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Printing technologies are nowadays an integral element of contemporary materials science applied to development

of low-cost gas sensors and multisensor arrays for many applications including a development of lab-on- chips.

These protocols ensure automating of technological processes, a reproducibility of microstructural and functional

characteristics with a reduced time necessary for the receptor material deposition over substrates. At the same

time, using an accurate positioning system improves significantly the targeting of the substance, while the dosing

setups allow to ensure a high control over the volume of discretely or continuously applied inks. The printing

technologies enable forming planar receptor structures, even under a complex geometry, at various thicknesses

and porosity with the required spatial resolution to be in nanometer micrometer ranges. Some methods, as dip-pen

nanolithography, nano-imprinting lithography, and microcontact printing, are more suitable for discrete miniature

devices with unique characteristics owing to the labor-intensive and multi-step procedures, while other ones, as

ink-jet printing, aerosol jet printing or microextrusion printing, can be used quite easily in scaling the procedures to

design gas sensors, including a rapid tuning of their geometric parameters without a necessity to prepare

appropriate stencils and masks in advance. While designing the gas-sensor receptor materials, a great variety of

printing technologies are used these days which vary both in the principle of operation and in such parameters as

printing speed, spatial resolution, thickness of the formed coatings, and their microstructure, etc.

gas sensor  additive manufacturing  deposition  multisensor array  lab-on-chip

printing

1. Introduction

One of the major characteristics of a gas sensor is its sensitivity. This parameter matures by several factors which

can be formally separated into two groups . The first group includes microstructural properties—shape, size of

particles, and porosity of the material . In dense layers, the interaction with analytes of interest takes place almost

exclusively on the surface, while in the porous layer, it occurs in the bulk of gas-sensitive material. The second

group envelops characteristics of the chemical composition of the functional layer—the type of doping,

stoichiometry, composition of sensing layer, etc. . This approach suggests that the sensitivity of sensors is

controlled not only by the morphology of the receptor gas-sensitive layers but also by the chemical composition of

the surface which affects the concentration and type of surface defects as well as the catalytic activity of the

surface . All these parameters are usually defined by receptor, transduction, and utility functions, as originally
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described by Yamazoe . This means that the technology employed to manufacture the sensors must be able to

deposit gas-sensitive layers in the necessary composition with the required surface properties. In other words, the

composition of the ink utilized in the printing process should be selected in such a way that, on the one hand, it

promotes the formation of a porous gas-sensing matrix, and, on the other hand, it does not contain components

that reduce a surface activity. The process to form a gas-sensitive layer should also consider a minimum number of

post-printing treatments to supply the applied material with the properties of interest.

To build multisensor arrays, gas sensors with different gas-sensing characteristics are ordinarily required, which is

achieved by varying the layer thickness, particle size, and composition of the deposited semiconductor layer . As

a rule, the solution of this problem goes via taking a number of discrete sensors manufactured in frames of various

technologies . In order to reach the higher gas discrimination, the number of fabricated sensors in the array is

usually rather high; for example, E. Baldwin et al.  employed 26 different sensors for this purpose. As a result, the

measuring gas-sensor unit appears to be quite large which makes applying these devices rather difficult in

currently developed miniaturized techniques. It is possible to solve this problem only if there are technologies which

allow people to design the entire number sensors over the smallest possible area . This means that the

manufacturing technology must provide the possibility to reduce sensors to the given size, frequently at

submillimeter or micrometer range. Reducing power consumption through the use of micro hotplates and

integrating gas sensors with silicon electronics also requires a reduction in sensor size. The optimal method should

also provide the possibility of varying the parameters of the formed layer during the printing process. For example,

be able to apply simultaneously or sequentially the materials of different composition.

2. Ink-Jet Printing

Ink-jet printing is a non-contact method for manufacturing many functional layers. It enables a programmable

setting of the trajectory to follow for a functional ink on the substrate surface with the ability for rapid changes in the

pattern unlike printing methods employing stamps or stencils. The ink-jet printing unit, i.e., printer, includes a

cartridge (container) with ink, a printhead, and a control system for the position of the printhead (drives, step

motors, etc.). Usually, small droplets, normally at a volume of ca. several picoliters, are jetted from the printhead

based on various mechanisms, such as gravity, hydrostatic pressure, as well as piezoelectric, via applying electric

and thermal actuators . Ink-jet printing can be classified at two basic categories, continuous ink-jet printing (CIJ)

and drop-on-demand (DOD). In the case of the CIJ approach, the liquid flow is generated by the application of

hydrostatic pressure followed by transformation of the flow into the droplets under the action of surface tension. To

design the required pattern, unwanted droplets are deflected by an electric field to be collected in a gutter. The

DOD approach of droplet formation is realized with the help of the thermal, piezoelectric, and electrohydrodynamic

protocols. The method generates separate drops to be applied precisely to defined places at the substrate. The

parameters of the printed layers primarily depend on the characteristics of the printing unit, of functional inks and

substrates . One of the major problems associated with ink-jet printing is the possible appearance of so-

called “coffee spots” which, when dried, lead to the formation of an inhomogeneous layer. One way to minimize the

effect of the “coffee spot” is to maintain a high temperature of the substrate so that the solvent can quickly

[5]

[6]

[7]

[8]

[9]

[10]

[11][12]



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 3/14

evaporate prior to undergoing a hydrodynamic spreading of the surface . Another solution is the addition of

minor amounts of solvents with a high boiling point and a low surface tension to slow evaporation at the contact

angle . This technology seems to be quite promising to design electrochemical sensors ,

photodetectors, electronics , and alternative energy applications . The advantages usually include

a compatibility with biological materials, low cost, programmed control, relatively high spatial resolution down to

20–50 µm, relatively high speed, and performance. Still, this technology has a low printing speed due to the limited

number of nozzles, therefore, possibility of clogging the nozzles with solid particles make the scalability of this

technology not yet feasible. Ink-jet printing is the most popular method for the machine designing gas-sensor layers

due to the widespread use of corresponding devices; it is enough to note household printers which are widely

spread out. The composition of the manufactured coatings can vary greatly from noble metals to metal oxides,

carbon nanostructures, etc.

The prepared sensor demonstrated quite good performance in forward to ethanol detection. Ink-jet printing is also

quite effective to apply while employing inks to appear as solutions of necessary reagents or organometallic

precursors. For example, nanosized thin films of TiO –10%ZrO  composition developed using alcohol solutions of

titanium and zirconium alkoxoacetylacetonates as inks were found to have a high reproducible sensor response to

O  .

3. Aerosol Jet Printing

Aerosol printing is a direct non-contact method of fabrication of layers on various substrates including ones with

curved surfaces. Aerosol printing enables one to reach the resolution of about 20 microns . The mechanism of

particle transfer is the following: Primarily, the functional ink is vaporized, after that, a carrier gas is injected

capturing the ink vapors, then this mixture passes under pressure through the print head along with the sheath gas,

usually N , which prevents the mixture from interacting with the walls of the print head. The mixture is sprayed onto

the substrate through a nozzle . A branched technique, aerosol lithography, has been recently developed by W.

Jung et al. , who demonstrated 3D printing of flexible metallic nanostructures with the size of elements around

100 nm. Various spirals, lettering, rings, columns, and hanging structures were printed on the Si/SiO  wafer. The

gas flow rate through the shell (SHGFR), the flow rates of carrier gas (CGFR), the temperature of the substrate ,

and the printing speed were shown to influence the printing . In the case of aerosol printing, nozzles are

resistant to clogging unlike ink-jet printing systems. At the same time, the viscosity range for functional inks

employed in frames of this technique is usually much greater, from 1 cP to 1000 cP for a pneumatic sprayer, and

from 1 cP to 10 cP for an ultrasound sprayer, which allows one to use a larger range of inks and to more finely

adjust the characteristics of the ink, and, so, the layer parameters . One of the actual problems of aerosol

printing is an excessive spraying, i.e., overspray (OS) , which results in inaccuracies during the printing. In

particular, the relationship between OS, SHGFR, and CGFR has attracted reasonable attention.

Aerosol jet printing can be used to produce transparent electrodes for flexible electronics , carbon nanotubes

, and photodetectors . Due to a high productivity, rather high resolution of the formed objects, a large number

of degrees of freedom for spatial moving of the printing nozzles, resistance of nozzles to clogging, as well as a
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wide range of acceptable viscosity of the ink, this method is one of the most effective when designing gas sensors

based on receptor materials of different chemical composition. In particular, the work of  considers the

application of this technology in using a high-sensitive ammonia sensor with the response to be ca. 4.64% to 4.35

ppm and ca. 52.01% to 97.19 ppm of NH . In this case, graphene was utilized as the receptor material, which was

applied to the substrate surface by spraying an aqueous dispersion of graphene to form an aerosol. Arsenov et al.

 showed that aerosol printing can also be effectively used in the fabrication of metal electrodes which are

components of miniature gas sensors. For this purpose, dispersed systems based on Pt particles with an average

size of about 100 nm, to be sprayed with a pneumatic atomizer, were employed as inks. The technique is also used

for the development of gas sensors containing metal oxide layers as receptor components. In a recent work , it

was reported that the denser, as compared to screen printing, thick-film structures formed by aerosol printing in the

Y O -ZrO  system exhibit lower noise and high sensitivity to NO and NO . Therefore, this method is highly

versatile and, in dependence on the chemical composition of the receptor material, layer thickness, and printing

conditions, makes it possible to fabricate chemical sensors sensitive to various analytes .

4. 3D Printing

3D printing always requires building a 3D model of an object and converting it to the STL format, which carries only

information about the geometry of the surfaces of the three-dimensional model. Then, this file is processed using

“slicers”, programs that “slice” the model (for example, Simplify3D, Cura, etc.), and data on the technical

parameters of printing, as nozzle movement speed, nozzle temperature, table temperature, etc. After installing the

entire set of parameters, the slicer outputs a G-code file written by a software language with a numerical

programmed control . The width of the lines and the resolution of 3D printing depends primarily on the diameter

of the nozzle, on the characteristics of stepper motors installed in the printer, on the temperature of the nozzle and

the table, as well as on the executable G-code.

Several different protocols have been developed to implement the 3D printing. In addition to stereolithographic

printing (SLA), there are the fused deposition modeling (FDM) or fused filament fabrication method (FFF), “ink-jet”

3D printing (or, binder jetting, BJ), selective laser-sintering method (SLS), selective laser melting (SLM), electron

beam melting (EBM), by light processing (digital light processing, DLP), and laminated object manufacturing

(LOM). Additionally, 3D printing is frequently distinguished to classify into two groups as nozzle-based printing (or

nozzle-based 3D printing), which includes, for example, functional ink printing, and light-based 3D writing which

includes, for example, two-photon lithography and projection micro-stereolithography . Since the printing

protocols which involve a photopolymerization make it possible to achieve a high printing resolution, the extensive

work is actively underway to create new materials—photoinitiators . In general, 3D printing, is possibly the most

popular method to manufacture gas sensors, similar to ink-jet printing. In particular, this method was effectively

used to fabricate a composite sensing material based on Cu and Fe microparticles whose surface was subject to a

partial oxidation as a result of additional heat treatment in air . The coating fabricated by this protocol has been

characterized as rather selective to acetone vapors to yield a 50% chemiresistive response to 100 ppm of the

analyte. The 3D printing, under fused deposition modeling (FDM) protocol, was recently employed to design an
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NH  gas sensor operated at room temperature . A composite based on metallic Cu particles and polylactic acid

(PLA) was made, which was further subjected to a high-temperature treatment to remove the organic component

and to oxidize the copper in order to obtain a monoclinic CuO phase. The appeared framework structure of the

material has ensured the sensor to have advanced sorption properties and, consequently, a high stability,

sensitivity, and selectivity for ammonia detection at room temperature. The 3D printing has also employed other

functional layers in electrochemical detectors , biosensors , photoelectrodes , photoresist printing ,

biomaterials, porous materials , flexible electronics , optoelectronics , production of drugs , and

perovskite layers .

5. Microextrusion Printing

The microextrusion printers are very similar to conventional 3D ones and consist of a heating element, a slide print

bed, step motors that allow moving along the X, Y, Z axes, and ink/paste supply system. In the microextrusion

process, ink is squeezed out through the nozzle (or nozzles) pneumatically or mechanically using a piston or a

screw. Unlike ink-jet printing, microextrusion applies micro-balls on the surface of the substrate. There are

commercially available bioprinters utilizing this method, for example, Inkredible+ (CELLINK, Sweden), which is

employed for biomedical applications .

The factors to define characteristics of the printed layers include the nozzle size, starting from 0.5 µm to

correspond best for liquid ink printing up to 1540 µm when using pastes, ink viscosity in the 1–1 × 10  mPa·s

range, and printing speed, from 1 µm/s to 500 µm/s depending on ink type and printing task . This technique has

been shown to print gas sensors , biological tissues , transparent flexible force sensors employed in

wearable sensors under water and in robotics , graphene supercapacitors on flexible substrates , solid-oxide

fuel cells , solar cells , electrochemical capacitors , thin films and membranes . It is worth noting

that the microextrusion printing is still rarely used in the fabrication of inorganic materials  that limits its

application. However, it has great prospects, particularly to form structures at thick-film architecture. In this way,

microextrusion printing can be compared to screen printing in terms of its efficiency, although there is no need to

prefabricate templates that correspond to the geometrical parameters of the target coatings.

These protocols normally enable a microdosing of ink in a specified area of the substrate, which can have a

complex shape as shown, for instance, in one of the first works devoted to prototyping gas sensors with such a

printing . Using the hydrolytically active organometallic nickel compound as a precursor, the NiO nanosheets

were obtained under hydrothermal conditions and used to prepare a paste-like ink. After applying the coating to the

Pt/Al O /Pt chip surface, it has been shown that the layer has a sufficiently high porosity and the average NiO

particle size is about 32 nm. In course of chemisensor measurements, it was found that the material exhibits a high

sensor response in forward to detection of hydrogen sulfide. In particular, the response to 100 ppm H S for the

prepared oxide coating was 9786%.

6. Pen Plotter Printing
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Pen plotter printing started taking a lot of attention recently, which is supported by high publication activity. Usually,

pen plotters are employed with a pen utilized to print the pattern. The pen is filled with inks and further installed in a

special holder. Plotters move in the X and Y planes and are unable to move in the Z plane, giving a chance to

obtain planar layers only. This technology allows one to apply layers of various geometries, and to fabricate the

pattern using a special software to enable further multiple reproductions. The quality of the printed layers depends

on the geometry of the tip of the pen, ink viscosity, substrate wettability, and application mode with particular speed

and resolution . The thickness of the single layer can be reduced down to 400 nm. Applications of the pen plotter

printing method include fabrication of sensitive layers for gas sensors , electrodes for supercapacitors ,

microfluidics field , deposition of electrodes (AgNP and CNT) on paper substrates , and biosensors on paper

substrate for diagnostics-related applications . Despite its simplicity and the availability of equipment, this

method is not often used in the fabrication of gas sensors today .

Nevertheless, pen plotter printing is a rather versatile approach, allowing one to use both true solutions of reagents

or organometallic precursors and dispersions of nanoparticles in various solvents as inks.

Recently, this technique was applied to design thin-film receptor layers using alcohol solutions of hydrolytically

active heteroligand complexes—indium and tin acoxoacetylacetonates in order to obtain ITO films  or similar

coordination compounds of cobalt, in the case of Co O  films’ application , as inks. The gas sensor based on the

printed ITO thin film demonstrated a high sensitivity to CO, down to 100 ppb concentration, and the sensor based

on the printed Co O  thin film as a receptor component displayed a sensitivity to CO, down to 4 ppm, and NO ,

down to 100 ppm, depending on the working temperature . Thus, pen plotter printing is a rather convenient and

affordable method for producing gas sensors based on thin-film structures of different chemical composition,

including ones under a complex geometry.

7. Microplotter Printing

Microplotter printing technology is a fairly new method that has not been studied much yet. In the process of

printing, microplotter moves the plotting unit, i.e., piezo element and glass capillary dispenser . The piezoelectric

element, in turn, helps to control the transfer rate of liquid to the surface of target; the gentle pumping of fluid to the

surface occurs when the glass capillary dispenser is driven at frequencies in the range of 400–700 kHz. This

method provides a high level of accuracy, both in the dosing of functional ink and the plotting, as well as enables a

continuous printing, which yields a chance to obtain continuous lines and shapes. Frequently, the Sonoplot

Microplotter II is employed for printing  which operates with inks at viscosity of 0–450 cP; the drop

volume starts usually from 0.6 pL, and the resolution is about 5 µm.

Such a device, as the aforementioned, makes it easy to replace an ink without replacing a cartridge. The

characteristics of the plotted layers depend mainly on the ink properties. For example, utilization of dispersions

requires a control of the particle size and depends on the solvent, transition kinetics, and aging. Normally, major

attention is paid to the viscosity and surface tension of inks. Glycerin, ethylene glycol, polyvinyl alcohol, and

sodium carboxymethylcellulose are commonly added to adjust the ink’s viscosity. Water and ethylene glycol are
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often used to prepare inks based on particle dispersions. The thickness of a layer might be less than 100 nm .

The use of microplotter printing is possible in such fields as gas  and optical  sensors, biosensors , solid

electrolytes , photocatalysts , and microlenses . The technique is applied for metallization of the surface

, as well as in flexible electronics , stretchable thin-film transistors and integrated logic circuits , RGB

displays , and composite electrodes . Nowadays, this method is not frequently used to design gas sensors.

However, it is still promising because of a number of advantages . For example, due to the possibility of a fast

cleanup of the capillary dispenser from functional inks before filling it with inks of different composition, the

microplotter printing is a very effective way to fabricate multisensor arrays such as combinatorial libraries of

receptor components with different chemical composition over a single chip. For instance, using solutions of

organometallic compounds as functional inks for microplotter printing, an array of 8 receptor semiconductor layers

differing both in chemical composition (Mn O , TiO /ZrO , CeO /ZrO , ZnO, TiO , Cr O , Co O , SnO ) and a

conductivity type was formed on the surface of a multi-electrode chip . This allowed the device to work in the

mode of recognition of various analytes. At the same time, a sufficiently high resolution of printing makes it possible

to implement the miniaturization of such devices. In addition to solutions, inks composed of dispersions of

nanoparticles in various solvents can also be employed in these protocols. In particular, using a paste based on

ZnO particles decorated with Pt nanoparticles, thick-film composites were obtained . It was found that such a

modification of zinc oxide particles with the noble metal reduces the sensitivity to NO  and CO but enhances it to

benzene and hydrogen, which is explained by chemical and electronic sensibilization.

References

1. Dai, J.; Ogbeide, O.; Macadam, N.; Sun, Q.; Yu, W.; Li, Y.; Su, B.-L.; Hasan, T.; Huang, X.;
Huang, W. Printed Gas Sensors. Chem. Soc. Rev. 2020, 49, 1756–1789.

2. Korotcenkov, G. The Role of Morphology and Crystallographic Structure of Metal Oxides in
Response of Conductometric-Type Gas Sensors. Mater. Sci. Eng. R Rep. 2008, 61, 1–39.

3. Korotcenkov, G.; Cho, B.K. Metal Oxide Composites in Conductometric Gas Sensors:
Achievements and Challenges. Sens. Actuators B Chem. 2017, 244, 182–210.

4. Sysoev, V.V.; Kiselev, I.; Trouillet, V.; Bruns, M. Enhancing the Gas Selectivity of Single-Crystal
SnO2:Pt Thin-Film Chemiresistor Microarray by SiO2 Membrane Coating. Sens. Actuators B
Chem. 2013, 185, 59–69.

5. Xu, C.; Tamaki, J.; Miura, N.; Yamazoe, N. Grain Size Effects on Gas Sensitivity of Porous SnO2-
Based Elements. Sens. Actuators B Chem. 1991, 3, 147–155.

6. Potyrailo, R.A. Multivariable Sensors for Ubiquitous Monitoring of Gases in the Era of Internet of
Things and Industrial Internet. Chem. Rev. 2016, 116, 11877–11923.

7. Nikolaev, K.G.; Ermolenko, Y.E.; Offenhäusser, A.; Ermakov, S.S.; Mourzina, Y.G. Multisensor
Systems by Electrochemical Nanowire Assembly for the Analysis of Aqueous Solutions. Front.

[73]

[77] [76] [74]

[72] [75] [78]

[79] [80][81] [82]

[83][84] [85]

[77]

3 4 2 2 2 2 2 2 3 3 4 2

[73]

[86]

2



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 8/14

Chem. 2018, 6, 256.

8. Baldwin, E.A.; Bai, J.; Plotto, A.; Dea, S. Electronic Noses and Tongues: Applications for the Food
and Pharmaceutical Industries. Sensors 2011, 11, 4744–4766.

9. Kiselev, I.; Sysoev, V.; Kaikov, I.; Koronczi, I.; Adil Akai Tegin, R.; Smanalieva, J.; Sommer, M.;
Ilicali, C.; Hauptmannl, M. On the Temporal Stability of Analyte Recognition with an E-Nose Based
on a Metal Oxide Sensor Array in Practical Applications. Sensors 2018, 18, 550.

10. Azizi Machekposhti, S.; Movahed, S.; Narayan, R.J. Physicochemical Parameters That Underlie
Inkjet Printing for Medical Applications. Biophys. Rev. 2020, 1, 011301.

11. Wu, L.; Dong, Z.; Li, F.; Zhou, H.; Song, Y. Emerging Progress of Inkjet Technology in Printing
Optical Materials. Adv. Opt. Mater. 2016, 4, 1915–1932.

12. Derby, B. Inkjet Printing of Functional and Structural Materials: Fluid Property Requirements,
Feature Stability, and Resolution. Annu. Rev. Mater. Res. 2010, 40, 395–414.

13. Soltman, D.; Subramanian, V. Inkjet-Printed Line Morphologies and Temperature Control of the
Coffee Ring Effect. Langmuir 2008, 24, 2224–2231.

14. Xie, M.; Wu, S.; Chen, Z.; Khan, Q.; Wu, X.; Shao, S.; Cui, Z. Performance Improvement for
Printed Indium Gallium Zinc Oxide Thin-Film Transistors with a Preheating Process. RSC Adv.
2016, 6, 41439–41446.

15. Kim, Y.H.; Kim, K.H.; Oh, M.S.; Kim, H.J.; Han, J.I.; Han, M.K.; Park, S.K. Ink-Jet-Printed Zinc–
Tin–Oxide Thin-Film Transistors and Circuits With Rapid Thermal Annealing Process. IEEE
Electron. Device Lett. 2010, 31, 836–838.

16. Sui, Y.; Zorman, C.A. Review—Inkjet Printing of Metal Structures for Electrochemical Sensor
Applications. J. Electrochem. Soc. 2020, 167, 037571.

17. Singh, M.; Haverinen, H.M.; Dhagat, P.; Jabbour, G.E. Inkjet Printing-Process and Its Applications.
Adv. Mater. 2010, 22, 673–685.

18. Li, J.; Rossignol, F.; Macdonald, J. Inkjet Printing for Biosensor Fabrication: Combining Chemistry
and Technology for Advanced Manufacturing. Lab. Chip 2015, 15, 2538–2558.

19. Kamyshny, A.; Magdassi, S. Metallic Nanoinks for Inkjet Printing of Conductive 2D and 3D
Structures. In Nanomaterials for 2D and 3D Printing; Wiley-VCH Verlag GmbH & Co., KGaA:
Weinheim, Germany, 2017; pp. 119–160.

20. Minemawari, H.; Yamada, T.; Matsui, H.; Tsutsumi, J.Y.; Haas, S.; Chiba, R.; Kumai, R.;
Hasegawa, T. Inkjet Printing of Single-Crystal Films. Nature 2011, 475, 364–367.

21. Sajedi-Moghaddam, A.; Rahmanian, E.; Naseri, N. Inkjet-Printing Technology for Supercapacitor
Application: Current State and Perspectives. ACS Appl. Mater. Interfaces 2020, 12, 34487–34504.



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 9/14

22. Simonenko, E.P.; Mokrushin, A.S.; Simonenko, N.P.; Voronov, V.A.; Kim, V.P.; Tkachev, S.V.;
Gubin, S.P.; Sevastyanov, V.G.; Kuznetsov, N.T. Ink-Jet Printing of a TiO2–10%ZrO2 Thin Film for
Oxygen Detection Using a Solution of Metal Alkoxoacetylacetonates. Thin Solid Film. 2019, 670,
46–53.

23. Wilkinson, N.J.; Kay, R.W.; Harris, R.A. Electrohydrodynamic and Aerosol Jet Printing for the
Copatterning of Polydimethylsiloxane and Graphene Platelet Inks. Adv. Mater. Technol. 2020, 5,
2000148.

24. Zhu, Y.; Yu, L.; Wu, D.; Lv, W.; Wang, L. A High-Sensitivity Graphene Ammonia Sensor via
Aerosol Jet Printing. Sens. Actuators A Phys. 2021, 318, 112434.

25. Jung, W.; Jung, Y.H.; Pikhitsa, P.V.; Feng, J.; Yang, Y.; Kim, M.; Tsai, H.Y.; Tanaka, T.; Shin, J.;
Kim, K.Y.; et al. Three-Dimensional Nanoprinting via Charged Aerosol Jets. Nature 2021, 592,
54–59.

26. Efimov, A.A.; Arsenov, P.V.; Minkov, K.N.; Ivanov, V.V. Fabrication of Metallic Lines by Aerosol Jet
Printing: Study of the Effect of Substrate Temperature on the Aspect Ratio. Orient. J. Chem. 2018,
34, 2777–2781.

27. Zhang, H.; Moon, S.K.; Ngo, T.H. Hybrid Machine Learning Method to Determine the Optimal
Operating Process Window in Aerosol Jet 3D Printing. ACS Appl. Mater. Interfaces 2019, 11,
17994–18003.

28. Lu, S.; Cardenas, J.A.; Worsley, R.; Williams, N.X.; Andrews, J.B.; Casiraghi, C.; Franklin, A.D.
Flexible, Print-in-Place 1D-2D Thin-Film Transistors Using Aerosol Jet Printing. ACS Nano 2019,
13, 11263–11272.

29. Chen, G.; Gu, Y.; Tsang, H.; Hines, D.R.; Das, S. The Effect of Droplet Sizes on Overspray in
Aerosol-Jet Printing. Adv. Eng. Mater. 2018, 20, 1–13.

30. Tu, L.; Yuan, S.; Zhang, H.; Wang, P.; Cui, X.; Wang, J.; Zhan, Y.Q.; Zheng, L.R. Aerosol Jet
Printed Silver Nanowire Transparent Electrode for Flexible Electronic Application. J. Appl. Phys.
2018, 123, 174905.

31. Lu, S.; Zheng, J.; Cardenas, J.A.; Williams, N.X.; Lin, Y.C.; Franklin, A.D. Uniform and Stable
Aerosol Jet Printing of Carbon Nanotube Thin-Film Transistors by Ink Temperature Control. ACS
Appl. Mater. Interfaces 2020, 12, 43083–43089.

32. Gupta, A.A.; Arunachalam, S.; Cloutier, S.G.; Izquierdo, R. Fully Aerosol-Jet Printed, High-
Performance Nanoporous ZnO Ultraviolet Photodetectors. ACS Photonics 2018, 5, 3923–3929.

33. Arsenov, P.V.; Vlasov, I.S.; Efimov, A.A.; Minkov, K.N.; Ivanov, V.V. Aerosol Jet Printing of Platinum
Microheaters for the Application in Gas Sensors. IOP Conf. Ser. Mater. Sci. Eng. 2019, 473,
012042.



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 10/14

34. Exner, J.; Albrecht, G.; Schönauer-Kamin, D.; Kita, J.; Moos, R. Pulsed Polarization-Based NOx
Sensors of YSZ Films Produced by the Aerosol Deposition Method and by Screen-Printing.
Sensors 2017, 17, 1715.

35. Rahman, M.T.; Cheng, C.Y.; Karagoz, B.; Renn, M.; Schrandt, M.; Gellman, A.; Panat, R. High
Performance Flexible Temperature Sensors via Nanoparticle Printing. ACS Appl. Nano Mater.
2019, 2, 3280–3291.

36. Borghetti, M.; Cantù, E.; Sardini, E.; Serpelloni, M. Future Sensors for Smart Objects by Printing
Technologies in Industry 4.0 Scenario. Energies 2020, 13, 5916.

37. Rossi, S.; Puglisi, A.; Benaglia, M. Additive Manufacturing Technologies: 3D Printing in Organic
Synthesis. ChemCatChem 2018, 10, 1512–1525.

38. Zhang, Y.; Zhang, F.; Yan, Z.; Ma, Q.; Li, X.; Huang, Y.; Rogers, J.A. Printing, Folding and
Assembly Methods for Forming 3D Mesostructures in Advanced Materials. Nat. Rev. Mater. 2017,
2, 17019.

39. Pawar, A.A.; Halivni, S.; Waiskopf, N.; Ben-Shahar, Y.; Soreni-Harari, M.; Bergbreiter, S.; Banin,
U.; Magdassi, S. Rapid Three-Dimensional Printing in Water Using Semiconductor-Metal Hybrid
Nanoparticles as Photoinitiators. Nano Lett. 2017, 17, 4497–4501.

40. Siebert, L.; Wolff, N.; Ababii, N.; Terasa, M.-I.; Lupan, O.; Vahl, A.; Duppel, V.; Qiu, H.; Tienken,
M.; Mirabelli, M.; et al. Facile Fabrication of Semiconducting Oxide Nanostructures by Direct Ink
Writing of Readily Available Metal Microparticles and Their Application as Low Power Acetone
Gas Sensors. Nano Energy 2020, 70, 104420.

41. Chaloeipote, G.; Prathumwan, R.; Subannajui, K.; Wisitsoraat, A.; Wongchoosuk, C. 3D Printed
CuO Semiconducting Gas Sensor for Ammonia Detection at Room Temperature. Mater. Sci.
Semicond. Process. 2021, 123, 105546.

42. Abdalla, A.; Patel, B.A. 3D-Printed Electrochemical Sensors: A New Horizon for Measurement of
Biomolecules. Curr. Opin. Electrochem. 2020, 20, 78–81.

43. Xu, C.; Liu, T.; Guo, W.; Sun, Y.; Liang, C.; Cao, K.; Guan, T.; Liang, Z.; Jiang, L. 3D Printing of
Powder-Based Inks into Functional Hierarchical Porous TiO2 Materials. Adv. Eng. Mater. 2020,
22, 1–8.

44. Qiu, Z.; Shu, J.; Liu, J.; Tang, D. Dual-Channel Photoelectrochemical Ratiometric Aptasensor with
up-Converting Nanocrystals Using Spatial-Resolved Technique on Homemade 3D Printed Device.
Anal. Chem. 2019, 91, 1260–1268.

45. Mayer, F.; Richter, S.; Westhauser, J.; Blasco, E.; Barner-Kowollik, C.; Wegener, M. Multimaterial
3D Laser Microprinting Using an Integrated Microfluidic System. Sci. Adv. 2019, 5, 1–8.



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 11/14

46. Costantini, M.; Jaroszewicz, J.; Kozoń, Ł.; Szlązak, K.; Święszkowski, W.; Garstecki, P.;
Stubenrauch, C.; Barbetta, A.; Guzowski, J. 3D-Printing of Functionally Graded Porous Materials
Using On-Demand Reconfigurable Microfluidics. Angew. Chem. Int. Ed. 2019, 58, 7620–7625.

47. Dang, W.; Li, T.; Li, B.; Ma, H.; Zhai, D.; Wang, X.; Chang, J.; Xiao, Y.; Wang, J.; Wu, C. A
Bifunctional Scaffold with CuFeSe2 Nanocrystals for Tumor Therapy and Bone Reconstruction.
Biomaterials 2018, 160, 92–106.

48. Liu, S.; Shi, X.; Li, X.; Sun, Y.; Zhu, J.; Pei, Q.; Liang, J.; Chen, Y. A General Gelation Strategy for
1D Nanowires: Dynamically Stable Functional Gels for 3D Printing Flexible Electronics.
Nanoscale 2018, 10, 20096–20107.

49. Loke, G.; Yuan, R.; Rein, M.; Khudiyev, T.; Jain, Y.; Joannopoulos, J.; Fink, Y. Structured
Multimaterial Filaments for 3D Printing of Optoelectronics. Nat. Commun. 2019, 10, 4010.

50. Prasad, L.K.; Smyth, H. 3D Printing Technologies for Drug Delivery: A Review. Drug Dev. Ind.
Pharm. 2016, 42, 1019–1031.

51. Zhao, Z.; Li, Y.; Wei, J.; Du, Y.; Zhang, L.; Lin, F. Preparation of Ordered MAPbI3 Perovskite
Needle-Like Crystal Films by Electric Field and Microdroplet Jetting 3D Printing. Cryst. Growth
Des. 2020, 20, 1405–1414.

52. Nerger, B.A.; Brun, P.T.; Nelson, C.M. Microextrusion Printing Cell-Laden Networks of Type I
Collagen with Patterned Fiber Alignment and Geometry. Soft Matter 2019, 15, 5728–5738.

53. Udofia, E.N.; Zhou, W. A Guiding Framework for Microextrusion Additive Manufacturing. J. Manuf.
Sci. Eng. Trans. ASME 2019, 141, 050801.

54. Mokrushin, A.S.; Simonenko, T.L.; Simonenko, N.P.; Gorobtsov, P.Y.; Bocharova, V.A.; Kozodaev,
M.G.; Markeev, A.M.; Lizunova, A.A.; Volkov, I.A.; Simonenko, E.P.; et al. Microextrusion Printing
of Gas-Sensitive Planar Anisotropic NiO Nanostructures and Their Surface Modification in an H2S
Atmosphere. Appl. Surf. Sci. 2022, 578, 151984.

55. Murphy, S.V.; Atala, A. 3D Bioprinting of Tissues and Organs. Nat. Biotechnol. 2014, 32, 773–785.

56. Zhao, Y.; Li, Y.; Mao, S.; Sun, W.; Yao, R. The Influence of Printing Parameters on Cell Survival
Rate and Printability in Microextrusion-Based 3D Cell Printing Technology. Biofabrication 2015, 7,
45002.

57. Olate-Moya, F.; Arens, L.; Wilhelm, M.; Mateos-Timoneda, M.A.; Engel, E.; Palza, H.
Chondroinductive Alginate-Based Hydrogels Having Graphene Oxide for 3D Printed Scaffold
Fabrication. ACS Appl. Mater. Interfaces 2020, 12, 4343–4357.

58. Yang, R.; Gao, T.; Li, D.; Chen, Y.; Jin, G.; Liang, H.; Niu, F. Transparent and Flexible Force
Sensor Based on Microextrusion 3D Printing. Micro Nano Lett. 2018, 13, 1460–1464.



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 12/14

59. Sun, G.; An, J.; Chua, C.K.; Pang, H.; Zhang, J.; Chen, P. Layer-by-Layer Printing of Laminated
Graphene-Based Interdigitated Microelectrodes for Flexible Planar Micro-Supercapacitors.
Electrochem. Commun. 2015, 51, 33–36.

60. Seo, H.; Kishimoto, M.; Ding, C.; Iwai, H.; Saito, M.; Yoshida, H. Improvement in the
Electrochemical Performance of Anode-Supported Solid Oxide Fuel Cells by Meso- and
Nanoscale Structural Modifications. Fuel Cells 2020, 20, 570–579.

61. Seo, H.; Iwai, H.; Kishimoto, M.; Ding, C.; Saito, M.; Yoshida, H. Microextrusion Printing for
Increasing Electrode–Electrolyte Interface in Anode-Supported Solid Oxide Fuel Cells. J. Power
Sources 2020, 450, 227682.

62. Seo, H.; Nishi, T.; Kishimoto, M.; Ding, C.; Iwai, H.; Saito, M.; Yoshida, H. Study of Microextrusion
Printing for Enlarging Electrode–Electrolyte Interfacial Area in Anode-Supported SOFCs. ECS
Trans. 2019, 91, 1923–1931.

63. Deng, J.; Wang, M.; Yang, Z.; Yang, Y.; Zhang, P. Preparation of TiO2 Nanoparticles Two-
Dimensional Photonic-Crystals: A Novel Scattering Layer of Quantum Dot-Sensitized Solar Cells.
Mater. Lett. 2016, 183, 307–310.

64. Nathan-Walleser, T.; Lazar, I.M.; Fabritius, M.; Tölle, F.J.; Xia, Q.; Bruchmann, B.; Venkataraman,
S.S.; Schwab, M.G.; Mülhaupt, R. 3D Micro-Extrusion of Graphene-Based Active Electrodes:
Towards High-Rate AC Line Filtering Performance Electrochemical Capacitors. Adv. Funct. Mater.
2014, 24, 4706–4716.

65. Singh, M.; Haring, A.P.; Tong, Y.; Cesewski, E.; Ball, E.; Jasper, R.; Davis, E.M.; Johnson, B.N.
Additive Manufacturing of Mechanically Isotropic Thin Films and Membranes via Microextrusion
3D Printing of Polymer Solutions. ACS Appl. Mater. Interfaces 2019, 11, 6652–6661.

66. Simonenko, N.P.; Kadyrov, N.S.; Simonenko, T.L.; Simonenko, E.P.; Sevastyanov, V.G.;
Kuznetsov, N.T. Preparation of ZnS Nanopowders and Their Use in the Additive Production of
Thick-Film Structures. Russ. J. Inorg. Chem. 2021, 66, 1283–1288.

67. Simonenko, T.L.; Simonenko, N.P.; Gorobtsov, P.Y.; Mokrushin, A.S.; Solovey, V.R.;
Pozharnitskaya, V.M.; Simonenko, E.P.; Glumov, O.V.; Melnikova, N.A.; Lizunova, A.A.; et al. Pen
Plotter Printing of Co3O4 Thin Films: Features of the Microstructure, Optical, Electrophysical and
Gas-Sensing Properties. J. Alloys Compd. 2020, 832, 154957.

68. Mokrushin, A.S.; Fisenko, N.A.; Gorobtsov, P.Y.; Simonenko, T.L.; Glumov, O.V.; Melnikova, N.A.;
Simonenko, N.P.; Bukunov, K.A.; Simonenko, E.P.; Sevastyanov, V.G.; et al. Pen Plotter Printing
of ITO Thin Film as a Highly CO Sensitive Component of a Resistive Gas Sensor. Talanta 2021,
221, 121455.

69. Amin, R.; Ghaderinezhad, F.; Li, L.; Lepowsky, E.; Yenilmez, B.; Knowlton, S.; Tasoglu, S.
Continuous-Ink, Multiplexed Pen-Plotter Approach for Low-Cost, High-Throughput Fabrication of



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 13/14

Paper-Based Microfluidics. Anal. Chem. 2017, 89, 6351–6357.

70. Soum, V.; Cheong, H.; Kim, K.; Kim, Y.; Chuong, M.; Ryu, S.R.; Yuen, P.K.; Kwon, O.S.; Shin, K.
Programmable Contact Printing Using Ballpoint Pens with a Digital Plotter for Patterning
Electrodes on Paper. ACS Omega 2018, 3, 16866–16873.

71. Liu, S.; Cao, R.; Wu, J.; Guan, L.; Li, M.; Liu, J.; Tian, J. Directly Writing Barrier-Free Patterned
Biosensors and Bioassays on Paper for Low-Cost Diagnostics. Sens. Actuators B Chem. 2019,
285, 529–535.

72. Simonenko, T.L.; Simonenko, N.P.; Gorobtsov, P.Y.; Vlasov, I.S.; Solovey, V.R.; Shelaev, A.V.;
Simonenko, E.P.; Glumov, O.V.; Melnikova, N.A.; Kozodaev, M.G.; et al. Microplotter Printing of
Planar Solid Electrolytes in the CeO2–Y2O3 System. J. Colloid Interface Sci. 2021, 588, 209–
220.

73. Fedorov, F.S.; Simonenko, N.P.; Trouillet, V.; Volkov, I.A.; Plugin, I.A.; Rupasov, D.P.; Mokrushin,
A.S.; Nagornov, I.A.; Simonenko, T.L.; Vlasov, I.S.; et al. Microplotter-Printed On-Chip
Combinatorial Library of Ink-Derived Multiple Metal Oxides as an “Electronic Olfaction” Unit. ACS
Appl. Mater. Interfaces 2020, 12, 56135–56150.

74. Molazemhosseini, A.; Magagnin, L.; Vena, P.; Liu, C.C. Single-Use Nonenzymatic Glucose
Biosensor Based on CuO Nanoparticles Ink Printed on Thin Film Gold Electrode by Micro-Plotter
Technology. J. Electroanal. Chem. 2017, 789, 50–57.

75. Fragua, D.M.; Abargues, R.; Rodriguez-Canto, P.J.; Sanchez-Royo, J.F.; Agouram, S.; Martinez-
Pastor, J.P. Au-ZnO Nanocomposite Films for Plasmonic Photocatalysis. Adv. Mater. Interfaces
2015, 2, 1500156.

76. Abargues, R.; Rodriguez-Canto, P.J.; Albert, S.; Suarez, I.; Martínez-Pastor, J.P. Plasmonic
Optical Sensors Printed from Ag-PVA Nanoinks. J. Mater. Chem. C 2014, 2, 908–915.

77. Dai, Y.; Huang, J.; Zhang, H.; Liu, C.C. Highly Sensitive Electrochemical Analysis of Tunnel
Structured MnO2 Nanoparticle-Based Sensors on the Oxidation of Nitrite. Sens. Actuators B
Chem. 2019, 281, 746–750.

78. Zang, Z.; Tang, X.; Liu, X.; Lei, X.; Chen, W. Fabrication of High Quality and Low Cost
Microlenses on a Glass Substrate by Direct Printing Technique. Appl. Opt. 2014, 53, 7868.

79. Abargues, R.; Martinez-Marco, M.L.; Rodriguez-Canto, P.J.; Marques-Hueso, J.; Martinez-Pastor,
J.P. Metal-Polymer Nanocomposite Resist: A Step towards in-Situ Nanopatterns Metallization. In
Advances in Resist Materials and Processing Technology XXX; SPIE: Bellingham, WA USA,
2013; Volume 8682, p. 86820X.

80. Robinson, A.P.; Minev, I.; Graz, I.M.; Lacour, S.P. Microstructured Silicone Substrate for Printable
and Stretchable Metallic Films. Langmuir 2011, 27, 4279–4284.



Printing Methods to Fabricate Receptor Layers of Gas Sensors | Encyclopedia.pub

https://encyclopedia.pub/entry/23152 14/14

81. Li, Q.; Li, S.; Yang, D.; Su, W.; Wang, Y.; Zhou, W.; Liu, H.; Xie, S. Designing Hybrid Gate
Dielectric for Fully Printing High-Performance Carbon Nanotube Thin Film Transistors.
Nanotechnology 2017, 28.

82. Cai, L.; Zhang, S.; Miao, J.; Yu, Z.; Wang, C. Fully Printed Stretchable Thin-Film Transistors and
Integrated Logic Circuits. ACS Nano 2016, 10, 11459–11468.

83. Zhao, J.; Yan, Y.; Gao, Z.; Du, Y.; Dong, H.; Yao, J.; Zhao, Y.S. Full-Color Laser Displays Based
on Organic Printed Microlaser Arrays. Nat. Commun. 2019, 10, 870.

84. Xu, F.F.; Li, Y.J.; Lv, Y.; Dong, H.; Lin, X.; Wang, K.; Yao, J.; Zhao, Y.S. Flat-Panel Laser Displays
Based on Liquid Crystal Microlaser Arrays. CCS Chem. 2020, 2, 369–375.

85. Wang, X.; Guo, W.; Zhu, Y.; Liang, X.; Wang, F.; Peng, P. Electrical and Mechanical Properties of
Ink Printed Composite Electrodes on Plastic Substrates. Appl. Sci. 2018, 8, 2101.

86. Mokrushin, A.S.; Nagornov, I.A.; Simonenko, T.L.; Simonenko, N.P.; Gorobtsov, P.Y.; Khamova,
T.V.; Kopitsa, G.P.; Evzrezov, A.N.; Simonenko, E.P.; Sevastyanov, V.G.; et al. Chemoresistive
Gas-Sensitive ZnO/Pt Nanocomposites Films Applied by Microplotter Printing with Increased
Sensitivity to Benzene and Hydrogen. Mater. Sci. Eng. B 2021, 271, 115233.

Retrieved from https://encyclopedia.pub/entry/history/show/55988


