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UCCJEJOBAHUE AKTUBHOCTH TEPMOKATAJMTHYECKUX
CEHCOPOB BOJIOPOJA TIPH OTPUIATEJBLHBIX TEMITEPATYPAX
OKPYIKAIOLIEN CPEJbI

IIpoBeneHo ucciaenOBaHUE OTKIIMKA TEPMOKATATMTUYECKHUX CEHCOPOB BOAOPOAA C KaTalu3aTopaMM IJIATHHOBOMN
rpynmel (Pt+3Pd u Ir) ot HarpeBaroiiero HanpspkeHus (S-o0pa3Hbie XapaKTEPUCTUKU) TIPU TEMIIEPAType OKPYKaro-
mieit cpeant ot 17 °C no —48 °C. Tlokazano, uto y cencopos ¢ (Pt+3Pd)-kaTanuzaropom yMeHblIEHHE TEMIIEPATYPhI
OKpY KaroIeH cpepl MPUBOJNT K CIBUTY Hadala Peakiliy KaTaluTHIecKoro ropeHus Bogopoaa ot 0 MB no 442 mB.
Omnpenenena moporosasi TeMIepaTypa, Ipyd KOTOPOW HAadMHAETCS KaTAINTHYECKOE TOPEHHE BOJOPOAA M KOTOpas
nexuT B quanazone 17-22 °C. Iloka3aHo, 9TO JUId KaTalu3aTOPOB HA OCHOBE MPHIUS OTKJIHMK CEHCOPOB BOAOPOAA
HE 3aBUCHT OT TEMIIEpATyphl OKPYXKAIOIIEH Cpelbl, a TopeHre HaunHaeTes npu 1.5 B, T.e. npu temmneparype ot 222 °C

10 190 °C npu uzMeHneHuu TemrnepaTypsl okpyxatouieit cpeanl ot 17 °C 1o —48 °C coOTBETCTBEHHO.

Kn. cn.: TepMOKaTaIMTHYECKUI CEHCOP BOIOPO/Ia, KATATM3aTOPHI IUIATHHOBOM TPYIIITEI, HU3KOTEMIIEpaTypHOE
KaTalIUTHYECKOE FOPEHUE, TEMIIEpaTypa CAMOMHUITUIPOBAHUS PEAKIIUH

BBEJEHUE

B cBs3u ¢ mepcrekTrBoil OBICTPOTO pa3BUTHS BO-
JOPOAHOM JHEPreTUKU W MPUMEHEHHsI BOJOPOIHOTO
TOIUTHBA HAOJIOaeTCs MHTEPEC K pa3pabOTKe CEHCO-
POB BOAOPOJIa, KOTOPBIE PACCMATPHUBAIOTCS KaK BaxK-
HBIH KOMIIOHEHT TPOMBIIUIEHHOH ©0e30MacHOCTH
Ha BCEX TEXHOJOTMYECKHX CTAAMSIX OT MPOU3BOJCTBA
W XpaHEHHWs BOJOpOAa 1O €ro TPaHCIOPTHPOBKU
Y ucnoib3oBanud [1-3].

OnHUM U3 MEPCHEKTHBHBIX BUIOB CEHCOPOB BOJIO-
poJia SBJISIOTCS TEPMOKATAIUTHUECKHE CEHCOPHI, KO-
TOpBIE MMEIOT HHU3KYIO CTOMMOCTH, YYBCTBHUTEJIBHBEI
TOJILKO K TOPIOYMM ra3aM W Iapam, UMEroT HeOolb-
LIOW pa3Mep U BeC.

C TOYKHM 3peHHs] MPUMEHEHUS TepMOKaTaIUTHYe-
CKHX CEHCOPOB Ui MOHHTOPHWHTA YT€4eK BOJOpOJa
X OCHOBHBIMH HEAOCTATKAMH SIBJISIFOTCS HU3Kas ce-
JIEKTUBHOCTH B TPUCYTCTBUU JPYTUX TOPIOYUX Ta30B
(v mapoB yTJIEBOAOPOIOB), a TaKKe HEOOXOJUMOCTb
HarpeBa Karanusaropa a0 temmepatyp Beime 200 °C
W, KaK CJIEJICTBUE, MOBHIILICHHAS OMACHOCTh CEHCOPOB
B BOJIOPOJIHOM cpene [4].

Jis pemeHuss yKazaHHBIX BBIIIE TPoOIieM OBbLTH
MPOBEJICHBl  MCCIEJOBaHUS  TEPMOKATAIHUTUICCKUX
CEHCOPOB C Pa3IMYHBIMU KaTaN3aTOpaMH IUIATHHO-
Boit rpynnel (Pt, Pd, Ir, Rh). Beuto mokasano, yro
Y TEPMOKATAITUTUYECKAX CEHCOPOB C KaTaau3aTopaMu
Ir u Rh xaTanuruueckoe ropeHne BOJOPOAA HAauWHA-
ercs npu temireparypax Beime 200 u 150 °C cooTBer-
CTBEHHO. B TO ke BpeMs 3aBHCHMOCTH OTKJIMKA CEH-
COPOB OT HArpeBaloOUIETO HANPSIKCHUS C KaTajlu3aTo-
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pamu Ha ocHoBe Pt m Pd maumnaroTcs m3 Hawama Ko-
opauHaT npu KomHaTHOH Temmepatype (20 °C). Oto
MO3BOJISIET TPEIOJIOKUTh, YTO KATATUTHICCKOE TO-
peHre BOJIOpOJa MMEET MECTO JaKe MPU KOMHATHOM
Temneparype [5], 1, TakuM o0pa3oM, 3TH KaTaJlu3aTo-
PBI MOXKHO HCIIOJIB30BaTh AJISL pa3paOOTKH HU3KOTEM-
NepaTypHBIX CEHCOPOB.

Heo6xonumMo 0TMETHTB, 4TO HU3KOTEMIIEPATYyPHOE
KaTaJIMTHYECKOE TOPEHHE BOJOPOAA U3BECTHO MO JIHU-
TEepaTypHbIM TaHHBIM [6] W maxe paccMaTpUBaeTCs
B KauecTBe croco0a HHULHMUPOBAHUS BOCIIAMEHEHHUS
TOPIOYMX BOJOPOJI-YIIEBOAOPOIHBIX CMECEH B JBHUTa-
TeNsIX BHYTpeHHero cropanus [7]. OpHako BO3MOX-
HOCTh HHM3KOTEMIIEPAaTypHBIX HM3MEPEHUH BOJOpOJa
10 TIOCJIEHETO BPEMEHM paccMaTpUBAJIaCh B TEPMO-
KaTaJIMTHYECKUX CEHCOpaxX TOJIBKO C MEPCHEKTHBHOM
TOYKH 3PCHHUSL.

Tem He MeHee HeJaBHO OBUIO TIOKA3aHO, YTO KaTa-
mutudeckue ceHcopsl ¢ (Pt+3Pd)-kaTamm3aTopom mo-
3BOJIAIOT MPOBOAUTH M3MEPEHHs BOJOPOAA IPU TEM-
neparypax 3HauntenabHo Hxke 200 °C [8]. Kpome To-
ro, IHOHIKEHHE TEMIIEpaTyphl KaTaln3aTopa HUXKE
70 °C 1mo3BOJIMIIO MOBBICUTH CEIEKTUBHOCTH CEHCOPOB
BOJIOPOJIA 32 CYET IMOJIABJICHUs KATalUTUIECKOro TO-
peHHUs YTIIEBOJOPOJOB, KOTOPOE HayMHAeTcsa mpu 0o-
Jiee BBICOKHMX TEMIIepaTypax, 4eM s Bojmopona [9].
OTOT pe3yJsbTaT MO3BOJISET 3aKIIOYUTh, YTO BO3MOXK-
HO pa3paboTaTh TEPMOKATATUTUIECKUN CeHCOop, pabo-
Talomui BOJM3KM KOMHATHBIX TeMIeparyp. BaxHo
OTMETUTh, YTO TIOHIKEHHE TEMIIePaTyphbl MPUBOAUT
K CHMKEHUIO OTKIIMKAa CEHCopa Ha BOJOPOJ, YTO, MO
BCEH BHIMMOCTH, CBSI3aHO C HEIOJHBIM CrOpaHHeM
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BOJIOpPOAa. A MUHUMAJIbHOE 3HaUeHHE paboueil Temie-
parypsl OyIeT OrpaHUYMBATLCS BETMYUHON OTKIIHKA.

[Ipu STOM Ba)XXHO OTMETHTh, YTO BO3MOXHOCTH
MPOBOJUTH M3MEPEHHUS BOJOpOAa B AUANA30HE KOM-
HaTHBIX TeMIleparyp (a He MpU TeMIepaTypax BBIIIE
200 °C, xak 3T0 AenaeTcs 0OBIYHO), C OJJHOH CTOPOHBI,
SIBJISICTCSI BOKHBIM TIPEHMYIIECTBOM TEPMOKATATHTH-
YEeCKMX CEHCOPOB, T.K. YMEHBIIAET UX YHEPronoTped-
JICHKE ¥ TIOBBIINIAET 0E30MaCHOCTh HM3MEPEHUIA.
C npyro¥i cTOpOHBI, TIOSBIICHHE OTKJIMKA CEHCOpa MPHU
KOMHATHOH TeMIiepaType HE TIO3BOJISIET KOPPEKTHO
MPOBECTH KamMOPOBKY CEHCOPOB Ha BOJOPOI. JTO
CBSI3aHO C TeM, 4TO "BKIIOUEHUE" ceHcopa i MpoBe-
JIEHUsT W3MEPEHUH Bceraa OCYIECTBIISCTCS Iomadei
Ha HEero HamnpspKEHUs C LENbI0 HarpeBa KaTaiu3aTopa
OT KOMHATHOW 10 pabouell TeMIiepaTypsl, MPU KOTO-
pOii HAaYMHAETCS KaTaIMTHYECKOEe TOPEHHE BOAOPOA.
A ecniu KaTadUTHYECKOE TOPEHHE BOJOPOJA HUMEET
MECTO TIpU KOMHATHOH TeMIleparype, TO TOoJdydaeTcs,
YTO HEeT "HYJICBOW" TOYKH, HEOOXOAUMOM sl OTCYETa
Hadayia m3MepeHuid. [1omo00HBINH BBIBOA YyXKe Jeancs
B pabote [5]. OgHAKO UCCIIeJOBaHNE HUYKHETO MOpora
TeMItepaTyphbl Hadayia (CAaMOWHUIIUPOBAHUS) PEAKITNN
OKHUCIIEHUSI B TEPMOKATAIUTUYECKHX CEHCopax C Pt-,
Pd-karanuzaTopamu He IPOBOIUIIOCH paHee.

Lenpto nanHOW pabOTHI SBISIETCS WCCIIEOBaHUE
TEMIIEPaTypPHBIX 3aBHCHUMOCTEH OTKIHKA CEHCOPOB
BOJIOPO/Ia C KaTaW3aTOpaM{ IUTATHHOBOW TPYIIIIHL:
(Pt+3Pd)-karanuzaTopoMm u Ir-xatamuzatopom B 00-
JACTH OTPHIATEIBHBIX TEMIIEPATYp OKpY’KaroImen
Cpelbl U HaxOXJCHUE TEeMIIepaTyphl Havana (camo-
WHUIMPOBAHMS ) KATAIUTUYECKON PEAKIIUU OKUCIICHIUS
BOJIOPO/IA.

Perynatop
Peayktop pacxoaa XonognneHas
LaBneHus s Kamepa
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JETAJIN DKCIIEPUMEHTA

TepMoKkaTalIUTHYECKHE CEHCOPHI BOIOPOAA, Mpe-
CTaBIIAIONINE COOOM TMETUCTOPHI C TUTATHHOBBIM Ha-
rpeBaTeieM M HaHECEHHBIM Ha HEro KaTallu3aTopoM,
OpuTH M3roToBIeHB B KoMmmanmu OOO "HTIL] UT'J1"
[10]. KoHCTpYyKIMS M TEXHOIOTUA U3rOTOBJICHUS CEH-
copa ogpo6Ho ommcaHsl B ctaTthe [11]. B padore ObI-
JU MCCJIEOBaHbl KaTaln3aToOpbl HA OCHOBE WPHUAWSA
u cMenianHbli karaauzarop (Pt+3Pd) ¢ MmomsHBIM cO-
otHomienueM Pt : Pd = 1 : 3. Takoii BeIOOp KaTayn3a-
TOPOB OBLT CBA3aH C TeM (hakToOM, 4TO NaHHBIE Kara-
JU3aTOPHI, KaK OBIJIO CKa3aHO BHINIE, UMEIOT pa3HbIe
TEMIIepaTyphl Hadajga KaTaJINTHYECKOIo TOPEHUs BO-
nopojia. TexHoIoTrs HaHECEHUS KaTalu3aTOpPOB OIH-
caHa B pabote [5].

[Ipuanmn paboTel TEPMOKATAIUTHYECKHX CEHCO-
POB OCHOBaH Ha OeCIVIAaMEHHOM TOPEHHH BOIOpOJA
Ha TOBEPXHOCTH KaTaln3aTropa, KOTOPOE MPHUBOIUT
K U3MEHEHUIO €r0 CONPOTHUBIIEHUS 32 CUET BBIICIAIO-
IIerocs B pe3yJbTaTe PeaKkIuy Teria.

Jl1g u3MepeHus OTKIIMKA CEHCOPOB B 3aBUCUMOCTH
OT TMIPIJIOKEHHOT'O HArpeBaromIero HanpsKEHHs Oblia
WCIOJb30BaHa MOCTOBas M3MepuTeNnbHas cxema. Pa-
00uMii M CpaBHUTENIBHBI CEHCOPHI PACIOJArajinch
B OJTHOM IUI€Ye, BO BTOPOM IIJIeu€ CTOSUIM MpPEeLu3n-
onnble peauctopsl (R1 u R2) ¢ Homunamom 1 kOm.

Bbrok-cxema HM3MEpUTENBHOW CHUCTEMBI INPEACTaB-
JieHa Ha puc. 1.

BeiBpoc

Usdlp. |

Cuctema cbopa
1 0BpaboTkin
OaHHbIX
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Puc. 1. brnok-cxema H3MepUTEIBHON CHCTEMBI
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MocToBasi U3MepuUTENbHAsI CXeMa pacIoJiaraiach
B TEIUIOM30JMPOBAHHON MU(PY3HOHHONW Kamepe, de-
pe3 KOTOPYI0 MPOMYCKAIH MPEABAPUTEIHLHO OXJIaX-
JIEHHYIO0 Ta30BYIO0 CMeCh, cojepxkamtyio 0.96 % o0.
BoJOpoAa B Bo3ayxe. OxJaxJAeHHE Ta30BOM CMECH
OCYIIECTBIISUIOCH TIPU TPOXOXKACHUH Yepe3 3MECBUK,
BOKPYT KOTOPOTO pasMerianu cyxoil nen. OxiaxIeH-
Hasl Ta30Bas CMECh MOCTyIalIa B Ta30BYI0 KaMepy, 4TO
MPUBOAMIO K TIOHM)KEHWIO B HEH TemIeparypsl JI0
JIOCTIDKCHUS PaBHOBECHOW TeMIlepaTyphl, 3HAUCHUE
KOTOpPOW 3aBHCENI0 OT 00beMa CYXOro JibJja BOKPYT
3meeBrKa. CEHCOpBI pa3MeIainch Ha TUIATe, JAaHHBIS
c KOoTopoi mepemaBammch o uHTepdericy RS-232
Ha KoMmmbioTep. Temmeparypa B auddy3noHHON Ka-
Mepe U3MEPSIIach C MOMOIIBIO JTATYNKA TEMITEPaTypPhl
AD22100STZ ot Analog Devices ¢ muana3oHOM TeM-
neparyp or —50 go +150 °C u nuHEHHOCTHIO
He Xyxe £1% OT noJHO LIKAaJbI.

WzmepurenbHas cxema mo3BoJisiia 1moJlaBaTh Ha MOCT
HarpeBatomiee Hanpspkerune (U,) B amamazone ot 0
10 3.3 B ¢ marom 50 MB. ITocite xaxaoro n3MeHeHUs
HaIPsHKCHIS U3MEPEHNEe OTKITNKA TIPOBOAMIOCH Yepe3
24.75 c, 9ro 0o0ecreynBaNIo0 CTAOMIU3AIUI0 TeMIepa-
TYpBI CEHCOPOB TIOCTIE U3MECHEHHUS HAIIPSIKCHUS.

beun mpoBeneHbl W3MepeHUs] 3HAYSHWH OTKIIMKA
MOCTOBOW CXEMBI OT MPUJIOKEHHOTO K MOCTY Harpe-
BAOIIETO HANPSDKCHUS WK, 0ojiee TOYHO, OT TEMIIe-
paTypbl IUIATUHOBOTO MHKPOIPOBOJA CEHCOpa NpHU
M3BECTHOM KOHIICHTpPAIMH BOIOPOa B BO3AYXE.

H3mepseMoll BENWYMHOM SABISUIOCH HAIPSKEHHE
MEXIY IUIEYaMH MOCTOBOM CXEMBI, KOTOPOE Mpel-
CTaBJIAET COOOM OTKIMK TEPMOKATATUTHYECKOTO CEH-
copa (S) ma roprounii ra3. [lepen Hagamom mpoBene-
HUSl U3MEPEHHH KaXIyI0 Mapy CEHCOpOoB (paboduwmii —
CPaBHUTENBbHBIN) KAIUOPOBAIN MPU HYJIEBOW KOHIICH-
Tpaluu BOJOPOJa B BO3IyXEe W COOTBETCTBYIOIICH

TEMIIEPaType OKPYKAIOIIEH Cpefibl, KOTOpast U3MCHSI-
mack ot 17 1o (—48) °C.

PE3YJIBTATHI U OBCYKJIEHUE

B Ilpunoxenun (ua puc. 111, I12) npencrapneHs
9KCIIEPUMEHTAJIbHbBIE 3aBUCUMOCTH OTKJIMKA TEPMOKa-
tagutudeckux ceHcopoB ¢ (Pt+3Pd)-karamuzaTopom
OT TMPUJIOKEHHOTO HAarpeBaroIlero  HaNpsHKEHUs
B quana3oHe oT 0 mo 3.3 B mpu KOHIIGHTpayu BOJIO-
pona 0.96 % 00. u Temneparype okpysxaromei cpeapl T
or 17 mo (-48) °C: puc. [11 — T=17, 8, 0, (-4) °C;
puc. [12 — T = (-9), (-32), (-48) °C.

Ha puc. 2 nan o0beTMHEHHBIN pe3yJIbTaT UCCIIEIO0-
BaHUsI.

W3 nosydeHHBIX 3aBUCUMOCTEM BUAHO, YTO IPHU
TeMIiepaType okpyskarotiei cpensl 17 °C OTKINK CeH-
copa (IIpunoxenwue, puc. 111, a) mosBnsercs ¢ MUHH-
MaJIbHBIX HaNpsKeHUH. DTO MO3BOJSAET CHENaTh BBI-
BOJ, YTO KaTaJUTUYECKOE TIOpPEHHE BOAOPOIA, Kak
y’Ke TOBOPHJIOCH BBIIIE, UMEET MECTO MPU KOMHATHOU
Temrneparype. JlanpHelee yBeJIn4eHHe HanpsKeHUs
MPUBOJUT K PE3KOMY YBEIMYEHHIO OTKIIMKA, KOTOPBIH
BBIXOAUT Ha HACHILICHUE NIPY HANPsDKEHUH Bhille 2 B.

YMeHbIIEHUE TeMIIEpaTyphl OKpYyKarollel cpelbl
no 8 °C u wmxe (Ilpunoxenwme, puc. 111, 6, B, T,
puc. [12) npuBOIUT K TOMY, YTO Ha MOJYYEHHBIX 3a-
BUCHMOCTSIX TOSIBISETCS 00JacTh HANpSDKEHUH, MpH
KOTOPBIX OTKJIHMK CEHCOpa MPAKTHYECKU OTCYTCTBYET,
a caMa 3aBHCHMOCTh OTKJIMKAa OT HAarpeBaroIlero Ha-
npsoKeHus (T.e. TeMIepaTypsl KaTajau3aropa) NpHoo-
peTaeT Kiaccuueckyio S-o0pasHyio (opmy, KoTopas
oOpsiciena B pabore [9]. Ilpm 3TOM yMmeHbIIeHHE
TeMIepaTypsl OKpysKarolien cpeas ot 8 1o (— 48) °C
NPUBOIUT K CIBUTY Hayaja pPeaklUH KaTaUTUIEeCKO-
ro ropenus ot 141 no 441 mB (cm. puc. 2).
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Puc. 2. DkcriepuMeHTaIbHBIE 3aBHCHMOCTH
CEHCOPHOTO OTKJIMKAa OT IPHIOXKSHHOTO
HaIpspKeHUs JUTsT KOHIEHTPALUK BOJOPOa
0.96% 06. c (Pt+3Pd)-kaTanmuzaropom mpu
Pa3HOH TeMIepaType OKpYKaloleH cpebl
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70 T T T T T
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OTKNKK, MB

Puc. 3. DkcnepuMeHTaIbHbIE 3aBUCUMOCTH
CEHCOPHOTO OTKJIMKa OT MPUIOKEHHOTO
HaNpsDKeHUsT U1l KOHUEHTPAIMK BOJOPO/a
0.96% 06. c Ir-karanuzaTopoM Mpu pa3zHOH
TEMIepaType

1000 1500 2000 2500

HanpskeHue nutaHus, MB

500

0

Takoe moBelieHHE JIETKO OOBSCHUTH TeM (PaKTOM,
YTO peakmusi Bomopoaa ¢ kuciopomoMm Ha (Pt+3Pd)-
KaTajlu3aTope HAUMHAETCS IIPU ONpPEACIICHHON TeMIie-
patype. IloaToMy TOHMKEHHE TEMIEPATYpPHI OKPY-
JKaIoMIeH cpeibl TpeOyeT yBEeNMYeHUsI HarpeBaroliero
HANPSHKEHYsI, YTOObI KOMIICHCHPOBATh TEMIIEPATypy
OKpYXKaroIel cpepl U JOCTUYb TeMIIEpaTyphl Hadaa
KaTaJIMTUYECKON peakiuH.

Jlnst karanmmsaTtopa Ha OCHOBE HPHAMS 3aBUCH-
MOCTb OTKJIMKAa CEHCOpa OT HArpeBaIOIIETO HampsiKe-
HUS TakKe uMeeT S-o0pazuyio hopmy (puc. 3).

OpHako OTKIWK CEHCOpa HAYMHAET PE3KO yBEIH-
YUBATHCS MPU 3HAYUTEIBHO OOJIBIIUX HAIMPSHKECHUSX,
nopsiika 1.5 B, u npakTuuecku He 3aBUCUT OT TEMIIe-
paTypel OKpyxkaromel cpeasl. OTCYTCTBHE SIBHOU
TEMITEpaTypHOH 3aBUCHMOCTH OTKJIMKAa y CEHCOpPOB

3000

¢ Ir-xatanu3aropoM MO CpPaBHEHHIO C CEHCOpaMH
¢ (Pt+3Pd)-karamu3zaropoM TpyaHO OOBSCHUTH. [[s
9TOr0 HaJx0 MPOBECTH JOMOJIHUTENIBHBIE HCCIIEA0BaA-
Hus. Bo3MokHO, 4TO 10100HOE TIOBEZICHHNE KaTaln3a-
TOpa Ha OCHOBE MPHUIMS CBA3aHO C €r0 MEHBIIEH ak-
TUBHOCTBIO K OKHCIJIEHHIO BOJIOPO/A.

W3 nonydeHHBIX Ha pUC. 2 3aBUCUMOCTEH MBI MO-
JKEM OLIEHUTh TEMIEPaTypy OKpYyKarollel cpesl, Ipu
KOTOpO¥ HauMHaeTCs TopeHue Bogoposa Ha (Pt+3Pd)-
Karanusarope. I 3TOro myTeM JIMHEWHOH 3KCTpa-
MOJISIIIUH ydacTKa PE3KOT0 yBEJMYCHUS OTKIIMKA Ha S-
o0Opa3Hol xapakTepucTuke (puc. 2) ObLIH OTpeeIeHbI
3Ha4YeHMs HarpeBalOIIero HAIPSDKEHUs, TPH KOTOPBIX
HauMHAaeTCsl TopeHue Bopopona. Ilonyuennsie 3Have-
HUS TIpeCTaBIIeHBI Ha pHC. 4.

500 . T - r - r T+ T - [ - [
400
300 -
200 -

100

HanpsxeHwe Hadana peakuuu, vB

Puc. 4. 3aBucuMoCTb HampsOKEHUS Hayaa
KaTaJIMTHYECKONW peakIMu CEHCopa BOJIO-
poza OT TeMIIePaTyphl OKPYKAIOIIEH CPEIbI

0]
-60

-40 -30 -20 ]
TemnepaTypa okpyxarowen cpegobl, °C

-50 -10
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Puc. 5. 3aBucumoctn temmnepatypsl katanuzaropa (Ty) ot HarpeBaromero Hanpsbxenus (U) B qua-
na3one ot 0 10 550 MB i1t yeThIpex Temmeparyp okpyskatomie cpeasl T: 17, 4, (=5) u (-38) °C

Taou. 3HaucHus HarpeBaromiero HanmpsA>KCHUA U TEMIICPpaTypbl TK Ha4daJla KaTAJIUTHUICCKOI'0 ropeHus BOAOpOJa B 3a-

BHUCHUMOCTH OT TEMIIepaTypbl OKpyxatomiei cpeast T

Temneparypa okpyXxaroiei cpeabl Hamnpsxenue Hayana KkatanuTuye- Temneparypa Havajna KaTaluTHYe-
T, °C CKOH peakuuu, MB ckoif peaxrmu T, °C
—48 441 3.2
=32 342 7.4
-9 285 20.8
-4 243 20.5
0 183 18.0
8 141 22.2
17 0 17

Janee HEOOXOIMMO MTOCTPOUTH 3aBUCUMOCTH TE€M-
nepatypsl karanuzatopa (T,) ceHcopa OT HarpeBaro-
mero HanpspkeHus (U) mpu pa3HBIX 3HAYSHHSIX TEM-
nepaTypsl oKpysxaroein cpensl T.

Jiist 3TOTO OBUTM U3MEpPEHBI 3aBUCUMOCTH TOKa Ye-
pE3 CEHCOp OT HarpeBaroLIEr0 HANpPSKEHUs, PacCdu-
TaHO 3HAYEHHUE COMPOTHUBIIEHUS CEHCOpa MPH Pa3HbIX
3HAYCHMAX HaNpsDKEHWsS M paccuMTaHa TeMIEepaTrypa
(Ty), cooTBeTcTByMOWIas NPHJIOKECHHOMY HaIlpsKe-
HUI0, TI0 opMyIIE:

R:Ro(l +OC(T*T0)),

rae Ry — comnportusienne nposoa npu TeMieparype
OKpyKaromeit cpensl To; o — TeMmepaTypHbIA Kodg-
(ULMEHT CONpPOTHBJIEHUS IUIATUHOBOW IPOBOJIOKH
HarpeBareis, paBHblit 0.0035 1/K.

Ha puc. 5 npencraBneHsl 3aBUCUMOCTH TEMIIEPaA-
Typbl Katanu3aropa (1) oT HarpeBarollero Hampsxe-
aHus (U) B nmuanazone ot 0 no 550 MB ams getsipex
TeMmreparyp oOkpyxatomeid cpensr: 17, 4, (=5)

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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u (—38) °C. U3 puc. 5 BUAHO, 4TO JHHEHHbBIE HKCTpa-
MOJISIIMN TIONYYEHHBIX JKCIIEPUMEHTAIbHBIA 3aBUCH-
Moctelt s Temrieparyp 17, 4, (-5) °C mpakruuecku
napajuieNbHBl  JIpYr Jpyry. A Tpu  TeMiepaType
(-38) °C mmeercst ayTh Oombimit HakiIoOH. [loaToMy TSt
00paboTKH S-00pa3sHbIX XapaKTEPUCTHK, MONTyYEHHBIX
pH  TeMIlepaTypax OKpyXaromeh cpemsl  (—48)
u (—32) °C, 6bu10 B35TO YpaBHeHue ¢ puc. 5 s (—38) °C
(kak HaumOosee Onu3koe mo Ttemmeparype). Jns S-
00pa3HBIX KPHBBIX, MONYYEHHBIX TPU TeMIIepaTypax
okpyxatomeid cpenst (—9) u (—4) °C, ucnonb30BaHO
ypaBHenue s (—5) °C (puc. 5). CoOTBETCTBEHHO,
Uil S-00pa3HBIX XapaKTEepUCTUK MpH Temmeparypax 0
n 8 °C — ypasuenue mis 4 °C (puc. 5). [lomyuennsie
3HAYEHUsI IPEJCTABICHBI B TAOHIIC.

Takum oOpazom, I TeMIepaTyp OKpY>KaroIIei
cpenst (— 9), (—4), 0 u 8 °C nony4yeHHbIe 3HAYCHUS
TeMIepaTyphl Hauvalda KaTAIUTHYECKON peakiuu Je-
’KaT B auanazone 17-22 °C. A gyis teMmeparyp OKpy-
xkatomien cpensl (— 32) u (— 48) °C — B nuanasone
3.2-7.4 °C cootBercTBeHHO. [lomydeHHoe pacxoxkie-
HHUE TPYAHO OOBSICHUTH BO3MOXHBIMH OIIMOKaMH H3-
MEpeHHid, B YAaCTHOCTH B HM3MEPEHUM TEeMIIEpaTyphI.
K Tomy ke 3HaueHHWe TemIepaTypbl Hadayla KaTalld-
THYECKOM peaknuu, paBHoe 3.2 °C mpu TtemmepaTrype
okpyxaromei cpeapl (—48) °C, TMpOTHBOpPEYHT Ha-
omonaemomy mipu 8 °C capury S-o0pa3HOHM XapakTe-
pucTUKU BHpaBo. HeoOXOIUMBI JOTONHUTEIbHBIE
uccuenoBanusi. Bo3MoxHO, TakoW pe3ynbTaT CBS3aH
C CHJIBHBIM pa3jIMdueM B TeMIIepaTypax caMmoro Iuia-
TUHOBOTO HarpeBaTteis U MOBEPXHOCTH KaTaju3aTropa.
Tak Kak B HSKCHEPUMEHTaxX H3MEpsETCs TeMIlepaTypa
TUTATHHOBOTO HarpeBaressi, TO Mbl HE MOXXEM TOYHO
3HaTh TEeMIlepaTypy Ha MOBEPXHOCTH KaTanau3aropa,
HAaHECEHHOTO Ha HarpeBaTeb.

[TockosbKy pe3yibTaThl H3MEPEHUH MpU TeMIepa-
Typax okpyskaromeh cpenst ot 17 mo (—8) °C He mpo-
TUBOpEYaT APYr APYTY, TO MOXHO 3aKIIOYHUTh, YTO
TEeMIIepaTypHBIH MOPOT Hayajia KaTaTUTHYECKOTO TOo-
pEeHHsSI BOJIOPO/IA JIEKUT B JUara3oHe temmneparyp 17—
22 °C.

Jis xatanmu3aTopa Ha OCHOBE UPHIUS TOPEHHE BO-
JOpOAa HAYMHAETCSl MPU HarpeBalolleM HampsHKEHUH
~1.5 B BHe 3aBUCHUMOCTH OT TEMIIEPATYPhl OKPYXKat0-
mel cpeapl. OTO O3HAYAeT, YTO TOPEHHE HAYMHAETCS
B IMamna3oHe Temrepatyp ot 222 mo 190 °C mpu nzme-
HEHMM TeMIIepaTypbl OKpyKatoued cpeasl ot 17
10 (—48) °C COOTBETCTBEHHO.

3AK/JIIOYEHHUE

B pabote ObUI0 MPOBEAECHO HCCIIEAOBAaHHUE TEMIIE-
paTypHBIX 3aBHCHMOCTEH OTKJIMKA CEHCOPOB BOJIOPO-
Jla ¢ KaTaJM3aTopaMu IuiaTuHOBOH rpymisl: (Pt+3Pd)-
KaTalu3aTopoM U Ir-karanuzatopom B 00JacTH OTpH-
LaTeIbHBIX TEMIIEPATyp OKpYy’Karolied cpelasl u Obul
OTpesieNieH TeMIIEpaTypHBIH MOPOT Hayana KaTaluTH-
YECKOH peakLuu BOIOpOLa.

[Nokazano, uro mus cencopo ¢ (Pt+3Pd)-
KaTajqu3aTopoM YyMEHBIICHHE TeMIepaTypsl OKpY-
)katorie cpeapl ¢ 17 go (—48) °C npuBOIUT K CHABUTY
Hayvaja peaklii KaTaIuTUYecKOro TOpeHHs BOJ0poia
ot 0 10 441 MB. OT0 COOTBETCTBYET NOPOTOBOM TEM-
neparype B auanazone 17-22 °C.

[lonmy4yeHHble pe3ynbTaThl COIIACYIOTCS C Oolee
paHHMMHU pe3yJbTaTaMH, I/Ie TeMIepaTypa IIaTHHO-
BBIX METAJTMYECKUX KaTalM3aTOPOB MTHOBEHHO TIO-
BBIIIANACh TOCIE TPEBBILIEHUA ONPEAEICHHON TeM-
nepatypsl. Hanpumep, Juist KaTanu3aTtopoB Ha OCHOBE
Pd wu xonnenrpannn Bomopoaa 30 % 00. 3ta KpuTH-
Yyeckasl TeMIeparypa CaMOMHUIIMUPOBaHHS OblIa OKO-
10 0 °C [5].

JUid kaTainM3aTopoB Ha OCHOBE HPHUIUSA OTKIHMK
CEHCOPOB BOAOPOZA HE 3aBUCUT OT TEMIIEPATypPhl OK-
py’Karolien cpesbl, a ropeHue HaunHaercs npu 1.5 B,
9TO COOTBETCTBYeET Temmeparype ot 222 pmo 190 °C
MIPU U3MEHEHWH TEMIIEpPATypbl OKPYXaroIleHd Cpenabl
ot 17 1o (—48) °C cooTBETCTBEHHO

AKTHBHOCTb KaTaJlW3aTOpPOB, COAEPXKAIMX Maula-
JUi YU IUIaTHHY, YK€ IPU KOMHATHON TeMIiepaTrype
SBIIIETCSI CKOpEe HEIOCTATKOM TPH MPaKTUIECKOM
UCIOJB30BAaHUH UX B TEPMOKATAIUTHUECKUX CEHCO-
pax, T.K. TOpEHHE BOJOPOJIa UMEET MECTO NPH "BBI-
KITFOYEHHOM"' ceHcope. DTO MOXKET IMPUBECTH K OIITHO-
K€ U3MEpPEHHUH MPU HU3KHUX TeMIIepaTypax, MOCKOJIbKY
otcyTcTByeT "HyneBas Touka". Kpome toro, (Pt+3Pd)-
KaTalau3aTopbl MOTYT MHMLIMHPOBATH BO3TOpPaHHUE BO-
JIOpOJIa TIPM KOMHATHBIX TEMIIEpATypax, XOTs KOPIyC
CEHCOpa BOJOpPOJAA BCETJa HMMEET B3PHIBO3ALIUTHOE
WCTIOJTHEHHE.

C npyroit cTOpoHbI, BO3MOKHOCTb CO3JJaHHUS HM3-
KOTEMIIEpaTypHOTO CEHCOpa BOJOpOJA  SIBIISETCS
Ype3BBIYAMHO MPUBJIEKATEILHOW HJIEEH, MOCKOJIBKY
MOJKET pACUIMPUTh OO0JacTh HX HCIONb30BAHUS.
B yactHOCTH, B O€CIPOBOJHBIX CEHCOPHBIX CETSIX
n npunoxkeHusx "HHTepHer Bemed" M OHIaHH-
KOHTpOJIE TPyOOIIPOBOIOB.

HNPUJIOKEHHUE

Hwxe mpuBeneHbl dKCIEpUMEHTAIBHBIE 3aBUCHMOCTH CEHCOPHBIX OTKJIMKOB, MOJYYEHHBIE C WCIOJIB30BaHHUEM JBYX
OJIMHAKOBBIX IK3eMIUIIPOB ceHcopoB 1 u JI2 (1y1st mpoBEpKH YCTOMYUBOCTH PE3YJILTATOB).

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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STUDY OF THE ACTIVITY OF THERMOCATALYTIC HYDROGEN
SENSORS AT NEGATIVE AMBIENT TEMPERATURES

V. A. Talipov1’2, A. M. Baranovz, I. 1. Ivanovz, Ju. Yangyang3

'Scientific and Technical Center for Gas Sensing Sensors named after E.F. Karpov, Lyubertsy

*Moscow Aviation Institute, Moscow
3Beijing Institute of Technology, Beijing

The response of thermocatalytic hydrogen sensors with platinum group catalysts (Pt+3Pd and Ir) to heating
voltage (S-shaped patterns) was studied at ambient temperatures from 17 °C to (—48) °C. It has been shown that
for sensors with a Pt+3Pd catalyst, a decrease in the ambient temperature leads to a shift in the onset of the reac-
tion of catalytic hydrogen combustion from 0 mV to 442 mV. The threshold temperature at which the catalytic
combustion of hydrogen begins is determined and lies in the range of 17-22 °C. It is shown that for iridium-
based catalysts, the response of hydrogen sensors does not depend on the ambient temperature, and combustion
starts at 1.5 V, which corresponds to a temperature from 222 °C to 190 °C when the ambient temperature

changes from 17 °C to (-48) °C, respectively.

Keywords: thermal catalytic hydrogen sensor, platinum group catalysts, low-temperature catalytic combustion,

self-initiation reaction temperature

INTRODUCTION

The development of hydrogen sensors, which are re-
garded as a crucial element of industrial safety at all tech-
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nological stages — from hydrogen production and storage
to its transportation and use — appears to be an important
research direction given the potential for rapid advancement
of hydrogen energy and the use of hydrogen fuel [1-3].



NCCIIEJOBAHUE AKTUBHOCTU TEPMOKATAJIMTUYECKHUX CEHCOPOB BOJIOPOJA 39

Thermal catalytic sensors are the promising types
of hydrogen sensors. They are affordable, sensitive
only to combustible gases and vapors, and small in
size and weight.

The main drawbacks of using thermal catalytic
sensors to detect hydrogen leaks include their low se-
lectivity when other combustible gases (and hydrocar-
bon vapors) are present, the need to heat the catalyst
above 200 °C, and the consequent increased risk of the
sensors when operating in a hydrogen environment
[4].

To solve the above problems, studies of thermal
catalytic sensors with various platinum group catalysts
(Pt, Pd, Ir, Rh) were carried out. It was shown that
catalytic combustion of hydrogen is typical for ther-
mal catalytic sensors with Ir and Rh catalysts at tem-
peratures above 200 °C and 150 °C, respectively.
However, the response dependences of sensors with Pt
and Pd based catalysts on heating voltage begin at the
origin of coordinates at room temperature (20 °C).
This suggests that the catalytic combustion of hydro-
gen occurs even at room temperature [5] and, thus,
these catalysts can be employed to develop low-
temperature sensors.

It should be noted that low-temperature catalytic
combustion of hydrogen is known from the literature
[6] and is even considered a method for initiating the
ignition of combustible hydrogen-hydrocarbon mix-
tures in internal combustion engines [7]. However, the
possibility of low-temperature measurements of hy-
drogen, until recently, was considered in regard to
thermal catalytic sensors only as a perspective.

Nevertheless, it has recently been shown that cata-
lytic sensors with a (Pt + 3Pd) catalyst make it possi-
ble to measure hydrogen at temperatures well below
200 °C [8]. In addition, lowering the temperature of
the catalyst below 70 °C made it possible to increase
the selectivity of hydrogen sensors by suppressing the
catalytic combustion of hydrocarbons, which starts at
higher temperatures than for hydrogen [9]. This result
allows us to conclude that it is possible to develop
a thermal catalytic sensor operating near room tem-
perature. It is important to note that a decrease in tem-
perature leads to a decrease in the response of the sen-
sor to hydrogen, which apparently is associated with
incomplete combustion of hydrogen. And the mini-
mum value of the operating temperature will be li-
mited by the magnitude of the response.

It is important to note that the ability to measure
hydrogen in the room temperature range (and not at
temperatures above 200 °C, as is usually done) is, on
the one hand, an important advantage of thermal cata-
lytic sensors, since it reduces their power consumption
and increases the safety of measurements. On the oth-
er hand, the appearance of a sensor response at room
temperature does not allow one to correctly calibrate
the sensors for hydrogen. This is due to the fact that
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the "switching on" of the sensor for measurements is
always carried out by applying voltage to it in order to
heat the catalyst from room temperature to the operat-
ing temperature, at which the catalytic combustion of
hydrogen begins. And if the catalytic combustion of
hydrogen takes place at room temperature, then it
turns out that there is no "zero" point necessary to
count the start of measurements. A similar conclusion
was already made in [S]. However, the study of the
lower temperature threshold for the onset (self-
initiation) of the oxidation reaction in thermal catalyt-
ic sensors with Pt-, Pd-catalysts has not been carried
out earlier.

The goal of this research is to determine the tem-
perature dependences of the response of hydrogen
sensors with platinum group catalysts: (Pt + 3Pd) cata-
lyst and Ir catalyst in the range of negative ambient
temperatures and to find the temperature of the onset
(self-initiation) of the catalytic hydrogen oxidation
reaction.

DETAILS OF THE EXPERIMENT

Thermal catalytic hydrogen sensors, which are pel-
listors with a platinum heater and a catalyst deposited
on it, were manufactured by OOO NTC IGD [10].
The design and manufacturing technology of the sen-
sor are described in detail in the article [11]. We in-
vestigated iridium-based catalysts as well as a mixed
catalyst (Pt+3Pd) with a Pt : Pd = 1 : 3 molar ratio.
This choice of catalysts was associated with the fact
that these catalysts, as mentioned above, have differ-
ent temperatures for the start of catalytic combustion
of hydrogen. The technology for applying catalysts is
described in [5].

The operational principle of thermal catalytic sen-
sors is based on the flameless combustion of hydrogen
on the catalyst surface, which leads to a change in its
resistance due to the heat released as a result of the
reaction.

A bridge measuring circuit was used to measure
the response of the sensors depending on the applied
heating voltage. The working and reference sensors
were located in one arm, and in the second arm there
were precision resistors (R1 and R2) with a nominal
value of 1 kQ.

The block diagram of the measuring system is
shown in Fig. 1.

Fig. 1. Block diagram of the measuring system

The bridge measuring circuit was located in a heat-
insulated diffusion chamber, through which a pre-
cooled gas mixture containing 0.96% vol. hydrogen in
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the air passed. The gas mixture was cooled by passing
through a coil around which dry ice was placed. The
cooled gas mixture entered the gas chamber, which
led to a decrease in its temperature until an equili-
brium temperature was reached, the value of which
depended on the volume of dry ice around the coil.
The sensors were placed on a board, the data from
which was transmitted via the RS-232 interface to
a computer. The temperature in the diffusion chamber
was measured using an AD22100STZ temperature
sensor (Analog Devices) with a temperature range of
(-50) °C to +150 °C and a linearity of better than
+1% of full scale.

The measuring circuit made it possible to apply
a heating voltage (U,) to the bridge in the range of 0
to 3.3 V with a step of 50 mV. After each voltage
change, the response was measured after 24.75 s to
ensure the stabilization of the sensor temperature after
the voltage change.

Measurements were made of the response of the
bridge circuit to the heating voltage applied to the
bridge or, more precisely, to the temperature of the
platinum microwire of the sensor at a known concen-
tration of hydrogen in the air.

The measured value was the voltage between the
arms of the bridge circuit, which is the response of the
thermal catalytic sensor (S) to the combustible gas.
Each pair of sensors (working — comparative) was
calibrated prior to the start of measurements at zero
hydrogen concentration in the air and the correspond-
ing ambient temperature, which varied from 17 to
(—48) °C.

RESULTS AND DISCUSSION

The Appendix (Figs. I11, I12) shows the experi-
mental dependences of the response of thermocatalytic
sensors with a (Pt + 3Pd) catalyst on the applied heating
voltage in the range of 0 to 3.3 V at a 0.96% vol. hydro-
gen concentration and ambient temperature T ranging
from 17 to (—48) °C. Fig. I[11: T =17, §, 0, (-4) °C;
Fig. 112: T = (-9), (-32), (-48) °C.

Fig. 2 shows the combined result of the study.

Fig. 2. Experimental dependences of the sensory re-
sponse on the applied voltage for a 0.96% vol. hy-
drogen concentration with (Pt+3Pd)-catalyst at vari-
ous ambient temperatures

From the obtained dependences, it can be seen that
at an ambient temperature of 17 °C, the sensor re-
sponse (Appendix, Fig. I11, a) appears at the mini-
mum voltage. This allows us to conclude that the cata-
lytic combustion of hydrogen, as mentioned above,
takes place at room temperature. A further increase in

voltage leads to a sharp increase in the response,
which saturates at voltages above 2 V.

When the ambient temperature is below 8 °C (Ap-
pendix, Fig. I11, 0, B, r, Fig. [12), a voltage region ap-
pears on the obtained dependences where the sensor
response is practically absent, and the response de-
pendence on heating voltage (i.e., catalyst tempera-
ture) acquires a classical S-shape, as explained in
[9]. In this case, a decrease in the ambient temperature
from 8 to (— 48) °C leads to a shift in the onset of the
catalytic combustion reaction from 141 to 441 mV
(see Fig. 2).

This pattern can be easily explained by the fact that
the reaction of hydrogen with oxygen on the (Pt + 3Pd)
catalyst starts at a certain temperature. Therefore, lo-
wering the ambient temperature requires increasing
the heating voltage in order to compensate for the am-
bient temperature and reach the start temperature of
the catalytic reaction.

For the iridium-based catalyst, the dependence of
the sensor response on the heating voltage also has an
S-shape (Fig. 3).

Fig. 3. Experimental dependences of the sensory re-
sponse on applied voltage for a hydrogen concentra-
tion of 0.96% vol. using Ir-catalyst at various tem-
peratures

However, the sensor response begins to sharply in-
crease at much higher voltages, on the order of 1.5 V,
and is practically independent of the ambient tempera-
ture. The absence of a clear temperature dependence
in the response of sensors with an Ir-catalyst com-
pared to sensors with a (Pt + 3Pd) catalyst is difficult
to explain. For this, additional research is needed. It is
possible that such a pattern of the iridium-based cata-
lyst is associated with its lower activity in hydrogen
oxidation.

Using the dependences shown in Fig. 2, we can es-
timate the ambient temperature at which hydrogen
combustion begins on the (Pt + 3Pd) catalyst. To do
this, the values of the heating voltage at which hydro-
gen combustion begins, were determined by linear
extrapolation of the section of a sharp increase in the
response on the S-shaped pattern (Fig. 2). The ob-
tained values are presented in Fig. 4.

Fig. 4. Dependence of the voltage at the beginning of
the catalytic reaction of the hydrogen sensor on the
ambient temperature

Next, it is necessary to construct the dependences
of the catalyst temperature (T,) of the sensor on the
heating voltage (U) at different values of the ambient
temperature T.
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For this purpose, the dependences of the current
through the sensor on the heating voltage were meas-
ured. The resistance value of the sensor was calcu-
lated at various voltage values, and the temperature
(Tx) corresponding to the applied voltage was calcu-
lated using the formula:

R:Ro(l +(X(T*T0)),

where Ry is the resistance of the wire at ambient tem-
perature Ty; o is the temperature coefficient of resis-
tance of the heater platinum wire, equal to 0.0035 1/K.

Fig. 5. Dependences of the catalyst temperature (Ty)
on the heating voltage (U) in the range from 0 to
550 mV for four ambient temperatures T: 17, 4, (-5)
and (-38) °C

Fig. 5 shows the dependences of the catalyst tem-
perature (T) on the heating voltage (U) in the range
from 0 to 550 mV for four ambient temperatures: 17,
4, (-5) and (-38) °C. Fig. 5 shows that the linear
extrapolations of the obtained experimental depen-
dences for temperatures of 17, 4, (-5) °C are practical-
ly parallel to each other. At a temperature of
(-38) °C it has a slightly larger slope. Therefore, to
process the S-shaped patterns obtained at ambient
temperatures (—48) and (-32) °C, the equation from
Fig. 5 for (—38) °C (as the closest in temperature) was
applied. For S-shaped curves obtained at ambient
temperatures of (—9) and (—4) °C, the equation for
(=5) °C was used (Fig. 5). Accordingly, for S-shaped
patterns at temperatures of 0 and 8 °C the equation for
4 °C (Fig. 5) was used. The obtained values are pre-
sented in the table.

Tab. The values of the heating voltage and tempera-
ture Ty at the start of catalytic combustion of hydrogen
depending on the ambient temperature T

Thus, the obtained values of the temperature of the
catalytic reaction outset are in the range of 17-22 °C
for ambient temperatures (—9), (—4), 0 and 8 °C. And
in the range of 3.2-7.4 °C for ambient temperatures
(-32) and (—48) °C, respectively. Possible measure-
ment errors, particularly in temperature measure-
ments, cannot explain the resulting discrepancy. In
addition, the value of the temperature at the start of
the catalytic reaction, equal to 3.2 °C at ambient tem-
perature (—48) °C, contradicts the shift of the S-shaped
pattern to the right observed at 8 °C. More research is
needed. Perhaps this result is related to the strong dif-
ference in temperatures between the platinum heater
itself and the catalyst surface. Since the temperature
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of the platinum heater is measured in the experiments,
we cannot accurately know the temperature on the sur-
face of the catalyst deposited on the heater.

Since the results of measurements at ambient tem-
peratures ranging from 17 to (—8) °C do not contradict
each other, it can be concluded that the temperature
threshold for the onset of hydrogen catalytic combus-
tion lies in the range of 17-22 °C.

For an iridium-based catalyst, hydrogen combus-
tion starts at a heating voltage of ~1.5 V, regardless of
the ambient temperature. That means the burning
starts in the temperature range from 222 to 190 °C
when the ambient temperature changes from 17 to
(—48) °C, respectively.

CONCLUSION

In this work, we investigated the temperature de-
pendences of the response of hydrogen sensors with
platinum group catalysts: (Pt + 3Pd) catalyst and Ir
catalyst in the presence of negative ambient tempera-
tures and determined the temperature threshold for the
onset of the hydrogen catalytic reaction.

It has been shown that a decrease in the ambient
temperature from 17 to (—48) °C leads to a shift in the
onset of the catalytic hydrogen combustion reaction
from 0 to 441 mV for sensors with a (Pt + 3Pd) cata-
lyst. This corresponds to a threshold temperature in
the range of 17-22 °C.

The results obtained are consistent with earlier re-
sults where the temperature of platinum metal cata-
lysts increased instantly after exceeding a certain tem-
perature. For example, this critical self-initiation tem-
perature was about 0 °C [5] for catalysts based on Pd
and at a hydrogen concentration of 30% vol.

For iridium-based catalysts, the response of hydro-
gen sensors does not depend on the ambient tempera-
ture, and combustion starts at 1.5 V, which corres-
ponds to a temperature from 222 to 190 °C when the
ambient temperature changes from 17 to (—48) °C,
respectively.

The activity of catalysts containing palladium and
platinum already at room temperature is rather
a drawback in their practical use in thermal catalytic
sensors, since hydrogen combustion takes place when
the sensor is "off". This can lead to measurement er-
rors at low temperatures, since there is no "zero
point". In addition, (Pt + 3Pd) catalysts can initiate
hydrogen ignition at room temperature, although the
hydrogen sensor housing is always explosion-proof.

On the other hand, the possibility of creating
a low-temperature hydrogen sensor is an extremely
attractive idea since it can expand the area of their
application. In particular, wireless sensor networks,
IoT applications, and online control of pipelines.
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APPENDIX

The following are experimental relationships of
sensory responses obtained using two identical in-
stances of /1 and /I2 sensors (to check the stability of
the results).

Fig. II1. Experimental dependences of sensory res-
ponses (JI1 — sensor no. 1, JI2 — sensor no. 2) on the
applied voltage for a hydrogen concentration of
0.96% vol. with (Pt + 3Pd)-catalyst at various am-
bient temperatures.
a—17°C,6—8°C,B—0°C,r—(4)°C

Fig. 2. Experimental dependences of sensory
responses (1 — sensor no. 1, J[2 — sensor no. 2)
on the applied voltage for a hydrogen concentra-
tion of 0.96% vol. with (Pt + 3Pd)-catalyst at
various ambient temperatures.
a—(-9)°C,6—(-32)°C,B—(-48)°C
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