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Standard Electrode Potentials and Temperature Coefficients in Water 
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A great deal of solution chemistry can be summarized in a table of standard electrode 
potentials of the elements in the solvent of interest. In this work, standard electrode 
potentials and temperature coefficients in water at 298.15 K, based primarily on the "NBS 
Tables of Chemical Thermodynamic Properties," are given for nearly 1700 half-reactions 
at pH = 0.000 and pH = 13.996. The data allow the calculation of the thermodynamic 
changes and equilibrium constants associated with ~ 14 m11110n complete cell reactions 
over the normal temperature range of liquid water. Estimated values are clearly distin­
guished from experimental values, and half-reactions involving doubtful chemical species 
are duly noted. General and specific methods of estimation of thermodynamic quantities 
are summarized. 

Key words: electrochemical cell reaction; equilibrium constant; half-reaction; standard electrode 
potential; standard enthalpy, entropy and Gibbs energy change; temperature coefficient; third-law 
entropy 
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A standard electrode potential E U is defined as the po­
tential (in volts, V) of a half-reaction relative to a reference 
electrode at a specified temperature, all chemical species be­
ing in their standard states at unit activity. These states may 
be arbitrarily defined as pure crystalline solids, pure liquids, 
ideal gases at one atmosphere fugacity (1.013 25 X 105 Pa), 
and ideal solutes at unit molality. The most common tem-
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perature for the tabulation of standard electrode potentials, 
as for other thermodynamic data, is 25 ~C (29~.15 K). 

For the solvent water, the usual reference electrode is 
the standard hydrogen electrode (SHE), EO for the half­
reaction 

(1) 

being assigned a value of zero volts at all temperatures. The 
SHE may be abbrcviatcd asEO[H+ IH2 (g)]. Thcsymbole­

in a conventional half-reaction represents one electrochemi­
cal equivalent (i.e., one mole of electrons). 

The classic reference for standard electrode potentials 
in water is Latimer's "Oxidation Potentials,,,j which pro­
vides E 0 values for a large number of half-reactions at 298.15 
K. de Bethune and others2

-4 have shown that the tempera­
ture dependence of EO is approximately linear between 
273.15 and 373.15 K, and have extended Latimer's work 
over the normal temperature range of liquid water by tabu­
lating temperature coefficients of standard electrode poten­
tials dE 0/ dT: 

J. Phys. Chern. Ref. Data, Vol. 18, No.1, 1989 
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(
dE O\ 

E~ = E~98 + (T - 298.15)' --) , 
dT 298 

(2) 

Temperature coefficients may be conveniently expressed in 
millivolts per kelvin, m V IK. As with E ° values, dE °1 dTval­
ues are defined relative to dE 0/ dT for the SHE being equal to 
zero at all temperatures. The accuracy ofEq. (2) depends on 
the assumption that EO is a linear function of temperature. 
This is not quite true, although the errors incurred are often 
small. Deviations from linearity are discussed in Sec. 8. 

The works of Latimer l and de Bethune et aF-4 have 
been widely quoted. Unfortunately, however, their primary 
reference is the Circular 500 of the United States National 
Bureau of Standards (NBS),5 now, the National Institute of 
Standards and Technology (NIST), which has been ren­
dered obsolete through modem publications by the Insti­
tute.6,7 The need exists for a table of standard electrode po­
tentials and temperature coefficients in water at 298.15 K 
which is based on the modern NBS tables. 

2. Sources of Thermodynamic Data 
Standard electrode potentials and temperature coeffi­

cients at 298.15 K are presented in Table 1. The elements are 
arranged by Periodic Table family for easy access. The pri­
mary sources of thermodynamic data used in this report are 
the "NBS Technical Note 270" series6 and the "NBS Tables 
of Chemical Thermodynamic Properties.,,7 The data tabu­
lated in Refs. 6 and 7 are not yet supported by a published 
bibliography; information about the selection of thermody­
namic values for specific chemical species may be obtained 
by writing to the Director, Chemical Thermodynamics Data 
Center, Room A158, Chemistry Building, National Insti­
tute of Standards and Technology (NIST), a aithersburg, 
MD 20899. Reference 7 contains a detailed discussion of the 
problems ofinternal consistency encountered when combin­
ing thermodynamic data from different sources. In this re­
port, an attempt has been made to keep non-NIST sources to 
a minimum, calling upon them only when the values are 
clearly superior to NIST , or when NIST provides no data. 

Auxiliary rcfen::Hces which plovide much data 110t giv­
en by NIST are "The Hydrolysis of Cations" by Baes and 
Mesmer,8(a) a follow-up paper by the same authors,8(b) and 
"Standard Potentials in Aqueous Solution." edited by Bard. 
Parsons,and Jordan.9 (For reasons discussed below, the lat­
ter reference has been used with discretion.) Some thermo­
dynamic data used in this report have been taken from "Ad­
vanced Inorganic Chemistry·' by Cotton and Wilkinson, 10 

but this popular text has served mainly as a rich source of 
descriptive chemistry for the estimation of thermodynamic 
quantities (vide infra) . Thermodynamic prediction methods 
developed by the author 1 1-13 have aided in the compilation 
of standard electrode potentials and temperature coeffi­
cients of the lanthanides and actinides, and, with appropri­
ate modification, for a few other elements. Thineen standard 
Gibbs energies of forrilation and eight standard entropies 
(none of which has been superseded by NBS6,7) have been 
taken or deduced from Latimer. I The standard enthalpy of 
formation of FeO~ has been taken from de Bethune et al.2 
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2.1. Uncertainties 

Following NBS,6,7 the probable uncertainties associat­
ed with the EO and dE ° I dT values in this report are implied 
by the number of digits tabulated. EO and dE 0/ dT values in 
Table 1 are believed to be uncertain by less than ten units in 
the last digit tabulated. For experimentally based values, the 
number of digits tabulated reflects the cumulative uncertain­
ties in the thermodynamic data. For estimated values (en­
closed in parentheses), the number of digits tabulated re­
flects the uncertainty in the method of prediction (vide 
infra). The author accepts fuB responsibility for all estimat­
ed values in this report. 

It is necessary to discuss Ref. 9 in some detail at thi. 
point, because ostensibly it has already accomplished the 
goal of this report. (However, the present work contains 
many more temperature coefficients of electrode potentials 
than does Ref. 9.) It can be verified from personal experience 
that it is a colossal undertaking to assemble a critically evalu­
ated table of thermodynamic data for inorganic compounds; 
the approach taken by Bard et a/.9 has been to divide the 
work among several chapter authors. Unfortunately, some 
of the authors have taken or deduced EO and/or dE ° I dT 
values from Latimer,l de Bethune et al.,2-4 and the NBS 
Circular 500,5 although such values have been superseded by 
the more recent NIST publications.6,7 The following chap­
ters in Ref. 9 contain extensive tables of such outdated val­
ues: Chap. 5 (E ° and dE °1 dT for F and EO for I); Chap. 6 
(dEo/dT forS-Te); Chap. 7 (EoforN andP); Chap. 8 (EO 
anddEo/dT forC-Pb); Chap. 9 (EoanddEo/dT for Gaand 
Tl); Chap. 17 (EoforNband Ta); Chap. 18 (EO for Ti-Hf); 
Chap. 22 (dEo/dT for Mg-Ra); Chap. 23 (EoanddEo/dT 
for Li-Cs). Admittedly, in some cases, the absolute differ­
ences between the old 1-5 and new6•7 EO or dE 0/ dTvalues are 
less than the sums of their assigned uncertainties. IIowever, 
it would appear that a simple retabulation of the old values 
undermines the primary objective of Ref. 9, which can be 
construed from the preface as "to incorporate a wealth of 
new data in order to provide critically selected values and the 
best estimates now available." 

. On the other hand, over 1 00 of the EO values in Ref. 9 
differ significantly from the values listed in Table 1. Exam­
ples include EO [Te(c), H+ /H2Te] = - 0.740 V (Table 1: 
- 0.46 V); EO [N2(g),H+ IHN3 ] = - 3.10 V (Table 1: 

3.334 V);Eo [H2Si04
2- /Si(c),OH-] 1.69 V (Ta-

ble 1: - 1.834 V); EO [Ta20 5 [(c,/J),H+ / 
Ta(c)] -0.81V(Tablel: 0.752V);EO[Ti(OH)/+, 
H+ /Ti(c)] = - 0.86 V (Table 1: - 1.00 V), and EO 
[C~-I- /Cs(c)] = - 2.923 V (Table L 3.026 V). The ap­

plication of Latimer's equilibrium datal on H2Te, H2SiO~ , 
and Ti( OH)~ + to the modern NBS tables6,7 instead of to the 
NBS Circular 5005 yields EO values in essential agreement 
with Table 1; the other E ° values in Table 1 (involving HN 3' 

Taz0 5, and Cs +) have been calculated directly from the 
modern NBS tables. 

Some of the data in Ref. 9 disagree with that in Table 1 

because they have been calculated or assigned incorrectly. 
For example, the E ° values given for those vanadium species 
whlch predominate in ba~;ic solution (p. 523) have been cal­
culated for unit activity H+ (aq) and are 0.8-2.9 V more 
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Table 1. Slaadard Electrode POIODtials a.ad Teaperature 
CoelficieDu iD Water at 291.n I 

Add SolutioDs 
(pH = 0.000) 

H+/HZ(g) 

W 1HZ 

H+ IH (8) 

HZ (g) I H-

£0 d£O/tIT Buic SOIUtiODS 
(V) (aV/I) (pH & 13.996) 

Hydro,eD6. 7 

0.0000 0.0000 HZOUiq) / H2 (g). OH-

-0.091 -0.378 HZ (g) I H-

-Z.1067 O.:HJ I HZO (1jq) / H (g). OH' 

(_Z.-40)a(-1 .. 48) 

lithiu.6 -S 

Li'.HZ(g)/LiH(c) ·Z.331 -1.Z8~ LiOH(c)/Li(c).OH-

Li+ / Li (e) -3.040 -O.~J.C Li+ I Li (e) 

LiOn / Li (e). OH-

Soeliu.6-S 

Na'.H2(g)/NaH(c) -Z.367 -IS)O NaOH/Na(c).OH-

Na+ I Na(c) -2.7H3 -0.~7 Na+ INa (e) 

Potassiu.6-S 

K'. HZ (g) / KH (c) (-Z.~8)b (-1.90) KOH IJ:: (c). OH-

K' I K (c) -Z.936 -1.074 K' I K (e) 

Rubidiu.6• 7 

Rb'. HZ (8) I RbH (c) (-Z.66)b (-1.99) RbOH / Rb (c).OH-

Rb'/Rb(e) -Z.4t3 -1.140 Rb'/Rb(e) 

Cesiu.6-11 

Cs'. HZ (g) I CsB (c) (-Z.72)b (-2.0<0 CsOH I Cs (e). OB" 

Cs' / Cs (e) -3.026 -1.172 Cs+ I Cs (e) 

Fr'. HZ (8) I FrH (e) 

Fr+ I Fr (c) 

FraDciu.6• 7 

(-z.m (-Z.O 

(-Z.9) (-1.2) 

FrOH I Fr (c),-OH-

Fr' IFr (c) 

&etyllia.6-. 

BeOH'. H' I ~ (c) -1.808 (0.3) Be<OH)i- I Be (c), OH-

Be3(OH)33'. W I Be (e) -1.880 Be<OH)f { Bdd. OH-

£0 dEG/tIT 
(V) (aV/I) 

-0.8Z80 -0.8360 

(-Z.40)a(-1.48) 

-Z.9347 -0.3249 

-Z.9Z0 -0.930 

-3.040 -0.~1-4 

-3.060 -0.~9 

-Z.704 -0.73 

-Z.71-43 -0.n7 

·Z.909 (·0.9) 

-Z.936 -1.07-4 

(-Z.91) 

-Z.4t3 -1.140 

(-2.97) 

-J026 -1.172 

(-2.8) 

(-Z.9) (-12) 

-2.~17 -0.7;,1 

-Z.~Z 

BeZ+ I Be (e) -1.968 (0.60) 

BeZ" HZ (g) / BeHz (e) (-Z.26) (-Om) 

Be(OHlz (pl)! Be (c). OH- (-2.~8)b (-1.0;)) 

Be(OHlz (c. (I) I Be (e). OH- -Z.~98 -I.OZZ 

BeO (c) / Be (c). OR- -Z.606 -1.174 

Be<OHlz (q) I Be (e). OH- -Z.609 -1.001 

" ••• lI:sl .. a 6 & 

MgOH'. ft+ I Mg (c) 

Mg4<OH)4"'. W I 

Ma(e) 

-2.02Z (O.Z5) 

-Z.067 

MgZ,. Hz (g) / MgHZ (e) -2.173 -0.486 

-2.360 0.199 

MgO (c) I Mg (c). OB- -2.550 -I.1Z0 

Mg<OHlz (pt) I Mg (e). OH- (-Z.6S)b (-0.98) 

Mi(OHl:2 (el I Ma (c). on- -ZMO -09-46 

Calciua6-1 

Ca2'. HZ (g) I CaHZ (e) -Z.lO~ -0.86 

CaOH+. B+ I Ca (e) -2.488 -0.05 

Ca2' f Ca (c) -Z.868 -0.186 

CaOfi+ {Ca (e), OH- -Z.902 -0.46 

Ca(OHlz (e) I Ca (el, OH- '3.0Z2 -0.991 

Table 1. Staadard Electrode POlOatials aDd Teaperature 
Coelficieau ia Water at 291.1' I -- Coatiaueel 

Acid SOIUtiODS 
(pH -0.000) 

£0- d£O/tIT Buill: Solutioa. £0 dEo/tIT 
(V) (aV/I) (V) (aV/I) (pB -13.996) 

StroDtiua6 -1 

srZ'. HZ (g) I SrHZ (e) (-Z.16)b (-0.90) 

srOU+. U+ I Sdc) 

S,.z, fSdC) 

-Z.506 

-2.899 -0237 

StOH+ I Sr (e). OH­

Sr(OHlz'8 HZO(e) I 

Sr(c).OH' 

-2.920 

(-3.03)& (0.36) 

Bariua6-' 

BaZ,. HZ (g) I BaHZ (c) (-2.18)b (-1.06) 

BaOH'.H'/Ba(c) 

Ba2' IBa(e) 

-Z.,07 

-Z.906 -0.-401 

BaOW I Ba (c). OH­

Ba(OHlz . 8 HZO(e) I 

Ba (c), OB-

-2.921 

-3.00 0.29 

Rdiua6.7. 11-13 

RaZ" HZ (g) / RaUZ (e) (-2.19) (-1.09) 

RaOft+. H+ I Ra (e) (-2.40) 

RaZ+ IRa (e) (-2.80) (-0 .. 4-4) 

RaOH' IRa (c).OH­

Ra(OH)Z ·8 H20 (e) / 

Ra (c).OH-

(-2.80 

(-Z.89) 

ScaDeliua6-'. II. lZ 

Se3+, H2 (8) I ScH3 (e) H.n) (-o.m 
Se2• {seCC) (-2.0)a (-0.2) 

ScOH2,. H' I Se (e) -Z.OI 0.Z4 

ScZ<OH)z4', H' I Sc (c) -2.03 

Sc3' I Sc<c) 

Sc3+ I Sc2' 

-2.09 0.-41 

(-Z.3)& (1.6) 

Se(08)4- / Sc(e). OH- -Z.68 (-1.16) 

SeCOH)3 (pt) I seC C). OB- -2.69 -1.01 

Se(OH)3 (e) I Sc (e). OH- -Z.72 (-0.96) 

Scz0:3 (c. y) / Se (e). OB- -Z.742 -1.16-4 

ScOOH(e) ISc (c).OB- (-Z.76) (-1.10) 

Yttriua6-' 

y3-. HZ (g) I YH3 (e) <-1.72) (-0.32) 

YORZ" H' I Y (e) -Z.23 (O.Z) 

y3'/Y (c) -2.38 0.34 

Y(OH)3 (pt) I Y (e). OH­

Y(OHl3 (el I Y (el. OB-

(-2.87) 

-2.90 -0.977 

l.a.atba.aual. I. , 

La3·, HZ (g) I LaH3 (e) H .71) (-0.41) La(OH)3 (pt) I La (e), OH- -2.n 

LaOHZ,. H' I La (c) -2.21 (0.1) La(oU)3 (e) / La (e), OB- -Z.80 -0.9911 

La3' I La(e) -Z.379 0.Z-42 

Ceriua6-9 

ee~' / ee3' 

CeOH3,. H' / ee3+ 

CeOz (pO. H' I Ce3-

eez(OHlz6" H' I ee3' 

CeOz (c), H' I Ce3' 

CeOz (e), H' I CeOHZ, 

CeOH2" H' ICe (el 

Ce3+ I Ce (e) 

1.72 1.~4 

1.68 -0.13 

(1.66) (-2.ll 

0.64) 

1.3004 -2.00 

0.81 

-2.17 

-2.336 0.280 

Ce.(o, (ell Ce(OH'3 (c). OB-(-O.m (-203) 

CeOz (p1) I (-0.5) 

CeCOH)3 (pU, OB-

CeOz (e) I Ce(OH)3 (e), OH- -0.70 <-1.504) 

CeOz (e) I Ce,.o, (c),OH- H.27) (-1.0,0 

Ce(OH)3 (pl) / Ce .(e). OH- (-2.73) 

Ce(OBl.3 (el ICe (el, OB- -2.77 (-0.99) 

P,...ocly.a.iua6-9. 11. 12 

p .. 4- / Pr3, (3.2) (1..() 

PrOz (pt). B' I Pr3' (3.0) 

PrOz (el, H+ I Pr.3· (Z.67)b (-2.m 

PJ'Oo] (e). H' / PrOHZ+ (2.18) 

PrZ+ I Pde) (-Z.O)& (-0.4) 

PrOHZ,. H' / Pr (e) 

Pr 3+ IPr (e) 

Pr3'/ prZ' 

-2.19 

-2.353 0.Z91 

(-3.1)& 0.6) 

Pr(OH)3 (e). OH­

PrOz (pt) I 

PrCOB)a (I)t). OB-

(0.9) 

PrOz (e) I Pr(OH)3 (e), OH- (O.70)b (-1.67) 

PrOz (e) / Pr6011 (e),OH- (0.22)b (-1.19) 

Pr(OB)3 (pt) I Pr (e), OS- (-Z.76) 

Pr(OH)3 (e) / Pr (e), OU- -2.80 -0.990 

J. Phys. Chem. Ref. Data, Vol. 18, No.1, 1989 
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Table 1. Staadard Electrode Potentials and Te.perature 
eoerficieab ia Water at 298.1') I -- Coatiauud 

Acid Sol.tioas 
(pB - 0.000) 

NdZ+ INd(e) 

NdOBZ+, B+ I Nd (e) 

Nd3+/Nd(e) 

Nd3-/Nd2+ 

EO dIo/dT Basic Solulions 
(V) (.V/I) (pB ; 13:996) 

••• dy.ia.6-'. 11. 12 

EO dIo/dT 
(V) (.V/I) 

(-Z.I)& (-O.of) 

-2.16 

Nd(OB)3 (pt) I Nd (e), OB- (-2.7-,0 

-Z.3Z3 0282 

(-Z.7)& (1.6) 

Nd(OB)3 (e) I Nd (e), OB- -Z.78 -0.990 

Proa.tJtia.'. 11. 12 

PmOBZ-, H+ I Pm (e) (-Z.lof) Pm(OHlJ (pt) I Pm (c), OH- (-Z.7-4) 

PmZ+/Pm(c) 

Pm3+/Pm(c) 

Pm3+/PmZ+ 

(-22)& (-0.:5> 

(-Z.30) (0.29) 

(-2.6)& (1.~) 

Pm(OH)3(e)/Pm(e),oe- (-2.78) (-0.99) 

Saaari •• 6-' 

Sm3- I SmZ- -1.~~ (I.of) Sm(OH)3 (pt) I Sm (e), OH- (-Z.~) 

SmOHZ+, H+ I Sm (c) -Z.I~ Sm(OB)z' H20 (e) I (-z.m&(-0.9) 

Sm3+/Sm(e) 

SmZ+/Sm(e) 

Euoe2-, H> I [uZ-

Eu3+/EaZ> 

ruOFIZ+. H> I Iu (c) 

Eu3>/Eu (e) 

EuZ+ lEu (e) 

GdOH2., H+ I Gd (e) 

Gd3+ IGd(c) 

Tb4+ ITb3> 

TbOz (pt), S+ I Tb3+ 

-Z.304 0279 Sm(c),OH-

-2.68 (-028) Sm(OHlJ (e) ISm (c), OH- -Z.78 (-0.98) 

Sm(OH)3 (e) I (-Z.8)& (-12) 

Sm(OH)z : H20 (c), OH-

0.11 

Iaro,iaa6-' 

EU(OBlJ (c:) I <-1.6) (-1.1) 

Eu(OB)z . H20 (e), OB-

Iu(OH), (pt) I Iu (e), OH- (·2.«) 

-1.991 0.338 EuCOB)3 (e) I Eu (e), OB- -Z.~ -0.93-4 

-Z.812 -0.Z6 Eu(OH)z'HZO(e)1 (-2.92) (-0.8') 

C.cloUaiu.6-' 

-2.1Z Gd(OH)3 (pt) I Gd (e), OB- (-Z.7of) 

-2279 O.m Gd(OH)3 (e) I Gel (e), OB" -2.78 -0.990 

T .... i •• 6-' 

(3.1) 0.') Tb-Pl (e) I Tb(oB)3 (e), OH- (J.O-4)b (-227) 

(2.7) TbOz (pt) I (0.8) 

TbOz (e), B> I Tb3+ (2 . .f.f)b (-2.36) Tb(OH)3 (pt), OB-

TbOz (e), e> I TbOH2+ 0.97) 

ThOHZ" S+ I Tb (c) -Z.l2 

Tb3+ I Tb (e) -2.28 0.3,0 

TbO.z (e) I Tb(OH)3 (c),OB- (O.6.f)b (-1.72) 

TbOz (c) ITb407 (c), oe- (02<c)b(-1.I6) 

Tb(OH)3 (pt) ITb (c),OB- (·2.n) 

Tb(OB)3 (c) I Tb (c), OB- -2.78 -0.979 

"".,rou •• 6-,. 11. 12 

DyOff2+,H+/Dy(e) 

Dy2+ I Dy (e) 

uy3T I uy (e) 

Dy3>/Dy2+ 

-Z.l-t Dy(OB)3 (pt) I Dy (e), OH- (-2.m 

(-22)& (-0,3) Dy(OB)3 (e) I Dy (e), OH- -2.&1 (-0.98) 

-22~ 0.373 

(-2.6)& (1.6) 
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Tul. 1. Stu. ..... El.ctro" Potealia1s ... T.ap.rata ... 
eoeffici •• ts in Yater at 291.15 I -- eo.liD ... 

Acid Solatioa. 
(,B -0."8) 

£0 dED/D. Baic Solatio •• £0 .rID. 
(V) (aV/I) (V) (aV/~) (,B -13.996) 

Bolai.a6-'. 11. 12 

H02+ I Bo (c) (-2.1)& (-02) 

BoOe2+,H+/Ho(e) -Z.18 

B03+ I Bo (e) 

B03+ I BoZ+ 

-2.33 0.371 

(-2.8)& (1.6) 

Ho(oBlJ (pt) I Bo (c), OB- (-2.82) 

Bo(OBlJ (e) 180 (e), 08- -2.8, -0.977 

&IIi •• 6-'. 11. 12 

[r2+ IEr(e) 

ErOB2+,B+ IEr(e) 

&3+ / & (e) 

&3+ 1[r2+ 

(-Z.O)& (-02) 

-Z.18 

-Z.331 0.388 

'(-3.0)& (1.6) 

&(OHlJ (pt) I & (e), OB- (-2.83) 

Er(OB)3 (el I Er (e), 08" -Z.86 (-0.98) 

Th.liaa6-'. II. 12 

TmOe2', B+ I Tm (e) -Z.l7 

Tm3+ ITrr;;.+ (-Z2)& 0,6) 

Tm3+ ITm(d 

Trr;;.+ ITmh:) 

-2.319 0.39.f 

(-Z.4)& (-0.2) 

Tm(oBl] (pt) I Tm (e), OB- (-Z.82) 

Tm(OBl] (c) I Tm (c), OB- -2.8, (-0.97) 

YUerhiaa6-'. 11. 12 

Yb3+ I Yb2+ -1.~ (1.-4) 

YbOBZ-, B+ I Yb (e) -2.0-4 

Yb3- I Yb (e) -Z.l9 0.363 

Yb2+ I Yb (c) -2.76 (-0.16) 

Yb(OB)3 (c) I 

Yb(OB)z (c), OB-

(-Z.3) (-1.0) 

Yb(OH)3 (pt) I Yb (e), OB- (-2.70) 

Yb(OB)3 (e) I Yb (e), OB- -2.73 (-1.00) 

Yb(OB)2 (e) I Yb (e), Oe- (-Z.9-4) H.O) 

Lutetiua6-'. II. 12 

-2.13 Lu(OHlJ (pt) I Lu (e), Oe- (-2.79) LuOe2+, B> I Lu (e) 

Lu3+/Lu (el -u& M12 Lu(OB)3 (c) I Lu (c), OB- -2.82 (-0.97) 

Ac:tiaiaa'. 11-13 

Ac3+, H2 (,) / AcH:3 (c) (-1.70) (-0.46) 

Ac3+ I Ac Cd (-2.20) (0.19) 

AdOH):3 (plll Ac (c). OB- C-2.'t,n 

Ae(OB>J (d / Ae (e), OB- (-Z.}7) (-1.01) 

Thoda.6-' 

Tb4+, HZ (8) / -1.468 -O.On Th~ (pt) ITh (e), OB- -2." (-1.21) 

Th4H15 (e) ThO:l (e) I Th (e), OB" -Z.6Z7 -1.181 

ThOH3+, H+ / Th (e) -1.779 0.31 

l.112WH)z6-, H- /111 (c1 -1.7/S 

Th4+ ITh (e) -1.826 0.557 

Protactiai.a6-'. 1J-13 

-0.1 (-3.3) 

PaOz0H(pl).B·/Pa4+ (-0.1) 

Pa2~ (e). H+ I PaOz (e) (-0.2) (-0"0 

PaOOe2+, H+ IPa(e) -121 (-0.23) 

PaOzOB (pt), H+ I Pa (c) (-1.22) 

Pa2~ (e). H' I Pa (e) <-1.24) (-0.37) 

Pa3' I Pa (c) 

Pa"+ / Pa (e) 

(-1.3-4)& (O.H) 

-1.49 (0.53) 

PaOz(c).H'/Pa(c) -1.50 -0.37 

Pa4+ / Pa3+ (-1.9)11. <1.7) 

PaOz (c). D+ I Pa3. (-Z.O)a H.9) 

Pa.2~ (c) / PaOz (c),OH- (-1.0) (-1.Z) 

PaO(oH),( I PaOz (pt), OB- (-1.Z) 

PaOz0H(pt) I (-1.3) 

PaOz (pt). OH-

PaO(oH)4-/Pa(c),OB- (-2.0-4) 

PaOzOH (pt) I Pa (e), Oe- (-2.0,) 

Pa2~ (d I Pa (c), OB­

PaOz (pt) I Pa (e), OH­

PaOz (c) / Pa (C), OH-

(-Z.07) H.W 

(-2.2-4) 

-Z.33 -1.ZI 
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Tule 1. SUDdard Dectrode Poteatial. aadT •• pera1are 
CoeffieteDts iD Water d 291.ll ~ -- CoDtiDaed 

Acid SolatioDs 
(pH -0.000) 

EO dEO/fi Basic Solatioas EO dEO/fi 
(V) (.V/~) (V) (.V/~) (pH -13.996) 

Uraniu.6-9.11-13 

UOz+ I UOz (c) 

UOz0B+, B+ I UOz (c) 

(U0z)3(OB~+, B+ I 

UOz(c) 

(UOz)Z<OH12Z+, H+ I 

UOz (c) 

0.66 (0.3) 

O.~ 0.00 

O.~ .. 0.16 

0."93 0.16 

UOz0H (c) I UOz (c), OH- (0.011. 

UOz<OH12- I UOz (pt), OH- (-0.1)11. 

UOz<OH12 (e, P) I 

U30s (c,ld, OH-

UOz(OH) .. Z- I UOz (c), OH- (-02Z) 

UOz(OH12 <c. P) I -02,Z -1.0' 

UOzZ+ I UOz (c) 

UOz+,B+ IU"+ 

UOzZ+, B+ I U"+ 

Uo,Z+, B+ I UOB3+ 

UOzZ+ I UOz+ 

UOH3+, H+ I U3+ 

0."10 0.Z3Z UOz (c), OH-

0.39 (-H) U30s (e, a) I UOz (c), OH- -0.309 -128 .. 

0.Z73 -1.,8Z 

02, .. -0.9Z 

0.16 (02) 

-0.'39 029 

U"+ I U3' -0.'77 1.61 

UOz (e), H' I U3' '0.8'1 -Z.OZ 

U3', BZ (g) / UH3 (e) -1.390 -0."7 

UOz (e), H' I U (c) -1."1"" -0.38" 

U3'/U(e) -1.6<12 0.16 

uOz<OH)i- I UOz (pt), OH- (-0."3) 

UOz<OH) .. Z- I (-0.')11. 

UOzOH (e), OH-

UOz(0812 (c, P) I (-0.6)11. 

UOzOH (c), OB-

uOz(OB)i- I (-0.7)11. 

UOz(OH12-,OB-

U(08)3 (pt) I U (c), OB- (-Z.O"l)a 

U<OB)3 (c) I U (c), OB- (-2.08)& (-1.10) 

UOz (pt) I U (c). OB­

UOz (c) I U (c). OB-

(-2.16) 

-2.272 -1220 

UOz (pt) I U(OH)3 (pt). OB- (-Z.6)a 

UOz (c) I U(OB)3 (c), OB- (-Z.9)a H.6) 

.eptaDiaaa• 9,11-13 

Np~+, B+ I NPOzZ, Z.O" NpO,,(OH123- I (0.61) 

NPOz0B+, B+ I NpOz+ 1."" NPOz(0812 (C), OH-

(NPOz12(OB12Z+, B+ I 1."3 NpO .. (OH123- I O.~ 

NpOz+ NpOz(OH)i-,OH-

NpOz+ I NPOz (c) 1.092 0.33 

NpOz+, B' I Np"+ 0.~7 -3.30 

NpOz', H+ I Np083+ 0."79 

NpOH3+, H+ I Np3+ 0.2'" 

Np'" I Np3+ o.m 1.'3 

NPOz (c), H' I Np3+ -0.369 -Z.10 

NPOz (c), H+ I Np (e) -1."18 -0.392 

Np3+ I Np (e) -1.768 0.18 

NPOzOH (c), OH­

NpOztoB12 (c) I 

NPOzOH (c), OB­

NPOz<OH) .. Z- I 

NpOz (e), OB­

NPOz(OH12 (c) I 

NPOz (e), OH-

(0.') (-1.1) 

(0."19) 

(0."8)b(-t.tO) 

NPOzOB (e) I NpOz (e), OB- (0."') (-to 

NPOz(OH),,2- I (0.")11. 

NPOz<OB12-,OB-

NPOz(OB),,&!- I 

NPOz (pt), OH-

NPOz(OH12- I 

NPOz (pt). OH-

NPOz (pt) I 

Np(OH)3 (pt), OH-

(022) 

(0.1)11. 

(-1.9) 

NPOz (pt) INp (c),OH- (-2.11) 

Np(OH)3(pt) INp (c),OH- (-Z.18) 

Np(OH)3 (c) I Np (c), OH- -2.Z2 (-1.09) 

NPOz (c) I Np (c), OH- -2.246 -12Z8 

NPOz(c) I Np(OH)3 (c),OH- -Z.33 (-1.6) 

Tule 1. SUDdard Electrode Poteatials aad Te.,era1aro 
Coefficieats iD Water d 291.15 ~ -- CoDtiDaod 

Acid SolUtiODS 
(pH -0.000) 

EO dEO/fi Basic SolatioD. 
(V) (aV/~) (pH -13.996) 

PluwDiuaa.9. 11-13 

Pu~'. H' I Pu0z2. 

PuOz' / PuOz (e) 

(Z.") PuO,,(OB123- I O.~ 

1.~' 0.39 

PuOz0H',H+ I PuOz (c) I."", 

(PuOz)Z<OB12Z', B+ I 1.40 

PuOz (c) 

PuOzOB', B+ I PuOz' 129 

PuOzZ. I PuOz (c) 12n O.ZI 

(PuOz)Z(OB122" H' I 121 

PuOz' 

Pu020H+. B' I Pu3' 1.11 

(PuOz)Z(08122., B' I 1.08 

Pu3' 

PuOB3', B' I Pu3' 

PuOz', B' I Pu"l+ 

PuOz', 8+ I Pu3+ 

Pu"l'/Pu3, 

1.036 

1.03' -326 

1.021 -0.91 

1.006 1."1"11 

1.00' 

PuOz<OB>.,2-,OB-

PuOzOH (e) I PuOz (e), OU- (0.9) 

PuOz<OB)"Z- I Pu(l2 (e), OB- (0.'7) 

Pu(l2(o812- I Pu(l2 (pt), 08- (0."11. 

PuOz(08)"Z- I (0.3) 

Pu(l20B (c), OU-

PuOz(OB),,2- I 

PuOz (pt), OB-

PuOz(OB)"Z- I 

PuOz(oB12-, 08-

PuOz (pt) I 

Pu(OB)3 (pt), OB-

(029) 

(0.1)11. 

(-1.0) 

PuOz (e) I Pu(OB13 (e), OB- -1.067 (-1.7) 

PuOz (pt) I Pu (e), 08- (-Z.06) 

PuOz (e) / Pu (e), OB- -2.197 -12Z 

Pu(OB)3 (pt) / Pu (c), OB- (-Z.40) PuOz+, H' I PuOH3' 

PuOzZ" H' I Pu3' 

Pu0z2" H' I Pu"l+ 

I.00Z -0.'96 Pu(OB)3 (c) / Pu (e), OU- -Z."I"I H.O') 

1.000 -1.61' 

PuOzZ" H' / PuOH3' 0.98' 

PuOzZ, I PuOz' 0.966 0.03 

PuOz (c), H' / Pu3' 

Pu(l2 (e), H' I Pu (e) -1.369 -0.38 

PuZ. / Pu (c) (-1.6Ja (-0 ... ) 

Pu3' / Pu (c) -1.978 023 

Pu3' I Pu2+ (-Z.SJa (1.,) 

Aaerieiaa9• 11-13 

Am~', B+ I Am(l2Z+ (U) 

Am"+ I Am3' (Z.6O) (1."1) 

Am(l2 (pt), H+ I Am3+ (Z.~) 

AmO:! (d. H' I Am3+ (1.cn)b (-Z.") 

AmOz+, B+ / Am3+ 1.698 -0.97 

Am0z2+, B' I Am3• 1.662 -0.604 

Am02Z+ I AmOz' 

AmOz+ I Am(l2 (c) 

AmOz· I AmOz (pt) 

Am(l2+, B+ I Am"" 

Am2• I Am (c) 

Am3'1 Am (c) 

Am3' I AmZ• 

1.~9 0.01 

(t.",,)b (0."1) 

(0.84) 

(0.80) (-3.3) 

H.9Ja (-0.') 

-2.0"18 O.ZS 

(-Z.3)a (1.8) 

AmO,,(OB123- I 

Am(l2(oB>.,Z-,OB­

AmOz(OBl.,Z- / 

Am020B h:), OB-

AmOz(OH)",Z- / 

AmOz(OH12-, 08-

(1.3) 

(0.9) 

(0.7)" 

AmOzOB (e) / AmOz (e), OB- (0.7) 

Am(l2(OB>',Z- I (0.",,) 

Am(OB)3 (e), OB-

AmOz (pt) I 

Am(OB)3 (pt), OU­

Am(l2(OB)"Z- I 

Am(OB)3 (pt), OB-

Am(l2(OB12-1 

Am(OH)3 (pt), OB-

AmOz(OB12- I 

AmOz (pt), OH-

Am(l2(e)/ 

Am(OB)3 (e), OB-

(0."')11. 

(02Ja 

(0.06) (-1.8) 

Am<OB)3 (pt) / Am (c), OB- (-Z.<48) 

Am(08l3 (e) / Am (e), OU- -Z.~ (-1.01) 
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Table I. S&aadard Electrode Petealia1s aad Te.pel'&Ulre 
Coeffici.ats ia Water at Z9l.1~ I: -- Co.tia •• d 

Add Solutioa. 
(JIB -0.000) 

EO dfO/dT lluic Sol.ti.a. 
(V) (.V/I:) (pB -13.996) 

Curiu.9. 11-13 

EO dfO/dT 
(V) (.V/I:) 

Cm-4+ 1 Cm3+ (3.0) (1.7) Cm<>2(pt) I (0.9) 

Cm<>2 (pt), B+ 1 Cm3+ (Z.9) Cm(OB)3 Cpt), OB-

Cm<>2 (c), B+ 1 Cm3+ (Z.3)b (-Z.1) Cm<>2 (c) 1 Cm(OB)3 (c), OB- (0.4) (-1.') 

Bt-4+ 1 Bt3+ 

Bt<>2 (pt), B+ 1 Bt3+ 

Bt<>2 (c), B+ 1 Bt3-

BtZ-1 Bt (c) 

Bt3+1 Bt (c) 

Bt3+ 1 BtZ+ 

crt- I CC3+ 

CJl~ (Pl), U' f (;r3 ' 

Cf<>2 (c), B+ I ce3+ 

CC3+1 CCZ-

CC3+ I CC (c) 

crZ- I Cr(c) 

Es3+/r.s2+ 

Es3+/Es(c) 

r.sZ+ IEs (c) 

Fm3+/FmZ+ 

Fm3'/Fm(c) 

FmZ+/Fm(c) 

Md3+ IMd(..) 

MdZ'/Md(c) 

No3+ f NOz, 

No3'/No (c) 

NoZ+ I No (c) 

-Z.01 U1:':I cm(uHJ3 (pt) I em (C), OH- (-Z.13) 

Cm(OBl3 (e) I Cm (e), OB- -Z.:)2 (-1.00) 

BerW •• 9. 11-13 

1.67 (1.6) 

(1.') 

(0.9) (-Z.Z) 

(-J .6)& (-0.3) 

-1.98 0.3Z 

(-Z.8)a (1.6) 

Bt<>2 (pt) I 

Bt(OBl3 (pt), OB-

Bt<>2 (e) 1 Bt(OB)3 (e), OB- (-0.9) (-1.7) 

Bt(OB)3 (pt) 1 Bt (e), OB- (-2.43) 

Bt(OB)3(c:) I Btec),OB- -Z.47 (-0.99) 

Califorai •• 9. 11-13 

(1.6) Cf<>2 (pt) I cc(OBl3 (pt), OB" (12) 

CIUz (e) I (;J{UU)3 (e), uu- (0.1) (-1.7) 

(Z.,) (-Z.3) cc(OB)z (c) I CHc), OB- (-22)& (-1.0) 

-1.6 (1.6) Cc(OBl3 (pt) I cr (c:), OB- (-2.-40) 

-1.9-4 0.33 Cf(OB)3 (c) ICr(c),OB- -Z.44 (-0.99) 

-Z.1Z (-0.3) CC(OBl3 (c) I (-Z.9)& (-0.9) 

CC(OB)z (e), OB-

EiJastei.iu.9. 11-13 

-1.3 (1.6) 

(-1.90 (0.37) 

(-Z.23) (-0.3) 

F.s(OB)z (c) I Es (c:). OB- (-2.3)& H,O) 

F.s(OB)3 (pt) IEs (C:), OB- (-Z.38) 

F.s(OB)3(c)/Es(e),OB- (-Z.42) (-O.~) 

Es(OB)3 (e) I 

Es(OB)z (c}.OB-

(-2.6)& (-0.9) 

Ferai •• 9. 11-13 

-1.1 (1.6) 

(-1.89) (0.38) 

(-Z.30) (-0.3) 

Fm(OB)3 (pt) I Fm (c:). OB- (-2.37) 

Fm(OBl3 (c:) I (-2.4) (-0.9) 

Fm(OH)z (c), OB-

Fm(OB)3 (c:) I Fm (e), OB- (-2.-40) (-O.~) 

Fm(OB)z (e) I Fm (e), OB- (-2.4) (-1.0) 

lIellule'f"iu.9• 11- 13 

-0.1 (1.6) 

(-U5) (0.3t) 

(-Z.-40) (-02) 

Md(OBl3 (e) I 

Md(OH)z (d. OR-

Md(OB)3 (pt) I 

Md(c).OIt 

(-1.4) (-0.9) 

(-Z.13) 

Md(OB)3 (e) I Md (c), OB- (-2.17) (-0.96) 

Md(OB)z (e) I Md (c:), OB- (-2.,) (-1.0) 

••• eliu.9• 11-13 

1.04 0." 
(-1.20) (0.3-4) 

(-2.:)0) (-02) 

NO(OH13 (e) 1 

No(OB)z (c), OB-

(0.1) H.O) 

No(OB)3 (pt) I No (c), Olt (-1.69) 

No(OB)3 (e) I No (e), OB- (-1.72) H.Oll 

No(OB)z(c)/No(e),OB- (-2.6) (-1.0) 

J~ Phys. Chern. Ref. Data. Vol. 18. No.1. 1989 

Tule 1. saaa ...... Electrod. Potealia1s .. d Te."l'&UIn 
CHllicie.ts ia Water at Z".I~ I: -- c..tie ••• 

Acid Sel.ti ••• 
(pB - ..... ) 

ED IEDln laic Sel.ti ••• ED IEDln 
(V) (.V/I:) (V) (.V/I:) (,B -13.996) 

Lawn.ci •• ", 11-13 

Lr3-/Lr(c) (-1.96) (0.31) LrCOB)3 (pt) I Lr (c), OB- (-Z.46) 

Lr(OBl3 (c) I Lr (c), OB- (-2.49) (-0.98) 

TilaDiual. 6-11 

Ti(oIOZ2+. H' lTi3' 0.1 (0.6) 

TiOz (pt!. Ii' / Ti3+ 0.1 (·Z.7) 

TiOz <c. rutile). H' 1 ·0.2 (·2.7) 

Ti3+ 

THOH)z2+,H'/Tj(c) -1.00 O.H 

TiOz(pt).H' /Ti(c) 

TiOz (c. rutiltH. H' ! 

Ti (c) 

Ti3+ / Ti(c) 

TiZ+ 1 Tj(cl 

·1.01 ·037 

·1.37 (0.40) 

(·1.60) (·0.16) 

TiOz(OHl22. 1 (-IZ) 

TiOOH(c).OIl"" 

Ti30s<c.a)/TiOOH(e).OH- H.3) H.9) 

Ti30s (c. a) / TiZ03 (c). OH' ·1320 ·1.267 

T10z (c. rullle) f 

Ti20J (c). OW 

TiOz (c. rutile) I 

TiOOHCc),OH' 

TiOz (C, rutile) / 

Ti30s (c, a). OH" 

TiG}(oHl2Z, / 

Ti(OH)3 (pt). OH' 

(·1.4) (-I.;;) 

·HIS ·I.Z62 

(.I.~) 

TiOz<OHl22· / Ti<OH}-4·. OH" (·1.6) 

mOH)3 (pt) I (-I.S)a 

mOH)z (pt), OH-

TiOz<OH)z2- 1 Ti (c). OH- ('1.87) 

Ti20J (c) 1 TiO(c, a). OH' -1.901 -\.0-4 

TiOz (c. rutile) lTi(el.OH· -\.904 -I.Z01 

TiOOR(c) lTi(Ol1)z (e), OR- (-2.0)1> 

mOH).{ I Ti (el. OH- (-Z.O) 

mOHlj (pt)/ Ti (e). OH- (-Z.OO) 

TizOJ (c) I Ti (e). on' 

TiOOR(c) J li (c). 0\\' 

2.071> ·1180 

(·2.{)l\) \.\ H) 

Ti(01l~ (p~) f Ti (d. OH- (·Z.IO)" 

Tj(OIl)z(C)/Ti(c).OIl" (·2.l3)1l 

TiO(c. a) I Ti (c). OW ·2.1604 ·1.25 

ZircolI.iua6- 11 

Zr"+ / Zr (c) 

ZrOH3', H' / Zr (el 

.1. .. ;; (0.67) 

·I.+I~ 

Zroj(OHls8'.fi+ /Zr(el ·J.oj7 

Zr<>2(e.a).H'/Zr(e) ·1.+173 ·0.3-4-4 

HI'OH3+. H' 1 HC (c) (-1m 
Hc-4' / HHe) -1.;;;; (0.6S) 

Hf+l(OHls8., H' 1 Hf(c) (,1.;;7) 

Hroz (el. H' / HC (cl ·1.;;91 -0.3" 

Zr<OHI;;' I Zr (d. Off" 

Zr<>2 (pt) / Zr (e). OH­

Zr<>2 (ud / Zr (c). OH" 

H((OHI;;' I Hf(c).OIl" 

Hroz (pt) / Hf (c). Off" 

Hroz (c) 1 Hf (cl. OW 

·Z.22 

2.28 ·1.19 

·Z.301 ·\.180 

'2.31 

-2.37 -1.20 

'2.-419 -1.191 



STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 7 

Table 1. Standard Electrode Poteatiais aad Teaperature 
Coefficients ia Water at 291.1') I _ .. Coatiaued 

Acid Solutions 
(pH ~O.OOO) 

£0 llEo flIT Basic; Solutions EO dfO/dT 
(V) (aVII) (V) (aV/I) (pH 13.996) 

Vaa&diua6. 7. ') 

1.001 -0.901' VOz (c, a) I V3~ (e), OH- -0.'50 -1.10 

VOz0H (pt), II' I Vr)'.' 0.96 ·1.,1 

V20:5 (C), w ; yr)'.+ O.'m -1.6,6 

YOz', W I V (e) -0.Z33 -0.239 

VOz0H (pt), W I V (e) -0.24 -0.36 

V2~ (e), W I V (e) 

V3' I VZ. 

VZ'/V(e) 

-0.24Z -0.390 

-0.2" (I.,) 

-1.12' (-0.10 

VOz (c. aU VZOJ (c). OR- -0.'Z7 -1.172 

Y30, (e) I YZOJ (c). OR- -0.'7 -1.31 

vOz(oHlz2- I YzOJ (d. OH- (-0.6) 

VOz(OHlz2- I V3~ (C), OR- (-0,6) 

VOz(oHlz2- I VOOH (e). OH- (-0.6) 

V3O, (e) / VOOH (c). OH- (-0.7) (-2,0) 

V043- I VZOJ (c). OR- -0.704 (-0.72) 

V043- / VOOH (e), OH- (-0.72) (-O,S) 

V043-/VOz(OHlzZ-,OH- (-0,8) 

V043-/vOz (c,a).OR- -0,88Z (-027) 

VOz(ORlz2- I (-0.9) 

V(OH)3 (pt), OH-

VOz(OHlz2- I V(OH).(, OH- (-1.0) 

V(OH)4- I V(OHlz (e). OH- H,O) 

V(OH)4-; V(OHlz (pt). OR- (-1.0) 

V(OH)3 (pt) / (-1.2) 

V(oRlz (pt). On-

V043-/V(e).OR- -1.2Z2 (-1.0Z) 

VOOH(c)/V(oHlz(c).OH- (-1.3) (-1.3) 

V2~ (e) / VO (c). OR- -1.314 -12'6 

V(OHlz (pt) I V (c). OR- (-1.63) 

V(OHlz(c) IV (c). OR- (-1.66) H,O,) 

VO (e) I V (c), OH- -1.693 -1.20Z 

Niobiu.6-S 

Nb(OH)Z2-, H' I Nb3' (-0.1) 

Nb(OH),,,, WI Nb3- (-02) 

NbOz (pt), H' I Nb3' 

Nb(oH).(, H' I 

Nb(OH)ZZ, 

NbZ0:5 (c), H' I 

NbOz (e) 

NbOz0H (pt), W I 

Nb3' 

NbOz (e), W I Nb3• 

NbOzOH (pt), H' I 

NbOz (pt) 

(-O.Z) 

(-0,2) 

-0.Z48 -0,,(60 

(-0.3) 

Nh(OHl-4'. H' I !lib k) -0.537 

NbOz0H (pt), H- I (-0,60) (-0,3') 

Nb (e) 

Nb20<; (c), H' I Nb (e) ·0.601 ·0.3S1 

Nb(OH)ZZ" H' / Nb (e) (-0.6Z) 

NbOz (pt), H' I Nb (e) (-0,64) 

NbOz (c), H' I NbO (e) -0.646 -0.347 

NbOz (e), Jl+ I Nb (e) -0,690 -0,361 

NbO (c). W I Nb (e) -0733 -0.37' 

Nh 3'/Nb(c) (-0.8) 

'1\,)' / NbO (e), W (-0,9) 

Nb60198- I NbOz (e). OH' H.34) 

NbWH)3 (pt)! Nb (e). OH' H.4) 

NbOz (pUI Nb (c). OR- (-1,47) 

NbOz (e) I NbO(c).OH- -1.47'1 -1.183 

Nb60198- / Nb (c), OH- H ,48) 

Nb60198- I NbOz (pt), OH- (-1,') 

NbOz (e) I Nb (c). OH­

NbO (d I Nb (e). OR­

NbOz (pt) I 

Nb(OH)3 (pt). OH-

-1.'18 -1.197 

-1.~61 -1.211 

(-1.6) 

Table 1. Staadard Electrode PoteaUals and Teaperalure 
Coefficients ia Water at 291.1:> I .. Coatiaued 

Ac;id Solut.ioDS 
(pH ~O.OOO) 

EO dIo/cIT Bash; SolutiQas EO d[O/dT 
(V) (.V/I) (V) (aV/I) (pH ~ 13.996) 

TaJllaJu.6-8 

Ta3' ITa(e) (-0.6)a 

Ta(OHl;zZ,. H' I Ta (e) (-0.64) 

TaOz (pt), H' ITa (e) (-0.67) 

Ta(OHl;zZ' ,H' / Ta3' (-0.7)a 

TalUHI4', H' I 1a leI -U.7Ui! 

TaOz(e),H'/Ta(e) (-0.73) (-0,36) 

TaC20H (pt). H' / Ta (e) (-On) (-O,m 

Taz0:5 (q), H' / Ta (e) -0,7~2 -0.377 

TaOz (pt). H' I Ta3' (-0,8)a 

TaZo, (c. ~), H+ / (-a,s) (-un 

TaOz (c) 

Ta<OH)4+, H' I (-1.0) 

TaWHl;z2+ 

TID;! (e). H' I Ta3' 

TaOzOH (pt), H' . 

TaOz (pt) 

(-1,oa 

H.l) 

Ta(ORl:;(pt) ITa(d,OR- (-1.3)11 

TID;! (pt) / Ta (c), OH­

TaOz (e) /Ta(eI,OH­

T3(,0198- / Ta (c), OR-

(-1.,0) 

H.~6) (-1.19) 

(-1.60) 

13(,UI98' llaQz le). OW (-1.11) 

T3(,0198- / TaOz (pt). OR- (-2.0) 

TaOz (pt) I (-2.1)a 

1a(OH):; (pt). OH-

Chroaiua1• 6-' 

(1.7) CrOz (pt). H+ / Cr3+ 

CrOz (c). H+ / Cr3-

HCrO,t. H+ / Cr 3+ 

Crzoil--. H+ / Cr 3+ 

U.48)b (-2.9) 

1.37 -1.38 

1.36 -1.32 

HCr04-, H+ I Crz(OHlz4+ 1.31 

Crz0:5 (e). H+ I CrOz (c) (1.3) (-0,4) 

Crzoil--. H+ I Cl'2(OHl24+ 1.30 

Crzoil--. H+ / CrOz (c) <t.30)b (-O.:H) 

Hjcr04' H+ I crOz (pt) (t.:H 

Crzoil-. H+ I CrzG:5 (c) <1.3) (-0.7) 

129 -1.17 

Cr:zDJ2-. H+ I CrOHZ+ 1.2S -1.10 

B3crO". H' I CrCOHlz2+ (2) 

Cr2oil--, H' I H3cr04 (1.1) 

HCr04-, H+ I Cr (e) 0.318 -0.471 

Crzoil--. H' I Cr (e) 0.310 -0.«39 

CrOH2-, U+ I cr2- -0.19 (0.7) 

CI'2(oHlz4+, H' / ccZ+ -0.26 

Cr3- I CcZ+ -0.4Z 

CrOHZ-. H' I Cr (e) -0.66 

Crz(oH>Z"·. H+ / Cr (e) -0,68 

(1.4) 

0.22 

Cr3' I Cr le) -0.74 0.44 

crZ+ / Cr (e) -0.89 (-0.04) 

CrOz (e) I crOOU(c).OH- (02'5)b(-U) 

CrOz (e) ICrzD:; (c. u). OU" (024)b H.3) 

CrOz (pt) I (0.2) 

Cr(OH)3 (pt. aged). OH-

CrOz (pt) I (0.1) 

Cr(OH)3 (pt. fresh). OR­

Cr(OH>r,2- I er(oH)'(. OH- (OJ) 

crO;- I crO,,3-

crO,,2-/CrOOH(e).OH-

0.1 

(-O.OOb (-1.:)7) 

Cr04'" I CJ:z,Oj (c .... ). OIl- '0.016 t.-l'" 

crO"Z- I -0.09 -1.66 

Cr(0H)3 (pt. a,ed). OH-

CrWH)3 (pt. fresh). OH-

crO"z- / Cr(OH)4-. OH­

crO;- / CrOz (e), OH-

-0.12 (-1.62) 

-0.14 (.l.~) 

(-0.14)bH.61l 

Cr043- I CrOz (c). OH- (-0.4) 

CrO'l3- I CrOz (pt). OH- (-0.6) 

Cr043-/Cr(OH>r,Z-.OH- (-0.6) 

crO"z- / Cr (e), OH- -0.7Z2 -1.3'4 

Cr(oH)4- I Cr(OHlz (e). 011'" -1.14 <-t.4) 

Cr(OH)4- I Cr(oHlz (pt), OH- -1.20 

Cr(OH)3 (pL, fresh) I 

Cr(OHlz (pt). 08-

-1.26 

Cr2~ (c. a) I Cr304 (e). 08' H.27)b(-1.07) 

Cr(oH)3 (pt. fresh) I 

Cr(c),OU­

Cr(OR)3 (pt, aged) I 

Cr(OHlz (pt). OH­

Cr{OH)3 (pt. aged) / 

Cr (c). OR-

-1.33 (-1.09) 

-1.3' 

-1.36 -1.0~ 

J. Phys. Chem, Ref. Data, Vol. 18, No.1, 1989 



8 STEVEN G. BRATSCH 

Table 1. S&aDdard Eleclrode POleDtialS aDd Teaperalure 
CoefrideDis iD Water al291.1' ~ -- Continued 

Acid SOIUtiODS 
(pH ~O.OOO) 

EO dEo/dT Basic: Solutions 
(V) (aV/n (pH - 13.996) 

EO dEo/dT 
(V) (aV/~) 

Table 1. S&aDdard ElecU"ode Potentiall and Teaperature 
Coollicionu ia Yater at 291.n ~ -- Contin.o. 

Acid Solutionl 
(pH -8.000) 

£0 d£O/ffr Buic: Solutioa. 
(V) (aV/~) (pH -13.996) 

£0 d£O/ffr 
(V) (.V/~) 

Chroaiua -- CoDtiDued TUDlslen6-9 

Cr(oH}z (pt) I Cdc). OH- -1.36 

crO (c) / Cr (C), OH- (-1.38)1l <-1.Z3) 

Cr(oH}z (c) / Cr (C), OH- -1.39 (-1.0S) 

Crz0:3(c,a)/Cdc),OH- -1.-427 -1.209 

CrOOH(c) / Cdc), OH- <-1.43)b (-1.1-4) 

Cr30-4(C)/Cdc),OH- (_1.-4~)b(_1.Z3) 

Crz0:3 (c,a) / -1.~0 (-1.~) 

Cr(OH}z (C), OH-

CrOOH(c) / (-I.:n (-1.3) 

Cr(OH}z (e), OH­

I;r21J3(c,a)/l;tu(e),UH- (-1.))0. (-I.Z) 

Cr30" (e) / Cr(oH}z (e), OH- (-1.6) (-1.7) 

Cr30" (e) / cra (e), OH- (-1.6)& <-1.2) 

1I01ylltleDUa6 -., 

Mo0:3 (c), B' / (0.7)& (-0.4) MoO-43- / MoOz (e), OB- (-0.6)& 

Mo~(c) Mo(OB)3 (pt) / Mo (c), OB- (-O.S) 

BZMo04 (c), B' / (0)6)& (-0.1) Mo04Z- / MoOz (c), OB- -0.818 -1.69 

MoZ~(c) MoO,,3- / MoOz (pt), OB- (-0.9)& 

BJM070z43-, B' / (0.6) MoOz (pt) / Mo (c), OH- (-0.9Z) 

Mozai' MoO,,2- / Mo (c), OH- -0.926 -1.36 

MoO:3 (c), B' / MoOz (c) 0.'30 -0.477 Mo042- / MoOz (pt), OB- (-0.9-4) 

BJM070z43-, B' / (0.,)& MoOz (c) / Mo (c), OB- -0.980 -1.196 

MoO(OBlJ (pt) Mooi- / MoO,,3- (-1.0)a 

B2MoO" (c), B' / (0.49)b (-0.33) MoOz (pt) / <-I .. 3) 

MoOz (c) Mo(OB)3 (pt), OB-

BJMo70z,,3-, H' I (0."3) 

MoOz (pt) 

H3Mo70z43-, W / (0 .. 0 

MoZ0z4, 

MoZ~(c),W / (0.4)& (-0.6) 

MoOz (e) 

MoO(OBlJ (pt), H+ I (0.4)& 

MoOz (pt) 

M02042+, W / M020z4+ (O.Z) 

M020z"', H+ I Mo3· (0.1) 

H;3M07U2-43-, H" / MO (c) U.USZ -0.3S-4 

Mo0:3 (e), B' / Mo (e) O.On -0.399 

BZMoO-4 (c), H' / Mo (c) (0.06)b (-0.3~) 

MoOz (pt), H+ / Mo3+ (0.0) 

M020z4+ ,H' / Mo (c) (-0.07) 

MoOz (pt), H+ / Mo (c) (-0.09) 

M0204· / Mo (c) (-0.1) 

Mo3+ / Mo (c) (-0.13) 

MoOz (c), H+ / Mo (c) -o.m -0.360 

Mo3+ / M0204+ (-O.Z) 

MoOz (el, H' I Mo3' (-O.Z) 

J. Phys. Chern. Ref. Data, Vol. 18, No.1, 1989 

1'3' II' (c) (O.1)a W(OB)3(pt) I W (e), OB- (-0.6)& 

B2liO" (c), B' / liOz (c) (O.06)b (-0.30 WOz (pt) lli (c), OB- (-0.92) 

1'0:3 (e), B+ / liOz (c) 0.036 -0.-«6 WOz (c) / I' (c), OB- -0.982 -1.197 

B2li60z104-,B+ / (0.00 li042- lli (c), OH- -1.060 -1.36 

WOz(pt) 1'0,,2- / liOz (c), OB- -1.217 -1.69 

W(OB}z2+, H+ lli (c) (-O.O~) 1'042- / WOz (pt), OH- (-1.304) 

BzW60z104-, B' / I' (c) (-0.06) (-0.33> WOz (pt) / (-1.7)& 

HzW60z14-,B' / (-0.07) W(OB)3 (pt), OH-

W(OH}z2+ 

HzWO" (c), H+ / I' (c) (-O.OS)b (-0.3<{) 

WOz (pt), H+ / VI {C} (-0.09) 

W~ (e), H+ I I' (c) -0.091 -0.389 

WOz (c), H' / I' (e) -0.1~4 -0.361 

W(OU>-l2+, U- I w3- (-0.,)'" 

WOz (pt). H+ /1'3· (-0.7)& 

WOz (c), H+ /1'3+ (-0.9)& 

IlaaI&De .. 6-1O 

HJMnO<{.H+ / (2.9) MnO<{3- / MnOz (C. II), OH- 0.93 

MnOz (c.~) MnO.3- / MnOz (pt). OH- (0.76) 

BJMnO •. B' / MnOz (pt) (2.7) Mn043- / Mn(oBlG2-. OB- (0.7) 

BJMnOo4,H' / (Z.,) Mn0042- / MnOz (c, ~). OB- 0.60 -1.6' 

Mn(OH}z2+ Mn04- / MnOz (c, ~), OB- O.~S -1.78' 

HMnO,,-.H+ / (2.09) MnO,,- / MnO,,2- O.~ -2.0~ 

MnOz(q) MaO.- / MnOz (pt), OB- (0.'3)b (-1.78) 

HMnO.-, H+ / MnOz (pt) (2.00) MnO,,2- / MnOz (pt), OB- (O.,Ob (-1.64) 

HMnO.-.H' / 0.9) MnO,,- / Mn(OHlG2-. OH- (O.~) 

Mn(oB}z2, MnO.2- I Mn(OHlG2-, OB- (0.') 

MnO.-. H' I MnOz (c.~) 1.69Z -0.671 MnO.2- / MnO.3- 0.27 

MnOo4-. H' / MnOz (pt) 0.63)b (-0.66) MnOz (c.~) / 0.1, <-I.4) 

MnOo4-. H' / Mn(oH}zZ+ (1.~7) MnOOH(c).OH-

Mn3+ I MnZ' 1.'6 (1.8) MnOz (e,~) / 0.146 -1.128 

MoO .. -. H+ / Mo2' 1.~07 -0.646 Mn2~ (e). OH-

Moz0:3 (e), W / MoZ+ 1.48~ -0.926 Mn(OH)3 (pt) I (O.O~) (-0.9) 

MOW" Ie}, H" / M02" 1.4lS (-u.!) M..Q(UH~ (pt), 00-

Mo(OH}zZ+, W / MnZ+ (1.41) MnOz (pt) / (O.O.)b (-1.28) 

MnO.{, W / MnOH' 1.382 -0.6.8 Mn(OH}z (pt), OH-

MnOz (pt), H+ I Mn" (1.32)h ( 0.62) MnOz (pt) I (0.0:3) (-1.7) 

HMnO.f. WI H3MnO .. 0,3) Mn(OH)3 (pt). OB-

Mn(OB}z2+, W / Mn3+ (1.3) Mn20:3(C) / 0.002 -1.2~6 

MnOz (c, ~). H+ / Mn2' 1.230 -0.609 Mn30. (c), OB-

MnOz (pt), H+ / Mn3' (LOS) (-3.0) MnOOH(c) / -0.02 (-0.6) 

MnOz (c. ~), W / 0.98 (-O.~) Mn30. (e), OB-

MnOOH(c) MnOz (c.~) / -0.044 -1.31 

MoOz (c, ~), B+ / 0.97<f -0.292 Mn(OH}z (C), OH-

Mn20:3(C) Mn(OBl62- / (-0.0 

MnOz (c, ~). H+ / MnOB+ 0.916 -0.61-4 Mn(OH),{,OH-

Mn04-, W / HMnO.- (0.90) Mn(OH).f / Mn(OH).,2- (-0.1) 
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Tabl. I. Staadard El.cu.d. P ..... tiaI. ud T •• p.nuare 
eo.rrici •• b ia "ale, al291.1) ~ -- eo.u.. ... d 

Acid S .. I .. U .... 
(pB - •.• 0.) 

EO dr/llT Buic Sol .. Uo •• £0 dr/dT 
(Y) (.Y/~) (Y) (.Y/~) (p_ -13.996) 

II ... ' ..... -- eo.U .... d 

MoOz(c.~),H+ IMn3+ 0.90 (-3.0) 

M020J (el. H' I MnOR' 0.S~8 -0.93' 

MnOOH(c). H' I MnOB' 0.8"i (-0.7) 

MnOR'. R' / Mn (d -0.869 -O.1Z, 

MoZ, I Mn (e) ·1.1S2 -0.129 

MnOz (c,~) I MoO (c), OH- -0.129 -1.116 

Mn2~(c)1 

Mn(oRl:2 (el. OR-

MnOOH(c) I 

Mn(OH}z (c), OB-

Mn30 .. (cl I 

Mo(oHlz (c). OH-

-0.234 -1.49 

-0.24 (-1.3) 

-0.3'2 -1.61 

M02~(d I MoO (d. OH- -0.0(00( -1.100( 

M0304 (e) / MoO (e). OH- -0.607 -1.028 

Mn(OB)i-1 Mn (e), OR- -1.4Z 

MnO(c) I Mn (c:). OR- -1.0(80 -1.294 

Mn(ORlz (pl.) I Mn (c),OB- -1.'60 -1.H 

Mll(OHlz (e) 1 Mn (e), OH- -1.'6' -1.10 

T.cll ... U ... ' 

TeO, (e). H+ I Te~ (c) (0.")8. (-0,5) 

Tco.(, B+ I TeOz (c) 0.738 (-0.70) 

Tco.(. B+ I TeOz (pt) (0.72) (-0.6S) 

Teo.f,H·/Tc~(C;) (0.70)8(-1.2) 

Teo..-. H' I Tc(OH}zZ' (0.62) 

Tc~ (cl, H' I Tc(OH)z2. (0.'8)8 

Tc(OH)z2 •. H' I Te3• (0." 

Tc~-, H' I Te (c) 0.412 (-0.,1) 

Tc(OH}z2 •. B' I Tde) (0.36) 

Te3' / TeZ' (0.3)8-

TeZ' I Tc (cl (0.3)8-

TcOz (pt), R+ / Tc (c) (0.2S) (-0.37> 

TeOz (c), R+ I Tc (e) 

Teqz (pl), H+ I Tel­

TcOz (c). H' I Tc3• 

0.272 (-0.36) 

(o.Z) 

(0.2) 

Tco..2- I TcOz (c), OH­

Tc00(2- I TcOz (pt), OH­

TeOo(- I TcOz (e). OH­

TcOo(- I TcOz (pt), OH-

-0.26 

(-0.29) 

-0.366 H.sZ) 

(·0.38) H.80) 

Tc(OBl3 (pt.) I Tc (c), OB- (-0.0() 

Te00(2- 1 Te(08>.;2-, OH- (-0 .. 0 

TeOo(- I Te(08).;2-, OB- (-0.46) 

Teo.f I Tc (e). OH- -0.0(74 (-1.46) 

Te(OB>.;Z- 1 Te (el. OB- (-0."8) 

TcOz(pt)/Tc(c),OB- (-0,,,) (-1.21) 

TeOz (e) I Te (c), OB- -0.'~6 H2O) 

TeO,( I Te04Z- -0.~7 

Te(OB>.;2-1 (-O,s) 

Te(OH>3 (pL), UH-

TeOz (pt) I Tc(OBl3 (pt), OB- (-1.1) 

Iheaiu.6, 7. '. 1. 

Re04-, H+ I R~03 (e) (O.72)b (-1.17) Re(OH)3 (pt) 1 (-O.ZS)b (-1.07) 

Re04-, ff+ 1 ReOZ (e) 

Re 3'/Re (c) 

0.'10 (-0.70) 

(O.~) 

ReO,(.ff+ IReOz(pt) (0 .. 49)b(-0.6S) 

Re03 (e). B+ I ReZo, (e) (0.1) (-0.0() 

Re03 (e), H+ I ReOz (e) (0.1O)b (-0.47) 

ReZo, (e), H' I ReOz (e) (0.1) (-O.~) 

Re(oH)zZ,. ij+ 1 Re (c) (0.39) 

ReO,,-,H' IRe (e) 0.376 -0.'06 

ReO,,-. H' / Re(OH)zZ' (0,36) 

ReOz (pt), H' I Re (e) (0.29)b (-0.37> 

Reoz (e), B+ I Re (e) 0276 (-0.36) 

Re03 (e), B+ I 

Re(OH)2Z+ 

(0.18) 

Re(OH)ZZ •. H' 1 Re 3' (0.0) 

Re (e), B' I ReH -0.18. 1.3 

ReOz (pt). H+ 1 Re 3+ (-0.3) 

Re (c),OH-

Rezo, (e) I (-0.4) H,3) 

ReOZ (e), OB-

Re(OB)62- / Re (e),OB- (·0.0(7) 

ReO;- I ReOz (e), OB- (-O.~) 

ReO .. 2- I ReOZ (pt), OH- (-0.') 

Re02 (pt) I Re (e), OB- (-0.~4)b (-121) 

ReOz (e) I Re (c),OH­

ReO.{ / Re (e),OB-

-O.~~Z (-1.20) 

-0.:)70 -1.461 

Re04-/ReOZ (c),OB- -0.~94 H.S2) 

Re04Z- 1 Rezo, (c). OB- (-6.6) 

ReO,,-/ReOZ(pt).OH- (-0.60b (-1.80) 

ReO;- 1 Re(OH)6Z-. OH- (-0.7) 

ReO,,- I Re(OH)6Z-. OB- (-0.70) 

ReO,.- I ReO,,2-

Re (e) I ReH, OB-

(-0.8) 

-O.ge. 0.' 

Table I. Saaallard Elee,"de P .... Ua1 ...... T •• ,enuare 
eo.rrid •• is i. "ale, al291_I~ ~ -- eo .. u.. •• d 

Acid $ .. I .. Uo ... 
(pH - ..... ) 

EO dFJI/dT Buic Solut.i .... 
(Y) (.YII) (,H -13.996) 

£0 ""Ilf 
(Y) (aYII) 

Ille .. iu. -- eoat.i .... d 

ReOz (c). H+ I Re 3' (-0,4) Re(OH)6Z- 1 

Re(OH)3 (pt), OH­

ReOz (pt) I 

Re(OB)3 (pt), OB-

H.O) 

(-1.3)b (-1.6) 

Iron2. '-9 

HfeO,,-. W I Fez~ (c. a) (2.09) 

HfeO.{. H' I FeOOH (d (Z.08) 

HfeO.{. W I Fe3• (Z.07) 

Hfe04-, H' I fez(oH)z-f' (2.04) 

HfeO,,-, H' I t'eOHZ, 

feOf{Z'. H' I FeZ' 

(2.03) 

0.900 0.096 

0.77J I.ln 
(O.7·j)b ( 1.05) 

FeZ~ (c, a). H' I feZ. 0.72 -I.Z' 

FeOOH(c).H'/FeOH' (O.l8)b(-1.06) 

Fez03(c,a).H' I FeOH' 0.16 -1.26 

FeOH', H' / Fe (c) 

FeZ' / Fe (el 

-0.16 0.07 

-0.44 0.G7 

Fe04Z- IFe2~(c,a).OH- (0.8l)b(-I.'Z) 

feO/-/FeOOH(e).Oll' (O.80)b(-1.,9) 

Fe042- / Fe(OH>3 (pt). OH- (0.71)b (-1.67) 

Feoi- I fe(oH)4-, Oll' 

Fe<OH)3 (pt) / 

fe(oH}z (pt), OH-

-0." (-0.94) 

FeOOH (e) I Fe304 (el. OH- (-O.'6)b (-0,38) 

t'e<OH) .. -/Fe(e),OH" -0.71 (-1.18) 

Fe(oH).t I Fe (e), OH- -0.73 

Fe(OHl3(pt)/Fe(c).OH- -0.776 -1.062 

FeOOH(cll (-0.84)b (-1.Z3) 

Fe(OHlz (C), OH-

Fe20J (c, a) I -0.86 -1.43 

Fe(OHlz (el, OH-

FeO.947<> (cl I Fe (c), OH- -0.870 -1.3li 

FeOOH(c) IFe (c),OH- (-0.87)b(-I.W 

Fez03(c,(l) IFe (e),OH- -0.881 -I.Z07 

Fe(OH}z (pt) I Fe (e), OH- -0.89 (-1.1Z) 

Fe(OH}z(c)/Fe(e),OH- -0.89 -1.09 

fe21J3 (c. a) I 

FeO.947<> (el, OH" 

-0.':IU't "0.':1), 

Fe30.j(cl/Fe(c),OH" -0.9li -1.234 

Fe30" (e) / Fe(oH}z (c). OH- -0.98 -1.6' 

Rutlleniu.6"10 

RU04-, H' I Ru03 (c) (1.9)8 

Ru04-,H'/RuOZ(c) (1.66) 

RuO.(, H' I RuOzZ, (1.6)& 

RuO.(, H' I Ru(OHlzZ' 1.'3 

Ru03 (C), W 1 RuOZ (cJ 0.')8. 

RUOZ2', H' I Ru(OHlZ2' (1.,)8. 

Ru04 (c), H' I Ru02 (d (1.48)b (-0.::;8) 

Ru04(e),W 1Ru03(c) (1.·0a 

Ru04.H' I RU(0H)Z2. 1.40 

Ru04, WI RuOzZ' 

Ru04, H' I Ru (c) 

Ru04 (e), H' I Ru (c) 

Ru0ol/ Ru04-

Ru04 (e) I Ru04-

(1.3)11 

1.038 -0.446 

1.032 -0.467 

0.99 

0.94 

O.Il~ 

Ru040H- I RuOZ (c). OH- (0.63) 

RuO.( 1 Ru04Z- Q.j9 

Ru040H' I Ru02 (pt). OH- 0.,4 

RuOo(OH' 1 Ru(OH)6Z-. OR- (0.,4) 

Ru042- I Ru02 (e), OH­

Ruoi' 1 RuOz (pt), Oll' 

Ruoi- I Ru(OH)62-

Ru040H- / Ru (e).OH-

(0.)4) 

O.3~ 

(Q.3) 

0193 

Ru(OH)4- I Ru (e).OH- (0.0) 

Ru(OH)3 (pt) / Ru (c). OH- (-0.06) 

Ru(0H)62- I Ru (C).OH- (-0.1,) 

RuOz (pt) I Ru (e), OH­

Ru02 (el I Ru (e),OH-

-0.1' 

(-0.2j)b (-1.20) 

J. Phys. Chern. Ref. Data, Vol. 18, No.1, 1989 
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Table I. StaDdard Electrode Potentials aad Teaperature 
Coefficieats ia Water at 291.1~ I: .- Continueel 

Acid Solutions 
(pB -0.000) 

EO clE0/cIT Basic Solulions EO clEo/cIT 
(V) (.V/I:) (V) (.V/I:) (pB - 13.996) 

Rutheniu. -- Continueel 

Ru(oH)ZZ+, H+ lRu 3+ (0.9) 

RuZ+ I Ru (c) (0.8) 

Ru(OH)ZZ" H' I Ru (c) 0.68 

Ru 3' I Ru (c) (0.60) 

RuOZ (c), H+ I Ru (e) (0.'8)b (-0.36) 

(o.:n 

Ru3+ IRu Z+ 0.2<4 

RuOZ (pt) I (-0.") 

Ru(OH)3 (pt), OH­

Ru(OH)6Z-/Ru(OH),,-.OH- (-0.6) 

0s.iu.1,6-9 

OsOzZ. 10s0z (pt) (I.Z)11 

0s0:; (c), H' 10s0z (e) (1.1)11 

UWZZ',H'/OS(OH>ZZ, (1.1)~ 

0s0.t (c, y), ft+ I 0s0z (e) 1.02 (-0.'6) 

OsO.t, H' 10s0z (pt) 0.96<4 

OaOt, H' 103(OR}z2, (0.91) 

0s0.t (c. y). H' I 0s0:; (c) (0.9)11 

()s3. lOs (c) (0.9) 

CIsO.c. H+ lOs CC) 0.8~8 -0.'1" 

0s0.t (c, y), H+ lOs (c) 0.83<4 -0."'8 

Os(OH>2Z+. H+ lOs (c) (0.76) 

0s0z (pt), H+ lOs (c) 0.71Z 

OsO.t, H' 10000Z, (0.7)11 

0s0z (c), H' lOs (c) 0.6' (-0.36) 

Os(OH>2Z+, H' I as3' (0,04) 

0s0z (pt), H' 10s3' (O.Z) 

0s0z (c), H' 10s3· (-0.0 

OsO:;(oH)32- I 

OsOz(oB)i-.OH-

(0.3) 

050.(OH- ( OsOz<OH),,2-. OH- (0.3) 

OsO.tOH- I OsO:;(OH)32- (O.Z) 

0s(OBl(,3- / Os (c). OH- (0.2) 

~OR-I 080z (c). OR- 0.17 

OsO.tOB- 10s0z (pt). OH- 0.108 

Os(OH~ (pt) I Os(c). OB- (0.1) 

0s01(OH).,2- 10s01 (e). OH- (0.1) 

OsO.tOB' I Os(OHl(,Z-. OB' (0.09) 

OsO.c0H- lOs (e). OB' -0.00" 

Os(oBl(,Z- lOs (e). OB' (-0.09) 

OsOz(OH)<4Z- 10s0z (pt). OH- (-0.1) 

OsOz(OB)i- I (-0.1) 

Os(OHl(,Z-.OH-

0s0z (pt) I Os (e). OH- -0.116 

0s0z (e) I Os (e). OH- -O.lS H.ZO) 

0s0z (pt) I Os(oH~ (pt). OW (-O.S) 

05(OHl(,2- 1 0s(OHl(,3-

Cobalt6-9 

(-O.S) 

Co3' I CoZ, 1.92 I.Z3 

CoOOH (c). H' I CoZ, O.76)b (-1.00 

CoOz (e), H+ I Co2~ (c) (1.7) (-0.") 

Coo, (e), H' I CoZ, 

CoZ~ (e). H' I CoZ. 

(1.7) (-0.8) 

(1.6) (-1.Z) 

CoOz (e), H' / CoOOH(c) (1.6) (-0.6) 

CoOz (e), H' / (1.:5> 

Co<4(OH),,<4, 

CoOz (e). H' / Co3' (1.,,) (-Z.8) 

CoOz (c). H' I CoOH' (1.4) (-0.7) 

CoOOH(c), H' / 

Co<4(OH),,'" 

CoZ~ (c), H' / 

Co<4(OH>.,,'" 

(1.30 

(1.Z) 

CoOOH(c), H' I CoOH' (1.19)b (-0.80) 

CoZ~(c).H·1 CoOH' (1.1) (-1.0) 

CoOH'. H' I Co (e) 0.003 -0.0" 

Co<4(OH),,"'. H' i Co (e) -0.06 

CoZ+ I Co (c) -0.Z8Z 0.06' 

Co043- I CoOz (c). OH- (1.0)11 

CoOz (e) I CoZ~ (e). OH- (0.9) (-1.Z) 

CoOz (e) I CoOOH(c). OH- (O.S) H.4) 

Co0<43- I Co(OH)3 (pt). OB' (0.7)11 

Co043- / Co(OH)4'. OH- (0.7)11 

CoOOH (e) I Co30<4 (c). OH- (0.70)b (-OS) 

Co(OH)3(pt) I (0.') (,1.1) 

Co(OH>2 (pt. pk). OB-

Co(OB)3 (pt) I (0.4) 

Co(OH>2 (pt. bU. OB-

Co2~ (e) I Co304 (c). OB- (0.3) (-1.1) 

CoOOH (e) I Co(OH>2 (c). OH- (O.ZO)b (-1.3::)) 

Co(OH)4- I Co(OH)4Z- (O.Z) 

Co2~(C)/Co(OH>2(c),OH- (0.1) (-I.,) 

Co2~ (c) I COO (e), OH' 

Co304 (e) I COO (e), OH­

Co(OH)42- I Co (e). OH-

(0.0) H.O) 

-0.16 -1.00 

-0.'7 

Co(OH>2 (pt, bl) I Co (e). OH- -0.703 

CoO(d/Co(d.OH- -0.709 -1169 

Co(OH>2 (pt, pt) / Co (e), OH- -0.722 -1.0of 

Co(OH>2 (e) I Co (e). OH- -0.7046 -1.02 
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Table I. Staadard Electrode Potentials and Teaperature 
Coefficients in Water at 291.1' I: -- Continued 

Acid Solutions 
(pB ~O.OOO) 

EO clEo/cIT Basic Solutions [0 d[O/cIT 
(Y) (.V/I) (V) (.V/I) (pB = 13.996) 

Rhodiu. 6- 9 

Rh03 (el. H' I Rh02 Cc) (1.8)11 

Rh03 (e), H' I 0.6)8 

RhCOH)ZZ, 

RhCOH)ZZ'.H'/Rh 3• (1.6) 

RhOZ (pt). H' IRh 3• 0.:5> 

(1.3) (-Z.') 

RhOZ (c). WI RhZ0:3 (c) O.Z) (O.Z) 

RhOZ(e),H' I RhOHZ, 0.1) 

Rh' IRh (e) (\.0)8 

RhonZ,. H' I Rh (c) 0.S3 

RhZ'" I Rh (c) (O.S) 

RhZ0:3 (c), H' I Rh (cl (o.mb (-0.'11) 

Rb3· I Rh (e) 0.76 (0.4) 

Rh 3, I Rh 2of ' (0.7) 

RhZ<4· I Rh • (0.6)11 

Rh04Z, I RhOZ (el, Oil' (0.9)8 

Rh04Z- I RhOZ (pt), Oll-' (0.8)8 

Rh04Z- I Rh(oH)6Z" Oll- (0.7)11 

RhOZ (c)1 Rh203 (el, OH- (0 'I) (-10) 

RhOZ (pt) I (0.3) 

RhCOfll3 (pt. br). OH­

Rh(OfI)6Z- I Rh(OIll.(. OH- (03) 

Rh(OH).j" I Rh (c). OR" 

Rh(oH)3 (pt. y) I 

Rh (el. OH-

(012) 

0.11 

RhOZ (pt) / (01) 

Rh(OH)3 (pt. y), OH-

Rh(0H)3 (pt. br)1 (0.04) 

Rh (e). OH-

RhZ~ (c)1 Rh (el. OW ( 006)b (·1 2~) 

Il'ieliu.6. 7, 10 

IrOJ (e), H' IlrOz (c) (1.,)8 

IrOJ(c),H'/ 0.3)11 

Ir(OH)zZ, 

Ir3' / Ir (c) (1.0) 

Ir(oH)zZ,. B' / Ir (e) (0.8'1) 

IrZ~ (e), H' Ilr (el (O.S)11 (-O.4Z) 

IrOz (pt), H' Ilr (e) (0.79) 

IrOz (e), H' I Ir (cl 0.73 (-0.36) 

Ir(OH>22" H+ IIr3' (0.4) 

IrOz (e), H' / IrZ~ (e) (0.3)11 (-O.Z) 

IrOz (pt), H' IIr3' 

IrOz (e), H' Ilr3' 

(o.Z) 

(-0.1) 

IrOz(oH)i- IlrOz (e), OR" (0.6)8 

IfOzCOH)i - IlrOz (pt), OH- (0.,)8 

IrOzCOH)i-' Ilr(OH)6Z-, OH- (0.4)8 

Ir(OH)63- Ilr (el. OH- (O.Z) 

Ir(oH)3 (pt) I Ir (e), OH- (0.2) 

Ir(OH)6Z- / Ir (e), OH­

Ir2~ (e) Ilr (e), OH­

IrOz (pt) Ilr (c). ow 

lrOz (c) I Ir (e), OH-

(0.01) 

(0.0)11 (-1.2:)) 

('0.04) 

-0.10 (-1.19) 

IrOz (e) Ilrz0:3 (e), OH- (-0.,)11 (-1.0) 

Ir(OHl6Z- Ilr(OH)63- (-0.6) 

IrOz (pt) I Ir(OH)3 (pt), OH- (-0.7) 

Hid:eI6-9 

(Z.3) (1.1) 

NiOOH (c. ~),W I NiZ, zm (-1.17) 

Ni203(c),WINiZ, (1.9) (-\.1) 

NiOz (c), H' I NiZ, (I.S)a (-09) 

NiOz (el, H' I NiZ03 (c) (1.7)8 (-0.4) 

NiOOH (c. ~), H' I 

Ni.t<OH)44• 

NiOz (e). Ii' I 

Ni4<OH),,'" 

NiOz (el, WI 

NiOOH(q) 

NiOz (c), H' I NiOH' 

NiZ03(cl.Ii' I 

Ni4(OH)41' 

1.64 (-1.0) 

(1.6)8 (·OS) 

(1.:)8 (-0.6) 

(1.,)8 (-0.7) 

W)) (·I.Z) 

NiOOH(e.~l.H' I NiOH' 147 (-0.9) 

Ni2~ (e), H' I NiOW (1"3) HI) 

NiOz (c). H' I Ni3' 0.3)11 (-2.9) 

NiOH',H'/NiCc) 0.0" (0.0) 

Ni4(OH)41', W I Ni (c) -0.031 0.06 

Ni2• I Ni (c) -0.236 0.146 

NiOOH (c. ~lI (1.0) (-0.6) 

Ni304 (el, OH-

NiOz (ell NiZ03 (el. OH- (0.9)!l (-1.2) 

NiCOIl).( I (0.7) 

NHOH)z (pt), OH­

NiOz(e)/NiOOH(q),OH- (0.7)a (-1.4) 

NiOOH(q) I 

Ni(OH>2 (c), OH-

Niz0:3(e)/Ni304(cl,OH- (0.5) (-1.2) 

(0.:» 

Ni2~ (c) I Ni(oH)z (el, OW (0.4) (-1.5) 

Niz~(e)/NiO(el,OR" (0.3) H.Z) 

Ni304 (el I Nj(OHlZ (el. OH- (0.3) (\7) 

Ni304 (e) I NiO(c),OH- (O.Z) (-\,2) 

NHOH)4Z- I Ni (c), OW (-0.'6) 

Nj(OHlz (pt}/Ni (e). on- -0.688 -\.09 

NiO(c)/Ni(c),OH- -0.696 ,,1.193 

Ni(OH)2 (c) I NiCel. OR" -0.714 ·\02 
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Table 1 .. S&aatlartl ElecU'o'e 'OleoUals and Teaperature 
Coerficieats ia .... r at 291.1) I -- Coatia.e. 

Acid Solutioas 
(pH .0.000) 

fO dfiJ/dT Basic Solutions fO dfO/dT to 
(V) (aV/I) (V) (aY/I.) (pH s 13.996) 

PaJladjua6- 10 

Pd~ (c:), H+ / PdOz (e) (2.0)8 

Pd~ (e), H+ lPd(OH>22+ 0.8)8 

Pd(OH>22+,H+ /Pd2+ (1.,4) 

PdOz(el,H'/PdO(c) 1.47 (-0.4) 

PdOz (pt), H' I PdO (pt) (1.40b (-0.04) 

PdOz (c;l, H+ I PdOH' 1.27 

PdOH', H+ / Pd (e) 0.983 

PdZ, / Pd (c:) 

PdO (pt), H+ I Pd (el 

PdO(e), n+ I Pd (d 

0.915 O.1Z 

0.897 -0 ... 5 

0.79 -0.33 

Pd~ (c) I PdOz (e), OH- (I.Z)8 

Pdoi- / PdOz (pt), OR- (I.Z)8 

PdOi-1 Pd(oH~Z-, OR- (1.08 

PdOz (e) I PdQ (e). OH- 0.604 (-1.2) 

Pd(OHl6Z- I Pd(OH)4Z-. OR- (0.59) 

PdOz (pt) I PdO (pt). OR- (0.5S)b (-1.Z) 

Pd(OH)42- I Pd (c). OH- (0.10) 

PdO(pt) / Pd (c), OH­

PdO (e) I Pd (e>, OH-

0.069 -1.28 

-0.00( -1.16 

Plati.ual, 6, 7, 9, 10 

Pt~ (c;), H' / PtOz (el (1.7)8 

Pt03 (c), H' I Pt(oR>22+ 0.:)8 

PtOH', WI Pt (c) (1.2) 

Pt2' I Pt (e) us (-0.0:5) 

Pt(oH>22+,H'/Pt(C) (1.0:5) 

PtOz (pt), H' / PtO(pt) 1.01 

PtOz (pt), H' / Pt (e) 

PtO (pt), H' I Pt (e) 

PtO(e), WI Pt(e) 

PtOz (c;), H' / Pt (e) 

Pt(oH>22' ,H' / Pt2. 

PtOz(c)'H'/PtO(c) 

PtOz (c), H' / PtOW 

1.00 

0.98 -0.53 

(0.904) (-0.38) 

0.92 (-0.36) 

(0.91) 

(0.91) (-0.33) 

(0.6) 

~ (e) I PtOz (e), OH- (0.9)8 

PtOz(OH)42- I PtOz (pt), OH- (0.3)8 

PtOz(oHli- / Pt(oH)6Z-, OH- (0.8)8 

Pt(OH)i- I Pt (c), OM­

PtOz (pt) / PtO (pt), OB­

Pt(OH)6Z- / Pt (e), OR­

PtOz (pt) / Pt (e), OH-

(o.ZO) 

0.18 

(O.1S) 

0.17 

PtQ(pt)/Pt(c}.OH- 0.15 -1.37 

Pt<OR)62- / Pt(OH)i-. OB- (0.15) 

PtO (c) I Pt (c), OH­

PtOz (e) I Pt (c). OR­

PtOz (e) I PtO (c), OR-

(0.1Il (-1.Z2) 

0.09 '(-1.19) 

(O.OS) <-1.17) 

Cop'peI'6-1 

Cu3' I Cu2' 

CuZ~ (e), H' ICu2, 

Cu20:3 (e), H' / 

CU2(OH>2Z-

(2.04) (D) 

(Z.O) H.ll 

(1.7) 

CU2~ (c), H' / CuOR' (1.:» 
0.676 

Cuow, W ICu (<:) 

Cu' f Cu (e) 

CU2(OH>2Z, / CU20 (e) o.'.m 
Cit2(OH);!Z,. H+ / ("u (d 0.0(93 

CuZO (e), H' I Cu (e) 

CuZ, I Cu (e) 

CU2• I CU20(c), H' 

CuZ' leu' 

Ag2. ! Ag' 

Ag3' lAg' 

AgZOz (c}, H' fAg' 

A8~'1 Ag2, 

Ag20J (el, H' / Ag' 

0'173 -O.4~B 

0.339 0.01l 

0.Z06 0.0476 

0.161 0.776 

1.<JlS'I U.':I':I 

( 1.9) 

1.802 0.19 

o.s) 

1.m -O.OZ 

Ag203 (e), H' / AgZOz (e) 1.715 -0.23 

Cu<OHlo(- I Cu(OH).cZ- (0.8) 

CU2~«:)/CuO(e),OH- (0.7) (-12) 

CU2~ (c) I Cu(oH>2 (C), OR- (0.7) H .5) 

Cu(OH)"i!-/Cu(oH>2-,OH- (-0.1) 

Cu(oH>2(c) I Cu20(e),OH- -0.110 (-0.77) 

Cu(oH).2- I Cu (el, OH- -0.152 

CUO(c;) I CuZO(c;). on -0.1&7 -J.J0'1 

Cu(oH>2- / Cu (e), OH- (-0.2) 

Cu(oH>2 (ptl/Cu (c).OH" (-0.Z2) (-1.08) 

Cu(OH)z (d I Cu (d, OR- -0.233 (- t .03) 

CuO (pt) I Cu (c), OH- (-o.m 

CuO (d / Cu (e), OH- -0.271 -1.199 

CU,O (e) / Cu (el. OB- -0.3'S'S -1.289 

Siforer6-a 
Ag2U:3 (C) I Ag2D2 (e), 08- 0.S87 -1.06 

Ag(oH)i- I Ag(OH>2-, OH- (0.8) 

Ag(OHl.{ I Ag(oH>2". OR- (0.75) 

A,ZO,,(c) I A'ZO(c),OII- 0.7-1-1 -1.10 

Ag(OM).{ I Ag(OHli- (0.7) 

AgZOz(c)/AgZO(c).OH- 0,602 -1.13 

Ai' I Ai (el 079<}3 -0 QIIq Ag{OH);!" I AI! (,.j Of/" 

Ag20 (c) / Ag (c), OR- 0.343 -1.338 

Table L S&aadard Electrode. POlenUals and Teaperature 
Coerficieats io. Yater at 291.1~1. -- Coatinuoel 

Acid Solutions 
(pH :0.000) 

fO dfO/dT Basic Solutions EO 4Eo/dT 
(V) (aV/I:) (Y) (aV/I.) (pH -13.996) 

Goldl, 6-1, 10 

Au2+ I Au' 

Au' I Au (e) 1.69 H.ll 

Au3+ I Au (e) (1.50) 

AuOH2+, W I Au (c) 1.0(4 

Au3·/ Au' 0.041) 

Au2<l:3 (pt), H' I Au (c) 1.363 -0.443 

AU2~ (e), H' I Au (el (I.m -0.367 

AuOH2+. H' I Au+ 1.32 

AuZ~ (pt). H' / Au' 

AuZGJ (e), H+ I Au' 

Au3+ I AuZ' 

Au (cJ I Au-

ZnOU+, H' I Zn (e) 

Zn2' / Zn (e) 

120 (-0.1) 

(1.18) (0.0) 

(Lo)a 

(-ZA)8 

-0.497 

-0.762 

0.03 

0.119 

Au(oH>2- I Au (c), OR- (10) 

Au(OH}o(- I Au (c), OR- 0.600 (-l.2) 

AU2~ (pt) I Au (e), OH- 0.'S35 -1.279 

Auz0:3 (el I Au (e), OH- (0.52) -1.Z03 

Au(OH)." I Au(OR>2-,OH- (0.4) 

Au (e) I Au-

liac6-1 

Zn(OH)i- I Zn (e), OH- -1.199 

Zn(OHll(pt}/Zn(c),OH- -1.22Z (-1.0·0 

Zn(OHll(e,d/Zn(c),OR- -1.2-49 -0.999 

ZnO(c) I Zn (e), OH- ··1.260 -1.160 

Cadaiua1,6-8 

CdOH', H' / Cd (c) 

CdZ2, I Cd (e) 

Cd2+ I Cd (e) 

Cd2+ I Cd22' 

-0.104 O.OZ 

(-0.2)8 

-O.o(OZ -0.029 

(·0.6)8 

Cd(OH)i-/Cd(c),OH­

CdO (e) I Cd (c), OR-

-0.65S 

-0.783 -1.166 

CdWHll (pt) / Cd (C), 08- -0.80S (-1.06) 

Cd(OH>2 (c,~) I Cd (C), OH- -0.S26 -1.020 

llercury6-1 

Hg(oH>2, H' I Kg (liq) 

Hg2' I Hg22+ 

1.030( -0."10 Hg(OH)r / Hg (Hq), OH- 0,Z31 

ligZT I Itg (Uq) 

Hg(OH)z. W I Hg 

HgZ2. / IIg (Jiq) 

0.908 0.095 

U.tI:);! -U.116 

0.S30 -0.-43 

0.796 -0.327 

0.6.8 0.'. 

0.389 -0.38 

Hg(OH>2 / Hg (Jiq), OH-

HgU lpt) / Hg lhq), OH­

HgO (r., y) I Hg Oiq). OR­

RgO (c, r) / Hg Uiq), OH-

0.Z06 -1.Zo« 

lO.1I) H.l7) 

0.0983 -I.IZ, 

0.09n -1.1Z06 

Boroa6-1 

Btl (el, H+ I B2R(;, (/I) -0.1'50 -0.296 

B12 (e), H+ I B~- -0.237 -0.460 

Bzll6 (g), H' I BIL{ 

B(oH)3' W I BIL( 

-0.368 -0.70') 

-0.i81 -0.472 

B(OH)3 (e), W I BR-4- -0.04S2 -0.3n 

B(OH)3' R+ I BzH6 (g) -0.'519 -0.39-« 

B(oH)3(C),H+ / 

Bzll6 (g) 

Bz(OH)o(. H+ I B12 (e) (-0.&) (-0.49) 

Bz(oHlo( (el, H+ 1 

BIZ (cJ 

B3~(oH).c-, H' I 

BI2 (c) 

(-0.8) (-0.23) 

-0.M3 -0.33 

1I(OU)3. u' f 1)1Z (C) -0.11&'" -O.'l'1Z 

B(oB)3 (c), H+ I Bl2 (el -0.&90 -0139 

B(OH)3' H+ / Bz(oHl,f (-1.1) (-O,'j0) 

II(OH)3 (c), H' I 

BzCOH)4 (e) 

(-1.1) (-0.25) 

B2H& (II) I BH .. -. OH­

Bl2 (e) / BH04-, OB­

B12 (e) I Bzll6 (g), OH-

-0.782 -1.12:; 

-0.899 -1.1Z9 

-0.978 -1.13Z 

B(oH).{ I BH,f-,OH- -1.W ·1.10«0 

B(OH).c-/BzH&(g),OR- -1.3904 -1.146 

Bz(OHl62- I BI2 (e), OB- (-1.7) 

B3D.3(oHl4- / B1Z (c). OB- -1.763 -126 

B(OH),( I Bl2 (C), OB- -1.&11 -1.160 

8(OR)0(- I Bz(OHl62-, OR- (-Z.O) 

J. Phys. Chern. Ref. Data, Vol. 18, No.1, 1985 
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lable I.S ......... d Iloetrodo Poull,iaJ. alld Toaperaturo 
to.rrido .. u i ••• &or at 291.n I. ." COlltiauod 

Add Solutioll' 
(pD - 0.000) 

AIOHZ+,n+ I AI(c) 

EO dEO In Basic Solulions 
(y) (aV/I.) (pH- 13.996) 

Aluainua6 -C) 

-1.~79 0.Z8 AI(OH)3 (pt) I AI (c). OH- -Z.31 -0.97 

AIZ(oH>z4', H+ I AI (e) -1.60 0.3Z -Z.3Z8 -1.13 

A13+ I AI (e) -1.677 0.~33 

Al3',HZ(g)1 AlMof- (-1.78)&(-0.W 

A13+, HZ (g) I AIH3 (c) -1.838 -0138 

A1Z~ (c. u) I AUc). OH- -Z.33Z -1.110 

AI(OH)3 (c. u) I AHc). OH- -Z.338 -0.9Z7 

AlOOH(c.u) I AUe>.OH- -Z.371 -1.0~.c 

Ga+ I Ga(c) 

Gat"· I Ga (c) 

GaOHZ" H' I Ga (c) 

Ga3+ I Ga(e> 

GaZ'" I Ga' 

Ga3+ I Ga' 

Ga3+ I GaZ4+ 

In' I In (e) 

InOHZ, , H* I In (c) 

Inzo4' I In (c) 

In3' I In (e) 

Inz4' I In' 

In3+ I In' 

In3' I InZo4+ 

Tlo}f2'. H+ I TI' 

T13+ ITI' 

TlooH(d.W IT!' 

TIZ~ (c). H+ I TI' 

TIO}f2', H' I TI (c) 

Tl3'/THc) 

TlooH (e). H+ I TIC e) 

TIZ~ (c), H+ ITI (c) 

TI' I TJ(c) 

GalUua6-1 

(-O.Z) 

(-M) 

-0."98 

-0.~"9 0.61 

(-0.6) 

(-0.7) 

(-0.8) 

GaZO(c) IGa(c).OH- (-0.9)& <-1.19) 

GaCOH)3(pL)/Ga(c).OH- -1212 -0.99 

GaOOH(c)/Ga(c).OH- -1.320 (-1.08) 

GaZ~(c,p)/Ga(C:).OH- -1.323 -1.1:)6 

Ga(OH) .. -/Ga(c).OH- -1.3Z6 

GaOOH(c) I GaZO(c).OH- (-1.')& (-1.03) 

GaZ~(q) I GaZO(c).OH- (-1.')& (-1.11) 

Ga(OH)o4- I GaZO(c). OH- (_1.,)& 

huliua6-C) 

·0.1Z6 

-0.Z~9 

-0.Z6 

-0.338 0.'12 

-0.40 

·0.144 

-0.19 

InZO(c)/ln(c).OM' (-06)& (-1.12) 

In(OH)3 (pt) I In (c), OM' ~0.99 -O.on 

In(OH)4- I In (c), OH- -1.007 

In203 (e) lin (c), OM" -1034 -1.131 

InooH(c) I In (c),OH- -1.066 <-t.06) 

In(oH)4- IlnZO(c),OH- <-t.Z)& 

InZ~(c)/lnZO(c),OH- (-1.21& (-1.14) 

InooH(c) I InZO(c),OH- (-\.3)& (-1.03) 

ThaUiu.6- a 

I.Z99 

I.Z80 0.97 

1.22~ (0.Z6) 

1.I6~ (O.1~) 

0."'1 

0.711 O.ZI 

0.70~ (-0.26) 

0.66~ (-0.33) 

-0.336 -1.3IZ 

mOH)4- I TIOH (e). OH­

mOH),{ I TlOH, OH-

0.099 

0.091 

TlooH(C) I TlOH(d. OH- O.ot~ (-I.H> 

mOH~(pt)/TJ(c).OH- (-0.Q3) (-1.00) 

TlZ~ (d I TlOH (c), OH- -0.046 <-t .24) 

mOH)o4- I TI (c). OH- -0.067 

TlooH(e) I Tl (e), OH­

Tl2~ (c) I TI (c), OH-

TIOH I TI( d, OH­

TlOH (c) I Tl (c). OH-

-0.1Z3 (-1.10) 

-0.163 (-1.17) 

-0.38Z 

-0.399 -1.0Z9 

J. Phys. Chem. Ref. Data, Vol. 18, No. 1,1989 

Table I. Slandard Electrode Potentials .and Teaperature 
Coerricienla iaWaur al291.I'·~ -- Conlinued 

Acid Solution. 
(,H=O.OOO) 

CH30H. H' I CH .. (g) 

HCHOz, H+ I C (c) 

CO (g), H+ I C(c) 

CH30H, H+ I CHo4 

HZ~' H+ I C (e) 

CH20. H' I CH30H 

COz. H' I C (c) 

COz (g). H+ I C (c) 

HZCZ0.c. H' I HCHOz 

COz (g). H' I CH4 (g) 

C (c), WI CH.c (g) 

C (c). H' I CH.c 

HZ~' H' I HCHOz 

HCH~, W I CHZO 

COz. H' I HCHOz 

COz (g), H+ I CO (8) 

COz (8). Y+ I HCHOz 

HZ~' H+ I HZCZOo4 

C (c), H+ I CH30H 

COz. H+ I HZCZOo4 

COz (g). H' I HZCZ04 

EO dED/dT Basic Solulioa. 
(V) . (aV/I) (pH c 13.996) 

Carboni. 6. 7 

0.~83 -0.039 

0.~Z8 -0.77 

CH30H I CH.c (g), OH­

CHZO I CH30H, OH-

0.~H84 -1.30804 CHOz-IC(e).OH-

0.498 -0.'70 CZ04Z- I CHOz-, OH-

0.Z7 (-0.~6) C (c) I CHo4 (g), OH-

0.Z37 -MI ~Z- I CHo4 (g), OH-

0.ZZ9 -0.604 ~Z- I C (c). OH-

0.2073 -0.8'30 ~Z- I CHOz-, OH-

0.Z04 (-O.1Z) C(e)/CH30H.OH-

0.1694 -0.'311 CHOz- I CHZO, OH-

O.l31~ -0.2092 ~Z-ICZO.cZ-,OH-

0.089 -0.47:) 

0.01 (-o.m 
-0.02:' -0.6, 

-0.070 -0.0{4 

-0.1038 -0.3977 

-0.11,( -0.0.( 

-0.19 (-0.'8) 

-0.3Z0 -0.379 

-0.3o{~ (-0.77) 

-0.43Z (-1.76) 

Silico.6-S 

EO dEo/dT 
(V) (aV/~) 

-0.2"~ -0.8n 

-0.'91 -1.3' 

-0.603 -1.6~ 

-0.683 -0.80 

-0.696~ -1.04~2 

-0.731 -1.13:5 

-0.766 -1.22' 

-0.930 -0.80 

-1.148 -1.21' 

-1.160 -1.~2 

-1.176 -0?98 

Si (cl. H' I SiHo4 (g) -0.H7 -0.196 SHc)/SiH.c(g).OH- -0.9n -1.032 

SiOz (c. quartz), H' I -0.~69 -0.Z8' HZSiOo4Z-/SiMof(g).OH- -1.40, (-1.03) 

SiMof (g) SiO(c) ISHd,OH- <-t.6)a (-1.Z) 

SiO (c). H' I SHc) (-0.8)& (-0.4) H3Si0.c-/SHc).OH- -1.8Z0 -1.19 

MofSi04. H+ I Si (c) -0.931 -0.3on HZSi0.cZ-/Si(c).OH- -1.834 (-1.03) 

SiOz (pt). H' I Si (c) -0.973 -0.40 HZSiOi-/SiO(d.OH- (-Z.O)a (-0.8) 

SiOz (c. quartz), H' I -0.990 -0.374 

Sl (c) 

SiOz (c, quartz). B+ I (_1.Z)1 (-0.3) 

SiO(c) 

Geraaaiua6-S 

Ge(OH>Z, H+ I Ge (c) 0.11 

Ge2' I Ge (c) (0.1) 

GeO (pt, y). H+ I Ge (c) 0.04 

GeO (c. br). H+ I Ge (c) 0.000 -0.041 

H4Ge004, H' I Ge (e) -0.039 -0.0429 

GeOz (c. hell. H+ I 

Ge(d 

GeOz (c, tetr), H' I 

Ge (e) 

-0.104 (-0.34) 

Ge(OH)f / Ge (c). OH­

H3GeO.{ I Ge (e). OB­

HzGeOi- I Ge (c), OH-

(-0.87) 

-0.936 

-0.on7 

H3GeO.c- I Ge(OH)3-,OH- (-1.01) 

HZGe004Z- I Ge(oH)f. OH- (-1.0') 

Ge (c) I GeHo4 (g), OH- -1.1Z2 -1.031 
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Table 1. Standard Electrode Potentials and Te.perature 
Coefficients in Water at 291." I -- Continued 

Acid Solutions 
(pH =0.000) 

ED clED/dT Basic Solutions ED dEo/dT 
(V) (aV/I:) (V) (aV/I) (pH = 13.996) 

Gera_iua -- Continued 

GeOz <c. hex). H+ / -0.118 -0.3.( 

GeO«:. br) 

~Ge04. H+ I GeO (pt. y) -O.1Z 

H4Ge04. H+ I Ge(oH)z -0.19 

H.(Ge04. Ht / GeZ• (-O.Z) 

GeOz (c. hex). H+ I (-O.Z) 

GeZ+ 

GeOz (c. tetr). H' I -0.207 (-0.Z6) 

GeO(c. br) 

Ge (c). H+ I GeH4 (g) -0.294 -0.19:5 

GeOZ (c. unr). H' I (-0.3) 

Ge2+ 

Sn(OH)3+. H+ I SnZ+ 0.142 

Sn(oH)zZ+. H+ I SnZ+ (0.10) 

SnOz (pt. a). H+ I SnZ+ (O.OS)b (-0.46) 

SnOz (pt, pl. H+ I SnZ. 0.01 

SnOW. H+ I Sn (c) -0.041 

SnOz (c). H+ I SnZ+ -0.094 -0.31 

SnOz (e). H' I Sn (e) -0.117 -0.316 

SnZ+ / Sn (e) -0.141 ·0.32 

SnOz (c). W / SnOW ·0.194 

Sn (e). II' / Snl!." (g) -OA88 -0.221 

PbOz (el. H' / PbZ+ 

PbOZ (e). H' / PbOH' 

PbOH'. H' I Pb (c) 

PbZ, / Pb (c) 

1.<158 ·0253 

1.230 

0.102 

-O.lZ6 ·0.39'5 

Pb (e). H' / PbH4 (g) (-0.7) (·0.22) 

Tin6-1 

Sn(oH)f / Sn (c). OH- -0.892 

Sn(OH>GZ- I SnO (pt). OH- (-0.90) 

Sn(oH>GZ- I Sn (c). OH- (-0.91) 

SnO (pt) I Sn (e). OH- -0.917 -1.3Z 

Sn(OH>GZ- I Sn(OH)f. OH- (-0.93) 

SnO(e) ISn (c).OH­

SnOz (c) / Sn (e). OH­

SnOz (el I SnO(e). OM" 

Sn (e) I SnH4 (8). OH-

l.cad6-1 

Pb(oH)6Z 

PblOH)2 (pt). OH-

-0.930 -1.176 

-0.94:5 -1.1:52 

-0.961 -l.lZ9 

-1.316 -1.0·P 

(0.32) 

PblOH)62· I Pb(OH)3·' OH- (OJO) 

PbOz (c)/Pb304 (c).OW 0.269 -1.136 

PbOz (e) / PhO (c. d. OH- 0.254 -1.\61 

PbOz (e) / PbO (c. y). On- 0.248 -1.150 

PbOz (e) I PblOHlZ (c). OH- 0.247 -137 

Pb304(e)/PbO(c.r).0H' 0.224 1.211 

Pb304 (c) / PbO <c. y). OH- 0.Z07 :1177 

Pb304 (e) / Pb(oHlZ (c). OW 0.20Z ·1.86 

Pb(oH)3' I Pb (c). OW -0')38 

Pb(oH)Z (pt) I Pb (c). OR" (·0.'56) (·1.00) 

Pb(olIlZ (e) / Pb (e). OR' ·0.'571 -0.95 

PbO(c.y)/Pb(cl.OH· -0.'573 -1.170 

PbO(c.r)/Pb(e).OH- ·0.578 -1.159 

Pb (c) / PbIl4 (g). OH- (-1.5) (-1.06) 

Table 1. Standard Electrode Potentials and Te.perature 
Coefficients in Water at 291.15 I .. - Continued 

Acid Solutions 
(pH =0.000) 

EO dEo/dT Basic Solutions 
(V) (aV/I) (pH = 13.996) 

Nitro1enl. 6. 7 

(Z.65)b (0.06). NZOlZ- / NZ (g). OW 

HN3. H' I NZ (g). NH4+ Z.079 0.147 

NZO (g). H' I NZ (g) 1.769 -0 .. 461 

NO (gl. H' / NZ (g) 1.678·0.9098 

NO(g).H'/NZO(g) 1.587 -1359 

HNOl. H' / NZ (g) 1.447 -0.390 

NH30H'. H' I N2H5 + (! .40)b (-0.60) 

NH30H'.W 1NH4+ (1.33)1>(-044) 

NZH5+. H' / NH.( I.Z50 ·0.Z8 

N03-. H' I NZ (g) I.Z44 -0.347 

NOz (g). H' / HNOz 1.108 -1.582 

NZ04 (g). W I HNOl 1.083 -0.671 

HNOz. H' I NO (g) 

NO)-. H' I NO(g) 

N03-. H' I HNOl 

N03-. WI NH.( 

HNOl. R' I NH.( 

HNOl. H' I HZNZOl 

0.984 0.649 

Om 0.OZ8 

0.940 -0.Z82 

0.880 -0.448 

0.860 -0.503 

(O.85)b (-0.61l 

NO)-.H' I NZ04 (g) 0.7980.107 

NO)-. H' I NOl (g) 0.773 1.018 

NO(g).H'/HZNZ<>Z (0.71lb (-1.87) 

HZNZOz. H' / NH30W (OA!)b (-0.<15) 

NZ (g). H' / NH4+ 0.Z74 -0.616 

NZ (g). II' / NZH5+ -0.ZI4 -0.78 

N2 (g). H' / NH30W (-1.83)b (-0.96) 

NZ (g). H' / HN3 -3.334 -Z.141 

NZO (g) I NZ (g). OR­

NOl (g) / NOl-

NZ04 (g) I N<>z-

NO (g) / NZ (g). OH­

NO (g)f NZO (g). OR' 

Nf I NZ (g). NH3. OR' 

NHZOH / NZH .... OH­

N<>z- / NZ (g). OH­

NHZOH / NH3. OH­

NO)- / NZ (g). OH-

NO (g) / N20l2-

NZ1l4 / NH3. OR' 

NOf / N<>z·.On-

N03· / NH} OR-

NO)- / NO (g). 011' 

NOl' / N20lZ". OH­

N<>z - I NH3. 011-

N<>z' / NO (g). OR-

NZ (g) I N1I3' on­
N2<>ZZ- / N1I20H. OU· 

NO)- / NzO ... (g). OR' 

NO)- / N<>z (g). 011-

Nz (g) I NZH4. OR' 

Nz (g) / NH20H. OH­

Nz (8) / Nf 

Phosphorus I. 6. 7 

ED dEo/dT 
(V) (aV/I) 

O.5Z)b (-0.6~) 

0.941 ·I.Z97 

0.917 ·1.71Z 

0.89Z -0.801 

0.850 -1.74,8 

On9 -2.m 

0.700 -0.9Z1 

(069)b(-1.68) 

0.'106 .. 1. ... 6Z 

(O .... O)b (,,1.38) 

0.251 ·1.3,0 

(O.l8)b (·2.84) 

0.111 ·107 

0.017 ·1183 

-0.1191.391 

·0.149 -1.086 

(·O.l,)b(1.87) 

-0.16' ·1.-460 

0.481 '0.893 

-0736 ·1459 

(-0.71)b (-1.13) 

·0.8:58 -1.565 

-0.883 -0.654 

-1.160 -1.6' 

(- 3.01)b (-1.62) 

·3.608 -Z.536 

1I4PZo('. W /lIZPH03 (OJ) PZ0(,4- / PHO)Z". OU· (-0.4) 

P2H4 (JiQ). W / PH3 (a) (0.06)b (0.48) 

P", (c. 'IV). H' / PH3 (g) ·0.046 -0.093 

P (c. d. W / PH3 (g) -0.088 -0.030 

P", (c. 'IV). H' / 

PZH", Oiq) 

(-O.lO)b (·0.38) 

RPHZOz. H' I PH3 (g) (-O.l5)b (-0.13) 

P (c. d. Ht / P2H", (Jjq) (-O.J6)b (-0.28) 

H?PH03' W / PH3 (g) (-0.26)b (-0.21) 

HPHZOz. W / P (c. r) 

H3PO"" H' / P (c. r) 

H3P04. W / P", (c. 'IV) 

HZPHO). W / P (c. rl 

(-OJ3)b (-0,44) 

-0.377 -0.378 

-0.40Z -0.340 

(-0,43)b (-0.39) 

HPH20z. W / Pol (c. 'IV) (-O,4:5)b (-0.Z5) 

HZPHO). WI P4 (c. 'IV) (-0,47)b (-0.33) 

HZPH03'H' / HPHzOz (-0,48)b(-0.37) 

H3PO",. W / H4P2~ (-0.9) 

P4 (c. 'IV) / PH3 (8). OH­

P (c. r) / PH3 (g). OH-

-0.87~ -0.929 

-0.916 -0.866 

P4 (c. 'IV) / P2H4 (Hq). OH- (-0.93)b (-1.2Z) 

P (c, d / PZH" Oiq). On- (-O.99)b (- 1.12) 

P043- / PH03Z-. OH- (-1.l4)b (-O.m 

PHZOz- / PH3 (8). OH­

P043- / PH3 (g). OR' 

PH03Z- / PH3 (g). OH­

POoj3- I P (c. r). OH­

POoj3- / P4 <c. 'IV). OH­

PHO)Z- / PHZOz-. OH­

PH~3Z- / P (c. d. on­
PH032- / P4 (c. 'IV). OH­

PO ... 3- / PZ0(,4-. OR' 

PHZ<>Z- / P (c. d. OH­

PHzOz- / P4 (c. 'IV). OH-

(·1.17)b (-1.07) 

-1.247 -0.91 

(-I.Z8)b (-1.03) 

-1.445 -0.93 

-1.470 -0.89 

(-1.5J)b(-0.95) 

(-1.65)b (-1.Z0) 

(-1.69)b(-1.13) 

(-1.9) 

(-1.9Z)b (-).70) 

(-Z.04)b (-I.5J) 

J. Phys. Chern. Ref. Data, Vol. 18, No.1, 1989 
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, .. to. i , , ....... ~ .'.HI." ...... U&i .... 1e.,.,.,.r. 
r •• fth~.\4 ....... , at 2 .... 1' I: "- C..U ••• 4 

4\'iii""'.u ... 
( •• ~'UI") 

f'" til-In "'1.: S.I.Ll ••• r ... ID 
(Y) ( •• /E) ('Y) (aV/I.) (,B -13 .... ) 

Arscnil;6-·' 

AS20<{ (c). W I 

AS40t; <c. cu) 

(0.67)b (-0.33) 

AS204 (c). W I H3As03 (0.63)b (0.05l 

H3AsO". H+ / 

AS40t; (c. cu) 

0.595 ·0.'1047 

H3As04. H' I H3As03 0.575 -0.257 

H3AsOooj. H' I As(oHlz' 0.566 

H3AsO". H' / AsZ04 (el (o.52)b (-0,56) 

As(OHlz'. H' I As (e) 0.2:53 

II,A..o,. H' / At (c} 0.2·-175 -0.505 

AS4Clf. k cul. H' / As (c) 0.Z3.fO -0.378 

As (d. H' I AsH3 (g) -0.Z38 -0.OZ9 

H2AsOf I As (c). OH­

HA50;32- I As (el. OH­

As043- / As (c), OH­

AsO,,3- / HA50;32-, OH­

AsO,,3- I H2AsOf, OH­

As (e) / AsH3 (g), OH-

-0.674 -1.327 

-0.68 

-0.70Z -1.0204 

-0.704 

-0.745 -0.570 

-1.066 -0.865 

Anuaoay6-I. 10 

Sb(OH)5' H' I SbZO" (c) 0.98 

SbZ~ (e). H' / SbZO" (e) 0.76 

Sb(OH)5' H' I SbWH)Z' 0.57 

0.18 SbZO" (e) / -0.437 -1.237 

-0.303 Sbo4~ (c, cU),OH-

SbZ~ (el. H' I 0.57 

Sbo4Clf. (c. cu) 

SbZOs (e). H' / 0.:55 

Sb2~(c.rh) 

-0.352 

-0.3Z0 

Sb(OH)5' H' I Sb(OHl3 0.54 -0.34 

SbZ04 (e). H' I 

Sb,,~ (c, cu) 

0.391 -0.401 

SbZ04 (cl. H' I 0.3:51 -0.336 

Sb2~ (c. rh) 

Sb(OH)3' H' I Sb (e) 0.231 -0.196 

Sb(OH)Z', W I Sb (e) 0.20S 

SbZ04 (c), H' I Sb(oH)2' 0.169 

Sb20J (c, rh). H' I Sb (c) 0.147 -0.369 

Sb4~ (c. eu). H' I Sb (c) 0.134 -0,3"7 

Sb (el. H' I SbH3 (g) -0.:510 -0.030 

SbZO" (d I -0,4n -1.172 

SbZOJ (c, rh),OH-

Sb(OH)6- I -0.48 

Sb40t; (c. cu). OH-

Sb(oH)6- I -0.50 

SbZ~ (c. rh), OH-

Sb(oH)6- I SbZ04 (e), OH- -0.5Z 

Sb(OH)6- / Sb(OH)4-, OH- -0.56 

Sb(oH),,- I Sb (el. OH- -0.640 

SbZOJ (c, rb) I Sb (e), OH- -0.6SI -I.Z05 

Sboj~(e,eu)/Sb(c),OH- -0.694 -1183 

Sb(c)/SbH3(g).OH- -1.338 -0.866 

Bisaulh1. 6-1. to 

Bi(OH~, H' I BiZ004 (c) 2.4 

l:Ii2~ (C}. no I HiZU" te) (Z.O) (-0.3) 

BHOH~, H' I 2.0 

Bi6(OHlIZ6' 

Di(Otl>,. W I Di3· 

Bi(OH~. H' I BiOHZ, 

BiZOs (c). H' I Bi3' 

BiZOo4 (e). H' I Bi3' 

Bi' / Bi (el 

BiOH2'.H'/Bde) 

Bi3' I Bi (e) 

Bi3, I Bi' 

Z.O 

2.0 

(I.S) H.O 

1.59 (-2.0) 

(0.5)8. 

0.329 (0.05) 

0.30S (o.1S) 

(0.2)8. 

Bi (el. H' I BiH3 (g) (-O.S) (-0.Q3) 

Bi(OH)6- I Bi20" (el. OH- (1.0) 

l:IUOHI6- Il:IiOOH leI, OW (0.8) 

Bi(oHl6- / Bi2~ (e), OH- (O.S) 

BHOH)6- / Bi(oH)3 (pt), OH- (0.7) 

Di(OU)b - I D1(011)4-, 011- (0.7) 

BiZO" (e) / Bi"D7 (c). OH- 0.6Z (.1m 
BiZ04(c)/BiOOH(c),OH- 0.59 (-1.38) 

Bi .. D7 (c) I BiOOH (c), OH- 0.56 H .5Z) 

BiZ004 (e) I Bi2~ (c). OH' 0.56 (-1.17) 

Bi .. D7 (c) I BiZ~ (C), OH- O.~l (-1.19) 

Bi(OH),{ / Hi (e), OH- -0.365 

BiWH)3 (pt) / Bi(e), OH- (-0.38)b (-1.0") 

BiZ~ (e) / Bi (c), OM" 

BiOOH (e) I Bi (e), OR­

Bi (el I BiIl3 (g), OH-

-0.452 -1.215 

-0.0461 (-1.14) 

(·1,6) (-0.87) 
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Table L Staadard Eleelrode POUlntials and Teaperalun 
Co.fficieats ia Yater at ZIJI_t) I: -- Conlinued 

Acid Solulions 
(,B .0_000) 

~-,H' / 

Oz (g). HZO (Hq) 

OH. H+ I HZO (liq) 

O(g).H+/HZOUiq} 

~(g).WI 

Oz (g), HZO (Jiq) 

H20z. H+ I HZO (Jiq) 

HOz. H+ / HZOz 

Oz. n+ I HZO (Hq) 

Oz (e). H' / HZO Uiq) 

~(g}/~-

Oz (g). H+ I HzOz 

Oz (II), II'" 11i0z 

HSZO,,', H+ I HS2~­

SOz, H+ I s .. ~2-
HSzOJ-, H+ I S8 (e) 

SOz, H+ I S8 (c) 

50z. H+ I HSZ~-

540(,2-. H' / S8 (el 

SzOt;Z-. H+ / SOz 

soi-, u+ / S8 (e) 

HSO,,-. H+ I S8 (el 

5042-, H' / S .. ~Z-

[0 df.O Iflr· Basie Solutions 
(Y) (a./E) (pB • 13.996) 

Cbylen6. 7. 9 

O(e) I OH-

Of 10z (e), OH-

(2.56) H.O) () 10H-

2."301 -1.1.(8" ~ (g) I Oz (g), OH-

2.015 -0.4S9 ~ (g) /~­

HOz- 10H-

1.763 -0.698 

1. .. 1 (-0.7) 

I.Z7Z -0.601 

I.ZZ91 -0.8156 

(0.9) 

0,695 -0.993 

-0.0' (-1.') 

Oz (g) 10H­

Oz- I HOz-. OH­

HOz- I (). OH-

Oz (gl I HOz-. OH­

Oz (gllOz-

SUlfUr.. '1. 10 

(0.79) (-0.50) 

0.539 -1.11 

(0 . .(7) (-0 ... 0 

0.0450 -0.652 

(0."3) (-0.89) 

0.396 -O.3S 

(0.37)b (0.90) 

0.353 -0.173 

0.333 -0.366 

0.3Z1 -0.03 

S,,0t;2- / S2~Z­

szoi- I SZ~Z-, OH­

SZO(,Z- I S~2-

SZ2- I SH-, OH-

Ss (e) I SH-. OH-

Ss (e) I 5Z2-

S~2- / SZ~2-, OH­

S8 (e) / SZ-

HZSZ Oiq), H+ / HZS (g) (o.30)b (0.60) 

SOJ2- / 5H-. OH­

S2OJ2- / SH-, OR­

SZ2- I S2-

H504-' H+ I S .. Clf.2-

H252. H+ / HZS 

S8 (el. H+ I HZS (g) 

SO,,2-. H' I SOz 

Ss (c), H+ I RZS 

S4Clf.2-, H' I HS2~­

RSO,,-.H+ / SOz 

0.288 -0.36 

(0.Z7) (-O.W 

0.174 O.ZZ" 

0.158 0.784 

0.14" -O.ZI 

(0.10) (-0.23) 

0.099 0.Z05 

SOz, H' / HS2U,{ U.U68 l-l.Z8} 

Ss (e), H+ / HZS2 Uiq) (0.05)b (-0.15) 

Ss (e), H+ / HZS2 

S012-. H' I sz~2-

HSO,,-. H' / S2~Z-

(0.02) (-0.18) 

(-O.O~)h (0.67) 

(-O.l7lb (-0.49) 

5~2- 158 (e), OR-

50 .. 2- / SHoo OH­

SO.,.z- / Ss (C), OH­

S2~Z- / Ss (c). OH­

SOf- / SAZ-. OR­

SO,,2- / 51~Z-. OH-

50,,2- / S~2-, OR­

SOJz- / SZu"z- , UH­

SO .. 2- I S2~Z-, OH-

5eleniua6. 7 

SeO,,2- . W I HZSe03 

HSeO,,-. W I HZSe03 

HZSe03, W / Se (e) 

1.150 0.483 

1.094 '0,011 

0739 -0.~6Z 

Se (el. W / HZSe (g) -0.OS2 0.238 

Se (el. J{' / HzSe ·0.114 (-0.19) 

SeO,,2- I Se0:32-, OM" 

Se~2- I Se (c), OM" 

Se (c) / SezZ-

Se (e) I SeW, OH­

Se (e) I Se2-

Se22- / SeW, OW 

Sez2- I Se2-

[0 clEO/cIT 
(V) (a./l:) 

1.60Z1 -1.9814 

(1.6) 

0.60) 

1.Z .. 7 -1.325 

(0.9) 

0.867 -1.330 

0.4011 -1.6816 

O.ZO (-1.9) 

(0.13) 

-0.065 -2.033 

-0.33 (-2.2) 

0.OZ4 -1.31 

-O.OOZ -I.Z7 

(-0.16)b(-1.811 

(-0.45)b (-0.71) 

-0 ... 76 -0.931 

(-0.50lb (-1.16) 

-0.566 -1.06 

-0,57 -1.31 

-0598 -1.13 

-0.61" -1.16 

(-0.6 .. )b H.5Z) 

-0.659 -I.Z3 

-0.6S3 -1.200 

-0.751 -1.Z88 

-O.75Z -1."0 

-0.762 -0.98 

-0.86Z -1.22 

-0.936 -1.041 

-I.UU -U.S) 

H.71)b (-\.00) 

0.030 -1,36 

-0357 -1.31 

(-0.61l 

-0642 -0.90 

-0.67 H.2l 

(-068) 

(-073) 
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Table I. Standard Electrode PotenU.1s .nd Teaper.ture 
Coefficients in .... ler at 2911.1~ I: _. Continued 

Acid Solutions 
(pH ~ 0.000) 

EO dEo/dT Basic Solutions 
(V) (mV/I:) (pH ~ 13.996) 

Telluriu.t • 6-8 

H6Te~. WI TeOz (c. al (0.9Ub ( .. OlZl 

H6Te~. WI Te(OH)3' (0.8~)b (·0.3Z) 

Te(ORlJ'. H' lIe (c) 0.~~8 -O.Z94 

TeOz (c.al. H' lIe (cl 0.~Z9 -0.391 

Te (c). H' I HzTe (gl ·0.44 0.Z6 

-0.46 (-0.16) 

H4Te~Z- ITeG,32-,OH' 

TeClJZ- .I Te (c), OH" 

Te (c) / T82Z-

Te (c) /Te2-

T82Z- I Te2-

Poloniua6. 7 

EO dEo/dT 
(V) (aV/I:) 

(O.l5)b (-0.63l 

·0.-47 -1.39 

-0.84 

-0.90 (-1.0) 

-0.96 

H6Po~. H' / PoOz (c. a) (Z.3)6-

~Po~. H+ / Po(OHJ3' (Z.Z)8 

H-4Po~Z- / PoG,32-, OH- (1.-4)8 

PoO(c)/Po(c).OH- (-0.1) 

~Po~. H' / Po4+ 

Po4'1 PoZ+ 

Po(OH)3+. H' / PoZ, 

Po4' I Po (c) 

(Z.08 

(0.9) 

(0.8) 

0.76 

PoOz (c. a). H+ I PoZ, (0.7) 

Po(OH)3+. H+ / Po (c) (0.7) 

PoOz (c. a). H' / Po (c) (0.7) (-0.37) 

PoZ+ / Po (c) (0.6) 

Po (c). H+ / HZPo (g) (-0.7) (0.Z6) 

Po (e). H' / HZPo (-0.7) 

POClJ2- / Po (e). OR" 

POClJ2- / PoO (e), Oa­

Po (c) / PoZ2-

Po (c) / Pol-

PoZZ-1 PoZ-

F1uorine6. 7 

OFZ (g). H' I Oz (gl.IIF 3294 ·0.'508 OF2 (gll Oz (gl.F­

FZ (g) IF-OFZ (gl I Oz (gl. F­

FZ (gl. H' I liF 

FZ (g). H' I HFZ" 

FZ(gl/F-

OFZ (gl. H' I HF 

OF2 (gl. H' I F-

OF2 (gl. H' I F2 (gl 

HCIOz, H' / HCIO 

HCIO. H' I CI2 (g) 

HCIO. H' / CI2 

CIOf.1l' / C12 (g) 

C13' I cr 

CIOJ -, H' I HCIO 

CIZ I CI-

CI04·. H' I CIZ (gl 

CI2 (g) I Cl-

CIZ I C13-

CIZ (g) I Clf 

CIO,(. H' I ClOf 

CIOz. H' I HCIOz 

CIOJ-. H' I HCIOz 

CIOf. W I CIOz 

3107 -1.'570 

3.077·0.808 

2.9% ·1.248 

Z.890 -1.870 

2.Z62 -0.677 

2.168 ·1.208 

1.446 -0.~46 

OFZ (g) I F-. OH' 

OFZ (gl I FZ (gl, OR' 

Chlorine6. 7 

1.6740.55 

1.630 -0.27 

l.~cH -0.80 

1.4,8 -0.347 

\.116 (-0.8) 

1.415 ·0.37 

1.396 -0.72 

1.39Z -0.367 

1.3604 -1.248 

1.356 (-0.6) 

1.249 (-2.2) 

1.226 ·0.416 

1.184 ·0.433 

1.1~7 -0.180 

1.130 0.074 

CIZ (g) I CI-

CIOz I CIOz-

CIo- I CI- , OW 

CIOz- / CI', on' 

CIOz - I CIO- , OR' 

C103- I CI-, OH­

CIO,o( I CI-, OH­

CIOJ- I Clo-. OR" 

CIClJ- I CIZ (g), OH' 

CIO,( I CIZ (g l. OR" 

Clo- I CIZ (g), OH­

CIO,{ I CIOf. OH" 

CIOf I CIOz-, OH­

CIOJ' I CIOz, OR" 

(-0.2) 

(-0.3) 

(-1.0) 

(-1.1) (-0.9) 

(-1.0 

3107 1:570 

2.890 1.870 

1.7'5'1 ·1626 

0.618 ·1 382 

1.3604 ·I.Z48 

1.068 -133:1 

0.890 1.08 

0.786 -1.267 

0.681 ·1.46 

0.614 -1.333 

0.~60 -1.313 

0.176 -1.46 

0.165 -1.3~0 

0.446 -1.322 

0.420 ·0.90 

0398 -1.2:12 

0.271 ·1.466 

Table t. Standard Electrode Potenti.ls .nd Temper.ture 
Coefficients in Water at 298.1') I: _ .. Continued 

Acid Solutions 
(pH = 0.000) 

Br04-, WI BrOJ­

HBrO, H' I Br2 (Hql 

HBrO, H' / BrZ (g) 

HBrO. W / Brz 

BrOJ-, WI BrZ (Hq) 

BrOJ-, H' I BrZ (g) 

BrOf, H' I HBrO 

BrZ I Brl' 

BrZ (gl I Brl' 

BrZ (Jjq) / Brl' 

BrZ / Br 

Brz (g) / Br-

BrZ (liq) / Br-

Brf / Br-

104-, H' / IOJ­

H5I~, H' / HIOJ 

HIO, WI IZ (c) 

1+ / IZ (c) 

HIO, H' I IZ 

IOJ-, H' / IZ (c) 

HIOJ, H' / IZ (e) 

HIG,3, H' / I' 

IOJ-. H' / HIO 

IZ / If 

IZ / 1-

13- / l-

IZ (c) / l­

IZ (c) 113-

AlO4-, H' / AlOf 

H5A~, H+ / HAtOJ 

AtOJ-. H' / HAlO 

HAtOJ. H' / At' 

HAlO. H+ / At (c) 

HAtO, H' / AtZ 

At' / Al(c) 

AtZ I At3-

AtZ / At­

Atf / At­

At(c) / At­

At(c) / Atf 

EO dEo/cIT Basic Solutions 
(V) (aV/I.) (pH = 13.996) 

Bromine6• 7 

1.745 -0.511 Brz (Jiq) / Br-

1.604 -0.63 Br04- I Br03-' OH" 

1.:188 -0.1~ Bra- I Bf". OH-

1.584 .. O.n BrOl' I Br-, OH-

1.513 -0.119 BrOJ- / BrO-. OH-

1.510 -0.3Z3 BrOJ' / BrZ (Hq), OH-

1.491 -0.37 

1.171 -0.472 

1.159 -2.2:18 

1.110 -0.810 

1.098 -0.'199 

1.094 -1.094 

1.078 -0.611 

1.062 -0.51Z 

BrO- I BrZ (Jiq), OR" 

Iodine6. 7. 10 

1.~89 -0.85 

1.:167 -O.lZ 

1.430 -0.339 

1.35 

1.3'1~ -0.Z30 

I.Z10 -0.367 

1.200 -0.468 

1.16 

1.1~-4 -0.374 

0.789 -0.3Z9 

o .6Z0 -0.Z3-4 

0.53~ -0.186 

0.53~ -O.l2~ 

0.~3'" -0.002 

104- / IOJ-, OH­

H31~2- I IOJ-, OH-

12 (c) I 1-

10- / 1-, OR" 

10- / IZ (cl.OR" 

IOJ- / 1-. OH­

IOJ- I IZ (c), OH­

IOJ- / 10-. OH-

Astatine' 

(Z.7)4 

(2.7)8 

(I.~) 

I.:; 

(1.2) 

(1.1) 

1.0 

(O.~) 

(0.3) (-0.1) 

(0.2) 

O.Z (0.0) 

(O.Z) 

Al04- / AlO3-, OH­

H3A~2- I AW3-,OH­

AtOJ- I Alo-. OR" 

Ato- / Al (c), OH-

EO dEo/dT 
(V) (aV/I.) 

1.078 -0.611 

0.917 -1.347 

0.766 -0.94 

0.613 -I.Z87 

0:136 -1.46 

0.5Z0 -1.42Z 

0.4~:; ·1.27 

0.761 -1.69 

0.~89 -0.72 

0.:13:; -O.m 

0.469 -0.546 

0.-403 -0.966 

0.269 -1.163 

0.216 -1.370 

0.169 -1.471 

(1.9)8. 

(1.8)8 

(0.:;) 

(0.3l 

O.Z (0.0) 
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Table I. Standard Electrode Potentials and Teaperature 
Coefficients in Water at 298.1') ~ Continued 

Acid Solutions 
(pH - 0.000) 

KrO.1I' / Kr (g) 

Kr04. H' I KrO:~ 

Kr03. H' I Kr (g) 

Kr03. Ii' I KrO 

H4Xe({,. H' I Xe(}3 

XeO.!\' " Xeeg) 

XeG.3. H' / Xe (g) 

XeG.3. H' I XeO 

114Rn06. II' / Rn03 

Rn03.1I' I Rn 2• 

RnZ' / Rn (g) 

Notes to Table 1: 

EO dEo/dT Basic Solutions 
(V) (mVJ[) (pH ~. 13.996) 

~rypton 

(2.~)8 KrO,,/ KrDJOB-.OII" 

(2.')8 KrO I Kr (g). Oil" 

(V08 Kr030H- / Kr (g). On-

(23)8 K r030H- I K rOo OU-

lcDoa6, 7, q 

23'1 (0.0) XeO I Xc (g). 011-

(23)8 XcOJOH' I Xe (g). OH' 

2.10 034 HXeD[;3-/Xe(gJ.OU-

(2.0)8 xe030/l' I XeO OH-

HXeC\) 3- / xeO:~OH" . OH-

Radoll 

(34)8 HRn063- / Rn030n-. 011" 

(2.01)8 Rn030n- I RnO. OU' 

(201a RnO / Rn (g). OU-

EO dEo. 
(V) (aV 

{1.8)8 

(1.7)8 

(1,)8 

(\.4)8 

(1.'5)8 

1.24 

( 1.17) 

(1.1)a 

(0.9'» 

{2.1)8 

(l.,)8 

(l.2)! 

!This half ·reaction involves alleasl Onl' doublfull'hemical species (See lextl. 

b~Ho is experimentally known for this half- reaction (See text). 

positive than when calculated for unit activity OH- (aq), 
Two of these half-reactions have been included in the master 
listing of EO values at the end of Ref. 9 (pp. 787-802) and are 
inconsistent with the other EO values found there. They are 
EO[VOl- /V(c), OH-] = 0.120 V (Table 1: - 1.222 V) 
and EO [VO(c)/V(c),OH-] = - 0.82 V (Table 1: 
- 1.693 V). EO[CrOi- /Cr(OH)4-' OH-] has been given 
(p. 461) as - 0.72 V (Table 1: - 0.14 V), which actually 
applies to EO [CrOi- /Cr(c), OH-]. The incorrectly as­
signed value for this important half-reaction has also been 
included in the master listing. 

It is hoped that the many individuals connected with 
Ref. 9 will understand that the above discussion has been 
given only because it is necessary for the justification of the 
present work. 

3. Limitations and Scope: Formula Writing 

Table 1 contains standard electrode potentials and tem­
perature coefficients in water at 298.15 K for nearly 1700 
half-reactions at pH = 0.000 and pH = 13.996. The data al­
low the calculation of the thermodynamic changes and equi­
librium constants associated with about 1.4 million complete 
cell reactions. 

In order to keep this report to a manageable size, it has 
been necessary to consider only chemical species which in­
volve hydrogen, oxygen, and at most one other element. 
Chemical species containing 0-0 bonds have not been con­
sidered, except for H20 2, H02-, HO? O2- and 0 3-, Physical 
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states have been indicated by (c) = pure crystalline solid, 
(pt) = hydrous precipitate (amorphous solid with variable 
water content), Oiq) = pure liquid, (g) = ideal gas at one 
atmosphere fugacity, and unspecified = ideal aqueous sol­
ute at one molal activity. A few crystalline solids have been 
further identified by the crystal system, thus cu = cubic, hex 
= hexagonal, rh = orthorhombic, and tetr = tetragonal. 

Also, the colors have been specified for a few substances, 
thus r = red, pk = pink, y = yellow, bl = blue, br = brown, 
and w = white. 

An attempt has been made to represent realistically the 
chemical formulas of aqueous species in Table 1; thus SIV 
and SeIV in acid solution have been written as S02 and 
H2Se03, respectively, and Ru VI and OS VI in basic solution 
have been written as RuOi- and Os02(OH)i-, respective­
ly. However, attached water molecules have been omitted 
from chemical formulas; hence AI' -I- , H -I- , etc. (The aqueous 
species CO2 and H2C03 are two different chemical enti­
ties. 1,10) Hydrolyzed M1V in acid solution has usually been 
represented in Table 1 as M(OH); +, although in many 
cases this is an oversimplification,8 For acids, ionizable hy­
drogens precede the central atom while nonionizable hydro­
gens follow it; thus phosphoric acid has been written as 
H 3P04, phosphorous acid as H 2PH03 , and hypophosphor­
ous acid as HPH20 2. Boric acid, which accepts OH- rather 
than donates H + , has been written as B (OH) 3 rather than as 
H3B03 or as (structurally incorrect) HB02. Rhenium hy­
dride species 10 (which include ReH~ -) are represented in 
Table 1 as ReH rather than as Re-; as a result, the EO value 
for the Re/Re- I half-reaction is calculated to decrease with 
increasing pH, avoiding the unlikely prediction6

,7 that me­
tallic rhenium disproportionates above pH 6. 

4. Standard Electrode Potentials of Half­
Reactions and Complete Cell Reactions 

In accord with the IUPAC-Gibbs-Stockholm conven­
tion,2 EO for a half-reaction is considered positive in this re­
port if the oxidized form at unit activity is a better oxidizing 
agent than H+ (aq, a = 1 m), and negative if the reduced 
form at unit activity is a better reducing agent than H2(g, 
! = 1 atm). For example, for the half-reaction 

Mn04- (aq) + 8H+ (aq) + 5e- -+Mn2+ (aq) 

+ 4H20(liq), (3) 

Mn04- (aq, a = 1 m) is a better oxidizing agent than H+ 
(aq, aIm), andEo(Mn04- ,H+ /Mn2+) = 1.507 V. For 
the half-reaction 

Zn2+ (aq) + 2e- -+Zn(c), (4) 

Zn (c) is a better reducing agent than H2 (g,! = 1 atm), and 
EO[Zn2 + /Zn(c)] = - 0.762 V. For the complete cell reac­
tion 

2Mn04- (aq) + 16H+ (aq) + 5Zn(c) 

-+2Mn2+(aq) + 5Zn2 +(aq) + 8H20(liq), (5) 

EOcell [Zn(c)/Zn2+ / /MnO;, H+ /Mn2+] = 1.507 
- ( - 0.762) = 2.269 V. The positive sign of E ~ell indicates 
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that the reaction described by Eq. (5) is spontaneous under 
standard conditions at 298.15 K. 

For the half-reactions described by Eqs. (3) and (4), 
(dEoldT)298 = - 0.646 and 0.119 mV IK, respectively. 
Therefore, for the reaction described by Eq. (5), 
(dEoldTh98 = - 0.646 - (0.119) = - 0.765 mV/K 
= - 0.000 765 V IK. From Eq. (2) (using Ei98 = 2.269 
V), 

E~73 =2.269+ (373.15-298.15)( -0.000765) 

= 2.212 V. (6) 

This result is slightly in error because the variation of EO with 
temperature is only approximately linear. Deviations from 
linearity are discussed in Sec. 8. 

5. Thermodynamic Changes Associated 
with Half-Reactions and Complete Cell 

Reactions 
The standard Gibbs energy change associated with a 

half-reaction or a complete cell reaction at 298.15 K may be 
calculated by 

fj.G~98 = - nFE~98' (7) 

where n is the number of electrochemical equivalents in the 
half-reaction or complete cell reaction and Fis the Faraday 
constant [9.648 5309 X 104 J/(V . mol) ] .14 By combining 
Eqs. (2) and (7), one may calculate approximately the stan­
dard Gibbs energy change associated with a half-reaction or 
a complete cell reaction at any temperature T: 

~G~ = -nFE~ 

= -nF[E~98 + (T-298.15)·(dEoldTh98]· 
(8) 

Using the reaction described by Eq. (5) as an example (with 
n = 10), 

~G~98 = - (10)(9.648530 9X 104 )(2.269) 

= - 2.189X 106 J = - 2189 kJ. (9) 

~G~73 = - (10)(9.648530 9X 104 )[2.269 

+ (373.15 - 298.15)( - 0.000 765)] 

= - 2.134 X 106 J = - 2134 kJ. (10) 

The changes in the standard entropy and enthalpy asso­
ciated with a half-reaction or a complete cell reaction at 
298.15 K may be calculated by 

fj.S~98 = - d(fj.G~98 )ld'J' = nF(dEold'J'h98' (11) 

~H~98 = ~G~98 + 298.15·~S~98 
= nF [ - E~98 + 298.15 (dEo IdT)298]' (12) 

Using the reaction described by Eq. (5) as an example, 

~S~98 = (10)(9.648530 9X 104
)( - 0.000 765) 

= -738 J/K, (13) 

~H~98 = (10) (9.648 5309 X 104
) [ - 2.269 

+298.15( - 0.000 765)] 

= - 2.409 X 106 J = - 2409 kJ. (14) 

6. Thermodynamic Properties of Individual 
Chemical Species 

By convention, the thermodynamics of formation 
(~fGo, ~~o, and ~fHO) of free elements in their standard 
states, ofH+ (aq), and of e- (electrochemical equivalent), 
are equal to zero at all temperatures. For the half-reaction 

!02(g) + 2H+(aq) + 2e- --+H20 (liq), (15) 

Table 1 gives E~98 = 1.2291 V and (dE °ldT) 298 
= - 0.8456 mV IK. Thus, from Eqs. (7), (11), and (12), 

Eq. (15) gives ~fGO(H20, liq) = - 237.18 kJ/mol, ~~o 
(H20, liq) = - 163.18 J/(K'mol) and ~fHO(H20, 
liq) = - 285.83 kJ Imol at 298.15 K. For the half-reactions 

H20(liq) + e- --+!H2(g) + OH- (aq), (16) 

!02(g) + !H20(1iq) + e- --+OH- (aq). (17) 

Table 1 gives E~98 = - 0.8280 V and (dE °ldn 298 
= - 0.8360 mV/K forEq. (16), andE~98 = 0.4011 V and 
(dE °ldT) 20fl 1.6816 mV IK for Eq. (17). Thus, from 
Eqs. (7), (11), and (12), either Eq. (16) or (17) gives 
~fGo(OH-, aq) = - 157.29 kJ/mol, ~fSO(OH-,aq) 

243.84 J/(K mol) and afHo(OH- ,aq) = 229.99 
kJ/mol at 298.15 K. 

The thermodynamics of formation of H20(liq) and 
OH- (aq) at 298.15 K may be used to retrieve standard 
Gibbs energies, entropies and en thaI pies offormation of oth­
er chemical species at 298.15 K, by applying Eqs. (7), (11), 
and ( 12) to other half-reactions relating the species of inter­
est to the free elements in their standard states. For example, 
for the half-reaction 

AS8(C) + H20(1iq) + 2e- --+SH- (aq) + OH- (aq), 
(18) 

Table 1 gives Ei98 = - 0.476 V and (dE °ldT) 298 
= - 0.934mV IK. From Eqs. (7), (11), and (12), ~G~98' 
~S~98 and ~H~98 for this half-reaction are 91.9 kJ/mol, 
- 180.3 J/(K mol) and 38.1 kJ/mol, repectively. From the 

thermodynamics of formation of H20 (liq) and OH- (aq) 
given above, ~fGo(SH-, aq) = 12.0 kJ/mol, ~fSo(SH-, 
aq) = - 99.6 J/(K mol) and afHo (SH-, aq) = - 17.7 
kJ/mo] at 298.15 K. 

"Third-law" standard entropies of chemical species at 
298.15 K may be calculated by combining standard entro­
pies of formation derived through Eq. (11) with third-law 
standard entropies of the free elements in their standard 
states at 298.15 K. The latter are provided in Table 2, ar­
ranged by Periodic Table family for easy access. For exam­
ple, for the reaction 

ASs(c) + H2 (g)--+SH-(aq) + H+(aq), (19) 

aso = afSo(SH-, aq) = - 99.6 J/(K mol); combination 
withSo(ASs,c) = 31.8J/(K mol) andSo(H2,g) = 130.574 
J/(K mol) from Table 2 gives SO(SH-, aq) = 62.8 JI 
(K mol). 

7. Calculations for Nonstandard Conditions 
The potential associated with a half-reaction or a com­

plete cell reaction under nonstandard conditions may be cal­
culated by the Nernst equation 
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Table 2. Third··l.a", Standard [ntropics at 29a.l~ ~a 

Elo.ent So Ete.cnt 
0/(1'1801)) 

112 (g) 130.')74 Pu (c.a) 

Li (e) 29.IZ Am (c.a) 

Na (e) 5121 Cm (c.a) 

K (e) M.18 Bk (c.a) 

Rb (e) 7&.78 Cf (e) 

Cs(C) 85·23 Es (e) 

Frle) 95.~ Fm (e) 

Be(e) 9.')0 Md (e) 

Mg (e) 32.68 No (e) 

Ca (c.a) 41,42' I.r (e) 

Sr (c.a) ')2.3 THe.a) 

Ba(d 6Z.8 Zr (e) 

Ra (e) 71 Hf(e) 

SC(cl 31.61 V (el 

Y(c) 11.15 Nb (c) 

La(e.a) ~7.0b Ta(c) 

Ce (c. yJ 72.0 Cr (e) 

p" (c ... ) 73.2 Mo (c) 

Nd (c) 715 W(e) 

Pm (c) 71 b Mn (c.a) 

Sm (el 69.~8 rdel 

Eu (el 77.78 Re (e) 

Gd (c) 68.07 Fe (c.a) 

Tb (el 73.22 Ru (c) 

Dy(el 74.77 Os(cl 

liD (el 75.3 Co (c.a) 

EdC) 73.18 Rh (el 

Tm(e) 74.01 Ir (e) 

Yb (el 59.87 Ni (e) 

Lu (e) 50.% Pd (c) 

Ac (C. a) 62.8b Pt (e) 

Th (c.a) 53.39 Cu (e) 

Pa(c.a) 519 Ag (cJ 

U (c.a) ::;U.Zl Au (e) 

Np (c.a) 50.16b 

NuLII'~ Lu T.blll' Z. 

8References 6 and 7. except as noted. 

bReference 9. 

CReference 13. 

d'fhiswork. 

ET =E~ - RT 'In QT 
nF 

So 
(J/([·.01)) 

,)6Jb 

54~b 

nob 

78.2b 

(80')c 

(90.)C 

(88.)c 

(8-4.)C 

(66)' 

(')6.)' 

30.63 

38.99 

-13-56 

28.91 

5b.10 

4Dt 

23.77 

2!U'& 

3261 

32.oJ 

<33.Jd 

36.86 

27.28 

28.53 

32.6 

3004 

31.51 

35.48 

29.87 

37.57 

4163 

33.150 

42.55 

47.4U 

_ EO (In 10) 'RT'1 Q 
- r - og n 

nF 

Elc.cnt So 

(]/((·.ol)) 

Zn (el 4163 

Cd (c. y) 51.76 

Hg (Jjq) 76.02 

BI2 (c.~) 703 

Al (e) 28.33 

Ga (e) 40.88 

In (c) 57.82 

TI(d 64.18 

C (c. graphite) :S-7~O 

Sj(e) 18.83 

Ge (e) 31.09 

Sn (c. (white) 5155 

Pb (e) 61.81 

NZ (8) 19150 

P(c.rod) 22.110 

Pi <c. white) 1613 

As (c. (1' gray) 3~1 

Sb (c.llI·s" ... y) 4S.'0 

Bi (e) ~6.74 

Oz (g) 20~.029 

S8 (c. rhombiel 2~4-,4 

Se (c. gray) 4Z.442 

Te(c.a) 49.71 

Po (c.a) (60.)d 

FZ (g) 202.67 

CIZ (g) 222.957 

Brz (liq) 152231 

12 (c) 116.135 

At (e) (65Jd 

He (8) 126.041 

Ne (g) 146.219 

Ar (g) 154.734 

Kr (g) 163.973 

Xe (e) I b':l.) 7"1 

Rn (el 176.1 

(20) 

where E~ is the standard electrode potential at the tempera­
ture under consideration, R is the gas constant [8.314510 J/ 
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(K mol)] ,14 Tis the temperature in Kelvin, n is the number 
of electrochemical equivalents in the half-reaction or com­
plete cell reaction, and Fis the Faraday constant. Qr is the 
activity quotient at the temperature T, which has the same 
form as the equilibrium constant K T for the reaction under 
consideration, but uses the actual activities rather than the 
activities at equilibrium. In 10 is the conversion factor 
between natural and common logarithms (2.302 585 093). 
Substituting the numerical values for the physical constants 
into Eq. (20) 14 gives, at 298.15 K, 

E298 =E~98 - (0.059159 7/n)'log Q298' (21) 

Using the reaction described by Eq. (5) as an example, 

E
298 

= 2.269 _ 0.059 1597 I (aMn2 + )2(aZn2 + )5 
-----·og ·2 16' 

10 (aMn04 - ) (aH + ) 
(22) 

Zinc and water do not appear in Eq. (22) because the activi­
ties of pure solids and liquids are taken as unity. 

At eqUilibrium, ET = 0 and QT = K T. Making these 
substitutions into Eqs. (20) and (21) gives, upon rearrange­
ment, 

log K T [ nFE ~/ (In 10)' R T ] 

log K298 = (nE~98/0.059 1597). 

(23) 

(24) 

For the reaction described by Eq. (5) (using n = 10 and 
E~98 = 2.269 V), log K298 = 383.5 and K298 = 3 X 10383

• 

Combinations of Eqs. (2) and (23) gives 

10gKr= {nF[E~98 + (T-298.15)· (~;)29J/ 

(In 10) . R T } . (25) 

Subsituting the numerical values for the physical constants 
into Eq. (25) 14 gives 

log KT = {5039.75n [E~98 

+ (T - 298.15)' (~;Ll/Tl. (26) 

For the reaction described by Eq. (5) [using n = 10, E~",v 
2.269 V and (dE O/dT) 298 = - 0.765 mV /K], log K373 

= 298.7 and K373 = 5 X 10298
• 

8. Second Temperature Coefficients 
All equations and examples given to this point for tem­

peratures other than 298.15 K have assumed that Eq. (2) is 
perfectly accurate, i.e., that EO is a linear function of tem­
perature. This would be the case if the standard isobaric heat 
capacity change, D.C~, were equal to zero. In reality it is not, 
but the effect of D. C ~ on D. GO and E ° is less than that on D.H ° 
and D.SobecausedD.Ho/dTand dD.So /dT have the same al­
gebraic sign. Salvi and de Bethune3 have expanded Eq. (2) 
as 

° ° (dE
O

) E r =E 298 + (T- 298.15)' --
dT 298 

? (d 2E O) + 0.5(T - 298.15)-' --2 ' 
dT 298 

(27) 
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where (d 2Eo/dT2}z98 is the second temperature coefficient 
of the standard electrode potential. According to Salvi and 
de Bethune (d 2Eo/dT2)298 maybe calculated from ~C~ by 
the expression 

(
d 2E O) ° --2 = ~C p/(298.15nF). 
dT 298 

(28) 

Second temperature coefficients may be conveniently ex­
pressed in microvolts per Kelvin squared, /-l V /K2. 

For the reaction described by Eq. (5) (d 2 EO / dT2) 298 

may be evaluated from heat capacity data6 ,7 as 3.4 /-l V /K2. In 
accord with Eq.(27), this changes E~73 from 2.212 V [Eq. 
(6)] to 2.222 V. For many half-reactions and complete cell 
reactions, the typical effect of the second temperature coeffi­
cientonEoin going from 298.15 to 373.15 K is only --5-10 
mY, which is often less than 10% of the effect of dEo/dTon 
EO over the same temperature range, and smaller than the 
uncertainties associated with many EO values at 298.15 K. 

Second temperature coefficients of standard electrode 
potentials involving ions in water are given in Table 3, as 
calculated from the heat capacities selected by NBS.6,7 It 
appears that heat capacity changes involving aquo-ions have 
generally not been well determined. The values which can be 
derived from Refs. 3 and 8 (b) show poor agreement with 
those selected by NBS,6,7 differing occasionally even in alge­
braic sign. On the other hand, the heat capacities of many 
crystalline ox:ides and hydroxides are accurately known,6,7 
but display such regularity that it is more efficient to summa­
rize d 2 EO / dT 2 values for half·reactions involving these sub­
stances in terms of equations (vide infra) than it is to tabu­
late the individual values. 

TabJe 3. Secoad Teaperature Coefficieals at 293.1~ la. b 

aalf-Reaction d2[O/dT2 aalf-ReaClion d2[O/dT2 
(pV/I:Z) (I'VI(2) 

H' I HZ (g) 0.0000 Yb3' I Yb (el 05 

H20(liq) I HZ (g). OH- ·7.78 Lu3' I Lu (e) -OJ 

Li'/!.i(c) -Z.OZ MaO.{. W / MnZ' 2j 

Na' / Na (e) -1.13 MaZ' / Ma (cl -0.9 

K' / K (e) -0.23 ReO.{. H' IRe (e) 1.19 

Cs' / Cs (c) 0.98 Ag' I Ag (e) -038 

La3' / La (c) 0.0 ZnZ, I Za (c) ·0.9 

Pr3' I Pr(cl 0.2 NOf. H' / NZ (g) 1.77 

Nd3+ I Nd (el 0.1 NZ (8). W / NHof' 026 

Sm3' 15m (e) 0.\ ~ (gUI' / H20(JiqJ o ~)2j 
w:7' / lu Ie) -0.3 Oz 19) /OH' 7.23 

M3' IGd(d -0.2 SO..z',1l' /58 (el 31 

Tb3' ITb (el ·0.4 F2 (g) IF' 475 

Dy3+ I Dy (e) -O.oj Cl;:: (gJ I CI- -}83 

Ro3' / Ro (el ·0.4 Br2 (8) / Br' -6.06 

Er3+ / Er(c) .. 0.4 B1"2 (liq) / Br' ,6.7~ 

Tm3' ITm (el ,0.') 12 (el /1- -£, 3.q 

Noles to Table 3: 

aReferenees 6 and 7 

b:>ee also lqs.l)lJ. (j.t) and (3b). 

9. Estimated Values 
The tabulation of estimated thermodynamic quantities 

fulfills three very important functions. First, for a known 
chemical species, an estimated value offers a temporary 
semiquantitative means of predicting chemical reactivity, 
e.g., an EO value in an activity series. Second, the tabulation 
of estimated thermodynamic quantities for a known species 
emphasizes the gaps in our knowledge (provided that one 
clearly labels such values as estimates), and can serve as the 
incentive for new research. (It is worth noting here that 
-- 30% of the frequently quoted dE 0/ dT values listed by de 
Bethune et al. 2

-4 have been derived from estimated standard 
entropies given by Latimer,1 but have not been identified as 
estimates.) Third, for an unknown species, an estimated 
standard Gibbs energy of formation based on a reasonable 
method of prediction can provide insight as to why the spe­
cies might be unknown. In this report, estimated values have 
been enclosed in parentheses to clearly distinguish them 
from experimentally based data. The author accepts full re~ 
sponsibility for all estimated values in this report. 

There are occasions where ~Ho for a half-reaction is 
experimentally known but both flG 0 and AS 0 are estimated. 
As a result, both EO and dEold'J' tor the half-reaction are 
estimated quantities and are listed in Table 1 with parenthe­
ses. However, it is noted in Table 1 that EO and dEo/dT for 
the half~reaction correspond tO::ln p.xpp.rimp.ntal AHo 

The following list of general methods for the estimation 
of thermodynamic quantities, while not exhaustive, is indi­
cative of the logic involved. 

One general method of thermodynamic prediction in­
volves the fitting of ion hydration and lattice thermodynam­
ics of chemically similar species to simple ionic charge-size 
functions. Examples of this method may be found in Refs. 
11-13. 

Latimer 1 has provided equations for the estimation of 
standard entropies of solids and aqueous molecules and ions. 
The reliability of Latimer's equations can be increased by 
restricting comparisons to chemically similar species and 
correcting for differences in atomic or ionic size and mass 
(e.g., the estimation of the standard entropy of FeO~ - by 
comparison with CrO~ - and MnO~ - ). Theoretical correc­
tions can also be made for magnetic effects due to the pres­
ence of unpaired electrons. 1 1-13 

Baesand Mesmer8 have shown that useful empirical 
relationships exist among the thermodynamics of hydrolytic 
processes, such as in the solubility products of oxides and 
hydroxides and their acid-base behavior in tp.rm~ of I'lquo­
species such as M Z + and MO a (OR) bZ 

- 2a - b) + . Useful re­
lationships also exist among these processes and such pa­
rameters as ionic charge, radius and electron configuration, 
and location in the Periodic Table. (J The latter can also be 
used as a guide in predicting trends in E 0 values (e.g., for Po, 
At, and Rn species by extrapolation from their lighter con­
geners). 

Latimer1 has illustrated a procedure by which one may 
assign upper and lower limits to a standard electrode poten­
tial on the basis of observed (or expected) chemical behav­
ior. This method by itself is not always sufficient to assign a 
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specific numerical value to a half-reaction, but it serves as a 
useful guide when combined with other methods. In the 
present work, the necessary descriptive chemistry for this 
procedure has been taken from Latimer,1 Baes and Mes­
mer,8(a) Bard et al.9 and especially Cotton and Wilkinson. 10 

The following specific examples of estimated values are 
worthy of mention. 

H-: Estimated by assuming that the thermodynamics 
of dissolution of the alkali hydrides lie between those of the 
alkali fluorides and chlorides,6,7 and may be interpolated on 
the basis of the relative internuclear distances in MF, MH, 
and MCI. Other assumptions lead to similar results. 1,9 

Fr and Ra species: Estimated from thermochemical cy­
cles extrapolated from the lighter alkali and alkaline earth 
metals, by the methods described in Refs. 11-13. 

Pr2+, Nd2+, Pm species, Dy2+ -Tmz+, Pu2+, Am2+, 
Bk2 +, and Es-Lr species: Estimated from thermochemical 

cycles by the methods described in Refs. 11-13. 
Ti2 +, Nb3+, Ta3+, Mo3+, Re3+, Ru3+, OS3+, Ir3+, 

Ni3+, Ag3+, Au3+, and Ge2+: Estimated by assuming a 
periodic variation in the thermodynamics of dissolution of 
oxides, hydroxides and halides, fitting to known cases6,7 for 
neighboring elements in the Periodic Table (e.g., Ti2 + by 
interpolation between Ca2 + and V2 +, Cr2+ ). 

Sc2 +, W3+, Tc2 +, Tc3+, Cu3+, and Au2 +: Estimated 
by assuming a periodic variation in the thermodynamics of 
ion hydration, fitting to known or estimated cases for neigh­
boring elements in the Periodic Table (e.g., Sc2+ by interpo­
lation between Ca2 + and Ti2 +, V2 +). 

AIH4-: Estimated by assuming that the thermodynam­
ics of dissolution ofMAIH4 (M = Li, Na, K) are similar to 
those ofMBH4.6,7 

OH: Estimated by assuming that the thermodynamics 
of dissolution ofOH(g) are the same as those ofHF(g).6,7 
Other assumptions lead to similar results. 1,9 . 

0 3-: Estimated by noting that 1l.Go for the reaction 
02(g) + 0- -03- is near zero.9 

A number of estimated half-reactions in Table 1 involve 
doubtful chemical species of three main types: 

( 1) Species which are known in certain nonaqueous 
environments hut which have only a transient existence in 
water. Examples include Tm2 +, AIH4-, and SiO(c). 

(2) Species which have been claimed to exist or form in 
aqueous media but which have been improperly character­
ized and require further investigation. Examples include 
RhO! - , Ni02 (c), and XeO. 

(3) Species which are essentially nonexistent in chemi­
cal environments but which have been included in Table 1 to 
illustrate probable periodic trends. Examples include Scz+, 
UOzOH(c), and Au2+. 

It is worth noting that the distinction among the three 
different types of doubtful chemical species is not always 
clear-cut. Half-reactions involving doubtful species have 
been noted as such in Table 1. 

Iron may be used as an example of the details involved 
in the thermodynamic calculations for an element. All ther­
modynamic data for Fe(c,a), FeO.947 0(C), Fe(OH)z (c), 
Fe30 4(c), Fe20 3 (c,a) and Fe(OH)3(pt), 1l.f Ho for Fez+, 
FeOOH(c), Fe3+, FeOH2+, and Fez(OH)i+, and 1l.f Go 
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forFe(OH)~- have been taken from Refs. 6 and 7.1l.f Gofor 
Fe2+ and Fe3+ have been taken from the recommended EO 
values in Ref. 9 (which also discusses the problems associat­
ed with the reproducibility of iron electrodes). All thermo­
dynamic data for FeOH+, FeOH2+, and Fe2 (OH)i + , and 
1l.f Go for Fe(OH}z(pt), Fe(OH)~-, and Fe(OH)4- have 
been deduced from the equilibrium data given in Ref. 8. 
1l.f Ho for FeO~- has been taken from Ref. 2. The following 
quantities have been estimated in this work: SO for 
Fe(OH)2(pt), FeOOH(c), Fe(OH);, and FeO~- (thelat­
ter three by comparison with AIOOH(c), AI(OH)4- and 
CrO~and MnO~-), and 1l.f Go for HFe04- (by comparison 
with the acid dissociation constant for HCr04- ). 

For half-reactions of the type: MZ+ 1M (free metal), 
the experimentalE 0, dE °ldTand d 2E °ldT2 values show in­
teresting correlations with electronegativity (X), 15 ionic 
charge (z) and ionic radius (r, nm) 15: 

Eg98 + 4.5 = 3.4·X - 0.4 ± 0.4 V, 
r+O.138 

(29) 

(
dEO) + 0.906 = 0.484 _ 2.90 + 0.09 mV IK, 
dT 298 r + 0.138 1.5z -

(30) 

(31) 

The absolute potential and temperature coefficient of the 
SHE are 4.5 ± 0.1 V and 0.906 ± 0.015 mV IK, respective­
ly, 9,12 while the radius of a water molecule is 0.138 nm. 15 The 
other parameters in Eqs. (29 )-( 31) have no physical signifi­
cance. 

For half-reactions of the type: Oxide (c), H + 1M (free 
metal), the corresponding equations are 

E~98 = 2.3X - 0.8 - 0.6 + 0.4 V, (32) 
r+ 0.140 -

( dEO) _ 0.37 ± 0.04 mV IK, 
dT 298 

(33) 

(34) 

The radius of oxide ion' is 0.140 nm. 15 The other parameters 
in Eqs. (32 )-( 34) have no physical significance. 

For half-reactions of the type: Hydroxide (c), H+ 1M 
(free metal), the equation for E ~98 is essentially the same as 
for oxides, i.e., Eq. (32). Theeqm\tionsfor (dE Old Th98 and 
(d 2Eo/dT2}z98 nrc the following: 

(
dEO) - = -0.17±0.05 mV/K; 
dT 298 

(35) 

(36) 

The parameters in Eqs. (35) and (36) have no physical sig­
nificance. At pH = 13.996, the EO values for Eq. (32) are 
0.8280 V more negative, the dE 0/ dT values for Eqs. (33) 
and (35) are 0.8360 mV /K more negative, and the dZEo/ 
dT 2 values for Eqs. (34) and (36) are 7.78 pV /K2 more 
negative. 
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