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Abstract TiO2 -core/ZnO-shell nanorods were synthesized
using a two-step process: the synthesis of TiO2 nanorods
using a hydrothermal method followed by atomic layer deposition of ZnO. The mean diameter and length of the
nanorods were ∼300 nm and ∼2.3 µm, respectively. The
cores and shells of the nanorods were monoclinic-structured
single-crystal TiO2 and wurtzite-structured single-crystal
ZnO, respectively. The multiple networked TiO2 -core/ZnOshell nanorod sensors showed responses of 132–1054 % at
ethanol (C2 H5 OH) concentrations ranging from 5 to 25 ppm
at 150 ◦ C. These responses were 1–5 times higher than
those of the pristine TiO2 nanorod sensors at the same
C2 H5 OH concentration range. The substantial improvement
in the response of the pristine TiO2 nanorods to C2 H5 OH
gas by their encapsulation with ZnO may be attributed to
the enhanced absorption and dehydrogenation of ethanol.
In addition, the enhanced sensor response of the core–shell
nanorods can be attributed partly to changes in resistance
due to both the surface depletion layer of each core–shell
nanorod and the potential barriers built in the junctions
caused by a combination of homointerfaces and heterointerfaces.
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1 Introduction
In recent years, one-dimensional (1D) nanostructure-based
sensors have become a major research focus owing to
higher sensitivity, superior spatial resolution, and rapid response associated with individual nanowires due to the
high surface-to-volume ratios compared to thin-film gas
sensors [1–5]. On the other hand, there is still a need
to enhance their sensing performance and detection limit.
A range of techniques such as doping [4, 5], surface functionalization [6–8], and fabrication of core–shell nanostructures [9–11] have been developed to improve the sensitivity,
stability, and response speed of the 1D nanostructure-based
sensors. In particular, core–shell structures have energy barriers at the core–shell interfaces due to surface states at the
interfaces. Electron transport is modulated by the core–shell
interface (n-TiO2 –n-ZnO) junctions with an adjustable energy barrier height. In other words, the n–n junction acts
as a lever in electron transfer through which electron transfer is facilitated or restrained, resulting in enhanced sensing
properties of the core–shell nanowire sensors [11].
On the other hand, gas sensors based on titanium oxide (TiO2 ) 1D nanostructures have attracted considerable attention because they can detect low concentrations of various gases. These nanostructures have an excellent ability to
sense O2 [12], H2 [13], NO2 [14], and C2 H5 OH [15] at elevated temperatures of 290–550 ◦ C. In particular, there have
been several reports on the sensing properties of TiO2 1D
nanostructures over the past decade. Francioso et al. [15] reported a sensitivity of approximately 50 % toward 2 % and
3 % ethanol at 550 ◦ C obtained using nanowire arrays on
silica, which were better than those of TiO2 thin films (∼5
and ∼8 %). Hu et al. [16] reported that they obtained better results using Ag nanoparticle–TiO2 surface-coarsened
nanobelts in ethanol vapor detection. The response was
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46–153 % at 200 ◦ C for 500 ppm ethanol. A lower temperature is desirable for detecting gases. The fabrication of
core–shell nanostructures is one of the techniques for improving the gas sensing properties of semiconductor sensors. Wang et al. reported highly porous polypyrrole (PPy)coated TiO2 /ZnO nanofibers [17]. Park et al. observed the
enhanced response of TiO2 -core/ZnO-shell nanofibers to O2
gas [18]. In addition, there are several reports on the enhanced responses of ZnO/TiO2 composite 1D nanostructures [19–21]. Zeng et al. reported enhanced toluene sensing
of TiO2 -doped flower-like ZnO nanostructures [19]. Yue et
al. [20] and Gu et al. [21] revealed enhanced humidity sensing of ZnO-core/TiO2 -shell nanorods. This paper reports
the effects of sheathing TiO2 nanorods with atomic layer
deposited (ALD)-ZnO on their sensing properties toward
ethanol (C2 H5 OH) gas at temperatures as low as 150 ◦ C. It
is widely accepted that ALD offers the most uniform layer
thickness.

2 Experimental
2.1 Materials
Titanium tetra-isopropoxide (TTIP) (97 % Aldrich) and
fluorine-doped tin oxide (FTO) (F:SnO2 , 10 /square, Hartford Glass Company) were used as the precursors of TiO2
and ZnO, respectively, for the synthesis of TiO2 -core/ZnOshell nanorods.
2.2 Methods
2.2.1 Growth of TiO2 nanorods
TiO2 nanorods were synthesized using a hydrothermal
method. 30 mL of deionized water was mixed with 30 mL
of concentrated HCl (37.5 % by weight) in a Teflon box in
an autoclave (125 mL volume, Parr Instrument Co.). Subsequently, 0.75 mL of TTIP was added to the mixture. After stirring for 10 min, three pieces of FTO substrates were
placed in the Teflon box. Hydrothermal synthesis was conducted at 160 ◦ C for 24 h in an electric oven. After synthesis,
the autoclave was cooled to room temperature under flowing
water. FTO substrates were removed, rinsed with deionized
water, and dried in an oven at 50 ◦ C for 2 h.
2.2.2 ZnO ALD onto TiO2 nanorods
The TiO2 -core/ZnO-shell nanorods were prepared by the
atomic layer deposition (ALD) of ZnO on TiO2 nanorods.
The as-synthesized TiO2 nanorods were transferred to an
ALD chamber. The nanorods were coated with ZnO. Diethylzinc (DEZn) and H2 O were kept in bubblers at 10 ◦ C.
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Fig. 1 Schematic of the gas sensing measurement system

These source gases were alternately fed into the chamber
through separate inlet lines and nozzles. The typical pulse
lengths were 0.15 s for DEZn (0 ◦ C), 0.2 s for H2 O (10 ◦ C),
and 3 s for purging the reactants. The substrate temperature, pressure, and ALD process cycles in the chamber were
150 ◦ C, 0.1 Torr and 50 cycles, respectively.
2.3 Characterization
The collected nanorod samples were characterized by scanning electron microscopy (SEM, Hitachi S-4200, 1.5 kV),
transmission electron microscopy (TEM, Philips CM-200)
equipped with an energy-dispersive X-ray spectrometer
(EDXS), and X-ray diffraction (XRD, Philips X’pert MRD
diffractometer). The crystallographic structure was determined by glancing angle XRD using Cu-Kα radiation
(0.15406 nm) at a scan rate of 4°/min and a glancing angle of 0.5° with a rotating detector.
2.4 Sensing methodology
For the sensing measurement, Ni (∼10 nm in thickness)
and Au (∼50 nm) thin films were deposited sequentially
by sputtering to form electrodes using an interdigital electrode (IDE) mask. Multiple networked TiO2 -core/ZnO-shell
nanorod gas sensors were fabricated by pouring a few drops
of nanorod-suspended ethanol onto oxidized Si substrates
equipped with a pair of IDEs with a gap length of 20 µm. The
electrical and gas sensing properties of the as-synthesized
TiO2 nanorods and TiO2 -core/ZnO-shell nanorods were determined at 150 ◦ C in a quartz tube inserted in an electric
furnace. During the measurements, the nanorod gas sensors
were placed in a sealed quartz tube with an electrical feed
through. A given amount of C2 H5 OH (>99.99 %) gas was
injected into the testing tube through a microsyringe to obtain a C2 H5 OH concentration of 5–25 ppm and the electrical
resistance of the nanorods was monitored (Fig. 1). The response of the TiO2 nanorod sensors was defined as Ra /Rg
for C2 H5 OH, where Ra and Rg are the electrical resistivities of the sensors in air and target gas, respectively. The
response time is defined as the time needed for the change
in electrical current to reach 90 % of the equilibrium value
after injecting the gas. The recovery time is defined as the
time needed for the sensor to return to 10 % of the original
current in air after removing the gas.
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Fig. 2 SEM images of TiO2 /ZnO core–shell nanorods: (a) top view
and (b) side view

3 Results and discussion
Figure 2a and b, respectively, show top-view and crosssectional SEM images of the TiO2 -core/ZnO-shell nanorods
prepared hydrothermally followed by ALD. Scanning electron microscopy showed that the synthesis scheme adopted
in this study can grow TiO2 nanorods with a mean diameter of ∼300 nm and a mean length of 2.3 µm. The lowmagnification TEM image of a typical core–shell nanorod
exhibited the TiO2 core at the central region and ZnO shells
at the two edge regions of the nanorod (Fig. 3a). TEM
showed that the widths of the core and shell are approximately 120 and 20 nm, respectively. The mean thickness
of the ZnO capping layer was ∼20 nm. The enlarged highresolution TEM (HRTEM) image shows fringe patterns in
the two different regions, suggesting that both the core and
the shell are single crystals. The resolved spacings between
the two parallel neighboring fringes were 0.248, 0.218, and
0.162 nm, corresponding to the interplanar distances of the
{101} and {111} lattice planes in rutile TiO2 and the {110}
lattice planes in wurtzite ZnO, respectively (Fig. 3b). The
spotty patterns in the corresponding selected area electron
diffraction (SAED) pattern confirmed that both the TiO2
core and the ZnO shell were single crystals (Fig. 3c).
The XRD patterns of pristine TiO2 nanorods and TiO2 core/ZnO-shell nanorods also confirmed that both the TiO2
cores and the ZnO shells were single crystals (Fig. 4).
The relatively weak reflection peak intensities in the XRD
patterns might be due to the poor crystal quality of the
nanostructures, because the nanostructures were not annealed after the synthesis of TiO2 nanorods and the ALD
of ZnO thin films. The reflection peaks in the XRD patterns of pristine TiO2 nanorods were assigned to the (101),
(111), (301), and (202) reflections of primitive tetragonalstructured rutile-type TiO2 with the following lattice constants: a = 0.4584 nm and c = 0.2953 (JCPDS No. 894920). On the other hand, the reflection peaks in the XRD
patterns of TiO2 -core/ZnO-shell nanorods were assigned to
the (100), (002), (110), and (220) reflections of wurtzitetype hexagonal-structured ZnO with lattice constants of a =

Fig. 3 (a) Low-magnification TEM image, (b) high-resolution TEM
image, and (c) selected area electron diffraction pattern of TiO2 /ZnO
core–shell nanorods

Fig. 4 XRD patterns of pristine TiO2 nanorods and TiO2 /ZnO
core–shell nanorods

0.3253 nm and c = 0.5213 (JCPDS No. 89-1397). EDXS
confirmed that TiO2 -core/ZnO-shell nanorods had been successfully synthesized by showing a higher TiO2 concentration in the central region and a higher ZnO concentration
at both edge regions of the nanorods (Fig. 5a). EDXS also
confirmed that the core–shell nanostructures are composed
of Ti, Zn, and O (Fig. 5b). The Cu and C in the spectra were
assigned to the TEM grid.
Figure 6a and b show the dynamic responses of pristine
TiO2 nanorods and TiO2 -core/ZnO-shell nanorods, respectively, to C2 H5 OH at 150 ◦ C. The resistance decreased upon
exposure to C2 H5 OH and recovered completely to the initial
value upon the removal of C2 H5 OH. The sensor responses
to C2 H5 OH gas were also stable and reproducible for repeated test cycles. Figure 6c and d show the enlarged parts
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Fig. 5 (a) EDXS line scanning
concentration profiles and
(b) EDX spectra of the
TiO2 /ZnO core–shell nanorods

of the data in Fig. 6a and b, respectively, which were measured at a C2 H5 OH concentration of 25 ppm for pristine
TiO2 nanorods and TiO2 -core/ZnO-shell nanorods, revealing the moments of gas input and gas stop. The pristine
TiO2 nanorods showed responses of 113, 126, 161, 175,
and 244 % to 5, 10, 15, 20, and 25 ppm C2 H5 OH, respectively (Table 1). In contrast, TiO2 -core/ZnO-shell nanorods
showed responses of 132, 237, 412, 678, and 1054 % to 5,
10, 15, 20, and 25 ppm C2 H5 OH, respectively (Table 1).
Therefore, the responses of TiO2 nanorods to 5, 10, 15,
20, and 25 ppm C2 H5 OH, respectively, were improved by
1.16, 1.88, 2.56, 3.87, and 4.32 fold, respectively, by the
encapsulation of TiO2 nanorods with ZnO (Table 1). Figure 6e shows the responses of pristine TiO2 nanorods and
TiO2 -core/ZnO-shell nanorods as a function of the C2 H5 OH
concentration. The response of an oxide semiconductor is
commonly expressed as R = A[C]n + B, where A and
B are constants and n and [C] are the exponent and target gas concentration, respectively [22]. Data fitting gave
R = 6.20[C] + 70.804 and R = 17.28[C] − 19.414 for pris-

tine TiO2 nanorod and TiO2 -core/ZnO-shell nanorod sensors, respectively. The slope of the plot of response versus
C2 H5 OH gas concentration of the core–shell nanorod sensor
is larger than that of the pristine nanorod sensor. Although
the response of the core–shell nanorods was examined only
at C2 H5 OH concentrations of 50–250 ppm, the results suggest that the response of the former would be far higher than
that of the latter at high C2 H5 OH gas concentrations, such as
a few thousand ppm of C2 H5 OH. On the other hand, both the
response and recovery times of pristine nanorods were increased slightly by encapsulation regardless of the C2 H5 OH
concentration, but the response and recovery times were less
than 2 min regardless of the C2 H5 OH concentration.
Table 2 lists the responses of the TiO2 nanorod sensors
fabricated in this study toward C2 H5 OH gas along with
those of the other nanomaterial sensors. Overall, the sensing properties of the TiO2 -core/ZnO-shell nanorod sensors
fabricated in this study were comparable to those of other
competing nanomaterials (Table 2) [16, 18, 23–31]. The
C2 H5 OH concentration and test temperature used in this
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Fig. 6 Dynamic responses of
(a) pristine TiO2 nanorod gas
sensor and (b) TiO2 /ZnO
core–shell nanorod gas sensor.
(c) Enlarged part of (a) at
25 ppm ethanol. (d) Enlarged
part of (b) at 25 ppm ethanol.
(e) Responses of the pristine
TiO2 nanorod and TiO2 /ZnO
core–shell nanorod gas sensors
as a function of the ethanol gas
concentration

Table 1 Responses, response
times, and recovery times
measured at different C2 H5 OH
concentrations for the TiO2 /ZnO
nanorod sensor at 150 ◦ C

Ethanol
conc.

Response (%)

Response time (s)

Recovery time (s)

TiO2

TiO2 –ZnO

TiO2

5 ppm

113.43

131.52

40

100

35

70

10 ppm
15 ppm

125.55

237.09

65

60

60

80

161.35

412.03

90

70

90

90

20 ppm

174.85

678.39

75

50

85

100

25 ppm

243.75

1053.71

55

70

80

90

TiO2

study were lower than those in previous studies. The response of TiO2 -core/ZnO-shell nanorods was far higher than
that of TiO2 nanotubes [18] and TiO2 nanowire arrays [16]
despite the far lower C2 H5 OH concentration and the far
lower test temperature. On the other hand, a comparison
of TiO2 -core/ZnO-shell nanorods with CoFe2 O4 nanopowders [30] and Co-doped ZnO nanorods [31] measured at a
similar C2 H5 OH concentration suggests that the response
value of the former was more or less comparable to those of
the latter.
Both TiO2 and ZnO in the core–shell nanorods are ntype semiconducting oxides and the sensing mechanism of
the core–shell nanorods is based on a surface reaction. In
this study, TiO2 -core/ZnO-shell nanorods showed approximately 1.1–4.3 times stronger responses to ethanol gas than
pristine TiO2 nanorods. The surface of the sensor material
is covered with chemisorbed oxygen ions such as O− , O2− ,

TiO2 –ZnO

TiO2 –ZnO

and O−
2 according to the following reactions [32] depending
on the sample temperature [33]:
O2 (g) → O2 (ads),

(1)

O2 (ads) + e− → O−
2 (ads),

(2)

−
−
O−
2 (ads) + e → 2O (ads),

(3)

O− (ads) + e− → O2− (ads).

(4)

These adsorbed oxygen ions create a space-charge region
near the film surface by extracting electrons from the surface
of the sensor. The adsorbed ethanol molecules react with
these ionic oxygen species and produce electrons via the
following two reactions: (Reaction 5) dehydrogenation of
ethanol to aldehyde and (Reaction 6) dehydration of ethanol
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Table 2 Comparison of the responses, response times, and recovery times of the TiO2 /ZnO nanorod sensor with those of other oxide 1D nanostructure sensors
Nanomaterial

Ethanol
conc. (ppm)

Temp. (◦ C)

Response (%)

Response
time (s)

Recovery
time (s)

Ref.

TiO2 /ZnO nanorods

5

150

132

100

70

Present work

TiO2 /ZnO nanorods

25

150

1054

70

90

Present work
[18]

TiO2 nanotubes

5000

200

16

–

–

SnO2 nanorods

300

300

3140

1

1

[23]

Ce–SnO2 nanopowders

200

250–450

18,500

–

–

[24]

Pt–SnO2 nanopowders

100

150–350

4000

12

360

[25]

SnO2 –ZnO (0.05) composite nanopowders

300

200–400

390,000

96–418

400–600

[26]

ZnO–SnO2 (0.05) composite nanopowders

300

200–400

120,000

96–418

400–600

[27]

ZnO nanowires

1500

300

61

–

–

[28]

TiO2 nanowire arrays

2%

550

50

–

–

[16]

TiO2 nanobelts

500

250

3366

1–2

1–2

[29]

Ag–TiO2 nanobelts

500

200

4171

1–2

1–2

[29]

CoFe2 O4 nanopowders

50

150

7190

50

60

[30]

Co–ZnO nanorods

50

350

987

–

–

[31]

to alkene on basic and acidic oxides, respectively [34].
C2 H5 OH (g) → CH3 CHO (g) + H2 (g),

(5)

C2 H5 OH (g) → C2 H4 (g) + H2 O (g).

(6)

The enhanced sensor response of TiO2 -core/ZnO-shell
nanorods to ethanol compared to that of pristine TiO2
nanorods might be due to the enhanced absorption and dehydrogenation of ethanol (Reaction 5) because ZnO is a basictype oxide [35] and a more efficient catalyst than TiO2 [36].
CH3 CHO is then oxidized by the chemisorbed oxygen ions
according to the following equation:
CH3 CHO (ad) + 5O− → 2CO2 + 2H2 O + 5e− .

(7)

In addition, the enhanced sensor response of the core–
shell nanorods may also be due partly to changes in resistance because of both the surface depletion layer of each
core–shell nanorod and the potential barriers built in the
junctions caused by the combination of homointerfaces and
heterointerfaces [37]. Upon exposure to ethanol, electrons
are generated via Reaction 5, which also reduce the surface
depletion region in the ZnO shell layers and increase the
conductivity. Therefore, core–shell nanorods show stronger
responses to ethanol gas than pristine TiO2 nanorods.

nanorods were a few tens to a few hundreds of nanometers
in diameter and up to a few micrometers in length. The cores
and shells of the nanorods were single-crystal TiO2 and
single-crystal ZnO, respectively. Multiple networked TiO2 core/ZnO-shell nanorod sensors showed approximately 1.2,
1.9, 2.6, 3.9, and 4.3 times greater responses to C2 H5 OH
concentrations of 5, 10, 15, 20, and 25 ppm, respectively,
than those of pristine TiO2 nanorod sensors. The responses
of the core–shell nanorods are far superior to those of the
other material nanosensors reported previously, even though
the C2 H5 OH gas concentration range used in this study
was somewhat high. The substantial improvement in the response of the pristine TiO2 nanorods to C2 H5 OH gas by
their encapsulation with ZnO may be due to the enhanced
absorption and dehydrogenation of ethanol. In addition, the
enhanced sensor response of the core–shell nanorods may
also be partly the result of changes in resistance due to both
the surface depletion layer of each core–shell nanorod and
the potential barriers built in the junctions caused by the
combination of homointerfaces and heterointerfaces.
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