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CeHcopu Ha OCHOBI MeTarn-
OKCUAOHUX HaNiBNpPoBIOAHUKIB

npod. B.A.CKkpuieBCbK1UMn



BA30BI ®IBN4YHI NPUHUUTIN TPAHCOBIOCEPIB
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Tun Ipukiaaam ceHCOPHOI
BEJTHEIHE TPaHCAbIOCEpa CTPYKTYpPH
3MIHIOE€THCS P P PYKIYP
MeTaj-OKCHIHUH
., |HAIIBIPOBIAHMK,
. Eaekrpuynui . .
Omip AR OpraHiyHuim
. (2-, 3-, 4- . .
a0o imneganc AZ . HANIBNPOBITHUK,
€JIEKTPOAHMH) . "
HAHOKPHUCTAJTIYHUI
HAMIBIPOBITHUK
. | MeTajg—aieJIeKTPUK
EjnekrpuyHui ¢ ACTCKTP
: . (oxeum)—
€mnictb, AC (iHTerpoBana . .
) HaniBnposBigaux (MJ1H,
MHICTh
I, MOH)
EjnekrpuyHui
M0JILOBA .
PoOora Buxony, f!T KTVDA GazFET, o6ap'ep lloTTKIi,
AD PYKIYPa, MJIH, MOH
MeTO/

KeabBina)

O,+2e —20

H2 +0O0 — H20+e_

epgn =e(Pm — %)



BA30BI ®I3UYHI NIPUHUUINMUN TPAHCOBbIOCEPIB
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[Mpuknaan CeHCOPHUX CTPYKTYP

Metal-Oxide
Semiconductor

Conducting
Polymer

Quartz Microbalance

microsensor
b

wiring

circuitry chip  circuitry

sensing layer sensing layer

coupling coupling
sensing element

sensing element
(bio)chemical transducer

(bio)chemical transducer

package



[Lab-on-a-Chip
(Body Fluid In; Answer Out)

Fld - :
Handling Lab-on-a-chip concept for capillary electrophoresis
a7

_-lmpliﬁcariopp, Sample 2 Dilution 3 Chemical

Derivatization, iy - reagent Fluorescence,

Lysis of cells | UT Aus Absorption,

Concen tration, .4mperon.re_mc,

Extraction, g onductivity,

Centrifugation aman
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Sample Prep Sample Detection

waste

Sample Separation
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Electrophoresis, liquid chromatography thee
Molecular exclusion, Field flow
fractionation




Cxema, fika NOSAACHIOE NpUHUMN Ail
XiMIYHOIro ceHcopa

1.Ancopbuis .\'? C{ KOHLleHTpaLif

e { MOMEKYn
-Aecopouis z (napuianbHUA TUCK)
2.B3aemopin |
MOJIeKyn Ta o
i CEHCOPHUM Wwap
NnoBepPXHi

curHan Big
AT Am An AD CeHCOopHoro Lapy
TpaHcAh rcep ﬂ
eNeKTPUYH1UN
Al Av Af Ao (onTUYHUN)
curHan




Cxema, ika NOSAICHIOE NMpUHUUN Ail
XiMIYHOro ceHcopa

Chemical Electrical : Analytical
input signal output signal | result
Bound |
paricles I
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Transducer = Y

ndors ‘

device to transduce changes of

Malecular recn.gnitiun = AT, AN, A, ... Into an electrical 5'9“3'

selection and hinding (e.g. thermopile, electrodes, quartz oscillator, ...
sensitive layer = revearsibility, dynamics .

0.9

Model systems: metal oxides, polysiloxanes, supramolecular compounds



OCHOBHI XAPAKTEPUCTUKU XIMIYMHUX CEHCOPIB. METPONOTIA

100

63

6a3oBa niHifA

curHan, %
W
-\l

BNYCK rasy BUNYCK razy

yac, XB

TunoBa 3MiHa curHany ceHcopa npu BnNycKy Ta BUMYCKY rasy

Yac eidnoeidi ceHcopa — Ue 4ac, 3a sk BUXigHMn curHan ceHcopa gocsrae 63 (90)% Big
MaKCUMarnbHOI BENMMYMHM MPWU 3MiHI KOHLEeHTpaLii (mapuianbHOro TUCKY) BUMIPHOBAHOMO rasy
Bi HYNs1 4O OaHOI KOHUEeHTpauil (mapuianbHOro TUCKY).

yac 8i0HOBJ/IeHHsI — Le 4vac, 3a SKMA BUXigHun curHan nagae go 37 % (B e pasiB), un Oo
10 % Big MakcMMarnbHOro Npu 3MiHi KOHUEHTpaUii (NnapuianbHOro TUCKY) BUMIPIOBAHOIO rasy
00 Hyns.



3anexHiCTb CUrHany niHinHoro
cCeHcopa Bia BONOrocTi

diana30H euMiproeaHUX KOHUeHmpauiu

(4 —X2)

NnoeHa wkKaJsia eUxXiOHO20 cuzHarny.

MOBHa WKana
BUXigHOro curHany

nopir

<
iy

y .
0x7=0 X2= 100 % (Y1—VY2)

Aiana3zoH BUMiproBanbHUX
KOHLUeHTpaLin

¢ghopmam euxiOHO20 cuz2Harsy-
aHasio2oeuu abo yugpoeuu

Hymnueicmb ceHcoOpa BM3HAYa€eTbCA K dy
BiAHOLLEHHSA 3MiHM BUXiOHOIO curHany no S ()(a) — _‘ =X
dx

BiAMOBIAHOI 3MiHN BUMIPIOBAHOI KOHLIEHTpaLil a

Y Bunagky niHinHoro BiArykKy ceHcopa, To6To Komnu y — kX + b

MNOro YyTNMBICTb CTana Ans BCbOro Aiana3oHy BUMIPHOBaHWX KOHLUEHTpaLin S _ k



ricrepesuc

[0 MNOACHEHHA edoeKTIB ricTepesncy Ta NoBTOpOBaHOCTI: 1
— nepLue BUMIpoBaHHS, konn N 3pocTae, 2 — apyre
BUMIptOBaHHSA, Konn N 3MeHLYETbCS, 3 — N-LNKIIB
BUMiptOBaHHSA, konu N 3pocTtae

CUrHan

NOBTOPHOBAHICTb

KOHUeHTpauis N

NiHiGHICMBb — Ue BiOXWNEeHHS Big NpsMOol NiHil rpagytoBanbHOl XapakTePUCTUKN OAHOro
CeHcopa, ke BUMIPIOETLCS Y Bi4COTKaX.

licmepe3uc xapakTepUCTUKN — Lie MaKkcumMarsibHa pisHMus

BUXiAHOMo curHany B Oyab-skin Touui, Ska BU3HAYaETbCS

Npwn ABOX NOCIIAOBHNX BUMIPIOBAHHSAX, KON KOHLIEHTpaLis Ay(x ) /( y - y )
rasiB 3poctae Ta nagae . [ictepesnc BU3HavarThb y | 1 2

BiZICOTKax [0 NMOBHOI LLKaNu BUXIQHOMo curHany

[ToemoprogaHicmb — e BNacTUBICTb CEHCOopa Noka3yBaTu O4HAKOBI BUXIOHI XapaKTepuUCTUKM
B NMOCSIAOBHOCTI LMKNIB BUMIPIOBAHHSA U BU3HAYaAETbCS MakCUMaribHOK Pi3HULIED MiXK
BUXIOHUMW CUrHaNamu Ons pisHUX LMKIiB BUMIpHOBaHHS. Tak caMo §K i rictepesuc,
BU3HAYa€ETbLCS Y BiACOTKaxX WOAO MOBHOI LWKANM BUXIAHOIO CUrHany



CesiekmueHicmb — Lie BNACTUBICTb CEHCOpa BU3Ha4yaTu i BUMIPHOBATU TiflbKM OOHY XiMiYHY KOMMNOHEHTY 3a
MNPUCYTHOCTI iHLWNX Yy CYMILUi rasiB YM po3dnHax. Y 3aranbHOMY BUNaAKy XiMi4Hi CEHCOPU XapaKTepusyrTbCA
HEBUCOKOK CESTEKTUBHICTIO, TOOTO BOHU € CKOpILLIE HECENEKTUBHI HiXK CENEKTUBHI, | OAHOYACHO pearytoTb Ha
NPUCYTHICTb KiNbKOX rasie. ToMy XiMi4Hi CNONyKkM po3ni3HaroTb Npu cnevianbHin odbpobui curHany Big,
MaTpuLi CEHCOPIB, BUKOPUCTOBYOUM arieopumm (MemoduKy) po3risHasaHHs obpasie

Kpoc-yymnuegicmsb ( y 8IO0HOCHUX 8idcomKax)- Yymrugicmb 00 reeHo20 2a3y rnpu HasgeHoOCMmI iHWo20 2asy

wymMu, 308HIiWHI ymoeu tio2o pobomu (TeMmneparypa, BOSOricTb, aTMOCHEPHUIN TUCK, HAsIBHICTb B
aTMocdepi iHWKX rasiB, enekTpoMarHiTHi nons, ygapu, Bibpauis), eapaHmitHul 4Yac pobomu (4w
rapaHTiNHa KiNbKICTb LMKITIB BUMIpIOBaHb ra3 — NoBIiTpSA), uiHa ToLo.

OCHOBHMMM XapaKTepPUCTMKAMMN XiMIYHUX CEHCOpIB BBaXalwTb. 4YymJuiugicmb, cesleKmusHicmab,
cmabinbHicmb Xxapakmepucmuku, 4Yac eidnoeidi, Odiana3oH eumiproeaHUx KOHUeHmpauid,
MiHiManibHa sumMiprogasibHa KOHUeHmpauis, yiHa.



- OKCUHi ceHcopu

MeTan




Tunu meTan- oKcuUAiB: eNeKTPOHHUN NPOBIAHUK, MOTIBCbKUN i30NATOP,
IOHHUM NPOBIAHUK

(a) @-oxide:Tio, |||(b) d-oxide:Nio | | [(c) P-Oxide: ceo,
"Electron conductor” "Mott-Isolator” "lonen conductor”
Electronic surface surface surface
structure
Caonducting
hand
Vo p
F Ce4 S, Sa
Yalence
hand
[111]
e0metric T
structure @

MOTTOBCKUE OAUINEKTPUKWU- TNpun manon koHUEHTpauum
B QNEKTPO-HENTPanbHON CUCTEME SNEKTPOHbI N ObIPKN
00pa3syloT cBsAI3aHHblE COCTOSAHUSA —3KCUTOHbI N BELLECTBO,
NULWEHHOE HoCUTeNen 3apsaa, okasblBaeTCca HENPOBOASALLMM -
ANanekTpukom. MNpu Bonbluen KOHUEHTpaUUK 3KpaHMPOBKa
KyNTIOHOBCKOIO B3aMMOAEeNCTBUA NPUBOANT K UICHE3HOBEHMIO
CBSA3aHHbIX COCTOSIHUA N MPOUCXOOUT NepPexXon ANANEKTPUK-
metann ( nepexoag MotTa)

TBepAble 3neKTponuTbl (MOHHbIe MPOBOAHMUKM,
CYNEePUOHHMKIN) — TBepAOda3HbIe (KpUCTanImyeckme,
NONUKPUCTaNIMYECKNE Unn aMopHble - CTEKNooOpasHbIe)
maTepuarnbl, B KOTOPbIX MOHbI O4HOW M3 NOAPELLETOK obnaaaroT
A0CTaToYHO 60bLUION NOABMXHOCTLIO, YTO ObycnaBnueaeT
BENUYMHbI MPOBOAMMOCTM, CPABHMMbIE C XapaKTEPUCTUKaMM
CUINbHbIX XXUAOKUX SNEKTPONMUTOB



Bnactusocti SnO,

It crystallises with the rutile structure, wherein the tin atoms are
six coordinate and the oxygen atoms three coordinate



BnacTtuBocTi noBepxHi ioHHOro Kpuctany SnoO,

H \\ - [ OHOp
aHioH O~ Mopgenb LEeHTPOBOI YU
0] o} o nokanizoBaHoil aacopb6uir,
3rigHO 3 AKOI Ha NOBEPXHI
afCcoOpOEHTY ICHYIOTb LLEHTPU
sn Sn Sn Sn agcopbu;l }

o" (HeckoMneHcoBaHWn 3apsa
NMOBEPXHEBUX iOHIB: aHioHn O
abo kaTioHn Sn™), To6To NEBHi

dKUeNnTo ] - i
- P KaTioH Sn+ AINAHKN NOBEPXHI Ha AKNX
OH \ YTBOPHETLCA CUITbHUN
+ NP
Sn snt Sn+ ancop6_uw|H.|/w| 3B'A30K a§o
PO3MoAiNeHi No NOBEPXHI
M OBOMIPHi KOMipKK 3i cnabkum
agcopbuinHMM Nonem curn
e” O O O O MDKMOMNEKYNApHOI B3aEMogil

[Mpn HM3bKMX TeMnepaTypax IOHHI KpucTanu B pearnbHin atMmocdepi nokpuTi ximagcopbosaHoto Bogoto: OH-
3B'si3aHi 3 NOBEPXHE B KaTIOHHMX By3nax i H* B aHIOHHMX By3nax



30HHa Mogenb NoBepxHi ioHHoro kpuctany SnoO,

E
A
NE) «——> X
Ec
......................................... Er
Pinning piBHA ®epmi
Ev

3oHHa Moaenb nosepxHi SnO, AnNa BUNaaKy NMNOCKUX 30H (HemMae o6MiHy
3apsgaMm Mixk 06'eMoM i noBepxHero) (a) i BUNaaKy, Koru enekTpoHu
3 npunoBepxHeBOI 06nacTi HaniBNpPoBiAHMKA 3aXONJIIOKTLCA HA NOBEPXHEBI
cTaHu (6).
E,s» Efs — MiHiMyM 30HU NPOBIAHOCTi, MAKCMMYM BasieHTHOI 30HW,
piBeHb Pepmi, BianoBiaHoO, Ans 06'eMy Ta NOBepPXHi

E.E,E.iE

cs’



EHEPFETUYHA MOJEJb NMPOLECY AOCOPBLII

ACCEPTOR X

(NO.)
SOLID ADSORBED .. ' 7
SURFACE DONOR Y (CO
Energy ("bands") | ("I::onds")Y X (CO)

EHepretnyHa mogenb, ika NOACHIOE OOMiH 3apsgaMn M TBepAUM TifloMm Ta

MoOJieKyrnamMm JOHOPHOro ta akuenTopHoro tuny.

Monekynu QOHOPHOro TUNy Npu aacopouil iIHXKEKTYIOTb €MEKTPOH Y 30HY

NPOBIAHOCTI HaNiBNpPoOBiAHWKA (pedoKc-MorieKyria)

MOJSIEKYNM aKLENTOPHOIo TUMYy 3axXOonsolTb BiSTbHUI €NIEKTPOH i3 30HM

NPOBIAHOCTI HANiBMNPOBIgHWNKA (OKCUO-MorieKyria)



[loHOpHa Mosiekyna BOOHIO

agcopbyetbcst Yy  BUMSAI  ABOX -+ + _
NPOTOHIB 3  IHXEKUielo  OBOX H2 _) H +H +2€ .
eneKkTPOHIB B ob'em

HaniBnpoBigHMKA:

AKLI,eFITOpHa MOJi1eKYyJ1a KUCHHKO

3axonmnoe ABa enekTpoHu 3 06'eMy Ta 02 —|— Ze_ % 20_

agcopbyeTbes sk aBa ioHn O~

BMNagoK OinblU cknagHol B3aemoail

agcopbat—ancopbeHT, Konu peaoke-

monekyna Tuny CO BcTynae B

NOBEPXHEBY peakuito 3 KaTioHOM

MeTasry Ta aHiOHOM KUCHIO I'paTKu _ .
OKCWOHOro HaniBrnposigHWKa 3 CO+M2+ +OL2 —> COZ +|\/|2+ -+ 26
IHXKEKLIE OBOX eNTEKTPOHIB Y 30HY

NPOBIAHOCTI HANIBNPOBIAHWKA



SOLID ADSORBED Change

N'O'g N
_Eﬁraj:r )
Energy -eAV; &G; —> Work function
t _ T -Uac:
EC T l
E e e e e I ] i
! rc —> Conductance
---- NOp

SURFACE -IL

Space charge layer model of chemisorption at semiconductor surfaces






+| — Ec Tunn NnpunoBepxHeBOro NoaBINHOIO
SR fee—— . R —
2 6) 36igHEHHSI;B) BUHUKHEHHS
/e Ev IHBEpPCHOro wapy;
GDQ— [ToBepxHEBI piBHI A4 MPOCTOTH
N npeacTasnieHo y BUrnsai ogHoro piBHA.
SR - FIKWO piBeHb SAHATUY, TO 3ACOPGOBaHa

- MOJIEKYNAa € pefoKc-areHToM (Hanpuknag
O,7); AKLLO piBeHb He 3alHATUN, TO

N Ev
o ap,cop6OBaHa MOJ1eKyJia € OKCMOYyH4YUM
---I- areHTom (Hanpuknag O,)
elps
+++ Ec .
........................................ AKYMYTALLIS
FIFT K Er
- R Ev N — ryctuHa noBepxHeBuX CTaHIiB Ha oguMHuUUI0 nnowi, d —
De_ TOBLUMHA LIapy akymMynsuil: 4osi HM.
PiseHb ®epmi Ha noBepxHi 3cyBaeTbcst Ha BenuunHy d(ey) \J/ rotenuian

NoaBINHOrO LWapy

E€MHICTb LibOro noasiHoro Q — CV C = dQ C—e dN _ €€
ey dv dy d



E(X) =w(x)/dx

p(X) ey L eys E(x)

no= Np

X
0 Xo X

po3noain 3apsaay p(x); noteuianbHa eHepria ey(X) i HAaNPYy>XeHicTb enekTpuyHoro nonsa B Orl13.

30iaHEHHS

[MoaBinHUI 3apsiA0BUKA WAP BUHUKAE MK HEraTUBHO 3apsiIKEHMMU MOBEPXHEBMMU CTaHaMu Ta
MNO3UTUBHO 3apsSaKEHNMU HEPYXOMUMW AOHOPaMM B HaNiBNpoBigHMKY. OCKifbKM B HANiBNpOBIAHUKY
KinbKICTb HEPYXOMMX IOHI30BaHUX AOHOPIB OOMEXEHa, TO enekTpuYHe nore NoABINHOro LWapy MoXe
OyTn 30cepemkeHO Ha BenuKin mnbuHi HaniBnposigHWKa, TO6TO 3Ha4YeHHs BenuunHu d Benuke. Y

BMNAAKy BWHWMKHEHHS 30iAHEHOro Lapy rycTMHa MOBEPXHEBUX CTaHiB MOXxe OyTu BiOHOCHO
HEBENUKOLO.

Ha BiOMIHY Big MOSbLOBOrO TPaH3UCTOpa, A€ IHBEPCHUW Luap BUHUKAE NpwU
NpuKnagaHHi Hanpyru OO0 3aTtBopa, npuv agcopduil CUNbHO OKCUOYHHYUX
MOJIEKYN Ha MOBEPXHEBI CTaHW IHBEPCHWUW LIAap BUHMKAE Oe3 npuknagaHHs
004AaTKOBOro noteHuiany Ao HanisnposigHukalll



PO3PAXYHOK KOHLEHTPALII ADCOPEOBAHMNX MONEKYJT KACHIO

Xig noteHuiany Y B obracTti NpocTopoBOro 3apsiay 2
(OlN3) byob-Akoro HaniBNpPoOBIgHWUKA MOXHa d“wy(X) B p(X)
3HaNTW 3 piBHSHHS [lyaccoHa, ake Ang -

OD,HOMipHOFO BUNagKy MOXHa 3arfnnmcatu 4K:
ae p(x)— ryctmHa ob'emHoro sapsay

PIBHSAHHA MOXHa 3anucatu n gng 2
3HaXOMKEeHHSA Xo4y NnoTeHuianbHOI eHepril _a d (e\lf(x)) _ ep(x)
eIIEKTPOHIB BiNns KpaiB 403BOSIEHMX 30H v dX2 B £€Q

[ycTuHa 3apagy B Oyab-AKin TouLli OOHOPIAHOro p(X) = el:( P—Po ) —(n —MNo )]

HaniBNpoBiAHWKa N-Tuny _ _ o
Ny, Po— PIBHOBAXXHI KOHUEHTPaLll elfIeKTPOHIB | OIPOK

Y TepMOANHAaMIYHO PIBHOBaXXHOMY CTaHi, KONu He
NpOTiKae CTPYM i HeMa BUPOLKEHHS, OS5 ENEKTPOHIB
BUKOHYETbCA p03r100ir1 Makceerina. Toai KOHULEHTpaLito ey (X) ew(X)
€ITIeKTPOHIB | 4ipOK ANa PIBHOMIPHOro po3noginy _

Aomiwok B O3 MoxHa 3anucath K n(x) =Nge KT pP(X) = Po€ KT




i PIBHAHHSA PO3B'A3YHTbCS aHaniTUYHO, AKLWO B CUCTEMI

peanisyetbcsa wap LLlommki. Lle o3Ha4vae, wo B O3 moxHa ew () e\v(x)
3HexTyBaTu 3aps4oM BiflbHUX €NEKTPOHIB | AipOK MOPIBHAHO — c KT
i3 3apsiAOM iOHI30BaHWX JOMILLIOK: Ng >> Np€ T Np >> Po€

ans wapy WoTTki npu piBHOMipHOMY po3noAini

JOMILLOK MOXHa 3anucaTtwu, Lo
p(Xx) = eng
d?(ew) _€°n
dx? 2y
d 2 e%ng [ x2
(ey(x)) _ € Np A ey(x) =—2| Z—+ Ax+B
X+ geg | 2
dx €€
3 ypaxyBaHHAM NEePLUOI FPaHUYHOI YMOBM NS BUNALKY HA MeXi
ey =0 d(ew)/dx =0

obnacTi 30igHEeHHA X = X, NOTeHLianbHa eHepris enekTpoHa

MaemMo A= —x, Ta B= x,%/2



OTPUMYEMO TaKMN PO3B'A30K PIBHAHHS

eznO

ey (X) = —2 (%9 —X)°

2880

3 Opyrol rpaHN4YHOT YMOBH, LLO Ha noBepxHi x = 0 noTeHuUianbHa
eHepris AOPIBHIOE MPUNOBEPXHEBOMY BUIMHY 30H ew — e\lj
S

2
€Ny 2
CYs = X0
2880
3aranbHa Kinbkictb 3apagy B OlN3 Bu3HavyaeTbCs N D no — N D
3apsaoM HEPYXOMUX IOHI30BAHUX LOHOPIB

Llen 3apsg AOpiBHIOE KOHLUEHTpaUil aacopboBaHMX iOHIB KUCHIO, SKUW, Y CBOK Yepry, AOPiBHIOE
FYCTVHI €NEKTPOHHMX CTaHiB Ha noBepxHi N (B OAMHMLSAX CM~2):

1) [0z]=A [O§:|:NS = NpXg



OTPUMYEMO 3HAYEHHA NMpurnoBepxHeBoro BUrmnHy 30H

PiBHAHHSA Nokasye 3areXxHiCcTb
eZN 2 NPUNOBEPXHEBOIrO BUIMMHY 30H Bif,
2) ey =—— = = KOHLUEHTpauil agcopboBaHoOro Ha

2 2eeoN -
€&Q eegNp NOBEPXHi KNCHIO

NycTuHa HociiB Ha noBepxHi N, 3afga€Tbcs pPo3rnodisiom 3) Ng = ND exp| ———
bosnbuymaHa:. k

KWUCHIO 3pOCTaE 40 PIBHOBAXXHOI BEMNUYMHU, SIKa BU3HAYAETbLCA = exp
36irom pisHs Pepmi B 06'emi HaniBnNpoBsigHWKa Ta piBHS PepmMi Ha [OZ]
NoBEpPXHI, 3rigHo 3i cmamucmukoro Pepmi

I3 noyaTkom agcopbuii KOHUEHTpaLis agcopboBaHMX MOMNEKYI [02—] ( (EF _ EOZ)



Akwio ceHcop Oyaoe TOHKOMMIBKOBUM 3pas3koM 3 MUTOMUM OMOPOM p, TOBLUMHOK t,
AOBXWHOW L, i wnpuHoto W, TO NPOBIAHICTb LIbOr0 CEHCOpAa MOXHa 3anucaTtm SK:

o W, %

AT

[Mpunyckatouu, Wo Tinbkn oauH B6ik 3paska 3HaxoauTbCA Nig aieto 4) dG dX
aTMocdepu KNUCHIO, a ToBLLMHA o0bnacTi 30iAHEHHS X, 3aneXxuTb _ 0
BiJ KOHUEeHTpaLil agcopb0oBaHOro KUCHIO Ta CTYMNEHS feryBaHHS G o t
HaniBNPOBIAHUKA NpW — XO

XO —>{

> G= eun,



KOAOCOPBUIA KUCHIO TA PEOOKC-TA3Y

npy aacopOLii OKCKOYYOro areHTa KMCHI0 MOXIMBE YTBOPEHHSA ABOX TUNIB HeratusBHUX ioHiB O~ T1a O,
[na noBepxHi 6e3 kaTanisatopa MOXXHa 3anucaTt MOXIMBI peakuil

e + 02 = 02_ (kl’ k—l)’
e +0,” — 207 (k,),
R+0O — RO+e (kj),

ae ki, K_;, k,, kg — koHCTaHTK WBMAKoCTi ANA BiANOBIOHMX peakuin, R — pegokc-areHT, ng —
KOHLUEHTpAaLis eNfleKTPOHIB Ha NOBEPXHI

3MiHa KoHueHTpauil [O] Ta [O,7]:

% =2k ong[O, ]-k3[O ][R]

d[0,7]_d[07] _

3a piBHOBa)KHMX YMOB dt dt

0



KinbkicTb agcopboBaHnX MOMEKYI KUCHIO OOPIBHIOE IYCTUHI
eNeKTPOHHUX CTaHIB Ha noBepxHi N

Ng =[O ]+[O, ]:
kins[O5] 1+ 2k2”s
kg +kons = k3[R]

Ng = —=)

AKLLO 3MIHIOETLCA KOHLIEeHTpaLia [R], TO 3MiHIOETLCA rycTMHA NOBepXHeBMX CTaHiB N i KOHLEHTpaLis BiflbHMX
€MNeKTPOHIB Ha noBepxHi N,. PaKTUYHO PIBHAHHA BCTAHOBMIOE 3aNEXHICTb KOHLIEHTpaUil MoBepXHEeBMX

3apAanis ng BiO KOHLEHTpaUil pefokc-rasy (Hanpuknag, ropto4oro rasy — BOAHI0, ByrnesoAHiB Towo) [R]

binbw cknagHUM BUNagoK peani3yeTbCsA KOMW peaoKC-areHT B3aeMOAi€ 3 KUCHEM rpaTku
METas1-OKCMAHOro HaniBnpoBiAHWKA, CTBOPHOKYM JOHOPHI KNCHEBI BaKaHCIT:

R+Of_ =RO+V, +e

YTBOpPEHHS MOBINbHNX AeeKTiB TNy KUCHEBUX BakaHCIin Bege Ao apendy napameTpis
ceHcopa i3 yacom !!!!



MixxrpaHynbHumn 6ap’ep

Grain boundary

» Electron _
eVeenergy value of surface barmier

Fig. 2 - Model of inter-grain potential barrier
(in the absence of gases)

KepamiyHi ceHcopu. Tpn BUCOKMX TemrnepaTypax enekTponpoBIgHICTb Y TakMx Marepianax MoXHa
BMBYATW B MoZerli TICHOMo eneKkTpUYHOro KOHTaKTy MK rpaHynamm nopolky. Moaenb yTBOpPeHHS
KOHTakTIiB Tuny LLOTTKI MK rpaHynamu cnpasegnuea, Konn debaiecbka 008XUHa ekpaHy8aHHs L

D

MeHLUe pagiyca rpaHynm LD <.



CEHCOPU NMPOBIAHOCTI MOPOLWUKOBOI'O TUIY

o~ Bucota noteHuiansHoro 6ap'epa
30iNbLYETbCA NpK aacopbuil KUCHIO W
3MeHLUYETbCA Npu agcopobuil
peaykoBaHUX MOMeKyn

obnacTtb
36igHeHHA

65—

I
aacop6oBaHun | P————7 G = 1 _G ey
KMCEHb [ CTPyM €NeKTPOHMU - — 0 exp —
I /\ npoBigHOCTI R KT
6ap'ep I 1
I L__—
o 0 0’0 '
—°—°-‘2>+<A+\°~0—9y’{ . YyTnmeicTb ceHcopa
+++ 41 LR + + 4+

mowopn ¥ ._ d(logR)
d(log PR)

Bap'epu Ha MiXXrpaHyfibHOMY KOHTaKTi B NpecoBaHOMY MNOPOLUKY. Tpu rpaHynu 3 agcopboBaHMM KUCHEM
YTBOPHOKOTb NoBepxHeBy 36iaHeHY obnacTb. Lli 36igHeHi wapu BUKNUKaTb BUCOKUA KOHTAKTHUI onip. BHK13y
— BiANOBiAHA 30HHA MoAEeNb ANs KifbKICHOro aHanidy nepeHocy enekTpoHiB Hag noBepxHeBM 6ap'epom



CEHCOP BOJNOI'OCTI

BUMOrUX: Adiana3oH BMMIPIOBAHHS BOMOrocTi — Big gecatkis ppm go 100 % BonorocTi, 3aMmiHa
onopy ceHcopa Big 102 go 107 Om, HEBENUKUI FicTepesnc, Yac BIiANOBiAi — Y MeXax KiflbKOX
XBWUITMH, Mana uiHa, BUCOKa HaAiMHICTb i AOBrompuBanictb poboTu.

[Mpn Manux KOHUEHTpaLisAX BOAW NPOBIAHICTE MOXe 3MiHIOBATUCh 3 napuiaribHUM TUCKOM napu Boau siK

1/2 | |
G~ PHZO HegucouiaTuBHa aacobuia soau G~ PI:-LI/ZB()) 260 G~ H:-LI/ZACf)
aucouiatneHa agcopbui A
d=0,4-0,6 mm 8 MM
i YyTNUBUM
enemeHT
I TiO2+Sn02
] . / Al
R S
14«
f, » enekTpoa
_':.-" .
—% |- 5
A4 |- cnait
| i
1 [ [~ weranesmit
|| AapiT

Ctpykrypa cencopa BoJiorocti TiO, + SNO, nuckoBoro Tumy (a),
CEHCOP BOJIOTOCTi 3 rpe0iHYaCTUMU eJIeKTPOIaMM HA MOBEPXHi Yy TJIMBOI0 mapy (0)



MiKporpaHynu
10°7 ] -
A~ AW-
Rn Re
S 10 re " ANE=
o F— WA W
6 | I 'y
10 Re Re -
II N enekTpog,
5 o *. 1 11
10 | | 1 1 | c c
0 20 40 60 80 RH, % ® °

KOHOAeHCOBaHa BOo4a

3anexHicTb onopy CTPYKTypu rpebiHyacToro Tuny Big

BiAHOCHOI BosrorocTi:1 — no4aTkoBa, 2 — nicnsa 500 roa EkBiBaneHTHa cxema Ans KOHTaKTy
po6otu npu T = 35 °C Ta 80 % BonorocTi, rpaHyna-rpaHyna-eneKkTpos

3 — nicnsg nporpiBaHHsA npu T = 450 °C npoTarom 5 xB

noBepxHeBa iOHHa NMpoBigHICTb di3nyHO agcopboBaHol Boau Ha noBepxHi (Rg, Cpg),
IOHHa NPOBIAHICTb BOAM K PIAVMHN, SKa KanifispHO KOHAEeHCYBanacs B roprioBMHI MiX
rpanynamm (Ry, Cy), onip Ta EMHICTb NOABIMHOIO LWapy B iHTepdenci metan—soaa
(Rg,Cg), onopu ob'emy rpaHyn (rg) i NPUKOHTaKTHUX obnacten MmeTanesun enekTposg —
rpaHyna (rg) Ta rpaHyna — rpaHyna (ry)



CEHCOPU NPOBIOHOCTI NNIBKOBOIO TUMY ONA
OETEKUII YAQHOIO A3y

SI‘IOZ

ernekKkTpoAa

niaKnagka

KOHTAKT

Harpiea4

CeHcop Taryui (mateHT KomnaHil Pirapo, AnoHiqa, 1974): kepamiyHa
Tpybka 3 HaHeceHoto nactoo SnO, + Pd 330BHI Ta HarpiBa4yem ycepeauHi

Taki ceHcopu CTBOPIOIOTL TAKOX MPW BUKOPUCTaHHI iHLLIMX MeTan-okCMaHnX HaniBnposiaHuKiB — WO,
Fe,O,, LaCrO;, CoO, TiO,, NiO, Nb,O,, In,0,. Ak katanisatopn BUKOPUCTOBYIOTb GriaropodHi Metanu,

oKcmau nepexigHMx metanis Ta iH.



MNMenictop

Compersator

Catalyst Layer Platinum (Harked C}

Rl

" it
Zero Otfset Adjustment Detector
(Harlked D)

R1

M

Coramic

Pellet

Catalytic Gas Sensor
- Schematic Diagram @

lMennucrop cocTonT N3 cnupanesugHou nNiaTMHOBOW MNPOBOSIOKU, BCTPOEHHOMN B
LLIAPOBUAHYIO KEpAaMMUYECKYHO Kancyrny 6ycuHKy. Ha noBepxHOCTb Karncynbl
HaHOCUTCA Crion bnaropogHOro MetTarsnna, KoTopbIn NMpu HarpeBaHUN OeNCTBYET
KaK KaTtanmnsatop, CnocobCcTBYS 3K30TEPMMUYECKOMY OKMUCIIEHMIO TOPHOYEro rasa.
HarpeB kepamnyeckoun Kancysibl U KaTariMTUYECKOro crios NponcxoauT 3a cHeT
NPOXOXOEHNA TOKa Yepes NnaTtuHoBY cnnpanb. [pn npoxoxageHun
rasoBo34yLUIHOW CMEeCU Ha NOBEPXHOCTU KaTanuTUYeCKOoro Criosd BO3HUKaeT
ropeHue 1 BblensarLeecd Tenso noBbILLaeT TeMneparypy Kepammyeckomn
Kancysibl. BbiIaBaHHOE 3TUM yBennyeHne ConpoTMBIIEHNA NMNAaTUHOBOW cnnpanu
pPerncTpupyeTcd nsmepmuTenbHOW annapaTypou.



MNMpuknagu HaniBNpPoBIAHVUKOBUX CEHCOPIB ANA AeTekuil rasis

I'a3, sikuit HaniBnpoBigHUK AT Po0oua )
KOHTPOJIIOETHCS ceHcopa TemIieparypa, °C
H, SnoO, — 400
H, Sno, Pt (Pd) 150
O, Sno, Sb,0,+Au He Bkazana
CH, SnoO, — 500
CH, Sno, Pt 300
C;Hg Sno, Pt (Pd) 280
C,H;:OH Sno, — 300
CH;COOH Sno, — 500
CO Sno, Sb 300
CO F,O4 Ti+Au He Bka3zana
H,S Sno, Sb,0;+Au He Bkazana
NO, NO, WO, — 300
NH; In,04;+MgO Ir 450
NH, WO, Pt He Bxazana
(CH3)3N Zn0O Al 400
(CH,)3N TiO, In 400
ByrneBoanesi razu Zn0O V, Mo He Bkazana




YytnueicTb npomucnosux SnO, ceHcopiB A0 opraHiyHuXx rasiB ctaHoBuTb (2010):

0,01-0,1 ppm (NO, NO,)
0,1'1,0 ppm (H2, C2H50H, CO),

npu

NOCTIiNHA, AKa 3anexuTb Bif

MNOCTIMHOMY napuianbHOMY TUCKY KUCHIWO Ta pobodin TemnepaTtypi,
eKCcrnepuMeHTarnbHi 3anexHoCTi MK NPOBIHICTIO Ta napuianbHUM TUCKOM MOHOrasy
Aobpe anpoKCUMYOTLCS 3aNexHICTHO:

maTepiany

I:)gas

napuianbHUA TUCK rasy

G =G +Y(Pgas)m

m — cTana, fKa XapakTepusdye 4yTnuBICTb HaniBrnpoBigHWKaA [0
agcopbuii gaHoro TMny Monekys.

AKWO MOHOKpUCTaniyHM Wap HaniBnpoBigHMKA MOBHICTHO 36igHeHun
enekTpoHamun, To ans agcopbuii CO (y NpUCYTHOCTI CTanoro TUCKY
KMCHIO) BENUYMHA m = 1/2.

[pote Ana nomikpucTaniyHMx TOHKUX MMiBOK MeTtan-okcuaiB (SnO, 3
katanizatopom Bi,O,, T = 723 K), BennumnHa m = 1/3 ana agcop6uii H,,
CO T1a CH, B obnacTi koHueHTpauin 102-104 ppm.



CO Thick Film Sensor

heterogeneous catalysis:
free molecules before
and after reaction co

(e.g. CO-oxidation) .‘O

Oz

electrodes

grain
boundaries

Substrate

U |

The electrical conduction takes place via individual SnO, grains.SnO, is a n-type semiconductor with a
large band gap. The absorption of oxygen traps electrons at the surface of individual grains. These
electrons can not contribute to the electrical conduction. CO reacts with chemisorbed oxygen at the
surface of the individual grains. CO, is produced as a result of this and electrons are released into the
bulk of the grain.The charge carrier concentration increases and the resistance of the sensor drops.

CO+ 0, —CO, + e~
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(e.g. PAC1, H.[PHC1]] A

| doped SnO,
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Paste
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D, -5ensor

Preparation

The "mass production” of SnO, sensors ensures the
availabilty of highly sensitive and highly reproducible
sensors for both gas monitoring and basic science

investigations.

Linpnegnation

Pazte Falnication

screen Prinhrg
{ Alumira substate)

Annealing
separation

The preparation can be described as follows:

Starting from SnCl, nanocrystalline SnO, powder is
prepared by a modified SOL-GEL process. Hereby
hydrated SnO, is precipitated by adding ammonia to
an aqueous solution of tin chloride. After thorough
washing, the precipitate is calcinated at elevated
temperatures.The surface doping (e.g. Pd, Pt) of the
obtained tin dioxide is performed by powder
impregnation using corresponding metal chlorides.
An additional heat treatment reduces the metal
chlorides to metallic Pt or Pd and removes the chlorine.
Afterwards the powder is mixed with solvent until a
homogeneous, printable paste is obtained. The paste
is afterwards transferred onto an planar alumina
substrate by an automatic screen printer. The front
side of the alumina substrate is provided with
interdigitated electrodes onto which the paste is
deposited. The Pt-heater on the backside of the
substrate enables the operation of the sensor at a well-
controlled temperature. The final annealing removes the
solvent and binds the sensing layer to the substrate.
Each Substrate holds 20 sensors. The individual
substrates caneasily be separated mechanically



interd igitated Electrodes
A

Top View

—_—

Sensitive Layer (Sn0,)

2.4 mm

Cross Section

Bottom View
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Platinum Heater 4.2 mm
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By screen printing layers with a
thickness in the range of a few
micrometers to around 100 mm
result. During screen printing the paste
Is pressed by means of a squeegee
through the openings of a screen. After
a heat treatment (annealing) a very
porous layer results. This allows an
intense gas interaction. The layer is
typically deposited onto ceramic
substrates with electrodes on the front
for measuring the resistance and a
heater on the back to keep the sensor
at the operation temperature. As
sensitive material SnO, doped with Pd
and consisting of grains with an
average diameter of 15 nm is used.



pensor chambar
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For the electrical characterisation, the sensors were mounted in a brass chamber. The resistances were
measured with a scanner multimeter . The adjustment of the desired gas mixtures was performed by
means of a gas flow system with computer driven mass flow controllers. The humidity was adjusted by
bubbling synthetic air through a column of water and mixing it subsequently with dry air in a gas blender.
Between two successive expositions to test gases the sensors were purged for 1h with synthetic air to
allow the sensors to recover



TGS3870 — patuuk metaHa (CH, ) n yrapHoro rasa (CO) ot komnaHuu Figaro

Tun ceHCOpPHOro afnieMeHTa
CTaHaapTHbIA TUN Kopnyca

,ueTeKTMpyeMble ra3bl
Haﬂpﬂ)KeHVIe B Uenun
COHpOTVIBﬂeHVIe Harpy3kKu

Odvana3oH paccenBaeMbIixX
MOLLHOCTEN

Con poTuBnieHne gaTt4ymkKa

YyBCTBUTENbHOCTb

Mukpokanns

MeTannuyeckui Ha NNacTUKOBOM
OCHOBaHUMU

CH,, CO
V. =5,0B £0.2 B (NOCTOSAHHbIN TOK)
R,;> 0.75 kOm

P, =11...120 MBT

R, =0,35...3,5 kOm B 3000 ppm B

MeTannu4eckaa ceTKa 3
He|n|(aBe|0u1,eﬁ CTanu

DunbTp ymma

TokonoapooALKHA NPOBOAHHK
Katywka Harpesanna

Natunk

Monnoxka OcHoBa paT4HKa
(BMp, cBEpxY)

KoHTakT

[laHHbIN gaTtynk obnagaet
MWHUaTIOPHBIM Pa3MepoM, HU3KON

CH,R.=1,8..24kOmB 150 ppm CO  MOTPEONAEMON MOLLHOCTbHO,

3=0,50...0,65 (ona metaHa ¢ 1000
ppm 1 3000 ppm)

3=0,1...0,6 (gna yrapHoro rasa c 150

ppm 1 300 ppm)

BbICOKOW YYBCTBUTENBHOCTLIO K
MEeTaHy W yrapHOMY rasy C HU3KOM
YYBCTBUTENbHOCTbIO K Napam
arkorons, a Takke ANUTENbHbIM
NepuoaoM aKcnnyaTauum



Calibration Curve of IPC CO Sensar
Sensor Hesponse inthe Presence of CO
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Calibration curve of a CO sensor for CO concentrations between 500ppb and 10.000ppm (with CH,
as interfering gas).

The obtained sensors were characterised electrically by means of gas mixing stations. Typical operation tempertures for the
sensors are 200°C-400°C.The humidity can be varied between 0 and 100% RH. In the presence of CO, the sensor
resistance decreases . CO concentration down to the ppb range can be detected.

The impact of a gas as a sensor can be measured by the sensor signal. For reducing gases the sensor signal is defined as the
ratio of the resistance in air (Ry) to the resistance in an ambient containing CO (Rg,s)- The calibration curve shows the
dependence of the sensor signal to CO and CH, on their concentrations.



CO concentration [ppm]
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Ageing Measurements on CO with SnO, thick film sensors
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Typical measurement result for a performance
characterisation of IPC sensors (Pt doped, Pd doped )
and a commercial CO sensor (TGS 822).
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Accuracy of the sensors. The precision with
which a gas concentration can be determined
is plotted as a function of the gas concentration



Interdigital structure for Conductivity Measurements

Jmin
Top sde: Bottom side, &
Interdigital Heater :
structure with Smm  andthermao-
20 mn tin resistor
diozide layer i B
Flatinum electrodes )
Sapphire substrate aensor mounted on ceramic socket
free
adsorbed
molecules C‘:} % !mnl ecules
Electrodes il ~
" - e aale. e . g I
™
. @ Surface O=1+ Uasin (ot)
@ Contacts ﬁﬁ*? Z=Z"+1*Z"

% ﬁf ' @ GrainBoundaries 'Complex Impedance'



Micromachined Sensor

top view:

4

Sensor holder Electrode contacts

Buried heater
: / Sensitive material
cross section:
\_,f'\" Y i~ PECYD insulation layer

Silicon substrate

Membrane: Thickness: 0.8 uym
Area: 1X1mm?



resistance in Ohm

Micromachined SnO, sensor array

G

Set-up: —
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sensitive layer / !
7
heater [

[] electrodes g |' e | E

B b B

Pins: luSsewsord 0 @
3 5 gensorb
7w 11 senor a A%
O 11 sensorc !

21 12 heater of zensor d
2. 4 heater of sensorb s

6w 8 heater of sensor a 10
10w 8 heater of sensor ¢
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naAvMsaA-CEHCOPU

JNlam6pa-3oHA (A-30HA) —OaTUYMK KUCHIO Y BUMYCKHOMY KONEKTOPI ABUTYHa.
[103BONSAE OLIHUTK KiNTIbKICTb 3aNULLKOBOrO KUCHIO Y BUXJTOMHUX rasax.

dipma bow (Bosch) y 1976 p. ctBopuna nepwumi nambaa-ceHcop KUCHIO Ha ocHoBi ZrO, angd
KOHTPOMNIO CUCTEM BUXNOMNY Yy ABUTYHAX BHYTPILLHLOIO 3ropsiHHA

CwurHan ucnonb3yeTca CUCTEMOW ynpasreHus ans nogaep’XaHus onTumanbHOro
(cTexnomeTpmyeckoro, okono 14,7:1) cooTHoWweHNA BO3AYyX/OEH3MH B Kamepax cropaHus. B
cTexmomeTpun — A = (peasibHoe K-80 8030yxa) / (Heobxodumoe K-80 8030yxa).

A=1 — cTexnomeTpuyeckas (TeopeTndeckn ngeanbHasi) CMechb;

A>1 — BbepHasa cmech;

A<1 — BoraTasi cmecb (136bITOK BEH3MHA, BO3QyXa HE XBaTaeT Af1s NOMHOro CropaHus).



Y pe3nctuBHuUX nambpa-ceHcopax CriBBIAHOLWEHHS MK NPOBIAHICTIO Ta
napuianbHUM TUCKOM KUCHIO MOXKHA 3anucaTtu gK:

E,
G =Ce KT Pozm

ne C — crana, E, — akTuBauinHa eHepria ana o6'emHoi npoBigHocTi. BennunHa yytnueBocTi m Ao
KUCHIO BU3HAYa€eTbCs TUMOM AedeKTiB, SKi 6epyTb y4acTb y eNeKTPUYHIA NpoBIgHOCTI. AKWOo aedektamu €
ABiYi [IOHI30BaHI BakaHCil KUCHIO, TO m = —1/6, sKwo gedektamMn € BakaHCil MeTanis, TO BeNuUYuMHa
4yyTnueocCTi Oyae iHwoto. LlikaBolo € nosefiHka ceHcopa Ha ocHoBi SITiO,, AKMKN Mae Pi3Hi MexaHi3mu
NPOBIOHOCTI B TPbOX 0OMacTaAX KOHUEHTpauin KMCHH. 3i 30iNblUeHHAM napuianbHOro TUCKY KUCHIO M
3pocrae Bia —1/6 no —1/4 i nopisHioe +1/4 npu Py, =1 atm, TO6TO NpU NiABULLEHHI NapuianbHOro TUCKY
KUCHIO NMPOBIAHICTb CNOYaTKy 3MEHLUYETLCSA, a NOTiM NOYUHAE 30iNblLIyBaTUCH.

. . YyriauBicTh
HaniBnpoBigHuk 10 KHCHIO E_,eB Temmneparypa, K
TiO, -1/4,-1/6 15 973-1073
TiO,(NDb,Cr) -1/4,-1/6 1273
SrTio, -1/6, -1/4,11,24 973-1373
+1/4
Ga,0, -1/4 1,9 1173-1273
GeO, -1/6, -1/4 973-1373
BaTiO,(Nb) -1/4




Y noTeHLiOMeTPUYHUX -CEHCOpaxX BUKOPUCTOBYHOTb TBEPAOTISIbHUWN €NeKTPOrIIT
ZrO,, IKUM Ma€ BUCOKY iOHHY Ta Manxe BiACYTHIO eJIeKTPOHHY NMPOBIAHICTb

Up
—@W
cromai. T S—
Fas —> ,uuq:,)ysil‘fiHmTl ® 9 ~ @)
[0] ©—=>|0apep :
enektponit ZrO,
[02] EKaTO,D, aHopn,
: 02+ 40 5207 20" >0, +4e”
0 ' X

MpuHumMn Aii ceHcopa Ha ocHoBi ZrO,

Y HbOMY BibyBa€eTbCS pyX (MpoKadyBaHHS) iOHIB KUCHIO

Bif KaToda 40 aHoA4a Kpi3b TBEPAOTINIbHUIN eNEKTPONIT 3a paxyHOK NpuKknagaHHs 30BHILHLOI HAaNpyrn

NpoKayyBaHHs - _
POREHY Up EnekTpuHui cTpym Ip Bignosinae ctpymy ionis O3

KWCHIO i, BIANOBIAHO, MOTOKY iOHIB KNCHIO — AKi oMdPYyHOYHTb 00 KaToga 3 BUXITOMNHOro rasy:

dt
|p=4ngE
dt

ae F — ctana ®apades.



KuceHb 3 BUXnony HanpaBnseTbCA Ha KaTtoA Kpidb ANdy3inHum 6ap'ep, SKMN yNoOBINbHIOE NOTIK MOMEKYN
KMCHIO [0 enekTpoaa. Tomy OAny3inHUIA CTPYM MOMEKYIT KUCHIO 3aneXuTb Bif rpagieHTa KoHUEeHTpauil KUCHIO

d[(;)f] y300BX AndoysinHoro 6ap'epa, epekTuBHoro andoysinHOro nepepiay S
Ta epeKTUBHOro KoediuieHTa andyaii Doz dNOZ _ _DOZS d [OZ]
(1 3akoH Puka) dt dx

3i 36iNbLLUEHHAM Hanpyr1 NpokavyyBaHHSA CTPYM JiHIMHO 3pOCTaE BigNOBIAHO 4O BEMTMYUHU BHYTPILLHLOMO
ornopy Komipku . INpun LbOMY KOHLIEHTpALList KNCHIO HAa KaToi 3MEHLLYETLCS 4O HYNS i B pesynbrarTi
CroCTepiraeTbCca HacU4eHHs (0bMeXeHHs) CTpyMy Mpu Hanpyrax, BULKUX 3a noporoBy. CTpyM 0BMeXeHHS | L
QKMii BU3HAYAETHCSA 3 YMOBM [02] — () HakaTodi NponopuiHNiA KOHLEHTPpaLIii KUCHIO B rasax Buxmony [0, ]

02=20,9% I L = 4FD %[02 ] L — edbekTMBHA andoysinHa OOBXUHA

2.0 _|p, MA

0,=16,7 % IL, MA /
2,0 |- ’

Up=600MB ,*

02=125%
/

po3Kua npu
BUPOOHMLTBI

Lo+ 02=8,4% 10 ,
nicns
Hanagakuv

0,=42%

noyartok H,O
ncouiauli 0 KapGropaTopa
0 L .
0 0,5 1,0 Up, B 0 8,36 20,9
KOHUeHTpauisa Oz, %

BAX (a) i BuxigHa xapakTepucTvka ceHcopa: 3areXHIiCTb CTPyMy OBMEXeHHS Bif KOHLUEHTpauil KACHIO
CeHcopa [0 Ta nicns kanibposku npunagy (6)



CEHCOPU KOHTPOIIO NPOLECIB NOPIHHA

[MepLwi cnpobu CTBOPUTK ra3osi CEHCOPU OS5 CUCTEM NPOTUMNOXKEXHOI B6e3nekn Bynn 3gincHeHi komnaxieto CimeHc
y 1983 p. i 6asyBanuca Ha BuMiptoBaHHAX KoHUeHTpauii CO, H, Ta CO, i ByrmeBogHEBUX rasis, siki yTBoptoBanucs
NPV ropiHHI pidHMX MaTepianis (qepeBnHa, nanip, 6aBoBHa), NeperpiBaHHs TpaHcgopMaTopiB TOLLO. 3anexHo Bif
TMNy MaTtepiany, KM ropuTb, TEMNEPaTypu Ta KiSIbKOCTI KUCHIO B 30Hi FOPiHHSA, MOXINUBI CyTTEBI BapiaLil
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TRnitoye O6ype Byrinmna BMAiNs€e 4acTkoBO
oKcuaoBaHi ra3onoAioHi npoayKTu,
MOHOOKCUA, Byrneur, HeHaCUYeHi
ByrneBoAHeBi MONEKynu, anbaerigu,
OpraHi4yHi KUCJIOTU Ta arikorosib, OCKifNbKu
npw TrNiHHIi He BUCTa4ya€ KUCHIO Ans
NOBHOrO 3ropsiHHA LUMX NpoAayKTiB. Kpim
TOro, BYrinns, sike nepedyBano Kifnbka AHiB
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£ Ha I10BITpI-, pecopbye CyTTEBY KiNbKiCTb
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I 550 .

Z . ee o XOJIOAHOro OKMCHEHHSA Ta agcopbuisn

MoneKyn Boau 3 aTmocdepum

0 100 200 300 400 yac, XB
3MiHa KoHueHTpauii CO Ta H, i3 yacom npu CO+ HZO —> C02 +2H+ +2e
eKcnepuMeHTanbHOMY

TNiHHI 3paskiB 6yporo Byrinnsa. TodykamMmn nokasaHo
MakcumarsbHi onykTyauil curHany



NMpobnemwm
1) CeneKkTUBHICTbL CEHCOpIB
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BiaHocHa 3miHa npoBiaHocTi ceHcopa (nniBka SnO, 3 kaTanisatopom Sb) 3anexHo Bif
Temnepartypu B atmocdepi 1000 ppm penokc-rasis C,H.OH, CO, H,, CH,



OKUCHEHHS 3a paxyHOK
agcop60BaHOro KUCHIO
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MOHOOKCUA BYrfneLo Ta ABOOKCUA,
Byrneuro aecopoyroTbea
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OKUCIIEHHS 3a PaXyHOK KUCHIO
KpuUcTaniyHoi rpaTtkm meTtan-okcmay
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2)HeagnTtuBHiCTb cUrHany

ﬂ AN SnO, npun 770 K.
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MOHOOKCUA, Byrfeuo Ta BOOKcUua
Byrfeuo AecopoyroTbest



3a BIiACYTHOCTI afcopboBaHOro KNMCHIO MeTaH CH 4gas € CH3ags + Hags
AMCOLLIIOE HA METUNOBY rpyny Ta BOAEHb

[Bi cycigHi MeTuUnoBi rpynn B3aEMOAi0Tb 3 KUCHEM I'paTku 1
YTBOPIOIOTb €TUMOBY rpyny

[Mpn BUCOKMX TeMnepaTypax BOHa
NepeTBOPHETLCSA HA aLeTaTHY rpynFHSCHZOIat + OIat — C:I_I?:COIatolat + 2Hads
3HOBY MNpU B3aeEMOLil 3 KUCHEM I'paTKu

HaanuwkoBuin BoaeHb, agcopboBaHunin
Ha NoBepxHi, Bede A0 peakLii CH3CO\4tOjat +2Ha9s = CHygas + HCO 5Oyt
YTBOPEHHS bopmat-rpyn

siKi, y cBoto yepry, posnagatotbcst 3 BugineHHsaM HCO 54 Oj5t — COZgas +Hygs 2V
rasonoibHoro MOHOOKCHMAY Yun diokenay

ByrneLo HCOIatOIat —> COgaS 35 OlatH+VO

3a NPUCYTHOCTI B aTMocdepi MOSIEKYN KUCHIO po3naj MOSeKkynn MeTaHy Takox Beae 40
doopmMyBaHHS oopMaT-rpynu 3 BUAINEHHAM ra3onogibHoro MOHOOKCUAY Yn OioKCuay BYrIeuto,
NPOTEe BaKaHCIi KNCHIO Ha NOBEPXHI HE YTBOPKOKTLCA. 3arexHo Big TUny peakuin npu agcopouil
METaHy curHan Big ceHcopa byae pi3HUM, HaBiTb ANl O4HAKOBOI KOHLIEHTPALIT METAHY B
aTMocdoepi, OCKifIbKM YTBOPEHHS BaKaHCIN KUCHIO BeAe 00 404AaTKOBOro 3pOCTaHHA MpoBigHOCTI



3) Bnnue cTpyKTypHOI opieHTauUil

TiO2(110) TiO2(100)
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apcop6oBaHoOi Boau

MICTKOBUI KNCEHD H,0 Ha nosepxHi TiO, (110) Ta (100)
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OckKinbKkn B3aemMopais 3aBasikn BOAHEBUM 3B'si3KaM MK agcopboBaHUMU
MOJSieKyriamMm Ta MiCTKOBUMM aTOMaMM KUCHIO MOBEPXHI CMIPUAIOTb TPAHCMIOPTY
NPOTOHIB, TO BiAHOCHA BiACTaHb MiXX MOMneKyrnamu Boan Ta Hanbnmx4mMm MiCTKOBUM
aTOMOM KUCHIO BU3Ha4ae npouec agcopouir.



4) Opevd Ta "oTpyEHHA" NOBEepPXHi

3a paxyHok ximagcopbuil BigbyBalTbCa AesiKi 3MiHM BRacTMBOCTEN 00'eMy UM MPUNOBEPXHEBOI
obnacti HaniBnpoBiAHMKOBOro Martepiany. ToMy MOBHICTIO 3a40BOSIbHUTM BMMOIMM A0 XiMiYHOro
CEHcopa — YyTNMBICTb TiflbKM ONA OETEKTOBAHOMo rady Ta noBHa HEYYTNMBICTb i CTabiNbHICTb LWOA0
BCiX IHLIKMX rasis, AKi NpUCyTHi B atMocdepi, He BAaeTbcs. Cnabki 3MiHM BNacTUBOCTEN Matepiany, siki
BUHUKAIOTb YHAcnigok 3MiHM TemnepaTtypu abo cknagy atmocdepu HasuBalTb dpelighom. Metan-
okena SnO, HanyacTile obupaloTb AK CEHCOPHWUIA MaTtepian 3aBAsKM MOro Hankpalwii ctabinibHOCTI
CTOCOBHO iHWMX MeTan-okeuais. Ha BigmiHy Big TiO,, In,0;, WO,, o6'emHi Bnactusocti SnO, He
3MiHIOKOTbCA Npu aacopbuil nponineHy Ta Aeskux KUCNOT. [poTe TepMivyHUKW Bignan npu CrikaHHi
nopowKky SnO, un poborta ceHcopa npu Temneparypax, onTUManbHuUX Ans Karanisaropis (6rm3bko
350 °C), MOxXe Npu3BOANTU OO0 reHepauii 06'eMHMX BaKaHCI i 3MiHW PiBHOBaXXHOI NpoBigHOCTI. Kpim
Toro, SnO,, Ta iHLLI OKCUMAN MOXYTb ByTM HecTabinbHMMKM 3aBAAKM Tak 3BaHOMY edekTy "ompyeHHs"
noeepxHi. Hanpuknaa, He3HauyHa KOHLeHTpauis cipyaHoro ra3y H,S abo XxnopuHiB Gnokye

KaTaniTM4Hy akTUBHiICTbL Pd Ha noBepxHi SnO, i CNOTBOPIOE XapaKTePUCTUKU TaKUX CEHCOPIB.



