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[13_TD$DIFF]A B S T R A C T

Noblemetal is usually used to improve the gas sensing performance ofmetal oxide semiconductor (MOS)
due to its better catalytic properties. In this work, we reported a synthesis of Pd/ZnO nanocomposite by
an [14_TD$DIFF]in situ reduction with ascorbic acid (AA). It was found that Pd/ZnO sensor has excellent selectivity to
CO and the response of the Pd/ZnO sensor towards 100 ppmCOwas as high as 15 ( [15_TD$DIFF]Ra/Rg), obviously higher
than that of the pristine ZnO sensor (1.4) when the working temperature is 220 [16_TD$DIFF]

�C. Moreover, the pure
ZnO sensor almost has no selectivity to CO, but the Pd/ZnO sensor has excellent selectivity to CO, which
may be ascribed to the electronic sensitization of Pd. Our present results demonstrate that the Pd can
significantly improve the gas-sensing performance of metal oxide semiconductor and the obtained
sensor has great potential in monitoring coal mine gas.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Coalmine gas disaster is the main factor restricting the safety
production of a coal mine, especially methane (CH4) explosion and
carbonmonoxide (CO) poisoning [1,2]. Hence, the detection of CH4

or CO under coal mine is essential to prevent the gas concentration
exceeds the lower limit of explosion and provide early alarm.
Although CH4 is a main component of coalmine gas [3], the
structure of methane is relative stable and it is difficult to detect
usingMOS sensor [4]. Therefore, by detecting a small amount of CO
in the gas, we can also determine the concentration of gas in the
mine well. Moreover a low concentration (>35 ppm) of CO in the
air may cause headaches and dizziness, and inhalation of a large
number of CO molecules (>50 ppm) in a short period of time may
lead to human collapse or even death in some cases [5]. Therefore,
from the perspective of coal mine safety and human health, it is
necessary to develop high standard gas sensors to detect the low
concentration of CO.

At present, detection of CO using MOS based gas sensors has
attractedwidespread attention due to theirmerits of lowcost, easy
fabrication, fast response-recover speed, and portability [6–9]. As a
typical n-typemetal oxide semiconductor, ZnO has attractedmuch
research interest because of their relative excellent gas sensing
performance [10–14]. However, single MOS gas sensors aren't
contentwith the actual requirement due to the poor selectivity and
low response. Many methods have been used to improve the gas
titute of Materia Medica, Chinese
sensing properties of materials, such as surface modification
[15], element doping and incorporating another oxide to form
composite [16,17]. Especially noble metals doping MOS has been
proved to be an effective way to improve gas sensing properties
[18–21]. For example, Yonghui Deng [17_TD$DIFF]et al. reported that Au/WO3

gas sensor possesses enhanced ethanol sensing performance with
a good response, high selectivity, and excellent low-concentration
detection capability compared with undoped WO3 sensor [22].
Yuan Zhang [18_TD$DIFF]et al. have reported that ZnO nanowires modified with
Pd nanoparticles exhibit a highly enhanced response to H2S gas,
compared to the devices from pure ZnO nanowires [23]. To the
best of our knowledge, Pd/ZnO was seldom used to study the
sensitization of CO.

Therefore, in thiswork, a facile two-step routewas developed to
prepare flower-like ZnO hierarchical structures (HS) that assem-
bled with porous nanosheets (NSs) and then decorated with Pd
nanoparticles (NPs) on the surface of ZnO HSs by an in situ
reduction of the H2PdCl4 with ascorbic acid (AA). It was found that
Pd/ZnO sensor exhibited good selectivity for detecting CO at lower
temperature (220 �C). The enhanced response and shorter
response and recovery times of the Pd/ZnO sensor to CO can be
attributed to the electronic sensitization of Pd NPs. Furthermore,
the Pd/ZnO sensor is important for detection of coalmine gas
concentration in coal mine.

Crystal structure of the pristine ZnO and the ZnO functionalized
with Pd were measured by XPS and XRD, respectively. As shown in
Fig. 1a, all observed diffraction peaks of the products are matched
well with the tetragonal ZnO structure. The complete XPS spectra
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) XRD patterns of ZnO, (b) XPS result of survey spectrum of Pd/ZnO; (inset pattern) banding energy spectrums of Pd 3d.
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of Pd/ZnO are shown in Fig. 1b, which confirms the presence of Pd
elements in samples. Moreover, the Pd high-resolution was
displayed in inset pattern. The spinorbit coupling energy gap
between Pd 3d5/2 and Pd 3d3/2 is 5.4 eV and the asymmetrical
Pd 3d5/2 peak could be decomposed into two peaks with BE
at�334.7 and�340.0 eV, which could be attributed to Pd and Pd2+

[3]. PdO can significantly affect the sensing performance ofMOS by
electronic sensitization during this reaction (Pd fi PdO) [24].

Figs. 2a and b show the typical FESEM image of the prepared
ZnO. It is interesting to observe that the obtained ZnO product
perfectly inherits the flower-like morphology. The FESEM images
of Pd/ZnO sample (Figs. 2c and d) are similar with the FESEM
images of ZnO, indicating that the introduction of Pd has almost no
influence on the morphology of the ZnO. Pd NPs-decorated
mesoporous ZnO HS can be further synthesized by using TEM. The
low-magnification TEM images taken from Pd/ZnO (Fig. 2e) clearly
show the porous structure of the nanosheets. Fromhigh-resolution
TEM images (Fig. 2f), the Pd NPs were approximate size and
uniform dispersion on the ZnO NSs. Fig. 2g displays the selective
area electron diffraction (SAED) pattern recorded from Fig. 2e. The
clear and sharp diffraction rings reveal the good crystallinity of the
samples and the diffraction rings from inner to outer can be
indexed as two definite phases, including the (100), (002), (101),
(102) and (110) planes of ZnO (JCPDS No. 99-0111) and the (111)
planes of Pd (JCPDS No. 87-0637), once again demonstrating that
the Pd has been successfully loaded on ZnO NSs. In the HRTEM
image (Fig. 2h), the measured distances between adjacent lattice

0
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Fig. 2. FESEM images of the prepared (a, b) ZnO and (c, d) Pd/ZnO hierarchical structures
images corresponding to the areas denoted in (f).
fringes are 0.2285 nm and 0.260 nm,which can be ascribed to (111)
plane of Pd (JCPDS No.87-0637) and (002) plane of ZnO (JCPDS No.
99-0111), respectively. In addition, the interlaced lattice fringes
between Pd and ZnO indicate the formation of Pd/ZnO junction on
the porous nanosheets.

In this study, we explore their potential applicability in CO gas
sensing. Since the working temperature can exert severe impacts
on the gas sensing properties of thematerials [25], the responses of
the Pd/ZnO sensor to CH4, CO, H2S were first tested at different
working temperatures to find their optimumworking temperature
(OWT). As shown in Fig. 3a, the Pd/ZnO sensor exhibit an “increase-
maximum-decrease” trend in response to CO with the working
temperature increasing from150 �C to 240 �C, and the response can
reach a maximum when the OWT is 220 �C. In addition, the
response value of the Pd/ZnO sensor to 100 ppm CO (14.8) is much
higher than that to 1000 ppm CH4 (1.15) and 100 ppm H2S (1.03),
demonstrating that Pd/ZnO sensor has excellent selectivity to CO.
As shown in Fig. 3b, the responses of Pd/ZnO sensor to all tested
gases are obviously higher than the ZnO but the response of ZnO
sensor to different gas is approximately same. Moreover the
response of Pd/ZnO sensor to CO is about 14.8, which is 17 times as
much as the ZnO sensor. The improvement of the selectivity and
the enhancement of sensing responses can be attributed to the
comprehensive effect of catalytic effect and the sensitization effect
of Pd NPs.

The dynamic response-recover curves of the Pd/ZnO and ZnO
sensors towards different concentrations of CO were tested. In the
. (e, f) TEM image of the Pd/ZnO porous nanosheet. (g) SAED pattern and (h) HRTEM
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Fig. 3. (a) Response versus operating temperature of Pd/ZnO sensors to different
gases, (b) response of Pd/ZnO and ZnO sensor to different gases at 220 �C.
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CO atmosphere, the obvious differences between the ZnO and
Pd/ZnO sensors are the level of resistance change and the response
time. As shown in [19_TD$DIFF]Figs. 4a and b, once exposed to different
concentrations of CO, the Pd/ZnO sensor can give a more obvious
response and the response increase gradually with the concentra-
tion increasing from 20 ppm to 180 ppm, demonstrating the
Pd/ZnO sensor has better response ability to CO. However, in the
CH4 or H2S atmosphere, the response ability of Pd/ZnO sensor to
tested gas is similar to ZnO sensor (Fig. S1 in Supporting
information). As shown in Fig. S2 (Supporting information), the
response times of Pd/ZnO and ZnO sensors to 100 ppm CO were
determined to be 100 s and 350 s, respectively, and the recovery
time of Pd/ZnO is only 255 s, much shorter than that of ZnO (425 s).
While, the response of the Pd/ZnO sensors to different concen-
trations of CO are obviously higher than that of the ZnO sensor as
shown in [19_TD$DIFF]Figs. 4c and d, which revealing the positive effect of Pd on
the gas sensing properties of ZnO.

The CO sensing properties of the present Pd/ZnO were also
compared with other materials reported in literatures. As shown
in Table S1 (Supporting information), the Pd/ZnO can give
[(Fig._4)TD$FIG]

Fig. 4. Dynamic response-recover curves of (a) the Pd/ZnO and (b) ZnO sensors to differen
concentration within 20–180 ppm. (e) Repeatability and (f) stability measurements of
comparable response, demonstrating its good CO sensing property
at relatively low working temperature. The reversible cycles of the
response curve in Fig. 4e reveal a stable and reliable operation for
CO sensing of the sensors based on Pd/ZnO. In a period of 50 days,
the sensor gives almost the same response, further confirming
reliable repeatability of the Pd/ZnO sensor (Fig. 4f).

In this mechanism, the sensor performance strongly depends
on Pd obviously. Based on the above analysis of gas sensing
characteristic, the improved CO sensing performance of the
Pd/ZnO sensor should be attributed to catalysis and electronic
sensitization of Pd.

At first, the gas-sensing mechanism schematic diagrams of ZnO
sensor are shown in [19_TD$DIFF]Figs. 5a and b. The main carrier of n-type
semiconductor is the electrons, which play a vital effect on electron
properties of metal oxide semiconductor. As shown in Fig. 5a, the
oxygen molecules can adsorbed on the surface of ZnO and then
trap electrons from the conduction band and form the oxygen ions
species when the ZnO sensor are exposed to air [26]. Due to the
redox reaction between CO and oxygen ions in the CO atmosphere,
the electrons will be released to the conduction band of ZnO. The
thickness of the electrons depletion layer (EDL) will becomes
thinner and the resistance of the samplewill be decreased (Fig. 5b).

The sensitization mechanism of Pd mainly includes the
following two aspects, catalysis and electronic sensitization.
Firstly, the Pd nanoparticles can catalytic the dissociation of the
oxygen molecule and then O� diffuse to the surface of the metal
oxide [27], and the content of adsorbed oxygen of ZnO surface will
increases from 33.0% to 47.1% (Fig. 5c and Fig. S4 in Supporting
information). Moreover, Pd nanoparticles can catalyze the reaction
between CO and O�, allowing more electrons to be released back
into the conduction band of ZnO [28]. Secondly, the electronic
sensitization of Pd also plays an important role in improving the
response. Because of the different work function of Pd (5.6 eV) [29]
and ZnO (5.2 eV) [30], the electrons in ZnOwill flow to Pd, resulting
in that the thickness of EDL at the interface between Pd and ZnO
decrease (Fig. 5c), which can be proved by Fig. S3 (Supporting
information). From this figure it can be clearly seen that the Ra
value of Pd/ZnO is about 13.2MV, which is higher than that of ZnO
(77 kV), proving that Pd/ZnO has a thinner EDL. Generally
t concentrations of CO at 220 �C. (c, d) The linear relationship between response and
the Pd/ZnO sensor.
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Fig. 5. The gas-sensing schematic diagram of ZnO exposed to (a) air and (b) CO,
Pd/ZnO exposed to (c) air and (d) CO.
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speaking, the high Ra value for an n-type MOS sensor is
advantageous to achieve higher response, because the response
was defined as Ra/Rg. Fig. 5c shows that when the sensor is exposed
CO ambience, the redox reaction will occur on the surface of ZnO
porous nanosheets. CO molecules react with chemisorbed oxygen
anions to formCO2, which can be demonstrated byDRIFTS (Fig. S4).
After which the electrons captured by oxygen anions will be
released back to ZnO (Fig. 5d), leading to the lower sensor
resistance (Rg). Therefore, Pd/ZnO sensor exhibits a higher
response to CO in comparison with pristine ZnO sensor.

In summary, the Pdmodified ZnONSs have been synthesized by
the in situ reduction method. The sensor based on Pd/ZnO
demonstrated better selectivity to CO compared with pristine ZnO
sensor. Moreover, Pd modified ZnO samples showed higher
response, shorter response and recovery time under their
optimum working temperature (220 �C). The improvement of
the gas sensing performance of ZnO can be attributed to the
catalysis and electron sensitization of Pd, which has a great
potential in monitoring coal mine gas.
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