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Abstract: As a hormone that determinates the level of fruit ripeness, ethylene concentration monitoring
plays an important role in the agricultural field. One of the techniques that can be used to detect
ethylene concentration is the sensing method. Zinc oxide (ZnO) is a multipurpose metal oxide
semiconductor with a wide application in sensing area. Here, we use a ZnO-based flexible sensor to
identify the presence of ethylene gas at certain concentrations. The as-synthesized ZnO layers were
deposited on a polyethylene terephthalate-indium doped tin oxide (PET-ITO) flexible substrate using
a simple electrochemical deposition method. To enhance the performance of the ethylene sensor, a
small amount of silver (Ag) was added to the seeding solution. From the study, it was revealed that
the ZnO-Ag layers were able to identify the presence of ethylene gas at the lowest concentration of
29 ppm. The most optimal result was obtained using 1 mM Ag. This layer demonstrated a response
of 17.2% and 19.6% of ethylene gas at concentrations of 29 and 50 ppm, with recovery times of four
and eight minutes, respectively.

Keywords: ZnO; electrochemical deposition; ethylene gas; flexible sensor

1. Introduction

Ethylene is the smallest plant hormone that initiates fruit ripening. The presence of ethylene gas
can accelerate and improve the appearance of fruit, which can increase the taste quality. The amount
of ethylene released by plants can indicate the readiness level of fruit to be harvested. However, a
high concentration of ethylene gas will cause the fruit to become overripe and reduce the selling price.
Therefore, the ethylene gas concentration monitoring is important in order to determine the accurate
harvest time of the fruits [1].

Metal oxides are promising active materials for many applications. Current progress in the
preparation of metal oxides offers unique potentials function in new capabilities devices, for instance,
wearable/flexible devices, smart textiles for well-being and health monitoring, or advanced sensing
design, such as work functions, surface ionization, magnetic, self-heating, and Schottky-based
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devices [2]. Moreover, metal oxides have shown a remarkable application in gas sensing, such as CO,
NO, as well as toluene gas [3–5].

Zinc oxide (ZnO) is a versatile n-type semiconductor with wide band-gap energy (3.37 eV at
300 K) and high exciton energy (60 meV) [6]. ZnO nanostructures have been utilized as several types
of nanosensors. The ZnO’s sensing performance relies on its electrical properties which may change
significantly in the presence of gas or chemical substances [7]. Based on this principle, different
gas [8–12] and chemical sensors have been reported [13,14]. The interaction between ZnO and chemical
gases, such as ethylene, may result in the electrical resistance value change of ZnO. However, the
high working temperature of ZnO makes it difficult to work in ambient temperatures [15]. Moreover,
ethylene is a non-polar molecule with the high activation energy for the reaction. The high dissociation
bonds of C=C and C–H causes difficulty in ethylene’s bond breakage [16]. Various attempts have
been carried out to improve the new device’s sensing performance, including decorating noble metal,
doping proper element and introducing heterostructures [17].

The addition of noble metals, such as platinum (Pt) [18], palladium (Pd) [19], gold (Au) [20],
and silver (Ag) [21,22], to the metal oxide structure can increase sensitivity and the selectivity.
Weber et al. [19] has revealed that through spillover effect, Pd can easily enhance the response of ZnO
NWs gas sensors. Pd is a well-known catalyst possessing H2 bond breaking abilities [19].

In our previous work, we have developed a ZnO-based sensor for ethylene gas which is used in
high temperature (200 ◦C). However, this sensor has a very limited response to ethylene gas. In this
study, we present a flexible ZnO sensor which is capable of detecting ethylene gas concentration at
room temperature. The ZnO layer is prepared using a simple electrodeposition method. This method
is selected due to its advantages of being relatively inexpensive and easy to control, making it possible
to implement at a mass-production scale. The effect of silver addition on the sensor performance is
also investigated.

2. Materials and Methods

Prior to the deposition process, 2 × 1.3 cm2 polyethylene terephthalate-indium doped tin oxide
(PET-ITO) substrates (Solaronix, Aubonne, Switzerland) were firstly cleaned using an ultrasonic bath
(Krisbow, Shanghai, China) in water and ethanol, consecutively. The ZnO precursor solution was
prepared using an equimolar mixture of 0.2 M zinc nitrate tetrahydrate (Zn-nitrate, Zn(NO3)2·4H2O,
Merck, Darmstadt, Germany) and hexamethylenetetramine (HMTA, C6H12N4, Merck, Darmstadt,
Germany). The doping process was carried out by adding AgNO3 with the concentrations of 0.1,
0.5, 1, and 2 mM in the precursor, which are denoted as ZnO-Ag0.1, ZnO-Ag0.5, ZnO-Ag1, and
ZnO-Ag2, respectively. The solutions were further aged for 2 h before deposition process on the
PET-ITO substrate.

The electrodeposition process was conducted at 8–10 ◦C, by using voltage of 1.2 volts. The PET-ITO
was placed in the anode position and dipped vertically in the precursor solution. The copper (Cu)
electrode was used as the cathode. After 2 h, the PET-ITO substrates were removed from the solution,
cleaned with demineralized water, and dried in air. The area of the ZnO-Ag sensing layer for each
PET-ITO substrate was 1.3 × 1.3 cm2. The silver paste was drawn at the tip of the sensing layer
and functioned as the electrode for the sensor. The schematic figure of the sensor device with the
electrode and sensing layer is shown in Figure 1a, and the flexible ZnO-based ethylene sensor is
presented in Figure 1b. The phase identification of the sample deposited on the glass substrate
was investigated using X-ray diffractometer for thin films using Cu-Kα radiation (λ = 1.5406 Å)
(XRD, Pan Analytical-Empyrean, Almelo, Netherlands) and Fourier transform infrared spectroscopy
(FTIR, Bruker Alpha-T-Massachusetss, Billerica, MA, USA), while morphological and distributional
observation was performed using scanning electron microscopy–energy-dispersive x-ray spectroscopy
(SEM–EDS, Hitachi SU3500, Tokyo, Japan).

To measure gas-sensing properties, the test sample was placed in a sealed chamber. The resistance
value of ZnO film (i.e., Ra) in air was measured thereafter. The ethylene gas was then injected into the
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sample chamber and the resistance of the sample in the presence of ethylene gas (i.e., Rg) was measured
by Picotest M3500A digital multimeter. In this study, we use two different ethylene concentrations,
i.e., 29 and 50 ppm. The schematic figure of sensor test system is presented in Figure 2. The sensor
response (S) to ethylene gas is defined by Equation (1) [10].

S = ((Ra − Rg)/Ra) × 100% (1)
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Figure 2. Ethylene sensor performance testing scheme.

3. Results and Discussion

3.1. Structure and Morphologies of ZnO-Ag Layer

The structural information of the ZnO-Ag layers was analyzed using the XRD method. Figure 3
shows the diffraction patterns of the ZnO-Ag layers on top of the PET-ITO substrate. Based on the
patterns, the ZnO peak was characterized at 2θ ~ 31.7◦, 33.6◦, and 34.6◦, which correlates to the Miller
index of (100), (111), and (002), respectively. The Ag peak was detected at 2θ ~ 37◦ which correlates to
the Miller index of (111). As seen in the diffractogram, the addition of Ag in the layer changes the
layer’s performance but does not increase the intensity of Ag in the pattern. Quantitative analysis
was carried out to obtain the ZnO crystallite size in the sample. From the table, it can be seen that
the addition of Ag in various concentrations did not have significant effect in the crystallite size.
The ZnO-Ag layers have an average crystallite size of 44~47 nm. The crystallite size of the ZnO was
calculated using the Debye-Scherrer method [23] (Equation (2)) and presented in Table 1.

D = (0.9λ)/β cosθ (2)
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Table 1. The crystallite size of ZnO-Ag layers.

No. Sample Crystallite Size (nm)

1 ZnO-Ag0.1 45.5
2 ZnO-Ag0.5 44.5
3 ZnO-Ag1 45.5
4 ZnO-Ag2 47.6

From the table, it can be seen that the addition of Ag in various concentrations do not have
significant effect in the crystallite size. The ZnO-Ag layers have an average crystallite size of 44~47 nm.

The attachment of ZnO layer could lead to the development of cracks and buckles on flexible
substrate. This buckling phenomena occurs due to the compressive strains, which resulted from the
substrate contraction perpendicular to the tensile direction. For ZnO layer, the buckles were relatively
small and cracked which points to good adhesion to the PET [24].

The addition of silver doping to the ZnO layer using the electrodeposition method allows for the
occurrence of chemical bonds between ZnO and Ag. To observe this, characterization using Fourier
transform infrared (FTIR) spectroscopy was carried out. The FTIR spectrum of the ZnO-Ag samples is
presented in Figure 4.

In Figure 4, it is observed that the Zn-O spectrum is assigned at 500 cm−1, whereas the peaks
at 800 cm−1 and 1500 cm−1 are assigned to C-H, C-O-C and C-C-O groups from the PET substrate.
At 1750 cm−1, a peak that represents the C=O group is also figured from the polyethylene substrate.
Based on observations of the results of the FTIR above, one can see that there is no observed bond
between ZnO and Ag, which indicates that ZnO and Ag do not bind chemically [25]. The absence of
chemical bonds between ZnO-Ag indicates that Ag only physically binds with ZnO [26].

The morphology and the cross-sectional view of the ZnO-Ag layer were analyzed using SEM, as
shown in Figure 5. From the images, it was observed that using electrodeposition, the as-deposited
ZnO was grown in flakes structure, with a size range of 10–20 µm. The ZnO-Ag layers were evenly
distributed on the substrates, with a thickness range of 18–52 µm. Clearer images of Ag in the ZnO
layer are presented in Figures S1–S4. From the images, it is shown that Ag particles were spread on the
surface of ZnO. The mapping of Ag particles in the layers can be found in the Figure S5.
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(d) ZnO-Ag2.

The amount of Ag on the surface of ZnO was observed using EDS. This observation was carried
out to confirm the presence Ag on the surface of ZnO, as compared to the addition of concentration to
the electrodeposition solution. Based on in Figure S5, it was observed that a greater Ag concentration
in the solution will result in a higher peak of Ag in the EDS spectrum. As shown in the figure, it is
confirmed that a greater Ag concentration in the electrodeposition solution will result in a greater the
wt.% of the layer. In addition to Ag wt.%, it is necessary to investigate the distribution of Ag in the
zinc oxide layer. This will affect the spillover effect on the adsorption process of ethylene and oxygen
gas in the zinc oxide layer.

Figure 6 shows the SEM-EDS mapping image from the ZnO-Ag layers. It was observed that on
ZnO samples with 0.1 mM Ag and 0.5 mM Ag (Figure 6a,b), the silver was spread evenly throughout
the surface. On the ZnO layer with 1 mM Ag concentration, it was observed several spots of silver
agglomerates in the layer. However, in a 2 mM Ag ZnO sample, the silver tends to agglomerate in the
larger areas at the surface coverage. Hence, at this concentration, the distributions of the Ag particle in
ZnO layer is worse compared to other concentrations. The series of SEM-EDS mapping for ZnO-Ag
layers can be seen in Figure S6.
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3.2. Sensor Response Test

Sensor testing was carried out using all ZnO samples with 29 and 50 ppm of ethylene gas.
In this study, the lowest ethylene concentration that can be detected by the ZnO-Ag sensor is 29 ppm.
Meanwhile, in our previous study, the lowest ethylene concentration that could be detected by ZnO
sensor was 50 ppm, with the sensitivity of 2.4% at 200 ◦C [27]. Sensor response values for ZnO-Ag
samples were found to escalate with the increase of Ag concentration. This is due to Ag doping in the
material which facilitates the transfer of electrons from the valence band to the conduction band when
a reaction occurs between the layer and ethylene gas. However, the ZnO layer with 2 mM Ag doping
has shown a decline response. This is due to the conductive properties of Ag which lowered the
electrical resistance of the layer. Hence, the change in resistance value becomes insignificant when the
layer is exposed to ethylene gas. The graphical sensor response test can be seen in Figure 7. The results
of the sensor test response can be seen in Table 2.Chemosensors 2019, 7, x FOR PEER REVIEW 7 of 11 
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Table 2. Sensor response to ethylene gas.

Sample Response (%) Recovery Time (min)

29 ppm 50 ppm 29 ppm 50 ppm

ZnO – 0.1 mM Ag 8.6 8.7 8 20
ZnO – 0.5 mM Ag 13.4 14.2 29 32
ZnO – 1 mM Ag 17.2 19.6 4 8
ZnO – 2 mM Ag 2.1 3.5 9 4

In the previous work, Kumar et al. [28] and Majumdar et al. [29] have shown that crystallite size
and crystallinity of the sensing layer have certain effect on the sensor’s performance. However, in
this study, the ZnO-Ag layers had no significance difference in the crystallite size. Hence, the sensor
performances are mainly dependent on the amount of Ag in the ZnO sensing layer.

These results indicate that the ethylene gas can be detected efficiently at room temperature using
the ZnO-Ag sensor. After ethylene gas flowed for 15 min, the most significant decrease in resistance
occurred in the 1 mM Ag sample reaching 14 KΩ, while the decrease in ZnO 2 mM sample resistance
was only 0.5 Ω. Furthermore, the fastest recovery time occurred in the sample of 1 mM Ag, i.e., 4 min at
29 ppm ethylene gas exposure. Meanwhile, ZnO layer 0.5 mM Ag doping also showed a good sensor
response. However, this layer has the slowest recovery time. This condition might have occurred
due to the structure of the ZnO-Ag flake layer, which inhibits the release of adsorbed ethylene and
prevents the ZnO recovery reactions with oxygen [30]. Furthermore, the addition of Ag to ZnO has
been proven to lower the sensors’ working temperature, while increasing the sensitivity. The effect of
gas concentration started to observe when the amount of Ag doping is 1 mM, as seen in Figure 8. Below
that concentration, the presence of Ag in ZnO did not seem to affect to the change of gas concentration.Chemosensors 2019, 7, x FOR PEER REVIEW 8 of 11 

 

25 30 35 40 45 50

4

8

12

16

20

24

ZnO-2 mM Ag

ZnO-1 mM Ag

ZnO-0.5 mM Ag

Concentration (ppm)

R
es

po
ns

e 
(%

)

ZnO-0.1 mM Ag

 
Figure 8. Effect of ethylene concentration on the response value of all ZnO-Ag samples. 

The adsorption of molecules and oxygen atoms on the surface of ZnO nanoparticles will 
produce a layer of depletion. A depletion layer forms when electrons were taken by oxygen from the 
conduction band of ZnO. By taking those electrons, the oxygen will be ionized into O-, O2-, or O2-. 
The depletion layer prevents electrons from moving, and hence increases the electrical resistance. 
The more oxygen adsorbed, the greater the thickness of the depletion layer which will increase of the 
initial resistance before ethylene gas is flowed [31]. The ethylene gas will be adsorbed chemically 
(chemisorption) by zinc oxide and react with oxygen ions and electrons will switch back the 
conduction band so that the depletion layer will be thinned out. This will cause a decrease in 
electrical resistance. The amount of oxygen adsorbed is influenced by the morphology, particle size, 
specific surface area, and active surface area [31]. An illustration for the ethylene sensing mechanism 
of the ZnO-Ag active layer is shown in Figure 9. 

 
Figure 9. Sensing mechanism illustration of ethylene detection by ZnO-Ag active layer. 

Noble metals, such as Au and Ag, exhibit a surface plasmon resonance (SPR) phenomenon in 
the visible region due to the collective oscillations of their free electrons. The addition of Ag will 
generate an SPR phenomenon on the ZnO layer, which can accelerate the dissociation of O2 to O− on 
top of the layer. Thus, the oxygen ions will be more rapidly adsorbed on the surface of zinc oxide. 
When ethylene gas flows, silver will accelerate ethylene breakdown with the SPR phenomenon. 
Subsequently, the electron will return to the conduction band. Ethylene will react faster with oxygen 
ions, which are adsorbed on the zinc oxide surface [16]. 
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Figure 8. Effect of ethylene concentration on the response value of all ZnO-Ag samples.

The adsorption of molecules and oxygen atoms on the surface of ZnO nanoparticles will produce a
layer of depletion. A depletion layer forms when electrons were taken by oxygen from the conduction
band of ZnO. By taking those electrons, the oxygen will be ionized into O−, O2

−, or O2−. The depletion
layer prevents electrons from moving, and hence increases the electrical resistance. The more oxygen
adsorbed, the greater the thickness of the depletion layer which will increase of the initial resistance
before ethylene gas is flowed [31]. The ethylene gas will be adsorbed chemically (chemisorption) by
zinc oxide and react with oxygen ions and electrons will switch back the conduction band so that the
depletion layer will be thinned out. This will cause a decrease in electrical resistance. The amount
of oxygen adsorbed is influenced by the morphology, particle size, specific surface area, and active
surface area [31]. An illustration for the ethylene sensing mechanism of the ZnO-Ag active layer is
shown in Figure 9.
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Noble metals, such as Au and Ag, exhibit a surface plasmon resonance (SPR) phenomenon in the
visible region due to the collective oscillations of their free electrons. The addition of Ag will generate
an SPR phenomenon on the ZnO layer, which can accelerate the dissociation of O2 to O− on top of the
layer. Thus, the oxygen ions will be more rapidly adsorbed on the surface of zinc oxide. When ethylene
gas flows, silver will accelerate ethylene breakdown with the SPR phenomenon. Subsequently, the
electron will return to the conduction band. Ethylene will react faster with oxygen ions, which are
adsorbed on the zinc oxide surface [16].

The catalyst phenomenon that occurs in ZnO-Ag must be accompanied by a good dispersion
of precious metals on the metal oxide surface [32]. The addition of Ag must be carried out evenly
on the surface of ZnO, thus the transfer of oxygen ions to the surface of zinc oxide can be supported
by spillover effects. In the ZnO sample with 2 mM Ag doping, the distribution layer was uneven or
concentrated at one point, which results in the spillover effect that did not occur well. In addition, the
conductive Ag properties caused a low initial resistance before ethylene gas flowed (R0). Consequently,
the resistance changes that occur are not significant, which leads to a low sensor response in the ZnO
2 mM Ag sample.

4. Conclusions

In this study, a flexible room-temperature ethylene sensor has been successfully fabricated using a
PET-ITO substrate. The sensing layers were made using ZnO-Ag layer, with various Ag concentrations.
From the results, it was found that the optimum layer was made of ZnO with 1mM Ag doping. This
layer demonstrated a response of 16.8% and 17.6% of ethylene gas at 29 and 50 ppm concentrations for
15 min exposure time, with recovery times of four and eight minutes, respectively.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/8/1/2/s1,
Figure S1: Morphological image of ZnO layer with the addition of 0.1 mM Ag. The white dots indicate Ag on the
surface of ZnO layer, Figure S2: Morphological image of ZnO layer with the addition of 0.5 mM Ag. The white dots
indicate Ag on the surface of ZnO layer, Figure S3: Morphological image of ZnO layer with the addition of 1 mM
Ag. The white dots indicate Ag on the surface of ZnO layer, Figure S4: Morphological image of ZnO layer with
the addition of 2 mM Ag. The white dots indicate Ag on the surface of ZnO layer, Figure S5: Energy-dispersive
spectra for: (a) ZnO-Ag0.1; (b) ZnO-Ag0.5; (c) ZnO-Ag1; and (d) ZnO-Ag2, Figure S6: Elements distribution for:
(a) ZnO-Ag0.1; (b) ZnO-Ag0.5; (c) ZnO-Ag1; and (d) ZnO-Ag2.
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