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Abstract: To detect low concentration of CH4 is indeed meaningful in industrial manufacturing, such
as the petrochemical industry and natural gas catalysis, but it is not easy to detect low concentration
of CH4 due to its high symmetrical and stable structure. In this work, defect-rich ZnO1−x nanoflowers
(NFs) were synthesized by a two-step route so as to obtain defect-enhanced gas-sensing performance,
namely hydrothermal synthesis followed by H2 treatment. In order to achieve low-concentration
detection of CH4, the ultra-thin Pd clusters’ (Cs, diameter about 1–2 nm) sensitizer was synthesized
and decorated onto the surface of ZnO1−x NFs. It is found that Pd Cs-2/ZnO1−x gas sensors show
enhanced gas-sensing properties to CH4, even at ppm concentration level. At its optimal working
temperature of 260 ◦C, the gas response to 50 ppm CH4 can reach 5.0 with good gas selectivity; the
response and recovery time is only 16.2 and 13.8 s, respectively. In the Results, we discussed the CH4

gas-sensing mechanism deeply. Overall, it is very necessary to detect low-concentration methane
safely. It is possible for further safe detection of low-concentration methane gas in the future.

Keywords: CH4 gas sensor; ZnO1−x nanoflowers; oxygen defects; Pd clusters

1. Introduction

Methane (CH4) is a kind of dangerous gas. If the concentration in the air was as high
as 5% to 15%, it would cause a severe explosion accident, which poses a great threat to life.
In addition, it is a powerful greenhouse gas and a major component of natural gas. It is
also released from coal mines, landfills, biomass combustion, and intestinal fermentation
of ruminants such as cattle, sheep, and pigs. In addition, it is also a significant biomarker
of some diseases [1–3]. Therefore, the detection of CH4 is very important. However,
there are few studies on the detection of ultra-low-concentration CH4, mainly due to
its stable structure. However, it is indeed essential to develop gas sensors for detecting
low-concentration CH4, which is of great significance for industrial production, methane
transportation, and household daily methane leakage detection.

One of the most popular candidates is metal oxide semiconductor (MOS) gas sensors, due
to their high sensitivity, easiness to integrate, etc., such as SnO2, ZnO, TiO2, and WO3 [4–6].
Compared with other sensing materials, many advantages of MOS could be found in gas
sensors. Firstly, MOS has high chemical and thermal stability in the air atmosphere even at
a temperature of several hundred degrees, meaning its working environment can be harsh,
however, many other gas-sensing materials do not have such functions, such as MOFs sensing
material. Besides, the MOS sensors are resistant to humidity even working at more than 100 ◦C,
but some sensors, such as quartz crystal microbalance (QCM) working at room temperature,
could not work stably under the influence of humidity. At least, MOS sensors are sensitive to
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most gases, and their sensing performances could be tuned by element doping, noble metal
decorating, compositing with other sensing materials, and a different exposed crystal face.
Whereas graphene-based and molecularly imprinted polymer-based sensors are too delicate
to do so [7–10]. Among them, ZnO is a classic n-type MOS gas-sensing material because it
is easy to produce lattice defects and oxygen vacancy defects on the surface, resulting in a
great gas-sensing performance [11,12]. Nevertheless, sensors based on pure ZnO cannot satisfy
daily demands of real time and rapid detection of low concentration of CH4 because of its high
symmetry structure.

Noble metals, such as Pt, Pd, Au, and Rh, often exhibit some novel features and
functions owing to their excellent catalysis effect, so they have a broad application in
different fields, such as energy storage, energy conversion, and biomedical diagnosis [13,14].
Thus, it is meaningful to enhance ZnO gas-sensing performance by adding noble metals
such as Pd, Au, Pt, etc. Among them, Pd is an important catalyst because it has distinctive
catalytic properties and electron sensitization [15]. The ZnO nanowires decorated with Pd
nanoparticles reported by Yuan Zhang et al. show a much better response to H2S, compared
with the gas sensors from pure ZnO nanowires [16]. Zhanying Zhang et al. declaimed
that ZnO nanosheets could improve the sensing properties because Pd can catalyze the
activation of CH4 molecules [17].

Besides, the structure of the noble metals is another important factor that can affect
the sensing properties of MOS materials to some extent. This is because the microstructure
of noble metals greatly affects the gas adsorption, desorption, surface reaction, and electron
transfer processes. Hence, synthesizing smaller noble metals, which have large specific sur-
face areas and excellent dispersion, can always improve their properties [18,19]. However,
there are few reports on MOS gas sensors sensitized by ultra-fine Pd clusters with a smaller
size (<2 nm).

In this work, we synthesized ZnO1−x with more defects by a two-step route method,
and then modified ultra-fine Pd Cs on the surface. Through the gas-sensing test, we found
that Pd Cs-2/ZnO1−x show a good response to low concentration of CH4, due to excellent
sensitization and catalysis of ultrafine Pd Cs.

2. Materials and Methods

All of the chemicals were purchased from Tianjin Kermel Chemical Reagent Co., Ltd.,
Tianjin, China and used as received without further purification.

2.1. Synthesis of ZnO NFs

We prepared ZnO NFs using a two-step route, as illustrated in Scheme 1. In the
first hydrothermal step, 0.54 g Zn(CH3COO)2·2H2O and 1.50 g Na3C6H5O7·2H2O were
dissolved into 30 mL distilled water, and after that 1.20 mL NaOH aqueous solution
(0.38 mol/L) was added under vigorous stirring drop by drop. Then, the mixed solution
was sealed in an X Teflon-lined stainless-steel autoclave (50 mL) and kept heating at 160 ◦C
for 20 h. Then the material was cooled down to room temperature (RT) in a natural way.
After several times of centrifugation, washed with distilled water and ethanol several
times, the product was collected then dried at 70 ◦C for 12 h. As a result, we obtained the
Zn-precursor. In the next step, the Zn-precursor was put into a horizontal tube furnace and
heated at 500 ◦C in air for 2 h; finally, we got the ZnO NFs sample.

2.2. Synthesis of ZnO1−x NFs

In a reducing atmosphere (1 bar, 5% H2, 95% AR), we put a 100.0 mg ZnO sample into
a tube furnace, heated at 500 ◦C for 1 h. Then after cooling down to RT, the dark brown
powder ZnO1−x was collected.
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Scheme 1. Illustration of the synthesis of all gas-sensing materials (ZnO, ZnO1−x, Pd Cs-1/ZnO1−x,
Pd Cs-2/ZnO1−x, Pd Cs-3/ZnO1−x).

2.3. Synthesis of Pd Cs/ZnO1−x

An amount of 50.0 mg of ZnO1−x NFs were dispersed into a 5.0 mL H2PdCl4 solution
(1.0 mg/mL) and treated with ultrasound for 90 min. After several centrifugations, washing
by distilled water and ethanol, and dried at 60 ◦C for 8 h, we collected the product. The
product was put into the reduced atmosphere (1 bar, 5% H2, 95% AR). Then the Pd
Cs/ZnO1−x was obtained by heating at 200 ◦C for 1 h; we kept the heating rate at 5 ◦C/min.
In this step, the concentration of H2PdCl4 solution was 0.8, 1.0, and 1.2 mg/mL, respectively.
Therefore, in these three different Pd Cs/ZnO1−x samples, the mass fraction of Pd Cs is
3.0%, 5.0% and 8.0 wt%, and they are named as Pd Cs-1/ZnO1−x, Pd Cs-2/ ZnO1−x, and
Pd Cs-3/ZnO1−x, respectively.

2.4. Characterizations

We used a Rigaku D/max2500 apparatus by using Cu Kα1 radiation (40 mA, 40 kV,
6◦ min−1 from 10 to 80◦, Rigaku, Tokyo, Japan) to record the powder X-ray diffraction
patterns (PXRD), Field emission scanning electron microscopy (FESEM) images and energy-
dispersive X-ray (EDX) mapping were collected on a Hitachi S-4800 SEM (Hitachi, Tokyo,
Japan), equipped with an energy-dispersive X-ray (EDX) spectroscope at 5 kV. Samples
for SEM imaging were deposited on a conductive adhesive before the test. Transmission
Electron Microscope (TEM) and High-resolution Transmission Electron Microscope and
(HRTEM) images were recorded on a JEM-2010F electron microscope (JEOL, Tokyo, Japan),
operating at 200 kV. X-ray photoelectron spectroscopy (XPS) studies were carried out on
a WSCALAB 250Xi (Thermofisher Scientific, Waltham, MA, USA) using an Al Kα mono-
chromated (150 W, 20 eV pass energy, 500 µm spot size). The C1s signal at 284.6 eV was
used to calibrate the binding energy scale.

2.5. Fabrication and Performance Testing of Gas Sensors

The sensing nanomaterials (ZnO, ZnO1−x, Pd Cs-1/ZnO1−x, Pd Cs-2/ZnO1−x, and Pd
Cs-3/ZnO1−x) were grounded with terpineol to form a paste and coated onto the ceramic
tubes’ surface which was printed with Au electrodes and Pt wires in advance. To remove
the adhesive, it was kept sintering at 300 ◦C for 3 h, then a Ni–Cr alloy coil was inserted
into the tube; it was used as a heater to control the operating temperature. The illustration
of sensor structure is shown in Scheme 2a. We aged the as-fabricated sensors at 290 ◦C for 7
days; the aim was to enhance their stability. We used a WS-30A tester (Hanwei Electronics
Co. Ltd., Zhengzhou, China) to evaluate the performance of MOS gas sensors. The test
circuit illustration is shown in the Scheme 2b. The response of the sensors was Ra/Rg; the
Ra and Rg is the resistance of the sensor in the air and in the test gas, respectively. The
response and recovery time is counted as the time taken by the sensors output to achieve
90% of the total resistance change after injecting or releasing the test gas. The data are
collected at 40% relative humidity (RH) and 25 ◦C (room temperature). Then, we tested the
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effect of RH on the gas-sensing properties of the sensor, and we explored the impact of RH
from 40% to 90% on gas sensing. The calculation formula is as follows:

Vsensor = 5 − Vout (1)

Rsensor =
Vsensor

Vout
× RL (2)

Response : S =
Ra

Rg
(reducing gas) (3)
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Scheme 2. The illustration of (a) basic sensor structure, and (b) test circuit.

We repeat all experiments independently for three times.

3. Results
3.1. Characterizations and Analysis

The crystal phase and purity of the ZnO, ZnO1−x, and Pd Cs-1~3/ZnO1−x samples
were characterized by XRD. As we can see from Figure 1, the peaks at 31.8◦, 34.4◦, 36.3◦,
47.5◦, 56.6◦, 62.9◦, 66.4◦, 68.0◦, and 69.1◦can be indexed to the (100), (002), (101), (102), (110),
(103), (200), (112), and (201) planes of a ZnO crystal given by the standard data files (JCPDS
file no. 36-1451), repectively, and we did not find any peaks of other impurities, indicating
the high purity of the ZnO NFs sample [20,21]. At the same time, we could not find an
obvious change in the intensity of the peaks compared with the pristine ZnO. Besides the
ZnO peaks, the peaks of the hexagonal Pd (JCPDS no. 65–3411) are not observed due to
extremely small doses and ultra-thin size of Pd Cs, the inspection depth of the instrument,
as well as the relative much higher intensity of the ZnO NFs. However, we can prove the
existence of Pd Cs exactly in the later experiments (data of TEM images, HRTEM images,
XPS, and EDX).
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The crystal type of ZnO here is hexagonal with the point group P63mc(186), and
the parameters of the crystal cell are (a, b, c) = (3.24982, 3.24982, 5.20661) and (α, β,
γ) = (90◦, 90◦, 120◦). The lattice distances can be calculated by Bragg equation d = nλ/2sinθ
(λ = 0.15406 nm), shown in Table 1, and the grain size can be obtained from the Debye–
Scherrer formula D = Kγ/Bcosθ (K = 0.89). Here we used Jade software to grab the
information of full width at half maxima, and then calculated the grain sizes of each crystal
plane, which are listed in Table 1. The grain sizes distribute from 4.65 to 5.39 nm, and the
strongest signal yield crystal plane is (101) with 4.95 nm grain size.

Table 1. Details of ZnO XRD characterization information.

2θ (hkl) d (Å) I (f) Grain Size (nm)

31.77 (100) 2.84 51.7 5.05
34.32 (002) 2.63 42.5 5.22
36.21 (101) 2.50 100 4.95
47.23 (102) 1.93 25.1 5.16
56.30 (110) 1.64 39.2 4.65
62.22 (103) 1.49 41.2 5.39
66.38 (200) 1.42 6.9 4.84
67.36 (112) 1.39 32 5.20
68.62 (201) 1.37 13.8 5.33

FESEM and TEM were applied to characterize the morphologies and microstructures
of ZnO, ZnO1−x, and Pd Cs-1~3/ZnO1−x. Firstly, Figure 2a,b exhibit the images of ZnO
samples with different magnifications. We can see that ZnO is composed of many flowers
with the size around 1 µm. Figure 2b reveals that these NFs are assembled by numerous
nanorods with the average length of ~100 nm. We can see the TEM images of the ZnO
NFs in Figure 2c. Similar to the above SEM images, these NFs are assembled from many
nanorods with diameters of less than 100 nm.
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Figure 2. SEM (a,b), and TEM (c) images of ZnO NFs.

Figure 3 shows the SEM and TEM images of ZnO1−x. It is found that the morphologies
of ZnO1−x NFs have deteriorated a little compared with the ZnO NFs. Figure 3a reveals the
building block of ZnO1−x NFs is nanorods with a diameter of ~100 nm. However, when
we observe carefully, we can find part of the structure collapse of NFs (Figure 3b), but it is
favorable for creating more defects at the same time. The suggestion can be proved by the
XPS data in Figure 3. As a result, it can optimize the sensing performances of the ZnO1−x
NFs. We can see the fast Fourier transform (FFT) in the insert; the data is in good agreement
with the XRD (Figure 1).
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ing of the material. 

Figure 3. (a) TEM images of ZnO1−x and (b) SEM images of ZnO1−x (insert: FFT of ZnO1−x).

Figure 4 displays the morphology and microstructure of our Pd Cs-2/ZnO1−x. We
can see from Figure 4a,b that Pd Cs are evenly dispersed on the surface of ZnO1−x without
aggregation. In addition, the diameter of Pd Cs is just about 1~2 nm, which is significant to
enhance its gas-sensing performance by a quantum size effect. In addition, the interplanar
spacing information of ZnO1−x and Pd Cs can be seen from Figure 4c, respectively. The
measured d spacing (0.260 nm) between the adjacent lattice planes is corresponded to the
distance of ZnO (002) crystal planes [22–24]. Another d value of about 0.225 nm can be
attributed to (111) planes of Pd Cs [25,26].
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After that, we can get the information of the EDX elemental mapping data of Pd
Cs-2/ZnO1−x to show the distribution of the elements. From Figure 5, it can be seen that
this sample is mainly composed of the Zn, O, and Pd elements, and they are distributed
uniformly. We can see from Figure 5b,c that the O and Zn elements distribute evenly,
which matches the properties of the ZnO nanomaterial. It is worth noting that Pd Cs are
homogeneously distributed around the whole ZnO1−x material and have good dispersion
without obvious accumulation and aggregation, which will be beneficial to the gas sensing
of the material.
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Next, Figure 6 shows the TEM images of these three Pd Cs 1~3/ZnO1−x nanomaterials.
From the figure, we know that with the increase in precursor H2PdCl4, the content of Pd
Cs in the synthesized nanomaterials increases gradually, and we can see from Figure 6b
that they are uniformly distributed on the surface of ZnO1−x. However, with the further
increase in it, the Pd Cs aggregate on the surface of ZnO1−x, resulting in a negative effect
on the gas-sensing performances of the synthesized nanomaterials, as shown in Figure 6c.
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Figure 6. TEM images of three nanomaterials ((a) Pd Cs-1/ZnO1−x, (b) Pd Cs-2/ZnO1−x, and (c) Pd
Cs-3/ZnO1−x, respectively).

Next, we tested these gas-sensing materials’ surface chemical compositions using
X-ray photoelectron spectroscopy (XPS) and show them in Figure 7a. We can clearly see the
Zn, O, and Pd peaks, with no other peaks (except C) appearing. After that we analyzed and
discussed the valence states of them. Figure 7b exhibits the Zn 2p spectra of ZnO, ZnO1−x,
and Pd Cs-2/ZnO1−x. Figure 7b shows that the peaks of Zn 2p3/2 of ZnO and ZnO1−x is
about 1021.3 eV, and the peaks of Zn 2p1/2 of ZnO and ZnO1−x are 1044.0 eV, showing that
Zn element is in the formal Zn2+ valence state. At the same time, we know that the two
peaks of Pd Cs-2/ZnO1−x shift to a low binding energy of about 1020.9 eV and 1044.0 eV
for Zn 2p3/2 and Zn 2p1/2. This shift is mainly due to the interaction between ZnO1−x and
Pd Cs, which can change ZnO1−x’s surface electronic structure and as a result, enhance its
sensing performance. For Pd element, as we can see from Figure 7c, the peaks at 334.6 and
340.0 eV are Pd 3d5/2 and Pd 3d3/2, respectively, which only belongs to Pd0 state [27–29].
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Figure 7. (a) XPS survey scan for five gas-sensing materials, (b) Zn 2p spectrum of ZnO, ZnO1−x and
Pd Cs-2/ZnO1−x, and (c) Pd 3d spectrum of Pd Cs-2/ZnO1−x, respectively.

The O 1s spectra in Figure 8 reveal the states of surface O of three gas-sensing materials.
OI and OII are two states of O (OI is lattice oxygen; OII is oxygen defects). For ZnO as well
as ZnO1−x, the peaks at 530.1 eV and 531.8 eV are OI and OII, respectively. We can find
that the OII proportion in ZnO and ZnO1−x is 31.60% and 38.82%, respectively (shown in
Table 1), proving there is more oxygen defects existing on the surface of these materials that
will influence their sensing materials. As such, the O 1s peaks of Pd Cs-2/ZnO1−x shift to
low binding energy at 529.9 eV and 531.5 eV for the reason we discussed earlier. Table 2
gives the specific proportion of O 1s peaks among ZnO, ZnO1−x and Pd Cs-2/ZnO1−x [30].
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Figure 8. O 1s spectra of (a) ZnO, (b) ZnO1−x and (c) Pd Cs-2/ZnO1−x.

Table 2. Corresponding Percentage of O 1s Peaks among ZnO, ZnO1−x and Pd Cs-2/ZnO1−x,
respectively (%).

Type of Oxygen ZnO ZnO1−x Pd Cs-2/ZnO1−x

OI (lattice oxygen) 68.40 61.18 62.15
OII (oxygen defects) 31.60 38.82 37.85

Further, we performed photoluminescence (PL) spectra on the samples ZnO, ZnO1−x,
and Pd Cs-2/ZnO1−x, as we can see in Figure 9. From the original curves, we know that the
whole PL spectrum in the range 380~500 nm can be Gaussian deconvoluted into different
parts; these parts represent different defects. Particularly, Zni and VO are electron donors
in different materials, and the donors have a huge impact on its sensitivity. Firstly, we
nearly could not find the signals of Zni and VO in ZnO because of a few contents as well
as the detection depth of the instrument. However, we found that after calcination in a
reduced atmosphere in the tubular furnace, oxygen vacancy defects in ZnO1−x are more
than that of ZnO (the purple line and the blue line in Figure 9). Furthermore, after another
calcination step in the reduced atmosphere, there are many more oxygen defects generated
in Pd Cs-2/ZnO1−x. In addition, we calculated the ratio of VO/Zni in different samples;
the data of ZnO1−x and Pd Cs-2/ZnO1−x are 3.54 and 12.17, respectively, proving more
oxygen vacancies existed in Pd Cs-2/ZnO1−x [31].
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3.2. Gas-Sensing Properties

Firstly, the operating temperature could influence the gas-sensing process to a large ex-
tent. Therefore, it is necessary for us to determine their optimum working temperature [32].
Because of the high symmetry and stability of CH4 molecules, a relative high working
temperature for CH4 sensing is required. Hence, we tested temperature-dependent gas
responses from 200 to 300 ◦C. In this process, we found that the responses to different
gases change significantly with working temperature, as shown in Figure 10. The detected
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gases include methane, methanol, acetone, formaldehyde, benzene, and ammonia. When
the operating temperature increases, the responses of all the sensors increase gradually,
then reaching a maximum at a specific temperature. For ZnO and ZnO1−x gas sensors,
the maximum gas response appears at 280 ◦C (2.5 and 3.0 to 50 ppm CH4, respectively).
The response of Pd Cs-1~3/ZnO1−x gas sensors reach the highest gas response at 260 ◦C,
indicating Pd Cs have catalytic activity to CH4 oxidization, thus decreasing its reactive
and sensing temperature. Their responses to 50 ppm CH4 are 5.0, 4.6, and 4.3 for Pd Cs-
2/ZnO1−x, Pd Cs-3/ZnO1−x, and Pd Cs-1/ZnO1−x, respectively. After that, the responses
of all the gas-sensing materials decrease slowly. So, we selected 260 ◦C as the optimal
working temperature to further study the gas-sensing performance of Pd Cs-2/ZnO1−x
gas sensors.
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Figure 10. Response of all the sensors to CH4 at different operating temperatures (to 50 ppm, from
200 to 300 ◦C), 40% RH.

To study the gas selectivity of the sensors [33], we also tested their gas responses
to the other 50 ppm gases as we mentioned earlier at 260 ◦C at the same time. As we
can see from Figure 11a, the sensor Pd Cs-2/ZnO1−x has better gas selectivity than any
other counterparts. The responses to 50 ppm methane, methanol, acetone, formaldehyde,
benzene, and ammonia is 5.0, 2.1, 1.5, 1.7, 1.3, and 1.4, respectively, indicating a good
selectivity to methane. Therefore, the decoration of ZnO1−x with certain content Pd Cs
not only improved their gas responses, but also optimized their gas selectivity. Figure 11b
shows the illustration of relative selectivity of these five different sensors.
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to different VOCs (50 ppm) at 260 ◦C, 40% RH. (b) Illustration of relative selectivity of five different
sensors (Pd Cs-2/ZnO1−x, Pd Cs-3/ZnO1−x, Pd Cs-1/ZnO1−x, ZnO1−x, and ZnO, respectively).
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It is meaningful to determine the dynamic sensors’ response [34]. The response and
recovery curve of Pd Cs-2/ZnO1−x gas sensor to CH4 at 260 ◦C is shown in Figure 12a. We
know that the response and recovery times of 50 ppm CH4 are 16.2 s and 13.8 s, respectively.
In addition, we can see that with the concentration changes, the response increases from
2.3 (10 ppm CH4) to 5.0 (50 ppm CH4) gradually, and it conforms to an excellent linear
relationship (the R2 is 0.963), as we can see from Figure 12b.
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Figure 12. (a). Response and recovery curve of Pd Cs-2/ZnO1−x sensor (50 ppm CH4 at 260 ◦C,
40% RH); (b) The responses to different concentrations of CH4(260 ◦C, 40% RH, 10~50 ppm) as well
as their fitting curve; (c) The relationship between response and response loss ratio, as well as RH
(50 ppm CH4 at 260 ◦C); and (d) The stability of Pd Cs-2/ZnO1−x gas sensor to 50 ppm CH4 within
8 weeks, 40% RH.

We should not ignore that relative humidity (RH) has an impact on their gas-sensing
performance [35]. Therefore, it is indeed necessary to explore their gas-sensing properties
at a high-humidity environment. We can see the sensing performance ranging from 40% to
90% in Figure 12c. When RH varies, the sensors’ response to methane decreases conversely,
showing that RH truly influences methane detection. When RH was 90%, the response
decreased by 20.4% (to 50 ppm CH4 at its optimum temperature). As a result, we should
focus on the influence of RH, and do a good job of compensation and protection for the
sensor devices. For example, compensating it through the circuit when fabricating devices.

Last, we analyzed the long-term stability of the sensor (260 ◦C, 40% RH); the results
are shown in Figure 12d [36]. We can see from the figure that the responses of the sensor
are stable within 8 weeks; the response is fluctuant between 4.7~5.2 for 50 ppm CH4. In a
word, the ZnO1−x/Pd Cs-2 gas sensor has a great response; good selectivity, response and
recovery properties; and a satisfactory long-term sensing property, meaning it is an ideal
candidate for detecting low-concentration CH4.

3.3. Mechanism of Gas-Sensing Performance

We know that the sensing mechanism of MOS mainly depends on its resistance to the
surface change where the surface states and adsorbing capacity of oxygen play important
roles, for example, the redox reaction of the detected gas on the MOS surface with the
chemisorbed oxygen species, such as O2

−, O− and O2− [37,38].
Firstly, the sensing material is Pd Cs/ZnO1−x with many more oxygen defects than

ZnO NFs, so it has many more adsorption sites and a low transport barrier. As a result, we
can see that the Ra of ZnO1−x is much less than that of ZnO, proving there are many more
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carriers in ZnO1−x [39,40]. Secondly, the decoration of Pd Cs is essential in optimizing
its performance. We all know that the high catalytic ability of Pd Cs can improve the
gas-sensing properties, including increase in gas response and decrease in the working
temperature [41,42]. In addition, the electronic sensitization of Pd Cs is clear for improving
the gas response and selectivity to CH4. Due to different functions of Pd (5.6 eV) and ZnO
(5.2 eV), the electron flow to Pd Cs from ZnO, lead to an increase in the electron depletion
layer thickness at the interface between ZnO and Pd, as we can see in Figure 13. The Ra of
Pd Cs-2/ZnO1−x is about 10.52 MΩ, which is much higher than that of ZnO and ZnO1−x
(4.3 and 2.2 MΩ, respectively). In general, for an n-type MOS sensor, a relative high Ra
is good to achieve a higher response; the reason is that the gas response was Ra/Rg. The
more Pd Cs that exist on the surface, the more the Ra of the material increases.
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Finally, the small sizes of Pd Cs cannot be ignored to improve the performance of our
gas-sensing materials [43,44]. As the size of Pd Cs decreases to less 2 nm, the number of
exposed surface atoms increases significantly. At the same time, it is accompanied by the
changes of surface atomic structure, electronic structure, and surface defects; almost every
Pd atom of Pd Cs is participant in the gas-sensing process, resulting in the utilization ratio
being much higher. Consequently, there will be more electrons moving to Pd Cs, resulting
in a thicker electronics depletion layer of ZnO1−x. In addition, because of the quantum
size effect, the surface activity of Pd Cs increases rapidly with a decrease in its size, thus
leading to further performance improvement. Figure 14 is the schematic diagram of the
gas-sensing mechanism of this process [45].
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4. Conclusions

In summary, ZnO1−x NFs with more oxygen vacancies were synthesized by treatment
of a H2 atmosphere and decorated with ultra-thin Pd clusters to prepare Pd Cs-2/ZnO1−x
gas-sensing materials. It has been found that Pd Cs-2/ZnO1−x gas sensors show enhanced
gas-sensing properties to low-concentration CH4 at 260 ◦C, to 50 ppm CH4, and the response
is 5.0; the time of response and recovery are just 16.2 s and 13.8 s, respectively. These
enhanced sensing properties are due to catalytic, electronic sensitization and the quantum
size effect of ultra-thin Pd clusters, defect engineering, convenient gas diffusion, and the
high specific surface area of ZnO nanoflowers as well as their synergistic effect. This work
has excellent potential in the detection of low concentration of CH4 for cancer diagnosis.
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