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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A capacitive methanol sensor was 
designed using exfoliated graphene and 
ZnO quantum dots on anodic aluminum 
oxide. 

• Vertical electrode configuration enabled 
faster sensing response than horizontal 
one. 

• ZnO enhanced the methanol uptake of 
the sensor by enhancing UV absorption 
at 100 kHz. 

• A 2-ppb level of LOD methanol detec-
tion was achieved at ambient conditions 
under UV. 

• Sensor performance was reproducible 
and stable in 60% humidity conditions.  
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A B S T R A C T   

A suitable and non-invasive methanol sensor workable in ambient temperature conditions with a high response 
has gained wide interest to prevent detrimental consequences for industrial workers from its low-level intoxi-
cation. In this work, we present a tunable and highly responsive ppb-level methanol gas sensor device working at 
room temperature via a bottom-up synthetic approach using exfoliated graphene sheet (EGs) and ZnO quantum 
dots (QDs) on an aluminum anodic oxide (AAO) template. It is verified that EGs-supported AAO with a vertical 
electrode configuration enabled high and fast-responsive methanol sensing. Moreover, the hydroxyl and carboxyl 
groups of the high surface area EGs and ZnO QDs with a 3.37 eV bandgap efficiently absorbing UV light led to 56 
times high response due to the enhanced polarization on the sensor surface compared to non-UV-radiated EGs/ 
AAO at 800 ppb of methanol. The optimal resonance frequency of methanol is determined to be 100 kHz, which 
could detect methanol with high response of 2.65% at 100 ppm. The limit of detection (LOD) concentration is 
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obtained at 2 ppb level. This study demonstrates the potential of UV-assisted ZnO, EGs, and AAO-based 
capacitance sensor material for rapidly detecting hazardous gaseous light organic molecules at ambient condi-
tions, and the overall approach can be easily expanded to a novel non-invasive monitoring strategy for light and 
hazardous volatile organic exposures.   

1. Introduction 

Methanol is a common industrial and laboratory organic solvent that 
is potentially toxic to the central nervous system of mammals (Skrzy-
dlewska, 2003). It requires careful handling and disposal under appli-
cable local regulatory entities. Ingestion of 30 mL of methanol by a 
human can cause permanent visual damage, and serum methanol levels 
of 6.25 mM/L in workers require medical treatment (Nappe, 2021). 
Particularly, chronic exposure to over 200 ppm methanol gas can cause 
health-related problems for industrial workers (Gaffney et al., 2008). 
While specialized testing for serum methanol requires clinical settings, 
various studies have shown that methanol levels in the blood and 
exhaled air are related (Ernstgard et al., 2005; Filipiak et al., 2012), 
which has promoted the use of non-invasive biomarkers for the meth-
anol detection. Most environmental sensors target detection below a 
time-weighted average of 200 ppm. Detecting such low-level methanol 
in the atmosphere in a highly sensitive and reliable manner is necessary 
to develop a real-time and non-invasive health monitoring system. 
However, sub-ppm-level methanol determination still relies on volu-
metric gas chromatography (Costa et al., 2022; Zhang et al., 2015a). 

Therefore, the highly responsive, good repeatability, and selective 
detection of ppb-level methanol enabled by a small and cost-efficient 
sensor system is pivotal for future applications (Jiang et al., 2019; Van 
Den Broek et al., 2019; Wang et al., 2017). Recent studies on methanol 
gas sensors have demonstrated small chemical sensors using nano-
structured materials with improved detection performance for 
ppb-detection level methanol (Acharyya et al., 2017; Rong et al., 2022). 
The response could be enhanced by using nanomaterials operating at 
moderately high temperatures (80–300 ◦C). Additionally, simple resis-
tive or capacitive mechanisms minimize the form factor of the entire 
sensor system (Liu et al., 2011). Specifically, capacitive designs, where a 
slight change in dielectric properties of the parallel plate-based sensor 
material surface leads to variations in capacitance, consume less power, 
and are more stable to small changes at low methanol concentrations. 

The class of sensor materials also affects various sensing properties, 
including operating temperature, detection limit, and response and re-
covery times. Metal oxide (SnO2, In2O3, Fe2O3, etc.) composites have 
been reported to exhibit superior sensing performances at high tem-
peratures (Bajpai et al., 2012; Kim et al., 2017; Lee et al., 2017; Liu et al., 
2021; Zhang et al., 2019). Recently, capacitive methanol gas sensors 
using metal-organic framework (MOF) materials have been reported 
(Andres et al., 2020; Homayoonnia and Zeinali, 2016; Hosseini et al., 
2016). Although some MOF examples are promising and intriguing 
under ambient conditions, such as copper(II)-benzene-1,3, 
5-tricarboxylate (Cu-BTC) (Zeinali et al., 2019), MOF materials gener-
ally require high fabrication costs and complex preparation processes, 
which hinder their widespread deployment. Various quantum dot (QD) 
materials have also gained attention for use in gas sensors, including 
ZnSe (Wu et al., 2014), CdSe (Wang et al., 2012), doped QDs, and 
core-shell QDs (Vasudevan et al., 2015). ZnO QDs applications have 
been reported for gas sensors, and are primarily used in chemoresistive 
gas sensors based on oxygen chemisorption, which can be operated at 
high temperatures (Cho et al., 2022; Forleo et al., 2010; Sinha et al., 
2021; Zhang et al., 2021). However, QDs tend to have limited stability 
due to oxidation, which may result in poor performance of gas sensors. 
Composite materials, including polymers, titanium carbide (Lee et al., 
2017), and lead-based QDs (Zhang et al., 2019) have been proposed as 
strong alternatives, but they can be toxic or require a complex fabrica-
tion process. Operating-wise, methanol sensor has been aimed to be 

sensible at ambient conditions due to the favored energetics and prac-
tical usability, however, economically viable methanol sensors and 
function at room temperature are still elusive. 

This study demonstrated a highly responsive, repeatable, and selec-
tive methanol gas sensor enabled by the simple fabrication of porous 
anodic aluminum oxide (AAO) doped with graphene and zinc oxide 
(ZnO) QDs. AAO was selected as the base platform because it is cost- 
effective, nanoporous, has a high affinity for various gas molecules, 
and has a low dielectric constant of ~10, showing excellent sensing 
performance (Juhász and Mizsei, 2010; Kim et al., 2009). Exfoliated 
graphene sheets (EGs) were selected because of their high specific sur-
face area, high chemical stability, and relatively low dielectric constant 
(Cao et al., 2016; Park et al., 2017; Wisitsoraat et al., 2013). The price of 
graphene continues to decrease owing to technological advances (Lin 
et al., 2019), and a small amount of EG addition was found to impose an 
influential sensing behavior. The sensing performance can be maxi-
mized with sufficient carboxyl and hydroxyl groups generated on the 
edge of the graphene oxide sheets (Kang et al., 2010), which allows the 
graphene surface to easily adsorb gas molecules. Finally, ZnO QDs are 
deposited onto the EGs on AAO to endow the sensor surface with high 
UV-absorbing properties (Kumar et al., 2020; Yan et al., 2019), owing to 
their wide direct band gap (3.37 eV at the room temperature) with 
increasing polarization field on the sensor surface. These ZnO QDs 
exhibit high stability, environmental friendliness, and biosafety (Nazir 
et al., 2017). The sensor developed in this study exhibited a high 
methanol response of 2.65% at 100 ppm and 1.73 ppb limit of detection 
(LOD). This work proposes a promising bottom-up synthetic approach 
using commercial and well-defined materials to fabricate a highly 
responsive capacitive gas-sensing device for methanol detection at room 
temperature, which can be further expanded to the development of 
practical hazardous VOC sensor applications. 

2. Experimental 

2.1. Materials 

All the reagents were used without further purification or treatment. 
Graphite foil (0.5 mm, 99.8% and Alfa Aesar), platinum foil (0.5 mm, 
99.99%, Sigma-Aldrich), ammonium sulfate ((NH4)2SO4, 99.0%, Sigma- 
Aldrich), zinc acetate dihydrate (Zn(CH3COO)2.2 H2O, 98%, Sigma- 
Aldrich), N, N-dimethylformamide (C3H7NO, 99.9%, Daejung), and a 
porous AAO template (25 mm diameter, 200 nm pore size, Co, What-
man, Japan) were utilized. 

2.2. Synthesis of an exfoliated graphene sheet 

The EGs were synthesized using an electrochemical exfoliation pro-
cess. Graphite and platinum foil were placed in a 0.1 M ammonium 
sulfate solution with a positive DC potential of 10 V applied to the 
graphite electrode. The EGs were collected and rinsed several times with 
deionized water. The as-obtained sample was dispersed in deionized 
(DI) water by bath sonication, centrifuged at 10,000 rpm for 5 min, and 
finally into a 50 mL ethanol solution. The supernatant dispersion was 
carefully separated, and the graphene content in the solution was fixed 
at 1.6 wt% for further processing. 

2.3. Synthesis of ZnO quantum dots 

Precursors were formed by dissolving zinc acetate dihydrate powder 
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(1 wt%) in a precise proportion into an N, N-dimethylformamide (DMF) 
solution. After precursor solutions had been stirred for 10 min at room 
temperature, the precursor was heated to 105 ◦C for 0.5 h, 1 h, 2 h, 3 h, 
4 h, 5 h, and 8 h. Colloidal ZnO QDs were formed when the precursor 
cooled to room temperature. The ZnO QD solution was centrifuged at 
10,000 rpm for 5 min and then placed into a 50 mL ethanol solution. 

2.4. Design of the gas sensor 

The sensor fabrication process was based on a simple dropping 
method, in which an AAO template was used as an electrically insulating 
substrate. The fabrication process of the gas sensor is illustrated in Fig. 1 
(a). Gold sputtering was used to fabricate electrodes. The electrode was 
fabricated with a ring shape at the top and a circular shape at the bottom 
of the AAO template. The electrode was then connected using a copper 
wire from top to bottom. An ethanol solution containing EGs (0.5 mL/ 
50 mL in ethanol) was deposited on the AAO template, followed by ZnO 
(0.5 mL/50 mL in ethanol). Finally, the gas sensor was dried at room 
temperature to evaporate remaining ethanol. 

2.5. Sensing system of the methanol gas sensor 

The fabrication of the sensing system is illustrated in Fig. 1(b). The 
gas-sensing performance was evaluated using a computer-controlled 
system. The fabricated capacitive gas sensor was then placed in a test 
chamber. The gas concentrations were controlled by changing the ratio 
of dry air (21% O2 + 79% N2) to methanol (i.e. 500 ppm or 10 ppm in 
dry air as a balanced gas) using mass flow controllers from 100 ppb to 
300 ppm at room temperature (25.0 ± 1 ◦C). The sensor was exposed to 
different concentrations of methanol gas for 300 s or 1 h, followed by air 
purging for 300 s or 1 h before the next exposure. Dry air was used as the 
carrier gas, at a fixed flow rate of 500 sccm. Experiments were per-
formed at an applied voltage of 1.0 V. The adsorption of gas molecules 
by AAO, EGs/AAO, and EGs-ZnO/AAO causes a change in the sensor 
capacitance. UV with a wavelength of 275 nm was supplied with 8.0 V 
power. The detailed sensing process is illustrated in Fig. 2. After stabi-
lization with flowing air, a UV light was turned on when methanol gas 
began to flow, maximizing the number of adsorption sites to form a 
polarization field. Desorption was performed as the dry air gas flowed 

again. The changes in the capacitance of the sensor upon exposure to 
methanol gas were related only to the change in the dielectric constant 
of the dielectric material, that is, the EGs-ZnO/AAO gas sensor. The 
capacitance (C) of the capacitor is expressed by Eq. (1): 

C = ε0εrA/d (1) 

Depending on the target gas concentration in the atmosphere, one of 
the parameters of the distance between the electrodes (d), dielectric 
constant in vacuum (ε0), dielectric constant (εr), or the area of the 
electrode (A) must be changed in the capacitive gas sensor. The capac-
itance sensor response represents the changes in C measured by an 
inductance–capacitance–resistance (LCR) meter, where the response is 
defined by Eq. (2), where C0 and Cg are the capacitance of the sensor in 
dry air and the concentration of methanol gas, respectively.  

Response (%) = ΔC/C0= (Cg− C0)/C0 × 100                                      (2)  

2.6. Characterizations 

Surface-enhanced Raman scattering spectra were obtained using a 
portable Raman system (i-Raman, B&W TEK, USA) equipped with a 
diode laser emitting light at 532 nm wavelength. High-resolution X-ray 
photoelectron spectroscopy (XPS) was performed at the Korea Basic 
Science Institute in Daejeon, Korea. UV–visible absorption spectra were 
recorded using a UV/visible spectrophotometer (JASCO V-730, MET-
TLER TOLEDO). Room-temperature photoluminescence (PL) spectra 
were obtained using an excitation laser of 270 nm (LabRAM HR800, 
Horiba Jobin Yvon Corp., France). The X-ray diffraction (XRD) patterns 
of the solid were obtained using a D/Max 2200 diffractometer (Rigaku 
Co., Japan) with Cu Kα radiation (λ = 0.1541 nm) operating at 40 kV 
and 100 mA in the 2θ range of 10–80◦ at a scan speed of 4◦/min. The 
morphologies and sizes of the as-obtained samples were observed using 
transmission electron microscopy (TEM; JEM-2100 F, JEOL, Japan) at 
200 kV to obtain high-resolution images. Capacitance–time measure-
ments were performed using an Agilent E4980A LCR meter from 100 Hz 
to 1 MHz and fixed at 1 V. 

Fig. 1. Schematic diagram of (a) the fabrication procedure of the EGs-ZnO/AAO capacitive gas-sensing unit and (b) gas-sensing experimental setup using UV light.  

J.Y. Park et al.                                                                                                                                                                                                                                  



Journal of Hazardous Materials 438 (2022) 129412

4

Fig. 2. (a) Schematic diagram of EGs-ZnO QDs band gap, (b) cross-sectional image, and (c) 3D-visualized sensing mechanism of the EGs-ZnO/AAO gas sensor under 
UV light. 

Fig. 3. (a) FT-IR spectrum of AAO and EGs/AAO, (b) XPS spectrum of C 1 s by EGs, (c) SEM image of EGs/AAO, (d) UV–vis of ZnO QDs, and (e) photoluminescence 
of ZnO QDs, TEM image of (f) ZnO QDs, (g) EGs-ZnO QDs/AAO and (h) XRD pattern of ZnO QDs and EGs-ZnO/AAO gas sensor. 
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3. Results and discussion 

3.1. Sensing mechanism 

The structure of the energy levels constructed in the EGs-ZnO/AAO 
gas sensor under UV light is shown in Fig. 2(a). Based on the relevant 
band positions of ZnO QDs and EGs, photoinduced electrons are easily 
transferred from the ZnO QDs conduction band to the EGs. This can 
efficiently separate the photoinduced electrons and hinder charge 
recombination in electron transfer processes(Liu et al., 2019; Roy et al., 
2013; Xu et al., 2016; Zhang et al., 2015a, 2015b), thus enhancing the 
response performance of the gas sensor. Fig. 2(b) shows a schematic 
cross-sectional view of the gas sensor. Compared to the case without UV 
light, the gas sensor absorbs UV light and increases polarization on the 
gas sensor surface, inducing a response. The dielectric constant is the 
measurement of the charge stored inside the material in the presence of 
an applied electric field and detects the dipole alignment strength. When 
the EGs-ZnO/AAO gas sensor was exposed to methanol gas molecules, 
methanol with a dipole moment was adsorbed in greater amounts, 
attracted by the hydroxyl and carboxyl groups of the EGs defect sites 
(Panda et al., 2016; Wu et al., 2018). Simultaneously, ZnO QDs reinforce 
the electric field on the sensor surface, as shown in Fig. 2(c). The sensor 
was exposed to methanol (32.70) with dielectric constants higher than 
that of air at room temperature, and the capacitance increased. 

3.2. Sensor characterization 

The FT-IR spectrum was also used to explore the attachment of 
functional groups to AAO and EG/AAO, as shown in Fig. 3(a). The peaks 
at 625 cm− 1 and 935 cm− 1 correspond to the Al-oxide stretching vi-
brations. The large O–H stretching peak at 3433 cm− 1 indicated an 
abundance of O–H functional groups (Wu et al., 2016). The sharp peaks 
at 1389 cm− 1, 1050 cm− 1, and 1121 cm− 1 are characteristic of the 
C–OH and C–O stretching vibrations, respectively (Panda et al., 2016). 
In addition, the C––O stretching vibration in the carboxyl group was 
visible at approximately 1647 cm− 1. A high-intensity major peak at 
approximately 1490 cm− 1 represents the C–partial double bond–C ring 
stretching vibration. The O–H stretching peak was stronger in EG/AAO 
than in AAO. There was no peak related to -C in the AAO, but 
high-intensity peaks were observed in the EGs. Fig. 3(b) shows the XPS 
spectral characteristics of carbon in the EGs. The C 1 s XPS profiles 
provide useful information on the surface elemental composition and 
functional groups. The C 1 s spectrum indicated four types of carbon 
bonds, assigned to C–OH, C–O––O, sp2 C–C bonds, and sp3 C–O bonds in 
EGs (Johra et al., 2014). These analyses confirmed the presence of hy-
droxyl and carboxyl groups at the defect sites of the EGs. The mor-
phologies of EGs/AAO and EGs, characterized using SEM, are shown in 
Fig. 3(c). The average film thickness of the EGs/AAO was 60 ± 2 µm, 
whereas the thickness of the EGs was 2.5 ± 0.2 µm. The UV–vis ab-
sorption spectra of the ZnO QDs are shown in Fig. 3(d). As the size of the 
ZnO QDs increased with increasing growth time, the property adsorp-
tion peaks for the synthesized ZnO QDs were red-shifted. From the 
UV–vis results, the band gap values of the ZnO QDs can be determined 
from the Tauc plot of (αhν)2 versus hν, where α is the absorbance, h is 
Planck’s constant, and ν is the frequency of the photon (Coulter and 

Birnie, 2018). The properties of ZnO QDs are listed in Table 1. The op-
tical energy bandgap (Eg) decreases from 3.46 eV for ZnO QDs with 
0.5 h synthesis time to 3.26 eV with 8 h. All values were close to bulk 
ZnO (~3.37 eV). The effective mass approximation theoretically de-
scribes the increase in the bandgap energy owing to the increased 
quantum confinement of the electron-hole system in nanoparticles. Eq. 
(3) shows the relationship between the radius R of spherical nano-
crystals and their Eg based on the effective mass model approximation 
(Brus, 1986): 

EQDs = Eg
h2π2

2R2

(
1

me
+

1
mh

)

−
1.8e2

εR
(3)  

where Eg is the bandgap of the bulk material (3.37 eV), h is the reduced 
Planck’s constant, e is the electron charge, ε is the semiconductor 
dielectric constant, me and mh are the effective masses of electrons and 
holes, and m0 is the free electron mass. Using the effective masses of 
electrons me = 0.26m0 and holes mh = 0.59m0, the radius and diameter 
of the nanocrystals were calculated. Increasing the synthesis time 
allowed the average diameter of the ZnO QDs to be tuned from 5.23 nm 
to 9.45 nm. The PL emission spectra of the ZnO QDs are shown in Fig. 3 
(e). As the particle diameter increased, the emission wavelength red- 
shifted from 370 nm to 378 nm. The intensity of the PL emission 
increased as the synthesis time of the ZnO QDs increased; however, the 
intensity of the PL emission did not increase after 8 h. Because the 
recombination of electrons and holes occurs as it is close to the bulk 
bandgap. With less than 4 h synthesis time, a small diameter, and a large 
surface area of the ZnO QDs, particles with more surface defects were 
formed. Therefore, a synthesis time of less than 4 h correlates with the 
reduction in the effective luminescent center at the dot surface. The TEM 
(HRTEM) images of the ZnO QDs and EGs-ZnO/AAO gas sensors in Fig. 3 
(f) and (g) show that the ZnO QDs were deposited on the surfaces of the 
EGs. The average size of the ZnO QDs was determined to be ~ 9 nm. 
Fig. 3(h) shows the XRD patterns of the independent ZnO QDs and EGs- 
ZnO/AAO gas sensors. The ZnO QDs exhibited strong diffraction peaks 
at 2θ = 31.48◦, 34.28◦, 35.96◦, 31.48◦, 47.58◦, 56.52◦, 62.48◦, and 
67.7◦, which were indexed as the (100), (002), (101), (102), (110), 
(103), and (112) diffraction peaks of the hexagonal phase with the 
wurtzite crystal structure of ZnO QDs (JDPDS file no. 36–1451). 
Furthermore, the diffraction peaks of the EGs-ZnO/AAO gas sensor 
correspond to the characteristic diffraction peak of EGs with a 2θ of 
26.5◦ in the ZnO QDs phase. 

3.3. Design and stability of the gas sensor with fast response and recovery 
time 

Dielectric materials exhibit frequency-dependent differences in their 
dielectric properties (Segatin et al., 2020), and the time constants of the 
electrical dipoles cause this frequency dependence. As shown in Fig. S1, 
to investigate the performance of the fabricated AAO and EG/AAO gas 
sensors at different frequencies, the response changes of the sensor in the 
presence of methanol were measured at various frequencies at a fixed 
gas concentration of 100 ppm. In Fig. S1(a), although the gas sensor 
showed a response at a frequency of 1 MHz, it showed a response of 
approximately 0.004% at 100 ppm AAO. However, 0.108% of that 
response was for EGs/AAO. EG/AAO gas sensors showed 27 times higher 
response at 100 ppm compared to AAO, at 1 MHz, as shown in Fig. S1 
(b). The response to methanol decreased to less than 1 MHz, as shown in 
Fig. S1. Because the resonance frequency of the methanol and gas sen-
sors had a minimum of 1 MHz, there was a limit to detecting methanol 
(Altenberend et al., 2013; Homayoonnia and Zeinali, 2016; Pourteimoor 
and Haratizadeh, 2017). Therefore, 1 MHz for methanol was identified 
as the frequency at which the best sensitivities, reflected by capacitance 
changes, were achieved for a gas concentration of 100 ppm, as shown in 
Fig. S1(c). Fig. 4 shows real-time capacitance response curves of the 
horizontal and vertical electrode structures for EGs/AAO gas sensors 

Table 1 
Properties and nanoparticle sizes of ZnO QDs at different synthesis times.  

Synthesis time (h) Band gap (eV) Emission peak (nm) Size (nm) 

0.5  3.46 370 5.23 
1  3.41 374 7.84 
2  3.38 375 8.92 
3  3.38 376 8.94 
4  3.38 377 8.94 
5  3.37 378 9.45 
8  3.26 – –  
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with different methanol concentrations from 10 to 100 ppm at a signal 
frequency of 1 MHz. A schematic of the EG/AAO gas sensor electrode 
structure is shown in Fig. S2. The capacitance signal of the gas sensor 
showed a low signal-to-noise ratio at the horizontal electrode, and the 
response was 0.006% at 100 ppm methanol. However, the gas sensor 
capacitance signal showed a high signal-to-noise ratio at the vertical 
electrode, and high response of 0.108% was obtained with 100 ppm of 
methanol. The EG/AAO gas sensor exhibits good linearity (R2 >

0.9848), as shown in Fig. 4(b). The capacitive response in the horizontal 
configuration was negative and positive in the vertical configuration. In 
addition, the response was larger than the resistance change, which 
could be attributed to the capacitance being increased through charge 
transfer, the dipole moment of the analyses, and the relative changes in 
the resistance and capacitance increasing with the resistance (Lim et al., 
2012). 

The experimental capacitance curves of the sensors with gas con-
centrations ranging from 10 ppm to 300 ppm are shown in Fig. 5(a). The 
capacitance signals of both sensors steadily increased with increasing 
methanol concentrations in AAO and EG/AAO. For the AAO and EG/ 

AAO gas sensors, the response reached 0.004% and 0.108% at 100 ppm, 
showing a 27-fold increase relative to the sensing signal of the AAO gas 
sensor, as shown in Table 2. The inset of Fig. 5(a) shows that AAO can 
detect concentrations above 80 ppm and cannot be detected under 
50 ppm. Reproducibility is defined as the ability of a sensor to repeat gas 
concentration measurements under the same conditions. Reversibility is 
the ability of the sensor to return to its baseline value after the removal 
of the target gas. Reproducibility is defined as the ability of a sensor to 
repeat measurements 10 times for gas concentrations at 50 ppm, under 
the same conditions as those in Fig. 5(b). The same variation in the 
degree of capacitance was observed during these cycles, indicating the 
reproducibility of the EG/AAO sensors and their ability to provide 
reliable results for detecting methanol gas. Fig. 5(c) shows a typical 
change in the capacitance signal for different methanol concentrations 
of the AAO and EG/AAO gas sensors. The response directly depended on 
the gas concentration under all conditions. In addition, the gas sensor 
exhibited good linearity (R2 > 0.9870 and R2 > 0.9953) for both AAO 
and EG/AAO, indicating that this material is suitable for the quantitative 
detection of methanol gas in Fig. 5(d). In Fig. 5(e) and (f), the response 

Fig. 4. (a) Real-time capacitance response curves and (b) response of the horizontal electrode structure and vertical electrode structure for EGs/AAO gas sensor with 
different methanol concentrations of from 10 to 100 ppm at signal frequencies of 1 MHz. 

Fig. 5. (a) Real-time capacitance response curves with different methanol concentrations (inset: 80–300 ppm methanol in AAO) (b) 10-times-repeat measurements of 
curve of gas concentration at 50 ppm under the same conditions (c) change in the capacitance signal at 80–10–300–30 ppm methanol, (d) response, (e) response time 
and (f) recovery time of AAO and EGs/AAO gas sensor at signal frequencies of 1 MHz. 
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(T90) and recovery time (D10) were calculated for the methanol con-
centration. The definition of T90 and D10 are given in the supporting 
information (Fig. SX). At relatively low methanol concentrations of 
10–80 ppm, the T90 was delayed (28.07–30.16 s for EGs/AAO); how-
ever, as the methanol concentrations increased, the response times 
decreased (37.26–43.54 s for EGs/AAO). Similar tendencies were 
observed in the D10 of the EG/AAO sensor for methanol gas. The T90 and 
D10 values of methanol gas were < 50 s at all concentrations. The 
calculated responses, T90, and D10 are shown in Table 2. Table 3 com-
pares the response and recovery times of previously reported capacitive 
gas sensors to methanol at room temperature (Chen et al., 2013; Halvaee 
et al., 2020; Mohammed Mabrook, 2001a; Halvaee Khankahani and 
Sadegh Beigi, 2018; Tung et al., 2014; Wang et al., 2020). Among the 
reported capacitive gas sensors, the EG/AAO gas sensor showed a rela-
tively fast response and a short recovery time compared with methanol 
at 10 ppm and room temperature. 

3.4. Ultra-response in ppb-level and stability of the gas sensor addition to 
ZnO QDs 

As shown in Fig. 6 and Fig. S3, the change in capacitance of the 
sensor in the presence of methanol was measured at various frequencies 
at a fixed gas concentration of 10 ppm to investigate the performance of 
the fabricated sensors at different frequencies. The EGs/AAO gas sensor 
without the UV light showed no response below 1 MHz and approxi-
mately 0.029% at 1 MHz. The EGs/AAO gas sensor with the UV light 
exhibited a response from 1 kHz to 1 MHz, with the highest response 
being 0.316% at 1 MHz. The EGs-ZnO/AAO gas sensors with UV light 
showed a response from 1 kHz to 1 MHz. In particular, the response was 

high at 100 kHz, and 1.8740% at 10 ppm. EGs/AAO gas sensors with UV 
light showed an approximately 11 times higher response at 1 MHz than 
EGs/AAO without UV light, and EGs-ZnO/AAO with UV light at 100 kHz 
showed an approximately 65 times higher response than EGs/AAO with 
UV light at 1 MHz. The absorption of UV light from EGs/AAO is likely to 
facilitate adsorption as the high polarization field of the gas sensor 
surfaces resulted in increased capacitance. Because EGs-ZnO/AAO gas 
sensors have superior UV light absorption compared with EGs/AAO, the 
enhanced surface polarization enables easier adsorption of methanol, 
even in the low-frequency range (100 kHz). 

The experimental capacitance curves of the sensors with gas con-
centrations ranging from 100 ppb to 800 ppb were obtained at fre-
quencies of 1 MHz with EGs/AAO and 100 kHz with an EG–ZnO/AAO 
gas sensor. Fig. S4(a) shows a low response with different gas concen-
trations when the ratio of EGs: ZnO was 1:0.5. The gas sensor with a ratio 
of EGs: ZnO of 1:1 showed a higher response with different methanol 
concentrations compared with 1:0.5 of EGs: ZnO QDs. In addition, gas 
sensors with a ratio of EGs:ZnO of 1:2 showed a high response perfor-
mance but did not show response properties with different gas concen-
trations. This phenomenon is confirmed by the linearity corresponding 
to the gas concentration shown in Fig. 7(a). The EGs: ZnO QDs of the 1:1 
gas sensor showed good linearity (R2 value =0.9751) compared with 
1:0.5 (R2 value =0.8968) and 1:2 (R2 value =0.0283) of EGs: ZnO QDs 
ratio. In Fig. S4(b-c), the 1:1 EGs: ZnO QD gas sensor with UV light 
showed a fast response time (739 s at 800 ppb) and recovery time (110 s 
at 800 ppb) compared with the 1:0.5 and 1:2 EGs: ZnO QDs sensors. The 
experimental capacitance curves of the sensors with different gas con-
centrations ranging from 100 ppb to 800 ppb were obtained at fre-
quencies of 1 MHz and 100 kHz for EGs/AAO without UV light, EGs/ 
AAO with UV light, ZnO/AAO, and EGs-ZnO/AAO with UV light, as 
shown in Fig. 7(b). The linearity of the gas sensors for methanol gas at 
concentrations ranging from 100 ppb to 800 ppb is shown in Fig. S5(a). 
The capacitance curve according to the methanol gas concentration was 
lower than that of the EGs/AAO gas sensor and EGs-ZnO/AAO with UV 
light. The response of the gas sensor increased with increasing methanol 
concentration, showing a high response of 1.2353% for 800 ppb meth-
anol compared with EGs/AAO without UV light and EGs/AAO with UV 
light. In addition, as shown Fig. S5, the EGs-ZnO/AAO gas sensor 
exhibited good linearity (R2 =0.9751) for methanol gas compared with 
ZnO/AAO (R2 =0.1602), EGs/AAO without UV light (R2 =0.8753) and 
EGs/AAO with UV light (R2 =0.8902). This indicates that the present 
material is suitable for the quantitative detection of methanol gas. 
Furthermore, the low linearity (0.1602 of R2 value) was confirmed with 
varying methanol concentrations. This result is attributed to the ZnO 
QDs which do not directly affect the adsorption of methanol regardless 
of UV light. We confirmed that ZnO QDs can increase response by 
maximizing the polarization with UV light only EGs-ZnO QDs/AAO gas 
sensor. Reproducibility is defined as the ability of a sensor to repeat gas 
concentration measurements under identical conditions. Reversibility is 
the ability of the sensor to return to its baseline value after the removal 
of the target gas. In Fig. 7(c), the stability corresponding to the gas 
concentration is confirmed through the cross-injection of the gas 

Table 2 
Response changes and calculated response-recovery time versus relative methanol with different concentrations of AAO and EGs/AAO gas sensor at a signal frequency 
of 1 M Hz.  

Concentration (ppm) AAO EGs/AAO 

Response (△C/C0, %) Response time (sec) Recovery time (sec) Response (△C/C0, %) Response time (sec) Recovery time (sec) 

10 – – –  0.022  28.075  22.439 
30  0.026  24.380  28.354 
50  0.049  29.486  27.623 
80 0.003 10.237 2.000  0.086  30.156  32.767 
100 0.004 5.710 3.568  0.108  37.256  34.019 
200 0.009 22.490 7.256  0.146  39.000  45.803 
300 0.013 22.960 17.562  0.239  43.540  50.587  

Table 3 
Literature survey of methanol gas sensing at room temperature.  

Materials Conc. 
(ppm) 

Response 
time 
(sec) 

Recovery 
time (sec) 

Reference 

EGs/AAO  10 28 22 Our study 
Ti3C2Tx/PEDOT:PSS  300 – – (Wang et al., 2020) 
CoFe Nanoparticle  100 – – (Halvaee et al., 

2020) 
Co3O4-intercalated 

RGO  
800 240 360 (Chen et al., 2013) 

Fe2O3-RGO  1000 140 120 (Tung et al., 2014) 
CoFe2O4 Porous 

Nanoparticles  
100 293 481 (Halvaee 

Khankahani and 
Sadegh Beigi, 
2018) 

TiO2 Dispersed in 
PVDF  

350 120 360 (Mabrook and 
Hawkins, 2001) 

Au-ZnO QDs Thin Film  10 17 52 (Dey and Sarkar, 
2020) 

GO/Polyindole 
Composites  

11 1740 1380 (Phasuksom et al., 
2020) 

Tetratoloylphenyl- 
porphyrinate Zinc 
(II)  

260 51 92 (Sekrafi et al., 
2021)  
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concentration of methanol. In Fig. S5(b-c), the response time (T90) and 
recovery time (D10) were calculated for various methanol concentra-
tions. The detailed response and recovery times versus the relative 
methanol concentration of the gas sensor are listed in Table 4. 
Furthermore, the capacitance curve with different methanol concen-
trations was confirmed by comparing ZnO QDs synthesized at 4 h (EGs- 
ZnO (4 h)/AAO) and 8 h (EGs-ZnO (8 h)/AAO) and EGs (EGs/AAO) in 
Fig. S6. This shows the property of the EGs/AAO gas sensor with little 
effect on ZnO QDs. 

Table 5 compares the LODs and responses of previously reported 
capacitive gas sensors to methanol at room temperature (Andres et al., 
2020; Bajpai et al., 2012; Homayoonnia and Zeinali, 2016; Kim et al., 
2017; Lee et al., 2017; Mohammed Mabrook, 2001b; Wang et al., 2020). 
LOD calculation method is discussed in the supporting information (SI. 
1.) Among the reported capacitive gas sensors, the EGs-ZnO/AAO gas 
sensor showed a relatively low LOD and high response to methanol at 
room temperature. Fig. S7 shows 10 measurement cycles for 10 

concentrations of methanol (100 ppb). The same sequence of changes in 
the degree of capacitance variation was observed during these cycles, 
indicating the reproducibility of the fabricated sensors and their ability 
to provide reliable results for methanol gas detection. As shown in Fig. 7 
(d), the stability of the sensor was investigated by exposing the sensor to 
100 ppb methanol on different days. The sensor retarded the excellent 
sensing performance without deteriorating it. The humidity-dependent 
capacitive response was also examined. As shown in Fig. 7(e), the 
response decreases with increasing relative humidity (RH). Nonetheless, 
the sensors exhibit good linearity (R2 > 0.9586) at RH 60% and a slightly 
slow response (Fig. S8(a)), and recovery time (Fig. S7(b)). A variance in 
the response as a function of humidity is expected because of the high 
dielectric constant of water. However, the sensor maintained good 
sensing performance in humid environments. Selectivity is one of the 
most important parameters for determining the quality of a gas sensor 
system because it enables the sensor to respond exclusively to a target 
gas. Fig. 7(f) shows a comparison of the response of the sensor to 

Fig. 6. Response of EGs/AAO and EGs-ZnO/AAO gas sensors at 10 ppm methanol with different frequencies without and with UV light.  

Fig. 7. (a) Response with different methanol gas concentrations of EGs-ZnO QDs (1:0.5, 1:1, and 1:2) gas sensors at a signal frequency of 100 kHz by using a UV light 
(b) Capacitance response curve change with different methanol gas concentration EGs/AAO, ZnO/AAO and EGs-ZnO/AAO (1:1) gas sensor at a signal frequency of 
1 MHz (EGs/AAO) and 100 kHz (ZnO/AAO and EGs-ZnO/AAO) with and without UV light, (c) 100–800–500–100 ppb, (d) capacitance curve of long-term stability 
with different time (1, 7, 28 days) of EGs-ZnO/AAO with UV light gas sensor fixed at methanol concentrations of 100 ppb. (e) Response of humidity level with 
different methanol gas concentrations of EGs-ZnO/AAO gas sensor at a signal frequency of 100 kHz (inset: the linearity of response over methanol concentration), 
and (f) Response of methanol, ammonia, sulfur dioxide, ethanol, hydrogen dioxide, hexane, acetone, toluene, and nitrogen dioxide at fixed 100 ppm for EGs-ZnO/ 
AAO gas sensor at a frequency of 100 kHz with UV light. 

J.Y. Park et al.                                                                                                                                                                                                                                  



Journal of Hazardous Materials 438 (2022) 129412

9

methanol in an environment containing multiple gases (e.g., ammonia, 
sulfur dioxide, ethanol, hydrogen sulfide, hexane, acetone, toluene, and 
nitrogen dioxide). Methanol exhibited the highest response (2.65%) 
compared to ammonia, sulfur dioxide, ethanol, hydrogen sulfide, hex-
ane, acetone, toluene, and nitrogen dioxide. The selectivity toward 
methanol over ethanol is also noteworthy (van den Broek et al., 2019); 
this indicates the potential and viability of the UV-based approach that 
can be applied for distinguishing comparable materials. The result 
demonstrates that the changes in capacitance are highly selective to the 
methanol under 100 kHz, which is a key advantage of the proposed gas 
sensor. Based on these results, we concluded that the EGs-ZnO/AAO gas 
sensor exhibited good selectivity to methanol under our test conditions. 

4. Conclusions 

We developed a highly responsive sensor for methanol gas using EGs- 
ZnO/AAO under ultraviolet (UV) light. The EGs-ZnO/AAO gas sensor 
absorbed UV light, resulting in 56 times increase in response, due to the 
enhanced polarization on the sensor surface compared with EGs/AAO 
without UV light. By changing the frequency of UV light, the optimal 
resonance frequency of methanol was determined to be 100 kHz, with a 
detected response of 2.65% at 100 ppm. The LOD was estimated to be 
1.73 ppb. The humidity-dependent capacitive response was also exam-
ined and the sensors exhibited good linearity (R2 > 0.9586) at an RH of 
60%. Additionally, the response of the sensor to methanol mixed with 
multiple hazardous gaseous molecules (e.g., ammonia, sulfur dioxide, 
ethanol, hydrogen sulfide, hexane, acetone, toluene, and nitrogen di-
oxide) was compared. This study will help future researchers construct a 
capacitance sensor with a fast response and low LOD for detecting trace 
amounts of methanol or other light hazardous gaseous compounds at 

ambient conditions. The next research steps could involve parametric 
studies over UV power for energy-efficient sensing, three-phase interface 
engineering, and fine-tuning of operating conditions toward multimodal 
use of the sensor to sense various hazardous materials. Further studies 
should focus on improving the overall sensing performance by amelio-
rating sensing materials and design structures, as well as combining 
them with scalable and economical systems to design an IoT- 
incorporable gas-sensing system suitable for industrial or domestic 
applications. 

CRediT authorship contribution statement 

Ji Young Park: Writing – original draft, Conceptualization, Inves-
tigation. Yeonsu Kwak: Writing – review & editing, Formal analysis. 
Hyo-Ryoung Lim: Resources. Si-Woo Park: Resources. Min Seob Lim: 
Validation. Hong-Baek Cho: Supervision. Nosang Vincent Myung: 
Writing – review & editing. Yong-Ho Choa: Supervision, Funding 
acquisition, Project administration. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This work was supported by the Industrial Strategic Technology 
Development Program (20010460, Developing the Ceramic ALD Pre-
cursors with high corrosion resistance and Core Parts of Deposition 
Etching Equipments for High-Density Semiconductors) and Industrial 
Strategic Technology Development Program (20010501, Development 
of Guide Plate for AP Probe Card and MLA Board for DRAM Probe Card 
Using by AAO Substrate) and funded by the Ministry of Trade, Industry 
& Energy (MOTIE, Korea). 

Environmental implication 

Methanol is a widely used organic solvent that can cause blindness 
(5–10 mL), neurologic sequelae, and even death (> 30 mL) when 
ingested by humans because of its lethal toxicity. Since the metabolism 
of methanol to formaldehyde in the liver is potentially harmful to most 
creatures, waste methanol disposal is able upon the license by the gov-
ernment; the methanol should be discharged after filtration/distillation 
or incineration. Most environmental sensors target a limited range near 
a time-weighted average (TWA) of 200 ppm. The solution for detecting 
low levels of methanol in a hypersensitive, real-time, and reliable 
manner is increasingly required. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2022.129412. 
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