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a b s t r a c t
In this work, ZnO-decorated multi-walled carbon nanotube (MWCNT) nanocomposites prepared using
an in-situ method involving the thermal evaporation of Zn powders in the presence of MWCNTs. The
gas sensing characteristics of the MWCNT/ZnO nanocomposites are studied, and results for the material
characterizations for the synthesized nanocomposites conﬁrm the formation of well-distributed ZnO
nanoparticles onto MWCNTs, creating MWCNT/ZnO nanocomposites. The gas sensing properties of the
MWCNT/ZnO nanocomposite gas sensor, such as response, cross-sensitivity, and response-recovery time,
are investigated and compared with a bare MWCNT sensor. The decoration of ZnO nanoparticles greatly
improves the gas sensing properties of bare MWCNTs. We discussed the possible mechanisms for the
enhancement of sensing capabilities. The results suggest that decoration of n-type semiconducting oxide
materials, such as ZnO in the form of nanoparticles, is a promising strategy for improvement of gas sensing
properties of p-MWCNTs.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Carbon nanotubes (CNTs), unlike other allotropes of carbon,
such as diamond, fullerene, graphite, are 1D materials with a
length-to-diameter ratio in excess of 1000. Following their discovery by Iijima in 1991 [1], scientists have used MWCNTs in a
wide range of technologies, and they are valued for huge ratio
of surface-to-volume, absence of defects, and chemical, thermal,
and mechanical stability. MWCNTs also show great potential for
applications in next-generation sensor technology.
Unlike the sp3 bonds found in alkanes and diamond, the chemical bonding of multi-walled CNTs (MWCNTs) is composed of strong
sp2 bonds, providing MWCNTs with their unique strength. However these strong bonds result in a low chemical reactivity with
most molecules; therefore, bare CNTs react only to speciﬁc strong
oxidizing or reducing gases. As a result, the sensing capabilities
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of bare CNTs are generally weak, non-selective, irreversible, and
require long recovery times [2,3]. An an example, a gas sensor based
on individual MWCNTs, was developed and it was reported that the
change in conductance of the individual single-walled CNTS (SWCNTs) was only 5 × 10−6 −1 , thus a precise and expensive apparatus
to measure the conductance was required [4]. To improve both
the sensitivity and cross-sensitivity of CNT-based gas sensors, various modiﬁcations such as polymer coatings [5], functionalization
with polymer [6,7], and decoration with metal nanoparticles [8]
or metal oxides [9] have been proposed. Furthermore, MWCNTs
have a propensity to agglomeration, owing to the van der Waals
forces among them. To alleviate this problem, decoration is utilized to enhance the uniform dispersion of MWCNTs and enhance
the interaction between MWCNTs and gases [10].
NO2 is a highly toxic and hazardous gas, causing destruction of
the ozone layer and acid rain. Exposure to NO2 may cause olfactory paralysis, acute respiratory illness, and other health problems
[11,12], and its threshold limit value (TLV) is set to 5 ppm by the
Occupational Safety and Health Administration (OSHA) [13]. In
recent years, due to trafﬁc and increase of number of buildings, the
concentration of this gas in the atmosphere has been increased [14];
Accordingly, the fabrication of NO2 sensors is highly demanded.
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According to a literature survey [15,16], while the sensing properties of bare MWCNTs are not sufﬁcient for use in NO2 sensors,
surface functionalization can be a viable means to this end [17].
Depending on which material is greater in quantity in a composite,
MWCNT/metal oxide composites can be divided into two groups;
metal-oxide-decorated MWCNT and MWCNT-doped metal oxide
semiconductors. Among these, metal-oxide-decorated MWCNTs
show great promise, as metal oxides are well-known materials
suitable for detecting a wide range of gases with good sensitivity.
To combine MWCNT with metal oxides, there are many methods. Generally they can be classiﬁed into two groups, the in-situ
approach, in which MWCNTs grow with the original growth process, and ex-situ approach, where the decoration is done after the
synthesis of MWCNTs. In this study, in-situ synthesis is used to decorated of ZnO in MWCNTs. The main advantage of this method is
that MWCNTs act as a support and the ZnO can settle as either a
crystalline ﬁlm with controlled thickness, or as separate NPs [18].
It is well known that the formation of p-n heterojunctions via
surface decoration is an effective method of improving the sensing
properties of gas sensors [19,20]. For MWCNTs, which are regarded
as p-type semiconductors [21], the hole accumulation layer with a
lower resistance is the main path for the transfer of charge carriers.
Through the formation of p-n heterojunctions, for example, decoration with an n-type metal oxide, the electronic path is greatly
suppressed by the ﬂow of electrons from the n-type metal oxide
to the surfaces of the MWCTs. Therefore, the width of the charge
carrier path is greatly decreased following the formation of pn heterojunctions via surface decoration. During the exposure to
toxic gases, changes in the resistance via the release or withdrawal
of electrons as a result of reactions with target gases will occur;
when compared with bare MWCNTs, a signiﬁcantly larger resistance modulation and thus a larger response to the target gas is
expected. It is worthy to note that the criteria for choosing an ntype metal oxide is based on [22]: (i) high stability in low- and
high-oxygen environments, (ii) high mobility of carriers, (iii) low
resistance, (iv) large band gap (Eg ), (v) facile synthesis, (vi) availability, and (vii) low cost. Based on the above criteria, we chose ZnO
as it represents one of the most promising n-type metal oxides, due
to availability, simple synthesis, low cost, stable electronic properties, excellent carrier mobility, large band gap (3.37 eV), and high
intrinsic gas response [23–25].
In this study, MWCNTs were decorated with ZnO NPs in order
to realize an advanced gas sensor based on MWCNTs and increase
the gas sensitivity of bare MWCNT sensors. It is expected that
the electronic interaction between ZnO NPs and p-MWCNTs has
a great impact in the ﬁnal sensing characteristics of the resultant
nanocomposite. Spectroscopic and microscopic characterization
results collectively conﬁrm the successful deposition of ultraﬁne
ZnO NPs over the surfaces of MWCNTs. Gas sensing studies at
optimal working temperatures showed two improvements: (i) an
increased response of the MWCTs gas sensor after decoration with
ZnO NPs and (2) improved stability response to reducing gases following ZnO decoration of the MWCT gas sensor. The fundamental
NO2 and reducing gas sensing mechanisms are discussed in subsequent sections.

2. Experimental
2.1. Synthesis of ZnO-decorated MWCNT
Fig. 1 shows the primary steps for the preparation of ZnOdecorated MWCNTs. First, a colloidal preparation of MWCNTs was
produced by dispersing MWCNTs in ethanol and subjecting the
solution to sonication for 30–60 min. By spraying the MWCNTs colloid onto the Al2 O3 substrates located on a hot-plate (∼70–90 ◦ C),
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the MWCNT ﬁlms were prepared. Then they were dried in a vacuum
oven at 90 ◦ C for 5 h. Coating of the MWCNTs ﬁlms was done using
a turbo sputter coater with an Au target (Emitech K575X, Emitech
Ltd., Ashford, Kent, UK) at room temperature using Ar plasma and
a DC sputter current of 10 mA. After 60 s of sputtering, the thickness of the Au ﬁlms was adjusted to 3 nm to form a catalytic layer.
The growth of ZnO on the MWCNT surfaces is primarily owing to
the catalytic effects of gold NPs. Following the Au coating process,
the samples were annealed at 500 ◦ C for 1 h with Zn powder under
air atmosphere in order to combine the Zn-related vapors with the
O2 in the ambient air, resulting in the synthesis of ZnO-decorated
MWCNT nanocomposites.
2.2. Materials characterization
The morphological features and microstructure of the synthesized composites were studied using a scanning electron
microscope (SEM-Hitachi S-4200) and transmission electron
microscope (TEM-Philips CM-200) operating at 200 kV, equipped
with energy-dispersive X-ray spectroscopy (EDX). The phase,
purity, and crystallinity of the synthesized composites were
examined via X-ray diffraction (XRD-Philips, X-pert MRD X-ray
diffractometer) using CuK␣ radiation ( = 1.548 Å) with a scanning
rate of 2◦ /min and 2 ranging from 20◦ to 60◦ . X-ray photoelectron spectroscopy (XPS) was employed to determine the surface
components and composition of the synthesized materials. We carried out X-ray photoelectron spectroscopy (XPS, VG Multitab ESCA
2000 system, UK) experiments with a monochromatized Al K␣ Xray source (h = 1486.6 eV) at the Korean Basic Science Institute
(KBSI).
2.3. Gas sensing tests
The fabrication of the gas sensors used in this study is similar to that described in our previous reports [26–29]. Double-layer
Ti and Au electrodes were sequentially sputter-deposited on the
samples using an interdigital electrode mask (Fig. 2(a)). For this
purpose, a turbo sputtering system with titanium and gold targets
(2-in. diameter with 99.99% purity) was used. The obtained double
layer electrodes were ∼250 nm in thickness, and were comprised
of Ti (∼50 nm) and Au (∼200 nm) layers. During the sensing measurement process, changes in the electrical resistance (R) of the
sensor when gas was introduced and ejected were continuously
monitored and recorded by a computer (Fig. 2(b)).The gas sensing
properties were assessed through the response value of the sensor,
which was deﬁned as R = Rg /Ra (for reducing gas), and R = Ra /Rg (for
oxidative gas) where Rg and Ra are the resistances of the sensor in
the presence of the target gas and synthetic air, respectively. The
response and recovery times were deﬁened as the times required
for the resistances to reach to their 90% ﬁnal values after exposure
and stoppage of the target gas respectively.
3. Results and discussion
3.1. Structural and morphological studies
XRD spectra are shown in Fig. 3(a)–(c). Fig. 3(a) presents an XRD
pattern of Al2 O3 that was used as a substrate for a gas sensor. The six
peaks shown can be assigned to the (012), (104), (110), (113), (024),
and (116) planes of the hexagonal structure of Al2 O3 , without any
impurities. After the deposition of MWCNTs, a peak positioned at
2 = 25◦ related to the (002) plane of the graphite phase (JCPDS NO.
41-1487) [30] can be observed, which overlaps the alumina peak.
Additional peaks of ZnO are expected for ZnO-decorated MWCNT
nanocomposites, and the three additional peaks shown in Fig. 3(c),
located at 2 = 31.4, 36.3, and 56.8◦ , can be indexed as the (100),
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Fig. 1. Schematic illustration of different steps of preparation of ZnO decorated MWCNT nanocomposites.

Fig. 2. Schematic representation of (a) gas sensor and (b) gas sensing apparatus.

(101), and (110) planes of the hexagonal wurtzite structure of ZnO
(JCPDS, 80-0075). Overall XRD results conﬁrm the formation of the
desired phases with good crystallinity. No peak related to Au was
detected via XRD, because of the insigniﬁcant quantity of Au in this
composite.
Morphological features studied using SEM and top-view micrographs are shown in Fig. 3(d) and (e). Low- and high-resolution

SEM images of the bare MWCNTs are shown in Fig. 3(d) and the
inset of Fig. 3(d), respectively. A high degree of entanglement can
be observed in the case of bare MWCNTs. The average MWCNT
thickness can be estimated at 20–25 nm. Fig. 3(e) shows that after
decoration with ZnO, the curvy morphology of the MWCNT was
invariant, while the surface morphology changed signiﬁcantly. In
fact, in this case, the surface clearly shows a rugged morphology,
which can increase the surface area for gas adsorption. The inset in
Fig. 3(e) shows a high-resolution SEM image, where the diameter
of the ZnO-decorated MWCNT can be estimated at approximately
40–50 nm, which is larger than that of bare MWCNTs owing to the
existence of a ZnO shell.
Further morphological analyses were carried out using TEM
(Fig. 4). Fig. 4(a) clearly reveals the 1D nature of the MWCNT
decorated with ﬁne particles of ZnO; the average diameter of
the ZnO nanoparticles is less than 20 nm. Fig. 4(b) shows an
HRTEM micrograph, revealing the presence of ZnO nanoparticles, Au nanoparticles, and MWCNT. The Au NPs are used to
enhance the adhesion of the ZnO nanoparticles. Fig. 4(c) indicates a
selected area diffraction (SAED) pattern, where the pattern rings
belong to the (100), (002), (101), and (102) planes of wurtzite
hexagonal structure of ZnO are observed. The pattern rings of
the (002) plane of MWCNT and (111) plane of Au can also be
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Fig. 3. XRD patterns of (a) Al2 O3 substrate, (b) MWCNT ﬁlm on Al2 O3 substrate, and (c) MWCNT/ZnO composite ﬁlm on Al2 O3 substrate. SEM images of (d) MWCNT ﬁlm on
Al2 O3 a substrate and (e) MWCNT/ZnO composites on Al2 O3 substrate.

observed. A lattice-resolved image was obtained in order to investigate crystallinity. Fig. 4(d) presents a high resolution image
of ZnO-decorated MWCNT nanocomposites, in which the spacings between the two neighboring parallel fringes are 0.247 and
0.235 nm, respectively, in well agreement with the (101) planes of
ZnO and (111) planes of Au.
The EDX data used to identify the elemental composition of the
ZnO-decorated MWCNT nanocomposites are shown in Fig. 4(e).
This shows the EDX results for the two indicated points, one rich
in Au (point 1) and another (point 2) rich in ZnO. The EDX analysis
of point 1 shows peaks of O, C, Zn, and Au with weight percents
of 0.00, 37.70, 15.02, and 47.29%, respectively ((see the data in the
table in Fig. 4, obtained via EDX analysis)). In point 2, the weight
percents of O, C, Zn, and Au are 10.19, 27.29, 44.28, and 18.25%,
respectively, conﬁrming that point 2 comprises a higher amount of
Zn than point 1.
XPS was used to check the chemical composition of the ZnOdecorated MWCNT nanocomposites. The XPS survey spectrum
displays various peaks ranging from 0 to 1200 eV (Fig. 5(a)), showing that the MWCNT/ZnO composite contains Zn, O, and C elements.
Two peaks at 284.6 and 288.4 eV can be observed in the highresolution spectrum of C 1 s presented in Fig. 5(b). The peak at
284.6 eV is due to C1 s core level and the peak at 288.4 eV is due
to the presence of oxygenated carbon. Fig. 5(c) shows a highresolution Zn 2p XPS spectrum. The Zn-2p region shows a doublet at
1021.7 eV and 1044.8 eV corresponding to the Zn-2p3/2 and 2p1/2
core levels, respectively. These peaks represent the +2 oxidation
state of Zn. [31]. As shown in Fig. 5(d), the O1 s spectrum is deconvoluted into two peaks using the Gaussian method at 530.4 (O1) and
531.4 eV (O2). The peak located at 530.4 eV can be related to an oxygen atom (O2− ) in the lattice of wurtzite-type ZnO [32]. The second
peak at 531.4 eV is due to the presence of surface-adsorbed oxygen
species (O− and O−
2 )[33]. The amount of each oxygen species was
obtained by dividing the area of oxygen species by the total area

of the O1s spectrum. The calculated amounts of the two oxygen
species were 53.8% (O1) and 46.2% (O2), respectively.
3.2. Gas sensing tests
Fig. 6 compares the NO2 sensing characteristics of bare MWCNT
and ZnO-decorated MWCNT nanocomposites sensors at an optimal
working temperature of 300 ◦ C. Fig. 6(a) and (b) show the dynamic
responses of bare MWCNT and ZnO-decorated MWCNT nanocomposite sensors, respectively, to 1, 3, 5, and 10 ppm NO2 gas. As
shown, the gas response increases with increasing NO2 concentration within the range of 1–10 ppm; also, the sensor responses were
quite stable and reproducible. Both sensors were able to detect
1 ppm of NO2 gas, which is well below the TLV of NO2 (5 ppm).
In addition, both sensors show a decrease in resistance after the
injection of NO2 gas, indicating a p-type behavior. P-type behaviors
in MWCNTs under normal conditions were reported in our previous paper [21].The observed decrease in resistance when exposing
the MWCNT sensor to NO2 can be related to ﬂow of electron from
the MWCNTs to NO2 , resulting in increase of hole carriers in the
MWCNTs [16].
Also, it is observed that the resistance of the bare MWCNT sensor
(∼29  at 300◦ ) is approximately half that of the ZnO-decorated
MWCNT sensor (∼60  at 300◦ ). As MWCNT and ZnO are p-type
and n-type semiconductors, respectively, there is hole ﬂow at the
p-n interface from MWCNT to ZnO, and electron ﬂow from ZnO to
MWCNT. Therefore, the hole concentration in MWCNT is reduced
via the creation of a p-n interface, caused by the addition of ZnO,
and the observed decrease in resistance of ZnO-decorated MWCNT
is justiﬁed.
Fig. 6(c) displays calibration curves for bare MWCNT and ZnOdecorated MWCNT nanocomposites sensors. The 1, 3, 5, and
10 ppm NO2 gas responses of the bare MWCNT sensor were
1.005, 1.007, 1.008, and 1.01, respectively. In contrast, those for
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Fig. 4. (a) TEM micrograph of ZnO/MWCNT. (b) HRTEM image of ZnO/MWCNT structure. (c) Corresponding SAED pattern. (d) Corresponding HRTEM image. (e) EDAX analyses.

the ZnO-decorated MWCNT nanocomposites were 1.011, 1.016,
1.020, and 1.023, respectively. As shown, the responses of the
ZnO/MWCNT sensor were higher than those of the bare MWCNT
sensor for all concentrations. Fig. 6(d) shows the response time of
the bare MWCNT and ZnO/MWCNT sensors, where for 1, 3, 5, and
10 ppm NO2 gas, response times for the bare MWCNT are 123.0,
134.1, 125.1, and 115.4 s, respectively. The corresponding response

times for the ZnO-decorated MWCNT nanocomposites are 151.8,
130.9, 109.8, and 93.1 s, respectively. The ZnO-decorated MWCNT
nanocomposite sensor is clearly faster than the bare MWCNT sensor
when detecting low concentrations of NO2 gas. The response time
of the ZnO-decorated MWCNT nanocomposite sensor decreases
as the concentration increases; more time is needed for the NO2
gas to reach the sensing surface. The fewer the NO2 molecules,the
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Fig. 5. XPS spectra of MWCNT/ZnO composites. (a) Survey-scan XPS spectrum of ZnO/MWCNT. (b) C1s XPS spectrum, (c) Zn2p XPS spectrum, and (d) O1s XPS spectrum of
ZnO/MWCNT.

longer it takes for the ZnO/MWCNT surface to be covered with
NO2 molecules. Furthermore, as shown in Fig. 6(e), the recovery
times for the ZnO-decorated MWCNT nanocomposite sensor are
shorter than those for the bare MWCNT sensor. Recovery times
of 267.4, 246.4, 247.3, and 285.2 s for 1, 3, 5, and 10 ppm NO2
gas, respectively, were observed for the ZnO-decorated MWCNT
nanocomposite sensor compared to the longer recovery times of
303.3, 294.2, 288.4, and 294.2 s of the bare MWCNT sensor for 1, 3,
5, and 10 ppm NO2 gas, respectively. During the recovery, oxygen
molecules from the air diffuse to the surface of the sensor to react
with the NO2 molecules. However, the full desorption of the inner
surfaces need more time than that the outer surfaces, resulting on
a longer recovery time at higher NO2 concentrations [34].
Fig. 7 shows the response of the bare and ZnO-decorated
MWCNT nanocomposite sensor to 10 ppm of acetone, ethanol, H2 ,
CO, and H2 S gases. With the exception of the H2 S gas, the response
of the bare MWCNT gas sensor is unstable in the presence of
other gases. In contrast, the ZnO-decorated MWCNT nanocomposite sensor is stable against all gases and exhibits a p-type behavior;
however its response to the gases mentioned above is negligible.
The response of the bare MWCNT to acetone, ethanol, H2 , and CO
was undetectable, and the response (Rg /Ra ) to 10 ppm H2 S and
NO2 was 1.002 and 1.010, respectively. However, the response
of the ZnO-decorated MWCNT nanocomposite to 10 ppm acetone,
ethanol, H2 , CO, H2 S, and NO2 was 1.006, 1.008, 1.001, 1.002, 1.016,
and 1.023, respectively. These ﬁgures indicate better sensitivity in
the ZnO-decorated MWCNT nanocomposite sensor towards NO2
gas in comparison to a variety of reducing gases. In Table 1, we listed
previous studies on CNT/ZnO nanocomposite sensors [17,35–40].

There have been reports on the sensing properties of the composite sensors to a variety of gases including H2 , CH3 OH, NO2 , NO,
and CH3 COCH3 . Although ZnO-CNT wire-like layered composites
exhibited a high response of about 8 for NO gas at 4 ppm, there has
been rare report for detecting gases at a low concentration of below
10 ppm. With respect to NO2 gas, Vyas et al. prepared CNT-ZnO
nanocomposite thin ﬁlms for exhibiting a sensor response of 1.19,
at an NO2 concentration of 20 ppm. However, Neri et al. reported
that ZnO/CNTs heterostructures exhibit a response of 1.008 at a
lower concentration of 8 ppm. In the present work, we obtained
the response of 1.023 at an NO2 concentration of 10 ppm. Furthermore, we obtained the response time and recovery times of 93.1 s
and 285.2 s, respectively.
3.3. Mechanism of gas sensing in the znO-decorated MWCNTs
sensor
The sensing mechanism of a gas sensor depends on the reactions
occurring at its outermost surface. When the bare MWCNT sensor
is exposed to air, oxygen molecules will be adsorbed on the surface
−
2− species by absorbing elecand are converted into O−
2 , O , or O
trons from the conduction band of the MWCNTs. The type of oxygen
species depends on temperature, and it is well-accepted that at
lower temperatures (<150 ◦ C), O−
2 ions will typically form, while at
higher temperatures the formation of O− and O2− ions is dominant
[41]. These processes are described in Eqs. (1)–(4) [34,42]:
O2(gas) → O2(ads)
O2(ads) + e =

O−
2(ads)

(1)
(2)
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Fig. 6. Transient response curves to NO2 gas of (a) MWCNT and (b) MWCNT/ZnO. (c) Sensor responses, (d) response times, and (e) recovery times of MWCNT and ZnO
decorated MWCNT nanocomposites.

Table 1
Sensing properties of CNT/ZnO nanocomposite sensors.
Nanostructure type

Target gas

Gas concentration (ppm)

Temperature (◦ C)

Response (Ra /Rg or Rg /Ra )

Response/ Recovery time

Reference

MWCNT/ZnO/Pt nanostructures
ZnO/CNT nanocomposites
CNT-ZnO nanocomposite thin ﬁlm
ZnO-CNTs
CNT-ZnO hollow sphere structure
ZnO-CNT wire-like layered composites
ZnO-CNT composites
ZnO-decorated MWCNTs

H2
CH3 OH
NO2
NO2
CH3 COCH3
NO
NO
NO2

500
200
20
8
320
4
20
10

RT
300
250
150
270
200
200
300

3.3
42
1.19
1.008
62
∼8
1.67
1.023

70 s (recovery time)
–
–
–
–
7 min (response time)

[17]
[35]
[36]
[37]
[38]
[39]
[40]
This work

O−
+ e = 2O−
2(ads)
(ads)

(3)

O−
+ e = O2−
.
(ads)
(ads)

(4)

93.1 s/285.2 s

Therefore, the adsorbed oxygen anions capture electrons from
the surface. As a result, in MWCNT, a hole accumulation layer (HAL)
forms near the surface of the MWCNT, resulting in the creation of
a pseudo-insulating region at the core of the MWCNT and semi-
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Fig. 7. Response transient curves of MWCNT and ZnO decorated MWCNT nanocomposites to 10 ppm of (a,b) acetone, (c,d) ethanol, (e,f) CO, (g,h) H2 S, and (i,j) H2 gases.

conductor HALs near the surface of the MWCNT [41] (Fig. 8(a)).
As in p-type semiconductors, holes are majority carriers, and the
HAL plays the role of an electrical transport channel. When NO2
gas is injected, the thickness of HAL increases because NO2 will fur-

ther abstract the valence-band electrons, resulting in the expansion
of the electrical transport channel (Fig. 8(a)) and ultimately lead
to decrease of resistance: The NO2 gas molecules are supposed to
adsorb onto the MWCNT surface, generating positive holes. When a
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Fig. 8. Schematic representation of (a) modulation of the HAL in bare MWCNT during adsorption of oxidizing and reducing gas molecules and (b) decrease of width of the
HAL by the p-n junction beneath the n-ZnO NPs. (c) Energy band diagrams of p-MWCNT and n-ZnO. (d) Modulation of the HAL in n-ZnO-p-MWCNTs nanocomposite sensor.

reducing gas is used as target gas, the adsorbed oxygen species desorb from the MWCNT surface because the reducing gas molecules
interact with them and form volatile molecules. Therefore, the captured electrons return to the valence band, and ﬁnally decrease the
width of HAL. As a result, an increase in the resistance is observed,
as shown in Fig. 7.
The enhancement of sensitivity by the decoration of ZnO NPs
will be attributed to several factors. First, ZnO NPs will enlarge the
surface areas, facilitating the effective adsorption of gas. Second,
ZnO NPs will provide a spillover effect, being identical to metal

nanoparticles, facilitating the adsorption, dissociation, and migration of gas molecules. Third, the active defects at the CNT/ZnO
heterointerfaces will enhance the sensing behavior. The adsorption
of NO2 species will be signiﬁcantly enhanced. Similar suggestion
was made in case of graphene/SnO2 heterointerfaces [43]. Fourth,
CNT-ZnO heterojunctions will affect the response of the sensors.
Modulation of the resistance in the n-ZnO NP-decorated p-MWCNT
is due to the carrier transfer between them. When an MWCNT is
decorated with ZnO, as there are many ZnO/MWCNT interfaces, a
lot of p-n junctions are formed between the n-ZnO and p-MWCNTs.
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Accordingly, the primary cause of the higher response to gas in this
case can be attributed to the presence of plenty of p-MWCNT/n-ZnO
heterojunctions. As shown in Fig. 8(c), owing to the creation of a pn heterojunction, along with the larger work function of CNT than
ZnO, electrons will ﬂow from ZnO to MWCNT and holes will ﬂow
from MWCNT to ZnO, until the formed built-in potential prevents
the further ﬂow of electrons and holes. Thus in the vicinity of the p-n
heterojunction the hole concentration in the p-MWCNT and electron concentration in n-ZnO NPs will be reduced. Accordingly, the
width of HAL in the p-MWCNT will be decreased underneath the nZnO NPs, and the hole conduction channel signiﬁcantly decreases.
This is why decoration with n-ZnO NPs signiﬁcantly increases the
resistance of the p-MWCNT (Fig. 6(b)). In the presence of air, the
HAL is heavily suppressed by the ZnO decoration. When NO2 gas is
introduced, the HAL will be expanded, meaning that the electrical
resistance is decreased due to the easy ﬂow of the hole carriers.
Therefore, there is a signiﬁcant change of resistance in the air and
NO2 atmospheres. In other words, the same amount of HAL expansion is expected for bare and ZnO-decorated CNTs; however, the
ratio of changes in ZnO-decorated CNTs is larger than that for bare
CNTs, and this is the mechanism improving NO2 gas sensing in the
presence of n-ZnO NPs (Fig. 8(d)).
Similarly, if reducing gases such as H2 , H2 S, CO, ethanol, and
acetone are introduced, with the smaller amount of holes at the
initial stage, the reduction of holes in CNTs by the reducing gas
adsorption will bring about a larger sensor response. Upon their
reaction with adsorbed oxygen, the release of the captured electrons increases the resistance for hole conduction in CNTs (Fig. 7).
Apart from other mechanisms including the charge carrier transference, the observed sensing improvement for the reducing gases can
be related to the chemical sensitization effect of ZnO. For example,
it is reported [44] that the H2 S can be adsorbed and decomposed
on the surface of ZnO, converting ZnO to ZnS according to following
reaction:
H 2 S (ads) + ZnO

Sulfuration

→

H 2 O + ZnS.

(5)

The reaction enthalpy H of this reaction is negative, illustrating
exothermic reaction between H2 S and ZnO. Therefore, the spontaneous reaction enhances the response of ZnO to H2 S gas [44]. H2
and CO gases can partially reduce some ultraﬁne ZnO NPs at sensing temperatures owing to their extremely huge surface area and
consequently the increased reactivity of such NPs. Furthermore,
Yamazoe et al. pointed out that basic oxides such as ZnO are effective in promoting ethanol (or acetone) vapor sensitivity, as basic
oxides favor the dehydrogenation of C2 H5 OH through formation of
a CH3 CHO intermediate, yielding high sensitivity [45].
C 2 H 5 OH (g) → CH 3 CHO (g) + H 2 O.

(6)

It is expected that upon the reaction and decomposition of
reducing gases over ZnO NPs in ZnO-decorated MWCNT, a higher
response relative to bare CNT sensor will be observed. By the way,
it has been observed that the ZnO-decorated MWCNT nanocomposite sensor exhibits a slightly higher response to NO2 gas, in
comparison to other gases, including reducing gases and SO2 gas.
NO2 gas is known to adsorb onto the surface via different states,
being different from other gases [46]. It is possible that NO2 species
are particularly highly enhanced by the spillover effects of ZnO.
In addition, the NO2 species can be favorably adsorbed on the
active defects in Pt/MWCNT heterointerfaces, contributing to the
enhancement of sensing behavior. Further study is required.
4. Conclusion
It was demonstrated that the NO2 gas detection capability of
CNT-based sensors can be signiﬁcantly improved via the ZnO NP
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decoration of MWCNTs. Structural analysis using XRD indicates the
presence of crystalline ZnO and MWCNT, and TEM observations
show the presence of ultraﬁne ZnO NPs that are decorated on the
surfaces of MWCNTs. Further evidence was obtained via XPS in the
form of Zn+2 peaks. NO2 sensing studies show that ZnO-decorated
MWCNT nanocomposite sensors have better response to NO2 gas
relative to bare MWCNT sensors. In addition, the response of ZnOdecorated MWCNT nanocomposites to other reducing gases such
as CO, H2 S, H2 , acetone, and ethanol was tested and unlike bare
MWCNT sensors, a stable response was observed. The enhanced
gas sensing properties of ZnO-decorated MWCNT nanocomposites
gas sensor is attributed to several mechanisms, including a significant variation in the hole accumulation layer of MWCNT. Present
ﬁndings suggest the study of other metal oxides as decorations
for MWCNTs for the future development of highly advanced gas
sensors.
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