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detection of CO with fast response and recovery+t
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In this paper, we developed a simple two-step route to prepare a PdO/SnO, heterostructure with the
diameter of the SnO, and PdO nanoparticles at about 15 nm and 3 nm, respectively. In the evaluation
temperature window between 80 °C and 340 °C, PdO/SnO, shows the best response to 100 ppm of CO
at 100 °C with fast response time (14 s) and recovery time (8 s). Furthermore, the PdO/SnO,
nanoparticles exhibit a low detection limit and good selectivity to CO against interfering gases as well as
rarely-seen low-temperature stability and reversibility. Such enhanced gas sensing performance could be
attributed to both the ultrafine structure of PdO and the synergy between PdO and SnO,. The results
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1. Introduction

Carbon monoxide (CO) is a colorless, odorless and toxic gas,
which is mostly produced by the incomplete combustion of
fossil fuels as well as biomass and commonly found in the
emission of automobile exhaust. CO is highly poisonous as it
competitively binds to the hemoglobin in place of oxygen within
the blood of many animals, interfering with the respiratory
function." Exposure to high concentrations of CO for 5 minutes
(at 5000 ppm) can be fatal while excessive exposure to lower
concentrations could lead to symptoms including headache,
nausea, vomiting and dizziness. Injury and death caused by
excessive CO exposure has been one of the most common types
of poisoning in many countries and the occupational safety and
health administration sets a limit of 50 ppm for the long-term
workplace exposure of CO.” In addition, it is a temporary
atmospheric pollutant in many urban areas, giving rise to the
formation of photochemical smog. Therefore, effective CO
sensors with high sensitivity, reliability, and rapid detection for
household, industrial and environmental monitoring are in
great demand.
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clearly indicate the application of PAO/SnO, as a pratical low-temperature sensing material for CO.

To date, various gas sensors have been applied in CO gas
monitoring, such as optical sensors,® metal oxide semi-
conductor sensors,*® conducting polymeric sensors,® thermo-
electric sensors,” etc. Among these CO gas sensors, metal oxide
semiconductor sensors present huge advantages because of
their simple implementation, convenience and efficiency, low
cost and good reliability.*® Among all metal oxide semi-
conductors in gas sensing, SnO, is the most widely used
material because it is stable and can be used for various
applications including detection of CO.'*** At present, there are
many possible ways to improve the sensing performance of gas
sensors, including doping, surface modification, hetero-
junction formation, etc.**** One effective method is the deco-
ration or doping of the sensing materials with noble metals like
Au, Ag, Pt and Pd. Because of their special catalytic activity when
analytes (such as CO and H,) are adsorbed on the sensor
surface, they can effectively improve the sensing perfor-
mance.”**® For example, SnO, nanoparticles decorated with
3 nm platinum exhibit 30 fold of response enhancement for
NH; detection as well as increased linearity and faster response
and recovery.” Highly sensitive and selective gas sensor using
sputtering-decorated Pd/MnO, nanowalls provide fast
response/recovery for H, within the concentration of 10-
10 000 ppm.*® Furthermore, several kinds of carbon monoxide
sensors doped with palladium based on SnO, have been re-
ported in the literature. For instance, Pan et al. reported that
PdO modification on SnO, prepared by RF reactive sputtering
improved the response of carbon monoxide compared with the
pure SnO,.** Chen et al. found that the composite of Pd and
SnO, with different valence states had great influence on CO gas
sensing properties.>?

Although gas sensors of CO have been well commercialized,
there are still many problems regarding power consumption,
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safety, and detection efficiency for industrial and daily life.
Many researchers have reported CO sensor with high response,
fast response and recovery time at high temperature which
requires high power consumption to operate.”** In addition,
CO is a flammable and explosive gas, and hence high detection
temperature will impose additional risks of explosion. Mean-
while, many researchers have reported the detection of CO at
room temperature, which is typically compromised by the low
sensitivity, long response and recovery time, and poor long-term
stability issue.'®'*® Therefore, it is necessary to develop
a method for better and faster response and recovery to CO at
low temperature.

Herein we report a simple hydrothermal and ultrasonication
process followed by calcination route to synthesize PdO-loaded
SnO, nanoparticles, with diameter of ca. 3 nm and 15 nm,
respectively. The ultrathin structure will provide more adsorp-
tion sites for oxygen species. The ultrathin structure will provide
more oxygen species adsorbed sites that would greatly enhance
the performance of the gas sensor. The PdO/SnO, sensors
exhibit fast response time and recovery time to 100 ppm of CO
at a temperature of 100 °C. Furthermore, PdO/SnO, sensors
have achieved excellent repeatability, selectivity and long-term
stability at low temperature.

2. Experimental procedure
2.1 Chemicals

Tin(n) chloride dihydrate (SnCl,-2H,0), absolute ethanol were
purchased from Sinopharm Chemical Reagent Co. Ltd. Urea
was purchased from Shanghai Aladdin Co. Ltd. Palladium
acetate (Pd(OAc),), polyvinyl pyrrolidone (PVP, MW = 24 000),
ethylene glycol (EG) were purchased from Shanghai Macklin
Biochemical Co. Ltd. All chemicals were used as received
without further purification. Deionized water was used
throughout the experiments.

2.2 Synthesis of materials

Synthesis of SnO,. SnO, nanoparticles were synthesized by
a facile hydrothermal process followed by calcination. In
a typical synthesis procedure, 0.04 g SnCl,-2H,0 and 0.01 g
urea were added into 40 ml deionized water and the mixture was
then stirred for 30 min to form a homogeneous solution.
Afterward, the reaction solution was transferred to a 50 ml
Teflon-lined stainless steel autoclave and kept in an oven at
180 °C for 16 h. After naturally cooling down to room temper-
ature, the yellow brown product was collected by centrifugation,
rinsed with distilled water and absolute ethanol several times,
and dried at 60 °C for 12 h. The obtained material is a mixture of
SnO and SnO,. The products were further calcined at 500 °C for
2 h with a heating rate 5 °C min~" to obtain crystalline SnO.,.

Synthesis of PdO/SnO,. In order to grow PdO NPs on the
surface of SnO,, 100 mg SnO, was added to a 100 ml single-neck
flask, followed by the addition of 63.285 mg of PVP and
2.018 mg of Pd(OAc),. Then 50 ml of ethylene glycol was added
and stirred for 30 minutes. The mixture was then placed in
a bath sonicator and sonicated for 120 min at 25 °C. The final
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product was washed with absolute ethanol three times, sepa-
rated by centrifugation (10 800 rpm, 5 min) and finally dried at
60 °C for 12 h. The products were further calcined at 500 °C for
2 h with a heating rate 5 °C min ™" to obtain the final product of
PdO/Sn0,.”

2.3 Materials characterization

Scanning electron microscopy (SEM) images of the samples
were performed on FEI Nova Nano 230. The morphology and
EDX-mapping of PdO NPs loaded on SnO, were characterized by
high resolution transmission electron microscope (HRTEM, FEI
Tecnai G2 F20 S-Twin). The crystal structure of the samples were
probed using X-ray diffraction (XRD, Cu Ko radiation, A =
0.15406 nm, PANalytical) at 40 kV and 40 mA. The surface
information was obtained from X-ray photoelectron spectro-
scope (XPS, Thermo Escalab 250Xi).

2.4 Fabrication and measurement of gas sensors

To fabricate the gas sensors, the PAO/SnO, powder was mixed
with terpineol at a weight ratio of 46 : 1 to form a paste. Then,
the resulting paste was coated on the surface of a ceramic tube
(1.2 mm in diameter and 4 mm in length), on which a pair of Au
electrodes (distance: 1.0 mm) attached with Pt wires were
printed at each end. A small Ni-Cr alloy heating coil was
inserted into the middle of the ceramic tube. A pair of gold
electrodes were printed at each end of the ceramic tube before it
was coated with the paste as shown in Fig. S1.f The ceramic
tube was welded to the hexagonal base after the material was
dried naturally in the air. Next, the sensing material was aged on
state (Weisheng Electronics Co. Ltd. Zhengzhou, China) at
440 °C for 24 h continuously. The whole test environment was in
the air atmosphere with a humidity level controlled at 35-45%.
The purpose was to remove the terpineol and to generate
a dense oxide film on the surface of the gas sensor.”®

The electrical properties of the sensor were determined
using a gas sensing analysis system (WS-30A, Zhengzhou
Weisheng Tech Co, Ltd). During the test, a given amount of
target gases mixed with dry air were injected into an 18 1
chamber to obtain the desired concentration. The sensor
response was defined as the ratio (S = R./R,) of the resistance of
the sensor in air (R,) to that in target gases (Rg). The operating
temperature of the sensor was varied between 80 °C to 340 °C.
The response and recovery time (¢..s and t,..) were defined as the
time taken by the sensor to achieve 90% of the total resistance
change in the case of adsorption and desorption, respectively.

3. Results and discussion
3.1 Morphology and structure

The PdO/SnO, heterostructure was obtained from a two-step
synthesis. The host NPs of SnO, were obtained through hydro-
thermal hydrolysis of SnCl, followed by calcination. The crystal
structure of the as-obtained SnO, and PdO/SnO, NPs were
characterized by X-ray diffraction (XRD). As shown in Fig. 1, all
the diffraction peaks of the final product can be indexed to
cassiterite, the tetragonal phase of SnO, (JCPDS no. 41-1445),

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD pattern of the PdO/SnO, heterostructure and TEM
images of SnO, and PdO/SnO,; (b and c) TEM and HRTEM images of
PdO/SnO,; (d) STEM and (e—g) EDX-mapping of PdO/SnO,.

which is the same as the intermediate sample. According to
Scherrer equation, the full width at half maximum (FWHM) of
the (110) peak of the pattern corresponds to a crystal size of
15.6 nm and that of (101) peaks yields a crystal size of 14.8 nm.
The peaks of palladium oxide are too weak to be identified in
the product and the absence is attributed to the low loading
amount of palladium and smaller size of the oxide nano-
particles, which can be identified through the following TEM
observation.

The morphology of the samples were examined by HRTEM
and EDX-mapping. As can be seen from the HRTEM images of
the pristine SnO, and PdO/SnO, in Fig. S2t and 1a and b, no
clear difference can be identified on the size and shape of SnO,
nanoparticles with and without Pd loading. The diameter of the
SnO, nanoparticles generally sits between 10 and 20 nm and
clear lattice fringes can be identified with layer spacing of
0.334 nm and 0.262 nm, corresponding to the (110) and (101)
crystal planes of cassiterite SnO,. As shown in Fig. 1e, hetero-
structure is formed between the SnO, nanoparticles and even
smaller nanoparticles with a diameter of 3 nm, which are
attributed to PdO with the lattice spacing of 0.263 nm corre-
sponding to its (101) planes. The STEM and EDS-mapping in
Fig. 1c and f indicates that Pd and Sn are uniformly distributed
in the structure. To further verify the elemental contents of the
as-prepared deposit, EDS characterization is conducted, as is
shown in Fig. S3.} It clearly shows the presence of palladium
and tin, with a quantitative elemental composition of 2.07 wt%
Pd and 72.79 wt% Sn, respectively.

XPS was used to characterize the chemical environment
at the surface of the catalyst. As shown in the full XPS survey

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

of the PdO/SnO, structure in Fig. 2, the presence of Pd, Sn
and O elements in the sample are consistent with EDS-
mapping result. More detailed information on chemical
state of these elements can be obtained from the high-
resolution XPS spectra of Pd 3d, O 1s and Sn 3d, as shown
in Fig. 2b-d. The Pd 3d spectrum exhibited a doublet
feature.>® The presence of Pd species on the PdO/SnO, is
evident from the Pd 3ds,, peaks at 337.2 eV and 337.8 eV and
Pd 3d;,, peaks at 342.4 and 343.4 eV, which can be related to
the presence of Pd(u) and Pd(iv) with a ratio of 2 to 1. Based
on the above data, we believe that PdO/SnO, sensing
materials represents SnO, nanocrystals containing PdO
nanoparticle (i.e. PAO/PdO,). The O 1s peaks at 530.5 eV,
531.7 eV and 533.1 eV in PdO/SnO,, the three peaks at
530.2 eV, 531.4 eV and 532.9 eV belong to pristine SnO,.
PdO/SnO, shifts toward higher binding energy, which may
be attributed to the heterostructure-induced charge trans-
fer. The Sn 3d XPS spectra of both pristine SnO, and PdO/
SnO, can be assigned to Sn*" in Sn0,. However, the peaks of
Sn 3d in the heterostructure show a shift to a higher binding
energy, i.e. from 494.7 eV to 495.0 eV for 3dz,, and from
486.3 eV to 486.5 eV for 3ds),, respectively, which can be
ascribed to the interface-induced charge transfer. The Pd
atoms distributed on the surface of SnO, nanoparticles are
tightly bound to the surface oxygen, forming Pd-O-Sn het-
erojunction structure. As the noble metal Pd has a stronger
affinity to electrons as compared to Sn, the electron density
at the reaction sites will be altered and the gas sensing
performance enhanced.

3.2 Gas sensing properties

The gas sensing properties of SnO, and PdO/SnO, were evalu-
ated on a chemoresistive gas-sensing workstation. Fig. 3a shows
the response of pristine SnO, and PdO/SnO, to 100 ppm CO at
different temperatures from 80 °C to 340 °C. The intrinsic SnO,
shows monotonically increasing response with the increase of
temperature but the response is rather limited even at
temperature above 300 °C. In contrast, PdO/SnO, shows
a maximum response to CO at 100 °C and the response to
100 ppm of CO is 5.4. Within the temperature range for evalu-
ation, PdO/SnO, exhibits much higher response compared with
the intrinsic SnO, with all the baseline resistance and recovery
resistance of PdO/SnO, and SnO, shown in Table S1.1 Besides
sensitivity, the response time and recovery time are also
important parameters for the evaluation of the gas sensor.
Reduced power consumption afforded by low temperature
usually come at the compromise of long response and recovery
time. As shown in Fig. 3b, PdO/SnO, shows a similar trend of
decreasing response and recovery time with increasing
temperature and the response time to CO at 80 °C is 57 seconds.
However, it quickly drops at elevated temperatures, plateau at
the temperature of 160 °C with a response time below 8 s.
Meanwhile, the recovery time is within 8 seconds throughout
the tested temperature range. To strike a balance between the
reduced power at low temperature and reduced response-
recovery time at high temperature, 100 °C was chosen as the

RSC Aadv., 2019, 9, 22875-22882 | 22877
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Fig. 2 (a) The full XPS survey graph of PdO/SnO,; (b) Pd 3d XPS and (c) O 1s spectra of PdO/SnO,; (d) Sn 3d spectra of pristine SnO, and PdO/

SnO,.

optimum operating temperature for the further evaluation of
PdO/Sn0O,.

The response curve of the PdO/SnO, to various concentra-
tions of CO is evaluated at 100 °C, as shown in Fig. 4a. Resis-
tance curve of PdO/SnO, to various concentrations of CO gas
ranging from 10 ppm to 1000 ppm can be seen in Fig. S4.7 The
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response to a minimum concentration of 10 ppm is very obvious
and a linear fitting can be obtained between the gas response
and the CO concentration from 10 to 100 ppm, as shown in
Fig. 4b. The response curve of PdO/SnO, sensor to 100 ppm of
CO at 100 °C is shown in Fig. 4c which yields a response time of
14 s and a recovery time of 8 s, which is good enough for most
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Fig. 3 (a) Response of pristine SNO, and PdO/SnO;; (b) response—recovery time of PAO/SnO,.
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Fig. 4 (a and b) Gas response of PdO/SnO, to various concentrations of CO gas ranging from 10 ppm to 1000 ppm; (c) real-time gas sensing

transients of the sensor based on PAO-SnO, to 1000 ppm CO at 100 °C; (d) response of PAO/SnO, sensor exposed to several gases (1000 ppm)

at 100 °C.

situations. The time is reduced to only 7 s and 6 s in the
response to 1000 ppm of CO, and the response is 21, as is shown
in Fig. S5.f For practical applications, gas sensors not only
requires the materials to have highly sensitive response, but
also demand good selectivity to the target gas. The response of
PdO/SnO, to several types of interfering gases are evaluated at
the same operating temperature, including H, (1000 ppm), CH,
(1000 ppm) and C4H;, (2000 ppm), as shown in Fig. 4d and S6.}
Excellent selectivity to CO gas against H,, CH, and C,4H;, is
shown in the response at 100 °C. Meanwhile, the selectivity of
PdO/SnO, to these gases are temperature-dependent, with
obviously different selectivity at 200 and 300 °C.

Table 1 Comparison of the CO sensors based PdO/SnO,

The performance of PdO/SnO, is compared to some of the
previously reports on the composite of PdO and SnO,, as
summarized in Table 1. Although some of them show even
higher sensitivity to CO than that in this work, they come at the
cost of higher operating temperature and higher power
consumption. Beomseok Kim reported the material has
a response of 1.9 to 18 ppm at 60 °C, but the response and
recovery time is more than 60 s, which limits its application in
daily life."* In this work, we used PdO load on SnO, and the
response can achieve be 5.4 for 100 ppm of CO at 100 °C. The
response time and recovery time are very short at 14 s and 8 s,
which meets the requirement for practical applications.

Morphology Concentration (ppm) Work temperature (°C) Ro/Ry tres/trec (S) Ref.
Nanoflakes 100 200 7 60/150 30
Nanowires 200 400 6.8 5/40 31
Nanoparticles 18 60 1.9 >60/>60 11
Nanowires 2000 280 7 78/65 32
Hollow sphere 100 200 14.7 5/92 33
Nanoparticles 100 100 5.4 14/8 This work

This journal is © The Royal Society of Chemistry 2019
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Partical applications of gas-sensing materials require not
only high response but also good reversibility and stability
towards the target gases. The cyclic response curve of the sensor
based on PdO/Sn0O, is evaluated at 100 °C, as shown in Fig. 5a.
Four reversible responses and recovery towards 100 ppm of CO
can be identified in the figure, the same response value was
detected for each cycle, which shows the excellent stability and
reversibility of the sample used in the sensor. And four periods
of resistance curve of the sensor to 100 ppm CO at 100 °C can be
seen in Fig. S7.t In addition, the stability of the as-prepared
PdO/SnO, to 100 ppm CO gas at 100 °C was also investigated
for a period of 20 days. As can be seen in Fig. 5b, the sensor
demonstrates an excellent day-to-day consistency for the
detection of CO, and there is no trend of degradation during the
period of 20 days.

3.3 The gas sensing mechanism

The interface of the hetero-junctioned materials has great
influence on the performance of the gas sensor. As compared
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(a) Four periods of response curve of the sensor to 100 ppm CO at 100 °C; (b) long-term stability of the sensor based on PdO/SnO, to

with the pristine SnO,, the PdO-loaded SnO, nanoparticles are
covered by uniform nanoparticles of PdO with a size of about
3 nm. This may lead to an increase of adsorption of CO, and
ultimately lead to an improvement in the gas sensitivity.** In
addition, according to the XPS spectra of PdO/SnO,, the binding
energy of O 1s and Sn 3d in PdO/SnO, moves towards a higher
binding energy than the pristine SnO,. This may be related to
the charge transfer across the interface between PdO and SnO,
which modifies the electronic structure of SnO, and improves
the sensitivity to CO and overall gas-sensing performance.

The gas-sensing mechanism is based on the resistance
change of the sensing material accompanied by the adsorption
and desorption of O, on the surface of PdO/Sn0O,, as shown in
Scheme 1. When the sensing material is exposed to the air, the
surface of the materials will be covered by oxygen molecules in
the form of 0™, 0, and O®~ by withdrawing electrons from the
sensing materials. An electron-depletion layer will be formed
and the resistance of the materials will increase due to the lack
of charge carriers near the surface of the materials.*>*® The
effective species vary at different temperature range, with O,~
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Scheme 1 Surface reaction of the PdO/SnO, nanoparticles.
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below 100 °C, O~ between 100 and 300 °C, and O>~ above
300 °C.*” At a low temperature of 100 °C, O, or O™ plays a major
role in the catalytic oxidation of CO. When the sensor was
exposed to the CO gas, these adsorbed oxygen species would
react with CO molecules rapidly to form CO, and the trapped
electrons will be released to the sensing materials, thus
decreasing the potential barrier and achieving a near steady
state, the gas will be diffusing through the PdO/SnO, and
occupying the remaining surface reaction sites. As a result, the
electron depletion layer and the resistance of PdO/SnO, will
decrease. In the presence of noble metal addition, attachment
of ultrafine particles of PdO to the surface of SnO,, providing an
elevated active surface area significantly promotes the adsorp-
tion and chemical reactions of CO on the surface of the oxide. In
addition, the strong adsorption of noble metals to electrons
cause the electrons to accumulate on the PdO surface,
improving the response to CO and which results in high rates of
gas adsorption and desorption thus enhancing the performance
at low temperature.>**

4. Conclusions

In summary, we have demonstrated that the PdO/SnO, nano-
particles can be successfully synthesized through a simple
hydrothermal and ultrasonic immersing process followed by
calcination. The formation of PdO/SnO, heterostructure was
found to enhance the gas response of pristine SnO, with
decreased response and recovery time and enhanced selectivity
at a low operation temperature of 100 °C. The excellent revers-
ibility and long-term stability demonstrated at this low
temperature strike a balance between the low power
consumption and high reliability, which outruns most of the
previous reports in a similar system and could pave the way for
their applications in the commercial devices.
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