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Abstract: Ethylene is the most common ripening phytohormone in fruits, and excess ethylene can
overripen the fruit. However, the in-field detection of ethylene is still limited. In this work, ultrafine
Pd nanoparticles-decorated porous ZnO nanosheets (UPNP ZnO nanosheets) were conveniently
synthesized through a facile solvent reduction method. The UPNP ZnO nanosheets were charac-
terized using scanning electron microscopy, transmission electron microscopy, energy dispersive
spectrum, X-ray diffraction and X-ray photoelectron spectroscopy. The ZnO nanosheets were uni-
formly coated with Pd nanoparticles. The size of the Pd nanoparticle was very small, with a diameter
of approximately 2 nm. Due to the unique structure of the porous ZnO nanosheets and the excellent
catalytic properties of the ultrafine Pd nanoparticles, the as-prepared samples showed very high
sensing performance in ethylene detection. The lowest detection concentration was 10 ppb, which
is the lowest detection limit to our knowledge. It has been proved that the decoration of ultrafine
Pd nanoparticles can largely increase the relative percentage of chemisorbed oxygen and deficient
oxygen, which are benefits for ethylene oxidation, and actually accelerate the process of the sensing
reaction. Furthermore, the UPNP ZnO nanosheets can even be applied in fruit maturity detection.
Using mangos as an example, our experiment revealed that the response of UPNP ZnO nanosheets
to mangos at different maturity stages was quite different. This result suggests that our product has
broad application prospects in monitoring fruit ripening stage.
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1. Introduction

Ethylene is the most common ripening phytohormone of fruits [1-3]. Fruits release
ethylene in the climacteric stages to accelerate ripening [4,5]. The ethylene efflux rate
of fruits is quite different in different ripening stages, especially for some climacteric
fruits, such as apple, banana and mango [6,7]. Excessive ethylene would cause the fruit to
overripen. However, it is difficult to monitor the ethylene release rate of the fruits, which
results in large economic losses in whole fruit supply chains [8-10]. Therefore, it is quite
significant to achieve real-time monitoring of the ethylene concentration in fruit supply
chains. At present, ethylene is primarily measured using several stationary instruments
in laboratories, such as gas chromatograph, non-dispersive infrared spectroscopy and
photoacoustic spectroscopy [11-14]. These methods certainly have some advantages, such
as high sensitivity and high accuracy; however, the high cost and the lack of portable units
have seriously hampered the large-scale application of in-field detection for ethylene.

Metal oxide semiconductor (MOS)-based gas sensors with the virtues of simplicity,
low cost and rapid testing speed have exhibited great application potential in real-time
detection of ethylene [15-17]. Several reports have mentioned MOS ethylene sensors. Dam-
rongsak found that silicalite-coated SnO, thin film showed a good response to ethylene [18].
Yootana synthesized a WO3-5nO, nanocomposite which presented a sensitive response
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to 2-8 ppm ethylene at optimum operating temperature [19]. The sensing performance of
ethylene detection still remains poor in spite of MOS gas sensors, and low-concentration
ethylene detection is still a big challenge. Noble metal modification would effectively
enhance the sensitivity of MOS sensors. Due to the excellent catalytic properties of noble
metals, the oxidation reaction that occurs on the sensing film can obviously be accelerated,
which further increases the sensing performance of the MOS gas sensors. According to
previous reports, Pd has been verified to exhibit great catalytic effects in gas-sensing reac-
tions [20-22]. Kolmakov prepared Pd-functionalized SnO, nanowires which exhibited a
dramatic enhancement in sensitivity to hydrogen [23]. Yang synthesized Pd-loaded SnO,
nanofibers which demonstrated a significantly higher response to hydrogen compared to
the unloaded samples [24]. Moreover, it is well accepted that smaller noble metal nanopar-
ticles always result in better catalytic performance. Wilson reported the size effect of Pd
particles in hydrogenation of allyl alcohol, and the hydrogenation kinetics were dominated
by electronic effects for the smallest particles [25]. Zhou prepared small carbon-supported
Pd nanoparticles with controllable size, and the testing results proved that smaller Pd
nanoparticles were favorable for formic acid electrooxidation [26]. However, modifying
the sensing materials with ultrafine Pd nanoparticles is still a big challenge.

Zinc oxide (ZnO), with its prominent photonic and electronic properties, has been
extensively utilized in gas detection [27-29]. Various ZnO nanostructures have been
synthesized for gas detection [30-34]. Wang synthesized ZnO nanorods with diameters
from 90 nm to 200 nm which exhibited a high, reversible and rapid response to ethanol [35].
Bie fabricated nanopillar ZnO gas sensors which exhibited a relatively large response to
ethanol and hydrogen [36]. ZnO nanomaterials have been widely studied in gas detection;
however, their sensing performances for ethylene are quite limited. In this work, we
synthesized UPNP ZnO nanosheets through a facile in situ reduction method. The size of
the modified Pd nanoparticles was almost 2 nm on average. Due to the excellent catalytic
performance of the ultrafine Pd nanoparticle, the working temperature of the UPNP ZnO
nanosheets was much lower than that of the pure ZnO nanosheets. Furthermore, the UPNP
ZnO nanosheets presented an extremely high sensing performance towards ethylene, and
the detection limit was as low as 10 ppb. The sensing performance of the UPNP ZnO
nanosheets in the mango maturity test was also investigated for practical application.
The results indicate that the as-prepared sample exhibited an outstanding response to the
mangos at different maturity stages. Thus, it is expected that UPNP ZnO nanosheets could
become promising sensing materials to monitor the ripening stages of fruits in supply
chains.

2. Experimental Method
2.1. Chemicals and Reagents

The ethylene gas was supplied by Beijing Haipu-Gas Co., Ltd. (Beijing, China). Sodium
borohydride (NaBHjy), palladium chloride (PdCl,), urea (CO(INH;);) and zinc acetate
(Zn(CH3COO0),-2H,0) were purchased from Shanghai McLean Biochemical Technology
Co., Ltd. (Shanghai, China). The aqueous solutions were prepared using deionized water.

2.2. Preparation of the Porous ZnO Nanosheets

The porous ZnO nanosheets were prepared using a one-pot wet-chemical method
followed by an annealing treatment. Zinc acetate (1 g) and urea (4 g) were dissolved into
deionized water (40 mL) and then stirred for 1 h. The transparent solution was sealed in
a conical flask and heated in a 100 °C oven for 6 h. The products were cooled to room
temperature and then centrifuged, washed and dried. Finally, the porous ZnO nanosheets
were obtained by annealing at 300 °C in a muffle furnace for 2 h.

2.3. Preparation of the Ultrafine Pd Nanoparticles-Decorated ZnO Nanosheets

In this study, the UPNP ZnO nanosheets were synthesized through an original re-
duction method. Typically, 30 mg of porous ZnO nanosheets was dispersed into 30 mL
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of deionized water. In addition, 10 mL of as-prepared palladium chloride solution was
added into the ZnO suspension and stirred for 30 min. Then, sodium borohydride so-
lution (1 mol/L) was added drop by drop until the black precipitate occurred. Finally,
the resultants were centrifuged, washed and dried, and the UPNP ZnO nanosheets were
obtained.

2.4. Measurement System of the Sensor

The schematic diagram of the measurement setup is presented in Figure 1. Typically, a
closed chamber (1000 mL) which was equipped with a suitable inlet and an outlet for gas
flow was implemented to perform the gas-sensing test. A Source/Measure Unit (Keithley
6487, Tektronix, Beaverton, OR, USA) was used in order to record the change of current
passing through the films, as well as to provide a power source. When the test began,
a constant voltage was applied to a pair of electrodes between the sensing films, and
then the current was measured and recorded. A certain concentration of ethylene was
introduced into the test chamber through the inlet using a microinjector. The measurement
was completed until the response became flat and finally stayed stable, and then fresh air
was inputted into the chamber to release the ethylene. The ethylene concentration could be
calculated from the saturated vapor pressure of the organic vapor at standard atmospheric

pressure.
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Figure 1. The schematic diagram of the testing setup. In mango test, gases were firstly extracted from
the container with a microinjector (D) and then injected into the test chamber ().

The response of the sensor is defined as:

Response = Ra x 100% 1
Rg
R, and Ry are the resistance of the sensing film in the air and target gas, respectively.
The response time is defined as the time when the current change reaches 90% of the
equilibrium current when exposed to the target gas. Similarly, the recovery time is defined
as the time when the current reaches 90% reversal.
The test of ethylene was conducted in the test chamber by injecting an appropriate
amount of ethylene gas; ethylene with different concentrations could be achieved.

2.5. Mango Test of Ripening Stages

The practicability of measuring fruit ripeness was discussed through experiments on
mangos. First, 6 mangos (all green, light green, half green, half yellow, all yellow and all
orange) of similar size at different stages of maturity were sealed in different containers of
the same volume (3 L), respectively. In the next 24 h, gases were extracted continuously from
the container with a microinjector at regular intervals and injected into the test chamber.
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3. Results and Discussion
3.1. Characterization of the UPNP ZnO Nanosheets and ZnO Nanosheets

The crystal structures of the porous ZnO nanosheets and as-prepared UPNP ZnO
nanosheets were determined using XRD (Figure 2). All peaks of the porous ZnO nanosheets
could be indexed to wurtzite ZnO (JCPDS 36-1451). Three main peaks corresponding to the
(100), (002) and (101) crystallographic planes can be clearly observed. Compared to porous
ZnO nanosheets, an additional weak Pd peak of the (111) plane can be seen in the XRD
pattern of UPNP ZnO nanosheets, confirming a modification of ultrafine Pd nanoparticles

to ZnO nanosheets.
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Figure 2. XRD patterns of the porous ZnO nanosheets and UPNP ZnO nanosheets.

The morphologies of the UPNP ZnO nanosheets were firstly investigated using
SEM. Figure 3a—c show the low- and high-magnification SEM images of the UPNP ZnO
nanosheets, and numerous randomly placed nanosheets with lots of mesopores can be
clearly observed. However, because of the teeny size of Pd particles, it is hard to observe
Pd particles from the SEM images. Figure 3d exhibits the EDS spectrum of the UPNP
ZnO nanosheets, and a weak Pd peak can be observed, indicating the existence of the Pd

particles.
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Figure 3. SEM images (a—c) and EDS (d) spectrum of the UPNP ZnO nanosheets.
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As shown in Figure 4, the TEM and HRTEM images of the porous ZnO nanosheets and
UPNP ZnO nanosheets were further investigated. Figure 4a presents a typical TEM image
of the porous ZnO nanosheets, from which it can be observed that plenty of mesopores
were distributed on the nanosheets, and the corresponding SAED pattern was well-ordered
dots, as the illustration exhibits. The HRTEM image of the porous ZnO nanosheet is shown
in Figure 4b, from which the lattice-fringes-coherent orientation of lattice fringes on the
whole nanosheet can be clearly seen. The lattice spacing of 0.26 nm can be indexed to
the (002) planes of the hexagonal phase ZnO. These results prove the single-crystalline
structure of the porous ZnO nanosheets. Figure 4c shows the TEM image of the UPNP
ZnO nanosheets, from which it can be observed that lots of ultrafine Pd nanoparticles
were distributed over the porous ZnO nanosheets. The HRTEM image of the UPNP ZnO
nanosheets is shown in Figure 4d; it can be seen that the lattice fringes of the Pd (111) planes
were interlaced on the coherent lattice fringes of the ZnO nanosheets. The average diameter
of the Pd nanoparticles was about 2 nm. The ultrafine size of Pd nanoparticles always
brings a better catalytic property; thus, the UPNP ZnO nanosheets would be expected to
exhibit enhanced sensing performance.

Figure 4. (a) TEM images, the inset presents corresponding SAED pattern, (b) lattice-resolved HRTEM
image of porous ZnO nanosheets, (c,d) TEM image and lattice-resolved HRTEM image of UPNP ZnO
nanosheets.

A BET analysis was studied to represent the porous feature of the UPNP ZnO
nanosheets. The nitrogen adsorption-desorption isotherm and pore size distribution
of the UPNP ZnO nanosheets are shown in Figure 5a,b. The observed loop can be classified
as type H3 hysteresis loops, indicating the existence of abundant pores according to the
IUPAC classification. The average pore diameter is about 43.2 nm, and the BET surface area
of the material is 25.1 m? g~ 1. The highly specific surface area and porous structure endow
plenty of active sites for surface chemical reactions, making the UPNP ZnO nanosheets sen-
sor more sensitive. Moreover, the porous structure of the UPNP ZnO nanosheets provides
more gas diffusion channels, allowing gas molecules to contact the sensing material more
effectively.

3.2. Operating Temperature of the Pure and Pd-Decorated ZnO Nanosheet-Based Sensor
to Ethylene

Usually, temperature make a strong effect to the sensing performance of metal oxide
gas sensors. Thus, as shown in Figure 6, the responses of the porous and UPNP ZnO
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nanosheet to 10 ppm and 1 ppm ethylene are systematically investigated at different
temperatures, respectively. It can be clearly seen that the response of the UPNP ZnO
nanosheet increases first. When temperature reaches 300 °C, the curve shows a turning
point. Therefore, 300 °C can be regarded as the optimal working temperature of the UPNP
ZnO nanosheets sensor. Meanwihile, the optimal working temperature of the porous
Zn0O nanosheets is 500 °C. Obviously, the UPNP ZnO nanosheets possess a lower optimal
operated temperature due to the strong catalytic capacity of the ultrafine Pd nanoparticles.
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Figure 5. (a) N; adsorption-desorption isotherm of the UPNP ZnO nanosheets and (b) the corre-

sponding pore size distribution.

6
—s— UPNP ZnO

—e+— Porous ZnO

Lh
1

=
1

Response (R /R )

2- 10 ppm
N ._._"_—.’//‘\-1
100 200 300 400 500 600
Temperature (C)

Figure 6. Responses of the porous ZnO nanosheets and UPNP ZnO nanosheets to 10 ppm and 1 ppm

ethylene at different operating temperatures.

3.3. Gas-Sensing Properties of the UPNP ZnO Nanosheets for Ethylene

In order to verify the positive role of the Pd modification in the gas-sensing proper-
ties of the ZnO nanosheets, the gas-sensing performance was systematically studied, as
shown in Figure 7. Firstly, Figure 7a shows the real-time response curves of the UPNP
ZnO nanosheets for ethylene of different concentrations. An increase in response can be
observed as ethylene concentration increases from 10 ppb to 1 ppm. Figure 7b shows
the corresponding calibration curve of the response vs. concentration; it can be seen that
the response maintains a good linear relationship in the detection range from 10 ppb to
1 ppm. For comparison, the real-time response curves of the porous ZnO nanosheets and
UPNP ZnO nanosheets for 1 ppm ethylene are shown in Figure 8, from which it can be
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obviously seen that the response of the UPNP ZnO nanosheets is much higher than that
of the porous ZnO nanosheets. These results successfully reveal the positive effect of Pd
particles for ethylene detection. In addition, the response and recovery times of the UPNP
ZnO nanosheets are about 10 s and 20 s, respectively, which is far more than the reported
semiconductor ethylene sensor.
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Figure 7. (a) Real-time responses of the UPNP ZnO nanosheets to different concentrations of ethylene

at 300 °C. (b) The corresponding calibration curves of the response vs. concentration of UPNP ZnO
nanosheets.
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Figure 8. Real-time responses of the porous ZnO nanosheets and UPNP ZnO nanosheets to 1 ppm
ethylene.

3.4. Stability of the Pd-Decorated ZnO Nanosheet-Based Sensors

For practical application, the stability of the gas sensing also plays an important role
in gas-sensing detection. The stability properties of the UPNP ZnO nanosheets have been
investigated using a 5-cycles test with 1 ppm ethylene (Figure 9a); the results demonstrate
the repeatable sensing properties of the UPNP ZnO nanosheets. In addition, Figure 9b
exhibits the long-term stability curves of the UPNP ZnO nanosheets; it can be seen that
along with the time lapsing, the UPNP ZnO nanosheets exhibited stable sensing properties,
which was because the Pd modification successfully decreased the optimal operating
temperature, further extending the life of the sensors. Thus, the UPNP ZnO nanosheets are
suitable materials for practical application in the future.
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Figure 9. (a) Response of the UPNP ZnO nanosheets to 1 ppm of ethylene after 5 cycles of gas on and
off at 300 °C. (b) Long-time stability of the UPNP ZnO nanosheets for 1 ppm of ethylene at 300 °C
and the porous ZnO nanosheets for 10 ppm ethylene at 500 °C.

3.5. Sensing Mechanism of the UPNP ZnO Nanosheets

As shown in Figure 10, the high sensitivity of the UPNP ZnO nanosheets can be at-
tributed to three factors. Firstly, the great number of mesopores within the ZnO nanosheets
can provide more active sites. It is generally believed that the surface of the mesopores
possesses higher surface energy, resulting in better absorption ability. Thus, more gas
molecules can be absorbed on the surface of the porous ZnO nanosheets, leading to the
increased sensitivity. Secondly, the single-crystalline structures can further improve the
sensing properties of the UPNP ZnO nanosheets. Compared to the polycrystalline sens-
ing materials, the single-crystalline materials possess less resistance. In single-crystalline
structure materials, electrons do not have to jump across the particle boundary barriers
during the transportation, which would definitely increase the sensitivity. Thirdly, the
decoration of ultrafine Pd nanoparticles can further increase the sensing performance of the
product. The smaller Pd nanoparticles always result in better catalytic performance, which
makes strong improvements to the surface redox reaction activity, resulting in the increase
in sensitivity. Meanwhile, the modified ultrafine Pd nanoparticles also can increase the
amount of active sites, further resulting in a higher response to ethylene.

®® ®
] ® —
@ Porous O ol ® More active sites
Single- .
8 . Less contact barriers
crystalline

(0,
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Figure 10. Schematic illustration of the sensing mechanism of the UPNP ZnO nanosheets.

As shown in Figure 11, the process of the surface oxidation reaction has been vividly
displayed, and the positive effect of ultrafine Pd nanoparticles has also been shown in
detail. Actually, Pd nanoparticles provide more active sites and absorbed oxygen, effec-
tively accelerating the surface reaction, further resulting in the increase in response. The
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surface chemical process of ethylene may be explained by the following series of chemical
reactions [37,38].

CyHy (g) + Ocs = CH3CH,O¢s + Hygs 2)
CH3CHOcs + Ocsg = CH3COcsOcs + Hags (©)]
CH3CO¢sOcs + Hags — CHy (g) + HCOcsOcg 4)
HCOcsOcs — CO7 (g) + Hags + Vos (5)

CHy(2)
5y CHy(2)

©-.--+@
3 4
@ 4 _P 2 )
CH;CH,0¢,0c,
i)

|/
CH3CO¢Oc;

HCOc,Oc, =« /'@

s Y
V. CH,(2)
COy(9)

Figure 11. Schematic illustration of the reaction process on the surface of the UPNP ZnO nanosheets.

As shown in Equation (2), ethylene can react with chemisorbed oxygen to form ethy-
oxyl. Then, the formed ethyoxyl can further react with chemisorbed oxygen (Equation (3)),
and the resultant is acetate, which is the most stable intermediate. The acetate sequentially
reacts with the adsorbed hydrogen ions, producing formic acid as the resultant (Equation
(4)). Finally, the formic acid decomposes to carbon dioxide (Equation (5)). The sensing
mechanism in ethylene detection was further investigated using XPS, and the results are
shown in Figure 12. From Figure 12a, it can be seen that a new peak of Pd appeared in the
survey spectra after decoration, indicating the adsorption of ultrafine Pd nanoparticles on
the ZnO nanosheets. Figure 12b,c present the O 1s peaks of the porous ZnO nanosheets and
UPNP ZnO nanosheets, respectively. In porous ZnO nanosheets, the O 1s spectrum can be
fitted into three different components, chemisorbed oxygen (Oc), deficient oxygen (Oy)
and lattice oxygen (Or), with bind energy at 532.0, 531.2 and 530.1 eV, respectively [39].
Furthermore, the relative percentages of Oc, Oy and Or, were 9.8%, 22.2% and 69%. How-
ever, after ultrafine Pd nanoparticle decoration, the relative percentages of Oc, Oy and
Oy, changed to 34.3%, 43.2% and 22.5%. Obviously, with the decoration of ultrafine Pd
nanoparticles, the relative percentages of Oc and Oy have been largely increased, which
benefited the ethylene oxidation ability, actually accelerating the process of the reaction and
further causing the large improvement in sensitivity. Figure 12d,e present the Pd 3d XPS
spectra of the UPNP ZnO nanosheets before and after the sensing test. As shown, both of
the Pd 3d spectra can be fitted into two different components: Pd(0) and Pd(Il). Before the
test, the relative percentages of Pd(0) and Pd(Il) were 15.8% and 84.2%. However, after the
test, the relative percentages of Pd(0) and Pd(II) changed to 20.4% and 79.6%. Obviously,
part of Pd was converted to PdO during the test process.

3.6. Ripeness Detection of Mangos

The ultimate goal of our study is monitoring the ripening process of fruits. As we
know, fruits can efflux ethylene with different concentrations at different ripening stages.
In order to effectively determine the ripeness of the fruits, a novel mango ripeness test
was carried out using the UPNP ZnO nanosheets as the sensing material. In a typical
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experiment, mangos of similar size at different ripening stages (all green, light green, half
green, half yellow, all yellow and all orange) were sealed in 6 containers of the same volume
(3 L), respectively. Over the next 24 h, a certain amount of gas was extracted from each
container using a microinjector and injected into the test chamber every 2 h. Through the
gas-sensing test, the complete ethylene efflux process can be further studied, and ethylene
concentrations in each vessel of mango efflux at different ripening stages can be compared to
demonstrate that the UPNP ZnO nanosheets-based sensors possess the capacity to monitor
ripening fruits by detecting ethylene concentration. The results have been displayed in
Figure 13. Figure 13a shows the real-time response curve of the UPNP ZnO nanosheets for
the gases released by different-maturation-stage mangos at the same sealing time, from
which it can be seen that the responses increase with the maturity of the mangos. Therefore,
the UPNP ZnO nanosheets exhibited excellent sensing properties for the gas effluence of
mango, further supporting their potential application in monitoring fruit maturity stage.
The point plot graph of gas-sensing response vs. time in six vessels has been investigated, as
shown in Figure 13b, from which it can be obviously seen that the response increased with
the storage time and then gradually became flat. Through such a gas test, the ethylene efflux
process was successfully investigated. The ethylene concentration in each vessel increased
in the first 6 h and then stabilized, becoming flat, indicating that 6 h is the appropriate
storage time in this test. In conclusion, the results of mango experiments further indicated
that the UPNP ZnO nanosheets have broad application prospects in the determination of
fruit ripeness.
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Figure 12. (a) Full range spectra of the porous ZnO nanosheets and UPNP ZnO nanosheets. (b,c) The
O 1s peak of the porous ZnO nanosheets and UPNP ZnO nanosheets. (d,e) The Pd 3d peak of the
UPNP ZnO nanosheets before and after sensing test.
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Figure 13. (a) The plot of the response vs. time at different ripening stages. (b) Real-time response of
the UPNP ZnO nanosheets to the mangos at different ripening stages.

4. Conclusions

In summary, the ultrafine Pd nanoparticles-decorated porous ZnO nanosheets were
successfully synthesized through a facile solvent reduction method. Due to the unique
porous and single-crystalline structure of ZnO sheets and the ultrafine size of Pd nanopar-
ticles, the UPNP ZnO nanosheets possessed a lower working temperature and higher
ethylene sensing performance. The lowest detection concentration reached 10 ppb. It
has been proved that the decoration of ultrafine Pd nanoparticles can greatly increase the
relative percentage of chemisorbed oxygen and deficient oxygen, which are benefits for
ethylene oxidation, and actually accelerate the process of the sensing reaction. Moreover, a
novel fruits maturity detection experiment was also implemented by using mango as an
example. Our results reveal that the UPNP ZnO nanosheets displayed different responses
to the mangos at different maturity stages, suggesting that the UPNP ZnO nanosheets
are competent to monitor the ripening stages of fruits. It is expected that the UPNP ZnO
nanosheets could become a promising sensing material to monitor the ripening stages of
the fruits in fruits supply chains.
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