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PA3ZPABOTKA ®®EKTUBHBIX CEHCOPOB OBHAPYXEHMUSA
JOB3PBIBOOITACHbBIX KOHIHEHTPALIMUU H,

[TpoBeneno ucciaenoBaHUE OTKIIMKA TEPMOKATAIMTHUECKHX CEHCOPOB HA BOJOPOJ C Pa3IMYHBIMU THUIIAMHU KaTallk-
3aTopoB uatuHoBoM rpymmsl (Pt, Pd, Ir, Rh, Pt+Pd) B ntnana3zone noB3pbiBHEIX KOHLEHTpanui. [lomyueHsl Temme-
parypHble 3aBUCHMOCTH CEHCOPHOTO OTKJIMKA U MPOBe/ieH UX aHanu3. [lokazaHo, 4To NMpH HUKIMPOBAHUH HaIpsiKe-
HUSI TUTAHHUSI MOCTOBOI CXEMbI HaOJIIOJIAETCsl THCTEPE3UC CEHCOPHOTO OTKIIMKA, KOTOPBIH MOXET OOBSICHATHCS 4a-
CTHYHBIM IIEPEX0/IOM OKCHJIOB METAJUIOB IUIATHHOBOW TPYMITBI B METALIMYECKYIO (ha3y NpH TeMIeparype BBIIIC
500 °C u oOpaTHBIM OKHCJIEHHEM MOBEPXHOCTH METAJUIOB IpU yMeHblIeHnn temneparypsl Hmke 400 °C. Ipose-
JICHHBIC MCCIICIOBAHUS CBU/ICTEIIHCTBYIOT, YTO TepMOKaTaJIUTHUECKHe ceHCcophl ¢ Ir- m Rh-karanmusaropamu Goree
TIPEATIOYTHUTENBHBI JJIs1 TPAKTHUECKOTO MPUMEHEHHUS TIPH AETEKTUPOBAHUH BOJOPO/IA, T.K. ©IX MUHAMaJIbHasi pabo-
qas Temneparypa coctasiseT 250 °C, u, ciie1oBaTelIbHO, OHU HE MOTYT CIIPOBOLIUPOBATH CaMOIPOU3BOJIBHOE BO3-

ropaHue Boaopoaa.

Kn. cn.: TepMOKaTaTUTHYECKU#T CEHCOP, OOHAPYKEHHE BOIOPO/IA, KATATM3aTOPBI IIIATHHOBOM IPYIIINBI, TUCTEPE3HUC

OTKJIMKa CEHCOpa

BBEJEHUE

[Ipeamonaraercs, 9To B OnrpkaiieM OymyIeM Bo-
JOpOAHAasi PHepreTuka OyneT urpatrb poJib, CpaBHU-
MyI0 ¢ aroMHOW wiu ruapodsHepretukoi [1]. Ilpm
3TOM BOAOpOA OyneT OCHOBHBIM BHJOM TOILTHBA
B DHEPreTHKE, NMPOMBIIUIEHHOCTH M TPaHCIOPTE, MO-
CTENIEHHO BBITECHUB YT0Jib, Ma3yT, AU3EIbHOE TOILIU-
BO, OCH3WH U PUPOIHBIH ras3.

HpaiiBepoM pa3BUTHS BOJOPOJHBIX TEXHOJIOTUM
SBIIsIETCS 0OphOa C rI00aTLHBIM U3MEHEHHEM KIIMMa-
Ta, a TAaKXKe TO, YTO 3aIMachl YIIIEBOIOPOIHOTO TOILIH-
Ba orpaHuueHsl. Bojopoa MoxHO paccMaTpuBaTh Kak
9HEPrOHOCUTEIIb, KOTOPBIH CHOCOOCH KOMIICHCHPO-
BaTh HEJOCTATKH BO30OHOBJSIEMBIX HMCTOYHUKOB
SHEepruM (HampuMmep, COJHEYHOW W BETPOBOM 3HEp-
ruM) [2], cBsI3aHHBIC C MX HECTAOWIHHOCTBIO, U B TO
JKe BpeMsi 00eCTIeYlTh AOIOIHUTENBHYIO JAeKapOOHuU-
3aI{I0 YKOHOMHKH.

B nacrosmee Bpems npousBoautcs 65-70 miH
TOHH Bogopoxa B rof. Ilpeamonaraercs, 4yto B OJn-
JKalIme JecsITUIeTHs POU3BOJICTBO BOJOpOIa OyIeT
yBEIMYEHO BO MHOro pa3. Ilpu 3TOM mpeacTouT cos-
JaTh LEIYH HUHAYCTPUIO BOJOPOJHOH HHEPreTHKU,
BKJIIOYasi ero Oes3yriepogHoe MpPOM3BOACTBO, XpaHe-
HUE, TPAaHCTIOPTHPOBKY, a TaK)Ke CHCTeMy 0e301acHO-
T'O UCIOJIB30BaHMsI BOJOPO/Ia B SHEPTETHUKE, MPOMBIIII-
JIEHHOCTH Y TPAHCIIOPTE.

25

Hecmotpst Ha »KOMOTHYECKYIO TpPHUBIEKATENb-
HOCTB, BOJIOPO/I sIBIIsIeTCsl O0Jiee OmacHbIM B oOpaiie-
HUU, 4eM NpUpoAHbId ra3. Ilpenen BocmiaMmeHseMo-
CTH BOJIOPOJIa B Ta30BO3YIIHOW CMECH 3HAYHUTEIHHO
IMpe, YeM Yy YIJIEBOJIOPOJIOB, U JIEKUT B JHara3oHe
ot 4 1o 75 06. % (1A MeTaHa 3TOT AWANa30H IpPH-
OJM3uTENBHO cocTaBisieT ik 5—15 06. %). C y4e-
TOM BBICOKOH MPOHHKAIOMIEH CIIOCOOHOCTH BOIOPO/a
W OTCYTCTBHS Yy HEro 3amaxa, mpu paboTe ¢ BOAOPO-
JIOM CJIeIyeT ObITh Ype3BbIUAHO OCTOPOXKHBIM. [1o-
3TOMY JIETEKTHPOBAHHUE BOJIOPO/IA B BO3IAYXE SBIISETCS
aKTyaJlbHOW 3adaueil Juid MpefoTBpaleHHs] BO3HUK-
HOBEHHS YPE3BBIYAMHBIX CUTYAIlUil, CBA3aHHBIX C €T0
YTEUKOM.

Jiig m3MepeHns: KOHIEHTPAMK BOJOPOJa Hanbo-
Jee IIMPOKO MCHONB3YIOTCA KaTanutuyeckue [3],
JNEKTPOXUMHUYECKUE [4], TOIyHIpOBOJIHHUKOBBIEC [5]
n MII (MeTami-Iu3neKTpUK-TIOIYTPOBOIHUK) CEH-
copsl (muox lottku) u M/II1-Tpan3uctopst [6—8].

B ocHoBe mpuHNHWIA AEWCTBUS TEPMOKATAIUTHYIC-
CKHX CEHCOPOB JIEKUT H3MEHEHHE COIPOTHUBIICHUS
IJIATUHOBOM ITPOBOJIOKHM, HAXOMASIIEHCS BHYTPU 4YyB-
CTBHUTEJBHOTO 3JIEMEHTa, KOTOpPOE BBI3BAaHO Oecra-
MEHHBIM OKHCIIEHHEM TOpPIOYero ra3a Ha KaTajau3aTo-
pe, HaxOosIIeMCsl Ha MMOBEPXHOCTH YyBCTBUTEIHHOTO
aneMeHTa. V3MeHeHHe CONpPOTHBIEHUS IPOMOPIHO-
HaIBHO TeryioBoMy d(dekTy peaknunyu OKHCIECHUS
, CJIIOBATEIBbHO, KOHIICHTPAIIUU TOPIOYero rasa [9].
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TepMoKaTaTUTHUECKUE CEHCOPBI IMIMPOKO HCIIONIb3Y-
IOTCS Ui W3MEpPEHHUs] JOB3PBIBHBIX KOHIIEHTpPALUi
BOJIOPOJIa M IPYTHX TOPIOYMX Ta30B U N1ApOB B BO3AYyXE.

ONEeKTPOXUMHUYECKHE CEHCOPHI JIENATCA Ha amIle-
poMeTpuyecKrue M TOoTeHIoMeTprudeckue. [IpuHmmm
JIEHCTBUSI aMIIEPOMETPUUYECKUX DIEKTPOXMUMUYECKUX
CEHCOPOB OCHOBAaH Ha NMPOTEKAHWW BJIEKTPOXUMHUYE-
CKOH peakIMi OKUCIIEHUS PaCTBOPEHHOTO B JIEKTPO-
JUTE BOAOPOJa Ha MOBEPXHOCTH 3jekTpona. Ilpote-
KalOMK NPH 3TOM 3JEKTPUYECKUH TOK MPOHNOPLHO-
HaJIeH KOHIIEHTPALMU aHAJM3UPYyEeMOTro KOMIIOHEHTA.
[ToreHurnoMeTpru4ecKrue CEHCOPhl OCHOBAHBI HA MOHO-
CEJIEKTUBHBIX Pa0OYMX 3IEKTPOJaX, KOTOpHIE IaroT
CEJIEKTHBHBIM OTKJIMK Ha TPUCYTCTBHE BOJOPOJIA
B BO3JyXe. AHAIUTHUYECKUM CHUTHAJIOM B HUX SIBIISICT-
Csl Pa3sHOCTh MOTEHIMAJIOB MEXAY pabodnM 3IIeKTPO-
JIOM U 3JIEKTPOAOM CPaBHEHUS. DIEKTPOXUMHUUYECKHUE
CeHCOpHI HanboJiee YacTo MCIIONB3YIOTCS B JMana3oHe
MaJIbIX KOHLEHTpauuii Bogopoaa (ppm u ppb nuamna-
30He) [4].

[IpuHIKT PabOTHI MONTYIPOBOIHUKOBEIX CEHCOPOB
OCHOBaH HAa MU3MEHEHUU MPOBOJUMOCTH MOIYIPOBOJ-
HUKOBOTO CIIOS TIpH ajcopbumu Bogopoaa. Hemocrat-
KOM TIIOJIyIPOBOJITHUKOBBIX CEHCOPOB SBJSIETCS HX
HU3Kas CEJIeKTHUBHOCTH. [10TynpoBOIHUKOBBIE CEHCO-
PBI UIMEIOT OTKJIMK KaK K FOPIOYUM, TaK U K HEropio-
yuM Ta3aM. [Ipyu MOMOIIM HEKOTOPHIX MOJYHMpPOBOJ-
HUKOBBIX CEHCOPOB MOXHO M3MEpPSTHh KOHIIEHTPAIIHIO
BOJIOpOJa B JHMAaNa3oOHE JI0 HECKOJIBKUX OOBEMHBIX
MIPOIIEHTOB, HO OCHOBHAS WX OOJIacTh MPUMEHEHHS —
3TO JIETEKTHPOBAHUE BOZOpOJia B ppm auanaszone [10].

Mpunnun padoter MIII-ceHCOpOB B TOM, YTO MO-
nexkynsl H, nucconumpyloT Ha aToMbl Ha majuiajave-
BOM 3JIEKTPOJIe | 3aTeM 3a cueT auddys3uu nocrura-
10T rpanunsl pazgena Pd — SiO,. Ha artoif rpanuie
3a CUeT MOJSIpU3alM aTOMOB BoJopoda oOpasyeTcs
CJION 3JEKTPUYECKHUX OWMOJeH. DTO MPUBOAUT K U3-
MEHEHHMIO KOHTAaKTHOH pa3HOCTH IMOTEHIIHAJIOB, YTO
BBIpaKAEeTCs B U3MCHEHUH BOJIbT-(hapagHoOll XxapakTe-
puctuku. M/III-ceHCOpBl TOCTATOYHO PEIKO UCIOJIb-
3yIOTCS Ul JIE€TEKTUPOBAHUS BOJOPOJAA B JHara3oHe
JIOB3PBIBHBIX KOHIIEHTPALUH.

Bce tumnbl ceHCOPOB UMEIOT CBOU MOJOXKUTEIbHBIE
W OTpHUIaTeIbHBIE CTOPOHBEL. B 3aBHMCHMMOCTH OT ce-
pBl IPUMEHEHHUS] M TOCTAaBICHHBIX 3a7ad BHIOMPAIOT
TOT WM WHOHN THT ceHcopa. C TOUKH 3peHus MperoT-
BpALICHUSI B3PBIBOONACHBIX CHUTyalui Haubojee ax-
TyaJIbHBIM SIBJISIETCSI JUANa30H M3MEPEeHHs BOAOPOAA
ot 0.1 06. % (HwkHUI npenen oOHapy>KEHUS BOAOPO-
Jla, YCTAaHOBJICHHBII B Pa3HBIX CTpaHax) Ao 2 00. %
(50% HmWKHETO KOHIICHTPAIMOHHOTO TIpejeNia pac-
NpocTpaHeHHs Iuiamenu). s 3Toro auanasoHa om-
TUMAJbHBIM SIBISIETCS WCIOJB30BAaHUE TEPMOKATAIH-
TUYECKUX CEHCOPOB, KOTOPBIE HMMEIOT Majioe BpeMs
OTKJIMKA, HEOOXOJAUMYI0 TOYHOCTh u3MepeHuit (< 5%
OT M3MEPSIEMON BEJMYUHBI) M PabOTaIOT B IIUPOKOM

JMara3oHe TeMmrepaTyp. JlOomonHUTENbHbIE MPeuMy-
IIECTBA TEPMOKATATUTUYECKUX CEHCOPOB IO CpaBHE-
HUIO C JIPYTMMH CEHCOPAaMH 3aKJIIOYAIOTCS B MX HH3-
KON CTOMMOCTH, YYBCTBUTEJIIBHOCTH TOJBKO K TOPIO-
YMM Ta3aM | napam, MalloM pa3Mepe U Bece.

HecMmoTps Ha TO 4TO TEpPMOKATATUTHYECKUE CCH-
COpBl pa3padaThIBAIOTCS YK€ MHOTO JCCATUICTUH,
JUTSE U3MEPEHUST BOJIOPO/JIa UCIIONB3YIOTCS TE JKe Kara-
JIU3aTOPBI, YTO JIJIl FOPIHOYMX ra3oB U mnapoB. Takoi
MOJIXOJT HE SBJSIETCS ONTUMANbHBIM pereHueM. [lo-
STOMY IIEJBIO IAHHOW pabO0Thl OBLIO MCCIICOBAHUE OT-
KJIMKA TEPMOKATATUTHYECKUX CEHCOPOB Ha BOJOPO/]
C Pa3NMYHBIMHA THUINAMHU KAaTaJM3aTOPOB IUIATHHOBOM
IPYIIIbBI, HOTy4aeMbIX W3 HE COJACPIKAIIMX Xjopa Ipe-
KypCOpOB, B JIMAla30HE JOB3PBIBHBIX KOHIIEHTpAIUi
1 OMPEIC/ICHNUE NX ONTUMAIbHBIX PEKUMOB PAOOTHI.

SKCIIEPUMEHTAJIBHASI YACTb

CeHcopsl BoJOpoAa ObUIM W3TOTOBJIECHBI B KOMIIa-
aur OO0 "HTIL UT'[1". Cencop coCTOSUT U3 CIUpPAIH,
W3TOTOBJIIEHHOW W3 JIUTOTO IUIATHHOBOTO MHKPOIIPO-
BOJIa B KBapUEBOW M30JALMHU. TOJIMIMHA TUIATUHOBOTO
MHUKPOIIPOBO/a cocTaBisuia 10 MKM, TOJIIIMHA U30IIS-
i — 2 MkM. KBapuesas m3omanusi oOecrieunBacT
JOTIOJTHUTENFHYIO 3aIIMTy IUIATHHBI OT BHEIIHETO
BO3/ICHCTBHS NMPH BBICOKHX TEMIIEpaTypax U TeM ca-
MBIM CcTabMIM3upyeT ee mapameTpbl. COMpOTHUBICHNE
nosy4yeHHou cnupanu npu temmneparype 20 °C Haxo-
nuioch B auanaszone 10—12 Om. TemnepaTypHblit Ko-
3¢ (HUIUEHT CONMPOTUBJICHHUA IUIATHHOBOTO MHUKPO-
npoBoja cocrasisit 0.0035 1/K.

Jua m3roToBNeHWsT pabodyero ceHcopa IUTaTHHO-
BBbIi MHKPOTIPOBOJ Ha IEPBOM 3Tale MOKPHIBAIH I10-
puctbM y-Al,O3, KOTOpPBI BBICTYIIA] B Ka4eCTBE HO-
cutens karaiauzaropa. Ha Bropom srane y-Al,Oz mpo-
MUTBHIBAJI PAcTBOPAMH, COAEPXKALIIMH MPEKYPCOPHI
Tpedyemoro KaranusaTopa. Jlajee BBIOIHSIIN HATPEB
MuKporpoBozaa a0 temneparypsl 700 °C, B pe3ynbra-
T€ 4ero MpoucXowio (OpMUPOBaHUE KJIacTEpPOB Ka-
TAIUTHYECKH aKTUBHBIX METAIJIOB.

HccnenoBannblie B paboTe KaTaau3aTOPbl COCTOSITN
W3 METaJUIOB IUIATHHOBOM TPYIIBI: IUIATHHBI, MajJia-
IS, UPUJIUSL M POJIMS, a TAKKe, U3 CMECU IUIATUHBI
¥ TaJJIaJus B COOTHOIIEHUH 3:1.

B kadecTBe MCXOMHBIX BEHIECTB OBUTM BHIOpAHBI He-
XJIOPHUJIHBIE TIpeKypcopbl. J[1s HaHeceHWs KaTaiu3aTo-
poB Ha nopucteiid Y-Al,O5; ucmons30Bay BOJHEBIE pac-
tBOpBL: it twatuHel — 0.2 M [Pt(NH;)4](NOs),,
i nawiagus . — 0.6 M [PA(NH;3)4](NO3),,
st poquss — 0.2 M H3;Rh(C,04)5, s upunns —
0.2 M H;lIr(C,04);. CeHcop ¢ 1u1aTHHA-NAILIAAUEBBIM
KaTajqu3aTopoM HCIIONB30BAIM B KadecTBe OoOpasma-
CpaBHEHHS, MOCKOJIBKY TaKOW KaTaau3aTop IIHUPOKO
MIPUMEHSETCS B CEPUITHO HM3TOTABIMBAEMBIX TEPMOKa-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 3
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Puc. 1. brok-cxema n3MepuUTEIHHON YCTAHOBKH.
P — pabounii wyBcTBUTENBHBIN 35IeMeHT, C — CpaBHUTEIHHBII YyBCTBH-
TeNbHBINA An1eMenT, U, — HanpsKeHHe MUTaHUsI MOCTOBOH CXEMBI

TaTUTHYECKUX CEHCOpax JUIisl U3MEPEHHUs KOHICHTpa-
MY YTIIEBOJOPOIOB B BO3AyXe (B YACTHOCTH, METaHA,
nponaHa u ap.). [lnaruHa-nannaaueBeIit kKaTamu3aTop
OBLT TOJIYYeH W3 BOJHOTO PAacTBOPA, COAECPIKAIIETO
0.6 M PdCl, u 0.2 M H,PtCls.

st m3MepeHust OTKINKa CEHCOPOB B 3aBUCUMOCTH
OT TPUJIOKEHHOTO HATrpPEBAOIIETO HANPSDKEHUS ObLIa
KCIIOJIb30BaHA MOCTOBAsi U3MEpHUTENbHAs cxema. Tak
KaK HaM ObLIO Ba)KHO CPABHUTh U MPOAHATU3UPOBATH
(hopMy TOITydaeMbIX 3aBUCUMOCTEM, MBI HCIIOJIb30Ba-
JU WMEHHO "OTKIMK", KOTOpBIM MoKa3piBaeT abco-
JIIOTHBIE 3HaY€HUA cUrHaja B "MB" BMecTo craHgapt-
HOTO "4yBCTBUTEJIBHOCTB", KOTOpas AAaeT yAelbHbIE
3HauyeHus B "MB/00. %".

brok-cxema uU3MepUTENbHON YCTAaHOBKU THpell-
craBieHa Ha puc. 1. Pabouwmii (P) u cpaBHHUTETHHBII
(C) uyBcTBUTENBHBIE AIEMEHTHI PACIONATraIich B OJI-
HOM TUICYE, BO BTOPOM ILICYE CTOSIH MPEIU3HOHHEIE
pesuctopsl (R u R;) ¢ Homunamom 1 kOm. U3zmepu-
TeJbHAsl CXeMa I03BOJIsUIa MOJaBaTh HA MOCT Hamps-
xernne (U,) B tnanazone ot 0 10 4 B ¢ marom 50 mB.
Bpems ckanupoBanust Hanpspkenus ot 0 mo 4 B co-
craBmsio 3960 ¢ (24.75 ¢ va 1 Touky), uTo obecnedn-
BaJO CTAOWJIM3AIMIO TPOIIECCOB OKUCIICHUS U TEeMIIe-
paTypbl CEHCOPOB MPHU M3MEHEHUH HampsukeHus. Tak
KaK ONTHUMAaJbHbIE 3HAYEHHUS TeMmmeparyp padoThl
ceHcopa JyIs IETeKTHPOBAHUS BOJOPOJA 3apaHee Obl-
TN HEW3BECTHHI, HAMU OBLIN TPOBEICHBI M3MEPEHUS
3HAUCHUN OTKIMKA MOCTOBOM CXEMBI OT IIPUIIOKEHHO-
T0 K MOCTY HAIpsDKEHUS, WIH, 00JIee TOYHO, OT TEM-
nepaTypsl MUKPOIPOBOAA IMPU HU3BECTHBIX KOHIICH-
TpaIusIx BOJOPOJa B BO3IyXE.

MocToBast cxema pacrnoniaraiach B Kamepe, 4epes
KOTOPYIO MPOKAYHMBAIKM CMECh BO3IyXa C BOIOPOIOM.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 3

bbutn  Mcnonb30BaHbl MOBEPOYHBIE TAa30BBIE  CMECH
C KOHIIEHTpaIuei Bogopoaa B Bozayxe 0.96 u 2.06 00. %.

N3mepsieMoli BETMYMHON SIBISUIOCH HAIPSDKEHHE
MEXIY TUIEYaMU MOCTOBOH CXEMBI, KOTOpOe (aKTHye-
CKA M TIPENCTaBISIET COOOW CEHCOpPHBIH OTKIUK (S)
Ha roprounii ra3. Ilepen HauasoMm NpoBEeAEHUS HU3Me-
peHMII KaXAyo Tapy CeHCOpoB (paboumii — cpaBHH-
TEJIbHBIN) KanuOpoBaIn NpU HyJIEBOH KOHLEHTPALUH
BOJIOpoJa B Bo3ayxe. [lonydeHHYI0 KaluOpOBOUYHYIO
3aBucuMocTb Sy = flU;) B nanpHeHIIeM y4YHTHIBAIN
MpU TOJYyYEHUH 3HAYEHWH OTKJIMKAa K BOJOPOAY

S=AU,).

PE3YJBTATHBI U OBCYKIEHUE

Ha puc. 2, a—1, npencTaBieHbl SKCIEPUMEHTAIb-
HBIE 3aBUCHMOCTH OTKJIMKA TEPMOKATaJIUTHUYCCKUX
CEHCOPOB B BOJIOPOACOAEpKAIe cpene OT IpPHio-
JKEHHOTO K MOCTOBOHM CXeMe HAaIpPsKEHHS HUTAHHS
JUIL pa3HbIX KaTajdu3aTOpOB. YBEIWYCHUE Hampsike-
Hus Ha Mocty U, ot 0 10 4 B coOTBETCTBYET U3MEHE-
HUIO TeMIlepaTypsl pabodero ceHcopa ot 20 mo 585 °C
(puc. 2, e).

W3 mosyueHHbIX 3aBUCUMOCTEN BUIIHO, YTO HA Ha-
YabHOM dTale HarpeBa OTKIUK CEHCOPOB pacTerT,
a 3aTeM BBIXOJIUT Ha MPAKTUYECKH MOCTOSHHOE 3Ha-
yeHne. Takoe IOBEACHHE OTKIMKA OT TeMIIepaTypbl
SIBJISICTCS] TUIMYHBIM A7 TEPMOKATATUTHYECKUX CEHCO-
POB ¥ CBSI3aHO C HAJIMYMEM KMHETHYECKOTo (Ha Hayallb-
HOU ctaaum) u auddy3rnoHHOTO (CTaus BBIXO/a Ha TI0-
CTOSIHHOE 3HAa4Y€HHE) MEXaHM3MOB, OIPaHHUYMBAIOIIMX
CKOPOCTh TPOTEKaHHsl PEaKI[MM OKUCIICHHS BOIOPOJA
Ha Katanu3atope. B KMHETHYecKOM peXHUME CKOPOCTh
pEaKIy OKUCIICHHUS BOIOPO/IA 3aBHCHT OT TEMIICPaTypBbI,
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Puc. 2. DxcriepuMeHTalbHbIE 3aBUCUMOCTH CEHCOPHOTO OTKJIMKA OT MPHUIOKEHHOTO HANPSHKEHHS U KOHIICH-
Tpanuu Bogopoaa 0.96 06. % u 2.06 00. % myIst KaTaIU3aTOPOB.
a—Pt,6 —Pd, B— Pt+ Pd, r — Ir, 1 — Rh; e — 3aBucuMoCTb TeMIepaTypbl INIATHHOBOTO MHUKPOIPOBOJIA

OT MPUJIOKEHHOTO HAITPSKECHUA

B TO BpeMs Kak B U} y3uOHHOM pexumMe — OT CKO-

POCTH TOJIBOJIA BEIIECTBA K KATAIN3aTOPY.

Brixon na 3naueHue 0.9S5,, UIsI BCEX CEHCOPOB
MIPOUCXOANT B Anamna3one 2.5-3 B, 4To cOOTBETCTBYyET
TeMriepaTypHomy nuamnaszony ot 400 no 470 °C u cos-

nagaer ¢ pabouuM [Mana30HOM TePMOKaTaIUTHYE-
CKHX CEHCOpOB Ha meTaH [11].
BakHO Take OTMETHTh, YTO HAOIIOAACTCS THCTE-

pesuc

B OTKJIMKC IPHU HArpe€BC M OXJIAXKXJACHHUU CCHCO-

poB. B OONBIIMHCTBE CIydaeB CEHCOPHBIA OTKIWK
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MIPU HarpeBaHUHM CEHCOPOB OKAa3bIBAETCS BBILIE, YEM
MIpH OXJaXAeHUH. VICKITIOYeHne COCTaBISAIOT CEHCOPHI
C NaJUTaJMeBbIM KaTalu3aTOPOM IPU KOHLIEHTpalUU
Bojopoaa 2.06 00. %. MuHMMaJIBHBIN THUCTEpE3NC
HAOI0ZaeTCd y CEHCOPOB C IUTaTHHA-TIAUIAJANEBBIM
KaTanu3aropoM, MaKCUMaJIbHBIH — Yy CEHCOpPOB
C MPUANEBHIM KaTaTU3aTOPOM.

Tak kak U3MEHEHUE HaNpsHKEHUsI Ha MOCTY, a Clle-
JIOBAaTeIbHO, M TEMIIEpPaTypbl MPOHCXOIWIO JOCTa-
TOYHO MeEJIUIEHHO (Tociie W3MEHEHHS HalpsDKEHHS
Ha 50 MB m3MepeHne OTKIIMKa MPOBOIMIIN CITyCTS ~25 C),
3TO HO3BOJISIET MCKIIOUNTH NG HY3MOHHYIO NPUPOLY
THCTEpE3Nca, KOIr/la CYIECTBEHHOE CHUKEHHE YyBCT-
BUTENBHOCTH TIPH YMEHBIICHWH HarpeBarollero Ha-
MpPSDKEHUST BBI3BAHO MOHMXEHHON KOHILIEHTpaLuei
BOJIOpO/a BOMM3HM KaTanm3aTopa u3-3a auddys3moH-
HBIX OTpaHMYEHHI mepeHoca rasza [12]. A Habmone-
HHUE THCTEpe3nca Ha BCEX KaTallu3aTropax, HO Pa3HOM
CTEIIEHH BBIPAKCHHOCTH, TOBOPUT O CXOXHX NPUYH-
HaX €ro BO3HMKHOBEHHS IpPU NMPUMEHEHUH KaTallu3a-
TOPOB TUIATHHOBOM TPYTIIIHI.

Haubonee n3y4eHHBIMH U MIMPOKO HCHOJIb3YEMBbI-
MU B KaTaJJUTHYECKUX CEHCOpax SIBIISIOTCS MaJUTanii-
coJeprKallue KaTtaJu3aTopbl (B BUAE YMCTOrO Maja-
JIUSl WITK CMECH TaJllaius U TJIaTHHBI).

Jnst momoOHBIX KaTalM3aTOPOB HAOJIOJaeMbIl Xa-
pakTep 3aBHCHMOCTH YyBCTBUTEIBLHOCTH OT TEMIIEpa-
Typsl HaOMIOMaICs paHee W OBLT OOBSICHEH YaCTHY-
HBIM TiepexogoM PdOy mpuCyTCTBYIOIIMX HA TOBEPX-
HOCTH HAaHOYACTHLl B METANIMYECKUN NaJIagui mpu
temmeparype Boiie 500 °C u 00paTHBIM OKHCICHUEM
METAJUTMYECKOTO TMaJUIaus P YMEHBIIEHUH TeMIIe-
patyps! HIke 400 °C [12-15].

W3BecTHO, 9TO METaIITBI MAJUIAANEeBON TPYITHI TIO-
pa3HOMy B3aUMOAEUCTBYIOT ¢ kuciopogom [15]. Ilpu
HarpeBaHUM pOAUN M UPUAHMNA JIOCTATOYHO JIETKO
OKHCIsIIOTCs. [ImatuHa ¢ KUCIOpPOIOM NpakTHYECKH
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He B3aummMoneicTByer. OKcHI Tajulaaus JErKO BOC-
CTaHaBJIMBAETCS BOJAOPOAOM, B TO BpeMs KaK MeTall-
JMYECKUH NaJIaguil OKUCISEeTCs Ha BO3IyXe, Hadu-
Has ¢ 600 °C.

Takoe moBemeHNE HCCIETYEMBIX METAIJIOB TLIATH-
HOBOH TPYINIBl B PEaKUUU C KUCIOPOAOM B IEJIOM
XOpOIIO OOBSICHAET HAOOJaeMble Pa3INYHsl B TUCTe-
pesrce Ha 3KCIEPUMEHTAIbHBIX 3aBHCUMOCTSIX CEH-
COPHOIO OTKJIMKa OT TeMIeparypsl. MakCHUMaJIbHBII
rucrepe3uc Habmopaercs y Ir u Rh xaramuszaropos,
T.X. Ir 1 Rh nerko okucnstores (puc. 2, r, n). Karanu-
3aTOp Ha OCHOBE IUIATMHBI M NAJUIAHUS OKUCISAETCS
B MCHbBILECH CTENEHHW, U Ha IMOJYYEHHBIX 3aBUCHMO-
CTSIX HaOJIOJIaeTCsl 3HAYUTEIHLHO MEHBIINH THUCTEpe-
3uc (puc. 2, a—B), yeM B ciyuae ¢ Ir u Rh.

KpoMme TOro, BBICOKOTUCIIEPCHBIC YACTHIIBI BCEX
METaJUIOB IUIATUHOBOW TPYIIBI HPUOOPETAIOT BBICO-
KYI0 aKTUBHOCTb B Ka4eCTBE KaTaIM3aTOPOB PeaKIui
OKHCJICHUS, B TOM 4Hcie U Bogopoaa. OcoOeHHO 3TO
OTHOCHUTCA K HaJUIAAMIO U IUIaTHHE, KOTOPBIE PacTBO-
pSAIOT B ce0e 3HAYMTENbHBIE KOJMYECTBA BOAOPOAA
B aTOMHOM ¢opme [16] (ocoOeHHO B cirydae ¢ mana-
JMeM, KOTOpeIid pacTtBopsieT 850 00beMOB BOmOpoOAa
B 1 o0Beme Pd).

Xoporiass pacTBOPUMOCTh BOJIOpOJia B TJIaTHHE
U Najiagud OOBSCHSET pasziudyhe B Hayaje OTKIMKA
KaTATUTHYECKUX CCHCOPOB TPH YBEIWYCHUH TeMIIe-
patypel Karanusaropa. [l karanus3aTtopoB, conep-
xammx Pt u Pd (puc. 2, a—B), OTKIMK CEHCOPOB Hayu-
HAaeTCsl MPaKTUYECKH TPU KOMHATHOH TeMrmepaType
(pu HYJIEBOM NPHIIOKEHHOM HAIpsDKEHHH), YTO TO-
BOPHUT O UX BBICOKOH 3QQEKTUBHOCTH JaxKe MPU HHU3-
KHX TeMmIeparypax. A Ui KaTaJu3aTOpOB Ha OCHOBE
Ir u Rh peakuusi OKHCIEHUS] HAUMHACTCS TPU TEMIIe-
patype 250 °C (npuioXeHHOM HaIpsDKEHUH TTPHOITH-
surensHo 1.5 B).
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JononHuTenbHO 00BsCHEHUSI TpeOyeT MOoBeACHHUE
rucTepesnca A MaulaAui-coaepXKalnuxX KaTannu3a-
TOpOB. B oTiIn4nuM OT OCTaNbHBIX KaTaJU3aTOPOB IUC-
TEPE3UC Yy HUX 3aBUCUT OT KOHICHTPAIMK BOAOPOJA.
IIpu 0.96 06. % BomOpOIA CEHCOPHBIN OTKIHMK IPH
HarpeBe OKAa3bIBAETCSI BBILIE, YeM IPH OXJIaXKICHUU
(puc. 2, 0, B), Kak W IUII BCEX OCTAIHHBIX KaTalM3aTo-
poB. OnHako npH KOHIEHTpauu Bogopoaa 2.06 00. %
3aBUCHUMOCTb OTKJIMKa IPH HAarpeBe WJET y)Ke HIDKE,
YeM Ipu oxJaxaeHnu (puc. 2, 6, B). Takoe moBeneHne
9KCTIIEPUMEHTAJIbHBIX 3aBUCHUMOCTEH TpeOyeT IomoJ-
HHUTEJIBHBIX MCCICAOBAaHUH M, BO3MOXHO, CBSI3aHO
C TeM, YTO MaJJIaJui Jy4Ile BCEX METAIJIOB [UIATHHO-
BOM I'pyNIIbI IOTJIOMAET BOAOPOL.

[Ipu 3TOM Ba)KHO OTMETHTb, YTO BBICOKAsI AKTHB-
HOCTh KaTallM3aTOPOB, COJCPIKANMX MaIIa Ui U T1a-
TUHY, [IPU TeMIeparypax, ONM3KUX K KOMHATHOM, sB-
JsIeTCs, CKOpee, HeJJOCTATKOM IPU MPaKTHYECKOM HC-
MOJIb30BAaHUM MX B TEPMOKATAIUTHUECKUX CEHCOPAX,
T.K. IPOBOLMPYET HAYAJIO FOPEHHUSI BOJOPOAA yKE MPH
20-25 °C.

[lo »TOli mpHuYMHE CEHCOpPHI C KaTalu3aTOpPOM
Ha ocHOBE Ir m Rh, y KOTOpBIX OTKIHMK Ha BOJOPOI
MOSIBIISIETCSl TIPM HAIIPSKEHUW Ha MocTy okojo 1.5 B
(puc. 2, 1, m), a MO YYBCTBUTEIHLHOCTH CPABHUMEI
C CEHCOpaMHM Ha OCHOBE KaTaJIU3aTOPOB, COAEPIKAIINX
nautaguii ¥ IUIaTHHY, SIBJISIIOTCS  Ooiiee  mpen-
MOYTHUTENBEHBIMH JUIS1 IPAKTHYECKOTO IPUMEHEHHS.

VBenuueHne KOHLUEHTPAaLWH BOJIOPOJa HPUBOIUT
K TIPAKTHYECKH TPOMOPIHOHAIBHOMY OTKIUKY JUIS
BCEX CEHCOPOB B HCCIIEAYEMOM AMAaNa3oHe KOHLEH-
Tpanmii Bogopoaa (puc. 3). DTO TOBOPUT O JTMHEHHO-
CTH OTKJIMKa CEHCOPOB B JMalla30HE JOB3PHIBHBIX
KOHIIEHTpAIUK BOJIOPOJa B BO3AYXE, B YACTHOCTH IS
cercopos ¢ Pd, Pd + Pt u Rh karanuzaTopamu.

3AK/IIOYEHUE

Brimo mpoBeneHO HCCleOBaHUE OTKINKA TEPMO-
KATAJIMTUYECKUX CEHCOPOB Ha BOAOPOH C Pa3IUYHbI-
MU THIIAMH KaTaJu3aTOPOB IUIATUHOBOM rpymiisl (Pt,
Pd, Ir, Rh, Pt+Pd) B quana3oHe qOB3pBIBHBIX KOHIICH-
Tpanmid. [lokazaHo, 4TO HaOMIONAEMBI THUCTEPE3UC
B M3MEPCHHSIX CECHCOPHOTO OTKIJIMKA TIPH IHKJIHPOBa-
HUW HaNpsOKEHUS MUTAaHUS MOXET OBITh OOBSICHEH
YaCTHUYHBIM MEPEX0J0M OKCHIOB METAJUIOB IIATHHO-
BOH TPyMNITEI B METAJUIMYECKYIO (ha3y MpH TeMmIiepary-
pe Boimie 500 °C 1 00paTHBIM OKHCIIEHUEM TIOBEPXHO-
CTU METAJUIOB NPU YMEHBIICHUH TEMIEPaTypbl HUKE
400 °C.

Ha ocHoBe mnpoBeneHHBIX HCCIENOBAaHUU CHENaH
BBIBOJI, YTO CEHCOPHI C KaTalu3aTopaMu Ha OCHOBe Ir
n Rh sBugiorcs Oosiee MPEANOYTUTEIBHBIMA IS
MPAKTUYECKOTO MPUMEHEHUS, MOCKOJBKY peaKIIus
OKHCJICHHUSI BOJOpOJa HAYMHACTCS TPH TeMIIepaType
Boime 250 °C. Ilpu ucnonp30BaHMM KaTaJlW3aTOPOB

Ha ocHoBe Pd m Pt peakuus okucieHus: Bojopoa Ha-
YHHAETCS TIPU TEMIIepaTypax, OJM3KHX K KOMHATHOM.
[TosTOMy 3TH KaTanu3aTopbl MOTYT HWHHULIHMUPOBATH
BO3ropaHue Bojopoja. Ilpu 3ToM BaXXHO OTMETHTB,
YTO JUISI BCEX THUIOB KaTallM3aTOPOB ONTHMAaIbHOMN
paboueil TeMnepaTypoil sBIIsETCS TeMIepaTypa BbIIIE
400 °C, rae 4yBCTBUTENBHOCTD HE 3aBUCUT OT HAIpsDKe-
HUS IMTaHUS U JeXUT B tranazone 4060 MB/06. %.

[TomydenHsie pe3ynbTaThl UMEIOT Ba)KHOE 3HAYE-
HUE Ui pa3pabOTKM M ONTHUMM3ALUHM IapaMeTpPOB
TEPMOKATATUTHYECKHX CEHCOPOB BOJOPOAA M MO3BO-
JSIIOT PACIIMPUThH JHANa30H MX NMPAKTUYECKOro Hpu-
MEHEHHMsI Ha HOBBIE IepCHeKTHBHBIE oOmactu. He-
OOJBITION pa3Mep HAPSATY ¢ HU3KUM dHEpromorpediie-
HUEM TIO3BOJISIIOT HCIONB30BAaTh TEPMOKaTaJIUTHYE-
CKHE CEHCOpHI B OECIPOBOJHBIX CEHCOPHBIX CETAX
n npunoxenusax "HUnarepner Bemen" [17], B yacTHO-
cTH Ui paboThl B pPEXHME peanbHOro BpeMeHH [18§]
Y OHJIAH-KOHTPOIIS TpyOoTpoBo 0B [19].
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DEVELOPMENT OF EFFECTIVE SENSORS
FOR DETECTING PRE-EXPLOSIVE H, CONCENTRATIONS
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We studied the response of catalytic sensors to hydrogen with various types of platinum-group catalysts (Pt,
Pd, Ir, Rh, Pt+Pd) in the pre-explosive concentration range. Temperature dependences of sensory response are
analysed. Dependences of the sensory response on the applied voltage demonstrates hysteresis behavior that can
be explained by the partial transition of the oxides of the platinum group metals into the metallic phase at tem-
peratures above 500 °C and the reverse oxidation of metals if temperature is below 400 °C. Catalytic sensors
with Ir and Rh catalysts are more preferable for practical use in the detection of hydrogen.

Keywords: catalytic sensor, hydrogen detection, platinum-group catalysts, sensor response hysteresis

INTRODUCTION

It is assumed that in the near future, hydrogen
energy will play a role comparable to nuclear or hy-
dropower [1]. Moreover, hydrogen will be the main
fuel in energy production, industry manufacturing and
transportation, gradually replacing coal, fuel oil, di-
esel fuel, gasoline and natural gas.

The driver of the development of hydrogen tech-
nologies is the fight against global climate change, as
well as the fact that the reserves of hydrocarbon fuels
are limited. Hydrogen can be considered as an energy
carrier that can compensate for the disadvantages of
renewable energy sources (for example, solar and
wind energy) [2] related with their instability, and at
the same time provide additional decarbonization of
the economy.

Currently, 65-70 million tons of hydrogen are pro-
duced per year. It is assumed that in the coming dec-
ades, the production of hydrogen will increase mas-
sively. At the same time, it is necessary to create an
entire industry of hydrogen energy, including its car-
bon-free production, storage, transportation, as well as
a system for the safe use of hydrogen in energy indus-
try, manufacturing and transportation.

Despite its environmental appeal, hydrogen is
more hazardous to handle than natural gas. The flam-
mability limit of hydrogen in a gas-air mixture is
much wider than that of hydrocarbons, and lies in
the range from 4 to 75 % vol. (for methane, this range
is approximately only 5-15 % vol.). Given the high
penetrating power of hydrogen and its odorless nature,
you should be extremely careful when working with
hydrogen. Therefore, the detection of hydrogen in air
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is an urgent task to prevent emergencies associated
with its leakage.

To measure hydrogen concentration, the most
widely used are catalytic [3], electrochemical [4],
semiconductor [5] and MIS (metal-insulator-
semiconductor) sensors (Schottky diode) and MIS-
transistors [6—8].

The principle of operation of thermocatalytic sen-
sors is based on a change in the resistance of a plati-
num wire inside the sensing element, which is caused
by the flameless oxidation of a combustible gas on
a catalyst located on the surface of the sensing ele-
ment. The change in resistance is proportional to the
thermal effect of the oxidation reaction and, conse-
quently, the concentration of the combustible gas [9].
Thermocatalytic sensors are widely used to measure
pre-explosive concentrations of hydrogen and other
combustible gases and vapors in the air.

Electrochemical sensors break down into ampero-
metric and potentiometric. The principle of operation
of amperometric electrochemical sensors is based on
the occurrence of an electrochemical reaction of oxi-
dation of hydrogen, dissolved in an electrolyte, on
the electrode surface. The flowing electric current is
proportional to the concentration of the analyzed
component. Potentiometric sensors are based on ion-
selective working electrodes that selectively respond
to the presence of hydrogen in the air. The analytical
signal in them is the potential difference between
the working electrode and the reference electrode.
Electrochemical sensors are most often used in
the range of low hydrogen concentrations (ppm and

ppb ranges) [4].
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The principle of operation of semiconductor sen-
sors is based on a change in the conductivity of a sem-
iconductor layer during hydrogen adsorption.

The disadvantage of semiconductor sensors is their
low selectivity. Semiconductor sensors respond to
both combustible and non-combustible gases. With
the help of some semiconductor sensors, it is possible
to measure the hydrogen concentration in the range of
up to several volume percent, but their main field of
application is the detection of hydrogen in the ppm
range [10].

The principle of operation of MIS sensors is that
H, molecules dissociate into atoms at a palladium
electrode and then, due to diffusion, reach the Pd —
SiO, interface. On this border due to the polarization
of hydrogen atoms, a layer of electric dipoles is
formed. This leads to a change in the contact potential
difference, which is expressed in a change in the ca-
pacitance-voltage characteristic. MIS sensors are rare-
ly used to detect hydrogen in the pre-explosive con-
centration range.

All types of sensors have their positive and nega-
tive sides. Depending on the scope of application and
the tasks set, one or another type of sensor is being
selected. From the point of view of preventing explo-
sive situations, the most relevant is the measurement
range of hydrogen from 0.1 % vol. (the lower limit of
detection of hydrogen, established in different coun-
tries) up to 2 % vol. (50% of the lower concentration
limit of flame propagation. For this range, it is optimal
to use thermocatalytic sensors with a short response
time, the required measurement accuracy (<5% of
the measured value) and operating over a wide tem-
perature range. Additional advantages of thermocata-
lytic sensors in comparison with other sensors are
their low cost, sensitivity only to combustible gases
and vapors, small size and weight.

Despite the fact that thermocatalytic sensors have
been developed for many decades, the same catalysts
are used to measure hydrogen as for combustible gas-
es and vapors. This approach is not the optimal solu-
tion. Therefore, the purpose of this work was to study
the response of thermocatalytic sensors to hydrogen
with various types of platinum-group catalysts ob-

tained from chlorine-free precursors in the pre-
explosive concentration range and to determine their
optimal operating modes.

EXPERIMENTAL PROCEDURE

Hydrogen sensors were manufactured by STC IGD
LLC/HTIL UT'. The sensor consisted of a coil made
of a cast platinum microwire with quartz insulation.
The thickness of the platinum microwire was 10 pm,
and the thickness of the insulation was 2 um. Quartz
insulation provides additional protection of platinum
from external influences at high temperatures and
thereby stabilizes its parameters. The resistance of
the resulting coil at a temperature of 20 °C was in
the range of 10-12 Q. The temperature coefficient of
resistance of the platinum micro-wire was 0.0035 1 / K.

To fabricate a working sensor, at the first stage
the platinum microwire was coated with porous v-
AlLyOs, which acted as a catalyst carrier. At the second
stage, y-AlLO; was impregnated with solutions con-
taining precursors of the required catalyst. Next, the
microwire was heated to a temperature of 700 °C, re-
sulting in the formation of clusters of catalytically
active metals.

The catalysts studied in this work consisted of pla-
tinum group metals: platinum, palladium, iridium and
rhodium, as well as a mixture of platinum and palla-
dium in a ratio of 3: 1.

Non-chloride precursors were selected as starting
materials. For the deposition of catalysts on porous y-
Al O3, aqueous solutions were used: for platinum —
0.2 M [Pt(NH;)](NOs),, for palladium — 0.6 M
[PA(NH3)4](NOs),, for rhodium — 0.2 M H3Rh(C,04)s,
for iridium — 0.2 M H;Ir(C,04);. A sensor with a pla-
tinum-palladium catalyst was used as a reference
sample, since such a catalyst is widely used in com-
mercially available thermocatalitic sensors for mea-
suring the concentration of hydrocarbons in the air (in
particular, methane, propane, etc.). The platinum-
palladium catalyst was obtained from an aqueous so-
lution containing 0.6 M PdCl, and 0.2 M H,PtCl.

Fig. 1. Block diagram of the measuring installation.
P — working sensitive element, C — reference sensitive element,

U, — supply voltage of the bridge circuit

A bridge connection was used to measure the re-
sponse of the sensors as a function of the applied heat-
ing voltage. Since it was important for us to compare
and analyze the shape of the obtained dependences,
we used the response, which shows the absolute signal
values in mV instead of the standard sensitivity,
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which gives specific values in mV / % vol..

The block diagram of the measuring setup is
shown in Fig. 1. Working (P) and reference (C) sens-
ing elements were located in one arm, in the second
arm there were precision resistors (R; and R;) with
a nominal value of 1 kQ. The measuring circuit made
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it possible to apply voltage (U,) to the bridge in
the range from 0 to 4 V with an interval of 50 mV.
The scan time of voltage from 0 to 4 V was 3960 s
(24.75 s per point), which ensured the stabilization of
the oxidation processes and the temperature of the
sensors when the voltage was changed. Since the op-
timal operating temperatures of the sensor for detect-
ing hydrogen were not known in advance, we meas-
ured the response values of the bridge circuit to
the voltage applied to the bridge, or more precisely to
the temperature of the microwire at known concentra-
tions of hydrogen in air.

The bridge connection was located in a chamber
through which a mixture of air with hydrogen was
pumped. Calibration gas mixtures with a hydrogen
concentration in air of 0.96 and 2.06 ¢ were used.

The measured value was the voltage between the
arms of the bridge circuit, which in fact is the sensory
response (S) for combustible gas. Before the start of
measurements, each pair of sensors (working—
reference) was calibrated at zero hydrogen concentra-
tion in air. The obtained calibration dependence Sy =
= f(U,) was further taken into account when obtaining
the values of the response to hydrogen S = f(Uy,).

RESULTS AND DISCUSSION

In Fig. 2, a—n, the experimental dependences of
the response of thermocatalytic sensors in a hydrogen-
containing medium on the supply voltage applied to
the bridge circuit are presented for different catalysts.
An increase in the voltage within the bridge U, from 0
to 4 V corresponds to a change in the temperature of
the working sensor from 20 to 585 C (Fig. 2, e).

It can be seen from the obtained dependences that
at the initial stage of heating, the response of the sen-
sors increases, and then goes to an almost constant
value. This behavior of the temperature response is
typical of thermocatalytic sensors and is associated
with the presence of kinetic (at the initial stage) and
diffusion (the stage of reaching a constant value) me-
chanisms that limit the rate of the hydrogen oxidation
reaction to the catalyst. In the kinetic mode, the rate of
the hydrogen oxidation reaction depends on the tem-

perature, while in the diffusion mode it depends on the
rate at which the substance is supplied to the catalyst.

Achievement of 0.9S,. value for all sensors oc-
curs in the range of 2.5-3 V, which corresponds to
the temperature range from 400 to 470 °C and coin-
cides with the operating range of thermocatalytic sen-
sors for methane [11].

It is also important to note that there is a hysteresis
in the response when the sensors are heated and
cooled. In most cases, the sensory response is higher
when the sensors are heated than when they are
cooled. The exception is sensors with a palladium cat-
alyst at a hydrogen concentration of 2.06 % vol. The
minimum hysteresis is observed for sensors with
a platinum-palladium catalyst, the maximum — for
sensors with an iridium catalyst.

Since the change in the voltage within the bridge,
and therefore the temperature, occurred rather slowly
(after changing the voltage by 50 mV, the response
was measured ~ 25 s later), this makes it possible to
exclude the diffusion nature of hysteresis, when a sig-
nificant decrease in sensitivity with a decrease in
the heating voltage is caused by a low hydrogen con-
centration near the catalyst due to diffusion restric-
tions on gas transfer [12]. And the observation of hys-
teresis on all catalysts, but of varying severity, indi-
cates similar reasons for its occurrence when using
catalysts of the platinum group.

The most studied and widely used catalytic sensors
are palladium-containing catalysts (in the form of pure
palladium or a mixture of palladium and platinum).

For such catalysts, the observed character of

the dependence of the sensitivity on temperature was
observed earlier and was explained by the partial tran-
sition of PdOy, present on the surface of nanoparticles,
to metallic palladium at temperatures above 500 °C
and reverse oxidation of metallic palladium with
a decrease in temperature below 400 °C [12—15].
It is known that metals of the palladium group interact
in different ways with oxygen [15]. When heated,
rhodium and iridium oxidize quite easily. Platinum
practically does not interact with oxygen. Palladium
oxide is easily reduced with hydrogen, while palla-
dium metal is oxidized in air, starting at 600 °C.

Fig. 2. Experimental dependences of the sensory response to the applied voltage for a hydrogen
concentration of 0.96 and 2.06 % vol. for catalysts.
a—Pt, 6 — Pd, 8— Pt + Pd, r — Ir, 1 — Rh; e—- temperature dependence of platinum mi-

crowire on applied voltage

Fig. 3. Sensory response at hydrogen concentrations of 0, 0.96 and 2.06 % vol. and
supply voltage 2.8 V for heating section (a) and cooling ()
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This behavior of the studied platinum group metals
in reaction with oxygen as a whole explains well the
observed differences in hysteresis in the experimental
dependences of the sensory temperature response.
The maximum hysteresis is observed for Ir and Rh
catalysts, because Ir and Rh are easily oxidized
(Fig. 2, r, o). Platinum and palladium based catalyst
oxidizes to a lesser extent, and the obtained depen-
dences exhibit a significantly lower hysteresis (Fig. 2,
a—B) than in the case of Ir and Rh.

In addition, highly dispersed particles of all plati-
num group metals acquire high activity as catalysts for
oxidation reactions, including hydrogen. This is espe-
cially true of palladium and platinum, which dissolve
significant amounts of hydrogen in atomic form [16]
(especially in the case of palladium, which dissolves
850 volumes of hydrogen in 1 volume of Pd).

The good solubility of hydrogen in platinum and
palladium explains the difference in the onset of
the response of catalytic sensors when increasing cata-
lyst temperature. For catalysts containing Pt and Pd
(Fig. 2, a—B), the response of the sensors begins al-
most at room temperature (at zero applied voltage),
which indicates their high efficiency even at low tem-
peratures. And for catalysts based on Ir and Rh,
the oxidation reaction starts at a temperature of 250 °C
(applied voltage approximately 1.5 V).

An additional explanation is required for the beha-
vior of hysteresis for palladium-containing catalysts.
Unlike other catalysts, their hysteresis depends on
the hydrogen concentration. For 0.96 % vol. hydro-
gen, the sensory response to heating turns out to be
higher than to cooling (Fig. 2, 0, B), as for all other
catalysts. However, for 2.06 % vol. hydrogen concen-
tration dependence of the response to heating is al-
ready lower than to cooling (Fig. 2, 06, B). This beha-
vior of experimental dependences requires additional
research and, possibly, is related to the fact that palla-
dium absorbs hydrogen better than all platinum group
metals.

It is important to note that the high activity of cata-
lysts containing palladium and platinum at tempera-
tures close to room temperature is, rather, a disadvan-
tage in terms of their practical use in thermocatalytic
sensors, because provokes the beginning of hydrogen
combustion already at 20-25 °C.

For this reason, sensors with a catalyst based on Ir
and Rh, which start responding to hydrogen at
a bridge voltage of about 1.5 V (Fig. r, ), and the
sensitivity is comparable to sensors based on catalysts
containing palladium and platinum, are more prefera-
ble for practical use.

An increase in the hydrogen concentration leads to
an almost proportional response for all sensors in
the studied range of hydrogen concentrations (Fig. 3).
This indicates the linearity of the sensor response in
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the range of pre-explosive concentrations of hydrogen
in air, in particular, for sensors with Pd, Pd + Pt and
Rh catalysts.

CONCLUSION

We studied the response of thermocatalytic sensors
to hydrogen with various types of platinum-group cat-
alysts (Pt, Pd, Ir, Rh, Pt + Pd) in the pre-explosive
concentration range. It has been shown that the ob-
served hysteresis in measurements of the sensory re-
sponse, when cycling the supply voltage, can be ex-
plained by the partial transition of the oxides of
the platinum group metals into the metal phase at
temperatures above 500 °C and the reverse oxidation
of the metal surface if temperature is below 400 °C.

Based on the studies carried out, it was concluded
that sensors with catalysts based on Ir and Rh are
more preferable for practical use, since the hydrogen
oxidation reaction begins at temperatures above 250 °C.
When using catalysts based on Pd and Pt, the hydro-
gen oxidation reaction begins at temperatures close to
room temperature. Therefore, these catalysts can in-
itiate the combustion of hydrogen. It is important to
note that for all types of catalysts, the optimum oper-
ating temperature is a temperature above 400 °C:
the sensitivity does not depend on the supply voltage
and is in the range of 40—-60 mV / % vol.

The results obtained are important for the devel-
opment and optimization of the parameters of thermo-
catalytic hydrogen sensors and make it possible to
expand the range of their practical application to new
promising areas. Small size coupled with low power
consumption allows thermocatalytic sensors to be
used in wireless sensor networks and IOT applications
[17], in particular for real-time operation [18] and on-
line monitoring of pipelines [19].
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