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a b s t r a c t
We present a dual sensitization gas sensor for selective detection of either H2 S or C2 H5 OH gases, based
on ZnO/CuO nanoparticle (NP)-decorated MWCNTs. First, Cu-Zn layers of three different thickness (3,
6, 9 nm) were successfully deposited on the surfaces of CNTs by a sputtering process and subsequently
converted to their corresponding oxides by thermal annealing. The gas sensing characteristics of metal
oxide decorated-MWCNTs were studied in the presence of three gases, namely NO2 , H2 S, and C2 H5 OH. The
best sensing properties were obtained when the Cu-Zn deposition layer was 6 nm thick. The optimized
sensor showed extraordinary responses to both H2 S and C2 H5 OH gases at working temperatures of 100 ◦ C
and 200 ◦ C, respectively. Therefore, selectivity was tuned by selection of the working temperature. The
sensing mechanisms of the metal oxide-decorated CNTs sensors are discussed in detail. The approach
described, namely co-decoration of the surfaces of MWCNTs with different metal oxides, will be of great
utility to researchers who wish to fabricate dual sensitive gas sensors.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Exhaled breath (EB) analysis can provide valuable information
about human medical status [1]. Currently, volatile organic compounds (VOCs) in human EB are used for the early detection of
cancer and other serious diseases [2–4]. For example, it has been
reported that an elevated level of ethanol in EB is an indication of
diabetes [3]. Apart from VOCs, analysis of level of H2 S in EB can
also be used for early detection of some airways diseases, such as
asthma [5]. Among different EB analysis techniques, EB analysis
with gas sensors has several advantages over conventional diagnostic techniques; in particular, EB analysis is non-invasive, and
portable devices can be used [6].
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Gas sensors based on pristine carbon nanotubes (CNTs) have
poor responses, weak selectivity, and generally require a long time
to recover [7,8]. To fabricate high performance gas sensors, CNTs
can be decorated with metal oxide NPs to take advantage of both
the unique physical and chemical properties of CNTs, such as their
seminconducting nature, and the diverse structural and properties
of metal oxides NPs. Particularly, decoration of CNTs with metal
oxide structures is popular because it involves simple, efﬁcient,
and low-cost processes [9]. Furthermore, agglomeration of CNTs
because of their large surface area and strong van der Waal forces
of attraction can be avoided [10]. Many studies have reported the
sensing properties of CNTs decorated with a single metal oxide
[11,12]. For example, SnO2 /CNTs sensors for detection of CO [13],
NO2 [14], acetone [15], and NH3 [16] have been reported. Tulliani
et al. [17] reported the NH3 sensing properties of ZnO/MWCNTs,
while Asad et al. [18] reported CuO/MWCNT sensors for detection of H2 S. However, to the best of our knowledge, no study has
reported co-decoration of MWCNTs with two different types of
metal oxides for gas sensing applications. This is particularly important to realize dual sensitization gas sensors. Dual sensitization
can be achieved either by work function differences in sensing
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materials with the same semiconducting behavior, such as p-type
behavior, or by creating p-n heterojunctions. By carefully selecting
the decorating materials, the initial width of the hole accumulation
layer (HAL) of CNTs can be efﬁciently expanded, and upon exposure
to the tested gases, contraction of the HAL can result in a strong
response. Accordingly, in this study, we present a novel gas sensor
based on co-decoration of the surfaces of MWCNTs with ZnO/CuO.
Here the work function (5.31 eV [19]) of the p-type metal oxide
(CuO) is higher than that of the MWCNTs (4.7–4.9 eV [20]), and
ZnO is an n-type metal oxide. Accordingly, we expected the sensor
to display effective dual sensitization capability. The gas sensing
characteristics of the metal oxide-decorated MWCNT sensors were
studied and compared with those of pristine MWCNTs. We found
that decoration of the MWCNTs with ZnO/CuO NPs at the optimized initial ZnO/CuO layer thickness of 6 nm greatly improved
the sensitivity and selectivity of the resulting MWCNT-based gas
sensors. We attributed the high sensitivity of the sensors toward
H2 S and C2 H5 OH gases at different temperatures to the presence
of sufﬁcient p-MWCNTs/n-ZnO and p-MWCNTs/p-CuO heterojunctions, the unique sensitivity of CuO toward H2 S, and the intrinsically
high sensitivity of ZnO toward ethanol. The present work provides
a practical demonstration of the importance of dual sensitization
to realize high performance gas sensors.
2. Experimental procedure
2.1. Synthesis of ZnO/CuO co-decorated MWCNTs
Fig. 1 shows the main steps used to prepare ZnO/CuO-decorated
MWCNTs. MWCNTs were dispersed in ethanol and sonicated for
60 min to prepare colloidal MWCNTs. MWCNT ﬁlms were prepared
by spraying the as-prepared MWCNT colloids onto Al2 O3 substrates
on a hot-plate (∼70–90 ◦ C). Afterward, the products were dried in
a vacuum oven at 90 ◦ C for 5 h.
Coating of MWCNTs ﬁlms was performed using a turbo sputter
coater with Cu and Zn targets (Emitech K575X, Emitech Ltd., Ashford, Kent, UK) at room temperature in Ar plasma. Depending on
the sputtering time (1–3 min), the thickness of the Cu-Zn ﬁlms was
adjusted to 3–9 nm. After coating, Cu-Zn-decorated MWCNTs were
annealed in a tube furnace at 500 ◦ C for 2 h in air to convert them
to their corresponding oxide NPs.
2.2. Material characterization
Scanning electron microscopy (SEM, JSM-6700, JEOL Ltd., Tokyo,
Japan) and transmission electron microscopy (TEM, JEOL JEM-2010,
Japan, 200 kV) were used to study morphology of products. Energy
dispersive X-ray spectrometry (EDAX) was used to study the chemical composition of the products. X-ray photoelectron spectroscopy
(XPS) was also used to investigate the chemical states of the products. The C1s peak of carbon, with a binding energy of 284.5 eV, was
used as an energy reference.
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R = Ra /Rg , while that toward reducing gases (H2 S and C2 H5 OH) was
calculated as R = Rg /Ra . Fig. 1(b) shows a schematic of the sensing
measurement system.
3. Results and discussion
3.1. Morphological, structural, and compositional studies
Morphological features were studied by SEM. An SEM image of
pristine MWCNTs is shown in Fig. 2(a); the smooth surfaces indicate the pristine nature of the MWCNTs, which had an approximate
diameter of 25 nm. Fig. 2(b–d) show SEM micrographs of ZnO/CuO
NP-decorated MWCNTs with thickness of 3, 6, and 9 nm, respectively. Regardless of the initial thickness, these SEM micrographs
clearly reveal a curvy morphology, rough surfaces, and dense decoration of MWCNTs. Furthermore, due to presence of ZnO/CuO NPs
around each MWCNT, MWCNTs did not agglomerate extensively.
This is beneﬁcial for gas sensing applications, because a high surface
area provides numerous sites for adsorption of target gases. Upper
right insets in Fig. 2(b)–(d) are magniﬁed SEM micrographs that
show the ZnO/CuO NPs decorating the surfaces of the MWCNTs.
TEM analyses of ZnO/CuO NP-decorated MWCNT samples
(layer thickness of 6 nm) are presented in Fig. 2(e)–(h). The lowmagniﬁcation TEM micrograph in Fig. 2(e) shows the ZnO/CuO
NPs decorating the surfaces of the MWCNTs. The diameters of the
ZnO/CuO NPs ranged from 10 to 40 nm. Fig. 2(f) shows a selected
area electron diffraction (SAED) pattern. Ring patterns corresponding to the (002) plane of CuO, (111), (200), and (211) planes of Cu2 O,
and (101) and (002) planes of ZnO, along with ring patterns corresponding to the (002) and (101) planes of graphite, were evident.
The existence of diffraction rings suggests that the MWCNTs had a
polycrystalline nature. Fig. 2(g) and (h) show lattice-resolved TEM
images. The distances between neighboring fringes were 0.247 nm
and 0.260 nm, corresponding to the (101) and (002) planes of ZnO,
respectively (Fig. 2(g)). Also as shown in Fig. 2(h), the spacing
between neighboring fringes was 0.253 nm and 0.245 nm, corresponding to the (002) plane of CuO and (111) plane of Cu2 O,
respectively.
It is worth noting that the presence of CuO and Cu2 O in the
TEM analyses demonstrated that the initial Cu layer was oxidized
to CuO and Cu2 O during annealing. When the Cu layer is heated at
500 ◦ C in an air atmosphere, the Cu reacts with atmospheric oxygen
and quickly oxidizes to CuO. Cu atoms from the Cu side diffuses
upward and through the CuO layer reactswith oxygen to form CuO.
Oxygen also continuously diffuses down through the CuO layer and
reacts with the top of the Cu. This interdiffusion of oxygen and
copper atoms increases the CuO layer thickness during heating. As
the thickness of the CuO layer increases, the interdiffusion ratio
of Cu and O decreases. The thicker CuO layer serves as a barrier
layer, which limits further oxygen diffusion to the copper, resulting
in formation of a Cu2 O layer. The chemical kinetics reactions of
CuO/Cu2 O growth are as follows [19]:

2.3. Gas sensing tests

4Cu + O2 → 2Cu2 O

(1)

Details of gas sensing tests are reported in our previous papers
[21–23]. In brief, for the sensing experiments, Ti/Ni/Au triplelayer electrodes were sequentially sputtered onto the specimens
using an interdigital electrode mask. The thicknesses of the Ti, Ni,
and Au layers were 50, 200, and 500 nm, respectively. The sensor
was inserted into a vacuum chamber equipped with a system to
measure the electrical resistances in changing air and target gas
environments. Three different gases, namely NO2 , C2 H5 OH, and
H2 S, were used as the target gases. The resistances of sensors in the
presence of air (Ra ) and the target gas (Rg ) were measured, and the
sensor response toward an oxidative gas (NO2 ) was calculated as

2Cu2 O + O2 → 4CuO

(2)

The Gibbs free energy for the conversion of Cu2 O to
CuO, i.e., 2Cu2 O(s) + O2 (g) → 4CuO(s), can be expressed as G0
(kJ/mol) = 292–0.051T log T-0.37T in the temperature range of
25–1050 ◦ C [24]. At the annealing temperature of 500 ◦ C, the free
energy was estimated to be about −108.0 kJ/mol. Accordingly,
the thermodynamic driving force for Cu2 O oxidation was large at
500 ◦ C. This results in preferential formation of the CuO phase at
500 ◦ C. Therefore, we reasonably assumed that the major component of copper oxide in the present study was CuO. Cu2 O formed
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Fig. 1. (a) Schematic illustration of the steps used to prepare ZnO/CuO-decorated MWCNTs. (b) Schematic outline of the gas sensing system.

principally inside the CuO layer. Therefore, in our sensing analyses,
we regard CuO as the main oxidized form of Cu.
The results of EDAX color mapping are shown in Fig. 3(a). It
reveals the presence of O, C, Cu, and Zn elements in the sample.
The decorated NPs are CuO and ZnO, while the continuous matrix
is MWCNT. Fig. 3(c)–(e) show the results of EDAX analyses of the
MWCNTs decorated by an initial 6-nm-thick layer of ZnO/CuO NPs,
obtained from spectra 1 and 2 in Fig. 3(b). EDAX analyses revealed
the presence of O, C, Zn, and Cu peaks. Both Cu and Zn were present,
and no other peaks related to impurities were observed. The elemental composition is also presented in the corresponding table,
which shows that the NPs are richer in copper.
XPS is a surface sensitive technique that detects the presence of
trace amounts of elements on the surface. XPS was performed to
study the chemical state of ZnO/CuO-decorated MWCNT sensors.
XPS results for the MWCNTs decorated with ZnO/CuO NPs with
an initial layer thickness of 6 nm are shown in Fig. 4. XPS survey
results are shown in Fig. 4(a); peaks related to C, Cu, Zn, and O were

observed. There were no impurity-related peaks, indicating that
the synthesized products had high purity. The atomic concentrations of the elements were calculated from the normalized areas of
the peaks; the atomic concentrations of C, Cu, Zn, and O were 33.1,
15.3, 10.2, and 41.4%, respectively. Thus, the concentration of Zn
on the surface was slightly lower than that of Cu. High resolution
spectra of O1s, Zn2p, Cu2p, and C1s core level regions are shown in
Fig. 4(b)–(e), respectively. The O1s spectrum (Fig. 4(b)) was deconvoluted into two components. The lower-energy component with a
binding energy of 530.1 eV corresponds to the Cu O bond in Cu2 O.
The high-energy component with a binding energy of 532.0 eV
corresponds to the Zn O bond in ZnO [25]. The weight of each component was obtained by dividing the area of that component by the
total area of the O1s spectrum. The area of the lower-energy component was 51.89%, while that of the high-energy component was
48.11%.
The Zn 2p spectrum is shown in Fig. 4(c). The spectrum shows
Zn 2p3/2 and Zn 2p1/2 peaks at binding energies of 1021.8 and
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Fig. 2. SEM images of (a) pristine MWCNTs and ZnO/CuO NP-decorated MWCNTs with thicknesses of (b) 3, (c) 6, and (d) 9 nm, respectively (upper-right insets show enlarged
SEM images). (a) TEM image of ZnO/CuO NP-decorated MWCNTs, (b) SAED pattern, (c) lattice-resolved TEM image of ZnO, and (d) lattice-resolved TEM image of CuO and
Cu2 O.

1045.0 eV, respectively. These values are in close agreement with
the reported values of the binding energy of zinc in the Zn2+ oxidation state and indicate that zinc was present as ZnO [26]. The
Cu2p spectrum is presented in Fig. 4(d); Cu2p1/2 and Cu2p3/2 peaks
along with Cu (II) satellites were present [27]. Cu2p3/2 was deconvoluted into a low-energy component located at 932.8 eV belonging
to Cu+1 and a high-energy component located at 934.2 eV belonging
to Cu+2 . Cu2p1/2 was deconvoluted into a low-energy component
located at 952.7 eV belonging to Cu+1 and a high-energy component
located at 954.6 eV belonging to Cu+2 . These results were consistent

with those obtained in the HRTEM and SAED analyses, conﬁrming
the presence of both CuO and Cu2 O phases in the composites. However, it should be noted that, the area of Cu2p1/2 is comprised of
Cu+ (20.76%) and Cu+2 (79.24%). Also, Cu2p3/2 peak is comprised
of Cu+ (68.79%) and Cu+2 (32.21%). Since the area of Cu2p3/2 peak
is larger than that of Cu2p1/2 peak, it can be revealed that copper
mainly exists as Cu2+ , rather than Cu+ . Since Cu+ and Cu2+ correspond to CuO and Cu2 O, it can be assumed that copper oxide is in
the form of Cu2 O, as well as CuO. By the way, the Cu2 O will play
a similar role in affecting the sensing behavior, to CuO. The C1s
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Fig. 3. (a) Color-mapped elemental analysis of MWCNTs decorated with ZnO/CuO NPs with an initial layer thickness of 6 nm. (b) TEM image of MWCNTs decorated with
ZnO/CuO NPs and the corresponding EDAX spectra for the region of (c) spectrum 1 and (d) spectrum 2.

spectrum was deconvoluted into two components, a lower-energy
component with a binding energy of 284.6 eV corresponding to the
C C bond of carbon and a high-energy component with a binding
energy of 288.4 eV corresponding to the C O bond (Fig. 4(e)) [28].

3.2. Gas sensing studies
It is well-known that working temperature has a large impact
on the sensing properties of gas sensors [29]. Thus, to ﬁnd the
optimal working temperature of sensors, pristine MWCNT sensors
were exposed to the oxidative gas NO2 at different temperatures.
Fig. 5(a) shows the transient response of pristine MWCNT sensors
upon exposure to 5 and 10 ppm NO2 gas in the temperature range of
50–250 ◦ C, and Fig. 5(b) shows variations in the sensor’s response
(Ra /Rg ) with temperature. The resistance of sensors decreased in
the presence of NO2 , indicating p-type behavior of sensors with
holes as the main carriers. P-type behavior of MWCNTs under normal conditions was also reported in our previous paper [30]. The
decrease of resistance is related to electron transfer from MWCNTs
to NO2 , which increases the HAL in the MWCNTs [31]. For all temperatures, the sensors were able to detect NO2 gas, even though
the response was low. The response was strongly dependent on
the operation temperature; MWCNT sensors show a maximum
response of 1.25 for 10 ppm NO2 at 150 ◦ C, which is not suitable
for practical applications.
After determining the optimal working temperature (150 ◦ C)
for NO2 , ZnO/CuO-decorated MWCNT sensors with different initial
Cu-Zn layer thicknesses (3, 6, and 9 nm) were exposed to 5 ppm

NO2 gas at 150 ◦ C to determine the optimal initial thickness of
the Cu-Zn layer in terms of response. Results are presented in
Fig. 6(a)–(d). All transient curves showed p-type behavior, indicating that the presence of ZnO/CuO NPs did not change the p-type
behavior of MWCNTs, likely because the conductivity path is inside
the continuous MWCNTs matrix rather than isolated ZnO/CuO NPs.
Furthermore, among the decorated sensors, the MWCNT sensor
with a ZnO/CuO NP layer of 6 nm showed the highest response (Ra /R
g = 3.25) to 5 ppm NO2 gas (Fig. 6(e)). Although we optimized the
layer thickness with the NO2 gas, we can use this value for ethanol
and H2 S gases [Supporting Information, Text S1].
After decoration with ZnO/CuO NPs, the order of sensitivity
to NO2 gas was as follows (Fig. 6(f)): MWCNTs with an initial 6nm-thick Cu-Zn layer > MWCNTs with an initial 3-nm-thick Cu-Zn
layer > pristine MWCNTs > MWCNTs with an initial 9-nm-thick CuZn layer. In the case of semiconductor oxide nanowires (NWs),
the diameter of the NW affects the sensing behavior, and by controlling the diameter of the NWs, the response can be increased
or decreased [32,33]. In contrast, for MWCNTs, sensing behavior
is strongly dependent on the outermost layer, and the properties
of the outermost layer mainly control the sensing response [30].
Therefore, as shown above, the decorated MWCNTs had different
response values compared to the pristine CNT sensors.
For MWCNTs with a 3-nm-thick initial Cu-Zn layer, it is likely
that there were not enough ZnO/CuO NPs to produce metal
oxide/MWCNTs heterojunctions, resulting in the low response.
In the ZnO/CuO NP-decorated MWCNT sensors with an initial
layer thickness of 6 nm, the ZnO/CuO NPs were well-dispersed on
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Fig. 4. (a) XPS survey spectrum of 6-nm-thick MWCNTs. Core level XPS spectra of (b) O1s, (c) Zn2p, (d) Cu2p, (e) C1s.

the MWCNT surfaces, and an optimal number of heterojunctions
between metal oxides and MWCNTs formed. Furthermore, the surface area for gas adsorption was sufﬁcient, resulting in signiﬁcant
enhancement of gas sensing. However, a further increase in the
thickness of the initial Cu-Zn layer to 9 nm resulted in deterioration of sensing performance. In this case, although there were
more ZnO/CuO NPs on the CNT surfaces, some of the ZnO/CuO NPs
likely agglomerated on the surface, decreasing both the number of
heterojunctions and the surface area available for gas adsorption,
therefore decreasing gas sensing. A considerable number of large
particles can be connected on CNT surfaces, which can block hole
current ﬂow through the CNT surface, reducing sensitivity [30].
Based on the results of the NO2 tests, the sensors fabricated from
MWCNTs decorated with an initial 6-nm-thick layer of ZnO/CuO

NPs was selected for further studies. Because gases differ in their
optimal adsorption/desorption characteristics at speciﬁc temperatures, the sensor was tested in the temperature range of 50–250 ◦ C
for the H2 S tests. Transient resistance curves are presented in Fig.
S1(a)–(e) (Supplementary Information). Upon exposure to H2 S gas,
resistance increased because H2 S donated electrons to the sensor,
decreasing the thickness of the HAL and consequently increasing
the resistance of the sensor. Variations in the response to 1 ppm H2 S
as a function of temperature are shown in Fig. 6(g). As can be seen,
the optimal sensing temperature was 100 ◦ C. Fig. 6(h) shows the
calibration curve of the sensor at the optimal temperature (100 ◦ C);
at this temperature, the sensor showed responses (Rg /Ra ) of 23.,
28.93, and 33.64–1, 5, and 10 ppm H2 S, respectively.
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ing an appropriate working temperature, the sensor described here
can selectively detect either H2 S (100 ◦ C) or C2 H5 OH (200 ◦ C).
3.2.1. Gas sensing mechanism
3.2.1.1. Pristine MWCNT sensors. The gas sensing mechanism of
pristine MWCNTs is similar to that of other p-type metal oxides. It is
based on the interaction between the surfaces of MWCNTs and gas
molecules that alter the resistance of the MWCNTs. A schematic of
the sensing mechanism of a pristine MWCNTs sensor is presented in
Fig. 7(a). In air, oxygen molecules adsorb to the surfaces of pristine
MWCNTs, extracting electrons in the valence band of the MWCNTs,
creating holes, and forming a HAL with a low resistance. When an
oxidizing gas such as NO2 is injected into the gas chamber, the HAL
will expand because oxidizing gas molecules will further extract
valence-band electrons, corresponding to an expansion in the electrical transport channel and a decrease in resistance. In contrast,
when a reducing gas is injected into the gas chamber, electrons
will return to the valence band of the sensor due to interactions
with the adsorbed oxygen species, resulting in electron- hole combination and eventually suppression of the HAL and an increase in
resistance. Related chemical reactions of H2 S, C2 H5 OH, and NO2 on
the surface of the sensor can be written as follows [34,35]:
H2 S + 3O− → H2 O + SO2 + 3e−
−

(3)

C2 H5 OH + O → CH3 COH + H2 O + e

−

NO2 + e− → NO−
2

(4)
(5)

sp2

However, because of their strong
bonding, pristine MWCNT
sensors show low chemical reactivity toward target gases, which
prevents the formation of strong chemical bonds to most molecules
[7,8]. Moreover, the agglomeration of MWCNTs in pristine MWCNTs can extensively reduce the active surface area for gas
adsorption, leading to a reduced response [36].

Fig. 5. (a) Dynamic response of pristine MWCNTs to 5 and 10 ppm NO2 gas at temperatures ranging from 50 ◦ C to 250 ◦ C. (b) Response versus temperature for 5 ppm
H2 S gas.

The response of the sensor to C2 H5 OH vapor was also tested,
and dynamic resistance curves at different temperatures are shown
in Fig. S2(a)–(e) (Supplementary Information). The sensor worked
well at all temperatures and showed p-type semiconducting behavior with good reversibility. Fig. 6(i) shows the variation in sensor
response with temperature. The optimal working temperature was
200 ◦ C, which is notably different from the optimal working temperatures for H2 S and NO2 . Fig. 6(j) shows the calibration curve
of the sensor for different concentrations of ethanol. The sensor
showed a very high response of 42.2–1 ppm ethanol vapor, which
increased to 56.69 for 5 ppm ethanol and reached 62.88 for 10 ppm
ethanol gas. These excellent response values indicate the large
potential of the present sensor for practical applications. By select-

3.2.1.2. ZnO/CuO MWCNT sensors. In contrast to the low response
of pristine MWCNT sensors, higher responses were observed for
the decorated MWCNT sensors. To explain the ethanol and H2 S
sensing mechanism of ZnO/CuO NP-decorated MWCNTs, several
factors, notably the formation of heterojunctions between n-ZnO
and p-CuO, between p-MWCNTs and n-ZnO, and between pMWCNTs and p-CuO should be considered. We assumed that the
initial hole density, represented by the initial width of the HAL,
would affect sensing behavior. If the initial hole density and the
width of the HAL were increased by change transfer across the
MWCNT/semiconductor heterointerfaces, the reduction in hole
density by the adsorption of reducing gases would result in a lower
sensor response. Two important heterojunctions are p-CuO/pMWCNT and n-ZnO/p-MWCNT, which likely formed on the surfaces
of MWCNTs as a result of decoration. CuO is a p-type semiconductor with a narrow band gap energy (1.2 eV [24]) and a work
function of ∼5.31 eV (Fig. 8(a)) [19]. ZnO is an n-type semiconductor with a wide band gap energy (3.37 eV) and work function of
5.3 eV (Fig. 8(c)) [37]. MWCNTs have a work function of 4.7–4.9 eV
[20]. As shown in Figs. Fig. 88(b) and Fig. 88(d), in the contact
area between MWCNTs/p-CuO and MWCNTs/n-ZnO, electrons ﬂow
from MWCNTs to both CuO and ZnO to equate the Fermi levels,
thereby increasing the initial width of the HAL in the MWCNTs.
After exposure to reducing gases (C2 H5 OH and H2 S), the released
electrons can signiﬁcantly decrease the width of the HAL, The initial
hole concentration in MWCNT sensor is higher in the presence of
CuO or ZnO NPs. The introduction of oxidizing and reducing gases
will increase and decrease the hole concentration, respectively. If
we reasonably assume that the amount of change of hole concentration by the adsorption of gases is not dependent on the initial
hole concentration, in case of higher initial concentration, the ratio
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Fig. 6. Dynamic response curves of sensors fabricated from pristine MWCNTs (a) and ZnO/CuO NP-decorated MWCNTs with pre-desorption thicknesses of (b) 3 nm, (c) 6 nm,
and (d) 9 nm. (e) Dependency of the sensor response to 5 ppm NO2 gas on deposition thickness. (f) Calibration curves of different sensors, (g) variations in response versus
temperature for 1 ppm H2 S gas, (h) corresponding calibration curve, (i) variations of response versus temperature for 1 ppm H2 S gas, and (j) corresponding calibration curve.

Table 1
Comparison of the previously reported H2 S sensing properties of reported sensors and the sensor described in this study. (Note: NWs, NPs, and NFs correspond to nanowires,
nanoparticles, and nanoﬁbers, respectively. Response and recovery times are approximate values.).
Materials

H2 S Conc. (ppm)

T(◦ C)

Response

Response/recovery
times (s)

Detection
limit/response

Ref.

ZnO/CuO NPs decorated MWCNTs
CuO-SnO2 thin ﬁlms
CuO-SWCNT
CuO NBs
MoO3 /CuO nanocomposite
CuO NWs
Mo-doped ZnO NWs network
CuO-functionalized WO3 NWs
CuO-functionalized SnO2 NWs
Cu-doped SnO2 NWs
6 at.% Cu-doped ZnO nanoﬁbers
CuO-SnO2
CuO-SnO2
ZnO dendrites
2 wt% Pd doped-␣-Fe2 O3 NPs

1
20
1
10
10
10 ppb
5
100
20
50
10
3
200
100
10

100
100
150
135
220
325
300
300
300
150
230
150
77
30
160

13 (Rg /Ra )
211(Ra /Rg )
6%(R/Ra )
4.7(Ra /Rg )
90(Ra /Rg )
1.5(Ra /Rg )
14. 11(Ra /Rg )
672%(R/Ra )
809
600000
19
10 (Vg /Va )
900 (Vg /Va )
17.3
46.6

700/700
–
7/28
50/60
50/30
14 min/20 min
50/600
100/300
1/332
–
20/30
250/300
–
60/80
100/200

1/13
–
100 ppb/4%(R/Ra )
100 ppb/1.2
5 ppm/10
10 ppb/1.5
5/14.11
1/170%(R/Ra )
10 ppm/590
1 ppm/10
1 ppm/2
3/150
–
25/2.5
10/46.6

Present Work
[45]
[18]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
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Fig. 7. Schematic of the sensing mechanism of (a) pristine MWCNTs sensor and (b) functionalized MWCNTs sensor.

Table 2
Comparison of previously reported C2 H5 OH sensors and the sensor described in this study. (Note: NWs, NPs, NFs, NTs, NRs, and NBs correspond to nanowires, nanoparticles,
nanoﬁbers, nanotubes, nanorods, and nanobelts, respectively. Response and recovery times are approximate values).
Material

Conc. (ppm)

Response (Ra /Rg )
or (Rg /Ra )

T(◦ C)

Response/recovery
times (s)

Detection
limit/response

Ref.

ZnO/CuO NPs decorated MWCNTs
Ag@Fe2 O3 NPs
PdO decorated-ZnO
Pd-loaded-Ce-doped SnO2 NPs
ZnO NTs
Ag@TiO2 NPs
CuO/In2 O3 NRs
TiO2 NTs
SnO2 NRs
Ce doped −SnO2 NPs
ZnO NWs
TiO2 NBs
Ag-TiO2 NBs
CoFe2 O4 NPs
Co-ZnO NRs
In2 O3 NFs
V2 O5 NWs
V2 O5 NBs
␣-Fe2 O3 /ZnO nanocomposite
Nb-doped TiO2 NRs
ZnO NRs

1
100
100
100
100
5
50
5000
300
200
1500
500
500
50
50
15000
1000
100
10
400
100

45
6.3
35.4
88 (R)/Ra
27.5
4.35
3.82
1.6
31.4
185
61
33.66
41.71
71.90
9.87
3.790
9.09
1.7
4.7
17
18.29

200
250
320
250
300
RT
300
200
300
250
300
250
200
150
350
300
330
200
220
500
350

700/200
5.5/400
1/7
10/40
2/5
52/63
53/149
20/30
5/10
–
20/90
2/2/–
60/60
5/7
∼600/32/30
10/10
–
5/5

1/45
5 ppm/1.5
10 ppm/3
10 ppm/5 (R)/Ra
10 ppm/9
0.5 ppm/1.75
50 ppm/3.82
–
12.5/4
–
–
20 ppm/3
20 ppm/2.5
–
1.5 ppm/1.6
1 ppm/2
50 ppm/1.2
5 ppm/1.1
10 ppm/4.7
–
–

Present Work
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
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Fig. 8. Schematic illustration of band structures, prior to and at equilibrium. (a) MWCNT/CuO heterojunction. (b) MWCNT/ZnO heterojunction. (c) MWCNT/CuS heterojunction
(CuS > MWCNT ). (d) MWCNT/CuS heterojunction (CuS < MWCNT ).
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of the change of hole concentration to the initial hole concentration is smaller, bringing about a lower response. Accordingly, we
reveal that the modulation of HAL does not account for the sensor
enhancement of functionalized MWCNTs.
Based on the above explanations, decoration with metal oxide
NPs would decrease the response due to formation of heterojunctions. We, however, observed an improvement in the sensor
response to gases. First, the heterojunction barrier mechanisms can
explain the related sensing behaviors. As shown in Figs. Fig. 88(a)
and Fig. 88(b), energy barriers from MWCNT to ZnO or CuO are
established by the alignment of Fermi levels. By introducing a
reducing gas, the Fermi level of MWCNTs is elevated, and thus
the energy barriers are elevated. It is not evident how these electron barriers will affect the ﬂow of holes. Electrons as minority
carriers cannot efﬁciently move from MWCNTs to ZnO or CuO,
which will suppress the ﬂow of electrons along MWCNT-(ZnO or
CuO)-MWCNT. Since electrons cannot escape easily from MWCNTs, hole cannot easily move from metal oxide NPs to MWCNTs.
Since the MWCNTs are hole conducting sensor, this contributes to
the increase of sensor hole resistance. Because a reducing gas will
extract holes from MWCNTs and thus increase the resistance, the
change in barrier height induced by the reducing gas will enhance
the sensing behavior of the sensor. As MWCNTs were decorated
with both CuO and ZnO, the net effect was the sum of contributions
from p-MWCNTs/n-ZnO heterojunctions and p-MWCNTs/p-CuO
heterojunctions. Although these heterojunctions cannot enhance
sensitivity by means of the HAL-depletion mechanisms, electron
ﬂow with respect to the energy barriers have enhanced sensitivity.
Second, NO2 is a very reactive gas with high oxidative power
and a high electronegativity of 2.28 eV [38]. In addition, it is wellknown than metal oxides have good sensing properties towards
gases. Accordingly, NO2 gas molecules can be adsorbed on the surfaces of both CuO as well as ZnO, resulting in a higher response of
Cu/Zn-MWCNTs relative to pristine MWCNTs sensor. This resulted
in a slight improvement in the sensing capabilities of the decorated
sensors toward NO2 . In sharp contrast, much larger responses were
observed for the reducing gases.
Third, ZnO and CuO NPs play a catalytic role in further enhancing sensing behavior. NPs can dissociate or transfer gas species
to neighboring MWCNT surfaces by means of spillover effects. It
has been reported that H2 S molecules are dissociated by CuO catalysts, and that active hydrogen can spill over to the sensor surface
[24,39,40]. Furthermore, ZnO can play a catalytic role by dissociating hydrogen, followed by hydrogen spillover to copper [41].
Regarding the p-CuO/n-ZnO heterointerfaces, electrons will ﬂow
from n-type ZnO to p-type CuO in heterojunctions, and holes will
be transferred in the opposite direction until Fermi levels equilibrate and an interface depletion layer ﬁnally forms. However, it is
noteworthy that, in comparison to other heterointerfaces, this type
of heterojunction has a minor role in sensing properties because the
main sensor current ﬂow is associated with the holes in MWCNTs.
CuO NPs had a great impact on the H2 S sensing capability of
the sensor. A large number of studies have reported changes in
the chemical composition of CuO upon exposure to H2 S [42]. Upon
exposure to H2 S gas, CuO reacts with H2 S, and sulfurization reactions lead to the formation of an intermetallic CuS layer (Fig. 8 (e
and f)), according to the following reaction [24]:

CuO + H2 S → CuS + H2 S

(6)

CuS shows metallic conductivity, which is quite different from
the conductivity of CuO (Fig. 8(e)). However, a signiﬁcant change in
the conductivity (resistance) in CuO will not signiﬁcantly affect the
sensor response, because main sensing currents will ﬂow through

MWCNTs. When H2 S gas is removed and air is introduced, CuS is
converted back to CuO as follows [24]:
CuS +

3
O2 → CuO + SO2
2

(7)

Therefore, the chemical afﬁnity of CuO toward H2 S contributes
to the sensitive response of the sensor to H2 S. Furthermore, according to Yamazoe et al. [43], the acid-base properties of oxide surfaces
are important for semiconductor gas sensors. For an acidic gas such
as H2 S, the gas–solid interaction is more important when the surface is more basic. Both ZnO and CuO have basic properties [44],
leading to strong interactions between H2 S and the surface of the
sensor.
Fourth, as mentioned previously, CuS NPs are a catalyst for
sensing of H2 S gas. Fifth, the generated CuS and p-MWCNTs will
form heterojunctions. There are two possible heterojunction mechanisms. Assuming the work function of CuS is larger than that of
MWCNTs (Fig. 8(c)), electrons will ﬂow from the MWCNTs to CuS,
increasing the initial width of the HAL in the MWCNTs. Accordingly,
a change in hole concentration by the same amount will result in a
lower response for both oxidizing and reducing gases. On the other
hand, when the work function of CuS is smaller than that of MWCNTs (Fig. 8(d)). To equate the Fermi level, electrons will ﬂow from
CuS to MWCNT, thereby decreasing the initial width of the HAL in
MWCNTs, thereby decreasing the initial width of the HAL in the
MWCNTs. Accordingly, initial smaller hole conduction volume in
MWCNTs will bring out a higher sensor response.
In regard to the energy barrier mechanism, there are two possibilities. One possibility is that the work function of CuS is larger
than that of the MWCNTs (Fig. 8(c)). In this case, due to establishment of energy barriers between MWCNTs and CuS, introduction of
a reducing gas will elevate the Fermi level of MWCNTs and thus the
energy barriers. Electrons as minority carriers cannot move easily
from MWCNTs to CuS, which will suppress the ﬂow of holes from
CuS to MWCNTs. This increases the hole-resistance of MWCNTs,
increasing the resistance and enhancing the sensitivity of the sensor. Another possibility is that the work function of CuS is smaller
than that of the MWCNTs (Fig. 8(d)). By introducing a reducing gas,
the Fermi level of MWCNTs would be elevated, and the energy barriers would be lowered. Electrons as minority carriers would then
move more easily and efﬁciently from MWCNTs to CuS, and this
would activate the ﬂow of holes from CuS to MWCNT, contributing
to a decrease in resistance. Because the reducing gas will extract
holes from MWCNTs, thus increasing resistance, the change in barrier height induced by the reducing gas would not enhance sensing
behavior.
Based on the above explanations, decoration with metal oxide
NPs would decrease the sensor response due to formation of heterojunctions, based on HAL mechanism. However, we observed
an improvement in the sensor response. This sensor enhancement
will be caused by several mechanisms: the heterojunction barrier
mechanisms; catalytic process by ZnO, CuO, and CuS; HAL mechanisms in regard to CuS/MWCNT heterojunctions; high reactivity
and oxidative power of NO2 gas.
Fig. S3 compares the sensing responses of Cu/Zn-MWCNT, CuCNT and Zn-CNT gas sensors. The gas concentration was set to
5 ppm for C2 H5 OH, H2 S, and NO2 gases. The sensing temperature
was set to 100, 150 and 200 ◦ C, respectively. As it can be seen,
Cu-CNT gas sensor is more sensitive to H2 S gas than other gases,
demonstrating promising effect of CuO for H2 S sensing. However,
Zn-CNT sensor is more sensitive to NO2 gas than other gases, due
to highly oxidative nature of this gas. It seems that the presence of
both ZnO and CuO NPs are necessary to have a very high response
to gases.
It has been reported that the work function of Cu2 O is in the
range of 4.6–5.1 eV [S1–S9 in Supporting Information]. Since the
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work function of MWCNTs is in the range of 4.7–4.9 eV [20], there
are two cases: One possibility is that the work function of Cu2 O
is larger than that of MWCNTs, in which electrons will ﬂow from
MWCNTs to Cu2 O and the initial hole concentration in MWCNTs
will become higher. This case will bring about a lower response. The
other possibility is that the work function of MWCNT is larger than
that of Cu2 O. The electrons will ﬂow from Cu2 O to MWCNTs and initial hole concentration in MWCNTs will become lower, generating a
higher sensor response. In addition, it is possible that H2 S can react
with Cu2 O, forming Cu2 S [S10]. Cu2 S is an indirect-gap semiconductor with a bandgap of 1.21 eV [S11], with the metallic character
being suggested by nuclear magnetic resonance analysis [S12]. Hien
et al. suggested that CuO, rather than Cu2 O, is mainly responsible for enhancing the sensing of H2 S gas. It has been reported that
the work function of Cu2 S is in the range of 4.2–5.6 eV [S13–S23].
Accordingly, there are two cases, being similar to CuS/MWCNTs
interfaces. The role of Cu2 S in affecting sensing behavior will be
similar to that of CuS.

3.3. Comparison with previous studies
A comparison of the H2 S sensing properties of the sensor
described here and previous sensors, mostly based on CuO, is provided in Table 1 [45–57]. It is clear that the present sensor has very
good sensitivity at low working temperatures in comparison with
the previously reported sensors. Also in Table 2 [58–76], ethanol
sensors based on metal oxides are compared. The working temperature was as high as 300 ◦ C in some cases, whereas sensor responses
to ethanol were much lower than that observed for the present
sensor. The response and recovery times of the present sensor are
relatively long due to the torturous structure of the sensor, resulting from the curvy morphology of MWCNTs. By co-decorating the
surfaces of MWCNTs with CuO/ZnO NPs and by selecting the working temperature, our sensor can be used to detect either ethanol or
H2 S.

4. Conclusions
In summary, we signiﬁcantly increased the gas sensing abilities of pristine MWCNTs by decorating their surfaces with ZnO/CuO
NPs. The response differed greatly depended on the thickness of the
initial Cu-Zn layer. The optimal sensors exhibited high responses
toward H2 S and C2 H5 OH gases at different temperatures. Selectivity toward either H2 S or ethanol can be tuned by selecting the
sensing temperature. Modulation of energy barriers in the heterojunctions of p-MWCNTs/n-ZnO and p-MWCNTs/p-CuO, as well as
the catalytic effects of ZnO and CuO NPs, led to enhancement of the
response of the decorated sensors relative to pristine sensors. In
addition, transformation of CuO to CuS in the presence of H2 S and
the intrinsic ability of ZnO to sense ethanol contributed to the selective response of the optimal sensor toward H2 S and C2 H5 OH gases,
respectively. Furthermore, Cu2 O also affects the sensing behavior,
being similar to CuO. The sensitive response to H2 S and C2 H5 OH
gases displayed by our sensors will be especially useful in the ﬁeld
of breath analysis for the early detection of diseases.
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