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TepmoagrnHaMuKa rajJbBaHUYECKOTO JIEMEHTA

DJIEKTPOXUMHUYECKHUE IETH C CAMOIIPON3BOJIbHO MPOTEKAIOIIEH XUMUYECKOM
peaknuen (£ > 0; AG < 0), Ha3pIBalOT raJibBAHNYECKUMH JIeMEHTAMH.
OO0bvenunssa ypaBHeHne AG=—nFE u ypaBuenue ['nooca-I'ensmrosbia

AG = AH + T 18G)
T

rae AH — H3aMeHeHHe 3HTAJbIIMHU B X0Je XUMHYEeCKON peaKiiui

MOJIy4aeM AH dE
E=mar TTar @0
Taxk kak d(AG) =—AS, To o = Aﬁ TaxuMm o6pazom, TeMIepaTypHHIH
n

KoadpdunuenT IJ[C xapakrepusayeT naMeseHne sHTponuu AS B xofe
COOTBETCTBYIOIIEe# XHMHUECKOH peaKnuy, a BeruumHa AH xapakxre-
pHu3yeT o6mHi TenJoBOM 3¢PeKT XHMHYEeCKOH peaKIINH IIpA ee o6pa-
THMOM IPOTeKAHHH B YCJOBHAX NOCTOSHHOI'O JaBJIeHHUA.



TepmoaunaMuka rajibBAHUH4E€CKOI0 3JIEMEHTA

I Bapuant dE
Ecan 37 <0, To XUMHUYeCKas peaKIlsl, IpoTeKawIas B raJibBaHU-

YeCKOM 3JIeMeHTe, MOXKeT OBITh TOJBKO 3K3oTepMmueckoi (AH < 0).
ITockoJBKY NIPH ee MPOTEKAHUM SHTpONHsS yMeHbInaercs (AS < 0), To
paboTa raJbBaHHUECKOr'0 3JJeMEeHTa JOJIXKHA COIPOBOXKAAThCS BhIfiese-
HHeM TeI1oThl. CireioBaTeIbHO, B YCIOBUAX TEIJIOU30JIANNHN 3JIeKTPO-
XHMMHYecKasa cucTeMa OyzeT HarpeBaTbCcs. TaKnM o6pa3oM, Ipu paboTte

dE
raJbBaHHYECKOro 3JIeMeHTa B YCJIOBHAX T <0 3a cueT yOBLIN DHTAJb-

IIMHY coBepIIaeTcd 3JeKTpudeckas pabora nFE u BulessieTcA TeIlJIOTa

B Koaudectse nkFT fd—-fi‘
dT

II Bapuant dE
Ecan T =0, To peakus TaKyKe MOXeT ObITh TOJIbKO 3K30TepMH-

veckoit (AH < 0). Tak xak AS = 0, To paboTa ranbBaHHYECKOro dJje-
MeHTa, coBepilaeMasi 3a cUeT YOBLIM SHTAJILNUHA, He JOJJKHa COIpPO-
BOXKIAThCS TeNJOBLIMH 3ddeKTaMH.



TepMoauHaMHUKa rajJJbBaAaHHYECKOT0 3JIEMEHTA
III u IV BapuaHTtel

dE
Ecau ET;>0, TO IPOTEeKAaloniasd B rajJbBAHUYECKOM 3JIeMeHTe XH-

MH4YecKasl peaKIUs compoBoxkaaeTca pocToM sHTponuu AS > 0. Ilo-
3TOMY IIpH paboTe TaKOro 3jieMeHTa [IPOUCXOANT IIOIJIOMIeHHe TelJIo-
Thl M3 OKpYykalomieil cpefbl. Ecam ke 3jleKTpoXMMHUYecKas Ielb

dE
H30JHpPOBaHA, TO OHa oxJakgaerca. IIpu ycroBum C—I?P->O XHMHYe-

CKad peaKINs B 3JleMeHTe MoXXeT OBITh KaK 3K30TepMUUYECKOH, TaK U

spforepmudyeckoin. Ecam AH < 0, To ajnekTpuyeckas pabora cosep-
I1aeTcs 3a cUeT yOBLIM 3HTAJBINMU M 3a CUYeT 3HTPONHMHOIO 4YJieHa

dE
Tﬁ >0. Ecan AH = 0, To ajiekTpHUuecKkas paboTa copepuiaeTcs TOJIb-

KO 3a cYeT pocTa 3HTPONHUM B CHCTeMe.

[IpuMepoM SBIAAIOTCS KOHUEHTPAUUOHHbIE e, COCTABICHHBIE U3 JIBYX
OJIMHAKOBBIX AJICKTPOJIOB (COOTBETCTBEHHO, XMMHUYECKAsI PEAKIIUS HE
npotekaeT u AH=0), HO C pa3HOW KOHICHTPALMEN SJIEKTPOIUTA.



TepmoagrnHaMHuKa rajJbBaHUYECKOTO JIEMEHTA

V Bapwuanr (ouens pedxuii)

peakuuda sHAgoTepMudeckas (AH > 0), so T &5 > il
dT nF

3a cyer DSHTponUUHOrO (Qaxkrtopa (pocTa HDHTPOINUM CHCTEMBI)
COBEPIIACTCS DJIEKTPUUECKass padoTa W YBEIMYUBACTCS DHTAJIBIHS
CHUCTEMBI.

[Tpumep: e «xiopcepedpsabiil I1eKmpoo | KAIOMeNb bl IAeKmMpPOoOy
Ag, AgCl | HCI [Hg,Cl,, Hg | Ag,

B KOTOPOH OCYIIECTBJISETCA peaKI s

%ngmz + Ag — Hg + AgCl.



Bo BcexX MpakTUYECKUX TrajibBAHUUYECKUX AJIEMEHTaX
(xumuuecknx ucrtounukax toka, XMUT) peanuzyrorcs
sKk30TepMHUYECcKHE peakiuu (AH < 0), a posib SJHTPONUMHOTO
(hakTOpa HE3HAYNUTEIBbHA.

[Ipu paboTe Bce MpaKTUUECKUE FaJIbBAHUYECKUE DJIEMEHTHI
HarpeBaroTCs, T.K. IPOUCXOAAIINE B HUX MPOLECCHI
HEPABHOBECHBIE, U YACTh MOJE3HOW Pa0OThl HEU30EHKHO
IIpeBpallaeTcs B TEIIO.

Picture is an axample only




Hcnionp3oBanue D /1C st HaX0XKACHUS

TEPMOJIMHAMHUYECKUX (DYHKIINH
Oomee ypaBHeHue AG = AH — TAS = —nFE

1 »Tam: pacdyeT u3MeHeHHs CcBOOOAHONW HHepruu ['md6d6ca AG U KOHCTAHTHI
XUMHUYEeCKOro paBHOBecHs K

AG® = —RTInK , = —nFE"
InK, = nFE'/RT wan K, = exp(nFE’/RT)
2 3Tall: pacyeT U3MEHEHUS SHTpOoNUH AS 1o TeMnepaTypHou 3aBucumoctr JJ1C

dE
AS =nF —
dT
3 3Tamn: pacueT u3MeHeHus SHTATILINU AH 110 0011I€My COOTHOIIIEHUIO
AH = AG +TAS
unu
2 JrTam: pacdyer U3MEHEHus SHTanbnuu AH 1o TeMmeparypHOM 3aBUCUMOCTH
AL d(E/T) _ AH
d(1/T) nF

3 3Tam: pacyeT U3MEHEHHUs SHTponuU AS 110 00IEMYy COOTHOIIICHUIO
AS = (AH - AG)/T



OKHCIIUTEIbHO-BOCCTAHOBUTCIILHBIC ITIOJIYPCAKIINHU
Ecnu B 3JIEKTPOXUMHUUYECKON LIENU MPOTEKAET PEaAKUUA
v,0x, + v,Red, = v,Red, + v,0x,
TO OHA Pa30MBAETCS Ha 2 AIEKTPOIHBIX MPOIEcca WX 2 OKUCIUTEIBHO-
BOCCTAaHOBUTEIIBHBIE TTOJIYPEAKLINU
Ox;+ n,e = Red,

Ox, + n,e = Red,
[Tou »TOoM
rje n — 4YHCJO 3JIEKTPOHOB — HaWMEHbIIEEe 00IIee KpaTHOE YUCEN 7,
un
2

Kaxgoil 1mojdypeakuuu 1eaecoo0pa3HO IPUIIUCATh  OIpeAcICHHBIN
9eKMPOOHbBIIL NOMEeHYUal, TaK, 4YTOObl Pa3HOCTh 2 BJICKTPOIHBIX
noteHranoB aasajia 3/1C cymMmmapHoOM 1ienu (peakiun).

Ho HEBO3MOKHOCTB N3IMCPCHUA OTACIIBHOI'O I'dJIbBAHU-IIOTCHIIHNAJIA
O03HA4Y4aCT HCBO3MO>KHOCTb U3MCPCHUA aOCOJIIOTHOTO QJICKTPOJAHOI'O
IIOTCHIIHMAJIA. Mo>kHO N3MCPHUTDL TOJIBKO PA3HOCTD ITIOTCHIIHUAJIOB.




DHEPreTUIECKAs AnarpaMma IPAHUITHI
METAAA — PACTBOP
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3aHaTaa opbutans)

3aHaTas opburans)

MeTann PacTteop Metann  Pacrteop

BoccTanoeneHume OkucneHwne

CxeMaTuvecKoe NpeJCTaBICHUEe DHEPreTUYeCKUX YPOBHEH B XOJe OKHCie-
HHA ¥ BOCCTAHOBICHMA MOJEKYJIBL: BOCCTAHOBJIEHHUE MPOUCXOAUT Hosee Jerko

IPH HU3KOM YHepruM BakaHTHON opburamm HB; okucirenne — npu BeICOKOM
SHepru# 3aHATON opOutamn B3



DAEKTPOXMMHIYECKHUH ITIOTEHITNAA Ha3bIBAIOT TAKXKE YPOBHEM (MAM 3Hepruer) Pepmu

1 0003Ha9ar0T K. [Ipr 3AeKTpOXUMIYECKOM paBHOBECHH (IIPH PABHOBECHOM
3AEKTPOAHOM IIOTEHIINAAE) ypoBHU PepMu cIIpaBa U CA€Ba OT I'PaHUIIBI PaBHEL [Ipu sToMm
yposeub Pepmu cripaBa orpeaeasercs aaekTpoakTuBaoi mapoit Ox/Red B pacrBope,
obosurauaercsa Epd°% u pasen moaycymme suepruii yposaeit B3 u HB. Hepasercrso

ypOBHCI;‘I (DCPMI/I CIIpaBa U CA€Ba OT I'PAHUILIBI BBI3BIBACT IIPOTCKAHME SACKTPOXUMITYICCKOT'O
OKHCAECHUA NMA BOCCTAHOBACHUA U ITOABACHUE 3ACKTPHUYIECKOIO TOKA.

MoxHO cxeMaTHIHO NPeACTABUTDL TPU BO3MOMKHBIX COCTOSHMS HOBEPXHO-
CTHU pPa3jeia 3JeKT PO DIeKTpOoInT

SHeprua

3nexkTpog
MoTtenuuman

E > Egq

HB

EFr‘edo A

B3

JnekTponuT

3JHeprvsg

A

EF“M

&5 :

MoTteHunan

E=E.

Snek}pdn

SNEKTPONUT

e
D v
3nexkTpon,
MoTtenuman JnexkTponurt
E< Egp
[Bocera

B
CxemaTmieckoe IpeACTaBICHUE IOBEPXHOCTH PDA3 1614 3IEKTPOI|2IeKTpoInT
B TPEX BO3MOXHBIX CAyYadx: paBHoBecme (2); npepaaupyer okucierwme (1);

IpeBanupyerT BoccTaHoBaeHUE (3)



OTHOCHUTEIIbHAS IIKAJIA SJEKTPOIHBIX ITOTCHIAAJIOB.
CmanoapmHublii 6000POOHBLU INEKMPOO (C.8.9.): TNIATUHUPOBAHHAS IIJIaTUHA
HaXOJUTCS B paCTBOPE KUCIOThI C @, = 1,
ra3 H, nonaercs nox nasinexnuem 1 atm.

(paHblile UCMOJIH30BAJIM HA3BAHUE «HOPMAJIbHBIN
BOJIOPOIHBIN 3IEKTPO1» (H.B.3.))

DIIEKTPOAHBIN MOTEHIIMAJ C.B.3. IIPUHAT PaBHBIM HYJIIO.
Inexmpoonsiti nomenyuan E —>31o IJ1C paBHOBECHOU
BJIEKTPOXUMHUYECKOH LIETIU, COCTABIICHHOM U3
CTaHJIapTHOTO BOJIOPOJIHOTO JIEKTPOJIa U

uccieayemMoro sexkrpoja. Juddy3noHHbIN TOTEHIIHAT
Ha rpaHMIle IBYX PACTBOPOB JOJDKEH OBITh JJIMMHUHHUPOBAH
[Ipu 3amucH 2IEKTPOIHOrO TMOTEHIIMAIA CTaHAAPTHBIM

e— T
%]

2 1
BOI[OpOIIHI:IfI QJICKTPOJI paciojararoT CJICBa Puc. 6.6. CxeMa BOAOPOOHO-
- I'c 3JIeKTpOaa:
Pt, H,| HCI i pactsop(I) | M, | Pt P
BaHHOM nnaruHRl; 2 — pPacTBOp
Ecnu Ha mpaBOM 3JIE€KTPOJIE MOIIECPKUBAKOTCS KBGO

CTaHJapTHBIC YCJIOBUS (AKTUBHOCTH BCEX KOMIIOHEHTOB PaBHkbI 1, Temmeparypa 25

°C, naBineuue 1 atm), To OyIeT U3MEPIATHCA CMAHOADMHBLU 21eKMPOOHbLU
9 9
nomenyuan E°.



[IpaBUIIbHO PA3OMKHYTYIO LIETIh C BOJOPOHBIM
AIEKTPOJAOM OOBIYHO JIHUIIIb NOAPAa3yMEBAIOT, a
3aIIMCHIBAIOT LIEMIh KOPOYE:

Ox/Red. Hanpumep, BMecTo peaknun
Cu®* + H, = Cu + 2H",

orBevaronier IJ[C menn
Pt, H, | HCI ii CuCl, | Cu | Pt,

T. €. JJICKTPOAHOMY IIOTeHIIHaJy MeIH, OOLIYHO ITHIIYT
Cu®* + 2¢ = Cu

UJIHN OPOCTO Cu2+/ Cu.



Tabéauna craHAAPTHBIX 3JIEKTPOAHBIX MOTEHIMAJIOB

CoBpeMEHHbIEC TA0JIUIIBI JIIEKTPOAHBIX TOTCHIIUAIOB COJIepKaT Ooiee
500 mmonypeakuui, pacojJ0KEHHBIX B MOPSIKE BO3pacTaHus k.
KomOuHupys ux nonapHo, MoxxHo paccuutars IJIC 6osee 100 000
XUMUYECKUX PEAKIUN, ONIPEICIIUB TEM CaAMbIM HAIIPABJICHUE
MPOTEKAHUS PEAKIIUU U KOHCTAHTY PAaBHOBECHS .

Ecau 1y mapsl mojrypeakuuii ¢ 3JIEKTPOAHBIMU MTOTEHIManaMu £, u £,
E, Ox,+ n,e = Red,
E, Ox,+ n,e = Red,
okasbiBaercs, uto DJIC monokurenapua: E = (E; —Ep) >0
TO CyMMapHas PeaKius
v,0x, + v,Red, = v,Red, + v,0x,
MIPOTEKACT CJIE€BA HAIPABO.

B npoTMBHOM Cilydae OHA MPOTEKAET CIPaBa HAJICBO.



Tabruya 6.1. CrangapTHbIe 3JeKTpPOoAHbIe NOTEeHIMAJbLI HAJA HEKOTOPBIX
OKMCJIHTEJILHO-BOCCTAHOBHTEJILHBIX TTOJypeaKIHil B BOgHOMH cpexe npu 25 °C
H faBJeHHH 1 at™wm

Ionypeaxkuusa E’, B IMonypeakunsn E°, B
Sr'+ e =8Sr ~4,10 Cu’* +e =Cu’ 0,153
Ca "+ e =Ca -3,80 AgCl+e =Ag+Cl” 0,22233
3N,+ 2¢” + 2H" = 2HN, -3,09 Cu®"+2¢ =Cu 0,337
Cs"+e =Cs -3,026 Fe(CN)3™ + e~ =Fe(CN)%~ 0,358
Li+e =Li -3,045 O, + 2H,0 + 4¢ = 40H~ 0,401
K'+e =K -2,931 Cu’ +¢ =Cu 0,521
Ba’" + 2¢” = Ba -2,912 I(T) + 2¢” = 21" 0,536
Ca®’ +2¢ =Ca -2,868 Cl,(t) + 2¢ = 2CI° 0,68
Na'+e =Na ~2,714 PtCIZ™+2¢” = Pt+4Cl° 0,755
Mg?* + 2¢” = Mg ~-2,372 Fe®' + ¢” = Fe** 0,771
Al(OH),+ 3¢~ = Al + 30H™ | -2,31 AgF +e = Ag+F~ 0,779
AIFS” +3e = Al + 6F ~2,069 Hgi* + 2¢ = 2Hg 0,7973
A’ + 3¢ = Al -1,662 Ag" +e =Ag 0,7996
Ti?" + 2¢” = Ti -1,63 Br,(x) + 2¢” = 2Br_ 1,065
BaZ" + 2¢ (Hg) = Ba(Hg) -1,570 Cu?* + 2CN +¢ = 1,103
ZnO2™ + 2H,0 + 2¢” = ~1,216 = [CuCN),}

=Zn+ 40H Pt2*+ 2¢” = Pt 1,18




Tabnuia cTaHaapTHBIX 3JIEKTPOIHBIX TOTCHINAIOB

Mn2* + 2¢” = Mn

Fe(C,H;), + e =Fe(C,H,),
2H,0 + 2¢” = H, + 20H"
Zn?* + 2¢” =2Zn

FeZ' + 2¢” = Fe

Cd®* +2¢ =Cd

CuZO + HZO + 2¢ =

=2Cu+20H"

Ni’* + 2¢” = Ni
Agl+e =Ag+l
Pb*' + 2¢” = Pb

P(1»4:p.<31cm=11"i)+3e_+3H+=PH3
P(Genwrit) + 3¢” + 3H = PH,

Fe'+ 3¢ = Fe

D++e‘=LD

HY + ¢~ _LH

TlO +3I—I 0+4e =
——2Tl + 60H

-1,18
-1,1
-0,8277
-0,7618
-0,447
-0,4030
-0,360

-0,250
-0,15224
-0,126
-0,111
-0,063
-0,037
-0,013
0,000
0,02

O, + 4H" + 4¢” = 2H,0
TI*" +2¢” =T1"
Cl, + 2¢” = 2CI°

PbO, + 4H" + 2¢ =
= Pb?** + 2H,0
MnO, + 8H"' + be =
=Mn*' + 4H,0
Ce'" + ¢ =Ce®
PbO, + SO%™ +4H" + 2¢” =
= PbSO, + 2H,0

BlO +2e +6H"

= B12+ + 3H,0
Co¥" + 2¢™ = Co?%*
Ag¥t+e =2F
S,0%" + 2¢” = 2802~
F,+ 2¢ = 2F"
F, + 2H" + 2¢” = 2HF
XeF+e =Xe+ F

1,229
1,252
1,356827
1,449

1,507

1,72
1,6913

1,759

1,92
1,980
2,010
2,87
3,053
3,4




HUcnoab3oBanue Ta0IUIbI 3JIEKTPOAHBIX NOTEHUHAJIOB IIPH
COCTABJICHUM YPABHEHUUN XUMHYECKUX PeaKIui

Hanpumep, mpoBeneM pacyer s peakiui aHAIIMTUYECKOTO OTKPBITHUS HOHA

Mn?* BucmyraToM. JIj1sl 9TOr0 HaXOIUM
B TAOJIUIIEC TTOIXOAAIINE MOJTYPEAKIIHH.
ITO — 0OpaTUMBbIE MPEBPAILICHUS
nepManranar <> Mn?* (E%, =1,507 B)
BUCMYTAT <> Bi*" (EY%. = 1,759 B)
CuiibHEE OKHCIUTEID C 00JIce
HOJIOKHUTEIBHBIM E°, B JTaHHOM cily4ae -
- BACMYTAT CWJIbHEE TI€pMaHTaHaTa.

[Tonypeakuns E' B
MnO, +8H" +5¢ = _ |1,507
=Mn*" + 4H,0
Ce'' + ¢ =Ce®* 1,72
PbO,+ 805 +4H" +2¢" = | 1,6913
=PbSO, + 2H,0
BiO; + 2¢ +6H = 1,759

= Bi*" + 3H,0

IMockombky (E%; — EY%,) = 1,759 — 1,507 = 0,252 B > 0, To BOCCTaHOBJICHNUE

BUCMYyTaTa HOHOM Maprabdnioa HACT CaMOIIPOU3BOJIBHO C KOHCTAHTOU

pPaBHOBECHUS

K, = exp(nFE’/RT) = exp(10-96485-0,252 /8,341-298) = 4x10%
T.€. PABHOBECHE MOJIHOCTHIO CMEILIEHO B CTOPOHY 00pa30BaHUs MPOAYKTOB.

AHAJOTHYHO MOKHO onpeacJuTb HAIIPABJCHHUNEC U KOHCTAHTY PAaBHOBECCUHA

JI000M peaoKC-peaKkInum.




Hcnonb30Banue TaOIUIBI SJIEKTPOJHBIX MTOTECHIIUAIOB TIPH
COCTABJICHUH YPABHEHUUN XUMUUYECKUX PEAKIIUU

KoadpuumneHTsl cyMMapHO# XUMHUYECKON PEAKIIMU HAXOJIUM TAK¥KE C

MCIOJIb30BAHUEM TAOIHUIIBI TOTCHIIUAJIOB. Tonypeakuus E,B
JIJ1s1 KaXK10M TTOJIypEAKIIMA JaHO YUCIIO MnO, +8H" + e = . 11,507
v =Mn"" +4H,O
AJEeKTpOHOB 1. HeoOx0oaumMo HalTH 2
Ce'* + ¢ =Ce® 1,72

HanMMEHBIIIEE 00IIee KpaTHOE 7 JJIsl .

. PbO,+ 805 +4H" +2¢" = | 1,6913
n, U N, IByX MOJYPEAKIUH. = PbSO, + 2H,0
JTO — CIIOCO0 COCTABICHUSA XUMUYECKUX BIO; + 26" + 6H = 1760
YpaBHCHHUU I10 YHCIIY DJICKTPOHOB. =Bi"" +3H,0

Ilnga n, =2 u ny, = 5 HaMeHbIlee obmee kpaTHoe n = 10, a noTo-
My v, =10/ n; =5uv, =10/n, = 2. CyMMapHasg XNMHYECKad peax-
105 B IaHHOM IIpHMepe 3allChIBaeTCs B BHJe

5Bi0; + 2Mn”" + 14H" = 5Bi’* + 2MnO, + TH,0.

AHAJOMYHO MOKHO COCTABHTH VYPABHEeHHE ¢ KO dumeHTaMu 1Js J1I000M
PEIOKC-PeAKIUN.




