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and machine |l earning techniques, such as |
' inear discriminant anal ysi i $§LDAJuUI Slensob
di fferences in the aramal heend nfsreggssharntd sasnraff s
into portabdevicceembame dinh etl Wang efmaod reaal i
monitoring, wi t h potenti adoo&kreidt € c d toi omtsh ee
agricultural and food product s.
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Chapter 2: Theoretical background

2. Tlhheor et i ccad o kheads i rsigcaes cawnall iytsyi s
21 . VIOCsocrookeade fl avor

It has been identified that there are mo
antde main components are aldehydes,, al cohol
and heterocyjcl0c ZThlempeuodsr campgmoemntzedcam
t hree parptH: baacsiedincd, n nbeaustircpler speami vbheof v
compounds, daacok eadr ormac eo fc a-AP,bealdd eeh ydceas ,i nd loc
phenol s, and heterocycllinc geompdilfredse,nt a moyrpc
VOCismpart distinct f 1 av oAl dcehhayrdaecst e rmpsatritcesd t
arotma cooked rice, alcololfgua.tfyFamrabdmaampima,
nine ,VAOGOnsc FAUPJ i n(-gE,-d2e E p d i-winrmgWlai dcol , -2nonanal ,
nonenal, octanalgdvidreylammdnolheixmncadoked ri ce
Buttery et al . These VOCs are <classified

intensity of c'&oknealdlrayiPreo tienahbdesltBfpicthhesar e

three main substances in cooked rice. Alth:
than starchebpasidiripVvtadthpea hat abi | 1 t[y2.0]f cook:
As a kind of starch, amyl ose can generate

|l igands. VOCGdnepirmdauacrmmplomgnt s of cooked rice
2-1 .



TabPR®The fl avor s hnpariond uccoeodk ebdy ri ce component s

comr[i)%?qents maisr:JI S[‘)t;%céuecsed common compounds literature
2-phenyl ethanol,
kaelsoe,%;defargﬂg phenylacetic acid,-6
protein pyrrole and k@t%tr?g%_hem?nezé
sulfurous , Ipyrroline,
compounds methyt3-furanthiol and

dimethyl sulfide
hexanal, valeraldehyde,
(E)-2-octenal, (E, ER, 4

aldehydes, ketones decdienal, dentene2-

furans, alcohols,

lipids : ketone, 2pentylfuran,
h aé:rlggaarggns amyl alcohol, oleic acid,
y linoleic acid and [27-35]
heptadecane
aldehydes and nonanal, butanedione,
starch ketones, furans an. furfural, 2-acetyt1-
pyrrole pyrroline
2-methoxy3,5
lard dimethygpyr??z)ine,z
maillar - isobutyk3-
derived pyg?éler;]esd,esstrgfcke methoxypyrazine,
volatiles yaes, benzeneacetaldehyde, 3
methylbutanal, 2
methylbutanal, etc
Ma et al. studied the relationship bet wee

l-oct3mnodec al aeAtPg n-k1,t 32nedi one) and amyl ose
Experi ment al rrexceletps -bdimawed Sbhet t he other
components can interdagpewictysamyl coempt exés
the effect of any3d6oaddborummamazes!| same VOCs
from cooked rice. I n general, there are ma

few off fteheem over all f[8&8vdr of cooked rice



Tabd2/o0l aotriglasmimpounds in cooked rice
volatile ‘RI
organic odor . . ] . . .
compoun  description extraction method cooked rice types VI\?AB\X ZSB Capelg:ary EEAP literature
ds
: cookedKorean ‘
| elaif k SDE, DH nonaromatio rice 07 [38]
SP ME i@,C iC jasmine rice (khao |
Heyar JTc€f PFPD  dawkmalil0s) 108" 799 [39]
i GC-O/ Gis  Japonica cooked 10 8 1 [40]
greer H R;C'I\(;I) é HRG  5oked brown rice 1089 [35]
earth cookedKorean |
Unkno sul fu SDE nonraromatic rice 109 [38]
cookedKorean
5 e2r-1 Ly green SDE, DH non-aromatic rice 122. [38]
n i GC-o/ Gis  Japonica cooked 1227 [40]
vitam
cookedKorean :
oMet h ¢ E)ng E te )é SDE, DH nonaromatic rice 129 [38]
3- SP ME i@,C iC jasmine rice (khao
furan me aty PFPD dawk mali 105) 1313 873 [39]
Sn:,le| aftuy‘ H FGC'I\(A) é HRG  5oked brown rice 1319 [35]
cookedKorean
popco SDE, DH nonaromatic rice 134! [38]
2-A c e-t cooke SPME 1@,C iC jasmine rice (khao 13 4 2 [38]
1- j asmin PFPD dawk mali 105)
pyrro popco  ysspmec ®ten cooked rice
gtr Oaai‘ Snt MS/ MS samples 1354 [41]



volatile ‘RI
organic odor

e extraction method cooked rice types  DB- ZB- Capillary literature
congjgoun description WAX 5 GC FFAP
: GC-0/ Gis  Japonica cooked 13 5 3 [40]
popcloirl H FGC'MOé HR-G cooked brown rice 1330 [35]

cookedKorean 140 [38]

tallo SDE. DH onaromatic rice

gr eenSPME i@,C iC jasmine rice (khao
NonarCi t soR PFPD dawk mali 105) 1396 1106 [39]
green, HSSPMECGC ten cooked rice 14 0 1 [41]
citri MS/ MS ~ samples
i GC-o/ Gis  Japonica cooked 1396 [40]
fatt: SDE _cookedkorean 3 42 [38]
( E2 SP ME i@,C iC jasmine rice (khao
Octer 97 €en, PFPD dawk mali 105) 14 3 5 1062 [39]
i GC-0/ Gis  aponica cooked 1435 [40]
mushro cookedKorean ‘
1-0¢ t-3 i ke SDE nonaromatic rice - * 4 [38]
ol mg ; ﬁ f 2 HSSP MEG ®ten cooked rice 1455 [41]
earthy MS/ MS samples
cookedKorean
Vet hi baked SDE, DH Snaromaticrice 1245 [38]
cooke SPME 1@,C iC jasmine rice (khao 1456 910 [39]
pot at PFPD dawk mali 105)
Decal flowe SDE, DH Gookedorean =y g [38]

nonaromatic rice

8



volatile
organic
compoun
ds

‘RI

Benza
yde

( E2

Noner

Unkno

Vi nyl

col
Di met
sul pt

9

odor . . . .
e traction method cooked rice types  DB- ZB- Capillary literature
description ex FFAP
WAX 5 GC
SP ME T@,C iC jasmine rice (khao
fatty, PFPD dawk mali 105) 12 0 6 1202 [39]
i GC-o/ Gis  aponica cooked 1531 [40]
cookedChinese  1541.4
d mondt HSSPME/ME " i ice 6 [42]
tall o cookedKorean ‘
greer SDE, DH nonaromatic rice 154: [38]
SP ME i@,C iC jasmine rice (khao
met al PFPD dawk mali 105) 12 4 0 1161 [39]
eartt SDE _cookedorean 3 62 [38]
waxy, SDE ng?}oaf%ﬂffgtfg?ge 176 [38]
i GC-0/ Gis  Japonica cooked 17 6 9 [40]
cookedKorean :
waxy., SDE, DH norraromatic rice 177 [38]
S P ME i@,C iC jasmine rice (khao
fatty, PFPD dawk mali 105) 18 2 0 1318 [39]
i GC-0/ Gis  aponica cooked 182 4 [40]
Vitam
cookedKorean :
c 213 E L é SDE, DH norraromatic rice 189 [38]
clove SDE cookedkorean 219 [38]
cooke SPME i@,C iC jasmine rice (khao
sul fu PFPD dawk mali 105) 760 630 [39]



volatile ‘RI
organic odor - : i _ - :
compoun  description extraction method cooked rice types VE/)ABX Z5B CapG|I(I:ary EEAP literature
ds
3-Met h - . o
i A SPME i@,C iC jasmine rice (khao
219tuhtie¢ nutty, PEPD dawk mali 105) 1093 824 [39]
: SP ME i@,C iC jasmine rice (khao
citru PFPD dawk mali 105) 1290 999 [39]
Oct ar ci tlriuks H FGC',\Sl)é HRG cooked brown rice 1284 [35]
i GC-o/ Gis  Japonica cooked 1295 [40]
SP ME i@,C iC jasmine rice (khao
1.0ct-z Mushrc PEPD dawk mali 105) 1303 980 [39]
one m ul Si hkr-eo H FGC'I&) é HRG " ooked brown rice 1300 [35]
SP ME i@,C iC jasmine rice (khao
Hexar greer PEPD dawk mali 105) 1376 869 [39]
Di met sul fuSPME 1@,C 1C jasmine rice (khao
tri sucabblaigl PFPD dawk mali 105) 1384 979 [39]
SP ME i@,C iC jasmine rice (khao i
Unkno musty PEPD dawk mali 105) 1439 [39]
SP ME i@,C iC jasmine rice (khao i
fatty, PFPD dawk mali 105) 1575 [39]
i waxy, HSS P MEG ten cooked rice
1-0ct a citr MS/ MS ~ samples 1564 [41]
i GC-0/ Gis  Japonica cooked 1575 [40]
l&loEr’;ZaZLFgI( gr eenSPME i@GC iC jasminerice (khao 1593 1757 [39]
| met al PFPD dawk mali 105)
SPME i@,C iC jasmine rice (khao
Unknoroaste PEPD dawk mali 105) 1635 - [39]

10



volatile ‘RI
organic odor

CO”&% oun  description extraction method cooked rice types VE/)ABX Z5B- Cagl(l:ary EEAP literature
D(eEg} er ggr eereann i >F MFLEFIICZ(’B[(): e Ja;g\)\llrllen{giel(légfo 1656 1275 [39]
\o PZaE' Ytatty, SP Mo B ¢ e e be2® 1711 1218 [39]
Dodec minty, SPMEIBEIC jasmne e (020 1727 1419 [39]
TE" [ cooke SPUEIBC IC e e (00 16 1 )
S2131 (1 0r SPMETDE IC lumistcs 0 1oy 1y 2
D abé;m s sweet °F MFI,EF'E,B[(): 1c ja;gc\ilﬂen{gf”el(ggfo 1828 1425 [39]
D aobr;;l] aes sweet ©°F MFI,EF'E,B[(): AS jadsg\ql\ilﬂen{;;?l(ggflo 1833 1395 [39]
M ono flore>P MFI,EF gs[(): 1c J:adsg\ql\;ﬂen{g;?l(ggflo 1861 1459 [39]
Unkno medic P MFI,EF gs[(): S Jadsg\ql\'lﬂemr:;?l(ggflo 1867 - [39]
Pheny 11 oreSPMEIBE IC smierce (420 1007 1106 29
o ono [ RFEELSPMEIBE IG e ce 0 15y e e
bEutt hyyr farp upII tey, " SI\S/Ig/M I\%Ig "tens(;%(])gleei e 1046 [41]

11



volatile ‘RI
organic odor - : i _ :
compoun  description extraction method cooked rice types VE/)ABX Z5B CapG|I(I:ary EEAP literature
ds
Ethyl fruity b :
HSSP MECGC ten cooked rice
aer;[ Ohg pall pn pe lae[ MS/ MS samples 1077 [41]
Ethy fruity HSSPMEC ten cooked rice 1242 [41]
hexan peel MS/ MS samples
( E2 fruity HSSPMEGC ten cooked rice 1338 [41]
Hept e fatt) MS/ MS samples
green ysspmec ®ten cooked rice
1He x a V\r/]oeor dbya ¢ MS/ MS samples 1361 [41]
i GC-o/ Gis  Japonica cooked 13 8 3 [40]
Ethy fruity HSSPMEC ten cooked rice
octan brand MS/ MS samples 1444 [41]
Et hyl green, b i
HSSP MEGC ten cooked rice
h ¥ S ; g Wasxkyi, n MS/ MS samples 1529 [41]
cream b -
2 ,-3 - HSSP MECGC ten cooked rice
But an g J tu tl é MS/ MS samples 1548 [41]
2- waxy, b .
HSSP MECGC ten cooked rice
U nndee cCC rfelaomryE MS/ MS samples 1606 [41]
t .
Et hy SWe€el,. ysspmMmEG ®ten cooked rice
benzao Wm' endti ecri MS/ MS samples 1682 [41]
punge HSSPMEC ten cooked rice
Napht tarr) MS/ MS ~ samples 1764 [41]
ne i GC-O/ GMS japonica cooked 1713 [40]

rice
12



volatile ‘RI
C%';%%B'Sn des%(:rii%rtion extraction method cooked rice types  DB- ZB- Capillary EEAP literature
ds WAX 5 GC
Et hy b i
HSSP MECGC ten cooked rice
benze - MS/ MS samples 1798 [41]
et at
2- b -
sweet, HSSP MEGC ten cooked rice
Mhetthhayl woody MS/ MS samples 1878 [41]
1- b .
napht| HSSPMEC ten cooked rice
'YI]_? th 23( medi ci MS/ MS samples 1916 [41]
Ph eln Yf1oral HSSPMEG ®ten cooked rice 1929 [41]
Alycorrosey, MS/ MS samples
Et hy .
o- HSSP MEGC ten cooked rice
hexad i MS/ MS samples 2267 [41]
oat e
ani ma b -
HSSP MECGC ten cooked rice
flor a 2475 [41]
| ndo mot hb MS/ MS | sgmples
i GC-0/ Gis  Japonica cooked 2441 [40]
1But a i GC-0/ Gis  Japonica cooked 1135 [40]
Pyrioc i GC-0/ Gis  Japonica cooked . [40]
Aceto japonica cooked
one - GC-O/ GNMS fice 1615 [40]
2- japonica cooked
Undec GC-O/ GNMS fice 1748 [40]

13



volatile ‘RI
c(())l;%ar(])lgn des%Criio rtion extraction method cooked rice types DB- ZB- Capillary EEAP literature
s P WAX 5 GC
Hexan ; GC-0/ Gis  Japonica cooked 1855 [40]
Benz i GC-o/ Gis  aponica cooked 1855 [40]
Hepta i GC-o/ Gis  Japonica cooked 1885 [40]
Benzo i : japonica cooked
nzo GC-0/ GMLS ca 1938 [40]
1- i : japonica cooked
boyec GCo/ Gws  JAPONEE 1965 [40]
Phen i GC-o/ Gis  Japonica cooked 1998 [40]
2. . .
Pent a i GC-0/ Gas ~ Japonica cooked 2016 [40]
none rice
2. . .
Pyrro i GC-0/ Gas ~ Japonica cooked 2029 [40]
one rice
Oct an japonica cooked
ctan i GC-0/ GMLS ca 2088 [40]
6,10,
Tri me : .
2. i GC-0/ Gis  Japonica cooked 2116 [40]
pent a
none
2-
Met h-o . .
4 i GC-o/ Gios  Japonica cooked 2173 [40]
vinyl
ol

14



volatile ‘RI
organic odor : . ] _ . .
compoun  description extraction method cooked rice types VE/)ABX Z5B CapG|I(I:ary EEAP literature
ds
Nonan . i Japonica cooked
acid GC-O/ GNMS | rice 2183 [40]
pMaeIt rr?it i GC-O/ GMNS Japonlrci:gecooked ) [40]
Decan i : japonica cooked )
acid GC-O/ GNMS fice [40]
2- . :
Tetra i GC-o/ Gis  Japonica cooked i [40]
one
Eth japonica cooked
0al m3i’ - GC-O0/ Gnes ~ 1apP ol - [40]
4-Me t h
5- i : japonica cooked
t hi az GC-O/ GNMS fice 2299 [40]
anol
2 -Dh
tert i : japonica cooked
butyl GC-O/ GNMS fice 2337 [40]
ol
2 -3 . :
Di hyd i GC-0/ Gas ~ Japonica cooked 2398 [40]
nzofu rice
Dodec japonica cooked
c ac - GC-O/ GNMS fice 2513 [40]
Tride japonica cooked
c ac - GC-O/ GNMS | rice - [40]
vani l i GCco/ Gios ~ Japonica cooked 2538 [40]
B Lcjj Ez(a)?] butt er FGC-I\CA)é HRG " 5oked brown rice [35]

15



volatile ‘RI
organic odor

congjgoun description extraction method cooked rice types VE/)ABX Z5B- CapGn(I:ary EEAP literature
2-
M.e?) t,- TS-O earth H FGC'MOé HR-G cooked brown rice 1423 [35]
D yl rmae Zt i
2-
! S3_0 bu ebaerl tl h yp H FGC'I&) é HR-G  :50oked brown rice 1514 [35]
rr;/ ert ahzoi | |
poli el HsSE/ g/ cookedlasmine g5 [34]
3 Methyl HsSE/ g/ cookedlasmine  g5) [34]
2 Methyl- HssE/ g/ cookedlasmine — gq, 34]

dAbbreviatiors. FFAP, Free fatty acid phase; SDE, Steam distillation and solvent extraction; DHS, Dynamic headspace Sampiiig;-G5 C
solid phase microextraction gas chromatograplfigctometry;G GP F P §as chromatographyulsed flame photometric detector; $3$ME,
Headspace solighase micreextraction; HSSPMEGC-MS/MS headspace solidphase microextraction with gas chromatogapigm mass
spectrometry; HRGC/O, HighResolution Gas ChromatograpBffactometry; HRGC/MS, HigiResolution Gas ChromatograpMass
Spectronetry; HSSE/GC/MS, Headspace sorptive extraction Gas Chromatoghdaty SpectrometefTen cooked rice samples: 6%, Pusa
Basmatil, Pusa Basmafi509, and Pusa 1652 (Improved Kala Namak), Jeera 32, Govind Bhog, Kala Jeera, Kala Nuniya, Kalh, [dachak
Kala Namak2; °RI: Retention index.

16



2111A1I dehydes

The al dehydesafhkexadatanal, octanal, Met!
decompose primarily whirolhfgdhc ¢tbipea tls axg eatt | pn
of cooked rice 22)aogmMalconwietmnh t(HabRE ( Rete
1401 and concentration of Bla4s.n@a3fN90. mangl g
contrid®uatl égarweye n, ci,andsy,atsgagdy av[fodl]f or CoO
Meanwhil e, hexdeaf&edngredomt Esr cooked ric
intensity is 9.96[B88r. BAfmat icfomako kadgt mioine e

contains significantly mor,eontctbakalngcacmanen
di stinguish tHe&.&8Jewoz akl idnedhsy doef, rcihcaer act er i zed
nulti ke [a4r30)mas been recogniv:@@i del 3§ Kegtantu

n traditiopdalh]Usicreg calmetvabesl omi cs approa
s otpihca s e mi croextraG@MSon Zlhaaoapleed awi.t hi nves:H
di fferentiation of japonica rice varieties
cooked states. Thebiernzfail deihrygdse srficeoweeaind d att h @
variation among raw rice samples but differ
study concluded that cookeni achoné¢ ad ayrb@lres fr
amoumft s pi d oxi d,actoinami mreaduchtes hi ghest | eve
whereas samples from the northeastoefrn regi
benzall[deh]lyde

The odor of cookheadexkteambgidbeoivedaldehyd
format iTohhrerefore, désetbpdd at c@emhodl tanal
determine the flavor composition of cook
composition of fresh coolséedredca wethodhat

bamboo charceahawae tdedfitavor of the cook
chemical evaluat & avazsleywwiadedt edat the ar
stored ri ce wahse agsesnoecriaattieodn wift hal dehydes, i
nonanal , and oct arels,e ddrdierhg dsetsorwege pr ese
during, and after cooking tHh&®R)r measuFeuwmeine
showed an bheedupeakkt brtor¢ ewbskabgkatrice
been | eft for saomeetimem Thesfpemhti on of

i ndicating partial hydrolysi scamderotxad at o c
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aldehydes. The findings suggested that the
with aldehydes. Bamboo charcdalriagulcdho&d naq
and reduce the odeamnef sthgeretswbbkRettheitbe, s
anal ys{ 4514 pgoonagbifomal dehmmpast canpl easant, fr
cooked srtiocreageAsti me i ncreases, cooked rice
| eads to odot nf afitwchad d¢ loar, arled ehtyy daesop a B al ,
met hyl bmeahgl puB gpmadtemni ¢t ¢ on athreshold prod
the Maillard reaction primaritloyo ockoend rri ibaud e
[ 34, 46T hetr7df ore, atteoanti raoH dsitoroognlt e nke o aiad ¢

in cooked rice processing.
21. AlZzoaokldest er oCoyncpd auwcnd s

Heterocycl i,c whoincphoundeasi st of monoheter
heterocyclic compounds (fur aariedfemita Zf#dleda, ip
T a b22e. Specifically, t heprdiemga raidlayt i tomr U g hs t re
reactions, which generate small reactive |
compoundidi kmemtdo compounlasmi nohaatci dsatbit be f or 1
i ntermedi at es. Mo st of the Il abile inter me:

degradati,omesaddtiingn shameezehiobgt | pcofsabnd

properties. Meanwhil e, t he fheured oicry cMaicl Ifdre
compounds, include pyridines, thiazol es, p
wel t hasr df 4.8 vDaith yvderso. bpeenrztoyf |udrcaerBatyh,2 a2z ol i ne

et,were produced by Ilipid reaction and Mai

content i HM40®¢lok eburkayd® ,f u2Z ans with [ ong sid
formed by oxi dmenmntonl fourr alni ppirdcssbh.ab2 y comes |
oxidation products of monohydroperoxi des,
and beam3ftplkanvtoyrl fau rseonf bheagsd i n di ver se t her m:
foods a[ndO]Jjamidces can be det dqbtlddhaespngsdpat
of s pleicpifd coxi dati eprenpryddwcectas, aemdg.i,ndd| e,
aromaticity of negkdd v el ge nasfut daeed sefbtga n c e .
Excell ent rice varhiedh efsk washudad d cy2npcoesnstersast i o
|l i wixd di zing compounds.

As shown -2, n aTabdhet-8e1 ,( lheaanahoHalaet c. )
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gher od,aarndt hrheesyhoalrde consi dercedmpobontds th
cept f ofr3.3]l Mkeeahmywde sl e, the floraliand fru
ntribut e[dd.D]y naladah ali £ n, -o& 3eom gs haolulg hatl ctooh o
pradiuced | ipid oxidation; It has a hight

s mel | of wild mumdistbbome, ccok@pdi bu¢ceé ngr oma

212Coo kreidclead ®etr e eneit & 0 d

Th
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mi

ar
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94

ev

The kdeeyt etcot i ng t he quality iofs cviodo&aetairlrei c e
e det ectfioorn crmoeotkheodd sri ce fl avor can be di
thods and instrumental analysis methods ¢
seno(ske) dheet ect i on rqeusadlittsatiivel vadneal ysi s a
mpari son. From tcHe sgpgwasl iotfatviawrd oaumsa |VWOsCiss ,cC
d different disei vauieheeds The dbde&ncentr a

n be obtained from quantitative analysis
BZehsor evaluation method

Sensory evalwuation wi tphr olvumeers magestas i
il que, and subj etche vfel awd ro.r arfaht id 0 ok eattbhooudt c @ f
e ultimate human sense, while the theore:
arotmop52pFor the detection of cooked ric
ual |y whireragtd ch go wfoo X ,eTdbet Jisceensory eval uati
ables the subjective assessment of the t
nducted by a tmamb.edBhpeaymmewwhk ¢adf tsee vaesrsaels s s
formation on the qtuadtid,y @arfonah,e acnodo kaewle rre
mpl e assessment, each panelist wil/l cons
neral water and saltless crackers) to ma
e statistically aoodl t hed dvbgbden sneme t he a
Honma empladyed quantitative destheptive
nsory properties of 10 cooked sherlcevent erdi c e
s edhessoaryi pti ve terms to ewadnudddk erusorsya

aluation mode. Preliminary sencnirtyertieas t i

( Ar oma: 3; Appearance: 4 ; Tast e: 4 ; Tast e:
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oma of sweet boiled red beanso. After mu
I dent differences (p < O0.0[5956lJamong ten c
Lapchareonsuk and Si rexspolnobiotoinngetviali.bl pr

ortwawvnef rmaeaerd spectroscopytpoNl BEpopmaeqghai q
CcookFeodurr iddes.tinct cultivars of ©polished
oked rice, whiteanmndcagedrjeadmijras mi in@e.r i T
al ity iofcltthei mg cset,i ckiness, firmness, dr\
aluated by a sensory team, which reveal
rrel avhiedi bw e | i ght and shortwavraentl &S da
or t\WaRise del s were built using partial | e a:
nsory quality?sgfalaesk od rntihee sehlsorR qual

| varied from 0.837 to 0.918, among whic

Ryaval ue pB63DP. 918
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An 2t rument al analysis method

TheC method is a common method fa&mB3,VOCs i
] I't ocbhwei stmporsampt espepsreat ment and fi
neral |y, sol vent extragariecerdarnodr hpadsp ®c
oked riicdheanmnploksdsuiatéyasomaected to i s
th the comdMMSmatdi otnheofde@G@cti on a&anmendar ds
di vidually set to quant|[b6¢]the detected
Shi et al . empl oyed a combined sensory e
romat-ogndemy mass S pMESd tMSo mednd g GELCnni ng

icroscopy (SEM) to study the variation 1in

cookeddbrowg.r ®Reatsitnagg, a power ful proc
creasing the content of aromatic compoun
rice and cereal[5pit®Buandgley gict ededtl YOE&S
oked brown rice sampl es, and roasting

mpounds andoheemdd adqd dinlpec ar bons and benz

JThe primary flavor subst anMaeisl-tiewr idvoeadst e d

| ait mcilenbgd r f umrea lh,y |5 u-dif metahy | gnel ezyil pe,r aZ i ne

2et oynlet hy | pymdez2i83ydb met hyl pyrazine. I n addit
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ad to an uneven surface of cooked brown

d promot e t he producti on and di stribut

i crostructural variation increases the sp

aled dthegaicts of various processing meth

tritional componantds arommpe®impionent solodr
atdeyat br ow-MSr meeho®&8 ded quantitative ana
cludi nygd els3 &l cheelt erocycl i c furans, 1 each
alcetobéssowdredd]det ect ed

Dias et al . studied the VOCs produced fr
entify copmpagwpndsottahatpart i n cooked rice

O rice was mainly described via a carefu
e VOCs of cooked rice extracted by SPME
d-MBC 80 volwetld ¢ eisdemtitobitad t hrough OSME,
t al we r e hd etnmed toggd awihd ¢ anal ysi s, of whic
di delT hdbeét ect ed compounds were mainly al de
coghmomd skgb.fiihes study by Mar aval et al. aim
fl avrogl eVasCessd by two fragrant rice sampl
margue regmparantdhém wikthlowinhdsé aof fa agela
l tivar (Thatayr.omart i &@d diatriieri, esofrom t he
mpared with aromatic vaol eatceem@)Trhye Q@G
chnique was empl oved 6f@doic@béandc adtciet samp

| ows t he sel ect i-aomt iamaed cammd o/t s [o6f B ,odoompalr

644nd the working purRehcnpaeidi washmonei acEug

t o

combi AMS wiot hdeGGct various [f6bked rice f
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Chromatogram
8 34 Set-up of
Gas Chromatography-Olfactometry
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Oflactory
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MS or FID
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Smell
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E
1:34 T
@ 3 9990 Human Olfactorv
N

(Nasal Impact Frequency ]27 32 Olfactogram System

Fig@gtchematic dOagy@Réempf GC

Furthermore, Gad fGhcriMaegtoypaephpPMaetry (G
i ntegrat escf tdensvonmry ucdescr iMSBtL i-GBSaphhysi a a
crucialdeotefyinng pivotal, aromati c, and v

providing not only minute sensory evaluati c

gualitatiovecam@pymens di still ation ame sol ve
wi del youseltde identificatiHowe wd rcomcthuendsnrgti icrae
andi oesd, and its reproducibility is poor,
process and | os$§381 some compounds

Zeng et al . usSePdMEa nmeitnhpordo vteaa r dbl &ae cvtoll ya te X te
compounds from 3 Japanese rice varieties,
Akitakomachi, durindgCMBewasokbsprghpmdéeasy:z
VOE€i n total were detected, incorporating a

compounds, fatty acidardtley drAspdtreinem hcaco kci onng
ti me was, prloé omgmhbler of significant odor cc
the quantity of wvolatil es Gwiot lretl aw - b alisleidn ch
gas chr onrataodglriaghty mass SELEOFr MBAg¢t cyompHSB e d
wi t h h esaod sipda cpeh a s e -gmaisc rcoherxot At antmoffgilroargp thty ma s s
spectr oRrpePtMEGTOARSMS) f or precise &ArPd imapi d
cookefl6.Akegtaickaged cooked yrpieceof( ARCR) fioso d:
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rapidly exparChimparmar lkwett h rice steamed in

has a |l onger shelf |ife (6 months) and only
eat[iti®y]Lee et al .ddustea do na nmeettehrodda rcdo MiSi ned wi
tquantAPf f lZavor The aAfRP&€Reldt $ hat -AFh el nc oAnPtCeRt
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ntaining 20% fragrant r inoentdsatdobrwe3dd ~a t9 . 255
/| g angdr e6s.ple cntgi/vgel y, which prove@9} he prac
Anl ectronic nose is a novel Il nstrument f
90s. It uses diverse gas sensors and pat
formati on qguickly 6K arhdioeéer rcetcegpondirggt dataa
stinguisHed, &MDYraast edbgansdeodrs es have chemi ¢

maging capabilities and sensor systems w

e

nsitivityamhdbshaesd r usnt aes@ponse, which ca
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assification i nstrument for aroacaric ric

ocessing mo d-d é £ e c taino no | nidadeurhaerd y ha@ d wat er
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mp

c

ting module. The odor processing modu
ce to the olfactory detection module. Th
inted circuit board assembl ed wattherei ght
t h ncoodnunleec,t ed t o a heater torfiaei Isiatmaptl & sc
omputati onal modessaggsuacdbi Feesed hei &
i nci pal Component Analysis (PCWAY andbl es
ustering. Probabilistic Neur al Net wor k

ptroan@dBBMbRBRRar Discriminant Anal ysi s

e
d cl assi f[y7r.4rli ce varieties

nel | i aemtnBasle. atnsld dh&raed (NI R) WNORNDiIi er tr

nol ogy to explore the optimal cooking |
d instant rice, and comparseudg giets tweidt hc otohkei
me (SCT) on the packatghfedgl R amet hod t c omals
curately confirm the WNMEGTeofepolthhbetaah i

aromatic fl avor <c¢handgaodwars nags scoocoika tnegd, v

e StChTe oFf rice samples. I n additiaftet he ¢
mpl| enodoeb j ect i ve, maki ng it fiodre ad e tfeorrmisneinns
ce gel at[imMRjalat e bnaknonsaesmer iasni NBEg 12 gas s
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study complex odors emitted by 44 japonica
emi tt ed pfornome acnodo Kbepdo mi car espensébBeof gas
were evalR@Aealndisdlngst ef7v.6jp addiysiosn (GCGA) r:
gas seneeaerse, cCBlurrently combined with mass s
sensorenhwhiceb their idnmovabiokmdamdcrelai @ i
Adi scusseds abwiwvemarnihies the evaluation tec
flavor, assx3amn@h i n Tabl e
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Tab23&ummary of evaluation mevbbkhddefor identifying VOCs
evaluation method food type (cooked rice) the main VOCs cooking method and instrument literature
t hhel oI e scsouarkei ngarf & 0
HS-SPME/GCMS brown ri« hexaennatl ,,allr}rduorrﬁﬂ kpa)l, opurheescsouarkei n g [ 77]
P y ¢ ) Olabnd t50 ktpa)
- - i cooke y W 0 ype
GC S 0y breiacne mi (IMg0402) an ds aadnb 3 [ 78]
three |japa .
HSS P ME /-NGSC cultivar s, i ndol acafgy 2r o cookedkby 3ra_18h ]i [ 79]
koshihikari, cooker urtng
the akitako nnonanal and cooked by sral8h ¢
SPME/ -@6 of paddy ri ce aci d cooker during f [80]
g 3 - - - hexanal, hept cooked by i hs prxilcOe
GC-MS/FT-IR koshi hi kar. nonanal panasoni c) [45]
Sensory evaluatidhi-
noseH SS P ME / -( brown rice | furans and [ roasted by differe [59]
MS/ MS) /| S
kamini bhog, -
E-nose govindobhog, - cookéa@Chor 20 mi [74]
HSGCTOF /MS eight types cooked according
SPMECTOF /INM (zhongzao 39 22acelpyyirrol i i ndustry st anda2rodo [67]
Sensory evaluaton 376, nanji ng: Afaromatic riceo Wi
cooked in an el ec
SO|DS|\|>|/IEE//§(§:|\/|0é aromatic ri 2acelpyylrrol i pauBroa,zi | ) with wat [61]
(100 g ricel 25¢(
1 rice produc i ) - cooked using an a
ES'\CAEECIS\ISSI\EA@S kerry co., | 2ac§1|p5éylerhr Odle'sn(cfxb507f5c8(251@j|anc [7]
heil ongj i an y by share | td. ,6 Chhar
three scent
: . (aychade, fi 2acelpylrroli-bel,brice (5 g) and min
GC-MS/GCO and a common indol e and were cooked in op [65]
cultivar (
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evaluation method food type (cooked rice) the main VOCs cooking method and instrument literature
Sensory evaluatior - i cooked using ahd1l®0
/QDA brown ric panasonic corporat [56]
FT-NIR milled, par soaked in 1650 ml
guiccokoki ng r | - a rice cooker for [75]
spectroscopy/ihose sativa | . and 900 s, res
. mi cr owav e g 2(Oneond; e Id
HS-SPME/GCMS asepackaged 2acelpyyirroli el ectronics co., ¢ [69]
rice
700 w
Sensory h : .
; : : ome el ectronil® mi
evaluatl(lj\lrllghortwave jasmine r - toshiba, thai [53]
rice (oryz cooked in an al ul
SDE/GC/GCGMS japonica) F - automatic electri [81]
niigata pref modedb)c
g Y t west x japo i ) . cooked according i
GC-O/GCGMS varieti e:c 2-acelXpyylrr ol i met hod gBOO8 15! [40]
. ) . 2metBHyUuranthi  boiling by deodaized g
SDE/DHS/GCMS kor eaar emmat i acetpylrroli.i distilled water [38]
2-ac elXpyylrrol i ne,

HS-SPMEGC- butyrate, € boiling by addpuwmwmmg:
MS/MS ten cooked met hyl but anoat water with 1 g r [41]
andne2t hyl naphtt

. . . . cooked in a ri
SPMEPCIS:(FI,S’GO Jasmrgllnie 1r0|5c) 2-acelXpyylrr ol i (bl ack & decker, [39]
100, for 18 m

@Abbreviations:G C , Gas chr omaS/oMT,apbays GCracmmeatno gwraaspshyspectr omet er , SEM, S
HSGCGT OF Me&adspacgas chromatograpklyme-of-flight mass specrme t r 36 P MBET OF MS , paddsolal gplsase micro
extractiongas chromatographyme-of-flight mass spectrometryDSME, Olfactanetry; GGO, GC olfactometry techniquesC-FID, Gas
chromatograptilame ionization detecto:GC ENose, Flash gas chromatography electronic noseSPIMEGC-MS, Headspace solghase
micro-extraction method combined with gas chromatographgs spectrometry; QDA, Quantitative Descriptive Arajgs IN| R, Fouri e
transf or matriean NedglaRared Speictroscopy.
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TabP-4Overview of detection methodes of characteristic
Detection :
M ethod Advantage Disadvantage Reference
Hidh - itai ol o relaotllve high co?t for_oI |
g igh sensitivity, strong qualitative ability an  purchase and restriction for widely us
GCMS convenient daily maintenance as the operatlonSg]'mperature |I[’8g, [45, 50, 77
low detection limit, relative high sensitivity,
simplicity, speed, wider compound coverage _
HS-SPME and higher throughput, simple oiaeratlo_n and 1 Sulfurand sulfide compounds cannot [ 50 79]
test speed, basically no solvent, little detecte{B4] '
environmental pollutionandless sample
consumption o _
~ Data collectioris tedious andabor
_ intensive. Dat&ollection from different
E-nose low cost, accurate, fast, reliap@nd poréble sources, the-aose performance is [74, 87]
highly affected by temperature
dentificat . _ g modulatiorf85, 86]
identification of key aromactive compounds . . P
GC-O-MS accurately, capable of illustrate relationship I"Sgiend Sr%?ggsgn%?glégag'Ogr'£§fd to [89]
between odorants and sensory properties P P
e?aelﬁsa%)r/m with subjective characteristics low reproducibility and poor accuracy [7, 67]

Abbreviations GC-O-MS, Gas Chromatograph@lfactometryMass Spectrometry.
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2.P2rocessing properties for cook:¢
The whole cooking process is usually bro
from the beginning of heating until the st
out of the pot and ends 13 minutes | ater;
reccooker until It stops automatically 10
preservation starting 7f9rfdom addomabne¢ siop
gel atinization processtt whemansbeatbdabapondbts
starch is released from the <cell wal |, de
forming a gel The difference in the starc
of aroma [cDhWmpprua@eaki ng process can mini mi ze
food and i mprove the edi9iflet cdacackiengsmec!l
i nappropriate, the excesdi \wd enwturail @ ntys orha \
could decrease. Cooking: rwashiumsaq arl il ye ,r eaqdud
fl oodi ngandhehaetaitngpr eservati oinn dbekiprug poisee
shown i /B, Taabnde t2he | ast threeéenstédegs resg@ai i
Di fferent processing properties ofagooked
shown inr2 Figure 2
TabPR2The purpose of each step of cookir
step pur pose literature
wash remove i.mpurities. and
potential arsenic or
add w provides water for
(oogmaKe Tige grsin walel o,
heati provides the energy ne
heat use the remaining tgmp
oreser the water be.tw.een ri ce
gel atinize even
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[ Pre-cooking ]ﬁ)[ Cooking ] o [ Post-cooking ]
p
. . . Low High
Washing Soaking Cooking 8 Storage
temperature temperature |
Ambient Thermal Cooling Retorting +  Ambient
pressure * Inexcess water || « Refrigerating Canning temperature
High pressure || * By absorption * Cold water Drying * Refrigerating
Vacuum Non-thermal Freezing * Hot-airdrying ||+ Freezing
High pressure * Freeze drying
Freshly cooked/

\ homemade rice

Y

Convenience rice

(b) High pressure
Pre-Cooking processing Cooking, drying,
steps conditions retorting
Washing ; conditions
Soaid \ .. Temperatures > 100°C
oakKin
g —— P
Oxidation Flavour Loss or
of surface | == » 2 4| change of Freezing,
lipids deterioration volatiles freeze-drying
Addition of il = / R conditions
Storage Oxygen Movement of |4 Below glass transition
conditions accessibility molecules temperature
O Mechanism
~» Decrease
= Increase
Fiug22(a)cPoking, cookokigngntdeplhsdol ogi es with diff
produce freshly cooked and convenience rice; (b)
flavor deterioration, measur p84pby sensory analys

The aroma of cooked rice -har vaddtecd erdd ibtyi
po-barvest ,gaoddpt o0oaess[inwg]apr ovee rftoiceuss on t he
sonvel palocessing properties (cooking pressu

[ 9)5]oiceo ok ed ri ce aroma in this section.

22 .Plr essur e

Among most Chinese, ordinary and pressul
processing methods, whil e pres8uXwke eetoo@al n
analtylsedar oma of comprkeslsurn & es tuissh imeg( ¢iPtH)hl av e
The results showednthat atdlP& yclad U e geedar act e
cookedsribe. cooking pressuMRagrad@al 8gMPac
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aldehyde content increased, and the alcohol

(
t

ncraadethen decreased. For exteenopr &,. 789 tve
0O Mpa) to 7.0M0dp®ntygl I&rMdMmads | evel went frc
hen down[ 8o 8. 800%

22 Water content

Depending on the different ,and taoa@ki nbgac

met hods, there are two mai[nd:dwdyyg tsao emank & gc

adsor boeet eprrnei ned doses of wateragsp(ex) feaewoki

emperature (higher than gelatinization teil
o result in insufficient water diffusion t
f the granule may not be cwhnpclhetwillyl ggednaetr
har de[r9.dleatipee food industry wusually wuse
ecause this continuous cooking process ke

moi sture and uni fAddmmlty odastyji bothede are t\

)

O «Q

ooking: (1) the water is absorbed asympto
i ce,; (2) the textur al compositif®@a]Ad gr ai
or rice aroma, 11 rice varieties were soa
n flavor and sweetness indicates that S 0 ¢
| aavotri ve metabolites, whiletbhe Tthawgr ol
rain fB7ucBytadjrusxmokgngheechani sm, the <c
an be i mproved and the fl.avor quality of
Moi sture also affectcsodbheddé | abonhyduat ed yr
omehydrated rice are the two main categor
ehydr albreidc er)i cpesp(wi del gue to its convenienc
ong s heldf sltirfae@,ght f or war d pprodauedd e ipmotca
ooked rice |l oses tdaasmechufallavxgr dheée hedt

i ni shed instant cooked ri ceancdani tb erbedeedtse rtm
nhapeed. 110t0]i s crucial to explore the i mpa
hanges in flavor compawrmds deen dafttheer g ueahlyidtr
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22 . T mperatur e

Temperature can indirectly affect the f1 &
of I i pid oxidation. Through reducing the t
degradation during [tlhQel Mltiochhgeamfadcdorkedh ri
the cooked rice.

Ma et al. investigated the relati,onship ©b
and 2. 88AComk@d mwmindestfdraawgpea. dluhre ngxperi men
flash gas chromatogr aplsy)elaemdt semisoriyosaaa(l
that the fas;t etrhda hleor@pe®r itnlge raarteema retenti o
the sl ower t hega heodlaistgerr dthee acceptability
degr.adles t hewekpedi7mewmtobked rice gamppbes in
(freshly boiled rice) had htlgdnehi ¢glhasnt tthet
samples (p < 0.05). shhhevegsicesrigsnifforcamachdi s&
0. 05) satcorroasgse t i mes. Wi t h prol onged stor a
det erjamrdatceodn sumer acc[e/pthebihlailtfy ndemet @aoddi
hydr ot her mal met hod widely used I n rice
physicochemical and nutritional features o
sensory and otklegcttracsstteatguwaliinttieersacti ons,
forces, hydrogen bonds, and disulfide bond
proteins and flavor. sHbghaneenperat crookmdy
di sappear t hesechangielsav olre afiugt|atinecreesf or e,
hydr ot her mal pr ocesbsainlgi mge tchaond sn adtu ra mlgy hpad s
cooked rice bfutavaolrs op riondhuicbtiito no,f fwhi ch si gni

qguality of cooked rice.

23St ate ofSdmiec amMealta@ho rod @ s@as
SensoCodkbadQe alDettyect i on

Cooked rice quality isamgdveansed, band exi
influences consumer acceptance and grading

Among these attributes, aroma is particul a
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Cc

f volatile ofYyYyoORsRatcoapeouhdghly sensitiwv
roceasdngtorage history, and therefore pr
ooked rjit@d®dquc@onvgnti onal evaluation relie

n combination with c¢chr omaitSo@malp h@@hitcehc h n i
ffer accurate characterdaomdguminn @,fankdkesyt nwotr

nstriumeennsidvéfi andt otnd osheminaeyal i oty contr ol

ookedlo4ceR@cpent studies have demonstrat ec
ooked rice encodes rich i ndmodtimMaavons abanod
hat el ectronic nose sygesemgabasedsons aca
i scriminate among vamidetqueas, tyt gqmragescomd
ooked 1ai8®0dn gener al , gas sensors consi st
ntegrated with a transducer and operate by
nal ytes into measurable electrical signal
ur yoerntv dlitldlgdi t hin this broader family, s e
SMOKhemoresistive gas sensors provide a
ooked rice quality detection, since they
ow cost, robustameds ss,t rnaiingihattfuorriwzaartdi oinnt e gr
ose architectures and embeddede snerauscutrievnee n

eall me moni t or i nfgl-lclfold aiomds tqutalhiid ybackgr oun
nal ySMG XY a@ased gas sensors for cookétd choe ¢
uide the design of future setntseorp aslyasttaebrsl i
nd safety of cobkedicecgslLpbhb®pughaun.

.3eheGal 6§ e me s mondeutcatl oxi de gas sensor s

I n contemporary society, the ubiquitous
Xplosive gases represents one of t he mos
t mospheric contamination. These hazardous
f ecoslyosgtiecnessl but al so i mpose profound ri sk
f other |l iving organi smé. sTibe dei esenoneus
al vani zedl oibmt e nesfef or t s t o devesleonpsi hgghl'y
echnollmgpaekar, gas sensors -lccavpedbleaenadfyteest
oncentrations welfl thel bwmaherekpeshobdy s
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as indispensable tools across diverse disc

agricultural management , i ndustri[all3proces
12D22]

Fundamentally, a gas sensor comprises tw
and an active sensing | ayer. Functioning a
transnoudeeul ar interactions at the sensing
out put s. These measurable signals typical
resistance, current, frequency, or potenti
andenitd ty of t[hle2 3t,,arIgZedt]r iggasresusl y assess t
performance of gas sensors 1is generally L
par ameters, such as sensitivity, -tdeertnecti on
stability, oper atiing amemp etroatambkei ernatn ghey mird
rapidity of respon[sk2@mndl2@&lcovery dynamics

Toenhance sensing © & p aabdi vl ai ntci edalsa,bsetarnat & g g e
systematically explored. These i[n&l7yde r a
surface morpho¢ll@dgf enotd ud tad[ti 2eednt gail nyete rci ndgo p i
and surface [fLBOL I Ph&ylsizatcihhemi c al environm
as pH redagruMnidont he incorporation of hi ghl
organic framéwad8Bks INOMaFsl-bya s eSIMOsXensor s, esrgL
t hose operating on chemoresistive mec hani
ver sat ialdiatpyt ¢ #iBdbi,.t yIThe&e]i r applicati-toinme now s

medi cal di agnosti c[sl 3a’n,d d3éalduis t mo ail t baizag d
[ 12cdrlop di seasedeardiid®dfdenadh apdes te [ t1ido0n,

141] Th
rati os
mini at
candi d
advanc
potent
emer gi
anal ys
aut ono

the pr

e exceptional senechgdiang-rabgbesi gha
, robustness wunder f | uchteuaahbiinlgi teyn vtior
urizednawdfil exe it @t ®dr memepbadetpgiomnot a
atgsenéoasprant gaslddev,Talkds3n] t oget her, th
es i n materi al design and sensor en
i al-bacsfed SMMXx moresi stive gas sensors
ng paradi gms s (@é&maadli emeet-chrfinge m | s ii gt aell
i's, and the Internea okewTkiragesf (ioTk
mous, aared sdadagptnievmevoga&kss. These devel o

essing global démamdaludtt yarlesaor vieayl | &
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foundation f or future i nnovations in envir

i ndustrial safety, and personalized healt hi

2. Tohstoinwa ki ng priamadi phg prEovcOeflaus esensor s

Semi conduct or(SM®EXgals exinder sf aabrrei ctay ppidc aol nl
i nsul ating subst raltwemi, na,0 mmolnil ya ,maare folfe xi k
These substrates are integrat(mdtwiotfit einn tgeorl
or pl)atnidnibhmati ng el ement s, usuaxlhlryo mé¢ amp os e
all oys. The active asseiOsXi n ¢ Ildaypo®rs, teadn oind toi
While the &electrodes enabl e precise measu
i ntegrated heater regulates the operating
enemrgeyuired for gas adsorption seemdsiddgsor p
performance.

The sensosg(Fieg2Xaspeei ficall yheawdese in tt
fabricated using an alumina substrate with
wersec r-eeinnted with platinum paste to form a

A 0.42 mm gap was maintained between the e

deposition of the sensing fil m, the sensor
i nvmg veonication in deioni 3pdc iwfaitdaildand al
milligmaimeadd es giatsi ve powder material was di
or absolute alcohol to form a homogeneous

coabaedo t he (Fsughz3tlh. )atTehse coated substrates
thermal |l y dtegcharaiefd n gaeadvaeemmo obtain stable sen:

suitable fosessbasggqmemasuga@ment s.

(@) (b)

: ” Grind to a paste
Pt heating electrode Sensing layer &

N
I J Drop coziting

!

Pt measuring electrode

Fiug23( allhe schematsensiomgarmds@eihsihaé gdi agha tci ng
pr oc.ess
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The experi maowaluirgdt&lgows t hgeassenhsidyg of
behavior of the sensors in cGasamcsi wgthesat s
were performebdanséhggasdeesnkowg?2iesTtheegur e
testing apparatus consists of two main c¢omg
uni t . Synt hetJ+c 2diehy @aaisr s(oux% e from Nanj i
Factory Co. ,-c hlathndhaesleThhse nfgo utrest er was acqui |
Huac huangc hRoilkoeg yT eOm. ,adljtucst t thbbteacrognecte ngtarsat
Bronkhor st mass flow controllers in Ger mart
synt hetTki slriyn&at r ucnmeamtg ense aisnuredsectri-cal r es|
purity air and specific VOCs over. tAlne, de
tests were performed adCHdootmet enmpar aeliae i
was approx2iomatwi tyh olust any addiAtdeskiom | moi s
computer wasised to collect response data, equipped with an ataldigital (A/D)
data aquisition board that measures electrical resistance values for the corresponding
channels, using a laboratory DC power supply (8B&3C) with12 V and 4 A. In
detai,t he data | ogger suppliess) .a Tdhtiesadvyo | ¢t algte
di stributed bet weenRs,t lwd ircehf, d racesonnaset kanmdtsvinrse soir s
and tkeR,|l Dvviose resistance warnicesntwiatth omhe
vol tage i s relatively di stributed accordi
componenftesr.e, T hgeireen t hega nvdo | g raaguen d e(t Gelz)n, WVt h
bet wenegaBN ¥ GND i s measur alilhe,-C@Adedsiromandeic
be cal cuwlsatdeBqoaton®¥B.d i n

AVme g s
Vmeas_Rcr v _Rr ¢ §EX (2-1)
Vex RemRrer = CF 1(egs

The target gasvapor at a specified concentration was obtained usingmple
dynamic gas distribution method. The saturated vapor pressures of noractal3-
ol, andbenzaldehyde liquids are 8.&hmHg, 075mmHg and0.975 mmHg 2 5°CN 2
The flow (x, unit: sccm) of standard nonanabdter3-ol, andbenzaldehyde with the
concentration of 3ppm, 1090 ppmand1283 ppm was calculated by Equatid2tZ)
[ 1 dadd]controlledy themass flow controlles: The flows of dry air (y, in sccm) and
humid air (z, in sccm) frorhigh-purity mixed air were controlledsing two mass flow
controllers. Relative humidity was regulated using two distinct flow meters; one for dry
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air (flow rate: A sccm) and another for fully humidified air (flow rate: B sccm). The

relative humidity was determined by the formula B/(A+B)*100%.

Concentration vafpoVO®s e(spppum)e @ OMVBAXEs ( mmHg)
MFC
7 Gas sensor
33—"'2” -4 T ay \
MFC l
Iz

Gas in |
Target gas

®o: - : .;",,IA
ata acquisition DC powder supply

Fiug24The schematic diagram of the gas sens

C .

|| @——Sample

[ ] B8 — Heating

indicator light

Sample holder

Switch

=

\7‘) J_E(/
Power Power Micro USB

interface indicator data interfaces

schematic di agegaanmimér t he sens

(
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The sensing mechanism is governed by the
the semiconductor surface, l eading to el ec
mat erial s conductivity. The extent of con

bot hn atthuer e and concentration of the analyte

detection. I|l-bapedctghbeseseBMONg systems are
configurations, incorporating valve assemb
supplies, and sidgrals,. &#dgbikseintsioorn fuarbirtiscat i c
analyte samples containing a controll ed amc

i n a mortar to pr od,ucfeolal dhvoenb gheyn eporuesp amri axttiua
paste is wuniformly deposited onto the sens:s
specific conditions to yield the functiona

wi thin a test chambati ofno.r Lpnedrefror cmant e o lelve

conditi-pmisityhigihr 1 s dhblrisgsh iantgtoalulcee db a e lei
after which the target gas is injected for
resistance state, the -pobambgrai s parpgedt age

Throughout t hi s hparntbceers si,s tnmaei ntteasi thiendge acs a
environmentregult at ewdel t el ati ve humi di ty an
repr odruacw bdensing data and reliable extrac
Mor eover, SMOX sensors c ade\iec ee nagri mleietr eeadt
i ncluding ceramic tube configurations or

substrates, offering flexibility in struct

2. xr3tegM@yat sensor evaluation

The perfobSmMm@¥asedf gas sensors S cCommon
comprehensive set of criteria, including o
(sensitivity), response and Fienctoevrefreyr ed ¢ B ¢
capability, Il i mi t -toefm dcdtaebdtliidry, (reP)y,oduon

resistance, and thé¢ldamfPllasenscsbdowit. ghlsdddowe !
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criteria collectivel yf orr oawv aleuaat i mogl itshtei cf

pr

environment al surveill ance

actical applicability of gas sensors a

, i ndustri al saf

The foll owi ng s ubdseepctthi camsa | pyrsa vsi doef anh eisnre pa

(a) Response (b) Respons;faIRecovery (c) . Reproducibility
_ — ime —
=3 g a
[+F] [+F] [+F]
Q [§] Q
c c c
3 8 B
g g 7 M
‘0 n ‘0
[ [ 5
2 4 2
Time (seconds) ’ Time (seconds) - Time (seconds)
L Optimal operating -
(d) Selectivity (e) temperature (f) , Long-term stability
D D) 0
% Q Q
2 2 g
S ) g
=1 a a
o 4 &
14 (14 (14
Selected gas Temperature (°C) Time (weeks)

Fiug26Schematic demonstrati onhhpeefr feowanamatei cof paa rgarse

(1Opti mum operating temperature

Operatingptrempemat yrenfl uences the sensi |

e kinetics of chemical i nteractions bet\
rfacvhil e el evated temperatudesornptpiicral |
ocesses and enhance posmrsocronsespomabeé e tdh
cluding excessive power consumpti on, I N
vi ces, chall enges in sensor miniaturizat

mpromi-sedm!| magbi | intsye qauredts gf, etswbsCanti al

vV e been didecé¢ledpitnogyags @ss or s t hat oper a

mperature or eventbkbebekbyootkeepiengtgreate

plication potenti al
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(29das response

Gas response, often equated with sensiti:
t he relative change asn & éaoanhcitcain oif gntaalr
concentrlatt i essentially reflects the stren
bet ween gas mol ecules and the sensing mate
typicall yd Re fwhneardedygd RN &t e t he resistance va
the target gas, respectively. F¢gr T49ducing
150]An alternative expression qRtd4RI1li4z8e,s t he
151]A higher response value is wusually indi

i's considered a benchmark for advanced gas

(3Response and recovery time

The response time is defined as the inte
undergoes 90% of its total change upon expoc
time represents the duration required for
basaek upon remoydb2@fhetslee kama&ltytce par ameter
measure ofdesdhsoprtptoinonpricoée s sles naterf heegase
rapid response and red4o0ower ymoani e oessgntaipgpll

especially in dynamic or hazardous environ

(4) SelectdwteyfandnhAet Perfor mance
Selectivity represents the ability of a
while mini-memasngi wirtossto interfering spec
humi gLld6ggHowever, due to the chemically re:
compl ete el i miedetcitdarnvidfy drsossnherently <chal
i mitati on, hybrid approaches hBnesdleen acl
systems based on SMOX arrays coupled with

Addi tionall vy, ki netic modRildeaagl amealmarcihsemn,,
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been integrated to i mproveardalsytre [md é&irtdroino g
154,. 155]

(5) Limit (ofoDDetecti on
The | owe st detectabl e concentration of

background s-tg9goabkeatraaisoi ohat hOeéej mi giagcr |

the | ower detection | imit is essential i n
monitoring and .méaihe & odvigadgernt cecthiioxn | i mi t s
expanding the applicability of gas SsSensor s

sensors operating aftlb5tbhe tlipdooxentdiogpdpdd IHe v e

cal cul ated as:

, I P o- (2-3)

A7 (2-4)
wher e ksliogpfet hde | inear cali bration curve
concentrafki®ont tfe psmensoN arod stthe yhbagel i ne d:
the average, and the number of data points
(6) Stability

Stability is a multidi mensi onal concept

| oh@rm operational reliability. Reproducib

responses across r-epeavedydypames updpoDnb@e

whil et droomgstability assesses sensitivity fI
daysl)s57]Stability directly impacts the relia
sensors, making it one of the most deci si v
(7 Resi stance to Humidity Interference

Water vapor in the ambient environment ¢
adsorption sites on the sensing surface, o)
attenuated sensitivity. The i mpaenordfd humi
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applications where relafilbd8,.h ddoods e qgu efnltd ¢
strategies such as surface hydrophobic fun
and heterostructure engineering are active

thereby i mproving overal/l reliability.

(8) Gas flow rate
Accurate control of gas flow rate is ind
in flow rate can significantly alter diff

anal yte concentrations at the sensmre sur f ac

hand, statistical methods camedetuesde dartta fdae
On the other hand, mat er i al engineering a
por oussermgsaist i ve matrices, can mitemgtatfel adwme i
rates at the fundament al l evel

Il n summary, the aforementioned <criteria
boundaries and performance potenti al of SN\
parameters i s not -enhVecevalabtfons| bBbor at
feasiobi wew¥Vd applications in environment al
heal t hcar e di agnostics. The synergistic [
sensitivity enhancement, dynami c respons

environmentalwi lpler pawvlkeattihbensway for - the ne:

perfor mance, reli abl easaendd smeuwlstiinfgu npd tait o moar I

2. Beheral sensing mechanism of SMOX gas se

Thalsorbed oxygenm dred delempl syeed ithag irretsgromrs
i n SMOX. I n this framework, the sensing sic

bet ween oxyga&adhs srpleecd een ptrlee oxi de surface

mol ecul es, whi achumbadoaéathathe diesatri buti on
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el ectrical conductivity. Under an oxidatiyv
temperatures, oxygen mol ecul es ar e first
subsequently extract el ectrons from the se
chemi sxrylpeech species whose domi @ao,0*)f orm de

[ 12516260

O2(g¥s) D ads) (2-5)
O2(attsi¥® Qaasy T €01 (2-6)
Oi(adk)y ¥ 2(Qds) 150 < &0 & (2-7)
O(adh)y ¥ Qaas) T 400 (2-8)

I n dtaeaislensi ndg omeactralnicimg VOCs by SMOX f
mechani stiasfrhmewbm2d.{t eTdhea nprFdcgess sequent i
surface reactions, the establishment of a
interfaci al barriers and condwmeasarabhane
electri ¢dab2mWmweadowmt a suitable operating tem
mol ecul es are first adsaoccrthievde aonxdy gemt isvpaetce
capture charge carriers and establish a su
polycrystlmddnderigesaiaaind device interfaces
chamggppedOXraterials form an electron depl et
high baseline resistance. Upon exposure t
reaction rsttuag ntshelseaemiromomnduct or material s,
shri nkr.edlulcieds o gmrdaardy cont act barriers, whi ¢
mani fests as a ptexcmM@Q¥waet éemi alesifsdéramca.hol e
l ayer in air, resulting in a | ow baseline
el ectrons are rel easeéehde raenbdy rreecl canxbiinnge twvhiet hh oh
| ayeAs a result, the effective conduction

in regildt3gnce
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Product gas

(a) Oxygen speiii:\ - Reductlve voc \ .
oo 7% _
N-type D ¢ N-type ‘ N-type “e

e ;/, ?; = ‘;

Electron-depletion Iayer‘:‘

Product gas

(b) Oxygen sp%i:s‘% - Reductlve voc \ .
oo 7% _
P-type =) @ Petype # P-type «e
e / » o |
e “a

Hole accumulation layer

Fiug27The sensing amtypabiabphp MOX 0 hper esence of reduc
VOCs.

2.53Performance enhancemennamecbami smadwdt o

oXifdober VOC detection

I n t hitsertnhaersyi ss,emi conducé&éMOMatsalkebeicdedr
among SMOX.expatvides desi gn bsmacyg beéeywond by e
simultaneous control of A/ B si tvacamemi str
popul ati ons, and [heda®€6loTheee fdegraleemsofy f |
modul ate band ali ghmematt,) dc ayf lweud fdaeces, ic tagnyd
catalytic activity, whi ch together gover
transduct i[dm 7e.f fTM@cBifeinpchyase and hetnety opj unct i
p,-nn further introduce depl et i,ont hreergei boyn s
ampl idiygmagl s at | pwée . .t &dp @raMledadd del i ver
enhanced sel acbdesetdy magvchi sgtahd mol ecul ar

humi dity tolerance (via hydrophobic micros
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and reduced power consumpti o-as s(ivsitae dp hloa v :
tempeopeualehieosne) .characteristics make TSMOX
VOCs witmoheghlear wei ght s. The performanc
TSMOX for VOG dledetewandi o n

2.53burface Modification and Catalytic Prom

Surface modification and enaitlaeldy tiinc epnraobnioi
sel ective swietnecpheirnag uarned alcoow v-mmet ah hand8MOX
and saitrogd esi tes (Pt, "/@OHsAU, |Lg)erf aacnidl iatcacted
st espusc kIC-HHsactivation in acedopeiasdomehwnded
whil e engaging in synergy withl2h®&] host 6
Tr ansmettiadn pr omoters (Cu, Co, Ni |, Mn , Mo )

can biaasipmaeéion of aromati<oVv0Ce]lndABIOver .,

[174,. 1T7bni ng acdmndd hddesesemo s ekt est i ve adsorpt
alcohol s/ ketones/ aromatics; fluorinated/ si
competition without i mpeding target VOC tr
baseline stability wunddkirnghimths thubmlddanoge i

sintering resi sttadsmaeporaandanr opworce osmd f i ne me
defest ep amalpmnrhiamgaeg gd mtmer ati on anar t ol er a

chl orinel p@8pbning
2.53Pnterface and Grain Boundary Engineerin

I nterfacloamdagy aemgi neering govern basel
amplitude in polycrygdtealnlairrye s@&md chbeadecostr
(TSMOXT SMOXTf teexnhi bits dtaolungmaaliyn/cprnaiurcti on,
spacchear ge | ayers and bamadebeydiamg cat | lyo umod a
adsodqi maueed surface chargelrkddosampbutioat
VOC r e s[plo/inSs,e sP8@f erentially oriented growtl
and b cwslinttdaarrgye t e d dopatnumsi ngn adfl e b arirnieer h €

stabilization of contfak81l ,t yp&2]{ ehmiacyNise rSr
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ternary/ binary ZaoéGwpdbrsIni@Sl]aFeD®. [ 18 3]

Ni FOe@ND [ 184] interface cleanliness and i n
reproducibility and aatsrmas i tCeod fiomtmarl | ay eorns
tr-apsi sted tunneling, set band|[ db8bsetl8F] an
Guided by this framewor k, device geometry

shorten response/recovery times and reduce
2.53Befect Engineering

I n TSMOXned at VOC detettypen ABStigpel pero
ABOs, and mixed nickel ates/ cobalmedthehnsh)t, def e
enhanoéve mper at ur e activation and selectiwv
vacanci es, and -ambdoVatentcadopant sleasi ty, S
strength, and|[l1d3830t]ilon syastt eway ssNilafhe cars L a F «
CoMDs;, the reversi bl esirteed otxr acnosuiptlieosn omme ttahles E
with the formation of réd&ktivbesebyatewexly

onset barriers for oxidizing alcohols (eth

et hyl ketone), and arlodn®a3]i Resdao(aponlglhiemnieng xvy
anneal s, cooling rate, amodmtio sgpmtt i ad n add rstt rr
of equilibrium deivactanncyWhHemsihg obxepgemwit
power 0o compromise window, one can a&ai multan

| ow operating temperature WOIH0AhoteoVermea:
assi sltitasmeccecommended to combitae eXke®,otl v, PsLt e
to detect defect | evel s;staondc htihoamrerd ongym dangi,anse t
compl ement ed -doeyp etnednepnetr actourrdeuct i vity or Seet
s maploll ar on h o plph ensge dbeabrorhieerasn fiopt i mal def ec
maxi mi zes signal gain per uni t power whi l

humi dity and. ti me conditions
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2. Char act eTreiczhantiiqoure s

Crystal structures and phases orfayt he sa
di ffraction (XRD, @&8md ktehe DBi Adovomorceghol ogy Vv
a fieldsecammisngpnel ectr-8EM,mi modetopxe4800BE
transmission electron microscopy (TEM, Tec
acquired using Fourier transform 4dMmRfirared
The -VU\ absorption spectra and-VibkinRigap we
spectrophot omet er (Ghaernyi c5a0l0 Os,t avtag 9 amf, rUeSIAe v.
their distributionusnnrfaoyXmph ot oneelreec torbosne rsvpe
( XPS, Thermo Fi sher ES'QA LeA B2rbiDiuxéi lgd asheda khnii gnh
transmission el ectron mi cr os chipsyp e r( HIAVAD F
spectroscopy (EDS), respectively. Calibrat
ls peak at 284.8 eV. El ectron f{&r dmg g watsi c
e

mpl oyed to verify the preseAntcet hosf, ssaumref atc

-

ot amandnal brati onal modes and Raman mappin
confocal Raman spectr ommitemro s cReemiics hRavma m iV
spectrometer (DXRxi, TiEermidé&i s@er ( BETA) suB
ar,e apsoirzece di stroaedebrphjoahdesdlorption isothe
usingpeci fic sur face and aperture anal yze
I nstruments) . The mass variation as a fun

process was dthedimodgr awrmeghi c (TGA) analy

PerkinEI mer, USA). Water contact angl e ( WC,
a LAUDA Scientific GmbH LAUDA OSA 100 syste
The met al content I n utshien gs a nmpdluecst i waed yd etoeaur

mass spect-MBmeOpyi M&aCP300 DV, PerkinEIl mer,
absorption spectrophot gmetearki MEL AN, PIUSAAC
Si Fl R spectra were recorded upkentgramdBr ek e
with aloOresalmuti on, equi ppéed qwiitdhcrodotlDel@@S nd e
MCT d e t Wlatle ocompounds were extracted by headspaoid-phase
microextraction (HSSPME) and analyzed by a gas chromatograph coupled with a mass
spectrometer (Trace 1SQ, Thermo Fish¢BA). The SPME device containadused
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silica fiber (Supelco, Bellefonte, PA, USA) coated with DVB/CAR/PDMS
(Divinyl benzene/ Carboxen/ Pol yl@ mmlength)y | si | o x.
The cooked rice sampl€20 g) were weighednd placed into 20 mL headspace vials

(sealed with a PTFE silicone septum). The vials were maintained at 50€C for 60 min to
equilibrate the absorption @blatile compounds onto tHePME fiber. Then the fiber

was desorbed d@he GC-MS injection port for 5 min at 250C. The volatiles were

separated bp DB-5MS capilar y col umn (30 m I 0.25 mm I ¢
velocity of 6 PSI. The injection port was in a splitless mode. The temperature program

was firstly set at 40€C for 5 min, raised to 125€ at a rate of 8C/min, and kept for 3

min, then raised to 165€ ati@ate of 4€C/min, and kept for 3 min, then raised to 250C

at a rate of 3C/min, and kept for 2 min. The MS detector conditions were as follows:

mass spectra weeequired in the electron ionization mode with an electron energy of

70 eV, the ion source terap@ature was 250€C, the multiplier voltage was 1000 V, and

the massange was from 20 to 400 m/z. Compounds were identified by comparing their

mass spectra with thosethe mass spectral libraries (NIST 11, WILEY @8Iculating

their linear retention index (RI) relative to standaralkenes (C#C40),and matching

them with literature data.

XRD wi tkKlamoGe soQritned)Q6was opermatded Oat 4
mA, with a sca/nmiimg HKRTeHM wdnop eSAaBalnd a't
accelerating volnttagel afn a2dsapkayziend@adtse enrge t h e
Digital Mi crograph software. Al of t he &
monoc hr okiktaidd aXkli on wer e c atl licdar dtoend Cb yl st Ipee ¢
with a binding energy of 284.8 eWel FELR sp
met hod on an i mfertaemredvidgpe at rrégpiodttiaei orm ngfe Q
40800 LcmfThe BET and pore size distributio
physisorption isotherms acquired 30t AC K. T
to 800.,wWAQ hi mm Meatimgnrate of 10 AC

A detailed description of the techniques used to characterize the materials is

presented in the Appendix
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25Chal l enge3SM@X eglasbysensor tech
objectives of the thesis
(1The biggest TIETM@H dssenmgeecihnnobogyei r poor

selectivi-$ ngsintdi vcirtays smons pdhemplcexenvi ronment s

intrinsic chemoresistiv-desmechnos mpr ogggea

sensor surface are easily disturbed by mt
humi di ty. Thi si ersesdil sesrimi "attifmgut arget VO
benzal dehoycdt8mpnd anwhilc hk eayr ei rcdribic@astesms i Nng Cc 00 K €
ri.ceTo overcome this | i mMSMOXitoear,i ailnst eignrtac iao
pl atforms, combined with advanced data anal
analysis (PCA), |l i near discriminant analys

provides a promising approacdhgniot ieomaaceuIrsa&

=]

compl ex environments.

(2Anot her persistent bottleneck | ies in t
consumption dSM@Xnyemd d3odOel Moesd devices r e
el evated tempdrAd)eauntensat(e2 0ddxy genprsplexn ged (I

response/recovery times, rapid material dec
or portable devices. Il n thissuebamd, oxggieao
vacancy engineering, heterojunction constr
cl adalreefd ecti ve in | owering actiewmgpteiran ubar r

operation.
For i nstance, engi neer@dni oxgfhkowerascaoci

decor at06@mi or s pheres can significantly el

adsorption reactivity, thereby improving r
under mild conditions. These strategies no
prol ong seannsdorbrloiafdeetni nper act i c al applicabili

( 3) Beyond sel ecti wotryl da nadp pprsi M€Kt i goanssu eosf,
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sensors face further challenges related t ¢
tol erance. Agricul tur al guality detecti on,
di agnostics demand -tsegmslor ablcepapéeatoifon own
humi di ty, temperatur e, andSMbXtms emsd orbsackfgtr
suffer from si-gomi didory fper poomammnd,i and i n
which | imit their industrial translation. I
adsoopt sites substanti alAty tdheet epavmeaV OtCie me ,S ¢
volatility and interference from complex s
of food prodoktdesuch as

Therefore, new materi al systems and devi
robustness, high reproducibility, Bnd resi:
this d¢boret @utr pose tof dieBEM@XNt heasi semsor s with
sensitivity, selectivity, stability, and e
rel eas etdh ed ustinrga g e. oA c ccoorodknendgrbryigeccetf h etehsi s
thesis are as foll ows:

(1) To design and synthesi-besadvaeonosdn
| ayer s -deec ar.a®@@Ba Bciafrubnocnt i oMOgdB W@se d d e f e c t
engi neenedCBNOOM®Dh et erostructures) with enric
heterojunction interfaces, atheé mpegat wsrueg f ax

roemmperature operabhuomndwit yhfeabhanesd ant.i

(2)

To el uci dat esetnlse nfgu nkarheamti aslms g ad t h

nanomaterial ssbyuceomécnhi ogcomi ¢c character.i

t heory

(DFT) cal cul ati ons, and mol ecul ar

clarifyenpgl ahwebetniveen oxygen vacancy c¢hemi

VOC ad
(3)

recogn

sidepbrehian dynami cs
To ¢ o rshtarnTsoMIO Xmusletnis o r arrays integra

ition algorithms, ecmnolkletdnred ad iesdc rViOTi n

key indnoatoras$, eida at3ebd )y den, soonud cht edc e

storag

e environments, andotok eaqioeatielygtee s en s
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for -wamrniyng applications

(4) To explore the pracTIM®A saepnpsloircsa biinl ift
safety and agricultural storage monitoring
stability i n compl ex envi rsotnrnaetnetgsi,e st hfeorre |

devel opment opoweat el dndeanyiste@ammeargt alylsyt emal

26Str at egyY hf@ohre stihsi s

This thesis aims to establish an-integra
power, and highly selective semiconductor
agricultural product storage and qualeity e\
gua.l i The overall goal is to overcome the
TSMOX ensor s, i ncluding high operating t emrg
l i mited selectivity, and insufficient sensi

(LTo tardyetw wltncantrati onst eohp enroantaunrael aunndd ef
compatible 06@dstifonmst Biel ected because i

benign -bbaissenmdut dixi de wittyhpean aAwemiewdi Isltiruusct ur

expos@dadtive sites, and a moderate band ga
transfer. I n particul ar, its | ay-eaedh fr ame
dopatntesr,eby facilitating the creataroen and

crutomlal dehyde adsorption and reaction. Bu

begibrys desi giricogBiO€@ mi cr ospheres -ltoow det ec
concentrations of nonanal, a key volatile
Decor-andwaned oxygen vacancy engineering en
achievi-ngmpeoroart ur e oper aviitoyn, wiapi dhirgehs poa

i mproved selectivity.

(2For selective benzal dehyde sensing u
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WO/ BWOssystem is chosen because both compc
tungstate semiconductors with compgtoinlslee cr
and staggered band alignment that favors ir
WO anBiWOs-sbased materials have shown promis
toward aromatic compounds, yet their use i
humi dity remains insufficient lrye sepxopn soer eadn.d
favorabl e béandvoeg BW@emehemofor aromatic ald
the strategy nexil adMOdBiWOchse tted osanmrluen ur es,
for benzal dehyde detection undercaulbtomavi ol
cladding I mproves el ectron transport, er
significanthyerdfedeanese, feom@mblhiung dir opust

performance in realistic environments.

(3MNo further clarify and optimize the rol

species in alcobBobetsensedgasNaWm@odel tungsH
a relatively narrow band gap, a high dens
oxygen species, and a robust microcrystal/l

reduction withoset Bhéeukkoawear pNiolwdaegpdi hnt

forms also offers a high specific surface a
are advantageous -ofcd3odi.ntler acitew nofwi ttthe 1nar
abundant surface chemisorbed oxoylNieWO speci e
toward al cohol vapor s, -d¢mgegi nwoerv@mit cdire;m deve
fl ower s t hrough controll edenhydeegéeng r esdtua
optimizes oxygen vacancy density, t hereby

reatyi vihe resulting sensor$3ealix, hiabkiety istuipcearli

i ndicatoooked rice quality, whil e maintain
conditions. Mol ecul ar dynamics (MD) si mul a
di ffusion processes, strengthening the mec!
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4To move f-mamersiiamlgl epti mi zati on toward

comprehensive quality -ealoBa®G@ins osfe |lceocotkeedd

as t

ex hi

he basis for constructingypesexisoe uhz:

bits strong responsestytpe MBORD2 COBd fiotrg

we-def i mecdheperostructure with tunable junct

both comporersttd oxriee ,| awmd compatible with s
t his abaGdé&c,orBa@@@pn heterostructured sensor
established. By integratingofndurolil redli aird way
system achieves mul tidi mensi onal detecti or
benzal de hydt8eprl pnd CahupRP @Al amd LDA, the arra
precise <classification of cooked rice mad
providing a validated platform for quality

Coll ectively, this thesis defvred ngworak ,sys
ranging from surface decorati on, car bon
heterostructurecanmgtaryudtnta gmaeawti @rament att u roe
semi conduct oandg arse | sag resdo r Fehres oadu t acrorneeyss pr o v i
theoretical i nsights and practical sol utio
safety eval ukday oinnddedceadttof©G@. The overall st
thesis 1 s FKiug@Bae i zed i n
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Gas Sensor Active Layer

Defect-engineered
C/WO,/Bi,WO, NiWO,

La-decorated

Bi,0,CO,

Mechanism of

VOCs Formation Nonanal g Benzaldehyde | 1-Octen-3-ol
in Cooked Rice -

Relationship
between

Cooked Rice
Cooked Rice Quality and

Quality Detection VOCs
Voltage-controlled

CuO/Bi,0,CO, based VOCs

Sensor array

Repeatability Raman Material Design
Operating Range TGA and Optimization
L AL L CEE In-situ FT-IR Functionalization
e ICP-MS and Surface
Ll XRD Modification
Working TEM :
Temperature HRTEM Enhamilng
Long-term Stability XPS - D
Response BET Mechanisms
Selectivity EPR DFT and MD
Anti-humidity LI;‘T"IB
-Vi
Sensing Test of Low GC-M; Str engtl?en
Concentration Characterization e
Key Indicator Gases

Fiug28Thetrategy of the PhD thesis.
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Chapter 3: La-Decorated BpO.COs Sen®r for Nonanal

Detection

| nhitshaptegm op@asendveasltepndaydr ot her mal met |
synt hesdecooffatdeadit h s (Br@G@@)Mocatospheres, ach
by controlling rueraeca i@ &i steabiclsi aiesri ngnd t
precipitant. The resulting material, opti
spherical mor phol ogy wi dgmh aanrd aav ehriagghel yd ipaente
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3.2 Resul

ts and di scussi on

33.2.1 Characterization results

XRD analysis was used to determine the

depi cFedudiemthe XRD patterns of the sampl e:

correl ati

on

Wi tJO.CQlpdr asret If d CPDEAL7TIGEDE B No .

8 4

thereby confirming their high purity, cons

La decoration, the characteristic-8haaks

and -BGOa

gr

sampl es, drmyldtcaltliinmge reuwallcietdy and &

atomic disorder.

BCO
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| | ICDD 01-084-1752
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Fi
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20 (°)
guU2XRDB patddr ma mpfl es

To furtherunderstand the crystal structure of the samples and their correlation with

gassensing performance, we calculated the crystallite sizes for all samples, as detailed

in Tables 31 to3-6.
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TablFlXRD par am€Der s

of

Peak 2u (§ b( D (nm) dx103 (nm?) o1 20
1 12.69023 1.44401 5.535455953 32.63572022 56.66177971
2 24.02729  0.7192 11.29335447 7.84068634  14.74633987
3 30.07053 1.42166 5.786117186 29.86933473 23.09365054
4 32.73249 0.43114 19.20439923 2.711430948 6.405710598
5 35.14151 0.45604 18.27267206 2.994993471 6.28392844
6 42.32227 1.29602 6.572981512 23.14595895 14.60872581
7 46.92176 0.66093 13.10306731 5.824438398 6.644806747
8 48.64232 1.06312 8.200392049 14.87067795 10.26355355
9 51.99659 1.62754 5.43071328 33.9067568 14.56129747
10 53.38077 0.88625 10.03298356 9.934357833  7.69187939
11 56.76314 1.10159 8.196913333 14.88330266 8.896446676
I n B&DIFH ui2s t he peahki potshe ioor,r ann@ondi ng F
XRD data, D (nm) is the crystalli®e size ¢

b—/L)d(n‘%)w is the dislocati oasi deqsa tHiyo rctahlecul a-

mi crostrai nr c—a—l;.culated by
Tabll22XRD par aB€t2elras of
Peak  2u() b( D (nm) dx102 (nn?) Ul £o0
1 12.65575 1.03541 7.719634421 16.78056317 40.74024737
2 23.99391 0.79293 10.24261589 9.531872548 16.28138009
3 30.02862 1.39182 5.909588798 28.63422772 22.64197531
4 32.69429  0.4213 19.65101979 2.589582872 6.26723858
5 35.05813 0.51904 16.05107892 3.881428046 7.170150378
6 42.28197 1.36942 6.219827731 25.84897267 15.45223004
7 46.87816 0.65501 13.21931128 5.722454412 6.592155376
8 48.39075 1.41252 6.165845557 26.30357117 13.71688383
9 51.98088 1.47633 5.986542473 27.90280499 13.21304718
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Peak  2u(J b(y D (nm) dx10°3 (nm?) Ul 2o
10 53.32824 0.89423 9.941160431 10.11872598 7.770012412
11 56.73578 1.06525 8.47545023 13.92112856 8.607878397

TablBXRD par adB€Blelras of

Peak 2u (§ b( D (nm) dx103 (nm?) o1 20
1 12.66555 1.15146 6.941676228 20.75254159 45.27112057
2 24.0309 0.76278 10.6482013 8.819571684 15.63747611
3 30.07621  1.4251 5.772227136 30.01326036 23.14495116
4 32.7378  0.43396 19.07986305 2.746942026 6.44650414
5 35.06466 0.66998 12.43515026 6.466926499 9.253437834
6 42.3154  1.40955 6.043430758 27.37996564 15.89126487
7 46.91862 0.60109 14.40733882 4.817619111 6.043645446
8 48.81045 0.45446 19.19595814 2.71381608 4.370342439
9 51.9963 1.58584 5.573508161 32.19161145 14.18830647
10 53.34656 0.90427 9.831574357 10.34555666 7.854119223
11 56.7736 1.03744 8.704197964 13.19904411 8.376542519

TablHMXRD par aB€thbelras of

Peak  2u(j b(y D (nm) dx10°3 (nm?) utl 2o
1 12.56939 1.41952 5.630298272 31.54548395 56.24069263
2 24.07105 0.78365 10.36539429 9.307399304 16.03772504
3 30.11184 1.41764 5.803087178 29.69489611 22.99525744
4 32.77612 0.43908 18.8592311 2.811590292 6.514504692
5 35.146 0.61979 13.44515524 5.531824048 8.539132146
6 42.37022 1.26365 6.742449494 21.99705781 14.22616603
7 46.95964 0.62035 13.96220419 5.129700744 6.231185814
8 48.83795 0.40817 21.37527355 2.188651618 3.92268966
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Peak  2u(J b(y D (nm) dx10°3 (nm?) Ul 2o
9 52.02679 1.52305 5.804037674 29.68517096 13.61733485
10 53.39904 0.90116 9.867775487 10.26978805 7.818178894
11 56.80025 1.06366 8.490700419 13.87116585 8.583475851

Tabl5XRD par aB€tBelras of

Peak  2u(J b(y D (nm) dx10°3 (nm?) Ul 2o
1 24.34566  1.09432 7.426545155 18.13119163 22.13547036
2 29.33996 2.48899 3.299328375 91.86475391 41.48542167
3 32.70133 0.51104 16.20053977 3.810140853 7.600477576
4 42.71274 2.01033 4.243092563 55.54372321 22.43305869
5 46.88054 0.89147 9.713012275 10.59966464 8.971426886
6 53.36292 1.26441 7.031766209 20.22419081 10.97824032
7 56.4755  1.53065 5.891246797 28.81280677 12.43607972

Tabl6XRD par aB€€Eledrlsa of

Peak  2u() b( D (nm) dx102 (nni?) Ul 20
1 29.14384 5.07344 1.617902196 382.0282431  85.1565443
2 31.30176 1.53261 5.383090099 34.50934388 23.86926359
3 46.93435 0.97755 8.859519504 12.74030024 9.825060463
4 53.48595 2.4501 3.630807061 75.85664962 21.21618975
5 56.55071 2.68359 3.361399628 88.50334897 21.76908749

The average crystallite sizes were determined to be 10.15 nm for BCO, 9.96 nm
for BCO-2La, 10.78 nm for BC&La, 10.94 nm for BC&La, 7.69 nm for BCEBLa,
and 4.57 nm for BC&.0La, with BCO6La exhibiting the largest crystallite size. Given
its superior esponse to nonanal, it can be suggested that the increased crystallite size
facilitates the continuity of the conductive pathways, thereby enhancing sensitivity and

conferringimprovd st abséi egt andty
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XPS analysis was used to determine the clt
sample. The XP6L&p@guHeaiXdhfii bBG@d peaks corr
Bi 4f C 1s, O 1s, and La 3d, indicating t
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