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TiO,-ZnS core-shell composite nanorods were synthesized by using ZnO as a sacrificial shell layer in
a hydrothermal reaction. ZnO thin films of different thicknesses were sputter-deposited onto the
surfaces of TiO, nanorods as templates for hydrothermally synthesizing TiO,-ZnS core-shell nanorods.
Structural analysis revealed that crystalline TiO,—ZnS composite nanorods were formed without any
residual ZnO phase after hydrothermal sulfidation in the composite nanorods. The thickness of the ZnO
sacrificial shell layer affected the surface morphology and sulfur-related surface defect density in
hydrothermally grown ZnS crystallites of TiO,—ZnS composite nanorods. Due to the distinctive core—
shell heterostructure and the heterojunction between the TiO, core and the ZnS shell, TiO,—ZnS core—
shell nanorods exhibited ethanol gas-sensing performance superior to that of pristine TiO, nanorods. An
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Accepted 12th June 2018 optimal ZnO sacrificial shell layer thickness of approximately 60 nm was found to enable the synthesis of
TiO,-ZnS composite nanorods with satisfactory gas-sensing performance through sulfidation. The
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rsc.li/rsc-advances

Introduction

TiO, semiconductors are widely used in gas sensors due to their
low cost and high stability in harsh environments. In particular,
TiO, nanostructures are considered promising candidates for
gas sensor materials because of the high surface-to-volume ratio
of one-dimensional (1D) nanomaterials.»* Synthesizing a 1D
TiO, nanostructure is important for fabricating high-
performance gas sensors. Numerous methods have been
proposed for fabricating 1D TiO, nanostructures with various
low-dimensional morphologies.*®> Among these, the hydro-
thermal method is a promising and low-cost method for
synthesizing 1D TiO, with various morphologies. Nowadays, the
hydrothermal synthesis of 1D TiO, nanostructures typically
yields a large amount of 1D TiO, nanostructures from a solution
at a lower process temperature than that of vapor deposition
processes.® However, a single-TiO,-phase gas sensor's response
performance requirements must be satisfied to deliver high
efficiency in practical applications. Assembling a secondary
phase on the surfaces of 1D TiO, nanostructures can preserve
their high charge transfer ability, increase the number of active
sites, and even change basic sensing properties. Gas sensors
based on two components have been explored to improve the
gas-sensing performance of low-dimensional TiO, oxide
systems.”” Therefore, it is crucial to explore new synthesis
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a sputter-deposited ZnO sacrificial shell layer are promising for applications in gas sensors.

methods and material systems of 1D TiO, composites for
fabricating TiO,-based gas sensors with high gas-sensing
performance.

Recently, various 1D ZnS nanostructures have been synthe-
sized successfully, and various ZnS-nanostructure-based nano-
scale gas sensors have been fabricated.®® Moreover, ZnS has
been decorated onto various oxide materials to improve their
gas-sensing performance. Liu et al. fabricated ZnO-ZnS core-
shell nanorods with high H,S gas sensing performances.'®
Zhang et al. reported a facile and mild two-step hydrothermal
strategy for synthesizing 1D ZnO-ZnS core-shell microrods
using the low-cost inorganic salt Na,S as a sulfurizing agent.™
Gas-sensing measurement results demonstrated that ZnO-ZnS
core-shell composite sensors showed excellent gas-sensing
performance for ethanol and acetone vapors. The decoration
of adequate ZnS spheres onto the surfaces of low-dimensional
TiO, flowers enhanced the gas-sensing response to ethanol
gas.” These studies have demonstrated that ZnS is a promising
candidate for use as an additive to low-dimensional oxides to
form heterostructures and to improve the gas-sensing perfor-
mance of these oxides. However, few studies have focused on 1D
TiO,-based core-shell composites with ZnS shell layers for gas-
sensing device applications because of their complex synthesis
strategies. In this study, a ZnO shell layer was initially used as
a sacrificial layer by using thioacetamide (TAA) as a sulfurizing
reagent to form TiO,-ZnS core-shell composite nanorods. This
is a simple and facile route for synthesizing 1D TiO,-ZnS
structures. Furthermore, the structure-dependent gas-sensing
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performance of 1D TiO,-ZnS nanostructures was investigated to
explore whether the sulfidation, chemical conversion, and
cation exchange processes of sacrificial ZnO are feasible for
fabricating gas sensors based on TiO,~ZnS composite nanorods
with high gas-sensing performance.

Experiments

TiO, nanorods coated with various thicknesses of ZnO are
subjected to sulfidation to form TiO,-ZnS composite nanorods.
The TiO, nanorods were grown on glass substrates using
a hydrothermal method in this study. An amount of 7.4 mL of
deionized water was mixed with 12.6 mL of concentrated HCI
(35%) in a Teflon-lined digestion autoclave. The mixture was
stirred at ambient conditions for 5 min and after that, 0.25 mL
of TiCl, was added into the mixed solution for preparation of
the TiO, nanorods. The hydrothermal synthesis was conducted
at 180 °C for 3 h. After the synthesis reaction, the autoclave was
cooled down to room temperature. Then the samples were
removed, washed with deionized water, and air dried. TiO,-ZnO
composite nanorods were fabricated by sputtering ZnO thin
films onto the surfaces of the hydrothermally derived TiO,
nanorod templates. During growth of the ZnO thin films, the
radio-frequency sputtering power of ZnO target was fixed at
90 W. The thin-film growth temperature was maintained at
375 °C with an Ar/O, ratio of 20:5. The working pressure
during sputtering thin-film deposition was fixed at 20 mTorr.
TiO,-ZnO core-shell composite nanorods with different ZnO
shell layer thicknesses (20-60 nm) were fabricated. The ZnO
shell layer was further used as sacrificial layer by employing
thioacetamide (TAA) as a sulfurizing reagent to form TiO,-ZnS
core-shell nanostructures. The as-synthesized TiO,-ZnO
nanorods were further immersed in a Teflon autoclave con-
taining 0.05 M TAA aqueous solution. The reaction system was
heated to 130 °C and kept for 5 h to grow TiO,-ZnS composite
nanorods. Finally, the reaction system was cooled to room
temperature naturally, and then the final samples washed in
deionized water and dried in an oven. The TiO,-ZnS-1, TiO,-
ZnS-2, and TiO,-ZnS-3 represent TiO,-ZnS composite nanorods
formed after sulfidation with 20, 40, and 60 nm-thick ZnO
sacrificial shell layers, respectively.

Crystal structures of the TiO,~-ZnS composite nanorods were
investigated by X-ray diffraction (XRD). The surface morphol-
ogies of the samples were characterized by scanning electron
microscopy (SEM), and high-resolution transmission electron
microscopy (HRTEM) was used to investigate the detailed
microstructures of the composite nanorods. The attached
energy dispersive X-ray spectroscopy (EDS) was used to inves-
tigate the compositions of the TiO,-ZnS composite nanorods. X-
ray photoelectron spectroscopy (XPS) analysis was used to
determine the chemical binding status of constituent elements
of the samples. The gas-sensing responses of the gas sensors
made from the TiO,~ZnS composites nanorods to ethanol vapor
with concentrations of 50-1000 ppm are defined as the Ry/R,. R,
is the sensor electrical resistance in the absence of target gas
and R, is that in the target gas.
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Results and discussion

Fig. 1(a) shows an SEM image of as-synthesized TiO, nanorods.
The figure shows that the as-synthesized TiO, nanorods have
a rectangular cross-section. The TiO, nanorods have lengths
and diameters of 400-600 nm and 80-100 nm, respectively, and
they have smooth surfaces. Fig. 1(b)-(d) show SEM images of
TiO, nanorods coated with ZnO layers of various thicknesses
and subjected to sulfidation. These TiO, nanorods had rough
surfaces. Small spherical crystallites formed on the TiO, nano-
rods after the ZnO thin-film shell layer had been subjected to
sulfidation; this can be attributed to the ZnO thin-films being
converted to spherical ZnS crystallites through ion exchange
during sulfidation.®" The diameters of the composite nanorods
increased with ZnO shell thickness after sulfidation, revealing
thicker ZnS crystallite masses on the TiO, nanorod surfaces.
The SEM observations indicate that the surface morphology of
the TiO,-ZnS composite nanorods can be controlled by
changing the thickness of the ZnO sacrificial layer.

Fig. 2(a) shows the XRD pattern of the as-synthesized TiO,
nanorods. The intense Bragg reflections originating from the
sample can be indexed to a rutile phase of TiO, (JCPDS no. 021-
1276). Fig. 2(b)-(d) show the XRD patterns of the TiO, nanorods
coated with various thicknesses of ZnO shell layers and treated
with sulfidation. Notably, in addition to Bragg reflections from
TiO, nanorods, no Bragg reflection originated from the hexag-
onal ZnO phase was detected herein. Instead, tiny Bragg reflec-
tion centered at approximately 28.56°, which is indexed to the
(111) plane of the cubic ZnS structure appeared (JCPDS no. 005-
0566). The XRD patterns revealed that the ZnS crystallites formed
on the surfaces of TiO, nanorods after sulfidation.™ The intensity
of ZnS (111) increased with the initially coated ZnO shell layer
thickness, revealing an increased ZnS crystallite thickness with
ZnO sacrificial layer thickness after sulfidation. The XRD analysis
results are in consistent with the observation of SEM images. The
crystalline TiO,-ZnS composite nanorods are successfully
synthesized through sulfidation of sputtering assisted synthesis
of TiO,-ZnO composite nanorods in this study.

Fig. 3(a) shows a low-magnification TEM image of a TiO,
nanorod coated with an ultrathin 20 nm-thick ZnO sacrificial
layer after sulfidation. The surface of the TiO, nanorod con-
sisted of randomly oriented nanoparticles and aggregates that
measured 12-23 nm. Some regions of the TiO, nanorod surface
were not fully covered with nanoparticles and aggregates.
Fig. 3(b) and (c) show high-resolution TEM (HRTEM) images
taken from the outside regions of the composite nanorod. The
nanoparticles or aggregates exhibited clear lattice fringes;
however, they were randomly oriented and exhibited a poly-
crystalline structure of particle-like crystallites decorated on the
TiO, nanorod surface. The EDS line-scanning profiles in
Fig. 3(d) across the composite nanorod prove that the
composite nanorod comprised Ti, Zn, O, and S. The O signal
was mainly confined within the core region for the TiO, nano-
rod, and marked Zn and S signals were found in the TiO, outer
area, indicating that the particle-like crystallites mainly
comprised Zn and S.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of various nanorods: (a) TiO,, (b) TiO,-2ZnS-1, (c) TiO,-ZnS-2, and (d) TiO,—-ZnS-3.

Fig. 4(a) illustrates a low-magnification TEM image of the
TiO, nanorod coated with a 40 nm-thick ZnO sacrificial layer
after sulfidation. The sharp interface between the core and shell
after sulfidation clearly evinces that the TiO, nanorod was fully
sheathed by a ZnS crystallite layer along its entire length. The
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shell layer thickness after sulfidation was 33-42 nm. The
HRTEM images in Fig. 4(b) and (c) provide further insights into
the morphologies and microstructures of the shell layer. The
surface of the shell layer consisted of particle-like crystallites
and was rugged. Fig. 4(d) depicts the selected area electron

(b)

Tio, (110)
2
TiO, (211)

TiO, (101)

TiO, (111)

Intensity (arb. units)
ZnS (111)

20 30 40 50 60
2 Theta (degrees)

o

e

=
m Y
= o =
= = o
= — N

- = =

A A (©)
8 =5 o T =
= = = =
) (%] o
c < =
[} N =
9
£

20 30 40 50 60
2 Theta (degrees)

Fig. 2 XRD patterns of various nanorods: (a) TiO,, (b) TiO,—2ZnS-1, (c) TiO,—-ZnS-2, and (d) TiO,-ZnS-3.
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Fig. 3 TEM analyses of the TiO,—-ZnS-1 nanorod: (a) low-magnification TEM image, (b) and (c) HRTEM images taken from various regions of the
nanorod (d) EDS line-scanning profiles across the composite nanorod.

diffraction (SAED) pattern recorded from several composite to the rutile phase of TiO, and the (111) plane corresponding to
nanorods. The concentric rings could be attributed to diffrac- the cubic ZnS structure. The SAED analysis agrees with the XRD
tion from the (110), (101), (111), and (211) planes corresponding  pattern, revealing that crystalline TiO,-ZnS composite
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Fig. 4 TEM analyses of the TiO,—ZnS-2 nanorod: (a) low-magnification TEM of the TiO,—-ZnS-2 nanorod, (b) and (c) HRTEM images taken from
various regions of the nanorod, (d) SAED pattern of several TiO,—ZnS-2 nanorods, (e) EDS spectrum of the nanorod.
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Fig. 5 TEM analyses of the TiO,—ZnS-3 nanorod: (a) low-magnification TEM of the TiO,-ZnS-3 nanorod, (b) and (c) HRTEM images taken from
various regions of the TiO,—-ZnS-3 nanorod, (d) SAED patterns of several TiO,—ZnS-3 nanorods, and (e) EDS spectrum of the TiO,-ZnS-3

nanorod.

nanorods formed. The EDS spectrum in Fig. 4(e) proves that Ti,
Zn, O, and S were present in the selected composite nanorod.

Fig. 5(a) presents a low-magnification TEM image of the
composite nanorod coated with a 60 nm-thick sacrificial ZnO
shell layer after sulfidation. The dark/bright contrast along the
radial direction of the nanorod indicates that the TiO, nanorod
was covered by ZnS nanoparticles or aggregates after sulfida-
tion. In the HRTEM images (Fig. 5(b) and (c)) of the TiO,-ZnS
nanorod, the thickness of the ZnS shell layer on the surface of
the TiO, nanorod was inhomogeneous and was approximately
63 nm at its thickest extent. The distinct lattice fringes with
interplanar distance of 0.31 nm in the HRTEM images can be
assigned to the (111) plane of cubic ZnS, confirming the
formation of highly crystalline ZnS particles. Fig. 5(d) shows the
corresponding SAED pattern taken from several composite
nanorods showing a crystalline TiO,-ZnS composite structure.
No diffraction signal from ZnO was detected, indicating full
conversion of the ZnO phase into a ZnS phase after sulfidation.
The EDS spectrum (Fig. 5(¢)) taken from the composite nanorod
proves that Ti, Zn, O, and S were the primary elements in the as-
formed composite nanorod.

Fig. 6(a)-(c) show high-resolution XPS spectra at the Zn2p
core level. The binding energy of Zn2ps;,, located at 1021.9 eV
and that of Zn2p,/, located at 1044.9 eV indicated a normal
oxidation valence state of Zn>* in ZnS." The spin-orbit splitting
of approximately 23 eV between the two core level components
of Zn2p;,, and Zn2p,,, was in good agreement with the reported

This journal is © The Royal Society of Chemistry 2018

literature value; this confirmed their bivalent state."® The high-
resolution XPS spectra of S2p in Fig. 6(d)-(f) indicated an
asymmetric feature, and each S2p spectrum was fitted into two
subpeaks of different intensities located at approximately 161.5
and 162.6 eV, corresponding to S2p;,, and S2p,,, respectively,
which were related to Zn-S bonding."* Increased bonding states
of sulfur-related surface defects in hydrothermally grown ZnS
crystallites have been proven to decrease the intensity ratio of
the spin-orbit splitting peaks for S2p;, and S2p,,, and cause it
to deviate from 2 : 1. From the analysis of the S2p XPS spectra,
the intensity ratio of the spin-orbit splitting peaks for S2p;.
and S2p,,, decreased with an increase in the sacrificial ZnO
shell layer's thickness; the intensity ratio decreased from
approximately 2 : 1 to 1: 1 as the sacrificial ZnO shell layer's
thickness was increased from 20 to 60 nm. The initially thicker
sacrificial ZnO shell layer on the TiO, nanorods engendered the
formation of additional surface crystal defects on the hydro-
thermal sulfidation growth shell layers of TiO,-ZnS composite
nanorods.

Fig. 7 shows temperature dependent gas-sensing responses
of the gas sensor made from TiO,-ZnS-3 nanorods to 250 ppm
ethanol vapor. The gas-sensing response of the gas sensor
varied with operating temperature. The response increased with
operating temperature, up to 300 °C and reached to the
maximum gas-sensing response of 9.2; further increasing the
operating temperature decreased the gas-sensing response of
the sensor. One possible reason is the oxidation reaction of the

RSC Adv., 2018, 8, 22437-22446 | 22441
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Fig. 6 High-resolution XPS spectra of various TiO,—-ZnS nanorods: Zn2p of (a) TiO,—-ZnS-1, (b) TiO,-ZnS-2, (c) TiO,-ZnS-3. S2p of (d) TiO,—

ZnS-1, (e) TiO,~ZnS-2, and (f) TiO,-ZnS-3.

ZnS surface with oxygen that occurs at a high temperature,
which weakens the ZnS surface structure.” The optimal oper-
ating temperature of the TiO,-ZnS composite nanorods was
determined to be 300 °C in this study.

Fig. 8(a)-(c) illustrate the dynamic resistance response-
recovery curves of sensors made from various TiO,-ZnS
composite nanorods on exposure to 50-1000 ppm of ethanol
vapor at 300 °C. Notably, the sensors made from TiO,-ZnS
composite nanorods showed wide resistance variation range for
ethanol from 50 to 1000 ppm. The output signal resistance of the
sensors decreased abruptly upon the injection of reducing
ethanol vapors, following which it increased dramatically and
recovered to the initial value after the ethanol vapors had been
released and air had been introduced. This gas-sensing behavior
revealed the n-type semiconductor nature of TiO, and ZnS.
Fig. 8(d) illustrates the gas-sensing responses of various gas
sensors exposed to various concentrations of ethanol vapor. The
gas-sensing responses of the sensor made from pristine TiO,

22442 | RSC Adv., 2018, 8, 22437-22446
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ZnS-3 nanorods exposed to 250 ppm ethanol vapor.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04157a

Open Access Article. Published on 19 June 2018. Downloaded on 7/15/2025 7:38:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Resistance (Ohm)

54

500

750

1000 ppm
0 100 200 300 400 500 600 700
Time (s)

0

180
160-7
1404
1204
1004
80
60
404 s0
204 100

250
0. 500
0 200 400 600
Time (s)

~_
(o]
S

Resistance (Ohm)

750 1000 ppm
T

800 1000

180
160+
140{]
120
100+
80+
60+
404
204

—~
o
~"

Resistance (Ohm)

3rd 4th
300 400
Time (s)

5th
500

1st 2nd
0 100 200

600

View Article Online

RSC Advances
60
b
®
£
S 40
8 30
=
S
2 204
4
50
104 100 250
0 500 750 1000 ppm
0 100 200 300 400 500 600 700 800
Time (s)
d 35
()30~ B Tio,
Em 2541 [EEEITIO,-ZnS-1
o 201 -TIOQ-ZnS-Z
Y I TiO,-ZnS-3
» 154
c
2
S 104
o
14 54
04
50 100 250 500 750 1000
Ethanol concentration (ppm)
200
(0 Ethanol in
180+ |
E
g 1601
(0]
2 1401
[0
R
8 1201
14
1004
0 20 40 60 80 100 120 140
Time (s)

Fig. 8 Dynamic gas-sensing response—recovery curves of the various sensors exposed to different concentrations of ethanol vapor (50-1000
ppm): (a) TiO2-2ZnS-1, (b) TiO,-ZnS-2, and (c) TiO,—ZnS-3. (d) Gas-sensing response values comparison of the sensors based on the TiO,, TiO,—
ZnS-1, TiO,-ZnS-2, and TiO,-ZnS-3 toward to 50-1000 ppm ethanol vapor. (e) Cycling tests of the TiO,—-ZnS-3 sensor on exposure to
250 ppm ethanol vapor. (f) Dynamic gas-sensing response—recovery curve of the TiO,—-ZnS-3 sensor exposed to 5 ppm ethanol vapor.

nanorods are also shown for a comparison. The gas-sensing
responses of sensors made from TiO,-ZnS composite nanorods
were superior to those of the sensor made from pure TiO,
nanorods. The existence of a heterojunction between TiO, and
ZnS induced a potential barrier at the TiO,/ZnS heterointerface.
During the gas-sensing test, the interfacial potential barrier
height variation of the TiO,-ZnS heterostructures increased the
resistance variation of the sensor made from composite nano-
rods; this improved the gas-sensing response of the TiO, nano-
rods. A similar heterojunction effect that can improve the gas-
sensing responses for TiO,-based composites has been reported
for TiO,-In,0; composite nanofibers and TiO,-Co;0, nano-
structures.'**® The gas sensor made from TiO,-ZnS-3 composite

This journal is © The Royal Society of Chemistry 2018

nanorods showed better gas-sensing responses than the sensors
made from TiO,-ZnS-1 and TiO,-ZnS-2 composite nanorods
under similar gas-sensing test conditions. Fig. 8(e) illustrates
cycling response-recovery characteristic curves of the sensor
made from TiO,-ZnS-3 composite nanorods on exposure to
250 ppm of ethanol vapor. The gas sensor still demonstrated
a high response after cycling tests, indicating its excellent
stability and reproducibility for detecting ethanol vapor.
Furthermore, the response times of the sensor comprising TiO,~
ZnS-3 nanorods were in the range of approximately 12-23 s, and
the recovery times were in the range of 30-48 s on exposure to 50—
1000 ppm of ethanol vapor. Moreover, the response times of the
sensor made from pristine TiO, nanorods were in the range of

RSC Adv., 2018, 8, 22437-22446 | 22443
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Fig. 9 Schematic diagrams of the gas-sensing mechanisms of TiO,—
ZnS composite nanorods.

approximately 20-33 s, and the recovery times were in the range
of 35-78 s on exposure to 50-1000 ppm of ethanol vapor. The
granular-like shell layer of the TiO,-ZnS-3 nanorods might
account for the superior sensing speed of the composite nano-
rods. In Fig. 8(f), the TiO,-ZnS-3 nanorods still show a visible
dynamic response-recovery curve on exposure to trace ethanol
vapor of 5 ppm. The gas-sensing response reached 1.67 for the
TiO,-ZnS-3 nanorods on exposure to 5 ppm ethanol vapor.
Notably, the gas-sensing response of the pristine TiO, nanorods
is only 1.12 even on exposure to a higher ethanol concentration of
50 ppm. The enhancement of ethanol vapor detection ability of
the TiO, nanorods coated with granular-like ZnS shell layer is
distinct in this study. The gas sensing mechanism for semi-
conductors is associated with the change in electrical resistance
resulting from the chemical interaction between surface
complexes such as O*~ and target gas molecules, involving gas
adsorption, charge transfer, and desorption processes.”"” Fig. 9
shows the possible gas-sensing mechanisms for TiO,-ZnS
composite nanorods. Oxygen species are adsorbed on the
surfaces of such TiO,-ZnS composite nanorods in air and are
then ionized into oxygen ions by capturing free electrons from
the heterostructures, thus leading to the formation of a surface
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depletion layer at the composite nanorod surfaces. Moreover, the
interface depletion region formed initially because of the
different work functions of TiO, and ZnS was widened. The size
variations of the surface and interfacial depletion regions domi-
nated the electrical resistance variation of the TiO,-ZnS
composite nanorods during ethanol vapor sensing tests, and this
was associated with the resultant gas-sensing response of the
composite nanorods.”*® Notably, the granular-like ZnS shell layer
of the TiO,-ZnS composite nanorods was advantageous for the
adsorption of oxygen molecules. In ZnS nanoparticles exposed to
air, oxygen molecules have been shown to be efficiently adsorbed
on surfaces as negatively charged ions by capturing free electrons
from the semiconductor ZnS and creating a depletion layer with
low conductivity near the nanoparticle surfaces.' In general, the
surface crystal defects of the sulfides serve as active sites for
adsorbing gas molecules. The surface crystal defects of ZnS have
shown to enhance the adsorption of both oxygen and target
gases, leading to high gas responses for ZnS-based gas sensors.*
Hussain et al. reported that the enhanced gas-sensing response
for ZnS nanostructures was attributed to the presence of many
surface active sites because of the surface vacancies and inter-
stitial sulfur lattice defects in ZnS.*" In the present study, the high
number of surface crystal defects in the thick ZnS shell layers of
the TiO,-ZnS composite nanorods, as mentioned previously,
engendered the adsorption of numerous oxygen ions onto the
surfaces of the composite nanorods. When the TiO,-ZnS
composite nanorods were exposed to ethanol vapor, ethanol
molecules were able to react with the adsorbed ionized oxygen
species, causing the trapped electrons to be released back to the
conduction band of both the TiO, core and the ZnS shell and
thereby narrowing the size of the surface and interfacial deple-
tion regions and decreasing the total resistance of the TiO,-ZnS
composite rod sensors. The interaction between the reducing
ethanol vapor and the adsorbed oxygen species can be expressed
as follows:®

CoH50H (yapor) + 607 (ags) — 2CO, + 3H,0 + 6e

The thick ZnS shell layer of the composite nanorods with
numerous surface crystal defects would be expected to have
extreme size variation of the surfaces and interfacial potential
barrier heights in the TiO,-ZnS composite nanorods. Therefore,

Fig. 10
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(a) SEM image of TiO, nanorods with the 80 nm-thick ZnO sacrificial layer after sulfidation. (b) Dynamic gas-sensing response—recovery

curves of TiO,—ZnS nanorods. (c) Gas-sensing responses of TiO,-ZnS nanorods made from 80 nm-thick ZnO sacrificed layer after sulfidation.
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Tablel Comparison of the gas-sensing responses of the TiO,-ZnS-3
and other reported TiO,-based heterostructure sensors to ethanol
vapor

Operating Ethanol Response
Materials temperature ~ concentration  (Ru/Ry) Ref.
TiO,~ZnS 300 °C 100 ppm 5.62 This work
TiO,-CeO, 270 °C 100 ppm 1.6 22
TiO,-Fe,0; 270 °C 100 ppm 43 23
Ti0,-WO; 320 °C 100 ppm 4.8 24
TiO,-NiO 400 °C 200 ppm 5.76 25

TiO,-ZnS-3 is expected to have a high gas-sensing response.
Notably, further increasing the sacrificial ZnO layer thickness
for sulfidation-synthesized TiO,-ZnS composite nanorods did
not enhance the gas-sensing response of the composite nano-
rods. As shown in Fig. 10(a), the composite rods were less free-
standing and numerous rods contacted their adjacent coun-
terparts because of heavy loading of ZnS crystallites onto the
surfaces of TiO, rods with the thicker sacrificial ZnO layer after
sulfidation. This might have decreased the reactive surfaces of
the composite rods for gas-sensing processes. The initially
increased contact resistance of the sensor, as shown in
Fig. 10(b), supported the composite rods’ morphology change
with substantially increasing ZnS shell layer thickness and
weakened the gas-sensing responses of composite rods with
heavy loading ZnS shell layers to only 1.6-1.8 on exposure to
250-750 ppm of ethanol vapor (Fig. 10(c)). Table 1 lists
a comparison of the ethanol vapor sensing responses of TiO,—
ZnS-3 and other reported TiO,-based heterostructures.**>* Most
TiO,-based composites demonstrate adequate gas-sensing
response to ethanol vapor only at high operating tempera-
tures of 270-400 °C. TiO,-ZnS-3 exhibited superior ethanol
vapor sensing response compared with other competing heter-
ostructures, and proved the high potential of TiO,-ZnS
composite nanorods for application to ethanol vapor detection.

Conclusions

ZnO shell layers with different thicknesses were used as a sacri-
ficial layer to form TiO,-ZnS core-shell nanorods by using TAA as
a sulfurizing reagent in a hydrothermal reaction. Structural
analyses indicate that the ZnO phase was fully converted into the
ZnS phase after sulfidation. A relatively thick sacrificial ZnO shell
layer on the TiO, nanorods engendered numerous surface crystal
defects on the hydrothermal sulfidation growth shell layers of
TiO,-ZnS composite nanorods. The larger number of surface
crystal defects in the thick ZnS shell layer of the TiO,-ZnS
composite nanorods induced numerous active sites for oxygen
ion adsorption. Furthermore, the granular-like ZnS shell layer of
a typical TiO,-ZnS composite nanorod is advantageous for the
adsorption of gas molecules during a gas-sensing test. The gas-
sensing results indicate that the TiO,~ZnS composite nanorods
exhibited substantially enhanced ethanol gas-sensing responses
compared with pristine TiO, nanorods. The TiO,-ZnS composite
nanorods formed with a 60 nm-thick sacrificial ZnO shell layer

This journal is © The Royal Society of Chemistry 2018
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demonstrated superior gas-sensing responses relative to sensors
made from TiO,-ZnS composite nanorods with other ZnO layer
thicknesses. Adequate ZnS crystallite loading content and surface
defect density of TiO,-ZnS composite nanorods accounted for
the observed results. The present study proposes a simple
synthesis method for a granular-like ZnS shell layer that can be
integrated into TiO, nanorods to form TiO,-ZnS heterostructures
for gas-sensor applications.
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