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A B S T R A C T   

Low-power microheater platforms are promising in lowering power consumption during gas sensing processes. 
However, the small amount of activated-material and poor electrical contact greatly affect the sensitivity. Here, 
via in-situ annealing of a porous metal organic framework (MOF), ZIF-8, using a miniature heater electrode with 
a fast ramp rate (ca. 60 ◦C/s), we demonstrate the formation of a well-connected nanoparticle network with high 
porosity. Nanoparticle networks prepared in-situ exhibit significantly enhanced response to ethanol, defined as 
the ratio of sensor’s resistance before and after gas exposure, compared to ex-situ annealed counterparts (>10 
times larger response) and to commercially available nanoparticles (~4 times larger response) at a sensing 
temperature of 250 ◦C. The mechanism of the enhanced performance is studied using AC impedance spectros-
copy. The results indicate that the large number of highly accessible and effective adsorption sites on the in-situ 
annealed material are responsible for the enhancement.   

1. Introduction 

Solid-state gas sensors have attracted great attention in both indus-
trial and research settings due to features of low cost, fast response, good 
stability, high sensitivity, and ease of integration. Still, they need heat-
ing to activate the sensing material, which increases the overall power 
consumption (>500 mW) and limits battery-powered applications. One 
attractive approach to address this problem is shrinking the heated area 
to micrometer scale and thereby reduce power consumption to the mW 
range for sensing temperature of 500 ◦C [1,2]. However, the 
micrometer-sized heating and sensing area also limits the amount of 
loaded sensing material, which impacts device sensitivity [3]. To 
compensate for the limited sensitivity of low-power microheater plat-
form, a number of functionalized nanomaterials with high surface area 
have been developed, such as WS2-graphene aerogel [4], MoS2 aerogel 
[5] and Pt-BN aerogel [6]. Although the aerogels are promising because 

of the high surface area per device footprint, the process of synthesis is 
quite complex and time-consuming. Besides, coverage and deposited 
morphology of the sensing material and material-electrodes contact are 
hard to control, which additionally hinders further improvements in 
sensitivity [3]. 

To address these limitations, in-situ annealed semiconducting metal 
oxides (SMOX) with sophisticated and large surface area nanostructures 
are also studied [3,7,8]. Among them, the ordered SMOX nanomaterial 
templated by polystyrene sphere exhibits promising results because of 
highly porous structures with good controllability and excellent sensi-
tivity. However, the porous structure is limited by the template and the 
fabrication scalability is moderate due to relatively complex processes. 
Another option is using a precursor with a well-defined structure itself as 
a template, i.e. “self-templating”. In this way, the synthesized material 
can be well-controlled, and the device fabrication can be scaled up by 
inkjet printing of “precursor ink” followed by in-situ pyrolysis or by a 
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wafer-level annealing process. 
In this paper, we report the use of metal organic frameworks as 

precursors for in-situ synthesis of SMOX since MOFs are a class of porous 
materials with controllable pores and sizes, and have shown to act as the 
precursors of SMOX [9]. Here, MOF ZIF-8 is chosen as the precursor, and 
a well-connected ZnO network is fabricated via fast in-situ annealing of 
the ZIF-8 precursor on a miniature heater platform. The gas sensing 
performance is characterized and compared with the ex-situ annealed 
counterparts, as well as with the commercial ZnO nanoparticles. AC 
impedance spectroscopy is used to understand the gas sensing behaviors 
of the in-situ and ex-situ annealed sensors. 

2. Experiments 

2.1. Chemicals 

Zn(CH3COO)2⋅2H2O (analytically pure), 2-methylimidazolate (2- 
MIM, 99 %), cetyl trimethyl ammonium bromide (CTAB, >98 %), and 
commercial ZnO nanoparticle (50 nm in size,) were purchased from 
Sigma Aldrich and used without further purification. Deionized (DI) 
water was used as solvent for all aqueous solutions. 

2.2. Preparation of ZIF-8 

The zeolitic imidazolate framework, ZIF-8, was synthesized using a 
method similar to the one described by Civan et al. [10] 5 mL Zn 
(CH3COO)2⋅2H2O aqueous solution (60 mg/mL) was cooled in iced 
water for more than 10 min in advance before usage to reduce its 
chemical activity. The solution was labeled “A”; 130 μl CTAB aqueous 
solution (4 mg/mL) was added to 5 mL 2-MIM aqueous solution (240 
mg/mL) and sonicated for 10 min to make a uniform dispersion. The 
solution was labeled “B”. Afterwards, solution “B” was put into iced 
water and stirred (1000 rpm) for 5 min. Then, solution “A” was poured 
into solution “B” rapidly and the stirring in iced water was kept for 10 s 
before taking the solution out and settling it down at room temperature 
(~20 ◦C) for 2 h. The transparent solution gradually became white 
slurry in about 10 s which indicated ZIF-8’s nucleation and growth. The 
solution was then washed with DI water several times via centrifuging 
and sonicating; and the solvent was replaced by 1-butanol. Finally, a 
milky ZIF-8 in 1-butanol solution was obtained and ready to use. 

2.3. Fabrication of gas sensors 

Miniature heater electrodes (Fig. S1(a), Alite, Beijing, PRC) were 
soldered on a ceramic chip carrier (Fig. S1(b)). 0.5 μl ZIF-8 in 1-butanol 
solution (ca. 40 mg/mL) was drop-casted on the front side of the mini-
ature heater using a micro-pipette. Then, the heater was powered up to 
50 ◦C using a source-meter (Keithley 2400) to evaporate the solvent. The 
drop-casting and drying process was repeated 4 times and the gold 
electrodes were fully covered by the white film of ZIF-8. Then, the heater 
was powered to 350 ◦C in 5 s (ca. 60 ◦C/s) and maintained at 350 ◦C for 2 
h. The sensor was further aged at 250 ◦C in the lab environment (20 ◦C, 
30~40 % relative humidity) for a day before use. The sensor, following 
this fabrication process, is denoted as “in-situ annealed sensor”. 

For comparison, the same ZIF-8 in 1-butanol solution was dried at 50 
◦C and annealed in air using a tube furnace (Lindberg blue M) at 350 ◦C 
for 2 h using the maximum ramp rate (~ 60 ◦C/min) to mimic the in-situ 
annealing condition. Sensors fabricated by drop-casting the furnace- 
annealed material are denoted as “ex-situ annealed sensor”. The 
sensor with commercial ZnO nanoparticles was also fabricated and 
tested, and is denoted as “commercial ZnO sensor”. 

2.4. Material characterizations 

The morphology of the materials was characterized using field- 
emission scanning electron microscopy (FESEM, Ultra 55, Zeiss) and 

high-resolution transmission electron microscopy (HRTEM, JEOL 2100 
F). The crystal structures of the synthesized materials were character-
ized by X-ray diffraction (XRD, Bruker AXS D8 Discover GADDS, λCo =

0.179 nm). To facilitate comparison to prior literatures, the XRD pattern 
shown here were transformed into Cu Kα using equation of 2dsinθ = nλ. 
Raman spectroscopy of the materials was performed using a JYHoriba 
LabRAM spectrometer as described in our previous work. The surface 
chemical state of the as-prepared material was characterized by X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Al 
Kα= 1486.6 eV, calibration: C 1s = 284.8 eV). 

2.5. Gas sensing measurement 

The sensor mounted in a ceramic package was placed in a 1 cm3- 
volume-size chamber for the gas sensing measurement as described in 
our previous works [7,8]. The gas delivery system was controlled by a 
home-made Labview program and mass flow controllers (Bronkhurst) 
with the controlled flow rate of 300 sccm. The electric signal was 
measured by a source-meter (Keithley 2602A), which was controlled by 
an open-source Java-based measurement software (Zephyr). The gases, 
namely, ethanol (Praxair, 978 ppm in N2), acetone (Praxair, 409 ppm in 
N2), formaldehyde (Praxair, 22.1 ppm in N2), CO2 (Airgas, 5.038 % in 
N2), NO2 (Praxair, 21.8 ppm in N2) and dry air (as a diluent) were used 
for gas sensing with various concentrations. 

2.6. AC impedance spectroscopy measurement 

AC impedance spectroscopy was conducted using CHI 660D with two 
electrodes configuration (CE/RE-WE) in the lab environment (30~40 % 
relative humidity, 20 ◦C). The sensor was heated up to 250 ◦C to reduce 
the system resistance and the DC bias was set 1 V to mimic the gas 
sensing measurements. The detailed setup is shown in Fig. S2. The AC 
magnitude was set as 0.7 V to minimize noise and obtain stable output 
signal. The testing frequency ranged from 0.01 Hz to 1 MHz. The ethanol 
exposure was achieved by placing a vial with ethanol in a plastic 
chamber. The concentration of ethanol was estimated as 8 % based on its 
vapor pressure. 

3. Results and discussion 

3.1. Material synthesis, characterization and sensor fabrication 

The material synthesis and sensor fabrication process are schemati-
cally shown in Fig. 1. The optical images of the fabrication process are 
shown in Fig. S3. The white material of precursor film turned brown first 
and finally became light yellow during the high temperature (350 ◦C) 
annealing step. After cooling down, the material becomes white again. 
The yellow color at high temperature is believed to be related to Vo 
defect of metal oxides [11], which are cured during the cooling process. 

Scanning electron micrographs of the as-synthesized ZIF-8 precursor 
and the in-situ/ex-situ annealed materials are shown in Fig. 2. The ZIF-8 
particles have uniform size of 156 ± 15 nm and show hexagonal shape 
(Fig. 2 (a, b)). The as-prepared in-situ annealed material in Fig. 2 (c, d) 
shows highly porous and well-connected features. The particles are 10’s 
nanometer in width, and are connected to each other to form a porous 
network. Compared with the in-situ annealed material, the ex-situ 
annealed material shows much denser structure with 10’s of nm-sized 
particles randomly distributed, as shown in Fig. 2 (e, f). 

The obvious structural differences between the in-situ and the ex-situ 
annealed materials are attributed to the differences of thermal gradients 
during the annealing process, as shown in Fig. S4. The thermal gradient 
in the vertical direction is very large in the case of in-situ annealed 
process since it was annealed from the bottom using the miniature 
heater (Fig. S4 (a)). During in-situ annealing process, the hot substrate 
quickly burns the organic linker (2-MIM), and metal oxide (ZnO) 
backbone forms and grows “vertically” towards the top as the heat 
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Fig. 1. Schematic view of material synthesis and sensor fabrication.  

Fig. 2. SEM images of the as-synthesized materials: (a, b) ZIF-8. The low electric and thermal conductivity lead to cracks when taking high-magnification images 
which is shown in (b); (c, d) in-situ annealed material and (e, f) ex-situ annealed material. 
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conducts from the bottom to the top layer. Thus, a fractally connected 
metal oxide network forms. Similar fractal structure is also found in 
spray pyrolysis synthesized materials [12] where the process has a 
similar vertical thermal gradient. In contrast, for the ex-situ annealed 
material, due to the uniform temperature profile in the furnace as shown 
in Fig. S4 (b), the transformation to metal oxide does not yield bridged 
(interconnected) structures because they are formed almost simulta-
neously. The typical thickness of the sensing film fabricated by in-situ 
annealing is characterized and shown in Fig. S5, which is estimated to 
be about 7.8 μm. 

To further understand the connected structure of the in-situ annealed 
material, TEM was used, and the results are shown in Fig. 3. The Fig. 3 
(a) shows the overall structures of the in-situ annealed material are 
connected solid particles with 10’s to 100’s nanometer sizes. Addition-
ally, one could imagine pores with various sizes will form among these 
connected structures in the as-prepared material. Fig. 3 (b–d) are the 
high-resolution images of a single particle, particle interface, and par-
ticle edge, respectively. The single particle exhibits single crystal feature 
with lattice fringe spacing of 0.248 nm which corresponds to the (101) 
plane of hexagonal phase of ZnO. The interface image shows two par-
ticles tightly connected with each other in the grain boundary region. In 
addition, the particle edge image shows there is an amorphous region 
apart from the nanoparticle. We speculate the amorphous material to be 
the amorphous ZnO formed during in-situ annealing process since there 
is no clear boundary between the amorphous material and the crystal-
lized particle. Additionally, the fringe spacing of 0.28 nm is found on 
other side of the material which is corresponding to plane (100) of 
hexagonal ZnO. 

In addition to morphology, XRD, Raman and XPS spectroscopy were 
used to characterize the crystal structures, and chemical bonding and 
chemical compositions/ chemical states of the as-prepared materials, 
respectively. Fig. S6 shows the XRD pattern of the as-prepared ZIF-8. The 

peaks fit well with the simulated ZIF-8 spectrum using the crystal model 
from ref. [13]. Fig. 4 (a) shows the XRD patterns of the in-situ and ex-situ 
annealed materials. Apart from peaks of the gold electrodes and alumina 
substrate, both the in-situ and ex-situ annealed materials show peaks at 
2θ angles of 31.7, 34.4, 36.2, 47.5, 56.6, 62.8, 66.3, 67.9, 69.0, and 
72.5◦ which match well with the wurtzite ZnO card PDF #36-1451. No 
other major peaks are found which indicate good purity of the ZnO 
sensing layer. According to the Scherrer equation, the grain size of the 
in-situ and ex-situ annealed materials are 23.3 nm and 15.8 nm, 
respectively. The larger estimated grain size of the in-situ annealed 
material agrees with the observation of particle size in SEM images of 
Fig. 2. 

The Raman spectrum of as-synthesized ZIF-8 shown in Fig. 4 (b) 
(bottom black line) has peaks at 178, 286, 688, 838, 955, 1024, 1148, 
and 1180 cm− 1 which match well with ZIF-8’s Raman modes of v(Zn-N), 
v(Zn-N), imidazole ring puckering, C-H out of plane bend (C4-C5), C-H 
out of plane bend (C2-H), C-H out of plane bend, v(C5-N) and v(C-N+N- 
H wag), respectively [14,15]. This result also agrees well with our XRD 
results in Fig. S6. 

As for the post-annealed samples (in-situ annealed: blue line; ex-situ 
annealed: red line) shown in Fig. 4 (b), there are peaks at 440 and 580 
cm− 1 which correspond to wurtzite-structured ZnO’s Raman modes of 
E2 (high) and E1(LO), respectively. [16,17] The E1(LO) is usually related 
to donor defects, such as Vo and Zni. [18] Apart from these peaks, peaks 
at 178 and 235 cm− 1 are also observed. The peak at 178 cm− 1 matches 
the v(Zn-N) of ZIF-8 which is believed to be produced by incomplete 
pyrolysis. The peak at 235 cm− 1 is probably a kind of defect state of ZnO. 
The peak at 277 cm− 1 corresponding to structural defects of ZnO 
(possibly N doped ZnO) [19,20] is observed in ex-situ annealed mate-
rials but not clearly seen in in-situ annealed materials. 

The results of surficial chemical compositions and states of the as- 
prepared materials characterized by XPS are shown in Fig. 5. Fig. 5 

Fig. 3. TEM image of the in-situ annealed material. (a) TEM image; (b) magnified TEM image of a single particle. The inset is calculated electron diffraction map of 
the particle; (c) high-resolution TEM image at the grain boundary; (d) high-resolution TEM image of the particle edge. 
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(a) is the survey in which the presence of “Zn”, “O” and “C” are 
confirmed. Fig. 5 (b) is the Zn 2p spectrum where two peaks of Zn 2p1/2 
and Zn 2p3/2 are observed. The high-resolution O 1s spectrum for in-situ 
and ex-situ annealed material are shown in Fig. 5 (c) and (d), respec-
tively. Both spectra are asymmetric and can be fitted by 3 peaks with 
identical full width at half maximum. The peaks at 530.3, 531.6 and 
532.9 eV are believed to be lattice oxygen (OL), lattice oxygen in the 
oxygen vacancy region (Ov), and chemical adsorbed O2 and H2O species 
(Oab) [11,21]. The analysis shows that the in-situ annealed material 
exhibits much higher ratio of Ov/OL, which could be attributed to the 

ultrafast ramp rate (e.g. ~60 ◦C/s) induced defects during the fabrica-
tion process. 

Since there are peaks possibly related to ZIF-8 and N doping in the 
Raman spectra reported, here, N 1s spectrum was also examined, and 
the results are shown in Fig. S7. The low signal to noise ratio indicates 
the concentration of “N” element is relatively low. Still, it can be 
deconvoluted into several peaks. The peaks at 405.0, 402.4, 399.5 and 
398.6 eV could be related to N2 substitution on oxygen sublattice (N2)O 
in ZnO, [22] pyridine-N-oxide groups, pyrrolic-N, [23,24], and N-Zn-O 
[25,26], respectively. The broader peaks of in-situ annealed material 

Fig. 4. (a) XRD of the in-situ annealed and ex-situ annealed materials; (b) Raman spectrum of the precursor (ZIF-8) and post-annealed materials (in-situ and ex-situ).  

Fig. 5. XPS spectra analysis. (a) Survey; (b) high resolution Zn 2p spectra; (c, d) high resolution O 1s spectra for in-situ and ex-situ annealed material, respectively.  
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indicate the chemical bonds are more complex and less uniform than the 
ex-situ annealed material. Overall, the nitrogen signal in XPS indicates 
that both the in-situ and ex-situ annealed materials contain the 
nitrogen-related functional groups in their near surface regions. 

The spectroscopy characterization above confirms the precursor is 
pure ZIF-8 and both in-situ and ex-situ annealed materials are defect 
rich, wurtzite structure ZnO. The in-situ annealed material has more 
complex surface N species and higher relative concentration of Ov than 
the ex-situ annealed material. 

3.2. Gas sensing characteristics 

Gas sensing properties of both in-situ and ex-situ annealed devices 
were evaluated for ethanol, a volatile organic compounds (VOC), since it 
needs to be monitored, e.g. for drunk driving tests (0 ~ 170 ppm, 0.35 
mg/L BrAC, 0.08 % BAC) [27] and a critical exhaled biomarker of fatty 
liver disease (1~10 ppm) [28]. Ethanol gas sensing tests reported here 
were performed in the range of 1− 10 ppm. 

Based on the gas sensing performance, the ramp rate of the in-situ 
annealed process was optimized to be 60 ◦C/s as described in part (4) 
in supplementary materials. The dynamic sensing behavior of in-situ and 
ex-situ annealed sensors to 10 ppm ethanol at different working tem-
perature is shown in Fig. 6 (a) and (b), respectively. It can be seen that 
the in-situ annealed sensor has much higher resistance change upon 
ethanol exposure at different specific working temperatures except for 
data at 200 ◦C, where the relative change is similar. The gas response is 
defined as Ra/Rg, where Ra and Rg are sensor resistance values in air and 
analytes, respectively. Both the in-situ and ex-situ annealed sensors 

show much better dynamic response performance in regard to response 
and response times compared to the commercial ZnO shown in Fig. S9. 
The response versus working temperature for in-situ and ex-situ 
annealed sensors is shown in Fig. 6 (c). The in-situ annealed sensor 
shows a volcano shape at 250 ◦C where the highest response is achieved. 
However, the ex-situ annealed sensor shows a decreasing trend with 
increasing sensing temperature. Combining both the transient plots and 
the response-working temperature curves, the in-situ annealed sensor 
shows more temperature-dependent features, which might be attributed 
to its structure induced sensing features. 

To choose the optimum working temperature, the response (tres) and 
recovery (trec) times, defined as the times to reach 90 % of the steady- 
state response and baseline signals, at different working temperatures 
are calculated and plotted for the in-situ annealed sensor in Fig. 6 (d). 
Considering the response/recovery times and the sensor response, the 
working temperature of 300 ◦C is chosen as the optimum working 
temperature for both sensors. Additionally, 250 ◦C is also used in 
characterizing the sensitivity of the sensors for better comparison. 

Fast response and recovery are important parameters in real appli-
cations. Therefore, the gas sensing response and recovery times are 
evaluated at the optimal working temperature of 300 ◦C. The transient 
response curves of in-situ and ex-situ annealed sensors to 10 ppm and 1 
ppm are shown in Fig. 7 (a, b) and (c, d), respectively. The response and 
recovery times versus gas concentration at 300 ◦C are shown in Fig. 7 
(e). The recovery times of both sensors show a positive relation to the 
concentration of ethanol while the response times of both sensors stay 
almost the same as ~ 1 s among all the concentration levels. This is 
attributed to the strong ethanol affinity features of the two sensing 

Fig. 6. Optimization of working temperature in response to 10 ppm ethanol. (a) Typical real-time responses of in-situ annealed sensor at different working tem-
peratures. (b) Typical real-time responses of ex-situ annealed sensor at different working temperatures. (c) Sensor response versus working temperatures. (Error bars 
indicate variations from 3 individual sensors from different batches.) (d) Response/recovery times of in-situ annealed sensor at various working temperature (t90 
values provided). The recovery at 200 ◦C is longer than 10 min and not shown here. (Error bars indicates variation from 3 individual test of a senor). 
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materials. The ex-situ annealed sensor exhibits much faster (~20 times) 
recovery time compared to the in-situ annealed sensors. This is believed 
to be caused by higher ethanol penetration of the in-situ annealed ma-
terial, which will be discussed later. 

To study the reproducibility, the sensors were exposed to transient 
ethanol pulses with concentrations ranging from 1 to 10 ppm. Repre-
sentative responses are shown in Fig. 8 (a, b) and (c, d), for in-situ and 
ex-situ annealed sensors, respectively. More reproducibility data are 
available in Fig. S10. It is clearly seen that both sensors exhibit good 
dynamic responses and good baseline recovery features, which indicate 

the sensors have good reproducibility. The responses (Ra/Rg) of in-situ 
and ex-situ annealed sensors to different concentrations of ethanol are 
shown in Fig. 8 (e). The response of the sensors to ethanol almost line-
arly increases with the increase in the ethanol concentration ranging 
from 1 to 10 ppm at two working temperatures. Additionally, it can be 
seen that with the increase in ethanol concentration, the response of in- 
situ annealed sensor increases much more rapidly, which indicates 
higher sensitivity. 

The ethanol sensitivity of the sensors is estimated by fitting the 
response-ethanol concentration curves as shown in Fig. 8 e and Fig. S11. 

Fig. 7. Response and recovery times of the in-situ and ex-situ annealed sensors to different concentration of ethanol at 300 ◦C. (a, b) Real-time resistive response of 
in-situ annealed sensor to 10 and 1 ppm ethanol, respectively. (c, d) Real-time resistive response of ex-situ annealed sensor to 10 and 1 ppm, respectively. (e) 
Response time and recovery times to different concentration of ethanol. Error bars indicate the variation from 3 individual measurements. 
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The sensitivities of the in-situ annealed sensor, obtained from the slopes, 
are 3.50 /ppm and 1.76 /ppm at 250 ◦C and 300 ◦C, respectively. The 
sensitivities of the ex-situ annealed sensor are 0.22 /ppm and 0.12 /ppm 
at 250 ◦C and 300 ◦C, respectively. The analysis reconfirms that the in- 
situ annealed sensor has much higher sensitivity (>10 times) than the 
ex-situ counterparts at both two working temperatures. The limit of 
detection (LOD) calculation according to a modified IUPAC method is 
shown in supplementary material part (8) and Table S1. The LODs are 
estimated as 1.2 ppb and 1.6 ppb for in-situ annealed sensor working at 
250 ◦C and 300 ◦C, respectively. Compared to the published ZnO 
nanomaterials-based ethanol sensors, the developed in-situ annealed 
sensor exhibited high sensitivity and low detection limit as shown in 
Table S2. 

Another important factor in gas sensing is the selectivity of the 

sensor. Therefore, the responses of the in-situ and ex-situ annealed 
sensors are tested at the working temperature of 300 ◦C to a number of 
other gases. The selectivity results towards 1 ppm ethanol, 1 ppm 
acetone, 1 ppm formaldehyde, and 50 ppm CO2 are shown in Fig. 9. The 
in-situ annealed sensor shows higher sensitivity to all these gases than 
the ex-situ annealed sensor but a similar selectivity. All of the sensors 
showed typical n-type semiconductor behavior of less resistance in the 
reducing analytes or lower oxygen environment. The mechanism of 
selectivity is interesting to explore, but it is beyond the scope of this 
contribution. 

Additionally, the long-term stability was also tested and shown in 
Fig. S14. The result shows that the sensor has a reasonable stability over 
the first 2 weeks. Future work will focus on understanding the mecha-
nism for limited lifetime and methods to improve it. 

Fig. 8. Gas sensing performance at 250 and 300 ◦C sensing temperatures. (a, b) Real-time resistive response of the in-situ annealed sensor to increasing concen-
trations of ethanol. (c, d) Real-time resistive response of the ex-situ annealed sensor to increasing concentrations of ethanol. (e) Sensor response of in-situ and ex-situ 
annealed sensors versus ethanol concentrations. Error bars are the deviations from 3 individual measurements of a typical device. 
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3.3. Mechanism of the enhanced gas sensing behavior 

To understand the enhanced ethanol sensing behavior of the in-situ 
annealed sensor compared to the ex-situ annealed sensor, AC imped-
ance spectroscopy was employed. The results in air and ethanol are 
shown in Fig. 10 (a) and (b), respectively. The symbols are the experi-
mental data, while the lines are the fits to the data from corresponding 
equivalent circuits shown as inset. To minimize the differences and keep 
a good signal to noise ratio, a working temperature of 250 ◦C was chosen 
in this analysis. 

Both the in-situ and ex-situ annealed materials have the poly-
crystalline structure as shown in Fig. 2(d), (f) and 3 (c), where the grain- 
grain boundary and grain-electrode interface have space charge regions 
and Schottky barriers, respectively. Therefore, the equivalent circuit of a 
series resistor (R1), and two parallel combinations of resistor and 
capacitor (R2-CPE1 and R3-CPE2) are used to fit the AC impedance 
spectra. The series R1 is usually regarded as resistance of the bulk grain. 
The parallel combination of a resistor and a capacitor (R-CPE) are used 
to describe the charge carrier or matter diffusion at grain-grain bound-
ary interface and grain-electrodes interface [29]. 

The constant phase element, CPE is an idealized circuit element with 
constant phase angle invariant of frequency. The impedance expression 
is shown in Eq. (2), where CPE_T and CPE_P are the constant (or “pre-
factor”) and diffusion (or “exponent”) effect index, respectively [30]. 
When CPE_P equals “1′′, “0′′, “-1′′, and “0.5′′, the element equals pure 
capacitor, pure resistance, pure inductance, and Warburg impedance, 

respectively [31,32]. 

ZCPE =
1

CPE T × (jω)
CPE P (2) 

The fitting results are tabulated and shown in Table 1. 

3.3.1. Grain bulk resistance 
The grain bulk resistance (R1) of the in-situ annealed sensor is 

smaller than the ex-situ annealed sensor, which could be attributed to 
the well-connected feature and bigger grain size of the in-situ annealed 
material. Furthermore, the R1 increase in ethanol might be related to the 
intermediate species formed on the grains, which will be explained in 
the following discussion. 

3.3.2. Grain-grain boundary interface 
As discussed above, the parallel elements of CPE-R are used to 

describe interface states of grain-grain or grain-electrodes. However, 
which one is responsible for grain-grain boundary interface still needs to 
be determined. 

It is reasonable that “R2”, “CPE1_T”, and “R3” decrease greatly upon 
exposure to ethanol since ethanol reacts with pre-adsorbed oxygen 
species (O− or O2-) and releases electrons back to conduction band. As a 
result, the space charge layer and grain-grain and grain-electrode bar-
riers become smaller, resulting in decreased resistance and capacitance 
values [33]. 

However, it is noticeable that “CPE2_T” values of both the in-situ and 
ex-situ annealed sensors increase most significantly among all parame-
ters when exposed to ethanol (105 times/ 108 times change for in-situ/ 
ex-situ annealed). We speculate there exists some intermediate products 
(possibly amorphous carbon) during the extended ethanol exposure. It is 
probably the intermediate product formed on the grain-grain boundary 
which greatly increases the capacitance of the grain-grain boundary. 
Furthermore, the temperature of the material close to the electrodes is 
much higher than its temperature at the surface grains of the material 
which allows less intermediate matter to deposit. Therefore, we assign 
the parallel combination of R3 and CPE2 as the contribution of grain- 
grain boundary. 

It is noted that the ex-situ annealed sensor exhibits even larger 
changes in CPE2 (both of CPE2_T and CPE2_P) upon exposure to ethanol 
as shown in Table 1. This can be caused by the “piled-up structure” of the 
ex-situ annealed material that lets the intermediate product penetrate in 
the grain-grain boundary more easily. The CPE2-P of the ex-situ 
annealed sensor in ethanol shifts from “1” to around “0.5”, which in-
dicates its transition from capacitor feature to Warburg impedance in 
ethanol. Nevertheless, the change ratio of “R3” value, i.e. “Eval”, for the 
in-situ sensor is bigger than the ex-situ annealed sensor, which is 5.42E4, 
almost 5 times bigger than the ex-situ annealed sensor. 

Fig. 9. The responses of the in-situ and ex-situ annealed sensors to select gases 
at 300 ◦C. 

Fig. 10. AC impedance spectroscopy of the ex-situ and in-situ annealed sensors at 250 ◦C. (a) air background; (b) ethanol background. The insets are the typically 
used equivalent circuits for polycrystalline materials [22]. 
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3.3.3. Grain-electrodes interface 
The grain-electrodes interface contribution is thus assigned to the 

parallel combination of R2 and CPE1. It is clearly shown in Table 1 that 
both R2 and CPE1_T values of the in-situ annealed sensor exhibit 6~7 
times higher Eval values, which indicate higher degree of electron 
concentration change upon the ethanol exposure. Combining the mul-
tiscale structures of the materials, we ascribe this to the higher porosity 
and lower gas penetrating resistance of the in-situ annealed material. 
Furthermore, the values of R2 and CPE1_T for the in-situ annealed sensor 
are larger in air which are attributed to more oxygen adsorption at the 
grain-electrodes interface inducing thicker space charge layer and 
higher grain-electrodes barrier. As for the ex-situ annealed sensor, ox-
ygen can hardly reach the grain-electrode boundary and the thus inner 
part of the material is much more conductive compared to the surface 
counterparts. As a result, the resistance of ex-situ annealed sensor is 
controlled by the inner undeleted part. And when exposed to ethanol, 
the resistance of the ex-situ annealed sensor changed little. 

However, the higher gas penetration property could also lead to 
higher amount of ethanol adsorption/desorption at the grain-electrode 

interface, which might be responsible for the sluggish recovery 
observed in the in-situ annealed sensor. 

It should also be noted that the changed values of grain-electrodes 
interface (R2 and CPE1) between air and ethanol environment are 
smaller than the grain-grain boundary (R3 and CPE2) for both in-situ and 
ex-situ sensors. This could be attributed to the relatively higher tem-
perature on the electrodes that prevents the penetration of ethanol 
molecules. 

3.3.4. Overall 
The resistance of the in-situ annealed sensor is higher in the air as 

shown with the values of R2 and R3, which agree with the baseline re-
sistances in Fig. 8 (a) and (c). The sensor responses (Ra/Rg) of both the 
in-situ annealed and ex-situ annealed sensors depend mostly on grain- 
grain boundary barrier height, followed by grain-electrodes interface 
barrier, in agreement with the results in the literature [29,34]. The 
in-situ annealed sensor has much higher response to ethanol than the 
ex-situ counterparts because the well-connected and porous structure 
has much higher amount of “accessible and effective materials”. 

Table 1 
Fitting values of the components in the corresponding equivalent circuits.   

Parameters 

Sensors R1 (Ω) R2 (Ω) CPE1_T (F) CPE1_P R3(Ω) CPE2_T (F) CPE2-P 

In-situ (air) 2.62E+03 2.90E+08 7.16E-11 9.80E-01 7.21E+08 1.44E-11 9.80E-01 
In-situ (ethanol) 3.62E+03 1.56E+05 3.26E-12 9.84E-01 1.33E+04 2.14E-06 9.23E-01 
Eval ** − 2.76E-1 1.86E3* 2.10E1* − 4.08E-3 5.42E4* ¡1.00E0* 6.18E-2 
Ex-situ (air) 7.68E+03 6.22E+07 1.43E-11 1.07E+00 1.62E+08 4.28E-12 9.71E-01 
Ex-situ (ethanol) 1.20E+04 1.86E+05 3.63E-12 9.85E-01 1.41E+04 1.59E-04 5.26E-01 
Eval ** − 3.60E-1 3.33E2* 2.94E0* 8.63E-2 1.15E4* ¡1.00E0* 8.46E-1*  

* the bolded data are the data with the largest changes.  

** Eval: (Va − Vethanol)/Vethanol, represents the ratio of the change comparing to the value in ethanol since the response is calculated as Ra/Rg. The negative values 
indicate the values in ethanol are bigger.  

Fig. 11. Schematic view of gas sensing mechanism. The electron depletion layer is shown in white, the unaffected bulk is green, the electrodes are shown in yellow, 
and thickness of arrows represent current intensity, respectively. 

Y. Xia et al.                                                                                                                                                                                                                                      



Sensors and Actuators: B. Chemical 344 (2021) 130180

11

However, it is possibly the structure that allows more gas adsorption/ 
desorption processes to the inner part of the material (e.g. interface of 
grain-electrode) and limits the recovery speed in the in-situ annealed 
sensor. 

Fig. 11 schematically depicts the proposed sensing mechanisms 
described by Eqs. (3)–(6) and the different sensing behaviors observed 
for in-situ and ex-situ annealed sensors. In air, the oxygen adsorbs on the 
surfaces of the sensing materials, and forms ionized oxygen species, 
consuming electrons of the sensing material as described by Eqs. (3) and 
(4). In our cases, following the analysis by Zhang et al. (shown in 
Fig. S15), the ionized oxygen species in both in-situ and ex-situ annealed 
sensors at two working temperatures are O− and O2− [35]. 

As a result, a thick electron depletion layer forms on the surface of 
the grains; high grain-grain barrier (back-to-back Schottky barrier 26) 
and grain-electrode barrier form as shown in Fig. 11 (a, b) and as evi-
denced in Table 1:  

O2(ads) + 2e− → 2O− (ads)                                                                (3)  

O2(ads) + 4e− → 2O2-(ads)                                                                (4)  

CH3CH2OH (ads) + 6O− (ads) → 2CO2 (ads) + 3H2O (ads) + 6e− (5)  

CH3CH2OH (ads) + 6O2− (ads) → 2CO2 (ads) + 3H2O (ads) + 12e-       (6) 

In ethanol, the ionized oxygen species are consumed by ethanol as 
described by Eqs. (5)–(6) and the electrons are released. As a result, the 
grain-grain and grain-electrodes barriers greatly decrease as shown in 
Fig. 11 (c, d), and as evidenced by data of ethanol environment in 
Table 1. 

Although the basic sensing mechanism of the in-situ and ex-situ 
annealed sensors are the same, the in-situ annealed one has higher 
porosity, lower gas penetrating resistance, and higher amount of 
“effective sensing material” because of well-connected and porous fea-
tures. As a result, the degree of change of the grain-electrodes barrier of 
the in-situ annealed sensor is much higher than the ex-situ annealed 
sensor, as shown in Table 1. On the other hand, the relative change of 
grain-grain boundary barrier has less difference since the accessibility is 
similar. Please note, the similar change in grain barrier height doesn’t 
mean similar resistance change due to different conducting pattern in 
two kinds of sensors. 

For the ex-situ counterparts, the outside layer of the sensing material 
has a higher resistance due to higher amount of oxygen adsorption 
inducing thicker depletion layer. But the inner nondepleted layer 
(smaller resistance) dominates the whole resistance shown with the 
thicker arrows in Fig. 11 (b) and (d). As a result, the resistance of ex-situ 
annealed sensor is small, and the response is also small, which is similar 
to what happens in single nanowire devices with large diameters [33, 
36]. In other words, the surface materials are “short-circuited” and 
become “ineffective”. 

4. Conclusion 

In summary, we have developed a new fabrication method for ZnO 
material by fast in-situ annealing of MOF ZIF-8, with rich defect fea-
tures, and well-connected, highly porous structure for gas sensing. The 
sensitivity towards ethanol is much enhanced (>10 times) while the 
recovery speed is much smaller (<10 times) compared with the ex-situ 
counterparts. The mechanism studied by AC impedance spectroscopy 
and SEM/TEM images indicates the high sensitivity of the in-situ 
annealed sensor should be attributed to higher gas accessibility of the 
well-connected porous structure that allows for higher amount effective 
sensing material and higher amount of reactions at the grain-electrode 
interface. The sluggish recovery of the in-situ annealed sensor could 
also be attributed to the larger number of effective gas adsorption sites. 

As sensitivity and response/recovery speeds are important metrics in 
many situations, both the barrier height and material structure should 

be specifically designed in the future for the next generation of SMOX 
gas sensors with both high sensitivity and fast response/recovery, since 
the built-in potential of the barriers can help with charge separation 
[37], which could boost response and recovery processes. 
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