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ABSTRACT

SnO» nanoparticles were uniformly grown on the surfaces of ZnO nanowires by a simple hydrothermal process to
form one-dimensional ZnO-SnO; hetero-structured nanowires. The morphology, microstructure, and composi-
tion of the pristine ZnO and ZnO-SnOy hetero-structured nanowires were characterized by X-ray diffraction,
scanning and transmission electron microscopies and X-ray photoelectron spectroscopy. A systematic investi-
gation on their gas sensing characteristics was performed using a static gas sensing measurement system. The
Zn0-SnO; hetero-structured nanowires exhibited an overall enhancement in NO; sensing properties, which was
found to be closely related to their Sn/Zn atomic ratio. The highest NOy response was obtained for ZnO-SnOy
hetero-structured nanowires with Sn/Zn atomic ratio of 5% and at operating temperature of 150 °C. Compared
with pristine ZnO nanowires, these hetero-structured nanowires also exhibited faster response/recovery rate and
better NOg selectivity. The difference in sensing performance between pristine ZnO nanowires and ZnO-SnOy

heterostructures are explained based on the surface depletion model and the potential barrier control model.

1. Introduction

Nitrogen dioxide (NO3) is a highly reactive and toxic gas that is
primarily emitted from various combustion processes, such as in power
plants and transportation vehicles [1]. NO, has been recognized as one
of the main sources of air pollution by the World Health Organization
due to its serious effect on both environment and human health [2]. It
plays a major role in the formation of particulate matter PMj s, acid rain,
and photochemical smog [3]. It can also cause great damage to the
human respiratory system and lung even upon exposure to a trace
concentration [4]. Therefore, the efficient detection and monitoring of
NO, is of great importance.

Due to their low cost, feasibility in practice, and easy integration,
metal oxide semiconducting (MOS) gas sensors have drawn great
attention in detecting volatile organic compounds, flammable, explo-
sive, toxic, and harmful gases [5-7]. The ability of the MOS materials to
identify the target gases is based on their resistance change upon
exposure to different gaseous atmospheres. As an interfacial phenome-
non, the gas sensing process typically involves two steps: (1) interaction
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between the gas and the surface of sensing material; (2) transformation
of the interfacial effects to measurable electrical signal (usually elec-
trical resistance). These two parts are generally referred as the receptor
function and transducer function of a gas sensor, respectively [8]. From
this point of view, the accessibility of the gas molecules to the surface of
the sensing material and their interaction efficiency are the primary
considerations in the design of the high-performance MOS gas sensing
materials.

The former one depends highly on the morphology and structure of
the materials. Up to date, various MOS gas sensing materials with
different morphologies and structures in nano- and micro-scale have
been synthesized and investigated. These materials range from zero- to
three-dimensional structures, such as quantum dots, nanoparticles,
nanowires, nanofilms, and various hierarchical structures [9-13].
Generally, in the structural design of the MOS gas sensing materials, a
large specific surface area is considered first, which is expected to pro-
vide more adsorption and reaction sites [14]. However, the specific
surface area of the sensing layer on the electrodes does not always show
a positive relationship to that of the sensing materials [15]. For example,
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when nanoparticles with small size are used as the sensing units, the
large specific surface area is easily restricted by their agglomeration
when coating or printing on the electrodes to form the sensing layer.
Thus, constructing a stable sensing layer with a large available surface
area is of central importance. In addition, the interconnectivity of the
sensing materials affects the gas sensing performance significantly [16].
On the one hand, the change in the potential barriers between the grains
is one of the sensing mechanisms. On the other hand, sufficient effective
pathways are required for electron transport through the sensing layer.
However, in the present MOS gas sensors, the sensing layers are pri-
marily in the form of thick films, while in order to ensure the entire
sensing material can be involved in the gas sensing process, a porous
film with sufficient gas penetration channels is needed. To address these,
several structures such as porous films and three-dimensional meso-
porous materials have been reported [17,18]. In particular,
one-dimensional nanowires have recently received considerable atten-
tion for the applications in chemical sensing [19,20]. As ideal building
blocks for gas sensing, nanowires have unique advantages of large
specific surface area, high crystallinity, and high electron conduction
efficiency [21]. Meanwhile, the surface of nanowires can provide a
porous network, which allows the gases to diffuse and penetrate rapidly
into the whole sensing film. In this way, the sensing materials can be
more efficiently affected by the surrounding gaseous compositions,
thereby achieving enhanced gas sensing performance [22,23].

Some strategies have been proposed to control the surface properties
of pristine MOS materials and thereby improve their gas sensing char-
acteristics. The most common method is doping or loading with noble
metals, such as Au, Pt, Pd, and Ag, which are effective catalysts for gas
sensing reactions [24-27]. In addition, the relationship between surface
acidity/basicity and sensing properties of MOS gas sensing materials
have been investigated, and some rare earth elements and their oxides
have been considered as surface property regulators [28]. The
crystal-facets-controlled synthesis is yet another promising way to
effectively enhance the gas sensing properties [29,30]. But the materials
with specific exposed facets of high surface energy and activity are
usually unstable and difficult to prepare.

In recent years, many MOS composites are shown to exhibit better
gas sensing properties than the single ones, resulting in increased in-
terests in MOS-MOS heterostructures, which are cost-effective, stable,
and easy to synthesize [31-33]. Although various strategies are being
explored to achieve better sensing performance to different target gases,
the classification of the host sensing materials is always the most crucial
factor. Based on the previous reports, SnO; and ZnO stand out from
various other materials and have been recognized as the most promising
sensing materials for high-performance MOS gas sensors [34].

In this paper, a high-performance gas sensing material is designed
and demonstrated. Firstly, ZnO nanowires are prepared via a simple
hydrothermal process. Then, SnO, nanoparticles with 3-5 nm in di-
ameters are grown on their surface to construct ZnO-SnO; n-n hetero-
structures. The morphology, microstructure, and gas sensing
performance of pristine ZnO and ZnO-SnO-, heterostructures are studied.
Based on these, possible sensing enhancement mechanisms of ZnO-SnO,
heterostructures are discussed.

2. Experimental
2.1. Chemicals

Zinc acetate dihydrate (Zn(CH3COO)2-2H50), polyethylene-400
(PEG-400), absolute ethanol (CaHsOH), sodium hydroxide (NaOH),
stannous chloride dehydrate (SnCly-2H0), and trisodium citrate
dehydrate (Na3CgHs07-2H20) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. Sodium dodecyl sulfate (SDS) was purchased from
Shanghai Macklin Biochemical Co., Ltd. All the chemicals were analyt-
ical grade and used as purchased without further purification.
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2.2. Synthesis of ZnO nanowires

ZnO nanowires were synthesized via a simple solvothermal method.
In a typical procedure, 0.44 g Zn(CH3COO),-2H20, 0.1 g SDS, 27 mL
PEG400, and 117 mL ethanol were added into a beaker and magnetically
stirred for 1 h at room temperature to form homogeneously solution.
Then the obtained solution was poured into a 200 mL Teflon-lined
stainless-steel autoclave. The reaction process was conducted by
setting the autoclave in an electric oven at 140 °C for 16 h, followed by
natural cool down to room temperature. The resulting white products
were collected and cleaned with ethanol and distilled water to remove
the impurities. Finally, the samples were dried at 60 °C for several hours
in a vacuum drying chamber.

2.3. Synthesis of ZnO-SnO; hetero-structured nanowires

Zn0-Sn0O; hetero-structured nanowires were prepared as follows.
0.678 g SnCly-2H50 and 1.323 g NagCgHs07-2H20 were dissolved in 30
mlL distilled water, referred to as solution (A). Various volumes of so-
lution (A) were added into 40 mL deionized water and magnetically
stirred for 10 min to form solution (B). Then 0.0972 g of as-prepared
ZnO nanowires were evenly dispersed in solution (B) by ultra-
sonication and magnetically stirring. The obtained suspensions were
transferred into a 200 mL Teflon-lined stainless-steel autoclave and
heated at 120 °C for 6 h. After that, the derived products were centri-
fuged and washed with deionized water and ethanol, dried at 60 °C for
several hours, and annealed at 500 °C for 3 h.

2.4. Characterizations

The structures of the prepared samples were investigated using X-ray
diffraction (XRD) (PANalytical X’Pert Pro, Cu Ka radiation, A =1.5406
A) operating at a generator voltage and current of 40 kV and 40 mA,
respectively. The morphology and structure of the products were studied
by scanning electron microscopy (SEM, Hitachi S-4800) working at 2
kV. Transmission electron microscopy (TEM) images, high-resolution
transmission electron microscopy (HRTEM) pattern, fast Fourier trans-
form (FFT) spectra, and energy-dispersive X-ray spectroscopy (EDS)
elemental maps were recorded by JEM-2100 F microscope with accel-
erating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)
analysis was carried out using a Thermo Scientific Escalab 250Xi with
the K, source of monochromatic Al.

2.5. Fabrication and measurement of gas sensors

The detailed structure and fabrication process of the gas sensing
devices have been presented in our previous reports [35,36]. Briefly, on
each end of a ceramic tube (internal diameter =0.8 mm, external
diameter =1.2 mm, length =4 mm), a 0.5 mm-wide gold films were
printed as the electrodes. A pair of Pt wires were then welded to each Au
electrode. The as-prepared samples were uniformly dispersed in a
proper amount of ethanol, and subsequently coated on the outer surface
of the ceramic tube. The operating temperature of the sensor device was
controlled by adjusting the voltage across a Ni-Cr alloy wire that was
inserted inside the ceramic tube. Before testing, the sensor was heated at
325 °C and maintained for 48 h to improve its stability.

Gas sensing measurements were conducted on a WS-30A commercial
testing system (Winsen Electronics Science and Technology Co., Ltd.,
Henan Province, China), which was reported previously [37]. During
testing, a predefined volume of NO5 (0.05 %, Dalian special gases, CO.,
LTD) was injected into the 18 L test chamber from the gas injection inlet
using a syringe and then mixed with air by a mini-fan. When the sensor
response reached a stable value, Ry, the cover of the test chamber was
removed to exhaust the NO; and expose the sensor to the air, R,, again in
a fume hood. The sensing data were recorded once per second during the
whole sensing process. The relative humidity (RH) during the sensing
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tests was maintained around 25 %. The sensor response (S) to the target
gas is defined as S=Ra/Rg and S=R¢/R, for reducing and oxidizing gases,
respectively. The response and recovery times of the sensor are defined
as the times required to reach 90 % resistance variation when the ana-
lyte gas is injected and exhausted, respectively. To assess the selectivity
of the sensor, hydrogen (10 % in Ny, Dalian special gases, CO., LTD)
were introduced to the gas chamber following a similar process as
described above for NO,. Acetone, methylbenzene, ammonia, and
formaldehyde gas were obtained by evaporating the corresponding
liquids while the sulfur dioxide gas was obtained by evaporating sulfu-
rous acid. All the used liquid reagents for testing were analytical grade
and purchased from Sinopharm Chemical Reagent Co., Ltd.

3. Results and discussion
3.1. Characterizations

Fig. 1 shows representative XRD spectra obtained on the pristine ZnO
nanowires and ZnO-SnO; heterostructures corresponding to Sn/Zn
atomic ratios of 1%, 5%, and 30 % (referred to as Sn/Zn1, Sn/Zn5, and
Sn/Zn30, respectively). For pristine ZnO nanowires, all the observed
diffraction peaks in Fig. 1(a) are well indexed to wurtzite structured ZnO
(ICCD file No. 79-0206). However, there are no visible Sn-related peaks
in the XRD patterns of the samples Sn/Zn1 (Fig. 1(b)) and Sn/Zn5 (Fig. 1
(c)), although the Sn element was introduced during the second hy-
drothermal reaction process and SnO; nanoparticles can be clearly
observed on the surface of ZnO nanowires by SEM and TEM character-
izations (Figs. 2 and 3). This could be attributed to the low atomic ratio
of Sn/Zn and the ultra-fine physical size of SnO5 nanoparticles (Fig. 3).
As the Sn/Zn atomic ratio increases to 30 %, the emerged new peaks in
Fig. 1(d) can be ascribed to the tetragonal SnO, (ICCD file No. 88-0287).
In addition, the absence of the diffraction peaks to any impurities in-
dicates the prepared samples are of high phase purity.

Fig. 2 displays representative SEM images of the prepared samples at
different magnifications. As can be seen in Figs. 2(a,b), the pristine ZnO
nanowires show a smooth surface and large length-to-diameter ratios,
with lengths in 500 nm to several micrometers range and diameters in
30-50 nm range. When the Sn element is introduced by using the hy-
drothermal reaction process, SnO, nanoparticles with a diameter of 3-5
nm can be clearly observed on the surface of ZnO nanowires (Figs. 2(d,f,
h)). Meanwhile, as designed and expected, SnO2 nanoparticles are ho-
mogeneously formed on the surface of the pre-synthesized ZnO nano-
wires, and the density of surface-loaded SnO, nanoparticles gradually
grows with the increase of Sn content in the precursor solution.
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Fig. 1. XRD patterns of the as-synthesized samples. (a) Pristine ZnO nanowires;
(b) Sn/Zn1; (c) Sn/Zn5; (d) Sn/Zn30.
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Furthermore, the aggregation of SnO» nanoparticles can be clearly
observed when the Sn/Zn atomic ratio increases to 30 %.

The detailed structural analyses of ZnO-SnO, hetero-structured
nanowires were carried out by TEM. Fig. 3 shows representative re-
sults obtained on the Sn/Zn5 sample. From the low-magnification TEM
images in Figs. 3(a, b), the wire-shaped nanostructure with a rough
surface can be clearly observed, the diameter of which is uniformly
30-50 nm throughout the length, consistent with the SEM results. The
high-magnification TEM image in Fig. 3(c) indicates that the as-
synthesized one-dimensional structure is comprised of nanowire deco-
rated with spherical nanoparticles. Specifically, the nanoparticles are
3-5 nm in diameter and uniformly distributed on the nanowires surface,
forming the heterostructure. The EDS spectrum in Fig. 3(d) confirms the
presence of Zn, O, and Sn elements in the composites. The calculated Sn/
Zn atomic ratio is about 4.9 % which matches that in the precursor so-
lution, indicating that almost all Sn?* ions in the precursor solution is
converted into SnO,. Figs. 3(e,f) present the HRTEM image and the
corresponding FFT spectra, respectively. In agreement with the XRD
results, the clear lattice interplanar distance value of 2.5 A can be
theoretically assigned to the (101) crystal planes of wurtzite structured
ZnO, while 3.3 A matches well with the (110) crystal planes of tetrag-
onal structured SnOs. Figs. 3(g—j) display the elemental mapping images
of a single ZnO-SnO; hetero-structured nanowire. It can be seen that the
elements Sn, Zn, and O are distributed uniformly along the nanowire,
demonstrating that SnO5 nanoparticles are evenly grown on the surface
of ZnO nanowires without local agglomeration. Furthermore, the
significantly lower density of Sn element than Zn and O elements is in
good agreement with the relative amount of Sn, Zn, and O elements in
the precursor solution.

X-ray photoelectron spectroscopy was carried out on the samples to
investigate their surface compositions. Fig. 4 shows representative XPS
results obtained on the Sn/Zn5 sample. All the peaks were calibrated by
using C 1s peak at 284.8 eV as the reference. The full scan spectrum in
Fig. 4(a) confirms the as-prepared Sn/Zn5 is composed of Zn, O, and Sn
elements with high purity. Fig. 4(b) shows the close-up scan of the Zn 2p
region, in which the peak located at the binding energy of 1021.67 eV
can be indexed to Zn 2pg /o, while the peak located at the binding energy
of 1044.70 eV is attributed to Zn 2p; /5 [38]. Fig. 4(c) gives the close-up
scan of Sn 3d region in the binding energy range of 480-500 eV. Three
peaks centered at 486.77, 495.12, and 498.16 eV can be clearly
observed. According to the standard XPS spectrum of the oxidized Sn,
the spin-orbit splitting value of Sn 3d is around 8.4 eV [39]. Thus the
peaks around 486.77 and 495.12 eV can be assigned to Sn 3ds,2 and Sn
3ds,,, respectively, pertaining to Sn*" cations [40]. Furthermore, the
peak located at 498.16 eV is attributed to Zn LM2 Auger line [41]. The
chemical state of oxygen in the ZnO-SnO5 hetero-structured nanowires
was also investigated. As shown in Fig. 4(d), the broad and asymmetric
curve is deconvoluted into two peaks, demonstrating the different
chemical environments of oxygen. The peak centered at the lower
binding energy of 530.39 eV is typically ascribed to the lattice 0%~ in
SnO; and ZnO, while the peak located at the higher binding energy of
531.37 eV is assigned to the surface adsorbed oxygen species (e.g.
physisorbed, chemisorbed, dissociated, and hydroxyl related oxygen
species), the content and activity of which have a significant effect on
the gas sensing characteristics of the sensing materials [36,42-44].

3.2. Gas sensing properties

As shown in many reports, the sensing characteristics of the MOS
sensors highly depend on their operating temperature due to the strong
relationship between temperature and the gas adsorption-desorption
processes on the surface of the sensing materials [45]. Therefore, the
gas sensing properties of the as-prepared sensors under different oper-
ating temperatures were compared first. Fig. 5 shows the responses, S, of
the four sensors towards 1 ppm NO, as a function of the operating
temperature. For all sensors, the response increases with increasing
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Fig. 2. Low-magnification and high-magnification SEM images of the as-synthesized samples. (a, b) Pristine ZnO nanowires; (c, d) Sn/Znl; (e, f) Sn/Zn5; (g, h)

Sn/Zn30.
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Fig. 3. TEM characterization results of Sn/Zn5. (a~c) TEM images with different magnifications; (d) EDS spectrum; (¢) HRTEM image; (f) FFT diffractogram; (g~j) A

single nanowire of Sn/Zn5 and its elemental mapping images.

operating temperature reaching the highest value at 150 °C, then de-
creases with further increase in the operating temperature. The observed
behavior can be explained as follows. For MOS resistive gas sensors, the
change in the resistance of the sensing material is determined by dy-
namic interactions between the gas molecules and the sensing material
surfaces. At low temperatures, the NO, molecules do not have enough
activation energy to adsorb on the surfaces of the sensing materials or to

react with the surface chemisorbed oxygen species, resulting in a low
sensor response [46]. On the other hand, at high operating temperature,
NO; molecules tend to desorb from the sensing materials instead of
adsorbing on it; in addition, the oxygen species chemisorbed on the
sensing materials can desorb before reacting with NO,. Consequently, a
peak in sensor response is observed as a function of operating temper-
ature, corresponding to a balance between the opposing processes.
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Fig. 5. Responses of the sensors upon exposure to 1 ppm NO, at different
operating temperatures.

As depicted in Fig. 5, the optimum operating temperature of pristine
ZnO nanowires for NOy detection is not affected by the surface-loading
of SnO, nanoparticles. This behavior suggests that the host ZnO nano-
wires still play the main role in the gas sensing process after the for-
mation of the n-n junction, as also found in some recent reports [47,48].

534 532 530 526

Binding Energy/eV

538 536 528

XPS analysis results of Sn/Zn5. (a) Survey spectrum; (b) Zn 2p spectrum; (c) Sn 3d spectrum; (d) O 1s spectrum.

However, Fig. 5 also shows that ZnO-SnO; nanocomposites exhibit a
significant enhancement in NO, response over the pristine ZnO nano-
wires, and the maximum response of about 45 is obtained for the sensor
Sn/Zn5, which is 6.5 times higher than the response on pristine ZnO
nanowires. Thus, it can be concluded that a proper amount of surface
loading of SnO; nanoparticles is a promising method to improve the
response of pristine ZnO nanowires to NOs.

Fig. 6 shows the transient response of the sensors as a function of NO,
concentration. Also, the dynamic response and recovery curves of the
sensors at different operating temperatures can be seen Figure S1. For all
sensors, the resistances increase to reach a stable value when NO; is
introduced, and then completely recover to their initial state after
exhausting NO2 and being surrounded by fresh air again. On the one
hand, the results indicate the excellent reversibility of the sensors to
NOy; on the other hand, the results demonstrate the n-type semi-
conducting conduction characteristics of the as-synthesized pristine ZnO
and ZnO-SnO; heterostructures. An enhanced response can be clearly
observed towards a higher NO, concentration. In particular, the
response of the Sn/Zn5 sensor exhibits a more noticeable increase with
increasing NOy concentration over the other three sensors. Furthermore,
the response transition behaviors of “sharp increase-stable-return to
initial” in each “air-NOj-air” sensing cycle confirm the excellent
reversibility and reproducibility of the sensors. Moreover, the limit of
detection of the sensors are estimated to be 30, 1542, 2.5, and 35 ppb for
ZnO, Sn/Znl, Sn/Zn5, and Sn/Zn30, respectively, corresponding to
signal-to-noise ratio of 3 [49,50] (See the supplementary information).

Based on the results in Fig. 6, the sensor response as well as the
response/recovery times of the four sensors are calculated and



S. Zhao et al. Sensors and Actuators: B. Chemical 333 (2021) 129613
10° 10
—— Resposne —— Response
(a) —— NO, concentration (b) —— NO, concentration|] 9
48
102 -
17
16
101 15
14
—_ 413 E
S g
& 1”5
5 M 18
g 103 L | — 1 I I 1 1 1 1 10 g
Q. Response —— Response 2
g (C) —— NO, concentration (d) — NO, concentration| | 9 8
2 12 o
10k
47 z
16
10'E 15
14
13
100 F
42
,_l ’ \ |—| ‘ \ 41
10-1 | o l I 1 1 1 L — I I 1 1 1 0
0 10 20 30 40 50 60 10 20 30 40 50 60
Time/s

Fig. 6. Response and recovery curves of the sensors upon exposure to 1 ppm NO, at different operating temperatures. (a) Pristine ZnO nanowires; (b) Sn/Zn1; (c) Sn/

Zn5; (d) Sn/Zn30.

illustrated in Fig. 7. As presented in Fig. 7(a), the response of all sensors
increases monotonically with increased NOy concentration. The data
show that the Sn/Zn5 sensor exhibits the highest response to each NOy
concentration ranging from 250 ppb to 3 ppm. To better compare the gas
sensing performance of the four sensors, the sensor responses to 1 ppm
NO; at 150 °C are given in Fig. 7(a) inset. It can be observed that the
response is significantly improved by the surface-loaded SnO2 nano-
particles, increasing rapidly with increasing SnO, content. The response
then falls by further increasing the Sn/Zn atomic ratio above 5%. As can
be seen in the SEM characterization results (Fig. 2), for Sn/Zn30, the
SnO, nanoparticles show serious agglomeration and the surfaces of ZnO
nanowires are almost fully covered by these aggregated SnO, nano-
particles. Considering that the host ZnO nanowires may still play a

critical role in the gas sensing process for the ZnO-SnO, composites, the
decreased response at 150 °C may be mainly ascribed to the aggregation
of SnO3 nanoparticles and the decrease of the active sites on the surfaces
of ZnO nanowires [51,52]. Therefore, to achieve a high NO, response,
the content of the surface-loaded SnO5 must be controlled.

Fig. 7(b) gives the response and recovery times of the sensors to-
wards 1 ppm NOy at 150 °C. For all four sensors, the response time is
shorter than the recovery time, which is also observed for many other
MOS gas sensing materials reported previously [53-55]. A possible
explanation was proposed by Song et al. [56,57], where they pointed out
that response time (t..s) and recovery time (t;.) may be related to the
forward (AE.s) and reverse (AE..) reaction barrier heights, respec-
tively. Following the same analysis (detailed in the supplementary
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Fig. 7. (a) Responses of the sensors upon exposure to different NO, concentrations at the operating temperature of 150 °C, the inset is the responses of the sensors
upon exposure to 1 ppm NO, at 150 °C; (b) Response and recovery times of the sensors upon exposure to 1 ppm NO,, at the operating temperature of 150 °C.
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information), the calculated AE,.s and AE,.. values in present study are
288 and 333 meV for pristine ZnO, and 266 and 393 meV for Sn/Zn5. It
can be found that, for both pristine ZnO and Sn/Zn5, the reverse reaction
barrier heights are higher than the forward reaction barrier heights
which would result in their longer recovery times than response times.
Furthermore, the response and recovery times of the sensor Sn/Zn5 were
4 s and 16 s, respectively, at 150 °C. Such short response/recovery times
suggest that the ZnO-SnO; composites have a promising application
prospect in real-time NO2 monitoring.

To investigate the repeatably and stability of the sensors, several
successive sensing cycles were applied to the sensors. Fig. 8 shows
representative behavior in response to 1 ppm NO,. As can be seen in this
figure, similar dynamic response and recovery characteristics are seen
for all sensors after each cycle. Furthermore, no shift of the baseline
resistance is observed after each sensing cycle. All the above observa-
tions give strong evidence for the excellent reproducibility and cyclic
stability of the present sensors.

The specific recognition of the target gas is one of the most essential
and fundamental abilities of a high-performance gas sensor. Fig. 9 shows
the responses of the pristine ZnO nanowires and Sn/Zn5 sensors to NOy
and various interference gases (including acetone, methylbenzene,
ammonia, formaldehyde, sulfur dioxide, methane, and hydrogen) at the
operating temperature of 150 °C. The pristine ZnO nanowires show a
higher response to 1 ppm NO; than to other interference gases with
much higher concentration, indicating its good NO, identification
ability. However, after constructing the heterostructure by surface
loading of SnO2 nanoparticles, the response of the ZnO nanowires to
NO; is remarkably improved, while a slight or no obvious enhancement
in response to the interference gases is observed. Thus, the NO; selec-
tivity of the ZnO nanowires is significantly improved by the addition of
SnO, nanoparticles. Three reason should be responsible for the much
higher NO, response of Sn/Zn5 over other gases. The first one is the
intrinsic properties of ZnO nanowires, which play the important role in
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© Sulfur dioxide 10 ppm
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Fig. 9. Selectivity of the Pristine ZnO nanowires and Sn/Zn5 at the operating
temperature of 150 °C.

gas sensing process. The second reason may be due to the more active
chemical property of NO, than the other gases. The third one is the
operating temperature. For the ZnO-SnO5 composites prepared in this
study, the optimum operating temperature for NO, sensing is deter-
mined to be 150 °C. At this temperature, the sensor shows higher
response to NO, than the other gases, while the sensor may more sen-
sitive to other gases besides the operating temperature of 150 °C.
Figure S5 gives the responses of ZnO and Sn/Zn5 to 1 ppm NO; and 100
ppm ethanol at different operating temperatures. It can be observed that
both ZnO and Sn/Zn5 show much higher response to NO, than ethanol
at 150 °C. When the operating temperature increases to 300 °C, ZnO and
Sn/Zn5 exhibit negligible responses to NOy but obvious responses to
ethanol. Considering the highly close relationship between gas sensing
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Fig. 8. Response and recovery curves of the sensors upon exposure to 1 ppm NO, at the operating temperature of 150 °C. (a) Pristine ZnO nanowires; (b) Sn/Zn1; (c)

Sn/Zn5; (d) Sn/Zn30.
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performance and the operating temperature, the optimal operating
temperature is always firstly determined before the other gas sensing
properties evaluations. The excellent selectivity of the sensor Sn/Zn5
makes it a more promising candidate than the pristine ZnO nanowire to
fabricate NO, sensing devices. Furthermore, Table 1 gives a comparison
of the NOy sensing properties of various recently reported materials, it
can be seen that ZnO-SnO;, hetero-structured nanowires prepared in this
study show a better overall NO, sensing performance in terms of opti-
mum operating temperature, response, response/recovery times.

3.3. Sensing mechanism discussion

From the above investigations, the sensing performance of the pris-
tine ZnO nanowires to NO; can be comprehensively improved by con-
structing ZnO-SnO; heterostructure. To better understand this behavior,
the NO; sensing mechanism for pristine ZnO and SnOs is first discussed.
As n-type semiconductors, the sensing mechanism of pristine ZnO and
SnO; can be explained by the widely acknowledged depletion model
[68]. Briefly, when the sensors are exposed to air, the oxygen molecules
chemisorb on the surface of the sensing materials in the form of Oy, O-,
and O%". As a result of the electron transfer from the conduction band to
the chemisorbed oxygen ions, a depletion region is formed near the
surface of the sensing materials. Upon exposure to the target gases, a
redox reaction occurs between the target gases and chemisorbed oxygen
species, which either releases the electrons to the conduction band or
further captures the electrons from the conduction band of the sensing
materials, leading to the change of the surface depletion layer, and
hence the sensor resistance. Generally, the reaction route for NOy
sensing process are proposed as follows [69,70]:

NO; + e—— NOp— (€D)]
NO»— + O- + 2e— — NO + O* @)

NO; molecules interact with the surface of the sensing materials to
form nitrogen oxide ions (Eq. (1)), which were then react with surface
adsorbed oxygen (Eq. (2)). Both reactions further trap electrons from the
conduction band of the sensing materials and broaden the depletion
layer, which gives rise to the increase of the sensor resistance.

For the noble metal-functionalized MOS gas sensing materials, the
catalytic and spillover effects of the noble metals are usually considered
to be responsible for the enhanced gas sensing performance. However,
the sensing mechanism of the MOS-MOS heterostructures has not been
well established yet. As pointed in some recent literatures [71-74], the
sensor response of MOS gas sensors can be improved by regulating the
baseline resistance of the gas sensing materials. Based on these litera-
tures, the sensors with a lower baseline resistance should show a higher
(lower) response if the sensor response is defined as Rg/R, (Ra/Rg). In
this study, although and the sensor response is defined as Rg/R, for NO2
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and the ZnO-SnO, composites exhibit an overall higher resistance than
that of pristine ZnO nanowires (Figure S1), the results show that the NO,
response of pristine ZnO nanowires can be effectively improved by
SnOz-loading. This suggests that the baseline resistance regulation is not
the main factor for the mechanism of NO; response enhancement. Based
on the sensing model of pristine n-type MOS sensors described above,
several possible reasons may be put forth for the enhanced NO3 sensing
performance of the ZnO-SnOs heterostructures.

First of all, the formation of the n-n junctions at the interfaces be-
tween SnO; nanoparticles and ZnO nanowires may act as a vital part in
modulating the sensing characteristics. For a better understanding,
Fig. 10(a,b) give a possible energy band structure for the ZnO-SnO,
heterostructure. From the previous reports [32,75], the electron affinity
(r), work function (¢), and band gap (Eg) of SnO are around 4.5, 4.9,
and 3.5 eV, respectively, while those for ZnO are about 4.3, 5.2, and 3.37
eV, respectively. When SnO; and ZnO are brought into close contact, the
electrons diffuse from SnO, to ZnO due to the electron concentration
gradient between these two materials and the higher work function of
ZnO compared with SnO,. Simultaneously, a built-in electric field is
formed at their interfaces, leading to an electron drift motion from ZnO
to SnOy. A dynamic equilibrium of these two opposite motions is
established when the Fermi levels of SnO, and ZnO become equal. On
account of the electron migration processes, an electron accumulation
layer and depletion layer are formed on ZnO and SnO; sides, respec-
tively, resulting in an increased number of free electrons on the surface
of ZnO nanowires. On the one hand, the increased free electrons are
beneficial to the NO sensing reaction route shown in Eq. 1, which can
contribute to the enhanced NO; response. Furthermore, the increased
available electrons lead to an increased surface chemisorbed oxygen,
namely, more oxygen species are available for the reaction process
shown in Eq. 2, resulting a higher NO response.

Second, the modulation of the potential barrier height may also be
responsible for the NO; response enhancement. As observed in SEM and
TEM characterizations (Figs. 2 and 3), for the Sn/Zn5 sensor which
shows the highest NO, response, a large fraction of the surface of the
host ZnO nanowires is covered by SnO; nanoparticles. Therefore, most
of the NOy molecules interact with SnO, nanoparticles rather than ZnO
nanowires during the sensing process. Meanwhile, the diameters of
these SnO5 nanoparticles are characterized to be 3-5 nm, which are
smaller than the reported Debye length (Dr) of SnO, (18 nm ca.) [76].
Thus, SnO, nanoparticles are expected to be fully depleted in air.
Accordingly, when the sensor based on the Sn/Zn5 sample is exposed to
NO,, it may be hard for the NO, molecules to have a redox reaction on
the surface of SnO, nanoparticles due to the lack of the available elec-
trons. From this perspective, if only the surface depletion model is
employed to explain the sensing mechanism, the resistance change of
the Sn/Zn5 sample should be smaller than the pristine ZnO nanowires,
which is the opposite of the experimental results. There are similar

Table 1
Comparison of NO, sensing properties of different sensing materials.
Materials Operating temperature NO, concentration Response Response time Recovery time Ref.
Q) (ppm) (s) )
In,03 nanosheets 250 50 164 5 14 [58]
Au/MASnI5/SnO, (MA: Room temperature (UV light is needed) 5 240 - 12 [59]
methylammonium cation)
WOj3 microspheres 100 5 107 >20 >90 [60]
WS,/graphene Room temperature 1 1.2 - - [61]
3D graphene nanosheets Room temperature 5 2.5 - - [62]
3D WO3 110 10 20.5 23 11 [63]
nanocolumn bundles
Plate like NiO/WO3 Room temperature 30 4.8 2.5 1.1 [64]
SnO,/SnS, 80 8 5.3 159 257 [65]
Ag/WOj3 nanofiber 225 5 90.3 - - [66]
SnO, nanowires 150 2 14 - - [67]
ZnO nanowires 150 1 77 37 58 This work
Sn0,/Zn0O nanowires 150 1 45 4 16 This work
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Fig. 10. (a, b) Schematic diagram of the band structure of ZnO-SnO, heterostructures. (c, d) Schematic diagram of the potential barriers in pristine ZnO nanowires

and ZnO-SnO, heterostructures, respectively.

experimental results reported on other hybrid metal oxide composite
sensors. For example, Li et al. [77] reported that WO3-SnO; core-shell
structure is more sensitive to reducing gases than oxidizing gas of
NO,. On the contrary, Jin et al. [78] found that Ga303-ZnO core-shell
structure showed a significant improvement in response to oxidizing
gas of NO5 than reducing gases. Therefore, it can be concluded that some
other factors besides the depletion model should be considered and
involved to understand the sensing mechanism of n-n junctions to
oxidizing gases. For the nanowire-based sensors, there are a large
number of potential barriers that have to be overcome for the electrons
to reach the electrodes. As shown in Fig. 10(c, d), while there is only the
potential barrier of ZnO-ZnO in pristine ZnO nanowires network, there
are three types of potential barriers for ZnO-SnO; heterostructures: (1)
the potential barriers at the ZnO-ZnO interfaces of the two adjacent
nanowires; (2) the potential barriers at the interfaces between
Sn0,-Sn0y; (3) the potential barriers at the interfaces of SnO5 and ZnO.
As pointed out previously [79,80], these inter-nanowires potential
barriers are modulated by the gas adsorption and desorption, making a
great contribution to the gas sensing response. Therefore, the signifi-
cantly enhanced NO, response of Sn/Zn may be more related to the large
number of potential barriers built at the interfaces of SnO2-SnOy and
Zn0-Sn0y, which are only formed in ZnO-SnO; heterostructures and are
absent in pristine ZnO nanowires.

All in all, because of the extreme complexity of the sensing process,
the sensing mechanism of MOS n-n junctions to oxidizing gases has not
been well established. In this study, the increased surface free electrons
and potential barriers caused by formation of ZnO-SnO; n-n junctions
are proposed to be responsible for the highly improved NO, sensing
performance of the ZnO-SnO; heterostructures. However, it has to be
noted that more in-depth studies are still needed to be carried out to
clarify the specific sensing process.

4. Conclusion

In summary, ZnO-SnO; hetero-structured nanowires were success-
fully prepared via a two-step hydrothermal process. SnO, nanoparticles
with diameters of 3-5 nm were uniformly grown on the surface of ZnO
nanowires to form the ZnO-SnO heterostructures. The diameters of the
nanowires are 30-50 nm range and the lengths are in 500 nm to several
micrometers range. The NO, sensing properties of ZnO nanowires were
remarkably enhanced by constructing ZnO-SnO, heterostructure. A
strong dependence of NO; response on the Sn/Zn atomic ratio in the
Zn0-Sn0; heterostructures is observed. Heater temperature of 150 °C
was determined as the optimum operating temperature for both pristine
ZnO nanowires and ZnO-SnO, heterostructures to detect NO5, and the
Sn/Zn5 sample exhibited the highest NOy response over the concen-
tration ranging from 250 ppb to 3 ppm. The response of the sensor Sn/
Zn5 to 1 ppm NO, was ~45, which was 6.5 times higher than pristine
ZnO nanowires. This sensor also exhibited relatively short response/
recovery times of 4/16 s. Notably, the enhancement in response to other
interference reducing gases was limited, and thus, the selectivity of ZnO
nanowires to NO, was significantly improved. The enhanced NO
sensing properties of ZnO-SnO; heterostructures was mainly ascribed to
increased free electrons and potential barriers caused by the ZnO-SnO,
n-n junctions.
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