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Abstract

Over the past decaderganic semiconductors anenewable resourcdgve arousedreat
interest inbasicresearch angracticalapplications.Composite based omrganic materials
and materialsof biological origin, if not all biebased,are potentially abundantand partly
biodegradable. These materials hdeenonstrateddvantagesiaking them ideally suited for
gassensingapplicatiors. Herein we present different detectioprinciples of gas sensing,
such as electrochemical, resistive, capacitaved acousticsensors Besides, wedescribe
sensing properties and suitable materitd enhance theselectivity, sesitivity and
response/recovery ting gas sensorsn addition, an overview different forns of materials
based on renewableesourcesand inorganic/organic semiconductors,as well asthe
developmentof different types of sensorsare discussed.Finally, challenges and future
directiors areexamined in ordeto develop a lowcost micr@cale sensing technology using
compositemateriat based on renewable resourdd® anticipate thathemical engineering,
computer science, machine learning and embedg&ems can contribute to the development

of new sensing materials.



Introduction

Organic semiconducterhaveattracted the attentioof researcherfor various applications
such as organic light emittingiadles (OLEDs) [1] organic photovoltaic cedl [2],
supercapacitar [3], organic fieldeffect transistors QFETS) [4] and sens@ Organic
semiconductar are givingrise toa newgenerationof electronicdevices withlow cost and
low power consumptionas well aggreaterflexibility and lightness In recent years, organic
semiconductors have beconparticularly promising materials fo sensos. In particular,
graphene andcarbon nanotubesC(Ts) are widely known and used for gasensing
applicationg5i 8].

A sensoris a transducer that indes a measurable outpfrom a knowninput stimulus
whetherphysical or chemicalJsually, the output signals proportionalto the input stimulus
andthis property is used igas sensar which are devices that can be usedneasurghe
concentration ardr identify thesensedyas by analysinghe reactions between the sensing
material and gasesr vapours Gas sens@& have many applications such as environmental
monitoring[9], medical diagnascs [10], or food quality contro[11]. From this perspective,
chemical sensesrcan help monitorthe state ofhuman health andin part, that of the

environment[12,13]

The performance ofas sensorgan be evaluated through certgiarameters, including
sekectivity, sensitivity, operatintemperatureresponse/recovery timend detection limitThe
sensoiresponsgor sensitivity,is generallydefined in two formsS (%) = [(§ 1 S) / S %
100 or S(dimensionlessy §;/ S, whereS, andS; arethe sensomutput signad in air andin
the target gas, respectivel@bviously, S (%) = S (dimensionless} 1. The type of signal
depends omhetype of sensor usegdesistive, capacitiveglectrochemical, etc.The sensor is
also characterised by its response and recovery times, which are theetijoned to achieve

a 90% change igensor responsehen exposed to gasdin theabsence of gasespectively.



The latest technologiesuch as chemical engineering,achire learning, computer
sciences|nternet ofThings (loT), artificial intelligence and communication technologies
improvingdetection systesaOn the one handhey pave the wafor the creation o€ompact,
lightweight and smart systesn On the other handthey contributeto the manufacturef
devices that are moenvironmentally friendlyconsume less energgndare more stabland
less expensiveln addition, these newechnologiespromotethe creation ofinexpensive
environmental monitoring methods, reduce the cost ofgtlees s eamalyserr biivks and

accelerat¢he development of new materials for gas senapmicatiors.

Advances inmaterials scienceare giving rise to a newgeneation of materials called

Ahybrid material so or AfAmixedfcompaosiemateadlss o ,

which are based on organic semicondustand biomassderivatives.Thesecombinations
result in advanced materialbaving in common good electrical conductivity,mechanical
strengthand thernal stability [14]. In Figure 1,a general approach the useof cellulose and
organic semiconductor to maksmposite materials of different typesto serve various
applicationsis presentedThese materialsan certainly stimulatefuture researclandlead to
economicgains with respect to the moderate costs of raw materials &neir processing

methods.
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Figure 1. Diagram showing the use afomposite materials (here based on cellulose,
nanocellulose and CNTs or graphefw)various applications.

As the gas sensingystem can have detection principle based on differetyppes of
sensorsit can therefore have different structures. Moreover, depending on the detection
method, the output signal can be completely different. Thus, there are diffgpentf
sensorsuch as electrochemical, resistive/capacitive, optical and acoustietdtter being
based on mechanical detection structuaesl micromechanical systems EMS). For
example,OFETsare generally used for resistive and electrochemical sensors, while metal
oxides are used in capacitive sensors. The resisfive is widely used to measure gas
concentration in air. The presence of gas can thus change the electrical conductivity of the
sensing material, which in turn changes the resistance o$dahsing layer as aoutput
signal In a capacitive system, it is thapgacitance of the gas sensor that changes, typically
in the order of a few pF, by changing the dielectric constant of the sensing material

between two electrodes when the target gas is preseadldition, interdigitate@lectrode



(IDEs) structures witha sensing layer can be used for sevéypks of sensorssuch as

those based ocapacitive, resistive, electrochemical and surface acoustic wave (SAW)

To place our work in the context of the state of the art, it should be notedattais
previousreview articles haveinvestigatedhe different operating principles of gas sensors
[15,16] while othershave beerronductedn the influence of materialmplementedvith a
single technique[1,17]. But in the presenteview, wewill give a general overview of the

differenttypes of sensorsvith the effects of different materials on thperformance

This review thus discusses different sensors that measure the concentrations of species
in the gas phase usingriouscomposites based on orgamaterials The first part will
discuss the different operating principles of gas sensors and the efiaotgdnic/organic
materials and renewable resource® improve their sensing performanceat room
temperatureWe will present an overview eénewable resourceonsiderations that can be
used in a plethora of applications and also to develop a new gas sensor based on 100%
renewable resources at a low cdate will also give some manufacturing techniques for
the development of composite materiaad we will presnt the characteristics and forms
of some of them, based on organic semiconductors and celldloszddition, we will
discuss the challenges, critical issues, future prospects and future research avenues in the
field of gas detectionFinally, basic technlogies to improve detection performance and

environmental monitoringill be described

Il. Types of gas senscs

As this review focuses solely on composites based on organic, and as far as possible
renewable, materials, only 4 types of sensors will be considered: electrochemical, resistive,
capacitive, and surface acoustic wave sensors. There are of course manypethef gas

sensors, but they will not be dealt with here since their mode of operation is incompatible



with the type of materials considered, in particular a too high temperature. Moreover, the
operating conditions and responses of the sensors treatedaill only be considered at

room temperature.

1. Electrochemicalsensos

Electrochemical sensors first appeared in the early 1950s to monitor the amount of oxygen
in the environmen{l8]. In the 1980s, these sensors underwent an intense miniaturization
process that allowed them to begin to penetrate the market and become capable of detecting
many different toxic gasg48]. Today, a large number of electrochemical sensors are widely
used in many stationary and portable applications for environmental quality control and

human healttj19,20]

Electrochemical sensorsan be of different typespotentiometric, voltammetric, and
amperometrid21]. The amperometric ssor is the most commonly used, and is the one
discussedn this sectionThis type ofelectra¢hemical sensor is based on a redox reaction,
whereby the target gas reacts in the core of the deviegrisingan electrolyte and two or
three electrodesaving catalytic propertied-igure 2.a shows typical configurationthat
consists of a sensing electrode (or working electrodefeference electrodea counter
electrode separated by a thin layer of electrolyte, ahgidrophobicmembrane (also called
permeablemembrane).Sometimes, the membrane is installed in the sensdiitéo out
unwanted gasdsutitisas o0 used to cover the smonsotlre6s sen
amount of gas molecules reaching the tetele surface. The gas reactstba surface of the
sensing electrode (anodby an oxidationmechanism.For exanple, e sensing electrode
provides electrons for the oxygen reductainthe cathodeThe electrolyte inside the sensor
allows the passage of the ionic charge from one electrode to the other. These reactions vary
according to the nature of the gasb® measured andherefore, the choice of the type of

material that constitutes the electrode is crucial for the sensitivity of the sensor
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Electrodes with catalytic properties are ugeelectrochemical sensots detectcommon
gaseous pollutants. Thesdectrodes return a linear current response as a function of gas
concentratior{9,22] . To improve the properties @fassenscos, noble metal electrodesme

often used and give excellentsults[23i 25].

Some sensors also requttee application on adjustable but constant voltagehe ande
to monitor the selectivity of the gas sensaomnakingthe sensor specific to the target gas by
promoting the desired redox reactioj@6]. In reality, the potential of the anode doeg no
remain constant due to the dlechemical reaction with gadf this voltage varies or is
absent, th sensor may be unusable andpgsformancanay deteriorate For this purpose, a
reference electrode is placed in the electrolyte, close to the ,aamddown in Figure 2.a.
This electrode maintains constant sensitivity, high linearity and increased sensitivity to the
target gasNo current flows to or from the reference electrode. The current flow between the
anode and the countetectrode (cathoda¥y measured and issually directlyrelated to the
gas concentration

Moreover, here are also sensdesown asmicro fuel cell electrochemical sensors that do
not requirea reference electrode.€., operatavithout an external supply voltagerhis type
can be used as a CO sengar examplewhen CO reaches tleode CO react with water
vapaur (H20) from the air ovethe catalyst of the electrode, generating carbon dioxide)(CO
as well as hydrogen ions (Hand electronsDuring oxidation electrons are released and then
transferredoy an external circuit to the cathode deeate a current. Theytirogen iongH")
generated on the anode p#asoughthe electrolyteandreact with oxygen (& from the air
and electrons {(eat the cathodegenerating water (}D).

Electrochemical sensors require a certain amount of oxygen to operate. For example, the
electronsreleasedby the oxidation ofdifferent common gases through the following

reactions:



CO+HO Y ,@0oH +26 (1)

H,S +4H0Y 8O, + 8H' + 8¢ (2)
H, Y 2'H2e (3)
NO+2HO Y HNIH +3e 4)

areused forthe oxygen reduction reaction at the cathode according to:

O, +4H +4eY 2,0 (5)
For this reason, the presence of oxygen is esséntiaperationandif its quantityis less than
necessary, the sensor may gradually deteriorate.
The electrode material, sensing material and the structure of the sensor have an impact on the
performance of the gas sen$2t,27,28] Some structures of organic electrochemical sensors

are presented in Figure 2.

In sensor applications, organic materials have been used as the sensing layer because they
are sensitive to a range of stimuli, including pH value, and the presence of gas molecules or
biomolecules. Organic semiconductors have unique mechanical and retegroperties
suitable for the development of lesost devices. Moreover, these materials can exhibit
excellent electrocatalytic activity with respect tedox behaviar, such as CNTs, and
therefore have good detection performance. In addition, the isgpif pure graphene can
be improved by mixing it with other materials. For example, to improve carrier diffusion and
the adsorption of gas molecules on the surface, graphene can be chemicallyj2®ped
Alternatively, polyaniline (PANI) has been used to manufacture electrochemical gas sensors
using different techniques such as spraying, am@giing, inkjet printing (IJP) and spin

coating[30i 33].
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Figure2. Examples of manic electrochemicalevicestructuresbased on organic materials:
(a) internal structure of an electrochemical gas sensof3#lICopyright from the official
website ofSGX Sensortech(b) micro fuel cell type electichemical sensof35] Copyright
From the official website of the Figaro Engineeriimc; (c) typical organic electrochemical
transistor(OECT) sensor (d) sensor structure with layers ordering (thelyaniline @ANI)
layer was either isitu polymeried or printed)[36]. Copyright Sensors and Actuators B:
Chemical] (e) Graphene oxid and carbomgold nanocomposite ionic liquidased
electrochemical gas sens[@7] Copyright Sensors and Actuators Bhebnical (f) OFET
biological sensorstructure based onPoly (3,4ethylenedioxythiophene) doped with
polystyrene sulfonattPEDOT: PS$[38] CopyrightMDPI Sensors.

Thus,Syrovy et al [36] investgatedthe effectof the variation inthe gapof Interdigitated
Electrodes (IDEspn the performance adn electrochemical gas sengamoduced by théJP
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techniqueThe structure of the gas sensor consists of two carbosdbd PAN as a sensing
layer ona polyethylene terephthalate (PET) substrate, as shown in Figur@8&.dThe
authors usedovel colloids of polyaniline ydrochloride, which were synthestbin xylene or
chloroform in the presence @f surfactantas a printing formulationThey presented th
sensor characteristics oblloid-based sensitive layers and compaitesim with those of in
situ polymeried polyanilinelayers The colloidbased sensorsave shown bettesensing
performance at low ammonia concentrafid@).

In addition, \arious researcheisave studied electrochemical sensobased onorganic
field effect transistors (OFETsand thin film transistors (TFTs)Thus, Kumar et al.
demonstrated the applicabilitgf an OFET based onPoly [N- 90 -heptadecany?, 7-
carbazolealt-5, 5(40, 70 -di-2- thienyt20, 10, 30 -benzothiadiazole] RCDTBT) for the
detection of NQgasat the ppm levelThe electron removal from ti¢O, moleculeby the
type semconducting polymer PCDTBT resulted in an increaseoinductivity. For a dose of
2 ppmNO, at gate bias 0of10 V, the sensor exhibitetypical response and recovery tisne
values equal t46.2 s and 171 gespectively39].

Besides Wan et al [37] presented an electrochemical gas sensor based on -ggdoon
nanocomposite§GCN) on reduced grphene oxide(rGO) [37]. The authors used a
hydrothermal technige to synthesesthe CGN by carbongion of glucose and deposition of
gold nanoparticlesThe rGO was then electrochemically depositen a screeiprinted gold
electrode with subsequent modification of the CGN&gure 2.e shows the modifieGO-
CGN eledrochemical gas sensdn order to improve the stability and lifetime of the sensor,
Wan et alused a thirfilm ionic liquid electrolyte. The sensaras seto detect 0.42% to 21%
oxygen,and showedjood linearity and high sensitivi{g7].

Further onorganic electrochemical transistorsid¢ee used for biological detectioRoly (3,4

ethylenedbxythiophene) doped with pdyyrene slfonate (PEDOT.PSS has achieved
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excellent resuls for bioelectronic applications. PEDOT:P$8sed ®ETs have been
successfully used to detect human influenza vii@§, bacteria E. coli O157:H741] and
glucose[42]. Figure.2.fshowsa biosensor @vice based on PEDOT:PS®hosestructure
consistedof a channelcomposed of PEDOT: PS&tween the sourgé&) and the drairn(D).

The third electrodecalled grid wasseparated from the channel by an electrolyte.

2. Resistivesensors

The resistivetype of sensoris based on the change in conductiviity the presence of
adsorbed gas molecules. The response of the sensor is therefore depenienteractions
between the target gas and tharface as well as thearea available for adsorption and
desorpton. For examplejn the case of gas sensors wath ntype detectionlayer, when air
comes into contacbxygenis adsorbed as oxidens after capturing electromms the surface

of the sensing layesurface.

Therefore whencertainreducing (or oxidigg) vapaur interacts with the sensing layer, the
gas molecules (donor or acceptarteract with these adsorbed oxygen iahsis decreasing
(or increasiny the electron density in ¢hconduction band. As a resuhg resistance of the
gas sensor increasér decreass} relatively [43,44] In case ofa ptype sensing layer, the
reciprocal phenomenonoccus [45]. Table 1 summares the detection mechanisms of

resistive sensors.

Tablel. Detection mechanissandcorresponding changes of electricagistance

Conductivitytype Effect of the educing gas | Effect of the aidising gas
(donor) (acceptor)
n Decrease of resistance Increaseof resistance
p Increaseof resistance Decrease of resistance
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For example, experimental results show that electtmmors such as carbon monoxide
(CO) and ammonia (N$) tend to decrease electron density, and consequently the resistance
of the sensor increases. Conversely, the resistance decteasésctron acceptors such as

nitrogen dioxide (N@ and water vapar (H20).

Metal oxides and organic seronductors play an important role in improvisgnsor
performance This is made possible by optinmg various parameters such as composition,
synthesis methods, morphology and structDiéferent metal oxidesemicondutors (such as
WO3;, SnQ, ZnO, TiG) are easilycombinedwith variousorganic semiconductorsuch as
graphenge singlewalled or multi-walled carbon nanotubes (SWCNTand MWCNTS,
respectively, and zinaxide (ZnO)with graphene oxide nanoribbotSONR) ZnO/GONR.
The impact of different structures based on these matedal®om temperaturewill be
discussed in the following paragraphs.

For example, Wang et al46] found that the addition of ZnO nanoparticles to GONR
improves selectivityof toluenegas sensof46]. The ZnO/GONRbased sensor has better
sensitivity and shorter response/recovery time than the pureb@s€l sensor, as shown in
Table 2. Sekaew et al.[47] studied a toluene gas sensobased on 3D titanium
dioxide/graphenearbon nanotulse (3D TiO./G-CNT) fabricated by Chemical Vapo
Deposition and sparking methoddie correspondingensor stucture ishownin Figure 3.a.
The sensing performance asesponsdo 500 ppmtoluenevaporwas comparedo that of
other related carbon nanostructures. The gas responS&&lef graphengTiO,-CNT, 3D G
CNT and 3D TiQ/G-CNT sensorswere aboutl.5%, 1.9% ,2.8%, 6.9% and 42.9%,

respectivelyThe 3D TiQ/G-CNT gas sensahusshowed the highesésponse fotoluene

13



Tio2 nanoparticles

> MWCNT
> SWONT
SWOCNT@Zn

T

(©) (d)

Figure 3. Examples of structures of resistive gas sensors made from various materials and
having different structurega) 3D nanostructured’iO,/G-CNT gas sensgi7] (b); fibrous

gas sensor based on MWC8TSWCNTs, and SWCNTs@ZnG0ntegrated into amart face
mask[48]; (c) structureof a gas sensdnased on PPyMIWCNT with flexible polyimide
substrate and 1D&49]; (d) graphenébased OFET as gas senfsf].

In 2018, Gao et al.[48] have manufacturediexible fibrous gas &nsors based on
MWCNTs, SWCNTsand SWCNTs decorated with ZnO quantum dots (ZnO/SWCNTS).
These fibres have been integrated impton-basedportable smart masks, as shown in Figure
3.b. The influence of theensing materials on sensitivity and recovery $imas investigated
for different gasegTable 2).At a concentration of 500 ppm, sensors based on SVECNT
MWCNTs and ZnO/SWCN$ were used to detect ammonia, formaldehyde and ethanol
vapour, respectively. As a resuthe sensitivity response obtained werd 1, 18 and9%,
respectively.In addiion, the sensors showedood respores(and recoverytimes equal to
1004 s (D05 s) for SWCNTs 798 s (464 s) for MWCNTs and 992 s (38} for

ZnO/SWCNTg(see Table 2)
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In addition, he fibes could baused axonducting wireseach sensor was connected to an
independentred, green or bludight-emitting diode LED). The reading of the diffent
colours ofthe LEDs was used to identigmmonia NHs), formaldehyde KHICHO) or ethanol
(CoHsOH). For example, in the case of MHill the three ensors had a sensing response, all
LEDs were lit With the elimination of the Nkigas, the resistances of the three gas sensors
returned to their initial values, turningff all three LEDs. Inthe case of HCHO gas, only
SWCNTs and ZnO/SWCNTeactedandthe green and blue LEDs. Ethanol only affecd
the resistance of the Zn®WCNT sensoy so the blue LEDilluminated when this gaswas

introduced48].

Resistive sensors W@ been extesively studied for the detdion and quantification of
nitrogen dioxide (N@ gas, based on different materials and under diffesgnttures, and
have shwn satisfactory results as can be sé@enTable 2. The combination of different
materials has led to improved MNQdetection properties, for example usin@nG
nanocrystalslecorated MWCNTs with IDEs structurg51], molybdenum disulfide
(MoS,)/graphene hybrid aeroge[52], polypyrrole/nitrogendoped MWCNE (PPy/N
MWCNT) on polyimide (PIl) asflexible substratd49], SWCNT/PPy spifcoated onto pre

patterned electrod¢s3], andZnO/GONR deposited onto a GaN substf4f.

IDEs with a sensing mat&l deposited on a substrate ateo used fothe application of
resistive gas sensorFor example the compositePPy/NMWCNT stuctureon a flexible
polyimide substratand IDEs as shown in Figure 3.bas been successfully prepared using a
combined in situ selissembly and annealing treatmerdthod The structure was tested in a
NO, concentration range from 1 to 50 ppinu et al [49] showed that the annealing
treatment plays an important role in improving detection properii@s example,the
response of the optimahaterialwas 44.12 times greater than that of an unanneahed

whereaghe relative responsgas24.82%at low concentration of 5 ppm NJsee Table 2).
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Response and recovery timesreveb5 s and 668 s, respectivelyn amother example,
polypyrrole nanoparticlePPyNPs) wee used tamprove the response of ammonia sensor
based on IDE$®y Kim et al [54]. Good sensitivity (2.5%) was obtained, with short response

and recovery times, at low ammonia concentraftwwn to 1 ppb of Nb).

Wei et al[55] studied the influence of the geometric structure of the IDEs (line width / gap
width, see numerical values in Table 2) on the response of ethanol and methane gas sensors.
The sensig material had been developed with a mixturepalfyvinylpyrrolidone (PNVP),
carbon black and ethylene glycol, which was then applied on the IDEs. It was deduced that

the sensitivity of the gas sensor is inversely proportional to the gap of the electrodes.

In addition, the OFET structure is also used for resistive gas sensors based on different
organic materials. Figure 3.d shows an example of the OFET structure of a grbpbede

NO, sensof50].

It is worth noticing that a given sensing material may give different sensing performance,
depending on the bibliographic reference. Indeed, not only the nature of the sensing material
has an influence on the response of the sensor, but many other pesanatealso play an
important role. These are, for instance, the overall structure of the device, the nature of the
substrate, the existence of other phases present, the surface quality, some defects in the
sensing layer, the level of doping, etc. Thussasn in Table 2, the same ZnO: SWCNT
sensing material gave different sensitivities to the same gas. This is because either a flexible
fibrous gas sensor based on ZnO: SWCNT integrated in #pdead portable smart masks
has been used8], or a thin film ZnO: SWCNT gas sensor obtained by painting a pewder

based paste on an alumina substrate has been prd86¢ed

In summary, different structures can be used for resistive gas sensors. Decorating organic

semiconductors with an oxide can improve selectiaityg sensitivity. The decoratiraxide
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used depends on the target gas. In additionditnensionality (01, 2 or 3D)of the sensing

materialandthe area available for adsorptioan also improve sensor performar€eamples

of performanceat room temperaturef resistive gas sensors withfferent structures and

made from different materials ashown in Table 2

Table2. Performance ofome examples aksistive gas sensovgth different structures and
made from different materiaéd room temperature

Sensing Sensitivity Concentration Response | Recovery
materials Gas (ppm) time (s) time(s) | References
3D TiO, /G- 42% Toluene 500 10 11 [47]
CNT vapaudr,
3D GCNT 6.3% CyHW 500 8 9
PPY/NMWCNT | 24.82% under 5 65 668 [49]
Nitrogen
SWCNT/PPy 25% dioxide, NO, 3000 3000 5400 [53]
6% 200
SWCNT 11% Formaldehyd, 500 1004 1005
HCHO
ZnO : SWCNT 9% Ethano) 500 992 301 [48]
C,HsOH
MWCNT 18% Ammonia 500 798 464
NH;
ZnO : SWCNT 300% Ethano] 300 300 100150 [56]
C,HsOH
ZnO/GONR 1675% Nitrogen 50 31 27
ZnO 675% dioxide, NO, 50 130 133 [46]
PPyNPs 2.5% Ammonia, 0.1 19 49 [54]
NH;
PNVP 60 180
20em/20em 7.5 % Ethano) [55]
C,HsOH 800
50em/75em 2.3% 150 450
PNVP
20 em/ 2 8% MethangCH, 160 900 100 [55]
40 em/ 6 45% 500 1000
SnO-NC/ 180% Nitrogen 100ppm 580 620 s [51]
MWCNTSs dioxide, NQ
MoS,/Graphene 10% Nitrogen 0.5 420 650 [52]
hybrid aerogel dioxide, NQ
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From the point of view of manufacturing cost and performance of the different structures
used for a resistive sensor, the IDE structure is the one that gives satisfactory results at a
lower cost. Furthermore, this structure is the most suitable for usdiasegradable sensor.

In addition, with the IDE structure, a large interaction area is obtained between the electrodes
and the sensitive layer, which can improve the performance of the sensor. It can also be used

for a capacitive sensor.

3. Capacitive senses

The capacitive measurement technology involves an AC ,invpliere frequency is an
additional input parameteand measures the change in capacitance due to the change in the
effective dielectric constanti(es) when the sensor is exposeddgas[57]. The capacitance
depends on theffective dielectric constar(tiex), the electrodarea(A) and the thickness of

the dielectric layerd), and is expressduy Eq. (6)

5 —— (6)

where(H) is the permittivity of vacuum.

Impedance spectroscoman also be usetb analye the impedancef the sensolas a
function of frequency in the presenceagjas.Frequency analysis helps to find the equivalent
circuit of the structure and also prdes information on the resonanitequency Using the
ColeCole diagram (imagary part ofthe impedance vs. real part ¢iie impedance the
elements of the equivalent circuit can be derived quantitatively, allowing the physical
phenomenon occurring in the nanostructure to be correhdthdts interactions with the gas
[57,58] The resonanc&equency isdeterminedvhen the minimum imaginary impedanise

reachedand t plays an important role in definintje selectivity of gas species.

In general, twamain structures are used for capacitive sensors such as parallel plate (PP)
and IDEs configurations Figure 4). The impact of differenfactors such asthe sensing
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materialused the configuration of thetructure therelative humidity andhethickness of the

sensing materialyill be discussed in the following paragraphs.

Chen et al[59] used the PP configuration withrrays ofCNTSs vertically aligned between
two electrodes taletect ammonia (N§J and formic acid (HCOOH). The CNBased gas
sensorexhibitedgood response and recovery timas shown in Table.3/izcaino et al[60]
demonstratethat HCOOH has a higher polaatality and dipole moment than NHesulting
in higherintermolecularforces betweerdCOOH and CNTs. As a result, HCOOH gives a

higher detection limit than N§las shown in Table 3.

Metal Plate

0 ' Semiconductor
—

(@)

(b)

Figure 4. Basic structuresfor capacitive sensing(a) PP configurationof Metal Oxide
Semiconductor NIOS) (left) or Metal Oxide Metal MOM) structure (ight); (b) IDEs
configuration, showinglectrogt width (W) and length (L), gap (@®etween the electrodes,
andthickness othe sensing layer {§i61] with permission from Elsevier

The IDE configuration has beamwatedwith different materials to detect different gases.
Andrés et al[62] useda structure based ajold IDEs as aapacitive methanol sensor based
on MIL -96(Al) Metal OrganicFramework (MOF) thin films on 8i/SiO, substrateln another
example, the IDEtructurewas coated with aanecomposite material based on cobaealtrite
(CoFeQ,), providinga good gas sensor with high sensitivity, dynamic range and selectivity

for ethanol gaseven atavery low gas concentration of 7 pd68].

A nanocomposite sensing layeromposed ofpolypyrrole (PR) and bromoaluminum
phthalocyanine (BrAlPc)has beerdeposied on a IDE structure ora glass substrate. This
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sensorofferedinteresting detection performance, including a sensitivity of 85% to 100 ppm

H,S gas, and short response and recovery tis§sMore details are given in Table 3.

Filippidou et al. [61] used the IDE configuratioifsee Figure 4.b) basd on different
polymers suclaspoly (2-hydraxyethyl methacrylate) (PHEMA),p&xy novolac resin (EPN),
poly (methyl methacrylate) (PMMA) angbly (hydroxy styrenefPHS. The diffelent sensor
configurations produced we evaluated when exposed to water, methanol and ethanol
vapairs. The PHS sesor gavethe best responsen particular, by exhibiting capacitance
variationsqC of 44 fF, 7.4 fF and 4.6 fF at 1000 ppmor each vapour, respectively (see
Table 3). Using a definition o$ensor sensitivityndicatedin certain works such aS =
C/RH%, where RH% is theelative humidity,the PHS sestor sensitivity for water vapour

was 1.87 fF per percent of relative humidif1].

MWCNTSs have been used by Meng et [&5] to improve the sensitivity igapacitive gas
detection. The sensor sticture (Au/SiISIO.JAu-MWCNTS) consists of &i substrate and
SiO, layer, a gold (Au) layer on the lower surface of the substaid Au/MWCNTS
electrodes o the upper surface of the struct{®&]. Here,the Auelectrode was fabricated by
screenrprinting techniqueon top of the silicon oxide layegnd MWCNTs were directly
grown by CVD.Comparedto the effect of spragasting MWCNTSs, the relative capacitance
change of thel@vementioned electmic chip wa found to increase from 1.8 to #0the
case ofammonia. MWCNTs modify the contact barrier and improtiee gas detection
properties for formaldehyde, toluene and ammonia (see Tabl&rdphene oxidéased
composite material§6] have also proved excellent for water detection, as shown in Table 3.

Table3. Compaative studies between differecapadive gas sensor structures ameterials
at room temperature.

Sensing Sensitivity Gas or vapour | Concentrationf Response Recovery Ref

materials _ (ppm) time (s) time (s)
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pmtk h

or mC
CNT 10% Ammonia, NH 15 100 150 [59]
15% Formic acid, 175 20 70
HCOOH
pC=44 Water, HO [61]
IDEs/ PHS pC=4 . ¢ Ethanol, GHsOH 10000 - -
pC=7. 4 Methanol, CHOH
AU/Si-SIO2/Aw 3.5% Formaldehyde, 15 - - [65]
MWCNTs CHFO
3.2% Toluene, G HUJ 377
6.8% Ammonia, NH 155
AI/VTP/AI 60 - [67]
nm 9.2pF/%RH 15 10
80 nm 7.70pF/%RH|  Water, HO 15 15
90 nm 2.55pF/%RH 15 25
CuBTC 0.36pF/21pF Acetone, GHsO 60 /120 120/ 150 [68]
IDEs/ PP 0.0 pF/0.0pF Dichloromethane 1500 -/- -/-
CH.Cl,
-0.15pF#5.4 | Toluene, G HW 123/ 60 120/180
pF
IDEs /MIL- 0.088 % Methanol 2000 210 - [62]
96(Al) MOF CH;OH (@ 20%RH)
Graphene oxidg 37 800% Water, HO From 23%RH 10.5 41 [66]
to 86YRH
PRy/ BrAIPc 85% Hydrogen 100 14 <14 [64]
sulphide H,S
IDES/CoFeQ, 1000% Ethano| C,HsOH 100 180 180 [63]

Roslan et al[67] used the PP configuration based on a \ffithalocyanine derivative

(Vanadyl 3, 10, 17, 24 - Tetratertbutyl-1, 8, 15, 22-tetrakis(dimethylamine9H, 31H -

Phthalocyanine) between two aluminium electrodes on a glass substrate as an organic

humidity sensor. The spin coating technique was used to create a PVT layer of controllable

thickness (approximately 680 and 90 nm)As shown in Bble 3, the thinnest active layer

film had thehighest sensitivity anghortestecovery timg67].
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The PP onfiguration was compared to the IBEonfigurationin the case otapacitive
sensors based on nanopatrticles of cofwesizenel, 3, 5tricarboxylate (CeBTC) by Zeinali
et al.[68]. Both configurations we used to detect acetone, toluene dictiloromethanet
atmospheric pressure, 10% relative humidity and room teatye. The detection
performance of these two configurations is shown in Tal@led3demonstrated good linearity
and sensitivity The capacitance behavior showetheran increase or decreaseewenno
change in the capacity valyes shown in Table, 8epending on the configuration testeadr
example, acetone and toluene showad increase and decrease in capacitavalee
respectively. Theresponseto dichloromethane vapoudid not change at different
concentrations. This different detection behavitepends on the value of the dielectric
constant of the absorbed analytégth respecto the dielectric constant of the detection layer.

Therefore, it can distinguish between analytes with different dielectric confg8hts

In summary, the IDE configuration capacitive sensor provided higher detection limit
values shorter recovery time, better repeatability and higle@roducibility thanthe PP
configuration. However, thdatter has better sensitivity than the IBEonfiguration. In
addition, the detection properties can be adjusted not only by usirappnepriate sensing
layer, but also by selecting the desired IREomety (width, number of fingers spacing,

electrode material) and the thickness of the detection layer.
4. Surface acoustiovave sensos

Surface acoustic waves (SAWSs) were discovered in 1885 by Lord Rayleigh, and as their
name suggests, they are acoustaves propagating on the surface of a mat¢g@). SAW
sensors have become increasingly popular in recent ydaes to the increasing
miniaturisation of electronic device$n addition, &SAW sensor can provide a "lam-a-chip”
type structure with a readion of a few parts per trillion (pptl-he basic configuration of a
SAW sensor consists of two InterDigitatdnsducers (IDTs) on a piezoelectric substrate.
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SAW sensors are based on the principle of the piezoelectric effect. The sensor is remotely
interrogated by an electromagnetic wave. This signal is converted into an acoustic wave by
the IDTs on the surface of a piezoelectric materi@hanges inthe physial quantities
determining the environment in which the sensor is located (temperature, pressure, chemical
composition, etc.)nfluencethe physical properties of the acoustic wave propagating on the
sensor surfacdn return, the modified wave is transfoethinto an electromagnetic watret
is sent back to the interrogation unithe principle of gas detection bynicrowave
transduction is based on the phenomena of propagation and reflection of an incident
electromagnetic wayvin a sensitive material &tquencies ranging from 300 MHz to 300

GHz.

The characteristics of the reflected and transmitted electromagnetic: wrhase and
modulus,depend on the physical and chemical properties of the mateneatsinteredthe
interactions withthe gas moleculeshangingtheir permittivity and modifing the velocity of
the electromagnetic wave§0]. Thus, gassensitive interactions cause a change in the
reflection coefficient,a change in frequency (phase) an attenuation (amplitude) of the
incident electromagnetic wavggl]. The structure and principle of operation of a SAW

sensor are presented in Figure[33.

The permittivityof materials\J is a complex quantitgependent othe materials dielectric
polarisation inan applied electric field. Since there is a time lag between changes in the
alternating electric field and the matesigdolarigtion[73], the frequency of theslectricfield
influences the permittivityof the materialsThe latter follows the MaxweltGarnett equation

[74], given by Eq. (7)

R R R @ Q — (7)
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where$ is thepermittivity at the higHfrequency limit,( is the static permittivityy is the
angular frequencyl is the conductivity of the materidl is the permittivity ofvacuum andU
is the characteristic relaxation tiniehe imaginary part of theermittivity ((NjNjyelatedso
the conductivity of the materiaWhile the real part othe permittivity ((Njis related tothe
amount of eergy from an external electric fiethat will be stored by the materiakq. (7)

thus explains the origin of tlehanges in amplitude and frequency.

Many theoretical models fd8AW gas sensors have beeopgwsed m the literature. The
basic mocel for presening the relationship beteen the output of SAW sensaand the
amount ofgasabsorbedon the sensosurface ismainly that ofWohljent[75]. In 2014, Liu
and Luproposed a newheoretical mdel by combining the Wohljerapproachwith the
BrunauefEmmettTeller (BET) formula. The theoretical model fits well with the
experimental dataobtained from acommercial SAW gas sensor to detdotMethyl
MethylPhosphonatéDMMP) [76]. Moreover, lased orperturbation theor}77], Qi et al [78]
used the COMSOL simulator to present the response of thebZa€@l SAWjas sensorAn
experiment was carried ousing a SAW gasensor coated lnO to confirm the simulation

model.

Many geometric structures are used for microwave gas detection, such as microstrip line,
coplanar waveguide, coaxial line and resonant caulyamples of sensing materials,
propagation structures and response signals used for microwave gas sensors are shown in

Table 4.
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Variation of the electrical properties af

Presence of gas  the sensifive layer based on carbon Modification Df: the
moleciles materials responses of microwave

sensitive transducers ( resonators )
resonator Reference

resonator 1l

A g

Flexible

. I II substrate
!l_~;!f-‘.f'.5;;~;w“ .

Nt

Reference Sensitive
Resonator Resonator
Modification of  Disturbance of the propagation Response Response
physicochemical  of the electromagnetic wave
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Interdigital Capacitor
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Figure5. (a) Overview of the operatingrinciple ofthe SAWsensor{72] Copyright MDPI
sensors (b) Principle of microwave transduction applied to reflection/transmission
measurementy9] Copyright © 2016 American Chemical Sociefg) Schematic diagram of
the ultrahigh frequencyUHF) RFID-based wireless sensor system composed of an RFID
sensor tag and RFHntennaconnected network anaks[80] Copyright © 2015 American
Chemical Society

The detetion layer and especially the type of interaction with the target gas molecules,
plays a keyole in the detectionapabilities oSAW chemical sensors. Therefore, the study of
selective coating materials and their properties is of primary interest to many resg&fihers
83]. The detection layeof the SAW sensds the place where the gas adsoxksich changs

the operatingfrequency, and the higher thigequency the greaterthe sensitivity tothe target
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gas This change can be up or down. Thus, for exampke pores or grain boundaries of the

sensing layer candpgas moleculg, givinga negative frequency shifiaf) due tothe elastic

load. Based on the mass loading eff@coprotional tathe amount of absorbed gas), when the

gas molecule areadsorbed on the detection layer, spot i ve fr equebtamgd s hi ft

[78,81]

Many researchers have desigrmamposites based asrganic materials to improve the
detection performance &AW sensas, such as3D-architecturegraphene/ polyvinyl alcohol
/SiO; (B3DAG/PVAI/SIO2) to detect moisturg84], MWCNTs to detect ammonia g§85],
PEDOTI CNTs to detect acetori86], and gaphendo detect trinitrotolueng87], see Table 4
Chen et a[87] studied the effect of IDT electrode materials (graphene and Al) on the sensor
responseThe results suggest that graphene IDd&cebdes have the largdsequency shift
and therefore the highest mass sensitivity. This implies that the graphene electrode is a

promising candidate for highly sensitive SAW sensor applications.

It is well known hat the conductivity of CNTs decreases with exposure tg afid CH,
which has led to the observation of frequency shifts fONd-based-esonator when exposed
to these gase5,88] The change in conductivityaid thus ofthe imaginary part of the
permittivity) affects the amplitude of the resonant frequency, but the frequency shift is related
to the change in the real part of the permittivity. Quassible explanatio is that the
interaction of gas molecules witBNTs to create bound charges lealshanges in theeal

part of thepermittivity of CNTs.

The use ofTiO, a n dFe0; nanoparticlesn the form of a surface film on waveguide
substrate can improve the sensing detection of. N¥hen thee oxides areexposedo NH;
gas thar permittivity changes, changing the reflection coefficient@nd the transmission
coefficient ($1). The measurement principles illustratedin Figure 5b: a Vector Network

Analyser (VNA) was used to senteetromagnetic waves to a propagative structure covered
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by the sensitive materiallhe reflection coefficient in detection experiments is equal to the
ratio between the amplitude of the retied wave and that of the incident wave by the sensor

at each frequendy9].

Lee et al [80] introduced a wirelessmartsensor systerfor hydrogenbased on Radio
Frequency Identification (RFID), consisting of a-decorated reducedraphene oxide
(Pt_rGO3}immobilised RFID sensor tag (i.e., signal transfer and sigreeiver) and a
network analysr connected to an RFID reader antenna to detect hydrogen gas, as shown in
Figure 5.c. The loading of noble metals on carbon materials céectefely improve the
sensitiviy of a sensor. The structure cowdtect H in the frequency range of 880 to 940

MHz, at concentrations as low as 1 ppm.

Bahoumina et al[86] used thelnkjet Printing Technologyto manufacture a flexible
microwave sensor basedn PEDOT:PSSMWCNTs for the detection of ethanol The
structure wagprinted directlyontoa paper substrate usingdamatix Materials Printer Model
DMP-280Q Adsorption of ethanol vapour changes the conductivity of the detdaien As
a result, the resonance freqog and amplitude are shifteBased on the values extracted at 4
minutes of exposure to ethan@pours in the range oftd 2000 ppm, the sensitivity of the
sensor reealed a different resonance frequency estimagtd-642.9 Hz/ppm, and #h

differential amplitude loss waequalto-7 € d B/ p p m.

In addition,cellulose nanocrystalhave beemsed as a sensing layer to fabricate an-HCI
gas sens089], but relative humidity hd a significant effect on sensor respong&sb ppm,
the response frequency was shifted-3@, -96 and-191 KHz at 30, 50and 85% rkative
humidity, respectively. The sensor hgabd sensitivity at lotHCI concentrationg89].

Table 4. Summary ofSAW gas sensor@n terms of materials, targeted gas, propagative
structure andesponse signat room temperature.

Materials Gas/Vapour Propagative | frequency| Response | References
structure range Signal
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PEDOTI CNTs Ethanol, GHsOH Microstrip Oto6 | S paramete [86]
line GHz (S20)
Cellulose Hydrogen chloride| Interdigital | 0to 200 | Resonant [89]
nanocrystals HCI transdweers MHz frequency
Beadedactivated Various volatile | Openended | 0to 1550| Resonant [90]
carbon organic resonator kHz frequency
compounds coupled to
(VOCs) input/output
(Formaldehyde, | microstrip
Ethanol , Nitrogen| transmission
oxides, ...) lines
Polymethylsiloxane| Acetone, GHsO Six-port 0to 10 | S paramete [91]
graftphthalocyanine reflectometery GHz (S1)
P $(dB)=
7.32
Graphene Nitrogen dioxide, | Dielectric - Cental [83]
NO, resonator frequency,
linewidth
(full width
at
half
maximum)
MWCNTs Ammonia, NH Coplanar 0to 21 | S paramete [85]
waveguide GHz (S20)
Commercial SAV DMMP, Interdigital | O0to 250 | Frequency [76]
gas chromatograph] CH;PO(OCH), transducers kHz shifts
(GC) analysr
DMMP, Dualdelay | 0to 150 | S paramete [78]
ZnO CH;PO(OCH), line MHz, (S1)
configuration
Ammonia ST-X quartz| 0ta200 | Frequency [82]
ZnO/SiG; bi-layer NH3 substrate MHz shift
Metal oxide (ZnO) Ammonia ST-X quartz | 0to 433 | Frequency [81]
NH3 substrate MHz shift
3DAG/PVA/SIO;, Water, HO delay line | 0to 208 | S paramete [84]
MHz (S20)
GraphendDT Trinitrotoluene, One port 0to 425 | Frequency [87]
Aluminium(Al) IDT C;Hs5N3Og SAW MHz shift
resonator

5. Comparison of gas ensors
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In this sectionwe limit ourselves to @omparison of the different types of gas sensor
measurements in terms gferformance, cost and miniatat®n. The advantages and

disadvantages of these different types of gas sensors are listed in Table 5.

Electrochemical and resistive gas sensors aftkrantages such as easenwnufacture,
simplicity of measurement technology and small size. They are little affected by changes in
pressure and temperature. In addition, they measure toxic gases at very low concentrations
and have the ability to detectnade range of gases. Electrochemical sensors have satisfactory
sendivity and selectivity, withshort response/recovery tisand require very little power to
operate. On the other id, the resistive gas sensmsthe commondefect oflow selectivity

and high response/recovery time.

Some of the aforementionedlisadvantages can be avoided by using the capacitive
measurement technique, which hgsod selectivity. Howeveggacitive sensors arémited
to PP and IDE configurations, wherearesistive sensos can be present in variougther
configurations. In addition, resistive measurements require a DC voltage, whereas capacitive
measurements require an AC signal to operate. For portable sensor systemsoarttdeyl
devices (DC input) are prefedeThe frequency of the capacitive sensor input signal is used
to adjust the sensitivity and selectivity as mentioned above. In addition, the capacitive mode

allows the detection of mixezpecies.

The detection performance of SAW sensors depends grdpagative structuregsponse
signal anddetection materials. The SAW sengm@nerallyhas good thermal stability, fast
response time and good sensitivity. In addition, it can be used for wireless apmdicaitio
low power consumption. Howevelt, also has limited selectivity, which depends on the

availability of detection layers and the higher cost of materials opegdtimghfrequency

From an efficiency point of view, different measurement techniques are used with different

materials and configurations, but no perfigpe of sensorBasyetbeen found.
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Table5. Compaison ofthe main types of gas sensors

Characteristics Electrochemical | Capaative | Resistive | SAW
Cost Low High Low High

Lif etime Medium Long Long Good
Selectivity Medium Excellent | Poor Poor
Sensitivity High High High Good
Response/recovery time | Fast Fast Fast Fast
Size Medium Medium Small Medium

1. Use ofrenewablematerials in sensors
1. General information

Composites based on organic, and preferably renewable, mateoiits excellent
advantage in the improvement ofelectronic devicessuch aslow cost, low energy
consumption and high flexibility. The number of publications and patents related&nic
materials in general, armbmposits based on renewalneaterials in particular, has increased

significantly and continues to groas shownn Figure 6.

Gas sensors based on organic Gas sensors partly based on
semiconductors renewable materials
7420 565 .
6960 = w |[515
482 -
5940 —
4460
273
2440 ’—‘
1480 1460 'j Eaal
91
749
35
1+ | I [2]
1995 2000 2005 2010 2015 2018 2019 2020 1995 2000 2005 2010 2015 2018 2019 2020

(@) (b)

Figure 6. Evolution of the number of publications on gas sensors: (a) gas sensors based on
organic semiconductors, and (b) gas sengmadly based onrenewablematerials. The
decrease in the trend in 2020 is only apparent, as the count was made in the middle of the
year.
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The combination of basiand technologicatesearch has made it possible pmduce
compositematerialspartly based ororganic materialandbiomass derivativess a solution to
minimise environmental, consumption and cost problems. In addition, the characteristics of
compositematerials can be controlled by varying the combinatiooaofstituents of natural
origin and/orninorganic/organicanomaterialsvariousstudieshave been publigd to provide
guidance on their manufacturing process and various applications. Metbodthe
manufacture ofcomposite materials such as conductive electrode films, cellulose/CNT

compositepaper,or aerogel, will be discussed in the following paragraphs.

2. Selected examples

Koga et al.[92] proposeda simple process to manufacture a conductive paper based on
cellulose nanofibres and conductive nanomaterials such as silver nanowires $AgNaV
CNTs In their system, ellulose nanopaper functions both as a filter and as a transparent and
flexible substrateThe process of preparing the filtration coating of AQNWSs or CNTs on the
nanopaer is divided into two stepshe first is to form a wet paper, with the filtration of an
agueous dispersion of cellulose nanofibres using a commercial eeeniiiter (pore
diameter 0.1 mm) for 20 min. The second step is to pour the aqueous dispersion of
nanomaterials (either AgN®\br CNTs) onto the wehanopaper. The wet nanopaperthen
filtered by dehydration for 20 min to retain the conductive nanonadéteon the sudce.
Finally, the nanopaper is dried for 20 nain110°C using a hot press and then removed from
the membrane filterThe filtration coating process gabetterresults than the spicoating
process. The conductive network wasiformly conrected to the vertical drainage through

the papeispecific nanopores with strong adhesion to the cellulose substrate.

Han et al[93] improved the response of tliNT-basedhumidity sensor by replacing the

original glass substrate with a cellulose paper substidte sensor based on thkellulose
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substratéhas indeed shown axcellentresponse antigh robustnesso medanical stresses
during bending and foldingLater, the same authofabricated and compared two ammonia
gas sesor structuresi) the CNT-on-paper made by writing directly on cellulose paper, a
layer-by-layer structureand (ii) the structure basedn the CNTcellulose composite. These
structures can be produced by igas methods, including elecspinning, Langmuir
Blodgett eposition, filtration, and spinoating of dispersed CNT solutions. TEB&T-on
papersensor strucire (layerby-layer struaire) has showshorter response/recovery times
than the CNTcellulose composite structupgoduced on a glass substratea concentration

range of 10100 ppm ammonig94].

Moreover, the bled of cellulose and CNTsan also be used to malideres and fibremats.
The manufactured fibredave high mechanical strength and good electrical conductivity to
serve various applicationMWCNTs and nanecellulose can be dissolved in ionic liquids,
which can be used as an inspiration for the fibenuafiacturing process. Thesubsequent
grinding and spinning methods can leed tomanufacture fites with good dispersion and

alignment95,96]

Cho et al. [96] introduced a N@gas sensor basexh wearable sensing figs. To achieve
this, nanocellulose extracted from tunicate was homogeneously mixed with SWCNTs to make
a Tunicate Cellulosdlanotube Fibes (TCNF) / Carbon Nanotubes (CN3énsor Thelatter
exhibited hgh selectivity and sensitivitywith a detectionat the level of the ppbThe
(TCNF/CNT) composite fibres were continuously produced in aligned directions by wet
spinning, which makes them behave like liquid crystelee TCNF/CNTFbased fibregan be
knotted, which gives the possibilityto use themin the weaving process ard integrate

sensorsn smart textiles, as shown ingtre 7.e[96].

Carbonised wood (CW) ialso an ideal candidate for creating écwode material. Treg
et al. [97] obtainedexcellent results with CW as a higlerformanceproduct in terms of
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cyclability and low cost. CW has good conductivity, open vertical channels and light weight.
The transformation of wood into carboncludes various methods such as hydrothermal
carbonisabn, carbonisation in inert or atmospheric atmosphere, and activation by chemical

reagents.

Koga et al.[98] proposed a disposable molecular sensor based on paper substrate, ZnO
nanowires, and a graphite electrode created with pencil drawing to detect niffogeie
The ZnO nanowires implanted on the paper substrate provide highly adhesive Iattice

structureshat allow reliable electrical contact with the electrodes.

In addition, Le et al[99] presented a new technology for creating a graphene pattern on
leaves and wood for green electronics using ultrafast laser pulses. An example of Laser
Induced Graphene (LIG) electronics on a leafgiaen electronics is presented in Figura.

In turn, Niu et al. [100] used direct laser writing with ultrafast laser pulses to create special
conductive graphite arrays or porous patterns frombiabased material, sodium
lignosulfonate (NaLS) as shown in Figuté. Carbon patterns have been successfully applied
as piezorastive and humidity sensors. Ladaduced graphene opens many possibilities for

the improvement and development of environmentally friendly devices.

Flexible and wearable
lectronic circuit on leaf
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(b)

Piezoelectric Hybrid Paper

() (d)

Knotted

;‘f@qﬂcm weaved with f-bﬁ& >

(e)
Figure7. (@) Photo oflaserinduced graphenelectronics on a leaf for green electroni@s]
copyright Advanced Functional terials (b) Green sensor prepared by direct laser writing of
modified wood omponent[100] Copyright © 2019 American Chemical Socigetfc)
Piezoelectriccompositepaperbased on BaTiQon wood celulose fitres [101] Copyright ©
2014 American Chemical Societyl) Electrode frombanana sterfii4] with permission from
Elsevier (e) (left) Scanning Electron MicroscopybEM) images of tk flat, knotted, single
twisted and doublawisted TCNF/CNT filbes integrated with sensing devigceand (right)
photg schematic, ath SEM image of a TCNF/CNT fibrevoven with conventional fabrics
[96] Copyright © 2019 American Chemical Society
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Mahadeva et al[101] have developed aomposite piezoelectric paper based on
nanostructured BaTikon wood cellulose fibres. The fibre functionalisation process was
achieved by a laydpy-layer approach. The surface of the manufactured paper was positively
charged, leading to an attractive electrostatic bond with the (negatively charged),BsTiO
shown in Figure7.c. Piezoelectricompositepaper has thus shown promising as a-tmst

substrate for the realisation of sensing devjté4].

Noremberg et al[14] used cellulose extracted from a banana stem res@manufacture
aconductive papetcontaining 5% by weight afxidisedMWCNTSs (withi COOH functions)
The paper was used for a capacitive methanol gas sensor appliaatsirown in Figuré.d.
The propertie®f the paper depend on the sizdlwd cellulose particleand the percentage of
MWCNTSs [14]. The nature of the cellulose particlé®m nanocellulosé¢o microcrystalline
cellulose, can beontrolled by different methods suchs daigh-energy milling, enzymatic

hydrolysis or acid hydrolysid4,102,103]

On the other handn 2020, Sukhavattanakuét al [104] extractedbacterial cellulose
nanocrysta from Gluconacetobacter xylinua pellicle usingacid hydrolysisCompositehin
films based on naneypticles of silver (Ag), molybdemm trioxide (MoQ) and bacterial
cellulose nanocrystalsere fabricated for a gas sensor applicatidimen thecompositethin
film is exposed tdH,S gas,it gives a color change due to redox reactions between gas and
MoOs; nanoparticlesThe colourintensity of the sutixide depends on thecrease in exposure

time and HS concentratiorj104].

Finally, aerogels werealso tested for the gas sensor applicatiwhjch improves the
selectivity of resistive gas sensoas they can adsodpecific organic compousdQi et al
[105] havethus used cellulose/CNT aerogels for gas sensors. The electrical resistance of

NTC/cellulose aerogels changeden exposedo a seriesof vapoursof volatile organic
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compoundssuch as methanol, ethanol, toluene, an@rsthThey exhibit high sensitivity and

rapd responsgl105].

In summary, renewable sources suckvasd,plant fibres, biebased carbon and cellulose,
in different forms and from different origins, have largely demonstrated their interest in
combination withother nmaterials to make€omposits. Depending on their combination and
manufacturing procesthesecompositematerialscan take many fons, such as paper, films,
fibres, and aerogel$o serve a variety of applicatiossich as photovoltaic cellgassensas,

or supercapacitors faxample.

V. Challengesand future directions
1. The challenges

The mainchallengeof usingrenewablematerials in sensolis to ensureperformance in
terms of selectivity, sensitivity, response time, stability apdratinglongevity at low cost
The latter impliesimproving and increasing sensor operattilge, reducing maintenance,
loweringinstallation costs, reducing the costs of analysing system results and managing data,
which exceed the cosff developing the sensor itseFor example, to obtain an intelligent
sensor with automatidecisionmaking it is possible to exploith colour changeby using
paperbased colorimetric sensor arraylshe colorimetric detection technique measutes
colour intensity in relation to the ooentration of the analyte. Tremlour changemay be

visualisedwith the naked eye due &mzymatic or chemicakactiors [106,107]

As the performance of the sensor system requires an independent asses#mezffects
of the environment (e.g. temperature and relative humjdity3 very inportant toconsider
these impats on sensor measuremenising for instance,the following methods:(1)

Installation of a dehumidifier prior to the introductiontbé target gasito the test chamber
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[108,109] (2) Corrections provided by advanced numerical methods to eliminate the
influence of humidity and temperature using a combination of sensor tEy411] (3)

Doping or coatg of the sensing layesurface which are verypromising approads to

reduce the dependenceofg@ag@ nsi ng characteristics on humi
response For this purposefor example, Kim et al[112] doped hierarchical Sn®

nanatructureswith NiO.

The evolution of technologiesuch ascommunication systems and higlequency
microprocess® 0T, realtime detectionand storage capacity, Big Datnd wireless
communication, cahelp improvingand contrding the quality ofour environment, especially
in terms of air pollutionThe challenge ishereforeto successfully integrate and use these

technologies in gas detection systems.

In addition, the gas sensor anay®r decision block can be replaced by a simple system
such asArduino® or Raspberr®. The latter are indeed brands of electronic boards on which
there is a microcontroller or integrated circuit, a USB port, and input and output connectors
that differ according to the models sold on the market, but that can be attapeedsed as a
sensor or decision blockAlternatively, a circuit made byPrinted Circuit Board (PCB)
technologycan be usettetweea t he s mar t p h csmeasuang tlock. A ;mobdee ns or
application musthenbe developed to control drfacilitate acess and visuabgion of the
measured data. The data is transferred to the Internet via the mobile application, which can be

useful for people suffering from respiratory diseases.

All the economic and technologicahallengesmust convince the scientificommunities

and decisiormakers to support thdevelopment of thesdeas.

2. The future directions
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Diff erent methods and techniques camuded to improve or transform renewable materials
into useful lowcost materials with good characteristics such as electrical properties
mechanical strength, high robustness during bending and fadingell aghermal stability
and recyclability.Thesematerialscan be used in differehigh valueaddedappications, such

as gas sensors.

Remarkable performance and advances in computer sciencealsarhelp scientific
research on materials by using machlaarning algorithms to findbptimal parameters,
reducing theduration ofexperimentsand the associated co$id3i 115]. Similarly, artificial
intelligence techniques have been used for a wide variety of research andllbaesl
machines to mimiémagination. Recently, artificial intelligence has attracted the attention of
chemical engineeringesearch For example, it can help laboratory researchers find the
optimal parameters to achieve a useful result and facilitate the process of manufacturing
materials[116]. In addition, artificial intelligence can be used in the deciwaking part of
the detection system tdentify the detected gas using nbmear / linear and/or unsupervised

/ supervised algorithm{d17].

In the near future, the miciddrication industry will use 3{printing technologies that will
reduce manufacturing time, facilitate desirable structural designreduce waste, thereby
minimising the cost of the final produ¢i18]. However the gas sensodetection block is
cheaper than the other parts of the detection sysidrarefore the cost of these more
expensive parts, such as installation, data analysis, maintesiash@®nsor integration costs,

must be reduced.

Finally, the IoT is widely used as a solution for environmental monitoring and is
considered an essential environmental module in the development and sustainability of future
smart cities. Br example, th&ASDUINO system isised to measure thggiality of air using
the IoT.The GASDUINO is composed of an Arduf®anicrocontroller board, aap sensor
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(MQ-135®), an Android user interface connected to everythsgh as loTWeb server and
Wi-Fi, Bluetooth, and Google Cloud Platfornvia the remote Arduino XY cloud[119].
Reducing system overload and the size of data colldpteitie sensors requires the use of
cryptographic processing algorithms to transmit only the necessary information to the

database via wireless communicatj®@g0].

V. Conclusion

In this review,different types of gssensrssuch as electrochemical, resistive, capacitive
and acoustic ere discussed ammbmpared. Severalorks have beerpresentedo showthe
influence ofthe natureof materials and structures on sensor performaihagas notedthat
there is ndype of sensorthat can be considergeerfect.In addition, various research efforts
on the deelopment ofrenewablematerials were presenteghich have many advantages in
terms of ecology, biocompatibility, biodegradability, versatile riicalion behaviour and
natural abundand®e preserveour planet. The different development possibilities to oldain
intelligent and inexpensive detection systgrartly based onrenewablematerials were
presented. Gas sensors based renewable materials have a satisfactory detection
performance Further pogress in this areand thus broadmplementationwill require, in
addition tothe development of the gas sengself, the development of theetection system
as a whole (thus including e.g. in addition to the sensor, the acquisition card and theejoftw
and environmental monitoringy combining different researchfields such as chemistry,

physics electronis, computer science and embedded system engineering

Data availability

Not applicable to a review article.
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