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Abstract: A novel hierarchical porous biomorphic ZnO/SnO has been facilely synthesized in one step using 

bagasse as bio-template. The structural features of the ZnO/SnO2 n–n heterostructures were characterized by 

X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron microscope (TEM), and X-

ray photoelectron spectroscopy (XPS). The results revealed that the as-prepared ZnO/SnO2 retained the original 

pore morphology of the bagasse material, and the ZnO/SnO2 was demonstrated with higher sensing 

performance as compared with the pure SnO2. Particularly, when molar ratio SnO2:ZnO=1:1, the sensor 

displayed the highest response, showing an excellent response value of 37 under 100 ppm methanol at 340℃. 

Meanwhile, ZnO/SnO2 composite exhibit good gas selectivity and stability to methanol, which can mainly be 

attributed to the formation of n-n junctions between SnO2 and ZnO, high capability of absorbed oxygen species 

of the ZnO/SnO2 composite. 

Keywords: ZnO/SnO2; composite material; gas sensor; methanol gas; n–n heterojunction 

 

1. Introduction 

Gas sensor technology plays a major role for the future development, which shows a constantly 

increasing trend in the application field, especially in the industry and private sectors [1–3]. 

Currently, the mental oxide semiconductors, which have exceptional sensitivity, low detection limits, 

fast response and recovery, low fabrication cost, and excellent long-term stability, are widely used in 

environmental monitoring, health care, industrial safety, medical diagnostics, and other fields as gas 

sensors [4–6]. Semiconductors gas sensors have been developed based on limited kinds of n-type 

metal oxides, such as SnO2, ZnO, Fe2O3, In2O3[7–10]. SnO2 is a typical n-type transparent oxide 

semiconductor with a wide band gap of 3.6 eV. Its common crystal structure is the tetragonal system 

and with a spatial group. SnO2 has been recognized as an excellent material for the gas sensors, which 

holds high sensitivity, long service life and low cost [11–13]. Because the gas sensing performance of 

pure SnO2 cannot meet the needs of practical application, the gas sensing properties of single metal 

oxide SnO2 could be improved by the addition of noble metals such as Au, Ag, Pt and semiconductors 

like ZnO, TiO2, Fe2O3 were used [14–17]. ZnO can possess low resistance, high n-type concentration, 

high hole mobility, low lattice mismatch with SnO2, which were beneficial for the formation of n-n 

heterojunction with SnO2[18,19]. Moreover, since the gas sensitivity of gas-sensitive materials is also 

affected by the microstructure and morphology of the materials, it is a good option to improve the 

sensitivity of the detected materials by designing nanomaterials with large specific surface area and 

high porosity [20,21]. To date, many methods have been developed for the synthesis of 

nanostructures, such as hydrothermal/solvothermal synthesis, chemical etching, hard and soft 
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templates to synthesize various forms of SnO2 materials, such as nanorods, nanoflowers, and 

nanospheres [22–24]. However, these synthesis methods generally suffer from the use of toxic 

solvents, complex handling methods, and expensive experimental equipment hindering the large-

scale synthesis of the materials. Therefore, it remains challenging to synthesize nanomaterials with 

large specific surface area and high porosity in a cost-effective, facile and environmentally less 

hazardous manner. 

In recent years, fabricating biomorphic inorganic materials using natural biomaterials as 

templates has attracted increasing attention [25]. Natural biological template such as cotton, wood, 

leaf, rice- husk, sorghum straw, pollen grain, and egg shell membrane are extensively used [26–29]. 

First, biotemplating can reproduce the genetic forms of natural materials, especially multilayer 

typologies, which are difficult to realize by other methods. On the other hand, biotemplates can also 

be modeled on certain biological structures, which guided the self-assembly of inorganic materials. 

Bagasse is a very abundant, cheap, and easily available agricultural waste, which can be used as a 

biological template because of its spontaneous porous structure with its high content of organic 

molecules that can bind to inorganic ions. Therefore, we attempted to merge the hierarchical porous 

structure of bagasse and the doping with transition metals towards oxide materials with new 

structure and composition, better suited for gas sensing application. So far, there have been no reports 

about use bagasse as a biological template. 

In this paper, using bagasse as biological template, ZnO was chosen as a dopant for SnO2. We 

explore a method of synthesizing ZnO/SnO2 semiconductor, and develop the gas sensor by obtained 

ZnO/SnO2 semiconductor composite. In addition, we have systematically examined its enhanced gas 

sensing performance to methanol. The oxygen vacancy concentration and the working mechanism of 

n-n heterojunction were analyzed by transmission electron microscopy (TEM) and X-ray 

photoelectron spectroscopy (XPS) characterization, and the gas sensing mechanisms of SnO2 and 

ZnO/SnO2 nanocomposites were investigated, which are expected to be generalized to the 

preparation of other biopolycrystalline porous metal oxide gas sensing materials. 

2. Materials and Methods 

2.1. Synthesis of ZnO/SnO2 

The bagasse was placed in a distilling flask and then heated in boiling 5% dilute ammonia for 4 

h to remove the lignin and hemicellulose in the bagasse. The extracted bagasse was washed by 

deionized water to pH ≈ 7. The rinse steps should be repeated three times as above and then dried at 

60 ◦C for 12 h. 

In a typical preparation of precursor solution, 1.753g SnCl4•5H2O were dissolved in 100 ml of 

anhydrous ethanol, then processed by ultrasonic shock instrument for 15 min. 1g of treated bagasse 

was infiltrated in the precursor solution for 24 h at room temperature, dried at 60◦C for 12 h. After 

that the bagasse was rinsed with distilled water for three times. The infiltration steps should be 

repeated two times as above and then be stored. Finally, the specimens were calcined in air at 550◦C 

for 4 h (heating rate:2◦C/min), and then stamped SnO2 powder was obtained.  

Three 50mL Zn(C2H3O2)2 aqueous solutions, which concentrations were all 0.05mol/L, were 

prepared. Then 10mL of 5% ammonia water was added to the solution one by one, and the solution 

was fully stirred on the magnetic stirrer to dissolve, and then the solution was evenly dispersed in 

the ultrasonic oscillator. Then, the SnO2 powder of 0.2g, 0.04g and 0.02g prepared before were 

weighed respectively, and was successively added to the zinc acetate aqueous solution, fully stirred 

and ultrasonically dispersed. Finally, the mixed solution was transferred to a 100mL 

polytetrafluoroethylene reactor, and the reactor was placed in an oven at 140℃ for 2h. After the 

reaction, the reactor was cooled naturally, and when it was reduced to room temperature, the 

precipitate was washed with water and anhydrous ethanol several times, and centrifuge collected. 

The collected precipitate was placed in an oven at 60℃ to dry ZnO/SnO2, and labeled as Sn:Zn 1:1, 

Sn:Zn 1:0.5, Sn:Zn 1:0.1. Meanwhile, the synthesis steps for the ZnO samples were the same except 

that SnO2 was not added. 
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2.2. Characterization 

The phase structure of crystal sample was characterized by an X-ray diffraction (XRD, Cu–Kα, 

Rigaku D-Max 2550). The morphologies were obtained by the XL-30 ESEM FEG Scanning Electron 

Microscope (FESEM). TEM and HRTEM images were acquired with the FEI Tecnai G2 F20 

Microscope. The adsorption and desorption isotherm studied with liquid nitrogen were performed 

by the Micromeritics ASAP 2020 Surface Area and the Porosity Analyzer. The composition and 

contents of nanofibers were analyzed by the X-ray photoelectron spectroscopy (XPS: VG Scientific, 

UK) using Mg Ka radiation. The specific surface area was examined using a single point Brunauer–

Emmett–Teller (BET) method. 

2.3. Measurement of Gas Sensing Properties 

Four electrodes of ceramic tube were welded aligned with four electrodes of the base. The 

resistance wire was crossed through the ceramic tube and the two ends of resistance wire were 

soldered on the corresponding electrodes. 

The prepared sample powders were mixed separately with ethanol to a form of sticky pastes, 

which were then coated on the ceramic tube. Then the element was placed in the AS20 aging table 

for 24h to ensure that the materials were adhered with the surface of ceramic tube. Gas sensing tests 

were performed with a measuring system of KGS101H-R500M (Ming Xuan Electronics Co. Ltd., 

Changchun,China), which were processed statically. A 1000ml volumetric flask was dried in a drying 

apparatus and then chilled at the room temperature. The volatile liquid was absorbed by the sample 

injector and then was transferred rapidly to the 1000ml volumetric flask. Finally in order to make 

liquid volatilize quickly and fully mixed with air, the flask was covered by a cap and shaken for one 

to two minutes.  

After the element was connected to the gas sensitive monitor, it was put in a Plexiglass box. 

Collection could be done by setting up parameters in the software, where Ra is the resistance of the 

sensor in air and Rg is the resistance of sensor in the volumetric flask. The gas-sensors response in our 

work was characterised as S=Ra/Rg. Ra and Rg are the resistance values of the gas sensor in air and 

target gas environment, respectively. The upper and lower limits were defined as the maximum and 

minimum concentrations of the gas that can be detected, respectively. 

3. Results 

3.1. Characterization  

3.3.1. Structural Analysis 

The XRD patterns of the prepared ZnO/SnO2, pure ZnO and pure SnO2 were shown in Figure 1. 

It can be seen that the characteristic peaks were indexed to the hexagonal wurtzite structure of pure 

ZnO, which agreed well with PDF#79-0207. Characteristic peaks of ZnO were powerful and sharp. It 

indicated that ZnO had a high crystallinity and a high sample purity. Likewise, characteristic peaks 

of SnO2 matched the positions of standard card PDF#71-0652. This result showed that SnO2 was of a 

tetragonal rutile structure with high sample purity. Compared with pure ZnO and pure SnO2, the 

characteristic peaks for all ZnO/SnO2 were more obviously appear. It can be seen that the doping of 

ZnO did not destroy the crystal texture of SnO2, meanwhile ZnO itself was not damaged as well. 

From Figure 1, it can be found that characteristic diffraction peak was significantly enhanced with 

the increasing of ZnO doping ratio. When the doping ratio in composite material was 1:0.1, the 

characteristic diffraction peaks of ZnO almost disappear. While the doping ratio was 1:1, the 

characteristic diffraction peak was the strongest. The average crystallite size of pure SnO2 was 

calculated to be about 5.5 nm and average crystallite size of ZnO/SnO2 was 23 nm based on Scherrer 

equation. 
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Figure 1. XRD metal oxide patterns for ZnO/SnO2 nanocomposites with different doping ratio and 

pure ZnO and SnO2. 

3.3.2. Morphological Analysis 

Figure 2 shows the typical SEM images of pure SnO2 and ZnO/SnO2 (1:1) morphology. It can be 

seen that the sample retained the original pore morphology of the bagasse nest with the removal of 

the bagasse body. Figure 2c showed more detailed structure of the sample, indicating that many ZnO 

particles were attached to the flake structure, which made previously smooth surface of SnO2 no 

longer smooth. The diameter of ZnO nanoparticles was about 17 nm. The shape of the cross section 

can be clearly seen in the Figure 2c which demonstrates that the bagasse samples have been 

completely remained. To further prove the complete removal of bagasse templates and the material 

distribution, the Energy Dispersive X-ray Spectroscopy (EDS) analysis was done and the result was 

shown in Figure 2d. For the molar ratio of ZnO/SnO2 1:1 sample, the atomic mass of Sn was 118.71, 

and the atomic mass of Zn was 65.38. In the EDS spectrum, many peaks associated with object 

elements were clearly visible, which clearly indicates that there are no impure elements in the 

prepared sample. 

 

Figure 2. Field emission SEM (FESEM) images of: (a)SnO2, (b)ZnO/SnO2, (c)HRSEM of ZnO/SnO2 

nanocomposite and (d) EDS spectra for ZnO/SnO2. 
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TEM images showing the graded structure of ZnO/SnO2 of bagasse samples were in Figure 3. It 

can be seen that ZnO/SnO2 composites were composed of homogeneous particles and the average 

size was 17nm, which was consistent with the result of SEM images. From HRTEM image, it showed 

that SnO2 and ZnO form n-n heterojunctions with lattice fringes spacing of about 0.147 and 0.334, 

which corresponding to (101), planes of ZnO and (110) planes of SnO2, respectively. These tests 

confirmed the presence of heterojunctions of SnO2 and ZnO. The electron diffraction pattern in Figure 

3a, it shown a discontinuous concentric circle arrangement, which indicated that the prepared 

ZnO/SnO2 composite is polycrystalline.  

 

Figure 3. (a) TEM images of ZnO/SnO2, (inset) SAED of ZnO/SnO2., (b) HRTEM of ZnO/SnO2. 

3.3.3. BET Analysis 

The nitrogen adsorption–desorption isotherms and the pore size distribution curves of 

ZnO/SnO2 sample is presented in Figure 4. The sample exhibited an IV-type isotherm with H3-type 

hysteresis loop according to the IUPAC classification, indicating ZnO/SnO2 sample contained 

abundant mesopores distribution.  

 

Figure 4. Nitrogen adsorption/desorption isotherm and BJH pore size distribution plot (inset) of the 

ZnO/SnO2. 

The contact area between the gas and the material in gas-sensitive functional materials was an 

important factor affecting gas-sensitive performance. The number of active points directly affect the 

sensitivity. Table 1 showed that with the increase of ZnO doping amount, the specific BET surface 

area of the material also increased. Combined with SEM images, it can be seen that this phenomenon 

was caused by dispersed spherical ZnO particles on the smooth surface of SnO2 material. These 

particles changed from a plane to a sphere, which increased the specific BET surface area of the 

composite material. 
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Table 1. Specific surface of composites with different ratios. 

 SnO2 SnO2/ ZnO 1:0.1 SnO2/ ZnO 1:0.5 SnO2/ ZnO 1:1 

BET(m2/g) 30.51 33.67 40.44 70.80 

3.3.4. Composition Analysis 

X-ray electron spectroscopy was used to characterize the elemental stats in composite materials 

(ZnO/SnO2 ratio =1:1) and the valence and the electronic structure of these elements. The wide-scan 

XPS photoelectron full spectrum of (Figure 5a) implied that ZnO/SnO2 sample consisted of Zn, Sn, C 

and O. The peak appeared at a binding energy of 485.8eV and 494.3eV (Figure 5b), corresponding to 

the Sn3d3/2 orbital and the Sn3d1/2 orbital, respectively, indicating that Sn in the composite material 

existed in the form of Sn4+. It can be seen from Figure 5b that the doping of ZnO reduced the binding 

energy of Sn3d, the electron cloud density of Sn became larger, resulting in an enhanced electron-

withdrawing ability. Figure 5c showed that the peak appeared at a binding energy of 1042.8ev and 

1020.1ev, attributed to to the Zn2p1/2 and the Zn2p3/2 l, respectively, which indicated that Zn in the 

complex was in the form of Zn2+. It can be seen from Figure 5c that after ZnO doping, the binding 

energy of SnO2 increased, which was due to the decrease in electron cloud density, resulting in an 

increase in electron-promoting ability. Above results proved that the existence of the ZnO/SnO2 

heterostructure and n-n heterojunction forming on the interface. In addition, as shown in Figure 5d, 

the O1s spectrum of the composite material can be fitted into one peak at 531.85eV. O in the composite 

material was in the form of O2-, which belonged O of Zn-O and Sn-O. After fitting, it can be found 

that the peak area of the adsorbed oxygen of the composite material was significantly increased, 

indicating the amount of adsorbed oxygen in the composite material and enhanced oxidizing power. 

 

Figure 5. XPS spectrum of ZnO/SnO2（a）survey spectrum, (b) Sn3d spectrum, (c)Zn2p spectrum, and 

(d) O1s spectrum. 

3.2. Gas Sensing Properties 

The response value of the gas sensitive material to the target gas is closely related not only to the 

gas sensitive operating temperature, but also to the doping amount of the gas sensitive material. 
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Figure 6a showed the response curves of pure SnO2 and a series of ZnO/SnO2 composites with 

hierarchical structure to methanol (100ppm) at different operating temperatures. It can be seen that 

the response value increased with the increase of temperature from 150 o C to 340 o C, then reached 

the peak value at 340 o C (except that the doping ratio = 1:0.1). The response value decreased at 37 

when the temperature is higher than 340 o C. The ZnO doped samples have higher response value to 

methanol than the pure SnO2 samples. Among them, ZnO/SnO2 (ratio = 1:1) exhibited the best gas 

response. Thus, in in subsequent gas sensing properties experiments, 340 o C was chosen as the 

optimum operating temperature and ZnO/SnO2 (ratio = 1:1) was as gas sensors. Figure 6b showed 

the selectivity of gas sensors with ZnO doping ratio of 1:1 at an optimum operating temperature (340 
o C) to different target gases of 100ppm. It shown that the maximum response value of ZnO/SnO2 

(ratio = 1:1) to methanol, ethanol, acetone, methanal, and ammonium were 37、36.3、35、33.2、29.7

、26.1 and 22.8 at 340 o C, which further indicated that ZnO/SnO2 had a good response value to 

methanol. Figure 6c displayed the dynamic response recovery curves of ZnO/SnO2 (ratio = 1:1) and 

SnO2 sensor exposed to methanol at different concentrations ranging from 20 to 500 ppm operated at 

340 o C. The response value of ZnO/SnO2 (ratio = 1:1) to methanol increased gradually with the 

increase of concentration. The response value of the composite was positively correlated with the 

concentration of methanol. The response value of ZnO/SnO2 (1:1) element to 20, 50, 100, 500 and 1000 

mg/L methanol are 15, 26, 37, 40 and 42, respectively, which were higher than that of SnO2 element. 

The response of metal oxide semiconductors gas sensors with the concentration of gases is usually 

expressed by Eq (1) [30], where S is the gas response, C is the concentration of the test gas, a and b 

are the constants. The logarithm of the value calculated from Eq (1). 

S=a[C]b+1                                                                   (1) 

Figure 6d showed the logarithm relationship of the response value of ZnO/SnO2 and SnO2 to 

methanol and the gas concentration. As shown in Figure 6d, the responses of ZnO/SnO2 and SnO2 

sensors all had good linear relationships (the correlation coefficients were 0.9906 and 0.9365, 

respectively) with methanol concentrations varied from 20 ppm to 500 ppm in logarithmic forms. The 

slopes of the calibration curves of ZnO/SnO2 and pure SnO2 sensors to methanol were 0.75 and 0.89, 

which indicated ZnO/SnO2 samples had better gas sensitivity compared with pure SnO2. Figure 6e 

showed the comparison of response recovery time between pure SnO2 and ZnO/SnO2 samples. 

Response and recovery times of ZnO/SnO2 were 3 s and 3 s in the presence of 100 mg/L methanol, 

while that of pure SnO2 was 9 s and 6 s, respectively. This result indicated that the sensors of 

ZnO/SnO2 exhibited correspondingly high response, and fast response and recovery. 

Figure 6f showed that the response value of composite materials to the 100ppm methanol 

atmosphere at 340 o C, and the test was conducted every 10 days. The results indicated that the 

response value of materials decreased slowly and steadily from day 1 to day 30, while it’s going down 

fast after day 30. The specific response value was 37, 36.3, 35, 33.2, 29.7, 26.1, and 22.8, respectively. 
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Figure 6. (a) Response curves of ZnO/SnO2 samples with different ratios to methanol at different 

temperatures (a: SnO2; b:ZnO/SnO2=1:0.1; c: ZnO/SnO2=1:0.5; d: ZnO/SnO2=1:1). (b) Response curves 

of ZnO/SnO2 samples towards different target gases. (c) Response recovery curves of ZnO/SnO2 to 

methanol at different concentrations (d) Response of SnO2 and ZnO/SnO2 to methanol and gas 

concentration fitting curves (e) Response recovery time comparison charts of SnO2 and ZnO/SnO2 to 

100 mg/L methanol (f)Stability of ZnO:SnO2=1:1 composite material (target gas: methanol, 

concentration: 100ppm, temperature:340℃). 

The gas-sensing mechanism based on n-type semiconductor metal oxides was elucidated by the 

surface charge theory [31,32], which mainly involved the gas adsorption, charge transfer and 

desorption process. As shown in Figure 7, upon exposure to air, oxygen molecules rapidly adsorbed 

on n-type semiconductor oxide SnO2, captured electrons from the conductance band of SnO2, and 

formed chemisorbed oxygen (O2- , and O-), increasing resistance due to a thicker electron depletion 

layer, at different operating temperatures. As methanol vapor was added to a test chamber, methanol 

molecules adsorbed on the SnO2 and ZnO/SnO2 surface reversed this effect by releasing the captured 

electrons thinning the depletion layer, and lowering resistance. By comparing the two results, the 

methanol gas sensing properties of the ZnO/SnO2 sensor were superior to those of its SnO2 

counterpart (Figure 7). Similar to the effects of the mechanism mentioned above, these enhanced 

methanol sensing properties were possibly mainly due to a synergy among the effects of electronic, 

structural and chemical properties, such as the changes in electronic structure, the increasing number 

of oxygen vacancies and surface chemisorbed oxygen, and the methanol oxidation catalytic activity 

of SnO2. 
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In addition, another important factor for the enhancement of ZnO/SnO2 toward methanol vapor 

reaction was the high oxygen vacancy and surface chemisorbed oxygen concentration of ZnO/SnO2. 

The high content of oxygen vacancies in the material resulted in a high number of surface-active sites, 

where gas adsorption and reaction occurred. In addition, the additional chemisorbed oxygen 

contained in the material provided more reactants for the surface redox reaction, increasing the 

variation of sensor resistance. 

 

Figure 7. (a1) Gas sensitive reaction mechanism of SnO2, (a2) Change in band gap structure of SnO2 

during gas-sensing reaction, (b1) gas-sensitive reaction mechanism of ZnO/SnO2 and (b2) The change 

in band gap structure of ZnO/SnO2 during gas-sensing reaction. 

4. Conclusions 

Using bagasse as a bio-template, ZnO/SnO2 nanocomposites were successfully synthesized. Both 

ZnO/SnO2 and SnO2 maintained the original pore morphology of bagasse. The bio-template played a 

role in reducing the aggregation of the ZnO/SnO2 nanocomposites and uniformly distributing the n-

n heterojunction throughout the material, which enhanced the gas-sensitizing properties. This simple 

bio-template synthesis route was expected to be generalized to the preparation of other biomorphic 

porous metal oxide gas sensing materials. The gas-sensitizing properties of the ZnO/SnO2 composites 

exhibited high selectivity and sensitivity. When molar ratio SnO2:ZnO=1:1, the sensor displayed the 

highest response, showing an excellent response value of 37 under 100 ppm methanol at 340℃. 

Mechanistic analysis showed that the application of bagasse templates reduced the aggregation of 

the nanocomposites, increased the concentration of oxygen vacancies and provided n-n 

heterojunctions, which together played an important role in enhancing the gas-sensitive properties. 
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