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Abstract 

Gas sensors based on metal oxide semiconductors (MOS) have attracted significant atten-

tion in monitoring of methane emission and leakage monitoring due to their high sensi-

tivity, fast response time, simple structure and low cost. However, the high power con-

sumption caused by long-term high-temperature operation of MOS sensors restricts their 

application in mobile and portable devices. In this study, MOF-derived Co3O4 dodecahe-

drons for low-concentration methane detection at room temperature was prepared using 

Zeolitic Imidazolate Framework-67 (ZIF-67) as a template and with various calcination 

temperatures. Among them, the Co3O4-350 calcined at 350 °C exhibited the optimal CH4 

sensing performance at room temperature, with a response of Rg/Ra = 1.53 to 2000 ppm 

CH4. This enhanced gas sensing performance is attributed to the highest Co3+ proportions 

and the largest specific surface area in Co3O4-350 nanomaterials, which provided more 

active sites for gas adsorption and reaction. To address the challenge of slow response 

speed and irrecoverability during CH4 detection at room temperature, the Co3O4 nano-

materials were printed onto a micro-heater plate (MHP) to form a MEMS gas sensor. By 

introducing a pulse heating mode to the MEMS sensor, the response and recovery time 

were significantly reduced to 26 s and 21 s, respectively. This enhancement improves both 

the efficiency and reliability of the MEMS gas sensor for early-stage detection of CH4 leaks 

in various industrial applications. 

Keywords: room temperature CH4 sensing; MOF-derived metal oxides; Co3O4  

dodecahedrons; calcination temperature 

 

1. Introduction 

Methane (CH4), the simplest organic compound widely found in nature, is exten-

sively used in industrial production (such as petroleum and natural gas production) and 

daily life due to its combustibility [1–3]. Real-time monitoring of CH4 is essential for the 
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safe processing of industrial and daily activities. Compared with optical and thermoelec-

tric sensors, metal oxide semiconductor (MOS)-based CH4 sensors possess advantages 

such as low cost, simple structure, and highly tunable properties, attracting widespread 

attention [4–6]. However, the working mechanism of conventional MOS gas sensors ne-

cessitates operation at elevated temperatures (100–450 °C) [7–9], thereby restricting their 

practical use. 

Metal–organic frameworks (MOFs) are porous materials constructed from metal ions 

or clusters coordinated with organic linkers [10,11]. Their large specific surface area, tun-

able porosity, and structural diversity make them ideal self-sacrifice templates for gener-

ating metal oxides. Recent studies have confirmed that MOS materials synthesized using 

MOFs templates can retain their original structure and exhibit remarkably enhanced gas 

sensing performance [12–15]. For instance, Song et al. created ZIF-67-derived hollow 

Co3O4 nanospheres that achieved a room-temperature response of 3.5 to 100 ppm NH3 

and possessed high humidity resistance, enabling low-concentration NH3 detection in ex-

haled breath [16]. Fan et al. synthesized ZIF-67-derived hollow Co3O4 nanocages vertically 

wrapped by ultrathin NiO cilia, demonstrating an exceptionally high response (47.4) to 

100 ppm NO2 at room temperature, along with an ultrafast response/recovery time (1.3/9.6 

s) [17]. Li et al. reported that a high-performance room-temperature H2 sensor based on 

MOF-derived porous Pd@SnO2 composite exhibits an exceptional response (Ra/Rg = 25.4 

to 50 ppm), fast response/recovery, and excellent long-term stability, offering a promising 

strategy for low-power H2 detection [18]. Chu et al. synthesized a MOF-derived 

ZnCo2O4/Co3O4 nanocomposite that enabled highly sensitive and selective room temper-

ature detection of NH3 down to 0.5 ppm [19]. Therefore, using MOFs as self-sacrifice tem-

plates is a feasible and effective strategy for synthesizing MOS materials with improved 

room-temperature gas sensing performance. A previous study [20] has shown that highly 

active MOS materials possess efficient C-H bond activation and adsorption capabilities 

for CH4 at room temperature. Thus, effective detection of CH4 gas under room tempera-

ture conditions could be achieved through the modification of appropriate MOS gas sens-

ing materials. 

In this study, ZIF-67 was employed as a self-sacrifice template to investigate the CH4 

sensing characteristics of Co3O4 samples obtained at different calcination temperatures. It 

was found that the calcination temperature can alter the Co3+/Co2+ ratio and the specific 

surface area in the Co3O4 samples. The Co3O4-350 with the highest Co3+/Co2+ ratio and the 

larger specific surface area exhibited the optimal CH4 sensing performance and a low de-

tection limit at room temperature. Furthermore, a pulse heating mode was employed to 

further enhance the gas sensing performance of Co3O4-350, which significantly improved 

both the response and recovery times to 26 s and 21 s, respectively. 

2. Materials and Methods 

2.1. Materials 

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), ethanol (C2H5OH), and methanol 

(CH3OH) were purchased from Xilong Scientific Co., Ltd., Guangzhou China, and 2-Me-

thylimidazole (C4H6N2) was purchased from Shanghai Aladdin Biochemical Technology 

Co., Ltd., Shanghai China. All the chemicals and reagents were of chemical purity and 

used as received. 

2.2. Synthesis of ZIF-67 and Co3O4 

The preparation process is shown in Figure 1. To synthesize ZIF-67, 2 mmol of 

Co(NO3)2·6H2O and 16 mmol of C4H6N2 were separately dissolved in methanol solution 

during magnetic stirring. Then, the solution of Co(NO3)2·6H2O in methanol was added to 
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the solution of C4H6N2 and stirred thoroughly for 30 min. The mixed solution was aged at 

room temperature for 24 h, then the purple ZIF-67 precursors were collected by centrifu-

gation and washed three times to remove C4H6N2 with methanol. Finally, the purple ZIF-

67 precursors were dried at 60 °C overnight. The thermogravimetric (TGA) curve of ZIF-

67 in air is shown in the lower left of Figure 1. ZIF-67 begins to lose weight at around 

280 °C and stabilizes at approximately 330 °C. Therefore, the prepared ZIF-67 precursors 

were heated in an air atmosphere at a rate of 3 °C/min to 300 °C, 350 °C, 400 °C, and 450 

°C, respectively, and maintained at each temperature for 2 h. The resulting products were 

denoted as Co3O4-300, Co3O4-350, Co3O4-400 and Co3O4-450. 

 

Figure 1. Schematic illustration of the preparation process of Co3O4. 

2.3. Characterization 

The crystal structure was analyzed by X-ray diffraction (XRD, D8 Advance, Bruker, 

Germany) using Cu Kα radiation (λ = 0.15418 nm) in the range of 5–90°. To investigate the 

morphology and microstructure of the samples, a field-emission scanning electron micro-

scope (FESEM, JSM-7900F, Tokyo, Japan) and a transmission electron microscope (TEM, 

JEM-F200, Tokyo, Japan) were employed. The XPS patterns were measured on an X-ray 

photoelectron spectroscope (XPS, Thermal Scientific K-Alpha, Waltham, MA, USA),. Ad-

ditionally, the specific surface area was measured through N2 gas adsorption using 

Brunauer–Emmett–Teller (Micromeritics ASAP 2460 3.01, Micromeritics Instrument Cor-

poration, USA) surface analysis techniques. A thermogravimetric (TGA) test was per-

formed using a thermogravimetric analyzer (TGA, HITACHI STA200, Tokyo, Japan). 

2.4. Fabrication and Measurement of MEMS Gas Sensor 

In this study, a low-power, high-reliability micro-heater plate (MHP) based on 

MEMS technology was fabricated. A schematic diagram of the fabrication process is illus-

trated in Figure 2, with the steps detailed as follows: 

(1) An N-type (100) silicon wafer was selected and subjected to high-temperature 

thermal oxidation to grow a silicon dioxide (SiO2) layer, which serves as an electrical in-

sulation layer, as shown in Figure 2a. 

(2) A low-stress silicon nitride (Si3N4) layer was subsequently deposited via Plasma-

Enhanced Chemical Vapor Deposition (PECVD) to function as a mechanical support 

layer, as depicted in Figure 2a. 

(3) A platinum (Pt) thin-film resistor for heating and temperature sensing was fabri-

cated using magnetron sputtering and a lift-off process, as presented in Figure 2b. 
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(4) A silicon oxide layer was then deposited by PECVD to act as a passivation/insu-

lation layer, as shown in Figure 2b. 

(5) Photolithography and dry etching were employed to define holes and the sacrifi-

cial release windows. The multilayer stack of silicon oxide and silicon nitride within these 

release windows was completely etched away to expose the underlying silicon substrate, 

as illustrated in Figure 2c. 

(6) Interdigitated gold (Au) gas sensing electrodes were formed using magnetron 

sputtering and a lift-off process, as presented in Figure 2c. 

(7) Finally, the exposed silicon substrate was etched through the release windows 

using a Tetramethylammonium Hydroxide (TMAH) solution, resulting in a suspended 

bridge-type micro-heater plate structure, as shown in Figure 2d. 

SiO2/Si3N4/ SiO2 layer thickness is 800 nm/500 nm/800 nm, Pt and Au layer thickness 

are both 100 nm, heater track and electrode finger width are both 5 μm, electrode finger 

gap is 5 μm, and the shape of release window is as shown in Figure 3c. Given the repro-

ducibility of micro-scale components [21], MHPs can achieve large-scale mass production. 

 

Figure 2. Schematic diagram of the processing steps for a MEMS MHP array chip: (a) steps 1–2, (b) 

steps 3–4, (c) steps 5–6, (d) step 7. 

High-precision Electrohydrodynamic (EHD) printing technology was employed to 

deposit the as-synthesized Co3O4 sensitive materials onto the MEMS MHP array chip, 

thereby forming the MEMS gas sensor. First, a certain amount of as-synthesized Co3O4 

powders were dispersed in a specific quantity of ethanol, followed by thorough grinding 

to form an ink with a mass fraction of 20%. Next, the ink was printed onto the MHP using 

commercial EHD printing equipment (RD-EHD-200, Ruidu Photoelectric Technology Co., 

Ltd, Shanghai, China). The inner diameter of the printing needle is 200 μm, and the dis-

tance between the needle and the MHP is 50 μm. The printed film on the MHP has a 

thickness ranging from 500 to 2000 nm. The top view of the non-printed MHP array chip 

and the printed MHP array chip are shown in Figure 3a,b. The sensor was dried at 60 °C 

in a drying oven for 6 h to remove the residual ethanol. Finally, the MEMS gas sensor was 

aged at 200 °C before the gas sensing test. 

https://doi.org/10.3390/mi17020247


Micromachines 2026, 17, 247 5 of 17 
 

https://doi.org/10.3390/mi17020247 

 

Figure 3. (a) Top view of the non-printed MHP array chip. (b) Top view of the printed MHP array 

chip. (c) Single-printed MHP. 

A gas sensing test system was developed to evaluate the gas sensing performance of 

the MEMS MOS sensor (Figure 4). The system is composed of a computer, computer-con-

trolled mass flow controllers (MFCs), gas cylinders (Dalian Guangming Special Gas Prod-

ucts Co., Ltd, Dalian China), and data acquisition instrumentation (Keithley DAQ 6510, 

Keithley, USA). During the experiments, the gas concentration was adjusted to five levels: 

200, 400, 800, and 2000 ppm. The total gas flow rate was maintained at 500sccm through-

out the testing process to avoid the influence of flow rate variations on the sensor response, 

when the gas is switched, stability is achieved within 0.7 s. Following the introduction of 

each target concentration gas, the test chamber of the sensor was purged using synthetic 

air as the cleaning gas. Throughout the entire testing process, the humidity in the test 

chamber was maintained at 3%. During the humidity influence tests, humidity levels were 

regulated by adjusting the mix of dry and wet air. Sensor’s response was defined as Rg/Ra, 

where Ra is the sensor’s resistance in air and Rg in the target gas. Response and recovery 

times were defined as the durations required for the sensor’s resistance to reach 70% of its 

total change during gas adsorption and desorption. 

 

Figure 4. The structure diagram of the gas sensing test system used for the CH4 detection. 

3. Morphology and Structural Characterization 

The structure and crystal phase of the obtained samples were investigated by XRD 

(Figure 5). The XRD pattern of the as-synthesized ZIF-67 sample is shown in Figure 5a, 

which matched well with those reported in the literature, confirming the formation of 

pure ZIF-67 crystals [22–24]. All samples obtained at four different calcination tempera-

tures exhibited consistent strong diffraction peaks corresponding to the spinel structure 
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of Co3O4. As shown in Figure 5b, the diffraction peaks located at around 19.1, 31.16, 36.9, 

38.54, 44.74, 55.72, 59.4, and 65.2° were recorded, matching with the lattice planes of (111), 

(220), (311), (222), (400), (422), (511), and (440) of Co3O4 (PDF# 42-1467). No CoO or Co was 

detected in the samples, indicating its high purity. 

 

Figure 5. XRD patterns of (a) ZIF-67 and (b) Co3O4-300, Co3O4-350, Co3O4-400 and Co3O4-450. 

The morphology of the ZIF-67 precursor and the resulting Co3O4 samples obtained 

by calcination at different temperatures was investigated using scanning electron micros-

copy (SEM). As can be seen in Figure 6a, the as-synthesized ZIF-67 exhibited a rhombic 

dodecahedron morphology with a smooth surface. After high-temperature calcination, 

ZIF-67-derived Co3O4-300 and Co3O4-350 retain the original dodecahedral structure of the 

precursor, with their surfaces becoming rougher (Figure 6b,c). A histogram of the particle 

size distribution of Co3O4-350 was plotted in Figure 6c; the particle diameter of Co3O4-350 

is approximately 177 nm. As the calcinating temperature increases, the structure of Co3O4 

collapses. It can be observed that when the calcinating temperature rises to 400 °C or 

higher, the dodecahedral structure is destroyed, leaving only collapsed block-like struc-

tures (Figure 6d,e). This is due to the excessively high calcinating temperature, which 

causes small gas molecules to rapidly escape, leading to swift framework contraction and 

eventual collapse. Transmission Electron Microscopy (TEM) is a supplementary technique 

to SEM that can be used to further investigate the nanostructure of Co3O4 metal oxides. 

Figure 7a,b clearly reveals a rhombic dodecahedron morphology with a length of approx-

imately 200 nm, which is consistent with the SEM results. Figure 7c,d more clearly shows 

collapsed block-like structures of Co3O4-400 and Co3O4-450. Figure 7e shows the high-res-

olution transmission electron microscopy (HRTEM) image, where clear lattice fringes can 

be observed. The measured interplanar spacing d = 0.465 nm corresponds to the (111) 

plane of the spinel-structured Co3O4. The fast Fourier transform (FFT) of the correspond-

ing region is displayed in the lower right corner, which can be indexed to the diffraction 

pattern of the cubic phase Co3O4 along the [101̅]c zone axis. 
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Figure 6. SEM images of (a) ZIF-67, (b) Co3O4-300, (c) Co3O4-350, (d) Co3O4-400 and (e) Co3O4-450. 

 

Figure 7. TEM images of (a) Co3O4-300, (b) Co3O4-350, (c) Co3O4-400, (d) Co3O4-450 and (e) HRTEM 

and SAED image of Co3O4-350. 

XPS measurement was used to determine the chemical composition and valence 

states of Co3O4 samples obtained at different calcination temperatures. Figure 8a pre-

sented the survey spectrum of all the Co3O4 samples, demonstrating the presence of O and 

Co elements. Figure 8b shows that the Co 2p curves of all Co3O4 samples are similar, ex-

hibiting two distinct spin–orbit peaks at approximately 780 eV and 795 eV, which corre-

spond to Co 2p3/2 and Co 2p1/2, respectively. Among them, the Co 2p3/2 peak can be decon-

voluted into two peaks located at binding energies of approximately 779.3~779.7 eV and 

780.8~781.2 eV, which correspond to Co3+ and Co2+, respectively [25]. In the four Co3O4 

samples, the ratios of Co3+/Co2+ were determined to be 0.37, 2.77, 0.42, and 0.93, respec-

tively, by calculating the integrated areas of the fitted curves. The results demonstrate that 

different calcination temperatures significantly influence the Co3+/Co2+ ratios in ZIF-67-

derived Co3O4. It is well known that Co3+ serves as the active center for CH4 adsorption 

[26]. The Co3O4-350 sample exhibits the highest Co3+/Co2+ ratios, which may contribute to 

enhanced CH4 gas sensing performance. 

Figure 8c displays the O 1s spectra of four samples. According to different binding 

energies, the O 1s spectra can be deconvoluted into three peaks: the peak located at a 

binding energy of 529.7 ± 0.2 eV corresponds to lattice oxygen (OL), the peak at 531.2 ± 0.2 

eV is attributed to oxygen vacancy (OV), and the peak at 532.7 ± 0.2 eV is assigned to ad-

sorbed oxygen (OC) [27]. Among all the samples, the adsorbed oxygen content for Co3O4-

300, Co3O4-350, Co3O4-400, and Co3O4-450 was measured to be 24.51%, 47.01%, 30.72%, 

and 36.05%, respectively, by calculating the integrated areas of the fitted curves. A higher 
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adsorbed oxygen content may be more conducive to the complete participation of CH4 in 

the reaction. 

 

Figure 8. XPS spectra of all the Co3O4 samples: (a) survey spectra. (b) Co 2p spectra. (c) O 1s spectra. 

To investigate the specific surface areas of the Co3O4 samples, N2 adsorption–desorp-

tion tests were performed. Figure 9 displays the N2 adsorption–desorption isotherms for 

all these samples. All isotherms exhibit a classical type IV pattern, which are typical of 

mesoporous materials [28]. These plentiful surface mesopores are beneficial for gas diffu-

sion in the sensing material [29]. As shown in Table 1, the specific surface areas of the 

samples were: Co3O4-300, 4.56 m2/g; Co3O4-350, 38.82 m2/g; Co3O4-400, 32.90 m2/g; and 

Co3O4-450, 24.30 m2/g. The pore volumes of the samples were Co3O4-300, 0.02 cm3g−1; 

Co3O4-350, 0.29 cm3g−1; Co3O4-400, 0.16 cm3g−1; and Co3O4-450, 0.11 cm3g−1. And the aver-

age pore sizes of all the samples were 21.98, 29.95, 20.09 and 17.95 nm, respectively. The 

results indicate that the samples obtained at different calcination temperatures exhibit dis-

tinct specific surface areas, pore volumes, and average pore sizes. Apparently, Co3O4-350 

exhibited a larger specific surface area. This enhanced feature provides abundant active 

sites and efficient electron transfer channels for the gas sensing reaction, which may lead 

to the improvement of sensing performance. 
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Figure 9. N2 adsorption–desorption isotherms and pore size distribution of (a) Co3O4-300, (b) Co3O4-

350, (c) Co3O4-400 and (d) Co3O4-450. 

Table 1. BET surface areas, pore volume, pore sizes of all the samples. 

Sample SBET (m2g−1) Pore Volume (cm3g−1) Pore Size (nm) 

Co3O4-300 4.56 0.02 21.98 

Co3O4-350 38.82 0.29 29.95 

Co3O4-400 32.90 0.16 20.09 

Co3O4-450 24.30 0.11 17.95 

4. Gas Sensing Performance 

First, the as-prepared MEMS gas sensors based on Co3O4-300, Co3O4-350, Co3O4-400, 

Co3O4-450 were used to test CH4 sensing response with a concentration of 400 ppm at 

room temperature. As shown in Figure 10a, the increase in resistance of all the sensors 

upon exposure to CH4 at room temperature is consistent with the characteristics of p-type 

semiconductors. Due to incomplete recovery of the sensor’s resistance baseline upon re-

exposure to air, it was heated to 285 °C to restore the baseline. Figure 10b illustrates the 

relationship between the Co3O4 sensors’ response values and the calcination temperature; 

the Co3O4-350 sensor exhibited the highest response to 400 ppm CH4 at room temperature, 

with a value of 1.316. Figure 10c shows the response values of the Co3O4-350 sensor to 400 

ppm CH4 and its resistance baseline at operating temperatures ranging from RT (25 °C) to 

150 °C; the results indicate that the optimal operating temperature for the Co3O4-350 sen-

sor is room temperature, and the resistance baseline decreased with increasing operating 

temperature, which is consistent with the characteristics of MOS materials. Figure 10d 

displays the dynamic response curve of the Co3O4-350 sensor to CH4 concentrations rang-

ing from 200 to 2000 ppm at its optimal operating temperature. It can be observed that the 

sensor’s response intensifies with the rising CH4 concentration. Among them, the re-

sponse to 2000 ppm CH4 is 1.53. To investigate the selectivity of the Co3O4-350 sensor, 

Figure 10e compares its response to different concentrations of different gases, such as 10 

ppm H2S, 20 ppm C6H6, 50 ppm H2, 100 ppm CO, 400 ppm C2H6O, and 2000 ppm CH4. 
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These gases are all common in petroleum and natural gas production. The results show 

that the response of Co3O4-350 to CH4 is higher than that to other gases. 

 

Figure 10. (a) Dynamic response curves and (b) response values of the Co3O4 sensors to 400 ppm 

CH4 at room temperature. (c) The response values to 400 ppm CH4 of the Co3O4-350 sensor and 

resistance baseline at different operating temperatures. (d) Dynamic response curve of the Co3O4-

350 sensor to 200–2000 ppm CH4 at room temperature. (e) response values of the Co3O4-350 to dif-

ferent gases at room temperature. 

The baseline of the Co3O4-350 sensor does not recover when detecting CH4 at room 

temperature, which limits its application. Our previous work utilizing pulse heating to 

enable room-temperature H2S sensing materials to respond at room temperature and re-

cover by high-temperature cleaning [30]. This approach resolved the issue of baseline non-

recovery in room-temperature gas sensors. Therefore, pulse heating is adopted in this 

work. The pulse heating waveform is a trapezoidal wave with a period of 10 s, including 

a high level of 190 °C for 3 s, a low level of 45 °C for 5 s, and the rise/fall time of 1 s. The 

power consumption is 3.44 mW. 

Figure 11a shows the typical response curve of the Co3O4-350 sensor to CH4 concen-

trations ranging from 200 to 2000 ppm under pulse heating mode. The inset in Figure 11a 

shows the pulse heating waveform and the sensor’s resistance data under a single pulse. 

In practical testing, data collection is paused during the high temperature phase, with the 

collected values held constant from the moment before pausing. Once the high tempera-

ture phase ends, data collection is resumed and smoothed. As shown in Figure 11b, a lin-

ear fit was performed between the CH4 gas concentrations and the response value under 

pulse heating mode. The fitting formula is y = 1.077 + 0.00086x, with an R2 value of 0.991. 

This indicates that the Co3O4-350 sensor conforms to the linear law. Figure 11c summarizes 
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the response and recovery times, where the response time and recovery time for 2000 ppm 

CH4 are 26 s and 21 s, respectively, suitable for rapid detection of early-stage CH4 gas 

leaks. Figure 11d shows the response curves of the Co3O4-350 sensor to 800 ppm CH4 un-

der pulsed heating mode during five repeated tests, and the results indicate minor varia-

tions, which indicate that the sensor’s repeatability is satisfactory. In general, relative hu-

midity has a negative effect on gas sensor performance [31,32]. Therefore, tests were con-

ducted to evaluate the impact of humidity on the performance of the Co3O4-350 sensor 

operating in pulsed heating mode. Figure 11e,f shows that as humidity increases; the base-

line resistance rises while the response value decreases. When the humidity increases to 

approximately 30%, the declining trend of the response slows down. In practical applica-

tions, it needs to be combined with a pretreatment water removal device for use. 

 

Figure 11. (a) Typical response curve of the Co3O4-350 sensor to 200–2000 ppm CH4 under pulsed 

heating mode. (b) Linear relationship between the response value of the Co3O4-350 sensor and the 

concentration of CH4. (c) Response/recovery time of the Co3O4-350 sensor to 200–2000 ppm CH4 

under pulsed heating mode. (d) Repeatability of the Co3O4-350 sensor for 800 ppm CH4 under 

pulsed heating mode. (e) Dynamic responses and (f) response values of the Co3O4-350 sensor to 

2000ppm of CH4 at 3–42% RH. 

Table 2 summarizes the previously reported low-temperature CH4 gas sensing ma-

terials. In several studies [33–36], it has been reported that gas sensing materials can detect 

CH4 at room temperature or near room temperature. However, the reported ZnO material 

operating at 60 °C requires activation under ultraviolet (UV) to function [34]. The reported 

Pd-doped SnO2/rGO and In2O3 materials working at room temperature exhibit long re-

sponse and recovery times, and pulsed heating mode was not employed in these studies 

[33,35]. The reported VOx can operate at room temperature and exhibits relatively fast re-

sponse/recovery times [36], but its response is too small. The superiority of Co3O4-350 in 
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this study lies in its ability to exhibit a significant response to CH4 at room temperature 

without UV assistance while also achieving relatively fast response and recovery in 

pulsed heating mode. 

Table 2. Gas sensing performance of different materials to CH4. 

Materials Tem. (°C) Con. (ppm) Res. Tres/Trec (s) Ref. 

SnO2@rGO 150 1000 1.90 a 61/330 [37] 

Pd-doped SnO2/rGO RT 16000 1.2 a 300/420 [33] 

ZnO/SnO2 130 500 1.64 a 158/77 [38] 

ZnO 60 with UV 1000 4.64 a 32/81 [34] 

ZnO 140 500 2.41 a 382/349 [39] 

In2O3 RT 500 15.9 a 600/180 [35] 

VOx RT 2000 1.13 a 2/3 [36] 

Co/ZnO 140 100 3.55 a 19/27 [40] 

NiO/rGO 260 1000 1.17 b 16/20 [41] 

La-CoOx/N/C 130 600 1.25 b 4/5 [42] 

Pt-Co3O4/MoS2 170 100 1.01 b 20/30 [43] 

Co3O4 
RT 2000 1.53 b -/- 

This work 
Pulse heating 2000 2.76 b 26/21 

Note: The response is defined as. a Ra/Rg b Rg/Ra. UV = Ultraviolet. 

The comparison of MHP gas sensors is shown in Table 3. In this work, the MHP has 

a smaller area than that reported in reference [44], resulting in correspondingly lower 

heating power consumption. Although the MHP in reference [45] consumes even less 

power, its smaller size makes it inconvenient for transferring gas-sensitive materials. The 

MHP in this work has a moderate area, facilitating the deposition of MOF-derived gas-

sensitive materials by EHD printing. Furthermore, the MHP in this work is designed to 

provide heating pulse for the room-temperature gas-sensitive material Co3O4-350, ena-

bling its desorption at high temperature. In contrast, the MHP reported previously [44,45] 

employs a heating pulse primarily to reduce the power consumption of gas-sensitive ma-

terials operating at high temperatures, indicating a difference in their operational sensing 

temperatures. Overall, MHP helps gas sensing materials achieve better sensing perfor-

mance while reducing power consumption. 

Table 3. Comparison of MHP gas sensors. 

MHP Structure MHP Area Heating Mode Power Gas Sensor Ref. 

Four-arm ce-

ramic plate 

300 × 300 

μm 

400 °C 70 mW / 

[44] 

Pulse: 100 °C (3.5 s), 400 °C (0.5 

s, measure) 
10 mW / 

Pulse: 200 °C (1 s), 400 °C (2 s, 

measure) 
/ 

Micro-spraying SnO2, to 

0.05~2 ppm ethanol, etc.  

LSN/Poly-

Si/LSN beam 

2 × 80 μm 300 °C 2.1 mW / 

[45] 
/ 

300 °C 1.5 mW / 

Pulse: 20 °C (999 ms), 300 °C (1 

ms, measure) 
1.5 μW 

Shadow mask evapora-

tion WO3, to 50 ppm H2S 

Pulse: 20 °C (5 s), 300 °C (1 s, 

measure) 
0.25 mW 

Shadow mask evapora-

tion WO3, to 5~50 ppm 

H2S 

Four-arm 

SiO2/Si3N4/SiO2 

plate 

100 × 100 

μm 

190 °C 7.6 mW (For desorption) 
This 

work 
Pulse: 45 °C (5 s, measure), rise 

(1 s), 190 °C (3 s), fall (1 s) 
3.44 mW 

EHD printed Co3O4, to 

200~2000 ppm CH4 

Note: “/” Indicates it was not mentioned in paper. LSN = low-stress nitride. 

  

https://doi.org/10.3390/mi17020247


Micromachines 2026, 17, 247 13 of 17 
 

https://doi.org/10.3390/mi17020247 

5. Gas Sensing Mechanism 

As is well known, the gas sensing mechanism of metal oxide semiconductor materi-

als can be explained by the surface adsorption oxygen model [46–48]. Co3O4 is a common 

p-type semiconductor characterized by holes as its primary charge carriers; the sensing 

behavior is illustrated in Figure 12. When Co3O4 is exposed to air atmosphere, oxygen 

molecules absorb onto its surface and capture electrons from the conduction band to form 

oxygen ions while simultaneously forming a hole accumulation layer (HAL), and because 

Co3O4 works at room temperature, the main oxygen ions are O2-, such as in Formulas (1) 

and (2). When Co3O4 is exposed to a CH4 atmosphere, CH4 molecules react with the chem-

isorbed cations on the surface and donate electrons to the conduction band of Co3O4. Then, 

the holes are neutralized by electrons, resulting in an increase in resistance. The reaction 

is shown in Formulas (3) and (4). 

O2(gas) → O2(ads) (1) 

O2(ads) + e− → O2
−(ads) (2) 

CH4 + 2O2
−(ads) → CO2 + 2H2O + 2e− (3) 

e− + h+ → O2(ads) (4) 

 

Figure 12. Schematic diagrams for the CH4 sensing mechanism of Co3O4 (a) in air; (b) in CH4. 

Co3O4 is a late-transition-metal oxide. The exposed pairs of coordinated unsaturated 

(cus)-metal and oxygen atoms on the surface of late-transition-metal oxides exhibit high 

reactivity toward CH4 [20]. The former study [20] demonstrated that cus-metal atoms 

strongly bind CH4, giving rise to an adsorbed molecular state that resembles a CH4 σ-

complex, and the DFT simulation results indicate that the formation of the CH4 σ-complex 

enhances the adsorption of CH4 to the surface and facilitates the cleavage of C-H bonds in 

CH4. Additionally, MOF-derived Co3O4 possesses a large specific surface area, which may 

expose more cus-metal and oxygen atoms to its surface. Consequently, MOF-derived 

Co3O4 exhibits a detectable gas sensing response at room temperature. 

Compared to other samples in this work, the MOF-derived Co3O4-350 exhibits better 

CH4 detection capability at room temperature. This advantage could in part be attributed 

to the fact that Co3O4-350 exhibits the highest Co3+/Co2+ ratio and the highest adsorbed 

oxygen content among all samples. The Co3+ species possess stronger oxidation capability, 

which further facilitates the adsorption of CH4 gas [26], and a higher adsorbed oxygen 

content may be more conducive to CH4 participating more fully in the reaction. This could 

contribute to the enhancement of CH4 gas sensing performance. In addition, according to 

the characterization results, Co3O4-350 exhibited well-preserved precursor structure, 

achieved by using a proper annealing temperature. This dodecahedral structure not only 

provides the sample with the largest specific surface area among all the samples, 
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providing more active sites for gas adsorption and desorption, but also effectively reduces 

the particle agglomeration and enhances the material’s stability. 

6. Conclusions 

In this study, a series of Co3O4 nanomaterials for CH4 detection were synthesized by 

calcining ZIF-67 at different temperatures. The results indicate that among all four sam-

ples, CO3O4-350 exhibited the highest response to CH4 at room temperature (Rg/Ra = 1.53 

to 2000 ppm). Furthermore, under pulsed heating mode, the response/recovery time of 

CO3O4-350 was significantly improved, with values of 26 s and 21 s respectively for 2000 

ppm CH4. Accordingly, the gas sensing performance of ZIF-67-derived Co3O4 is signifi-

cantly influenced by the calcination temperature during the synthesis process. The Co3O4-

350 obtained at 350 °C exhibits the optimal low-concentration CH4 detection performance 

at room temperature. This straightforward synthesis strategy offers a novel approach for 

preparing advanced MOS materials capable of CH4 detection at room temperature, which 

has broad application prospects. 
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