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HNPEINUCJIIOBHUE

B mpennaraemoM ydeOHOM TOCOOMHM pPacCMAaTPUBAIOTCS TEOpETHUE-
CKHE OCHOBBI pabOTHI, IPUHIUIIBI CO3aHMS U PAKTHIECKHE OCOOCHHOCTH
(YHKIIMOHMPOBAHUSI COBPEMEHHBIX XMMHYECKHX HCTOYHHUKOB TOKa. OHH
SIBIISIIOTCSA  YCTPOMCTBAaMH, B KOTOPBIX PEANU3yeTcsl ANIEKTPOXUMHUYECKas
SHEPrOKOHBEPCHs — TEXHOJOTHS, UCIONB3YIONasl METObl MPSIMOTo Mpe-
00pa3oBaHUsI XUMHUYECKOH 3HEpruM B 3JIEKTpUUecKUil TOK. Bompocs! pa-
00TBI XMMHYECKHX HCTOYHUKOB PA3IWYHOTO THIA JOCTATOYHO IIHPOKO
OCBeIIIeHB! B MOHOTpa(HUsIX U CHpaBOYHHKAX. B TO e BpeMs OTeueCcTBEH-
HbIE y4eOHbIE ITOCOOUS MO JAHHOMY Pa3feiy HPHKIaJHOW IEKTPOXUMHU
oomee 20 €T He U31aBaJINCh.

HeobxonuMocTh B TakoM y4eOHHKE OOBACHAETCA W TeM, 4YTO pas3pa-
00TKa DJIEKTPOXMMHYECKUX HaKONMUTENeH M IpeoOpazoBaTtenell dHEPruu
JU1s1 9HEProdM(HEKTUBHOTO M HKOJIOTHYHOTO TPAHCIIOPTA, POOOTOTEXHUKH,
pactipenienéHHOM W BO30OHOBISIEMOM HHEPreTHKH BXOJAHT B IEpedYeHb
NIPUOPUTETHBIX HAYYHBIX 33124 POCCUMCKON HAYyKH.

B mocoOun nmpuBOAATCS OCHOBHBIE XapaKTEPUCTHKHA XUMHYECKHUX HC-
TOYHUKOB TOKa paznuuHoro tuma. [logpoOHO paccmaTtpuBaroTcs (HU3NKO-
XMMHYECKHE OCOOCHHOCTH INPOTEKaHWs MapLHAIBHBIX 3JIEKTPOIHBIX pe-
aKIHMi, a TaKke TOKOOOPa3yIOIIMX MPOLECCOB B aKKyMYJISITOpax, rajbBa-
HUYECKHX U TOIUIMBHBIX 37eMeHTax. Ocoboe BHHMaHHE YAEIECHO OIHCa-
HUIO KWHETHYECKNX IPUYMH BO3HUKHOBEHUS MOJSPU3AINU 3SJIEKTPOJIOB
XMMHYECKOTO MCTOYHHWKA TOKA, BBI3BIBAIOIICH HEOOpaTHMBIE SHEPronoTe-
pu mipu ero pabore. [TpommmocTpupoBaHsl 0COOEHHOCTH KOHCTPYHPOBA-
HUS U ONHCAaHBI OOJACTH NPHMEHEHHS 3JICKTPOXMMHUYECKUX 3HEPrOKOH-
BEPCUOHHBIX YCTPOUCTB.

Ilocobue npennazHaueHO AJIsI CTYAEHTOB CTApIIMX KypCoB OakalaBpHa-
Ta, MAaTUCTPaTyphl U CIEIUAINTeTa, O0yUJarOIIUXCs M0 HalpaBleHusIM "Xu-
must", "Xumud, Qu3rKa 1 MexaHWKa MaTepuaiioB', "XUMHUYECKHE TEXHOJIO-
run" U cnenuansHocTy "@yHaaMeHTanbHas U IPUKIIagHas XUMUs'".

YuebHOe mocobue u3gaHo npu (GUHAHCOBOW mojnepkke Munucrep-
cTBa 00Opa3zoBaHus M Hayku Poccuiickoit @eneparmu B pamkax ['ocynap-
CTBCHHOTO 3aJlaHHs By3aM B cdepe Hay4yHO#l nesrenbHOcTH Ha 2014—
2016 rr. (mpoexT Ne 675).

ABTOpEI 3apaHee OJarofgapHbl YUTATENSAM 33 KOHCTPYKTHBHBIE OT3BI-
BBI, TIOJIE3HBIE COBETHI M KPUTHIECKUE 3aMEUaHHs.
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T'maBa 1

KPATKASA TEOPHUSA
SJEKTPOXUMHAYECKOM SHEPTOKOHBEPCUH

1.1. OcHOBHBIE THIIBI XUMHYECKUX HCTOYHHKOB TOKA

XUMHUYECKUM UCTOUYHUK TOKA — YCTPOUCTBO, KOTOPOE HANpsAMYIO IIpe-
0o0pa3yeT XMMUYECKYIO0 SHEPIHIO BEIIECTB (OKUCIHUTENSI U BOCCTAHOBUTE-
JIs1) B DJIEKTPUUECKYIO DHEPTHI0. B MHBIX SHEPTrOKOHBEPCHOHHBIX YCTAHOB-
Kax, HampuMep, Ha TEIJIOBBIX D3JIEKTPOCTAHILHUAX CrOparollee TOTUIUBO
mpeoOpasyercss B TEIUIOBYIO DHEPTHIO, KOTOpas 3aTeM IpeBpaIlacTcs B
MeXaHHYEeCKYI0 SHEPTUIO B ITAPOBOU TypOWHE, CBSI3aHHOW C TEHEPaTopoM,
BBIPa0aTHIBAIOIIMM 3JIEKTPUUECKUN TOK. B XUMHUUECKHUX UCTOUHMKAX TOKA
9TOT MHOT'ORTANHBIM MPOLECC 3aMEHSAETCSl €NUHCTBEHHBIM ITAlloOM 3JIeK-
TPOXMMHUYECKON 2HEeprokousepcuu (puc. 1.1).

XUMUYECKAS SHEPTUS TONIUBA U OKUCIIUTENS
Kamepa cropauus XUMUYECKWA
UCTOYHUK
{ TOKA
TENNOTA
MapoBas Typ6uHa
MEXAHUYECKAS SHEPTUS
nekTporeHepaTop
SNEKTPUYECKAS SHEPTUA

Puc. 1.1. Oramsl npeoOpa3oBaHusl XUMHUYECKOH SHEPTUH B JNEKTPHUECKYIO
TPaJUIMOHHBIM U MIEKTPOXUMUYECKUM CIIOCOOaMH



6 COBpeMeHHble XumudecKkue uCmo4HuKu moka

Kaxk cnencteue, Takue cucTeMbl 00J1a1at0T 00jiee BRICOKOW YHEPTETH-
4ecKOH 3 PEeKTHBHOCTEIO.

[Ipocrelimuii XMMHUYECKUI MCTOYHHUK TOKA COCTOHMT M3 OJTHOM 3JIEK-
TPOXUMHYECKOM SUCHKH, WIH HNEKTPOXUMHIECCKOTO d1emeHma. B 3aBucu-
MOCTH OT MpPUHIHMIA PabOTHI, BCE IEMEHTHI KIACCUDHUIUPYIOTCS CIEIy-
IOIUM 00pa3oM.

Tlepsuunvie snexmpoxumuseckue dnemenmol, THAUE — 2ATbBAHUYECKUE
971eMeHmbl, — XAMUIECKHE UCTOYHUKH TOKa OJTHOPa3oBOro neicTsust. OHU
coziepkaTr (HUKCUPOBAHHOE KOJIMUYECTBO OKHCIIHTENS W BOCCTAHOBHTEII,
KOTOpBIE HEOOPATUMO PACXOAYIOTCS B XOJIE DIICKTPOXHUMHUYCCKON pEaKIuu
(paspsioa >neMeHTa), TIO3TOMY TICPBUYHBIN 3JICMEHT HE MOXKET OBITh HC-
0JIb30BaH MOBTOPHO.

Bmopuunvie anexmpoxumuueckue anemenmol (AKKYMYIAmopsl) — Xu-
MUYECKHE WCTOYHUKH TOKa MHOTOpPA30BOTO ACHCTBHUS. Takyr BO3MOXK-
HOCTH 00ECTICUMBAIOT OOpaTHUMbIE JICKTPOXUMHUYECCKHAE PEaKIUU, TPOTe-
Karomue B deMenTe. [1of JelicTBHeM 3JIEKTPUIECKOTO TOKa OT BHEUTHETO
HCTOYHUKA MOXKHO OCYIIECTBUTH 3aps0 SJEMEHTa, T.C. 3aCTaBHUThH DIICK-
TPOXUMHYECKUE MPOLIECCH UATH B 0oOpaTHOM Hampasienun. Kak cuen-
CTBHE, pPEarcHThl BOCCTAHABIHMBAIOTCS B MX NEPBOHAYAILHOM BHUJC, a 3a-
TaceHHas B HUX XUMHUUYECKasi DHEPTusi MOKET ObITh UCIOIb30BaHA MOTpe-
ourterneM BHOBB. [Iporiecchl 3apsiaa/paspsna, T.e. Yyukiuposanie BTOPUIHO-
TO 3JIEMEHTa MO>KHO TOBTOPATH COTHH HIIM Jake THICSYU pa3. DTo Tpe-
HMYIIECTBO aKKyMYJIATOpa 0COOEHHO Ba)KHO, IOTOMY YTO CTOMMOCTH BTO-
PUYHOTO 3IIEMEHTa, KaK MPAaBUIIO, 3HAYUTEIHHO BHIIIE, YeM MEPBUYHOTO.
Kpome TOro, BO3MOXKHOCTh OOPATHOTO XMMHYECKOTO IMPEBPALICHUS II0-
BBIIIAET SKOJOTMYHOCTh XUMHUECKOTO HCTOYHHKA TOKA.

Tonnusnvie 21eKmpoxumuyecKue d1emMeHmsl, OOBIYHO Ha3bIBAEMBIE
TIPOCTO MONAUBHBIMU DNIeMeHmamu, — XUMAYECKIe UCTOYHUKH TOKa He-
MIPEPHIBHOTO JCHUCTBUSA. B oTiMUne OT MEPBHYHOTO U BTOPUIHOTO JIEMEH-
TOB, OHH MOTYT paboTaTh JO TeX IMOp, TMOKa pearcHThl TOJA0TCS B
YCTPOICTBO U3BHE.

TunuvHbIe 00JACTH MPUMCHEHUS] XMMUYECKIX MCTOYHHUKOB TOKA pas-
HOTO THMA — IOPTATUBHASI DIICKTPOHUKA (COTOBBIC TeNe()OHBI, HOYTOYKH),
aKKyMYJISITOPHBIE HHCTPYMEHTHI, CTApTEPHBIE U TATOBBIE OaTtapen /s aB-
TOMOOMIICH ¥ 3JeKTpoMoOmiel. PacTeT 4nciio CTaroHapHBIX MPUIOXKe-
HUH, TaKUX KaK CHCTEMBI PE3epPBHOTO M aBapUHHOTO DJICKTPOIUTAHUS, a
TaK)Ke XpaHEHHS SHEPTHH BO30OHOBIIAEMBIX HCTOUHHKOB.
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1.2. DyIeKTPOXUMHUYECKHIT IJIeMeHT

XapakTepHOH 0COOCHHOCTBIO YJIEKTPOXUMHUECKOTO dJIEMEHTA SIBIISIET-
Cs TO, YTO DJIEKTPUUECKUIM TOK, KOTOPBIH MOSBISETCS BO BHEIIHEW 1IENH U
TIPEACTABIIAET TOTOK 3JIEKTPOHOB, TEHEPUPYETCS 3a CUET JEKTPOXUMHUYE-
CKUX IPOLIECCOB HA 3JEKTPOAaxX. Duekmpoo — 3To nByx(daszHas cucrema,
COCTOSIILIAS U3 DJEKTPOHHOTO M MOHHOT'O MPOBOJHUKOB, HAlPUMED, U3 Me-
Talyia ¥ KOHTAaKTHPYIOILIETO ¢ HUM pacTBOpa AMEKTpoauTa. B oriamuue ot
9JIEKTPUYECKOTO TOKa BO BHEIHEH 1IeTH, TPAHCIIOPTUPOBKA 3apsiia B pac-
TBOpE 3JIEKTPOJIUTA MEXKAY 3JIEKTPOAAMH OCYyIIeCTBIsAieTcs HoHamu. [la-
nee, IUIsl KPaTKOCTH, SJEKTPOIUTOM OyJieM Ha3bIBaTh JIIOOYI0 HOHIPOBO-
JUITIYIO (ha3y JIEKTPOa — pacCTBOP, PACIUIAB MITH TBEPIBINA SJIEKTPOJIUT.

Kak e renepupyercs 37M€KTpUYECKUI TOK B XUMHUUYECKOM HUCTOYHHKE
Toka? J[is oTBeTa Ha 3TOT BOIPOC PACCMOTPHM PadOTy MPOCTEHILEro
3JIEKTPOXUMHUUECKOTO 3JIEMEHTA, KOTOPBIA COCTOUT U3 METAIIOB M1 u M>,
KOKIBIA M3 KOTOPBIX KOHTAKTHPYET C MPHUMBIKAIOIIUM PAacTBOPOM JJIEK-
Tponura L1 u Lo:

M1 | Ly | L2 | M2, M. (1.1)

CrjiomHas BepTUKaidbHas 4epTa 0003HaUaeT rpaHully pasnena ¢a3 ¢ pas-
HBIM THIIOM JJICKTPHYECKOH IPOBOIMUMOCTH, T.€. TPAHMILy MEXIY dJICK-
TPOHHBIM W MOHHBIM IIPOBOAHMKAMH. [IyHKTHpHas NUHHUS OTBEdYaeT Ipa-
HUIIE pa3zeia JABYyX PacTBOPOB, CTAOMIM3MPOBAHHOM ¢ moMOIIbI0 I (a,
MeMOpaHBl WJIM WHBIM CIIOCOOOM, TPEIOTBPANIAIONINM IepEeMEIIHBAHUC
JKUIKOCTEH.

Onexrpoxumuueckas nensd (1.1) m3oOpakeHa MPaBMIIBHO PAa30MKHY-
TOH, TIOCKOJBbKY OHA HAYMHAETCSA U 3aKaHUMBAETCS OJHUM U TEM XKe Me-
TaJIOM, B TaHHOM CJTydae 3710 M.

Hapsny ¢ (1.1), ucrions3yercs u nHas ¢popma H300paKeHns 3IEKTPo-
XUMHYECKOW TIeTH, MpeacTaBieHHas Ha puc. 1.2. OHa Gosiee ymoOHa st
oJICYeTa CyMMapHOH 3JEKTPHYECKO paboTHl B X0/I¢ MBICIIEHHOTO KPYTO-
BOT'0 MEPEHOCA HEKOTO SAMHUYHOTO MOJIOKHUTELHOTO 3apsiia ¢o:

A, =g, U0)+(g" —g")+(g" - ")+

(12)
+(g"-g")+(g" -g")]=0.



8 COBpeMeHHble‘ XumudecKkue uCmovYHuKu moxka

31ech g — BHyTpEeHHHH AIIEKTPHYECKUN MOTEHIINAT COOTBETCTBYIOMIEH (a-
361, a U(0) — HanpsDKEeHHe Ha KOHIaX Pa3oOMKHYTOH mend. ITockombKy cima-

raeMsle ( g —gBa") u ( g™ —gM') B3aUMHO YHHUTOXKAIOTCS, B 3aIHCU
(1.2) onu He IpeACTABICHEI.

o U(0) —
Bakyym M

M, ’
. |s Ll sla 1;2 .|s Ny 2

Puc. 1.2. [IpaBuibHO pa3oMKHYTasl SJIEKTPOXUMHYECKas LEeb (cxema)

BseneM B paccMOTpeHHE BHYTPEHHIOK KOHTAKTHYIO Pa3HOCTb IOTCH-
LUAJIOB MEXJY TOUYKAaMH, PACIOJIOXKEHHBIMM BHYTPU KOHTAKTUPYIOLIMX
OpPOM3BONIBHBIX (ha3 o u [3, 3a4acTyl0 Ha3bIBAGMyH0 TIalbBaHH-
MIOTEHIMAJIOM WM I'aJlbBaHU-CKaYKOM:

Ag,, =g —g". (1.3)
IIpu sTom (1.2) npuHUMaeT BU:
U(O):Ang\Ll +Ag1«1\1«z +AgL2\M2 +AgM2\M|’ (14)

T.€. HaNpsDKEHHE Pa3OMKHYTOH 3JIEKTPOXUMUUECKOH IeMH, JIETKO u3Mepsi-
€MOC Ha ONbITE, MPOCTO CYMMHPYCTCA U3 TraJibBaHU-CKAYKOB Ha BCEX
BHYTPEHHMX I'PaHMIAX, KaKIbIA UX KOTOPBIX OTNIMYeH OT Hyud. Ilocnen-
Hee yKe cIeqyeT W3 paccMOTpeHms BeIpaxeHus (1.3), nbo BHyTpeHHUE
TTOTEHITUABI PA3IUIHBIX TT0 (PU3MUECKON MPUPOE KOHTAKTHPYIOMNX (a3
BCET/1a Pa3iIMYHBL
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3ameTnM, 9TO ecau B mend (1.1) OTCyTCTBYIOT HOHHBIC MPOBOIHUKH,
T.€. OHA COCTOMT JIUILIb U3 PA3HOPOAHBIX IPOBOAHUKOB I pona, To U(0) =0
13-3a B3aUMHOTO YHUYTOXEHUS OJMHAKOBBIX TaJIbBAHU-CKAYKOB C PA3HBIM
3HAKOM, YTO MPEACTaBIsAEeT U3BECTHBIN U3 (HU3HKH 3aKkoH BonbTa. OHAKO
BBEJICHHE B DJICKTPHUECKYIO IIenb MpoBoAHKKOB Il ponma, mpespamas ee B
ANIEKTPOXUMHYECKYT0, TIPHBOAUT K HapyIIeHHWI0 3akoHa BoisbTa, mbo Te-
nieps U(0) # 0.

Pemenue nannoii npo6iemsl naHo A.H. @pyMKkuHBIM, YKa3aBILIUM Ha
MIPUHLIUIUATIBHYIO POJIb PA3INYUi B PU3NYECKOH MpHUpoJie HOCUTENei To-
Ka: B METa/UIe 3TO 3JIEKTPOHEI, a B PAaCTBOPE UIEKTPOJIUTA — HOHBIL. M3-3a
HEBO3MOXXHOCTH CYII[ECTBOBAHHS B CKOJB-TMOO 3aMETHBIX KOJIMYECTBAX
9JIEKTPOHOB B BOJHBIX PacTBOpax, a CBOOOIHBIX MOHOB — B MeTajlle, Ha
Mekda3HON rpanune M | L MpouCXOIUT NPOCTPAHCTBEHHOE Pa3zeieHHE
3aps10B pa3sHbIX 3HAKOB M BO3HHMKAET TaK HA3bIBAEMBIIl IBOMHON AIIEKTpPU-
yeckuit cnoit (IA9C), Mexay oOKIagKaMu KOTOPOro COOCTBEHHO M pealv-
3yeTcs CKauOK NOoTeHUHana Agumr.

Wuoit mexanmsm nossienust J1OC Ha Mexda3HbIX rpaHunax Mi|M: u
L1|L>. B mepBoM ciy4ae IPHYMHOMN CIYXHUT pa3HUIA JIEKTPOHHBIX KOH-
LEeHTpanui, T.e. ¢pakTudeckn yposHeil depmiu, a BO BTOPOM — pas3Iniue B
MOJBIKHOCTH MOHOB, a TaK)Ke UX KOHLeHTpauuil. Ha aToM, kcTaTH, ocHO-

BaH METOJ MNPAKTUYECKHU IOJHOI'0 YCTpAaHCHHS TrajlbBaHH-CKadKa Ang\Lz 5

Korja MeXAy KOHTAKTHPYIOLUIMMHU pacTBopaMu L1 M L2 BBOIWUTCA HEKUMU
JIOCTATOYHO KOHIIEHTPUPOBAHHBIA PACTBOP JJIEKTPOJINTA, TaK Ha3bIBae-
MBI "coneBoil MocT". CoJleBO MOCT OOBIYHO MPEICTABISAET COOOW BO-
HBI pacTBOP COIH, AIICKTPHUYCSCKIE MOABIKHOCTH KaTHOHA W aHHOHA KO-
topoit odenb Oam3ku (KCl, KNO3, NH4NO3). B TakoM pacTBope MpakTH-
YECKU HE MPOHUCXOAUT IMPOCTPAHCTBEHHOTO Pa3/ICICHHs IPOTHBOIIOIOKHO
3apsDKCHHBIX MOHOB, MUGQYHIMPYIOIIMX dYepe3 IPaHMIly pasjenia IBYX
Pa3HBIX [0 COCTaBY PACTBOPOB ANIEKTPOXUMHUUYECKOTO deMenTa. [loatomy
COOTBETCTBYIOIIAs TAKOMY Pa3JIEJICHHIO 3apsJ0B HEPAaBHOBECHAs pa3HOCTh
MOTEHITNAJIOB, WHAa4Ye Ha3biBaeMas "Mudy3HOHHBIA MOTEHIHAN", HE BO3-
HUKaeT. 3alich AMEKTPOXUMHUYIECKON IIETTH Teleph yIPOIIAeTCs:

M| Ly || L2 | M. (1.5)

JIBe BEepTHUKAIBHBIX JIMHUM B CXEME JJIEMEHTAa OTBEUAIOT JKUIKOCTHON
Mex(dazHOU TpaHHUIE ¢ yCTpaHEHHBIM AU()(Y3HMOHHBIM MOTCHIHAIIOM, a
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HamM4yhe KOHTakta M1 | M2 moapa3yMeBaeTcsl 0 YMOIYAHHIO; LIEMH THIIA
(1.5) m 6yryT OCHOBHBIM O0BEKTOM JATBHEHIIIETO PACCMOTPEHHUS.
VYroMsiHEM, 4TO co3/1aHHe (PU3MUYECKH YCTOHYMBOM TI'PAHHUILBI MEXIY
JBYMsI PaCTBOPaMH, NPEAOTBpAILAIONIEH HX IepeMenInBaHue, Ho obecrie-
YHMBAIOLIEH 3JIEKTPUUECKUI KOHTAKT, SBJIACTCS BEChbMa HEIPOCTOW JKCIe-
PUMEHTANbHOM 3aladeil, TeM HEe MeEHee, YCICIIHO PEllacMOd pa3HbIMU
croco6amu — Ui, NOTyIpOHUIIaeMas HOHOOOMEHHast MeMOpaHa 1 T.J.
Bepremcst k paccmotpernnio BeipaxeHus (1.4). OcHoBHas mpobGirema
Haxoxaenus U(0) mo jaHHOMY YpaBHEHHIO CBSI3aHA C TE€M, UTO TajlbBaHH-
noreHuuan Ag,; Ha mo60i Mexk(pasHON rpaHuLEe HE TONBKO (QH3NIECKH

HEU3MEPHM, HO MOKa HE MOXKET OBITh U PACCYUTAH CO CKOJb-TUOO MPHEM-
JIEMOM TOYHOCTBIO. JIEHCTBUTENBHO, OH ONPEAETAETCS PA3HOCTHIO XUMH-
YECKHX MOTEHIHANIOB TOTEHIIMAI-ONPENENSIONIUX YACTHI] i-T0 COpTa B (a-
3ax oL U f3:

o

u;

ola)

B 0(B) a
oW W R e (1.6)
z,F z,F ZF

i

Ag ofp =

i

a HaAXO0XJACHUC BCIIMYMWHBI CTAHAAPTHOI0O XUMHYCCKOI'0 MOTCHIIMAIa H,? , B

OTJIMYHUE OT aKTUBHOCTH @i, HCBO3MOKHO.

HpI/IMeM, 4To MeTaiuibl M1 u M> IIpHU KOHTAKTE C BJICKTPOJIUTOM 4Ya-
CTUYHO PAacCTBOPAIOTCA B aKTMBHOM COCTOSIHUU C 06pa30BaHI/I6M COOTBECT-
CTBYIOIIUX KaTHUOHOB!

M 2M +ze, (1.7)
M, 2M? +z,e, (1.8)

T.€. TIPEACTaBIAIOT coboit amekTpoabl I pona. IlycTs, i onpeneneHHo-
CTH, JICKTPOXUMHUYECKasi aKTUBHOCTh MeTaJia M| B MPOIIECCe OKUCIICHUS
BEIIIIE, a MIOTOMY BBIIIE W KOHICHTPAIMs W30BITOUYHBIX AJIEKTPOHOB. JlaH-
Has CHUTYyalus CXeMaTHYEeCKH OTpakeHa Ha puc. 1.3, mpu 3TOM paBHOBEC-
Has DJCKTpOXMMHUYecKas memnb (1.5) Temepb 3ammchIBacTCs CICAYIOIIUM
oOpazom:

O M| M3 || M3 | Ma (). (1.9)
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Puc. 1.3. DnexTpoxuMHYECKHii 3IEMEHT U3 31€KTPo10B I poga

3aMeTuM, 9TO B KOKIOM M3 METAJJIOB U30BITOYHBIC JIEKTPOHBI H300-
PaKEHBI JIOKATM30BaHHBIMU Ha MeX(a3HOH TPaHHIIE CO CTOPOHBI METAJIIA,
T.e. Ha MeTayumueckor ookiIanke JIC. [locnennee He cirydaitHo, HOO 1MO-
SIBJIGHUE DJIEKTPOHOB B 00beMe MeTaijia HEM30eKHO MPUBEAET K Hapylle-
HUIO0 (YHIAMEHTAIbHOTO YCIOBUS dJIEKTPOHEUTpambHOCTH (pas3bl. Bompoc
0 TPOCTPAHCTBEHHOM pAaCIpeeNIeHUN KaTHOHOB HECKOJBKO CIOKHEE H
JIETATbHO PacCMATPHUBAETCS B TEOPUSX CTPOCHUS JKUIKOCTHOH OOKIIAIKH
J2C.

[Mpumepom srekTpoxumudeckod menu Tuma (1.9) MOXeT CIIyXUTh
snemeHT Janusns-SIkoou:

() Zn | ZnSO4 || CuSO4 | Cu (+), (1.10)

n3o0paxkeHHBIN Ha puc. 1.4. PaznmencHue pacTBOPOB B JaHHOM Clirydac
MPOMCXOAUT 3a CYET KCIOJh30BAHHSA CermapaTopa, 00ECIIeUHBAIOIIETO
HOHHBIN MEPEHOC MEXKIY ABYMsI JJICKTPOTHBIMH CCKIIASIMH.

3aMKHEM BHEIIHIOI IIETb JJIEKTPOXUMHUUecKoro snementa (1.9) me-
TaJUTMYECKUM TMPOBOJHUKOM Yepe3 HEKOe OMHYECKOEe COMpPOTHBIECHHE 7.
IIpu 5TOM MPAKTHYECKH MTHOBEHHO MPOUCXOAUT YXOJ SJEKTPOHOB C Me-
Tayuia M1 BO BHEIIHIOIO IIEMb, YTO BBI3BIBAET €r0 JIOTIOJHHUTENBHOE pac-
TBOPCHHUE U COXPaHEHUS IEKTPUIECKOTo OaaHca 3apsIoB; paBHOBECHE
(1.7) B uTore cMemaeTcs BIpaBo, HO TEM HE MEHEE COXPAHSIETCS.
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=
= Z ¥
L~
.. W
Zn f -
- -] o .
n & «—=—Cu «~Cu
/n f Cu ’
\ZnSO4 § CLISOﬁ

Puc. 1.4. Dnexrpoxumudeckuii anement Januans-Axodu

HampoTus, paBHOBecue (1.8) yxe cmemaeTcs BIeBO, HOO aCCHMMIIS-
1M TTOCTYMAKMUX Ha M> U3 BHEIIHEH ENu 3JIEKTPOHOB B MOJIHON Mepe
00ecreYnBaeTCsl IPOLECCOM BOCCTAHOBICHHS KaTHOHOB M ;2" . Tlostomy

npaBmiIbHee mporecc (1.8) 3amucars nHaye:
M3 +z,e 2M,. (1.11)

CoO0TBETCTBEHHO OpyTTO-peakuus B neKkTpoxuMmudeckoi nemnu (1.9), ss-
JIAIOIIAsiCSl pe3ynbTaToM (OPMAIBHOTO CyMMMpOBaHMA peakuui (1.7) u
(1.11), TakoBa:

M, +z M 2 zM,+z,M". (1.12)

[puamumuanero, yro xoTs (1.12) mMeer Bua OOBIMHOW XUMHYECCKOM
Ox,Red-peaknuu, pakTHuecKu 3TO Pe3yIbTaT CIOKHOTO MPOIecca, COCTO-
SIIIETO U3 JIBYX T€TEPOTeHHBIX, MPUYEM MPOCTPAHCTBEHHO-PA3/IEICHHBIX
JIEKTPOXUMHUUECKUX TONypeakiuii, OJHOBPEMEHHO TMPOTEKAIONINX Ha
KaKJIOM M3 3JIEKTPOJIOB, HO B Pa3HBIX HANIPABICHHSIX.

K mpumepy, mpomeccsl, mpoTekaromue B anemMenTe JlaHmans-Skoowu,
HUMEIOT BUII
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Zn & Zn*" + 2e (moiypeakuys OKHCIEHHs),

Cu?*' +2¢” = Cu (momypeakuys BOCCTaHOBJICHH);

Zn + Cu** 2 Zn* + Cu (6pyTTo-peakuus).

B srexkTpoxXMMudeckoi MpaKTHKE AJIEKTPON, Ha KOTOPOM IPOTEKaeT
MONypeaK¥si OKUCICHHUS W TCHEPUPYIOTCS W30BITOYHBIC 3JCKTPOHEI,
OOBIYHO HA3BIBACTCA AHOOOM, 9TO OTMEYaeTcs cuMBoyioM (—). Hamporus,
€CITH Ha 3JIEKTPOJEe peanusyeTcs HONypeaKklus BOCCTAHOBJIEHHS, COIpO-
BOXKIaeMasi aCCHMMIIALMEH 3JIEKTPOHOB, TO OH HA3bIBACTCS KAmMooom H
obo3HavaeTcs cuMBOIoM (+). JlaHHas cucTeMa MapKHPOBKH AJICKTPOJOB
COOCTBEHHO y)ke OblIa MCIoJIb30BaHa mpu 3amucH teneit (1.9) u (1.10), a
TaKkxe oTpakeHa Ha puc. 1.3 u 1.4.

W3noxeHHOE BBIIIE OTHOCHTCS K padoTe MEepBUYHOTO M TOILTHBHOTO
ANEKTPOXUMHUYCCKUX 3JIEMEHTOB. [lONSAPHOCTh 3JEKTPOIOB BTOPHYHOTO
JJIEMEHTa, T.e. aKKyMyJSTOpa, B MPOIEcCe ero 3apsiia MEHSIEeTCs Ha Mpo-
TUBOMOJIOXHYI0. [locnennee cBsA3aHO C TeM, YTO 3JIEKTPOAAM aKKyMyJIsi-
Topa "HaBs3bIBaeTCA" IOJIIPHOCTH BHEIIHETO WCTOYHHKA IHTAHUS, HC-
MOJIL3YEMOTO JUTSl 3apsiiku, a TotoMy mporecchl tuma (1.7) m (1.11) te-
Ieph MPEUMYIIECTBEHHO MPOTEKAIOT B 00paTHOM HampaBieHHH. OmHAKO
mocJjie TpeKparieHus Iporecca 3apsaaa akKyMyJsITopa OH HauuHaeT pado-
TaTh KaK raJbBAHUYCCKHI JIEMECHT C OOBIYHOM MOJSPHOCTBIO AJICKTPOIOB:
OTpULIATENHHON Ha aHOJIE U MOJIOKUTEILHON Ha KaToJe.

CrnemyeT IMETh B BUY, YTO B NIEKTPOXMUMUYECKUX MTOIYPEaKIHIX Te-
Heparyy U30BITOYHBIX IEKTPOHOB (HA aHOZE) W MX NOTpebieHus (Ha Ka-
TOJIe) IPHHAMAIOT YYaCTHE COBEPIICHHO Pa3HbIC YaCTHIBI, HOO METalIH-
YecKHi TPOBOAHUK BHEIIHEH IIEMH SBISACTCS PE3epBYyapoOM AIICKTPOHOB
0ECKOHEYHO OOINBIION MOIMHOCTH. bolee Toro, B 3amucu OpyTTO-peakiuu
(1.12) »nexTpoHBI, Kak BO3MOXKHBIE ""peareHThI", B IBHOM BHJIE BOOOIIE HE
¢urypupyrot, n00 ciaraeMble BUAA Ziz2e MPHUCYTCTBYIOT Kak B IPaBoii,
TaK U JIEBOW YacTH JAHHOTO YpaBHEHUS. DTUM, COOCTBEHHO, U OOBSICHSET-
sl TOT (akT, 9YTO B XOJI€ PAOOTHI AIEKTPOXMUMUIECKON [ENH Yepe3 00
€e yJacTOK 3a IPOM3BOJIEHBEI MOMEHT BPEMEHH MIEPEHOCHTCS] OJUH M TOT
JKE ANEKTPUICCKUH 3apsll, a 3HAYUT U TEHEPHPYEMBIH JIEMEHTOM TOK Ha
BCEX y4YacTKaX OJMHAKOB.

B o0miem cry4yae Ha aHOZE AIIEKTPOXHUMHUYECKOTO JIEMEHTA MPOTEKACT
MOy PEaKIUs OKHCICHUS:
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Ve Red, 2 v, OX, +1¢, (1.13)

a Ha KaToA€ — BOCCTAHOBJICHHA .

(1.14)

Vo, 0%, +ne” 22 vy Red,,

B UTOTe OPYTTO-TIPOIIECC MMEET BHJ JOCTATOYHO CIIOXHOM, B OOIIEM CITy-
qae, xummraeckoir Ox,Red-peakunu:

Vo Red, +V,_OX, 2 Vo OX, + vy, Red,. (1.15)

Onekrpoxummdeckue peakimu (1.13) u (1.14), B KOTOPBIX IS yIPOIICHHUS
3aMKMCH MPUHAMACT y4acTHE OJHO M TO XK€ YUCIIO JJIEKTPOHOB, SIBISIOTCS
nomenyuanonpeoenaowumu, Toraga kak mnpouecc (1.15) Hocut HazBaHue
moxoobpazyioueco. COBOKYITHOCTh aKTHBHBIX BEUIECTB aHOAA, KaTola |
9JIEKTPOIIUTA HA3BIBACTCS IEKMPOXUMULECKOU CUCMEMOU dTeMeHmdA.

B camom o0mieM Buzie JIEKTPOXUMUYECKAs CUCTEMa U CXeMa TeHepa-
IIUH JIEKTPOHHOTO TOKA B rajbBaHMYECKOM 3JIEMEHTE MOTYT OBITH 3aIu-
CaHBbI TaK:

e_ [
(e
(-) Red, | Dnekrponut | Ox2 (+)

N — - —
aHoxa KaTonq

DIIeKTPOXUMHYECKask CUCTEMa aKKyMYJISITOpPA 3aBUCHT OT PEXHUMa €ro
paboTbl. B ciyuae paspsiia oHa coBIagaeT C aHAJOTMYHOM cXeMo# mep-
BUYHOTO 3JIEMEHTa, a MpH 3apsaje aKTUBHBIMU BEIECTBAMH 3JIEKTPOJOB
CTaHOBATCS YK€ IPOAYKTHI pa3psija:

pedicum pazpsaoa pedcum 3apsaoa

- o e | e
.
(-) Red; (-) Ox; | Dnexrponut |Red,(+)

Onektponut |Ox2 () 2 —7 ' 7 —_—
aHo[ KaTo

_— KaTon aHona
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[Ipu 3TOM HE3aBHCUMO OT PEKUMA PaOOTHI MOTECHIHAN PABOTO 3JIEKTPOAA
BO BTOPUYHOM 3JIEMEHTE MOJOXKHUTENEH, a JIEBOro — oTpuuareneH. B 1o xe
BpeMsl IpHUpOJa IEKTPOJHOTO Ipolecca (OKUCIEHHE HIN BOCCTaHOBIIE-
HUE) ONpeJeNsieTcs TeM, pa3pspKaeTcs WM 3apspKaeTcsl ycTpoucTso. Ilo-
9TOMY BMeCTO 00o3HaueHHH "aHox" M "KaTox" MpH ONMUCAHUM AKKyMYyJIs-
TOPOB 3a4acTyI0 MCIOJB3YIOTCS TEPMUHBI COOTBETCTBEHHO 'OTpHUIATEIb-
HBIH 3J1eKTpoa" U "TIOJIOKUTEIIBbHBINA IEKTPOA".

B TomMBHOM iIeMEHTE AIIEKTPOIHEPT U 00pa3yercs 3a CYET XUMHIUe-
CKOM peakiuy MeXAy OKHCIUTEJIEM U BOCCTAaHOBUTENEM, HEIPEPHIBHO I10-
CTYHAIOIIMMHU K HEPacXOAyeMBIM 3JEKTPOAaM U3BHE; MPOIAYKTHI TOKOOO-
pasyromieif peakiiy TaKkKe HEeNPEPHIBHO BBIBOAATCS U3 TOILIMBHOTO 3Jie-
MeHTa!

e ¢
i 2z .
(-) Anoa| Buekrponut |Karon (1)

Red; ._/ \“"‘_‘O}(z

Ox; Red;

1.3. PaBpHOBecHO€ HaNPsSKEHHeE YJIEKTPOXUMHYECKOT0 YJIeMeHTAa.
J1eKTPOAHBIA NOTEHI[HAJ

OnHOI1 M3 OCHOBHBIX XapaKTEPUCTUK JFOOOr0 XUMHUYECKOr0 UCTOYHH-
Ka TOKa ABIsIETCs ero OectokoBoe HanpsukeHue U(0), KoTopoe MOXKHO BBI-
pa3uTh ABOSIKMM 00pa3oM:

— 4uepe3 CymMMy (H3HUYECKH HEH3MEPSIEMBIX TaJbBaHU-IIOTCHIINAIOB
Ha TpaHHUNax paszena ¢a3 MpaBHIBHO Pa30MKHYTOH 3JIEKTPOXUMHYECKON
menu coriacHo (1.4);

— 4epe3 pa3HOCTh TaK Ha3bIBAEMBIX JIEKTPOJHBIX ITOTCHIHAIOB Ipa-
BOTO 3JIEKTPOa 1IeNH (KaToAa) U JEBOT0 JIEKTPOAA — aHOAA!

U(0)=E_(0)-E, (0). (1.16)
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OnexmpoOubvili nomenyuan — 3TO TAKKE HANPSHKCHHE IIEKTPOXHUMHUYC-
CKOTO 3JIEMEHTA, HO COCTAaBICHHOTO M3 HCCIIELyeMOoro 3ekTpona M | L u
CTaHJIAPTHOTO BOJOPOAHOTO 3JIEKTPOJa, YCTPOHCTBO KOTOPOTO H300paske-
HO Ha puc. 1.5.

Puc. 1.5. Cxema BomopogHOTO
JJIeKTposa

H>SO4

l

JlocTaTOYHO yCTOMYUBBEIA U BOCIPOU3BOJUMBINA NOTEHIMAT BOJOPOJI-
HOTO 3JICKTPOIa OOBIYHO PEan3yeTcs Ha IJIaTHHE, 00JIaJaroei OONbIIONH
PEaKIMOHHOM MOBEPXHOCTBIO, UTO JOCTUTAETCS 3a CUET IUIATUHUPOBAHMUS,
T.€. OCAXKACHUS MEJIKOAUCIEPCHOMN TUIATUHBI.

B nenu, npengnazHauyeHHONW 11 U3MEPEHUS AJIEKTPOIHOTO IMOTEHIHA-
J1a, CTAaHJIAPTHBIA BOOPOIHBIN 3JIEKTPOA BCEr1a IIOMEILAETCs CIeBa:

OPL,H2(p=1)|H (a=1) || L|M+). 1.17)

OtMmerumM, uto xota B cucteme CU nmaBneHuto 1 aTM COOTBETCTBYET
101.3 xITa, 6osree kommakTHast popma 3armmcu nenw (1.17) Bee emte mocra-
TOYHO pacnpocTpaHeHa. PaBHOBECHOE HaIpsDKEHUE TAKOHM LEnu, clenys
(1.16), Haxomutcs o popmyore:

U0)=E,, (0)-E"  (0), (1.18)

H',H,|Pt

rae E°

H* H, Pt — CTaHAAapTHBIU NOTEHIIMAI BOAOPOJAHOI'O SJICKTPOJAa.
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Me)!(,[lyHapOZ[HLIMI/I COTJallleHUIMH B 00JIacTH TCOpeTH‘IeCKOﬁ 9JICK-

0 _ o
TPOXMMHH HPHUHATO, YTO EH*,HZ\m =0, npuueM npu JiodoH Temmeparype.

ITosTOoMy HampsiKeHHE IPOU3BOJIBHOTO AJICKTPOXMMHUYECKOTO 3JIEMEHTa,
COCTABJICHHOT'O M3 U3y4aeMOro 3JeKTPOAa M CTaHAAPTHOTO BOAOPOIHOTO,
IPOCTO  pPaBHO  MOTEHOMATy  MCCIEAyeMOro  3JIEKTpoxa,  T.e.
U(0) = Ey, (0).

K mpumepy, amst n3MepeHus paBHOBECHOTO IMOTEHIIHANIA TIPOU3BOIHHO-
ro Ox,Red-anexrpoma, peammu3yeMoro Ha IUIaTHHE, CIEIyeT COCTaBUTH
ANEKTPOXUMUIECKYIO I[ETIb:

(1) Pt Ha (p=1) | H" (a = 1) || Ox, Red | Pt (+), (1.19)

mpu 3toM U(0) = Eoxred(0). Eciii, K TOMy K€, aKTHBHOCTH YYaCTHHKOB
QNIEKTPOXUMHUYECKOW TMOJMYpeakMi Ha KaTole paBHBI CIUHHIE, TO
HaliieHHoe 3HaveHue U(0) mpencTaBisgeT CTAaHAAPTHBIA TOTEHIMAI
Ox,Red-anekrpoaa, 0603HauaeMBbIit ngmed.

JlaHHBIE O CTaHAAPTHBIX MOTEHIHMANAX PA3IMYHBIX IEKTPOTHBIX CH-
CTEM TIPUBEJICHEI B CIIPABOYHOH JHTepaType. MIX HCIonb30BaHNe TO3BOIIS-
€T BBIIBUTDH XapakTep CyMMAapHOH XMMHYIECKOH peaKIny, IIPOTeKaromel B
ANEKTPOXUMHICCKOH IICTIH.

Tak, ms snektpona | poma Zn?' | Zn, pearu30BaHHOTO B BOJHOM pPac-

TBOpe npu 298 K, 3HaueHue E;ﬁz“ =-0.76 B. Cornacho (1.18) 3To 03Ha-

yaet, uro HanpspkeHne U(0) cOOTBETCTBYIOIIEH PABHOBECHOH 1IeTTH
APLH (p=1)|H (a=1)| Zn* (a=1)|Zn (+) (1.20)

OTpPHUIATENbHO, a 3HAYHT, KaK OyIeT MoKa3aHo fajee, A NPOoTeKaromel B
JAaHHOM IeMH OpyTTO-peaKkuuu

Zn** + Hy 2 Zn +2H* (1.21)

o o 0
W3MEHEHUE CTaHIApTHOH cBoOomHOW sHepruu I'mbdca AG,, >0. Dror

pe3ysbTaT MOKA3bIBACT, YTO B ICMH CAMOIPOHM3BOJILHO MPOTEKAET IIPO-
mecc, oopartueiii (1.21), T.e. cocTosIuUi W3 HOHU3AIMH [TUHKA (HA aHOZE) U
BoccraHoBieHus H' (Ha xaToze).

Harnpotus, ans anektpona I poma Cu® | Cu 3HaueHHE Ecouy‘ L 0.34 B,

T.C. IIOJIOKUTCIIBHO. HOSTOMy B CTaHAAPTHBIX YCJIOBUAX IJId DJIEMCHTa

C



18 Coepemennbvle xumuiecKue UCmoyHUKU mMoKd

O PL,H2(p=1)|H (a=1)||Cu* (a=1)| Cu(+) (1.22)

snavenue U(0) = E°

ciea > 0, a 3HAYUT TOKOOOPA3YIOIIIAs PEAKIIHS

Cu?* +H; 2 Cu+2H", (1.23)

TIPOTEKaeT CaMOMPOM3BOJILHO, MO0 Tereps AGy . < 0.

Hcnonp3oBanne Ta6JII/ILI CTaHAAPTHBIX JJICKTPOAHBIX IMOTCHIHUAJIOB
MO3BOJISIET JICTKO HAWTH CTaHAAPTHOC PABHOBCCHOC HAIIPSIKCHUE MPOU3-
BOJIBHOI'O 3JICKTPOXUMHUYECKOTO 3JIEMEHTA, UCIIOJIb3Ysl COOTHOLICHUC!:

U'=E-E.. (1.24)
B wactHOCTH, 1151 3n1emenTa Janwmans-Axodu (1.10)

EO

Zn?"/Zn

U’ =E°

cu¥/cu

=1.10B.

JUI IpakTH4ecKOro MCHOIb30BAHMS 3JIEKTPOXUMHUYECKOTO IIEMEHTa
B KaueCTBE HMCTOYHMKA 3JICKTPUUECKOM JHEPIMH 3JIEKTPOIbI BAXKHO BBI-
Oparh Tak, 4TOOBI X CTaHAAPTHBIC NOTEHINAJBI PA3INYAIICh KaK MOXKHO
cuibHee. B TakoMm ciydae HampspKeHHE yCTpoHcTBa OyJeT DOCTaTOYHO
BBICOKHM.

PaBHOBeCHOE HANpsDKCHHE 3IEKTPOXHMHUYECKOTO 3JIEMEHTa KakK B
CTaHAAPTHBIX YCIOBHUSX, TaK U NPH OTIMYHBIX OT €IUHUIBI aKTHBHOCTSIX
peareHToB MOXHO HE TOJBKO M3MEPHUTh, HO M PACCUUTATH IO TEPMOANHA-
MHYECKUM [aHHBIM YYaCTHHKOB TOKOOOpasylomei peaknnu. JleiicTBu-
TEIIbHO, COTJIACHO BTOPOMY 3aKOHY TEPMOJMHAMHUKH, MaKCHMaJIbHAsI 3JIEK-
Tpuueckasi paboTa Asx, KOTOPYIO ClIOCOOHA COBEpIINTH cuctema npu P,T =
= const, cBs3aHA C YOBUIBIO CBOOOAHON »Hepruu ['mb6b6ca mpoTexaromero
XMMHYECKOT0 TPOIecca COOTHOIICHUEM:

Ao =—-AGpy. (1.25)

C npyroit CTOpOHBI, 3JIEKTpUUecKas padoTa 1o HepeHocy 3apsiaa nF Bo
BHEIIIHEeH LIeNH MOJ BJIUSHHEM PaBHOBECHOH pasHocTH noTeHiuanoB U(0)
paBHa

Aon = nFU(0). (1.26)
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3neck F = 96485 Kn/monp — noctosiHaass @apanes. O0beauHss GOpMyITBI

(1.25) u (1.26), npuxoauM K OCHOBHOMY YPaBHEHHIO IEKTPOXUMHUYECKON

TEepMOJIMHAMMKH B ero HanboJsiee KOMIIakTHOH (opme:
GP,T

U(0)=—A—
nF

(1.27)

ITpu caMompon3BOIBHOM TEUEHHUHM IIPOLIECCA Pa3psia 3JIEMEHTa, B KOTO-
poM it XuMHYeckor OpytTo-peakuun AG,, <0, 3Hadenune U(0) moso-

JKUTEeNbHO. HanmpoTHB, HecaMOIIpON3BOIEHOMY TPOIIECCY 3apsaa dIEKTPO-
xuMmdeckoro siemeHta oreedaer U(0) < 0, mbo B JaHHOM ciiydae
AGp,r> 0. OcylecTBUTh TaKOH MPOLECC MOXKHO TOJIBKO 3a CUET BHEIIHE-
r'0 HCTOYHUKA SHCPTHU.

CornacHo ypaBHEHHUIO U30TEPMbl XUMUUECKON peaKkIiuu

H(a;/’ )HPOH
AG,,; =AGY, +RT -In-————— (1.28)

(a),,

i

TZie a; — TepPMOJMHAMIYECKass aKTHBHOCTH i-TO PEarcHTa B CHCTEME, Vi —
€ro CTeXHOMETpHYeCKHH K03()(HUIIMEHT B paBHOBECHOM OpYTTO-IIpoIiecce,
R — yHuBepcanbpHas ra3oBas MOCTOsHHAsA, a [ — CHMBON MpOH3BEICHUS.
IIpumenuTensHo K peakuuu tuna (1.15) snagenne U(0) ¢ yuerom (1.27) u
(1.28) paccuntbiBaetcs o hopmyie:

VRed; Vox,

a
Uu)=u’ +ElnH. (1.29)
n an‘;I ’ Re:zlz2

TepmonuHamMuyeckasi aKTUBHOCTb @; JJIsl i-TO KOMIIOHEHTa KHJIKOTO WM
TBEpPJOr0 PacTBOpa CBA3aHA C COOTBETCTBYIOIIEW MOJIIPHOM KOHIEHTpa-
IUeH ¢; COOTHOIIEHUEM:

ai = Ci*Ya,i, (1.30)

Ie Yai — MOJSPHBI KO(QQHIMEHT akTuBHOCTH. [[ns ra3zoo0pasHbBIX
YYaCTHHUKOB PCAKINHU C MapIHUATIbHBIM TaBJIICHUEM p; BMECTO aKTUBHOCTHU B
dbopmymy (1.29) cnemyet mOACTaBHUTH JIETYYECTh
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Ji=piv, (1.31)

rae Vi — kodddunueHt nerydecti. K npumepy, Ui MHHK-BOIOPOIHOTO
anemenTa (1.20) ¢ TokooOpasyromiei peakiuei, oopataoit (1.21), ypaBHe-
Hue (1.29) npunumaer Bua:

2
aH* : aZn
aZnPr ’ fH2

Crnenmyer UMETh B BUAY, YTO €CIIM METALTUYECKUAN IIMHK HAXOJUTCS B
COCTOSIHMH YUCTOTO TBEPJIOTO BEIIECTBA, KOTOPOE MPUHATO CUYUTATH CTaH-
JapTHBIM, TO azn = 1. B o0mem ciydae, oMHAKO, CHTYaIllss MOXET OBITH
Oonee cnoxHOM. Tak, ecu B kauecTBe aHona anmemeHTa (1.20) ucnonbs3y-
eTcsl aManbrama LIMHKa, TO aza < 1. U3mepenue U(0) Takoit nenu no3BoJisi-
€T, B YaCTHOCTH, HalTH aKTUBHOCTh I[MHKA B aMajbrame, a 3Hasl Czn, U
paccuuTaTh Ya,zn — MOJSIPHBIA KOOPPHUIIMEHT aKTUBHOCTU IIMHKA B aMajlb-
rame.

3nauenne U’ MOxeT OBITH HAMIEHO IO COOTHOIICHHIO, AHATIOTUIHOMY
(1.27), ¢ nmpuBneuenuneM ypaBHeHus ['ub6ca-I'enpmromnpua:

U(0)=U°+gln (1.32)

_AGy, __(AH'-TAS")

U° = =
nkF nk

(1.33)

[Ipu 3TOM cremyeT UCHoIp30BaTh HMEIOIHeCS TaOIMIHbIe JaHHBIE O 3Ha-
YeHUAX CTaHIAPTHOH >HTanbmuu o6pasoanus (A/H°) u surponuu (S°) co-
OTBETCTBYIOIIETO j-TO yYacTHHKAa TOKOOOpa3ylomeld peakIud, a Takxke
YUYUTHIBAs €€ CTEXHOMETPUIO:

AH =3 (vi-A HY)™ =3 (v A HD)T (1.34)

i i

AS® =3 (v, 80)™ =3 (v, - 80)" (1.35)

i i

JIst HEKOTOPBIX COEOUHEHUH, OJHAKO, B TaONMIaX YK€ IPUBEACHbI BEIH-
YUHBI CTAHAAPTHOM SHeprun ['n66ca o6pasosanms ArGC. Torma

AG" = Z(Vi ‘A,G] )“pm - Z(Vf AG )L : (1.36)

i i
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1.4. IlapuuanabHble TOKM Ha 3J1eKTPoaax
Pa30MKHYTOH J1eKTPOXHMUYEeCKOil menn

B ycnoBusX 37EKTPOXMMHYECKOTO PABHOBECHS SIEKTPUIECKHI TOK
KaKk BO BHEIIHEH, TaKk W BO BHYTPEHHEH IENMH 3JIEMEHTa OTCYTCTBYET.
C MakpOoCKONMYECKOH TOYKHM 3pEHHs HUKaKOH HpoLecc B 3JIEMEHTE IpH
9TOM He mportekaeT. OIHAKO Ha MUKPOCKOITMYECKOM YPOBHE Ha TPaHHMIIE
KaXI0W U3 MeTaumdeckux (a3 ¢ pacTBOPOM MPOUCXOAUT MOCTOSHHBIN
oOMeH 3apsagaMu. Puc. 1.6 neMoHCTpupyeT 3TOT (aKT Ha IpUMEpe aHOa B
anemenTe JJanusns-SIkoou.

= - Puc. 1.6. Mexda3zHas rpaHuia
MeTan (LMHK) / SIEKTPOIUT
; B COCTOSIHHH PaBHOBECHS

OOMeHy HOCHTEISIMH 3apsijia Ha TpaHule pasfena dJIeKTpon / dJek-
TPOJIMT COOTBETCTBYET HEKUI IAapUUAlbHbIA aHOAHBII TOK MOHU3aLuu [

U TapuualibHBId KaTOOHBIA TOK paspsaa [ . Pe3ynpTHpyromuii TOK BO
BHEIIHEH ey A5 KKA0TO OTJEIBHO B3SITOrO 3JIEKTPOAa

I=1-1, (1.37)

YTO COOTBETCTBYET MPHUHIIMITY HE3aBHUCUMOTO MPOTEKAHUS MapIIUATBLHBIX
peakuuii u coraacyercs ¢ nmpaBmiiaMu MexayHapoJHOTO CO03a M0 YUCTOU
u npuknagaoi xumun (IUPAC). Ecanm |f | >|f |, 10 [ = I,>0; Takoii TOK
Ha3bIBaeTcs aHoAHBIM. OIHAKO B ciiydae, Koraa |f | < |i |, 10 I =1 <0; 3TOT
TOK Ha3bIBAETCS KATOJHBIM.

EcrecTBeHHO, 4TO ueM OOJbIIE UCTUHHAS IUIOMAAB Sucr MEXK(a3HOH
TpaHUIlBl, TeM OOJIbIIee KOJIMYECTBO DJIEKTPOXMMUYECKH AKTHBHOTO Be-
IIeCTBA BOBJIEKAETCS B PEAKIUIO Ha 3JIEKTPOJE, & COOTBETCTBEHHO TEM
OourbIre TOK /.
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ITosTOoMy ero cremyeT HOPMHpPOBATH Ha E€IUHUITY SJIEKTPOTHOH IIO-
BEPXHOCTH, ITEPEX0/Is K HICTHHHOH IJIOTHOCTH TOKa

o= (1.38)

MIMEHHO iucr SABISETCS MEPOU CKOPOCTH V pe3yJIbTHPYIOUIEH aHOAHON WU
KaTOIIHOI\/'I pCaKknnu, MMOCKOJIbKY
iHCT
=25 (1.39)
nF

OpHako JaHHOE COOTHOIIEHHWE CIPaBEUIMBO JHIIb B Clydae, KOTJa Io-
OOYHBIE DJIIEKTPOJHBIC PEaKIMU HE MPOTEKAIOT, JIMOO MX BKIAJOM B iucr
MO>KHO MpeHeOpedb.

Cnenyer UMeTh B BUAY, YTO CaMO OIPEAEIEHUE Sucr — JOCTATOYHO
CJIO)KHAsl DKCIIEpUMEHTajbHas 3aJaya, IpuieM Jake Npu YCIOBUH, UTO B
MPOoLIECCe MPOXOKACHHUS TOKA TUIOLIAAb MIOBEPXHOCTH AJIEKTPOAA HE U3Me-
HSETCd, a 3TO 3a4acTylo HE Tak. B To jxe BpeMsl Hax0KJIeHUE BUIUMOM 110-
BEPXHOCTH 3JIEKTpoaa S 0OBIYHO HE COCTaBISIET TPY/Aa, COOTBETCTBEHHO
Yarie BCero OIpeAeNsaeTcsl KaKymascs MII0OTHOCTh TOKa:

i==. (1.40)

B utore iucr = i'fr, TH€ fr = Sucr/S — HaKTOp MIEPOXOBATOCTH MOBEPXHOCTH
37eKkTpoa. JIunb y aToMapHO IJIaJKUX MOBEPXHOCTEN TUIIA XKHUAKOH PTY-
TH 3Ha4YCHHUE f, = 1; U MOOBIX TBEPABIX IEKTPoaoB fr > 1. U3-3a mpo-
OyeM, CBSI3aHHBIX C HAXOXICHHEM (paKTopa MIEPOXOBATOCTH, HA MPAKTHKE
00b1yHO ucnoib3yercs cootHouenue (1.40). bonee Toro, amns psaa snek-
TPOIHBIX MATEPHAJIOB AaKe 3HAYeHHE S HEBO3MOXKHO TOYHO H3MEPUTh
(MHKpO- 1 HATIOMIOPUCTHIE CTPYKTYPHI, JEHIPUTHI, BOJIOKHA U T.7.). B aTOM
cllydae IIPUXOJUTCS ONEPUPOBATh C UCXOMHOM BEIIMUMHOMN /; Takue curya-
IIUH 0COOEHHO CIIOXKHBI, a IOTOMY JIajiee He pacCMaTPHBAIOTCSL.
[Tocne mounennoro neneHus BeipakeHus (1.37) Ha S momydum:

i=i—i, (1.41)
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noTomMy 9t0 [ U I HOpMHUPYKOTCS, ECTECTBEHHO, HA OJHY U Ty XK€ JIEK-
TPOAHYIO IOBEPXHOCTb.

B yciioBHAX 3JEKTPOXUMHYECKOTO PAaBHOBECHS HA MEK(pa3HOHN rpaHu-
e NIEKTPOJ/pacTBOp, KOTOpoe peanusyercs npu moreHunuane E(0), 3Ha-
yenue i = 0, a moromy

oo =ls0 =4, (1.42)
3neck i’ — Tak HasbIBaeMas MUIOTHOCTH TOKa OOMEHA; JAHHAS XapaKTepH-
CTHKA SIBIIIETCSA BaKHEHIINM MapaMeTpoM OTAEIbHOM paBHOBECHOM 3IEK-
TPOAHON CHCTEMBI, HO OTHIOJb HE 3JIEKTPOXUMHUYECKOTO DJIEMEHTa B Iie-
JIOM.

3ameTnM, 9To ¥ CIY)HUT MEPOI CKOPOCTH KaK aHOJHOM, TaK M KaTOJI-
HOM NapuuabHON 3JIEKTPOXUMHUYECKON peaklMu B OTCYTCTBUE BHELIHETO
TOKa 9epe3 ANEKTPOJI, IMOCKONbKY cooTHomeHne (1.39) mpuMeHuMo H K
nmapuyanbHBIM TOKaM. B gacTHOCTH, A7 aHOZA M KaToja AIIEKTPOXHMUYe-
CKOTO 3JIEMEHTa

lﬂ

E,(0) =k

=i =nFv), (1.43)

E,(0)

lK

B~k

— 0 _ 0
=k = nFv, . (1.44)
.0 .0
B obmewm crmyuae I, #1., 10O DJIEKTPOXUMHUECKUE PEaKINH, MPOTEKAI0-
e Ha aHOJA€ M KaToJe IEMEHTa IIPHU COOTBETCTBYIOIIEM OECTOKOBOM
noteniuane E.(0) u Ex(0), kak mpaBuiio, pa3Hbie.
Ecimm Ox,Red-mporiecchl Ha KaXIoM U3 3IEKTPOAOB IEKTPOXIMHYE-

CKOUM LeMd PaBHOBECHBI, @ OTOMY MOIYT OBITh OMHCAHbI YPaBHCHHSIMH
tuna (1.13) u (1.14), To

aVOXz
EK(0)=E‘?+Eln%, (1.45)
I’lF aReZ;
RT . ag
E (0)=E"+—In—> (1.46)

VRed
n el
Red,
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B arom ciyuae, moncrasisist (1.45) u (1.46) B (1.16) u npusmekas ¢popmy-
ny (1.24), BHOBH TpuxoauM K cooTHomenuto (1.29), 9yTo m ciemoBaio
OXHJIATb.

1.5. 3aMKHyTas 3J1eKTpOXUMHUYecKast Henb

PaccmoTpuM mpornecchl, MPOTEKAIOIUE TP 3aMBIKAaHUY BHEIIHEH Lie-
MU TIEPBUYHOTO AIEKTPOXUMHUYECKOTO (TaJIbBAHUYECKOr0) 3IEMEHTa, CXe-
MaTUYHO H300paskeHHOro Ha puc. 1.3 i 1.4. CornacHo 3akoHy Oma i
TIOJTHOM LIETIN, IPOTEKAIOIINH Ha JII000OM €€ yJacTKe TOK

I:—U(O) . (1.47)
r+ rL + p a + p K
3neck 71 — OMHYECKOE CONPOTHBIIEHHE HJIEKTPOJIUTA MEX/Y aHOJIOM M Ka-
TOJIOM; CONIPOTHUBICHUEM IOABOASAIINX IPOBOAHUKOB MpeHeOperaeMm. du-
rypupytomue B (1.47) BeNW9IHUHBI pa U px — TaK Ha3bIBAEMBIE MOJSIPH3ALIN-
OHHBIE CONPOTHBIICHHUS, MOSBICHHE KOTOPHIX, IPEKAE BCETO, 00YCIIOBIIE-
HO KHHETHYECKUMH 3aTPYIHCHUSIMU MPOTEKAHNS aHOTHON W KaTOJIHOH pe-
aKLUK COOTBETCTBEHHO. 3aMETUM, UTO pa = pa(l) U px = px(/), IpuyeM xa-
paKTep 3TOH 3aBUCHMOCTH JJISl aHOJA M KaTOAa MOXET OBITh COBEPILIEHHO
pa3HbIii, 4TO CBS3aHO C Pa3lIMYMeM MPOTEKAIOMIUX Ha 3MEKTPoJaxX MOTEeH-
LUATIONPEAEIONINX IPOIECCOB; B OTCYTCTBHE TOKa pa(0) = pa(0) = 0.
Bsenem B paccmotpenne U() = I+ — pa3HOCTh TMOTEHIMATIOB MEXTy
KaTO/IOM M aHOJJOM 3aMKHYTOH LIeTIHN:

U(l) = Ex(I) — Ea(]), (1.48)

H3MepsAEMyI0 BOIBTMETPOM B BHJIE MAACHUS HANPSKECHUS Ha CONPOTHBIIE-
HUH 7, @ Takke AEa(]) = Ipa(l) u AE(I) = I'p«(]) — monspusanuy aHoia u
karojaa. B atux tepmuHax ypaBHeHue (1.47) MOXKET OBITh 3aIIMICAHO WHBIM
oOpa3zom:

U(l) = U(0) — AEo(I) — AE«(I) — AEo(1), (1.49)

rne AEow(l) = I'r, — oMUUYecKOe TaJIcHHe HaNpsDKEHU, TJIaBHBIM 00pa3oMm,
B JJIEKTPOJIUTE; NaHHYIO XapaKTCPUCTUKY €Ile HA3BIBAIOT OMUYECKOU NO-
aspusayue.

BBezeM nonspu3anuyio aHo/ia M KaToJia COOTHOLICHHUSIMHU:
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AEa(I) = Ea(]) —Ea(O), (l 50)
AE(I) = E(0) —Ex(D). (1.51)

IMpu TakoMm moxxone HONPU3ALUS KKIOTO M3 3JIEKTPOJOB (hopManbHO
SIBJISIETCS TIOJIOXKHUTENbHON BenmuuuHOU. [lefictBuTensHo, Ei(1)>FE.(0), mo-
CKOJIbKY H3HAYalbHO OTPHLATEIBHBIM aHOA CTAaHOBUTCS Oojee MOJIOKH-
TeNBHBIM, Torna Kak Ex(/)<Ex(0), n0o n3HavanbHO MOJI0KUTEIBHBIN KaTO
CTaHOBHTCS OoJIee OTPHIATEIHHBIM.

TakuMm 00pa3zom, M3-3a HEOOPATUMBIX SHEPIETHYSCKHX MOTEPh, 00Y-
CIIOBJIEHHBIX OMHUYECKHM MaJecHUEM HAPS KEHHEM U MOJspU3alueil dekK-
TPOJOB BJIEKTPOXHMMHUYECKOTO JIEMEHTa, ero pabouee HANpPSDKEHHE B pe-
JKUMe paspsiia MeHblle, yeM paBHOBecHoe Hampspkenue U(0). ScHo, uro
MOJISIPU3AIMS DJIEMEHTa B 1IEJIOM, OyIy4M IOJOKMTEIBHOW BEINYUHOM,
CYMMUPYETCSI U3 MOJIIPU3ALMN JIEKTPOLAOB U OMUUECKOI:

AU(I) = U(0) — U(I) = AEo(I) + AE(I) + AEou(D). (1.52)

C pocToM TOKa, FEHEPUPYEMOTO AIEKTPOXUMHUUECKUM JIEMEHTOM, KaXJ10€e
u3 cnaraemMbiX B (1.52) nmuinb yBennmuuBaeTcs, COOTBETCTBEHHO BEIMYMHA
AU(I) pacTer.
[TpuMeHHTENBHO K MpoLEeccy 3apsiia BTOPHIHOTO 3IEKTPOXHUMHUIECKO-
TO 3JIEMEHTAa, T.€. aKKyMyJISITOpa, CUTyalust 3aMeTHO MeHseTcsi. Hanuane
BHEIIHETO HCTOYHHUKA HANPSKEHUS Uppem, BKIIOUEHHOro "HaBCTpeuy"
9JIEMEHTY M HaBA3BIBAIOILIETO CBOIO MOISIPHOCTD 3IEKTPOAAM, IPUBOAUT K
TOMY, 4TO
= UBHem—U(O) (1.53)
r+ rL + D, a + p K

B atom ciiyuae
U(I) = Usnew — I'7 = U(0) + AE.(I) + AE(]) + AEou(]), (1.54)

IIPU 3TOM HalpsDKEHWE Ha KJIEMMax 3JIEMEHTa IO-TIPEXHEMY CBSI3aHO C
MOTeHUMAJIaMU aHoJla U KaTtoAa cooTHomeHueMm (1.48), a momstpuzanus
KaXJIOTO U3 3JIE€KTPOAOB MOJI0KUTEIbHA.

ITockoneky mpu 3apsae BropuuHoro tementa U(l) > U(0), o ero
CyMMapHas IOJISIpU3alusi BBOAWTCA COOTHOIICHHEM, obpatHbM (1.52),
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1.e. AU(I) = U(I) — U(0). B mo6om ciyqae, onnako, U(I) — U(0) mo mepe
CHIDKCHUS CHJIBI TOKA, TIPOTEKAOIIETO BO BHEITHEH IICIIH.

ToT (akT, 4TO Pa3HOCTH MOTCHIUAIOB MEKIY JIIEKTPOIAMH 3ICKTPO-
XMMHYECKOr0 3JICMEHTa TIPH €ro 3apsje BbIIIE, YeM B 00ECTOYEHHOM CO-
CTOSIHUH, CBUAETEIbCTBYET, UTO Ui MPEOJOJICHU MOJISIPU3ALMOHHBIX 3a-
TPYJHEHUH Ha JJIEKTPOJaX W KOMIICHCAIIMH OMHUYECKUX TMOTEPh B JIEK-
TPOJIMTE 3aTPAunBaETCs JTOTIOTHHUTEIbHAS SHEPTHUs, OTOMpaeMas y BHEII-
HEro MCTOYHMKA TuTaHus. [Ipyu pabote B pexume paspsjga COOTBETCTBY-
IOIIME 3HEPTONOTEPH TAKkKe MMEIOT MECTO, HO OHH YK€ BOCHOJHSIOTCS
caMuM aJIeMeHTOM, u3-3a yero U(/) < U(0).

BecpMma moka3aTenbHBIM B IIAHE YTOYHECHHUS POJIH MOJISPH3aLUOHHBIX
MIPOLIECCOB, MPOTEKAIOMUX B AJIEKTPOXUMHUYECKOM DJIEMEHTE, SIBJISETCS
aHallM3 BETMYMHBI KOA(PUIMEHTA TOJIe3HOTO JecTBUs O, XapakTepu3sy-
FOIIETO TIOJTHOTY IPEBPAIICHUs XUMUYECKOH SHEPTHU TOKOOOpa3yromeit
peakIuy B IEKTPUUECKYI0. B mpomecce paspsna sneMeHnTa

AE, (D+AE (I)+AE, (1)

o)=1- o) , (1.55)
TOoraga Kak HpI/I €ro Bapﬂz[e
1
6l)= AE (D+AE (D+AE (1) (1.56)
1+ a K oM
U(0)

Xopomio BUAHO, 9TO 3()(HEeKTHBHOCTH pabOTHI 3aMKHYTOH AIIEKTPOXHMHU-
YEeCKOM LeMnH, MpPUUeM BHE 3aBHCUMOCTH OT PEeXHMa €€ DKCIUTyaTaluH,
TJIaBHBIM 00pa3oM, OIpeeNseTcsl MONSIpU3alell dJIEKTPOIOB, a TaKKe
COTMPOTHUBIICHUEM DJJIEKTPOJIUTA B MEXAIIEKTPOAHOM TMpocTpaHcTBe. [lo
Mepe YBEIMYCHUS CHIIBI TOKa, TeHEPUPYEMOTO 3JIEMEHTOM, 3HaueHune O(/)
BCeT/Ia TIOHMKAETCS, 3a9acTyl0 BeChbMa CIOXKHBIM 00pa3oM. YMEHBIIICHUE
HETMPOU3BOIUTEIBHBIX SHEPro3arpaT W IOBBINICHHE KOd((HUIKCHTa II0-
JIE3HOTO AEHCTBUS IHOOOH DIEKTPOXMMHUYCCKON ILIENMH MOXKET OBITh IO-
CTUTHYTO JIMIIb 33 CUET CHIDXKEHUS! POJIH MOJSIPU3ALMOHHBIX MPOLIECCOB;
WX TIOJHOE YCTpAaHEHHE B YCIOBHAX 3aMKHYTOW II€MTM HEBO3MOXXHO B
TIPUHIIATIE.

B texHudeckoil 3JEKTPOXUMHUHU, B OTJIMYME OT TEOPETHYECKOW, HC-
TOJIb3YETCS HECKOJIBKO MHAas HOMEHKJIATypa 00o3HadeHHH. B gacTHOCTH,
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HapsiIy C paBHOBECHBIM OcecTOKOBBIM HampspkeHueM U(0) B paccMoTpeHHe
BBOJIUTCS TaK HA3bIBAEMOC HANPAdNCEHUe pa30MKHYmou yenu, o003HaYae-
Moe Upy. Eciu xakue-nnb0 moOodHbIC MPOLECChl, TOMUMO HMOTCHIIHATIO-
MIPENIENSIONINX, Ha AIIEKTPOAAX JICKTPOXUMHUECKON HENH HE MPOTEKAIOT,
T0 Up.y mpocTo coBnamaet ¢ U(0). OgHako B ciydae, KOTia Takue Iporiec-
CBI Ha 00€CTOYCHHBIX IEKTPOJaX UMEIOT MecTo, TO yxke Upy < U(0); Tep-
MouHamMmdeckuil pacuer Upy 1o ypaBHeHHto tumna (1.29) Temneps HeBO3-
MOJKEH.

Pa3HOCTh NOTECHIIMATIOB MEXKY IEKTPOIAMH pabOTAIOIIEro 3JICMEHTa
Ha3bIBAIOT €T0 padouum Hanpsajicenuem, IPUUeM pazIHyaloT HanpsHDKeHUe
3apsina Us u paspsina Up. CooTBeTCTBEHHO, ¢ yueToM (1.49) u (1.54)

Up = Upu—AEa(])—AEK(])—AEOM(I), (157)
Us = Up,u +AEa([)+AEK(])+AEOM([). (158)

Pasnmuuue mexnay Us u Up HapacraeT 10 Mepe pOCTa TOKa B LUENH; IIPU
I — 0 o6a mapametpa ctpemsrcs K Up.y.

1.6. IlpyunHbI BO3HUKHOBEHHS MOJISIPU3ALNHU

IosiBnenne AEow 00yCIOBIEHO KOHEYHOH CKOPOCTBIO MUTPALHIOHHOTO
MepeHOoca UOHOB B 3JEKTPOJIUTE. 3HAs €r0 AEKTPUUECKOe COIPOTUBIICHHUE
71 WM YAETBHYIO 3JIEKTPOINPOBOAHOCTh &, BeNUUYUHY AEoy MOXHO pac-
CUMTATh 110 3aKOHy OMa AJIs1 y4acTKa LENu:

AEow = I'r1. (1.59)

Ecnu 06a anexTpoia mIoCKue, XapaKTepu3yroTCcsl OJHOM U TOH e IuIomIa-
JbI0 TIOBEPXHOCTH S M PACHONIOKEHBI NMapauleNIbHO APYT IPYTY B 3JEK-
TPOXUMHUECKOH sTaelike Ha pacCTOSIHUH /, TO

r = Ul(zS), (1.60)
IIPU 3TOM

AEow = i-l/. (1.61)
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Hapymenne nanHBIX yCIIOBHI MPHBOIUT K mosiBieHMIO B (1.60), a 3HaunT
u (1.61) HEKOEro KOPPEKTUPYIOMIETO MHOXKHTENS Y, Ha36IBAEMOTO (haKTo-
poM opmel. Pacuer y BecbMa ciiokeH, TI03TOMY OH OOBIYHO OIIpeesseTcs
OIBITHBIM IIyTEM, SBIISAACH IapaMeTPOM JaHHON KOHKPETHOU IIEKTPOXH-
MUYECKOH SYEHKU.

CHmwxennio AEoy cIocoOCTByeT Hmom0Op ONTHMAIBHOTO COCTaBa H
KOHIIEHTPAIUH DJIEKTPOJINTA, PESKMUMa PaOOTHl JIEMEHTa, OTBEYAIOIMINX
MaKCHUMyMy &, a Takke MOIU(UKanUs ero KOHCTPYKIWH, BIMSIONMAs Ha
BesimuuHy /. [Ipy 3TOM MpUHUMAIOTCS BO BHUMaHUE KOHIICHTPAIMOHHAS U
TeMIepaTypHas 3aBUCUMOCTH 3J€KTPONPOBOJHOCTH HOHHOTO IPOBOAHUKA
(puc. 1.7), monb3ysick KOTOPBIMH, HOAOHMPAIOT COCTaB 3JIEKTPOJIHUTA M
YCIIOBHUS 3KCIUTyaTallud 3JIEMEHTa, OTBEYAIOIINE MAKCHMAJIbHO BO3MOXK-
HOM 3/1EKTPUUECKOM IPOBOAUMOCTH.

a o

&, Cmicm
0.8 lg & (2, Cwlem)

0.7 / i
o / // Ht:l\h SO,

0.5 / / . .. W \ \ .
NY/AER"

oz Ll /TN :

TBEPALIE 3NEKTPOIHTEL HA
OCHOBE THOKCHOA USpPHA

~
02 I/ d _..-—{&—SNO $ _’ TECPABIC IMCKTPOTHTE
) 7/ / . | ma ocHose AMOKCHIA
o1 H __“"-\AEL—- UHPKOHUA
2 |
0 5 10" ¢, r-oxa/n 08 10 12 14 1000/T(T.K)

Puc. 1.7. 3aBUCUMOCTD yJIeTbHOM 3J1€KTPOIPOBOIHOCTH:
(a) — BOIHBIX PACTBOPOB KHCIIOT, OCHOBAHUI U CONEH OT KOHIEHTparmy; () — Heko-
TOPBIX TBEPJBIX HIEKTPOIUTOB OT TEMIEpaTyphl (IIMPOKUE JIMHUHM O3HAYaIoT pa3dpoc
3HAYCHHI! 3TEKTPONPOBOJHOCTH U TBEPABIX HJIEKTPOJIMTOB PA3IMYHOIO COCTABA).

TTonapuzanus Kaxa0ro U3 3MEKTPOAOB IIEKTPOXUMHUUECKOTO dJIeMEH-
Ta 00yCIIOBJIEHA 3aMEJJIEHHBIM MPOTEKaHUEM JIIEKTPOXUMUYECKOTO IMPO-
11ecca, KOTOPBIM BCETIa COCTOUT M3 HECKOJIBKUX MOCIEIOBATENbHBIX CTa-
muii. Cpemu HUX OOBIYHO BBIICTSIOT CTaaAWd TUQPGY3HOHHOTO TTOABO-



[Inasa 1. Kpamkas meopus 31eKmpoxumuieckoli 3HepeoKOHEepcUu 29

Ja/0TBOAA pearcHTa K JIICKTPOJHOM IMOBEPXHOCTH, €0 OKHCIHUTCIHHO-
BOCCTaHOBHUTEJIFHOTO MPEBpalicHUs (IEPEHOC 3apsifa), TeTCPOreHHBIC XH-
MUYECKHE PEaKIMH, MPOTEKAIOIIUE B IMPHUIIEKTOJHOM CIIO€ WIM HEMO-
CPEACTBEHHO Ha MIOBEPXHOCTH 3JIEKTPOJIa, T.€. B aICOPOUPOBAHHOM COCTO-
ssHAW. THOTIa KaK MPUYXHY MOJSIPU3AlUN PACCMATPUBAIOT U 3aMEIJICHHOE
(hopMupoBaHue HOBBIX (a3 Ha dnekTpoze. Ecinu kakas-mubo U3 3TUX CTa-
IV SBIIACTCS KHHETHYCCKH HEOOpaTHMOW M MPOTEKaeT ropas3io MeIjIcH-
HEe OCTAJBHBIX, TO MMEHHO OHa, OyIy4YH JMMHUTHPYIOIICH, OIpenenseT
CKOPOCTB BCEro MpOoLecca, a 3HAYUT CIIY>KUT OCHOBHOM NMPUYMHON IMOSIB-
JICHUS MOJIIPU3AIMU JJIEKTPOJIa; OCTAIBHBIE CTAAUU PU 9TOM MOXKHO pac-
CMaTpUBaTh KaK KBa3UPABHOBECHEIE.

1. Jlocmaska peacenmos u yoanenue npooyKkmos (Macconepenoc).

Jlnist BBIpaOOTKH 3JIEKTPOIHEPTHH K MOBEPXHOCTH 3JIEKTPOIOB ITOCTO-
SIHHO JIOJDKHBI T10/1aBaThCsl BOCCTAHOBHUTEINb U OKHCINTENh. CKOPOCTH pac-
XOIOBaHUS STHX PEArcHTOB MOXET OBITh BECbMa BEJIMKA, OCOOCHHO KOrJa
ycTpoiicTBO paboTtaer Ha OousbiioM Toke /. Eciu ucxomHble pearcHTh He
MOCTYMAKT K MEX(a3HOW IpaHMIC JOCTATOYHO OBICTPO, TO HX HPHUIIO-
BEPXHOCTHAsI KOHIICHTpAIMS MOXET CHIIbHO CHU3WThCS. Hampotws, 3a-
TpyaHEeHus: B NU((HYy3UOHHOM OTBOJIE PEAreHTOB MPHUBOAAT K POCTY HX
TIPUITOBEPXHOCTHON KOHIICHTPAIIHH.

[TycTb, I OMpeNeIeHHOCTH, pedb UAET O 3aTOPMOKEHHOCTH TP PY-
3HOHHOTO ToABoAa OX-PopMBI K TBEPIOMY KaTOAY JICKTPOXUMHUYECKOTO
aneMeHTa. B aToM cityuae, nmons3ysch (1.51) u (1.45), a Taxoke monaras vox
= 1, HECIOXKHO MOTYUYUTHh BBIPAKEHUE IS BEIMUUHBI KOHYEHMPAYUOHHOU
noaspuzayuy KaToa:

N . .
AE="™ (i) :—Elnaox—V(l):—Eln 1-—, (1.62)
nk a, nkF i

x pen
KOTOpas, Kak ciaexyeT u3 (1.62), mogoxuTeabHa U HEMOCPEACTBEHHO 00Y-
crosnena pasmuunem ¢y (i) u ¢}, . TlapaMeTp inpes — NPENENBHOE 3HAYE-
HUE IJIOTHOCTU TOKA, JOCTUraeMOe Ha 3JIEKTPOe NMPU CHIKCHUU MOBEpX-
HOCTHOI KOHIICHTpAI[H 3JIEKTPOAKTHBHOTO BEIECTBA, B JAHHOM ClIydae
Ox, no nymns. CoriacHo Gopmyire

D-c’
. —_ Ox
bipen = nk -—8 R

(1.63)
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npe/ieNibHasi IUIOTHOCTh TOKA YBEIHMYMBACTCS MPOMOPLHOHAIEHO KO3 bH-
nueHTy mud¢ys3un D u 00beMHOM KOHIICHTPAIMN peareHTa, a CHIDKASTCS
¢ poctoM ToanuHbl qud)dy3uoHHoM 30HEI 0. 13 (1.62) u (1.63) cnenyer,
YTO YMCHBIIUTh KOHIECHTPALUOHHYIO MOISIPH3ALUI0 MOXKHO, YBEIHYUBAS
napametpbl D u ¢}, , mibo cumkas 8. Kosdpduument nuddysun o6brano

pacTeT mpu YBEIWYCHUH TEMIICPATypPhl, TOrAa KaK TOIIUHA AU Py3HOH-
HOW 30HBI YMEHBIIIaeTCsA NPH MEepeMEIINBaHUU PAcTBOPA HIH BPAIIEHUH
JJIEKTPOJIA.

KoHuenTpannonHast mosipu3anys IEMEHTa ¢ KUIKIM JIEKTPOIUTOM
IocyIe OTKIIFOUSHHS TOKa MagaeT MPaKTHYeCKH 0 HyJIsd 3a BpeMs OT JI0JIeH
CEKYHJBI 10 HECKOJBKHX CEKyHJ, TaK KakK MPOHCXoAuT au(@Py3noHHOE
BEIpaBHHBaHKME KOHIICHTpPAIMH B IPUIJICKTPOIHOM cioe. B amemeHrax c
TBEPABIMU JIEKTpoIUTaMu AE*"™ crajaeT B TeUCHHE HECKOJIbKUX MUHYT
WM JJaKe YacoB, TaK Kak KodQ@uuueHTs TBepAodazHoi muddy3un Ha
HECKOJIBKO MOPSAKOB YCTymaroT Kodp¢umuentam auddy3un B >KUIKHAX
pacTBopax.

2. Dnekxmpoxumuueckas peakyus (neperoc 3apsaoa).

IToce Toro, Kak peareHT IOCTAaBICH K JICKTPOIY, OH JOJDKEH BCTY-
IUTh B IEKTPOXUMHUYCCKYIO peakiuo. Eciii oHa MpoTekaeT ¢ HeBBICOKOM
CKOPOCTBIO M OMpEIeNsiecT KMHETUKY BCEro 3JCKTPOIHOTO Mpolecca, TO
BO3HHKAET TaK HAa3bIBAEMAasi aKMUBAYUOHHAS NOTAPUIAYUL:

RT i i RT
. LO (AE&I\T << _);
nkF i F

AE™ (i) = (1.64)

a+b-lgi (AE“‘<T > %j

3neck a u b — K03 GUIMEHTHI, ONpeesieMble IPUPOJOI PeaKIUy U HIIEK-
TPOJa, a TAKXKE TEMIIEPATYPOIl.

TpaauIMOHHBIA MOAXOA K CHI)KEHHIO aKTHBAI[MOHHOW MOJISpH3aLlIU
3aKJIIOYACTCA B YMEHBIIEHUM IUIOTHOCTH TOKA B LIEIHU 3a CYET Pa3BUTUS
JIEKTPOAHOM MoBepxHOCTH. Mopdororinueckas MoaupUKaLUs MacCHB-
HBIX 3JIEKTPOZAOB MO3BOJSET MOJIyYUTh IOPUCTBIE, AUCIEPCHBIE U KOMIIO-
3UTHBIE, HAIPAMEP, METAIII-IOJIMMEpPHBIE 3JIeKTpoabl. Takoit moaxox dak-
TUYECKHU SBIISIETCS 3KCTEHCUBHBIM, TaK KAK OCHOBAH Ha YBEIMYEHHUU KOJIH-
YeCTBa BEILECTBA, BCTYMAIOUIETO B TE€TEPOr€HHYIO AIEKTPOXHMMUYECKYIO
pEaKIUIO B €IMHUILY BPEMEHH.
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Oco0oe BHMMaHHUE YJEIeTCs yMEHBLICHHIO SHEPrHM aKTHBALMU U
WHTEHCU(UKAIUK CaMOTo 3JIEKTPOXMMHYECKOI0 Ipoliecca Ha MOBEPXHO-
CTH JIEKTPOJA 3a CUET CTPYKTYpHO-IHEPreTHUECKUX M3MEHEHUil ero mo-
BEPXHOCTH, HAIIPUMED, PH NEPEX0e K IEKTPOOCAKACHHBIM HAHOCTPYK-
TYpPHPOBAaHHBIM MaTepuajiaM; B JaHHOM CIy4ae HCIONB3YIOTCS 3JIEKTPO-
KaTaIMTHIECKHE BO3ZMOXXHOCTH JIEKTPO/IA.

TpeboBaHMS K KaTaIUTUYECKOH aKTUBHOCTH AJIEKTPOJHBIX MaTepHa-
JIOB ITOCTOSIHHO BO3PAacTaroT, B TOM YHCJIE B CBSI3U ¢ Je(UIINTOM U J0pO-
TOBU3HOHM psifia KIAaCCHUYECKUX KaTalu3aToOpOB, MPEKAE BCErO, METAJLIOB
IUIATHHOBOM Tpynnbl M UX ciuiaBoB. CieayeTr MpH3HATh, YTO HEMOAU(H-
LUPOBAHHBIC KOMIIAKTHBIE METATIMYECKHE JIICKTPOABl K HACTOSIIEMY
BpEMEHH MPAKTHYECKH HCUEPIaTN CBOM DJIEKTPOKATAIMTUYECKHE BO3-
MOKHOCTH.

[TepcrieKTUBHBIM HAaHOTEXHOJIOTHYHBIM CIIOCOOOM YBEJIHUYCHHUS KaTa-
JUTUYECKON aKTUBHOCTHU JIEKTPOJHOIO MaTepHana sBJseTCsl aHOAHOE ce-
JIEKTUBHOE PACTBOPEHHE TOMOIeHHBIX CIUIaBOB. K TakuM cuctemaM OTHO-
CSITCSI, HAaIlpUMep, TBEp/bIe PacTBOPHI OMHApHBIX cucTeM Ag-Au, Cu-Au,
Ag-Pd, Cu-Pd, a Taxxe naTepMeTamumasl cucteMbl Zn-Ni. JlaHHBIH MeTOx
3¢ PeKTHBHO coueTaeT B cebe SKCTCHCHUBHBIM M MHTEHCHBHBIN MOIXOIHI.
[IpomyKTOM CENEeKTHBHOTO PACTBOPEHHS IPH HEOONBIINX aHOMHBIX IIO-
TeHIMaNaX SBIIETCS METACTAOMIBHBIH BBICOKOJE(EKTHBIH MOBEPXHOCT-
HBIA CIIOW, OOOTAIIEHHBIH AJICKTPOIOIOKHUTEIFHBIM KOMIOHEHTOM. [Ipu
YBEIHMUCHUU aHOJHOT'O MOTEHIIMANIa TIOBEPXHOCTH CILIaBa OBEpraeTcs He
TOJIBKO XMMHUUYECKHUM, HO U (ha30BbIM, a TAKXKe CBA3aHHBIM C HUMU MOP(o-
JIOTMYEeCKUM H3MeHeHHsM. MTorom Takoil TpaHcdhopMaruu sBisercs o0-
pa3oBaHME YCTOMUYMBOM BBICOKOPA3BUTOH NPOCTPAHCTBEHHOHM MHKpO- U
HAHOIOPUCTOM SNIEKTPOTHON CTPYKTyphl. MIMEHHO XHMMHYECKHE, CTPYyK-
TYpHO-HEpreTndeckre, (pazoBble 1 MOP(OIOTHIECKHE U3MEHEHHUS B CO-
CTOSTHMU MOBEPXHOCTHOTO CJI0S1 OKA3bIBAIOT CUJIBHOE BIMSHUE HA T€UEHHE
9JIEMEHTapHBIX CTaAUi 000 3eKTpoKaTaauTHUecKoi peakuuu. Ilosto-
My TpeIBapuTebHAs MIEKTPOXUMUYECKas MOAU(PUKALNS TTOBEPXHOCTHO-
IO CIOS CIIABHOTO JJICKTPOJHOTO MaTepuana sBisieTcs 3(pQeKTHBHBIM
CTI0COOOM YTIPAaBIICHUS €T0 3JEKTPOKATATTUTHIECKONH aKTHBHOCTBIO.

3a4acTylo pasIMuHbIE DJIEMEHTAPHBIE CTaIUH 3JIEKTPOAHOTO Mpolecca
MIPOTEKAIOT C CONOCTABUMBIMH CKOPOCTSIMH, a 3HAYUT PEaU3yeTCsl CUTya-
LU, TUIOUYHAs A7 CMENIaHHOH KHHETMKHM MHOIO3TalHOro Ipolecca.
CyMmmMapHast anekTpofHas nonspusanus AE(]) B 3ToM ciydae BecbMa
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CJIOKHBIM 00pa3oM cBsizaHa ¢ 3HadueHUSAMH AE*"(7), AE*™(i), AE*""(i) u
AEY™(7), ¥ WO TIPA OYSHD MAJTBIX TUIOTHOCTSIX TOKA 3Ta CBS3b aJIUTHB-
Ha. [ToaToMy SKCIIepUMEHTaNIbHOE MOTyYEeHUE U aHAIN3 (YHKINOHAIbHON
3aBUCHUMOCTU AE OT i, Ha3bIBAEMOW noaApu3ayuoHHou Kpueou (BOIbTaM-
MEepHON XapaKTepUCTUKON) IEKTPOIa, CTAPAIOTCS TIPOBOIUTD B YCIOBHSX,
KOTJja JOMHHHUPYET KaKOH-THO0 OIMH THII 3IEKTPOIHOHN IOJIAPU3aIHH, T.€.
UIEKTPOHBIA MPOIECC MPOTEKAET B PEKUME Cyry0o nudy3HOHHOH, ak-
TUBALIMOHHOM, KPUCTAIUTH3allHOHHOM MIIN XUMHYECKON KHHETHUKH.

3aBUCHMOCTh pabOYero HampsHKEHHs OT CHIIBI MJIM TUIOTHOCTH TOKa
JUIsL BJIEKTPOXUMHUYECKOIO 3JIEMEHTA B LIEJIOM TAK:KE Ha3bIBAETCS MOJSPU-
3aLUOHHON WU gonbmamnepHol kpugoli; Tunu4Has U,/-3aBHCUMOCTb JUIs
Ppa3psAIHOTO HANpPsDKEHMS TIpecTaBiIeHa Ha puc. 1.8.

80))
U0y

Up.u

0 !

Puc. 1.8. TunnyHas BonbTaMIepHas XapaKTEPUCTUKA IICKTPOXUMUIECKOTO JIEMEH-

Ta s cnydast, koraa Upy < U(0). Ludpamu 0603Ha4eHbI 001aCTH IPEUMYIIECTBEH-

HOTO BKJIaJla aKTUBAMOHHOH (1), oMmuyeckoii (2) 1 KoHLeHTpaunoHHOH (3) mossipu-
3a1uK B o0lee NaJieHHe HAlPSDKEHUsST DIIEMEeHTa

IIpu OTHOCHTENBHO MaJIbIX TOKaX IEKTPOXUMHUYECKHH MPOLEecC 3ada-
CTYIO JTUMHUTUPYETCSI CTaAUEN NIepeHoca 3apsiia, I03TOMY OCHOBHOM BKJIA,
B CYMMapHYIO MOJISIPU3ALHMIO 3JIEMEHTa BHOCHT aKTHUBAIMOHHAsI KOMIIO-
HeHTa AE*(]) =AE.*"(]) + AE*"(I). B 0bnacTi BRICOKMX 3HaueHHH /, KO-
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rja CKOpPOCTh MOTPEOJICHUSI PEareHTOB Ha JJIEKTPOJaxX BEChbMa BEIHKA,
OTPENIENSIONIC CTAHOBUTCS POJb  KOHICHTPAIMOHHON —MOJISPU3AIUH
AE*™(]) =AE*"™(]) + AE*"™(]). B nmpomexyTo4HOW 0oOnacTu mpeobia-
JaeT oMuueckasi coctapisromas AEow(/), mo3toMy pabouee HampsKeHHUE
paspsia JIMHEHHO YMEHBIACTCSI B COOTBETCTBHH € 3aKOHOM OmMa.

B HEeKOTOpBIX Ciiy4asx o0Ias Mosipu3aIys AIEKTPOIa HACTOIBKO Be-
JIMKA, Y4TO CHJIA TOKA CHIDKAETCS IO OYCHb MasbIX 3HaueHuil. Takoe siBiie-
HHUE Ha3bIBaeTCsl naccusayuel d>1eKTpona. Ecim ¢ MoMOIIbI0 BHEIIHEro
YCTPOHCTBA, HA3bIBAEMOTO TAJIbBAHOCTATOM, BCE-TAKH MOAJCPIKHBATH TOK
MOCTOSIHHBIM, TO HOTEHIMAN KaToja U (MIIK) aHOJla MOKET CMECTUTHCS JI0
TaKoOro 3Ha4YeHHs, NMPU KOTOPOM HAYMHAETCS APYyrasl 3JIEKTPOIHAs peak-
LHsl, HaNpUMep, BBIICICHHE — BOJOPOJA HA KAaTOAE WM KUCIOpOJa Ha
anoze. [TaccuBariys 3MEKTPOIOB ANEKTPOXMMHUUECKON [IETTH KpaiiHe Hexe-
JaTenbHa, B TO BPeMs KaK IMACCHBALUS MHBIX KOHCTPYKIIMOHHBIX MaTepra-
JIOB, HAMPOTHB, 0OECMIEUYUBAET UX KOPPO3MOHHYIO CTOMKOCTh U MPUBOIAUT
K YBEJIMUCHHUIO CPOKa CITY>KObI XUMUYECKOTO UCTOYHHKA TOKa.

1.7. MoIHOCTh, eMKOCTb U JHEPIHs 3J1eKTPOXUMHYECKOT0 3JIeMeHTa

Amnanus U,[-38.BI/ICI/IMOCTI/I JJIA DJICMCHTA II03BOJIACT OLICHUTH €TI0
QJICKTPUYCCKYIO MOUWHOCMb

P() = FU(D), (1.65)

KOTOpasi 3aBUCHUT OT CHJIBI Pa3psJHOTO TOKA.
Ilnomnocmv mownocmu Ps dIeMeHTa pacCUMTHIBAETCS KaK OTHOIIIE-

HHE €r0 MOIIHOCTH K IUIOIIAJH MOBEPXHOCTH DJIEKTPOIOB, KOTOpas MpH-

HUMAeTCs OJIMHAKOBOH, IIO3TOMY MOXET OBITh HaliZieHa 1o (hopMyJie:

Ps(i) = i-U(i). (1.66)

PaccuntaB napamerpsl P unu Ps A pa3HbIX 3HaUY€HUN [ WK i, MOX-
HO TIOJIy4YHTh €IIIe OAHY BaKHYIO I'paIECKyI0 XapaKTepPUCTUKY XUMHYE-
CKOTO MCTOYHMKA TOKA — KPUBYIO MOIITHOCTH, IPUMEP KOTOPOH TIPHBEICH
BMECTE C MOJIAPU3ALIMOHHON KprUBO# Ha puc. 1.9.

W3 pucyHka BUAHO, YTO MOIIHOCTh HJIEMEHTA BO3pACTAET C yBEJIHUYe-
HUEM IUIOTHOCTH TOKA, JIOCTUraeT MakCUMyMa, a 3aTeéM MaJaeT MpU eule
6oJiee BEICOKUX IUIOTHOCTSAX TOKA. DJIEMEHT IpeAHa3HaueH I paboThl Ha
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TOKaX, COOTBETCTBYIOIINX YPOBHIO (MIIM HIKE) MAKCUMAIILHONH MOIITHOCTH
Praxe. [Ipy IIOTHOCTSIX TOKA, OTBEYAIOIIUX YCIOBUIO P < Pyaxc, HATIPSDKE-
HUE YBEJIMYUBACTCS, OJHAKO MaJaeT MOLIHOCTh. IIpu MIOTHOCTSAX TOKAa,
OTBECYAIOIIUX YCIOBUIO P > Pyaxe, TANAIOT YK€ 00a mapaMeTpa — U Harpsi-
JKEHHE, 1 MOILHOCTb.

UB Ps , MBt/em?
1of % o000 5= 1120
i 4—\ {100

180
06f
160
04
[ {40
94 120
I i : . :
’ 0 100 200 300 400 °
i, MA/em?

Puc. 1.9. Tunnynas BoiabTaMIepHas KpuBas
U KpUBasi MOLIHOCTH TOIUIMBHOT'O JIEMEHTa

[Monstpu3annoHHast KpUBAst 1 KPUBasi MOIIHOCTH OOBIYHO UCTIONB3YIOT-
cs Uit aHanu3a 3(pQeKTHBHOCTH pabOTHI TOIUIMBHBIX 3JIEMEHTOB, B KOTO-
pbie HETPEPHIBHO MOAAIOTCS peareHThl. [ xapakTepusanuu Iporu3BOIU -
TEIbHOCTH MEPBUYHBIX W BTOPUYHBIX DJIEMEHTOB C OIpaHUYEHHBIM 3ara-
COM OKHCIIHTENS ¥ BOCCTAHOBUTENS HCIIONB3YETCS Kpusdas paspada — 3a-
BHCHUMOCTh Pa3psIIHOTO HampshkeHust Up dJIeMeHTa OT BpEeMEHH T, TOIy-
YeHHAs TIPU TOCTOSTHHOM Toke (puc. 1.10).
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Un(®) |

Upn
HHTEpBAN
pabounx
HanpsAeHni

L"’(\T{' —————————————————————

= CpOK 3KCTLTYATAIH] ———————=
T T

Puc. 1.10. Pa3psanas kpuBas u XapakTepUCTHKH pa3psiaa
MEPBUYHOTO ¥ BTOPUYHOTO AJIEKTPOXUMUUECKOT0 dlIeMeHTa Ipu / = const

KoHIly cpoka OCHOBHOIO HCIIONB30BaHUS YCTPOMCTBA, KOTJa IIEPBHY-
HBII 3JIEMEHT MPHXOIUT B HETOAHOCTh, a JUIsl BTOPHYHOTO dJIEMEHTa CTa-
HOBUTCSI HEOOXOIUMOW II0J3apsi/ika, OTBEYAET HEKOTOPOE HANpsdceHue
"omceuxu" Uosrc. KonnaecTBo amexTpuuectBa (Jp, KOTOPOE 3apsDKCHHBIN
9JIEMEHT MOXET IPEJOCTaBUTh BHEUIHEH Harpy3Ke 10 MOMEHTa OTCEUKH
Tp, T.€. HCTOLLCHUS DJIEMEHTA, HA3bIBACTCS IHEP2OeMKOCHIbIO, I IPOCTO
EMKOCTbIO JICMCHTA!

Qp=f1-dr, (1.67)

a COOTBETCTBYIOILIEE ITOMY KOJNHUYECTBY BpeMs paspsiia Tp — CPOKOM IKC-
IUTyaTalyy dJIeMeHTa. [eopemuyeckas emkocms d1eMeHTa O onpeaeiser-
cs 1o 3aKkoHy Papanes.

B otnmmume ot O, mapameTpsl Op U Tp CHIBHO 3aBHCAT OT BEIHMYHHEI
BHEITHEW HArpy3KH, a 3HAYUT, OT pabodero Toka /, o0coOeHHOCTEH PabOThI
JJIEMEHTa, BRIOOPA HANPSDKEHUS OTCEYKH W TeMIeparypsl. [ mpoMeim-
JICHHBIX XMMUYECKUX UCTOYHHKOB TOKA EMKOCTh OIPEIEIIICTCS CICIHAb-
HBIM TPOTOKOJIOM HCIIONb30BaHMUs, 33IlaHHBIM Tpom3BoauTeneM. OHa Mo-
XKEeT 6I>ITI> BbIpa’X€Ha B KyJIOHAaX, HO O6I>I‘IHO UCHIOJIB3YETCA aMIiep-4ac,
1 A-a=3600 K.

CHOHTaHHyIO MOTEPIO €MKOCTU XHUMHUYECKOTO HCTOYHHWKA TOKa IIpU
Pa3OMKHYTOH IIETTH HA3BIBAIOT €Tr0 camopaspadom. CamMopaspsi BEI3BaH, B
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OCHOBHOM, BSaHMOHeﬁCTBHCM AKTHUBHBIX B€HICCTB aHOAA U KaToJda C KOM-
MMOHEHTAMH 3JIEKTPOJIMTA UITH C BEIIECTBAMHU OKPYIKAIOIIEH CPEIbI.

O0mast aneKkTpuueckas sHepeuss W, XMUMHYECKOrO HCTOYHHKA TOKa,
usMepsieMasi B /DKOYJISX WM BATT-4acax, ONpeesieTcsl MPOU3BEICHHEM
€ro HaIpPsHKCHUS M 3HEPrOSMKOCTH TOJBKO Ipu ycioBuu U = const, a B
Haubosee o0IIeM ciyyae

Wp:JEI-Up(I)-dr. (1.68)

3HepFOHOTepI/I, BbI3BAHHBIC Honﬂpmauneﬁ 3JICMCHTA, MOXXHO OLCHHUTH IIO
hopmye:

AW:fAU(])-Ldr. (1.69)

B uwactHOCTH, W3-32 HATU4YUS CYMMapHOTO OMHYECKOTO COMPOTHBIICHHS
Fom (RJIEKTPONHUTA, IPOBOAOB W T.XI.) TIPH Pa3psizie dJIEMEHTa BBIACISIETCS
JDKOYIIEBO TETIIO B KOJIMIECTBE

T

AW =j12-rw-dr. (1.70)

Tert
0

Jnst psiga KOHKPETHBIX MPUIIOKEHHH BaKHBIM NAapaMeTpoM XHMHYe-
CKOT'0 MCTOYHHKA TOKA SIBIISIETCS SHEPIHsl, TPUXO/SIIASCS HA SAUHUILY ero
Maccel m wiu oovema V. CoOOTBETCTBYIOIINE KPHUTEPHUH HA3BIBAIOTCS
yoenvHoui dnepeueti Wy, (BTu/kr) wim naomuocmvio ouepeuu Wy
(BT-u/mp?).

B HEKOTOpBIX Ba)XKHBIX CIIy4asiX, HalPUMeEp, NPH 3aIyCKe JBHIaTes,
Ba)XKHO HE oOIee KOJIMYECTBO IPEJOCTaBIIEMOIl SHEPIHH, a MOIIHOCTh
XMMHYECKOT0 UCTOYHHUKA TOKA, T.€. TO KOJINYECTBO IHEPIHHU, KOTOPOE MO-
JKET JIOCTABUTDH DIICKTPOXHUMHUUECKHUIT AIIEMEHT OIPE/ICICHHON MacChl WIIU
o0beMa B TeUeHHEe KOPOTKOTo nepuoza BpeMeHH. COOTBETCTBYIOIUM Ma-
paMeTp Ha3BIBACTCS YOerbHOU MOWHOCHb0 W 0003Hadaetcss Pn (BT/Kr)
wia Py (Br/mv?).

s nmonydeHus Oosee BHICOKMX HANPSHKCHUs U (MIIH) SHEPIHH DIICK-
TPOXMMHYECKHUI JIEMEHT MOXKET OBITh COCANHEH MOCIIEA0BATENBHO C JIPY-
TMMH 3JIEMEHTaMH, a JUIs O0JIbIIeH MOLHOCTH HEOOXOJMMO COSIMHUTD X
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mapaienbHo. B 000MX cilydasx TOJXYyYeHHOE YCTPOHCTBO HAa3BIBAETCS
bamapeeil.

Teopernyeckue 3HAYEHHUsS] SHEPTOEMKOCTH U YAEIHHON DHEPTUU XH-
MHYECKOTO UCTOUYHUKA TOKA JOBOJBHO JIETKO BBIYHMCIHTH B paMKax HEKO-
TOPBIX YNPOINAIIKX MpeanonoxeHuii. Hanpumep, B mogHOCTBIO 3aps-
JKEHHOM CBUHIIOBO-KHCIIOTHOM akKymysstope Ha 1 monb (0.239 kr) okcn-
na PbO: Ha monoxurtensHOM amekTpoae u 1 moms (0.207 xr) Pb Ha otpu-
LATEeITBHOM 3JICKTpOAe TeopeTndecku Tpedyercs 0.499 Kr KOHIEHTPHPO-
BaHHOTO BOJHOTO PAaCTBOPa CEPHOI KHCIOTHI IUIS MOJTHOTO MPOTEKAHHS
TOKO0Opa3yrolel peakinu:

PbO2 + Pb + 2H2S04 — 2PbSO4 + 2H» 0. (1.71)

TakoMy mpomeccy OTBeyaeT KOJIMYECTBO dJieKTpuuectBa O = nF =
= (2 Mob)(96485 Ki/mons) = 1.93-10% Kit = 53.6 A-u. Takum 00pazom,
UfeanbHbIl CBUHI[OBO-KUCIIOTHBIN aKKyMyJsITOp obmieit maccoit 0.945 kr
HMeeT SHeproeMkocTs 53.6 A-u. M3BecTHO, YTO HampsDKCHHE CBHHIIOBO-
KHCJIOTHOTO 3JIEMEeHTa IPUMEPHO paBHO 2 B, mosToMy ero Teopermaeckas
ynenpHast 3Heprus paBHa Wi, = (53.6 Aw)-(2 B) / 0.945 xr = 113 Br-u/kr,
a JUIsl aBTOMOOMIIBHON Gatapen M3 6 3JIEMEHTOB 3TOT IapaMeTp COCTaBUT
678 BT-u/Kkr.

Ha npaxtuke yzaenbHasi SHEpPrusi CBUHLOBO-KHCIOTHBIX aKKyMYJIATOP-
HbeIX Oartapeil He mpesbimaeT 10-30% OT HallIEHHOTO TEOPETHYECKOTO
3HaueHUsl. YTPOIIEHHbIE pacyeThl HE YYUTHIBAIOT Takhe (DaKTOpBI, Kak
HEMOJIHOE  HCIIOJIb30BAHUE JJIEKTPOAKTHBHBIX MAaTEpUalioB, IOTEPU
HaNpsHKEHHS, BO3HUKAIOUINE W3-33 TOJSPU3ALUH 3IEKTPOXHMHYECKOTO
JIEMEHTA, a TaKKe HaIMYHEe TOKOOTBOJIOB, KOHTAKTOB, CEMapaTropa u Kop-
myca OaTapeu.



I'maBa 2

TF'AJIbBAHUYECKHUE 3JIEMEHTbBI

2.1. ConeBoii MapraHueBo-UMHKOBBIH 3J1eMEeHT

Opanny3ckuii umxenep XK.-JI. Jlexmanme B 1868 r. 3amatentoBain
MIEPBUYHBIN 3JIEMEHT, KOTOPHIH copepkain anokcua Maprasma (IV) B xaue-
CTBE OKHCIHTENS M METAJUIMYECKUH ITMHK — B Ka4eCTBE BOCCTAHOBHTEIIS.
HeckonbKo ThICSY TaKMX SUCEK HCIOIB30BAIUCH UIS 3JIEKTPONHUTAHUS
NepBBIX JUHUK Tenerpada. [leponavansHo KaTox B 31neMeHTe Jleknanie
COZIEpIKall YroJIbHBIH CTEp)KEHb, CIY)KalMi B Ka4eCTBE IOJIOXKUTEIEHOTO
KOJIJIEKTOpa TOKA, OKPYKEHHBII M3MEIbUeHHBIM JHOKCHIOM MapraHia u
NIOMEILLCHHBII B CTakaH U3 MOPUCTON KepaMHKH. [l yBeJIWYeHUs DIICK-
TPOTPOBOTHOCTH B COCTaB KAaTOTHOIM MacChl BBOAWIN CaXXy WIH Tpaduro-
BBI opomok. Katox nmorpyskaics B cocyz ¢ BOXHBIM pacCTBOPOM XJIOpHIA
amMonus NH4Cl, B KOTOpBIH Takke MOTpy’Kajld LIMHKOBBIH CTEPXKEHb —
anonx (puc. 2.1).

YIOJILHBIH I
CTepikeHb | LIHHKOBBII
" cTepikeHs
CTEKJIAHHBIH cocyl ?
HOPHCTEIH BOJIHBIH pacTBOp
KepaMHUeckuil — ——" XJIOpH]1a AMMOHHs
cocyl

HOPOIIOK THOKCHAA
MapTaHIia, =
CMeranHkIi

¢ camei

Puc. 2.1. Dnement JIeknaHIie ¢ KUIKHM COJIEBBIM DJIEKTPOJIUTOM
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Heyno6cTBO MCTIONB30BaHUS JKUAKOTO 3JIEKTPONIUTA OBUIO IIpeojoiie-
HO B 1888 r. ¢ m300peTeHneM "cyxoro" aimeMeHTa, B KOTOPOM PacTBOpP
XJIOpU/Ia aMMOHUSI IMMOOMIIN30BaH B MAaCTy Ha OCHOBE Kpaxmala, a aHo-
JIOM CIIY>KUT Hapy>KHBIA KOpITyC U3 HUHKa (puc. 2.2).

rpadmTOBEIH
cTepikeHb

HUHKOBBIH
Kopmye

cmecs MnO»
H CakH ]

JNEKTPOJIMTHAR NACTa
(BOHEIH pacTBOp
NH4Cl 1 ZnCly,

JArYIICHHBIH KpaxMaaoM

Puc. 2.2. MapraHueBo-IIHHKOBBIN 3JIEMEHT C "CyXUM" COJIEBBIM 3JIEKTPOIINTOM

DIeKTpOXUMHUYECcKas cucTeMa 3jieMeHTa JIeKnaniie MoKeT GObITh 3a-
IMcaHa CIeayonMM o0pa3om:

() Zn | NH4C1 | MnO: (+). 2.1)

Peakmuist Ha aHOZE TIPEACTABISET COOOM ANMEKTPOXUMUAIECKOE PACTBO-
peHue HuHKa

Zn — Zn** + 2¢, 2.2)

B TO BpeMs Kak Ha Karole TUOKCUI MapraHma MnQO» BOCCTaHaBIHBACTCS
JI0 OKCHJIa-TUAPOKCcHIA Maprania (Mmanranura) MnOOH:

MnO; + H' + & — MnOOH. (2.3)

Housr Zn?', o6pasyommecs Npy aHOJHOM OKHCIEHWH [MHKA, B XOJIE
BTOPUYHBIX XUMUYECKHX peaknuii GopMUpPYIOT MallopacTBOPHMBIC KOM-
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TNICKCHBIC COCIHMHCHUA. TaK, M0 MEPE YBCIMYCHUA KOHIOCHTPAIIUU MOHOB
IIMHKA YCUIIMBACTCA UX TUIAPOJIN3!

Zn*" +H,0 — Zn(OH)" + H', (2.4)

Benencteue yero pH BOmm3n aHoxa cHipkaercs. VloHs! nuHKa, nuddysmm-
py4 B 30HHI ¢ OonpmiM pH, ygacTByIOT B (hOpPMHPOBAHUN OCAIKOB OKCH-
xmopunoB ZnClo-4Zn(OH), wmu rugpokcuna Zn(OH)2. B cBoro ouepens
BOJIM3M KaToOZa B pe3yJsbTaTe MOAMNIEIaYNBaHUs dJIEKTPOIUTa HOHBI aMMO-
HUS YaCTHYHO pa3iiaraloTcs ¢ 0Opa3oBaHHMEM CBOOOIHOTO aMMHaka. ITo
CIOCOOCTBYET POCTY KpUCTAIIMYECKUX OcaakoB coctaBa [Zn(NH3)2]Cla.
DopMupOBaHHE MATOPACTBOPUMBIX COCTHHEHUN MPUBOIUT K YACTHIHOMY
9KpaHUPOBAHUIO AaKTUBHOM Macchl obomx ayekTponoB. Kak cuenctsue,
YBEINYMBAIOTCSI BHYTPEHHEE CONPOTUBICHUE M OMUYECKasl MOIAPU3ALINL
JJIEMEHTA.

Karognoe BoccranoBinenne MnO; npoTekaeT M0 MEXaHU3MY TBEpPIO-
(azHoi 1uddy3un 37eKTPOHOB U IPOTOHOB C NMOBEPXHOCTHU B IIyOb 3epHa
MnQ;. DTO NPUBOJUT K YACTUYHOMY BOCCTAHOBIEHHIO MOHOB Mn*" kpu-
CTAITMYECKON penteTku 10 noHoB Mn**, Ilo Mepe Takoro BHeApEHHUs BO-
Jlopoa KpucTtanyeckas pemetka MnOz HECKONBKO pacTATHBAeTCs, HO
HE MEHSET CBOCH CTPYKTYpHL. B pesynsraTe 0Opa3yercs romoreHHas ¢asa
nepeMerHoro coctaBa yYMnOOH:(1-)MnO». B xone paspsina 3HaueHHe y
HENpPEephIBHO YBENNYMBAETCS, COOTBETCTBEHHO CHI)KAIOTCS IIOTEHLIMAN Ka-
TOJa M HANpPsDKEHUE Pa30MKHYTOW Lenu. M3-3a 3aMe/UIeHHOCTH IepeHoca
IIPOTOHOB COCTaB MOBEPXHOCTHOTO CJI0s 3epHa MnO> oTIMuaeTcst oT co-
CTaBa TIIyOMHHBIX CIIOEB — BOJIM3M IIOBEPXHOCTH CTETIEHb PA3psKEHHOCTH,
T. €. 3Ha4eHHe y, OoIbIIe.

OCOOCHHOCTSIMH aHOIHOHM W KaTOMHOW peakIii OOBSICHSIIOTCS Xapak-
TEpHbIE pa3psIHbIE CBOMCTBA MapraHIEBO-IIMHKOBBIX 3JEMEHTOB C COJIE-
BBIM 3JIEKTPOINTOM. HanpsbkeHnue sieMeHTa B X07e pa3psiia CyliecTBEHHO
nanaet (puc. 2.3) He TONBKO U3-32 POCTa BHYTPEHHETO CONMPOTUBIICHUS, HO
U 3a CUeT HEMpPEephIBHOTO M3MEHEHUs MOTEHIIMANA MOJ0KUTEIFHOTO JJIeK-
Tpozma. Ob6a >¢dpdexra ocobeHHO 3aMeTHBI NMpH OONBIINX TOKAX paspsna,
onHoBpeMeHHO nanaeT Upu. Ilpu pa3MblkaHMM BHELIHEW LENU U OTKIIO-
YeHUH Harpy3ku U MOACKaKMBAET 0 MPOMEXYTOYHOTO 3HAUCHHMS, TaK KaK
ncUYe3aeT OMHYECKOE MaJICHWE HANpsDKEHHA. 3aTeM HalpsDKeHHE paso-
MKHYTOH HENH JHMIIb MEIJICHHO YBEIMYMBACTCS 1O 3HAYEHMs, COOTBET-
CTBYIOILIETO JaHHOW CTENeHU 3apshkeHHOCTU. Bo Bpems Takoro "orabixa"
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MIPOMCXOANT BHIPAaBHUBAHNE KOHICHTPAIMH ((PAKTUIECKH — 3HAUYCHUS )
BHYTpH TBepHo# ¢a3sl mepemeHHoro coctaBa yMnOOH:(1-)MnOz. Ilo
9TOW MPHUYMHE COJICBBIE 3JIEMEHTHI NP NIEPEPHIBaX B pabOTe CIIOCOOHBI K
CaMOBOCCTAHOBJICHUIO XapaKTEpUCTHK. [lOTOJHUTEIbHON NPUYMHON Ia-
JICHUS HANPsDKEHUS MU paspsizie sSBISETCS BOSHUKHOBEHHE Tpajauenta pH
BHYTPH 3JIEMEHTa: MOALIETaYHBAHUE PACTBOPA BOJM3HM KAaTOAA CIBUTACT
€ro IOTEHIUAJ B OTPHLATENbHYIO CTOPOHY.

|
|
I
1.24 !
I
|
I

Otabix

»!

-

T, 4

3

Puc. 2.3. KpuBble HanpsipKeHHs pa30MKHYTOM 111U, pa3psiaa U "oTabixa"
MapraHieBO-IUHKOBOT'O AJIEMEHTA C COJIEBBIM 3JICKTPOIUTOM

Takum 00pa3oM, 37MEKTPOAHBIE HMPOIECCH B MapraHIEBO-IMHKOBBIX
9JIEMEHTaX JOCTATOYHO CIOXHBI. OCHOBHAsE TOKOOOpa3ykomas peakiys B
JOCTAaTOYHO I'PyOOM IPHOIIIKEHUH MOKET OBITh BBIp2)KEHA YPAaBHEHHEM:

Zn + 2MnO; + 2NH4Cl — 2MnOOH + [Zn(NH3):]JCL.  (2.5)

Hanexxuble naHHbIE 00 3JIEKTPOAHBIX NMOTEHIMANAX IOIYPEaKIUHd c
yuactueM MnOOH, cymecTBylomiero B pa3HblX KpUCTAIIMYECKUX MOAM-
(UKaIMAX, OTCYTCTBYIOT, IO3TOMY KOPPEKTHO OLIEHUTH TEPMOJHHAMHUYE-
CKO€ 3HAUCHME HANPSIKEHUs] MapraHIeBO-LIUHKOBBIX JIEMEHTOB HE Mpe-
CTaBJISIETCS] BO3MOXKHBIM. HampspkeHne pa3oMKHYTOH IIETTH CBeXecoOpaH-
HOTO COJIEBOTO dJIEMEHTa BapbupyeTcs B AuanazoHe 1.5-1.85 B. Bo Bpems
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paspsiaa OHO TTOCTETIEHHO CHIKACTCS, a TPH JOCTHKEHUH HATPSDKEHHS OT-
cedku 0.7-1.0 B sneMeHT yke cUMTaeTCsl MOJIHOCTBIO PA3PSKEHHBIM.

O0a 3mexTposa MapraHIEeBO-IIMHKOBBIX 3JIEMEHTOB TEPMOAWHAMMIYE-
CKM HEYCTOWYMBBI, YTO BBI3BIBACT CaMOpas3psil JIEMEHTA U CHUXKAET €ro
cpok rogHoctd. B wactHocTH, MnO2 MOXET B3aUMOAEHCTBOBATH C BOJ-
HBIMH PacTBOPAMU C BBIJIEIICHUEM KHUCIOPOJA:

4MnO: + 2H20 — 4MnOOH + Oa. (2.6)
Koppo3uu tuHKOBOr0 KOpIyca 3JeMeHTa 10 YPaBHEHUIO
Zn + 2NH4" — Zn?" + 2NH3 + H» 2.7

CII0OCOOCTBYET I'MIPOJIN3 XJIOpHJa aMMOHHUSI, KOTOPBIA PUBOJHUT K CHIDKE-
Huto pH. 'enepupyemble KUCIOPOA M BOJAOPOJ yBEIHUUBAIOT BHyTPEHHEE
JaBJICHUE B JIEMEHTE, YTO MHOTJa MPUBOJUT K Pa3pbIBy KOPIIyca U yTeUKe
anexTponauTa. Koppo3HoHHYI0 aKTUBHOCTH 3JEKTPOJIUTA YMEHBIIAIOT IIy-
TEM 3aMEHbI OONBIIEH YacTH XJIOPHCTOTO AMMOHHS Ha MEHEE KHCIBIA
xyopu nuHKA. [Ipr 3ToM Toko0Opasyromas peakiis B JIEMEHTE OIHCHI-
BAeTCs YPaBHEHHEM:

4Zn + 8MnO: + 8H20 + ZnCl, — 8MnOOH + ZnCl>-4Zn(OH).. (2.8)

Kpome Toro, B 31EKTPOIHUT BBOJAT OpraHMYECKHE JOOAaBKU-HHTHOUTOPEI,
CHMXXAIOIINE CKOPOCTh KOppo3uH. [[Isi yBenTH4EeHHs] aKTHBAIMOHHOW TIO-
JSIpHU3alMy B PEaKkIU¥ BBIICICHUS BOAOPOAA HAa aHOAE K LIMHKY paHbIIE
J00aBIISUIN PTYTh, OAHAKO CEHYAC 3TO 3aIlPELIEHO MO 3KOJOTHYECKHM CO-
00pasKEeHHSIM.

ConeBble MapraHLEBO-I[HTHKOBBIC 3JIEMEHTHI U OaTaper MOTYT UCIIOJIb-
30BaThCS JJIS DJEKTPONHUTAHHUSA YCTPOHCTB C OTHOCHTENHHO HEOOJBIINM
CTaOMIIBHBIM MTOTPEOICHUEM SHEPTHUH (Yachl, JATIUKNA OXPAHHON CHTHAIH-
3aliM) W anmaparypbl MEPHOIMUYECKOr0 AeHCTBHA (paJuONpPUEMHHKH,
IyJBTHl AUCTAHIMOHHOTO YIIPABJICHHUS, KaJIbKYJIATOPHI, JIEKTPOUTPYIIKH
" T.J.).

2.2. llles104HOM MapraHueBO-IMHKOBBIN 3J1eMeHT

AKTUBHBIMHU BeIlleCTBaMH aHOJA U KaToJa, KaKk U B COJICBOM 3JIEMEHTE,
SIBIISTIOTCA UHK Zn U TUOKCHI Maprania MnOz cooTBeTcTBeHHO. [IpHH-
LUIUAIBHBIM OTIMUYUEM SIBJIIETCS UCIIOJIB30BAHUE LIEIOUHOIO IEKTPOIIH-
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Ta, KOTOPBIM CIIYXKHUT KOHIICHTPHUPOBAHHBIN BOAHBIN pacTBOp THIPOKCHIA
xanusi. HecMotps Ha T0, uro NaOH nemesne, ucnonszoBanne KOH mpen-
MMOYTHTENFHEE M3-3a 0oJiee BHICOKOW AIEKTPOIPOBOTHOCTH BOTHOTO pac-
tBOpa (puc. 1.7). KoHIeHTpaLys SIeKTpoIuTa cocTaBaser 6-10 Moms/mm?,
YTO OTBEYAET MAKCUMYMY & U OBTEKTHUECKOMY MUHUMYMY TeMII€PaTypbl
3aMep3aHus PacTBOPA.

YCTpOHCTBO MIETOYHOTO MapraHIEBO-IIMHKOBOTO 3JIEMEHTa ITOKa3aHO
Ha puc. 2.4. BunHo, 4T0 €ro nu3aifiH 3aMETHO OTIIMYAETCA OT aHAJOTUYHO-
IO COJICBOTO 3JIEMEHTa, KOTOPHIH 3/1ech Kak Obl "BBIBEPHYT HaW3HAHKY'.
IrHKOBBIN aHOJ TENEph HAXOAUTCS BHYTPH HJIEMEHTA B CIIELUAIBHON LU~
JUHAPUYECKON Kamepe W TPEICTABIeT co00il remeoOpasHylo MacTy Ha
OCHOBE MOPOIIKOOOPAa3HOro IMHKA. MeaHas IIacTUHA UM CTepKEHb, 110-
MEIlleHHbIe B IIMHKOBYIO IACTy, CIy>KUT OTPHLATEIbHBIM TOKOOTBOJOM.
AKTHBHBIM MaTEpPHAJIOM KaToJa — JUOKCHIOM MapraHIa B CMECH C YTOJIb-
HBIM TIOPOIIIKOM — 3aIIOJTHEHO OCTaBIIeecs MPOCTPAHCTBO MEXIY Cerapa-
TOPOM U KOPILyCOM U3 HUKEIMPOBAHHOM CTal, KOTOPBII CIIy)KUT B Kaue-
CTBE IOJIOKUTEJILHOrO KoJlekTopa Toka. Cemaparop, a TakKe aHOAHAs U
KaTo/lHasi aKTUBHBIE MAacChl MPOIMUTAHBI AJIEKTPOIUTOM JJSI CHIKEHUS
BHYTPEHHETO CONPOTUBIICHUS dJIEMEHTA.

cmeck MnO; ¢ rpaduTom —

CTaNBHOH Kopryc =
MOPHCTHIH cernapaTop —

IIHHKOBAA macra =

MCIIH biii KOJIIEKTOD = -

Puc. 2.4. Cxema 111€I09HOTO MapraHIeBO-LIMHKOBOT'O JIEMEHTA
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3HeKTpOXI/IMI/I‘ICCKaH CHUCTEMA DJIEMCHTA MOXET 6BITB 3alicaHa Tak:
() Zn | KOH | MnO: (+). (2.9)

Jlmoxcuza MapraHija BOCCTaHABIMBAETCA Ha KaTole ¢ 0Opa3oBaHUEM
¢a3sr mepemennoro cocraBa yMnOOH:(1-y)MnO> (kak ¥ B COJIEBOM
IEKTPONIUTE). B IIENOYHBIX pacTBOpax peakiys IPOTEKacT C y4acTHEM
MOJIEKYJI BOJIbI, BBICTYTAIONIUX B KAYECTBE JOHOPOB MIPOTOHOB!

MnO; + H20 + e — MnOOH + OH". (2.10)

AHOILHOQ PAaCTBOPCHUC NUHKOBOT'O 3JICKTPOJa B IICJTOYHBIX PACTBOPAX
HMeET CBOU OCOOEHHOCTH. HepBI/I‘{HHﬁ nponecc

Vo Zn+20H — % [Zn(OH)4)> + e 2.11)

CBSI3aH C PAacXOAOM OTHOCHTEIHHO OOJBIIOTO KOJHMYECTBA LIEIOYH — ABYX
noHoB OH™ Ha xaxaplii npomeamuid 3nekTpoH. KpoMe Toro, B peakiuu
o6pasyercst nuHKat K2[Zn(OH)s], pacTBOpUMOCTE KOTOPOTO B IIEIOYHBIX
pacTBOpax He mpesbimaer 1—2 Mons/n1. [locie HackleHus: pacTBopa HUH-
KaTOM Ha MOBEPXHOCTH IIMHKA HAYMHAETCSI OCAKACHHE THMIPOKCHAA LIUH-
Ka:

[Zn(OH)4]> — Zn(OH),| + 20H", (2.12)

Y TIEPBUYHBII MpOIlecC MpeKpaiaercs. Takum 00pa3oM, eMKOCTh LIUHKO-
BOI'O 3JIEKTPOJa 31eCh JIUMUTUPYETCS HE KOJUYECTBOM LIMHKA, a KOJU4Ye-
CTBOM ILIETIOYH.

Ecnu mioTHOCTh TOKa HEBENMKA, IMHKOBBIN 3JIEKTPOJ MPOAOIIKAET
paboTaTh W B HACHIIICHHOM LUHKAaTHOM pacTBope. [Ipum 3TOM mpotekaer
BTOPHYHBII MpoIecc ¢ 00pa3oBaHHEM HEPACTBOPUMBIX THAPOKCHAA HIIH
OKCHJIA IIUHKA:

Y, Zn + OH™ — % Zn(OH), + e, (2.13)
Y Zn+OH — % ZnO + % H0 + e, (2.14)

Pacxoz[ nonoB OH™ Bo BTOPHUYHOM IIPONECCC COKpalacTCsa BABOC II0
CpaBHCHHIO C NEPBUYHBIM. Ecmu Y4€CTh, YTO IpU pas3psaac 3JEMEHTa C
IIUHKOBBIM aHOAOM Ha MOJIOKHUTCIBHOM JJICKTPOJAC COTJIACHO YPABHECHUIO
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(2.10) Beimensiercs ogue noH OH™ Ha OJMH 3JIEKTPOH, TO MOKHO CIenaTh
BBIBOJI, YTO B JJIEMEHTE B IIE€JIOM MPH BTOPUYHOM IPOIECCE IIEII0Yb BO-
obme He pacxoxyercs. CieoBaTeIbHO, A PadOTHI AIEMEHTa JOCTATOY-
HO HEOOJIBIIOro 00beMa PAcTBOPA JIEKTPOIUTA, HEOOXOIUMOTO TIABHBIM
o0pa3oM JUIsl 3alOJHEHHUS MEXAJIEKTPOJHOIO MPOCTPAHCTBA U IOP dJEK-
TPOZOB.

Takum 00pa3oM, BO3MOXKHBI JIBa CITOCO0a HMCITOIB30BaHUSI IIMHKOBBIX
aHOJIOB B IIEJIOYHBIX pacTBOpax. B mepBoM crmocobe UCIob3yeTcst TOIBKO
nepBUYHBIA npouecc. CpaBHUTEIBHO TOJICTBIA MOHOJMTHBIM ITMHKOBBIM
ANIEKTPOJI TIOTPYKACTCSA BMECTE C KaTOJOM B OaHKY C OONBIIUM 00BEMOM
JJEKTPOJIUTA. DIEKTPOA HUMEET OTHOCHUTENBHO TJaJKYIO0 MOBEPXHOCTh U
MOXET paboTaTh NPU BBHICOKHX IJIOTHOCTSAX TOKA JIUTEIBHOE BpeMs,
BILIOTH JI0 HACBHIIIEHHs pacTBOpa IIMHKAaTOM. BTopoii crocob cBsi3aH ¢ uc-
MOJI30BAaHKEM BTOPHYHOTO TMPOIECCa AHOIHOTO OKHWCIICHUS IUHKA.
NMeHHO OH peanm3yeTcss B COBPEMEHHBIX MICIOYHBIX MapraHIeBO-
LIMHKOBBIX JIEMEHTaX. B 3TOM cily4ae NMpUMEHSIOT NOPOLIKOBBIE M1ACTO-
o0OpasHbIe IIMHKOBBIC JEKTPOABL. 3a cU4eT OONBIION TUTOMATU MX MCTHH-
HOM MOBEPXHOCTU PE3KO CHUXKAETCS TUIOTHOCTH TOKA, UTO SIBJISETCS Mpe.-
TOCBUIKOM JJIsl IPOTEKaHUsl BTOPUUHOTO Tpouecca. Kpome Toro, pactBop
DJIEKTPOJIUTA 3apaHee HACHINAIOT MUHKATOM 3a CUET PACTBOPEHHS B HEM
OKCHJIa ITMHKA.

CymMapHbIe TOKOOOpPa3yIoNIie PEeakiWd B IIEJIOYHOM MapTaHIEBO-
IOUHKOBOM 3JIEMEHTE MOTYT OBITh IIPEICTABIICHBI CICAYIOIINMH YpaBHEHH-
SIMH:

Zn + 2MnO; + 2H0 — 2MnOOH + Zn(OH)», (2.15)
Zn + 2MnO; + H,0 — 2MnOOH + ZnO. (2.16)

Hampsbkenue pa3oMKHYTOM LIENM CBEXKEU3TOTOBJIEHHOIO IIEIIOYHOTO
MaprasIeBo-IIMHKOBOTO AJIEMEHTa HaxoauTcs B quana3one 1.5—1.7 B. Kax
1 Y BCEX XMMUYECKUX HCTOYHHKOB TOKA, EMKOCTb 3JICMECHTOB C IIICIOYHBIM
ANIEKTPOIUTOM YMEHBIIACTCS TPH YBEIUYCHHHM TOKa paspsma. OmHaKo
9TOT CMaJ] BBIPAXKEH MEHEe PEe3KO, YEM Yy DIIEMEHTOB C COJIEBBIM JIEKTPO-
mutoMm (puc. 2.5). [locnenHee cBA3aHO C TeM, YTO yJelbHas DJIEKTpUUE-
CKasl MMPOBOJUMOCTD IIEIOYHOTO JIEKTPOJIUTA 3aMETHO OOJIbINE, YeM CO-
JIEBOTO AJIEKTPOJHTa B deMeHTax Jlekmanmre. Kpome TOro, B MIETOYHBIX
AJIEMEHTaX OTCYTCTBYET THUITHMYHAS ISl COJIEBBIX AJICMEHTOB BO3MO)KHOCTh
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BeimageHust ocaaka [Zn(NH3):]Clo. Kak ciencteue, cymecTBeHHO CHIMKa-
eTcs BKJIAJ OMHYECKOW COCTaBIIIIONICH B oOIiee MajaeHWe HaNpsDKEHUS
JJIEMEHTA.

[TopomKOBBIN IIMHKOBBII 3JIEKTPOA OOECICUMBACT CYLIECTBEHHOE
yBeNIMYeHHEe KOI(GQHIMEHTa HCIOJIb30BaHUs AaKTUBHOTO MaTepuana B
CPaBHEHHUH C COJICBBIMH 3JIeMEHTaMH. [Ipu HempepeIBHOM paspsiae cpel-
HUMH W TTOBBIIICHHBIMU TOKAMH IEJIOYHBIE 3JIEMEHTHI 00ECIEYNBAIOT EM-
KocTb 110 7-10 pa3 OoJbIIyIo, YeM COJIEBBIC JIEMEHTHI TeX JKe rabaphToB.
[Ileno4uHbIe 31€MEHTHI JTydIle (GYHKINOHUPYIOT B 00JIACTH HU3KUX TEMIIe-
paryp: npu —20 °C oHH 00JIATAIOT TAaKOW KE EMKOCTBIO, YTO U COJICBEIC B
PEXHMMe HENPEPhIBHOTO pa3psija Py KOMHATHOH TeMIepaType.

Uy, B o
1.6 ]
1.4 —
5 \\
12 S,
i ™ N
’ 70 MA S0 MA 20 N.:\\ \10 MA
0.8 | | A A\ =
U, B =
1.6 i
1.4 —--.________: = 2
1.0 \ N \
200 m\.\ \1 00uAYs0mA [\25mA
0.8 j

1 2 4 6 10 20 40 14

Puc. 2.5. Kpussbie pa3psia coneBoro (a) u mieno4Horo (6)
MAapraHIIeBO-[[MHKOBBIX JIEMEHTOB MIPU Pa3HBIX 3HAYCHUSX PA3PSAIHOTO TOKA

CkopocTh MOOOYHOTO KOPPO3MOHHOTO OKHCIECHHS LIUHKA B PAcTBOpPE
ILIEJIOYHOTO 3JIEKTPONINTA HEBEIMKA. BhliesieHne Bogopoaa Ha IUHKE 110
YPaBHEHUIO

Zn + 20H" + 2H,0 — [Zn(OH)]> + Ha (2.17)
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MIPOTEKaeT MEUICHHO, TaK KaK 3JIEKTPOJINT HACHIIIEH IPOIYKTOM KOppO-
3UM — IIMHKATOM. [ TOTIOTHUTETFHOTO CHIKEHHUSI CKOPOCTH KOPPO3UH
LMHK MOXET OBITh JIETHPOBAH CBHHIIOM, HHIHEM, BUCMYTOM H aJFOMHHHU-
eM. B urore ckopocts camopaspsiaa INETOYHBIX MapraHleBO-IIMHKOBBIX
2JIEMEHTOB O4eHb Mana: nocie 1 roga xpanenus npu 20 °C norepu eMKo-
cTu He npeBbimaT 10 % oT HavyanbHOrO 3HaueHMA. | 'apaHTHIHBIA CpPOK
XpaHEHMsI LIeJIOUHBIX 3J1EMEHTOB Jocturaet 10 mer.

[Ilenounble MapraHIEBO-IIMHKOBBIE 3JIEMEHTHI MPUMEHSIOTCA UL
NIEKTPONUTAHHUS YCTPOHCTB C BBICOKMM TOKOMOTpeOsNeHneM — Goro-
BCIIBIIIKA, MOIIHBIN 3JIEKTPUYECKUH HCTOYHUK CBETA, MM TPEOYIOLIMX
JUTUTENILHOTO HEMPEPBIBHOIO paspsina — uugpoBeie GoToanmaparsl, mieii-
€pbl, IUKTO(DOHBI.

2.3. Illes1i0uHbIE 3JIEMEHTHI CO CTAOMIbHBIM HANPSXKEHUEM

BouHble pacTBOPbI M'MAPOKCHUIOB KaJIWs WM HATPHS MCHOJIB3YIOTCS B
Ka4eCcTBE AJIEKTPOIIUTA HE TOJIBKO B MAPTaHIeBO-IIMHKOBBIX 3JIEMEHTaX, HO
U B MHBIX NEPBUYHBIX XMMHYECKHX HCTOYHHMKAX TOKA C HAacTOOOPa3HBIM
LHKOBBIM QAHOJOM. J[MOKCHI MapraHia, HCIONB3YeMBIi B KadecTBe
OKHCJIUTEIIS, MOXKeT ObITh 3aMeHeH Ha okcun pryTH (1) wim okcuz cepe6-
pa (I). CooTBeTcTBYyIOIINE 3NEKTPOXUMHUUIECKUE 3IEMEHTHI Ha3bIBAIOTCS
PTYTHO- WM cepeOpSHO-LIMHKOBEIMH U MOTYT OBITh 3alUCaHbl CIEaylo-
M 00pa3oM:

(-) Zn | KOH | HgO (+), (2.18)
() Zn | KOH | Ag:0 (+). (2.19)

AHOJHAs MONTypeakIys B 3TUX 3JIEMEHTaX ONUCHIBACTCS YPaBHEHHEM
(2.14), B TO BpeMs Kak peakl[UH Ha KaTOJE 3aBUCAT OT MPHPOJBI aKTUBHO-
'O BEIIECTBA MOJOKUTELHOTO 3IEKTPOa:

HgO + H:0 + 2¢” — Hg + 20H", (2.20)
A0 + Hy0 +2¢” — 2Ag + 20H-. 2.21)

Kaxxmast 13 3TUX KaTOJHBIX MONYpPEakiuii B mape ¢ MoJlypeakiuueil Ha aHo-
Jie o0ecrieuynBaeT MpOTEeKaHWe COOTBETCTBYIOIIEH TokooOpa3ymoiieit OpyT-
TO-PEaKIMU B 3JIEMEHTaX:
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HgO + Zn — Hg + ZnO, (2.22)
Ag0 +Zn — 2Ag + ZnO. (2.23)

Takue mepBUYHBIC AJIEMEHTHI OOBIYHO MMEIOT AUCKOBYIO KOH(HIYpalHUIo
(puc. 2.6) W WCHONB3YIOTCSA JUIA DIICKTPOIIUTAHUS MAJOMOIIHBIX
YCTPONCTB, HANTPUMED, KaJbKYJSITOPOB U HAPYUYHBIX YaCOB.

f A LIMHKOBas racra
N ) cernaparop
= | f KaTOJHBIH MaTepHan

Puc. 2.6. JIuckoBbIii METOIHON IIEMEHT C IIUHKOBBIM aHOJIOM
M CXeMa ero yCTpoicTBa

B oriauune oT MapraHIeBO-IMHKOBBIX 3JI€MEHTOB, HAMPSKEHUE Pa3o-
MKHYTOM Iienu 31eMeHToB (2.18) u (2.19) npakTudecku He OTIMYaeTCS OT
TEPMOJMHAMHYECKOTO 3HAYCHUS U MOXKET OBITh OIIEHEHO IO yPaBHEHHIO

(1.29):

RT | ay,-a,,
Uozn (0) =Uporz +2—-lnM, (2.24)

a a

Hg “Yzn0

RT Qg0 "z,
,0/Zn (0)= UggzO/Zn + “In—2 -

U
A 2
2F Ay Ao

. (2.25)
CraHgapTHBIC PAaBHOBECHBIC HANPSDKCHUS JJIEMCHTOB MOXKHO HAWTH MO
¢dopmyne (1.24), ucnosp3yst CIpaBOYHBIC AaHHBIC 00 3IEKTPOIHBIX IO-
TeHNuanax noxypeaxuuit (2.14), (2.20) u (2.21):

UggO,Zn = Eggo/ﬂg —Ey 0, =01B—(-126B)=136B, (2.26)

Unporizn = Engorne = Egnorza =034B—(-126B)=1.6 B.  (2.27)

Ag,0/Zn

TepMO,Z[I/IHaMI/I‘IGCKaﬂ AKTUBHOCTb BCE€X YYACTHUKOB paBHA C€AUHHUIEC, TaK
KaK OHHM ABJIAKOTCA YUCTBIMU TBEPAbIMHU BCUICCTBAMH, T.C. HAXOIATCA B
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crangaptHOM cocTostHuH. [109ToMy Upy = U°, U paspsaHoe HampsDKeHHe
PTYTHO- U cepeOpSHO-IIMHKOBBIX MEPBUIHBIX JIEMEHTOB CTAOMIIBHO JaXKe
HECMOTPSI Ha HaJIMYHMe HEKOTOpoH noisipusanuu (puc. 2.7).

U B
1.7

| 2

a
15 ] w Puc. 2.7. Kpusbie pa3spsia
13 M~ pTyTHO-1IMHKOBOTO (1)

U cepeOpsHO-IIMHKOBOTO (2)

1.1 - MEPBUYHBIX JICMEHTOB
0.9

T T
50 100
CTeneHs paspaKeHHOCTH, %o

PTyTHO-LIMHKOBBIN M cepeOpsSHO-IIMHKOBBIH JIEMEHTHl 00paTUMBI, TO
€CTh CIIOCOOHBI paboTaTh KaKk akKyMyJisiTop. OJJHAaKO CTOMMOCTH cepedps-
HO-ITMHKOBBIX aKKyMYJIATOPOB OUCHb BBICOKA, a NPH IUKIMPOBAHHUU (3a-
pAA-pa3psa) PTYTHO-IMHKOBOTO 3JIEMEHTa HAONIOAIOTCS €ro Jerpajaris
1 YMEHBIIEHHE EMKOCTH. DTO CBS3aHO B OCHOBHOM CO CTEKaHHEM M CIIH-
MMaHWEM PTYTH B KpPYyNHBIE KaIUTH TIPH pa3psAae W C POCTOM JCHAPHTOB
LUHKA IPU 3apsjie.

DKoJoruueckue mpooeMbl, CBS3aHHbIE ¢ TOKCUYHOCTBIO PTYTH, IPH-
BEJIU K 3HAUYUTEIbHOMY CHMKEHUIO MPOU3BOJACTBA PTYTHO-LIMHKOBBIX JJIe-
MEHTOB. B OONBIIMHCTBE CTpaH MHpa MX U3TOTOBJICHHE M IKCILTyaTallHs
3aIperIeHsl.

2.4. JIuTHeBbIe ralbBaHNYECKHE 3J1eMEHThI

B nogasisromeM GONBITUHCTBE MIEPBUYHBIX XUMHISCKIX HCTOYHHKOB
TOKA aKTHUBHBIM BEILECTBOM aHOJa sBisgercs HMHK. OgHAKO HayuHas C
1960 roga, B KaduecTBe MaTepualia aHOJa WCIONB3YETCs H ele Ooliee ak-
TUBHBI MeTaJUl — JUTHH. JIMTHEBBIA DJJEMEHT HMeeT 0ojiee BLICOKOE
HANpsDKEHHE, TaK Kak Li XxapakTepu3yercsl CaMbIM OTPHIATECIBHBIM 3JICK-
TPOIHBIM MOTEHIIUAIIOM CPEIH METAIUIOB, MPUYEM KaK B BOAHBIX, TaK U
HEBOJHBIX cpenax. KpoMe Toro, 1 reHepaniu OJHOTO aMIep-Jaca dJeK-
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TpodHepruu Tpedyercst Beero aumb 0.259 T muTHs mo cpaBHeHUIO ¢ 1.22 T
IIUHKA.

TpaaunyoHHOE HPHUMEHEHHE BOAHBIX PACTBOPOB JJIEKTPOIHUTOB, a
TaKkKe€ HEJOpOTMX METalIOB B KauecTBE MaTepuana Karoja IPUBEIO B
1960-x 1T. K pa3pabOTKE JUTHUEBOTO JIEMEHTA C BOJHBIM AJICKTPOIUTOM
(puc. 2.8), cxeMy KOTOPOTO MOYKHO TPEJICTaBUTH CIEAYIOIUM 00pa3oM:

() Li | LiOH, H:0 | M (. (2.28)

WS HATPYIRA e

e
Li EKTPOIUT M
e @
anon (-) \Hzo Katoz (+)

Puc. 2.8. Cxema JIUTHEBOrO TraJIbBAHUYECKOTO dJIEMEHTA
C BOJAHBIM DJIEKTPOJIUTOM

Ha anone MMPOTEKAET OKUCJICHUE METAIIMYECKOTO JIMTHUA TI0 YpaBHE-
HHUIO

Li— Lit+e, (2.29)

a Ha Karoac, U3roTOBJICHHOM M3 MAJIOAKTHUBHOI'O MCTaJlIa M, IIPOTEKACT
pCaKknus BOCCTAHOBJIICHUA BOAOPOJIa U3 BOJBI:

HO+e — 2 H2+ OH™. (2.30)

CyMMupys aHOJHYIO U KaTOAHYIO MOJypPEeaKIUH, OIyIUM ypaBHEHHE TO-
K00Opasyrolei peakuu

Li+H>O — LiOH + 2 Ha, (2.31
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KOTOpOE BHEIITHE OMKCHIBACT OOBITHOE B3aUMOJICHCTBHE METaIlIa C BOJOH.
OpHako 3a CUeT MPOCTPAHCTBEHHOTO Pa3JENIeHUsT MPOIECCOB BOCCTAHOB-
JICHWS BOJOPOJA W OKHCJICHHS JIUTUSA JSHEpreTHueckui 3ddekr taxoro
B3aUMOJCHCTBUSL CBOJIUTCS HE K TEIUIOBBIACICHHUIO, KaK MPU HENocpen-
crBeHHOM KoHTakTe Li u H2O, a k reHepanuu 3IeKTPOIHESPTUH.

B T0 xe BpeMs BKJIaJ XUMHUYECKON peakuu B3aUMOJECHCTBUS JIUTHUS C
BOJION HE PaBEeH HYJIIO, HECMOTPS HA TO, YTO ATOT IMPOIECC C POCTOM KOH-
nentparuu LiIOH 3amexnsercs. B cBsI3u ¢ 3TUM Takhe MCTOYHUKH TOKA
MO>KHO M3TOTaBJIMBATH JIWIIb B PE3EPBHOM HCIIOIHEHUH, T.€. 0€3 DIIEKTPO-
nuta. OH 00pa3yercsi caMONPOU3BOJIBHO TIOCIE 3AIIONHEHHST YCTPOICTRA,
HampuMep, MOPCKOI BOJIOM MpH 3allyCKe CUTHAJIBHBIX YCTPOMCTB, cnaca-
TENbHBIX CPEACTB, MOTPYXKHBIX amnmapaToB u Toprneld. VCTOYHHK ToOKa
(2.28) obnamaet O6onbIION yAENBHOMN dHEPTUEH 1 0OecrieunBaeT OYeHb BbI-
COKHE TOKH, OJHAKO BCIEJCTBHE 3TOTO OH MOXET padoTaTh JIHIIb He-
CKOJIKO YacoOB H3-32 OBICTPOTO PAacXOJOBaHWs NTUTHA. JmuTenpHO pado-
TaloIMe JINTUEBbIE NCTOYHUKH TOKA YAAJIOCh CO3[1aTh TOJIBKO C MPUMEHE-
HUEM HEBOJHBIX PaCTBOPHUTENEH.

OOuire TpeOOBaHUS K TAKUM pPACTBOPUTEISIM B HUCTOYHHKAX TOKA C
METAJUTHYECKUM JIUTHEBBIM aHOIOM — YCTOHYMBOCTH Li M CrOCOOHOCTH
00pa30BbIBaTh KOHIIEHTPUPOBAHHBIE M BBICOKOAJIEKTPOMPOBOIHBIE pac-
TBOPBI JIUTHEBBIX cojieil. TepMonuHamMuyeckasi OIeHKa IOKa3hIBAeT, 4TO
JUTHHA MOXKET BCTYNATh BO B3aMMOJICHCTBHE CO BCEMHU BENIECTBAMH — TI0-
TEHIMATLHBIMU pacTBOpUTEIIMU. OJHAKO (aKT MPOMBIIUICHHOTO BBIITYC-
Ka JINTHEBBIX JJIEMEHTOB, CIIOCOOHBIX XPAaHHUTHCS TOJaMH, YKa3bIBacT Ha
TO, YTO COXPAaHHOCTh JUTHUEBOTO JIICKTPOIA HE SBISCTCS MPOOIIEMOIL.
B HacTosiiee BpeMsi YCTaHOBJIEHO, YTO YCTOWYHMBOCTD JIMTHSI B KOHTAKTe
CO MHOTHMHU Ta3aMHU U HEBOJIHBIMU (OPTaHUYECKUMHU U HEOPTAaHUIECKHUMHU )
pacTBOpHUTEISIME OOYCIIOBJIEHA O0Opa30BaHWEM Ha TOBEPXHOCTH MeTaylia
MMaCCHBHOM TUICHKM HAaHOMETPOBOW TOJIIMHBL. B cOoCTaB TIIEHKH BXOIAT
HEpPacCTBOPUMBIE TMPOIYKTHl B3aMMOJECHCTBUS JIUTHUS C PACTBOPHUTEIIEM —
okcnp Li2O, kapoonat Li2COs, ranorenunst LiCl, LiF u npyrue coennne-
HUs. DTH BEIIECTBA MPEJCTABISIOT COO0I TBEPIbIC AIEKTPOIHUTHI, TAK KaK
001aJat0T MOHHOU ANIEKTPOIPOBOIHOCTHIO. Kak ciencTBue, oOpazoBaHue
TACCUBHOM TUIEHKH HE MPETATCTBYET pa3psay JIMTHEBOTO UCTOYHHKA TOKA.
DNEKTPONPOBOJHOCTh TACCHBHOTO CJIOSI HEBEJIMKA, TaK UTO TpedyeTcs co-
3/1aHue TOHKHUX 3JIEKTPOJOB OobIoi miomann. [loaTomy aHOABI 00Jb-
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[IMHCTBA KOMMEPUYECKHX JMTHECBBIX TEPBUYHBIX JJIEMEHTOB COCTOST W3
JIUTHEBOH (OJIBTH, CIMPATLHO HAMOTAHHOH B pYJIOH (pHc. 2.9).

e H30JISTOP
Vs
2 2 - nurtuesas onbra
e 5 % cenaparop
3 e KaToj
ot 4] METa/LIHYECKas

dJO.I'l bI'a-TOKQOTBO/L

Puc. 2.9. JInuTHeBbIi raJbBaHUYECKUH IIEMEHT PYJIOHHOW KOHDUTYpaIin

YCTOHYMBOCTD JHTHS, KPOME TOTO, O0ECIeuMBaeTCsl COONIOIeHNEM
TpeOOBaHUK K YHCTOTE PACTBOPHUTENS M COJICH IPH M3TOTOBICHHH JJICK-
TponuTa. JlomycTHMOe coiepskaHHe MPUMEced, B TOM 4YHCIE BOJBI, CO-
CTaBJISICT TBHICSIYHBIE JIOJIM NPOIEHTA. EciM MCTOYHUK TOKa ITOJHOCTHIO
TepMETU3UPOBaH, YTOObI HE JOMYCTHTHb IOTJIOMICHMS BJIATM M JIPYTHX
IpUMecel M3 OKpYIXKAIOIIeH Cpesibl, TO B KOHTaKTe C TaKMMH YHCTBHIMU
IEKTPOJIUTAMH JINTUI MOXET XPaHHUTHCS JECATHICTHAMH. J[ns MHOrMX
THIIOB BBIITYCKaeMBbIX JIUTHEBBIX HCTOYHUKOB TOKA FapaHTUPOBAHHBII CPOK
xpanenus pocturaet 10-15 ner.

BemmonHenne TpeboBaHMH, KacaromuXcsi CIIOCOOHOCTH 00pa30BBIBATH
HEBOJHBIC PAaCTBOPHI JIMTHEBBIX COJICIH BBICOKOW KOHLEHTPALMU M 3JIEK-
TPOIIPOBOTHOCTH, OKa3aJ0Ch MPOOJeMaTHYHBIM. BBIICHWIIOCH, YTO OCHO-
Banue LiOH u mpocreie nutueBsie conmu (Hanpumep, Hutpatr LiNOs) Bo-
o0Ie He PacTBOPSAIOTCS B OOJNBIIMHCTBE OPTaHUYECKUX PacTBOPHUTEINEH.
B cBSI3M € 3THM NPHUXOMUTCS MPUMEHSITh KOMIUIEKCHBIE COJIM, HAalpHMED,
6oprunpux LiBH4 mmn Terpadropdocdar LiPFs, pacTBoprMOCcTs KOTOPBIX
OKazaJlach JOCTaTOYHO NMpHeMJIeMO. JlononHuTenbHas npobiieMa cBs3aHa
C TEM, 4TO JICKTPONPOBOAHOCTH TAaKHX PACTBOPOB 0OECIEUMBACTCS JIHC-
colManue coneil Ha MOHbI, KoTopas 3G (EKTUBHO MPOTEKAET JIUIIb B pac-
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TBOPUTEJISIX C BBICOKOM IUAIEKTPUYECKON NMPOHMLIAeMOCThI0. OIHAKO Ta-
KHe pacTBOPHUTENH, K KOTOPBIM OTHOCSTCS, HallpAMep, STHJICHKapOOHaT,
MIPONTMIICHKApOOHAT U Cynb(oiIaH, OHOBPEMEHHO OYCHb BSI3KHE, TI03TOMY
JIEKTPONPOBOAHOCT PACTBOPOB BCE PABHO IIOJIy4aeTCsl BECbMa HU3KOM.
VY pactBopuTeneil ke ¢ MaJoi BA3KOCThIO (HaIpUMep, y AUMETOKCUITAHA)
OJHOBPEMECHHO HU3Kas AUIIEKTPUUECKast IPOHHIAEMOCTh, TaK YTO COJIH B
HUX NPAKTHYECKH He JUCCOIMHUPYIOT Ha MoHBL. Hamboiee mpoctoe perre-
HHUE TaHHOW MpoOJIeMbl HaliIeHO B IPUMEHEHHUH CMEIIaHHBIX pacTBOPHTE-
TEH.

HawuGoubiiee pacnpocTpaHeHHe MOJIyYHI JTUTHEBBIH TralbBaHHYECKUH
9JIEMEHT ¢ METaUTMYECKUM JIUTHEM — B KAuecTBE aHOJa W AUOKCHIIOM
Maprasia — B Ka4ecTBe KaTofa. DJIEKTPOIUTOM 37IECh SIBIISCTCS COJIb JIU-
THSL, B YaCTHOCTH, nepxyopart autust LiClOs, pacTBOpEHHBIH B CMEIIaHHOM
OpPTraHUYECKOM pacTBopHTeIE, HanpuMep, IIponMIeHKapOoHaT-
JVMETOKCHATaHe. DIIEKTPOXMMUIECKasi CHCTEMa JJIEMEHTa!

() Li

LiCIO4 | MnO; (+). (2.32)

AHO,ZIHaSI MoJriyp€akiqusis B MapraHii€BO-JIUTUECBOM JJIEMCHTE OIUCHIBA-
eTcs ypaBHeHHeM (2.29), a momypeakiys Ha KaToe:

2MnO; + Li* + e=— LiMn204. (2.33)
B xone cymmapHoO# TOk0OOpasyromien peakiiuu
Li + 2MnO; — LiMn,04 (2.34)

9JIEKTPOHBI, MOCTYNAIOIINE U3 BHEUIHEH LENH, MOTJIOIAKTCA 3JIEKTPOH-
HOH IMOJACUCTEMOI KPUCTAJUIMYECKOM PEUIETKH AUOKCUAA Mapraua, Io-
HIDKas CTETICHb OKHCIIEHHUsI 3Toro Mertaiuia. Katnousr Li*, moctymarorue
13 pacTBOpPa JIEKTPOIIUTA, AECOTBBATUPYIOTCS, BHEAPSIOTCSA B KPHCTAJLIH-
YECKYI0 PEIIETKY M3 PacTBOpPAa M KOMIIEHCHPYIOT 3apsij dnekTpoHoB. Co-
enuHenne LiMn2O4 mpencrasisier coOOM unmepkanam — TPOLYKT IIPO-
1iecca BHEIPEHMSI CPAaBHUTENIFHO HEOOJBIIMX WOHOB JINTUSI B KPHCTAJUTH-
yeckylo pemierky MnOz. Crpykrypa uuTepkamirta LiMn2Os Bkirouyaer
aTOMBI MapraHIla, OKTa3ApUIECKU CKOOPJUHUPOBAHHBIC C IIECTHIO aTOMa-
MH KHCJIOPOJa, ¥ aTOMBI JIUTHS, TETPa’3APHUYECKH CKOOPANHUPOBAHHEIE C
YeTBIPEMS aTOMaMH kuciopona (puc. 2.10).
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Puc. 2.10. Crpyxrypa unrepkansara LiMn,O4

Hapsiny ¢ amokcuaoMm mapraHia, B KauecTBe MaTepralia KaToaa MOTYT
HCTIONIB30BATECSl UHBIE OKCHUAHBIE MM XaIbKOT€HHIHBIE COEIUHEHUS,
Hanpumep, V205, MoOs, CuO, FeS,. B 3aBucuMoct 0T IpHpOIs! KaTo-
HOTO MaTepHaja, TOKOoOpasyromas peakius MOXKeT MpoTeKaTh Kak HeoO-
partumo, Tak u ooparumo. Ecin 06bpeM »reMeHTapHOH sMefKy KpUCTaIIIH-
YeCKOH pelIeTKy KaTo1a Majl, TO BHEIPCHHE HOHA JINTHS COBEPIIAeTCs He-
00paTHMO C ee pa3pyIICHHEM H IIOCTPOCHHEM HOBOT'O BeHIecTBa. Tako
BapHaHT IPUTOJCH TOJNBKO U OJHOKPATHOTO HCIIONB30BaHHS B JIUTHE-
BBIX MCTOYHHKAX TOKa TMEPBHYHOIO TUIA U Pea3yeTcs, HAIpUMep, Ha
anektponax u3 oxcuna meau (1I):

CuO + 2Li* + 2¢- — Li,O + Cu, (2.35)
NN ,HI/ICYJ'IB(bI/I,Ha JKeJiesa.
FeSy +4Li* + 4e — 2LisS + Fe. (2.36)

Hamnpotus, eciin 00beM 351eMEHTapHOM SYEHKH KpUCcTala KaTOJHOTO
MarepHuaja JI0CTaTOYHO BEJIHK, TO COCMHEHUE BHEAPECHUS COXPAHSET HC-
XOJIHYI0 KPUCTAJUIMYECKYIO PELIETKY M OKa3bIBAaeTCsl CTaOMJIBHBIM IIPO-
JIYKTOM pa3psija. JInTueBble HCTOUHHUKH TOKA, IOCTPOCHHBIE HA (hopMupo-
BaHNM TaKMX MHTEPKAIATOB, MOTYT paboTaTh 0OpaTHMO, TaK KaK KaTHOH
Li" MoxeT GBITh BBIBEICH OOPATHO B PacTBOP MPH M3MEHEHWH HaIpaBIie-
HUS 3JIEKTPUUECKOro Toka. [10700HbIE MHTEPKAIATHI MPUTOIHBI JJISL HC-
TIOJTb30BAaHUS B Mepe3apshKaeMbIX JINTHEBBIX UCTOYHHKAX TOKAa BTOPHYHO-
'O THIA, T.€. AKKyMYJIATOpax.
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BOJBIIMHCTBO JIMTHEBLIX DJIEMEHTOB MMEIOT OYEHb CTAOMIBHOE pas-
psnHOE HampshkeHue, 6mmskoe k 3 B (puc. 2.11), aro mpuMmepHO B 1Ba pasza
OorbIlle, YeM Yy 2JIEMEHTOB Ha OCHOBE IIMHKA.

0 20 40 60 80 100

CreneHk pazpakeHHOCTH, Y%

Puc. 2.11. TunnuHas pa3psaHas Kpuas
MEPBUYHOTO MapraHIeBO-IUTUEBOIO dJIeMEHTa

Tem He MeHee, UCIIOIB30BAaHUE B KAUECTBE aHOAHOTO MaTepuaia Me-
Tajutyeckoro Li, XUMUUeckn KpaifHe akTHBHOI'O M MOXKapOOINACHOI0 Be-
mecTBa, TpeOyeT 0COOEHHO OCTOPOIKHOTO OOPAIEHHS C JIUTUEBBIMU dIie-
MeHTaMH. 3alpelialoTcst UX HarpeBaHHe W pa30opka, HapyIIeHHe IMOJsp-
HOCTH, KOPOTKHE 3aMBIKaHHUS; HEOMYCTUMBI HOMBITKY 3apsHKaTh MEPBHI-
HBIC 371eMeHTHl. HecoOmoneHne 3THX 3JIeMEHTapHBIX TPEOOBAaHUH MOXET
TIPUBECTH K B3PBIBY U TIOXKapy.

Codepa npuMeHEHHs JTUTHEBBIX NIEPBUYHBIX JJIEMEHTOB M Oarapeii 1o-
BOJIbHO 0OIIMpHa. DT0 (hoToammaparsl, NEKTPOHHbIE Yachl, KAJIbKYJIATO-
Pbl, MAaTEPUHCKHE IUIAaThl KOMIIBIOTEPOB M LIEIH PE3EPBHOIO MHUTAHUSI, I/1€
TpeOyeTcsl BBICOKAs COXPAaHHOCTh M TOCTOSTHCTBO pabodyero HalpsKeHHs B
TEUEHUE MHOTHX JIET SKCILTyaTalliH.

Hapsimy ¢ HEBOJHBIMH OPraHUYECKUMH, B JINTHEBBIX TajJbBaHUIECKHX
JIEMEHTaX HCIOJB3YIOTCS M HEOpraHHMdYecKue pacTBopuTenu. JIuTwii-
THOHWJIXJIOPU/IHBIA 2JIEMEHT YHHMKaneH TeM, uTo THoHmaxiopun SOCIL:
CIIy)KHT KaK B Ka4eCTBE OKHMCIIUTEIS, TaK U PACTBOPUTENS VISl DIICKTPOJIH-
Ta — TerpaxiopamomuHara Tutus LiAICls. AHOHAS moTypeakiys B dJie-
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MeHTe TpoTeKaeT 1o (2.29), a KaToaHas ¥ TOKOOOpa3yIoIias ONHCHIBAIOTCS
YPpaBHEHUSIMHU:

4S0ClL + 10e” — 28 + S,04% + 8CI, (2.37)

10Li + 4SOClL — 2S + Li2S204 + 8LiCl. (2.38)
9HeKTpOXI/IMI/IlIeCKaH CHCTEMA DJICMCHTA:

(9 Li | LiAICL | SOCI; (+). (2.39)

IIpu HOMHHATBHOM CTaOUIBHOM HampshkeHHH 3.4 B u mpeBocXomHBIX
9KCIUTyaTallMOHHBIX MapaMeTpax — MOIIHOCTH, CPOKE TOJHOCTU M HU3KO-
TEMIIePaTyPHBIX XapaKTepUCTHKaX, TAKOW AJIEMEHT 00eCIeunBaeT OCHOB-
HBIE TIOTPEOHOCTH B BJIEKTPONUTAHUH MHOTHX BOCHHBIX M KOCMHYECKHX
ammaparoB. OJTHAKO €ro NMpHMEHEHHEe B OBITOBOM TEXHHWKE CHIBHO Orpa-
HUYEHO M3-32 UPE3BbIUAIHOW TOKCMYHOCTU THOHWIIXJIOPH[A, a TAKXKE BbI-
COKOM M0Xapo- U B3PbIBOOMACHOCTH JJIEMEHTA.

OpurvHanbpHbI TBEPAOTENbHBIN TUTUH-HOTHBIN 37I€MEHT HCIONb3Y-
eTcd JUId TMTaHHA WMIUIAHTHPYEMBIX 3JIEKTPOKapANOCTHMYJISTOPOB.
OOecnieunBasi MaJiblii TOK, OH SIBJIICTCS KOMIIAKTHBIM, O€30MAacHBIM U
Ha/IC)KHBIM. DJIEKTPOXUMHUYECKAst CHCTEMa dJIEMEHTA:

(-) Li | Lil | Iz (+). (2.40)
TokooOpasytomas peakiust B 3JIEMEHTE SIBISIETCS TBEpA0(a3HO#:
2Li+ L — 2Lil. (2.41)

IIpu 3TOM MaTepman karojna — HoJ — HaAXOAUTCS B (OpMe TOKOIPOBOJIS-
mero aaaykrta ¢ mnonu-2-suHwinupuguHoM mlz-[CH2CH(CsHsN)].. Oto
CMOJIMCTBIM MaTepua, KOTOPBIH 00pa3yeTcs MpH Peakiuy MoJuMepa Imo-
TH-2-BUHWIIMAPUAAWHA ¢ N30BITKOM Hoa 1 00JlaaeT 3aMeTHOH AIIEKTPOH-
HOH MPOBOIUMOCTHIO. JINTUI-UOAHBIN SJIEMEHT COAEPKHUT CIOW ITOTO ajl-
IYKTa Ha JIUTUEBOH (oitbre.

TBepablil AMEKTPOIUT — HOAM JIUTHS — GOPMUPYETCS B XOZ€ pa3psaaa
9JIEMEHTa Ha CTBIKE MEXY DJEKTPOJaMU U MOCTENEHHO YBEIHMYUBACTCS B
TONMIIMHY B Xoie paspsma. OOpa3yrommiics clIoii MMeeT JOCTATOYHYIO
MIPOBOIUMOCTD, YTOOBI 00ECTIEUNTH rapaHTHPOBAHHYIO pabOTy yCTpOHCTBA
B TCUCHHE HE MEHee § JIeT.
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2.5. MeTaJIJI-BO3L[leIHl>le rajJjbBaHH4Y€CKHE 3JICMECHTbI

Mertasur-BO3/LyIIHBIH 3JIEMEHT MPECTaBIsIET cO00H AIEKTPOXHMMHUYE-
CKO€ YCTPOMCTBO, KOTOPOE COCTOUT M3 METAIIMYECKOT0 aHOJa U BO3/yIL-
HO-TU(GY3MOHHOTO KaToJa, Pa3AeieHHBIX MOIXOMANINM JJIEKTPOIUTOM
(puc. 2.12). KarogueiM peareHTOM ABIsIeTCSl Ta3000pa3uHbiid Oz U3 aTMo-
chepHOTro BO3/IyXa.

e“ -

MeTamausecKuii
anoj
IIERTPOJIHT

Fasonudiy3nonnkrii

IAEKTPOIHT :K‘nc;mpu,i
Katoj

Puc. 2.12. Cxema MeTaIuI-BO3AYIIHOTO SJIEMEHTA U ra30au(dy3HOHHOTO IEKTPoaa

B kauecTBe mMarepmana aHoja B 3JIEMEHTE HCIOJIB3YIOTCS [IUHK, Mar-
HUH, QJIIOMUHUN WIM JUTHH. MeTtamn BbIcTynaeT B KadecTBe "Toruiusa',
MOTPY>KEHHOTO B AJEKTPOIUT, KOTOPOE OKHCISIETCS M B COUYCTAHUH C ra30-
ny3UOHHBIM MOJIOKUTEIBHBIM JJIEKTPOIOM, Ha KOTOPOM BOCCTaHAB-
JIUBAETCSI KUCIIOPOJ, TCHEPUPYET MOCTOSIHHBIN TOK. Kartonm cocTouT U3 to-
KOCBEMHHUKA, XUMUYCCKU aKTUBHOTO YTIJICPOAHOTO CJIOSA C KaTaJIM3aTOPOM
i 0e3 Hero, a TaKkKe MHUKPOIIOPUCTON TUAPOPOOHOH MIICHKH, TPOHHIIA-
emMoi Jutst kucioponaa. ['a3oauddy3HoHHBIN 3IIEKTPOA CIIYXUT (a3oi, Ha
AKTHBHOW TOBEPXHOCTH KOTOPOW CO3MAIOTCS YCIOBHS JJIsI BOCCTAHOBIIC-
HUS MOJICKYJIIPHOTO KUCIIOPOJa, PACTBOPEHHOrO B 3jekrponute. s a¢-
(eKTHBHOW PabOTHl HEOOXOMMa JOCTATOYHO MPOTSDKEHHAs TpexdasHas
rpaHMIla CHCTEMBI Ta3-)KUAKOCTh-TBepaoe Temo. CKOpOCTh KaTOIHOTO
IpoLecca NpONOpLUOHAIbHA IUIOWAAM Takoil rpanunsl. Kartamuzatop
TTO3BOJIAET JOTOTHATEIIFHO HHTEHCU(UITMPOBATh KaTOAHBIN TIpoIiecc.

Hambonee pacmpocTpaHeHHOH SBISCTCS IWHK-BO3IYIIHAs TEXHOJO-
rus. [{HHKOBEIA MOPOMIOK CMEIIaH ¢ BOAHBIM PacTBOPOM IIeNOYH (OOBIY-
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Ho ucnonb3yercss KOH) n coenunen ¢ razoaudy3noHHBIM 3JIEKTPOIOM
(puc. 2.13).

AHon
(UHHKOBaA NACTa)-

OTBCPCTHE 118 A0CTYNA

BO3IYXA N " Cenapatop,
AeTall ¢y npodobuas nnenka HPONHTAHHBIT
rasoauddyinonnoro TOKOCBEMHHK AEKTPOTHTOM

anekTpoaa yriaepoanas Gymara

Puc. 2.13. [ITuHK-BO3AYIIHBIN 3JIEMEHT

SHGKTPOXI/IMI/IHCCK&H CUCTEMA DJIEMECHTA MOXET 6LITI> 3alimMcaHa B BUIC
(- Zn | KOH | 0z (+). (2.42)

CyMMapHle PEAKIIO BOCCTAHOBJICHU A ra3oo6pa3Hor0 KHCJIOpOaa Ha
KaToA€ MOXXHO NPEACTABUTh YPABHCHUCM:

02 + 2H,0 + 4e- — 4OH. (2.43)

Jlnst yCcKOpeHHsI BOCCTAHOBJICHHST KUCIOPO/1a BO3/IyXa MPUMEHSIIOT KaTo bl
C BBICOKOPA3BHUTON MOBEPXHOCTHIO — MOPHCTHIE DIIEKTPOJIBI, COJCPIKAIIHE
KaTaJIu3aToOPhl Peakinuy (AMOKCH] MapraHila, aKTHBUPOBAHHBIN YrOJib, Op-
TaHUYECKUE MAKPOIIMKIIBI, Cepedpo).

Peakuus Ha IMHKOBOM aHOJie aHAJNIOTWYHA Tpolieccy (2.14), mpoTeka-
FOIIIEMYy B MapraHIIEBO-IIAHKOBOM 3JICMEHTE C IICJIOYHBIM 3JICKTPOIHTOM.
ToxooOpa3yromas peakius MPUHIMAET BH]T

2Zn + 0> — 2Zn0. (2.44)

TepMO}IHHaMquCKOC HapsAXKCHUEC IUHK-BO3AYIIHOT'O DJICMCHTAa
ompenensiercs: ypapHenueMm (1.29):
2
RT | az, [ RT
—770 Zn 0, 770
UOZ/Zn (0)_UOZ/Zn +4F -In 2 ~UOZ/Zn +4F 'lnfoza (2.45)

aZnO
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B KOTOPOM CTaHJAAPTHOC HAIIPAKCHUE PAaBHO

U’ —F° _E°

0,/Zn 0,/OH” Zn0O/Zn

=04B-(-126B)=1.66B.  (2.46)

U3-3a mOOOYHBIX MPOLIECCOB, B TOM YUCIIE KOPPO3UH LIMHKA, HAIIPSHKEHHUE

Pa3OMKHYTOI LIENH 3aMETHO MEHBILIE TCOPETHYECKOro 3Ha4eHus U, ,, U B

cpenHeM cocraBisieT 1.4 B. AKTHBHOCTh TBEpABIX yYacTHHKOB HpoIecca
(Zn n ZnO), a Taxxe napuuanbHas GYruTHBHOCTh KHCJIOPO/A BO3/LyXa I0-
CTOSIHHBI, ITO3TOMY Pa3psIHOE HANpPsDKEHHE LHK-BO3IYIIHOTO 3JIEMEHTa
Oyner mocTatouyHo crabuibHBIM (puc. 2.14). B To e BpeMs u3-3a MaJoi
CKOPOCTH BOCCTaHOBJIEHHsI KHCIIOPO/ia IPH TIPOXOXKICHUH TOKa HaOm0/a-
eTcs CHIIbHAS IOJIIPU3AIIHSL.

0.7 -
0 20 40 60 80 100

Crenens paspsskeHHocTH, %

Puc. 2.14. TunuuHas pa3psiiHas KpuBasi HUHK-BO3/YIIHOTO AJIEMEHTa

IIpu manmuuu B Bozayxe CO2 B MOCTaTOYHOI KOHIICHTPAIMH B pac-
TBOpE 3JIEKTposuTa 00pa3yercs kapOoHAT IIMHKA, KOTOPHIN 3aKyIIOpUBAECT
HOpBI KaToZa, YBEINYMBAs COLPOTHBIICHHE JJIEMEHTAa M CHIXKAs CPOK
CITy>KOBI BO3AYIIHOTO 31eKkTpoaa. st 6oprOE! ¢ 3dpdexroM KapOoHH3aIUH
ANIEKTPOITUTA BOZMOXKHO HCIOIb30BaHue abcopoeHToB COx.

KomMMmepueckne IpHUiIoKeHUs BKJIIOYAIOT JIEMEHTBI JUIsl CIIyXOBBIX arl-
[aparoB, a TAKXKe 3aps/IHble YCTPOKWCTBA JJIsl COTOBBIX TENE(OHOB U aKKy-
MYJISTOPOB.
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AKKYMYJIATOPBI

3.1. CBMHIIOBO-KHCJOTHbIE AKKYMYJISITOPbI

CBHHIIOBO-KUCIIOTHBIE aKKyMYJSTOPBI COCTABISIIOT mpuMepHO 70%
PBIHKa BCEX BTOPHYHBIX UCTOYHHUKOB TOKAa B MHpE. Y CTPOHCTBO M300pen
¢dpanmy3ckuit usuk I'. Tlnante B 1859 1. B 3apsmkeHHOM COCTOSIHUM OHO
COCTOMT M3 JHMOKcHzaa cBHHIA PbO2 — Ha MOJOXUTENEHOM 3JEKTPOJE U
METaJUTMYECKOTO CBUHIIA — HAa OTPHLATEIBHOM. DJICKTPOXUMHYECCKAs CH-
CTeMa JJIEMCHTA MOXKET OBITh 3aIlMCaHa CICIYOUIM 00pa3oM:

() Pb | H2SO4 | PbO; (+). 3.1)

DJEKTPOIUTOM CIY)KUT KOHIICHTPHPOBAHHBIN BOIHBIN pacTBOpP CEpHOU
kucnotel H2SOs, B KOTOPOM yCTaHABIMBAETCS PABHOBECHE JBYXCTYIEHYA-
TOHN JUCCOLIMALIUHN:

H,SO, +2H,0 = HSO; + H,0" + H,0 22 SO> +2H,0". (3.2)

Jucconuanus 1o nepBoi CTyIEHU NIPOTEKAET IPAKTUUYECKHU IIOJIHOCTBIO, B
TO BpeMsl Kak 1o BTopoil — numb Ha 1%. Kak cienctsue, B 3J1€KTPOJHBIX
IpoIieccax NPUHUMAIOT Y9acTHE IPEUMYIIECTBEHHO THAPOCYIb()aT-HOHBIL:

IIOJI0>KHUTEIIbHBIN DJICKTPOJ

PbO, + HSO; +3H,0" +2¢ ————PbSO, | +5H,0,  (3.3)

3apsn

OTPHULIATENBHBIN IEKTPOS

Pb+HSO, + H,0———=PbSO, | +H,0" +2¢". (34)

3apsi

OObenuHsAs ypaBHEHHs 3IEKTPOAHBIX moaypeakmuit (3.3) u (3.4), moy-
YHMM ypaBHEHUE TOKOOOPa3yIOIEeH peaKIuH:

Pb +PbO, +2H,S0, ———2PbSO, | +2H,0. (3.5)
3apsi
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TepmoanHaMu4eckoe 3HaUCHHE HANpsDKEHUS dmeMenTa (3.1) MoxxHO pac-
CUUTAaTh 10 ypaBHeHHIO (1.29):

2
RT  apy,- Appo, " A,s0,

Usvo, b (0)= Ul(’)bOZ T Eln (3.6)

2 2
ppso, 9,0

C y4eToM IOCTOSHCTBA aKTHBHOCTEH TBEPIBIX y4acTHHKOB peakiwu (Pb,
PbO2 u PbSO4) oHO ympormaercst:

RT . Ay,

UPbOZ/Pb (0)= Ul?bOZ T ?h‘ (3.7

A0

B mpenenax morpemHocTH U3MEPEHHs SKCIIEPUMEHTAIbHASL BEINYHHA
HanpsHKEHUsT Pa3OMKHYTOH LM CBHHIIOBO-KHUCIOTHOTO aKKyMYJIATOpa B
mIMpokoM uHTepBaje koHueHTpauuil H>SOs4 coBmagaer co 3HaueHHeM,
paccunTa"HbIM 10 popmyiie (3.7).

Cra"mapTHOE PaBHOBECHOE HAINPSDKEHHE CBUHIIOBO-KHCIOTHOTO JJIEK-
TPOXUMHYECKOTO HIIEMEHTA COCTABIISET

Ul =E® -E =1.69B-(-0.356 B)=2.046 B. (3.8)

PbO, /Pb PbO, /PbSO, PbSO, /Pb

o 0
Haiinem Uy p, @1bTEPHATUBHBIM CIIOCOOOM, HCTIONbB3ys popmyiy (1.33)

U TEepMOAMHAMHYECKHE AaHHBIE U1 ToKooOpaszymomero mpomecca (3.5).
VYurewm, uyTo U3MeHeHHe dHepruu 1 ' nddca pa3psaHON peakluy B CTaHAAPT-
HBIX YCJIOBHSX paBHO —393.9 k/[k/MoJb, TOTa CTaHIAPTHOE HATIPSDKEHHE
MEXy 3JEKTPOJIaMH paBHO

—_ _AG;; 393.9 k/l/moms
PbO, /Pb nF 2-96485 Kin/moib

=2.041B, (3.9)

YTO XOPOIIIO COTIACYETCs C pe3ysbTaToM pacuera (3.8).

Ipu paspsje CBMHIIOBO-KMCIOTHOIO aKKyMyJsaTopa oOpasyercs Boja,
HO3TOMY PAcTBOP JJIEKTPONIMTA Pa3baBisieTcsl, U COOTHOLIEHHE aKTHBHO-
cTelt ay, g /@y, MocTenenno cumkaercs. CornacHo (3.7), 5TO NPUBOAUT

K YMEHBIICHHUIO HAIpsKeHUs sneMeHTa. Ilpu pa3baBieHUn CHIXKAeTCs U
IJIOTHOCTh PAacTBOPAa CEPHOM KHUCIOTHI, T.€. IOSBISETCA BO3MOXKHOCTh
KOHTPOJIUPOBaTh CTENEHb Pa3psKEHHOCTH AKKYyMYJIATOpa IIPU IIOMOIIU
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apeoMetpa. [IoTHOCTBIO 3apsHKCHHOMY YCTPOUCTBY mipu 25 °C oTBeyaer
IUIOTHOCTE 3nekTposuta 1.28 r/cm?, Torna kak B coctosuuu 50%-ro 3aps-
12 WioTHOCTE paBHa 1.20 r/cm>. Eciu akKyMymisaTop repMETU3UPOBAH, TO O
CTEIICHH €TO Pa3psDKCHHOCTH CYIAIT MO HANPSHKCHUIO PA30MKHYTON IEIH,
H3MepPsSeMOMY TIPH TTOMOIITA BEICOKOOMHOTO BOJIBTMETPA.

Ha puc. 3.1 moka3aHbl TUIINYHBIE KPUBBIC Pa3psia U 3apsaa CBUHIIO-
BO-KHCJIOTHOTO aKKyMYJIATOPA.

UB
27
a
2.5
2
23 /r
f_-"p u
2.1 — e
-
1.9}
2.1 ™ 9
"""-"""-N_ ‘-.-._-"""-___:p“
1.9
_'H ,'|
1.7 '
Up
1.5

20 40 60 80 100
CreneHb paspsmeHHOCTH
UIH 3ApHIKEHHOCTH, Y

Puc. 3.1. Tunnunsie paspsaHast (1) u 3apsinHas (2) KpuBble
CBHHIIOBO-KHCIIOTHOTO aKKyMYJISATOpa

[IyHKTHpOM TOKa3aHBI COOTBETCTBYIOUINE H3MEHCHHS HAIPSIKCHUS
Pa30MKHYTOH IIeTIH, CBA3aHHBIE C M3MEHEHHEM aKTUBHOCTEH CEpHOM KHC-
JOTBI ¥ BOABL. BuiHo, uTO B Hauane paspsaa HaOmomaeTcst HEOOJNBIIOH
"mpoBan" HampsbkeHus. OH 00ycioBieH (a30BOH monspu3anmeil 000ux
JIEKTPOJIOB M3-32 3aMEJICHHOCTH KpucTayum3aunu cynbdara PbSO4 nHa
CBMHIIE M Ha JUOKcuAe cBuHOA. Ilocne craOwiM3alu CKOPOCTH 3THX
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MPOIIECCOB B XOJ€ NAIBHEHIIETO pa3psiaa HANpsHKCHUE MEIUICHHO CHIDKA-
etrcs. Hapsigy ¢ ymenbiienueMm Up.y, IPUUUHON TaKOTO CHUXKEHUS SBISIET-
Csl yCUJICHHE KOHUEHTPAIMOHHON MOJSPU3ALUN U OMHYECKUX MOTEPh MO
Mepe pacnpOCTpaHEHHUsI PEaKIUil B IIyOb aKTHBHBIX MacC DJIEKTPOJIOB U
YMEHBIICHHUS WX TOPUCTOCTH.

TIpu 3apsge HaNpsHDKEHUE aKKyMYJISITOpa MOCTENICHHO TTOBBIMIACTCS H3-
3a pocta Upy B pacnpocTpaHEHHUs Iporiecca B Iiry0p 31ekTponoB. [Tocie
rTyOOKOTo paspsia B caMOM Hadalie 3apsa HHOT/A IOSBILICTCS YEeTKUHA
makcuMyM Us. OH cBsI3aH C OMHYECKUM CONPOTHUBICHUEM IUIOTHOTO CIIOS
cyib(daTta CBUHIIA, KOTOPBIH MOCTe Havaia 3apsiaa ObICTPO PaCTPECKUBACT-
csi. Kpome ocHOBHBIX 3apsaaHbIx peakiuii (3.3)-(3.5), B CBUHIIOBOM aKKy-
MYJIATOPE MOXKET MPOTEKATh MOOOUHBIN MPOIIECC Pa3I0KEHUS BOJBI, 00Y-
CITOBJICHHBIN BBIICTIEHHUECM KHCIOPO/a Ha TIONOKUTEIBHOM JICKTPOE:

3H20 — % Oy + 2H;0" + 2¢7, (3.10)
1 BOAOpOJa — Ha OTPULIATCIIBHOM:
2H;0" + 2¢-— H, + 2H0. (3.11)

BeposTHOCTs UX IpOTeKaHUs Haubolee BENUKa NPH 3aBEPLICHUU 3apsaa
akKyMmyJsiTopa. Ilepesapsin mpuBOAUT K OOMIBHOMY ra3000pa30BaHHIO Ha
ANIEKTPONaX, W HaONIOTaeTCss Tak Ha3bIBacMOe€ "KHUIEHHE" HIIEKTPOJIHTA.
OTO MPHUBOIUT K MOTEpe BOIBI U TpeOyeT ee mepuoamdeckoro mpoimsa. Ha
COBPEMEHHBIX TePMETHUYHBIX 0aTapesx B TAKOM JOJIMBE HET HEOOXOANMO-
ctu. Jleno B TOM, 4TO KHCIOpPOJ, OOpasyrOUIMICS Ha ITOJ0XHTEIFHOM
anektpone mo peakuuu (3.10), muddyHAUPYET K CBUHIIOBOMY 3JEKTPO.Y,
TJZie TI0/IBEPraeTCsl BOCCTAHOBIICHHUIO!

Y4 02 + 2H30" + 2¢-— 3H:0, (3.12)

TEM CaMbIM IIOTE€PHU BOJIbI BOCTIOIHSIOTCS.

DJIeKTPOAHBIE TIIACTHHBI CBUHIIOBO-KUCIOTHOTO 3JIEMEHTA N3rOTaBIIH-
BAaIOT, HAHOCS IIAacTy U3 IOPOIIKO0Opa3HOro okcuaa cBuHna PbO u cepHoit
KHUCIIOTHI Ha CIENHANTBHYI0 METaJUIMIecKyIo pemerky (puc. 3.2). OHa co-
CTOWT M3 CBHHIIOBOTO CIUIaBa, KOTOPBIN CIIy’KHUT OJHOBPEMEHHO MEXaHH-
YEeCKOH OIOpOH M TOKOCHEMHHMKOM. B mporiecce oTBepskIeHNs macTa mpe-
BpAIAETCsl B 3aKPEIUICHHYIO Ha CETKE MOPHUCTYI0 Maccy, COCTOSIIYIO U3
OCHOBHBIX cyibdarto ceuHIa 3PbO-PbSO4-H20 1 4PbO-PbSOs.
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Puc. 3.2. DnektposHas MIacTHHA CBHHI[OBO-KHCIOTHOTO aKKyMYJIATOpa

Takum oOpa3oMm, okcup cBuHna (II) sBIseTCS OCHOBHBIM MCXOIHBIM
KOMITOHEHTOM aKTUBHOTO MaTepuaa KakK JUIsl OJI0KUTENBHOT0, TaK U JJIS
oTpuLaTensHOro siektpona. Jucnepcusiii PbO mpousBomutcst mytem
OKHCIIEHHsI METAJUIMYECKOTO CBHHIIA B KOTJe bapToHa WiIM B IIapoOBOM
MeEJTbHHIIC.

B xone bapron-nporiecca cBUHEl IJIABUTCA, a 3aT€M IEPEHOCUTCS B
CTICIUANFHBIA KOTEJN, B KOTOPOM pacIiaBieHHBI Pb OpicTpo mepemenn-
BAeTCsl M PACHbUIIETCS C MOMOLIBIO BpALIAIOIIEHCs JIONACTH B HEMOCPE-
CTBEHHOM OJIM30CTH OT JHA KOTJa. MelKue Karuld PacIuiaBICHHOTO CBUH-
11a OKHUCIISIIOTCSI KUCIIOPOJOM BO3[lyXa, M Ha TIOBEPXHOCTU KaIlIk 00pasy-
€TCsl OKCHUJHOE TOKpBITHE. [Ipollecc OKWCICHHS CBHHIA SIBISETCS DK30-
TepMHUUeCKuM. [ eHepupyemMoe Tero HeoOX0AUMO JIJIS TIOISPKaHUs He-
MIPEPHIBHOI peakuuy MpU BBOAE B KOTEN HOBBIX nopuuil meramia. [Ipo-
necc baprona, kak mpaBuiio, IO3BOJISET NPOU3BECTU MPOLYKT, COAEPIKA-
i PbO ¢ 15-30% cBoOOIHOTrO CBUHIIA, KOTOPBIA COCTaBIACT SAPO che-
pudeckux yactull okcuaa ceunna (I).

B mapoBoii MenbHHIIE METANIMYECKUN CBUHEL] MEXaHUYECKH HCTHpa-
€TCsl IO MEJIKUX YelIyeK, MPH 3TOM 3a CUeT TPEHUs TeHEePUPYETCs JT0CTa-
TOYHO TeIa A OKHUCIEHMsS HMX IHOBEPXHOCTU KuciopogoM. Ilpomykr
mporecca Takxke conepkut 15-30% cBOOOAHOrO CBHHIIA, OKPY)KEHHOTO
OKCHJIHBIM IIOKPBITHUEM.

OnexTpoasl GOPMHUPYIOT MYTEM DICKTPOXMMHUYECKOTO 3apsijia B pac-
TBOpPE CEPHOU KUCIOTHL, Korna u3 PbO Ha MOJI0KHUTEILHOM 3JIEKTPOiE 00-
pasyercs muokcuj cBuHIa PbO2, a Ha OTpUIIATETHLHOM JJIEKTPOAE — Ty0-
YaThId METAJNINYECKUI CBUHELI.
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CBHHIIOBO-KHCIIOTHBIH aKKyMyJSITOP HEOOXOAMMO XPaHHUTh TOJIBKO B
3apsHKEHHOM COCTOSIHMM. JTO MO3BoJsieT u3bexkars addekra "cynbdara-
mun", T.e. NEepeKpUCTaIM3aluy Npoaykra paspsia — PbSO4 B Gosee
KpYIHBIE, a TOTOMY JIEKTPOXMMHUYECKN HEaKTHBHBIE KpHcTaLibl. He cre-
JyeT TOJBeprarh akKyMyJsITOp IIIyOOKOMY paspsiiy, Tak Kak mepepaspsi
MPUBOAUT K YPE3MEPHOMY YMEHBIICHHIO KOHIEHTPAIMH M IUIOTHOCTH
snektpommra.  Oco0o0  HexenaTeleH — Iepesapsii — HerepMETHYHBIX
YCTPOIMCTB, TaK Kak OH MPUBOIHUT K PA3JIOKEHUIO BOJbI, CHHKCHUIO YPOB-
HsI 3JICKTPOJIMTA U ACAKTHUBALMK YaCTH AKTUBHON Macchl 3neKTpoaos. Ile-
perpeB akKyMyJisiTopa YCKOpsieT KOPPO3HIO0 METAJUIMUECKUX KOMIIOHEHTOB
YCTpOWCTBA U CIOCOOCTBYeT camopaszpsany. IIpoGiemamu 6e30macHOCTH
CBHMHIIOBO-KHCIIOTHBIX OaTapeil sIBIsieTCsl BO3MOXKHOCTh B3pbIBa CMECH BO-
J0pozia ¥ KHCIIOPOJa, BBIIEIIOIIMXCS BO BpeMs 3apsiza, a Takxke reHepa-
IHs1, XOTS M B MaJBIX KOJMYECTBAX, TOKCHYHBIX Ta30B — apcuHa AsHs; u
ctubuna SbH3.

OCHOBHOE NPHMEHEHHE CBHHIIOBO-KHCJIOTHBIX aKKyMYJIATOPOB — aB-
TOHOMHBIE MCTOYHUKH JJICKTPOIMTAHUS Ha TPAHCIOPTHBIX CPENCTBAX C
JBUraTeJsIMA  BHYTPEHHEro CropaHus. ABTOMOOWIbHAs CBUHIIOBO-
KHUCIIOoTHAs Oarapest 0OBIYHO COCTOUT U3 6 dyieMeHTOB (puc. 3.3) U BHINOJ-
HSET JIBE 3a[a4M: UMEET OYCHb OOJIBIIYI0 MOIIHOCTh, TPEOYEMYIO JUIs 3a-
MyCKa JBUIaTeNs, a Takke 00EeCIeurBacT SHEPIued CHCTEMY HH3KOTOKO-
BOT'0 3JIEKTPOOOOPYIOBaHUS TPAHCIIOPTHOI'O CPE/CTBA.

Cenaparop
[Monowurensusit
OKCHIHO-CRHHILOBBIH
WEKTPOLL

OrpuiareabHbii
CBHHIOBBIH 1eKTPO1

Bojuniii pacteop
H:504

Puc. 3.3. YcTpoiicTBO aBTOMOOHIBHON CBHHIIOBO-KHCIIOTHOH OaTapen
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KoHCcTpyKIMsT CBUHIIOBO-KHCIOTHBIX aBTOMOOHJIBHBIX OaTapei, Takum
00pa3oM, MpeACTaBIsIET COOO0H KOMIIPOMHCC MEXKAY KOHKYPUPYIOIIUMU
3alpocaMd Ha BBICOKYIO YIEIbHYIO MOIIHOCTb U BBICOKYIO YAEIBbHYIO
SHEPTHIO.

Ecnu B 04eHb BBICOKOW MOITHOCTH HET HEOOXOIMMOCTH, HAIIpUMeEp, B
AIIEKTPOMOOWIIAX M CHCTEMaX PE3epBHOTO XpaHEHHs 3HEPTHH, Ooiee Toa-
XOIALIMMH SIBISTIOTCSL SHEPrOeMKHE aKKyMYJSTOPHI TIIyOOKOTO paspsina.
TsroBbie CBUHIIOBO-KUCIIOTHEIE OaTapen ropasno 0onee HaJeKHBI Kak Me-
XaHUYECKH, TaK M JICKTPHUYCCKH, YeM OOBIYHBIC aBTOMOOWIIBHBIC, HOO B
HUX HCHOJNB3YIOTCA OoJjiee TOJNCTBIE AJIEKTPOIHBIC IUIACTHHBI M Oolee
IIPOYHBIE CEIapaTopHl.

CBHHIIOBO-KHCIIOTHBIE aKKyMYJIATOPHI TPEACTAaBISAIOT cOOOH mocTa-
TOYHO TSDKEJBIC YCTPOWCTBA C HU3KOW YIETIBHOW 3HEprHeH, COCTABIIIIO-
meit ~40 Bt-y/kr. DTO CBOHCTBO SBISETCS CEPhE3HBIM HEJOCTATKOM, OCO-
OCHHO a1 MOOWIIBHBIX MPWIOKCHUH, ONHAKO HA Pslie TPAHCHOPTHBIX
CpPeACTB, HAallpUMep, B MOTPY3UHKaX, MOXKET ObITh U IPEUMYIIECTBOM, TaK
Kak obecrieunBaeT yAoOHBII mpoTuBOBec. HaeXHOCTH, HOITOBEYHOCTD U
HU3Kasi CTOMMOCTh TIPOM3BOJICTBA BXOAAT B YHCIIO IOCTOMHCTB ATOTO THIIA
aKKyMyJIITOpPOB. B TO ke Bpems CBHHEI] pacCMaTpHBaeTCs KaK METalll,
OTIACHBIA ISl OKpYyKatomiei cpensl. OTHAKO CBHHIIOBO-KHCIIOTHBIC aKKy-
MYJISTOPBI JIETKO MepepadaThIBAIOTCS, H OOJBIIMHCTBO COBPEMEHHBIX Oa-
Tapeil MPOM3BOAUTCS C UCIOIB30BAHUEM BTOPHYHOTO CHIPHS, TOTYYCHHO-
ro B Xoje Takoil nepepabotku. K HemocTaTkaM CBHHIOBO-KUCIOTHOM 6a-
Tapeu ClIeAyeT OTHECTH JUINTEIBHBINA IpoIiece 3apsia U HeOOIBIIyIO Mpo-
U3BOJUTEIBHOCTD IIPU HU3KUX TEMIIEPATypax OKpy’Karolei cpenst. B oc-
HOBHOM 3TO CBSI3aHO C YBEIMUYCHNUEM BSI3KOCTH HIIEKTPOJINTA, YTO CHIKAET
MTOJBIDKHOCTh MIOHOB M, CIIEIOBATEIBHO, MOBHIMIACT 3JIEKTPHICCKOE CO-
MIPOTHUBJICHUE U OMHYECKHE IOTEPH aKKyMYJISTOpA.

3.2. AKKyMYJISITOPbBI C OKCH/IHO-HHUKeJIeBbIM 3JIeKTPOAOM

AKTHBHBIM  BEIIECTBOM  TOJIO)KUTENBHOTO  JJIEKTPOAa  HUKEIb-
OKCHJIHBIX BTOPWYHBIX 3JIEMEHTOB SIBIISICTCSI MOPOITKOOOPA3HBIA OKCH/I-
ruapoxcuy Hukens (11I) NiIOOH. DnekTpoiauToM CITy>KUT BOIHBII pacTBOp
mienovr. B kadecTBe aKTHBHOTO Marepualia OTPHIATEIBHOTO JIIEKTPOJa
MOTYT HCIOJb30BaThcs Metamwmyeckuit Cd, rybuaroe Fe, Bbicokommc-
MEePCHBIM Zn WM crieuualbHble CIUIaBbl Uil XpaHeHus Boaoponaa. Coot-
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BETCTBYIOIIE YCTPOMCTBA HA3bIBAIOTCSl HUKEIb-METANIMYECKUMHU (HH-
KeJb-KaJMUEBBIMY, HUKENb-)KENIE3HBIMH, HUKENb-IIMHKOBBIMM) WU HU-
KeIb-MeTaIIOT UAPHIHBIMY aKKyMyISTOPaMH.

OJEeKTpOXUMHYECKas CHCTEMA HUKENb-MeMAailuieckozo diemMeHmd
MOJKET OBITh 3alCaHa CIEeIYIONIM 00pa3oM:

(-) Me | KOH | NiOOH (+). (3.13)

B xone pa3psiia Ha OTPULIATEIBHOM 3JIEKTPOJAE OKUCIAEeTCs MeTaT Me, B
KagecTBe KOTOPOro BICTyMHatoT Zn, Fe mmm Cd:

Me+20H’Z<$Me(OH)Z +2e, (3.14)

a Ha TOJIOXKUTEIHFHOM 3JIEKTPOJIE BOCCTAHABIMBACTCS OKCHI-THAPOKCH
nukens (IIT) NiOOH:

NiOOH+H20+e‘Z:>p:Ni(OH)2 +OH . (3.15)
[pu 3apsge akkyMmymsTopa 1o JEHCTBHEM BHEIIHEr0 MCTOYHHUKA 3JIEK-
Tpu4eckoro Toka monypeakuud (3.14) u (3.15) nporekaroT B 0OpaTHOM
HalpaBJIeHUH, ¥ MAJIOPACTBOPHMBIC THAPOKCHABI HUKENS U MeTaia Me
npesparmratorcst oopatHo B NIOOH u Me.
OO6mas TOkooOpa3yromIas peakiys B JIEMEHTE ONMCHIBAETCS YpaBHE-
HHUEM:

Me +2NiOOH + 2H,0=——Me(OH), +2Ni(OH),. ~ (3.16)
3aps

B TOK000pa3yIoIIy0 Peaki[Ui0 BOBICKAIOTCS TOJIBKO YYaCTHUKH C MOCTO-
SIHHOW aKTHBHOCTBIO — TBEP/IbIC BEIICCTBA U PACTBOPUTEND, & JCKTPOIUT
He pacxopayercs. Kak ciencTBue, HAlpsHKCHHE BJIEMEHTOB SIBIISIETCS J0-
CTaTOYHO CTAOMIIBHBIM.

Hukenp-kanqMueBbie aKKyMyJISTOPEI MOJIYYIH HauOOJNbIIee pacipo-
CTpaHEHHE CPeIH HUKEIb-METAIUINISCKUX BTOPHYHBIX JIEeMeHTOB. OTHIM
U3 BOKHBIX MPEUMYIICCTB JIEMECHTA C KaJMUEBBIM 3JICKTPOJIOM, IO CpPaB-
HEHHUIO ¢ Zn- u Fe-conepxaiiuMu 3jeMeHTaMH, SIBJSETCS YCTOWYUBOCTD K
CaMOTIPOU3BOJIHHOMY PACTBOPEHHUIO B IIEIOYHON CPE/IC C BBIACICHHEM BO-
nopona. B To ke Bpemst M3-3a TOKCMYHOCTH KaaMHs aKKyMYJISITOPBI CH-
ctembl NiOOH-Cd TpeOyroT OCTOPOKHOTO HCIIOJIb30BAHUS H CICIHAIb-
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HOW yTtunu3auud. HecMOTps Ha pasBUTHE JPYTUX 3IEKTPOXUMHUYECKHX
CHCTEM M YXXECTOYECHHE IKOJIOTHYECKUX TPEeOOBAHHM, HUKEIb-KaMHUEBBIC
aKKyMYJIITOPBI OCTAIOTCS OCHOBHBIM UCTOYHUKOM TOKA JUIA Psiia MOIIHBIX
ycTpoifcTB. OHM IIUPOKO MPUMEHSIOTCS B aBHAIIMH B Ka4eCTBE OOPTOBBIX
aKKyMyJIITOPHBIX Oarapeil camMoJIeTOB M BEpPTOJIETOB, HA 3JIEKTpPOKapax
KaK TATOBBIC, TPaMBasX M TPOIICHOyCax U MUTAHUS [IETeH yIpaBIeHUs.
Hcnonp3yrorcss Kak MCTOYHUKU HUTaHHA JUIi aBTOHOMHOIO JIIEKTPOUH-
CTPYMEHTA, HANPUMED, IIYPYIOBEPTOB U APENEH.

HenocraTkoM 3KCIUTyaTallud HUKENb-KaJAMHEBOTO aKKyMyJsATOpa SB-
JsieTCsl HeXKeJaTebHbIN (eHOMeH, KOTOPbIH moytydm Ha3BaHue "dddexT
namsatu". OH HaOmIogaeTcsl MpU MHOTOKPAaTHOM paspsiie/3apsae (IUKIU-
POBaHNM) C MaJIOW TIIyOMHON pa3psijia akKKyMyJIATopa, He MPEeBBIIIaonien
30% OT cocTOsIHUA MOJIHOM 3apsKEHHOCTH. B pe3ynbpTare Takol sKcIulya-
TalluK Ha Pa3psIHON KPUBOM aKKyMyJsATOpa BOSHHMKAET BTOpas ILTOMIaIKa
Gonee HU3KOTO HaAMpspKeHUs (puc. 3.4), 1 eMKOCTh yCTPOHCTBA JOTIOIHH-
TEJIbHO TIOHMXKAETCsl. YBEIMYeHUE NMPOAOIIKUTEIBHOCTU IIUKIMPOBAHUS B
9TOM pEXHME MPHUBOAUT K YHUIMPEHUIO IUIOIMAAKH IOHWXEHHOTO Hamps-
XKEeHns. PacCMOTpHMM BO3MOJKHBIE MEXAHU3MBI, NPHBOAAIINE K TaKOMY
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Puc. 3.4. Bnusaue "¢ dexra namaTn" Ha KpUBYIO paspsiia HUKeIb-KaIMHEBOTO aK-
KyMmyJisiTopa: 1 — HCXOIHAsl KpUBasi; 2 — MOCIIE LUKJIMPOBAHUS C MAJIOH TTyOUHOM
paspsza; 3 — nociie BOCCTAHOBUTENIBHBIX LIUKIIOB
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B akTMBHOII Macce OTpHIATEIBHOTO 3JIEKTPOJA Hapsily ¢ KaJaMHEM
MIPHUCYTCTBYET HEKOTOPOE KOJIMIECTBO OKCHIOB HUKEJIS, KOTOPHIE BXOMIST
B peLENTypy WIHM MONaJaloT B IEKTPOA B XOJE TEXHOJIOTHYECKOrO Ipo-
Ilecca ero IMpou3BOACTBA. Kak ciencTeue, mpyu MUKINPOBAHUHN aKKyMYyJIs-
TOpa Ha KaJMHEBOM OBJIEKTPOJIE MOXET 00pa30oBaThCs HMHTEpMETaLIHYe-
ckoe coenuaeHmne cocraBa NisCdzi. Ero paspsiz coBeprmaercs npu moteH-
nuane Ha 0.15 B monmoxkutensHee, yeM yuctoro kaamus. Coriacuo (1.48)
9TO MPUBOINT K CHIDKEHHIO HAMIPSHKCHUS DIIEMEHTA, B pe3yibTaTe 4ero Ha
pa3psaaHOM KpHUBOIl aKKyMyJIATOpa U MOABISIETCS BTOpast IUIOIIA (KA.

YMeHbIIeHHE Pa3psaHOrO HANPSDKEHUS B PE3YJIbTAaTe HAKOIIICHHS WH-
TepMeTaINAa He sBisgeTcs HeoOpatuMbiM. Paspymenne NisCdzi n Boc-
CTAQHOBJICHWE HAYaJIbHOTO COCTOSIHHMS aKTHBHOM MAaccChl IPOUCXOAWT IPH
MIPOBEACHUN HECKOJIBKUX TITyOOKHX pa3psanoB 1o HampsbkeHus 1 B (xpu-
Bas 3 Ha puc. 3.4). Eciu akkyMyJsITOp UCIIOJIB3YETCsl B peKUMe ITyOOoKo-
IO UKIIHPOBaHUA, 3()(HEKT MaMsITH BOOOIE HE BOSHUKAET.

MMeer mMecTo U Ipyroil MEXaHU3M, KOTOPBIM NPUBOJUT K CHUKCHUIO
Pa3psAIHOTO HANPSDKEHHS, XOTh M MEHBIIEMY IT0 BEJIMYMHE 10 CPABHEHHIO
¢ onucaHHbIM BbIme. OH CBS3aH ¢ PeryJSIPHBIMU 3HAYUTEIBHBIMH IIEpe3a-
psiIaMH  HUKEIIb-KaJIMHEBOTO aKKyMyJssiTopa. Ha OKCHIHO-HHKEIeBOM
9JIEKTPOJIE B 3TOM cityyae obpasyercs y-¢aza NiOOH, pa3psiHblii moTeH-
uan koropoit ke Ha 0.05 B, yem y B-NiOOH. B coorBerctun ¢ (1.48)
9TO TaKXe MPUBOIUT K MOHIKCHUIO Pa3psJHOTO HATPSHKEHHUS aKKyMyJisi-
TOpAa.

Kak 1 B HUKeITb-KaIMHEBBIX JJIEMEHTAX, TOJOKUTEIBHBIN IEKTPOJ B
HUKENb-MEMAaniocUOPUOHOM — GKKYMYJAmope  COCTOUT W3 OKCHJa-
ruapokcuna Hukens (II1) NiOOH. OTiudre cOCTOMT B TOM, YTO BMECTO
KaJMUsI MaTepHaJIoM OTPULATENBHOTO 3J1eKTpoa sBisercs ruapug MH —
MIPOAYKT MOTJIOLIEHUS BOJOPOJA CIEIHAIbHEIM CIIaBoM M. DneKkTpoxu-
MHUYECKas CHCTEMa 3JIEMEHTa MOXKET OBITh ONMCAHA CXEMOM:

() MH | KOH | NiOOH (+). (3.17)

Ha nonoxurensHOM 3mmekrpone BemectBa Ni(OH)> u NiOOH moryt
o0paTMo TpaHCHOPMHUPOBATECS OPYT B APYra B COOTBETCTBHH C ypaBHe-
HueM (3.15). IIpu paspsae NiOOH mpeoGpasyercst B Ni(OH)2, oTnaBas
HaKOIUICHHYIO XMMHUYECKYIO SHEepruio B (opme anexTposHepruu. B npo-
necce 3apsana Ni(OH): mpeoOpasyercs oopatHo B NiOOH 3a cuer anek-
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TPUYECKOH SHEPrHH OT BHEILIHETO MCTOYHUKA IIUTAHUS, KOTOPasi COXPaHs-
eTcs B BUJIE XMMUYECKOU 3HEprUU B SJIEMEHTE.

AKTUBHBIM MaTepHan OTPHLATEIBHOIO IEKTPOJa MPeJCTaBIsIeT COo-
6011 crmaB M, KOTOpPBIA MOXeT 00paTHMO HOTJIOMATh U JecopOoupoBaTh
aToMbl Boioposa. COOTBETCTBYIOLIME PEAaKIMU BO BpeMs OIEpaluii 3aps-
J1a ¥ pa3psAaa MOTYT OBITh ONMCAHBI CIICAYIOIINM 00pa3oM:

NH{+0H*%<IJ_Z’:—>M+HZO+€. (3.18)
3nece MH — 310 Tuapui, 00pa3yromuics Mpy MOTIIOMICHUH CIUIaBOM aTo-
MOB BOJIOPO/Ia, POPMHUPYFOMIMXCSI TIPU JIEKTPOJIN3E BOJABI B X0 3apsija.
IIpu paspsige atoM BoJOpoJa BBICBOOOXAAaeTcss W, coenuHssichk ¢ OH™-
HOHOM, ITpeodpa3yeTcss 00paTHO B BOLY.

Oo0wenunenue ypaBHeHuil (3.15) u (3.18) maer ciemyromyro oOIIyro
PEaKIHUIO B SIIEMEHTE:

MH + NiOOHzZ=———=M + Ni(OH)

3apsiz 2°

(3.19)

Puc. 3.5 cxeMaTHuecku WUIIOCTPUPYET IPOLIECCHl HAa 3JIEKTPOJAX HU-
KEJb-MEeTAIIOTUIPUAHOTO aKKyMYJIATOPA.

Puc. 3.5. Cxema 31€KTpOJHBIX [IPOLECCOB B HUKEIb-METAIUIOTHAPUIHOM IEMEHTE
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Korma snement 3apspkaercs, runpokcun Hukens (II) Ni(OH): na mo-
JIO)KUTEIBHOM DJICKTPOJIE OKUCISACTCS M MPUCOCIUHSET TUAPOKCHII-HOH
OH™ u3 anextponuta. Ilpn 3TroM 00pazyercss OKCUA-TUAPOKCUA HUKEINS
(IIT) NiOOH, Boma H2O u cBoGoaHSBIH 31eKTpoH e . Ha oTpurarensHoM
ANIEKTPOJIe MEeTAIIMYEeCKHi ciaB M BeTymaet B peakiuio ¢ Bogoil H2O u
MIPUHUMAeT IIEKTPOH e ¢ oOpa3oBaHmeM ruapuaa merauia MH u run-
poxcua-uonos OH™.

Ecni  HuKeNb-MeTaJUTOTHAPHIHBIA aKKyMyJISITOp pa3psbkaercs, o00a
ANIEKTPOIHBIX IMpoIecca UIYT B 0OpaTHOM HampaBicHUH. B menom, mpo-
1ecc MpeacTaBisieT coboil mepenoc Bogopoaa mexay Ni(OH). u M, npu-
4yeM HallpaBJIeHHe TaKOro IIepeHoca 3aBUCUT OT TOTO, 3apsKaeTcs DIICMEHT
WIIH pa3psKaeTcs.

Hanpsokenne snmeMeHTa 3aBUCHT OT COCTaBa CIlaBa M W B cpemHeM
cocraBiser 1.2 B. Pa3spsnHas KpuBas HHUKEJIb-METAJUIOTUAPUAHOIO aK-
KyMYJIITOpPa aHAJIOTHYHA KPUBOW pa3psijia HUKEIb-KaJMHEBOTO aKKyMy-
JSITOpa W SIBIISETCS MOJIOTOi, T.K. B TOKooOpasyromeir peakuuu (3.19)
Y4acTBYIOT PEAreHThI C IIOCTOSIHHON aKTUBHOCTBHIO.

IToMrMO OCHOBHBIX IIPOIIECCOB 3apsifia M pas3psga B HUKEIb-
METAJUIOTHPUIHOM aKKyMYJISTOpE NPH aHOMAJBHBIX YCIOBHAX IKCILIya-
TaIlMK BO3MOXKHBI TakKe PeakIuy ITiepesapsiia U rirydokoro paspsma. Ko-
I71a DIIEMEHT IPUOIIKACTCS K COCTOSHHIO IOJTHOTO 3apsa, Ha IOJI0XKH-
TEJIFHOM 3JIEKTPOJIC HAYMHACT BBIACISATHCS ra3000pa3HBIN KHCIOPOLI:

40H — Oy + 2H,0 + de. (3.20)

Kak cnencreue, B Xoie mepesapsaa akKyMyJISITOpa ITOBBIIIAIOTCS BHYT-
peHHee JaBJleHHe M paboyast TEMIEpaTypa IEMEHTa. DTO MOXET IpHBe-
CTH K BBIJIABJIMBAHUIO JICKTPOJINTA, BEICBIXAHHIO 3JIEMEHTA U 3aMEJICHUIO
IepeHoca BOAOPOAa MEXAy IEeKTpoAamMu. B ciyuae riyOokoro paspsiia
IIPY TIOJTHOM MCTOLICHUHM aKTUBHOTO MaTepHalla IOJOKUTEIBHOTO 3JIeK-
TPOZA Ha HEM T'eHepHpyeTcs ra3000pa3Hblii BOXOPOLI:

2H:0 +2¢~ — Hy + 20H-. (3.21)

Jns  3amuTel  OT  mepe3apsja W Iepepaspsia  HUKEIb-
METAJUIOTHPUIHBIC aKKYMYJISSTOPBI M3TOTABIUBAKOTCS TaK, YTOOBI OTpPH-
LATEIbHBIN 3JICKTPO UMEIT eMKOCTh ((PAKTHUIECKH — KOJTMIECTBO aKTHBHO-
ro MaTepuaia) OOoJIbIIe, YeM TOJIOKHUTENBHBIN AIeKTpo (puc. 3.6).
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OTlelaTCJ'IBHhIﬁ MOTOAKHTETBHBI
ANMEKTPOL, IMEKTPO]
5 0 ;T ;
AMH + Oz = 4M + 2H,0 | H30RITOK -
* : TR 3AUTHTR ¢=’: 4OH = O + 2H0 + de
L]
L}

02+ 2H,0 +4e” = 40H- |4y nepesapsa

MH + OH

I

M+ Ha0 + e

NiOOH + H:0 + ¢

Ni{OH): + OH

M/ MH
cenapatop
Ni(OH)2 / NiOOH

HIORITOK 1715 ¥
H; +20H = 2H:0 + 2e” | sammrst or L
nepepaspsia H: :

L]
\ 2H20 + 2e = Ha+ 20H-

Puc. 3.6. Cxema 3alUThl HUKEIb-METAUIOTUAPUIHOIO aKKYMYJIATOpa
OT mepe3apsina ¥ riIy6oKoro paspsiaa

Kucnopon, dbopmupytommiics npu mnepesapsae B mporecce (3.20),
mudbyHIUpyeT yepes cernaparop K OTPUIATEIbHOMY JJIEKTPO/Y, Iie pac-
XOJIyeTCsl B PEaKIMAX PeKOMOHHAIINH:

4MH + O2 — 4M + 2H>0, (3.22)
0 + 2H20 + 4e- — 40H". (3.23)

IlepBhIif MexaHU3M NpEACTaBISET COOO0M HEMOCPEACTBEHHOE B3aUMO-
neiictBue razoodpasznoro Oz ¢ m30bpITkoM MH, 9to mpuBoauT K 00pa3oBa-
HUIO BOJBI, KOTOpas MOTpeOseTcss B XO/Ae OOBIYHON peakimuu 3apsja.
Bropas peaknus siBisiercst oopatHoi mporeccy (3.20), B KOTOPOM MepBo-
HadanpHO co3maercs O» Ha IOJIOKHUTENEHOM 3JIeKTponxe. B pesynbrate
9THX JIBYX peakiui razo00pasHbii Oz (pakTHyecKkn NOIJIonaeTcs oTpula-
TCJIbHBIM JJICKTPOAOM, TEM CaMbIM NPEAOTBPAIIACTCSA IMOBLIIICHUC BHYT-
PEHHETO JaBJICHUS BO BpEMsI 3apsa akKKyMyJIATopa.

Kpome toro, m30bIToK crutaBa M Ha OTpHUIATEITLHOM JJIEKTPOJIE CIIO-
COOCH TOTJIOTHTH YacTh ra3000pa3HOTO BOAOPOIA, OOpa30BaBIIErocs B
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peakunu nepepaspsiaa (3.21), KOTOpIit OKUCISETCS M0 yPaBHEHHIO:
H2+20H — 2H20 + 2, (3.24)

B UTOTE BBIICTICHUS BOIOPO/a HE MTPOUCXOINT.

YcroitunBocth Ni-MH 31eMeHTOB Kk mepepaspsay O4YeHb BaXKHaA JUIS
Oarapeif, COCTOSIMIMX U3 MHOXKECTBA HHUKEIb-METAIIOTUAPHIHBIX 3JICMCH-
ToB. Ecii X0Ts1 OBl B OJIHOM U3 HUX MOJHOCTBIO MCTOIIACTCS aKTUBHBIHA
Matepuan MH-31ekTposa, OH He MOXET MOTJIOTUTH Ta3000pa3HbIe KHUCIIO-
poxn u Bomopon, chopmupoBanubie mo (3.20) u (3.21), mosToMy HaYMHAET
pacTu BHyTpeHHee JaBieHHe. Takol 3KcTpeMalbHbIH nepepa3psan Ni-MH
AKKyMYJISITOpa IPUBOAUT K MHTEHCUBHOMY T'a30BBIICIECHUIO HA 3JIEKTPO-
Jax. EMKOCTh OTpHULIATENILHOTO 3JIEKTPOJa YMEHBILAETCS, TaK KaK KHCIIO-
POl YaCTUYHO 3aHUMAaeT MECTO XpaHEeHWs Bojopona. M30BITOK Bomopozaa
BBICBOOOKAAETCS Yepe3 MPeIOXPAHUTEILHOE OTBEPCTHE, MIPU 3TOM KOJIH-
YECTBO BOJIOPOJIa BHYTPH dJIEMEHTAa CHIXKAeTcs. B pe3ynbrare 3TUX Mpo-
IIECCOB AKKYMYJIATOP BBIXOIUT W3 CTPOA. [ 3aImuTHI OT BPEIHOTO BO3-
JEeWCTBHS TIepepas3psaaa HeoOX0IMMO BOBPEMsI IIPEKpaIiaTh pa3psin U IMOI-
3apsKaTh AKKyMYJISITOP.

DJNEKTPOAHbIE MIIACTHUHBI HUKEJIb-METAJUIOTUAPUAHOTO aKKyMYJIsTOpA,
KaK MPaBUJIO, CIIMPATbHO HAMATHIBAIOT B KOH(MUTypalnuu "pyinoH" u yma-
KOBBIBAIOT B CTaJbHOM CTaKaH, UCIOJb3Ysl B KAYECTBE CemapaTropa Henno-
HOBYIO TKaHb, IPONIUTAHHYIO BOJIHBIM PACTBOPOM THIIPOKCHA Kalus (pHC.
3.7). Kpebllika umeeT npeaoXpaHUTEIbHBIN KianaH, CpadaThIBAIOIINN IPH
nasienuu 2-4 MIla B cirydae cO0s TpH SKCIUTyaTallii aKKyMYJISITOpa.

— Orrpuuarensibit MeTanio-
THAPHIHELT 3eKTpoa

Cenaparop
[NoaowuTenbRBI OKCHIHO=
HUKCACHBI AMCKTPOO

Puc. 3.7. PynoHHast KOHCTPYKIHsI
HHKEJIb-METAUIOTHAPHUAHOTO
AKKyMYyJISITOpa
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Bce crmmaBel ais XpaHEHWsl BOJOpPOJA, HCIOJB3YeMble B HHUKEIb-
METAJUIOTHAPUIHBIX aKKyMYJISITOpax, JOJDKHBI COOTBETCTBOBATH CIIEAYIO-
MM TpeOOBaHMSAM: BBICOKasi EMKOCTh 110 BOJIOPOAY; KaTalUTHYeCcKas akK-
TUBHOCTb B OTHOILICHUH 3JIEKTPOXMMHUYECKOTO MPEBpAIICHUS BOAOPOJA;
CTOIMKOCTH K KOPPO3HH P KOHTAKTE C IIEKTPOIIUTOM; BBICOKAsI CKOPOCTh
muddysun Bomopoma; oOpPaTUMOCTH 3JIEKTPOJHOW PEAaKIWH; BBICOKHE
JIEKTPONPOBOAHOCTD M TEIUIONIPOBOJHOCTh; HU3KAsl CTOMMOCTb.

bunapuble crmaBbl AxBy, KOTOpBIE yIOBIETBOPSIOT 3TUM TpeOOBaHU-
SIM, TIOJIy4aloT CIUIaBJIEHHEM MeTajula A, TUAPUABI KOTOPOro o0pasyroTcs
9K30T€PMUYECKH, C MeTalmaoM B, rumpuasl koToporo obpasyroTcs 3HIO-
tepmuyeckd. COCTaB cIIaBa MOAOHPAIOT TaK, YTOOBI B UTOTE CHOPMHPO-
BaJICsl Marepuan ¢ 3Heprueil cBsizu M-H, nossosstomell Bogopoay mo-
TJIOIATECS. U AECOPOMPOBAThCSA NPH KOMHATHOH TEMIIEpaType M aTMo-
cdepHom panennu. Kak npasuio, aneMeHT A sBisieTcst 6a30BBIM H OTBe-
YaeT 3a 00beM XpaHAIIErocs B CIUIaBe BOAOPOAA, a dIIEMEeHT B, oTBeuaro-
M 3a 00paTUMOCTh aICcOPOIMK/IeCOPOLIUK BOJIOPOIA, PErYIUPYET KO-
JMYECTBO 00pa3yIOIIErocs WK ITOTIIOIEHHOTO TeIla U IaBJICHUE IpoLec-
ca pas3NoXKEHUs THApUAA. B Hacrosiiee BpeMs HCHONB3YIOTCS HHTEpMe-
tammuabl LaNis, ZrMno, TiFe, TiCo, Mg:Ni, a Takxke TBepAble pacTBOPHI
Ha OCHOBE BaHAJH.

OCHOBHBIMH TIPHYMHAMH CHIDKEHHS pPabOTOCIIOCOOHOCTH HHKEIb-
METAJUIOTHAPUIHBIX aKKyMYJISITOPOB SIBIISIETCSI OTHOCHTENIBHO OBICTpBIi
camopa3zpaa. OH BbI3BaH KOPpO3UEH OTPULATEIBHOTO 3MEKTPOJAa U B3au-
MOJICHCTBHEM PACTBOPEHHOTO B 3JIEKTPOIUTE BOAOPOJA C IOJIOKHUTEIb-
HBIM OKCH/IHO-HHUKEJIEBBIM 3JICKTPOJIOM.

Y HHKeIb-METAIIOTHAPUIHBIX aKKyMYyJIATOPOB OTCYTCTBYeT "3 ekt
maMsATH", CBOMCTBEHHBIH HUKEIIb-KaJMHEBBIM aKKyMyJISITOpaM H3-3a 00pa-
30BaHUs HHTEpPMETAJUINA HA OTPHLATEIFHOM KaJMHUEBOM tekTpone. Ox-
Hako coxpaHsercs d(PQGEKT CHWKEHHs Pa3psIHOTO HANPSDKEHUS U €MKO-
CTH, CBSI3aHHBIC C TIEpe3apsI0M OKCHIHO-HUKEJIEBOrO 3JIEKTposaa U ¢op-
MHUpOBaHuEeM Oojiee 3eKTpooTpHruarensHoi y-¢a3sl NiOOH. Ymenbiie-
nue Up, HabnromaeMoe NMpH 9acTHIX W JOJTHX Tepe3apsaax, MOKeT OBITh
YCTpaHEHO MEePUOMIECKUM OCYIIECTBICHHEM TIIyOOKOT0 paspsa.

Hukens-MeTammornapuaHble aKKyMyJISITOPBl IPUMEHSIOTCS B ITU(PO-
BEIX ()OTO- M BHJEOKaMepax, HOyTOyKax M COTOBBIX TeliepoHAX, B 3JICK-
TPUYECKUX TPAHCHOPTHBIX CPEICTBAX, IIPOMBIIUICHHBIX YCTPOWCTBaX pe-
3epBHOTO UIEKTPONUTAHUSI.
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3.3. JIuTuii-nOHHbIE AKKYMYJISATOPBI

Kak v B mepBUYHBIX JIUTUEBBIX UCTOYHUKAX OJHOPA30BOTO JIEHCTBHA,
B Ka4eCTBE OTPHIIATEIILHOTO 3JIEKTPOJIA JIUTUEBBIX aKKyMYJISITOPOB U3HA-
YaJIbHO IIPEIOaraioch UCIOAb30BaTh METAIUIMUECKUH JTUTHH, a B Kaue-
CTBE MOJOKUTECIBHOTO — KaKOH-THOO OKCHJ HJIM XaJbKOTCHUI MeTaia
MIEPEMECHHON BaJICHTHOCTH, CIIOCOOHBIA K 00PaTUMOMY BHEIPEHHIO JIHTHS.
OjHaKO OKA3aJi0Ch, YTO 3aIIMTHASI IOBEPXHOCTHAS IJICHKA, OJ1aromapst Ko-
TOpoii Li MOXeT yCTOWYMBO CyLIeCTBOBATh B OKPYKaloLIel cpene, B JAaH-
HOM CJIydae WIpaeT HEeTaTWBHYIO poib. OHa IOJHOCTBIO OOBOJIAKHBAET,
HMHKAICYJIUPYeT OTJAENbHBIE MHUKPOYACTHIIBI METAUTMYECKOTO JIMTHS, 00-
pasyrolyecs IpH 3apsjie akKymylsropa 1o peakuuu Lit + e~ — Li, npe-
MATCTBYS UX PaBHOMEPHOMY pocTy. B pesynbTaTe KaTOJHBIN OCalOK OKa-
3BIBAETCSI COCTOSIILIUM M3 OTHAENbHBIX 4YacTHL (puc. 3.8), 3JIEKTpHUECKU
H30JIUPOBAHHBIX JPYT OT APYTa U 3a4acTYI0 HE CIIOCOOHBIX K TIOBTOPHOMY
aHOJHOMY pacTBOpeHHI0. MHKancynupoBaHue (akKTUYECKH BBIBOJUT
4acThb JIUTHUS U3 JaJbHEUIIeH paboThI.

Puc. 3.8. MukpodoTtorpadus pactyiiero KaToHOro 0caka JIUTHS,
MOJTy9YCHHAs: METOJIOM CKaHUPYIOLICH JIEKTPOHHON MUKPOCKOIIHI

Kpome TOro, poct merammndeckoi (aspl SBISETCS ICHIPUTOOOpa3-
HBIM, [I03TOMY MOXET IIPUBECTH K KOPOTKOMY BHYTPEHHEMY 3aMBIKaHHIO,
neperpeBy u Jaxe B3pbIBY. Bee 3TO ienaer akkyMyJISTOPbI C METalye-
CKMM JIUTHEBBIM aHOJIOM TEPMUYECKH, MEXaHHUUYECKH W DIICKTPHUICCKH
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BeCbMa HEYCTOWUYMBBIMH. B HacTosimee BpeMs Takue yCTpOHCTBa IPOH3-
BOJIAT B BECbMa OrPaHUYCHHOM 00beMe.

Pemienyie npoGieMbl IMKIMPOBAHMS JIMUTHEBOIO aKKyMyJsiTopa ObLIO
HalJICHO B HCTIOJIB30BAaHUU COSANHEHUI BHEJPEHHs U U3TOTOBJICHUS HE
TOJIBKO TTOJIOKUTENBHOTO0, HO M OTPHIATeNbHOro 3nmekrpoaa. Ero mpemio-
JKEHO W3TOTaBIMBAaTh HE M3 METAJUIMYECKOTO JIUTHA, a M3 Marepuaia co
CIIOUCTON CTPYKTYpPOHi, B KOTOPBII HOHBI JINTUS BHEAPSIOTCS IIPH 3apsane U
W3BJIEKAIOTCSl 0OpAaTHO TpH paspsizie akKyMylsiTopa. Ha monmoxuTensHOM
JIEKTPO/IE IPOUCXOAT IPOLECCH ¢ 00pa30BaHUEM MHTEPKAIISTOB, aHAJIO-
THYHO MAapraHIeBO-TUTHEBOMY TallbBaHHMYECKOMY 3ieMeHTy (2.32), Tak
YTO MOHBI JIUTHSI COBEPILAIOT YEIIHOYHBIEC IEPEMEIICHUS MEXKAY aHOIOM U
karogoM. Mes Obuta Ha3BaHa "Kpeciio-Kadanka', a YCTPOWCTBO — Aurmuii-
UOHHBIM AKKYMYISAMOPOM.

Korna nuTHii-HOHHBIH aKKyMYJISITOpP pa3pspKaeTCsl, MaTepHal HOJIOKH-
TEIIBHOI'O 3JIEKTPOJa BOCCTAHABJIMBAETCSA, a MaTepHal OTPULATEIBHOTO
anektpona oxucngerca (puc. 3.9). Ilpu 3apsime ycTpoiicTBa Ha €ro aJiek-
TpoJax UIyT OOpaTHbIE IPOLECCHL.

Hamnbonee pacmpocTpaHeHHBIM MaTEpPHAIOM OTPHUIATEIFHOTO AJICK-
Tpozna siBisiercs rpaduTt. B xone nomypeaxmn

6C+xLi" + xe” ———1i C, (3.25)

paspsizt

WOHBI JINTUS BCTPAMBAIOTCS B IPaUTOBBIIA JIEKTPO NPH 3apsije, 00pasyst
WHTEpKAIAIMOHHBIE coenuHenns coctaBa LiCe. B mpenenbHoM ciyuae
LiC¢ xaxaplii BHEAPCHHBIN aTOM JIUTHS 3aHUMAET OIPEIEICHHOE MECTO
HaIpOTHB IIEHTpa KapOCHOBOTO KOJBIIA B MEXKCIOHHOM IIPOCTPaHCTBE
KpHUCTAIUTMYECKOl pemerku. [Ipu paspsiae noHbl Li* n3BiekarTcs u3 rpa-
(uToBOTO aHOA.

Marepuanbsl 000MX 3JIEKTPOIOB JODKHBI YIOBIETBOPSTH PsiLy Tpebo-
BaHUH: CHOCOOHOCTH BHEAPSTH OONBIIOE KOMUYECTBO JMTHUS, BO3MOXK-
HOCTh 00paTMMO BCTpPaWBaTh JIUTHH C MHUHHMAIbHBIMH H3MEHCHUSMH B
HUCXOAHOH CTPYKType Marepuana; yCTOMYMBOCTb K B3aUMOJEHCTBHIO C
NIEKTPOIIUTOM; MIPUEMIIEMast CTOMMOCTb. OCOOEHHOCTBIO MaTEepUAaJOB IMO-
JIO)KHUTENBHOTO JIEKTPOJA SBJISAETCS TO, YTO JUIS JOCTHKEHHS BBICOKOTO
HaMpsHKEHHS DJIEMEHTAa U BBICOKOH yJENBbHON SHEPIUU peaklus MHTEpKa-
JSIUUW/AEUHTEPKAISIAY  JIMTHA JIOJDKHA TIPOMCXOJHUTh TIPH JOCTATOYHO
BBICOKOM IOTEHIHAe OTHOCUTEIBHO JUTHH-COAEPKAILIETO OTPUIIATEIb-
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HOro anektpoaa. Kpome Toro, Marepuaibl DOJDKHBI 00JaaTh BBICOKOH
9NIEKTPOHHON MPOBOAUMOCTBIO M OJHOBPEMEHHO O0ECIeYrBaTh MEPEHOC
HOHOB JIUTHUS ¢ OOJIBLION CKOPOCTBIO. YKa3aHHBIM TPeOOBAHHSM YHOBIIE-
TBOPSIIOT CJIOMCTBIE OKCHJBI, Hampumep, JUTHH-k0OanbpT-okcua LiCoOz,
LIMTUHENY, TaKhue Kak oKcHz Jutus-Mapraniua LiMn2O4 it 1oJiMaHuoH-
HBIE COCTMHEHUS, HaIpuMep, TuTuii-xkene3o-pocdar LiFePO4.

€ (paspan)
—_—

oy =
\\_’/ € (3apan)
et
; 0000 & |
© === ororeq
: COC0O
& :r Li' = ic ocoo
I (3apan)
sl
o ; |
| CO00
5 : 'ocooo
g B GO0
== 0
¢} r:. 4] E - Ll1 i’
_ aspsaa :
=== (paspsin) :Oocgé:)
L ' oo0L |
Li_rCG Li I-_\'MOE

Puc. 3.9. YcrpoiicTBo u cxema MpomeccoB B JINTHH-HOHHOM aKKyMYJISTOpE

Hawubonee pacnpocTpaHeHHBIM, HO TOKCHYHBIM MaTEPHAIOM ITOIOKH-
TEIIBHOTO 3JIEKTPOAA JUISl JINTUH-MOHHBIX aKKyMYJISITOPOB SIBISIETCS CIIOM-
CTBIi CTPYKTYPHUPOBAHHBIH JIUTHUH-KOOANBT-OKCUJI, WM KOOAIbTAT JIUTHS
LiCoOz. Crpykrypa LiCoO2 cocTouT M3 ClIOEB JIMTHS, KOTOPBIE JEXKaT
MEXIy OKTa’JIpaMH, 0Opa30BaHHBIMH KOOAJbTOM U KHCIOPOAOM (pHC.
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3.10). [Nomypeaknus Ha TAKOM OKCHIHOM JJICKTPOJC OIHCHIBACTCS ypaB-
HEHHUEM:

LiCo0, =—=—Li_ Co0, +xLi" +xe . (3.26)

Puc. 3.10. Cnowucras crpykrypa LiCoO>

B unTepkansate cocrasa Lii»CoO2 3HaueHue x = 0 0TBE4aeT MOTHOMY
pa3psany. B xone memHTepKamAum, KOTOpas COMPOBOXKIACT 3apsij, comaep-
XKaHHE JINTUS TOCTEIIEHHO yMEHbBIIACTCS, a mapaMeTp x pacteT. OHaKoO Ha
MIPaKTUKE HE JOIyCKAaeTCs CHMKEHHE MOJBbHOHM foiu sutus MeHee (.55,
rpu 3ToM x He npesbiaet 0.45. B npoTuBHOM ciyyae MaTepua MoJI0XKHU-
TENBHOI'O JJIEKTPOJia IIOJBEpPraeTcsi HeoOpaTMMOW TpaHChOpMaLUH, MU
YCTpOHCTBO OyaeT paboTaTh OJHOKPATHO KaK MEPBUYHBII SIIEMEHT.

O6mras peaknus B dJIEMEHTe, MOMydeHHas cymMMmupoBaHueM (3.25) u
(3.26), oruceIBaeTcs ypaBHEHHEM:

LiCoO, +6Cz—=—Li C, +Li,_C00,, x <0.45. (3.27)

paspsn

DJIeKTPOXUMHYECKAs CHCTEMa 3JIEMEHTa MOXKET OBITh 3alrcaHa CIIeAyIo-
MM 00pa3oM:

(-) LixCs | HeBoansiii 3ekTposnT | Li1xCo002 (+). (3.28)
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HeBonHBIH 3JIEKTPOIUT OOBIYHO HpENCTaBIsET COO0M CMech OpraHu-
YEeCKUX KapOOHATOB, TaKMX KaK STHJIEHKapOOHAT WIJIM AWATHIKapOoHar,
KOTOpasi COJEP’KUT KOMIUIEKCHYIO COJIb JINTHs: Texcadropdocdar nurus
LiPFs, rexcadropapcenar mutust LiAsFe, nepxmopar nutus LiClOs, Tet-
padropbopar mutus LiBFs mmm tpudmar mutus LiCF;SOs. B aumuii-
NONUMEPHOM AKKYMYJISIMOpe B Ka4eCTBE JJIEKTPOJINTA UCIOIB3YIOTCSI MMO-
JMMEPBI, COCOOHBIE IEPEXOANTH B MOIYIPOBOAHUKOBOE COCTOSTHHE B pe-
3yNIbTaTe BHEAPEHHS B HUX Pa3INYHBIX HOHOB. DJIEKTPOIIPOBOIHOCTH IMO-
JMMepa IPH 3TOM YBEJIMYUBACTCS B JICCATKH pa3. bnaronapst otcyTcTBHIO
KHIKOTO 3JIEKTPOJINTAa aKKyMYJISITOPBI 0oJiee KOMIIAKTHBI M MOTYT OBITh
BBITIOJIHEHBI B JIF000I KOH(QUTrYypalMy, 4TO BeChbMa aKTyaJlbHO IPH CO37a-
HUH COBPEMEHHBIX MUHHMATIOPHBIX CPEJCTB CBS3U U MHUKPOKOMITHIOTEPOB.
Kpome Toro, yBennumBaercs 0€30MacHOCTb PabOOTHI AKKyMYJSITOpa HMpPU
3aMEHe XHAKOTO, 3a4acTy0 OTHEOIIaCHOTO OPTaHMYECKOTO 3JIEKTPOJIHTA
Ha MOJINMEPHBI.

Amnanorom kobanbrara nutus ssisercsa Hukenar LiNiO:z — eme ogud
MIPE/ICTaBUTEIIb CMELIAHHBIX CIOMCTBIX OKCHAOB JHTHA. Ero TpynHee mo-
JYYUTh W3-3a CKJIOHHOCTH K OOpa30BaHUIO HECTEXHOMETpuueckux (as,
00O0TallleHHbIX HUKEIEM, KOTOphIE BIHAIOT Ha BO3MOXKHOCTh IHKJINPOBA-
aus. Kpome toro, LiNiO2 o0OmagaeT HU3KOH TepMUUECKO CTaOMITBHOCTHIO
n3-3a TOTO, YTO HHUKEIh HAXOJIUTCS B BBICIICH CTENEHH OKUCICHUS U IIPU
HarpeBaHuH MoxeT nepexoauts B cocrosiaue Ni(I[). O6a addexra Hapy-
LIAIOT CJIOMCTYIO CTPYKTYpY OKCHAHOTO MaTepHana, IO03TOMY YHCTBIN
LiNiO; He moay4mn HIMPOKOTO PAaCHpPOCTPAHEHUS MPH IIPOM3BOACTBE aK-
KyMYJISITOPOB.

ViIy4muTh CBOMCTBA HUKENIAT-COAEPIKALIETO IOJIOKUTEIBHOIO 3JIEK-
Tpona mo3Boisier crocobHocTh LiCoO2 m LiNiO2 ¢opmupoBats Hempe-
PBIBHBIH psiJ TBEPABIX pacTBopoB. [Ipu 3TOM 00pasyercs nenoe ceMeiicTBo
POMOO3IPUYECKHX CIIOUCTBIX CTPYKTYPHUPOBAaHHBIX COCIMHEHMI cOCTaBa
LiNi(14)Co0,02, rae Ni u Co HaxosTcsl B CTENEHH OKHCIeHus +3. 3aMeHa
HUKeJss KOOaJbTOM ITOBBIIIAET TEPMUYECKYIO YCTOWYMBOCTB 3JIEKTPOHO-
ro Marepuaja M TIIOJABIsAET OOpa3oBaHHWE JUTHH-IEGUINTHON (azel
LiiyNii +,O2 ¢ 9acTHYHBIM BHEAPEHNEM HOHOB HHUKEIS B JTUTHEBBIA CIIOM,
3aTpyAHAIOMIM IH(dy3HI0 MET0YHOro MeTaa.

Hutepec k mmuHenu LiMnO2 00yciioBieH IHPOKUM paclpoCTpaHEeHH-
€M OKCHJla Maprasiia B IPOM3BOACTBE XUMUUECKHX MCTOYHHUKOB TOKA, HU3-
KO CTOMMOCTBIO, KOJIIOTHYHOCTHIO 10 cpaBHeHuto ¢ Co u Ni. M3BectHoO,
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yro LiMnO: cymecTByeT B HECKONbKHX (ha3ax. 3HAUNTEILHOC BHHMAaHHC
ynensercs TpexmepHod mmmHenu LiMnoOs, ynomuHaBmieiicss panee mpu
pPaccMOTPEHHH JUTHEBBIX ralbBaHUIECKHUX AJIEMEHTOB (puc. 2.10).

B mutnit-pocdate xenesa LiFePO4 meHTpanpHBIl aToM Xkee3a BMe-
CT€ C OKPY’KAIOUIMMH €r0 IIECTHI0 aTOMaMH KHCIIOpoaa oOpas3yloT OKTa-
aap FeOs. Atom ocdopa ¢ deTsippMs aToMaMu Kuciopoaa GopMupyeT
terpasap POs4 ¢ dochopom B meHTpe. 3UT3aromnoJOOHBIA TPEeXMEPHBIH
Kapkac obpaszoBaH okTadapamu FeOs, nMeronmmu obimue O-yrisl ¢ TeT-
pasapamu docdara POs. MoHBI TUTHS CHOCOOHBI BHEAPSTHCS B OKTa3IpH-
YecKHe KaHaJbl TAKOW 3Ur3aroodpasHo CTpykrypsl (puc. 3.11).

Puc. 3.11. Ctpykrypa muruii-pocdara xenesa LiFePOy

B otnmuune ot cnoucteix marepuanoB LiCoO: u LiNiO2 HOHBI TUTHS B
LiFePO4 nBurarotcst He B IByMEPHBIX TUIOCKOCTSAX, & B OHOMEPHBIX CBO-
0OIHBIX KaHaIaX KPUCTALIMYECKOH pemeTku. Bo Bpems 3apsina / paspsina
HOHBI TuTHs n3BnekaTcs u3 LiFePO4 (b0 BCcTpauBaioTcs B HETO), B TO
BpeMsl KaK IIEHTpaJIbHbIE HOHBI XKeje3a OKUCIISIOTCS / BOCCTAaHABIMBAIOTCS.
IIporniecc u3BIICYCHUS / MHTEPKAISALNHN SBJISIETCS 00paTUMBIM M OIHCHIBA-
eTcsl ypaBHEHHEM:
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LiFePO, ———Li_FePO, +xLi" +xe , (3.29)

paspsit

koTopoe BMecTe ¢ (3.25) maer ypaBHEHHE O0IIEH peakiluy B dJIEMEHTE:
LiFePO, + 6C ———Li, FePO, +Li C,. (3.30)
paspsit

Hecmotpst Ha Gosree HU3KOE pa3psAIHOE HANPSDKCHHE B CPABHEHHUH C
OKCHIHBIMU Matepuanamu (puc. 3.12), murnii-pocdaT sxermesa HOTydm
OTIpeIICTICHHOE PACHPOCTPAaHEHHE KaK MaTephall MOJOKHUTEIBHOTO 3JeK-
TpoJa JUTHH-HOHHOTO akkymyJsitopa. JlocromactBamu LiFePOs sBisitoT-
Csl HHM3Kasg CTOMMOCTb, HETOKCHYHOCTB, IOCTYITHOCTh JKelie3a, OTIMYHAs
TepMHUYECKass CTAOWIBHOCTh, OE30MACHOCTh, BBICOKHE IPOM3BOIAMTEIIb-
HOCTb U yJeNnbHas MOIMHOCTb. OCHOBHOE MPEISTCTBHE JUIS ILIMPOKOIL
KOMMEpUIHAIN3aluN — HU3Kas 3JIeKTPOIPOBOJIHOCTh JAHHOTO MaTepHaa.
[Ipobnema, oxgHAKO, IPEOIONEBACTCS MyTEM €O JISTHPOBAHUS CIICIHAIIb-
HBIMH J100aBKaMH, a TakXKe YMeHbIIeHneM pa3Mepa dacturl LiFePOs n nx
MTOKPBITHEM IPOBOAIINMA MaTepHallaMHy, HAIIpAMeEp, YTIIEPOIOM.

Uy, B
4.2

4.03
3.86
3.69

9000,
3_52 4 4 4
e 000,

3.35 POODOTOTeCTtre

voTroTTe
Toe

3.18 - - LIFePO, |
3.01
2.84

2.67

25
0 20 40 60

Crenenb paspsxeHHocTH, %o

Puc. 3.12. Tunu4Hble KpUBbBIC pa3psia JIUTHIH-UOHHBIX aKKyMYJISITOPOB
C Pa3INYHBIMH aKTHBHBIMH MaTePUaTaMH MMOJOKUTEIBHOTO SIICKTPOa
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JIuTHii-nOHHBIE aKKyMYJIATOPHI MMEIOT MHOTO HPEHMYIIECTB, B TOM
yrcie CTabIIbHOEe HApsDKEHHE B Auana3oHe 2.5-4.2 B, BeICOKHE y[elb-
HbIe 3Heprut0 U MouHocTh (100-200 Br-u/kr u 700-1300 Br/kr cootBeT-
CTBEHHO), HU3KHH ypOBEHb caMopaspsaa, OTCYTCTBHE 3P deKTa maMaTH 1
BO3MOXKHOCTh JKCIUTyaTalldl B IIMPOKOM JIMAlla30HE TEMIIEpaTyp.
VYerpolicTBO pacipoCTpaHEeHHOW NPU3MATHYE€CKOW KOHCTPYKIIMH JIMTHMA-
HOHHOTO aKKyMYJISITOpa ¢ PYJOHHON CKPYTKO# 3JEKTPOJOB IOKa3aHO Ha
puc. 3.13.

oTpHLaTeNbHbIH rpaduT-
coJlepaaniuii o1eKTpoI

TONOKHTENBHBIH 3TeKTPOIL

cenaparop - Ji'_‘

Puc. 3.13. PynoHHast KOHCTPYKIMS JINTUI-HOHHOTO aKKyMYyJISITOpa

B 10 ke BpeMs IUTHUN-MOHHBIA aKKyMYJSTOP HMEET J1Ba OCHOBHBIX
HemocTaTKa. I1epBrlil 3aKmodaeTcs B TOM, 4TO I O€30MIaCHOTO MCIIOJNb-
30BaHHS aKKyMYJIATOPa €0 HAaNpsHKEHHE HUKOT/IAa HE JOJDKHO OBIThH BBIIIC
4.2 B nim muxe 2.0 B.

ITpu nepesapsine OTPULIATENBHOTO AIEKTPOJA JOCTHraeTCs Mpelelb-
HOE COJIepaKAHUE JINTHS B MEKCIONHOM IMPOCTPAaHCTBE MaTepHana, Hod3To-
My HoHbl Li* BoccTaHaBmMBaroTCst ¢ 06pasoBaHHEM MeTauTHYecKoro Li.
Karomusrii pocT ¢as3sl JTUTHS SBISETCA ACHAPUTOOOPA3HBIM, YTO MOXKET
NIPUBECTU K KOPOTKOMY 3aMbIKaHUIO B akKyMyJsaTope. Ha nonoxxurenbHoM
AJIEKTPO/JIe TpH Tiepe3apsiie OyneT BBICAThCS Ta3000pa3Hblii O2. AKTHUB-
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HO€ XMMHUYECKOE B3aUMOJICHCTBHE KHUCIOPOJA, METATNIUYECKOTO JUTHS U
9JIEKTPOJIUTA MPUBEAET K MOBBIIIEHHIO OMHUUYECKOTO COMPOTHBICHHUS dIe-
MEHTa, TeMIepaTypbl U BHYTPEHHErO JaBJICHHS, a MOTOMY MOXET CTaTb
MIPUYUHOM €T0 B3phIBA.

IIpu miryGokoM paspsie akKyMyJsTopa Ha IOJIOKHUTEIBHBIX HJIEKTPO-
JIaxX MOTYT OBITh C()OPMUPOBAHEI HEAKTHBHBIE (Da3bl OKCHIHOTO MaTepuraa,
YMEHBIIUTCSA 3P (PEKTUBHOCTh pabOTHI X €eMKOCTh YCTpOHCTBa. J{jist HCKIII0-
4yeHus1 3G QEeKToB nepesapsizia ¥ nepepaspsiia K akKyMyJIaTopy IMOJKII0YaioT
SJIEKTPOHHBI  KOHTPOJUIEp, OTKIIIOYAIOIIMKM paspsa/3apsn NpH  HH3-
KHX/BBICOKHMX HANPSHKEHUSIX, a Takke 00ECIeUMBAIOIINN Oe30MacHbIi pe-
UM JOCTaTOYHO OBICTpOro 3apsiga. Jlis mpemoTBpalleHus Ieperpesa mo-
MTOJTHUTEIHFHO MOAKITIOYAI0T TEPMOIATUYHK, a COPOC N30BITOYHOTO JABICHHS
OCYHIECTBIISIETCS CIIENMANIBHBIM KJIAIIaHOM. JIUTHII-HOHHBIE aKKyMYJISITOPBI
OOBIYHO MPOMAIOTCS B BH/I€ KOHCTPYKIHOHHBIX Y3JIOB, BKIIOYAIONIIUX COO-
CTBEHHO JIEMEHT U 3allIUTHYIO AJIEKTPOHHO-MEXaHUUYECKYIO CXEMY.

Bropoit HemocTaTOK JUTHH-MOHHOTO AaKKyMyJIsTOpa — HeOOJBIIOi
CPOK TOJHOCTH, BBI3BAHHBIN SIBICHUSIMU JIETPajalliy, T.e. yXYIUICHUS
CBOHCTB CO BpPEMEHEM MpH XPAaHCHHH M HCIIOIB30BAHUU YyCTPOMCTBA.
K OpIcTpOii merpamanmy aHoa BeIyT OTCIaWBaHWE W PACTPECKHBAHUE Ya-
cThIrl TpaduTa BCIEACTBHE KOHTAKTA C PACTBOPUTENEM. B HEKOTOPHIX CITy-
Yasgx dYepe3 MAaCCHBHYIO IUICHKY, (OPMHPYIOLIYIOCS Ha OTPUIATEIBHOM
AEKTPose, AMPPYHIUPYIOT pa3INuHbIe arpeCCHBHBIC KOMIOHEHTHI HJIEK-
TPONIUTA, TIO3TOMY CTaHOBSTCA BO3MOXKHBIMH  KOPPO3USl  JIUTHIi-
rpadUTOBOTO MHTEPKAJIATA, PA3l0oKEHHE JIEKTPOINUTA U YTONIIEHUE Tac-
CHBHOM IuIeHKH. [locTeneHHo IIeHKa MPOHMUKAET B IOPHI 3JIEKTPOAA, YTO
MIPUBOIUT K YMEHBIICHHIO TOCTYITHOI aKTHBHOW ITOBEPXHOCTH 3JIEKTPOa
U YBEJIMYEHHIO €0 JJIEKTPUYECKOrO COMPOTHBIECHUSA. BONBIIMHCTBO Me-
XaHU3MOB JIETpajlallii MapraHel-COJAEPIKaIlero MOJI0KUTEIBHOIO DIIEK-
TpOJa CBOJUTCS K CAaMOIIPOM3BOJIBHOMY BBITPaBIMBaHHIO Mn B Xoze AMcC-
npornopuuonuposanust 2Mn** = Mn*" + Mn?" unu pacTBopeHuio nmuHenu
B JICKTPOIUTE. DNEKTPONIUTHI, ucnonas3ymomnme LiPFs, MoryT B3aumoneit-
CTBOBAaTh CO ClefaMM BOAbI ¢ obpa3oBanueM HF, kotopas paspymaer 3a-
IIATHYIO IIJIEHKY M CHOCOOCTBYET CaMOPACTBOPEHMIO OTPUIATEIBHOTO
JNEKTPOJIA.

B Hacrosmee Bpems Hapsay C TpaJULMOHHBIM HCIONB30BAaHHEM B
MOPTATUBHOM DIEKTPOHUKE JIUTHH-HOHHBIE aKKYMYJIISITOPBI 3aBOEBBIBAIOT
HOBYIO HUIIlY TIPUMEHEHHUS — ABTOMOOMJIBHBIN TPAHCIIOPT.
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3.4. AKKyMYJISITOPBI /ISl KPYIIHOMACIITAOHOTO0 XPaHEeHUsl SJHePruu

Bce Gombiryro 9acTh CTPYKTYpPBI SHEPIETHKH 3aHUMAIOT BO30OHOBIIS-
€Mble MCTOYHUKHU 3HEpruu. TeM He MeHee, Ha HUX CHJIBHO BIMAIOT IpH-
ponHble (aKTOPBI — KIIMMAT, CE30H, BPEMs M MECTO KCIUTyaTallH, T03TO-
My Takue UCTOYHHKH HeycToHumBBl. O4eBHIHO, YTO pa3paboTka 3ddek-
THUBHBIX JJIEKTPOXUMHYIECKAX TEXHOJOTHH KPYHMHOMACIITaOHOTO aKKyMy-
JIUPOBaHMS SHEPTUM MOXKET MOCIYXHUTh PEIICHHIO NMPOOIEMBI CO3AaHHS
9KOJIOTHYECKH YHCTOW M HETPEPHIBHO paboTaromieil CHCTEMBI SHEpPronu-
TaHUs Ha Oa3e BO30OHOBIsIEMOl »HepreTHku. Kpome Toro, takue TeXHO-
JIOTHH MOTYT HCIIOJB30BAaThCA B Yachl MMKOBOI HArpy3KH Ha TEIUIOBBIX U
ATOMHBIX JIEKTPOCTAHIHAX, YTO CHIKAET TPeOOBaHMS K MOIIHOCTH I'eHe-
panmu. [lpyras BakHas poib KpPYNHOMACIITaOHBIX CHCTEM XpPaHCHUS
SHEPruu — 00ecIedeHre PEe3ePBHOTO MUTaHMUS JUIs OOJILHUIL, TpaHChOopMa-
TOPHBIX CTaHIMH M APYTHX KU3HEHHO BaKHBIX 00BekToB. Hakomer, ak-
KyMYJISITOPBI C OOJBLION €MKOCTBIO NPEACTAaBISIIOT COO0H OIMH M3 mep-
CTIEKTHBHBIX BHJIOB 3aps/HON CTaHIMU JUIA 3ieKTpoMoOmiel. Takue Xu-
MUYECKHE UCTOUYHUKH TOKA MOTYT OBITh 3apsKEHBI OT IEKTPUUECKOH ce-
TH BHE 4YacOB IHK, HallpUMep, HOUYBIO, a 3aTE€M DHEPIusi MOXET OBITh
OBICTPO OTHAaHA YCTPOWCTBOM ISl MCHOJNB30BaHHUSA Ha TPAHCIOPTHOM
cpenctse. PaccmarpuBaemble B JaHHOM maparpade yCTpoicTBa IpeBOCXo-
JST TPAJUIMOHHO HCIOJB3YyeMbIe B 3TOH 00JIACTH CBHHIIOBO-KHCIIOTHEIE
aKKyMYJISITOpHBIE OaTaper Mo MOIIHOCTH, 0€30IaCHOCTH, CTAOMIBHOCTH U
JIOJTOBEYHOCTH M, CIICAOBATENBHO, UMEIOT OoibIIoe Oyaymiee B 00IacTi
XpaHEHUs! SHEPTHUH.

OCHOBHBIMH TPEOOBaHUAMH, MPEIBIBIIEMBIMH K aKKyMYJISITOpaM JUIS
CHCTEM KpPYNMHOMACIITa0HOTO XpaHEHHs JSHEPIHH, SBIAIOTCS BBICOKHE
MOIITHOCTH ¥ INIOTHOCTh SHEPTUH B COYETAaHUN C HU3KOH CTOMMOCTBIO. J{71st
JOCTHXKEHUS ONTUMAlbHOM MPOU3BOAUTENBHOCTH M KOMMEPYECKOTO
ycIiexa JI0JDKHBI ObITh BBIOpaHbI TaKUE IEKTPOTHBIE MaTePHAbI, KOTOPBIE
0051a1al0T BBICOKOH PEaKkIMOHHOM CHOCOOHOCTBIO, a TaKXKe IIUPOKO pac-
MPOCTpaHEeHBl B Tmpupoxae. Hartpumii, Oyaydnm OZHMM M3 CaMBIX JIETKHX,
HanboJiee IEKTPOOTPULATENBHBIX U JIOCTYIHBIX METAJIJIOB, JOJKEH OBITh
HAeaNnbHBIM AaHOAHBIM MaTepHaJoM I Takux cucrteM. OIHaKo W3-3a
CBOCH BBICOKOH peakMOHHONW CHOCOOHOCTH ATOT LIEJIOYHOM MeTala He
MOJET OBITh HCIOJIB30BaH B COUCTAHUH C KHUIKAMH BOIHBIMH JIEKTPOIH-
TaMH. B cBOIO ouepenb aKKyMyIATOPBl C TBEPABIMH AIIEKTPOIUTAMU
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JOJDKHBI paboTaTh MPH BBICOKHX TEMIIEPATypax IUIs oOecriedeHHs JOCTa-
TOYHO BBICOKOMU AJIEKTPUYECKOIN MPOBOIUMOCTH.

Haubonee pacmpocTpaHEHHBIM BapHaHTOM BBICOKOTEMITEPATYPHBIX
BTOPUYHBIX DJIEMEHTOB C HAaTPUEBBIM AHOIOM SIBISETCS HAMPUli-CepHbili
aKKyMyasamop. AKTUBHBIM MaTe€pHajIOM OTPULATEIBLHOTO 3JIEKTPOJIa SBIIS-
eTcsl JKUJIKUM HATpUM, TOJIOKUTEIBHOTO — KUJAKas cepa, a B KayecTBe
TBEPZIOTO DIEKTPOIIHTA HCIONB3YeTCsl cemnaparop w3 ruHo3ema [B-AlOs.
Cxema ycrporicTBa noka3zana Ha puc. 3.14. IlockoibKky cepa sBiseTcs au-
QJIEKTPUKOM, OTJACJICHHE, COAEpIKallee PacIUIaBICHHYIO cepy, CHAOXKEHO
BOWJIOYHBIM YTJIEPOHBIM TOKOCHEMHHKOM.

B-ALO; TpyOKa u3

B-ALOs

Puc. 3.14. Cxema HaTpuii-CEpHOTO 3JIEMEHTa

BHCKTPOXI/IMI/I'-ICCKaH CHCTEMA DJIEMEHTA MOKET OBITH 3allicaHa B Clie-
AYIOIIEM BUJIC:

(-) Nax | B-AL2O3 | Si (). (3.31)
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AxkymymsaTop paboraer B amamnazoHe temmepatyp 300-400 °C, mpu
KOTOPBIX PEareHThl M MPOJYKTHI JIEKTPOXUMHUYECKHX IIPOIIECCOB HAXO-
JSITCSI B pacIUIaBIICHHOM COCTOSIHHH, @ HOHHAsi IPOBOJMMOCTD B-(ha3bl OK-
CHJla aIFOMHIHUS JOCTaTOYHO BBICOKA. B mpomecce pa3psaa aTOMBI HATpHA
HOHM3UPYIOTCS HAa MOBEPXHOCTH TPyOKH u3 B-ALO3; u MHTpHPYIOT depes
CTEHKY TpyOKkHu K Karoxy (puc. 3.14), rae y4acTByIOT B 00pa30BaHHH IO-
TMCYNbGUIOB HATPUSL. DJIEKTPOAHBIE PEAKIMH, KOTOpPBIC IPOTEKAIOT Ha
TIOBEPXHOCTH CEMapaTopa B 3JIEMEHTE, MOTYT OBITh 3aITUCaHbI CJICLYIOIIUM
oOpa3zom:

TIOJIOKUTENBHBIN 3JIEKTPO/I:

2Na' +55 (%) + 2¢ 225 NasSs (x), (3.32)
OTPULATENBHEIN 3IEKTPOI:
Na (k) # Na*+e. (3.33)
INepBoHayanbHas TOKOOOPA3yOIIAs PEAKIIUS

2Na () + 58 (%) Z22= NaoSs () (3.34)

xapaxtepusyercs Hanpspkernem 2.08 B mpu 350°C. B xone paspsna no-
CTyIHAsI >JIEMEHTapHas cepa MOJHOCTBIO PACXOMYEeTCsl, U HAaUMHAIOT HPO-
TEKaThb PEaKLMM HPEBPAICHHUs NEHTACy/Ib(puAa HATpUS B HHBIC IOJHU-
CyNb(UIBL, KOTOPBIE SBISIOTCS B3AUMHO PaCTBOPUMBIMH:

2xNa (%) + (5-x)Na2Ss (k) == 5NarSs_ (%), Tne x < 2. (3.35)
3aps

Hanpsokenue aneMeHTa mpu 3TOM mocTeneHHo majgaer ot 2.08 go 1.78 B
0 Mepe TOro, Kak cocTaB KaToiuTa MeHseTcss oT NaxSs 1o NaxSs. ITocie
¢dopmupoBarust NaxS3 paspsi akKyMynsaTopa ClemyeT HpPEeKpaTHTh, TaK
Kak ecnu OymyT chopmupoBanbsl NaxSz u NazS, oHM MOTYT KpUCTa/LUIH30-
BaThCs, YTO HAPYLINT HOPMaJIbHY10 paboTy yCTpOHCTBA.
Hampuii-xnopuonvle axkymynamopel Takxke pabOTalOT NMPH OTHOCH-
TENIBHO BBICOKMX TEMIIepaTypax. B HUX HCHONB3YIOTCS OTpULATEIbHBIN
IEKTPOJ U3 JKUJKOTO HATPHUS U KePaMHUYECKUH AIIEKTPosUT. B aTOM OT-
HOIICHUN OHM IOJOOHBI HaTpuii-cepHOMY 3neMeHTy. OgHako HaTpuii-
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XJIOPU/IHBIE JJIEMEHTHI BKIOUYAIOT JEKTPOJIUT M3 PACIUIABICHHOIO TET-
paxuopantomunaTa HaTpust NaAlCls, KOTOpBIH pa3MeriaeTcs B CEKIMU M0-
JIOKHUTEJILHOTO JICKTPOJa BMECTE C €r0 aKTHMBHBIMU MaTepuallaMH — He-
pactBopuMBIM xstopugoM nepexoanoro meramna (FeCly wmu NiCly) wm
CMECBhIO TaKHX XJIOPHIOB. KOHCTPYKLIHMS 3JIEMEHTAa CXEMaTHYECKH TT0Ka3a-
Ha Ha puc. 3.15.

+ -
Ni, NiCl, ==
NaCl, NaAICl4 s
B-ALOs
Na(xk) e

Puc. 3.15. YcTpolicTBO HaTpU-XJIOPUAHOTO aKKyMYJISATOpa

IIpenmy1miecTBoO TaknuX JIEMEHTOB B TOM, YTO OHH UMEIOT OoJiee BBICO-
KOE HalpspKeHWe, MHUPOKHH Uana3oH pabodyux TeMIIepaTyp, BKIIOYAIOT
MEHE€e arpecCHBHBIE MaTepHualbl U OoJiee 6e30MacHbIe MPOLYKTHI PEaKIUH.
DNeKTPOXUMHYECKas CHCTEMa 3JIEMEHTa MOXKET OBbITh 3alncaHa B ClIey-
IOIIEM BHJIE:

() Na | B-AL;Os | NaAICL, MCl; (+). (3.36)

Xiopup xeneza FeCly, koTopslii aeT HapsHKCHUE Pa30MKHYTOH Iie-
mu 2.35 B, xapakTepu3syeTcs HU3KOH CTOMMOCTBIO, TOTNA KaK XJIOPUA HH-
kerst NiClo maet Ooniee BBICOKOE HANpsDKEHHE Pa30MKHYTOH Hernu 2.58 B.
Peakuuu B anemMeHTe moka3aHsl Ha puc. 3.16, U3 KOTOPOTO BUIHO, YTO TO-
KooOpa3yromas peakius IpeACcTaBIsIeT COOON peakIuio 3aMEIIeHUS MEX-
Iy MEeTaJUIOM W XJIOPHIOM, a B IIpoIleccax Iepepaspsia W Iepesapsia
yuaactByeT 31eKkTpouT NaAlCla.
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U, B
i __Tepesapan
2Na + 2AICI; + NiCla = Ni + 2NaAICly
3.05F———

Tokoobpasyiomas peaxnus
2Na + NiCly = Ni + 2NaCl

-

2.58F

Tepepazpan
3Na + NaAICly = 4NaCl + Al

S

1.58

Puc. 3.16. Peakuuy B HATpHiA-XJIOPHUIHOM DIIEMEHTE

Ipomounvlii akkymynamop — 3TO 3IEKTPOXUMHUYECKOE YCTPOHUCTBO,
KOTOpOe Mpeo0pa3yeT XMMHUYECKYIO SHEPTHIO JIEKTPOXUMUYECKH aKTHB-
HBIX BEIIECTB HEMOCPEACTBCHHO B AIIEKTPUUECKYIO IHEPrHI0, MOIO0OHO
OOBIYHOMY aKKyMyJSATOpYy. OIHAKO 3JIEKTPOXWMHUYECKH AKTHBHBIC BeIIle-
CTBa B IPOTOYHOM aKKyMYJIITOPE XPaHATCS, B OCHOBHOM, BHE YCTPONCTBA
1 BBOAATCS B HETO C JIEKTPOJIIUTOM TOJILKO BO BpeMsi paboTsl. Cucrema, B
KOTOPOM BCE 3IEKTPOXUMHUYECKH aKTUBHBIE BELIECTBA PACTBOPEHBI B JKHI-
KOM DJIEKTPOJIMTE, HA3bIBACTCSI NPOMOUHBIM PEOOKC-AKKYMYIAMOPOM.

DIEeKTPOIUT OTPULATEIBHOTO MIEKTPOJA COACPAKHUT oKucauTenb Oxi u
BoccTaHOBHTENb Redi, y4acTByoIINe B 3J1€KTPOJHON PEaKIIUH:

_ paspsig
Vieq, Red, —ne ﬁm—uvo)(loxl, (3.37)
a 3JIEKTPOIUT MONOKHUTENBHOTO 3JeKTposa — BemecTa Ox2 u Reda:

Vo,, 0%, +ne” <—ﬂ—>vRed2 Red,. (3.38)

3apsz

TOK006pa3y101ua;1 pcakuysd B 06H.ICM BUJIC OIMUCBIBACTCS YPAaBHCHUCM:

paspsn
Vieq, Red; +V,, OX, =——=22V,, Ox, + V4 Red,. (3.39)

3apsij
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CxemaTHdeckoe n300pakeHHe TaKOi CUCTEMBI ITOKa3aHo Ha puc. 3.17.

HonoobGmeHnas
Menmbpana

CripunaTensHeri Tonowwmrennuii
WIEKTPO ATEKTPOT

Hacoe Hacoe

Puc. 3.17. Cxema npoTOYHOTO peOKC-aKKyMyJIsITOpa

TUIUYHEIM NPEACTABUTENEM TAKHX YCTPOUCTB ABJISAETCS 6AHAOUEEDIIL
PEOOKC-aKKyMyAmop. AKTUBHBIMU YYAaCTHHKAMHU SJIEKTPOIHBIX PEAKIUi
ABIAIOTCS HOHBI BaHAIWSA B PA3HOH CTENEHM OKUCICHHMS, HAXOMAAIINECS B
BOJIHOM PacTBOPE CEPHON KHUCIOTHI. OKMCIUTENLHO-BOCCTAHOBHTENLHAS
napa V3*/V?' ucrone3yercs Ha OTPULATENLHOM JIEKTPOJIE:

VI v (3-40)

3apsiz

a pegokc-napa VO, / VO? — Ha MONOKHUTENHLHOM 3JIEKTPOJIE:
VO +2H" + ¢ ==———=V0* +H,0. (3.41)
3apsj

Toxoobpa3ymmieil peakiueld B 3J€MEHTE SBISETCS CyMMapHBINH OKHCIIH-
TEJIFHO-BOCCTAHOBUTEIBHBIN TIPOIIECC:

VO! +2H" +V** %—">ﬂ’)‘l"_v3+ +VO™ +H,0. (3.42)
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VYpasuenue (1.29) s BaHAAUEBOTO PEIOKC-aKKYMYJISITOpa IPUHHMA-
eT BUI:

2
RT avo: .aH+ 'avz*

v)=U"+—mh—=7—— (3.43)
F s Ay Ay
IIPU 3TOM CTAHAAPTHOE PABHOBECHOE HANpPSLKEHHE BAHAIUEBOIO PEIOKC-
JJIeMEHTa:

0 _ 0 0 _ (L _

U —Evoz/voﬁ E. . =0991B (-0.255B)=1.246 B. (3.44)
ONeKTPONUTHl PEATBHOTO aKKyMyJIITOpPa COIEPXKAT CEPHYI0 KHUCIOTy C
KOHIEHTpauuel 2-3 Mois/amM® u cynb(arsl BaHa[Ms B Pa3HOH CTENEHH
OKHCJICHUsI METalla ¢ KOHueHTparued comu 1-2 mons/mm>. CocTosHUIO
MIOJTHOTO 3apsiia BaHAJAMEBOTO 3JEMEHTa OTBeuaeT HampskeHue 1.6 B,

CKOPOCTh CHIDKEHHSI KOTOPOTO 3aBHCHUT OT CHUIBI pa3psOHOTO TOoKa (pucC.
3.18).

U,B
1.70

1.20+

0.95+

Puc. 3.18. Pa3psiaHble KpUBbIE BaHAIMEBOTO 2JIEMEHTA

Bo Bpems paspsga BaHamuit V(V) IpUCOCTUHAET OIHMH DJICKTPOH H
nepexomut B V(IV), B To Bpems kak V(II) oTmaeT onuH 3JIEKTPOH U Ipe-
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Bpamaercs B V(III). DnekrpormToM-cenmapatopoM CIYKHT TBEPAOIONHU-
MepHasi HOHOOOMeHHast MeMOpaHa, B kotopoit H mepemeriaercst ot oTpu-
LATEeIBHOrO K IOJIOXKHUTENBHOMY 3JeKTpody. Bo Bpems 3apsaa 3aexTpo-
XMMUYECKHE TIPOIECCHl SABIISIOTCS OOPAaTHBIMU DPa3psiIHBIM IIpoIeccaM.
ONeKTPOaKTHBHBIC PACTBOPHI MOJOKHUTEIHFHOTO M OTPHUIATEIHHOTO 3JICK-
TPOJIOB 3aKaYMBAIOTCS B aKKYMYJIITOpP BO BpeMs paspsizia M IepeMeIaroT-
cs1 00paTHO B pe3epByap NpH 3apsijie yCTPOHCTBA.

Onektpomubie Ox,Red-npomeccer (3.40) u (3.41) B BaHagUECBOM
PEeAOKC-aKKyMYJISITOpE MPOTEKAIOT Ha IMOBEPXHOCTH HEPACXOJYEeMOro Ma-
Tepuaa, KOTOPBI JOKeH 00MafaTh ONpeAeNeHHBIMH XapaKTepUCTUKa-
MH: BBICOKas 3JEKTPOIPOBOJHOCTH, XMMHUYECKast M 3JIEKTPOXUMHUECKAs
YCTOWYIMBOCTH, MEXaHUYECKH CTAOMIBHAS TpeXMepHast CTPYKTypa ¢ 00Ib-
IIOW YJIeTHbHON TJIOMIAbI0 AKTUBHOM TTOBEPXHOCTH. YTIIEPOIHBIN BOMIIOK,
TTOJY9EHHBII U3 YTIIEPOTHBIX BOJOKOH, SBISIETCS HaHOOJee TMOAXOISIIIM
HEIOPOTHM MAaTepUalIOM JJIS H3TOTOBJICHUS OOOHMX 3JIEKTPOIOB HM3-3a €T0
Pa3BUTOM TPEXMEPHOM CETYATOW CTPYKTYpbI, BBICOKOHM 3JIEKTPUYECKOM
MIPOBOJIUMOCTH U HEKOTOPOI KaTaIUTUYECKON aKTUBHOCTH.

Taxum 00pa3omM, TEKTPOXUMHUUECKYIO CHCTEMY BaHAJNEBOTO PEIOKC-
AKKyMYJIITOpPa MOXKHO IPE/ICTABUTEH CXEMOH:

(-)C, V¥, V¥ npoTONOGOMeHHa | VO;,VO*,C(+). (3.45)
HoHooOMeHHas MeMOpaHa UTpaeT poJib cernapaTopa KaTOIHOTO W aHOIHO-
T'O AIIEKTPOJIMTOB, KOTOPBIHA MO3BOJISICT H30€KaTh MPSIMOTO KOHTAKTa MEXK-
Iy HHMH, a TaKkKe SBISETCS MPOTOHIpOBOAALIe cpenoil. OHa AOKHA
00J1aaTh CIEAYIOUINMU XapaKTePUCTUKAMU: HU3KHH KOA(QQUIMEHT mpo-
ITyCKaHUsI HOHOB BaHAWs, YTOOBI YMEHBIINTH IIEPEKPECTHOE 3aTrPsI3HEHUE
(xpoccosep) >NEKTPONNTOB; BBHICOKAas MOHHAS CEIIEKTHBHOCTH U AJIEKTPO-
MIPOBOIHOCTR; AOCTATOYHAS MEXaHWYECKasi MPOYHOCTh, XUMHUECKas CTOM-
KOCTb M YCTOHYMBOCTB K DJICKTPOXHUMHUIECKOMY OKHCIICHHIO, YTOOBI 0Oec-
MIEYUTh JUTUTEIBHBIA CPOK CIYKOBI aKKyMYIISATOpa; HU3Kas CKOPOCTH Iie-
peHoca BOJbI B EPUOJIBI 3apsa U pa3psaa akKyMyJsaTopa AJis oaaepika-
Hus OajaHca BOJBI MEXIY KaTOTHBIM M aHOTHBIM 3JIEKTPOJIATAMH.

TaxuM TpeOOBaHMSAM B HAMOOJIBINIEH CTEIICHH YAOBIETBOPSET epdTo-
pupoBaHHas TpoToHOOOMeHHast MmemOpana Nafion®, cTpykTypa KOTOpOH
rokasana Ha puc. 3.19. OHa cOCTOUT U3 PTOPCOASPIKAIIETO MOJTUMEPHOTO
KapKaca i OOKOBBIX ILETIOYCK, COACPIKAIINX (PYHKIIHOHATIBHEIC CYIB(OHO-
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Bble Tpymibl. Kapkac obecreunBaeT MEXaHHMYECKYI0 M XMMHUYECKYIO CTa-
OMIBHOCTH MEeMOpaHBI, B TO BpeMsl Kak OOKOBBIE LIETN CITy’KaT JUlsl Iepe-
HOCa MPOTOHOB. BMecTe OHM 00pa3yroT MOHHBIE KJIAacTephl, 0OecrednBa-
OIHME OTHOCUTENBHO BBICOKYIO POTOHHYIO IIPOBOIUMOCTb.

B N
o é) T)If-‘ oW
m o D @

.gF CF,| 20 'B 60 259,
Cb ‘"—)'@ o =
Lo CF e
y ~ 1000 CF ’?;2 : :
m=0-3 1A

Puc. 3.19. Xumndeckas popMyia i CTpykTypa MemOpansl Nafion®

K coaneHuro, 10CTaTOYHO BBICOKas cTouMocTh (10 $500-1000 3a m?)
MemOpansl Nafion® mnpensTcTByeT ee KoMMmepnuanuzauuu. Eme oxxa
npo0OJieMa — HU3Kasl CEJIEKTUBHOCTD 0 KaTHOHaM. Bo Bpems 3apsaHoro u
pa3psAIHOro MPOIECCOB JETKO IMPOHCXOAUT MEPEKPEeCcCTHOE 3arpsi3HEHue
KAaTOJHOTO U aHOJHOTO 3JEKTPOJIUTOB 3JIEKTPOAKTHBHBIMU HOHAMH pa3-
JIMYHON BaJIGHTHOCTH, B Pe3yJbTaTe MPOUCXOJUT CaMOpa3psil U CHUKACT-
cs1 3¢ (GEeKTUBHOCTH PA0OTHI AKKYMYJIISTOpA.

HoHbI AByXBaJICHTHOTO BaHAIMS MOTYT JIETKO OKHCISTHCS KHCIOpPO-
JoM Bo3zyxa. [1oaToMy a1 XpaHEHHUs! pacTBOPOB JICKTPOJIUTOB, KaK Ipa-
BWJIO, UCIIOJNIb3YIOTCSI TEPMETHYHBIE EMKOCTH C MHEPTHBIM ra3om. B cBoro
ouepeib, HOHBI MATUBAJICHTHOTO BaHAIUA B PACTBOPE IEKTPOIUTA MOTYT
0CaXXJaThCs MPH MOBBIIIEHHBIX TeMIepaTypax. OcaJok COOTBETCTBYIONIEH
COJIM MOXET HapyIINTh IUPKYJLIIUIO JIEKTPOJIUTOB M CHHU3HUTH d(dek-
THUBHYIO IUTOINA (b IOBEPXHOCTH YTOIBHOTO JIEKTPO/IA, B PE3yIBTATE YETro
MIPONU3BOJUTENBHOCTD aKKyMYJIITOpa HaJaeT. Y CTOWYNBOCT HOHOB IIATH-
BaJICHTHOTO BaHA/WSI MOXET OBITH yBEeIMUYEHa MyTeM JI00ABIEHHS ITOJXO-
JSIIIEro CTabuim3aropa.



I'maBa 4

TOIIJIMBHBIE 3JIEMEHTBI

4.1. TBepaonoJMMepHbI BOAOPOIHO-KUCIOPOIHbIN 31€MeHT

IIpuHuMnUaNbsHOE yCTPOUCTBO TBEPAONOIUMEPHOrO TOILIMBHOIO 3JIe-
menTa (TIITD) ¢ ra3oo0pa3HBIMU BOCCTaHOBHTENEM (TOIUMBOM) — Ho u
okuciauteneM — Oz nokazaHo Ha puc. 4.1. DIeMEeHT COCTOUT U3 ABYX IIO-
PHCTBIX HEPACXOAYEMBIX 3JEKTPOAOB-KAaTaIU3aTOPOB, IMOKPBITBIX CIOEM
KaTaju3aTopa W pa3/elICHHBIX NPOTOHOOOMEHHOW MeMOpaHOW W3 IOJH-
MEpPHOT0 3JIEKTPONIUTA.

i

<= e i —j
& H{IEIR, l‘
== |H0
H' |
==l =%
Hy = H =i
=gl
Ht || <= (oF
==
H- == f == O
MOPHCTHIH aHO/ —1 L— MOPHCTBIH KaToa
KaTaansatTop—— — KaTaliu3daTon
MOJNHUMEPHBIH
DNCKTPOJIHT

Puc. 4.1. Cxema BOIOPOIHO-KHCIOPOIHOTO
TBEPAOIOJIUMEPHOI'O TOIUNIMBHOT'O 3JICMEHTA

Bopmopon Ha aHOJE OTAAET 2MEKTPOHBI U MEPEXOAUT B IEKTPOIHUT B
Bune nona H', murpupyrorero yepe3 memOpany k karony. Ha momoxu-
TEJIFHOM 3JIEKTPOIEe KUCIOPO/] MIPHHUMAET 3JICKTPOHBI U, B3aUMOICHCTBYS
¢ H', BoccranaBmmBaercst ¢ 00pa30BaHUEM BOJBI. DJICKTPOHBI JBUKYTCS
OT aHOJja K KaTo/y uepe3 BHEUIHIOKO 1IeTb, IPOU3BOJS IIEKTPUIECKUN TOK.



94 Cosepemennvle xumuyecKue UCmoyHUKU moKa

YpaBHEHHS peakIMil B 3JIEMEHTE MOTYT ObITh 3aIIHCaHbl CICIYIOIIM 00-
pazom:

AHOJHAS ITOJTyPEaKIUs:
Ho — 2H" + 2¢7, 4.1
KaTOJHAs IIOyPeaKIys:
%02+ 2H" + 2¢- — H20, 4.2)
TOKOOOpa3ymolIas peakIus:
Hz + 202 — H20. 4.3)

TeopeTquCKoe HaOpsKEHUC JJIEMCHTA OIIMCBIBACTCA YPAaBHCHUEM
(1.29):

RT | fu, " Jo,
Uoz/Hz(O)ngz/Hz-i-Eln a =

b}

%0 (4.4)

B KOTOpOM fl — JICTY4YCCTh [-ro rasa, a aHZO — TCPMOJAUHAMUHYCCKAs aKTUB-

HOCTB BOJBbI. B CTaHJAAPTHBIX YCJIOBUAX HAIIPSKECHUE COCTABIIACT

ng/Hz = Egz/nzo —E;/Hz =1.23B. @.5)

Onextponbl TIITD sBustorcs Tazoauddy3moHHBIMH. B kadecTBe
ANIEKTPOJIUTAa-Ccenaparopa HanboIee 4acTo MCHoib3yeTcs ToHKas, 20-200
MKM, THOKasl ¥ po3pavHas mojauMepHas MemOpaHa tumna Nafion®. Ha o6e
€€ CTOPOHBI HAHECEH TOHKHMM KaTaJIMTUYECKUH CIOM, COCTOSIIUMI U3 yrile-
POIHOTO MaTepHaia ¥ AUCHEPCHON mIaTuHbl. "CoHIBUY"-CTPYKTYpa ra3o-
muddy3nOHHBINH aHoN / KaTtanu3aTop / MeMOpaHa / KaTtanu3atop / ra3onu-
(Oy3noHHBI  KaTO[ HAa3BIBacTCS MEMOpPaHHO-IJIEKTPOIHBIM  y3JIOM
(puc. 4.2) 1 0OBIYHO MIMEET TOJIIMHY MeHee 1 MM.

IonumepHas MmeMOpaHa J0JKHA OBITH IIOCTOSIHHO YBIIQKHEHA JKUAKOM
BOJIOW UIS MOIACPIKAHMS MPHUEMIIEMOI 3JIEKTPOIPOBOAHOCTH. [loaTomy
pabouas temmnepatypa TIITO ne mpesbimaer 90 °C. M3-3a cpaBHUTETHHO
HU3KOH pabouell TemmepaTtypbl MaTepHaibl Ha OCHOBE IJIATUHBI SIBIISTFOTCS
€JIMHCTBEHHBIMHU TPUTOJAHBIMH KaTaIU3aTOPaMU B TOIUIMBHBIX 3JIEMEHTaX
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TaKoTo THIA, TPUYEM HECMOTPS Ha TAKHUE HEJOCTATKH, KaK BBICOKasi CTOH-
MOCTb, YyBCTBUTEIBHOCTh K INPHUMECSIM U 3arpsA3HSIOIIUM BEIECTBaM,
npexne Bcero CO, H2S 1 paznudaHbIM opraHudecKuM COeTHHEHHSM.

KatoaHsii karanuTHuecKHil cioi

lMazoandupy3nonnsiii caoi

B i

H-.0

01

Puc. 4.2. YcrpoiicTBO MEMOPaHHO-3JIEKTPOAHOTO y3J1a

[InatuHA TIPOSBIISIET OYEHBb BBICOKYIO KAaTAIMTHYECKYIO aKTHBHOCTH B
OTHOILIEHUH PEaKLUW BOCCTaHOBJIEHUS Kuciopona. JlerupoBanue Pt Taku-
MU TiepexonHsiMu Metauiamu, kak Fe, Co, Ni, Cr, Co, criocobcTByeT J10-
MOJIHUTENIFHOMY TOBBIIICHUIO aKTMBHOCTH IUIATHHBI B CBSI3U C IOJaBlie-
HHEM Tpoliecca OOpa3oBaHMs €€ OKCHIOB, M3MEHEHHEM O3JICKTPOHHOMH
CTPYKTYPBI, a TAK)K€ YMEHBIICHUEM MEXAaTOMHOro pacctosinus Pt-Pt, uto
OnmaronpusaTcTBYeT ancopounu Oz Ha MOBEPXHOCTH KaTo/a.

CKOpOCTh peaky OKUCIEHHsI BOAOPOAa Ha TUIaTHHE 3aMETHO BBILIE,
YeM BOCCTaHOBJICHHS Kuciopona. J[ist Toro, 4ToObl MPOMILTIOCTPUPOBATH
pa3HUIy, MOXKHO OTMETUTh, YTO 3HAYECHHS TUIOTHOCTH TOKa OOMEHa st
peakuuu okucienus: Bogopona B TIITD Ha HECKONBKO IMOPSIKOB BHINIE,
4yeM JUIs peakiMd BOCCTaHOBIIEHHs Kuciopoja. Kak cieacTBue, BKIIaL
AHOJTHOW PEaKIMM B aKTHBALMOHHYIO TOJIIPU3AIUIO dJIEMEHTa HaMHOTO
MEHBIIIe, YeM aHaJOTHYHBINA BKJIA]l PEaKIIMU BOCCTAHOBJICHHUS KUCIOPOa.

Onextponbl TIITD 0OBIYHO conepKaT KaTalU3aToOp B BHIE MEJKHX
BBICOKOJIMCIIEPCHBIX METAUIMYECKUX 4YacTUI, OOBIYHO OKOJO 2-6 HM,
HAaHECCHHBIX Ha HEPacXOIyeMBIH HECYIIM MaTepHal U3 YacTHUI] yTriepoaa
co cpemHuM auamerpoM ~15-50 HM. YTiepomHBI HOCHUTENb JOJKEH
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HMETb BBICOKYIO 3JIEKTPOHHYIO TPOBOAMMOCTh. KpoMe Toro, ero nopucras
CTPYKTypa JIOJDKHA IO3BOJIATH peareHTaM WM NMPOAYKTaM HMEThb JOCTYH K
aKTHUBHBIM IIEHTpPaM KaTaju3aTtopa. Jpyrue BaxkHble OCOOCHHOCTH yTile-
POIHOTO HOCHTENS — yCTOWIMBOCTH K KOPPO3MH M THAPODMIBHBIN Xapak-
Tep. Mcnonb3yioTcs pa3jinyHble TUIIBI YITIEPOAHBIX HOCUTENEH: caxa, ak-
THUBHPOBAHHBINA yTOib, TpaduT.

[IpoToHHAsT MPOBOJUMOCTH TBEepAOMOIUMEepHOH MemOpaHbl Nafion®
OITMCBIBACTCSI HA OCHOBE JIByX MEXaHH3MOB: TPOTTTYCOBCKOTO (3cTader-
HOro) W I y3MOHHO-MUTPALMOHHOTO. ['POTTITYCOBCKMIT MeXaHHU3M
MIPE/NONIAraeT CKaukooOpasHbIi cTadeTHBIH epexo MPOTOHA OT OAHOM
obyukuuonanpHoit SO3 H3O'-rpymmbsl k apyroit (puc. 3.19). Ilporton, 06-
pasyromuiics Ha aHOJIE, B3aUMOJICHCTBYET € BOJIOH ¢ 00pa30BaHUEM HOHA
rugpokconus. ITocie 3Toro apyroit MpOTOH OTPEIBaeTCS OT MOHA TMIPOK-
COHHMS U NIEPEXOAUT K COCEIHEN MOJIEKYJIe BOIBI, IIEPEMEIAsiCh TAKUM 00-
Pa30M BJIOJIb 3IEKTPUIECKOTO OIS BHYTPH MEMOPAHBI OT aHOa K KaTOMY.
Jnddy3noHHO-MUTPALIMOHHBIA MEXaHU3M O0YCIIOBIMBAET IIEPEHOC HOHOB
THIPOKCOHMSA B BOJHON Cpeze Moj AeHCTBHEM IPaANeHTOB KOHIICHTPAIH
U BIIEKTPUYECKOTO TOJIS BHYTPH MEMOpaHbl. DTOT MEXaHU3M IpeAIIonara-
€T HaJIMYMe 3alIOJTHEHHBIX BOJHBIM PACTBOPOM IIOP B MOJIMMEPHOM MaTe-
puane MeMOpaHbl, B KOTOPBIX BO3MOXEH IEPEHOC I'MPaTHPOBAHHBIX MPO-
ToHOB. [Ipeo0maganue ogHOTO MEeXaHU3Ma HAJ JIPYTUM 3aBUCHT OT CTeTie-
HU THApaTaluy TBEPJOro NOJIMMEpa.

[IpenmaratoTcs pa3nu4HbIe METOABI MOAJACPKAHMS MEMOpaHbBI B T'HI-
paTUPOBAaHHOM COCTOSIHMM, Hampumep, Mmoxudukanus Nafion® mnyrem
BKITIOYEHHST HEOPTaHWYEeCKNX OKCHIOB. BHeApeHWe THIrpOCKOIMHMYECKHX
HEOpraHUYecKux Jactull, Takux kak SiOz, TiO2 u ZrO2, B MaTpuily I0IH-
MepHOH MeMOpaHBI CIIOCOOCTBYET yIEpXaHHIO BOJBI M YMCHBIAET Ta-
30IIPOHUIIAEMOCTh TBEPAOTO 3JIEKTPOINTA. YIIy4yIlIeHHE I'MAPAaTallMOHHBIX
XapaKTEPUCTUK 00YCIOBICHO THAPOPHIBHON MIPUPOJ0H HEOPTaHNIECKHUX
106aBOK. JIOTMOTHUTENBHBIM MPEUMYIIECTBOM KOMIIO3UTHBIX MeMOpaH
tuna Nafion®/MO: (tne M = Si, Ti, Zr) sBnseTcs MX MOBBIIICHHAS Tep-
MOCTOHKOCTh B CpaBHEHHM ¢ HemoauduuupoaHHbIM Nafion®. Tem He
MEHee, IPON3BOJCTBO MOANGHUIUPOBAHHBIX MEMOpaH SBIIAETCS AOCTATOY-
HO JIOPOTOCTOSIIIUM, K TOMY >X€ OHH O0JIaJal0T OTHOCHTEJIFHO HU3KOH
MIPOTOHHOM IPOBOJUMOCTBIO IO CPaBHEHHIO € HEMOIU(UINPOBAHHBIM
MIOJIIMEPOM.
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AJBTEpHAaTUBHBIM MOAXO/0OM K YJIyUIICHUIO THIPATAIMN MEMOpPaHbI 1
POCTY NPOTOHHOW NMPOBOJMMOCTH SIBIISIETCS pa3pabOTKa CaMOYBIIaXKHSIO-
muxcsi MeMOpaH. VX cHHTe3 IPOBOAAT, AUCTIEPTUPYSI T€TEPOIIOIUKHCIIOTH
Pt/SiO2 wmm ZrP B Nafion® nnm cynsduposanasie nmomu(3¢up-3¢up) Ke-
TOHOBBIE cMoONbl. KpoMme TOro, mnoiy4aroT KOMIIO3HTHbIE MEMOpaHbI
Nafion®-nonnbeH3uMUIa301, KOTOpPhIE XapaKTEepPH3YIOTCS HU3KOH Ta-
30IIPOHMIIAEMOCTBI0, XOPOLIeH NPOBOJUMOCTBIO U OTIIMYHON TEPMOXHMH-
4yeckoil crabmnbHOCTRIO. Nafion® nelcTByeT Kak CIIMBAIOIIMN areHT B
MOJMMEPHOM KOMITO3MLIMOHHOM MaTepHaje M YIydllaeT ero MeXaHhue-
CKYIO YCTOWYUBOCTb.

Takum obOpaszom, anekrpoxummueckas cucrema TIITD moxer ObITh
3allKCaHa B CIEAYIOIEM BUIE:

(P [ (0P ().

Tunuanas nonsipu3anuonHas kpusas TIITD noka3ana Ha puc. 4.3.

UB
1.2}

03l " | — L - 1. A s =

0.2 0.4 0.6 0.8

1.2 1.4
i, MA/cm?

Puc. 4.3. [onsipuzanuoHHast KpHBas TBEPAOHIOIMMEPHOTO TOIUIMBHOTO 3JIEMEHTA IIPU
temneparype 70 °C ¥ eJMHUYHOM JIETY4eCTH BOJIOpOJia ¥ KUCIOpOoaa
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Bcenencreue nporexanus moOOYHBIX MPOIECCOB HA IEKTPOAAX C yda-
ctuem Hz, Oz u npumMeceit HanpshKeHHE Pa30MKHYTOM 1IeTH 3JeMEHTa HU-
JKe, YeM ero TepMOJMHAMUYecKas BeJIMYMHA, paccuuThiBaemas 1o (4.4).
IIpu 3aMbIKaHUM AIEKTPUUECKON 1ENMHM Ha BHEIIHIO HAarpy3Ky Halmroma-
€TCs IOTIOJTHUTENIFHOE YMEHBIICHHE HANPSDKEHUS JIEMEHTa C POCTOM TO-
ka. OTKIIOHEHHE HANPsDKEHMS 3JIEMEHTa OT PaBHOBECHOTO 3HAYCHHUS 00Y-
CIIOBJICHO HEOOPAaTHMOCTBIO MTPOTEKAIOIINX B YCTPONUCTBE PEaKIIHid.

3a OBICTpHI HAYaNBHBIA CIa] HATPSDKCHHS OTBEYAeT aKTHBALMOHHAS
noJisipu3alus KaToAHON M aHoaHO# peakuuil. Kak oOcyskaanoch Bbllle,
JNIEKTPOXUMHUYECKOE IEPEeHANpPSKEHUE BOCCTAHOBJIEHHS  KHUCIOpPOJa
HaMHOTO BBIIIIE, YeM OKHCIEHHs Bomopoja. IIpu yBenndeHHH IUIOTHOCTH
TOKa B CepelWHEe TOJSIPU3AIMOHHOW KPUBOH HaONIOaeTCs JIMHEHHBIH
YYaCTOK CIaja HAaINpsHKCHUS, KOTOPBIH OOYCIIOBICH OMHYECKHM COIIPO-
THBJICHIEM MeMOpaHBI U AIIEKTPOHHBIX NMPOBOJHUKOB. [Ipu Ooree BEHICO-
KHMX 3HAQUEHUSX IJIOTHOCTH TOKA PE3KOE MaJeHUE HAIpPSDKEHUS BBI3BAHO
OBICTPBIM CHIXKEHHEM NPUAJIEKTPOIHOM KOHIEHTPALUK Ia3000pa3HbIX pe-
areHTOB M3-32 TPAHCHOPTHBIX OTPAHMUYCHUIN HX JIOCTABKH K IIOBEPXHOCTU
KaTaJlu3aTropa.

IlepBeie ob6paszuer TIITD ¢ TIaTHHOBEIM KaTalM3aTOPOM W BOJOPO-
JIOM, CHHTE3WPYEMbIM CMEIICHHEM BOZBI M THAPHIA JIUTHS, HCIOIb30Ba-
JUCh U OJIEKTPOIUTAHUSA NWIOTHPYEMBIX KOCMHYECKHX amlaparos.
JBrKyIel cuiiofl BHEIpEHUs TBEPIONOJIMMEPHBIX TOIJIMBHBIX 3JEMEH-
TOB Ha TPAHCIIOPTE SIBISCTCS MOTPEOHOCTh B SKOJOTHMYCCKU YHCTHIX U (-
(heKTHBHBIX aBTOMOOMIISX, IPy30BUKaxX U aBToOycax. C BOZXOPOIOM B Ka-
YecTBE TOIUIMBA HA OOPTy TakWe TPAHCHOPTHBIC CPEICTBA XapaKTepH3y-
JOTCSl IPAaKTHYECKH HYJIEBBIM YPOBHEM BPEIHBIX BEIOPOCOB. Jpyrue BUABI
TOIUIMBA MOTYT OBITH MTpeoOpa3oBaHEl B BOAOPO. B CIIEIHATBHEIX pH(Op-
MHUHT-pEaKkTopax, paboTalOmUX B COBOKYIIHOCTH C  BOJOPOJHO-
KHUCJIOPOJHBIM TOIUIMBHBIM 3JIEMEHTOM. B Takoill yCTaHOBKE XHIKOE WU
ra3oo0pa3Hoe YIrJIeBOAOPOJHOE TOILIMBO CHadana MOAAT B pUPOPMUHT-
anmapart, kotopsiif redepupyer Hz u CO2. 3atem H: nepenaercs x aHomy
OOBIYHOTO TBEPJONOIMMEPHOTO TOIUTMBHOTO 3JIEMEHTA IS ITPOM3BOACTBA
anekrpudaectBa u H20.

Bonpiroe BHUMaHNE B IOCIIEAHNE TOIBI YACISETCS TPOOIeMe HCTIONb-
3oBanms TIITD B kauecTBe BCIIOMOTaTENBHBIX CHIIOBHIX YCTaHOBOK (BCY)
Ul TpaHCOpTHBIX cpeacTB. BCY sBisitoTcst yeTpoicTBaMH, KOTOPBIE MO-
I'YT 00ECIeUuTh AIEKTPOIIMTAHUEM BCE CHCTEMBl JHEPronoTpedsIeHus Ha
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TPaHCIIOPTHOM CPEICTBE, KpOME ABHTATEIIsl (HAIPUMeEp, CHCTEMY OCBeEIIIe-
HUS, KOHIUIMOHUPOBAHUS BO3/AyXa U T.II.).

OcHOBHasi MpobiieMa TBEPIOMOIMMEPHBIX TOILUTUBHBIX JJIEMCHTOB —
YpE3BBIYAHO BBICOKASI CTOMMOCTB, KOTOpasi TIOKa HE MO3BOJIET yCTPOK-
CTBY 3(QPEeKTHBHO KOHKYpHUPOBATh C TPAIUIIMOHHBIMU SHEPrOyCTaHOBKA-
MU, HalpuMep, ¢ IBUTATEIeM BHYTPEHHETO CTOPAHHUS Ha YIIIEBOIOPOTHOM
tormBe. Kpome TOro, CyIiecTByeT psj MPUHIMITHAIHHO BaXKHBIX, HO He-
PEHICHHBIX HAYYIHBIX Ipo0IeM:

— TOHCK aHOJAHBIX AJIEKTPOKATAIN3ATOPOB, TONEPaHTHHIX K CO;

— TMOHCK KaTOTHBIX AJICKTPOKATAIN3aTOPOB, 0OECICYNBAIOIINX CHU-
JKEHHE TEepEHANpsDKeHUST U 3HAUMTENbHOE TMOBBIIICHHE IUIOTHOCTH TOKA
00MEHa BOCCTAHOBJICHHSI KHCIIOPO/IA;

— TIOWCK aJbTePHATUBHBIX JICMIEBBIX MPOTOHIIPOBOISAIINX MEMOpaH ¢
MIPUEMJIEMOH MPOTOHHOM MPOBOIUMOCTEIO YpoBHS Nafion®.

4.2. TolIMBHBIE 3JIEMEHTDI NPAMOro OKUCJICHUS KH/IKOI'0 TOIVIMBA

TomnuBHbIe d5meMenTH (T3), paboTaromye Ha KUIKOM TOIUTHBE, MPO-
H3BOJAT AJICKTPOIHEPTHIO HEMOCPEACTBECHHO M3 PACTBOPOB TaKUX BOCCTa-
HOBUTENEH, Kak HU3IIKE CIUPTHI (METAHOJ, 9TaHOI), MypaBbHHAs KHCIOTA
u Gopruapunsl. PacTBop BOCCTaHOBHUTENS MOJAETCS K aHOAY, I/ie Bellle-
CTBO 3JIeKTpoxuMudecku okucisercst 1o HoO u apyrux mpoaykros. [1po-
IIECC SABJISIETCS MIPUBIIEKATENLHBIM H3-32 YA00CTBA UCTIOIB30BAHMS JKUIKO-
ro TOIUIMBA, a TAKKE UCKIIOYUTEILHO BBICOKOH IJIOTHOCTH DHEPTUH IO
CPaBHEHUIO ¢ Ta3000pa3HBIM BoaopoaoM. OHAKO Jake MPHU HUCIOIh30Ba-
HUM OTHOCHTEIBHO IPOCTHIX BHIOB BOCCTAHOBUTEICH DIICKTPOXHMHUYC-
CKasi aKTHBHOCTH YCTPOICTBA 3HAYMTEIBHO MCHBIIE, YeM MPH IPHUMEHE-
Huu H». Kak cienctsue, TOIITUBHBIC SJIEMEHTHI MIPSIMOTO OKUCIICHUS KU~
KOTO TOIUIMBa 00JIQJal0T MaJlol YJeNbHOW MOITHOCTBIO W HU3KOU ddek-
THBHOCTBIO.

TIpoTOoTHIIOM TaKWX MCTOYHUKOB TOKA SIBISCTCS TOTUTUBHBIA JJIEMEHT
npsimoro okucienuss CH3OH. AHoaHast peakuusi OKUCIEHUSI METaHONIa B
AJIEMEHTE C KHCJIOTHBIM TBEPIOMOIMMEPHBIM AIICKTPOIUTOM — MPOTOHO-
obMeHHON MeMmOpaHoii Tuna Nafion®, onuceiBacTCs CIEAYIOIIUM YpaBHe-
HHEM:

CH;0H + H,0 — CO, + 6H" + 6e. A.7)
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BuzHO, 9TO TOIUIMBHBIN 3JIEMEHT, PA0OTAIOIINK HA METAHOJIE, UCIIONB3YET
BOJY B KayecTBE JONOJIHUTEIHHOIO pEarcHTa Ha aHo/Ae W IPOU3BOAUT
CO.. Kak u B cimydae BOXOPOJHO-KHUCIOPOJHOTO TBEPIOMOIMMEPHOTO
TOIUIMBHOTO 3J€MEHTA, HAMIYYIINM KaTaau3aToOpOM JUIS HHU3KOTeMIlepa-
TYPHBIX METAHOJBHBIX TOIUIMBHBIX JIEMEHTOB sBisercs IuatiHa. K co-
JKQJICHHIO, 3HAYCHHS TIOTHOCTH TOKa oOMeHa i’ IS PEaKIUH DJIEKTPO-
OKHCIICHUSI METaHoJIa Jlake Ha Pt SBISIOTCS JOCTATOYHO HU3KHMH, UTO
MIPUBOAUT K OOJBIIMM HOTEPSM 3a CUET BBICOKOTO aKTHBAIMOHHOTO Iepe-
HanpsHKeHUs Ha 000MX 3JIeKTpoaax. Huskast IiIoTHOCTH TOKa OOMEHa OT-
pakaeT CJIOKHOCTh PeaKIUU aHOTHOTO OKUCIICHHS MeTaHoNa. Takas peak-
LUl COCTOUT U3 HECKOJIBKUX IOCIIEOBaTeIbHBIX CTAAWM, IpUYeM Ha He-
KOTOPBIX M3 HMUX MOTYT 0Opa30BBIBaThCA HEXKENATEIbHBIE IPOMEKYTOU-
HbIE IPOAYKTHL, B TOM uuciie Katanutuueckuit a1 CO.

CHIKEHHE TyBCTBUTEIIBHOCTH, a 3HAYNUT M yBEINYEHHE TOJIEPAHTHO-
ctu Pt-anexTposa K HaIMYUIO MOHOOKCHIA yIilepoJa obecrieunuBaeTcs je-
THPOBaHMEM IUIATMHOBOTO KaTalnu3aTopa TaKUMH 3JeMeHTaMH, Kak Ru,
Sn, W i Re. Haubonee addexTrBHBIM cuuTaeTcs pyTeHHUH, KOTOPBIH
(opMHpyeT Ha IOBEPXHOCTH aHOJA aKTHBHBIC IIEHTPHI, CIOCOOHBIE 00pa-
30BBIBaTh aacoponpoBanHble YaCTUIBI OHads. DTH YacTHIE pearupyroT ¢
CO ¢ obpazoarneM CO2, ycTpaHssl TEM CaMbIM MOHOOKCHJ YTJIEpoja ¢
TIOBEPXHOCTH aHO/A.

Cepbe3Hoii TpoOIeMOl TOIIMBHBIX 3JIEMEHTOB Ha METAHOJIE SBIISACTCS
KpOCCOBep, T.€. yTeUKa METaHoJIa OT aHOJa Yepe3 MeMOpaHy K KaToxy.

Jlis Toro 4To0Bl IPEOH0NIeTh HEKOTOPBIE U3 3TUX HEIOCTaTKOB, H3Y-
YalOTCS METAHOJBHBIC M ATAHOJIbHBIC TOIJIMBHBIEC 3JIEMEHTHI C MIETOYHBIM
QNIEKTPOIUTOM. B ImIerogHoit cpene peakuus 371eKTPOOKHUCIICHUS METaHOIa
MOXET OBITh 3aIicaHa CIECAYIOIIM 00pa3oM:

CH30H + 60H — CO2 + SH20 + 6¢™. 4.8)

B 1O Bpems kak Ha KaToIe BOCCTAHOBJIEHHE KHCIOpOJa IPOTEKAaeT IO
YpaBHEHUIO:

3/2 0z + 3H20 + 6¢” — 60H". (4.9)

CKOpOCTB TIPONECCCOB DJICKTPOOKUCICHUA METAHOJIA U DJIEKTPOBOCCTA-
HOBJICHUA KHCJIOpOJa B IEeTOYHON Cp€ae€ 3HAYNUTEIIBHO BBIIIEC IO CPABHE-
HHUIO C KHCHOﬁ, YTO NPHUBOAUT K YBCIWYCHUIO NPONU3BOAUTCIBHOCTHU TOII-
JIMBHOI'O 3JICMCHTA. Kp0M€ TOT'O, psAA HCIUIATUHOBLIX KATAJIU3aTOPOB, Ta-
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KHX KaK HHUKEJb, CepeOpo M XalbKOTCHHUIBI, SBISIOTCS BecbMa 3((EKTHB-
HBIMU B LIETIOYHBIX TOIUIUBHBIX IEMEHTaX MPSIMOTO OKUCICHUS CIHPTOB.
Tem He MeHee, ¢ EPEXOAOM OT KHUCIOTHOTO DJIEKTPOIHTA K IIETOYHOMY
MOSBIISIETCS TpobIeMa ero KapOOHU3AINH YTITICKUCIIBIM Ia30M.

Hapsny ¢ TOIIMBHBIME 3JI€MEHTAMH NPSIMOTO OKUCIICHHS METaHOJIA U
ATaHoNa, pa3paboTaHbl yCTPOHCTBA, paboTalonlie Ha WHOM YXHIKOM TOII-
JMBE; TIPUMEPOM SIBJISETCS TOIUIMBHBIN JIEMEHT MPSIMOTO OKHCIEHHS MY-
PaBbUHOMN KHCIOTBI.

Kax u meranon, mpu xomHaTtHOW Temmnepatype HCOOH sBnsercs
KHUJKOCTBIO U MOXET OBbITh HEIIOCPECTBEHHO HCIIONb30BaHa B TOIIMBHOM
ayeMeHTe 0e3 MpeABapUTENFHOTO pU(OPMHUHTA. YPaBHEHHS pEaknuil B
TOIUTMBHOM 3JIEMEHTE Ha MyPaBbHHOM KHCIIOTE TaKOBHI:

AHOJHAS TTOTYPEaKIIHsL:
HCOOH — CO; + 2H" + 2¢7, (4.10)
KaTO/IHAsI IOy PeaKIus:
150, + 2H' + 2¢~ — H>0, (4.11)
TOKOOOpa3yroIas peakius:
HCOOH + %20, — CO2z + H20. (4.12)

Kak u B CIIMPTOBBIX TOIUIMBHBIX JJIEMCHTAX, DJICKTPOJIUT ABIACTCA TBEP-
JOTIOJIMMEPHBIM. B 10 x)e BpEMA BMECTO IIATUHBI, KaK MIPaBUJIO, UCIIOJIb-
3yeTcs HaJIaJUeBbIi KaTannu3aTop.

D¢ PeKTUBHBIM CIIOCOOOM CHMKEHMSI KOJIMYECTBA KATAUTHUECKU aK-
THBHOT'O MaTepHaja IMpH U3TOTOBJICHUH JIEKTPOJOB TOIUIMBHOTO AJIEMEH-
Ta Ha MypaBbPlHOﬁ KHUCJIIOTE ABJIACTCA  HUCIIOJIb30BAHUE AHOJHO-
MOZM(HUIUPOBAHHBIX CepeOPSHO-NAJUIaIMEBbIX CIUIABOB C AaTOMHOM J10J1ei
Pd ne Goxnee 10 at.% B KagecTBe KaTaam3aTopa Ha OTPHLATEIHHOM DJICK-
Tpozae. AnomHas Momudukarys Ag,Pd-crimaBa 3akiodaercs B penBapu-
TEIIBHOM CEJIEKTHBHOM PAacTBOPEHHH cepedpa M NPHBOIUT K (GopMHpoBa-
HHUIO BBICOKOPA3BUTOTO ITOBEPXHOCTHOTO CJOsI, 0OOTalIeHHOro TaIaan-
eM. DKCIEPUMEHTAIBHO IOKa3aHO, YTO CKOPOCTb AHOAHOIO OKHCIICHUS
HCOOH Ha noBepXHOCTH MOAM(DHIIMPOBAHHOTO CIUIaBa B HECKOJIBKO pa3
BBINIEe, YeM Ha 4YUCTOM Tayutaguu. [Ipwuem naHHBIA 3QQeKT BbI3BaH HE
TOJIBKO YBCJIMYCHUEM IUIOMIAAN MOBCPXHOCTHU CILIaBa MPU €TI0 CEIECKTUB-
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HOM PpAacTBOPEHHM, HO M POCTOM 3JIEKTPOKATAIUTHYECKON aKTUBHOCTH
MaJUTagus B MOBEPXHOCTHOM CIIO€ aHOAHO-MoauduiupoBanHod Ag,Pd-
CHCTEMBI.

Hpyro#t mpumep TD Ha XUAKOM TOIUIUBE — TOIUIMBHBIN 3JEMEHT
MIPSIMOTO OKHUCIICHHUS Ooprunpuaa. B TakoM ycTpoiicTBe B KadecTBe TOII-
JIMBa MCIIONB3yeTcs pacTBop Oopruapuna Hatpust (NaBHs) nnm ammonns
(NH4BHa4). [IpuMmensieTcst menogHOH IEKTPOIIHAT, TOTOMY YTO PacTBOPHI
OOprUIpPHIOB MMEIOT CHIBPHOOCHOBHYIO peakuuio. Peakmum B Ooprui-
PUIHOM TOIUTMBHOM JJIEMEHTE MOTYT OBITh 3alMCaHbl CICIYIOMHM 00-
pazoM:

AHOAHAas IMOJypeaKus:
NaBH4 + 8OH — NaBO; + 6H0 + 8¢, (4.13)
KaTogHas MOoJIypCaKIud:
202 +4H,0 + 8¢ — 80OH™, (4.14)
TOKOOOpa3yroIas peakius:
NaBHz + 202 — NaBO: + 2H:0. (4.15)

B cyxom Bume Gopruapun HaTpus oOnazaeT Ype3BBYAHO BBICOKOM
MJI0THOCThIO 3Hepruu. Kak mpasuio, ero cMemmusaroT ¢ Bogod u KOH,
4YTOOBI CO31aTh XUIKUH PacTBOP, KOTOPBIH JIETKO AOCTaBISIETCS B aHOA-
Hy!0 kKamepy. IIpu 5ToM IIIOTHOCTB HEPrUM TOMIMBA MOHMXKAETCA, OJHA-
KO yIpoIIaeTcsl TEXHONOTHUecKasl peann3alys yCTpoicTBa.

IIpoaykr, obpa3zyromuiics mpu paboTe deMeHTa, — MeTabopar HaTpus
NaBO: — nornomaer CO2, TeM caMbIM ycTpaHss 3¢ ¢heKT kapOOHU3aINH,
MpUCYIIHI OOJBIIMHCTBY IIEIOYHBIX TOIUIMBHBIX AJIEMEHTOB. MeTabopat
HATPHS SIBISETCS OTHOCHTENBEHO HETOKCHYHBIM BEIIECTBOM, HCITOIB3YETCS
IIPY TPOU3BOJCTBE MOIOIIUX CPEACTB M MbuIa. OH XOPOILO PacTBOPAETCS
KaK B BOJIe, TaK M B ILEJIOYHOM PacTBOPE, U MOXKET OBITh JIETKO YJaJleH U3
2JIEMEHTA C TIOMOILBI0 CUCTEMBI IIUPKYIALUY TOILUIUBA.

PaccMmoTpuM moapobHee ycTpoicTBO U paboTy Haubosee H3y4eHHOTIo
TOIUIMBHOTO 3JIEMEHTa MPSMOTr0 OKHUCIeHHs MeTaHoia. CyMMHpOBaHHE
MapIuaIbHEIX mponeccoB (4.7) u (4.2), cxeMaTH4ecKH ITOKa3aHHBIX Ha
puc. 4.4, maet o0OIIyI0 TOKOOOPA3YIOMIYIO PEAKIINIO
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CH30H + 3/2 02 — CO2 + 2H:0, (4.16)

KOTOpasd 3KBHUBAJICHTHA PECAKIIUH CrOpaHud METAaHOJIa B KUCJIOPOJE.

AHon

Puc. 4.4. [IpuanunuaneHast cxeMa IPOIECCOB B METAHOIBHOM 1D

Kax B 110060M XMMHYECKOM HCTOYHHKE TOKA, OKHCINUTENb U BOCCTAHO-
BUTEJIb IIPOCTPAHCTBCHHO Pa3/ieleHbl AICKTPOIUTOM, IIO3TOMY 3JIEKTPOHBI
BBIHYKAEHBI TIEPEMEIATHCS YEPE3 BHEIIHIOKO LIEMb, CO3/aBas dIEKTpHYe-
CKUH TOK.

ITockonmpky MeTaHON MOJAETCs B aHOAHYIO KaMepy B BHAE BOJHOTO
pacTBopa, Ha CTOPOHE aHOJA NMPHCYTCTBYET OOJBIIOE KOJIHUYECTBO BOJHI.
Kak cnencrsue, aneMeHT He TpeOyeT MONOIHUTENBHOTO YBIAXHEHUS
MeMOpaHBI, KaK B CITydae BOAOPOIHO-KuciIopoaHoro TIITO.

BoiiendoT Tpu yHHUKalIbHbIE 3JIEKTPOXUMHUYECKHE XapaKTEPHCTHKH
METaHOJBHOTO TOIUTMBHOTO JIEMEHTA:

1) aHO/THOE OKHCIICHHE METAHOJIA — MHOT'OBJICKTPOHHBIH U MHOTOCTa-
JTUHHBIN 3JIEKTPOXUMHUYECKHI Mpoliecc;

2) npu 3NEKTPOOKUCIEHUN METaHOoJa 00pa3yeTcss MHOXKECTBO IpOMe-
JKYTOYHBIX TIPOAYKTOB (MHTEPMEINATOB), KOTOPHIE SBIISIOTCS KaTaJHTHIC-
ckumH sinamu (Hanpumep, CO);

3) METaHOJ JIETKO MPOHMKAET B MEMOPAHHBIN AJICKTPOIHT U IepeMe-
mjaeTcsl U3 aHOAHOW B KaTOAHYIO KaMmepy, T.e. HaOMIOJaeTcss KpoccoBep
MeTaHOJIA.
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PaccmoTpuMm 3TH ocobeHHOCTH Gosiee moapoOHO. MeTaHo moceno-
BaTeNbHO OKkucisiercs 1o Gopmambaernaa (CH>OH), mypaBbrHO#M KHCO-
1 (HCOOH) u mmoxcuna yriepoma (COz). [IpomMexyTodHBIE BeIecTBa
OJIOKMPYIOT PEaKIIMOHHBIC IEHTPBI, YTO CHIKAET OOIIYH CKOPOCThH IPO-
necca. IIpy 3TOM Ha MOBEPXHOCTH KaTallM3aTopa MOTYT OJAHOBPEMEHHO
COCYIIECTBOBaTh HECKOJBKO HHTEPMEIHAaTOB. KOIHYECTBO OTACIBHBIX
MPOMEKYTOYHBIX COCTUHEHHI 3aBUCHT OT 3JCKTPOIHOTO MOTCHIHANA U
COCTaBa 3JICKTPOJIUTA.

B xo0je peakuuy OKUCIECHHS METAHOJA EHEPHPYETCS, B TOM YHUCIIE,
okcun yriepoaa (II), KoTopslii POYHO aACcOPOUpPYETCs HA TOBEPXHOCTH
[UIATHHBL:

Pt + CHsOH — PtCOugs + 4H" + 4e. (4.17)

Ancopbrmonnoe coenuaeHrne PtCOags TPYAHO YHATUTH C TIOBEPXHOCTH
nm okucuth 10 CO2, mosToMy ancopbuus CO 3amemiser AanbHewee
OKHcIieHHe MeTaHona. D(P(HEeKTUBHOW 3aMEHOW IUTATHHE SIBIISIETCS CIUIAB
Pt-Ru. Pytenmii ucnons3yerca I yckopeHus peakuuu okucienus CO.
Jlenno B TOM, 4TO B IPUCYTCTBUU BOJbI HA IOBEPXHOCTHU CILIABA T€HEPUPY-
eTcs CTabMIIbHBIH ancopOuMoHHbIN ruapokcH RuOHags:

Ru+ H20 — RuOHugs + H + €7, (4.18)
KOTOPBIH MOXKET pearnpoBath ¢ coceTHUMH PtCOads IO ypaBHEHHIO:
PtCOags + RuOHugs — CO2 + Pt + Ru+ H + e (4.19)

Kax pesynbrar, CO oxucnsercs 10 CO2, a TOBEpXHOCTh IUIATUHBI OCBO-
OokIaeTcs Ui OKUCIICHHS METaHoIa.

IIpu paboTe TOIIMBHOTO JIEMEHTa METAHOJ MEPEMENaeTCsl U3 aHO/-
HOW KaMephl K MOBEPXHOCTH KaTalu3aTopa depe3 HOphl aHoja. B cBoro
ouepenb, 4epe3 KaTaTUTUYECKUi CIIoH M MeMOpaHy MUTPHUPYIOT U T (]-
(GYHIUPYIOT HOHBI — MPOAYKTHI AHOJIHOTO Hpolecca. 3a CYET IEKTPOooC-
MOTHYECKOro 3(dexra B MUKPOIOPaX TBEPAOro MOJMMEPHOTO 3JIEKTPO-
JHTa BMECTE C HOHAMH NEPEMEIAlOTCsl U MOJIEKYJIbI BOJIBI; 3TO IIPUBOAUT
K 00BOZHEHUIO KaToza. Ecim MeTaHos He IOJHOCTBIO PAacXOayeTcs B Ka-
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TaJIMTUYECKOM CJIO€ aHOJA, OCTABIIMECS MOJIEKYJIbI CIIUPTa M0 MEXAHU3MY
JIEKTPOOCMOCA TOXKE MEPEceKaloT MeMOpaHy W JOCTHTalOT KaTona, T.e.
HaOJII01aeTCs SIBJICHNE KPOCCOBEpa.

Kak BOmOpoAHO-KHCIOPOAHBIN, Tak M MeTaHOJbHBIM TO sBIsAtOTCA
HU3KOTEMIIEPATYpPHBIMH W TBEPAOIOINMEPHBIMH, MOITOMY OHH aHAJO-
THYHBI TT0 CTPYKTYpe U MaTepuanaM. ba3oBas 4acTh TOIUIMBHOTO 3JIEMEHTa
npsimoro okucienuss CH3;OH — meMOpaHHBIN 2JIEKTPOJHBIN y3el, coaep-
Kalii MeMOpaHy ¢ KaTaTUTHUECKUMU CIIOSMHU M IOPUCTBIMU HEPACXOMY-
€MBIMHU IEKTPOJAMHU.

[To Tumy mosmMepa, MCMOIB3YEMOTo JUIs U3TOTOBIEHHUSI MEMOpPaHHI,
MeTaHOJbHbEIE TO MOXKHO pa3fennTh Ha KHCIOTHBIE (KATHOHOOOMEHHBIE)
U IIeJI0YHbIe (AHHOHOOOMEHHEBIE), B KOTOPBIX HA aHOJE IPOTEKAIOT Mpo-
necchl (4.7) u (4.8) cooTBeTCTBEHHO. B OOJNBIMIMHCTBE KUCIOTHBIX TO
HCHOIB3yeTcs MpoToHooOMeHHast MemOpana Nafion®. Illerodnoit TBep-
JIOTIOJIMMEPHBINA 3JIEKTPOJIUT — 3TO MeMOpaHa, BKIIOYAIONas TeTPaaIKu-
JaMMOHHIHYI0 QyHKIIMOHANBHYIO rpymniny. OHa criocoOHa K aHHOHHOMY
o0MeHy ¢ BHEIIHMM pacTBopoM. llleno4Hoi 3JeKTpoiIuT MeHee arpec-
CHBEH, MOTOMY B KadecTBe KaTalu3aTopa MOTYT OBITh HMCIIOJIB30BaHBI
HeOJIaroposHbIe METaUIbl, TAKHE KaK HUKEJb WM KoOanbT. OmHaKO U3-
32 KapOOHM3ALMK 3JEKTPOJIHNTA AUOKCHIOM yriieposaa 3(GQeKTHBHOCTh
JJIeMEeHTa 3HauuTEeNbHO mafaeT; yMmeHbmaercs U pH pactsopa. Kpome
TOrO, KapOOHAaT-aHHOH MOJXKET OCaKAAaThCS Ha IOBEPXHOCTH KaTallu-
3aTopa U TEM CaMbIM YMEHbBINATh KAaTaJIUTHYECKYI0 AKTUBHOCTBH JIIEK-
Tpoza.

MeMOpaHHO-3IEKTPOAHBIN y3€I METAHOJIBHOTO TOIUIMBHOTO 3JIEMEHTa
BKJTIOYACT aHOM U KaTOJ, pa3AeieHHbIe MeMOpaHOH. DIEKTPOBI COAEpKAT
I GY3MOHHBIA  CJIOH, MMKPOIOPHUCTBIM CJIOH M CJOH KaTamu3aropa.
Juddy3unoHHBIH CIIOH BBITOIHEH O0BIYHO U3 YriepoaHoil ("'KOmHpoBab-
HOI'") Oymaru uiM TKaHu, MEXaHUYecKasi MPOYHOCTh KOTOPOi BhilIe. B To
e BpeMsl KOITMPOBaJIbHAs OyMara MMeeT BBICOKYIO IPOBOIUMOCTb M HU3-
KOE CONPOTHBIICHUE MO CPAaBHEHHIO C YIIepoxHOH TkaHbio. TonmuHa Oy-
maru coctaisieT 300-400 MKkM, B TO BpeMs Kak TOJIIIMHA TKaHU JOCTUIaeT
1-2 M. Cpenmamii pasmep mop IudQy3HOHHOTO CIOSI COCTABILIET OKOJIO
10 MKM.
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MUKpOnopHUCTbIM €10H TOMIMHON 0Koj0 50 MKM HaHOCSAT Ha yrije-
ponnyto 6ymary wiu TKaHb. OH COCTOUT M3 CMECH HaHOPAa3MEPHOTO yTie-
POAHOrO MOpOILKa ¢ TeTpadTopITHIEHOM Wid TeduoHoM. CpenHuil 1ua-
METp YacTHUI[ YIOJbHOTO mopomika coctasiser okojo 100 mxm. Ter-
padTopaTHIIeH HCHONB3yeTcs B KayeCTBE CBS3YIOIIETO BELIECTBA M pea-
TeHTa, KOHTPOJIHMPYIOIMIET0 THAPOPHIBHOCTE MUKPOIIOPUCTOTO CIIOS. DTOT
ClION o0ecre4ynBaeT XOPOIINH KOHTaKT MeX1y Iu((dy3HOHHBIM CIOEM U
CIIOEM KaTannu3aTopa. OJEKTPOJ, COAEP KAl MHKPOIIOPHCTHIN CIOM,
umeeT Oolsiee HU3KOE comnpoTHBiIeHHe. CpeaHui pa3mMep Nop MHUKPOIIOpH-
cToro cios cocrapisieT 20-50 HM.

Crnolt kaTanu3aTopa Ha aHOAE U KaTOAE COJAEPXKUT COOTBETCTBEHHO
yepHb ciuiaBa Pt-Ru u mnatussl, 3a4acTyl0 HAaHECEHHBIE HA MOUIOKKE U3
JUCHEPCHOro yriaepoaa. McnbITeiBanuch U HEOIAropoaHble METAJIbl IS
3aMenbl Pt-karammsatopoB. OAHako MaKCHUMajbHBIE IONTOBEYHOCTh H
IJIEKTPOXUMUYECKAsi AKTUBHOCTh TOILUIUBHBIX 3JIEMEHTOB, UCIIOIB3YIOMINX
Pt,Ru-cnas m uncrtyro Pt, mo-npesxHeMy MO3BONAIOT CYMTATh UX JIyYIlHU-
MU MaTepHajiaMy A aHOAA U KaToJa COOTBETCTBEHHO. CBA3YIOLIUM Be-
IIECTBOM KaTAJIUTHYECKOTO CJI0sl HA 000MX 3JIEKTPOAAX ABIAETCS HOHOOO-
MeHHas cmoisia Nafion®, koTtopasi TakKe BBICTYIaeT B KauecTBE IPOTOH-
HOTO NpPOBOJHMKA. TWIIMYHAs TONIIMHA CIIOA KaTalu3aTopa COCTaBIIET
20-50 mMxMm, pa3zmep nop konednercs ot 20 1o 50 HM.

YXynImeHnne XapakTepUCTHK MEMOPAHHOTO IEKTPOIHOTO y3J1a MOXKET
ObITH 00paTHMBIM U HeoOpatumbIM. [Ipu oOpaTuMol merpajaruy He3Ha-
YHUTeNbHAas KOPPEKTUPOBKA YCIOBHI 3KCIIITyaTallMd MO3BOJIIET BOCCTaHO-
BHTH paboTy 3emeHTa. IIpumepsr: 00BoJHEHNE KaToAa WM 00pa3oBaHHe
ra30BBIX ITy3BIPBKOB Ha aHOJE. S4elika BOCCTaHABIMBAET MOLIHOCTD IOCIIE
yIaJIeHUs Kamelb BOJIBI MM ITy3BIPBEKOB ra3a ¢ IMOBEPXHOCTH IEKTPOIOB
IIyTE€M PE3KOr0o yBEIUYEHHs CKOPOCTU MOTOKOB BO3/AyXa Ha KaToJE U Me-
TaHOJIa Ha aHOJE.

IIpu HEeoOpaTUMON aerpaiauy UCX0IHOE cocTosiHue MDY He MoxkeT
OBITH BOCCTAHOBIIEHO MPOCTHIM M3MEHEHHEM YCIOBUH PabOTHI 3JIEMEHTA.
IIpumepsl: arperanus 4acTHIl KaTalu3aTopa; pacTBopeHue Ru; xopposus
MaTEepPHaloB; OTPaBICHHE KaTalun3aTopa MPHUMECIMH WIH TOOOYHBIMHI
MIPOAYKTaMH; M3MEHEHHE TuApoGoOHOCTH (IMAPOGHUIBHOCTH) KaTalu3a-
Topa n TU(PY3NOHHBIX CIIOEB.
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ITpu paboTe >1eMeHTa HEOOIBIIOE KOINIECTBO PYTEHHUS pacTBOPSETCS
Ha aHoJle, MUTPHpPYET depe3 MeMOpaHy, a ocakaaeTcsi Ha katoze. PactBo-
peHre Ru He TOJIBKO CHMXAeT KaTaIMTUYECKYI0 aKTUBHOCTh MDY, Ho u
YBEIIMYMBACT BHYTPCHHEE CONPOTHBICHHE O3JEMEHTa. PyTeHWIT MOXkeT
OBITH yJaJIeH C TIOBEPXHOCTH KaTO/Aa OKHCIICHUEM.

Kopposust yriepona Ha kKaTope TEPMOAMHAMHYECKH BO3MOXKHA, TaK
KaK KaTOJIHBII MOTEHIMaN TOIIMBHOTO JIEMEHTA BBINIE, YeM MOTEHIHAI
oxucinenus yrieposaa B CO,. K ToMy e MIaTUHOBBIN KaTalu3aTop YCKO-
psier okucieHue yriaepoxHoro Hocurens 10 CO n COz. [Ans cHKeHHs Ta-
KOr0 HEraTHBHOTO 3((eKTa MPeasiokeHO 3aMEHUTb aMOP(HBIN YIiaepo-
HBIIl HOCHTENb Ha rpaguTH3npoBaHHbI. OJHAKO PH 3TOM YMCHBIIACTCS
1 TIPOU3BOIUTEIILHOCTD JJIEMEHTA.

M3menenue crangapTHol sHeprun [ mooca peaknuu (4.16) cocraBnseT
AG® = —703 x/I/MOJIb, COOTBETCTBEHHO TEOPETUIECKOE HATIPSKEHUE Me-
TAHOJILHOTO JJIEMEHTA B CTaHIAPTHEIX ycnoBusx U° = —AG%nF pasHO
1.2 B, Tak xak B IaHHOM ciy4dae n = 6. Kak 1 B ApyruxX XUMHUYECKHX HC-
TOYHHUKAX TOKA, HAIpsHKEHHE Pa3OMKHYTOH 1IeNH, MONSpU3aliOHHas KpH-
Basi, BHyTPEHHEE CONPOTUBNIECHHE U JOITOBEYHOCTS SIBIISIFOTCS KITIOUEBBIMU
mokazarensamMu 3(QdeKTHBHOCTH paboThl MeraHoubHOTO TO. IloOouHbIe
IIPOLIECCHl, 3aMEIJICHHOCTh CKOPOCTH pEaKIWH OKHCICHHS MEeTaHOoIa,
KpPOCCOBEp TOIUIMBA U 0OBOJHEHHE KAaTO/1a CIIOCOOCTBYET CYIIECTBCHHOMY
cHKkeHnI0 Upy W BO3HUKHOBEHMIO 3HAYUTENBHOM MOJSPU3aIUH
(puc. 4.5).

Teopetndeckass yaenbHas SHEPTHS METAHOJIBHOTO TOIUIMBHOTO JJIe-
MeHTa, paBHas 6.1 kBT-4/kr, 3aMeTHO TpeBBIIAcT W, TUTHH-NOHHBIX aK-
kymyJisitopoB (0.1-0.3 kB1-u/kr) u cBuHIIOBO-KMCI0THOM Oatapen (0.02-
0.05 xBt-u/kr). 91O nenaer MeTaHONBHBIH TD HICAILHBIM UCTOYHUKOM
MUTAHUS Ul TIOPTATHBHOM SIICKTPOHMKH, TJEe MHHHATIOPH3ALMS aBTO-
HOMHOT'O MCTOYHHKA 3JIEKTPOIHEPIHH MMeeT Oouibloe 3HaueHue. Tormm-
BO MOXXHO XPaHHTh B CIEIUAIBHOM KapTpuke. CIIUPT MOXET OBITh I10-
TIOJTHEH 3allpaBKOM WIIM 3aMEHOW KapTpWKa, YTO 3aHMMAaeT BCEro He-
CKOJIBKO CEKYHII.
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Puc. 4.5. [lonspuzanuoHHble KPUBBIE METAHOJIBHOTO TOITIMBHOTO JIEMEHTA
C pa3HOU KOHIICHTPALUEH CIIUPTa B aHOJUTE

W3-3a Manoit MOITHOCTH MeTaHONBHBIH TO HCIIONB3yeTcs B Ka4ecTBe
3apsITHOTO YCTPOMCTBA IS SJICKTPOHUKU B COYCTAHUM C JIMTHEBOW Oara-
peeit. XOTS 3TAHOMI | IpyTHE YIIICBOAOPOIHBIE TOIUINBA TOKE XapaKTepH-
3YIOTCS JOCTaTOYHO BBICOKUMH IUIOTHOCTSIMH JHEPIHH, KaK M METaHOI,
OHU HE NMPAaKTUIHBI W3-32 MEIUICHHOH SIEKTPOXUMHIECKOH PeaKIIni OKHC-
nenus tuna (4.7) nnu (4.8) U, Kak cleJCTBHE, Ype3BbIUafHO HU3KON MOIII-
HOCTH.

4.3. TBepaoOKCHAHDbIE TOIUIMBHbIE 3JIeMEHThI

OCHOBHBIC TPEUMYIIECTBA M HEJOCTATKH TBEPIOOKCHIHBIX TOILTHB-
HbIX 31eMeHTOB (TOTD) no cpaBHEHHUIO C APYTHMH MOAOOHBIMH TEXHOJIO-
THSIMH 00YCJIOBJICHBI MX BBICOKOW padouer Temmnepatypoii (700-1000 °C).
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[oBbImeHNE TEMITEpaTypbl CIOCOOCTBYET YBEIHMUYCHUIO CKOPOCTH DJICK-
TPOJAHBIX IPOLECCOB, TEM CaMbIM CHIDKAIOTCS KaTalUTHYecKHe TpeOoBa-
HUS K DJICKTPOAaM, M HCIOJIB30BAHUC TaKUX JOPOTUX MAaTEPHANIOB, KaK
IUTaTHHA, HE SBIIsAeTCA HeoOxoanmbiM. Kpome Toro, mosiBisieTcs BO3MOX-
HOCTH UCIIONB30BaTh OoJIee IMUPOKHUHA CIIEKTP BUAOB TOILUIMBA, YTO OTKPHI-
BaeT Bo3MOKHOCTH npuMereHust TOTD B takux obnacTsx, rae obecreue-
HHE II0/Ia4d BOJOpOJa HE SBISIETCS BO3MOXKHBIM IIIH CTOMMOCTBH €TO
CJIMIIIKOM BBICOKA.

B TOTD c razoobpa3abiM O» B Ka4ecTBE OKHUCIUTEIS HCIIONB3YETCS
TBEPbIil KepaMUYIEeCKUH 3JIEKTPOIUT, IPOBOJUMOCTE KOTOPOTo oOecredn-
BAIOT MOHBI KHCIopoaa O’ M aHHOHHBIE BakaHCHU. Kak MOKa3aHO Ha pHC.
4.6, MOHBI KHCIOPOJa, 00pa3youIuecs P BOCCTAHOBICHUH Ta3000pa3Ho-
ro KHCJIOpOJa Ha KaToJe, MUTPUPYIOT Yepe3 TBEPIBIH JIEKTPOJIUT K aHO-
1y, TJie IPUHUMAIOT Y9acTHe B OKHUCJIEHUU TOILUIMBA. DNEKTPOHBI, 00pasy-
IOIIMecs Ha aHOJE B PE3yNbTAaTe PEakIMH OKHCICHHUS, IPOXOMIAT depes
BHEUIHIOIO Harpy3Ky K KaTOAy, Ha KOTOPOM YYacTBYIOT B IMOJIypeaKLuu
BoccraHoBiieHHs Oz. B oTimume oT HU3KOTEMIEpaTypHOTO TBEPHOIOINH-
MEpHOT'0 TOIUTMBHOTO 3JIEMEHTa ¢ IPOTOHOOOMEHHOI MEeMOpaHoOH, B TBep-
nmookcuaHOM T Bosa oOpasyeTcs Ha aHoJIe, a He Ha KaToJle.

Ha puc. 4.6 nokazaHa He TOJIbKO KaTOAHAs, HO U aHOJHbIE TOJIypeaK-
OUH U TPeX Pa3iMYHBIX BHIOB TOIIMBA: BOJOPOAA, MOHOOKCHAA yTIIe-
poxa u MeraHa. B mpuHumne, no0oi ra3-BOCCTaHOBHUTENIb MOXET ObITh
HCTIONB30BaH B kadecTBe Torumiea st TOTD. Oxenp yraepoxa (1), xoto-
PBI MOXKET OTPAaBHTH ILIATUHOBBIA KATaIM3aTOP B HU3KOTEMIIEPATYPHBIX
MEMOpaHHBIX TOIUTUBHBIX 3JeMeHTaX, B TOTD wurpaer MmoIoKHATEIbHYIO
POJIb, TaK KaK MOYET OKUCIATHCS M BHOCHTH JONOJHUTEIBHBIA BKJIAA B
TeHEPAINIO JIEKTPHUIECKOTo Toka. Ha mpakTuke aHOgHBIE peakiyy Ooiee
CIIOKHBIC, TaK KaK pPeajbHOE TOIUIMBO OOBIYHO COHEPIKUT HECKOJBKO BHU-
JIOB BOCCTAaHOBHTEJIEH, U MPOLECCH C UX YYaCTHEM COCTOST M3 HECKOIb-
KHX 9TaIllOB YACTHYHOTO OKHCIICHUS.



110 Cosepemennvle xumuyecKue UCmoyHUKU MOKa

—

Hp + 0% — H,0 +2¢
s
H,0

co

—_—
CO+0%* = CO, +2¢

e

O, +4¢

CH,

B

CH,y+20% — Hy0 + CO +4¢
-
CO,H,0

Anon Karon

Kepamuuecknii
WIEKTPOIUT

Puc. 4.6. DnexTpoaHble peaky U HOHHBIN EPEHOC
B TBEPJIOOKCUIHOM TOIUTUBHOM 3JIEMEHTE

OcHoOBHas (hyHKIUS TBEPAOTO 3IEKTPONUTA — MOJAEPKHUBATH MHUIpa-
LUOHHBIM MEPeHOC MOHOB KUCIOPOAA M UCKIIFOYATh MEPEHOC IEKTPOHOB.
Kak crnenctBue, TBEpIBIl AIEKTPOJIHUT JIOJDKEH XapaKTepH30BAaThCA Kak
MOXHO 0oJiee BBICOKOH MOHHOM MPOBOJMMOCTBIO, 2 OTHOLICHHE "MOHHAS
MIPOBOIMMOCTB/TIOTHAST IPOBOJIUMOCTB" JJOJDKHO OBITh OJIM3KHM K E€IHHH-
ne. IIpoBoAMMOCTh TBEPHBIX 3JIEKTPOIMTOB YBEIWYMBACTCS C POCTOM
temnepatypsl (puc. 1.7). OOuH U3 MOIX0J0B K CHHKCHUIO paboueii TeM-
TepaTyphl 3aKIII09aeTcs B pa3paboTKe TOIUTMBHOTO JIEMEHTa ¢ 0ojiee TOH-
KHM 3JIEKTPOJIUTOM, JPYTOoW 3aKI0YaeTCs B YBEIHMUCHUH MPOBOAMMOCTH
EKTPOIIUTA.

CaMBbIM NOMyJIIPHBIM IEKTPOIUTHBIM MaTepuanoM B TOTD sBngercs
okcun uupkonus (IV), crabunnsuposannslit okeugom urrpus (111), kparko
obo3Havaemblii "YSZ". Tunnuseii Y SZ-3MeKTPOIHUT MPEACTABISAET cOOOH
TBepABIH pacTBOp cocTaBa Zros4Yo.1601.92. JlobaBka oxcuma utrpus (11I)



Tnasa 4. Tonnusrwvie snemenmol 111

CTaOWIIN3UPYET KPUCTATNIMYECKYIO CTPYKTYpY IuoKkcuaa nupkonus (IV) B
KyOnueckoi Moxudukannu (Grroopura, KOTopas sBiseTcs Hauboiee 3eK-
TPOTPOBOIHOM.

Beenenne okcnaa urrpus (I1I) cymecTBeHHO yBenHMUnBaeT KOHIICH-
TPALXIO KHCIOPOJHBIX BAKAHCHH B KPHCTAIIIMYECKOH CTPYKTYype OKCUAA
uupkonus (IV). VIMeHHO TOBBIIMICHHE BAaKaHCHOHHOHN NE(EKTHOCTH H
M03BOJIAET Y SZ-3/E€KTPOIUTY HPOSBIATH BBHICOKYI0 MOHHYIO MPOBOJIM-
MOCTb.

W3BecTHO, 4TO yaenbHAs 3JIEKTPOIMPOBOAHOCTh MaTepHaa & Ompee-
JSIeTCsl TIPOW3BEACHUEM KOHIEHTPAIMU HOCHUTENEH 3apsfa ¢ Ha WX IIO0-
JIBIDKHOCTB U:

& = |z|-F-cu. (4.20)

31ech z — 3apsI0BOE YUCIIO HOCHTEINS 3apana. B ciy4ae YSZ-anexrponura
KOHIICHTpAIHs HOCUTENEH OIMpEeNeNsIeTcs] CTEIEeHbI0 JIETUPOBAHUS JHOK-
cuna nupkonus (IV) okcumom wurtpust (III), a 3HAYUT, KOHIEHTpAIHCH
KHCJIOPOTHBIX BakaHCHI. OUEBHIIHO, YTO YBEIUUCHHUE COACPIKAHNS HTTPHUS
MIPUBOIUT K POCTY JOJIA aHHOHHBIX BaKAHCHHU U, CICIOBATEIBHO, YITyUllle-
HUIO TPOBOJUMOCTH TBEPAOr0 3MEKTpoiuTa. OIHAKO CYIIECTBYET HEKO-
TOPBIN BEPXHUM Tpesiell IETUPOBaHus, BhIIIE KOTOPOTo Ae(eKThl HaulHa-
FOT B3aMMOJICHCTBOBATH APYT C APYTOM, YTO CHHIKAET CKOPOCTh HUX Iepe-
memiennss u. CrenoBarenbHO, JalbHEHINee MOBBINICHNE KOHIICHTPAIUU
CTaHOBUTCS KOHTPIPOIYKTHBHBIM, TaKk KaK IMPOBOAMMOCTH IIPH 3TOM
YMEHBILACTCSI.

Ha rpaduueckoii 3aBUCHMOCTH NPOBOAUMOCTH OT KOHLCHTPALUH
MIPUMECH BBISIBIIIETCSI MAKCUMYM B TOUKE, OTBEYAIOIel Havaly "accouua-
nuu" B3aumoeicTByomux aedekros (puc. 4.7). dna YSZ-anexkrponura
STOT MAaKCUMYM OTBeUaeT MPUOIM3UTENHHO 8% MOJBHOH J0JIe OKCUIA UT-
tpus (1ID).

Jpyroit TBepABIH DJIEKTPOIHUT C BBICOKOAJIEKTPOIPOBOIHON KyOmUe-
CKOU CTPYKTypo#l ¢uroopura — 310 okcua tepus (IV), kotopsrit mis mo-
BBIIICHUS. MOHHOH MPOBOIUMOCTH JICTHPYETCS MPEUMYILECTBEHHO Tafo-
nuHUeM. B kadecTBe JErHpYIOMUX T00aBOK (JIOMAHTOB) HCIOIB3YIOTCS
TaK)Ke CaMapHid, JJAaHTaH, UTTPUH, a B HEKOTOPBIX CIIyYasix, IS ITOJTydYeHHsI
enre 0oJiee BBICOKOW MPOBOJAUMOCTH, BBOJIAT KOMOMHAITMIO U3 HECKOIBKHUX
JIETUPYIONIMX MPUMECEH pa3HOTO TUTIA.
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Puc. 4.7. 3aBUCUMOCTD yJICIBHOMN 3JIEKTPOIPOBOAHOCTH
YSZ-3nexrponura oT MOJIbHOI f01u Y203

OneKkTponuTsl Ha ocHOBe okcupa mepus (IV), kak mpaBuiio, UMEIOT
0oJiee BBICOKYIO YIIEIBHYIO DJIEKTPOIPOBOIHOCTE, 4eM Y SZ (puc. 1.7), a
ITOTOMY TTO3BOJISIOT CHU3UTH PabOUyI0 TEMIIEPaTypy TOILTUBHOTO 3JICMEH-
ta. Kpome Toro, onu 0ojiee XUMHYESCKH yCTOWYHBEI IO CpaBHEHUIO ¢ Y SZ,
MIO3TOMY MHOTI'JIa UCTIONB3YIOTCS B KAYECTBE 3AIUTHOTO CI0S Mexay Y SZ
U KaTOJIOM.

OCHOBHBIM HEIOCTATKOM OKCHJa IIEPHS SIBISETCS TO, YTO NMPH HU3KHUX
TApIaTIbHBIX JTABJICHUAX KHCIOPOJa CTAHOBHUTCS CYIIECTBEHHOM HIICK-
TPOHHAS IPOBOANMOCTH TBEPOTO JICKTPOINTA. DTO CHIXKACT d(PPEKTUB-
HOCTh pabOTHI TOIUTMBHOTO AJIEMEHTA, MOCKOJBKY DJICKTPOHBI, ITPOXO.Is-
[IHMe Yepe3 ANEKTPOIUT, Y)KE HE yYacTBYIOT B (DOPMHPOBAHHH AJICKTPUYC-
CKOTO TOKa BO BHEIIIHEH IIeTH.

Eme oauH MaTepuan, UCTIOJIB3yEeMBIH B KauecTBE TBEPAOIO 3JIEKTPO-
muta B TOTD — 370 rayuraT naHTaHa, JIETHPOBAHHBIN CTPOHIINEM M MarHU-
em (LSGM) n mmMeromuii CTpyKTypy MEpOBCKHTA; XUMHUEcKas (hopMmyna
martepuana Lai.Sr:Gai,Mg,Os3.5. LSGM umeer BBICOKYIO HOHHYIO IIPOBO-
JUMOCTh M XOPOIIO COBMECTHM C OKCHIHBIMH KaTOAHBIMU MaTepHaIaMHu,
KOTOpBIE 3aYacTyr0 TaKKe 00NamaloT CTPYKTypoll mepoBckuta. OCHOBHOM
npobaemoir cuHTe3a LSGM sBisieTcs MoiydeHHe 3JIeKTPOIUTa C OJHO-
(ha3HO, TOMOTEHHOH CTPYKTYpPOIi.

OJeKTpOHHAs MPOBOAWMOCTH BpEIHA UL AJIEKTPOJIUTA, HO HEOoOXo-
JIMa JIJIsL 2JIEKTPOJIOB, Tak Kak (GyHKIus atekrpoaa B TOTD — obecmeun-
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BaTh MEPEHOC JJICKTPOHOB U MOHOB KUCIIOPOAa MEXKIy PEaKIMOHHOW Tpa-
HULEH U DJEKTPOJUTOM JAJS OCYLIECTBICHHS HJIEKTPOXUMUYECKON peak-
UK C Ta30M, KaK Moka3aHo Ha puc. 4.6. Takum 00pa3oM, MaTepHabI
9JIEKTPOJIOB JOJKHBI OBITh CMEIIAHHBIMH MOH-DJIEKTPOHHBIMU MPOBOHU-
kamu. Kpome toro, mis 3QQeKTHBHOTO KOHTaKTa ¢ ra3oBoil (a3oii oHU
JIOJDKHBI OBITH MTOPHCTHIMH, IPHYEM € OOJBIION TIIOMIABI0 TOBEPXHOCTH.

Haubonee pacnpocTpaHEeHHBIM ITOIX0I0M K JOCTIKCHHUIO 3THX Tpebo-
BaHUH B Cllyyac aHOJA SBJSIETCS MUCIIONB30BaHME IIOPUCTOH MeTallIoOKepa-
MUKH U3 HUKeNA U Y SZ, B KOTOPOH 3JIEKTPOHBI TPAHCTIOPTUPYIOTCS Uepe3
MeTaunueckuii Ni, a HOHBI KUCIIOPOJa — Yepe3 JISTHPOBAHHBIN JUOKCH]T
uupkoHnus (puc. 4.8a).

KEpPaMHYUCCKH 41 REY) | CKTPOJIMT

Puc. 4.8. Ctpykrypa anoja (a) u karoxaa (0)
TBEPIOOKCHAHOTO TOIUTHBHOTO 3IEMEHTA

Mertamnokepamuky Ni-YSZ, kak MpaBWIO, MOJTYy4alOT ITyTeM Harpesa
cmecu NiO 1 YSZ B BoccTaHOBHTENBHOM atMocdepe. [Iporecc mo3Bossier
c(hOpMHUPOBATH AIIEKTPOHTIPOBOJAIIYIO (Pa3y HHUKeEIs1, KoTopas oOpa3yercs
B pe3yibTaTe BoccTaHoBieHHS NiO BOJOPOIOM, a TaKKe YBEIHYIHUTH IIO-
PHUCTOCTB 3a CUET BEICBOOOKACHUSI KACIOPOIa.
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Bricokoe maprmaibHOE JaBlICHUE KHCIOpOAa Ha KaToJle, a TAKXKE BbI-
cokast paboyasi Temreparypa HCKIIIOYal0T BO3MOXHOCTH HCIIOJIb30BaHUS
HUKEIS UM APYTHX HEIOPOTHX METAJIOB, IO3TOMY HCIOIb3YIOTCS IIEK-
TpOHOMpoOBoAAINe OKcHAbl. Hambosee pacmpocTpaHEHHBIM MaTepHalIoOM
karoma TOTD sBnsgercs MaHraHaT JaHTaHa-CTPOHHOUSA LaiSrMnOs
(LSM), KOTOpBI MMeEeT CTPYKTypy IepoBckuTa. LSM sBnsercs 3iek-
TPOHHBIM IPOBOJHHKOM C TIPEHEOPE)KUMO MAJIOH IPOBOAMMOCTBIO II0
MOHAaM KHCIIOpOJa, TO3TOMY 3JIEKTPOXMMHUYECKAs PEaKIus MPOUCXOAUT
Ha Tpex¢aszHoi rpanuie Mexay LSM, anexrponutom u raszom (puc. 4.80).
Kak n B MeTayuI-BO3/IyIIHBIX TajbBaHMYECKHX 3JIEMEHTAaX, 3[eCh Tpexdaz-
Hasl TpPaHMIA — 3TO 00JIaCTh FeTEPOreHHOr0 KaTajan3a, YAOBICTBOPSIOIAs
ycnoBuio 3()(HEeKTHBHOTO TPAHCIIOPTa PEAreHTOB M MPOIYKTOB PEAKIINH,
BKIIFOYasi HOCUTENH 3apsa 000MX 3HAKOB, K IIOBEPXHOCTH KaTalH3aTopa.

TunuynHas BompTaMIEpHAsl KpuBas BOJIOpoAHO-kKucimopoanoro TOTO
npexacrasieHa Ha puc. 4.9. CpaBHuBasi ee ¢ JaHHBIMU puc. 1.8, MOXXHO
MIPUIATH K BBIBOJY, YTO B TBEPJOOKCHIHOM TOIUIMBHOM 3JIEMEHTE Npeod-
JaJaroT OMUYECKUe MOTepU U KOHIECHTPALMOHHAS TTOJIIPHU3ALIisL.

U, B

1.29 PABHOBECHOE HATPHAKEHUE

14
0.8+
0.6
0.4+
0.2

0 0.5 1 15 2
i, Alem?

Puc. 4.9. TunuuHas BonbTaMIepHas KpuBasi BOJIOpOIHO-kuciopoaHoro TOTO

Yxynmenue xapakrepuctuk TOTD 00BIYHO CBS3aHO C BBICOKOW TEM-
nepaTypoil dKCIUTyaTalliy, MPUBOAAIICH K ONpe/iesIeHHONH HecTaOHIbHO-
cTH a3, a TaKkKe NMPOTEKAHUEM XUMHUYECKUX PEaKIUi MKy KOMIIOHEH-
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TaMH WIH C IPUMECSIMH B ToIuMBe. [1000YHBIC peakIiu BIHSIOT Ha 3JICK-
TPOXUMHYECKYIO aKTHBHOCTHh MOBEPXHOCTH JJICKTPOJIOB U MOTYT CO3Ja-
BaTh MPEMATCTBUS IS DIICKTPHUSCKOr0 TOKA UK MOTOKa raza. Kpome to-
ro, o0pa3oBaHHE HOBBIX (a3 MOXKET MPUBECTH K IOSBICHUIO MEXaHUYE-
CKUX HANpPsDKCHHH, KOTOPHIE CHOCOOCTBYIOT O0Pa30BaHMIO TPEIINMH WIIH
pa3zeneHno KOMIOHEHTOB. BEICOKast TeMmeparypa MOXKeT TaKkKe CIIoco0-
CTBOBATh HEXKENATEIBHBIM MUKPOCTPYKTYPHBIM H3MCHEHHSIM.

TUNUIHBIM TPUMEPOM TAKMX U3MEHEHUH B MeTautokepaMuke Ni-YSZ
SIBISICTCSL OKHCJIMTENIFHO-BOCCTAHOBUTENBbHOE crekanue Hukedas ¢ NiO,
00pa3yroIMcss TP BBICOKOM MaplHalbHOM JaBICHHH KHCIOpOda Ha
aHone. CunbHoe oTnuune B o0beMax NiO m Metamamueckoro Ni MOeT
CTaTh NMPUYMHON MOCTEIIEHHOTO MEXAHWYECKOTO Pa3pyLICHUs aHOAa IpH
paboTe TOIUTMBHOTO 3JIEMEHTa M B KOHEYHOM HTOTEe IPUBECTH K CHIDKE-
HUIO €T0 IMPOU3BOAUTEIHHOCTH. KpoMe TOoro, 3TH M3MEHEHHS MOTYT CIIy-
JKHUTh MPUIMHON yMEHbIICHHS 3((PEKTHBHOW ILIOmAAn TpexdasHoi rpa-
HUIIBI, HA KOTOPOH MPOTEKAET 3JICKTPOXUMHUUEeCKas peakius. Jlerpaaanuu
aHo/a CIIOCOOCTBYET U HaIW4Ke rnpuMmeceil B TorumBe. Hanpumep, Tormim-
BO, TIOJIYYE€HHOE M3 YTJISl, MOXKET coiepkaTh (ocdop, MBIIIBSIK U CEPY, KO-
TOpPBIE PEarnpyIOT C MaTepPHaJIOM aHOJa M YXy/IIIAIOT ero padoTy.

Jlerpamariist MOJKET TakXKe IMMPOUCXOIANTH Ha KaToje. THIIMIHBIA MeXa-
HU3M YXYAIICHUS CBOWCTB TOJIOKUTEIBHOTO JIEKTPO/Ia CBSI3aH C MCIIONb-
30BaHMEM XpOMa, BXOJSIIETO B COCTAB CIUIABOB JUIS AIEKTPUYCCKUX KOH-
TakTOB. [IpH BBICOKOW TeMIIEpaType XpOM HCIAPSETCS U B KHCIOPOTHOMN
atMocdepe katoga okucisercst 10 Cr20s-, a 3atem 10 CrOs-comepkaimmx
mapoB. OxHako CrO; MOXET 3JeKTPOXUMHUYECKH OCaKAAThCS U3 Iapa C
obpazoanueM Cr203;, KOTOPHIM OMOKHPYeT aKTHBHBIC LEHTPHI KaTona W
CHIDKAeT MPOM3BOJUTEIFHOCTH dMeMeHTa. Kpome toro, ocaxnenune Cr20s3
CIIOCOOHO YMEHBIIUTh MOPHUCTOCTh KAaTola M BBI3BATH €ro AedopMaruio,
YTO TaKKe MPUBOIUT K YXYIIICHHUIO MPOM3BOIAMTENBFHOCTH. VcmapeHue
XpOMa MOXET OBITh CBEICHO K MHHAMYMY 3a CYET pa3pabOTKH CILIaBa C
HApPYXKHBIM CIIO€M, KOTOPBI MMEET MOHMKCHHYIO aKTUBHOCTH OKCHIIOB
Xpoma.

TBepHOOKCHIHBIE TOIUIMBHEBIE AJIEMEHTHI, BIIEPBBIE pa3pabOTaHHBIC B
koH1e 1970-x Tom0B, OBUTH TIpeIHA3HAYCHBI IS KpyITHOMacTabHoH (60-
nee 100 kBT) reHepanyu IEKTPOIHEPTHU HA CTAIIHOHAPHBIX YCTaHOBKAX
U paboTaiy MPH OYCHb BBHICOKOW pabodell TeMmeparype, ITOCTHTAFOIICH
1000 °C. Xots anexTpoxumudeckas KOHBepcus siBisiercs Ooiee sddex-
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TUBHOM, yeM cropanue, "Beixionsl" TOTD Bce ke conepkaT roprouue ra-
3bl. OTH ra3bl 1 Temio oT TOTD MoryT ObITh UCIONBE30BaHBI B BBICOKOA(]-
¢dextuBHOM rubpugHoi cucreme "TOTD + rasosas TypOuna". ['a3oBas
TypOuMHA HE TOJBKO MPOM3BOAMUT IOIOIHUTEIBHYIO JHEPrHI0, HO U HC-
MOJIB3yeTCs [T YBEIMUCHHS JaBleHHs Bo3myxa Ha Bxone B TOTD. Ilo-
ClIe/IHEe TIOBBIIIACT MPOM3BOAUTENHHOCTE M 3P PEeKTHBHOCTE pabOTHI TOM-
nuBHOTO 31eMeHTa. OnHO W3 npeumytiectB npumeHneHuss TOTD B ru-
OpHIHOM CHCTEME — 3TO MX BKIOUYCHHE B AKOJOTUICCKH YHCTYIO CHCTEMY
BBICOKOTEMITEpaTypHOU rasudukaimu yriss. B momonnenue k 3pdekTus-
HOMY MCIOJB30BaHHUI0 OCHOBHOTO MPOJYKTa Ta3u(HUKalUU — BOJOPOAA —
JUIST DHEPTOKOHBEPCHH, MOXKHO HCIOJIb30BaTh reHepupyemoe B TOTD
TETIO JUIA TaK Ha3bIBAEMOW CEKBECTpaIWH yTieKucioro rasa. Cexpecrpa-
LUs YTIIEKUCIIOro rasa — 3T0 npolece, Bkitoyatomui otaenenue COz ot
TIPOMBILUIEHHBIX ¥ SHEPTETUYECKUX UCTOUHUKOB, TPAHCIIOPTUPOBKY K Me-
CTy XpaHEHHS W JOJITOCPOYHYIO H3OJAIMIO OT atMocdepsl. [ maBHOU Iie-
JBI0 CEKBECTpaLuH sBIsieTcs 60pb0a ¢ r100aIbHBIM IOTEIUICHUEM, a TaK-
JKe 3arpsI3HEHUEM OKPYXKAIOLIeH CpeIbl.

IlepcrieKTUBHBIM SBIAETCS TNPHMEHEHHE TEIUIa, T€HEPHUPYEeMOro B
TOTO, B TEMI03IEKTPOLEHTPAISIX A IPOU3BOJCTBA TOpsYeld BOJBI.
TonmuBHBIE 3JIeMEHTHI PadOTAIOT HA MMPUPOIHOM ras3e, 4To SIBISETCS Ipe-
KpacHbIM NMPUMEPOM peaiu3aluu Takoro npeumyuiectsa TOTO, kak Bo3-
MO>XXHOCTb IPUMEHEHHS HE TOJIbKO BOJOPOJHOIO, HO U YIJI€BOAOPOAHOIO
TOILTUBA.

B 10 xe BpeMs HEOOXOIMMOCTh HCIIOIB30BAHHUS BBICOKOM paboueit
TeMIepaTypbl IPUBOAUT K yBENWUYEeHUIO BpeMenu 3amycka TOTD. B cBszu
C 9THM TBEPJOOKCHAHBIC TOIUIMBHBIC IEMEHTHI, KaK IPaBHUJIO, HE TIPHUMe-
HSIOTCA B KadecTBe 0a30BOH JHEPrOYCTAHOBKH B aBTOMOOWJIBHOW IIpoO-
MBIIICHHOCTH. Tem He MeHee, paspadarbiBatoTcst TOTD mias Bcriomora-
TEJIFHBIX CHJIOBBIX YCTaHOBOK, KOTOPBIE MOTYT paboTaTh Ha pedopMupo-
BaHHOM JM3€JbHOM TOIUIMBE. B wactHOCTH, paspabarbiBatotcst BCY st
IPy30BBIX aBTOMOOWIIEHl, B KOTOPBIX SHEPronuTaHue KaOWHBI BO BpeMs
MPOCTOSI 00ECIICUYNBAIOT TOIUIMBHBIC AJIEMEHTH M, TaKUM 0Opa3oM, HcC-
KITIOYaeTcss He0OX0ANMOCTh X0JIOCTON pabOTHI AU3ETHHOTO ABUTATENS.

OmnwcaHHBIE BHIIE TPHIOKEHAS HCIIOJIB3YIOT THOKOCTh BBICOKOTEMITE-
parypHbix TOTD 1o oTHoIIEeHUIO K TOMMBY. CyIIECTBYIOT pa3Hble MHEHUS
OTHOCHTEITBHO TOTO, YTO JIy4Ille — pUPOPMHUHT TOILIMBA IO €ro MOIaJaHusL
B TOIUIMBHBIN 3JIEMEHT WX JKE HEMOCPEICTBEHHO B yCTPOWCTBE. B mrobom
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cirydae TpeOOBaHHUS IO MPOU3BOACTBY, TPAHCIOPTHPOBKE U XPAHCHHUIO YH-
CTOrO BOJOPOJA I PabOTHI TBEPAOOKCHIHBIX TOILIMBHBIX SJICMEHTOB HE
SIBJISIIOTCS. 00s13aTeNnbHBIMU, Tak kak TOTD Moxer paboTaTh HE TOJIBKO Ha
H>. Hanpumep, MOHOOKCH]T yTiepoaa, KOTOPBIA SABIsETCA KaTAIMTHYECKUM
SJIOM B HHU3KOTEMIIEPATypHBIX TOIUIMBHBIX DIIEMEHTaX, MOXKET OBITh HC-
nosib30BaH B kadectse Torumea B TOTO. Mcnons3yroTes u aApyrue Boccra-
HOBUTEJBHBIE Ta3bl, TAKHE Kak METaH W aMMHaK, a Takke OnoTorumimeo. B
MIPUHIIUIIC, TaKe TBEPABIA YIIIEPOA MOXKET OBITh HCIIOJH30BAH B Ka4eCTBE
TOILIMBA AJISl BHICOKOTEMIIEPATYPHBIX TBEPJOOKCUIHBIX TD.

Haubonee 3HaunTensHble TPENsSTCTBUS HA MyTH MIMPOKOTO BHEAPEHUS
n xommeprmanuzamu TOTD cBsi3aHbI ¢ JOITOBEYHOCTHIO U CTOUMOCTBIO
ycTpoiictBa. Bricokas pabouast TemMmeparypa co3zaeT mpobieMsl B pa3pa-
00TKe YCTOMYHMBEIX MAaTEPUAJIOB JUIS ITUTENGHON DKCIDTyaTaruu. TeM He
MeHee, MpH TNpojoibkeHnn pasButhsa, TOTD OymeT cmocoOCTBOBATH
yiy4ieHnto 3G (eKTHBHOCTH MpeoOpa3oBaHUs SHEPTUH 3a CUET ITOBBIIIIC-
HUSl TIPOU3BOAUTEIILHOCTH, COKpAIIEHUS BBIOPOCOB M PACHIMPEHHS HC-
10JIb30BaHUs BO3OOHOBIISIEMBIX BUIOB TOIUIHBA.

4.4. PacniaBHble KapOOHATHBIE TONJIMBHBIE 3JIeMeHTBI

TunuuHOE TaKOE YCTPOMCTBO COCTOMT U3 HHUKEJIbCOAEPIKAILEro
CIJTAaBHOTO aHOJa, HUKEIb-OKCHIHOTO KaToJa W PAaCIUIaBJICHHOTO JIMTHI-
KaJIMEeBOTO WJIM JMTHH-HATPHEBOTO KapOOHATHOTO 3JIEKTPOJIMTA, HaXOHs-
LIerocs B opax MeTAJUIOKEPaMUYECKON MAaTPHLIBI U3 Y-aIIOMHHATA JIUTHSL.
DNEeKTPOXUMHUYECKHE TIPOLECCHl B PACIUIABHOM KapOOHATHOM TOIUIMBHOM
anemente (PKTD) B menoM aHaJOrMYHBI TeM, KOTOpbIE NMPOTEKaoT B TO
MHBIX THIIOB: Ha aHOJIE OKHUCIISIETCS TOTUIMBO, a HA KAaTO/Ie BOCCTaHABIINBA-
ercst Oz u3 Bo3myxa. OTIMYUE COCTOUT B TOM, YTO KaK B aHOJHOM, TaK U
KaTOIHOH TTONMypeaknusX y4acTBYeT yrIeKHCHblii ra3. [logpoOHas cxema
MpOLECCOB NOKa3aHa Ha puc. 4.10.
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Puc. 4.10. [Tpoueccsl B paciiiaBHOM KapOOHATHOM TOILIMBHOM 3JIEMEHTE

B Bogoponno-so3nymHoM PKTD Ha aHozme 351€KTpOXMMHMYECKH OKHUC-
JsIeTCsl BOAOPOJ, U T€HEPUPYETCs YIIIEKHUCIIbIHA a3 0 yPaBHEHHIO:

H; + COs> — H,0 + CO2 + 2¢. 4.21)

Ha karone »meKTpOXMMHYECKH BOCCTAHABINBACTCS KHCIOPO, a YIIIEKUC-
JIBIH Ta3 moTpedusercs:

COs + 1%40; + 2¢” — COs%. (4.22)

YpaBHEHHE TOKOOOPA3YIOIIeH PEeaKIMd MOXET OBITh 3allUCAaHO CIIEHYIO-
M 00pa3oM:

Hz + %02 + CO2 (na karone) — H20 + COz (Ha anome).  (4.23)

Jns nepenoca CO2 U3 aHOAHON B KaTOAHYIO KaMepy HCIIONb3YETCS
CIelMaIbHAs CHCTEMa PELUPKYIISILMN YITIEKHUCIIOro ra3a, Tak Kak KoJiuye-
cTBO noTpebsiemMoro Ha katoje CO2 B TOYHOCTH PaBHO KOJIHUYECTBY 3TOTO
rasa, pereHepHpyeMOro Ha aHOJE.

Bopopon sBnsercs naeansHbiM TormmuBoM g PKTD, omHako pabora
ycTpoiicTBa mpu BBICOKOH TemmepaType B auamasoHe oT 650 mo 700 °C
JacT BO3MOKHOCTH HUCIIOJB30BATH B KAYECTBEC TOIJIMBA U YIJICBOJAOPOMLI,
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KOTOpBIE TIOABEPTaIOT MPEABAPUTEIEHOMY PH()OPMHUHTY HEMOCPEACTBEHHO
B MecTe pabOThI TOIUTMBHOT'O JIEMCHTA.

AHOJHBIIH MaTepual A0JKESH ObITh CTAOWIBHBIM B YCIOBHUSIX KCILTya-
taiu PKTD, nopucteiM, a Takxke 007a1aTh dJIEKTPOKATATUTHYECKON aK-
TUBHOCTHIO B OTHONICHWHW PEaKIMH OKWCIEHHs ToruimBa. Hambomnee pac-
MPOCTPaHEHHBIM MAaTEPUAIOM aHOJa SIBIISETCS TMOPUCTBIA HUKEIEBBII
CIIIaB, ITOCKOJIBKY HHKENb SBISACTCS OTIMYHBIM JIIEKTPOXHMMUYCCKUM Ka-
TAJIN3aTOPOM PEaKIUH OKUCICHHS TOIUTMBA IPH BHICOKHX TEMIIeparypax.
Hna anomnoit mnactunsl PKTO ¢ mopucrocteio 55-70% onTuMaibHbII
JUaMeTp TOp JEKUT B JUama3oHe 3-5 MKM, a ONTUMalbHas TOJIIMHA MPU-
6mmsurensHo 0.5-0.8 mm. Ilpu Takux mapamerpax aHOAHAs MJIACTHHA 4a-
CTHUYHO CMaYMBAETCS PACIUIaBOM KapOOHATHOTO DJIEKTPOJIUTA B UMEET JI0-
CTaTOYHO OOJBIIYIO IUIOIIAAb PEaKIMOHHOM TTOBEPXHOCTH, KOTOpas Mpe-
CTaBIIICT CO0OH Tpexda3Hyro 007acTh d3PPEKTUBHOTO TETEPOTCHHOIO Ka-
Taym3a.

ITom3yyecTs aHOnA SBISIETCS OJHOM M3 OCHOBHBIX MPOOJIEM B TEXHO-
noruu PKTO. IMon3yuecTs, uiau mocienedcTBUE TBEPAOTOo MaTepHana —
9TO MeJIEHHAs, MPOUCXOJAIIAs ¢ TEUEHHEM BpEMEHH Jedopmanus MoJ
BO3JICHICTBHEM TIOCTOSIHHOW HArpy3KH WM MEXaHWYEeCKOTO HAIpPsHKEHUS.
O} deKTHBHBIM cITOCOOOM MOBBIMIECHHSI MEXaHUYIECKOH MPOYHOCTH aHO/Ia U
noaaepKanus ero Mop¢oJorud Bo Bpems padotel PKTD sBnsercs eru-
POBaHHE HUAKEIS XPOMOM HIIH TFOMHHHUCM.

IIpou3BOAUTENILHOCTh YCTPOWUCTBA C HHUKEJICBBIM aHOIOM PE3KO CHU-
JKaeTcs MpH WCIOJIb30BAHUU YTIIEBOJAOPOAHOTO TOIUIMBA, 3arpsi3HEHHOTO
cepocoiep KallliMK  BEIIeCTBaMH, HAIpuUMep, cepoBopopoaoM. [lepcrex-
TUBHBIM aJIbTEPHATUBHBIM MaTEPUAIIOM aHOJIa, HEUYBCTBUTEILHBIM K TIPH-
cyrctButo HoS, sBnsiercs cioxubiii okenp LiFeO2. Matepuan sBnsietcs
TEPMOJIMHAMHYCCKA CTaOMIBHBIM B KapOOHATHOM pacIUlaBe M MMEET XO-
POLIYIO 3JEKTPHYECCKYIO MPOBOJUMOCTh. VICTIBITaHUS C HCIOJIh30BAHHEM
MOPHUCTHIX 3eKTpoaoB u3 LiFeO> mokasanu, 4To MPOU3BOJUTEIBEHOCTD
JJIEMEHTa He 3aBHCHUT OT cofepkanus HoS B Tomnuse.

Karox PKTO — 3T0 mopucras miacTHHA, COCTOSINAS W3 OKCHIOB Me-
taymoB. Hambosee pacmpoCTpaHEHHBIM MAaTepHaioM SIBISETCS JHTHPO-
BaHHBIN okcux HUKeNns LiyNiiO, KOTopsIii 00lamaeT Xopomei 3J1eKTpo-
MIPOBOJHOCTHI0 M MUMEET OTHOCHTENIFHO HH3KYI0 CTOMMOCTh. ONTHMAllb-
HBIM AMaMeTp MOp AJISl CMAadUBAHUS DJEKTPOIUTOM cocTaBiisieT 6-10 MK,
a TOJIIMHA MIACTUHBI - 0KoJI0 0.5 MM mpu yposHe nopuctoctu 60-80%.
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[IpocTpaHcTBEeHHOE pazfesieHue aHOAHOIO M KaTOJHOI'O PEeareHTOB, a
TaKXKe JJIEKTPOHHYIO H3OJSILHUIO SJIEKTPOJOB NPU COXPAHEHWH HOHHOTO
TpaHcnopra Mexny HuMu B PKTD obecrnieunBaer crienuaibHasi METAILIO-
KepaMU4ecKasi MaTpUIla ¢ MOPaMH, 3all0THEHHBIMH PacIlUIaBICHHBIME Kap-
OoHaTaMM IIETIOYHBIX METAIUIOB. VccrenoBaauch pa3iudHbIe MaTepHUalIbI
JUI W3TOTOBJIEHUS MATPHIBI, BKIIOYas OKCHIBl METAaJUIOB, HAIpUMeEp,
MgO, u tutanar crponis SrTiOs. OgHako HUOOIEE MPEATOYTHTEIBHBIM
sBrsieTcst amroMuHAT JUTHA LiAlO2. DIEKTPOIUT MPOYHO 3aKPEIUieH B
MaTpule MoJ NeHCTBHEM KaNWUIIPHBIX CUJ, KOTOpHIE ONpPEIeNsIOTCs,
MIPeXJIE BCETO, Pa3MEPOM TIOP HOCHUTEJIS IEKTPONIUTA.

Puc. 4.11 moka3sIBaeT BOJBTAMIICPHYIO KPUBYIO PacIlIaBHOIO KapOo-
HatHOro TO. Buano, uto PKTD moka3piBaeT MOHOTOHHOE YMEHBIIEHHUE
HaIPsDKEHMs JaXke IPU OTHOCUTEJIBHO MalbIX TOKaX. 3aMETHBIM JMHEN-
HBIM cHaj HanpsyKeHWsl C POCTOM TOKa CBUAETENBCTBYET, YTO 3JIEMEHT
MMEET OTHOCUTENILHO BBICOKOE BHYTPEHHEE CONPOTHBICHHE IO CpaBHE-
HUIO C JPYTUMHU TOIUIMBHBIMU 3JI€EMEHTaMH. B TO ke BpeMs 2/IeKTpOIHbIe
peaxuuy UMEI0T OYCHb MaJloe IepeHanpsHKeHUe aKTUBAIUY, BEPOSTHO, U3-
3a BBICOKOH paboueil TeMIiepaTypsl yCTPOHCTBA.

BricokoTemmiepaTypHBIA peXiM obecriednBaeT THOKOCTh TOTUTHBA JIJIS
PKTD. DnemeHT MOXeT paboTaTh HE TONBKO Ha BOJOPOJE, HO W HA HU3-
IMX yriieBoJoponaax u cnuprax. [Ipumeck okcuna yriepona (II) He sBis-
etcst mpobiremoit s PKTD, tak xak CO [eficTByeT He KakK KaTaluTH4e-
CKHUH 5171, @ KaK TOILUIUBO.

U,B

Puc. 4.11. TunuuHas noaspu3aoHHAs
KpHBasi pacIIaBHOrO KapOOHATHOTO
TOILJIMBHOI'O 3JIEMEHTA
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N3-3a  mpobiem, CBS3aHHBIX C IEPUOJMYECKHM  IUIABICHH-
€M/KPHUCTAIIM3AIMEH DIEKTPOJINTa BO BpeMs IMKJIOB 3aIlycKa/OCTaHOBa,
PKTD myumie Bcero NOAXOAMT AJsS CTALIMOHAPHBIX, HEMIPEPHIBHO paboTa-
IOIIUX CHJIOBBIX YCTAHOBOK.

4.5. Kiaccuueckue u HeCTAaHAAPTHbIC TOIIJIMBHLIEC 3JIEMEHTDBI

TexHomornu MeMOpaHHBIX ¥ TBEPIOOKCHIHBIX TOIUTMBHBIX JIEMEHTOB
SIBISIIOTCS Han0OoJee MHOT000CIAOMMH B XMMHUUECKOH 3HepreTuke. Tem
HEe MeHee, JpyrHe KJIacChl TOIUTMBHBIX 3JIEMEHTOB MMEIOT yHHKaJbHBIC
CBOICTBA M IPEHMYIIECTBA, a [IOTOMY UX KpPaTKUi 0030p IpeacTaBiseTcs
nosne3HsIM. Hapsiny ¢ mmpoko n3ydeHHBIMH (DOC(HOPHO-KHCIOTHBIMU U
IeTT09HBIME TO OIUIIeM HECKONBKO "HECTaHIAPTHHIX' BHJIOB TOIUTMBHBIX
anemMeHToB. K HMM OTHOCATCS OHMOJOTHYECKHE TOIUIMBHBIC AJIEMEHTHI,
6e3MeMOpaHHbIC TOIUIMBHBIE JIEMEHTHI, OAHOKAMEPHBIE U OeCKaMepHBIE
TBEpIOOKcHIHbIE T, a TakKe TBEPIOOKCHIHBIC TOIUIMBHBIE JICMEHTHI C
XKHIKUM OJIOBSHHBIM aHOJIOM.

B gocpopro-kucromnvix monausnwix snemenmax (OPKTI) anekrpo-
mutoM sBisercss xuakas Hi3POs, ucmompzyemas B 9MCTOM BUAE WIH B
(opMe BBICOKOKOHIIEHTPHIPOBAHHOTO BOAHOTO pacTBopa. OprodochopHas
KHCJIOTa COAEPIKUTCA B TOHKOH TIOPHUCTOM MaTpHIe M3 KapOuma KpeMHUI
SiC, pacmonokeHHOI MeXIy ABYMs ITOPHCTHIMH I'paHUTOBBIMH JIIEKTPO-
JlaMH, TTOKPBITBIMH IUIATHHOBBIM KaTaJn3aTopoM. Bonopon ucnone3yior B
Ka4yecTBE TOILIMBA, & KUCIOPOJ — B KauecTBEe OKHCIUTENs. Peakiuu B ai1e-
MEHTE OMMCHIBAIOTCS ypaBHeHUsAMH (4.1)-(4.3).

UYuctas ¢ochopHas kuciaora 3arBepaeBaeT mpu 42 °C, mosTomy
OKTD momxen paboraTh mpu Oojiee BEICOKHX TEMIIEPATypax; ONTHMAIIb-
Hasl IPOM3BOAUTENBHOCTE gocturaercsa mpu 180-210 °C. Ilpu Gonee BEHI-
COKHX TeMmIepaTypax oprodocdopHas KHUCIOTa MOABEpraeTcs HexXena-
TeNIbHOMY (ha30BOMY HEpEXOJy, YTO JICJIAET €€ HENPUTOJHOW B KauecTBe
anekTposuta. Bo Bpems pabotel H3PO4 momkHa MOCTOSIHHO TOTIOMHATHCS,
TaK KaK OHa IOCTENICHHO UCMAPSIETCs B OKPYKAIOLIYIO CPeLy.

KapOunnas matpura obecrnednBaeT MEXaHHUECKYI0 MPOYHOCTD JJIEK-
TPOJINTA, YACPKUBAET J[BA Pa3/ICICHHBIX 3JEKTPOAA M CBOJUT K MHUHUMY-
My KPOCCOBEp ra3a-pearcHra.

Tlockonpky B ®KTD wucnonp3yercs TUIATUHOBBIM KaTalu3aTtop, OH
YyBCTBUTEJICH K OTPABJICHUIO MOHOOKCHJIOM YTJICPOAa M CEpOH Ha aHOJE.



122 Cosepemennvle xumuyecKue UCmoyHUKU moKa

Ota npobiemMa UCKITFOUeHA MpU paboTe ¢ YUCTHIM BOAOPOIAHBIM TOILTUBOM,
HO MOKET OBbITh Ba)KHA TpH pabore ¢ pru(OPMUHT-TOITHBOM I 3arpsi3-
HEHHBIM CBIPHEM.

B wenounvix monausnvix anemenmax (IL{TD) snexrponutom sBiseTcs
BOJIHBIN PACTBOP MMIPOKCHIA Kajusl, KOTOPBIN pa3aeisieT MOPHUCTHIC yIiie-
POIHBIC WIIH HUKEIIEBBIC DJIEKTPO/BI, MIOKPHITHIC IJIATHHON MM MHBIM Ka-
TATMTHYECKH aKTHBHBIM METAZIOM. B OTJIMYKE OT KMCIOTHBIX TOIUTUBHBIX
JJIEMEHTOB, TJIe B pacTBOpE deKTponuTa HoHbl H mepenocstes ot anona
K Karony, B menouHoM TO nonsl OH™ mepememaroTest OT KaToja K aHOAY.
COOTBETCTBEHHO 3JCKTPOXUMHUYECKHE IMPOIECChl MOTYT OBITH OMUCAHBI
CIICAYIOIUMHU YPABHCHHUSIMHU:

AHOJHAS TTOTYPEaKIIHsL:
H2 +20H — 2H20 + 2¢, (4.24)
KaTO/IHAasl IOy PeaKius:
1502+ 2¢ + H2O — 20H", (4.25)
TOKO0Opa3yroIas peakius:
Hz + 202 — H20. (4.26)

Takum 00pa3oM, Boja MOTPeOIsIETCS HAa KAaTOAE IIEJIOYHOTO TOIUIHB-
HOTO 3JIEeMEHTa W B JiBa pa3a ObicTpee oOpa3yercst Ha aHone. Ecnm n30bI-
TOK BOZBI HE YAAIATh U3 CHCTEMBI, OH OyeT pa30aBiIaATh IIEKTPOJINT, 9TO
MIPHUBEIET K CHIDKCHHUIO TIPOU3BOUTEIEHOCTH.

AxrtuBanuoHHas nosjsipuszauus katona B IITO 3HaunTensHO MeHblle,
YeM B aHAJIOTUYHOM (OC(HOPHO-KHCIOTHOM TOIUTMBHOM 3JIEMCHTE IPH
Onmu3KuX Temrmeparypax. [103ToMy BMECTO IUIATHHOBOTO KaTaln3aTopa
MO>KHO HCIIOJIb30BAaTh HUKENb JaKe Ha MOJOKUTEIBHOM DIIEKTPOAE.

B 3aBucumoctn ot xonuerntpauu KOH B snexrpomute, IIITD moryt
pabotath mpu Temmnepatypax ot 60 mo 250 °C. Illeno4Hble TOTUTUBHBIC
9JIEMEHTHI TPeOYIOT YHCTHIE BOAOPO M KHCIOPOJ B KA4eCTBE TOIUIMBA H
OKHCJIUTENS], IOTOMY YTO OHH HE TPHUCIIOCOOIEHBI JaxKke K aTMOC(hEepHOMY
YpOBHIO yriekucioro raza. [Ipu Hanmmanu CO2 MPOUCXOAUT KapOOHU3AIHS
LIEJIOYHOTO JIEKTPOJINTA, U cO BpeMeHeM KoHueHTpanus OH™ B anekTpo-
nute ymenbinaercs. Kpome Toro, m3-za Hu3koit pactBopumoctu KoCOs
MOJKET BBINAnaTh B ocafok. Oba sddexra MpUBOAAT K CHHKECHUIO DJICK-
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TPOIIPOBOTHOCTH AIEKTpoiuTa. [IpodiieMa MOKEeT OBITh pelieHa Mmocpen-
CTBOM HCIOJb30BaHus ckpyoo6epoB COx.

M3-3a yka3aHHBIX OIpaHUYEHUIl IIENOYHbIE TOIUTUBHBIC DJIEMEHTHI HE
SIBIISTIOTCS. PKOHOMHUYECKH OIPaBIaHHBIMU TPU HCIIOJIHL30BAHUH HA HAa3eM-
HBIX JIEKTPOCTAHIUAX. TeM He MEeHee, Takhe YCTPOHCTBA JJIeMOHCTPUPYIOT
BBICOKHE d(PPEKTHBHOCTh W MOIIHOCTH, & MOTOMY TPAJUIMOHHO MPHUMeE-
HSIOTCS B aBHAITHOHHO-KOCMUYECKOW TIPOMBIIIIICHHOCTH.

Buonoeuueckue monausnvie snemenmer (6TD) — 3T0 ycrpoiictBa, KO-
TOPBIC MCHOJB3YIOT JKUBBIC KICTKH, OMOJIIOTMYECKHE KATaar3aToOphl, MUK-
poopranu3Mel u/mwind GEepMEHTHI sl IPeoOpa3oOBaHUs XUMHUYECKOM dHEp-
UM (4acto cojepxamieiics B popMe HU3MIUX CIIUPTOB UIIH MPOCTHIX yTiie-
BOJIOB) B JIEKTPUIECKYIO YHEPTHIO.

Kax u mo06oii apyroil TOIUIMBHBIN 35eMeHT, BTD uMmeer aBa aiekTpo-
na (aHOJ M KaToM), pa3JieICHHBIC 3JICKTPOJUTOM. B OONbIIMHCTBE OHOIIO-
THYECKHUX TOIUTMBHBIX JIEMEHTOB K aHOJY ITOJACTCs TOILIMBO (HApUMep,
[III0K032) B OTCYTCTBHE KHUCIOpOoa. B aHa3pOOHBIX YCIOBHIX MHKPOOPra-
HU3MBI Ha aHOJIE MOTYT OKHUCIISIT YTJIEBOJIBI ¢ 00pa30BaHUEM YTICKUCIOTO
ras3a, IpOTOHOB U 3JIEKTPOHOB:

CsHi1206 + 6H20 — 6CO2 + 24H" + 24¢. (4.27)

DJIeKTPOHBI MOTYT OBITh MEpeAaHbl IEKTPOAY JIMOO HampsMmylo (Tak
Ha3bIBaEMBbIi 0e3MeMaTOPHbIN IT0JIX0/]) UM KOCBEHHO, C UCIIOJIb30BAHH-
€M CIIeMANIbHBIX HEOPTaHNYECKUX MEMAaTOPOB (MEUATOPHBIH TOIXO0).

Be3MennaTopHEBIN TOAXOA UCTIONB3YeT OaKTEpHH, Ha HAPYKHOH MeM-
OpaHe KOTOPBIX COAEPKATCS SIEKTPOXUMHYECKH AKTUBHBIE OKHCIIUTEINb-
HO-BOCCTaHOBHUTEJIbHbIE (DEPMEHTHI, HalpUMEp, LUTOXPOMBI. IIpumepsl
Takux Oakrtepuwii BKIOYaroT Shewanella putrefaciens u Aeromonas
hydrophila. Oti 6akTepun MOTYT JOCTaBUTH MIEKTPOHBI, KOTOPHIE OHU Te-
HEPHUPYIOT IIPH OKUCJIEHUU TOIUIMBA, HEMOCPEACTBEHHO B METAIUINYECKHUI
WK TPaUTOBBIHN ITEKTPOSI.

MenuaTopHbIH MOAXOA HCIONB3YET MOJEKYJIbI KPacHTels, o0anaro-
M€ OKUCIUTEIbHO-BOCCTAHOBUTENFHOM AaKTUBHOCTBIO (HAampHMeEp, THO-
HHHA, METHJIOBOTO CHHET0, TYMHHOBBIX KHCJIOT MJIM HEHTPAIBHOTO Kpac-
HOTO0). DTH MOJIEKYJIBI MOTYT HEPEXOAUTh U3 OKHUCIEHHOTO B BOCCTAHOB-
JIEHHOE COCTOSIHME, O00ecreunBas IEepeHOC CBOOOJHBIX JJIEKTPOHOB B
aHOJHOM KaMepe 0T OaKTEepUH Ha 3IEKTPOJ.
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Kak u B 11000M JIpyroM TOILTMBHOM 3JIEMEHTE, JIEKTPOHEI, 00pa3yro-
LIMecs B aHOJJHOM IPOCTPAHCTBE, MEPEXOIT Yepe3 BHEIIHIO b K Ka-
Toay (coBepluasi NIpH 3TOM MOJIE3HYIO PaboTy), HA KOTOPOM OOBEIUHSIOT-
Cs ¢ IPOTOHAMHU (IIOCTABIISIEMBIMHU Uepe3 AIIEKTPOIINT, Jalle MeMOPaHHBIIT)
U 4YacTUIaMHu OKuciuTens. OKHCIUTETIeM MOXET OBITh Ta3000pa3HbIit
KHUCIIOPOJI, ¥ B 9TOM CJIy4ae KaToJl OMOJIOTHIECKOTO TOTUTMBHOTO JIEMEHTA
CXOX C TOJIOKUTEIBHBIM 3JIEKTPOJIOM TBepaonouMeproro TO. OmHako,
ITOCKOJIBKY BBEJCHHE OOJBITUX 00HEMOB MUPKYIHUPYIOMIETO Ta3a K KaTOLy
YacTO OKa3bIBACTCS 3aTPYJHHUTEIBHBIM B KcnepumenTax ¢ T3, mHorue
HCCIIEeIOBATENN MPEeANoYnTaloT BMecTo O2 BBOJUTH B KATOAHOE MPOCTPaH-
CTBO XMMHUYECKHE BELIECTBA — CHUJIbHBIE OKHCIUTENH (HalpuMep, MepoK-
CHJI BOJIOPOJIA).

B 6esmembpannom monauenom snemenme IS CO3TAHHS MEKIICK-
TPOIHOHN DJIEKTPOJIUTHONW TMPOCIIONKH HCIIONIB3YETCsS JIAMHUHAPHBIA TOTOK
JKUJIKOCTH B MHKpokaHanax. Puc. 4.12 mpeacraBiser cxeMaTHUECKUil
MIPUMEP KOHCTPYKIMH TAaKOTO YCTPOUCTBA.

Tonauso+ 0+
31EKTPOIUT IMEKTPONHT

B

[ Wy
HC'I'OU.LEHI1G7‘/<,[[H1.])(|)_V'.{H$§

Puc. 4.12. beamemOpaHHasi KOHCTPYKIHS TOIIMBHOTO 3JIEMEHTA
Ha OCHOBE Y-00pa3HOW MUKpPOKaHAIBHOW KOH(MUTYpaIiu

Kax noka3ano Ha cxeme, Y-00pa3HbIil MUKPOKAHAI UCIIOJIB3YETCS IS
00BEIMHEHHS IBYX KHIKOCTHBIX TOTOKOB: OIIMH COIEPKUT PacTBOP dJICK-
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TPOJIUTA, HACBHIIICHHBI OKHCIHTEIEM; NPYTrOod COACPIKHUT PacTBOpP DIICK-
TPOJIUTA, HACBHINICHHBIA TOIUIUBOM. [IOTOKM OKHUCIHTENsS W TOIUIMBA B
MHUKpOKaHaje SIBISIOTCS JAMUHAPHBIMU W, CJICIOBATEIBbHO, HE CMEIIMBa-
1orest. Kak u B 1000M IpYroM TOTUTMBHOM 3JIEMEHTE, TOTIMBO OKHCIISIETCS
Ha aHoJie, 00pa3ysl KaTHOHBI M OT/AaBas dJIEKTPOHBI. DIIEKTPOHBI HAIpaB-
JISTIOTCSI BO BHEITHIOIO IIETIh M IMTPOU3BOIST TOJE3HYI0 paboTy, B TO BpeMs
KaK KaTHOHBI IIEPEMEIAoTCsl B MUKPOKaHaJe MOMEepeK JIAMHHAPHOTO I10-
TOKa AIIEKTPOJNTA K KAaTOAY, IJIe OHH BCTYMAIOT B PEAKIUIO C OKUCIHTE-
JIEM U AJICKTPOHAMH, 3aMbIKast [[CTIb.

Jlns obecrieyeHus YCIIOBUH JTAMUHAPHOTO MOTOKA HEOOXOAMMBI KaHa-
76l MUKPOHHOH mupunbl. COCTOSHHE JTaMUHAPHOTO MOTOKA MPEJOTBpa-
aeT TMOTOKH TOIUIMBA W OKHCIHUTENS OT TypOyJIEHTHOTO CMEIIMBaHUSI.
TeM He MeHee, TOIIMBO M OKHUCIIUTENh IIOCTENICHHO OYIyT HCUSPIIBIBATHCS
BOJIM3M 3JEKTPOIOB M HAYHYT CMEIINBATHCS B IIEHTPAIBHOW 00JIacTH ITy-
TeM muddysun. bamaHc 3THX IBYX NPOIECCOB YCTaHABIMBACT MAaKCH-
MaNbHYI0 3G (GEKTHBHYIO [UIMHY TOIUITMBHOTO 3JIEMEHTA, KOTOpas COCTaB-
JsIeT OOBIYHO OT HECKOJIBKMX MUKPOMETPOB 10 HECKOJIBKUX MHJUTUMETPOB.

be3smeMOpaHHbIE TOTUIMBHBIE JIEMEHTHI YPE3BBIYANHO MPOCTHI U MO-
I'yT ObITh OYCHb KOMITAKTHBIMH. DTO IEJIACT WX MPHUBJICKATEILHBIMH IS
HCIIOJIb30BAHMS B KAYeCTBE BEChbMa MUHHMATIOPHBIX UCTOYHHUKOB ITHTAHUSL.
Tem He MeHee, Oe3MeMOpaHHBIC TOILIMBHBIC AJIEMEHTHI OOBIYHO HWMEIOT
HU3KYI0 MOIIHOCTh U HEBBICOKYIO 3 eKTHBHOCTh. Kpome Toro, pabora
JJeMeHTa TPeOyeT MOCTOSHHOTO MOAJCPKAHHUS AaHOAHOTO M KaTOJHOTO
TIOTOKOB 3JIEKTPOJIUTA.

OonoxamepHulil MEepOOOKCUOHBII MONIUBHBI dTleMeHm TIPECTaBIIs-
eT co00¥ OPUTHHANBHBIN THI TBEPIOOKCHUIHOTO TOTUTMBHOTO DJIEMEHTA, B
KOTOPOM aHOAHAs M KaTOHHAs KaMepbl 00beqiHeHbl. KOHCTPYKIHS TaKOTO
TOIJIMBHOI'O 3JIEMEHTA NIOKa3aHa Ha puc. 4.13.

YenenHoe ¢GyHKIHOHHpOBaHHE ogHOKamepHoro TOTD tpebyer wc-
MOJIb30BaHMs BBHICOKOCCIICKTHBHBIX aHOJA U KaTojaa. AHOIHBIN MaTephai
JIOJDKESH TOJIBKO OKUCIISITh TOIUTMBO U UTHOPHUPOBATH KHCIOPO/I, B TO BPEMsI
KaK KaTOJHBIN MaTepuai IOJKEH TOJIHKO BOCCTAHABIMBATH KUCIOPO U HE
pearupoBaTh ¢ TomMBOM. O4YEBHIHO, UTO €ciii B omHOKamepHoM TOTD
HCTIONIB30BATh TaKOW TPaAWIIMOHHEIA 3JEKTPOAHBI MaTepHal, KaK IUIaTh-
HY, DJCKTPHYECTBO MPOM3BOAUTHCS HE OyAeT, Tak Kak Pt kaTammsupyer
KaK OKHCIICHHE TOILUINBA, TaK H BOCCTAHOBJICHHE KHCIopoaa. [InaTuHOBBIE
ANEKTPOJIBI OYIYT MPOCTO YCKOPSATH CTOPAHUE BO3YIIHO-TOILTUBHOM CMe-
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cu. [Ipyrue w3BeCTHBIC SJCKTPOIHBIC MaTepHaibl, Takue Kak Ni-YSZ
(xmaccuueckuit anoanbit matepuan TOTI) u LSM (TpaanuuoHHBIA Ka-
tToauslii Matepran TOTD), Takke He MOTYT OBITH MCIIOJIb30BAHbI B OJIHO-
KaMEpPHBIX TBEPJOOKCHIHBIX TOIUTMBHBIX IJIEMEHTAX, MOCKOJIBKY OHH He-
JOCTATOYHO CENEKTHUBHBI. THITMYHBIE BBICOKOCEICKTHUBHBIC HICKTPOIHEIC
MaTepHaibl SBILIOTCA METAJUIOKepaMHYECKUMHE, HallpuMep, JIETHPOBaH-
HBII raJOJIMHAEM WM HUKeneM okcun nepus (IV) — aist aHozna u cMeas-
HBIN okcua Smo s5Sro.5CoOs.¢ I KaToaa.

—_—

e

P

Tonnueo + 0z

a,

Puc. 4.13. Tlpunuun pa6otsl ogHokamepHoro TOTD

OpnnoxamepHast KoHCTpykuuss TOTD obnamaer psaoM NPEeUMYIIECTB.
Hampumep, 35eKTpoiIUT HE MOMKEH OBITh Ta30HETPOHHUIIAEMBIM, KaK B
OOBIYHOM TBEPJOOKCHIHOM TOIUIMBHOM 3JIEMEHTE, a HYXCH JIHIIb IS
3JIEKTPUYECKOT0 pasfesieHusl aHona U karoga. Kpome Toro, ymporieHue
TepMETH3AIMN AJIEMEHTa U CXEMBI II0JIa4d Ta30B CIIOCOOCTBYIOT MHHHA-
TIOpHU3alMU YCTPONCTBA.

Tem He MmeHee, ogHokaMepHble TOTD MMEIOT HECKOIBKO CEPhE3HBIX
orpanudeHuil. Tak, BBICOK PHUCK B3pblBa TOIUIMBOBO3IYILIHOH CMECH.
B cBsi31 ¢ 9THM OOJBIIMHCTBO MOTOOHBIX YCTPOUCTB IKCIUTYaTHPYIOTCS Ha
OUYeHb pPa30aBIEHHBIX, OOBITHO <4%, TOIUIMBHBIX CMECSX, YTO HEU30EIKHO
NIPUBOJUT K CHUXKCHHUIO MPOU3BOIUTENBHOCTH. K TOMy e 351eKTpoaHbIe
MaTepuaibl HUKOIZa He sBisAioTCs cenekTuBHBIMU Ha 100%. Kak cnen-
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CTBHE, TOOOYHBIC HEIJICKTPOXUMHUUCCKHIE PEaKINU CHIDKAIOT MPOICHT UC-
MOJIb30BaHMs TOIUIMBA U 3P PekTuBHOCTh TD B menom. HecMoTps Ha 3TH
orpanuueHus, onHokamepHsie TOTD cylecTBEHHO YHPOIIAIOT KOHCTPYK-
LU0 TBEPJOOKCUIHBIX TOIUIMBHBIX JIEMEHTOB, & IIOTOMY OCTAIOTCS MHO-
roo0emarone TeXHOIOTHEH.

Pabota obeckameprnoco meepOOOKCUOHO2O MONIUBHO2O INEMEHMA
(puc. 4.14) ocHoBana Ha koMOuHaIUH wiameHn ¢ TOTD OTKpBITON KOH-
cTpykuun. [lmams, 6oratoe HECTOPEBIIMM TOILTHBOM, IOMEIIAIOT Ha pac-
CTOSIHMU B HECKOJIbKO MIJUTUMETPOB OT aHoja. OHO JOCTaBJISET YaCTUYHO
OKHCJIEHHOE TOIUIMBO (HAIpuMep, MOHOOKCH/] YIJIepo/ia) K aHOy, B TO JKe
BpeMs 00ecrednBasi BEICOKYIO TeMIEpaTypy, HEOOXOIUMYIO Al (GYHKITH-
onnpoBanust TOTD. Karox cBOOOAHO KOHTAKTHPYET C OKPYKAIONIIM BO3-
IYXOM, COJICP)KAIlUM OKHCIHTENb — Ta3000pa3HBIN KHCIOPOX. DIEeMEHT
HMeeT HECKOJIBKO OONBIINI pa3Mep, 4eM IDIaMs, a TOTOMY TepMEeTH3aIliH
He TpeOyeTcs, U yCTPOMCTBO MOXeT paboTaTth B OeckaMepHOW KOHpHUTY-
pauuu.

Bo3gyx
KATON
AHOL Puc. 4.14. Cxemaruueckoe U300pakeHHe
" nponykTel Wenonkoro 6ecKaMepHOTro TBEPAOOKCHIHOTO
cropanma (CO, Han TOIIMBHOTO DJIEMEHTa
npyrwe)

HCTOMHHWK OTKPBITOTD
nnaMeH

beckamepubiii miamensslii TOTD wumeer psn npeumyiects. Bo-
MIEPBBIX, YCTPOHCTBO MOXKET pabOTaTh NMPAaKTHYECKH Ha JIFOOOM YIiepon-
CoJieprKallleM TOILIMBE, IOTOMY YTO IPOMEXKYTOUYHBIE TPOLYKTHI HEMOIHO-
rO OKMCJIEHHs B IUIAMEHU CXOXH Ul BCEX BHJOB yIIeBOJAOpOAoB. Bo-
BTOPBIX, KOHCTPYKIHSA STUCHKH O4eHb MpocTa. AHOJ KOHTaKTHUPYET C "BEI-
XJIOTHBIMH" T'a3aMH, 00pa3yIONIMMUCS B 000TAIlEHHOM TOILUTUBOM ILTaMe-
HH, a KaTox "HBIIMT" OKpYy’)KarommuM Bo3xyxoM. Cucrema sBISeTCS Tep-
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MHYECKH CaMOIIOAICPKUBAIOIICHCS U OBICTPO 3aIrycKaeTcsi, 0OBIYHO B Te-
YCHUE HECKOIBKHUX CEKYH]I.

K HemocTaTkamM MOXHO OTHECTH HHU3KYH 3(P(EKTUBHOCTH, MAIYIO
MOII[HOCTh U MPO0OJieMy 00pa30BaHus TBEPBIX IPOIYKTOB CTOPAHHS yIiie-
BOJIOPOJHOTO TOILIMBA (KOKCOBaHWs). TeM HE McHee, OECKaMepHBIC TOII-
JIUBHBIC 3JIEMEHTBI MOIYT HalWTH BEChbMa HHTEPECHBIC NPHMCHEHUS, B
YaCTHOCTH, IPH YPE3BHIUANHBIX CHTYaIlNSIX, KOTIA IPOU3BOJICTBO DJICK-
TPO3HEPTHU OOBIYHBIM 00pa30M HCKITIOYEHO, HO MOXKET OBITh 00ECIeUeHO,
HaTpHUMep, OT KOCTpa.

TeepoooxcuonbIll MONAUBHBIL INEMEHM C HCUOKUM OT0BAHHBIM AHO-
0oM TIO3BOJISIET MPE0OPA30BATh XUMUYUECKYIO SHEPIUIO MMOYTH JIFOOOTO yT-
JICPOJICOICPIKAIIETO TOIUTHBA (HAIIPUMEp, YIIIs, HIETbl, OHOMACChI, Jaxe
TTOJIMATHJICHOBBIX MTAKETOB) HANIPAMYIO B 3JIEKTpHUYecTBO Oe3 prdopmuHTa
WM WHOW TIPpeIBapUTEIbHON 00paboTku. Takol TOTUTMBHEIN AJIEMEHT HC-
MOJIb3YET JJICKTPOJIUTH M KaTOJIbI, OOBIYHBIC JUII TBEPIOOKCHIHBIX 1O,
OJTHAKO OCHOBOM aHOJa SIBJISAETCS KUAKOe 00Bo. Cxema paboThl TBEPIO-
OKCHIHOTO TOIUIMBHOT'O JJIEMEHTA C YKHKUM OJIOBSIHHBIM aHOJIOM IOKa3a-
Ha Ha puc. 4.15.

n - Hnokuia
Epnere onossaHHbiit Y SZ- MopucTbiid
cenapatop anon aNeKTPONUT  katon

|

Tonnueo

1/28n+ 0=
1/28n0,+ 2e

H,0,
CO;. SO:

Puc. 4.15. Ilpunuun padotsl TOTD ¢ )KUAKAM OJOBSHHBIM aHOOM
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OneMeHT paboraer c HCTIOJIE30BaHUEM OKHCIIHTEIBHO-
BOCCTaHOBHTENBHOW napbl Sn/SnOz. Ha MexdasHoi rpanune aHox / aiek-
TPOJIUT KHUAKOE OJI0BO OKHcisercss monamu O>~ mo SnOz. Oxcup 3aTem
TPAHCHOPTHPYETCSI K TPaHMIIE aHOJ| / TOIIMBO, Ha KOTOPOW B MPUCYTCTBUH
BoccTaHoBHTENs (TorumBa) SnO2 mpeBpamaercs o0paTHo B Sn, OJHOBpe-
MEHHO OKHCJISISI TOILUTHUBO. 31eCh JKHJIKOE OJI0BO (PYHKIHOHHUPYET B Kade-
CTBE HHTEpMeIWara, MOIBEPrasich IHKINYECKOMY OKHUCIUTEIBHO-
BOCCTaHOBHUTEIEHOMY peoOpa3zoBaHuio B SnO» Ha MOBEPXHOCTH JKHIKOEC
onoBo / YSZ, u o0paTHO B Sn — Ha rpaHUIE XHIKOE OJIOBO / TOILIUBO.
DTOT mporecc MpOTeKaeT JAOCTATOYHO OBICTPO M B MPUCYTCTBHU CaMBIX
pa3HbIX BUIOB ToIuIMBa: Bogopoaa (Ha okucnsiercs 10 BOAbI), YIiIeBOIO-
ponos (okucsttorest 1o CO2 n Hx0), C u CO (mpespammatorcst 8 CO»), ce-
pst S (o6pasyet SO2). Takum 06pa3oM, TBEPIOOKCHIHEIC TOILIMBHEIE JJIe-
MEHTHI C XHIKHAM OJIOBSTHHBIM aHOJOM SBJISFOTCS MCTOYHHKAMHU TOKa C
BeChMa THOKHM BBIOOPOM THIA TOIUIMBA, YTO JICIACT WX BEChMa IpPHUBIIC-
KaTeJIbHBIMH JUII MHOTHX TeXHOJIOrHi. OJHaKO B HACTOsILIEE BpEMs Tpe-
Oyemast paboyasi TeMIiepaTypa TakHx yCTPOMCTB JJOCTaTOYHO BbICOKa (0o0-
nee 900 °C), B TO BpeMsi Kak MOIIHOCTh OcTaeTcsi HU3Koi. Kpome Toro,
po0JieMbl JOJTOBEYHOCTH MATEPHANIOB U YCTAHOBKH B II€JIOM JOJDKHBI
OBITh UCCIICAOBAHBI JOMIOJIHUTEIBHO.
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