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MN3I'OTOBJIEHUE U UCCIEJOBAHUME METAJIJIOKCHUIAHBIX
HOJYINPOBOAHUKOBBIX I'A30BbBIX CEHCOPOB HA AMMMAK

Pa3paboTaHbl ¥ CHHTE3UPOBaHBI YYBCTBUTEIbHBIE K aMMHAKy MaTepHallbl HA OCHOBE JHOKcHa onoBa. [Ipoussene-
Ha OIICHKA CTENeHH JIeEKTHOCTH CTPYKTYPBI, UCCIEI0BaHbl KUCIOTHO-OCHOBHBIE IIEHTPHI TIOBEPXHOCTH CHHTE3H-
POBaHHBIX MaTepHaJOB WHIMKATOPHBIM METOJOM. Y CTaHOBJICHA U MPOAHAIM3WPOBAHA B3aMMOCBS3b XeMOCOPOIH-
OHHBIX CBOMCTB CHHTE3MPOBAHHBIX Ta304YBCTBUTEIIBHBIX CIIOEB CEHCOPOB (Ta30BbIi OTKIUK Ha KOHIIEHTPAIIMOHHOE
BO3/ICIICTBHE aMMHUaKa) ¥ CTPYKTYphI MaTeprana faTdnka. HoBu3Ha HcciieoBaHus 3aKIIF0UAETCs B IPEACTaBICHHOM
B paboTe KOMIUICKCHOM MOAXOJAE K CO3AaHHIO, pa3paboTKe M M3TOTOBJICHHIO CEHCOPOB HA aMMHAK ITyTeM CHHTE3a
MaTepHaa ¢ HamepeJl 33JJaHHbIMHA CBOHCTBAMHM C HCIIOJIB30BAHUEM Cpa3y HECKOJIIBKUX METO/IOB MOJICPHHU3ALMH I10-

BCPXHOCTH.

K. cn.: Ta30aHaNU3aTop, NOJIYIPOBOIHUKOBBIN CEHCOP, AETEKTUPOBAHNE aMMHaKa, XeMOCOpOIHs, NeeKkTHas

CTPYKTYpa, PEHTT€HOCTPYKTYPHBIN aHAJIN3

BBEJEHUE

MeTamioKkCcuIHbIE TTOIYMPOBOTHUKOBBIE Ta30BbBIE
CEHCOPBI IHMPOKO UCTONB3YIOTCA I MOJyYeHHUs] HH-
(opMariu 0 3arpsI3HEHUH OKpY’Karomei cpeabl (Tex-
HOT'CHHBIE M aBTOTPAHCIIOPTHBIE BBIOPOCHI), OLCHKU
kauecTBa atMmocepHoro Bosnyxa (AQM), anamusza
BO3/[yXa B TIOMENICHUAX (BBIIEICHUS Pa3UYHBIX Ta-
30B OT O0OpYAOBaHMs, MAaTEpHUANOB U Jrojaen) [1, 2],
JUTSE KOHTPOJIS (PU3MOIIOTHYECKOTO COCTOSTHUS YeIIOBe-
Ka [3] mo cocTaBy BBIOBIXaEMOTO UM BO3[AyXa. OTH
00CTOATENHCTBA OMPEACISAIOT AaKTyalbHOCTh paspa-
OOTKM U M3rOTOBIICHHS MAaTEpPHANOB Ta304yBCTBU-
TETBHBIX CJIOEB CEHCOPOB, OO0JIAZArOMNX BBICOKOU
YYBCTBUTENBHOCTEIO W CEIIEKTUBHOCTBIO K pa3iud-
HBIM BelllecTBaM. B kadecTBe IeTEKTHpPYyeMOro rasa
ObUT BHIOpaH aMMHaK, ITOCKOJIBKY €ro HHIUKAIHIS
NpeACTaBIseT co00i OCOOBI MHTEepec Ui MeAWIH-
HBEI. DTOT Ta3 MOXET OBITh OMOMapKepOM TaKHux 3a00-
JIeBaHWH, Kak OcCTpas W XpOHMYecKas jydeBas Oo-
ne3Hs [4], modedHass HeOCTaTOYHOCTh (He(hpHT, aTe-
POCKJIEpPO3 MOYEUHBIX apTepuii, TOKCUKO3 U Hedpora-
THSL OEPEMEHHBIX, TOKCHYECKOE TIOPAXKEHUE MOUEK) [5,
6], BOoCTIaUTEIBHBIN TPOIECC B XKEIyaAKe (TacTpurT),
B ToMm uucie uHpekuus Helicobacter pylori [7, 8]
u T.71. Llenb HacTosmieit paboThl 3aKiTI0Yanach B MOIy-
YCHUM YYBCTBHUTEIBHBIX K aMMHUAKy MaTEpUAIIOB Ha
OCHOBE TUOKCHIA 0JIOBa, JIETHPOBAHHOTO
L3.203/V205/Pt u Lazo3/MOO3/Pt.

[Ipu pa3zpaboTke M H3TOTOBICHWH HOBOI'O Mare-
puana JaTdyuKa YYUTHIBAIACH CIEMU(PUYHOCTh KOH-
TakTa aMMHaKa C TOBEPXHOCTHIO METAIIOKCHIHOTO
CeHCOpa W Ha OCHOBAaHWHU 3TOTO MOAOWPAIUCH COOT-
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BETCTBYIOIIME Jerupyromrue modaBku. Hampumep,
YBEJIIMYCHHUE aJCOPOIMM aMMHaKa Ha IOBEPXHOCTH
JQUOKCHIA 0JI0Ba, a CJIC0BATEIbHO, YCHIICHHE CEH-
COPHOTO OTKJIMKa OBUIO JOCTHUTHYTO TMOBBIIIEHUEM
qyciia aJICOPOIIMOHHBIX KUCIOTHBIX IIEHTPOB MPU MO-
TUQGUIMPOBAHUY TIOBEPXHOCTH KaTHOHaMu — Ooiree
CHIIBHBIMH KHCJIOTamu Jlbtowca, dem Sn*’ [9]. OTuMm
¥ 6611 06ycroBneH BeIGop Mo n V' B kauecTse se-
rUpyromux 100aBok. [IpUpoCcT KHUCIOTHBIX LEHTPOB
OBLT MOATBEPKICH HWHAMKATOPHBIM MeToaoM. Ha ycu-
JICHHE CEHCOPHBIX CBOMCTB CHHTE3MPOBAHHOTO MaTe-
puajia TOBIHSUIA TAaKXKE JOMOJHHUTENbHAs J00aBKa
KaTajau3aTopa, AUCIEPCHHA METAJUTMYECKOW TUIATHHBI,
u no6aska 4 % La®", aToT sieMeHT 3a cuer GOJIbIIOoro
WOHHOTO pamuyca 1.06 A BHOCHT 3HAuMTENBHBIH
BKIIaJ B AeeKTHOCTh CcTpyKTypbl SnO,-ceHcopa, B
pe3ysibTaTe Yero B Marepualie o0pa3yroTcs AOMOIHH-
TEJIbHBIE aJICOPOIIMOHHBIC IICHTPBI, OTBETCTBCHHBIC 32
MPOBOJIMMOCTE 00pa3iia U €ro ra3oByl0 4yBCTBUTEIIb-
HOCTh

K TOMY WIA MHOMY ra3y. [loxoxasi o BeJIMYMHE KOH-
LIEHTPAIKS JIaHTaHA B CUCTEMax C JMOKCHUIOM OJIOBa
ObUTa paHee XOpOIIO M3YyYeHA C TOYKU 3PCHHS Ta30-
YyBCTBUTEJIbHBIX CBOWCTB B padoTax MokTOpa (u3n-
Ko-MaTeMaTuieckux Hayk B.B. Maneimesa [10].

B Hacrosmeit pabote ObUIH HUCTIONB30BaHBI Pa3HbIE
METOJIbI TEJICHANIPABIICHHOTO W3MEHEHHs TTOBEPXHO-
cti MOC-ceHCOpOB, KOTOpbIe OBLTM HailieHBl NpHU
aHalM3e JUTEePaTypHbIX NaHHbIX. HoBu3Ha mpejacras-
JICHHOW paboThI 3aKIF0YACTCS B KOMILICKCHOM ITOAXO-
JIe K CO3[aHUI0 CEHCOPa, IPU CHHTE3e Marepuajia Hc-
MOJIL30BAIIOCH CPa3y HECKOJIBKO Pa3HBIX METOJOB MO-
nepHuzanuu mosepxHocta MOC.
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SKCIHHEPUMEHTAJIBHAA YACTb

[TomynpoBOJHUKOBBIE MaTepHallbl HA OCHOBE JIH-
okcuma onoBa (SnO,) ObUTM TOMYYEHBI THIPOTEP-
MallbHBIM cHHTe30M. OcaxJeHue Mmarepuana ObLIo
npoBegeHo u3 pactBopa SnCly5SH,O um cooTBerct-
BYIOIIUX Jerupymommx no6aBok (a wumenHo: 4 %
LaCl;7H,O, B ciay4ae ¢ BaHamuMeM HCIIOIL30BATIACH
coimb Na;VO, 12H,0, a ¢ momubaenom Na,MoO,2H,0)
pacTBopoM amMmuaka Ao 3HadeHus pH = 6.5-7.0 mpu
KOMHATHOI TemIeparype, IIp1 3TOM C MOMOIIBIO Mar-
HUTHOM MeEIIaJKK OCYIIECTBIISAJIOCh HENPEPhIBHOE
nepememuBanue. IlodydeHHBI oOcagoKk OTHENSUIN
HeHTPU(QYTUPOBAHUEM M TIIATENFHO OTMBIBAIH OT
XJIOpUZI-MOHOB AWCTHJUIMPOBAHHOW BOJIOW 10 HMcYe3-
HOBEHUsI MHIMKATOPHOW peakUuy Ha HMOHBI cepebpa
(Ag"). TlonydeHHYI0O B pe3yibTaTe OCAXKICHHSA CyC-
MEH3UI0 MaTepHaia MOMeEIladl B aBTOKJIAB U BBIJEP-
JKMBaJIM B TeueHue 6 yaco npu temmneparype 180 °C.
ITocne 3TOro CycneH3Wi0 BBICYIIMBANIH, 3aTeM MpO-
CEeHBAJIN Yepe3 HUKEJIEBOE CUTO W NMPOKATUBAIN B Ie-
un ipu 600 °C B TedeHne 2 4acoB. 3aTeM Marepual
TUTATHHUPOBAJIM, C TEM YTOOBI MOIYyYUTH COCTaB Ma-
tepuana u3 pacuera 0.15 % Pt.

Jns WccneqoBaHUsT CEHCOPHBIX 3JIEKTpoHU3nye-
CKHX CBOICTB CHHTE3MpPOBAHHBIE MaTepHalbl HAHOCH-
JUCh B BHJE NAacThl Ha MHKPO3JICKTPOHHBIN YuI,
MMEIOIIUN 3aKpbIThIi aBTOHOMHBIN HAarpeBaTellb, KO-
TOPBIA TPEACTABIIT COOON CIIOH KOMIO3HIIMOHHOTO
MaTepuana, COCTOSIIEro U3 TNIATHHUPOBAHHBIX HaHO-
pa3MepHBIX YacTHI] OKCHIA aIOMUHUS W OOpOCHIH-
KAaTHOTO CTEK/a, HAHECEHHBIX Ha JUAJIEKTPUUECKYIO
MOIOXKKY. Ha moBepxHOCTH YHITa IMEINCh TUIATHHO-
BbIE€ JIEKTPOJBI, MEXIY KOTOPHIMU M HAaXOAMJICA II0-
JIyIPOBOJIHUKOBBIN T'a304yBCTBUTEJIBHBIN CJION AaT-
4yuka. brita npoBeneHa cepust SKCIEPUMEHTOB 110 U3-
MEpPEHHUIO MPOBOANMOCTH CEHCOPOB Ha BO3IyXe INpHU
TeMIIepaType NoUIoKKH aaTdukoB 415 °C, npu 3tom
B BO3/lyX€, COJIEpIKalcs TeCTUpYeMBbIH ras. [{ns nomy-
YeHHsI CPAaBHHUTEIBHBIX XapaKTEPHUCTHK pa3pabaThi-
BaE€MBIX CEHCOPOB, IOMMMO aMMHaKa C KOHIIEHTPALlH-
eit 5.4 ppm TectupoBaiuch U apyrue rassl: 1.37 ppm
MeraHoia, 1.1 ppm cepoBonopoza, 1.1 ppm nuokcuna

azota u 10 ppm meraHa. BemuunHy 4yBCTBHUTEIBHO-
CTU ceHcopa S ONpeessii U3 3HAYCHUH TIPOBOMMO-
CTH Jar4nka Ha Bo3ayXxe G, U B TECTUPYEMOM Tase
G, 1o dopmye (1) u3 padorsr [11]:

S =(Gg — Gair) / Giir. )

B tabn. 1 mpencTaBiaeHbl SKCIIEPUMEHTAIBHBIC JaH-
HBIC TI0 TA30BOM TYBCTBHUTEILHOCTH CIICAYIOIINX MaTe-
pHajioB: SIlOz/ L3.203/ Vzos/P tu Sl’lOz/ L3203/M003/ Pt.

W3 tabn. 1 BUAHO, YTO 3HAYCHHS ra30BOM UyB-
CTBUTEIBHOCTH CHHTE3MPOBAHHBIX 00Pa3IOB ras3o-
BBIX CJIOEB JAaT4YMKOB HAa OCHOBE Marepuaia
Sn0,/M003;/La,05/Pt cymiecTBeHHO BHIIIE, YeM
y  aHaJOTMYHO  HU3TOTOBIEHHOrO  MaTepuala
Sn0O,/V,05/La,03/Pt o BceM mcClIeyeMbIM Ta30BBIM
KOMITIOHEHTaM (METHJIOBBIM CIHUPT, CEPOBOAOPOI, aM-
MHaK, THOKCH]T a30Ta M MeTaH). TeM He MeHee celeK-
TUBHOCTH 110 OTHOIICHUIO K aMMHAaKy sipue BhIpaXKeHa
y BaHaaueBoro Marepuana. CiemyeT OTMETHTh, YTO
TEXHOJIOTHS HAaHECEHHs TMOKPHITUH Ha AMAJICKTpUYe-
CKUE TIOJIOKKH C MOCIICAYIOIEH TepMUIeCcKor o0pa-
00TKOI TTOBEPXHOCTH O0PA3IOB B PA3IMYHBIX Cpeaax
(MHEepPTHOM, BaKyyMHOU KHCJIOPOJCOIepKaIIei) npu-
BOJWT K ()OPMHUPOBAHHUIO B 00BEME CHHTE3HPYEMOTO
ra304yBCTBUTEIBHOTO CIIOS MEXKKPUCTAIIUTHBIX IIe-
ek (Tak Ha3pIBaeMoil "mpoBojsmen ceTku"), depes
KOTOpBIE OCYIIECTBIIICTCSI TIEPEHOC OCHOBHBIX HOCH-
TeNel 3apsna MOJYNPOBOJHUKA C BEIIMYNHON MOTEH-
IHaIBLHOTO Oaphepa MPOBOANMOCTH, MEHBIIICH TEIIIO-
BoI1 3Hepruu kT (ipu 3TOM BHIMONHSAETCS 3aK0oH OMa),
YTO TMO3BOJISIET TAKXKE M3ydaTh W DHEPTETHICCKUE Xa-
PaKTEPUCTUKH 00pa3LoB. DTO MOATBEPKAECHO Ooiee
paHHUMHU MHOTOYHMCIICHHBIMU WCCJICIOBAaHUSIMH B 00-
JIACTH MOJYNPOBOJHUKOBOIO ra3zoBoro ananusa [10,
12, 13].

OBCY)XXJIEHHUE PE3YJIbTATOB

HccaenoBanue MaTepuajioB METOI0OM
pentrenogazosoro anaansa (P®A)

Pacnipenenenne serumpyiommx J00aBOK  HaHO-
pa3MEpHBIX KOMIIOHEHTOB B MOJYNPOBOJHUKE MEXK-
Iy 00BEMOM U TTOBEPXHOCTHIO MEKKPHUCTAITMICCKUX

Ta6u. 1. UysctBuTeabHOCTH S MatepuainoB Sn0,/La,03/V,0s/Pt u Sn0,/La,03/MoO;/Pt k pa3THYHBIM KOMITOHCH-
TaM MUKPONIPUMECEH, COJEPIKAIIUXCS B aTMOCHEPHOM BO3IyXE

KoMnoHeHTsl MUKpOIIpUMECEH B BO3IyXe
Cucrema
CH;0H H,S NH; NO;, CH,
1.37 ppm 1.1 ppm 5.4 ppm 1.1 ppm 10 ppm
Sn0O,/Mo0;/La,05/Pt 8 18 46 21 20
SHOQ/V205/L3203/Pt 6 17 -1 1
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3epeH OCHOBHOH (pa3bl UTpaeT MCKIFOUUTETHHO BaX-
HYIO pOJib B (POPMHUPOBAHUH aJCOPOLIMOHHBIX CBOICTB
HAHOKOMIIO3UTOB [14]. Jlns moka3aTenbcTBa OOHAPY-
KEHHOTO HamH >(PQeKTa N3MEHEHHUS TyBCTBHUTEIHHO-
cTi 00pa3LoB B 3aBUCUMOCTH OT COCTaBa BBOAMMOTO
MonupuKaTropa, a TakKe IS ONpeAeTIeHusS CTPYKTY-
PBl CHHTE3MPOBAHHBIX MAaTEPHUAIOB ObUTH HPOBEICHEI
JIOTIOJTHUTENIbHBIE PEHTIeHOBCKHME WCCIIEIOBAHUS IS
ompeneneHus (a3zoBOro cocraBa IMOJYYEHHBIX TIa3o-
YyBCTBUTEJIbHBIX MarepHaioB. OmucaHue METOINKHU
W3MEpeHH MOXXKHO Haiitm B paborax [15, 16], pac-
mHU(POBKY MOJyYSHHBIX JAHHBIX NPOU3BOAMIMN C HC-
MOJTF30BaHIEM M3BECTHBIX METOAMK U (hOpMyI pacde-
Ta MapaMeTPOB KPUCTAIUIMUECKONW PEUIETKH MOTyNpO-
BOJHWKOBOTO OKCHJa METajlla C COOTBETCTBYIOIICH
Jerupyoomei 100aBKoH, a TakXKe C HCIIOJb30BAHUEM
"OuOIMOTEKN" PEHTTEHOBCKUX CHEKTPOB 0c000 YwHc-
TBIX 00Opa3LOB HCCIECOOBAHHBIX HaMu cucTeM. [l
CHHTE3UPOBAHHBIX HAMH CHCTEM OBIJIO OOHapyXeHO
W3MEHEHHE MapaMeTPOB JJIEMEHTAPHON SYEUKU KpH-
CTaJUIMYECKOW pelIeTKH AMOKCHIA OJIOBa (CM. CIEK-
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Puc. 1. ludpaxrorpamma obpasua SnO,/MoO;/La,0;/Pt.
a — TIOJHBIH cIeKTp, 6 — 0a30BBIC MUKH CIIEKTPa

M. B. IVMKOBA, C. 3. IIIKOHJIA, C. A. KA3AKOB, M. A. TPEBILIEB

Tpel Ha pHuc. 1, 2) MO CpaBHEHHIO C HMEIOUINMHCA
OMONMOTEeYHBIMHA JAHHBIMH. JTOT (aKT CBUAETENHCT-
ByeT O BHEIPEHUH JIETUPYIOMIUX 100aBOK HCIOJb-
3yeMOT0 HaMH MOJIU(PHUKATOpA B CTPYKTYPY KPUCTAI-
JMYECKOH PpEIIeTKH IOUOKCHAA C yBEIMUYCHHEM Jie-
(heKTHOCTH CHUCTEMBL.

3Hast mapaMeTrpsl pemietku "a", "c" M BeIUYUHY
obnactu korepentHoro pacceuBanusi (OKP (L)),
MOKHO PacCUUTaTh CTENCHb NEPEKTHOCTH IOJIy4YeH-
HOU CTPYKTYpHI (¥ — SKBHUBaJCHTHBIH 00BEM) MO H3-
BecTHOU u3 pabotsl [17] popmye (2):

V=1-(L-24)/L’

e A = (a* - o) —
ojoBa pasmep peOpa KyOWyeckoil pemieTku, "a
"c¢" — TONy4YeHHbIE B DKCIEPUMEHTE ITapamMeTphI

)

9KBUBAJICHTHBIH JUIS TUOKCHJIA
n
u"c
KPHUCTAJUIMYECKOH pemeTKH Npu 00paboTKe peHTre-
HOBCKHX JaHHBIX (cM. puc. 1 u puc. 2), L — obnactb
KOTEpEHTHOTO PAacCeMBAHMS PEHTICHOBCKOTO H3Iyde-
Hus. [lomydeHHbIE pe3yNbTaThl PacueTOB CBEACHBI
B Ta0I. 2
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VYron 20, rpan.

Puc. 2. Tudpaxrorpamma odpasia SnO,/V,0s/La,05/Pt.
a — TOJHEIA crieKTp, 0 — 0a30BBIE MUKH CIIEKTpa

Taba. 2. [TapameTpsl UCClIeyeMbIX MaTEPHUAJIOB, MOJy4YeHHbIE MeTOI0M POA

Cucrema a, A ¢, A L, um V, %
SnO,/La,03/MoO5/Pt 4.7090 3.1630 5.47 38.7577
Sn0O,/La,03/V,05/Pt 4.6902 3.1699 4.84 42.8384

HAVYYHOE ITPUBOPOCTPOEHMUE, 2020, Tom 30, Ne 4



MN3TOTOBJIEHUE U UCCIEOJOBAHUE METAJIJIOKCUJHBIX CEHCOPOB 55

OtnenpHble ()a3bl BBEIECHHBIX HAMH JICTUPYIOMINX
M00aBOK He NETEKTHPYIOTCS Ha audpaKTorpammax
(cM. puc. 1, 2), uTo cBUAETENLCTBYET 00 00pa3oBaHUN
TBEPJOr0 pacTBOpa. YUIMPEHHE JUHUI UHTCHCHBHO-
cte (hazel SnO; CBsI3aHO C yBeTHMUCHHEM Ae(PEKTHOCTH
WUCXOAHOHN (O JETUPOBAHUS) CTPYKTYPHI MOIYTIPO-
BOJIHHKA.

Takum oOpa3om, JaHHBIE CHCTEMBI MPEACTABISIIOT
co0O# TBepAbIe PACTBOPHI, IpUYEM HauOOJbIIAs CTe-
NeHp Ae()EeKTHOCTH CHHTE3UPOBAHHOTO MaTepHaia
MPOSIBIISIETCS B CTPYKTYpax ¢ BaHaaueM (cM. Tabi. 2).
OTOT pe3yibTaT MOXKET ObITh OOBSICHEH CpaBHEHHEM
paanycoB MOHOB, BXOJISIINX B IMOJYYEHHBIE CHCTEMBI:
Sn'* — 0.69 A, Mo™® — 0.65 A, V©° — 0.54 A
MO’KHO 3aKJII04YHUTh, YTO OTHOCHUTEIHFHO HMOHHOTO pa-
Jyca 0JI0Ba BBEJICHHE MOAU(HUKATOPA HA OCHOBE Ba-
Hagus OyJeT NpUBOAUTH K OOINBINECH CTemeH:u [e-
(EKTHOCTU CTPYKTYpBI, 10 CPAaBHEHUIO C MOIU(UKa-
TOpaMHU Ha OCHOBE MOJHOJEeHa. JTO MOJTBEPKAAECTCS
YHUCIEHHBIMM 3HAYCHHUSMHU TOJTYYEHHBIX MAapaMeTpoB
CHHTE3UPOBAHHBIX MaTEPHAIIOB (CM. Ta0I. 2).

AHa/IN3 KHCJIOTHO-OCHOBHBIX LICHTPOB
W MPOTHO3MPOBaHHUeE JJIeKTPOPU3NIECKHUX
U XeMOCOPOILMOHHBIX CBOICTB MaTEpPHAJIOB

HccnenoBanne pacmnpeneneHus XeMocopOLMOH-
HBIX LEHTPOB I10 JOHOPHO-aKLUENTOPHBIM CBOMCTBaM
NPOBOAMIOCHE  METOAOM  aACOpOLMH  KHUCIIOTHO-
OCHOBHBIX MHJUKAaTOPOB C Pa3jIM4YHBIMU 3HAYCHUSIMU
BennunHbl pKa, Xapakrtepusyromen nepexoln Mexay
KHCJIOTHOW M OCHOBHOU (popMamu MHIMKATOpa, KOTO-

12

0, MKMOJB/T

0 ! —

PBIii COIPOBOYXK/IAETCS M3MEHEHHEM OKpacKH (3):
HInd (oxpackal) <> Ind (oxpacxka IT) + H'. 3)

C 5Toi1 Henpi0 MPOBEAEHHI cHEKTpodoTOoMeTpHYe-
CKHE HMCCIICJOBAHUS ONTHYECKON TIOTHOCTH BOJHOTO
pacTBopa WHAMKATOpa 3aJaHHON KOHIEHTpauuu (D).
[Tonmy4eHsl crneKTpopOTOMETPUUECKUE AaHHBIC aHa-
JIOTUYHOTO PAacTBOpPA, COJEPIKAIETr0 HABECKy HCCIe-
JyeMOro BellecTBa 3aJaHHOW Macchl, B3aHMOJEHCT-
BYIOIIETO C PACTBOPUTENEM U aJCOPOMPYIOIIEr0 HH-
mukatop (D;), a Taxke CHekTpodOoTOMETpUIECKHe
JIAHHBIE PACTBOpPA MHAUKATOpa, NJOOABICHHOTO K pac-
TBOPUTENIO, JEKAHTHUPOBAHHOMY IIOCI€ KOHTaKTa
¢ HaBeckoll BemectBa (D,). KoHLeHTpauus: akTHBHBIX
MOBEPXHOCTHBIX IEHTPOB C COOTBETCTBYIOIIUM WC-
MOJIb3yEMOMY HMHIHMKATOpy 3HaueHueM pKa paccum-
ThIBaJIach 1O (opmynie (4), ucroiap3lyeMoil B paborax
[18], [19]:

q(pKa) =

= | |D0—D1 |/m1 ilDo—Dz | / my | “CinaVina / Do., (4)
rae Ciyg KOHIICHTpAIlMsl WHAWKATOpa B PacT-
Bope;Ving — OO0BEM pacTBOpa WHIUKATOPA, B3ATHIN

JUISL aHaJIM3a; m; U m; — OJIM3KUE M0 BEIUYMHE Mac-
Chl HaBECOK MpH OMpenesieHuu BeauuuH Dy u D, co-
OTBETCTBEHHO; 3HaK "+" COOTBETCTBYET pa3HOHa-
MPaBJICHHOMY U3MEHEHUI0 D u D, 0THOCUTENBHO D,
3HaK "—" — OJJHOHANPABICHHOMY.

Jdnst wccneayeMblX CUCTEM OBUIM  PacCUUTAHBI
KOHLIEHTpAallMM KHCJIOTHO-OCHOBHBIX ILIEHTPOB, HX
PacCIOJIOKEHHE CIIEBA HAIIPABO COOTBETCTBYET YBEJIH-
YEHUIO JJOHOPHBIX CBOWCTB MaTeprasoB (CM. puc. 3).

B Sn02/La203/MoQOa/Pt
® Sn02/La2032/V20s/Pt

h.n

44 08 15 21 33346 5 64 638 8 88 12.8PK2

Puc. 3. Coneprxanue MOBEPXHOCTHBIX IIEHTPOB C Pa3IUYHBIMK BennunHamu pKa
JUTA CHHTE3UpOBaHHBIX MaTepuaiioB SnO,/La,03;/MoO3/Pt m SnO,/La,03/V,05/Pt
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AHanusupysl TIONyYeHHBIC JaHHbBIE, MPEICTaB-
JICHHbIE Ha pHC. 3, MOXHO OTMETHUTb, YTO y CHCTE-
Mbl SnO,/Lay03/MoOs/Pt kucioTHbie 1eHTPHI BpeH-
cTena  pa3BUTHl  JIydile, dYeM Yy  Marepuaia
Sn0,/La,05/V,05/Pt, 0cOOGEHHO XOpOIIO 3TO BUJIHO
npu 3HaueHnn pKa = 3.3. CmenoBarenbHO, CEHCOP-
Hele cBoricTBa SnO,/La,03/Mo0O;/Pt 110 OTHOLIEHHIO K
aMMHaKy JTOJDKHBI OBITh BBIPAKEHBI sipUe. DTOT BHIBOJI
coryiacyeTcs ¢ pe3yjibTaTaMd SKCIepUMeHTa (CM.
Taou. 1).

BbIBO/JbI

B xone paboThl CHHTE3MPOBAHBI U HCCIEIOBAHBI
HOBBIC T'a304YBCTBUTEJIBHBIC MaTepHabl HA OCHOBE
Iuokcuma oyioBa — cucreMbl SnO,/La,03;/MoO»/Pt
u Sn0,/La,05/V,0s5/Pt. B akcniepuMeHTax 1o musmepe-
HUIO MPOBOJAMMOCTH B Pa3MYHBIX cpenax (aMMHUak,
CEpOBOJIOPOJI, METAaHOJ, METaH W JIMOKCHJ a30Ta
B aTMOC(EPHOM BO3/yX€) YCTAaHOBJICHA B3aUMOCBS3b
MEXY SJCKTPOGUIUUCCKUMH, XEMOCOPOIIMOHHBIMU
U KPUCTAUIOTPaQUUECKUMU CBOWCTBAMHU CHHTE3UPO-
BAHHBEIX BEIIECTB HA OCHOBE IMOKCHIA OJIOBAa U CO-
JiepkaHreM MoaudukaTopa. PaznuuHbie MeTOIbI aHa-
JIM3a TIO3BOJIMIIN U3YUYUTh JAe(OEKTHYIO CTPYKTYpPY I0-
JYYEHHBIX MATEpPUAIIOB, B TOM YHCJIC OLICHUTH COJIEP-
YKAHHE KUCJIOTHO-OCHOBHBIX IIEHTPOB Ha MOBEPXHOCTH
MOJYNPOBOAHUKA. [10-BUIUMOMY, Ha OCHOBE COIMOC-
TaBJICHHUS 3HAYCHUN  KOHIIGHTPAIUHM  KHCJIOTHO-
OCHOBHBIX I[CHTPOB JUJISI CUCTEM C Pa3IMYHBIMH MO-
JTuuKaToOpaMu MOXKHO CJIeJIaTh OJHO3HAYHBIN BBIBOJI
B TIOJIB3Y BBIOOpA OJHOHN M3 CHCTEM TIOJ 33[]a41 OTpe-
JICJICHUS] KOHKPETHOW MTPUMECH.

[Iporuo3upyemasi ra3oBasi 4yBCTBHTEIBHOCTH I10
OTHOIICHUIO K aMMHAKy MOJTBEPIKJCHA dKCIIEPUMEH-
TaJlbHO MYTEM COIMOCTABICHUS MEXIy CO00H He-
CKOJIbKUX METOJIOB aHallu3a Marepuana (UCIob30BaH
KOMIUICKCHBIN MOAXO0[T), YTO CBUACTEIBCTBYET O JOC-
TOBEPHOM BBEIOOpE JIETHPYIOMUX J00aBOK. Takum 00-
pa3oM, €cTb OCHOBaHHMsSI MOJIAraTh, YTO pa3paboTaH-
HbIC Ta304yBCTBUTEIbHBIC MaTEPUAIbl MOTYT YCIICIII-
HO KOHKYPHPOBAaTh C TPAJAMIMOHHBIMA METAJLIOKCH/I-
HBIMU CEHCOPaMH B YacCTU OIPEIEIICHUS KOHIICHTpA-
Ui aMMHaka B aTMoc(hepHOM BO3IyXe.
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MANUFACTURING AND RESEARCH OF METAL OXIDE
SEMICONDUCTOR GAS SENSORS FOR AMMONIA
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Ammonia-sensitive materials based on tin dioxide have been developed and synthesized. The degree of
structural defects was evaluated, and the acid-base surface centers of synthesized materials were studied using
the indicator method. The relationship between the chemisorption properties of synthesized gas-sensitive sensor
layers (gas response to the concentration effect of ammonia) and the structure of the sensor material is discov-
ered and analyzed. The novelty of the research is the integrated approach presented in this paper to the creation,
development and manufacture of sensors for ammonia by synthesizing a material with pre-set properties using
several methods of surface modernization simultaneously.

Keywords: gas analyzer, semiconductor sensor, ammonia detection, chemisorption, defective structure, x-ray diffraction
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INTRODUCTION

Metal oxide semiconductor gas sensors are widely
used to obtain information on environmental pollution
(man-made and vehicle emissions), air quality moni-
toring (AQM), indoor air analysis (emissions of vari-
ous gases from equipment, materials and people) [1,
2], to control the physiological state of a person [3] by
the composition of the air he exhales. These circums-
tances determine the relevance of the development
and manufacture of materials for gas-sensitive layers
of sensors with high sensitivity and selectivity to vari-
ous substances. Ammonia was chosen as the gas to be
detected, since its indication is of particular interest
for medicine. This gas can be a biomarker of diseases
such as acute and chronic radiation sickness [4], renal
failure (nephritis, atherosclerosis of the renal arteries,
toxicosis and nephropathy of pregnant women, toxic
kidney damage) [5, 6], inflammation in the stomach
(gastritis), including Helicobacter pylori infection [7,
8] etc. The aim of this work was to obtain ammonia-
sensitive materials based on tin dioxide doped with
La,03/V,05/Pt u La,O3/MoO5/Pt.

During the development and manufacture of the
new sensor material, the specificity of the contact of
ammonia with the surface of the metal-oxide sensor
(MOS) was taken into account, and on the basis of
this, the appropriate alloying additives were selected.
For example, an increase in the adsorption of ammo-
nia on the surface of tin dioxide, and, consequently, an
increase in the sensory response was achieved by an
increase in the number of adsorption acid sites during

surface modlﬁcatlon with cations — stronger Lewis
acids than Sn** [9] This was the reason for the choice
of Mo® and V°" as alloying additions. The increase in
acid centers was confirmed with the use of the indica-
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tor. The enhancement of the sensory properties of the
synthesized material was also influenced by the addi-
tion of a catalyst, dlsperswn of metallic platinum, and
the addition of 4 % La’". The latter element, due to the
large ionic radius of 1.06 A, makes a signiﬁcant con-
tribution to the defectiveness of the structure of the
SnO, sensor, as a result of which additional adsorption
centers are formed in the material responsible for the
conductivity of the sample and its gas sensitivity to
this or that gas. Similar in magnitude, the concentra-
tion of lanthanum in systems with tin dioxide was
previously well studied from the point of view of gas-
sensitive properties in the works of V.V. Malyshev,
D.Sc. in Physical and Mathematical Sciences [10].

In this work, we used different methods of pur-
posefully changing the surface of MOS sensors, which
werediscovered when analyzing scientific data. The
novelty of the presented work is an integrated ap-
proach to the creation of a sensor; when synthesizing
the material, several different methods of modernizing
the MOS surface were used simultaneously.

EXPERIMENTAL PART

Tin dioxide (SnO,)-based semiconductor materials
were obtained by hydrothermal synthesis. The materi-
al was deposited from SnCly-5H,O solution and the
corresponding alloying additions (namely: 4 %
LaCl;'7H,0, in the case of vanadium Naz;VO,12H,0
salt was used, and in the case of molybdenum
Na;Mo0,42H,0 was used) with ammonia solution to
pH = 6.5-7.0 at room temperature, while continuous
stirring was carried out using a magnetic stirrer. The
resulting precipitate was separated by centrifugation
and thoroughly washed from chloride ions with dis-
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Tab. 1. Sensitivity of S materials SnO,/La,0;/V,05/Pt and SnO,/La,03/MoO;/Pt to various components of trace

impurities contained in the atmospheric air

System components of micro-impurities in the air
System
CH;0H H,S NH; NO, CH,4
1.37 ppm 1.1 ppm 5.4 ppm 1.1 ppm 10 ppm
SHOZ/MOO3/L3203/Pt 8 18 46 21 20
Sn0,/V,0s/La,03/Pt 6 1 17 -1 1

tilled water until the indicator reaction for silver ions
(Ag") disappeared. The resulting material suspension
was placed in an autoclave and kept for 6 hours at
180 °C. After that, the suspension was dried, then
sieved through a nickel sieve and calcined in a stove
at 600 °C for 2 hours. The material was then plati-
nized to obtain a material composition at a rate of
0.15 % Pt.

To study the sensor electrophysical properties, the
synthesized materials were applied in the form of
a paste on a microelectronic chip with a closed auto-
nomous heater, which was a layer of a composite ma-
terial consisting of platinized nanosized particles of
aluminum oxide and borosilicate glass deposited on a
dielectric substrate. On the surface of the chip there
were platinum electrodes, between which there was a
semiconductor gas-sensitive layer of the sensor.
A series of experiments was carried out to measure
the conductivity of sensors in air at a sensor substrate
temperature of 415 °C, while the air contained the test
gas. To obtain comparative characteristics of the sen-
sors being developed, in addition to ammonia with
a concentration of 5.4 ppm, other gases were tested:
1.37 ppm methanol, 1.1 ppm hydrogen sulfide,
1.1 ppm nitrogen dioxide, and 10 ppm methane. The
value of the sensor sensitivity S was determined on
the basis of the values of the sensor conductivity in air
G.ir and in the test gas G, by formula (1) from [11]:

S = (Gg - Gair) / Gair- (1)
Table 1 shows the experimental data on the gas
sensitivity of the following materials:

SHOQ/L3203/V205/Pt and SHOQ/L3203/MOO3/P'[.

The table shows that the values of the gas sensitivi-
ty of the synthesized samples of the gas layers of sen-
sors based on the Sn0,/Mo00O;3/La,0;/Pt material are
significantly higher than for a similarly manufactured
Sn0,/V,05/La,05/Pt material for all investigated gas
components (methyl alcohol, hydrogen sulfide, am-
monia, nitrogen dioxide and methane). Nevertheless,
the selectivity with respect to ammonia is more pro-
nounced for the vanadium material. It should be noted
that the technology of deposition of coatings on di-
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electric substrates with subsequent heat treatment of
the surface of the samples in various media (inert, va-
cuum oxygen-containing) leads to the formation of
intercrystalline necks inside the synthesized gas-
sensitive layer (the so-called "conductive mesh")
through which the transfer of the main charge carriers
of a semiconductor with a volume of potential con-
ductivity barrier lower than the thermal energy T (in
this case, Ohm's law is fulfilled), which also makes it
possible to study the energy characteristics of the
samples. This is confirmed by earlier numerous stu-
dies in the field of semiconductor gas analysis [10, 12,
13].

THE DISCUSSION OF THE RESULTS

Study of materials by method of
X-ray phase analysis (XRPA)

Distribution of dopants of nanosized components
in a semiconductor between the bulk and surface of
intercrystalline grains of the main phase plays an ex-
tremely important role in the formation of the adsorp-
tion properties of nanocomposites [14].

To prove the effect of the change in the sensitivity
of the samples, which we discovered, depending on
the composition of the introduced modifier, as well as
to determine the structure of the synthesized materials,
additional X-ray studies were carried out to determine
the phase composition of the obtained gas-sensitive
materials. A description of the measurement technique
can be found in [15, 16], the interpretation of the data
obtained was carried out using known methods and
formulas for calculating the crystal lattice parameters
of a semiconductor metal oxide with an appropriate
dopant, as well as using a library of X-ray spectra of
ultrapure samples of the studied systems. For the sys-
tems we synthesized, a change in the unit cell parame-
ters of the crystal lattice of tin dioxide (see the spectra
in Fig. 1 and Fig. 2) was found in comparison with the
available library data. This fact indicates the incorpo-
ration of dopants of the modifier used by us into the
structure of the crystal lattice of the dioxide with an
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increase in the defect content of the system.
Knowing the lattice parameters "a", "¢" and the
size of the coherent scattering region (CSR (L)), one
can calculate the degree of defectiveness of the result-
ing structure (V' is the equivalent volume) according

to the formula (2) known from [17]:

V=1-(L-24)/L’
)1/3

2

where 4 =(a*- ¢)"? is the equivalent size of the edge
of the «cubic lattice for tin dioxide, "a"
and "c" are the crystal lattice parameters obtained in
the experiment during the processing of X-ray data
(see Fig. 1 and Fig. 2), L is the region of coherent
scattering of X-ray radiation. The obtained calculation
results are summarized in Tab. 2.

Individual phases of the dopants introduced by us
are not detected in the diffraction patterns (see Fig. 1
and Fig. 2), which indicates the formation of a solid
solution. The broadening of the intensity lines of the
SnO, phase is associated with an increase in the defec-
tiveness of the initial (before doping) structure of the
semiconductor.

Thus, these systems are solid solutions, and the
greatest degree of defectiveness of the synthesized
material is manifested in structures with vanadium
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Fig. 1. Diffraction pattern of the SnO,/MoO;/La,0;/Pt.

sample.
a — full spectrum, b — basic spectrum peaks
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(see Tab. 2). This result can be explained by compar-
ing the radii of the ions included in the obtained sys-
tems: Sn™* — 0.69 A, Mo™® — 0.65 A, V" — 0.54 A.
It can be concluded that, with respect to the ionic ra-
dius of tin, the introduction of a modifier based on
vanadium will lead to a greater degree of structural
defectiveness as compared to modifiers based on mo-
lybdenum. This is confirmed by the numerical values
of the obtained parameters of the synthesized mate-
rials (see Tab. 2).

Analysis of acid-base centers and prediction of
electrophysical and chemisorption properties of
materials

The study of the distribution of chemisorption cen-
ters by donor-acceptor properties was carried out by
the method of adsorption of acid-base indicators with
different values of pKa, which characterizes the transi-
tion between the acidic and basic forms of the indica-
tor, which is accompanied by a color change (3):

HiInd (color I) <> Ind (color II) + H'. 3)
& = SnO2
. b
80
S 60
;_: 4
~ 40+
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o 204
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Fig. 2. Diffraction pattern of the SnO,/V,0s/La,O5/Pt
sample.
a — full spectrum, b — basic spectrum peaks

Tab. 2. Parameters of the investigated materials obtained by the XRPA method

System a, A ¢, A L, nm V, %
SnO,/La,03/MoO5/Pt 4.7090 3.1630 5.47 38.7577
Sn0,/La,05/V,05/Pt 4.6902 3.1699 4.84 42.8384
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Fig. 3. Content of surface centers with different pKa values
for synthesized materials SnO,/La,03/MoO;/Pt and SnO,/La,0;/V,05/Pt

For this purpose, spectrophotometric studies of the
optical density of an aqueous solution of an indicator
of a given concentration (D,) were carried out. Spec-
trophotometric data were obtained for a similar solu-
tion containing a weighed amount of a test substance
of a given mass, interacting with the solvent and ad-
sorbing the indicator (D), as well as spectrophotome-
tric data for the indicator solution added to the solvent
decanted after contact with a weighed amount of the
substance (D,). The concentration of active surface
centers with the pKa value corresponding to used in-
dicator was calculated by formula (4) used in [18],
[19]:

q(pKa) =
= | |D0—D1 |/m1:|:|D0_D2|/m2|'Cind'Vind/D09 4)

where Cpq 1s the concentration of the indicator in the
solution; Vg 1s the volume of the indicator solution
taken for analysis; m; and m, are the close masses of
samples when determining the D; and D, values, re-
spectively; "+" sign corresponds to multidirectional
changes of D1 and D2 relative to D,, "-" sign corres-
ponds to unidirectional ones.

For the systems under study, the concentrations of
acid-base centers were calculated; their location from
left to right corresponds to an increase in donor prop-
erties of materials (see Fig. 3).

Analyzing the data obtained, presented in Fig. 3, it
can be noted that the Bronsted acid sites are better
developed in the SnO,/La;,03/MoO;/Pt system than in
the SnO,/La,03/V,0s/Pt material, this is especially
clearly seen at pKa = 3.3. Consequently, the sensory
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properties of SnO,/La,03;/M0o0Os/Pt in relation to am-
monia should be more pronounced. This conclusion is
consistent with the experimental results (see Tab. 1).

CONCLUSIONS

In the course of this work, new gas-sensitive mate-
rials based on tin dioxide were synthesized and stu-
died — the Sn0,/La,03/MoO;/Pt and
SnO,/La,05/V,0s/Pt  systems. In experiments to
measure conductivity in various media (ammonia,
hydrogen sulfide, methanol, methane and nitrogen
dioxide in atmospheric air), a relationship was con-
tracted between the electrophysical, chemisorption
and crystallographic properties of synthesized sub-
stances based on tin dioxide and the content of the
modifier. Various methods of analysis made it possi-
ble to study the defect structure of the obtained mate-
rials, including the assessment of the content of acid-
base centers on the semiconductor surface. Apparent-
ly, based on a comparison of the concentration values
of acid-base centers for systems with various modifi-
ers, an unambiguous conclusion can be made in favor
of choosing one of the systems for the problem of de-
termining a specific impurity.

The predicted gas sensitivity with respect to am-
monia was confirmed experimentally by comparing
several methods of material analysis (an integrated
approach was used), which indicates a reliable choice
of alloying additives. Thus, there is reason to believe
that the developed gas-sensitive materials can success-
fully compete with traditional metal oxide sensors in
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terms of determining the concentration of ammonia in
atmospheric air.
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