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Abstract

Food, water, and sleep form the foundation of
However, unl i ke sl eep, food and water have hi :
Since anciengathmesrshbavermigranedainresauctk
The advent of agriculture marked a turning po
solving the challenge of food acquisition but
nd protection from peststbeocoame &Rji0ODOalenss
ome chaltemgieWwhislté |Idefrigeration and pesticioc
hese challenges, food spoilage persists, and
ood. I n this context, sensors priersee no na tprradn
f df espoi |l age and pesticide contaminati on.

I n this work, we developed two fluorescent
hl orpyrifos and di methoate, @menwbypraduatsen:
poi Tahagelfirst probéulalvbeyagesuntrheghydhdremloyneing
rganophpephatedes. By accelerating this reac
etected the hydrolysis byproduotrgaonabhp&gosphan
re relatively unreactive, theidebhtebdkdo@®peprtit
empl oywerddraisred dy emdtoh yled micrige , a ackéeti eeavtiinon | i
2 pwe/ll, bel ow globally esnablSAsh€ti naguBaaai
nd Lndiha probe was al sbdiegtaedréeoaogeerenr ata,
The second probe was inspired by medical ap
used as anGPpddtsesni fnar. We selected a fluoresc
functional group, whi c h, when depr othoen aotxedne a
in water woul d c¢ompe(tnee cwei stsha rhyy dfroorx i tdhee ri ocoxninsen e
pesticide, wenempeée pphmidlpihtaaseame P4, to facilitaf
This approach enabled the detectiaa &ab6. 86hlugfp
a valedeevg ullaitmirtys i n sdvyerdaGhiconantBi @&zsiThend F
met hod was furthdrawadler dedad ac&i ng a
Additionally, we devel oped a sensor based o
detection. Reduction of graphesidpoeaisda, wasn da avl
systematically investigated the effect of red:i
revealed a transit-domi fatoend cthe-dp Byeps acsomisi omg
prolonged reduction times. drmhe2®bpsemahdsento
treatment, exhibitedrelhat hveghreasdirsdeoaaPd@ Jadh d1yg ¢
100 ppml%nadt 417049 ppm, while maintaining good

O+~ un O

D WS YOO MmO
o

conducted in ambient ®melki abinfitryed the sensor
This work demonstrates -basegopeobéeshandddt ap
sensors in addressing food safety challenges,

deection and spoilage monitoring
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Povzetek

Hr ana, voda in spanje predstavljajo temeljne
Vendar pa sta hrana in voda, za razliko od
neposrednega nadzora ¢loveka. Od pradaveihne s
Kkl juénih virov. Pojav kmetijstva je pomenil p
na enem mestu, s C€i mer so resil:@ izziv pridot
tezave. Ohranjanje hrane i n zasgvCpirtaas aprjea d isnk oko
vet kot 12.000 | etom napredka nekatere tezave
pesticidi znatno omilili te izzive, je kvarje
pa SsSe naprej onesnazuj ej ou nparseod sptraevhl rjaanj oo. sWe ntzeo
resitev, saj omogoc€ajo sprotno spremljanje kv
V tem delu smo razvili dve fluorescencni SO
di metoat ter senzor za amonijak, ki je pogost
izkorisc¢a naravno pojavnost, hidroljem Degan
reakcije z wuporabo koncentrirane NaOH smo za:
pesticida. Ceprav so organofosfat:i razmer oma
veli ko |l azje identificirati. Poselzaj deme kep ¢ ©
metilamina in pri tem dosegli mej o zaznave :
dol o€eni mi regul ator ni mi mej ami v ZDA, na Kit
smo testirali tudi v zelenem Caju in dosegl:

Druga sonda je bi a navdi hnjena z medicinsk
[ j eni kot protistrupi pri Zzastrupitvah
0 z oksimsko funkcionalno skupino, K i \
fil. Ker bi oksim v vodi tekmoval s hid
) za pesticid, smo uporabili nenukl eofil
stop nam je omogocCil zaznd%o5kigv phirikfao
j ami dol ocCeni mi v vel¢ drzavah (I ndij a,
odatno potrjena z uporabo matriksa, eks
Poleg tega smo razvili senzor na osnovi redu
amoni aka. Redukcijo grafenskega okKkpldamember z
i stlennmoatgirleiu daplai w edukci je na zmsgeogugadtvowitt vsee n
okazale prehod od kemisorpcije k fizisorpciij:¢
edukcije. Opti mal ni senzor , pridobljen po 2
ajvisjo obcut9 j%vprsit ,1 @8sppgre |ilMM349 ppm, hkrat
obro reverzibilnost. Poleg tega so testi v z
Ta studija prikazuje potencial fluorescentni
ZZivoyv varnost.i hr ane ter ponuj a i novatiwvn
premljanje kvarjenja hrane.
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Chapter 1

Int roduction

1.1 Food Supply: Froma Localtoa Global Challenge

1.1.1 Evolution of human nutrition

Throughout history human survival and societal
with food acquisition. Around 80,000 years ag:¢
[2Jadapting to new environment/sd3.]Tthe oturgdan $iotriagnm
agriculture, beginning roughly 12,000 years ac¢

settl ements and fostefHBBhg the rise of civiliz
Agriculture developed independently in mult.i
and barley were cultivated, wh®)] eand cmaiana an

potatoes were domest[ilche dd o me gthiec aAtmiean cafs an
32,000 yelpglschmgaws cattle and horses further e
and transportation, strengthening economies al
Mesopotamia to Mesoamerica, estaddtalsdhhegr do@sls
teclhheisq ensuring sustenanfnde]for growing popul
Trade played a cruci al role in food distribu
as salt, spices, and grains, connectef@ 1,8 st ant
[ 1.4]The Columbi an ERarmda'dgentour itelse alckcel erated
integration, introducing new crops and | ivest
economies. However, this globalization al so i
and monoculture farageg aed ¢oofddifc shost abil
The industriali za'tdmnd'"@é&ntfuoradd si m etvind ut9 oni z
preservation, and distri bu[ttleGme f rAidgfelrBdtaiaadns u ¢ h
| arsceal e agriculture reduced costs amodiemmr ove
agriculture came wjthlesperedl pgarraghteda@ikesxar e

unsol vedentvadaynment al degradati on, l9%)exsss cotle d
pol | utiisaomg health concerng2¥%2ahdhedi hor pastcegs
of food nwagdtde essing these challenges, technol
and sensor ,dlevedowgpmeinh i ts i nfiamduws tartjhddlsiez & ti inc
now emerged as.Aaz pewevifldl etxgpdlor e, modern sens
potenti al to tackl-eeltdhtescd probliemenby fomdr ov
efficiency, monit g f.bodaguaadagtycubndr akbdur
at over $1.75 tri n -anocassyng FAOcCcRORNLYPQGgI a:
unprecedented gl movement of food product

i n
i o
o] I
smal | part of t h feo,bde cepsamdd oWwo rgll dvbiad br

or
1
ba
e



2 Chapter 1. Introduction

knowl edqpavaaceément si tiinon science has arguably h
i mpact .

Despite technological progress, food insecuri:t
change, popul ation growth, and economic disparit
coll aboration essential. Throughout Mmiugthory, hui
i nnovation adddaygpe¢muastti @as. our ancestors adapted
too must come together to deal with the compl exi

1.1.2 Feeding the future: strategies for sustainable food production

By 2050, the gl obal human popul ation [[33]projecte
an increase of nearly 209% i r2bhitshap accpuurl raetnito n8 .g2r obv

combined with climate change and shifts in agric
to future food security. Given the multidi mensi
approach is required & oWariltd gRd 20 urhceesse Irn sstkist. u tTel
key strategies to ensure sustainabl2zed]f ood secur.i
1. Reduce growth in demand for food and other
2.l ncrfemas@® production without; expanding agric
3.Protect and restore natur al ecosystems;
4. 1l ncrease fish supply;
5.Reduce greenhouse gases (GHG) emissions fro

These interrelated objectives present numerous
demand for agricultural product s, may appear col
However, it is crucial fquar eeogtrhindedotrolda ta lble t fwec
produced is wph2a5HHmkd sammwallnltyy t o approxi mately 1
guantity sufficient to f ee2d&€Jmams eadude ritiloyn,alc w2r rbeinltl
production |l evels could adequately support t he
mini mi zed

One approach to reducing food demand is the a
i ncorporating increabasedohcaudpt and aft el mati ve
such asThinseditetary shift would redstceckaadi mak
product produce more GHG and requires more soil
amounhkc R2Z79Addi ti onal l vy, mitigating competition
production is essential. Contrary to popul ar be
neutral ; their production consumes | and and wat e
contri lGHGeemiesi ons up3d2]combusti on

Anot her vi abl e measure to reduce food demand
approxi mately two children per woman, thereby 1
direct interventions to regulate fertisgity rate:
demonstrated a strong correlation between higher
women, and | owe335fTdanisnyv es yment esin education not
to déeel opwmemdrt sledtf ,al so play a cruci al role in
broader environmental sustainability

The second objective, enhancing agricultural p
in |I'ivestock management , fertil.Sehecbnyefbededua
[ 3;6pt ati on@ad3r9gndzopgi mi zed pesticide application
effectively target pes[t4s0)] are also critical str a
Additionall vy, advancing crop [b44dRgddngnhanoiugd g
water and soi l management techniques, such as ra
vital components of susctdam[md3Bb] e agricul tur al i nt
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The third priority, protecting and restoring
critical in the context of cl i matues ec hpaantgtee.r nG
through predictive model s t hat assneastse cerfofpe cytise
These tools should guide regulatory frameworKk
and public I and management . Strategies shoulc
toward mpawt areas, reforestingidggpeaedeéedandsml
currently dHO writ gfl a3 anthropogenic earbon
use changes [ &4&] dr ai nage

The fourth goal , enhancing fish supply, f
over fifs44w9dmgd rising ocean temperatures. Achi
i mproved wild fishery management, particul ar/
expansion off 58lquaz@2@ ur equacul ture accounted
productuisea@mi nabl e aquaculture practices, inclu
formul ati ons, di sease management, water recir
and spatial planning for new marine fmammds, ar e
while minimizing M8y onmental i mpact

Finally, mitigating GHG emissions frdm agr.i
century. Currently, food prodywatararraodoghiod af
emi sg[ibbdb¥hi |l e drastic reductions in emissions
demand, mitigation strategies aim to maintai
Rumi nant | ivestock are responsible fo[r5@&ppr ox

primarily due to enteri emmaf entemehpatriestti omgas wh8 cti
greater gl obal warmionrg op-peabtitaMedbahnhegCOt hes
emi ssions can e achieved by 55/8g8mrdviimgo rr uanri anta

b
met h-naeduci ng f p839Naadduirtei vi|msnagement i s another
government policies and financi al incentives
best pf{&@B4fErclkeasncing fertilizer efficiency, pa
i s al so crucial, as current nitrogen use &eff
significlahExdeossiese nitrogen application, | ow
application methods ¢66{ribute to these | o0osse
Furthermore, rice cultiCédandO&mss aMestnhganned i c a

emi ssions arise from the anaerobic decomposit
whil,® &missions result from excessive nitrog

appl i cla@6i8Prnsgdr essing these emissions requires
management. Additionally, transitioning agrici
pl oughiinrgri gati on, fertill 6,2]aits om, cand i dalr ved
sustainability. Achieving these transformati
i nnovations but -exlosnm nd s tt @ mivesy icglduddina nign7.y0a] mam n e
These challenges require the c¢reation and

monitor the iIimpaandodl »artadepisviods i nfor mat.

mi ni mi ze waste production and undleor setnasnudr et hteh
model s remainoreriophdei dafadematnomncreasing an

dat a wdirlddubceenke eadred . This is where sensors cat
mi ni aturization and relatively | ow cost enabl
become part of the I nternet of Things (10T),
provi dtei nréecarimat i on. lai mbdst ohesnsri bute to t

pat hways by developing new sensors for food s
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1.2 Food Spoilage

—
(@)
Q
(@)

hieve the goal of reducing food demand, on
n take is minimizing food waste. I n Europe, h
food waste withiWhitlree tshu pplmaycltbai surprising,
significant i mpact that each individual <can
happen? As with most compl ex chall enges
ightforwarld faarcgwers. cPemtaridbut e to food waste
ing excessive amounts, failing to create or
ni ng, neglecting to conduct a food i nvent o

a

duce-¢coohkoemde meal s, and certain refrigerated
determined expiration dat e. A potenti al sol
ri
ms
S

direction, with the devel opment of sensors

first necessary to understand the chemical

en is iGenseproaillleyd ? it is deemed spoiled when
nsumers. -clans & hsec awsoarmpto i onoposes a health risk.
can al so oceowerei f olremss s u a[v6]@dc 1),dlavauntgeuse, i n col ou
or aroma that render the food unappetizing. Additionally, the depletion of essential
nutrients may cause the product to no longer meet its declared nutritional value[77]

In this thesis, | have focused on the gases produced during the decomposition of food,
since measuring their concentration can provide clear indications of the aging afertain
type of food, and consequently whetheif it is still safe for consumption.

Os0 o T T TSTTTOoOWwWIT T TToTToOoOn T oo
OSSO WnWS o0 - T-SToSKYOVMOME —TO TSSO
(7]
—
(9]

]

1) Oh 2) 8h 3) 16h

4) 24h 5) 36h 6) 48h

Fi gdr eMeat col our changes

rchases,i mondf aa ¢ ctalrat h a ®[ @723cvhe d eed siotnmse woff e It fh els
sues cannot be easily addressed through natura
somet hing that can bet bei géaéginéiifdalalnt datvernmienr
ve been made in this field, providing consum
ms . However, these systems have inherent i
strictly maintained co[ ddAlddaitmomaaldl yyackaeg

igerator equipped with artishei &l | i heebFigeénp
and suggesting meal plans to minimize f oo
determine when f oodpit $[] ormdop | cornegaetre stalfees  osre ncso
s0o is important t o vkhnioonb itohlseo gfi ccoad o camvp onsaitteiroine

evitably detd@hieofabd covoepoti méisarobaabi hg bher
eaetdensors, since they hwahetnhtftew 0 grpeodil Ballty under
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1.2.1 Gas production due to food spoilage

Food spoilage and ripening are influenced by
processes can help reduce fBHegdawasien iAs kele ¢
various gases, which can be detected and cor
opportunity for effective mMmb&fruontsngfanderamp
be categorized into two mal nmgcbeapbsc. cTheamakewy
bet ween them is that climacteric fruit-s prod:i
climacteric [frOghiitss edxoplmdtns why bananas can
harvesting, while pineapples can only mature

not only responsible for ripening but can al s
such as ampploess, kawd s, pear s, and tomatoes. /
all ows for better moni 88THAmat hoefr firnupiotr tnaanttu riant
food spoil agallip$iveheidalo giesn particularly releva
This gas is released due to enzymauil ph&gr adalt
Similarly, carbon dioxide is produced during |
be moni8B4dlednterestingly, carbon dioxide can
inhibiting the proliferaltd®Blot of maaetrodbnd imi £h c
share the -groonmoant sbyoff 8 Gmimobi age nNi8&wWwha mihn easr e

generated through the decarboxylation of amir
and ethyl ene, these compounds are highly rea
di stinct odours associated with stphoei laacgtei.v i Anym
deaminase enzymes, which remove amino groups

produces unpleasant odours but also alters th
and safety

1211 Ammonia (NH )

For these reasons, and given that ammonia i s
gl ohakbhghing 235 mil]l 8 ®Ma vteo nfnoecsu shend e2p0aladt c o f o n
devel oping a sensor capable of detecting ammc
col ougralseswsi t h a highl ywydbuorlitt apa snsge s speusn geelnkal i n
properties and .Appabsbomhygltps80fi of industria
synt hesi zed t Hroswaghspti@®eheHsmrbeerrmous i nduasntdr i al p

is wused in agriculture as a fertilizer. Beyc
including its use as a refrigerant gas, i n wat
expl osi ves, textil es, pestici daeskeywWyesmp amalnto
many househol dstarnedn gtnhd ucslterai9llilng sol uti ons

The properties of ammonia stem from its mol e
pyr ami dal shape The central nitrogen atom he
bonds with hydrogen atoms, resultingpanra, tot
arranged in a tetrahedral configuration. Howe
exerts greater repulsion than bonding pairs,

109.5° (typical of a regul ar tpet rga hveedsr & lh es tarmur

mol ecul e a dipole moment, making it pol ar . It
hydrogen bonds, all ows ammonia to be highly
makes ammonia a nucleophil eaampdodomasecepnalbl
and form the amMB.ni um cati on

I n the food industry, ammonia is primarily r
It is commonly combined with nitric acid to ¢
di oxide to form urea. H o vheuvireana d ea nomomydaauinadl sn ot

mi croorgani sms generate if{9hbharbi ecafi®idendcdwn hf
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detecting amnoanni ap rionvifdeeodc!| ear i nformation about
the fpoedesapdobnbage and provide consalbnoeurts twhie h r e
stavotuusstored food.

Given these considerations, a s,ednessoirg nkeals etdo o n
detect ammonia efficiently antasomden bdid\weltop e dnp

Fi g@&r eAmmoni a proGQueati ed-Elpy ab

1.3 Chemical Pesticides

Since theoreM@r bf Wnthetic pesticides have play
intensification of agricul Reve|] uphhinhiogeid iacd ys awr
the rapid modernization of farming, supported b
research and devel opment by both governments an
use of synthetic pesticides asl[s9B83]Thé-sbdbged new

application of agrocherioovalasndr @ st theadh | iarf Yfeomrt nesd cce
farmworkers and consumers alike. These chemical s
massi ve gnidntiiotnisebsef orennbéeir harmful effects wer
adequately controll ed. Li ke ot her pollutants,
di stribution of health and environment al hazard:¢
popul ations and ecosystems.

Dichlorodiphenyltrichloroethane, commonly know

compound in the history of pesticides. The compo
196@0s gBr[e9dya s uelblyeda confl uence of factor s, i nc
transnational institutions, Col d War geopoliti
growi ng influence, and t he rise of i ntensi ve
government offiofaks]jeandfmnet wapksts enthusiasti
its dual promise: fighting disease and i mproving
modern technol ogynNns triumph over pests and dise
urgent war tainmehraonpd cp hnialr r at i ve.
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However, this widespread adoption overshado
DDTNs har mful effects on mammapsad mdwEtmoitthse rs ani
was met with significant resources devoted to
that portrayed DDT as harmless and suitable f

homes and]|[ B8§pitthael sUni ted States, concerns ab
focus to its environmental i mpact . One of t he
damage was the sharp decline in the bald eas
compoundnNs biiom ctchuemuf[ofoBdh ecnhiasisnu e wi tehx tDrDeTmeMays
| om@g-l fifre eéhei r onimentt he soi l from 2 to 15 year
accumul ati onve kceavueslisn gt htahte t hi nThh ensge ocf o necaegrines e
brought to the forefront by R&iclherdtqQCamwisiomdn s
exposed the ecological and health risks assoc
wi despread public awareness and galvanized th

advocacy cul minatedsi oan:a ilUann ttoead? kK tddeteeosy ment al
Protection Agency (EPA) banned DDT for agricu

The ban symbolized a turning potordtf si rbel owe e
technol ogi cal progress amnddengscoohmgnt dle 9 tme\
rigorous scrutiny in the use of chemical agen

Black Flag, long preferred by house-
wives everywhere for quickly killing
flies and mosquitoes on contact, now
does double duty. The amazing DDT
ingredient now in Black Flag stays
on walls, floors, doorways to keep on
killing flies for weeks! To use wonder-
ful DDT safely and effectively in your
home use only a well-known and re-
liable insecticide—ask for Black Flag.

5% DDT

In Block Flog Insact Sproy

10% DDT

in Block Flog Powder

Ask for it by NAME

Fig@rAevertising campaliSgOng 9f40r DDT

1.3.1 Organophosphates rise

The decline of DDT and many other organochl or
their toxic effects on mammals, paved the way
organopho®pPphabhewmtrgramoplmoepbraset o a broad vari
compounds and biomolecules that feature a ce
aromatic substituents. Examples of such compo
phosphate (used as a fl ameosphatdaf ecapspt!iacyi ezdetra)s
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However, the most wi OPlay eprpeecsutded daersd widd gl yp
perhaps thenowrst well

I nitiO&sl lyyffered from the same highO@ammal i an
counterparts. However, the introduction of mal a
mar ked a brieQakMalr aulgihon combined effective insec
mammal i anandxmedch yf ast eraden vadmouitmeln7t )daeygsrei n soi |
subsequent development of even | ess toxic compou
pest resistance and the environmentalORPersisten
pesticides. By 1970, annual producti onm8gdf OPs h
Nowadays they stil | trheep rwosrelndwiad eo juds@e] 400f% poefst i ci

1.3.1.1 Organophosphates in the environment

OPsapplicatfopl dhhaandigmops cant environment al an
These chemicals primarily enter the environmen
application to crops, accidental spills, and i mp
h int@ time osa@irloundevaat er | and are carried int
gation runof f . Additional vy, these compounc
icularly under hi gh temperatuturasg and awrnd
amination. These pathways expose various eco
fae®he pervasive nature of OP pesticides n
ronmentasl crmat biedls ®lenn aignu aftiigc. ecosystems, t he:
|l ati ons, di srupt photosynthesis in algae, ar

chain. I n soil s, OP pesticides degrade t
ronment, and ttyhr eTahtee nc osnpiolu nfdesr taillsio pose ri
anisms through direct contact or ingestion o
ipesticide drift and volatilization can | ead t
umans and animals. Chronic exposure has been |
eproductive problems, genetic|[ mMijJati ons, and n
Degradation of OP pesticides occurs through bo
actors such as hydrolysis, photol ysi s, and ch
mpound®spriondiuoctt tkat can be also detected to monit
d degrfalda2]Tbe efficiency of t hese processes
nditions such as temperatur e, pH, and the pr.i
i marily involves microbial activity, where ba
to harmeEss03pbdbdbme aspeci es, such as Pseudomonas
gineered to enhance the breakdown of specific
t hways, many OP -ppeersstiiscti ednels] vaerset hsaehmgil hg fr om dz¢
nt hs, detpheenidri nhcgheomi cal structure and environmesil
examplt¢jflasnasbalf of up to 120 days under ¢
ri stkemm ¢ omigam0 4Reti onhe fate ofl wapesendi de
the degradation is completed, BNonakl gever al
of these degradation products can be as t ¢
ounds. For i nst amicleqgr ptyhrei florse arkedsouint sofi n met
r pyroinf oasn-tdr i3c-Bgp,yoar iodi nol , both of which exhib
I
]

- OO O M ~—"~TT O OT T

0
i
e

1

I

v s compared to [tIhOKilmi parént ¢bmpademd adati on

Pprloduces ami nomet hyl phosphonic acid (AMPA), a
the environment and can beAlmdor,rmethbd®dH@C¢ t han gl

dergoes degradation in soil l eading to the foc

ich is even more toxic than the parent compoun

n also produce other toxic byprondedtperihads may

OsSscCc T TO0OO0OWMWSE T T"TIJT O T OO ™

QO OO 53 5P 0035009 >S5 S5 T OSSO
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potentially affecting soil microbial cosmmunit.i
it is important to monit.or also degradation ¢
I n summary, while OP pesticides play a criti
environmeheteal t randost s necessCompeehueegseinte adft
combining innovative remediation technol ogi es
manage their i mpact effectively andowatveguarc

af t er more t han 50 years of act iivtihte , marl ik etr n
especially in the mbue dWdevilbaipeuBt gowarty i @else mi
sprayed bring envi rsoon nmeonit anio rceo stshaagno achvceers al t er
are urgent

&
-

~ & ¥ 4 L R ¥ .‘.'f~
g LU L AT
ot -32{ Pl Vdn e

Figddaedi an man spraying pestic

1.3.1.2 Organophosphate s mechanism of action

OPsbased their toxicity for i nsects but al so
acetylcholinecA€E€hBrTleo enrmedyerest and t he i medlsani ¢
i mportant t o undecresttydncdh otlhiener o(lACho)f functi ons

I't is a neurotransmitter composed CGhyoiaemt ya,cet )
making it a qQquaternary ammonium compound. It
at physiological pH, which influencew®faits 1in
nerotransmitter is to transmit signal across
bet ween neurons and target cells (e.g. muscl e
within the nervous system and between btoldlg . ner
Asraswktare able toclcoandagltt iomat enluy | i ve.

OPs interfere with the termination phase of
Within the active site ¢f®sAEhBddrCseissithiencga toafl yst
histidine, and glutamate. hyhliro |Addhi audp dpel ra ynso rama
conditions.

When OPmol ecul e enters the active site of AC
atom binds covalently tas tshthe wesT hieneof>byog ¢ ey |
seriisneelreicahr ohue to the proximiawydwihdeéd tdeulNt o
good nucleophile capable tdhiastaekctihen pmoa:/
phosphoryl ated enzyme intermediate,-ewhymé i s
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ntermedi ate typically formed during ACh hydrol
nzyme under goes a gpaxpcreisrsg kwhoiwod | aagnies aol f k ot xhye
roups attached to the phosphorus atom is | ost.
he bond between the OP and AChE, rendering the
ged, even antidotes I|ike oximas, awli cmedrfecde i
eactivati ngs dimebe ngfantg0 8 ]
As a result of AEGBahcEk uimuH ialtietsi oomn, t he synaptic ¢
i uous stimulation of cholinergic receptors
ergic crisis. The excessive activation of
i ng saliiowmat iuadiimaltElcgga,antat oi nt esti nal distre
i ng, coll ectixkgsblysgyencdf emeed | ho sager e cas
i mul ation can | ead to respiriact omrer vpoaursal y s
ystem, potentially resulting in death
Luckly, if capghs$dmsinmgitmd atthails since antidote
reverse the binding between AChE -RAM) t he OP.
i doxi me, and asoxime, are a class of antidotes
e covalent bowmdphertuwseeat drheofpht he OP and t he s
ZymeNs act icvaen shiet e5.e elhh eisne fciogmpounds wor k thr
cleophilic properti e&G=sNOdYpIlfouintcitnigo ntal eigrr oaxi. me
ime is admini shErmeedar ithéi phies ¢ oTéhgee aotxe dnes er i n
oup, with its strong nucleophilicenyymettacks
mpl ex. This reaction displaces the sa&gine resi
n be sSeemMmhensticgess of this reactivation depen
the oxime with the phosphoryl ated enzyme and

[l o—*r ~ A

F
R/ ™~ X R ﬁ 0—R;
] ~p ‘ Spontaneous hydrolysis

/"_\:N/\NH X /‘\‘ H

-0 O X < o> UTO

HO

Phosphorylation

Esteratic site

Inhibited AChE

' Esteratic site '

Esteratic site

‘Aged’ AChE

OH Physiological pH o B
& X N —_— /\N ~
3 3

Oxime Oximate anion

50 o
| o
N Ry (o _ 7
~J_o—r o7 N Rkl o—*:
P P
= N/ v ST
o % KD (o] K HO
T
—
\I W Reactivation

Inhibited AChE Inhibited AChE Reactivated AChE

Figbre(B)nl®i bition of AChE (b) sub[ske@&
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Oncamgioogcurs, structur al rearrangements in th
more stable compl ex, making i tSoyistnesd aarte tmog
effective when administered prompt tay ichfgtser e x|
occurred. However, their effectiveness vari e:
invol ved, a@agoesoornee rGRpsi dly than others. By rest
all eviate the toxic effects ofg@bhbguaddr Bebpi r
their critical role in the management of OP p

1.3.1.3 Organophosphates classification  and detection methods

OFs can be broadly divided into various <categec
functionatagrbéamséam
T Phosphates: Compounds where the phosphoru
atoms, derehbhetry or through organic groups.
OP;s
T Phosphorothioates: A subgroup where one ¢
phosphorus is suéphwwomd Dhi sa substitution
i mplications for the compound's activity a
T Phosphorodithioat ess ulCmamyoansn ¢ se pwiatch ntgw X y ¢
in the structure. T h e spee sctoi nepi oduensd, s raergeu i a fi tn
activation to ex;ert their toxic effects
T Phosphonates: I n these compounds, one of t
caripdmsphoR)usbonCd. These are | ess common i

T Phosphoramidates: As the nanmeomsugaeedtac,edod
a dir ec tp hnoistprhoo§ gunsb; o nNd
T Phosphorami dothioates: These compounds ar
group, where two o0XxYygeBubh ppohooss pahreBr)ursa p(Sa c e «
ni tr-plgesphoR)dend>sl
T Phosphonofluoridates: These compounds ar e
bond between fluoriPpe and phosphorus (F
OPare usually distinguished byitfhHerpmxasgdemoen o
When only oxygen is present (oxon compounds),
more potent AChE inhibitors. The sul phur subs
the pesticide'-tsartgoexti cd deciteos naonmdmeennthaaln cetsa biitls
during storage.pdotwieviede nddgwsi pped bioactivat.i
by oxidative enzymes (e.g. C y tdoecrhirvoantei vPe4s5,0 )wh |
cruci al in determining their selectivity and
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Organophosphates pesticides

Phosphates | Phosphorothioates (=S) | Phosphorodithioates Phosphoramidothiotes
S

0 S S
9, g i i
~A"OR ——L——  pa-i™ OR ~N"SR “'NR
RO %)R Phosphonates RO~ })R Phosphorothioates (-S) RO E)R Phosphoroamidates RO~ })R 2
i 1 0
Paraoxon Pooy Chlorpyrifos e Dimethoate =3 Isocarbophos
Dichlorvos rO-\ "R Parathion RO~} "SR Malathion RO~'\"NR: | propetamphos
Mevinphos OR Diazinon OR Phosmet OR
Naled Glyphosate Coumaphos Omethoate Ethion Fenamithion
Trichlorfon Demeton Fenamiphos
Azametiphos Crufomate
Profenofos Phosfolan

Fi gereMain categories of OPs

Nowadays, when it comes tdéd odbat, ecthir omgnatt bgs @ pdhd mp @
spectrometry (MS) met hods stand as t he gol d
chr omat emprsasp hsypect rrMSetanwd (IGCqui d-t ahde matmagrsaphy

spectrombsrMSY LE&ffer unparall el edc cswernasdy.i vihegse s
met hods can detect even trace amounts of pestici
wi t h strict regul ations. However ,.cohesumitng , t hei
expensive, and require speciahviergdsialgse Thiod me
in the sulpp0YTicdtaNsn why we need alternative senc
coseffective tool s -dihtag deatnecptrioovni,dehednpi ng bri dg
chromatographic methods fall short. Together, th
efficiennitforoidngn syst em.

1.3.1.3.1 Chlorpyrifos

Chl orpyrifos belongs to the category of phosphor
bond between pshudspphRir@ss camdbe 7sekntioddé¢gd t o t |
mar ket in 1966, chlorpyrifos gained prominence d
was being criticized for its detrimental environ
and bgpedtrum action compadedt $oqail tleryamade it
most widely uls®HOt] nssecstpircaiydeeds on t he crops (on t |

and affect the insects when they come in direct
point and distribution are crucial for the effec
The mode of action of chlorpyrifos involves
converting it into iIits active oxon form, whi ch
spectrum insecticide employed to cowmusehod dwi de
pests such as cockroaches, fl eas, and termites,
is also widely wused in agriculture on crops suc
[ 11Bdfore 2001, chlorpyrifos was extensively use
| awn treat ment s, termite management , and fl ea a
residenti al applications were phased ot in the
evidence of i ts t oxi c ef fects on humans, part.i
highlightadckermhédebdhd risks associated with <chlc
neurol ogical damage, where prenat ald eefxipcoistusr ei nhas
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chil[dir®a)t has also been implicated as an end
an increased ridksslhlslexlrdi ovascul ar
From an environmental perspective, chlorpyri
[ y through hygrolkcgsisesanadephoneluytria¢ pH ¢
s have observed its persistencé¢lild]l natu
$ freralcfan be up to 120 fapa&hIluonrdpeyrr icfeast abiinn
a c sedi ment s, with dissipation [hi®k 1in
r ation is slower under conditions of | ow
h salinity, contributingatgettspenviesonman!]
6f[ilstlband pollinators | ike bees, [HdlWge been
t hese concerns, (tElgle Eudeo®peamt Unioonrenew
zation in 2020. I n the United States, ¢
i cal shift under the Trump administrat
pesticidehwasbadnnebhbypbahhnaldl y Tovert
n a federal appeals court deemed the
in February 2024, the EPA i mmplsement ¢

CORFRLrTOmOLO S Tt C

ing apples, cherri e=slpolt peaclcessntands strcek
s permitted. Despite these regulatory c
emains cruci &EUj mpartedulvabBy basbbddme wo
oduct g LilBTD202a3dressf ohusedmymamsteagfch on deve
probe capable of detecting this pesticide.

- 0 a

- O ®d® S5 ® O

13132 Dimethoate

Di methoate is classified as a phosphorodithic
bet ween phosphplhPu=sS)ands well as a single bond
an addsul pahtaobmSYaRB s hdwrmg dirrel ntroduced to the ma
di met hoate has been widely utilized for the ¢
flies, aphids, [alnld9 Jlptlsa nme chhoapnpi esrns o f action i
chl orpyrifos, as both require enzymatic oxi da
Di met hoate gained popul adriirteyctnostp fegliywgenes
comparable to that of c¢chlorpyrifos, but al so
it is absorbed by plants and translocated thr
the entire plant, inclufiendi ppwv2@Ppomeée hhoatga |
approxitnmabeecel gf smagni tude more soluble in wate
compared to 0.0014 g/ L), and it exhi2Pde4g]rel a
depending on environmental conditions. As a r ¢
pose risks to groundwater, particularly in
However, i ts rdlidtei vienl ys osihoratn dh awiaft le r ft ;ere diucre g
environmental contamination. The degradati on
remain biologically active drnMdlI2ZQonhhei pHt ef t bh
i s basi c, di met hoate tends t o hydrol yse gi v
thi ophdsi@Bgt e

Desoitts |l imited persistence, -tdirgpet hoatgeani s
i ncludi bees, fish, and aquatic invertebrat
$n 2019, di met hoBUcku evatso biatnsn emo ti enn ttih
sks, adverse teavgeobnmegamil sms$ fepgestio
ee
e

(9]
(@]
(@]
(72}
<
o
- -

crops e ding safe | evel s, and the avail abi
di met ho continuest st oofbet hues endo rilnd , o tahnedr ipnapro r
may sti contain residues, monitoring for th

concern, a probe capalthlass dbfe ethe.tdescvteil ogp edi met ho
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H,C S Cl Cl

/\
HsC—0 S CHs ¢ N~ O
NH O\
CHs

O

Dimethoate Chlorpyrifos
Fi gir eDi met hoate and Chl orpyrifo

1.4 Sensors

I n gener al t er ms, a sensor i s a device that det
indicates or ot heliwiisneg roesgpaonn dssmst coni tt.hi s pl ane:
di fferent ways of perceiving the reality around
bei flgerefore, every living being Madebe mansi der
however, has gone much further, enhancing the p
replicable instruments that are partbafomedayss
accelerometers, etc.

It was'"déret 2rO0y t hat paved the way for the mode
rapid technol ogi cal progress |l eading The di versif
advent of electronics and semiconductor technol
enabling the development of highly sensitive and

Optical sensor sdienearvgeetdh evipgpho ttdhé&eBgcwhi cheAFbett
Einstein explained in 190®toldedadichingriso-tclaemecnasat

based sensors used in automati on, i magi ng, and
el ectrochemical sensor s, based on selective ion
promi nence i n medi cal drioang nt cosrti inggs,, aenmdv i ir mdunetnrt i
applications. The pH serfnTemtudegvelr@emad nisn at t® r & a
analytical chemistry, facilitating precise meas:¢U
procgddg

The miniaturization of sensors, particularly w
systems (MEMS)tentuhg,|l atgn2®i cantly enhanced th
and application scope. Thermal sensors, original
infrared thermometers and bol ometers, widely use
securimgy 1ysRees ibsatsaendc esensor s, such as strain gau
structur al heal t h monitoring, aerospace, and a
measur ements of stress, f orce, and di splacement.
sensoesbhawvme ubiquitous, integratingensdeaml|l ess|
scientific applications. Optical sensor s, now i
technol ogi es, play a pivot al role in spectrosco
syms[lel26 Chemi cal and electrochemicabmsbdnpors hav
devices, enabling rapid diagnostics and personal
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As sensor technology continues to evol ve, 1

nanomaterial s, and wireless communication fur
the devel opment of smart sensing systeéms. Th
autonomous, adaptivejeahdsenseirgy networks tha
as environment al moni toringdg,l2s’fgace exploratio

Incident Light Ejected Photolectrons

G T

4 )

® o o.oj

Metal Surface

Fig8rePhotoelectric effect: when photon:
surface with enough energy (depending o

o

1.4.1 Optical sensors

The historical evolution of optical sensors t
and its interactions with matter. Early met hoa
principles of infrared absorbanciezedmisgssifvam
spectroscopy, and fluoresce'fzred''"@€éamt Jorki2eddr a c e c
However, it wa'dcennotturuynttihatt htenelsSfe phenomena we
to the chemical camposition of materials

As theeh®ury progr esstdcde nitnutroy ,t hsec i eeanrtliys t 0 s u
further refined the categorization of 1@28feri a

These devel opments cemented the <critical I i nk
composition, forming the bedrock of modern op
i mproved steadily, but it was the irmewenai on
transformative moment for optical sensor s. L
control over | ight, enabling advanced -met hod:
i nduced breakdown spectroscopy (LI BSYye drmese
selective chlemm3lal anal yses

The advent and f imbotpet ri actsi oinn otfhe | a"¢teert urhyal f
represented anot her |l eap forward. Fi ber opt |

mani pul ation and transmission of light, unlocl
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Fiber optic sensors became pivotal in diverse f|
vapaguresnvironment al monitoring, medi cal di agnost
even aut omot[ilv3el |Tsoydsatye, msopt i c al sensors continue
advancements in nanotechnology, materials scienc
Optical sensors operate through a series of in
ol e in dedrealtytsagnggahd chemi cal s. These stages t
ntroduction of the sample or analyte, signal tr
he quantification or identifida8RkRiCemtofalthe dee
peration of these sensors is the ability to rec
e embedded in the transduction mechanism, t he
epe ng on the spelaiafniscd unceti hoond neemphloadyse d.n opt i
roa categorized i nto direct and indirect a
| uo ence, absorbance (both visible and infra
ntr c optical tper.opEheses maf rotdosh amepnamd yi n | i
nt e Y, wavelength, or scattering that occur
nal and the33Fghti souarceaselll senesceneeapl oi
mi s of I'ight at specific wavelengths foll o
et e shifts in scattered |Iight caused by vibr
ndi t, met hahdes ot her hand, often involve a med
ensorNs optical properties. These techniques mi
o produce a measurable change. Examples incl ud:é
odmhange indicates the presence of the analyt e,
fetime or wavelength|[dBel Ditd eanvinrdo mrment alp pfraatc
terations in physical properties, such as the
mol ecul ar bi ndi ng[ 1o3r5]Tohteh et r a nnstdeuwr catcitoino n me ¢ h &
emented by advanced signal processing techn
ficity of the sensor. Modern optical sensor

[ l earningtao enablpngtthbempltex diatin
related chemical signatures and reduce t
tions, optical sensors have demonstrated
d in envigonmwméetel timeyi detenot pollutants
tics, for the identification etfi nbei omar ker
control . Their ability to-ioov@Bive pr e
ment hbds opstahbhli sensors as indispensable
ogi cal domai ns.

i
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1411 Fluorescence sensors and principles

T

uorescence optical sensors are becoming incree
sing technol ogi es, S ulcds eads saebnssoorrbsa, n cceu ea ntdo Rte
sitivity, rapid respbmo®ései mas,| osamdcUesit r ba g al
sors, which rely on detecting small changes i
m background interference, fl uorescence sens
owing for the detection of extomamélyy Icowmpamnald
Raman sensor s, which require expensive and
sors ar e geredrfalcltyy venoraemd c esats i er t o i mpl eme
l i cations, including biomedicalandd aigmdwsdtircisgl
cess control

pite these advantages, fluorescence sensors
re fluorophores degrade with prolonged exposu
ensity over -tteirmme ,melaisnuirteimmegn tlso.ngAdldi ft a otnar d vy,

— O 5 5 S

—Ts=sg0gT 90N T T non
>0 O m® ~-STT ®Oo — =~ d®od® 0D

—~ ® W O T O
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such as pH fluctuations, temperatur e vari at
fluorescence efficiency and | ead t o measur e
advancement s in fluorophore chemistry, senso
techntgoesnue to improve their reliability ar
them a preferred choice in many optical sensi
These sensors explhhdttoltuhme npriceaicel, e aofsupse
umi nescence family, encompasses both fluor
enomena share the fundamental mechanism of |
el ectromagnetic radihas{ iL 8 BVh ialte sfplewwdrfd scewma
horescence may appear visually indisting
emi ssion characteristics and wunderlying
i clailvleyd ,s hoocrctur rd nagf omamo ste amersdcsalt o mi cr o
orescence persists from milliseconds tc
ow, wher e Il i ght emi ssi on continues ev
which does noAddcctuonahl yl ubrescesce
on of an excited electron within a si
tion from a triplet state to the gro
dfeortotdrslgennsnf 1L Btdesr eby prol onging the en
stinction®g.are illustrated in
Fluorescence is now widely recognizedni as t he
absorbed electromagnetiongadi wavehengtiylpiaandl!l y
energy. The process begins when incident | igh
substance, el evating them to higher, |l ess bou
these excited el ectoumms st att er n hr@uigheiar s@r i es
nvolving intermediate states, releasing phot
bsorption and emission process areshewh unde]
i9g. a tool namaddaft dabAbnski, a pioneer in
agirmnddegl.i neates two priSpnartyheelgeaootursgn isd astteat
rst excited state. Each of thlksesebkbbea@ddesd i nc
, 2, 3, and so forth. At room temperature
opul ate excited electronic or vibrational
rescence. Upon irradiate ognr,o vannd teshteamm r @xc it |
tronic and vibrationasle cotnaltse itmoapm@mrpoxdi ni

I Absorption

Internal conversion
2

e i Vibrational relaxation

Intersystem crossing

) 7
S v
5 ‘ -
c T
1T} Fluorescence )
Triplet
state
— Phosphorescence
S,
| | >
A excitation A emission

Fi g@relabl onski di ag
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di splacement to occur,Casddasperibedpblgd®t DeeFr ah
seconds, the system underrgaodisatiinte rmrad c ecsosn vtehr asti o
el ectron to the | owest vibrational l evel of the
as the electron returns to the giboeddvsbaneé oaoh
l evel before achieving ther mal equilibrium. One
illustrated in the Jabl onslkiighdi aggernaemr,alils thlaast a
wavel eamglt h hus I|,otwan eherghsorbed | ight. This ene
as the Stokes shift, is a defining feature of t
applications in scientific and industrial fields
14111 Stokes shift, mi rror i mage and KashanNs rul e

The phenomenon where fluorescence occurs at I o

radi ati on i sStkonkoenwsn aalsitfethmm coined after its disco

in 1852. The tShakesans hitOf tls3aBgdins e sn duieg .t o sever al

i ncl gdi3mg

1 Rapid relaxation to the | owest vibrational | e
(S);

9 Rel axation to higher vibra&)ionelkull evealgsiinnttle
di ssipati on;

1 Sol vienntter acti ons;

1T Excistteadt e chemi cal reactions;

T Complex formati on;

1 Energy transfer between molecul es.

A

nother intriguing feamiurrcrorofichddgidisslpeanaei ps e
states that the absorption and emission spectra
each other. This symmetry occurs because el ectro
nucl ear geometry. Consequeinohgl kéeéaeelsgSgicmn nghdedg m
and ex3itseacht(es remains similar, resulting in ana
specatsraan bd nsd@EmM40For instance, peryl ene exempl
emi ssion and absorption speptéd4thBRhcsobBappensegskbeabbe
transition with a high probability during absorp
emi ssi on, pr-midrurco m gs[ymdmetarmr y

However, excseuwpcth oanss ienx itshife,l € &alsre iotf s qup ¢ threum, t

absorption peak corresponds tS & ot rtehresisteicaom df rexm
statSg, (whil e subsequen® t pRaksansiefil et Flheor es
predominantly &rsitsagds fdruem ttoh-etalde at aped,r ehamati o
el ectrons from hi gleeS) ebxociat epd oxtestse sf a(sd .eg. ,t han

A 02 260 E

tokes shift —
- Stokes s Fluorescence Absorption —E
> 2l
2 AEq i
@| Absorption 0ors 5e0 E|
[}
E‘ o hU]
= Emission h
— "
e
o
3 _ Eo

Wavelength Energy

FigdabDeStokles38mi fitorlddimdglkasha’ s
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emi ssion. Consequently, fluor esctedh¢te asapett oa
rat her than the total absorption spectrum.
This |l eads to Kashans rul e, a fundament al pr
the emission spectrum of a fluorophore is ir
provided that sufficient enfkscgy b& ns.edggg | ed f
photon wihiexenetregsy an el ectron of Efwmdtaonmean al
excited energyrJEuoel ofeoge Bf -t@eelvs brdit boati
relaxation thetnweakeasx piltaced | evel s, which | eac
enermgky , ( taking the form of a transition (int
excited |l evel. Energy is then dissipated by e
to go back to i tSi nfcuen dhaingehnetra le xsctracteed. as i atedy He
fluorescence occur s, t I5g &etnri ssred iothi ad .waNet a kelf y e
to Keshale include certain fluorophodéstwintch
emi ssion and absorption spectra, as well as r&
t h®st qtled 4]

These prtimei ptl @elses shi ft, t he mi r rporro viindaeg e
essenti al i rbseihgalvbiso ufrhttor ophkores and the funda
fluorescence.

14112 Quantum yields and fluorescence lifetimes
The fluorescenc@rgpresemtyiehd (atio of emitt
number of absDhibedaphonhehsp can al so be expre

of radiat-radi andveoprocesses. Here, signifies
t he emi ssi on of l' ightr,adwhitli « e e pCoNREasSESS S
conversioamam é¢maesisygt and energy transfer. Qu.
to 1, with 1 representing theytaheal etei calat max.i
by any known substance. Essentially, the quar
excited system wil|l return to it[sl3*lound stat
Anot her <cruci al parameter in fluorescence s
indicates the average duration a molecule rem
the ground statle.f eTy pniec dlsl va,pptrtoixd mat el y 10 na
this val ue, one can infer the time avail abl e f
within its environment, thereby gaining insi
emi ssion.erkhar fd upermphpnri e, deh é=n kLKf +a s wlee r( e

Kiis the constant of wrlaei avbhs enaticatyi .wmefnstie ckay
fluorescence is a random processkFl vergsd¢emcaeno
inkeet |l y a stochastic process, and only a smal
at.To achieve shorter I|ifetimes and consequent
iodine are often incorporptediIhese athemmoe eic al
radiative processes, effectively reducing the

1412 Coumarin dyes

The result of fluorescence emission is invari
mechani sms giving rise totthebsus mwkdiuonae ame d
fluorescent dyes that, when excited at the appg
of fluoCewsmaemicdme.ldddess significant place in the
applications in fluorescence technology. Thes
1820t tb@&er mamemi stVAAddlr efdrom Tonka beans and sw
the beginning of nearly two centuries of expl ¢
Ecoumarou, ® the Freezmstelrm I®68 ToWkaH. Per ki
synthetic production of coumarin through the
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a milestone in the devel[olpdtelibhi s0of s ymrtghaensics snymtt
demonstrated the versatility of coumarins but al
i n numerous scientific domains.

The basic structure of doenmog@ipmadyedllgconsi st s
central ,staudtrarme)wor k t hat provi des i mmense ol
modi fiamd itomat already shownl4d]ulniresaeaxtea Ipirloiptey
enabled sci-tnné stiseitro phypei cal and mhowdplgysi cal
11. Coumari ns exhibit excell ent bi ocompatibil it
remar kable photostability, characteristics that
probes. Depending on the substituti osncepnactet er ns
can be shifted to emit in different regions of t
This tunability odsucaalyi dedeecdcttibnogn i vt t e eawir ng
groups at specific positions, which njolddu7ll]at e t he

The applications of coumarin dyes are vast and
they have been har nesmwoddciun e heh edoeose sgene boafy ssnnga | |
a vital role in molecul ar Conagabnaigsnealn ds eanrsalryst iacra
frequently wused fd48pnpbhESmetdalrebonhbve species,
sensitive and selective means of monitoring t
environmental systems. Beyond sensing applicatio
in optical brighteners-emiaseéemgdyeddedsdDidhesEPani c
dyes are integral t o technredflfoigciiceanlt aldivgahntci ennge na nsc
technol ogies, as well as in [elnshlaancing the effici

Among the derivativ-asmionbcaecwmanairnnsamithy §tands
extraordinary fluorescence properties. These con
an amino gritpwpidti otnhef7 tHielgsowewmdrn ibntchigh fl uor.
quantum yields and strbHmg]l reni s s p bna hhgoiiysmlsre ali e s
primarily governed by intramol ecUllabr3 JUcphoanr ge tr
excitaamiomgco/umarins form a planar excited state

. 0
Anticoagulant OLED dopant (green)
OH 5@
O R O SN
0 g Enzyme inhibitor
Aroma in perfumes
In pertu Coumadin | | |.. oH
m " ’ °
e 0" o —
Herniarin AN Daphnetin
Anticancer O O
HO O .
m Coumarin
HO 0~ ~o Photosensitizers app"CﬂtiOl’lS
Esculetin J S
Pharmaceutical
O o) o) Cosmetic
Psoralen OLED panel
Perfume

FigaddeCoumarin family applic
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bet ween -deolneacttirnogn aanodc e teict g oma r tass osfh otwhbe2 imo | feicg

This state is highly emissive and responsi bl e
However, the fluoramtenwceumbfinosecay ok 7nf
surrounding environment and the molecular str
transiti d€d utoad esscrecint t wi sted i ntramol ecruel ar <c¢ch
the molecule adopts a twistedrgeaioafel 4] yhat di
be seenl2 nSufcihg.transitions are more |ikely ir
substituengrse aatlelrow Ifeoxri bi |l ity[ilb5Recsemolcheulsart
found that restrictenghéhibytwhemi agl mmodbhi c
the structure or by embeddi ng ,tchaen dsyiegniird i a a't
enhance fl uor escencleb 6 fhTuhaenT IL@IT vyii retledrisconver si o
ami nhocoumari ns i s a pivot al area of study,
mechanism can |l ead to the development of more

derivatfaesbhehami ssive | CT st atne sasnidv es ulpl pOTe ssst
scientists can create highly sensitive fluor
applications ranging from medical 1dlifggmg ntolse s & s
reasons a coumarin as a pwabeemplroped study o

1413 Oxime dyes

| f coumarins take their p ebpeunl zaor {2-¢t nye nd uiet tios tah
posstidblceat egori ze dyes bhlsiesd o b eicadascekrmedueaylr lo
of agidwtehse fl uorescence propemeénsest subswtal tl vy pre
i mportant to have the right functionall&inwljoup ¢
Oxi mes are organic compfowmdadtsi @ rGdrNa@ht s wgiazne db eb y
seenFiignlr3e Their uni que structure equips them
properties, allowing them to act as antidotes
has been inhibited 1bags] OPh odwongpioBenBesy ond medi c
treatment, oximes have found applications in
adaptability when incorporated into various s
been employed in other f i edrdes,t hseuyc hs earsv eo ragsa niin
n the formation dfl5wWdrnido uass cloingpaonudnsd si n coor d

|
[160Their ability to form stable complexes an
highlights their broad utility.

Oxi mes exhibit a range of properties that ma
High reactivity is one of their defining feat
oxi mates, whmiucH eaorpehisieepsercapabl e of reacting w
[161phttacking the P which behTahies apsr oapne retlye citsr
their use in both antidot al and sensor appl i
versatility, enabling chemical tailoring to e
characteristics. Thhens taod aipnttaebgirliaittey sael a nolwess stl y
pl atfor ms, from optbiacsaeld sdeehBi®ddssd utrot hseu rnfoa ceg 0
functi ompdlaygraosp gni ficant role in fluorescenc
fluorescesensioh@momodul ate fluorescence signal
compounds, provi diimpe aekeaesits ofnar r eal
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The devel opmeaided fdeotxédantei on systems for OPs has
their rapid responsecoandaéai spergi ffilwmiotryesc ©&©rt msens
devel oped to detect SDMPi nn &anvaen . a gleonrt si n-sitkaen c e, o]
ICT | TICT
o il | ‘o Gl
A 8 A |
\I \ et :7: Ltr.lctall({g))(cited +d 8
SN AN \/t“‘\O/O | o - S, ——t—o > o
LT, BT T —
c w s @ !
~ TICT 2 2 o : Non radiative
- N < 3 oe“c' ! relaxation
\/-N Z O\_ o ® G\"O@Q :
\/J A, S, : _
| | v
A excitation A emission
o —iEl
+0 -0
Fi gaekl Chechapil &é]d sdHhHémd
functionalized dipyrrinone probes demonstrate a
interaction with dannmeltohfouadd R , n ear [vieb dad]lgheori tdsse act i on
triggers aa fulboumwmeebae@eneen due to the disruption of
transfer (PETYaepwi hWwadiisthss .f Hywdtrmixmge pr obes
[

ncorpphpatdeormy oxime moiety capable of undergoin
with OP compounds, forming highly fluorescent al
show enhanced sensitivity and rapid response ti
agenkeaeddilsiopropyl fl DBPapBeorsiphéa? ©xb(aneed sensor s

i mmobilized on substrates such as celfliudlose acet
det edtliedbnThese sensors can identify simulants 1|
even under ambient conditidmnusctBewahdzétdusesyeseam
al so been developed for col ori metcroil®bhdatgest i on.
upon phosphoryl ati on reeyaect denect ieocnnabWi higountaked|

instrumé¢ndttd&tfi on

Despite significant advancement s, chall enges
factor s, the need for selective reactivity, and
OPs highlight areas . Howevearmr,t htelhe deead olpmeoat oxi I
focused al most exclusively on ner veaPguasseeds and heé
as pestiesiedas e Twheg rntéedaes prossi bl e applications of
det e®©Pd npeswieciedéesmvestigated

N’OH N’OH
RJ\H RJJ\R'
FigaBeOxi me generic
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1.4.2 Graphene

The development of science often starts with
are even inconsistent with previous theories
di scoveries that science has often advhaved.
believed that at r-sotoam dti enngp egrad mhreanocet f ea € st du
mi ni mi zation of[ 14 8.3]sBurtf acne 2e0mM0edr,gyKonstantin N
Geim proved thatsweheswrasgumpdhrea nafi stcltoev emedt s
mat esiinalt h2¢ tas®r aphzhle

Grapheneée s( @GRitrmensi onal all otrope of -sccaarlbeon,
hexagonal | attice where each vertex ho6Bts a c¢
bond | ength measures approximately 0.142 nm. \
A-bonds, creating a robust and stable hexagon:;
electrical conductivinbpnpsi mahicth extseaed peom
|l atti c6&Rpsl areemar kabl e stability catrdmsan fant @mmsi tas

sp2 hybridizat ikonnpadwhpétal sheosbopdst owhioken th
el ectron cmma mddbsugceasn thed gstedech7 1 nmédbwends i nterac
gener atainmMgbandswhi ch pl ay G& sk egyx trroaloer dii mary e
properéenabkl byg the movement of free e[lle7c2t]lr ons

GRhas garnered i mmense attention due to its e
potenti al applications, and the challenges t|
technologies. As a single | ayldrmemfsi marald o rh oanteqy

| at tGRee hi bits a | arge spélcg fZecolsiutreb A, eh hasrgeBad O
el ectron mobi Pivisy, (c2rOy0s,t0a00 icomvi shl il oovn jloas e 1 4
enhanced ther mal -5c000n0d uW/t mk, t god@B®Or0 O0Omtaiso dall 1) ,
mechanical strength, with a Yoldd®gi mp dall qusa il
2D mat@misalt,hi ckness i s memfSslulr etdh eate ofnd ayt Wr. e3s4 ¢
materi al have mhdehere sios spteiclilala | ong way t
potenti al

One particularlyGRnéseguchgl aeegaionf sensing
material NS sensitivity to even minute environi
and | arge surface area, all owilydd bfi ormddifef&dydd ieesn t

or other anal @Rae sp.r iTnhe sc amakiedssat e f or applicati
and environment al sensor s, where precision an
Graphene oxide (GO) and reduced graphene oxi
derivatives in research. GO, which contains o
easily dispersible in water, makingi ¢des | deraldgf
delivery systems, and water purification. Me a

retai nsGrRasnylefctronic propertfifectwliel ¢ ob @ir gl ul
derivatives are extensively chediceal Ibye,caeasablt
control over properties such as hydrophilicit
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Graphene Graphene Oxide Reduced Graphene Oxide

Figad®tructure of graphene, gr aphxda.nde

Despite itGSRfmarcemi sceh,al | enges in scalability, (
production, and integr8ufbncenibo egi sGBRnghayst él
fluctuat essCamd® Ovped kg, depending on several fac
(closely |linked to the application), producti on
quanfil?igdrgeal e production methods often introdu
properties. A d dd ft fi eoontail M ey,, < uhset acionsatb|l e fabricatio
be refined to ensurAkddrwi adesipmre atdh ede pdGliRoinl. enges v

full potential, particularly in transfermative ¢
generation electronics.

1421 Graphene oxide
GO is an oxidiz&e&RI destvaguve-tdoterbyi ointasl tswo uct

decorated wit ke ovaraiionusn go xfyugnecnt i on al groups such

carboxyl groups. This composition makes GO hydro
in contrast tondthwer ehyadBRpiTiddet ignfreesence of these
groups significantly alters its chemical and phy
i mmense interest across multipleidiscéséplénes, al
sensing tethnpl ogi es

GO is primarily produced through the chemical

such as the HunHuemnsemantshmadi fwihed h i nvol ve strong
[ 178This proces=sfifecsdalablamnt d esitsv e ecsompareed t «
producti equuad@R lyiwhh ch often requires mechanical

vapor deposition. The | ower production cost and
more accessible option foOna oOf obtdsrpnigmany agpyp
compar@Ri st ats abundance of oxygenated functional
for chemical interactions. Thispprepentiyneaqbées
and pol ar or drRiing uirpesrmod vématcs |l itates functionali z
applications. However, these stdamdridneedoralr bgn
l attice, introducing defects that reduce electr
electrical insulatof 178fThérs tha®Rr asepownethof or

its exceptional electrical conductivity, mechani
The unique properties of GO are particularly va
its chemical reactivity and ability to form hydr
mol ecul80sFor ammonia sensing, GO demonstrates su
GR primarily due to its interaction with ammoni

epoxide[ g8dbppsmisi ty functional theory (DFT) cal ¢
functional groups enable GO to achieve strong bi
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with ammonia mol ec utlersel &hud tghaepr monrter,o duhceed by
groups in GO allows for i mprovedbahmRgdampaln amad el ¢
0fGR[ 182]

Despite these advantages, the insulating nat
in sensing applications that rely on electric:
reducti onhatve mwe@@n explored to restore parti:

sufficient functi onal

grofifp g ht ogphadsohpt idehi c

bet ween functionalization and ellkadsancsaolr sper f
B
GR GO rGO GR GO rGO
Figadbe GR, GO and thermally r GO in

14.2.2 Reduced graphene oxide

rGO i s a
reducti on
mor e

modi f itehdatf orreng
processes.
conductive while

GO

ad BRVGOnamy go hal propert
is highly oxidized anct
retaining certain func

reactivity. This tGOanasfpramati oal maamgr omi se |
pri sGR neffering both ease of fabricstOi dhmsand
found extensive applications in sensor technol
propertiesencddeofprresi dual oxygenrGOuremnthiamrcels ¢
its interaction with gas mol ecul es, making it
chemical [ B8aLgmpaGRrEOt 60s easier and cheaper t
guantities whi | e still of fering high sensit
applicat i®Rbso.asWtsi Isscuperi or electrical conducti
production is expensive and often requires sp
deposr@d,onon the other hand, can be synthesiz
reducti on met hods, making it more accessible
qgual iIrt®@ odédpends significantly oa8dPBemeedet hiodrt

may | eave behind
di sadvantage depending

resi dual

oxygen groups, whi
bh85Wei liatenheded fBpptii

i mprove dispersion in solvents and enhance <ch
conductivity co@GRared to pristine

The effecrGOveneasmohia sensing is attributed
ammonia molecules through physisorption and c
groupr&O0Oiprovide active sites for ammonia adsoc

changes in electrical rer&DsadaanerecelTheéest-ioaerdiacrd
power , highly sensitive ammonia senk®8X5] that
Studies have demonstrated that modi freORg t he
response ti me, recovery, and selectivity, n
applications. The rc@dauaxn i men &ad hiGOvadhttohr ough
each influencing theasfiwealarmatger inagl tpr eaper ti ine
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14.2.2.1 Reduction methods of graphene oxide

Reduct®&O@innto@@ mpl oys various techniques, each tai
scalability, and environment al i mpact . Among t
photochemical, mi crowayve, hydrothehomhgumend el ec
lpeal | have unique advaln8t8ages and chall enges
Chemical reduction remains a cornerstone, ut i
borohydride, and ascorbic acid. Hydrazine offer s
yielding rGO with superior electricailtscohnidguhct i vi
toxicity and environment al ri sks significantly h
a milder chemical alternative but often requires:s
enhance its efficiency. As colrlbe cr eadcucdi,nga agreedn
increasingly popul ar f of riagpmpdlivapiroce s geg.ui Hion
someti mes produces rGO with I ess conkE8%Jtent el ec
Ther mal reduction wutilizes high temperatures,
conditfie0B his approach efficiently GRemosvpe?s o0XYydg
|l attice and enhancing its conductivity. However,
at very high temperatures, compromi sing mechani
scale applications, the energy dleimaintdsi tasnndu @ uii |
resoaucmetrai ned9ksettings

Phot ochemical reduction encompassesasever al S L
met hods. Pl asma reduction is particularly promi ¢
electrons to selectively remove oxygend groups a
conditions. Pl asma methods are advantageous due
har mf ul chemical s, and precise control over the
suitable for applications liké9pAnoehprpedsuBO®efil
phot ochemical techniques invoI[\2L<9§bdiIttema\mocmlbetne(dt
with photocatalysts, t hough thes met hods typi

compared to pl asma.
Mi crowave reduction exploits rapidnivolrumimetri c

reduction of GO. This method is notable for its
it appealing for i ndustrial applications. Howe\
aggl omeration or uneven redudtdilon i f not proper|
Hydr ot her mal reducttieemper at uesprersd thrhegbtwat er

environments to reduce GO. This method can be t
temperatur e, pressur e, and reaction ti me. |t i s
functgrommwmpgs retained for specific applications,
energy input and Il ong refgd®Obdn times can be | i mi
Electrochemical reduction offers a clean and c
acrosscoatca electrode in an electrolyte solutio
toxic chemicals and all ows for prelce sappluinecdg o
voltage and reaction ti me. However, istc ailse r el ati
produfcl196nh

Over alclh, reduction method provbtiés. uRbqguaphpbéneti
requiring high electrical conductivity and scal a
preferred. I n contrast, pl as ma, hydrotrher mal , a |
tuneabternatives suited for specialized applicat
techniques focuses o-af fospt bent we ag e h i ctireandcey , (
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Chemical

Thermal

T T T 11 . Reduction )
(] Y “ Y — Microwave

Graphene oxide

£

i
| -- i

-
m Electrochemical
Hydrothermal

Figdbe Graphene oxide main redu

—\
WMW\‘

sustainakiolsiff ectéivweawaen® ngmamnee ducti on,ttheec hni g

attention watomfwroecuskerde plasma reducti on. |t [
especially for ammonia swserndnwisng,teamdiiquei svha cad
with environment al needs and with possibiliti

142211 Plasmareduced graphene oxide

Pl as ma, often referred to as the fourth state
scientific journeyemeguan iwhetnhd revairnlgy L2an g mui r
1928, drawing an analogy to blood plasma due
particl es.

At its cor e, pl asma is an ionized gas compo
collective dledhatvi @magdest cnguish it from neut
seem exotic on Earth, plasma dominates the uni
matter. Nowhere is this more apparent than in
pl as ma. INrs tcloeg eSun emperatures reach millions
conditions necessary for nuclbeamsfusiodbh i dely dv
energy that they overcome their natural el ect
the ppomotoen chain reaction. This process not

also serves as the fouodatiog fhbhe hetaet andEhT
our planet Nsl9e/dosyst ems

The sunnNs influence extends beyond its core
wi nd, emanate from the sun, filling the spac
particles interact fwiettidsp!| ametadri yngmagdireatoime n a
Even these mesmerizing di splays owe their oric
pl asma, the primary constituent of both the St
dual role as amat ht ear esetmi al force, shaping
i nspiration for dclig#Bntific advancement

On Earth, harnessing plasma's properties ha
define modern i fe. From | ighting and pl asnm
manufacturing, plasma plays a critical rol e.

| sein nuclear fusion research. Her e, scienti st
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hydrogen( mdiasdma er i um )aansd ftureilt.i uwi t hi n experi ment
such as t okamaks and stell arator s, magnetic fi
temperatvaktlé ngunnNns core to initiate fusion. Thi
chall enges, represents humanityn~Nns effort to tur
source of [c1®%ln energy

The gener at ihoans obfe epgnl aascnhai eved wusing various me
pecific applications and conditions. One of t he
he application of electric fields to a neutral
|l ectronsl|l amdl eeutes initiate ionization. Among
DC) di s[cha]jgapacitivel yreoguphey (RE2@®@8H] schar g:¢
nductively coup2@2mmipt rcwmayv § P&iPfakladged ectric ba
i scharges stand out[ 2a0s4 pdaicsht iwiictth tuencihgnuoel oogp eersat i
nd advantages.

I n parted¢wlcaami ques have revolutionized anal yt
ecise el ement al anal ysiMS amd wihalteeé yit aila e@r d oe s i
tal detection in environmental, pharmaceuti cal
gh isweintsyi taealde mant i c apfaBbS/IOBES . ( AtColPmi ¢/ Opti cal E
ectroscopy) allows rapid and accurate quanti fi
d biol ogicaRl Es a(npd aecst.i vieCPl on Et cihdwgducitsores s e
b
c
r
r

OO0 —T—~0O T W;

ri cati on,-ascreeadtiiongmihcirgphst ructures with excel
hni ques can Wowkpirgehst here dri vendbg IRiIFgHIliyl ds
satile for generating stable and wuniform pl a
rent passes througarwnwi mgimagretiadc i migelad tti mat
el ds within the gas. Thesewkilektiooi éeelkt the a
|l ecules upon collisamman basnsdli Th@-@H5.6 htei pl as ma
eci eesdedesign minimizes contamination and al |
parameters, making it idel | mModepagiftaicen,t r&@mad me
reductionf 2p0r70Jcesses

The application of hydrogen plasma in | CP syste
reducing GO to r GO. Hydrogen, as a reducing
reactivity of atomic hydrogen gesnuecrhataesd wi t h
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The exceptional tailoriability of electrical properties in reduced graphene oxide (rGO) is a pivotal factor in
unleashing its advanced gas sensing capabilities. Amidst various chemically/thermally-driven techniques,
plasma reduction emerges as the fastest method with the potential for scalable treatment. This paper demon-
strates a controlled plasma-enabled approach for swift and green surface reduction of graphene oxide (GO) films,
specifically tailored for room-temperature ammonia (NHj) detection at ppm levels. Employing a mild hydrogen
plasma treatment on a thin GO layer deposited on copper electrodes by drop casting, we were able to tailor the
sensor’s sensitivity and reversibility due to the great impact of treatment time. The GO reduction experiments
were conducted in a low-pressure mild hydrogen plasma discharged at 100 W, and the treatment time varied
between 10 and 240 s. Structural and chemical analyses reveal an instantaneous reduction in oxygen content,
dropping from approximately 30 to 20 atomic percentages within the initial 20 s. Sensitivity and recovery trade-
offs are explored for different treatment durations, with the ‘rGO - 20 s' sensor demonstrating the highest
sensitivity at 23.9 % (100 ppm) and 47.1 % (1049 ppm) of NHs, albeit with a recovery time approximately four
times longer than the ‘240s-rGO’ sample. This double-play behavior, attributed to chemisorption-dominated and
physisorption-dominated interactions of NH3-rGO, elucidates the sensitivity and recovery time dynamics. Pro-
posing a scalable, environmental-friendly and room-temperature Hy-plasma reduction process enables one of the
fastest approaches for designing advanced rGO sensors with controllable sensing behaviour towards ammonia.

1. Introduction

Considering the increasing environmental pollution and safety is-
sues, the research interest is in developing advanced gas sensors to
detect toxic and harmful gases in minute concentration. Owing to the
high surface-to-volume ratio and large surface area, nanoscaled mate-
rials have been widely used as promising materials for gas sensors. Such
nanomaterial-based devices reduce the size of the sensors and minimise
energy consumption. Among the different sets of nanomaterials used for
gas sensors, graphene [1] and its derivatives have been considered a
frontrunner because of their unique mechanical, chemical, physical and
electrical properties [2]. Graphene comprises a single layer of carbon
atoms arranged in a honeycomb lattice [3,4] with a thickness of 0.34
nm, and superior conductivity, enabling electrons to traverse its perfect
lattice structure at a speed of one million meters per second [2]. This
exceptional mobility, with a peak value of 200,000 em?/V s, set

graphene apart from conventional materials. Besides, the easy functio-
nalisability of graphene makes it attractive to tailor the electrical
properties for the desired applications by altering the concentration of
free electrons - a rise for donor species and a decrease for acceptor
species [5]. Such a phenomenon enhances the sensitivity of graphene
that could detect even a single molecule, pushing the limits of mea-
surement to quantum scales [6].

However, one of the major challenges to using pristine graphene as
an advanced sensor material is the lack of the necessary surface func-
tional groups for the selective and effective chemisorption of gas and
vapor. Surface functionalisation of graphene by introducing functional
groups, polymers, metals, or other modifiers has been widely used to
address this limitation [7-9]. By such methods, functionalised layers
acted as trapping centers, facilitating the adsorption of target species
and inducing local changes in graphene’s electrical resistance—a
fundamental principle in graphene-based sensors [10]. Among the
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varieties of graphene derivatives, GO has gained research interest. [11]
This graphene derivative holds two key advantages. Firstly, it could be
produced cost-effectively using readily available graphite as a raw ma-
terial [12]. The utilisation of inexpensive chemical methods ensured
high yields, making GO an attractive choice for large-scale production.
Secondly, GO exhibits remarkable hydrophilicity, allowing for the for-
mation of stable aqueous colloids [13]. This characteristic facilitated the
assembly of macroscopic structures using simple and affordable
solution-based processes—a crucial aspect for the practical imple-
mentation of graphene in diverse applications.

Though GO have been showing good potential for sensing applica-
tions, a critical drawback lies in its inherently insulating nature, limiting
its practical application [7]. The direct approach to improve the con-
ductivity of GO to restore the original conductivity, as observed in
pristine graphene, is the reduction of oxygen groups; thus, various
techniques were explored to reduce the oxygen content on the GO sur-
face [14]. Thermal annealing [15-18] and chemical reduction [19-22]
were traditional methods employed for this purpose, but being envi-
ronmentally unfriendly and time-consuming chemical reactions restrict
their large-scale applications. Owing to the fast and facile processing,
dry soft-chemistry surface treatment and environmental friendliness,
plasma-assisted reduction techniques [23-28] are gaining research in-
terest to reduce graphene oxide, while preserving its structural integrity.
The plasma surface treatment techniques allow GO reduction by
removing oxygen atoms from GO without disrupting the carbon lattice
and the surface. Commonly, hydrogen-containing plasma with mild
treatment conditions has been reported for plasma-assisted GO reduc-
tion, which also ensures an energy-efficient alternative to the existing
complex procedures. Such a reduction process could improve the elec-
trical conductivity of reduced graphene oxide (rGO) and tailor the sur-
face properties, which can be efficiently used for gas sensing
applications, Besides, a reverse approach has also been reported to
functionalise graphene using oxygen plasma, which has proven effective
in the field of gas sensing [29].

Among all the major industrial gases produced yearly (No, Oy, COs,
He, Ar, etc,) ammonia is among the most harmful gases. With a global
production volume reaching millions of tons per year (253 in 2021
[30]), ammonia found widespread use in fertiliser production. As far as
safety is concerned, our sense of smellis in itself an excellent sensor, as it
can detect ammonia as low as 5 ppm [31]. However, safety regulations
permit individuals to work in environments containing ammonia con-
centrations up to 25 ppm for extended periods. Beyond this threshold,
concentrations exceeding 300 ppm posed immediate harm to the human
body. Therefore, the need for real-time ammonia sensors capable to
accurately detect its concentration became increasingly crucial. Multi-
ple studies have been reported on applying thermally or chemically
reduced GO for ammonia sensing [32-36 . However, the reduction time,
sensor response and environmental impact are still a concem and de-
mand an alternative fast approach to reduce GO for sufficient ammonia
detection.

Therefore, in this study, we aim to address this demand by devel-
oping an 1GO-based sensor, which is reduced by a fast and green plasma
technique for the sufficient detection of ammonia at room temperature.
The sensors were designed by drop casting the GO solution on the
conventional sensor chip, which was exposed to a hydrogen plasma for
the controlled reduction of the GO surface. Through systematic experi-
mentation, we investigated the effect of plasma treatment time on the
GO reduction by varying the time between 10 s and 240 s and analysed
the response of the designed sensor towards different ammonia con-
centrations. The experimental observations suggest that the plasma-
reduced GO sensors show excellent performance towards ammonia
sensing at room temperature. To best of our knowledge, such plasma
enabled reduction reveals one of the fastest GO reductions techniques.
By combining the advantage of plasma for the surface reduction of GO,
the cost-effectiveness and environmental friendliness of the method, and
the significant improvement in the detection of ammonia at room
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temperature, this study will contribute to the development of efficient
and real-time ammonia sensors for industrial applications.

2, Materials and methods
2.1, Sensor preparation

The active surface of the sensor comprised of interdigitated copper
electrodes printed on an insulating substrate. A hydrogen plasma flow
was used to enhance the contact between the electrodes and the gra-
phene oxide (GO) by eliminating the oxide layer from the copper sur-
face. The process utilised a low-pressure radio-frequency inductively
coupled plasma system (Fig. 1, left panel). This system, operating at 100
W power, 100 scem Hy flow rate, and a total pressure of 32 Pa, was
applied for 60 s in intervals of 20 s. Subsequently, the sensor chips un-
derwentan Argon treatment to cool the sensor and to impede the risk of
surface contamination upon re-exposure to ambient air.

After this pre-treatment, the chips were primed for the deposition of
the graphene oxide ink. The GO ink was prepared by diluting a GO
suspension in water (concentration 2 mg/mL) into a 40 % ethanol/
distilled water solution. The resulting concentration of GO was 1 mg/mL
in approximately 2 mL of the 40 % ethanol/distilled water solution. To
obtain a homogenous GO suspension, it was immersed in an ultrasonic
bath for 60 s. Then, precisely measured, 100 pL of this GO suspension
was drop-casted onto the surface of the plasma-cleaned chip. To remove
the residues of the solvent, the sensor chips were stored in a fume hood
overnight, at a constant room temperature.

2.2, Plasma-assisted GO reduction

The as-prepared sensor chips exhibited high initial resistance,
proving to be impractical for the purpose of ammonia sensing. To
improve the conductivity, a plasma-assisted reduction mechanism was
established. This mechanism involved a low-pressure radio-frequency
inductively coupled plasma system consisting of an 80 cm long tube with
a 9-turn inductive coil connected to the RF generator.

The sensor chips were subjected to hydrogen plasma treatment,
utilising specific discharge parameters. The latter included a power of
100 W, a hydrogen flow at a rate of 100 scem and a pressure of 32 Pa.
The sensors were positioned in the post-glow region of the plasma (10
cm away from the centre of the coil), and the treatment durations
included 10 s, 20 s, 40 5, 120 s, and 240 s. The treatments were con-
ducted incrementally with a period of 10 s to prevent overheating and
surface damaging. Hence, a total of six sensors were developed and
tested, each named based on the duration of the plasma treatment. They
include the untreated or control GO sensor labelled ‘GO0 s', and the
GO sensors reduced after plasma treatment named ‘rGO — 10 §', ‘rGO —
208", ‘rGO — 40 8, ‘rGO — 120 §", and ‘tGO — 240 s'.

2.3, Sensing measurements

After plasma treatment, the sensors were soldered onto a home-built
holder. This holder was placed inside a vacuum chamber and connected
to a 2-point high current source meter (Keithley 2460). After the holder
was firmly positioned inside the chamber, the system (Fig. 1, right
panel) was evacuated until an overall pressure of 1 Pa was reached. As
per necessity, the system was also flushed with N3 gas to establish the
desired vacuum conditions.

The sensing tests commenced by introducing a continuous Ny gas
flow ata rate of 1000 scem (resulting in a total pressure of 450 Pa), with
simultaneous recording of resistance changes. Nitrogen was used to
create a controlled environment and detect the targeted analyte without
any other gas interference. Once the resistance stabilised, NH; gas was
introduced into the chamber, producing no significant changes in total
pressure. Firstly, resistance variation measurements were conducted ata
constant NHy concentration to investigate the reproducibility and
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(a) Cleaning of the Cu electrodes (b) Plasma system

H, plasma

amples were positioned in the post-glow

“region of the plasma for both cleaning and treatment.

(c) Drop casting the GO suspension (d) Plasma treatment
L&

S

Hj, plasma

Preparation

(@) (b)

Vacuum chamber,
with a mounted sample holder

10 s for the 'rGO-10s'
20 s for the 'rGO-20s'
40 s for the 'TGO-40s'
120 s for the 'rGO-120s'
240 s for the 'rGO-240s'

Testing

L

Rotary pump

Fig. 1. Left panel: Schematic representation of the steps undertaken for the sensors’ preparation and treatment. Right panel: (a) - Scheme of the system employed for
NHj3 sensing measurements; (b) - A drawing that symbolises the sensor's connection to the Keithley multimeter; (c) - Digital image of the sensor, with magnified
sections featuring SEM images of the drop-casted GO suspension, providing visual evidence of the even distribution of GO suspension and electrode coverage.

reliability of the prepared sensors. Additionally, the sensor response was
evaluated for various NH3 concentrations, ranging from 100 ppm to
1049 ppm. The concentration of ammonia was calculated based on the
different flow of analyte to the environmental gas, fed through the mass
flow controllers (accuracy + 0.25 % of full scale). In both cases, the
sensor response and recovery were observed for a fixed interval of 600 s
in order to see the effect of plasma reduction time on sensor response.

2.4. Characterisation techniques

The effect of plasma treatment on the surface morphology of the GO
structures was analysed by Prisma E scanning electron microscope (from
Thermo Fisher Scientific Inc.). The surface properties and chemical
modification of the GO after the plasma reduction were investigated by
the X-ray photoelectron spectroscopy (XPS, PHI-TFA XPS spectrometer,
Physical Electronics Inc) using an Al-monochromatic X-ray source with
an energy of 1486.6 eV. A confocal y-Raman setup (NT-MDT, model

NTegra Spectra 1I) accompanied by a Peltier-cooled CCD device was
used to measure the samples in a back-scattering regime using al0 x
objective lens with NA = 0.40. Measurements were conducted with a
488 nm laser with an acquisition time of 10 s and a number of 5 accu-
mulations. Three different surface spots were analysed for each sample
and then averaged for better statistical accuracy. PerkinElmer (USA)
spectrometer in ATR mode was used to probe samples in a range of 3700
em ™ t0 500 cm ! with a resolution of 2 cm ! and accumulated 10 scans
from 3 different spots with their following averaging.

3. Results and discussion
3.1. Sensor properties
Resistance measurements were conducted on non-treated and

plasma-treated sensors to understand the effect of plasma surface
treatment on GO sensors. The drop-casted GO without any plasma
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treatment, ‘GO — 0 s, exhibited very high resistance (>200 MQ), con-
firming the insulating behaviour of non-treated GO. Consequently, the
as-prepared GO sensors weren't used for any further sensor studies. On
the other hand, the resistance measurements on the plasma-treated GO
sensors revealed a clear trend of decreasing resistance with increased
plasma treatment duration, as presented in Fig. 2(a).

It is well-known that the presence of higher concentration oxygen
functional causes the low conductivity of GO and reduction of such
groups could enhance the conductivity 4-5 orders of magnitude [37,38].
The decrease in resistance of the GO along with plasma treatment in-
dicates the surface reduction of GO to rGO. Hydrogen plasma treatment
effectively removes the oxygen groups from the surface layer and
partially restores the sp*bounded carbon network, resulting in an
improved conductivity. Moreover, hydrogen is known for the etching of
the amorphous phase [39,40]. Thus, it helps eliminate the amorphous
phase and remove oxygen termination from the GO surface during the
plasma reduction process. As all the sensors demonstrated significant
changes in the resistance after the plasma reduction, their response to-
wards ammonia was evaluated. During sensing measurements, the
response and recovery time was fixed to 600 s to identify the best
responsive sensor. The sesnsor response and the repeatability of all the
plasma-reduced 1GO sensors are presented in Fig. 2(b-f).

To assess reliability and repeatability, response measurements were
performed for each sensor over five cycles at a constant NHj concen-
tration of 210 ppm. All the sensors responded instantaneously to the
ammonia exposure, e.g., gas onstage, and the response started to drop as
soon as the ammonia gas was off. The resistance response studies show
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that sensors treated with longer plasma durations exhibit excellent
repeatability. On the other hand, the sensors with lower plasma treat-
ment duration show lower repeatability, likely due to minimal reduction
of GO. The repeatability of the ‘rGO — 10 s’ sensor, (Fig. 2(b)), decreases
with time, and a similar behaviour is observed for the TGO - 20 s’ and
TGO - 40 s’ sensors (Fig. 2(c) and (d)), but with an improved repeat-
ability. As the sensor response changes with the plasma reduction time,
the shorter reduction times seem to result in an insufficient reduction of
oxygen functional groups. Such groups are active towards the chemical
modifications and might potentially facilitate the chemisorption of NH3
molecules, which leads to incomplete desorption during the recovery
process and, thus, the initial resistance values for the repeated sensing
cycles are not attained. On the other hand, the GO sensors exposed to
longer plasma durations, the TGO — 120 s” and ‘rGO — 240 s’ sensors
(Fig. 2(e) and (f)), exhibit good recovery and stability, suggesting that
the higher reduction of oxygen groups favors the physisorption domi-
nated response, allowing for easier desorption of the NH; molecules
during the recovery period. All these findings indicate that the plasma-
enabled removal of oxygen functional groups from GO promotes
enhanced sensor recovery and stability.

To evaluate the sensitivity towards different NH3 concentrations, the
sensors were subjected to a range of ammonia concentrations, varying
from 100 to 1049 ppm (Fig. 3(a)). All the plasma rGO sensors exhibited
increased response with the increase in NHs concentration. Addition-
ally, these measurements unveil that the sensitivity of sensors at
different concentration of NH3 decreases as the duration of plasma
reduction increases. The sensors treated for shorter times attain the
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Fig. 3. (a) - Response of all five sensors to various NH; concertation, ranging from 100 up to 1049 ppm; (b) - extracted response curves for each sensor atan ammonia
concentration of 100 ppm; (c) - Maximum recorded response of each sensor in terms of NH3 concentration.
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highest sensitivity by exceeding 40 % at 1049 ppm of NHs, while the
sensors with longer treatment durations possess the lowest sensitivity at
a high concentration of NH3. For comparison, the sensitivity of the
sensors during the first cycle of measurements with 100 ppm of NHj is
depicted in Fig. 3(b). The ‘rGO — 10 s’ sensor exhibits a maximum
recorded sensitivity of 22.3 %, followed by ‘rGO — 20 s* with 23.9 %,
“1GO — 40 5> with 20.8 %, ‘rGO — 120 s’ with 8.2 %, and finally, the ‘rGO
- 240 s* sensor with 4.4 %. Fig. 3(c) further compares the maximum
recorded sensitivity in terms of NHj3 concentration for all sensors. It
denotes that the ‘rGO — 20 s’ sensor provides the highest sensing
response, while the ‘rGO — 10 s* sensor closely resembles the response of
the ‘rGO — 40 s* sensor. The higher sensitivity of the ‘rGO — 20 s’ sensor
compared to the ‘rGO - 10 s’ sensor, suggests the presence of a threshold
or a minimum reduction time required to achieve the maximum sensing
response. Conversely, the ‘rGO — 120 s’ sensor exhibits significantly
lower sensitivity, followed by the ‘tGO — 240 s’ sensor, which is the least
sensitive. Such sensor characteristics could be ascribed as the combined
effect of irreversible chemisorption influenced by the surface functional
groups and reversible physisorption stimulated by the surface of plain
graphene.

Additional tests were conducted to investigate the selectivity,
sensitivity towards ammonia in ambient conditions, plasma treatment
reproducibility and long-term stability of sensors. CHg4, CO2, CF4, and
synthetic air Np/Oy (80/20) were used as interference gases to address
the selectivity of the ‘rGO — 20 s’ sensor. Figure S1 shows that the
sensor’s response towards NH3 was at least four times greater than for
the other tested gases. To understand how different humidity levels in-
fluence the sensors’ response, tests were conducted under ambient
conditions. The behaviour of the ‘GO - 240 s’ sensor in air at atmo-
spheric pressure, 21 + 1 °C and under different humidity conditions is
reported in Figure S2. The response increased proportionally with NHy
flow, and the changes in sensitivity in different relative humidity con-
ditions were negligible. Moreover, to investigate the reproducibility of
plasma treatment conditions to provide consistent sensing results, the
sensitivity of ‘rGO — 240 s’ sensors was compared at various NHy con-
centrations (Supporting Information, Figure 53). A comparable sensi-
tivity was recorded in all sensors. Lastly, the performance of ‘tGO — 10
s', TGO — 20 s, and ‘rGO — 240 s’ (stored in ambient conditions) after
one year was tested to evaluate the effect of ageing and the sensor
performance is presented in Figure S5. Even though a reduction in the
sensitivity was observed, all the sensors were still reactive towards
ammonia. To understand the difference in the sensing behavior of our
sensors, changes in the surface morphology and chemical compositions
of GO after the plasma surface treatment were further investigated.

3.2, Physical and chemical characterisation

Surface Morphology. The overview SEM micrographs of the non-
treated, least-treated and most-treated sensors are presented in Fig. 4.
Higher resolution SEM micrographs are presented in Figure 54, The ‘GO
— 0 s” sensor’s surface displays mild wrinkles, and these features persist
without noticeable modifications after the plasma treatment for ‘rGO —
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10 s* and ‘rGO — 240 s’ sensors, as shown in Fig. 4(b-¢).

Surface analysis and chemical composition by XPS. The direct
information on the surface reduction of GO is the changes in the oxygen
concentration in the material. Therefore, to evaluate the changes in the
chemical composition of GO after the plasma treatment, the materials
were analysed by XPS. The XPS survey spectra of the non-treated and
plasma-treated GO structures are presented in Fig. 5(a), and all the
spectra are featured with carbon at 284.6 ¢V and oxygen at 532 eV. A
minor peak around 400 eV, corresponding to nitrogen, is also observed
in the non-treated GO and could be adsorbed from the atmosphere. The
significant changes observed in the survey spectrum are the decrease in
oxygen concentration along with the plasma treatment time, which in-
dicates the removal of the oxygen group from the surface of GO and the
fast reduction of GO to rGO. To gain a better understanding of the car-
bon and oxygen bonding environments after the plasma treatment, high-
resolution C 1s and O 1s regions were observed. The normalised C 1s
region of GO and plasma rGO is presented in Fig. 5 (b). The C 1s spectra
of ‘GO — 0 s’ featured two major peaks around 284.6 and 286.5 eV,
corresponding to C-C and C-O groups.

However, the peak intensity of C-O groups lowers after the initial 10
s plasma treatment and tends to diminish with longer plasma treatment
time. This characteristic feature implies that plasma treatment removes
the O groups from the surface and reduces them to other functional
groups, resulting in improved electrical conductivity, as seen in the
different sensors. Therefore, the O 1s spectra of all the samples, which
possess a similar peak shape, were also investigated in detail. The peak
position was changed to the lower binding energies, indicating the
changes in the chemical bonding of GO after the plasma reduction. To
get insight into the bonding environments of carbon, the high-resolution
C 1s regions were further deconvoluted to better understand the
chemical bonding changes after the plasma reduction. The non-treated
GO and plasma rGO featured the peaks: sp* C = C (284.6 eV), sp° C-
C/C-N (285.5 eV), C-O (286.5eV), C=0 (287 V), 0-C= 0(288.2 eV),
abroad satellite peak (289.5 eV) and the defect peak at 283.3 eV (Fig. 5
(d-f)) [41,42]. This indicates that the structural quality of GO improves
after the plasma reduction as the peak assigned to structural defects and
the C-O groups are lowered after plasma treatment. The significant
difference observed in these regions could be due to the removal of
oxygen and amorphous phase, suggesting that most of the oxygen
groups (C = O or C-0) were either removed or reduced to OH groups,
which opened more conductive routes in the GO after plasma reduction.
The GO structures exhibited more pronounced oxygen groups singly
bonded to carbon (C-O/C-OH) compared to the C = O groups. While
after the plasma reduction, the C-O groups to C= O group intensity ratio
become lower than the non-treated GO. The observed changes in peak
area of deconvoluted C 1s spectra with plasma treatment time are pre-
sented in Supporting Information, Table S1. These features suggest that
the removal of weakly bonded oxygen from the surface, leads to the
enhancement in the electrical conductivity and structural quality of the
materials. All these effects could significantly contribute to the
improved sensing performance of the plasma rGO sensors.

Structural stability and reduction efficiency by Raman and FTIR

Fig. 4. SEM micrographs: (a) - ‘GO — 0 s’ sensor, (b) - ‘rGO — 10 s sensor’, (¢) -~rGO — 240 s’ sensor, pinpointing no apparent damages of the sensor surface after

plasma treatment.
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Fig. 5. Surface composition of GO and plasma rGO (a) - XPS survey spectra, (b) - normalised high-resolution C 1s spectra and (¢) - normalised O 1s spectra of GO and
GO as a function of plasma treatments time; deconvoluted C 1s spectra of (d) - GO, (€] - GO after 20 s plasma treatment and (f) - rGO after 240 s plasma treatment.

analysis. Raman study was undertaken to evaluate the structural sta-
bility and modification of GO under plasma reduction. As a graphene
derivative, GO spectra consist of first-order (1000-1800 cm 1) and
second-order Raman modes (2400-3400 cm™! [43-46]) (Fig. 6(a)).
Considering the lower frequency ‘fingerprint’ range, the spectrum pro-
file reveals two intense peaks centred at 1357 cm 1 (D) and other at
1600 cm ™! (G), which are much broader comparing to graphene. D-peak
is assigned to the breathing phonon mode of Ajg at Brillouin zone
boundary K-point, and its intensity and width change are linked to the
number and type of disorder/defects in the graphene plane. The G peak
stands for the first-order Eyg optical mode corresponding to in-plane C =
C stretching vibrations. A closer look at this mode displays an asym-
metric type feature that indicates the contribution of an additional
defect-related (intravalley double-resonance process activated when
graphene structure is defected) D'-band component typically observed
around 1615 em ™! (Fig. 6(a), inset). Two more peaks were added at
1200 em™! (D*) and 1500 em™' (D") to describe the first-order
(1000-1800 ¢m™ ") profile, where D* can be linked to the disordered

graphitic lattice at the edges caused by sp>-sp® bonds, and D" often
referred as a contribution of interstitial defects related to amorphous
lattices with sp>bonded carbon that functionalised with other mole-
cules. The phonons in the second-order spectral part are overtones and
combinations of the first-order ones, where 2D mode at 2700 cm ' (also
called G*) is an overtone of D-phonon, and its activation requires scat-
tering of a phonon pair having opposite wave vectors obeying conser-
vation of momentum, The D + G combined overtone mode located at
~2940 cm 1 is the most intense overtone within a region. Lastly, the 2G
band, being an overtone of G-peak placed at ~3170 cm ™!, was found to
be the smallest one [43-46].

After treatment in cold hydrogen plasma afterglow, the second-order
region starts to be reduced gently at 10 s and 20 s, with no further
changes at longer exposure times. A similar, but stronger trend in
overtones reduction was observed in GO under local laser heating [43]
and under an effect of controlled annealing between 100 and 800 °C
[45]. No apparent changes are observed within the first-order region

after plasma reduction. Minor variations within a valley (~1500 em ™!,
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Fig. 6. (a) - Raman study of GO accompanied by Gaussian fit function with vibrational modes assignment. Inset shows the zoomed section of G peak; (b) - Nor-
malised and superimposed Raman spectra of GO exposed to Hy-plasma treatment, with inset revealing spectra of control GO and most treated sample rGO-240 s

before and after NH 4 sensing.
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peak D") are related to the contribution of interstitial defects in the sp?
lattice. The changes in Ip/Ig = 0.91 £ 0.02 are not significant as well,
and they are even less prominent compared to those found by Ma et al.
[43] and Claramunt et Al [45], the where effect of heat was investi-
gated. Considering these reports, Raman indicates that plasma reduction
approaches employed in this study do not provide thermal-induced
damages to the bulk of GO layers and most of the chemical and struc-
tural changes occur mainly at the surface (Fig. 6(b)). After exposing
samples to NH3 the Raman features of control and plasma-treated
samples remain similar (Fig. 6(b), inset), implying the structural sta-
bility of rGO to be used in a real-case sensing scenario.

In correlation with the Raman spectra, a direct comparison of the
intensity reduction in the Raman second-order region and the resistance
of the plasma-treated 1GO sensors (Fig. 7(a)) reveals no significant
changes after 20 s of plasma reduction. Similarly, when examining the C
1s XPS components, there is a considerable reduction in the fitted peak
area of C-O and a slight reduction in C = O + COO (Fig. 7(b)). However,
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no significant changes are observed after 20 s of plasma reduction.
Therefore, following Raman, the FTIR measurements were conducted to
analyse plasma-induced changes in the functional groups of GO to un-
derstand more on the changes in functional entities (Fig. 7). In the case
of short-time mild-plasma processing, it is expected the alterations
should happen at the surface or between the layers neighbouring the
surface. Thus, three samples were analysed using FTIR to investigate the
aggressiveness of plasma on GO reduction: ‘GO — 0 s’, TGO — 10 s’ and
‘rGO — 240 s’; before and after being exposed to NH3 gas (Fig. 7, (c-e)).
The spectrum of the ‘GO — 0 s* before ammonia detection exhibits the
presence of broad asymmetric 1(O-H) stretching band centred between
3200 cm” ', small C = O) carboxyl band at 1730 cm ', C = C carbon
stretching from unoxidized graphitic domains appearing at 1590 cm ™,
a complex mutual peak at 1410 cm ! representing contribution from
bending 6(C-H) or/and 5(0-H) bonds, C-OH at 1245 cm ', the strongest
shouldered mode attributed to C-O stretching vibrations of C-O-C links
[10,47,48]. The basal graphene plane FTIR features are also spotted at
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Fig. 7. (a) - Raman intensity of a selected mode at 2940 cm™" and resistivity trend as a function of treatment time; (b) - Fitted peak area for C-O and C = O + COO
extracted from C 1s XPS components; (c-¢) - ATR-FTIR data of selected samples recorded before and after NH, sensing measurements.
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