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Role of cobalt in Co-ZnO nanoflower gas sensors for the detection of low concentration VOCs
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Abstract: As a non-invasive detection method, breath analysis for the diagnosis of lung cancer has been a hotspot in the medical field. Using an e-nose to achieve the breath analysis is a popular choice. To prepare the sensors used in the e-nose for the detection of the volatile organic compounds which are considered as the biomarkers for lung cancers, cobalt doped ZnO sensors with high response to low concentration VOCs were fabricated. The Co-ZnO samples were synthesized via wet chemical method and drop coated onto the alumina substrates equipped with gold interdigitated electrodes after calcination. The as-synthesized materials were characterized by SEM, XRD, FT-IR and XPS to observe the microstructure, the crystal phase and the states of Co atom in the samples. The sensors were tested with various VOCs at different temperatures. showing a strong influence of the different amounts of Co2+ addition on the sensing characteristics. The difference in the sensing performance could be explained by the different phases of Co in the sensing layers.
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1. Introduction
In the medical field, developing non-invasive diagnosis methods for lung cancer has become a hotspot. Among them, breath analysis is an efficient method tracking gases, volatile organic compounds (VOCs), considered as biomarkers.[1-3] Traditionally, gas chromatography was used to study the components in breath analysis but the size and cost of the equipment and difficulties in data analysis made it hard to be used for doctors. Therefore e-nose can be good choice. Biomarkers in breath are at low concentrations, mostly in the ppb range and it becomes essential to develop sensors with high response to those biomarkers. Here we focused on isopropanol which seems to be an important biomarker for lung cancer. [4-5] Semiconductor gas sensors can be candidates due to their relative high response and low cost. Howver, pure metal oxide such as ZnO cannot fit the requirement of detecting ppb level concentration change of VOCs, so it is necessary to modify the metal oxide. Synthesizing nanostrucutres with high specific surface area, doping or building p-n heterojuhnctions between two different semiconductors are efficient methods to improve the response of semiconductor sensors. [6-8] The operating mechanism of metal oxide semiconductor is the  In this work, we synthesized cobalt assisted flower like zinc oxide (Co-ZnO) as sensing material. The ratio between Co and ZnO were adjusted and its influence on the sensing performances was studied.
2. Experiments
The Co-ZnO composites were synthesized via a chemical deposition method. First, x mmol Co(NO3)2•6H2O and 3-x mmol Zn(NO3)2•6H2O were dissolved in 55 ml of deionized (DI) water, which was marked as solution A. x was set as 0.3, 0.6, 0.9, 1.2 and 1.5 (10 at%, 20 at%, 30 at%, 30 at% and 50 at% Co respectively). The obtained samples are named as 10Co, 20Co 30Co 40Co and 50Co respectively. At the same time, 30 mmol of 2-Methylimidazole (MeIM) was dissolved in 50 mmol of DI water and magnetically stirred until the solution becomes clear. The solution was marked as solution B. Solution B was poured into solution A, then 15.5 ml of ammonia was immediately added into the solution. Afterwards, the purple solution was magnetically stirred at room temperature for 2 h. The purple precipitates were centrifugated and washed and dried at 80oC overnight. To prepare the Co-ZnO, the as-prepared purple powders were calcinated at 500oC for 2 h. For making the sensors, the as-prepared powders were drop coated on an alumina substrate with interdigitated gold electrodes. The gas sensing test was carried out in a homemade testing system. The testing system and the testing method are the same as introduced in ref. [9] The response of n-type and p-type sensors is defined as:
 or     (1)
S is the sensor response, Rg is the resistance of the sensor in target gas and Ra is the resistance of the sensor in synthetic air. The response and recovery times were defined as the time needed to reach 90% of the maximum response and to recover to 110% of the baseline.
3. Results 
To study the role of Co in the sensor, we performed several characterizations to the material. The scanning electron microscope (SEM) picture showed that all of the samples have similar morphology, which is a nanosheet assembled flower-like structure with pores of about 36 nm, as is shown in Fig. 1. X-ray diffraction (XRD) proved that after the calcination, in the 10Co and 20Co samples, only ZnO exist, while in the other groups, there are both ZnO and Co3O4. In X-ray photoelectron spectroscopy (XPS), the O 1s region, a new peak at 529.5 eV can be found in 30Co, 40Co and 50Co. This peak is related to the Co3+ in Co3O4, which is consistent with the result of XRD. In the Co 2p region, in 10Co and 20Co, the state of Co can be considered as Co2+, the 30Co is a mixture of Co2+ and Co3+. In 40Co and 50Co, the Co is mostly Co3+. According to reference [10], when the atom ratio of Co is less than 30 at%, the form of the sample is more likely to be a Co substituted ZnO; when the content of Co is more than 30 at%, the samples are a ZnO-Co3O4.
For the gas sensing performance, the results are shown in Fig. 2. Fig. 2(a) shows the relationship between sensor responses and operating temperature. The 10Co and 20Co reached the highest response at 225oC, while the others had the best response at 250oC. Fig. 2(b) shows the dynamic response of the Co-ZnO sensors to 5 ppm isopropanol. The electrical resistance decreased with the increase of Co addition, especially when it is more than 30 at%. Also, when Co is more than 40%, the resistance in gas increases, which means there is a n-p type reverse. According to Fig. 2(c), the 10Co sensor showed the best response to 5 ppm isopropanol at 225oC, the response time and recovery time was 330 s and 475.16 s. In Fig. 2(d), the response of the 30Co to 5 ppm of acetone becomes high. It is much higher than the value at 250oC. For the repeatability, we tested the sensors with isopropanol at the best working temperature, in 10 days’ test, the variation of the response is less than 10%, which can be considered as a stable sensor.
For the sensing mechanism, first, when the sensors are exposed to air the oxygen molecules adsorb on the surface of the sensing layer, generating O- ions. In this step, the oxygen molecules capture the free electrons in the sensing layer and lead to the increase of the resistance of the sensing layer. Once the isopropanol is injected into the testing chamber, the gas reacts with the adsorbed oxygen ionsreleasing the electrons into the sensing layer, which caused the change of the resistance. The doping withCo changes the bandgap structure of the ZnO which is the main influence in 10Co and 20Co, while the p-n heterojunctions between Co3O4 and ZnO plays the major role in the other groups.
4. Conclusion
In this work, two kinds of the nanosheet-assembled flower of Co-ZnO sensors have been successfully synthesized through the same chemical deposition method The Co substituted ZnO showed good response to isopropanol while the one with Co3O4 was more sensitive to acetone. The improvement of the sensing performance can be summarized as the increase of the specific surface area, the doping effect of Co2+ and the construction of p-n heterojunctions between Co3O4 and ZnO.
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Fig. 1 SEM images of (a) 10Co before calcination (b) 10Co after calcination (c) 40Co before calcination (d) 40Co after calcination
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Fig. 2 (a) Responses of Co-ZnO sensors to 5 ppm isopropanol at different working temperatures; (b) Electrical resistance changes of Co-ZnO sensors with 5 ppm isopropanol at 225oC; (c) Dynamic responses of the Co-ZnO sensors to 5 ppm of isopropanol at 225oC; (d) Response of Co-ZnO sensors to 5 ppm of acetone at different working temperature
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