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© Anultrasensitive methanol gas sensing device based on the quasi-molecular imprinting technology
© (quasi-MIT) is studied in this work. We applied the sol-gel method (ALS denotes Ag-LaFeO; prepared
by the sol-gel method) and combustion synthesis (ALC denotes Ag-LaFeO; prepared by combustion
synthesis) to prepare Ag-LaFeO; based sensors. The morphologies and structures of the Ag-LaFeO;
. materials were examined via various detection techniques. The ALSM and ALCM sensor (ALSM and
© ALCM denotes the devices prepared by coating the ALS and ALC materials with methanol, respectively)
. fabricated using the sol-gel method and combustion synthesis combined with quasi-MIT exhibit good
gas sensing properties to methanol, in contrast with the two devices (ALSW and ALCW denote the
devices prepared for coating the ALS and ALC materials with water, respectively) without the use of
quasi-MIT. The results show that quasi-MIT introduced the target gas in the fabrication process of the
device, playing an important role in the design of the ultrasensitive methanol gas sensor. The sensing
response and the optimum working temperature of ALSM and ALCM gas sensor are 52.29 and 155 °C
- and 34.89 and 155 °C, respectively, for 5 ppm methanol, and the highest response to other gases is 8.
. The ALSM and ALCM gas sensors reveal good selectivity and response for methanol.

' Methanol is widely used in many fields such as pigments, pharmaceuticals and chemical products. However, it

: is toxic and causes human nerve poisoning and cardiovascular diseases'. Therefore, the preparation of a high

: response and high selectivity methanol gas sensor has become an urgent problem. Currently, several methods are

© used to for the gas sensing and detection of methanol such as chromatography?, the spectrophotometric method?,

- the electrochemical method?, catalytic luminescence® and the gas sensor method®. The first four methods require

: expensive instruments, leading to their high cost and large required volume and making it difficult to apply them

. widely. Because of its high sensitivity, simple operation, low cost and small device, gas sensing is an effective

: method for detecting methanol gas. However, current methanol gas sensors cannot be applied in practical use due

- to low response and poor selectivity’’.

: Metal oxide semiconductors have been used in many fields such as photocatalysis'®!!, solar cells'? and as
gas-sensitive materials'>. Among all kinds of gas-sensitive materials, p-type semiconductor LaFeO; is a potential
gas-sensitive material due to its high gas sensing properties'* and thermostability'>. However, the response and
selectivity of pure LaFeOs is poor. In our previous work'¢, it was shown that the gas sensing properties of LaFeO,

. can be improved by doping Ag, but for practical use, the response, selectivity and operating temperature need to

. be improved further.

: Therefore, we introduce the quasi molecular imprinting technique (quasi-MIT), which introduces the tar-
get gas into the process of material synthesis or device preparation to obtain a porous structure that is for the
adsorption and desorption of methanol gas'’. Additionally, quasi-MIT has the same effect as MIT but is much

. simpler because it does not require the identification and use of the functional monomer. Hence, we designed

. the Ag-LaFeO,; for ultrasensitive methanol gas sensors based on the quasi-MIT. The mesoporous materials are

. obtained by the sol-gel method (ALS) and combustion synthesis (ALC). The sensors were fabricated respectively
using mixed pure water (ALSW) as well as methanol (ALSM) with the prepared ALS powders during the sensor

© fabrication process. The meaning of each abbreviation of this report is shown in Table 1. Similarly, ALCW and

: ALCM sensors were prepared via mixed ALC respectively with the pure deionized water and methanol. The
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ALS Ag-LaFeO, gas-sensing materials | sol-gel /

ALSW Ag-LaFeO; sensors sol-gel water
ALSM Ag-LaFeO; sensors sol-gel methanol
ALC Ag-LaFeO, gas-sensing materials | combustion synthesis |/

ALCW Ag-LaFeO; sensors combustion synthesis | water
ALCM Ag-LaFeO; sensors combustion synthesis | methanol

Table 1. Meaning of each abbreviation.

Standard LaFeO, 5.566 7.854 5.553 90 90 90 /

ALS 5.554 7.851 5.545 90 90 90 This work
ALC 5.561 7.852 5.557 90 90 90 This work
LaFeO; 5.562 7.846 5.556 90 90 90 19

LaFeO, 5.556 7.844 5.555 90 90 90 20

LaFeO, 5.562 7.852 5.538 90 90 90 2

LaFeO, 5.562 7.850 5.553 90 90 90 =

LaFeO, 5.562 7.856 5.558 90 90 90 3

LaFeO, 5.561 7.858 5.558 90 90 90 2

LaFeO, 5.558 7.851 5.542 90 90 90 =

LaFeO; 5.561 7.853 5.568 90 90 90 %

Table 2. Lattice parameters of synthesized LaFeO; and their comparison with values reported in the literature.
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Figure 1. XRD patterns of (a) Ag-LaFeO; precursor, (b) ALS, and (c) ALC.

gas-sensitive characteristics and related mechanisms of methanol gas detection by the ALSW, ALSM, ALCW and
ALCM were carefully investigated. It was found that ALSM and ALCM exhibited ultrahigh sensitivity.

After the pre-synthesized Ag-LaFeO; precursor was obtained, ALS and ALC were sintered in 800°C to 2h in
the air, with the XRD results showing the crystalline nature of the sample. All peaks are completely identical with
the orthorhombic structure of LaFeO; as shown in Fig. 1. This diffraction pattern perfectly matches the standard
JCPDS card no. 37-1493". No precursor residue was detected, indicating that the samples are highly pure. The
amount of Ag is so small (mol (Ag): mol (Ag-LaFeO; precursor) = 1%) that it cannot be detected by XRD and
FTIR. The lattice parameters obtained from the refinement of the PXRD data are presented in Table 2. It is note-
worthy that even though the substitution of Ag does not change the orthorhombic symmetry of the material, it
results in a pseudo-tetragonal unit cell with the cell parameter ‘@’ almost equal to ‘c’ It can also be seen from the
data presented in Table 2 that the lattice parameters of ALS and ALC show a slight change compared to other
reports in the literature!*-%.

To check the purity of the samples and the interaction between the functional groups, we analyzed the
Ag-LaFeOj; cross-linker, ALS and methacrylic acid (MAA) by FT-IR spectroscopy in the 500-4000 cm ™! range
as shown in Fig. 2. The FT-IR spectrum of the synthesized Ag-LaFeOj; cross-linker (curve (a)) exhibits a peak
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Figure 2. FT-IR spectrum of (a) Ag-LaFeO; crosslinker, (b) ALS and (c) MAA.

at ~3442 cm™! corresponding to the stretching vibration of -OH of H,0%. The strong peaks at ~565cm ™' and
~1632 cm™! are the flexural vibration of Fe-O and La-O. Curve (c) shows the curve of MAA, and the peak around
~1210cm™! and the peak at ~1709 cm™! are the vibration of C-O and carbonyl in carboxylic acid, respectively.
Curve (b) shows the curve of ALS, where the disappearance of the peaks at ~1210cm ™! and ~1709 cm™! com-
pared to the MAA curve suggested an interaction between Ag-LaFeO; and MAA. The mutual effect is attributed
to the coordination between the groups in MAA and lanthanum in the Ag-LaFeO; cross-linker, and it is proven
that the metal carbonyl complex is formed®.

The pattern and microspore structure of the ALC and ALS were detected via SEM and are shown in Fig. 3.
Fig. 3(a,b) shows the appearance of the ALC as a tile, and Fig. 3(f,g) (at low magnification) exhibits stone-like
morphologies of the ALS. Fig. 3(c,h) shows featured outer-sides of the ALC and ALS. The ALC shows bulk with
porous features composed of many interconnected smaller sized particles, and the thickness of this sample is 0.8
pm. The outside of ALS is solid with the thicknesses of 2.1 um. The enlarged image of the selected areas of the
ALCand ALS samples (Fig. 3(d,i)) shows a porous structure with a micron-scale size. The number of the pores on
the surface of ALS is greater than that on the ALC surface. High-powered SEM images in Fig. 3(e,j) are also clearly
displayed. Porous morphologies of the samples would make the target gases diffuse in or escape from the inner
parts of the sensing films faster than for their solid counterparts and consequently will improve the responses to
the target gases.

TEM provides insight into the morphology of the ALC and ALS as shown in Fig. 4. The images clearly show
that the ALS (Fig. 4(a)) exhibit irregular bulk shape, which is consistent with the results of SEM. As shown in the
image, the ALS consisted of many particles with the diameters as high as tens of nanometers. Fig. 4(d) shows the
bulk structural characteristics of the ALC. Based on the image shown in Fig. 4(e), ALC is found to be comprised
of a large number of interstitial Ag-LaFeO, particles. There are many pores on the surface of the bulk with the
pore size of approximately 50 nm, which is in accordance with the results observed in the high-magnification
SEM image (Fig. 3(j), 400000x). High-magnification TEM images of the ALC and ALS are shown in Fig. 4(b,f)
and the clearly observed the lattice stripes indicate good crystallinity. To obtain a clearer image of the lattice
fringes, Fig. 4(c,g) shows a more distinct image of the selected areas. The fringe spacing of ALS and ALC are
0.35nm and 0.32 nm, respectively.

The specific surface areas of the ALC and ALS mesoporous materials are determined by the N, adsorption
desorption isotherm curve and the distribution curves of the pore size are shown in Fig. 5. According to the
International Union of Pure and Applied Chemistry, the H3 hysteresis loop indicates the pores are slit-like and
formed by particle aggregation®. The ALS and ALC show obvious hysteresis loops at the P/P, ranges of 0.6-1.
Thus, the existence of pores is proven.

The BJH method (Fig. 5(a,b), inset) shows that ALS and ALC have porous structures. The size of the hole
ranges from 2 nm to 90 nm, and the main peak is positioned at 45-47 nm. The Sggy values of the ALS and ALC
were 5.66 m? g~! and 4.72 m? g7}, respectively. The BET analysis indicated that ALS has a larger surface area,
which means that ALS can provide sufficient surface for the gas reaction.

The factors important for the gas-sensing mechanism include the surface control procedure, particle size, sur-
face condition and adsorption and desorption of oxygen®. The characteristics of the gas sensor are affected by the
surface states of the ALS and ALC. The XPS spectra of ALC and ALS were obtained in order to analyze the valence
states of each element. Fig. 6(a,e) shows the XPS results for the ALS and ALC, with the standard peak of Cls at
284.8 eV. The spectra confirm the presence of Ag (3d, 4p), La (3d, 4p, 4d), Fe (2p), and O (1 s), indicating the high
purity of the product. The XPS La 3d and Fe 2p energy levels display that the lanthanum ions and iron ions exist in
the +3 state®’. For the La 3d core level peaks (Fig. 6(b,f)), two peaks of lanthanum are seen from the peak; one is
3d,, of La®* at 833.6 eV, and the other one is 3d;,, of La’" ions at 850.5 eV, which is due to the spin-orbit splitting
of lanthanum oxide. Fig. 6(c,g) shows the XPS patterns of Fe 2p in ALS and ALC, and the two peaks of Fe 2p5,
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Figure 3. SEM images of as-synthesized ALC and ALS, (a) low-magnification image of ALC (5000x), (b)

plane of ALC (40000x), (c) cross-section of ALC (50000x), (d) amplification of selected area in (c,e) high-
magnification image of ALC (300000x), (f) low-magnification image of ALS (5000x), (g) plane of ALS (20000x),
(h) cross-section of ALS (50000x), (i) amplification of selected area in (h, j) high-magnification image of ALS
(400000x).

and Fe 2p,,, were surveyed at 709.7 and 723.6 eV, respectively, which is due to the Fe*" in the oxides*’. The O 1s
XPS patterns (Fig. 6(d,h)) are wide as well as asymmetrical. At least two O chemical states are observed; one is O,
at 528.2 eV, and the other one is Oy at 530.5 eV, where Oy is attributed to lattice oxygen, and Oy is ascribed to the
chemically adsorbed O~ or OH™. Therefore, the O 1s XPS patterns fit two chemical conditions by Gauss’ rule®.
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Figure 4. TEM images of as-synthesized ALC and ALS, (a) ALS, (b) high-resolution crystal lattice of ALS,
(c) amplification of selected area in (b,d and e) ALC, (f) high-resolution crystal lattice of ALC, and (g)
amplification of selected area in (f).
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Figure 5. Isotherms of (a) ALS, and (b) ALC with pore size distribution curves shown in the insets.

The 528.2 eV peak of the O; XPS spectrum is ascribed to the role of La-O and Fe-O of LaFeOs. The 530.5eV peak
of the Oy XPS is attributed to the OH™ resulting mainly from the chemically adsorbed water; this is due to lan-
thanum oxide, which can easily absorb moisture in the air. This metal-support interaction is a major element in
the analysis of the mechanism of gas sensor. Figure 7(a,b) shows the XPS full spectra of Ag-LaFeO; and LaFeO;,
respectively. It can be seen from Fig. 7(c,d) that after the introduction of Ag, the binding energy corresponding to
Fe and La shifted to a small direction. This shows that the doping of Ag is successful, but the amount of doping is
too small to be detected. Therefore, the high magnification of Ag 3d is not available.

In order to evaluate the response of the gas sensor to methanol, the response of the prepared materials to 5
ppm methanol was detected at the operating temperatures in the 5-250 °C range. The gas response value reaches
the maximum at the operating temperatures of 155°C, 175 °C, 155°C and 155 °C for ALSW, ALSM, ALCW and
ALCM, respectively; as the operating temperature increases, the response decreases, as shown in Fig. 7(a-d).
Therefore, 175°C, 155°C, 155°C and 155 °C were used as the best operational temperatures of the ALSW, ALSM,
ALCW and ALCM sensors, respectively.

Then, the response and selectivity of the four sensors were analyzed based on the data in Fig. 8. The responses
of ALSM (52.29, Fig. 8(a)) and ALCM (34.89, Fig. 8(d)) are obviously superior to those of ALSW (23.6, Fig. 8(b))
and ALCW (23.2, Fig. 8(c)) for 5 ppm methanol at the best working temperature, compared to the reported val-
ues, and a good response is observed, as shown in Table 3 *-*!. All four sensors exhibit good selectivity to metha-
nol. ALSM exhibits the best gas sensing properties among all devices (Fig. 8(e)) because the methanol molecules
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Figure 6. (a,b) XPS spectra of ALS and ALC, (c,d) high-magnification XPS spectra of La 3d for ALC and ALS,
(e,f) high-magnification XPS spectrum of Fe 2p for ALC and ALS, respectively, and (g,h) high-magnification
XPS spectra of O 1s for ALC and ALS, respectively.

were introduced into the process of equipment preparation, which result in more methanol gas scattered on the
surface of ALSM when ALSM was alternately placed in methanol gas and air. This will improve the gas response
to methanol.

Fig. 9 shows the relationships between the response and methanol concentration for the ALSM, ALSW,
ALCW and ALCM in the methanol concentration range from 1 to 5.5 ppm. It can be seen in Fig. 9(a;—-d,) that
the responses increased linearly with the methanol concentration increasing from 1 to 5.5 ppm. The sensors can
be used for real-time detection of methanol at the optimal working temperature. It can be found in Fig. 9(a,~d,)
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Na:ZnO nanoflowers 1.8 500 o

Co;0, nanosheets 225 1000 34
In,0,/Sn0, 3207 100 3
a-Fe,0;/Carbon nanotudes 12 100 8
In,04/ZnO 15 100 3%
NiO/ZnO 30 100 37
In,0,/ALO, 23 100 3
a-Fe,0, 5 10 »

Porous TiO, 10 50 o
Zn,_Cd$ 12 100 4

ALSW 23.6 5 This work
ALSM 52.29 5 This work
ALCW 23.2 5 This work
ALCM 34.89 5 This work

Table 3. Comparison of gas sensing properties of methanol sensors based on different materials.

that the response of the sensor device exhibits a step-like distribution under different methanol concentrations.
The response value dramatically increased with the increase in the methanol concentration. Furthermore, the
response and recovery time are 32s and 37, 34s and 365, 37s and 49, 36s and 42s.

For sensors based on metal oxides, several factors affect the gas sensing properties, such as surface area,
porous structure and particle size. This further influences the spread and adsorption of the gases*’. Methanol can
interact with Ag-LaFeQ; in the preparation of the materials, which will further optimize the structure of ALSM.
The structure of the materials was further optimized by introducing methanol into the device fabrication. This
mechanism of the sensors ALSM and ALCM is defined as the excimer imprinting technique. Then, the mecha-
nism of MIT was analyzed in detail**~*>. ALSM and ALCM show better responses than ALSW and ALCW. This
means that the preparation method of the device plays an important role in improving the response of the gas
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Figure 8. Response to different gases of the (a) ALSM, (b) ALSW, (c) ALCW and (d) ALCM, and (e) response
of four devices to methanol.

sensor. The gas sensing properties of the device are improved by the large surface area and multiple recognition
sites of the gas sensing material*®47.

The working principle of the sensor is based on the change of the conductivity caused by the reaction between
the gas molecule and the surface of the material. The porous structure of the material promotes the reaction of the
gas and further improves the gas sensing property of the material. During the test process, the sensor was exposed
to air at first, and oxygen adsorbed on the surface of LaFeO; combined with the free electrons trapped on the
LaFeQ; surface to form O,~, O~, O*" and other oxygen ions*®. The reactions are as follows:

Os(gas) = O2(ads) (1)
Osds) T € — Ogaqy 2)
Osads) + € — 2004 3)
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This process will form a thin space charge layer, and relatively low barriers are formed to lower the resistance®.
When the material is in the presence of methanol (CH;OH), the reducing gases react with the adsorbed oxygen
forming CO, and H,O and releasing the electrons®. The space charge layer on the SLFO surface becomes thick,
and the sensor resistance increases (Fig. 10). The reaction process is as follows:
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CH,OH + 20>~ — CO, + H,0 + 4e~ (5)

In summary, in this work, we applied quasi-MIT to design a methanol gas sensor. The experimental result
indicates that the response and operating temperature of ALSM, ALSW, ALCW and ALCM are 52.29 and 155°C,
23.60 and 175°C, 23.20 and 155 °C, and 34.89 and 155 °C, respectively. The response and recovery time respec-
tively are 32s and 375, 34s and 36, 37 s and 495, 36 s and 42 s. The maximum response to the other test gases is
8. The ALSM and ALCM sensors exhibit the most excellent responses. The design of a high-sensitivity methanol
gas sensor based on quasi-MIT mechanism is reasonable. Furthermore, the pore number and specific surface
area of ALSM are larger than those of ALCM, which accelerates the target gases to diffuse in or escape from the
inner regions; therefore, ALSM displays a better gas response than ALCM. Our method is proven to be innovative
for the design of a high-sensitivity methanol gas sensing device. This work provides important guidance for the
design of high-response gas sensors.

Methods

Preparation of ALS. The chemical reagents used in the experiment were analytical reagents that were used
without further treatment. The solvent is highly pure water (18 MQ cm at 25°C). In the prototype process, citric
acid, lanthanum nitrate, iron nitrate, silver nitrate, PEG and deionized water were mixed under stirring at 90 °C
for 10 hours as solution A. Then, solution A was placed in the microwave synthesizing device (CEM) for 4hours
at 75°C. Methanol mixed with MAA was treated for 30 min by magnetic stirring and was let to stand to form
solution B. Then, azobisisobutyronitrile (AIBN) was mixed with methanol, solution B and solution A. The final
solution was treated by magnetic stirring at 50 °C for 12 h with a water bath and was then dried. Finally, the white
powder of ALS was obtained after annealing at 800 °C for 2h in an oven.

Preparation of ALC. The ALC powder was synthesized via the combustion synthesis; here, citric acid,
lanthanum nitrate, iron nitrate, silver nitrate, PEG and deionized water were mixed under stirring at 90 °C for
10 hours as solution D. The final mixture was treated for 30 min by magnetic stirring, and the prepared samples
were oven-dried at 85°C. The xerogel was heated at 300 °C for 30 min, and then sintering at 800 °C was carried
out to obtain ALC.

Device fabrication. The mesoporous material was fabricated via the sol-gel method (ALS) as well as com-
bustion synthesis (ALC). The as-synthesized samples (ALS, ALC) were mixed with deionized water (ALSW and
ALCW) and methanol (ALSM and ALCM) and ground to a mushy solution. For the detailed description of the
fabrication method of the sensors, see ref.”!.
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Characterization. X-ray diffraction (XRD) spectra were obtained using a Japan AXS D/MAX-3BX advanced
device handled at 25 mA and 35kV with Cu Ka scattered at 1.5406 A wavelengths. The detailed morphology fea-
tures and crystallization conditions of the material were surveyed via field emission scanning electron microscopy
(FESEM, S-3400N) as well as transmission electron microscopy (JEM-2100, Hitachi, Japan). The functional group
was identified by Fourier transform infrared spectroscopy (FT-IR, FTS-40). The BET surface area (Sggy) of the
material was measured using a Quadrasorb-evo instrument.

References

1.
2.

3.

10.
11.
12.
13.

14.
. Zhu, Q. et al. A new and high response gas sensor for methanol using molecularly imprinted technique. Sens. Actuators, B 207,

16.
17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

Patel, N. G,, Patel, P. D. & Vaishnav, V. S. Indium tin oxide (ITO) thin film gas sensor for detection of methanol at room temperature.
Sens. Actuators, B 96, 180-189 (2003).

Hu, H. C. & Chai, X. S. Determination of methanol in pulp washing filtrates by desiccated full evaporation headspace gas
chromatography. J. Chromatogr. A 1222, 1-4 (2012).

Wrobel, K. D., Rodriguez, M. & Aguilar, E. ]. A. Determination of methanol ino, o-dimethyldithiophosphoric acid (DMDTPA) of
technical grade by UV/vis spectrophotometry and by HPLC. Talanta. 66, 125-129 (2005).

. Lin, J. W. & Shaw, S. Y. The potential of CO, laser photoacoustic spectrometry for detection of methanol in alcoholic beverage. Sens.

Actuators, B 94, 535-544 (2009).

. Fernandes, H. L. et al. Simultaneous determination of methanol and ethanol in gasoline using NIR spectroscopy: effect of gasoline

composition. Talanta. 75, 804-810 (2008).

. Nogami, M., Maeda, T. & Uma, T. A methanol gas sensor based on inorganic glass thin films. Sens. Actuators, B 137, 603-607 (2009).
. Li, C. C. et al. Enhanced gas sensing properties of ZnO/SnO, hierarchical architectures by glucose-induced attachment.

CrystEngComm 13, 1557-1563 (2011).

. Dai, M. ]. et al. Hierarchical assembly of o-Fe,O; nanorods on multiwall carbon nanotubes as a high performance sensing material

for gas sensors. ACS Appl. Mater. Interfaces. 9, 8919-8928 (2017).

. Jaisutti, R. et al. Ultrasensitive room temperature operable gas sensors using p-type Na: ZnO nano-flowers for diabetes detection.

ACS Appl. Mater. Interfaces. 9, 8796-8804 (2017).

Ahmed, J. & Mao, Y. B. Synthesis, characterization and electro-catalytic properties of delafossite CuGaO,. J. Solid. State. Chem. 242,
77-85 (2016).

AlShehri, S. M. et al. Synthesis, characterization, and enhanced photocatalytic properties of NIWO, nanobricks. New J. Chem. 41,
8178-8186 (2017).

Ahmed, J. et al. Scalable synthesis of delafossite CuAlO, nanoparticles for p-type dye-sensitized solar cells applications. J. Alloy.
Compd 591, 275-279 (2014).

Steffes, H. et al. Fabrication parameters and NO, sensitivity of reactively RF-sputtered In,O; thin films. Sens. Actuators, B 68,
249-253 (2000).

Chen, J. et al. o-Fe,O; Nanotubes in gas sensor and lithium-ion battery applications. Adv. Mater. 17, 582-586 (2005).

398-403 (2015).

Zhang, Y. et al. A highly sensitive and selective formaldehyde gas sensor using a molecular imprinting technique based on Ag-
LaFeO;. J. Mater. Chem. C 2,10067-10072 (2014).

S. Palimar, S. et al. Investigation of Ca substitution on the gas sensing potential of LaFeO; nanoparticles towards low concentration
SO, gas. Dalton Trans. 45, 13547-13555 (2016).

Aleksandar, N. et al. Heterogeneous photo-fenton degradation of organics using highly efficient Cu-doped LaFeO; under visible
light. J. Ind. Eng. Chem. 61, 53-64 (2018).

Mitra, A. et al. Improved magneto-electric properties of LaFeOj; in La, sGd,,Fe) 7Nby 0305. Ceram. Int. 44, 4442-4449 (2018).
Manzoor, S. & Husain, S. Influence of Zn doping on structural, optical and dielectric properties of LaFeO;. Mater. Res. Express 5,
055009 (2018).

Mahapatra, A. S. et al. Modulation of magnetic and dielectric property of LaFeO, by simultaneous doping with Ca?* and Co**-ions.
J. Alloy. Compd. 743, 274-282 (2018).

Schén, A. et al. Non stoichiometric La,_,FeO; perovskite-based catalysts as alternative to commercial three-way-catalysts? - Impact
of Cuand Rh doping. Appl. Catal. B-Environ 223, 167-176 (2018).

Salah, L. M. et al. Structural, magnetic, and electrical properties of Gd-substituted LaFeO, prepared by co-precipitation method. J.
Aust. Ceram. Soc. 54, 357-368 (2018).

She, S. et al. Systematic study of oxygen evolution activity and stability on La, ,Sr,FeO;_; perovskite electro catalysts in alkaline
media. ACS Appl. Mater. Interfaces 10, 11715-11721 (2018).

Tan, W. H. et al. Design of SnO,-based highly sensitive ethanol gas sensor based on quasi molecular-cluster imprinting mechanism.
Sens. Actuators, B 212, 47-54 (2015).

Song, P. et al. Synthesis and gas sensing properties of biomorphic LaFeOj; hollow fibers templated from cotton. Sens. Actuators, B
147,248-254 (2010).

Daniela, O. R., Nicolas, B. D. & Marcos, F. A. Spectroscopic studies of lanthanide complexes of varying nuclearity based on a
compartmentalised ligand. Dalton. t. 44, 17175-17188 (2015).

Pablos, J. L. et al. Selective detection and discrimination of nitro explosive vapors using an array of three luminescent sensory solid
organic and hybrid polymer membranes. Sens. Actuators, B 212, 18-27 (2015).

Lin, X. et al. Using but anal fermentation waste water for biobutanol production after removal of inhibitory compounds by micro/
mesoporous hyper-cross-linked polymeric adsorbent. Acs. Sustain. Chem. Eng. 3, 702-709 (2015).

Korotcenkov, G. et al. The role of doping effect on the response of SnO,-based thin film gas sensors: analysis based on the results
obtained for Co-doped SnO, films deposited by spray pyrolysis. Sens. Actuators, B 182, 112-124 (2013).

Zhang, R. et al. Effect of hard-template residues of the nanocasted mesoporous LaFeO; with extremely high surface areas on catalytic
behaviors for methyl chloride oxidation. . Mater. Chem. A 2, 17329-17340 (2014).

Rida, K. et al. Effect of strontium and cerium doping on the structural characteristics and catalytic activity for C;Hs combustion of
perovskite LaCrO; prepared by sol-gel. Appl. Catal. B. Environ. 84, 457-467 (2008).

Masys, S. et al. Electronic structure of LaNiO,_, thin films studied by x-ray photoelectron spectroscopy and density functional
theory. Phys. Rev. b. 82, 3603-3612 (2010).

Deng, S. J. et al. A highly sensitive VOC gas sensor using p-type mesoporous Co;O, nanosheets prepared by a facile chemical
coprecipitation method. Sens. Actuators, B 233, 615-623 (2016).

Li, Y. X. et al. A high performance methanol gas sensor based on palladium -platinum-In,0O; composited nano-crystalline SnO,.
Sens. Actuators, B237,133-141 (2016).

Wei, N. et al. Hierarchical assembly of In,O; nanoparticles on ZnO hollow nanotubes using carbon fibers as templates: Enhanced
photocatalytic and gas sensing properties. J. Colloid. Interf. Sci. 498, 263-270 (2017).

Lu, Y. et al. Hierarchical heterostructure of porous NiO nanosheets on flower like ZnO assembled by hexagonal nanorods for high-
performance gas sensor. Ceram. Int. 43, 7508-7515 (2017).

SCIENTIFICREPORTS| (2018) 8:14220 | DOI:10.1038/s41598-018-32113-x 11



www.nature.com/scientificreports/

38. Zhang, S. et al. In,O; nanosheets array directly grown on Al,O; ceramic tube and their gas sensing performance. Ceram. Int. 43,
7942-7947 (2017).

39. Zolghadr, S., Khojier, K. & Kimiagar, S. Study of sensitivity and selectivity of «-Fe,O5 thin films for different toxic gases and alcohols.
Mater. Sci. Semicon. Proc. 54, 6-13 (2016).

40. Liu, L. P. et al. Room temperature impedance spectroscopy-based sensing of formaldehyde with porous TiO, under UV illumination.
Sens. Actuators, B185,1-9 (2013).

41. Zhu, L. H. et al. Gas sensors based on metal sulfide Zn, Cd,S nanowires with excellent performance. ACS Appl. Mater. Interfaces.
7,20793-20800 (2015).

42. Wagner, T. et al. Mesoporous materials as gas sensors. Cherm. Soc. Rev. 42, 4036-4053 (2013).

43. Li, D. et al. Molecular imprinting sensor based on quantum weak measurement. Biosens. Bioelectron. 94, 328-334 (2017).

44. Lakshmi, D. et al. Electrochemical sensor for catechol and dopamine based on a catalytic molecularly imprinted polymer conducting
polymer hybrid recognition element. Anal. Chem. 81, 3576-3584 (2009).

45. Panasyuk, T. L., Mirsky, V. M. & Wolfbeis, O. S. Electropolymerized molecularly imprinted polymers as receptor layers in capacitive
chemical sensors. Anal. Chem. 71, 4609-4613 (1999).

46. Hyodo, T. et al. Gas sensing properties of ordered mesoporous SnO, and effects of coating thereof. Sens. Actuators, B 93, 590-600
(2003).

47. Waitz, T. et al. Ordered mesoporous In,O;: synthesis by structure replication and application as a methane gas sensor. Adv. Funct.
Mater. 19, 653-661 (2009).

48. Chen, H. et al. One-pot synthesis and improved sensing properties of hierarchical flowerlike SnO, assembled from sheet and ultra-
thin rod subunits. Sens. Actuators, B 194, 447-453 (2014).

49. Benali, A. et al. Structural, electrical and ethanol sensing properties of double-doping LaFeO; perovskite oxides. Ceram. Int. 40,
14367-14373 (2014).

50. Liang, Y. Q. et al. Design of a highly sensitive ethanol sensor using a nano-coaxial p-Co;0,/n-TiO, hetero junction synthesized at
low temperature. Nanoscale 5, 10916-10926 (2013).

51. Zhang, Y. M. et al. Ag-LaFeO; fibers, spheres, and cages for ultrasensitive detection of formaldehyde at low operating temperatures.
Phys. Chem. Chem. Phys. 19, 6973-6980 (2017).

Acknowledgements
This work was supported by National Natural Science Foundation of China (No. 51562038 and 51402257).

Author Contributions

Q. Rong contributed to the preparation of the manuscript and Fig. 1-9. Q.J. Liu, Y.M. Zhang and Q. Rong initiated
the research and planned and coordinated all of the experimental work. Q.J. Liu, J. Zhang and Z.Q. Zhu were
involved in all discussions regarding the interpretation of the data. J.C. Hu and K.J. Li were involved in the
preparation of ALSM and ALSW. H.P. Wang and M.P. Chen were involved in the preparation of ALCW, ALCM
and the fabrication of the sensor. Q. Rong and T.P. Lv performed the measurements and analyzed the sensing
properties. J. Zhang and Z.Q. Zhu characterized the materials.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14220 | DOI:10.1038/s41598-018-32113-x 12


http://creativecommons.org/licenses/by/4.0/

	Design of ultrasensitive Ag-LaFeO3 methanol gas sensor based on quasi molecular imprinting technology

	Methods

	Preparation of ALS. 
	Preparation of ALC. 
	Device fabrication. 
	Characterization. 

	Acknowledgements

	Figure 1 XRD patterns of (a) Ag-LaFeO3 precursor, (b) ALS, and (c) ALC.
	Figure 2 FT-IR spectrum of (a) Ag-LaFeO3 crosslinker, (b) ALS and (c) MAA.
	Figure 3 SEM images of as-synthesized ALC and ALS, (a) low-magnification image of ALC (5000x), (b) plane of ALC (40000x), (c) cross-section of ALC (50000x), (d) amplification of selected area in (c,e) high-magnification image of ALC (300000x), (f) low-mag
	Figure 4 TEM images of as-synthesized ALC and ALS, (a) ALS, (b) high-resolution crystal lattice of ALS, (c) amplification of selected area in (b,d and e) ALC, (f) high-resolution crystal lattice of ALC, and (g) amplification of selected area in (f).
	Figure 5 Isotherms of (a) ALS, and (b) ALC with pore size distribution curves shown in the insets.
	Figure 6 (a,b) XPS spectra of ALS and ALC, (c,d) high-magnification XPS spectra of La 3d for ALC and ALS, (e,f) high-magnification XPS spectrum of Fe 2p for ALC and ALS, respectively, and (g,h) high-magnification XPS spectra of O 1 s for ALC and ALS, resp
	Figure 7 XPS full spectra of (a) Ag-LaFeO3 and (b) LaFeO3.
	Figure 8 Response to different gases of the (a) ALSM, (b) ALSW, (c) ALCW and (d) ALCM, and (e) response of four devices to methanol.
	Figure 9 Response linearly increases with methanol concentration for (a) ALSM, (b) ALSW, (c) ALCW and (d) ALCM dynamic response curves of (e) ALSM, (f) ALSW, (g) ALCW, and (h) ALCM.
	Figure 10 Mechanism of methanol sensor: (a) In air and (b) in methanol.
	Table 1 Meaning of each abbreviation.
	Table 2 Lattice parameters of synthesized LaFeO3 and their comparison with values reported in the literature.
	Table 3 Comparison of gas sensing properties of methanol sensors based on different materials.




