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Abstract This paper reported a ZnO/multi-wall carbon
nanotubes (MWNTSs) film-based sensor for ethanol gas
detection. The film sensor was fabricated on a printed
circuit board with interdigital electrodes microstructure.
ZnO and MWNTs were utilized to form a hierarchical
nanostructure using layer-by-layer self-assembly tech-
nique. The ZnO/MWNTSs nanocomposites were character-
ized by scanning electron microscope and X-ray
diffraction. The ethanol gas sensing properties of the pre-
sented sensor, such as the sensitivity, response-recovery
characteristics and repeatability, were investigated by
exposing to different concentration of ethanol gas varying
from 5 to 500 ppm at room temperature. Comparisons were
made with the drop-casted ZnO and layer-by-layer self-
assembled ZnO/PSS film sensors under the same design,
substrate and experiment conditions. As a result, the ZnO/
MWNTs film sensor exhibited outstanding sensitivity,
prompt response-recovery time and good repeatability,
which outstripped that of the other two sensors. Further-
more, the normalized response of the sensor as a function
of ethanol gas concentration was shown in this work, and
the possible sensing mechanism of the above mentioned
sensor was discussed in detail. This work highlights the
unique superiority of layer-by-layer self-assembled ZnO/
MWNTs film for constructing ethanol gas sensors.
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1 Introduction

Ethanol gas detection plays a significant role in many
fields, including industrial monitoring, fuel processing,
ethanol production, safety testing of food package, physi-
ological research on alcoholism and societal applications
[1, 2]. So far, many efforts have been made in seeking
novel nanomaterial for enhancing gas-sensing properties,
such as metal-oxide semiconductor materials including
ZnO [3], SnO, [4] and Fe,O5 [5], carbon nanotubes (CNTs)
[6] and polymer [7]. Among these nanomaterials, ZnO, as a
typical n type semiconductor metal oxide [3, 8], has been
widely investigated due to its unique properties, such as
nano-size, stable physical and chemical properties. Up to
now, ZnO materials have been successfully used as sensing
materials for detecting ethanol, toluene and so on by con-
verting the information in relation with gas type and con-
centration into electrical signals when exposed to different
gases [9-11]. However, the gas sensors fabricated with
pure ZnO have some drawbacks including low sensitivity,
long response and recovery times and high operation
temperature [12—14].

Carbon nanotubes have aroused tremendous attentions
owing to their large surface area to volume ratio, high
chemical inertness, nanoscale structure and hollow center,
which make them suitable for current and future applica-
tion in nanotechnology [15, 16]. A number of recent groups
have reported the gas sensors based on multi-walled carbon
nanotubes (MWNTs) due to their unique properties.
Noteablely, recent advances demonstrated that the deco-
ration of MWNTs with metal oxide nanoparticles or
polymer was an alternative route for constructing high-
performance gas sensors due to its high sensitivity, short
response and recovery times and low cost. Liu et al. [17]
reported an ethanol gas sensor using SnO,/MWNTs as
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sensing materials at 300 °C, and exhibited improved
ethanol sensing properties than that of pure SnO, in terms
of the appropriate basal resistance and enhanced signal
transfer brought by MWNTs. Parmar et al. [18] fabricated
CuO/MWNT thin film based ethanol-sensors by dispersing
CVD-prepared MWNTs in varying concentration over DC
magnetron sputtered-CuO films, and the sensor exhibited
enhanced sensing response at an operating temperature of
400 °C compared with bare CuO sample. Alizadeh et al.
[19] prepared a chemiresistor sensor for the ethanol
detection by mixing of MWNT as conducting element,
nano-sized molecularly imprinted polymer as recognition
element and poly(methyl methacrylate) as an adhesive
substance.

An alternative cost-effective approach, a solution-based
bottom-up assembly process called layer-by-layer (LbL)
self-assembly, allowed for sequential adsorption of func-
tional nanoparticles to form a hierarchical membrane [20—
22]. The LbL assembly approach offers a promising way to
yield ultrathin nanocomposite films. In this work, we
demonstrated ethanol gas sensors based on LbL self-
assembled ZnO/PSS and ZnO/MWNTSs nanocomposite
film. The sensor was fabricated on the substrate of printed
circuit board (PCB) with interdigital electrodes (IDE). The
ethanol gas sensing properties of pure ZnO, ZnO/PSS and
ZnO/MWNTs were investigated at room temperature
through exposing to different concentration of ethanol gas.
As a result, it was found that the performance of ZnO/
MWNTs film sensor towards ethanol gas outstripped that
of the other two sensors. Finally, the possible sensing
mechanism of the above mentioned sensors was discussed
in detail.

2 Experiment
2.1 Experimental materials

The functionalized MWNTs with carboxylic acid groups
were offered by Chengdu Organic Chemical Co. Ltd
(Chengdu, China) with length of 10-30 pm and diameter
of 20-30 nm were used in our experiment. Zn (NOj3),.
6H,O (>99 %) was supplied by Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China), and NaOH (>96 %)
was supplied by West Long Chemical Limited by Share
Ltd (Guangdong, China). Polyelectrolytes used for LbL
assembly were 1.5 wt% poly (diallylimethyammonium
chloride) [PDDA (Sigma-Aldrich Inc., USA), molecular
weight (MW) of 200-350 K, polycation] and 0.3 wt%
poly (sodium 4-sty-renesulfonate) [PSS (Sigma-Aldrich
Inc., USA), MW of 70 K, polyanion] with 0.5 M NaClI in
both for enhancing the ionic strength and polyions
adsorption.
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2.2 Fabrication

The sensor was fabricated on a PCB substrate by using
microfabrication technology. PCB as an electrical insulat-
ing material, such as plastic, is initially used for a sensor
substrate owing to its lower cost than other existing sub-
strates. A pair of Ni/Cu rectangular-ambulatory-plane
interdigitated electrodes (RAP-IDEs) was deposited on
PCB substrate via photolithographic technology. The IDEs
pattern window on the PCB substrate has an outline
dimension of 1 x 1 cm, the electrode thickness is 50 pm
and the width and gap both is 200 pm.

The sensing film of ZnO/MWNTs was fabricated by the
combination of hydrothermal synthesis and LbL nano self-
assembly technique, as shown in Fig. 1. In the typical
process, the first step was the preparation of ZnO
nanoparticles by using a hydrothermal method. 2.08 g Zn
(NO3),-6H,O was dissolved into 140 mL deionized (DI)
water with stirring for 1 h, and 20 mL of NaOH (4 mol/L)
was added into the resulting solution with stirring for
30 min. And then, the as-prepared solution was transferred
into a 200 mL stainless-steel autoclave and heated at
120 °C for 12 h. Afterward, when the autoclave cooled
down to room temperature, the final product of ZnO sus-
pension was washed with DI water and anhydrous ethanol
for several times to remove excess ions, and subsequent
was ultrasonicated for 1 h and centrifugated for 15 min.
The second step is the LbL self-assembly process for
fabricating sensing film of ZnO/MWNTs. Two bi-layers of
PDDA/PSS were firstly self-assembled as precursor layers
for charge enhancement, and then three bi-layers of ZnO/
MWNTs were performed by using LbL self-assembly
technique. The immersing time here used was 10 min for
polyelectrolytes and 15 min for ZnO and MWNTs, and
intermediate rinsing with DI water and drying with nitro-
gen flow were required after each monolayer assembly to
reinforce the interconnection between layers. Afterward,
the self-assembled ZnO/MWNTs film devices are heated at
80 °C for 2 h. Finally, the sensor was dried in the oven at
50 °C for 2 h. The schematic diagram of ZnO/MWNTs
nanocomposite sensor along with hierarchical structure was
shown in the Fig. 2. The ZnO/PSS film sensor was pre-
pared by the same manner, while PSS was used instead of
MWNTs. For making comparison, the pure ZnO film
sensor was prepared by drop-casting of hydrothermal
synthesized ZnO solution.

2.3 Instrument and analysis

The surface morphology of as-prepared ZnO nanoparticles,
MWNTs and ZnO/MWNTs films were examined with field
emission scanning electron microscopy (FESEM, Hitachi
S-4800). And their XRD analyses were performed with
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Fig. 1 Fabrication illustration
of ZnO/MWNTs film using the
combination of hydrothermal
synthesis and LbL self-
assembly Stir
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Fig. 2 Sketch of LbL self-assembled ZnO/MWNTs film sensor

X-ray diffractometer (Rigaku D/Max 2500PC, Japan) using
Cu Ko (A = 1.5418 A) radiation with a 26 scanning range
of 10°-50° at room temperature.

The ethanol gas sensing experiment was performed at
room temperature, and the response properties were mea-
sured using a data logger (Agilent 34970A). The gas
sensing properties were investigated by exposing the gas
sensors to various concentrations of ethanol gas varying
from 5 to 500 ppm, and the desired gas concentration is
obtained by injecting a required quantity of anhydrous
liquid ethanol into a sealed glass container by using a
syringe. The concentration of injected ethanol in the
chamber was calculated in ppm is described as [23],

Zn(NO;),6H,0 NaOH(4mol/L)

Heatecl
12 h/120 °C

Washing multi-times

Ultrasonicated(1 ﬁ)
Centrifugated(15 min)

ZnO suspension

Rinse PSS

u Rinse

15 min Repeat for 3 15 min

times

-

% 1000 (1)

MWNTs

co 22.4pTV,
T 273MV

where C is the concentration of gaseous ethanol (ppm), p is
the density of liquid ethanol (g/mL), T is the testing tem-
perature (K), V is the volume of liquid ethanol (uL), M is
the molecular weight of ethanol (g/mol), and V is the
volume of the chamber (L). In our work, the values of
M, P, R, p and T are 46 g/mol, 101,325 Pa, 8.31441
J/(mol K), 0.789 g/cm3, 298 K, respectively.

The change of ethanol gas concentration was converted
to the corresponding electrical resistance variation of the
sensors. The figure of merit used to characterize the sensor
performance is the normalized response (S), determined as
S = (R,—Ry)/R, x 100 %, where R, and R, were the
sensor resistance in dry air and ethanol gas, respectively.
The time taken by a sensor to achieve 90 % of the total
resistance change is defined as the response or recovery
time.

3 Results and discussion

3.1 SEM and XRD characterization

Figure 3 shows the observed SEM and XRD results of ZnO
nanoparticles, MWNTs and ZnO/MWNTs film. Figure 3a

shows the as-prepared ZnO was nanorod-shaped crystal.
Figure 3b indicates the interdigitated or interweaved
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Fig. 3 SEM and XRD observation of ZnO, MWNTs, ZnO/MWNTs films

MWNTs with a random network structure. Figure 3c
shows the ZnO/MWNTs film is constructed by ZnO
nanorods and MWNTs wrapped closely together. Figure 3d
plots the XRD spectrum for ZnO, MWNTs, ZnO/MWNTs
film. XRD of the ZnO shows polycrystalline structure with
major peaks at 31.72°, 34.30° and 36.16°, which were
attributed to the diffracting planes (1 0 0), (00 2), (1 0 1) of
ZnO nanocrystals. A peak at 20 angle of 25.18° for
MWNTs and major peaks at 26 angle of 24.72°and 31.78°
for ZnO/MWNTSs nanocomposite were obviously observed
in the XRD patterns of MWNTs and ZnO/MWNTs
nanocomposite. The peaks attributed to the (0 0 2), (1 0 1)
planes were not obvious in the XRD spectrum of ZnO/
MWNTs, probably due to that the ZnO nanocrystallines
was covered or wrapped by MWNTs.

3.2 Ethanol-sensing properties
Figure 4 shows the real-time resistance measurement of the
ZnO/MWNTs film sensor exposed to various concentration

of ethanol gas from 5 to 500 ppm. Each exposure/recovery
cycle is performed by an exposure interval of 100 s under
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Fig. 4 Resistance measurement of the ZnO/MWNTs film sensor
toward ethanol gas ranging from 5 to 500 ppm at room temperature

different ethanol concentration followed by a recovery
interval of 100 s at dry air. A clear decrease in the sensor
resistance is observed with the ascending ethanol concen-
tration in range of 5-500 ppm, and the corresponding
normalized response values are calculated to be 1.6, 3, 4.5,
5.9 and 7.3 % when the sensor exposed to 5, 10, 50, 100
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and 500 ppm. The sensor exhibited a good sensing per-
formance and ppm-level detection towards ethanol gas at
room temperature.

The repeatability of ZnO/MWNTs nanocomposites
sensor is measured for three exposure/recovery cycles
repeatedly to ethanol gas concentration of 5, 10, 50 ppm
under the same experimental conditions, and the measured
results are shown in Fig. 5. The results in Fig. 5 show an
outstanding response and recovery behavior and acceptable
repeatability for the sensor. Figure 6 shows the response
and recovery curve of the ZnO/MWNTSs nanocomposites
sensor under different ethanol concentration. The interval
of gas-sensing film exposed to ethanol gas and dry air was
selected to be 100 s. The response and recovery times are
observed as 5-12 and 8-16 s, respectively.

In order to further investigate the advantages of the
proposed sensor, the gas sensing properties of pure ZnO
sensor, ZnO/PSS and ZnO/MWNTs sensors were com-
pared in Fig. 7. ZnO sensor was fabricated with pure ZnO
nanoparticles by drop-casting method, and ZnO/PSS
nanocomposite sensor was fabricated with ZnO nanopar-
ticles and PSS by LbL self-assembly method. The three
sensors were tested under the same experimental environ-
ment with ethanol gas concentration ranging of
5-500 ppm. It is found that the sensing properties of the
ZnO/MWNTs nanocomposite sensor were much better
than that of pure ZnO sensor and ZnO/PSS nanocomposite
sensor. For instance, the normalized response values are
2.6, 3 and 4.5 %, respectively, for pure ZnO, ZnO/PSS and
ZnO/MWNTs sensors exposed to 50 ppm ethanol gas.
Furthermore, Fig. 8 shows the comparison results in the
response and recovery characteristics for the three sensors
exposed to 50 ppm ethanol gas. The response time is 13, 11
and 7 s, and the recovery time is 17, 19 and 11 s for ZnO,
ZnO/PSS and ZnO/MWNTs sensor, respectively. It is clear
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Fig. 5 The repeatability curve of the ZnO/MWNTs nanocomposits
film sensor for ethanol gas of 5, 10, 50 ppm at room temperature
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Fig. 6 The response and recovery curves of the ZnO/MWNTs film
sensor toward ethanol concentrations ranging from 5 to 500 ppm
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Fig. 7 Normalized response of ZnO, ZnO/PSS and ZnO/MWNTs
film sensors exposed to various ethanol concentrations
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Fig. 8 The response and recovery characteristics of ZnO, ZnO/PSS,
ZnO/MWNTs film sensors exposed to 50 ppm ethanol gas at room
temperature

that the ZnO/MWNTs sensor has much shorter response

and recovery time than that of the other two sensors.
Figure 9 shows normalize response of ZnO, ZnO/PSS,

ZnO/MWNTs film sensor as a function of ethanol gas
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Fig. 9 Normalize response of ZnO, ZnO/PSS, ZnO/MWNTs film
sensor as a function of ethanol gas concentration

concentration. The fitting equation for normalized response Y
as a function of ethanol gas concentration X can be represented
as Y = 0.7675InX-0.1816, Y = 0.9182InX-0.1836 and
Y = 1.12961nX-0.0876 for the pure ZnO, ZnO/PSS and ZnO/
MWNTs film sensor, respectively, and the fitting correlation
coefficient, Rz, 15 0.9945, 0.9786 and 0.9764, respectively. It is
found that the normalized response of the sensors exhibited a
good linearity with the natural logarithm of ethanol gas con-
centration, and the ZnO/MWNTs film sensor demonstrated a
highest sensitivity among the three sensors.

3.3 Gas-sensing mechanism

From the above mentioned experiments, we can find that
ZnO/MWNTs film sensor is more sensitive to ethanol
molecules than ZnO/PSS film and pure ZnO film. As we
known, ZnO has some outstanding physicochemical prop-
erties, such as high surface-to-volume, good electrical
conductivity [24, 25]. It is notable that ZnO/PSS film
sensor has a higher performance than that of pure ZnO
sensors, mainly attribute to the ZnO nanoparticles were
uniformly dispersed in PSS matrix under the electrostatic
interaction. Thereby a hybrid nano-structure was created
and the agglomeration of ZnO nanoparticles was reduced.
The high-performance of the ZnO/MWNTs film sensor can
be attributed to three factors. Firstly, MWNTs have a large
specific surface area owing to its special hollow tubular
structure [26-28], and carboxylic acid functional groups
attached on the nanotubes surface provide reactive sites for
ethanol gas absorption and thus lead to electrons transfer
between the surface and the internal, appearing as the
change in the electrical resistance upon ethanol exposure.
Second, the good electrical conductivity, metallicity and
semiconducting property of MWNTs make the resistivity
of ZnO/MWNTs nanocomposites film is far less than the
pure ZnO and ZnO/PSS film under room temperature [29,

@ Springer

30]. Thirdly, p—n heterojunctions can be created at the
interface between n type ZnO and p type MWNTs. The
differences in the band-gap and Fermi level between the
ZnO and the MWNTs are modified through band bending
in the depletion layer when adsorbing or desorbing ethanol
gas molecules. The adsorbed gas molecules at the p—n
heterojunction lead to a decrease of the depletion layer, and
subsequently result in a fall of sensor resistance.

4 Conclusions

In this paper, we fabricated a ZnO/MWNTs film sensor on
the PCB substrate using Lbl self-assembly technique. The
film structures were examined by scanning electron
microscope (SEM) and and X-ray diffraction (XRD). The
ethanol gas sensing properties of the presented sensor were
investigated by exposing to different concentration of
ethanol gas at room temperature. Comparisons were made
with the drop-casted ZnO and LbL self-assembled ZnO/
PSS film sensors under the same design, substrate and
experiment conditions. As a result, the ZnO/MWNTs film
sensor exhibited outstanding sensitivity, prompt response-
recovery time and good repeatability, which outstripped
that of the other two sensors. Furthermore, the possible
sensing mechanism of the above mentioned sensors was
discussed in detail. This work highlights the unique supe-
riority of LbL self-assembly for gas sensors fabrication.
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