, padoraommuii B ycJI0BHsIX
KOMHAaTHOIl TeMIlepaTyphbl

C.JL Ilpoxonenxo, I'.M. I'yusi, C.H. Maxno, ILIL I'opouk

Hucmumym xumuu nosepxrnocmu um. A.A. Yyiiko HayuonanbHou axademuu Hayk Yxpaumsl
ya. I'enepana Haymosa, 17, Kues, 03164, Yxpauna, sprokop@yandex.ru

C yenvio pazpabomku 0amuuxos, KOMOpvle MOSYH OOHAPYICUMb 8peOHble 2a3bl NPU KOMHAMHOU
memnepamype, OblLiU CUHMEUPOBAHbL NOJLYNPOBOOHUKOBble 2emepocmpykmypvl PbS/CdS na ocuoge
nanocmepcreti CdS. Hcnonvzosan memoo uoHHo2o 3amewjenus ONsi HameceHust Hanouyacmuy PbS na
nogepxuocms narnocmepoicrei CdS, 0ns noayuenus 00abWOU NIOWAOU NOBEPXHOCTIU 2emeponepexooq.
Hccnedosanvl ux mopghonoeus, onmuueckue ceovicmea u xapaxmepucmuxu damyuxa NH;. [loxkasano, ymo
npu yeenuuenuu koaudecmea PbS na nosepxnocmu CdS c¢ 2.5 0o 20 % cxopocme omxauka 0amuyuxa
yeenuyusaemcs 6 1.7 pasa.

Knrwouesvie cnosa: oamuux, cemepocmpyxmypur PbS/CdS, ammuax, nanocmepoicnu
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