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H2S gas even with a low concentration (20 ppb) in the environment is very harmful to the health of human beings. 

Therefore, the design and fabrication of gas sensors for detecting trace H2S gas in the environment are highly desirable. 

However, it remains a challenge to develop gas sensors that can detect H2S with a concentration at ppb level at a relatively 

low temperature. Herein we developed a facile method to fabricate two-dimensional net-like SnO2/ZnO 

heteronanostructures with a porous feature. Compared to net-like SnO2 and ZnO homonanostructures, the sizes of both 

SnO2 and ZnO in the net-like heteronanostruces were decreased significantly. Specially, heterojunctions formed at the 

interfaces between SnO2 and ZnO. As a result, the net-like SnO2/ZnO heteronanostructures exhibited superior H2S sensing 

properties including higher sensor response, and better selectivity and long-term stability to net-like SnO2 and ZnO 

homonanostructures, and other types of metal oxide-based nanocomposites. Importantly, the SnO2/ZnO 

heteronanostructures could detect 10 ppb H2S even at a working temperature of 100
o
C. Therefore, the net-like SnO2/ZnO 

heteronanostructures have very promising applications in high-performance H2S sensors. In addition, the fabrication 

method presented here is facile, repeatable and operable, and thus it may be extended to synthesize other-type metal 

oxides-based heteronanostructures for applications in various fields.   

1 Introduction 

Gas sensors based on metal oxide semiconductors (MOSs), 

such as SnO2, CuO, WO3 and ZnO, etc., have attracted much 

attention due to their high sensitivity, low cost, and simplicity 

in fabricating sensors.
1-4

 Among them, n-type semiconductors 

have been studied extensively due to their faster surface 

reaction kinetics. In general, the sensing mechanism of 

individual n-type MOS is based on the change of the width of 

the electron depleted layer at different gas atmospheres.
5 

As 

n-type MOS is exposed to air, oxygen molecules will adsorb on 

the MOS surface, and then extract electrons from the 

conductance band to form negative oxygen ion, leading to the 

formation of the electron depleted layer at the surface. When 

n-type MOS is exposed to reducing gases, the trapped 

electrons will be released to the conductance band owing to 

the reactions between reducing gases and adsorbed oxygen 

species, and then decrease the width of electron depleted 

layer. When the width of electron depleted layer for a given n-

type MOS in air is closed to its Debye length, the n-type MOS 

would exhibit excellent sensing properties.
5-8

 Thus, n-type 

MOS with a small size is highly desirable to improve its 

sensitivity to reducing gases. However, in terms of the sensing 

mechanism n-type MOS usually shows a comparable response 

to various kinds of reducing gases, especially to those with 

similar surface chemophysical properties. Therefore, the 

selectivity of individual n-type MOS is still unsatisfactory and 

limits its practical application in high-performance gas sensors.  

Recently, heteronanostructures based on MOSs have been 

developed to fabricate high-performance gas sensors. Besides 

the synergistic effect (different MOSs have different response 

to target gases), heterojuction barrier formed at the interface 

plays an important role in the sensing property, and thus both 

sensitivity and selectivity of the sensors based MOS 

heteronanostructures were improved greatly.
9-29 

To date, 

various types of heteronanostructrues based on MOSs 

including n/n 
9-24 

and n/p interfaces
 25-29

 have been fabricated 

through various methods. However, these studies are mainly 

focused on zero (0D) and one dimensional (1D) 

nanostructures, and two dimensional (2D) 

heteronanostructures have been reported scarcely. Compared 

to 0D and 1D heteronanostructures, more tightly contacted 

interfaces can be built up in the plane of 2D heteronanostrures 

by a rational structure designation, which facilitates the 

improvement of the sensing properties. In addition, porous or 

hollow MOS nanostructures have also very promising 
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applications in gas sensors because such structures allow more 

target gas molecules to diffusion in or out the sensing films, 

which boost the sensitivity and shorten response and recovery 

times of the sensors.
10-14, 28, 30

 However, to our best knowledge, 

such 2D porous heteronanostructures have not been 

synthesized for high-performance gas sensors.  

H2S is one kind of the colorless and very poisonous gas that 

often produces in the sewage plants, coal mines and natural 

gas industries, and other industrially important hydrocarbon 

feedstock. The sensors that can detect the concentration of 

H2S down to ppb level are highly desirable because the 

acceptable limit of H2S for human beings is in the range of 20–

100 ppb.
31

 Recently, ZnO, SnO2 and/or their composites have 

been used as sensing materials for H2S sensors. Cao et al. 

reported that ZnO nanorods could detect 100 ppm H2S with a 

response value of about 34.8 at 190
o
C.

32
 Kim et al. have 

synthesized Pd-doped SnO2-core/ZnO-shell nanorods and 

found that the sensors based on the nanorods could detect 20 

ppm H2S gas with the response value of 1.5 at room 

temperature.
33

 Shewale et al. fabricated Sn doped ZnO films 

and observed that the sensor response of the thin films is 

about 1.4 to 30 ppm H2S at 200
 o

C.
34

 However, it remains a 

challenge to develop gas sensors that can detect H2S with a 

concentration at ppb level at a relatively low temperature.  

Herein we develop a facile strategy to fabricate 2D porous 

SnO2/ZnO heteronanostructures using graphene sheets as 

hard templates by a facile method. The heteronanostructures 

show a net-like morphology with a high surface area. 

Furthermore, heterojunctions formed at the interfaces 

between SnO2 and ZnO. As a result, compared to the SnO2 and 

ZnO homonanostructures, the heteronanostructures exhibited 

significantly enhanced H2S sensing properties including higher 

response and lower detection limit. Moreover, the SnO2/ZnO 

heteronanostructures can detect 10 ppb H2S even at a working 

temperature of 100
o
C. Thus, the SnO2/ZnO 

heteronanostructures are good candidates for high-

performance H2S sensors. In addition, the simple fabrication 

method presented here may be extended to synthesize other-

type MOS-based heteronanostructures for applications in 

various fields. 

2 Experimental section  

2.1 Synthesis of samples 

2.1.1 Synthesis of net-like SnO2 homonanostructures 

Graphene/SnO2 (G/SnO2) composite was first synthesized by a 

wet-chemical method.
35

 Typically, 10 mg of graphene was 

dispersed in 80 mL of deionized water by ultrasonic treatment 

for 30 min. Then 1.6 g of SnCl2·2H2O and 1.4 ml of HCl (37%) 

was dissolved in the as-obtained G suspension. The mixture 

above was kept at room temperature for 24 h under stirring. 

The precipitates were washed several times with distilled 

water and dried through a freeze-drying process. After heating 

G/SnO2 composite at 500 °C for 2 h under ambient 

atmosphere, net-like SnO2 homonanostructures were then 

obtained.  

2.1.2 Synthesis of net-like ZnO homonanostructures 

G/ZnO composite was first prepared by a wet-chemical 

method.
36,37 

1.4 g of zinc acetate (Zn(CH3COO)2·2H2O) was 

dispersed into 250 mL ethanol. After stirring for 15 min at 80
o
C, 

0.4 g Lithium hydroxide (LiOH) were then added and dispersed 

by ultrasonic treatment for 10 min. 10 mg of graphene was 

added to the mixture above and then stirred at room 

temperature for 10 h. The precipitates were washed with 

distilled water, and dried through a freeze-drying process. 

After then treated at 500 °C for 2 h under ambient atmosphere, 

net-like ZnO homonanostructures were then obtained. 

2.1.3 Synthesis of net-like SnO2/ZnO heteronanostructures 

0.7 g of Zn(CH3COO)2·2H2O was dispersed into 125 mL ethanol. 

After stirring at 80
o
C for 15 min, 0.2 g LiOH were then added 

and dispersed by ultrasonic treatment for 10 min. 50 mg of 

G/SnO2 composite was added to the mixture above and then 

stirred at room temperature for 10 h. The precipitates 

(G/SnO2/ZnO) were washed with distilled water, and dried 

through a freeze-drying process. After heating the sample at 

500 °C for 2 h,  under the ambient atmosphere. After cooling 

to room temperature, net-like SnO2/ZnO heteronanostructures 

were then synthesized.
  

2.2 Structure characterization  

The morphology and size of samples were characterized by 

scanning electron microscope (HSD/SU70) and an FEI Tecnai-

F20 transmission electron microscope equipped with a Gatan 

imaging filter (GIF). The crystal structure of the sample was 

determined by X-ray diffraction (D/max 2550 V, Cu Ka 

radiation). The pore diameter distribution and surface area 

were tested by nitrogen adsorption/desorption analysis 

(TRISTAR II3020). ICP mass spectrometry was measured by 

Thermo iCAP 6000 ICP-MS. X-ray photoelectron spectroscopy 

(XPS) were carried out by using a spectrometer with Mg Kα 

radiation (PHI 5700 ESCA System). The binding energy was 

calibrated with the C 1s position of contaminant carbon in the 

vacuum chamber of the XPS instrument (284.6 eV).  

2.3 Sensor fabrication and the sensing measurements 

The fabrication and testing principle of the gas sensor are 

similar to those described in our previous reports.
38

 Simply, 

the sensing sample was dissolved in absolute ethanol, and a 

drop was spun on a ceramic tube between metal electrodes to 

form a thin film with a thickness of about 0.1 mm. A metal 

alloy coil through the ceramic tube was used to control the 

working temperature of the gas sensor. The gas sensing 

properties were tested by ZWS1-WS-30A system (Zhongxi 

yuanda Science and Technology Co., Ltd., China) with a test 

chamber of 18 L, a gas-intake window, 30 testing channels, 

and temperature controlled system. The standard tested gases 

were purchased from Beijing Kshergas Co., Ltd., China. A 

stationary state gas distribution method was used for testing 

the gas sensing properties. The sensor was placed in a test 

chamber full of fresh air at the beginning, and then a given 

amount of test gas was injected into the chamber by an 

injector. After the response reaching a steady value, the 
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sensor was exposed to ambient environment by opening the 

chamber. The sensor response (S) is denotened as S (S = Ra/Rg), 

where Ra is the sensor resistance in air and Rg is the resistance 

in target-air mixed gas, respectively. The response and 

recovery times were defined as the time needed for 90 and 

80% of total resistance change after the sensor was exposed to 

the tested gas and air, respectively. 

 
Figure 1 XRD patterns of net-like SnO2 and ZnO homonanostructures and 

SnO2/ZnO heteronanostructures. 

3 Results and discussion 

Figure 1 shows XRD patterns of the as-synthesized samples. 

The diffraction peaks labeled by Miller indices in the patterns 

of the net-like SnO2 and ZnO homonanostructures can be 

indexed to tetragonal SnO2 and hexagonal ZnO, respectively. 

No diffraction peaks from impurities are observed, suggesting 

high phase purities of SnO2 and ZnO in the net-like 

homonanostructures, respectively. By careful analysis of the 

peaks in the XRD pattern of the net-like SnO2/ZnO 

heteronanostructures, it can be found that both tetragonal 

SnO2 and hexagonal ZnO are presented in the 

heteronanostructures. However, the diffraction peaks in the 

SnO2/ZnO heteronanostructures are broadened greatly, 

suggesting that both SnO2 and ZnO in 2D net-like 

heteronanostructures have smaller crystal sizes than those in 

2D net-like homonanostructures, respectively. According to 

the Scherrer equation (D=0.9λ/Bcosθ, where D is the crystallite 

size, B is full width at half maximum, θ is diffraction angle and 

λ is the wavelength of X-ray) the crystallite sizes of SnO2 and 

ZnO in the net-like homonanostructures are estimated to be 

7.3 and 23.8 nm, respectively (Tables S1).† However, the 

crystal sizes of SnO2 and ZnO in the net-like heterostructures 

decrease to 2.3 and 9.3 nm, respectively (Tables S1).† The 

decreased sizes of both SnO2 and ZnO facilitate the 

improvement of the sensing properties of the net-like 

heteronanostructures.  

Another advantage of the present method is that the three 

as-synthesized samples can possess similar morphologies to 

grapehene sheets, as shown in low-magnification SEM images 

(Figure 2a), c) and e)).
 39

 The high-magnification SEM images 

(Figure 2b), d) and f)) show that these net-like nanostructures 

are composed of interconnected small nanoparticles, forming 

2D porous structures. The porous features can make the 

nanoparticles contact with the target gases fully, and allow 

more target gas molecules to diffusion in or out the sensing 

films, which boost the sensitivity and shorten response and 

recovery times of the sensors.
10-14, 28, 30

 Furthermore, from the 

SEM images it can be obviously found that the sizes of the 

nanoparticles in the net-like heteronanostructures are greatly 

smaller than those in the net-like homonanostructures, which 

is consistent with the XRD results.  

 
Figure 2 Low-magnification and high-magnification of SEM images of the 2D 

net-like nanostructures. (a,b) SnO2 homonanostructures, (c, d) ZnO 

homonanostructures,  and (e,f) SnO2/ZnO heteronanostructures. 

The structural features of the net-like samples were further 

confirmed by TEM observations. Figure 3a) displays a low-

magnification TEM image of net-like SnO2 

homonanostructures, showing a net-like morphology of 2D 

SnO2 homonanostructures with small pores in the plane. The 

size of the pores is in range of several nanometer to 50 nm, as 

shown in a magnification TEM image (Figure 3b)). Based on the 

measurements on more than 100 nanoparticles by means of 

TEM observation, we found that the percentages of SnO2 

nanoparticles with diameters in the ranges of 1–5, 5–10, 10–

15, and >15 nm were about 16, 60, 22 and 2%, respectively. 

The marked diffraction rings in the selected-area electron 

diffraction (SAED) pattern (the inset in Figure 3(c)) correspond 

to the (110), (101) and (211) crystalline planes of tetragonal 

SnO2, respectively. Diffraction dots or rings from other 

materials are not observed in the SAED pattern, further 
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demonstrating a high phase purity of SnO2 in the net-like 

homonanostructures. Interestingly, the nanoparticles are 

interconnected tightly, suggesting that homojunctions will be 

formed at the interfaces between the neighboring particles. 

This is evidenced by high-resolution TEM (HRTEM) image 

(Figure 3c)), in which the lattice defects such as lattice 

distortion marked by red frames can be clearly observed in the 

region near the interfaces. The HRTEM image also reveals a 

highly crystallization degree of individual SnO2 nanoparticles, 

in which the distances of the some adjacent lattice fringes, 

corresponding to different crystal planes of tetragonal SnO2, 

are marked.  

 
Figure 3 TEM images of the net-like SnO2 homonanostructures. a) Low-magnification TEM image, b) high-magnification TEM image and c) HRTEM image, the 

inset in c) showing the corresponding SAED pattern, and the red frames showing the lattice defects in the homonanostructures.  

 
Figure 4 TEM images of the net-like ZnO homonanostructures. a) Low-magnification TEM image, b,c) high-magnification TEM image and d) HRTEM image, 

the inset in b) showing the corresponding SAED pattern, and the red frames showing the lattice defects at the interfaces. 
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TEM images (Figure 4a) and b)) show that ZnO 

homostructures exhibit a net-like morphology with a porous 

feature, similar to those 2D SnO2 homonanostructures 

possessed. However, the size of ZnO is greatly larger than that 

of SnO2, as shown in Figure 4b) and 4c). Statistical result in 

terms of TEM observations shows that the percentages of ZnO 

nanoparticles with diameters in the ranges of 15–20, 20–30, 

30–40, and 40–60 nm are about 30, 37, 21 and 12%, 

respectively. SAED pattern (the inset in Figure 4b)) and HRTEM 

image (Figure 4d)) demonstrate a crystal nature of individual 

ZnO nanoparticles. The lattice spacing values labeled in Figure 

4d) are about 0.193 and 0.289 nm, corresponding to (102) and 

(100) crystal planes of hexagonal ZnO, respectively. Similarly, 

the lattice defects such as lattice distortion marked by red 

frames can be clearly observed near the interfaces, suggesting 

that homojunctions are also formed in the net-like ZnO 

homonanostructures. 

 
Figure 5 TEM images of the net-like SnO2/ZnO heteronanostructures. a) Low-magnification TEM image, b,c) high-magnification TEM image and d) HRTEM 

image, the inset in b) showing the corresponding SAED pattern. 

Similar to 2D SnO2 and ZnO homonanostructures, SnO2/ZnO 

heteronanostructures also exhibit a net-like morphology with a 

porous feature, as shown in Figure 5 a) and b). Diffraction rings 

from both SnO2 and ZnO are presented in the SAED pattern 

(the inset in Figure 5c)), further confirming that the 

heteronanostructures are composed of SnO2 and ZnO. The 

atomic ratio of Sn to Zn was determined by statistical energy 

dispersive X-ray spectrometry (EDX) results (Figure S1) to be 

about 0.9:1, close to the value (0.85:1) determined by 

inductively coupled plasma (ICP) mass spectrometry.† HRTEM 
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image (Figure 5c)) shows that there are two kinds of 

nanoparticles with different sizes in the net-like 

heteronanostructures. The large nanoparticles exhibit a 

spherical shape, whereas the small nanoparticles show a strip-

like morphology. XRD result reveals that the size of SnO2 is 

great larger than that of ZnO in the heteronanostructures, and 

thus we can safely conclude that the large and small 

nanoparticles are ZnO and SnO2, respectively. This is further 

confirmed by HRTEM observations (Figure 5c)). As shown in 

the HRTEM image, the labeled d-spacings between the 

adjacent lattice fringes for large and small nanoparticles can be 

indexed to the crystal planes of hexagonal ZnO and tetragonal 

SnO2, respectively. The lattice defects such as lattice distortion 

marked by red frames are observed among the adjacent ZnO 

and SnO2 nanoparticles, suggesting that the heterointerfaces 

are formed in the net-like heteronanostructures. Besides, the 

homojuctions are also presented, as marked by the purple 

circles. Notably, Statistical result in terms of TEM observations 

shows that the average diameters of ZnO and SnO2 are about 

10.0 and 2.6 nm, respectively. Therefore, according to TEM 

and XRD results, the sizes of both SnO2 and ZnO in the 

heteronanostructures are greatly decreased compared to 

those in the corresponding homonanostructures. This 

demonstrates that the introduction of ZnO can limit efficiently 

the growth of both SnO2 and ZnO nanoparticles in the net-like 

heteronanostructures.  

The SEM and TEM observations show that the net-like 

structures with a porous character consists of small 

nanoparticles, suggesting they have large surface areas. In 

terms of its nitrogen adsorption–desorption isotherms (Figure 

S2), Brunauer–Emmett–Teller (BET) surface areas of SnO2 

homonanostructures, ZnO homonanostructures, and 

SnO2/ZnO heteronanostructures were calculated to be 54.6, 

21.3, and 128.1 m
2
 g

-1
, respectively.† The average pore 

diameter and cumulative volume of pores calculated from the 

adsorption branch of the nitrogen isotherm using the Barrett–

Joyner–Halenda (BJH) method (the insets in Figure S2) are 

about 20.2 nm and 0.27 cm³ g
−1

 for SnO2 homonanostructures, 

21.2 nm and 0.07 cm³ g
−1

 for ZnO homonanostructures, and 

11.1 nm and 0.42 cm³ g
−1

 for SnO2/ZnO heteronanostructures, 

respectively.  

We used graphene sheets as hard templates to synthesize 

2D net-like SnO2/ZnO heteronanostructures with a porous 

feature in the present work. In terms of the experimental 

results above, we found that the size of SnO2 was suppressed 

significantly by the introduction of foreign ZnO materials. Thus 

the amount of ZnO in the G/SnO2/ZnO precursor may have an 

important role in the final morphology of the 

heteronanostructure. As demonstrated in the experimental 

section, the above 2D net-like SnO2/ZnO heteronanostructures 

with an atomic ratio of Sn to Zn of about 0.9:1, denoted as SZ-

1 for convenience, could be obtained as the addition amount 

of zinc acetate was 0.7 g. The sample with an increased atomic 

ratio of Sn to Zn, denoted as SZ-2, could be obtained if 

decreased to 0.175 g. The atomic ratio of Sn to Zn is 

determined to about 1.2:1 by EDS ananlyses (Figure S3a).† SZ-

2 also exhibits 2D net-like morphology (Figure S3b)); however, 

compared to SZ-1, the pore size in SZ-2 is slightly increased 

(Figure S3c).† Furthermore, the heterointerfaces are also 

formed, as shown in Figure S3d).† On the other hand, in order 

to decrease the atomic ration of Sn to Zn in the 

heteronanostructures G/SnO2/ZnO composite was stirred in 

the zinc acetate solution again for 10 h. After heating the 

composite at 500
o
C for 3 h, the obtained sample is denoted as 

SZ-3. EDS analysis shows that the atomic ration of Sn to Zn in 

SZ-3 is around 0.7:1 (Figure S4a).† Similar to S1 and S2, SZ-3 

also shows 2D net-like structures (Figure S4b); however, the 

pore size is samller than that in S1 and S2 due to higher density 

of the nanoparticles (Figure S4c and d)).† In addition, the 

heterointeraces are also formed in the 2D nanostructures, as 

shown in Figure S4d).† Noted that the SnO2 and ZnO in these 

heteronanostructures have little change in size, revealing that 

the amount of the foreign ZnO mainly has effect on the pore 

size in the heteronanostruces as well as the number of 

heterointeraces.  

 
Figure 6 H2S sensing properties of the net-like SnO2 and ZnO 

homonanostructuresm and SnO2/ZnO heteronanostructures. a) Sensor 

responses of the nanostructures to 5 ppm H2S gases at various working 

temperatures, b) Time-dependent sensor responses of the nanostructures at 

100
o
C, c) Time-dependent sensor responses of the nanostructures to 10 and 

100 ppb H2S at 100
o
C, and d) selectivity of the nanostructures, the working 

temperature is 100 
o
C, the concentration of H2S is 5 ppm, and the 

concentrations of other types of gases are 100 ppm. 
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Because the net-like SnO2/ZnO heteronanostructures have 

bigger surface area and heterointerfaces, they may show 

better gas sensing performance than those of SnO2 and ZnO 

homonanostructures. Figure 6a) shows sensor responses of 

the three net-like nanostructures to 5 ppm H2S gas at various 

working temperatures. It can be found that the net-like 

SnO2/ZnO heteronanostructures have larger sensor response 

values than those of SnO2 and ZnO homonanostructures at all 

the tested temperatures. For example, the sensor response for 

net-like SnO2/ZnO heteronanostructures to 5 ppm H2S at 

100
o
C is about 112, whereas the values are only about 32 and 

12 for SnO2 and ZnO homonanostructures, respectively. From 

the Figure, it can be found that the optimum operating 

temperature of the sensors is 100
o
C. In general, sensing 

materials based on MOSs showed a maximum sensor response 

to the reducing gas with a given concentration at an optimum 

working temperature.
 40-42

 At room temperature the sensor 

response is relatively low. As the working temperature 

increases, sensor response will increase due to the activation 

of adsorbed molecular oxygen and lattice oxygen to form 

oxygen ions. This phenomenon will last until an optimum 

working temperature is achieved, after that exothermic gas 

adsorption is difficult and the gas molecule desorption 

becomes a predominant behavior, leading to a decreased 

sensor response. In addition, the optimum working 

temperature is also dependent on the size, structure, phase 

and morphology of sensing materiales.
40-42

 Considering the 

following factors, it is reasonable that the 

heteronanostructures can detect H2S gas at 100
o
C. First, both 

SnO2 and ZnO nanostructures have responses to H2S gas at the 

working temperature ranging from room temperature to 

300
o
C.

32-34,41
 Second, the both SnO2 and ZnO in the 

heteronanostructures have small sizes. It is well known that 

the small size effect facilitates the decrease of the working 

temperature due to high surface energy of MOS with a small 

size.
42 

Third, the metal oxides in the heteronanostructures may 

react with H2S at 100
o
C, and then transform to metal sulfides. 

Such transformation can improve the sensitivity and selectivity 

of the heteronanostructures to H2S gas, which will further 

discuss later. 

To further investigate the H2S sensing performance of the 

net-like nanostructures, we also measured their time-

dependent responses to H2S gases with different 

concentrations at the optimum operating temperature. As 

shown in Figure 6b), the response values of the net-like 

SnO2/ZnO heteronanostructures to all the tested H2S 

concentrations (0.5–10 ppm) are significantly larger than those 

of SnO2 and ZnO homonanostructures at the optimum 

operating temperature. Therefore, the net-like SnO2/ZnO 

heteronanostructures exhibit enhanced H2S sensing 

properties. Furthermore, both SnO2 and ZnO 

homonanostructures have a weak response to 100 ppb H2S; 

however, the net-like SnO2/ZnO heteronanostructures have a 

distinct response even to 10 ppb H2S, as shown in Figure 6c). 

Compared to other H2S sensing materials, the net-like 

SnO2/ZnO heteronanostructures exhibit better H2S sensing 

properties including larger response value, lower detection 

limit and lower working temperature, summarized in Table 

S2.† Noted that the heteronanostructures exhibited a 

relatively long recovery time to H2S gas with a high 

concentration at a low working temperature of 100
o
C, which 

may be due to numerous adsorption of H2S molecules and a 

relatively low surface reaction kinetics at a low working 

temperature.
32-34

 For example, the recovery time of the 

heteronanostructure to 5 ppm H2S is about 513 s. The recovery 

time could be decreased by increasing the working 

temperature. As shown in Figure S5, the recovery time can be 

decreased to 98 s, but the increased temperature will lead to a 

significant decrease in the sensor response.† Nevertheless, the 

heteronanostructures showed a short response time to H2S 

gas with a low concentration at 100
o
C. For example, the 

recovery times of the heteronanostructures to both 10 and 

100 ppb H2S are less than 40 s (Figure 6c)). The results above 

demonstrates that the net-like SnO2/ZnO 

heteronanostructures are very promising sensing materials for 

high-performance H2S sensors.  

The gas sensors for practical applications are required not 

only to have strong response, but also to have a very good 

selectivity to the targeted gas. Therefore, we examined the 

responses of the net-like nanostructures to 100 ppm acetone, 

100 ppm H2, 100 ppm ethanol and 100 ppm NH3 at 100˚C. As 

shown in Figure 6d), the sensor response of the net-like 

heteronanostructures to 5 ppm is about 112, however, the 

response values are negligible even to 100 ppm other four 

gases. Thus, the net-like SnO2/ZnO heteronanostructures have 

good selectivity to H2S gas. The reasons for the good selectivity 

are relatively complicated. First, when the net-like 

nanostructures are exposed to the reducing gases such as H2S, 

ethanol, H2 and NH3, the gases will react with chemisorbed 

oxygen species on the surfaces of the sensing materials. The 

corresponding surface reaction kinetics is quiet different, 

leading to different sensor response of the 

heteronanostructures to different gases.
9-29

 Second, the metal 

oxides may react with H2S, resulting in the formation of a little 

amount of metal sulfides in the surface.
40,43

 The conductivity 

of metal sulfide  is higher than that of the corresponding metal 

oxide.
44-46

 This leads to larger variation in the surface 

resistance. Thus the heteronanostructures exhibited good 

selectivity to H2S. To provide the evidence for the assumption, 

XPS spectra were collected from the heteronanostructures 

before and after H2S sensing test (exposure to 10 ppm H2S at a 

working temperature of 100
o
C for 10 min.). As shown in Figure 

S6a), the peaks related to S species are not found in the XPS 

spectrum of the heteronanostructures before H2S sensing test, 

however, after H2S sensing measurement a weak peak located 

at 162.1 eV corresponding to S
(II)

 species appears.
44-46

 

Furthermore, EDS patterns (Figure S7) also demonstrate that 

small amount of S species is presented in the 

heteronanostructure after H2S sensing test.† Thus, the 

transformation of metal oxide to metal sulfide is attributed to 

the good selectivity of the heteronanostructures to H2S. This 

also implies that, besides physical adsorption, chemical 

adsorption is also involved in the H2S sensing process. 

However, the detailed adsorption steps need to be further 
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studied. In addition, the peak positions of Sn and Zn species 

and the atomic ratio of Sn to Zn have little changes, implying 

the structural stability of the heteronanostructures as H2S 

sensing materials (Figure S6b) and c)).† Noted that the 

transformation of metal oxide to metal sulfide is reversible, i.e., 

metal sulfide can also convert to metal oxide as the sensing 

heteronanostructures exposed to air atmosphere at the 

working temperature (100
o
C). The peak relative to S species 

disappears in the EDS pattern of the heteronanostructures 

after 1 ppm H2S testing, and then exposing air at 100
o
C until 

the sensor resistance recovers to more than 90% of the initial 

resistance (Figure S8). This supports the reversible 

transformation. However, the sluggish kinetics of the 

transformation reaction leads to a long recovery time of the 

H2S sensor (Figure 6b)).†  

In addition, the long-term stability of the net-like 

heteronanostructures was also measured. As shown in Figure 

S9, the sensor responses to 5 ppm H2S at 100˚C are kept the 

response values with little fluctuation for 60 days of testing, 

suggesting they have a good stability.† The high sensor 

response, good selectivity and long-term stability of the net-

like heteronanostructures demonstrate that they have very 

promising applications in H2S gas sensors. After the long-term 

H2S measurements, the structures of the 

heteronanostructures were characterized by SEM and TEM 

measurements. Although the sizes of the nanoparticles in the 

heteronanostructures are increased slightly (Figure S10a) and 

c)), their 2D net-like morphologies were well kept (Figure S10b 

and c)), revealing the structural stability of the 

heteronanostructures as H2S sensing materials.† 

 
Figure 7 Illustration of the enhanced sensing mechanism of the 2D net-like 

heteronanostructures. a) and b) The sensing mechanisms about pure SnO2 

and ZnO with larger size, respectively, and c) the sensing mechanism about 

the net-like SnO2/ZnO heteronanostructures.  

The enhanced sensing mechanism of the net-like SnO2/ZnO 

heteronanostructures can be attributed to the following facts. 

Firstly, both SnO2 and ZnO in the net-like SnO2/ZnO 

heteronanostructures have smaller sizes than those in the 

homonanostructures. The small size effect will improve the 

sensing property of the net-like SnO2/ZnO 

heteronanostructures greatly. For MOS, the size is smaller 

than the Debye length (λD), the MOS will be completely 

electron-depleted in air by the adsorption of oxygen species 

and is highly resistive. As MOS is exposed to the reducing 

gases, the reducing gases will react with the adsorbed oxygen 

species, and then the depleted electrons will be released back 

to MOS. Consequently, in this case the resistance of MOS has a 

very large variation. However, if the size is larger than the 

Debye length, the resistance of MOS at air and reducing gases 

will show a smaller change.
4,22,47

 Thus, MOS with a small size 

close to its Debye length is highly desirable to improve its 

sensitivity to reducing gases. λD for an oxide material can be 

calculated by the following equation:
48  

λD = (εkT/q
2
nc)

1/2
                       (1) 

where ε, k, T, q, and nc are the static dielectric constant, 

Boltzmann’s constant, the absolute temperature, the electrical 

charge, and the carrier charge concentration, respectively. 

According to the equation, λD for SnO2 is estimated to be 

around 3 nm, whereas it is around 20 nm for ZnO.
4,22,48

 In 

terms of XRD and TEM analyses, the sizes of most SnO2 

nanoparticles in the net-like SnO2 homonanostructures are 

larger than 3 nm, whereas those in the SnO2/ZnO 

heteronanostructures have sizes close to 3 nm. Similarly, most 

ZnO nanoparticles in the net-like ZnO homonanostructures 

have sizes larger than the Debye length of ZnO, whereas those 

in the SnO2/ZnO heteronanostructures have size smaller than 

the Debye length of ZnO. Thus the enhanced sensing 

properties of the SnO2/ZnO heteronanostructures can be 

attributed to the small size effect, as shown in Figure 7a), b) 

and c). Secondly, due to different electron work function of 

ZnO (5.2 eV) than that of SnO2 (4.9 eV), as the tight interfaces 

are efficiently formed among the adjacent ZnO and SnO2 

nanoparticles, the unidirectional flow of electrons will occur 

until the built-up electric field prevents it. This results in the 

generation of heterojunction barriers at the interfaces 

between the two materials.
22, 47 

In air, the height of the 

heterojunction barriers is increased because electrons are 

trapped both in SnO2 and ZnO induced by adsorbed oxygen 

species, as shown in Figure 7c). In this case, the conductivity of 

the heteronanostructures is very low. When the 

heterostructures are exposed to H2S, the reaction between the 

adsorbed oxygen species and the H2S molecules leads to the 

release of the trapped electrons back simultaneously into the 

conduction bands of the SnO2 and ZnO, decreasing the height 

of the barrier potential at the interfaces, as shown in Figure 

7c). Consequently, the conductivity of the 

heteronanostructures will be greatly increased; resulting in the 

enhanced sensitivity of the heteronanostructures to H2S.
25

 

Therefore, the change in the height and width of the 

heterojunction barriers at different gas atmospheres 

contributes to the enhanced sensing properties of the 

SnO2/ZnO heteronanostructures.  

4 Conclusions 

In summary, the SnO2/ZnO heteronanostructures with a 

porous feature were successfully fabricated by a facile 

method. As applied as H2S gas sensors, they exhibited high 

sensor response, good selectivity and long-term stability. 

Importantly, the SnO2/ZnO heteronanostructures can detect 
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10 ppb H2S gas at a relatively low working temperature 

(100˚C). Furthermore, compared to SnO2 and ZnO 

homonanostructures, and other types of MOSs, SnO2/ZnO 

exhibited enhanced H2S sensing properties, which can be 

attributed to the small size effect and the formation of 

heterojunctions at the interfaces. Our results indicate that the 

net-like SnO2/ZnO heteronanostructures are good candidates 

for high-performance H2S sensors. Furthermore, the fabrication 

method may be extended to synthesize other 2D net-like metal 

oxides for applications in various fields.   
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Net-like SnO2/ZnO heteronanostructures with a porous feature and heterojunctions at the 
interfaces were successfully designed and fabricated by a facile method. Importantly, they could 
detect 10 ppb H2S even at a working temperature of 100

o
C.  
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