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Abstract

Highly sensitive NO> gas sensors with low detection limit are vital for practical application in air
pollution monitoring. Here, the NO. gas sensing performance of porous ZnO nanosheets and
nanoplates were investigated, with different shape and thickness. It was found that ultra-thin
ZnO nanoplates had a higher sensitivity than coral-like ZnO nanosheets. The results were
attributed to the high specific surface and very small thickness of the ultrathin nanoplates. The
nanoplates have indeed a thickness of 15 nm compared to that of the nanosheets which is 100 nm,
and a BET surface area of 75 m2/g, while that of the nanosheets g6 m2/g. The chemosensor
based on ultra-thin ZnO nanoplates shows a response (calculs the ratio between the
resistance of the sensor in the presence of the gas and in its& e) of 76 to 0.5 ppm of NO> at
200°C, with a theoretical detection limit of 3 parts pev n and a selectivity higher than 760
towards acetone, ethanol, isopropyl alcohol, tri&x%ne, SO2 and CO. The specific surface and
the small thickness of the ultra-thin naMg@lates contribute to its highly improved sensing

performance, making it ideal for N nsing.

Keywords: NO2; gas sen&; nanoplates; nanosheets



1. Introduction

According to the World Health Organization (WHO), more than 90% of the world's
population lives in areas that exceed air pollution limits, nearly 98% of cities in low-income
countries do not meet air quality standards, and about 3 million people lose their lives each year
due to pollution-related disorders [1]. One of the most toxic gases present in the atmosphere is
nitrogen dioxide (NO.), a reddish-brown gas with a characteristic sharp odor [2]. There is a lot of
interest in monitoring this gas and reducing its concentration, due to its harmful effects on
human health and the environment [3]. Nitrogen dioxide is mainly fgduced from the industrial
exhaust gas, power plants, petrochemical plants, vehicles and Iories [4]. It can produce
photochemical pollution and acid rain, as well as irritatioQ e eyes and lungs, respiratory
diseases, weakening of the immune system and even de

According to the WHO and the Europ(r%nmlssmn for Air Quality Standards, the
NO- hourly mean value may not exceed 0.1Ng@rts per million (ppm) more than 18 times in a year,
while the NO2 annual mean value t exceed 0.02 ppm [6]. In the environment, the NO-
concentration is on the order @naking it difficult to detect [3]. For these reasons, different
types of devices have bee@ied recently, trying to obtain NO2 sensors that are very sensitive,
reliable, and selec%@ chemical gas sensors based on semiconductor metal oxides (SMOs)
are very promising due to their advantages such as low manufacturing cost, simple operation,
low power consumption, high sensitivity and stability, and good compatibility with silicon
technology [3,7-9].

Among the various sensing technologies, solid state chemoresistors are among the most
used for NO- detection, and among the most used materials several SMOs are found: SnO., ZnO,
In203, V205, WO3 and TiO2 [10-12]. Recently, heterostructures based on combinations of these
semiconductors or on the surface decoration with metallic nanoparticles such as Pt, Au and Ag
have been deeply studied [13]. Zinc oxide is one of the most studied SMOs for its properties, and

it has been used widely to realize different types of devices, namely gas sensors [14,15],



electrochemical sensors and biosensors [16,17] but also supercapacitors [15] and environmental
tools for pollution degradation [16].

Furthermore, ZnO proved to have some natural selectivity towards NO, [17-19]. For
instance, Wang et al. [20] incorporated ZnO nanowires and black phosphorus nanosheets for the
detection of NO2 gas with enhanced response value. Zhou et al. [21] used nanowire-network
sensor for the detection of NO2 gas under UV illumination, where they studied the effect of
carrier gas on the sensing performance. Such sensors could detect NO, at ppb level at room
temperature, but the sensors required long response and recovery tilgg. Recently, improvements
in nanotechnology allow for better control of ZnO nanostructure@erms of crystal structure,
size and dimensionality, porosity and microstructure on tr& scale [22-24]. The geometry
and size of the ZnO nanostructures are particularly impg in the case of gas sensors due to the
great influence that morphology has on gas (&@1 performance. Wang et al. developed a
sensor based on ZnO nanospheres that e Its a response of 29.4 to 5 ppm of NO2 at room
temperature when illuminated with @mm (UV) light [17]. Due to their larger surface area
and the small diameter of the %icles that compose them, the nanospheres showed a better
response than nanorod§®oﬂowers. The response of all ZnO nanostructures was very low

for all other gases%

shape-independent selectivity. Kusumam et al. have shown that very thin nanosheets (thickness

NO, CO, NHs, CgHs, Ho, ethanol and acetone), indicating excellent

of 30 nm) give a much greater response than nanoparticles with a diameter of 100 nm: a response
of 260% to 5 ppm of NO: and a sensitivity of 21%/ppm [23].

In this work, porous coral-like nanosheets and ultra-thin ZnO nanoplates were grown by
hydrothermal technique followed by thermal annealing. The sensor based on the ultra-thin
nanoplates exhibits superior NO> sensing performance compared to the coral-like nanosheets
counterpart. It can detect very low NO2 concentrations with a detection limit of 3 parts per
trillion at the optimal working temperature of 200°C. The response of the ultra-thin ZnO

nanoplates was 76 to 0.5 ppm NO>, twice that of the porous coral-like ZnO nanosheets. The
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selectivity of the sensor with respect to interferents (acetone, ethanol, isopropyl alcohol,
triethylamine, SO and CO) is higher than 760. This excellent performance, combined with the
advantages of chemoresistors based on metal oxide nanostructures (reduced size and cost,
simplicity of fabrication and measurement), make the ultra-thin ZnO nanoplates an ideal material
for NO; sensors.
2. Experimental

The chemicals used in this work (ZnSQO4-7H20, urea (CHsN20) and Zn(NOz3),:6H.0)
were bought from Sigma-Aldrich. All reagents were analytic grade WSed as received without

further purification. Both porous ZnO nanostructures were synth by hydrothermal method

\ stirring continou & (1\H2)2 co (urea) . ~
i + 30mlDI water ’ —_—

ot ! ' i
4 mmol Zn(NO,).6H,0 \

@ hydrothermal
220°C,24 hours
& P e )
0 ;i'u:ﬁuN'Wj'
stirring continously s (NH,),.CO (urea) o
water ———— 1z _— < 3
10 min ~ y — A
&y &y

10 mmol ZnSO,.7H,0

(Fig. 1), using deionized water as solvent.

Figure 1. Hydrothermal synthesis procedure of ZnO nanosheets and nanoplates.

In a typical process to grow ZnO nanosheets, zinc nitrate hexahydrate [Zn(NO3).-6H.0] (4
mmol) was dissolved in 30 mL deionized water under continuously stirring for 15 min. Then 20
ml urea (CH4N20) solution (8 mmol) was added with further stirring for 15 min to obtain pH 5.
The resulting solution was transferred into a 100 ml Teflon-lined stainless-steel autoclave, where

it was maintained at 220°C for 24 h for the hydrothermal growth. After being naturally cooled to



room temperature, the precipitate on the bottom was centrifuged, washed several times with
deionized water, then with ethanol solution, and finally collected by centrifugation at 4000 rpm.
The obtained white powder was dried in an oven at 60°C for 24 h, and then calcined at 600°C
[27].

The ultra-thin ZnO nanoplates were grown following a very similar procedure (Fig. 1). Zinc
sulfate heptahydrate [ZnSO4-7H20] (10 mmol) was dissolved in 30 mL deionized water. After
continuously stirring for 15 min, 20 mL urea solution (20 mmol) was added with further stirring
for 15 min to adjust the pH to 5. The resulting solution was then tr%rred into a Teflon-lined
stainless-steel autoclave and the hydrothermal process was mz for 24 h at 220°C. The
washing and collecting process of the nanomaterial w same as that for the porous ZnO
nanosheets [28] V4

The synthesized materials were characterl %-emission scanning electron microscopy
(SEM, JEOL 7600F), powder x-ray di&fracti (XRD Advance D8, Bruker), and high-resolution
transmission electron mlcroscop M, JEOL 2100F). The specific surface area of the
nanomaterials was determm* g Brunauer—Emmett—Teller nitrogen adsorption/desorption
isotherms (Micromeritj ini VI1). The sensing properties of the synthesized coral-like ZnO
nanosheets and ultra-yin ZnO nanoplates were then characterized by using a laboratory-made
system. Prior to the gas sensing measurements, the sensor was preheated at 600°C for 2 h in
order to improve the adhesion between Pt electrodes and materials and to stabilize the sensor
output. This also eliminate the effect of heat treatment condition on the gas sensing performance
of the fabricated sensors for comparison. Sensor resistance was measured continuously using a
source meter (Keithley 2602) while the chamber was flowed with different concentrations of gas,
intersperse with dry air. Schematic diagram of the gas sensing measurement system was reported
in ref. [29]. The sensing measurement setup consists of a heater, a temperature controller, gas
inlet and outlet valves, and probes connecting the sensor to Keithley 2602 source meter (Fig. S1,

Supplementary). Target gases (NO2, SO, and VOCs) of different concentrations were prepared
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by mixing standard gases with dry air as reference and dilution using a series of mass flow
controllers. Details about the calculation of target gas concentration can be found in our recent
publication [30]. The response (S) was calculated as the ratio Ra/Rg (for reducing gases) or Rg/Ra
(for oxidizing gases), where Ra and Ry were the resistances of the sensor in dry air and tested gas,
respectively. The response and recovery times (tresp, Trecov) Were defined as the time taken by the

sensor to reach 90% of its saturated response after exposure to NO2 and air, respectively [24].

3. Results and discussion

Typical SEM images of coral-like ZnO nanosheets and ultra-thin@ nanoplates are shown in
Figure 2.(A, B) and Figure 2.(C, D), respectively. Both mat% ow a high homogeneity, with
two-dimensional nanostructures about one micron Wld domly oriented. The nanosheets in
Fig. 2(A,B) have very large size, with an avera&@ness of about 100 nm and show a marked
porosity (pores of about 90 nm in diamet® The nanoplates in Fig. 2(C, D) look smooth and

have an average thickness of 15 n in, homogenous coral-like ZnO nanosheets and ultra-

thin ZnO nanoplates were o@mthout using any surfactant, thus reducing the usage of

chemicals. 300



Figure 2. SEM images of the synthesized Zr@o
ultra-thin nanoplates. \

The mechanism of formation of %Zno nanosheets and ultra-thin ZnO nanoplates can be

ctures: (A, B) coral-like nanosheets and (C,D)

[

explained as follows: zinc &h e heptahydrate, and zinc nitrate hexahydrate are used as
precursor of Zn?*, h@ Is used as a means to control the pH of the solutions. During the
hydrothermal procesgurea is easily broken down into NHz and HNCO [25], and CH4N20
decomposes into NH4sOH and HNCO [26]. Therefore, the (OH)~ group reacts with Zn?* ions to
form Zn(OH). flakes. The morphology and thickness of the ZnO nanostructures were attributed
to the use of precursor salts.

The lattice structure of the ZnO nanosheets and nanoplates was analyzed by means of XRD, the
patterns of which are shown in the upper panel of Fig. 3A. The experimental patterns for coral-
like nanosheets (in red) and ultra-thin nanoplates (in blue) show the same peaks, which match
well with those of the wurtzite crystal structure (JCPDS card No. 36-1451), shown in the lower
panel. The intense and sharp peaks indicate a good crystallinity of the nanostructures composing

both sensors. No peaks due to other phases or amorphous contributions are visible, confirming
8



the good crystallinity and single phase of the nanomaterials [31]. The crystallite size was
calculated using Scherrer formula, resulting in 21.2 nm for coral-like nanosheets and 19.6 nm for
ultra-thin nanoplates. The specific surface of the coral-like ZnO nanosheets and ultrathin
nanoplates was tested with nitrogen adsorption/desorption isotherm measurements, the results of
which are shown in Fig. 3B. Despite their marked porosity, coral-like nanosheets have a BET
surface area of 6 m2/g, while ultra-thin nanoplates have a much larger BET surface area of 75
m?/g. The large surface area, together with the tiny thickness of the nanoplates are two important

factors why the nanoplates are expected to have better sensing perwnce than the coral-like

nanosheets [32]. O

SO GHJ

Figure 3. (A) XRD patterns, and (B) Nitrogen adsorption/desorption of the synthesized ZnO nanosheets
and ZnO nanoplates.

Typical TEM images of the coral-like ZnO nanosheets and ultra-thin ZnO nanoplates are shown
in Figure 4. Fig. 4A and C show low magnification TEM images confirming the morphologies of
porous nanosheets, and ultra-thin nanoplates, respectively. The size of ZnO nanosheets is very
large of micrometers with many nanopores. The nanoplate are smaller with a size of about 100
nm. The HRTEM images in Fig. 4B and D clearly show the lattice fringes confirming the good
crystallinity of both nanostructures. The interplanar spacing was found to be 0.25 and 0.50 nm in

coral-like nanosheets and ultrathin nanoplates, respectively. The interspacing between two



adjacent planes 0.25 and 0.50 nm are in good agreement with the expected values for (101), and

(001) of the hexagonal ZnO.

Figure 4. TEM images of :@e coral-like ZnO nanosheet and (C-D) ultrathin porous ZnO nanoplates.

The 1-V curves o%

figures 5A and C. A voltage range from —5 V to +5 V was applied to the sensors. Both sensors of

sors based on the two individual nanomaterials in air are shown in

showed linear 1-V characteristics, demonstrating good ohmic contact between the ZnO
nanostructures and the electrodes. Figure 5B and D show the resistance of the coral-like ZnO
nanosheets and ultra-thin ZnO nanoplates in air at different working temperatures. The coral-like
ZnO nanosheet sensor showed the maximum resistance at 300°C, whereas the ZnO nanoplate
device exhibited the maximum resistance at 250°C. The results are very interesting, because it is
agreed that the resistance of a semiconductor decreases with an increase of temperature.
However, here, the resistance of sensors increased with an increase of temperature from 200 to

250 for the ZnO nanoplate sensor and to 300 for the ZnO nanosheet sensor. Such behaviors
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could be explained by the competition between the decrease of resistance due to the thermal
excitation of electron from valent band to conduction band, and the increase of resistance caused
by the surface adsorption of oxygen species. With temperature increasement from 200 to 250,
and 300°C the oxygen adsorption dominates the change in resistance, thus the sensor resistance
increased, and archived the maximum values. To clarify this point, we tested the I-V curves of
the nanosheet sensor in N2 at high temperatures, and the data are shown in Fig. S2
(Supplementary). The sensor showed linear 1-V curves at all measured temperatures (Fig. S2A,
Supplementary). In addition, the sensor resistance decreases with increase of temperature
from 150 to 350°C (Fig. S2B, Supplementary). No peak of resist was detected at 300°C as
obverted when testing in air. Such results confirm that the& adsorption play an important

role in determination the change in based resistance of $ with temperature.
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Figure 5. 1-V curve of the ZnO nanosheets (A) and ZnO nanoplates (C) sensor measured in air at 150 -
350°C; calculated resistance at different working temperatures for (B) ZnO nanosheets and (D)

ultra-thin nanoplates.
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Figures 6A and 7A show the dynamic resistance of the coral-like ZnO nanosheets and
ultra-thin ZnO nanoplates when different concentrations of NO> were injected at different
temperatures. The ZnO nanostructures were tested with 10, 5, 2.5, 1, and 0.5 ppm of NO, in a
temperature range of 150-350°C. The sensor resistance rapidly increases when exposed to NO:
gas, and returns to its base value when NO- flow is stopped and replaced with air. This effect is
expected for an n-type semiconductor reacting to an oxidizing gas, which withdraws electrons
from the nanostructures. The response values calculated from Fig. 64gnd 7A for coral-like ZnO
nanosheets and ultra-thin ZnO nanoplates, are shown in Fig. 6B a@B respectively. While the
response of nanosheets is linear throughout the concentratiﬁge, that of nanoplates tends to
saturate beyond 2 ppm. For both nanostructures, the oy temperature (at which the response
is maximum) is 200°C. The response of ultra-t( plates is significantly higher than that of
coral-like nanosheets, especially at lower c&gCentrations: at 200°C the response of nanoplates to
1 ppm of NO2 is 156, which is mor 2 times that of nanosheets. Fig. 6C and fig. 7C show
the response and recovery {j o the coral-like ZnO nanosheets and the ultra-thin ZnO
nanoplates sensors, calcgl@t 200°C to different concentrations of NO2. Response times are in

the order of tens %

nanoplates respond and recover faster than the coral-like nanosheets, probably due to their

ds, while recovery times are in the order of minutes. The ultra-thin

thinness and larger surface.
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The NO> detection limit (DL) of the sensors based on the coral-like ZnO nanosheets and ultra-
thin ZnO nanoplates, was calculated at their optimal operating temperature of 200°C. Although
the lowest gas concentration investigated in this study is of 0.5 ppm, the sensor theoretical
detection limit can be determined by the formula: DL=3-SDnoise/Sensitivity, which is the IUPAC
definition with k = 3 [29]. In the formula SDnoise IS the standard deviation of the sensor noise
measured in air, while Sensitivity is the derivative of its response as a function of NO:
concentration, calculated at the minimum concentration. Details on the calculation method of
detection limit can be found elsewhere [30]. At 200°C the ultra-thin ZnO nanoplates sensor has a

detection limit of 3 ppt, which is lower than that of the coral-like ZnO nanosheets sensor, which
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is 25 ppt.

Table 1. shows NO2 sensing performance of ZnO nanostructures in scientific literature. As can

be seen, the response of ultra-thin nanoplates is very high, while the detection limit is orders of

magnitude lower than the others reported. Such low detection limit is advantageous in practical

application in monitoring of ultralow concentration of NO2 gas in air pollution monitoring.

Table 1. NO; sensing performance of ZnO nanostructures in scientific literature.

NO:2 .
Morphology Size (nm) concentration Tempoerature Resp& De.tegtl*on Ref
(°C) limit
(ppm)
Nanorods @ 150-200 1 300°C ppm) <lppm  [34] (2006)
Nanorods @ 30 0.2-5 250°C, 200 (5 ppm) 0.2ppm  [35] (2009)
Nanotubes @ 200 1-20 & 1.31 (1 ppm) 1 ppm [36] (2009)
Nanorods @ 60 0. 2 200°C 1.3 (100 ppb) 100 ppb  [24] (2013)
Nanopetals Thickness 70 RT 119 (20 ppm) 20 ppm  [37] (2015)
Nanorods 31-100 200°C 1.41 (1 ppm) 1 ppm [36] (2017)
Nanowires 1-30 250°C 1.3 (1 ppm) 1 ppm [38] (2018)
Rose-like
hierarchical 5-80 300°C 49 (10 ppm) 5 ppm [39] (2018)
structures
Nanorods @ 50-300 1.6 (0.5 ppm)
o 40] (2021
Flowers Sheet thickness: 30 0.1-5 25°C+ UV 2.0 (0.5 ppm) 100 ppb [40] (2021)
Sphere NPs @ 20-30 2.2 (0.5 ppm)
Nanoplates Thickness 15 0.5-10 200°C 156 (1 ppm) 3 ppt This work

* When the detection limit was not calculated, the lowest measured concentration was reported.

To evaluate the short—term stability of the coral-like ZnO nanosheets and ultra-thin ZnO

nanoplates sensors, we investigated 8 recovery-response cycles to 1 ppm NO at 200°C. The

results are shown in Fig. 9 and indicate that both sensors are very stable and repeatable.
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Figure 9. Short—term stability of (A) ZnO nanosheets and @) nanoplates sensor to NO..

Selectivity is considered an important parameter @iractical applications. The ultra-thin ZnO
sensor was tested to various concentratioin fering gases such as 0.5 ppm NOz, 500 ppm
acetone, 500 ppm ethanol, 500 ppm '\py alcohol, 500 ppm triethylamine, 5 ppm SO>, and
200 ppm CO at a working temp, f 200°C, as shown in Figure 10. The sensor exhibits the
highest response to NO, f &d by CO, SO, acetone, triethylamine, isopropyl alcohol, and
ethanol. The sensQae e to NOz is much higher than that to all the interfering gases tested,
although the NO> zhntration was much lower than those of the other gases (in most cases by a
thousand times). Note that the sensor is highly selective to even oxidant SO, gas, where the

response value is about 1.58 for 5 ppm SO>. This suggests the potential application of the ultra-

thin ZnO nanoplates sensor for selective detection of NO- in air quality monitoring.
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N\

Figure 10. Selectivity of the ZnO nanoplates sensor: respq es to different gases.

\

It is clearly that the ZnO nanoplates based sensor is swta for application in detection of NO>

and long—term stability is also imporignt

gas in air. However, for practical applicati llution monitoring, the effect of humidity
QThus we tested the response to 0.5 ppm NO2 at

200°C in ambient air with differen Ive humidity vales of 30-90 %RH, and the data are
shown in Figure 11A, and Qhown in Figure 11A, the based resistance of the sensor
decreases from 14.6 k@ kQ with an increase of relative humidity from 30% RH to 90%
RH. The decrease of Jased resistance was ascribed to the adsorption of water molecules, which
induces free electrons to the conduction band of ultra-thin porous ZnO nanoplates. In addition,
the response value to 0.5 ppm NO2 was also slightly decreased from 78 to 46 with an increase of
relative humidity from 30% RH to 90% RH (Figure 11B). However, the NO> response of the
sensor was not influenced at low relative humidity of less than 40% RH. The influence of
ambient humidity on NO> response can be explained by the occupation of physically absorbed
water on the active sites of the ZnO nanoplates, which prevent the adsorption of NO2 molecules
and results in a decrease of sensor response.

Repeatability and long—term stability of the ZnO nanoplates based sensor at 200°C were also

studied for the detection of 1 ppm NO.. As shown in Figure 11C, the sensor maintained its
17



performance after ten consecutive cycles measurement with NO2 gas confirming the good
repeatability. After storage of 3 months in air, and a week of testing at 200°C, the sensor still
maintained its response values (Figure 11D). Such results indicate that the porous ZnO
nanoplates based sensor had good repeatability and long-term stability, proving its suitability in
practical applications [21].

Because NO: is highly toxic pollutant, thus for air quality monitoring, we tested the response of
the porous ZnO nanoplates based sensor to ppb level NO2 concentration, as shown in Figure 11E.
It is clearly that the sensor could detect NO> gas down to ppb lev€b with significant response
values of 3.5-10 for the NO concentration in the range of 5-50 g. 11F).

Furthermore, the response of the ZnO nanoplates based se& oxidation gas (SOz2), was also
studied, and the data are shown Fig. S3 (Supplementay t is clearly that the response of the
sensor is relatively low of about 1.26-1.5 *@concentraﬂons in the range of 1-5 ppm,
confirming the high selectivity of thg.sens¥g over the contamination of SO, gas. Such results

document the possibility of using th s ZnO nanoplates based sensor to monitor NO; at ppb

level for application in air pol@onitoring.

30
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Figure 11. (A) transient resistance, and (B) response to 0.5 ppm NO2 of the ZnO nanoplate
sensor in different relative humidity values; (C) short—term, and (D) long—term stability of the
sensor after storage of 3 months in air and a week of testing at 200°C; (E) transient resistance,

and (F) response of the sensor to ppb level NO; at 200°C.

The sensing properties of metal oxide-based sensors rely on the change in electrical resistance
that occurs when the gas molecules interact with the surface of the semiconductor [26,41].

Basically, when the ZnO nanoplates and nanosheets are exposed to air, oxygen is absorbed on
19



their surface forming oxygen anions such as 0%, O~ and O2~ and thus forming a thin depletion
layer (top configuration in Fig. 12).
When NO: is injected into the measurement chamber, it reacts on the surface of ZnO and, being
a strong oxidant, withdraws more electrons from the nanostructure, as per the following
equations (bottom configuration in Fig. 11).
NO2 (gas) + & <> NO2™ (ags) 1)
NO2 (ads) + O2™ (ads) + 26~ <> NO2™ (ads) + 20~ (ags) (2)
Although the effect is one and acts on the interface between the &and the semiconductor
creating a zone depleted of electrons, it works in two disti . Along the path of the
current, the depletion zones are found at the edges betw ¢erent crystalline nanostructures,
and create potential barriers that the electrons mu%xtrc e. When NO; reacts on the surface

of the ZnO nanostructures withdrawing ele t®ee barriers rise and the current decreases, as

fewer electrons are able to pass them. \
0

Perpendicularly to the current flow, @b

but only a large depletion Ia& e reaction of NO2 on the surface of the ZnO increases the

rption of electrons does not create potential barriers,

thickness of this depl a (bottom case in Fig. 12), reducing the number of electrons
available for con%n. Both of these mechanisms work in the same direction: a higher
concentration of NO- increases the thickness of the depletion layers, raising the potential barriers
and decreasing the number of electrons available, and therefore increasing the resistance of the

sensor.
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( A) coral-like nanosheets (B) ultra-thin porous nanoplates
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=

\/
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Figure 12. Schematic '&m of the NO- gas-sensing mechanism of the ZnO coral-like
Oa sheets (A) and ultra-thin nanoplates (B).
D
Since the width of the nanosheets and nanoplates are comparable, the higher response of the
ultra-thin nanoplates is attributed to two other factors: the larger surface area [28,32] and the
thinner thickness [33,34]. As seen in Fig. 12, the depth of the depletion layer is the same in the
two nanostructures (indicated between the two black arrows in each case), but since the
nanoplates are thinner, the relative depletion is much larger. Considering that the sensor response
Is the ratio between its resistance in the two conditions, it is explained why it is much higher for
the ultra-thin nanoplates. The comparison between figures 6B and 7B also confirms this
mechanism: the nanoplates are so thin that even very low concentrations of NO heavily deplete

the nanostructure, approaching response saturation.
21



4. Conclusion

Morphology and thickness of ZnO nanostructures were optimized for NO2 detection by changing
only the precursor salt in a simple one-step hydrothermal process. The sensing performance of
coral-like nanosheets and ultra-thin nanoplates were compared. Thanks to their large surface and
above all to their very thin thickness (15 nm), the ultra-thin nanoplates show sensing
characteristics superior to those of coral-like nanosheets, with an excellent response of 76 to 0.5
ppm of NO. at 200°C. The sensor also shows very low detection@pmit (3 ppt) and excellent
selectivity (>760) towards acetone, ethanol, isopropyl aIcohoI,@hylamine, SO, and CO,

showing promise for practical applications in environmentalﬁ ring.
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