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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 ~ 1.4 million 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.
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1. Introduction

A standard electrode potential E " 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 10° Pa),
and ideal solutes at unit molality. The most common tem-
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2H™ (aq) + 2~ —~H,(g) (1)

being assigned a value of zero volts at all temperatures. The
SIIE may be abbreviated as E°[H* /H,(g) ]. Thesymbole™
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,”! which pro-
vides E ° values for a large number of half-reactions at 298.15
K. de Bethune and others®>™ have shown that the tempera-
ture dependence of E° 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 °/dT:
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E‘}=E398+(T—298.15)~(—d—E—0) , @)
dT /ass

Temperature coefficients may be conveniently expressed in
millivolts per kelvin, mV/K. As with E ® values, dE °/dT val-
uesare defined relative todE °/dT for the SHE being equal to
zero at all temperatures. The accuracy of Eq. (2) depends on
the assumption that E° 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' and de Bethune et al.>* have
been widely quoted. Unfortunately, however, their primary
reference is the Circular 500 of the United States National
Bureau of Standards (NBS),’ now, the National Institute of
Standards and Technology (NIST), which has been ren-
dered obsolete through modern publications by the Insti-
tute.%” 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" series® and the “NBS Tables
of Chemical Thermodynamic Properties.”” 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), Gaithersburg,
MD 20899. Reference 7 contains a detailed discussion of the
problems of internal 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 references which provide much data not giv-
en by NIST are “The Hydrolysis of Cations” by Baes and
Mesmer,®® afollow-up paper by the same authors,®® and
“Standard Potentials in Aqueous Solution,” edited by Bard,
Parsons, and Jordan.® (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,'®
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''~'* 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. Thirteen standard
Gibbs energies of formation and eight standard entropies
(none of which has been superseded by NBS®’) have been
taken or deduced from Latimer.' The standard enthalpy of
formation of FeO?~ has been taken from de Bethune ef al.?
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2.1. Uncertainties

Following NBS,%’ the probable uncertainties associat-
ed with the E° and dE °/d T values in this report are implied
by the number of digits tabulated. E° and dE °/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 full 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 ef al.” has been to divide the
work among several chapter authors. Unfortunately, some
of the authors have taken or deduced E° and/or dE°/dT
values from Latimer,’ de Bethune et al.,>* and the NBS
Circular 500,° although such values have been superseded by
the more recent NIST publications.®” The following chap-
ters in Ref. 9 contain extensive tables of such outdated val-
ues: Chap. 5 (E°and dE°/dT for F and E ° for I); Chap. 6
(dE°/dT forS-Te); Chap.7 (E°for Nand P); Chap. 8 (E°
anddE °/dT for C-Pb); Chap.9 (E °anddE °/dT for Gaand
Tl1); Chap. 17 (E°for Nband Ta); Chap. 18 (E ®for Ti—Hf);
Chap. 22 (dE°/dT for Mg-Ra); Chap. 23 (E°and JE®/dT
for Li—Cs). Admittedly, in some cases, the absolute differ-
ences between the old’~ and new®’ E ° or dE °/d T values are
less than the sums of their assigned uncertaintics. Ilowever,
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 100 of the E° values in Ref. 9
differ significantly from the values listed in Tablc 1. Exam-
plesinclude E° [Te(c), HY/H,Te] = — 0.740 V (Table 1:

—0.46 V); E° [N,(g),H*/HN,] = —3.10 V (Table 1:
—3.334V); E°[H,8i0,2/Si(c),OH" ] = — 1.69V (Ta-
ble 1: —1.834 V); E° [Ta,0s; [(c.8),H*/
Ta(c)] = — 0.81V (Tablel: — 0.752V); E°[Ti(OH),**,
H*/Ti(c)] = —0.86 V (Table 1: —1.00 V), and E°
[Cs*/Cs(c)] = — 2.923 V (Table 1: — 3.026 V). The ap-
plication of Latimer’s equilibrium data' on H,Te, H,Si0; ",
and Ti(OH)%* to the modern NBS tables®’ instead of to the
NBS Circular 500° vields E° values in essential agreement
with Table 1; the other E ° values in Table 1 (involving HN,
Ta,Os, 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
which predominate in basic solution (p. 523) have been cal-
culated for unit activity H* (aq) and are 0.8-2.9 V more
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Tabdle 1.Standard Electrode Potentials and Temperature Table 1. Standard Electrode Potentisls and Temperature
Coofficients in Water a1 298.15 K Coefficients in Water at 298.13 K -- Continued
Acid Solutions E® dE®/dT  Basic Solutions E°  dE°/dT Acid Solotions E°. dE°/dT  Basic Solutions E®  dJE°/dY
(pH = 0.000) (V) (mV/X)  (pH ~13.9%) (V) (mV/K) (pH ~ 0.000) (V) (mV/E)  (pH -13.996) (V) (mV/K)
Hydrogen6. 7 Strontium6-3
H' 7 Hy (g) 00000 00000  Hp0(lig) / Hp (g). O -6.8280 -0.8360 Sr2*, Hy (g) / Stz () (-2.16)2(-090)  SrOH* /St (c), OH- -2.920
H* /H 0091 -0378  Ha(g)/H (-2.40)8 (-1.48) StOH*, H* / Sr (c) 2506 Sr(OH); - 8 Hy0(c) / (-3.03P (0.36)
H* /H(g) 21067 05111 Hp0(%iq) / H(g). O -2.9347 -0.3249 $e2* /Sr (c) 2899 -0237 Sr(c), OH-
Ha () /K- (-2.40)8 (-1.48)
Barium6-3
Lithium6-3 Ba?*, Hp (g) / Balz (c) (-2.18)0(-106)  BaOH’ / Ba (c), OH- 2921
Li*,Hp (g)/Lifi(c)  -2.331 -1285  LiOH(c)/Li(c).OH -2920 -0930 BaOH*, H* / Ba (c) -2307 Ba(OH), - 8 Hy0(c) / -300 029
Li*/Lito) 3040 -0514  Li*/Li(e) -3040 0514 Ba* /Ba(c) 2906 -0.401 Ba (c), OH-
LiOH / Li (c). OH" -3.060 -039
Radium$. 7. 11-13
Sodiumb-8 Ra2*,Hp () /RaHz (¢) (-2.19) (-109)  ReOH* /Ra (c),0H (-281)
Na*,Hy(g)/NsH(c) -2.367 -1550  NaOH/Na(c),OH 2704 073 RaOH* H* /Ra(c)  (-240) Ra(0H) - 8 Hz0(c) / (-2.89)
Na* / Na (c) 27143 -0757  Na*/Na(c) -27143 -0.757 RaZ* /Ra (c) (-280) (-044) Ra (c), O
Potassiumb-3 Scandiumb-8. 11. 12
K Hp(g)/KHG)  (238b(-190)  KOH/E (c),OH 2909 (-09) Sc3*, Hp (g) / Scliz(¢) (-173) (-023)  Sc(OH)4 /Sc (c), OH 268 (-1.16)
2¢ -20)8 (- - . -
X 7K 203 107 K IR () 293 -1074 Sce* /8c (¢} (-20)2 (-02) Sc(0H)3 (pt} / Sc (¢). OH 269 -101
ScOH2*, H* / Se (¢) 201 024 Sc(OH)3(c) /Sc (c), OB -2.72 (-0.96)
Rubidiumé. 7 Sca(OH)#* H* /Sc(c) -2.03 Sca03(c.y) /Sc(c).OH"  -2742 -1.164
Rb*.Ha(g)/RbH (c) (-266)b(-199)  RbOH /Rb (c), OH (-291) Se3* /5c (e} 209 041 ScOOH () /Sc (), 00" (-2.76) (-1.10)
Rb* /Rb () 2943 1140 Rb*/Rb () 284 -1140 sedr /scl (238 (16)
Yitrium6-9
Cesium6-3
Y34 Hp (2)/YH3(c) (-172) (-032)  Y(OH)3(pt)/Y(c),OH (-287)
Cs*, Hp(g)/CsH(c) (-272)b(-204)  CsOH/Cs(c),OH (-2.97)
YOH2*, H* /Y (¢) 223 (02) Y(OH)3 (c) / Y (c), OH" 290 -0977
Cs* / Cs(c) -3026 -1.172  Cs*/Cs(c) 3026 1172
Y3 /Y () 238 034
Franciumé. 7 Lanthaouml. 8.9
FriHz () /Frlie)  (-273) (-24)  FrOH/Fr(c).OH" cz8) 183, By (g) / LaBy(e) (-L70) (-041)  La(OH)3(pt)/La(c),OH" -275
Fr* /Er(c) (-29) -12) Fr* /¥ (e) (29) (-12) LaOH2* H* /la(c)  -221 (0.0 La(OH)3(c) /La(c).OH"  -280 -0.998
1a3* / La(c) 2379 0242
Beryllium6-3
Cerium6-9
BeOH*, H* / Be (c) -1808 (0.3) Be(OH)42~ / Be (c), OH- 2517 -0.751
. Ced* / Ced* 172 134 Ce407 (c) / Ce(OH)3 (c). OH~(-0.13) (-2.03)
Be3(0H)33*, H* / Be (c) -1380 Be(OH)3™ / Be (c), OH -252
CeOH3*, H* / Ce3* 168 -0.13 €Ce0z (pt) / (-05)
Be2* / Be (c) -1968 (060)  Be(OH)p (pt) / Be (c),OH  (-2.58)b(-103)
Celp (pt), H* /Ce3*  (166) (-2.1) Ce(OH)3 (pu), OH"
Be2*, Hp (g) / BeHp (¢) (-2.26) (-003)  Be(OH)p (c.a) / Be (c),OH -2398 -1.022
Cep(OHR6* H* /Ce3*  (1.64) Ce0p (c) 7 Ce(OH)3 (¢),OH" -0.70 (-1.54)
BeO(c) / Be (c), OH 2606 -1.174
¢ ¢ Ce0p (c), H* / Ce3* 1304 -2.00 Ce0p (c) / Ceq07 (¢), OB (-127) (-104)
Be(OH) (c.) / Be (¢),OH- -2609 -1001
Ce0p (c). H* / CeOHZ* 681 Ce(OH)3 (pt) / Ce (c),OH-  (-273)
CeOH2*, H* / Ce (c) 217 Ce(OH)3(c) / Ce (), 0H-  -2.77 (-0.99)
Magnesium® 8
Ce3* /Ce(c) -233% 0280
MgOH". H* /Mg(c) 2022 (025)  MgO(c)/ Mg (c), OF- -2550 -1.120
Mg (OH) 4 H* / -2.067 Mg(OH); (pt) / Mg (c), OH- (-2.68)b (-0.98) Prascodymium6-9. 11, 12
Mg (c) Mg(OH)2 (c) / Mg (c). OH-  -2690 -0946 Prd+ /pr3e 32 (14 Prg0Oy3 (o) / 0o0h (191
Mg2*. Hp (8) / Mghy (c) -2.173 -0.486 PrOz (pU). H* 7Pr3*  (30) Pr(0H)3 (c), OH"
Mg2* / Mg () 2.360  0.199 Pr0p (c),H* / Pr3+ @eTb 217y Progpt)/ 09)
Pr0 (c), H* / PrOH2*  (2.18) Pr(0H)3 (pt). OH
Calciumb-3 Pe2* / Pr(c) (-208 (-0.4) Pr(p (¢) / Pr(OH)3 (c). OB~ (0.70) (-167)
Ca?*, H (g) / Callp (c) -2.105 -036 CaOH" / Ca (c), OH" 2902 -0.46 PrOHZ* H* /Pr(c)  -219 Pro (c) / PrgDypq (c), OH-  (022)b(-1.19)
CaOH*, H* / Ca (c) 2488 -0.05 Ca(OH) (c) /Ca(e). OH  -3022 -0991 Ped* /Pr(c) <2353 0291 Pr(OH)3(pt) / Pr(c),OH" (-276)
Ca2* /Calc) 2868 -0.186 Prd* /et (-312  (16) Pr(OH)3(c) /Pr(c).OH"  -280 -0.9%0
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Table 1.Standard Electrode Potentisls and Temperature
Coofficionts in Wator at 298.15 K -- Continued

Table 1. Standard El de ¥ iais and Tomp
Coefficicnts in Water at 298.13 K -- Continued

E® dJE/dT  Basic Selutions o

Acid Solutions dEO/dT Acid Solutions E® JdE®/4T  Basic Selutiens E° dE°/dT
(pH -~ 0.000) (V) (mV/K)  (pH - 13:996) (V). (mV/K) (pH - 0.000) (V) (mV/X)  (pH - 13.996) (V) (mV/K)
Holmium6-9. 11, 12
Nesdyminm$-9. 11. 12 Ho2* /Ho () (-21)% (-02) - Ho(0H)3(pt) / Ho(c),0H" (-282)
N2 / Nd (¢) (200 (04)  NA(OH)3(pt) /Nd (c), OB (-274) Hoof*, B /Ho(c) 218 HoO)3 () /Ho (c).0B" 285 0977
NdOHZ* H* /Nd(c)  -2.16 Nd(OH)3 (c) / Nd (c), 0" -278  -0.990 Ho3* / Ho (e) 233 0371
2+ -
Né3* / Nd () 2323 0282 Bod* / Bo (28m 18
Nd3* / Na2* (27 (16)
Erbium6-9. 11, 12
Er2* /Er(c) (-20)8 (-02)  Er(OH)3(pt) /Er(c),0H (-283)
ErOH2*, B* /Er(c)  -2.18 Er(OH)3(¢) /Er (c).0B" 286 (-0.98)
Promethium?. 11. 12 Ee3* /Ee (c) 2331 0388
PmOH2* H* /Pm(c) (-214) Pm(0H)3 (pt) / Pm (c), OH" (-2.74) Er3* / Er2+ 308 (16)
Pm?* / Pm (¢) (-22)® (-03)  Pm(0H)3(c)/Pm(c), O~ (-2.78) (-0.99)
Pm3* / Pm (c) (-230) (029) Tholium6-9. 11, 12
Pm3* / Pm2* (262 (13) TmOH*, H* /Tm(c)  -2.17 Tm(0H); (pt) / Tm (c), OB~ (-2.82)
Tm3* / Tm?* (22)% (18)  Tm(OH)(c)/Tm(c),OH -283 (-097)
Samariom6-9 Tm3* / Tm(c) -2319 03%4
Sm3+/sm2* 133 (14 Sm(0H)3 (pt) / Sm (c), OH- (-2.75) T2 / Tm () (2408 (-02)
SmOHZ* H* /Sm(c)  -213 Sm(0H); - Ha0(c) / (-277)8(-09)
Yitorbium6-9. 11, 12
Sm3+ 2. -
m3* / Sm (c) 2.304 0279 Sm (c), OB Yb3* 7 Yb2+ 2105 (14 YbOH)3 (¢} / 23) 10
Sm?2* / Sm (¢} -268 (-028)  Sm(OH}3(c)/Sm(c).OH" -278 (-0.98) ‘
YbOHZ,H* /Yb(c)  -204 Yb(OH); (c), OF-
Sm(0H)3 (c) / (-28)* (-12)
Yb3* / Yb (c) =219 0363 Yb(OH)3(pt)/ Yb(c), OB (-2.70)
Sm(OH); - Hp0(c), OH-
Yb2* / Yb (c) 276 (-016)  Yb(OH)3(c)/Yb (c),0H" -273 (-1.00)
Yb(OH)2 (¢) / Yb (c), 0B (-2.94) (-1.0)
Europium6-9
EuOH2*, B* / Eu2+ 0.11 Eu(0H)3 (¢) / -18) (11
Lutetium6-9: 11, 12
Eud* /Eu2* 035 133 Eu(OH); - H0(c), OB
LuOB2*,B* /Lu(c)  -2.13 Lu(0H)3 (pt) / Lu (c), OB~ (-2.79)
FuOHZ*_H* /Fu (c) -184 Eu(OH)3 (pt) / Fu (¢}, OH-  (-2.44)
Lu3* /Lu(c) 228 0412 Lu(OH)3(c)/Lufc),0H -282 (-097)
Eu3* / Eu (c) -1991 0338  Eu(OH)3(c)/Eu(c).OH"  -248° -0.934
Eu?* /Eu (c) 2812 -026  Eu(OH)-Hp0(c)/ -292) (-083) Actininm?. 11-13

GdOH2*, H* / Gd ()
Gd3* /Gd (c)

To#* /Tb3*

TbOp (pt), B* 7 Tb3*
TbO (c), H* / Tb3*
TbOp (c), H* / ThOHR"
THOR2*, H* / Tb (c)
Tb3* /Tb (c)

DyOH2*, B* / Dy (c)
Dy2* /Dy (¢}

pyd* s py (0)

Dy3*/ py2*

Fu (c), OH-

Gadolinium6-9
-212 Gd(OH)3 (pt) / Gd (c), OH"  (-2.74)

2279 0315 Gd(OH)3(c)/Gd(c).OB" -278 -0.990
Terbiumé-9

(ERV IS )] Tb407 (¢) / TH(OH)3 (c), OH" (1.04) (-227)

@ Tbop (pt) / (08)

(244 (-2.36) TH(OH)3 (pt), OH-

(197) Thoy (c) / Tb(OH)3 (c), OH" (064000 (-1.72)

-2.12 Th0z (¢) / Tbg07 (¢),OH-  (0.24)P (-1.16)

-228 0350  Th(OH)3(pt) /Tb(c).OH" (-2.75)
Th(OH)3 (c) / Th (c), 0B -278 -0.979
Dysprosium6-9. 11. 12
214 Dy(OH)3 (pt) / Dy (c), OH- (-2.77)
(-22)% (-0.3) Dy(OH)3(c) /Dy (¢),0H"  -2.81 (-0.98)
2295 0373
(-26)% (16)
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Ac3* Ha (2)/ AcHz (¢) (-1.70) (-0.46)

Ac3* / Ac(c)

Th4*, Hp (g) /
Thyligs ()

ThOH3*, H* / Th (¢)

Ac(OH);3 (pt) / Ac (c).OH™ (-233)

1n2(UHRS™ 1™ 710 () -1.78

Thé* /Th (0

PaOOH2*, H* / Pat*

Pa00H (pt), H* / Pat* (-0.1)
Pa0s (c), H* / Palp (c) (-02) (-0.4)

PaOOH2*, H* / Pa (¢)

Pa00H (pt), H* / Pa (c) (-1.22)
Pag0s (c), H* / Pa(c)

Pad* / Pa(c)

Pa4* / Pa (c)

Pa0y (c), H* / Pa(c)
Pat* / Pa3*

Pay (c), B* / Pa3*

(-2.20) (0.19} Ac(OH)3 (c) / Ac (c),OF  (-2.37) (-101)
Thoriumb-9
-1.468 -0.075 ThOp (pt) / Th (c), OH" -235 (121)
ThOp (c) / Th (¢}, OH" -2627 -1.181
-1.779 031
-1826 0557
Protactinium6-9. 11-13
01 (-33) Pag0s (c) / Palz (¢),0H"  (-10) (-12)
PaO(OH)4 / Pa0y (pt), OH" (-12)
Pa0,0H (pt) / (-13)
-121 (-023) Pa0p (pt), OH"
PaO(OH){" / Pafc), 0B (-204)
(-124) (-037) Pa0,0H (pt) / Pa(c), OH"  (-2.05)

1348 (0.14) Pap0s (c) / Pa (c), OH" (-207) (-121)

149 (053) . PaOp(pt)/Pa(c),OH"  (-224)
4150 037 PaGy(c)/Pa(c),OH 233 -12
(-19)8 (17)

200 -19)
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Tabdle 1. Standard Electrode Potontials and Temperature Table 1.Standard Electrode Potentisls aad Temperature
Coefficionts in Water st 293.15 K -- Continued Coefficients in Water at 298.15 K -- Continuod
Acid Solutions E® dE°/dT  Basic Solutions EO dES/dT Acid Solutions E° dE°/dT  Basic Solutions E° dES/JT
(pH - 0.000) (V) (mV/K)  (pH - 13.99) (V) (mV¥/K) (pH - 0.000) (V) (mV/K)  (pH - 13.996) (V) (;mV/K)
Uranium6-9. 11-13 Plutonium8. 9. 11-13
U0g* /U0, () 066 (03)  UOOH(c)/U02(c),0H (0.8 Puog” B /P02 (24) Pu0,(OH3 / 095
UO0H* H* / U0z (c) 038 080  UOOH)" / U0z (pt). O™ (-0.0)8 Puty" / Pud (c) 1383 039 PuCy (O, OF-
(UOy)3(0H)s*, B* / 0564 016  UOOH) (c.B)/ 0.139 057 PuOOH", H* / Pu0y © 144 PuOROH (c) / Putp (). 0B (09)
U0 (€) U30g (c, ), O (Pulp)p(OHY2" B/ 140 Pu0z(0H)2- / Puty (¢), OH- (057)
(U0php(0HR2* H* /0493 046  UOOH)Z /U0 (c).OH (-022) Puty () PuOp(OH); / Pudy (pt), OH (03
U0y (¢) U0(0H); (c.P) / 0252 -103 PUOOH" ' / Pu0y® 129 PuOg(OH) 2/ ©3)
U0p2* / U0z (c) 0410 0232 U0p (c), OH" Pu0z2* / Pudy (c) 1275 021 Puy0H (¢), OF
UGyt H* / U4 039 (-34)  Uglg(c.)/ UOp(c)OH  -0309 -1284 (PuO(O2 B/ 121 PUOOm)Z" / ©29)
Uo? H* /Ut 0273 -1582  UGx0H)™ /U0y (pu), O (-043) Puty* Pudy (p), OF
U0,2*, H* / UOH3* 0234 092  UOOH)Z / -03)2 PuGOH*, H° /Pud* 111 PuO (02 / o8
U0p2* / UGy* 016 (02) U020 (), OH (Pulp)p(OHY2 H* /108 Pu0y Oy, OF
Uon3, 1e /U3 0539 029 UOOH) (c.p)/ -06)2 Pud* Pudz (1) / -1.0)
v sy -0377 161 U0,0H (c), OH* PuOH3* H* / Pud* 1036 Pu(OR)3 (pu), OB
+ + . . 2- -
U0z (). B /U3 0851 202 Uo0R) cone Pudy’ B* / Put* 1035 <326  Pudp(c)/Pu(OB)3(c).0F -147 (-17)
U3t Hp (g) / UH3(c) 1390 -047 Uog(OH)y”, OHF Puty B / Pudt 1021 031 PuGp(pU/Pulc)OH  (-206)
U0z (c). H* /U (¢) 1444 0384  U(OH);(pv)/U(c). 0B  (-204)8 Put 7 puds 1006 1441  Pup(c)/Puc). O 2197 -122
U3 /() 162 016 UQOH3(c)/U(c).OH  (-208)8(-1.10) Pudy’ B/ PuOH® 1005 Pu(OH)3 (p0) / Pu (6), 06 (-2.40)
Uoy(pu) /U (o). O (216) Pug: B /Pud 1002 -03%  Pu(OH)(c)/Pu(c).OH 244 (-103)
602 (c) / U (c), OH" 2272 -1220 Pu0z2" B / Put* 1000 -1615
U0, (pt) 7 U(OH)3 (pt), OH" (-26)8 Pu()zz‘ H* / PuOH3* 0.985
U0z (¢) / UOH)3 (c),0H  (-2.9)% (-16) Pu02* / Pudy® 0966 003
Pu0p (c), H* / Pud* 0437 -220
Noptunium3. 9, 11-13 PuQz (c).H* /Pu(c) -1369 -038
Np0z* H* /NpO2* 204 NpO4(OH),3- / 061) Pu2* / Pu (&) 168 (04
NpO20H*, H* / Np0p* 134 Np0p(0H), (c), OH- Pu3* / Pu (6) 197 023
(NpOp)2(0H),2* H* /143 NpO4(0H)3- / 038 Pud¢ / pule @28 U5
NpOp* : Np0y(0H)¢2-, OH-
NpOp2* / Nplp* 1236 0058  NpOyOH)Z-/ ©3) o 1113
Americiom?. 11~
Np0p* / Np0p (c) 10922 033 Np00H (c), OH"
902" / Nplp 9020 Amos* H* / AmOp2*  (28) AmO,(OR)3- / 3
NpOp*, H* / Np4* 0367 -3.30 NpOp(0H), (c) / ©3) LD Amé / Amd* @60 (14 AmO(OH)Z-, OB
K 4~
Np0z*.H' / NpOH3* 0479 N ,
20, 90! 4 p020H (). OF AmOy (1), H* / Am3*  (236) AmO(OR)Z / 09
NpoH3*, B/ Np3* 0243 NpO(0H)Z- / (0.49) Amip (). H' / Amd (199D (-2.40) AmOp0H (), OF-
e ) ) ; ; )
Np™ /N 0157 133 Nptz (©). O AmGp H'/Am3 1698 -097  AmOp(OH)Z / o7t
NpOp (c), H* /Npd*  -0369 -2.10 NpOz(0H) (c) / (0.48) (-1.10) AmO B / An® 1662 054 AmO(OHY,", OFF
NpOp (c).H* /Np(c) -1418 -0392 N , Ol ' ' '
o0z e ple 4 90z () AmO?* / AmOy* 1589 001  AmO,0H(c)/ AmOy (c). O (07)
Np3* 7 Np (¢) -1768 0.8  NpOpOH(c) / NpOp (c).OH" (0.4) (-1.1) AmOy /AmOp () (1440 04)  AmOpOH)Z / 0349
2-
NpO(0H)¢=" / 042 AmOy* / AmOp (p)  (0.84) Am(OH); (c), OF°
Np0y(OH)y". OFF" AmOpe H /Am®  (080) (-33)  AmOp(pu)/ (©3)
2
NpOp(OH)¢* / ©22) Am®* / Am (0) 198 (-03) Am(OH); (pt), O
Np0z (pu, O Am3* / Am () 2048 028 AmONOH)Z- / ©30
NpOz(OH)" / s Am3* / Am?* (232 (18 Am(CH)3 (pu), O
Np0z (pt). O AmOp(0R)y" / (048
Np0z (pt) / -19) Am(0H); (pt), OF-
Np(CH)3 (pt), OH" AmOy(OHY" / 02)e
Np0p (pt) / Np (c). OH (-2.11) AmO; (pt), OH"
Np(OH)3 (pt) / Np (), OH" (-2.18) A0z (c) / (006) (-18)

Np(OH)3 (c) / Np (c),OH~  -222 (-1.09)
Np0; (¢) / Np (c), OH"

NpOz (c) / Np(OH)3 (c), OB~ -233 (-16)

-2246 -1.228

Am(0H); (c), O
Am(OH)3 (pt) / A (c), OF" (-2:48)
Am(OR)3 (¢) / Am (c), OB -232 (-101)
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STEVEN G. BRATSCH

Table 1. Standard Electrode Potentials and Temporsature
Coofficionts in Water at 298.15 K -- Continwed

Tablo 1.Staadard Elecirodo Petentials sad Temporature
Coofficionts in Water at 298.13 K —- Continved

Acid Solutions E® JdE°/dT  Basic Solutiens E® dE9/dT Acid Selutions E® dE*/dT  Basic Selutiens E® dES/dT
(pH - 0.000) (V) (mV/K)  (pH - 13.996) (V) (m¥/X) (pH - 0.008) (V) (aV/X)  (pH -'13:996) (V) (mV/K)
Curium?9. 11-13 Lawrenciom?. 11-13
Cm4* /Cm3* 30 an Cm0p (pt) / ©9) Le3* /Lr (c) (-1.96) (0.37) Lr(OH)3(pt) / Lr (c), 0H  (-2.46)
Cm0p (pt), H* /Cm3*  (29) Cm(OH)3 (pt), OB Lr(0B)3 (c) /Lr (c), 0B (-2.49) (-0.98)
Cm0p (c), H* /Cm3*  (23) (-2.1) Cm0z (c) / Cm(OH)3 (). OH- (0.) (-13)
cm? 7 em (c) ‘204 029 Cm(OH)3 (pL) 7 Cm (¢), OH™ (-2.48)
Cm(0H)3(c) /Cm (c).OH"  -232 (-1.00) Titaniuml. 6-8
Ti(OHR2* H* / Ti3* 01 (06) TiGy(0HR2- / (-12)
Berklium9. 11-13 , y .
Ti0p (pt), H* / Ti3* 01 (27 TiOOH(c), O
Be4* / Bk3+ 167 (18) BOp (pt) / -0.4) .
Ti0p (c, sutite), H* /02 (-27) Tig05 (c.a) / TIOOH (¢), OH" (-1.3)  (-1.9)
BEO (p), H* /BE3* (1) Bk(0H)3 (pt), OH"
Tid* Tig05 (c.a) / Tig03(c), O -1.320 -1267
BROp (c), H* /BK3*  (09) (-22) BKO, (c) / BR(0H)3 (c), OH- (-09) (-1.7)
Ti3: r T2 09 (LY Tiop (<. ruute) 7 ~1.38) -1.264
BK2* / Bk (c) -16)* (-0.3) BK(0H)3 (pt} / Bk (c). OH-  (-2.43)
Ti(OHR2* H' /Tite) 100 6.4 Tip03 (¢), OH"
BK3* / Bk (c) -198 032 BK(0H)3 (c) / Bk (c).0H"  -247 (-099)
Tiop (p). H* /TiCe)  -101  -0.37 Ti0p (¢, rutile) / 19 (¢-13)
B3+ / B2+ (-28)8 (16)
Ti0p (c, rutife). H* / 1076 0365 TiOOH (¢), O
Tito) Ti0p (c. rutile) / ‘1418 1262
Californium9. 11-13
Tid* /Tite) 137 (0.40) Tiz05 (c, ), OH'
cfd+ /cfd+ (33)  (16) C£02 (pt) / CF(OH)3 (pt), OH- (1.2)
N o T2* /Ti(e) (-160) (-0.16)  Tiop(OH)2" / -15)
cxuz(pu.u‘/uB' (&N} ClDz(c)/Cl(Uﬂ)g(c).Uﬂ w.7) 17
Ti(OH)3 (pt), O
€10, (c), H* 7 Cf3* @3) (-23) CE(OH) () /Cf (c),0H  (-22)8 (-10)
Ti0x(OH)}2" / Ti(OH)g", OH (-16)
cr3+ e -6 (16) CR(OH)3 (pt) / Cf (c). OB (-2.40)
Ti(OH)3 (pt) / (-18)8
c3+ /cf (e) -19¢ 033 CROH)3(c)/Cr(c).OH  -244 (-099)
R Ti(OH); (pt). OH-
cr2* /¢t (c) 212 (-03)  CNOH)3(c)/ -295 (-09)
Ti(OH%2 / Ti(c), 00 (-187)
CI(OH), (¢), OB
Tig03(c) /Ti0(c.a), OH"  -1.901 -104
Einsteinjum?. 11-13 Ti0p (c, rutile) / Ti(c), OH" -1.904 -1.201
Es3* /Es2* BERTY) Es(OHY () /Es(c), 0B (-23® (-19) TiooRc) / Ti(Ol) (¢). OH" (20
Es3* /Es(c) (-191) (0.37)  Es(OH)3(pt) /Es(c),OH" (-2.38) Ti(OH)4" / Ti (c). OH" -20)
Es?* /Es (c) (-223) (-0.3) Es(0H)3(c) /Es(c),OH"  (-242) (-0.95) Ti(OH)3 (pt) / Ti(c), OH  (-2.00)
Es(OH)3 (c) / (-26)% (-09) Tig03 (¢} / Ti{e). O 2076 -1.180
Es(OH); (c), O TiOOH(e) / Ti (o), OW €208) 111)
TI(OHR) (pt) 7 Tiy), Ol (-2.10)*
Fermioa?. 11-13 Ti(OHR (e) / Tite), O (-2.13)8
Fm3* / Fm? -1 (18) Fm(OH)3 (pt) / Fm (c), OH" (-2.37)
Ti0Ce, a) / Ti(c), OH 2164 -125
Fm3* /Fm (c) (-189) (038)  Fm(OH)3(c)/ (-24) (-09)
Fm2* /Fm (c) (-2.30) (-0.3) Fm{(0H)2 (c), OH-
Fm(0H)3 (¢) /Fm (¢), 0B (-2.40) (-0.9%)
Fm(OH) (¢) /Fm (c), 0B (-24) (-10)
. Zirconiumb-3
Mendeteviom?. 11-13
Md3* 7 Md2* 01 (18) MA(OR)3 (c) / 14 (-09) et /2 (o) -145  (067) Zr(OH)5" / Zr (c), OH" -2.22
Md3* 7 Md (o) 163 (038 Md(ORY, (¢, O : ZrOH3* H* / Zr (¢) 145 Zr0p (pt) / Zr (c), OH 228 <119
8¢ e - - - -
Md2* / Md (c) (-240) (-02) Md(OR)3 (pt) / -2.13) Zrg(OH)RS* H* /Zr (c) -147 Zr0z (c.a) / Zr (¢}, OH 2301 -1.180
) H' 72r(c) -1473 -0344
Md (), OFF Zr0 (c.a) H' 7 Zr(c) -1.473 3
Md(0H)3 (c) / Md (c), OB (-2.17) (-0.96)
Md(0H) (c) / Md (), 0 (-23) (-10)
Nobelium9. 11-13
No3* / No2* 14 U9 No(0H)3 (¢) / ©1) 10 Hafniumb-3
No3* /No(c) (-1.20) (030 No(OH); (c), OH- HIOH3*, H' /HE(c)  (-159) HI(OH)y™ / HE (), OH" -2.31
NoZ* / No (¢) (-250) (-02) No(OH)3 (pt) / No (c), OB~ (-169) HE4* / HI (¢) 4155 (068)  HIOp (pt) / HS (c), OH" 237 -120
No(OH)3 (¢) / No (c),0H  (-1.72) (-101) H4(OH)8*, H / Hf (¢) (-1.57) HfOp (¢) / HE (c), OH" 2419 -1.191
No(OH); () /No (c),0H-  (-26) (-1.0) HIOp (¢}, H* /Hf(c)  -1591 -0.353
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Nb (c)
Nb20s (c). H* / Nb (¢}

Nb(OH)22*, H* / Nb (¢)
NbOy (pt), H* / Nb (c)
NbOy (c), H* / NbO (¢)

NbOp (¢), H* / Nb (¢)
NbO {c), H* / Nb (c)
NE3Y/Nb (c)

4B/ NBO (e), H*

-0.601

{-0.62)

(-0.64)
-0.646
-0.690

0733

(-0.8)
(-0.9)

-6.381

~0.347
-0.361

-8.375

STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 7
Table 1.Standard Electrode Potentisls and Temperature Table 1. Standard Electrode Potentisls and Tomperature
Coelficients in Water at 298.15 K -- Continued Coofficionts in Water at 298.15 K - - Continved
Acid Solutions E° dE®/dT  Basic Solutions E®  dE%/dT Acid Sofutions E9 dE°/dT - Basic Solutions E°  dE®/dT
(pH - 0.000) (V) (aV/E)  (pH - 13.996) (V) (mV/K) (pH - 0.000) (V) (mV/K)  (pH - 13.99) (V) (mV/X)
Tantalomb-8
Vansdium$. 7.9 Tad* / Ta(c) (-06)2 Ta(OH); (pt) / Ta(c), OB (-13)8
Vo' H / VO 1001 0901 VOp(c.a)/V305(c),OH" -056 -Li0 Ta(0H)2*, H* /Ta(c) (-064) Tap (pt) / Ta(c),OH"  (-1350)
VOR0H (pu). H* / V%" 096 151 VOp (c,a} / V203 (c). O -0527 -1.172 Ta0y (pt), H* /Ta(c)  (-067) Ta0j (c) / Ta(c), OH -136) (-1.19)
V205 (). H* / VO2* 0957 -1.656 V305 (c) / V203 (c), OH- 057  -131 Ta(OHR2* H* / Tad*  (-0.7)8 Tag0y8" / Ta (c), OH (-160)
Vo2, 1 £ v3+ 0.337 (-1.6) VOz(0H),2- / V703 (<), OH- (-0.6) Ta(UH)g" M /T8 (c)  -U7UZ Tagle®™ / Talp (€), UK (-13)
Vo B/ V (©) -0233 0239 VOp(OHR?" / V305 (), OH- (-06) Ta0p (c),H* /Tale)  (-0.73) (-0.36)  TagOygB" / TaOp (p1),OH-  (-2.0)
VO0H(pU),H' /V(c) 024 036  VO(OHK2" / VOOH(c), OH- (-06) Ta00H (p), H* / Ta(c) (-0.73) (-0.35)  Talp (pu) / (2100
Va5 (c).H*/V(c) 0242 -03%  Vy05(c)/VOOH(c).0H  (-07) (-20) TagOs (c.B). H* / Talc) -0752 -0.377 Ta(0H)3 (pt), OH*
V3 v2e 0255 (15) Vo437 V203 (c). O -0.704 (-0.72) Ta0p (pt). H* /Ta3*  (-08)2
V2 /Y () 1125 (-041) VO3 / VOOH (c), OH (-072) (-08) TagOs (c.p). H* / (-08) (-0.45)
V043 / VOp(0RR2" OB (-08) Ta0p (c)
VO3 /V0p (c.c) O -0882 (-027) TalOH)g*, B / 10
Vop(0HY2" / -09) Ta(0H),?*
V(OH)3 (1), OH- TaOp (c),H* /Tad*  (-1.1)#
VOp(OH)2- / V(OH)", O (-1.0) TaOz0H (pt). H*. cLn
V(OH),~ / V(OH) (¢). O (-1.0 Taly (pt)
V(GH)" / V(OHY, (pu), OH-~ (-1.0) Chromiuml. 6-9
Vior)3 (1) / ¢12) Co(OR)2Y B! /63 (18) Cr0p (€ / COOH (), 0B (0230 (-15)
V(OH), (pt), OB Crop (. H* /Ce3*  (17) Cr0p (c) / Cra03 (c, ), O (02400 (-1.3)
Vo /¥ (o), 0 -l222 (-102) Coop(e).H /Cr3 (14805 (-29)  Crop(pn)/ ©2)
VOOH (c) / V(OH)z (€), OB (-1.3)  (-1.3) HCrOg~, H* / Ce3* 137 -138 Cr{OR); (pt, aged), OH-
V203 (c) / VO (c), O 1314 -1236 Crp072-, H* / Cr3* 136 -132  Crop(pu)/ .0
V{0H) (p) / V(). O (-163) HCEO4™, H* / Crp(OHR4* 131 Cr(OH); (pt, fresh), OH-
V(OH) (c}/V (), 0" (-166) (-103) Cra05 (c). B /Cro¢) (13) (-04)  Cr(OM)g2- /Cr(OH)(", 0K~ (0.1)
Vo(c) /¥ (c). oH- -1693 -1.202 Cry072- H* / Cra(OHR % 130 Cr02- 7 Cr0g3- 0.1
Cra072- H* /Cr0p(c)  (130)2(-034)  CrO2-/CrOOH(c),0H"  (-0.01)b(-1.57)
Niobium6-3 H3Cr0g H* / CeOz (pt)  (1.3) Cr0g%- / Crp05 (e, ), O 0018 1499
NO(OH)Z2*, B / Nb3* (0.1 NbgOro™ / NbOz (c). O (-134) Crp0R" H* /Crals () (13) (0 Crod2-/ 099 -166
Nb(OH)¢*. H* /NB3*  (-02) NB(OH)3 (pt) / Nb (), OH" (-14) HCrO B / CrOB 129 -117 CROH)3 pt. aged). O
NbO2 (pt), H* /Nb3*  (-02) NbO2 (pt) / Nb (c). OB (-147) Cra0% H 7 CrOBZ* 128 110 o2/ 012 (-182)
Nb(OH)*, H* / -02) NbOz (c)/NbO(c),OH"  -1474 -1183 ByCrog B /CrOB2 (12) CrU0H)3 (p,frest), OB
Nb(OH)?* NbgOyg™ /Nb (). (-148) Cra07 H* /HaCr0g (L) O /CrOE)C, OH 044 (-132)
Nbz0s (c). H* / 0248 0460 NbgOygb-/ Noly (pt). OH" (-15) HCrOC B /Crlc) 0318 0471  Cro@-/Crop(e)0F  (-0.140b(-161)
Nb0z (<) NbOz (c)/Nb (). 0R" 1518 -1.197 Crp0p2- H* /Cr(c) 0310 -0439  Crog3 /CrOp(c),0H  (-0.40)
NbO;0H(pt).H* /  (-0.3) NBO (c) / Nb (c), OH" 1361 -1211 CrOR2" B £ Ce2* 019 ©7)  CoB/Cro 0.0 (08)
Nb3: b0z (pt) / ¢l Cro(OH4 H' 7 G2 -026 Cr0g3 / CrOM)GZ O (-086)
NoOg (c). B /Nb3* (0.4 Nb(0H);3 (pt). OH° crde /o2 02 (149 COZ /Cr (), o 0722 -13%
NoOZ0H (pu). H* /- (-03) CrOH H'/Cric) 086 022 CrOH){ /Cr(OH)p (c), 0N -114 (-14)
Nboz (p) Cra(OH) 4, H* / Cr (¢) -0.68 Cr(OH),~ / Cr{OH); (pt), OH- -120
Nh(OH)* H* /Nh (c) -0537 3t 7cr(c) -0.74 0.44 Cr(OH)3 (pt, fresh) / -1.26
NbOR0H (pu). H* 7 (-0.60) (-033) 2 rere) 089 (-004) CrlOH), (pt), O

Cr03 (c, ) / Cra04 (c), OF" (-127)b(-1.07)

Cr(Oll)¢~ 7 Cr (c), OI" -1.31 (-1.19)

CrO0H(c) / Cr30q (), OH (-131)P(-043)

Cr(OH)3 (pt, fresh) / -1.33 (-109)
Cr (c), OH"

Cr(OH)3 (pt, aged) / -1.35
Cr(CH) (pt), OH"

Cr(OH)3 (pt, aged) / -1.36  -105

Cr (c). OH-
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T aetTicionts in Wator st 298,13 £ - Contitiwed T CaoiTicionts in Wator st 298,15 K - Continaod
Acid Sotutioas E® dE®/dT  Basic Solutions E® dEO/dT Acid Solations E° dE®/dT  Basic Solutions E® dE®/dT
(pH - 0.000) (V) (mV/K)  (pH - 13.996) (V) (mV/K) (pH - 6.000) (V) (mV/X)  (pH - 13.99) (V) (mv/X)
Chromium -- Continued Tungstenb-9
Ce(O)y () / CF (), OB -136 W3 /¥ (o) .18 W(OH)3(pt) / W (c),0H"  (-06)2
0 (€3 / Ce (61, 0B 1388 (123 HaWO04 (), H* / W0z (c) (0.06)b(-031) WO (pt) / W (c), OH" (-092)
CHORR () /Cr (00,08 -139 (-108) © WO3(c),H'/W02(c) 0036 -0446  WOp(c)/ W (c),OH -0982 -1.197
Cry03(c,a) /Cr(c). OB -1427 -1209 EALUIN (0o W2/ ¥ (o). OB -1.060 -1.38
CrO0H(c) / Cr (c), OB (-143)0(-1.14) ¥z (g0 WO /W0y (0. 0B a7 -1
0@ /Cr @0 (LA®(123) W(0HR2*, H* /W (c) (-005) W02 /WO (pU.OH-  (-1.34)
Cra0y e / 130 ¢13) HyWgOpi £ H' /W (c) (-006) (-033) WO (pt)/ 178
Cr O, (c), OF- HpWe0p 4 H* / (-0.07) W(0H)3 (pt), OH
CrO0H (c) / “15) (-13) W(oHR?*
Cr(OH); (c), OH- HaWoy (c), H* /W (c) (-0.08)P(-0.34)
CraU3 (c,a) 7 LIUTE), UH  -130° -12) WO (UL H™ /W (c) (-009)
Cr304 (c) / Cr(0H) (¢),OH" (-16) (-1.7) WO3(c)H* /W () 0091 -0389
Cr304 (c) 7 CrO(c), 00" (-16)8 (-12) WO (c)H /W(c)  -0.15¢ -0361
Wwomy2:, I / W3+ (03
W0y (pt).H* /W3 (07
W0p (c),H* 7 W3+ (-69)8
Molybdeaum6-?
Mo03 (c), B* / 078 (-0.4) Mo0g3~ / Mo0z (c),0H-  (-0.6)8
Mo05 (c) Mo(OH)3 (pt) / Mo (c), 0B (-0.8) Manganese$-10
HyMoOg (c), H* / (06)* (-0.1) Mo0g2" / MoGp (c), OB~ -0.818 -169 HaMnOg, H* / @29 Mn0,3-/ Mn0p (c,p),0H" 093
Moz0s () Mo0,3- / MoGp (pt),OH-  (-0.9)® Mn0; (¢, p) Mn03-/ MG (pt), 0"  (0.76)
HyMoz0p3- H* / (06) Moz (pt) / Mo (c),0H"  (-6.92) H3MnOg, H* / MaGp (pt) (2.7) Mn0,3-/ Mn(0B)2-, 0B~ (0.7)
Mop02* Mo042~ / Mo (c), OF- -0926 -1.36 H3MnOg H* / @53) Mn0Z" /Mn0z (c.).0H" 060 -165
Mo03 (c), H* / Mo0 (c) 0330 -0477  MoOg2 / MoGy (pt), OH-  (-0.94) Mn(0H)}2* MOy / MOy (c.p),0B" 0388 -1.783
H3Moy0p43- H* / (03)2 Moz () / Mo (¢), OB -0.980 -1.19% HMn04 H* / (2.09) M0 7 Mn0g2" 036 -203
MoO(0H)3 (pt) Mo0g2- / Mo0,3- -10)8 Mn0 (c. B) MnOg / MOz (pt), OB (0.53)°¢-178)
HaMoOy (c), H* / (0490 (-033)  Mo0y (p) / (-1.3) HMnO,", H* / Mn0, (pt) (2.00) Mn0g2" / Mn0z (pt), OB (051)P (-164)
MoQ; (¢ Mo(0H)3 (pt), OF- HMnOg , H* / (19) MnOg / Ma(OH)2", 0B (030)
HzMoy0p3- B* / (0.43) Ma(0H)2* Ma02" / Mn(OH)2", OB (0.3)
Mo0p (pt) MnOg", H* / MnOp (c.p) 1692 -0671  Mn0g2" /MnOg3" 027
H3Mog0p3-, H* / 0.4) MnOg, H* / MOz (pt)  (163)P(-066)  MnOp(c,p)/ 015 (149
Moyt MnO,, H* 7 Ma(OH)R2* (157) MnOOH (c), OH"
Mo05 (c), H* / (0.4)8 (-06) Ma3* / Ma2+ 156 (18) Mn0y (c.) / 0145 -1.128
Mo0z (c) MnOg H* / Ma2* 1307 -0646 Mn03 (c), OH
MoO(OH); (pt), H* /(0408 Mng03(c),H* /Ma2* 1485 -0926  Mn(OH)3(pt)/ 005) (-0.9)
M0, (pt) MOUUH(C), H™ 7/ Ma2™ 1.8 (-0.7) MO(OHR (pL), OH
Mog0g2*, H* / Mopp®* (02) Mn(OHR2* H* /MaZ* (1.41) Mn0; (pt) / (0005 (-1.28)
MogOp%* H* / Mo3* (0.0 MO, H* / MoOH' 1382 -0648 Ma(0H); (pt), OH-

H3M07U243", H” / Mo (¢) U0BZ -0.384
Mo0z (), H* / Mo{c)  0.075 -0399
HyMoOg (¢), H* / Mo (c) (0.08)P (-0.35)
Mo0p (pt), H* / Mo3*  (8.0)
Mog0p% H* / Mo (c)  (-0.07)
Moz (pt), H* / Mo (c) (-0.09)

Moz** / Mo (¢} (-0.1)

Mo3* / Mo (c) (-8.13)

MoOp (c).H* /Mo (c)  -0.152 -0.360
Mo3* 7 Mog#* -0.2)

Mo0; (c), H* / Mo3*  (-02)
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Ma0; (pt), H* / Ma?*  (1.32)h ( 0.62)

HMnOg . H* / H3MaOg  (1.3)

Mn(0H),2*, H* / Mn3* (1.3)

Ma0; (c.p), B* / Mo2* 1230 -0.609

Mag0; (pt), H* / Mn3*  (108) (-39)

Mn0p (¢, ). H* / 098 (-05)
MnOOH (c)

Mn0y (c, ), H* / 0974 -0292
Mn203 (c)

Mn0p (c,p), H* / MoOH* 0916 -0.614

MnOg H* /HMnOg  (0.90)

Mn0Oz (pt) /

Mn(0H)3 (pt). OH"
Mn303(c) /

Mn304 (c), OF-
MnOOH (c) /

Mn304 (c), OH-
Mn0p (c.B) /

Mn(0H); (c), OH
Mn(OH)2 /

Mn(OH)4", OH"
Mn{0H)4 / Mn(OH) ¢~

0.03) (-1.7)
0002 -1.256
-0.02 (-06)
-0044 -131
-0.1)
(-0.1)
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Table 1.Standard Electrode Potentials and Tomperature

Table 1. Standard Electrode Poteatials and Tomperature
Coefficients in Water st 298.15 K -- Continved

Coefficionts in Wator at 298.15 K -- Continued

Acid Solutions E® dE®/dT  Basic Solutions E® dE®/dT Acid Sofutions E® JE®/dT  Basic Solutions E® dES/dT
(pH - 0.000) (V) (mV/X) (pH ~ 13.996) (V) (mV/K) (pH - 0.008) (V) (mV/K) (pH - 13.996) (V) (mV/X)
Manganese -- Continuved Rhenium -- Continued
Mn0p (c.p), H* /Mn3* 090 (-3.0) Ma0p (¢, p) / MnO(c), 0OH" -0.129 -1.11s ReOz (c). H* /Re3*  (-0.4) Re(0H)g2" / -10)
Mn203(c),H* / MaOH* 0858 -0.935 Mn03(c)/ -0234 -149 Re(0H)3 (pt), OH"
MnOOH (¢). H* / MnOH* 0385 (-0.7) Mn(0H)2 (c). OH Re0; (pt) / (-1.3)b (-16)
MnOH*, H* / Ma (c) -0869 -0.125 MnOOH (c} / -024 (-13) Re(CH)3 (pt), OH-
MnZ* / Mn (c) 1182 -0.129 Mn(0H); (¢), O
Mn304(c) / 0352 -161
Ma(0H), (¢), OH- Iron2. 6-9
Mn203 (c) / MnO (c), OB -0.404 -1.104 HFeOg™, H* / Fep03 (c.a) (209) Fe042" / Fep03(c. ). OH"  (031)P (-152)
Mn304(c} / MnO(c), 0B~ -0607 -1.028 HFeO4™, H* /FeOOH{c) (2.08) Fe042- / FeOOH (¢}, O (0.80)P {-1.59)
Mn(OR)2" / Mn (c), 0B -1.42 HFeO4", H* / Fe3* 207 Fe042" / Fe(OH)3 (p1), OH"  (0.71)P (-167)
Ma0(c) / Ma (¢), OF- 1480 1204 HFeOy, H* / Feg(0HR ¥ (2.04) Fe042" / Fe(OH)s", O 0.64) (-135)
Ma(OH); (pt) / Mn (c), OH" -1360 -1.14 HFeO4  H* / FeOH2* (2.03) Fe(OH)3 (pt) / -055 (-094)
Mn(0H); (¢) / Ma (c), OH" -1565 -1.10 FeOH2* H* /Fe2* 0906 08.0% FelOH)p (p1). OH"
Fep(OH)p%* H' /FeZ* 0858 0485  FeOOH(c) /Fes0q (c). OB (-0.56)(-0.38)
Technetiom? Fe3* /Fe2* 0771 1175 Fep03(c,a) / Fe304 (c), OB -0615 -0.992
TeO3(c), H* /TeOz (c)  (0.76)2(-05) TeOg2" / TeOp (¢), OH- -0.26 FoOOH (¢), H* / Fo?* ©.70b ¢ 1.05) Fo(OH)4~ / Fo(OH) 42" o682
TeQg, H* / Te0p () 0738 (-070)  TcOg2" /TcOp{pt),OH-  (-0.29) Fez03(c.a), H* /Fe2* 072 -125 Fe(OH)4~ / Fe (c), OH" 071 (-1.18)
TeQq H* /TeGy (pt)  (0.72) (-068) TeOg / Telz (c), OH- -0.366 (-182) FeOOH (c), H* /FeOH*  (0.18)P (-1.06) Fe(OH)42 / Fe (c), O -0.73
TeOg™ H* / Tc03 () 0.70)8(-12) Telg™ / TcOp (pt), OH- (-0.38) (-1.380) Fep03(c,a), H' /FeOH' 06 -126 Fe(OH)3 (pt) / Fe (c),OH"  -0.776 -1062
TcOq . B* / Te(OHR2*  (062) Te(OH)3 (p1) / Te (), OH-  (-0.4) FeOH" H* /Fe (c) 016 007 FeOOH (¢) / (0845 (-1.23)
Te0s (c), H* / Tc(OHR2* (0.38)% Tc0g2" / Tc(OH)}2", OH  (-0.4) Fe2* /Fe (c) 044 007 Fe(OH) (c), O
To(OHR2*, B* /Tc3*  (03) TcO4 / Tc(OH)2-, 0B (-0.46) Fe03 (¢, o) / 08 -143
TeOg, H* / Te(c) 0472 (-0.51) Ty / Te (c), OH" -0474 (-146) Fe(0ii), (c), OH-
Te(OHRZ* B /Te(c)  (0.36) Te(0H)2 /Tc(c),0H  (-0.48) Feg.9470(c) /Fe (c),OH"  -0870 -1314
Ted* / T2 (0.38 TeOz (pt) / Te(c), OB (-0.55) (-121) FeOOH (¢) / Fe (¢), OH (-0.87)b (-1.14)
Te2* /T (c) 032 Te0y (c) / Te (c), OH- <0536 (-120) Fep03(c.a) /Fe(c),OH  -0881 -1207
TeOp (pt), H* /Te(c)  (0.28) (-0.37) TeQg™ / TcOg2 -0.57 Fe(OH), (pt) /Fe (), OH -089 (-1.12)
Te0p (¢), H* / Te(c) 0272 (-0.36) Te(0H)? / (-08) Fe(OH) (¢) /Fe (c),0H-  -089 -109
Tewy (pu), H” 7 Ted~ wz) Tc(OH)3 (pL), U™ Fep03¢c, 03/ -0y ~vuv;s)4
Te0p (c), H* / Te3* 02) Ty (pt) / Tc(OH)3 (pt), OH- (-1.1) Fe 9470 (¢}, OH-
Fe304 (c) / Fe (c), OH" -0914 -1234

Rheniom6. 7.9, 10
(072)b (-1.17)

Fe304 (c) / Fe(OH)p (c),OH -098  -165

ReO4", H* /Rep;(c) Re(0H)3 (pt) / (-0.28)b (-1.07) Fe304 (c) / Feg 9470 (c), OH" -1085 -0.927

ReO4, H* / Re0z (c) 0510 (-0.70) Re (c), OH

Re3* /Re (c) 0.3) Re0s (¢) / -04) (-13) Rutheninm6-10

ReO4™ H* /ReO2 (pt)  (0.49)P (-0.68) Re0 (¢), O~ RuO¢ . H* /Rul3(c) (1992 RuO40H" / RuO4", OH" 083

Re03 (c),H* /Re205 (c) (0.4) (-04) Re(OH)sz‘ /Re {c),0OH" (-0.47) Ru04~, H* / Ru0y (c) (1.66) Ru040H" / Ru07 (¢), OH" (0.63)

Re03(c). B* /ReOz(c) (0.40)P(-047)  ReO42~ /ReO3{c).0H"  (-03) RuOg H* /Ru0z2*  (16)8 RuO4 / RuG2- 059

Rea0s (c), H' /Re0 (c) (0.4) (-05) Re042 /Re0z (pt), OH-  (-03) RuO4 . H* /Ru(OH)22* 153 RuO4OH" /RuOp (pt), OB~ 0.54

Re(0H);2*, H* /Re (c) (0.39) ReOz (pt) /Re (c),0B"  (-0.34)b(-1.21) Ru03 (c), H* / Rulz (c) (15)8 Ru040H" / Ru(OH)62". OB (0.54)

ReO4 . H* /Re (c) 0376 -0506  ReDy(c)/Re (c),OH -0552 (-1.20) Ru022*, H* / Ru(OH),2* (15)8 Ru042" / Ru03 (c), OK- (0.54)

Re04", H* /Re(0H)22*  (0.36) Re04" /Re (c), O -0570 -1.451 RuO4 (c), H* /Ru02 (c) (1.48)P(-0358)  Ru042°/RuOz (pt), OH" 035

Re07 (pt), H* /Re (c)  (029)P(-0.37)  ReD4 /Re0 (c), OH -05%4 (-182) RuO4 (c), H* /Ru03 (c) (1.4)8 Ru042- / Ru(OR)2- 0.3)

Re0p (c), H* /Re (c) 6276 (-0.36) Re02" /Re05 (c), 0" (-06) RuO4, H* 7 Ru(OH)22* 140 Ru040H" / Ru (c), OH" 0.193

Re03 (), H* / (0.18) ReO4 /ReO2 (p),OH"  (-0.61)b(-1.80) RuOy, H* / Ru0p2* (13 Ru(OH)4" / Ru (c), OF- 00
Re(0H)72* Re04%" /Re(0H)g2", 0B (-0.7) RuG4, H* /Ru () 1038 -0446  Ru(OH)3(pt) /Ru (c), OB (-6.06)

Re(0H),2* H' /Re3*  (0.0) ReOy /Re(OH)g2", OH"  (-0.70) RuO4(c).H' /Ru(c) 1032 -0467  Ru(OH)2- /Ru (c).0H  (-0.15)

Re (c), H* /ReH -0z 13 Re0," / Re042- (-08) RuOyg / RuO4™ 099 Ru03 (pt) / Ru (c), OH" -0.15

ReOz(pt), H* /Re3*  (-0.3) Re () / ReH, OR" 09 05 Ru0y4 (¢) / RuO4 094 ' Rup (c) /Ru (¢), 00 (-025)P(-1.20)

J. Phys. Chem. Ref. Data, Vol. 18, No. 1, 1989
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Table 1. Standard Electrode Potentials and Temperature

Table 1. Standard Electrode Potentials and Temperature

Coefficients in Water at 298.15 X -- Continued Coefficients in Water at 298.15 K -- Continued
Acid Sotutions E® dE®/dT  Basic Solutions E® dE°/dT Acid Solotions E° dJE°/dT  Basic Solutions EO dEO/dT
(pH - 0.000) (V) (mV/X)  (pH - 13.996) (V) (mV/K) (pH ~ 0.000) (V) (mV/K)  (pH - 13.996) (V) (mV/X)
Ruthenium -- Continued Cee
Ru(OH)22* H* /Ru3*  (09) Ru0z (pt) / -04) Rhodium
RhO3 (c), H* /RhO (c) (18)2 RhO4% /RROy (c), 00 (0.9)2
Ru2* /Ru (c) 038) Ru(0H)3 (pt), OH~
RRO3(c), H* / (16)8 RhO42- /RhO7 (pt),OH~  (0.8)8
Ru(0H);2*,H* /Ru (c) 068 Ru(OH)g2" / Ru(0H) 4, OH" (-0.6)
RR(OH),2 RhO42- / RR(OH)g2-,0H- (0738
Ru3* /Ru (c) (0.60)
Rh(OH)22* H' /Rh3* (16) RhO (¢} /Rh203(c), 00" (04) (-10)
Ru0z (¢),H* /Ru ()  (038)P(-0.36)
RhO (pt), H* /R3*  (15) RhO3 (pt) / 0.3)
Ru0z (c),H* /Rud*  (05)
RhOp (¢).H* /RR3*  (13) (-23) Rh(OH)3 (pt, br), OH-
Ru3*/Ru? 0.24
RhO2 (c). H* / Rh203(c) (12) (-02) Rh(OH)g2- / RA(OH)4". OH- (0.3)
Osmium!. 6-9
RROy (c), H* /RhOHZ*  (1.1) Rh(OH)4" /Rh (c).OH"  (0.12)
0502+ / 0s0p (pt) (12)8 0s03(0H)32- / ©.3)
) Rh* /Rh (c) (102 Rh(0H)3 (pt, y) / 011
0503 (c), H* /0s0p () (L.1)8 0s0p(0H)42-, OH
2+ H¢ -
Usp2T, H” 7 0S(0HRZ (L8 050401 7 0502(0H)¢2", OH-  (0.3) RhOHS*.H* /Rh () 083 Rh (c). O
Rhg4* /7 Rh (c) 038) RhOz (pt) / 0.1)
0sOq (c,y),H* 70s0p (¢) 102 (-036)  OsO40H" / 0s03(0H)3% 02
Rh203 (c). H* /Rh (¢)  (0.77)b (-0.41) Rh(OH)3 (pt, y). OH
0s04, H* 7 0s0p (pt) 0.964 0s(OH)g 3" 7 0s (c), OH" 02)
Ra3*/Rh (c) 076 (0.4 Rh(OH)3 (pt, br) / (0.04)
0304, H* 7 05(0H),2¢  (0.91) 0c040H- / 080z (c), OH- 0.17
Rh3* /Rhy#* 0.7) Rh (c), OH
0s04 (c, y), H* / 0s03 (c) (0.9)8 0s0,40H" / 050 (pt), OH- 0.108
Rhz%* /Rh* 06)8 Rh203(c)/Rh (c).0H"  (006)b(-125)
053+ / 0s(c) 0.9 0s(OH)3 (pt) / 0s(¢),OH"  (0.1)
idiums. 7. 10
080 H* 708 (c) 083 -0314  00(0H)e2 /00 (). OH (0.) Iridium
Ir03 (c), H* / Ir0p () (1308 1r02(0H)¢2" / 1r0p (¢), OH-  (0.6)8
0Osy (c.y). H* /0s(c) 0834 -0458  OsO,0H" /Os(OH)?".OH"  (0.09) )
Ir03 (c). H* / (1319 1r0(0H)42- / 110y (pt), OH- (0.5)8
0s(0H),2*, H* / 0s(c)  (0.76) 0s0,0H" / 05 (c), OH -0.004
Ir(OH)2* 1r02(0H)42" / 1e(OH)g2", OR- (0.4)8
0s0p (pt), H* /0s(c) 0712 0s(OH)2- / 0s(c),OH"  (-0.09) , , '
0o, H* / 0s0p2" @78 0502(0H)2- / 0503 (pt), OH- (-0.0) 13+ 7 1Ir (c) (10 Ir(0H)g3- / Ir (c), OH ©.2)
2+ H* -
050z (¢), H* /05 (c) 063 (-038)  OsDy(OH)2 / oD IF(OH)2* B! /1r (c)  (0.84) Ir(0H)3 (pt) / Ir (c), 00 (0.2)
OS(OH)2 H' /053 (0.4) OS(OH)2-, O Irp03 (). H* /Ir(c)  (08)% (-042)  Ir(OH)g2" /1Ir (c), OH 0.01)

+ - 2 (-
0stp (pt), H* 7053 ©2) 050y (p1) / 05 (<), OFF- o116 Ir0p (pt), H* /Ir (¢)  (0.79) Irz03 () / Ir (c), OH (00)* (-125)
050y (c), H* / 03 01 0y (c) / 05 (<), OFF- 018 (-120) Ir0p (c), H* 7 1r () 073 (-036) IOy (p) / Ir (c), OH" (-0.09)

2+ H* 3+ - i _
0503 (pt) / Os(0R); (pu), OF (-08) Ir(OH),2*, H* / Ir 0.4) 1£0p (c) / Ir (c), OH 0.0 (-1.19)
23 . - - 8 (-
Os(OH)2- / 0s(0H)3- (08) I (). H* /Irz03 (c) (0.3 (-02) Ir0p (¢) / 1rp03(c).OH-  (-03)¢ (-10)
Cobalt6-9 107 (pt), H* / Ie3* 02) Ir(OH)s2" / 1r(OH)g3- (-086)
HCo0, H* /Cotp (c) (300 o043 / Colp (<), OHF 10e 1r0p (c), H* / 1Ir3* (-0.1) 1r0p (pt) / 1r(0H)3 (pt), OH" (-0.7)
Co3* / Co2* 192 123 Co0z (¢) /Cog03(c).0H  (09) (-12) Nickel6-9
Co0OH(c), H* /Co2*  (1.76)b(-1.01)  Cofp (c) /CoOOH(c),0H"  (08) (-1.4) Ni3* / Ni2* 23) (a1 NiOOH (c. ) / (10)  (-06)
Co0p (¢), H* / Cog03(c) (17) (-0.4) Co043- / Co(OH)3 (p), OH"  (0.7)8 NiOOH (c.p). H* /NiZ* 205 (-1.17) Nig04 (¢). OB
Co0y (c), H* / Co2* (17)  (-08) €0043- / Co(OH)", OH" 072 Nig0z (c),H' /NiZ*  (19) (-14) Nip (c) / Nig03 (c), O (09)% (-12)
Cop03(c), H* /Co2*  (16) (-12) CoOOH (c) / Co304 (¢),OH-  (0.70)b (-0.55) Ni0p (¢), H* / Ni2* (18)8 (-09) Ni(OH)g" / ©.7)
Co0p (c), H' / Co0OH (¢) (16) (-06) Co(0H)3 (pt) / 03) ¢11) N0y (¢), B* / NigO3(c) (1712 (-0.4) Ni(OH), (pv), OH-
Colp (c), H* / (13 Co(OH), (pt, pk), OH- NiOOH (¢, B), H* / 164 (-1.0) NiOp (¢) / NiOOH (¢, ). OH"  (0.7)2 (-1.4)
Co4(OH)¢#* Co(OH)3 (pt) / ©.4) Nig(OH)44 NiOOH (¢, ) / 052 (-1.35)
Co0p (c), H* / Co3* (14) (-28) Co(OH), (pt, bi), OH- Ni0p (c). H* / (16)8 (-0.8) Ni(OH); (c), OH-
Colp (c), H* / CoOH*  (1.4) (-07) Cop03(c) / Cog04 (¢),OH"  (6.3) (-1.1) Nig(OH) 44 Nig03 (c) / Nig0g (), OH  (05) (-12)
Co00H (c), H* / (131) Co00H (c) 7 Co(OH), (¢), OH- (0.20)P (-1.33) Ni0p (¢), H* / (150 (-06) Ni(OH)4~ / Ni(OH)2" 0.5)
Co4(OH)¢4* Co(OH)4~ / Co(OH)¢2~ ©2) NiOOH (c, B) Nig03 (¢} / Ni(OH) (¢), OH" (0.4) (-L3)
Co203 (c), H* / (12) 0303 (c) / Co(OH)z (¢), O~ (0.1) (-15) Ni0p (c). H* / NiOH*  (15)® (-07) Nig03 () / Ni0(c),0H  (0.3) (-12)
Co4(OH)4%* Cop03(c) 7 Co0(C).OH"  (0.0) (-10) Nig03 (¢). H* / (13 12 Niz04 (¢) 7 Ni(OH); (¢), OH" (0.3) (-1.7)
Co0OH(c), H* 7 CoOH*  (1.19)P(-0.80)  Co304(c) / Co(OH)z (), OH" 005  -1.75 Nig(OH) 4 Nig0g (c) /NiO(c),OH  (02) (-12)
Cop03 (c),H* / CoOH*  (11)  (-10) Co304 (c) /Co0(c).OH"  -0.16  -1.00 NiOOH (¢, ). H* / NiOH* 147 (-09) Ni(OH)g2- 7 Ni (), OB (-036)
CoOH*, H* /Co(c) 0003 -0.04 Co(OH)¢2- / Co (c), O -0.57 Nig0z (c), B / NiOH*  (13) (-1.1) Ni(OH)p (pt) / Ni(c),0H"  -0688 -109
Cog(OH)¢#*, B* / Co(c) -0.06 Co(OH); (pt, bt) / Co (c), O~ -0.703 Ni0p (c), H* 7 Ni3* (138 (-29) Ni0(c) / Ni (c), OH" -06% -1193
Co2* / Co (¢) 0282 0065 €00(c) / Co (c), OH" 0709 -1.269 NiOH*, H* / Ni(c) 0055 (00) Ni(OH)z (c) /Ni(¢).OH"  -0.714 -1.02
Co(OH), (pt, pk) / Co (c), OH~ -0.722 -1.04 Nig(OH)4%* H* /Ni(¢) -0031 006
Co(0H) (c) / Co (c), OH" 0746 -1.02 Ni2* /7 Ni (¢) 0236 0.146
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Potentials and T

perature

Coofficionts in Water at 293.15 X -~ Continued

Table 1:Standard Electrode Potontisis and Tomperature

Coefficionts in Water at 298.15 K -- Continued

Acid Solutions E° - dE9/dT - Basic Solutions E°  dEO/dT * Acid Solutions E9 dE9/dT - Basic Solutions . EO- . dEO/JT
(pH - 0.080) (V) (mV/K)  (pH = 13.99) (V) (mV/K) (pH - 0.600) (V) (mV/X)  (pH =~ 13.996) (V). (mV/X)
Gold!. 6-8. 10
jum6-10
Palladivaé AuZ* 7 At (189 AUOH)" / Au (), O (10)
JH*/ 2.0)8 P /Pd0y (c), OK 21
Pd03 (). H" /B0y (<) (20) 403 (<) / Pdty (e) 42 Au* / Au (0) 169 (-1.1) Au(OH)" / Au (), OF 0600 (-12)
Pd03 (c), H* / PA(OHR2* (13)2 P02 / Pd0y (pt), OH (12
03c) (O™ (187 4/ Pa0z (0 y Au3* 7 Au(e) (150 AugO3 (pU) 7 AU (), 0K 0333 -1279
2¢ H* /Pd2* (154 Pd042" ¢ Pd(OH)2", OH- RILE
Pa(oit 4 {139 404 Pty (0 AUOHZ* H*/Aufe) 144 AupO3(c)/ Au(c), 0K (052) -1203
Y/ 147 (04 Pd0y (¢) / Pd0 (c), OB" 064 (12 ’
Pdoy (@), B /20 0) ) °2°)2 © \ 1) Au3* / Au? (1.41) Au(OH)g / Au(OH)", O (0.4)
1), H* / PO (pt)  (1.41)P (-0.4) Pd(OH)2- / PA(OR) 2. OH"  (0.39) :
Pd0z (pv. B 7 P40 (p1 % 4 ’ . Aug03(pu), H' /Au(c) 1383 -0.443  Au(c)/Av (2402
Pdy (c), B* /PAOH* 127 Pd0p (pt) / PAO (p1), O (038)b(-12)
40z () 02 (pi) / P40 (p0) ® Au203 (). B/ Au(c)  (135) -0.367
PAOH", H" / Pd (¢) 0983 PA(OH)4Z /Pd(c).OH"  (0.10)
AuORZ* H* / Au* 1.32
2+ - 1
Pd2* / Pd () 0915 0.2 Pd0(pt) / Pd (¢}, OH 0069 -128 MO GUE /AU 120 (0D
PAO(p1). H* /Pdlc) 0897 -0.45 Pd0 (c) / Pd (¢, OH 004 -116 Mgy .8/ Av (LIS 00
PdO(c), H* / Pd (c) 079 -033
Aud* / AuZ* (.02
Platinum!. 6.7.9. 10 Aule) / Au” (249
P03 (c), H* / Ptz (c) (1708 PW03(c) /PO (), 00 (09)8 Zinc6-8
Pi03 (c), H* / PUOHR2* (13)8 P102(0H)(2" / P10z (pt), OH- (03)8 Za0H*, B* / Zn (¢) 0497 003 00H)2 /7n (c), 00  -1.199
PWOH*, H* / Pt (c) (12 P10,(0H)¢2- / PUOH)2", OH- (0.8)8 702" /20 (c) 0762 0119  Zn(OH}p (pt)/Zn (c).OH -1222 (-1.04)
P2 / PL(c) LIS (-003)  PWOH)Z /Pi(c).OH (0.20) Zn(OH) (c.¢) / Zn (c), OB -1.249. -0.999
PUOHY2* H* /PL(c)  (105) Pup (pt) 7 PO (pt), OH" 0.18 200(c) 7 Zn (¢), OH 1260 -1.160
Puy (pu). H* /PIO(pL) 101 PuOH)s2" / P(c), OH- (0.18)
Py (pu). H* /PLCe) 100 (pt) 7 PL (<), OH 0.47 Cadminm!. &8
L. H* / (3 14 L t(c), OH" 3
02 (7 Pz (o CdOH*, H* 7 €Cd (¢) 0.404 002 Cd(OH)2" /CA(c), OB  -0.638
PO(pL, H* /PL(c) 098 -053 PO (pt) / Pt (e}, OH- 015 -137 ca? 108 (0) coze PR 0785 1166
PLO(c), H* / PL(c) (0.94) (-038)  PHOH)E2" / PUOH)Z O (0.15)
. cd2* /Cd(e) 0402 -0029  CA(OH)(pt) /Cd (c),OH"  -0.808 (-106)
Py (c).H' /PLlc) 092 (-036)  Pi0(c)/Pt(c), O (©.11) -122)
Cd2* / Cdp2* -06) Cd(OH), (c.B) / Cd (c), O -0.826 -1.020
PUOE)2* H* /P2*  (091) P10, (¢) / Pt (c), OH 009 (-1.19)
Py (), H* /PO(c)  (091) (-033)  Pi0p(c}/ PO(c), OH 0.08) (-1.17) Mercury5-3
P10 (c). H* / P1OH* (0.6) Hg(OH);, H* / Hg (lig) 1034 -040 Hg(OH)3™ / Hg (lig), OH" 0231
Hg2* / Hgy? 0908 0095  Hg(OH) / Hg (lig), OH 0206 -1.24
Copper6-8
2+ Z - i - -
Cu3* / Cul @9 (3 Cu(OH)(/Cu(OH)‘Z' 08) Hge" / Hg (lig) 0332 -U.116 HgU (pt) / Hg (liq), OH 0.11) -117)
Hg(ORX, H* / H 0330 -0.43 HgO(c,y) / Hg (lig), OH-  0.0983 -1.12
Cugl3 (LB /Cu2*  @0) LD Cuplz(c)/Cu0(c)OH-  (67) (-12) $(005. B /B gty Tt 3o1s
ngz‘/llg(liq) 0.79% -0.327 HgO0 (¢, r) / Hg (lig), OH~ 00577 -1.1206
Cup03(c). B* / un Cuz03 (¢) / CulOH), (c), OH (0.7) (-13)
2+
Cup(OH)2 Cu(OR)Z- / CulOH),", OH- (-0.1) Hg®* /g Gete 014
Hga?* / Hg 0.389 -0.38
Cuz03 (), H* /CubH’ (13 Cu(0H) (¢) / Cuz0(c), OB -0.110 (-0.77)
CUOH® / Cug0 (c) 0676 COlOR)Z- /Cu (), 08  -0.152 Boron6-8
CuOR*, H* / Cu (¢} 0571 Cuo (€) / Cuz0 (c), OH 0187 -1.109 Biz(c)H*/ Bolle (R)  -0.150 -0296  BHe (&) / BH". O 078z -1123
Cu* 7 Cu (c) 0518 -075¢  CulOH)y /Cu(c).0H  (-02) Brp(elB"/Blg 0237 0460 By (e) /Bl OF 099 -1129
Cup(OHR2* /Cug0(e) 0513 CulOH) (pt) / Cu (c). O (-022) (-108) B (g).H* /BHy 0368 -0705  Bpa(c)/BpHg(g).OH"  -0978 -1.132
Cup(0H}p2* H* /Cule) 0493 Cu(OH)p (¢) /Cu (e), OH"  -0.233 (-1.03) B(OH)3, 1 / Bily” 0481 0472 BOH) /By, OH- 124 -L140
Cu0(e) B /Cue) 0473 -0453  Cublpl)/Cu(c)OK  (-025) BOM)3 (). H' /Bl 0482 0577 BOH)/Byllg ()0  -13%4 -L146
B(OH)3, H* / ByHg (2)  -0319 -0.394 (0H)s2~ / Byz (¢). 0" (-17)
cuZ* / Cu (c) 0339 0011  CuO(c)/Cu(c), OH 0271 -11%9 3./ Bty BalOH™ / Bra
B * -0. - g L, 00 -1 -
Ccu2* / Cug0(c), H* 0206 0476  Cup0(c)/Cu(c).OH 6355 -1.289 (O3 (e, 1/ 0320 0267 Ba03(OH)"/ Byz (e). OF 763 126
(g B(OH)~ / By3 (c), OH 1811 -1.160
Cu* / Cut 0.161 077 ool (& 4 T
Bp(OH)g H' /By (c) (-08) (-049)  BOH)4 / Bp(OH)}2", OH-  (-20)
Sitverb-3 By(OH)¢ (c), H* / (-08) (-6.23)
Age 7 Ag” 1989 U099 AgyUz(c)/ Aga0z (), OH" 0887 -1.06 Bz (c)
Agd 7 Ag* (19 Ag(OH) 2~ / Ag(OH)", O (0.8) B303(0H)¢", H* / 0843 -0.33
Ag207 (c), H* / Ag- 1802 019 Ag(OH)s / Ag(OH)y" . OH"  (0.75) Byz (c)
Ag3* s Ag2s (1.8) A8203(c) / Agz0(c), 01 0744 -1.10 B(OM)3, H' 7 By2 (¢} -0.889 -0.49Z
Ag203 (¢), H* / Ag* 1738 -0.02 Ag(OH)¢ / Ag(OH)2- (07) B(OH)3 (c), H* / Byz (c) -0890 -0239
Agp03(c) H' / Aga0y (¢) 1715 -023 Ag20z(¢)/ Agy0(c).OH 0602 -1.13 B(OH)3, H* / Bp(OH)g  (-11) (-0.50)
Ar* / Ae(¢) 0.7993 -0.989 Ag(CH)" / Ag (c). OH- 0543 B(OH)3 {c), H* / (-1.1)  (-0.2%)
Ag20(c) / Ag (c), OH" 0343 -1.338 B(OH)y (c)
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Tabte 1. Standard Elocirode Potantials and Temperature

Coafficients in Water at 298.13 X - Continued

Table 1. Standard Electrode Potentials and Temperature
‘Coefficionts in Water at 298.15 X -- Continued

Acid Solutions EC. dE®/dT - Basic Solutions E°.  dES/dT Acid Solutions E® . dE®/dT ~ Basic Solutions E®  dEO/dT
(pH - 0.000) (V) (mV/K)  (pH'-13.996) (V) (mV/K) (pH ~0.000) (V) (mV/K)  (pH -13.996) (V) (aV/K)
Aluminumb-9 Carbonl. 6.7
AIOH2* H*/ AL(c)  -1579 028 AIOH)3 (pt) / AL (c),OH-  -231 -0.97 CHy0H,H' /CHq(g) - 0383 -0039 - CH30H/CHy(g), OH 0245 -0875
Al(OHR®* H* 7 Al(c) -160 032  AIOH)4 / Al (c), OB 2328 -1.13 HCHOp, H* /C(c) 0528 -077  CHp0/CH30H,OH 0391 -135
AI3* 7 AL -1677 03533 AlOz(c.w)/Al(c),0H  -2332 -1140 C0{g). H* /C{c) 05184 -13084  CHOp /C(c).OH 0603 -165
AI3* Hz(g)/ AlHg  (-178)8(-021)  AHOH)3(c.a)/Al(c),0H 2338 -0.927 CH30H, H* / CHy 0498 -0570  C;042"/CHOp", OH 0683 -0.80
AB* H2(g)/ AlHz(c) -1838 -0.138  AIOOH(c,a)/Al(c).OH"  -2371 -1054 Hp003, H* /C(c) 027 (-0356)  C(c)/CHg(g),OH -0.6963 -1.0452

CHp0, H* / CH30H 0237 -031 032" / CHy (g), OF- 0731 -1135
0, H* /C(c) 0229 -0604  C032 /C(c).OH 0766 -1225
€0z (g), H* /€ (c) 02073 08530  C032- / CHOy", OH- 6930 -0.80
HaCo04 H* /HCHO, 0204 (-012)  Ctc)/CH30H, OH- 1148 1215
C0p(g).H* /CHy(g)  0.1694 -05311  CHOp" / CH20,OH -1.160 -1.52
Clc) H' / CHq(g) 01315 -02092 €032 / 3042, OK" -L176 -0.798
Galtiumé-8 C(c). H* / CHy 0089 -0475
Ga* / Ga(c) (-02) Ga0(c) / Ga (c), OH- (098 (-119) Ha00, H* / HCHO, 081 (033)
Gag#* / 6a (c) (-04) Ga(OH)3 (pt) / Ga (c),OF  -1242 -0.99 oy, 1* / Cltz0 002> -063
GaOH2* H*/Ga(c)  -0498 Ga0OH(c) / Ga (c), OH  -1.320 (-1.08) g, H / HCHO, 0070 044
Ga3* / Ga(c) 0549 0861 Gag03(c,B)/Ga(c), O -1323 -1.156 COpe) B /0O 01038 03977
Gagt* / Ga* (-06) Ga(OH)4" / Ga (c), OH- -1.326 COp(e).H* /HCH)  -01¢ 08¢
Ga3* / Ga* -07) GaOOH (c) / Gag0(c),0H"  (-13)® (-103) HoCOy He /HpC0y 019 (038)
Ga3* / Gag#* (-08) Ga203 (c.B) / G820 (c), OH" (-1.5)8 (-1.14) €, e / Ch 03 037
Ga(OH)4™ 7 Gap0(c).OH  (-13)8 C0p. B/ Halgy 036 (077
COp (g).H* / HaCo0g  -0.432 (-176)
Indium6-9 Silicon6-8
Ia* 710 (0) 0126 1n50€) /1 (c), OH- 0618 (-112) Si(c).H*/SiHg(g)  -0.147 -0.19%  Si(c)/SiH(g). OH 0975 -1032
InOHZ* ' /In () -02%9 10(OB); (U / 1n (). 0 099 095 Si0p (c,quart), H*/  -0.569 -0285  HpSi02-/SiHg(g),OH  -1.405 (-1.03)
Ing% / In (©) -0.26 In(OH)¢ /I (), 06 -1.007 SiHiy (g) $i0(c) /i (¢, O C16)® (-12)
183" 7 1a (¢) 0338 042 18203 () / In (). OHF° 1034 1131 Si0(c).H* /Si(c)  (-08)% (-0.0) H38i04" /S (c), OH" -1820 -1.19
Tng# / In* 040 I00OH(S) / 10 (c), O -1.066 (-1.06) HSi0g, B* /Si(c) 0931 -0395  HpSi0g- /Si(c), OH- -1834 (-1.03)
183/ In* 0444 10(0H)g" / Ing0 (c), OB~ (-12)8 Si0p(pt).H* /Si(c)  -0.973 -040  HpSi0¢2- /Si0(c),OH  (-20)% (-08)
1n3*/ Ing# 049 10503 (c) / Ing0(c). 06 (-123% (-1.14) Siz (c.quarz). H' 7 -09%0 -0.574
In00H (¢) / In20(c),OH" (1.3 (-1.03) site)
Si0p (c, quartz), H* /  (-12)® (-0.3)
$i0(c)
Thalliumé-3
TIOH*, H* / T1* 1299 TI(OH)4™ / TIOH (c), OH- 0.099 Germanijum6-8
T3/ 1280 097  TIOH)4 / TIOH,OH 0.091 Ge(OH) H* /Ge(c) 0.1 Ge(OH)z /Ge (¢),OH  (-0.87)
TIOOH(e). H* / T1 1225 (026)  TIOOH(c)/TIOH(c).OH 0015 (-1.14) Ge?* / Ge (c) @.n HyGe0¢" /Ge (c). O -0.936
Tig03 (). H* /Tt 1165 (0.5}  THOH)3(pt) /TI1(c).OH"  (-0.03) (-1.00) GeO(ptL,y), H* /Ge (c) 004 HaGe0g2" / Ge (c), OH- -0.957
TIOH2*, H* / Ti(¢) 0.75¢ Ti203(c) / TIOH(c),OH"  -0.046 (-124) GeO(c,br), H* /Ge(c) 0000 -0.41 H3GeO4™ / Ge(OH)3™. O (-101)
T3 / T (c) 0741 021  THOH)¢ /Ti(c), OH -0.067 HgGe0q H' /Gelc)  -0039 -0429  HpGeOg" /Ge(OH)y" OH" (-1.03)
TIOOH(c), H* /TI(c) 0705 (-026)  TIOOH(e)/Ti{e).OH-  -0.423 (-1.10) GeQp(c.bem).H'/ 0059 0377 Gelc)/Gelig(g). O -1.122 -1031
Tip03(c).H* /Ti(c) 0665 (-0.33)  Ti03(c) /Ti(c),OH -0.163 (-1.17) Ge (c)
" / THe) 033 -1312  TIOH/Ti(c), OB -0.382 Gelp (c.tete) B/ -0.104 (-0.34)
TIOH (c) / TH(c), OH- 039 -1029 Ge (c)
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STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 13

Table 1. Standard Electrode Potentials and Temperature
Coefficients in Water at 298.15 K -- Continued

Table 1. Standard Electrode Potentiais and Temperature

Coefficients in Wator at 298.15 K -- Continued

Acid Solutions E° dE°/dT  Basic Solutions EO  dEO/dT Acid Solutions E® JE9/dT  Basic Solutions E® dEO/dT
(pH - 0.000) (V) (mV/K)  (pH -13.99) (V) (mV/K) (pH - 0.000) (V) (mV/K)  (pH - 13.99) (V) (mV/X)
Germanium -- Continued
Nitrogenl. 6.7
GeOp (c, hex), H* / 0118 -0.34
HaNaOp. H' /N (g)  (265)P (006)  Np0p2- /N (g). OH- (152)b (-0.65)
Ge0 <, br) HN3 H' /N2 (). NHg' 2079 0147 No0(g)/ Np(g), OH- 0941 -1297
HyGeOg, H* / GeO (pt, y) -0.12
N20 (g), H* /N2 (g) 1.769  -0.461 No (g) / NOp™ 0917 1712
HyGeOy, H* / Go(OH),  -0.19
. NO (g). H* / N2 (g) 1678 09098  NpO4 (g) / NOp- 0892 -0.801
HyGeOy, H* / Ge2* (-6.2)
NO (g). H* / Nz0(g) 1387 -1359  NO(g)/Na(g).OK 0850 -17458
Gelp (c, hex), H* / (-0.2)
HNG, H* / Nz (g) 1447 -03%  NO(g)/NO(g).OH 0759 -2.19
Ge2*
NH30H' H*/NoHs*  (1400b(-060) N3~/ Nz (g), NH3, OH" 0700 -0.921
GeDy (c, totr), H* / -0.207 (-0.26)
NH30H*, H* / NHg* (1339 (-044)  NHpOH/ NpHy, OH (0.69)b (-1.68)
GeO(c, br)
€ or NoHs*, H* / NHy' 1250 028 NO/Np(g),OH- 0406 -1462
Ge(c),H* /GeHy(g) -0294 -0.195
No3™ H* /N (g) 1244 0347  NHyOH/NHj, OH- (6.40)b (-1.38)
Geoy (¢, tetr), H' / -0.3)
N0, (g), H* 7 HNO, 1108 -1582  NO3 /Np(g),OH 025t ~1.330
Ge2*
N204 (g), H* / HNO, 1083 -067t  NO(g)/Np0p2- (0.18)0 (-2.84)
HNOp. H* / NO(g) 0984 0649  NpHg/NHj OH 6.1l 107
NOz~, H' / NO(g) 0933 0028  NO3 /NOp",OH 0017 -1.183
N0z, H* / HNO, 0940 -0282  NO3 /NHg, OH- 0.119 1391
o NOz~, H* / NHy* 0880 -0448  NOy /NO(g),OH- 0.149 -1.086
Tin®~
HNOp, H* / NHg* 0850 -6303  NOp" /Ny0pZ~,OH (-0.13)b (-187)
Sn(0H)3*. H* /S82*  0.142 Sn(OH)3™ / Sa (¢), OF -0.892 K 4 R 02"/ No0y
HNG,, H* /7 HN 085)0(-061)  NOp" / NHz, OH- -0.165 <1460
$a(0H)R2* H* /S0 (0.10) $n(OH)gZ" / $a0(pt), O (-0.90) Oz B / HgNap ) 02/ Nl
NO3™, H* / Np0g (g) 0798 0107  NOp"/NO(g).OH- 0481 089
Sn0; (pt.o), H* /S02* (0.08)D(-046)  Sn(OH)2 /Sm(c),0H  (-0.91) o3 204 e 02 & 3
NOs™, H* / N0y (g) 0773 1018  Np(g)/NHz OH 0736 1459
Sn0 (pt. ). H* /S02* 001 $a0(pt) /Sa (c), OH- 0917 -132 03 0z (g 3 2 (e} /NH3 0736 145
NO(g), H* / HpN 0.7 (-187) N2022- / NHz0H, O (-0.74)b (-1.13)
SnOH*.H' /Sn(c)  -0041 Sn(OH)g2- / Sn(0H)z", OR" (-0.93) 8 N2 202° / Ny ML
HoN20z. H' / NH30H* (041D (-045)  NO3™ /Np04 (g), OH 0858 -1.565
Sn0p(c), H* /$a2* 0094 -0.31 $0(c) / Sa (c), OH -0930 -1.176
Nz (g).H* /NH¢* 0274 -0516  NO3 /NOp (g),0H" 0883 -0.654
Sn0y(c),H* /Sn(c)  -0.117 -0316  Saly(c)/Sn(c), OH 0545 -1.152
Nz (@), H* / NoHs* 0214 -078 Na(g) / NpHy, OH- 1160 -165
SaZ* /$a () 0141 032 Sn0y (¢) /Sn0(c). OH- 0961 -1.129
N2 (g).H' /NH3OH*  (-183(-096)  Np(g)/ NH0H, OH- (3000 (-162)
Sn0p (c). H* /SnOH*  -0.194 Sn (c) / Salig (g), OH- -1316 -1.057
N2 (g). H' / HN3 3334 2141 Na(g)/Ny’ 3608 -2536
Sn(c),H* /SaHy(g) -0.488 -0221
Phosphorusl. 6.7
H4Py0g. H' / HpPHO3 (0.3} Py0s4" / PHOZZ", OH" (-0.4)
P2H4 (lia). H* / PH3 (@) (0.06)D (0.48) PaH, (1iq) / PH3 (g). OH" (-0 770 (.0 24)
Lead6-3 Pglc,w), H' /PH3(g) -0046 -0.093  Pylc,w)/PH3(g),0H"  -0874 -0.929
Pb(OH),2*. H* /Pb2*  (1.70) Pb(OH)g2" / 0.32) Plc.r).H*/PH3(g) 0088 -0030  P(c.r)/PHz(g).OH 0916 -0866
Pb0j (c), H* / Pp2* 1458 -0.253 Pb(OH); (pt), OH- Py(c.w).H'/ (-0.100(-0.38)  Pg(c,w)/PoHg (lig). O (-0.93)P(-122)
Pb0y (c), H' /PbOH' 1230 Pb(OH)6%" / Pb(OH)3", OF  (0.30) PyHy (lig) Plc,r)/ PpHy (liq),OH  (-0.99)b (-1.12)
PbOH*, H* / Pb (¢) 0102 Pb0; (c) / Pb304 (), OH° 0269 -1.136 HPHy0, H' /PH3 (g) (-015)0(-043) PO/ PHOZ", OF- (-1.19P (-053)
Pb2* / Pb (c) 0126 -0395  PbOz(c)/PhO(c.r).OH 0254 -L.16f Pic.r). H' / Poly (lig) (-0.16)b(-028)  PH,0," / PH3 (g), OH- (-1.17)0 (-1.07)
Pb(c),H' /PbHg(g) (:07) (-022)  PbOp(c)/PbO(c,y),OH 0248 -1.150 HaPHO3. H* /PH3(g) (-026)b(-021) PO / PH;(g). OH- -1247 091
PbOy (c) / PB(OH)p (¢),OH" 0247 -137 H3POL H' /PH3(g)  -0269 -0247  PHO32 / PHj (g), OH -1.28)8 (-1.03)
Pby04(c)/PbO(c,r),OH" 0224 1211 H3PO4 H' /HpPHO3  (-030)0(-036)  POg3-/P(c,r), OH 1445 093
Pb304(c) /PbO(c,y), 0B 0207 :1.177 HPHz0p. H' /P (c.r)  (-033(-044) PO/ Pglc,w),OH 1470 -0.89
Pb304 (c) / Pb(OH) (c). OH" 0202 -186 H3POLH' /P(c.r)  -0377 -0378  PHOsZ / PHy0p". OH- (1510 (-0.95)
Pb(OH)3™ / Pt (c), O -0.538 HyPO H' /P4(c.w)  -0402 -0340  PHO3Z /P(c,r), OH- (-1.65)0 (-1.20)
Pb(OH)z (pt) / Pb (c),OH- (-0.56) (-1.00) HzPHO3, H* /P(c.r)  (-043)P(-0.39)  PHO3Z /Pg(c,w).0H  (-169)b(-113)
Pb(OH) (c) / Pb {c).OH  -0571 -0.95 HPH0p, H* / P4 (c,w) (-0.45)b (-0.25) POg3" 7 Py0g %4, OH" -19)
PbO(c.y) 7 Pb (c), OH" 0573 -1.170 HpPHO3, H* / P4 (c. w) (-0.47)b (-0.33) PHz0p" / P(c.r), OH (-1.92)b (-1.70)
PbO (e, r) / Pb (c), OH- 0578 -1159 HzPHO3, H' / HPHp0p  (-048)D(-0.37)  PHpOp /P4(c,w).0H  (-204b(-151)
Pb(c)/PbHg(g).0H"  (-15) (-1.06) H3POy H' / HgPoly  (-0.9)
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Tabie 1.Standard Elecirode Potentiais and Temperature

Coofficients in Water a1 293.15 K -- Continuved

Beid Suintivny [ad

dr®/41  Basic Seiutions E*  dE%/dT Acid Solutions E® JE°/dT - Basic Solutions . E®  dEO/dTY
{ph o« B.908) (¥) (mV/K)  (pH ~ 13.99) (V) (av/K) (pH - 0.060) (V) (mV/X)  (pH ~13.99) (V) (mV/K)
0"'",6. 7.9
Arsenicb-$ 03 H* / (33) 0(g) / O 16021 19844
Asy04 (c), H* / (067)0(-033)  HpAsO3™ / As(c), OH" 0674 -1327 02(8). Hy0 (lig) 05" 10 (g), OB s

Asqlg (e, cu) HAsOR2 / As (¢}, O -0s¢ OH.H'/H00iQ)  (236) (-1®) O /OH (150)
Asp04(c). H* / H3AsD (0630 (0.05)  As0g3-/ As(c),OH -0702 -1.024 0(g)H' (H0UiQ) 24301 -Lus4  O3(g)/0p (g). OH- 1247 1325
HaAsOg, H* / 0595 0447 AsO3" / HAsOZ", OH 074 03 (@)1 / 2075 0489  O3(g) /05 ©9)

AsgOg (c. cu) As0g3" / HpAs0s™, OH- -0.745 -0.570 0 (&), H20 (liq) 1oy / OH- 0867 -1330
H3AsO. H' /H3As03 0575 -0257  As(c)/AsH3(g), OH -1066 -0.865 Hp0p, H* / H0 (liq) 1763 -0698  0y(g) /OH 0.4011 -16815
BAsOq H' / As(OH)* 0566 HOz, H* / Hp0p 144 (-07) Oy / HOp~, OH- 020 (-19)
H3AsOq H' / Asp04 (c) (0520 (-0.56) 0. H* / B;0 Uig) 1272 -0601  HOy /00N (0.13)
As(OH)". H' / As(e) 0253 02 (g).H' /HpO(lig) 12291 -0845%  0p(g) / HOy, OF- 0065 -2033
HyAeOz H? / A (o) 02475 -0.505 Hz02 HT / UH, HaUUiq) (0.96) (-04)  Op(g) /0" 033 (:22)
Asq0g (¢, cu), H' / As (c) 0.2340 -0.378 03(5)/03- 09)

As(c), B' / AsH3(g)  -0238 -0029 02 (2). H* / a0 0695 -0.993
0z (g), 11* 7 110, -005 (-1.3)
Antimony6-3, 10
Sb(OH)s. H' /Sba0g(c) 098  0.18 Sh04 (c) / 0437 -1237
Sba05 (c), H* / Sb04 (c) 0.76  -0.303 Sb40g (¢, cu), CH*
. 7. 10
Sb(OH)s, H* / SB(OH)p*  0.57 Sb04 (c) / 0477 1172 sulrurs: \ ,
HS2047 H* / HS305"  (079) (-030)  S4052" /53032 0024 -131
Sb205 (c). H* / 057  -0.352 Sby03 (¢, rh), OH" z 2203 ‘062 2032
S0, H* / S4062" 0539 -Ltt $2042" / 55032, OR- 0002 -127
$b.405 (c. cu) SB(OR)g / 048 02 W/ 34% 204 /520
: HS203". H* 7 Sg () (047) (-041)  Sp042- /5052 (-0.16)b (-1.81)
Sby05 (), H* / 053 -0.320 Sb40 (c. cu), OH-
S0, H* / Sg (c) 0430 -0652 Sy~ /SH,OH (-0.45)0 (-0.71)
Sb303 (¢, rh) Sb(OH)g™ / -0.50
S0z, H* / HS05° (6.43) (-089)  Sg(c)/SH,OH 0476 0934
SH(OH)s, H* /Sb(OH)3 03¢ -0.34 $b203 (c, rh), OH- 0z 1 7 W05 3 8¢ >
4062 H* 7 Sg (c) 039% -038 Sg () / Sp2- (-0.50) (-1.16)
Sb0y (c), H* / 0391 -0401  Sb(OH)g™ / SbpOg(c) OH  -0.52 0% L 3 3 LA 3
S02- H* / § 037)% (0.90 052" /7 550927, OH -0566 -1.06
$h.40g (c. cu) Sh(OH)g~ / SHOOH)S". O -0.56 20 02 370 (00 505% /5205 3
5042-, H* / Sg (c) 0. -0.17 Sg(c)/ §%- 057 -1.34
Sba0y (). H* / 0351 -0336  Sh(OH)4 /Sb(c).OH  -0.640 4 8¢ 53 0178 Sle 713
HSO4, H* / Sg (¢) 0. -6.366  S042° /SH-,OH -0598 -1.1
Sbals (c. rb) $b305 (c. rh) / b (), OH- - -0681 -1.205 4 8t 33 03 % 5 }
S042°, H* / S40% 0321 -003 S2042" / SH™, OH" 0614 -1.16
Sb(OH)3, H' /Sb(c) 0231 -019  SbyOg(c,cu)/Sb{(c),OH -069¢ -1.183
HpSp (lig), H* / HpS (g) (0.30)0 (060)  Sp2-/ §%- (-0.64) (-152)
Sb(OH)p* H* /Sh(c)  0.208 Sb (c) / SbH3 (g), OH" -1.338  -0.866
HSO4, H* / $40g2" 0288 -0.36 S032° /g (c), OH" 0659 -123
$ha04 (c), H* / SB(OK)," 0.169 4 406 05" /58
HySp. H* / Hg$ (027) (-024) SO /SH,OH 0683 -1.200
Sba03 (c, rh), H* /Sb () 0.147 -0.369
Sg(c), H* / HaS (g) 0174 0224  SO42 /Sg(c), OH 0751 -1288
Sb40g (¢, cu), H* /Sb (c) 0.134 -0.347 » )
5042, H* / § 0158 0784  Sp032 /Sg(c), OB 0752 -140
Sb(c).H* /SbHz(g)  -0510 -0030 4 % 3 205 /58
Sg (c), H* / HpS 0144 -021 S052° / S40¢%", OF 0762 -0.98
Bismuthl. 6-8, 10 Sq02 H'/HS057  (0.10) (-023) SO /S406%. OH -0862 -122
Bi(OH)s, H* / Big0g () 24 Bi(OH)g™ / Bi04 (c),OH-  (1.0) HSO4~, H* / 50, 009 0205 . 5042 /5032~ OH 0936 -141
BigUs (¢}, H* / BigUy (c) (20) (-0.3) BitOHJg™ / BIOGH (c),OH™  (0.8) SUp. H” / HS3U4 VU6 (-128)  SU3% /3042, UK -1130 -0.85
Bi(OH)s. H* / 20 Bi(OH)g™ / Biz03(c), OH  (08) Sg(c),H* / HpSp (tig)  (005)P(-0.15)  SO42- /Sp042", OH (-1.71) (-1.00)
Big(OH){25* Bi(OH)g™ / Bi(OH)3 (pt), OH" (0.7) Sg (<), H* / HpSp (0.02) (-0.18)
Di(Oll)y, I1* / D+ 20 Di(OH)g" 7 Di(OI)4~, OH-  (0.7) 5042-, H* / Sp052" (-0.05)h (067)
Bi(OH)5, H* / BiOHZ* 20 BigO4 (c) / BigOy (c),OH- 062 (-1.15) HSO4 H' / S2062  (-0.17)B(-0.49)
BigOs (c).H* /Bi3*  (18) (-1.1} BigO4 (¢) / BiOOH(c),OH- 039 (-1.38)
BiO4 (c), H* / Bi3* 139 (-20) Big07(c) / BiOOH (¢),OH- 036 (-1.62} Seleniumb. 7
Bi* / Bi (c) (05)8 Big04(¢) / Big03 (¢).OH" 0356 (-1.17) Se042", H* / HpSe0y 1150 0483  SeOg2 /Se032", OH- 0030 -136
BiOH2*, H* / Bi (¢) 0329 (005)  Big7(c)/Big3(c),0H- 051 (-1.19) HSeO4 H*/ HpSe03 1094 0011  Se03® /Se(c),OH 0357 -1.31
Bi3* / Bi(c) 0308 (0.18)  Bi(OH)4 / Bi(c), O -0.366 HpSe0s, H* / Se (¢) 0739 -0562  Se(c)/Sepd (-0.61)
Big(OH);28* H* / Bi(c) 0307 Bi(OH)3 (p) / Bi (¢),0H"  (-0.38)0(-1.04) Se(c),H'/ HpSe (g)  -0082 0238  Se(c)/SeH OH 0642 090
Bi3* / Bi* 02)8 Biz03 (¢) / Bi (c). OH- 0452 -1216 Se (c), H' / HpSe 0114 (-0.19)  Se(c)/Sed 067 (-12)
Bi(c).H' /BiHi3 (g)  (-0.8) (-003)  BiOOH(c)/ Bi(c), OH- -0.461 (-1.14) Seg?- / SeH™, O (-0.68)
Bi (c) / Bili3 (g), OH- (-16) (-087) Sep2- /Se?- (-0.73)
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Table 1.Siandard Electrode Polentials and Temperature Table t.Standard Electrode Potentials and Temperature
Coefficients in Water at 298.15 K -- Continued Coefficients in Water at 298.15 K -- Continued
Acid Solutions E® dE®/dT  Basic Solutions E® dEO/dT Acid Solutions E® dE®/dT  Basic Solutions E0 dEO/dT
(pH - 0.000) (V) (aV/K)  (pH - 13.996) (V) (mW/K) (pH - 0.000) (V) (mV/K)  (pH - 13.99) (V) (mV/K)
Telluriuml. 6-8
Bromine$.7
HgTeGg, H* / Telp (c,) (090D (-0.12)  HyTeOg2" / TeOz2", OH" (0.13) (-063) )
Br0g". H* / Br03 1745 0311  Brp liQ) / Br 1078 -0611
HeTeGg. H* / Te(OH)3*  (085)0(-032)  TeOz%" / Te (c), O 047 -139 )
HBrO,H* / Bry Ulig) 1604 -063 Br0g / Br03", O 0917 -1347
Te(OH)* H'/Te(c) 0358 -0294  Te(c)/Tep" -0.84
HBr0, H* / Bry (g) 1588 -0.15 Br0~ / Br-, OH- 0766 -0.94
TeOp (c.a), H* / Te(c) 0529 -0391  Te(c)/Ted 090 (-10)
HBrO,H" / Bry 1584 -0.75 Br03” / Br-, OH- 0613 -1287
Te(c).H*/ HpTe(g) 044 026 Tep2- / Te2~ -0.9 .
BrO3  H'/ Bra (liqQ) 1513 -0419  BrO3"/ Br0~.OH 0536 -146
Te (c). H* / HpTe 045 (-0.16)
Br03™, H* / Bra (g) 1510 -0.323  Br03"/ Bry (liq), OH- 0520 -1422
Br03". H' / HBrO 1491 -637 Br0™ / Bry (liq). OH- 0435 127
Potoniumé. 7 Bry / Bry LI7L -0.472
HgPoOg, H* / Pa0y (c,a) (23)8 HqPaGg2- / Po0z%- OB (1.4® Brz (g) / Br3” 1159 -2258
HgPolg, H* / Po(OH)3*  (22)8 Po0(c) / Po (¢), OR- 0.0 Bry (liq) / Brg” 1110 -0810
HgPolg, H* / Pot* @1e Po032- / Po (c), OH (-02) Br / Br” 1098 -0.4%9
Pod* / Po2 ©9) P02 /Po0(c),0H"  (-0.3) Bry (g) / Br 10 -10%4
Po(OH)3* H' / P (08) Po (c) / Pog?- -10) Brp (tiq) / Br” 1078 -0611
Po#* / Po (o) 076 Po (c) / Po?- 1D (-09) Bry™/ Be’ 106z -0512
Po0p (¢, o), H* 7 P02t (07) Pop2" / Po?- -1.1)
Po(0H)3*,H* / Po(c)  (0.7)
Po0p (c.), B* / Pofc) (07) (-037)
) lodine$. 7. 10
Poft / Po (c) 06 104, H° / 105 1589 085 104 /105, OH 6761 -169
Po(c).H* / HaPo (g) (-07) (026)
Hsl0g. H* / HIOg 1567 -0.12 H310¢2- / 1057, OH" 0589 -0.72
Po (c). H* / HoPo -0.7)
HIO,H* / I3 (¢) 1430 0339 Ip(c)/1- 0333 -0.123
I*/ 120 135 10/ 1", OH" 0469 -0.546
Fluorine6. 7 HIOH* / Iy 1345.-0230 107/ 1p(c), OH 0403 -0.966
OF (). H* /07 (g), HF 3294 -0308  OF (g)/0p (g).F 3407 1570 1057 H° 7 12(0) 1210 0367 105 /10K 0269 -1.163
OF2(g)/ 02 (@).F° 3107 -1570  Fag)/F 280 1570 HIO3, H* / 1z (¢) 1200 -0468 103 /1y (c), OH 0216 -1370
F2 (g).H' / HF 3077 -03808 OF (g) / F-.OH" 17%4 -1626 HI03, H* / 1* 116 105/ 107, OH- 0.169 -1471
F2 (g).H* / HFp~ 29% 1248  OF, (g)/Fy (g),0H" 0618 1382 105", H* / HIO 1154 0374
Fp (g) /F- 2890 -1870 /1y 0789 -0329
OF; (g). H* / HF 2262 -0677 L/t 0620 -0234
OF, (g), H' / F- 2168 -1.208 /1 0535 -0.186
OF (g), H* / F2 (g) 1446 -0.546 L /1 0535 0125
Iz () / 157 0534 -0.002
Chlorineb. 7
HC10,, H* / HCIO 1674 955 Cip (g} /I 13604 -1248
HCI0, H* / Clp (g) 1630 027 €10, / ClOy 1068 -1.333
HC10.H" / Clp 1594 -0.80 CI0° / C1-, OH- 0890 -108 Astatine?
Cto3~ H* / Clp (g) 1458 -0347  ClOp/CL, Ol 0786 -1267 A0g B / Ay @7ne A0 / At03", OH- (192
Cl3”/ ¢ 1416 (-0.8) Ci0z" / Ci0~, OH" 0681 -1.46 HSAIOS,H‘/HAl,Os @272 H3AL062'/AID3',0H‘ (18)8
C103", H* / HCIO 1415 037 €103~ / 1, O 0614 -1.333 At0z", H* / HAO (15) ALz / A0, OH" (0.5)
Clp / CI- 13% -0.72 Cl0g™ / C1-, OH- 0560 -1313 HAWz, H* / AU 15 AW / A (c), O (0.3)
Clog, B* / Clz (g) 1392 -0.367  Ci03 / ClO", OH- 0476 -1.46 HAW, H* / At (c) (12) AL(C) / AC 02 WO
Clp (g) 7 Cl 13604 -1248  Cl0g /Cly (g), OH 0465 -1.330 HAW, H* / Al .y
Clp / Clg™ 1.356 (-0.6) Cl0g™ / Clp (g), OH- 0446 -1322 A/ AL(O) 0
Cly (g) /€5 1249 (-22) CI0" / Clp (g), OH- 0420 0950 Aty / A3 (0.5)
Clog~, H* / CI0g" 1226 -0416  Clog /Cl0g", OF 0398 -1252 Atp / AU 03) (-0.1)
Clop, H* / HCIOp 1184 -0433  Clo3 /ClOp", OF 0271 -1466 Aty / A 0.2)
Cl03". H* / HCIO, 1157 -0.180  Cl03" /Cl0, OH" 0526 -1598 Atlc) / At 02 (00
€105~ H* / Clop 1130 0074 At(c) 7 Aty (02)
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Table 1.Standard Electrode Potentials and Tempersture
Coefficients in Wator at 298.15K  Continued

Acid Solutions E® dE°/dT  Basic Solutions E® dE°.
(pH - 0.000) (V) (mV/K) (pH - 13.996) (V) (mV
Krypton

KrOo. H* / Kr(g) 258 KrO4 / KrO30H". OH" (18)8

Kr0q, H* / K10y (258 Kr0/Kr (g).01" (1.7)8

Kr03. H* / Kr (g) (2.4)@ Kr030H" / Kr (g), OH (135)8

Kr03, H* 7 Kr0 231 Kr030H" / K0, OH" (14)2

Xenonb. 7.9

HyXelg. H* / XeOy 238 (00} Xe0/ Xe (), OI (15)8

XeO. 1" 7 Xe(g) 2312 Xe030H" / Xe (g), OH" 1.24

XeO3 H* / Xe (g} 2.10 034 HXe053' /Xe(g), OH" (1.17)

XeO3, H* / Xe0 2952 Xe030H" / XeO OH (112
HXeOg 3" / XeO0H". OH" 0.95)

Radon

H4RnOg H* /RnO3 (348 HRn0g3" / RnO30H-. O (2.1)8

Rn03, H* / Rn2* 2438 Rn030H" / Rn0, OH ase

RnZ* / Rn (g) (2012 Rn0 /Rn (g). OH" (12)2

Notes to Table 1:
aThis half -reaction invelves al least one doubtful chemical species (Sce text).

bAHO is experimentally kown 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 E ° values at the end of Ref. 9 (pp. 787-802) and are
inconsistent with the other E° values found there. They are
E°[VO}~/V(c), OH™ ] =0.120 V (Table 1: —1.222 V)
and E° [VO(c)/V(c),OH ]= —0.82 V (Table 1:
— 1.693 V). E°[CrO2~ /Cr(OH),, OH™] has been given
(p-461) as —0.72 V (Table 1: — 0.14 V), which actually
applies to £° [CrO3~/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 O-O bonds have not been con-
sidered, except for H,0,, HO; , HO,. O; and Oj . Physical
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states have been indicated by (c) = pure crystalline solid,
(pt) = hydrous precipitate (amorphous solid with variable
water content), (liq) = 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 S'Y
and Se'¥ in acid solution have been written as SO, and
H,SeOs, respectively, and Ru"! and Os"" in basic solution
have been written as RuOZ ~ and OsO,(OH)2 ™, respective-
ly. However, attached water molecules have been omitted
from chemical formulas; hence A**, H™, etc. (The aqueous
species CO, and H,CO, are two different chemical enti-
ties.'?) Hydrolyzed M" in acid solution has usually been
represented in Table 1 as M(OH)2 ™, although in many
cases this is an oversimplification.? For acids, ionizable hy-
drogens precede the central atom while nonionizable hydro-
gens follow it; thus phosphoric acid has been written as
H,PO,, phosphorous acid as H,PHO,, and hypophosphor-
ous acid as HPH,O,. Boric acid, which accepts OH™ rather
than donates H™, has been written as B(OH ), rather than as
H,BO; or as (structurally incorrect) HBO,. Rhenium hy-
dride species'® (which include ReH: ™) are represented in
Table 1 as ReH rather than as Re™; as a result, the £ ° value
for the Re/Re ™! half-reaction is calculated to decrease with
increasing pH, avoiding the unlikely prediction®’ 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,? E ° 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 H, (g,
f=1atm). For example, for the half-reaction
MnO; (aq) + 8H* (aq) + Se~ —»Mn>" (aq)
+ 4H,0(liq), (3)
MnO; (aq, @ =1 m) is a better oxidizing agent than H*

(ag,@ = 1 m), and E°(MnO,; ,H*/Mn’>*) = 1.507 V. For
the half-reaction

Zn?* (aq) + 2~ —»Zn(c), (4)

Zn (c) is a better reducing agent than H, (g, f= 1atm), and
E°[Zn**/Zn(c)] = — 0.762 V. For the complete cell reac-
tion
2MnO; (aq) + 16H* (aq) + 5Zn(c)
—~2Mn?* (aq) + 5Zn2* (aq) + 8H,0(liq),  (5)
E°.[Zn(c)/Zn**//MnO;,, H*/Mn**] = 1.507
— (—0.762) = 2.269 V. The positive sign of E 2, 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 Egs. (3) and (4),
(dE°/dT),0s = — 0.646 and 0.119 mV/K, respectively.
Therefore, for the reaction described by Eq. (3),
(dE%/dT) 0 = —0.646 — (0.119) = —0.765 mV/K
= —0.000765 V/K. From Eq. (2) (using Ejs = 2.269
V), -

E%, = 2.269 + (373.15 — 298.15) ( — 0.000 765)
=2212V. (6)

This result is slightly in error because the variation of E ° 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

AG g = — HFE 394, 7

where 7 is the number of electrochemical equivalents in the
half-reaction or complete cell reaction and F'is the Faraday
constant [9.648 530 9x 10* J/(V-mol)]."* By combining
Egs. (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 7:

AGY%Y = — nFE% _
= —nF [E%; + (T —298.15) (dE°/dT) ).
(8)

Using the reaction described by Eq. (5) as an example (with
n=10),

AGYs = — (10)(9.648 530 9X 10%)(2.269)
= —2.189%X10° J = — 2189 kJ. %)
AGY;; = — (10)(9.648 530 9X 10%)[2.269

+ (373.15 — 298.15) ( — 0.000 765) |

= —2.134%x10° 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

AS%s = —d(AG S )/dT = nt(dE®/dT) 5, (11)
AH %55 = AG g +298.15-AS s

=nF[ — E%; +298.15(dE®/dT),05]. (12)

Using the reaction described by Eq. (5) as an example,

AS s = (10)(9.648 530 9 10*) ( — 0.000 765)

= — 738 J/K, (13)
AH % = (10)(9.648 530 9 X 10*) [ — 2.269

+ 298.15( — 0.000 765) ]
= —2.409%x10° J = — 2409 kJ. (14)

6. Thermodynamic Properties of Individual
Chemical Species

By convention, the thermodynamics of formation
(A;G° A/S° and A H °) of free elements in their standard
states, of H* (aq), and of ¢~ (electrochemical equivalent),
are equal to zero at all temperatures. For the half-reaction

10,(g) + 2H* (aq) + 2¢~ - H,0(liq), (15)

Table 1 gives E%; =12291 V and (dE°/dT),s
= — 0.8456 mV/K. Thus, from Egs. (7), (11), and (12),
Eq. (15) gives A,G°(H,0, lig) = — 237.18 kI/mol, A,S°
(H,0, lig) = —163.18 J/(K-'mol) and A H°(H,0,
liq) = — 285.83 kJ/mol at 298.15 K. For the half-reactions

H,0(liq) + ¢~ —4H,(g) + OH™ (aq), (16)
10:(g) + 1H,0(lig) + e~ —~OH™ (aq), (17

Table 1 gives E%g = —0.8280 V and (dE%/dT),
= —0.8360mV/K for Eq. (16), and E 5, == 0.4011V and
(dE°/dT).0e = — 1.6816 mV/K for Eq. (17). Thus, from
Egs. (7), (11), and (12), either Eq. (16) or (17) gives
AG°(OH™,aq) = — 15729 kI/mol, A S°(OH™,aq)
= —243.84J/(K mol) and A,H°(OH",aq) = — 229.99
kJ/mol at 298.15 K.

The thermodynamics of formation of H,O(liq) and
OH™ (aq) at 298.15 K may be used to retrieve standard
Gibbs energies, entropies and enthalpies of formation of oth-
er chemical species at 298.15 K, by applying Egs. (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

1Sg(e) + H,O(lig) + 2¢~ -»SH ™ (aq) + OH ™ (aq),
(18)

Table 1 gives Ej = —0.476 V and (dE%/dT).e
= —0.934mV/K. From Egs. (7), (11), and (12), AG %,
AS s and AH %, for this half-reaction are 91.9 kJ/mol,
— 180.3J/(K mol) and 38.1 kJ/mol, repectively. From the
thermodynamics of formation of H,0(liq) and OH™ (aq)
given above, A,G°(SH™, aq) = 12.0 kJ/mol, AS°(SH™,
aq) = —99.6 /(K mol) and A,H® (SH™, aq) = - 17.7
kJ/mol at 298.15 K.

“Third-law” standard entropies of chemical species at
298.15 K may be calculated by combining standard entro-
pics 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

1S¢(c) + H,(g) - SH™ (aq) + H* (aq), (19)

AS®= A S°(SH™,aq) = — 99.6/(XK mol); combination
WithSo(,{Sg,c) = 31.8J/(K mol) and S °(H,, g) = 130.574
J/(K mol) from Table 2 gives S°(SH™, aq) = 62.8 J/
(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.aw Standard Entropies at 298.15 K8

Floment 50 Element se Flcment se
(}/(K-mol)) (J/{X -mol)) (J/(K-mol))
Hy (g) 130574 © Pulc.a) 56.1b in (0 4163
Li(c) 29.12 Am (c, o) 545 Cdic.y 5176
Na (¢) 5121 Cm(c.a) 720b Hg (lig) 76.02
k() 64.18 Bk (¢, a) 7820 Byz (c.p) 703
Rb (c) 76.78 cf (c) (80.)¢ Al(c) 28.33
Cs(c) 85.23 Es(c) (90.)¢ Ga(c) 4088
Fr(c) 95.4 Fm {c) (88.)¢ In (¢} 57.82
Be (c) 950 Md (c) (84)C TH(e) 64.18
Mg (c) 3268 No (¢) (66 )¢ C(c, graphite) 5.740
Ca(c.a) 41.42° Lr (¢) (56.)¢ Sitc) 18.83
Src.o) 52.3 Tilc, o) 3063 Ge () 3109
Ba(c) 628 Zr (c) 3899 Sn (c. I-white) 5155
Ra (¢) 7t Hf {¢) 43.56 Pb (c) 64.81
Sc(c) 3464 Vie) 2891 Nz (8) 19150
Y (c) 44.43 Nb (¢) 56.40 P(c. red} 22.80
La(c.a) 57.0b Ta(c) 4151 P4lc.white) 1643
Cefc.y) 720 Cr(c) 23.77 As(c o-gray) 351
Pr{c, &) 732 Mo (c) 2866 Sk (¢, I11- gray) 45.60
Nd (c) 715 W (c) 3264 Bi (¢} 56.74
Pm (c) 71h Mn (c.a) 3201 02 (g) 205.029
Sm (c) 6958 Tele) (334 Sg (c, rhombic) 254.4
Eu (c) 77.78 Re (¢) 36.86 Se (c, gray) 42442
Gd (¢) 68.07 Fe{c.a) 2728 Te(c.a) 49.71
Tb (c) 7322 Ru (¢) 28.53 Po (¢, o) (60.)d
Dy (c) 7477 0s(c) 326 Fp(g) 20267
Ho (c) 75.3 Co (c.0) 30.04 Cly () 222957
Er(c) 73.18 Rh (c) 315t Brp (lig) 152 231
Tm (c) 74.01 Ir (c) 3548 I3 (c) 116.135
Yb (c) 59.87 Ni(c) 2987 At(c) (65.)d
Lu (c) 50.9 Pd(c) 3757 He (g) 126.041
Ac(c,0) 62.8b Pt(c) 4163 Ne (g) 146.219
Th(c.a) 53.39 Cu(c) 33.150 Ar (g) 154.734
Pa(c.a) 519 Ag (¢) 4255 Kr(g) 163.973
Ulc o} 021 Au(c) 4/.40 Xe (g) 169574
Np (c.a) 50.460 Ra (g) 176.1
Notes to Table 2.
3References 6 and 7, except as noted.
bReference 9.
CRoforence 13.
9This work.
ETZEOT_IS_FI:'IHQT
—£y - 2R e g, (20)

where E % is the standard electrode potential at the tempera-
ture under consideration, R is the gas constant [8.314 5101/
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(K mol)],'* T'is the temperature in Kelvin, # is the number
of electrochemical equivalents in the half-reaction or com-
plete cell reaction, and F is the Faraday constant. @5 is the
activity quotient at the temperature 7, which has the same
form as the equilibrium constant X 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)'* gives, at 298.15 K,

Eyos = E S5 — (0.059 159 7/n) -log Q,s. (21)
Using the reaction described by Eq. (5) as an example,
00591597 (@yn2 4 )*(zm2 4 )’

10 (@pnos — )2(0H+ )'e )
(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, E; =0 and Q; = K;. Making these
substitutions into Egs. (20) and (21) gives, upon rearrange-
ment,

log K = [nFE/(In 10)-RT] (23)

log Ko = (RE 943 /0.059 159 7). 24)
For the reaction described by Eq. (5) (using #» = 10 and
E%s =2.269V), log Koo = 383.5 and Ko = 3 X 10°%,

Combinations of Egs. (2) and (23) gives

0
logKT=[nF[E(z’98 +(T——29815)(dE ) ]/
dT /2o

Epog = 2.269 —

(In 10)-RT]. (25)

Subsituting the numerical values for the physical constants
into Eq. (25)'* gives

log Ky = {5039.7571 [Egs,8

dE°®
+ (T — 298.15) ( T )298]/T}. (26)
For the reaction described by Eq. (5) [nsing n =10, E2,_
=2.269 V and (dE°/dT),5s = —0.765 mV/K], log K375
=298.7 and K;; = 5X 10%%,

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 £ ° is a linear function of tem-
perature. This would be the case if the standard isobaric heat
capacity change, AC%, were equal to zero. In reality it is not,
but the effect of ACS on AG°and E ®isless than thaton AH °
and AS °because JAH °/dTand dAS °/dT have the same al-
gebraic sign. Salvi and de Bethune® have expanded Eq. (2)
as

dE°
ES=ES%, + T—298.15)'( )
T 298+ dT /ass

270
+ 0.5(T —298.15)% (-Li) , (27)
d 298

T2
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where (d 2E °/dT?), is the second temperature coefficient
of the standard electrode potential. According to Salvi and
de Bethune (d 2E °/dT?) ,45 may be calculated from AC% by
the expression

d’E° 0

( T )298 = AC%/(298.15nF). (28)
Second temperature coefficients may be conveniently ex-
pressed in microvolts per Kelvin squared, zV/K.

For the reaction described by Eq. (5) (d2E%/dT?),e
may be evaluated from heat capacity data®’ as 3.4 uV/K?2. In
accord with Eq.(27), this changes £ %,; 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-
cient on £ ° in going from 298.15 to 373.15 K is only ~5-10
mV, which is often less than 10% of the effect of dE°/d T on
E?° over the same temperature range, and smaller than the
uncertainties associated with many E ° 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.*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,57 differing occasionally even in alge-
braic sign. On the other hand, the heat capacities of many
crystalline oxides and hydroxides are accurately known,®’
but display such regularity that it is more efficient to summa-
rize d E °/dT? values for half-reactions involving these sub-
stances in terms of equations (vide infra) than it is to tabu-
late the individual values.

Table 3. Second Temperature Coefficients at 29315 k8. b

Half-Reaction d2E9/dT2  Half-Reaction d2g0/412
(pv/x2) Gv/x2)
H'/ Hp (g) 00000  Yb3*/Yb(c) ' es
Hp0 (lig) / Hp (g), OH" 778 Lu3* /Lu (o) 05
Li* /Li(c) -2.02 MaOg", H* / Ma2* 25
Na* / Na(c) -113 Ma2* / Ma (c) 0.9
K /X (c) -023 ReD4 . H* /Re (c) 119
Cs* / Cs (c) 098 Ag* / Ag(c) -0.38
La3* / La(c) 06 202* /28 (0) 0.9
Pr3‘ / Pr () 02 NO3~ H' /N (g) 177
Nd3* / Nd (c) 0.1 N (g). H* / NHg* 026
Sm3* /Sm (c) 0.1 0 (). H* 7 H0 Ulig) 05523
¥udT /Euic) <03 Oy () / OH" 7.23
Gd3* / Gd (c) 02 S042°, 1" /Sg () 31
Tb3* /b (c) 04 Falg)/F 475
Dy3+ /Dy (c) 0.4 Clp g}/ C1 -5.83
Ho3* / Ho (¢) 04 Bry(g)/Br- -6.06
Er3* /Er (c) 04 Bry (lig) / B~ 675
Tm3* / Tm (c) 05 Ia(a)/1- 629

Notes to Table 3:
2References 6 and 7

bsee also Egs. (31), (34) and (36).

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 £ ° 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 °/d T values listed by de
Bethune ez al.** have been derived from estimated standard
entropies given by Latimer,' 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 AH ° for a half-reaction is
experimentally known but both AG ° and AS ° are estimated.
As a result, both £° and d£ °/d{’ for the half-reaction are
estimated quantities and are listed in Table 1 with parenthe-
ses. However, it is noted in Table 1 that E°® and dE°/dT for
the half-reaction correspond to an experimental AHC.

The following list of general methods for the estimation
of thermodynamic quantities, while not exhaustive, is indi-
cative of the logic involved.

Une 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' 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 MnO2 ). Theoretical correc-
tions can also be made for magnetic effects due to the pres-
ence of unpaired electrons.'’~!3

Baes and Mesmer® 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 terms of aquo-
species such as M* ™ and MO, (OH) {2~ * 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.® The latter can also be
used as a guide in predicting trends in £ © values (e.g., for Po,
At, and Rn species by extrapolation from their lighter con-
geners).

Latimer' 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,’ Baes and Mes-
mer,*® Bard et al.® and especially Cotton and Wilkinson. '

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,®’ and may be interpolated on
the basis of the relative internuclear distances in MF, MH,
and MCI. Other assumptions lead to similar results.’°

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.

Pr**, N@>*, Pm species, Dy>**-Tm?*, Pu?>*, Am?>¥,
Bk2*, and Es-Lr species: Estimated from thermochemical
cycles by the methods described in Refs. 11-13.

Ti2+, Nb3+, T8.3+, MO3+, Re3+, Rll3+, OS3+, Ir3+,
Ni**, Ag’*, Au**, and Ge**: Estimated by assuming a
periodic variation in the thermodynamics of dissolution of
oxides, hydroxides and halides, fitting to known cases®’ for
neighboring elements in the Periodic Table (e.g., Ti** by
interpolation between Ca?* and V?*, Cr?™).

Sc2*, W3+, T2+, Tc3+, Cu*, and Au®*: 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., Sc?* by interpo-
lation between Ca®* and Ti**, V2+).

AlH, : Estimated by assuming that the thermodynam-
ics of dissolution of MAIH, (M = Li, Na, K) are similar to
those of MBH,,.%’

OH: Estimated by assuming that the thermodynamics
of dissolution of OH(g) are the same as those of HF(g).*’
Other assumptions lead to similar results."®

O; : Estimated by noting that AG° for the reaction
0,(g) + O~ —-0j is near zero.’

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 Tm?*, AIH,", 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
RhO2}~, NiO,(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 Sc™,
UO,0H(c), and Au?*.

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), Fegq,;,0(c), Fe(OH), (¢),
Fe;0,(c), Fe,05(c,a) and Fe(OH),(pt), A,H° for Fe**,
FeOOH(c), Fe**, FeOH?", and Fe,(OH)3 ", and A,G°
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for Fe(OH )2~ have been taken from Refs. 6 and 7. A,G ° for
Fe?*+ and Fe** have been taken from the recommended E °
values in Ref. 9 (which also discusses the problems associat-
ed with the reproducibility of iron electrodes). All thermo-
dynamic data for FeOH*, FeOH?*, and Fe,(OH)%*, and
A,G° for Fe(OH),(pt), Fe(OH); ™, and Fe(OH), have
been deduced from the equilibrium data given in Ref. 8.
A, H° for FeO; ™ has been taken from Ref. 2. The following
quantities have been estimated in this work: S° for
Fe(OH),(pt), FEOOH(c), Fe(OH); , and FeO}~ (thelat-
ter three by comparison with AIOOH(c), AI(OH), and
CrO}and MnO;} "), and A,G ° for HFeO,” (by comparison
with the acid dissociation constant for HCrO; ).

For half-reactions of the type: M** /M (free metal),
theexperimental E °,dE °/dTand d *E °/dT?valuesshow in-
teresting correlations with electronegativity (X),' ionic
charge (z) and ionic radius (7, nm)'*:

0.4

E%, +45=34X———" __ 104V, 29)
%8 r+0.138 (
0
(E’E_) +0,906=iﬂ_ 2.90 + 0.09 mV/K,
dT /a0s r4+0.138 1.5°
(30)
20
(d E ) —27r— 20 24402 pv/K2 (31)
dT? /s 52

The absolute potential and temperature coefficient of the
SHE are 4.5 + 0.1 V and 0.906 + 0.015 mV/K, respective-
ly,>2 while the radius of a water moleculeis 0.138 nm.'* The
other parameters in Egs. (29)-(31) have no physical signifi-
cance.

For half-reactions of the type: Oxide (¢), H */M (free
metal), the corresponding equations are

E% =23X——28 06104, (32)
r +0.140
0

(dE ) — —0.37+004 mV/K, (33)

dT /293

dZEO)

—0.52 +0.08 uV/K2 (34)

( dT? /08 - K ’

The radius of oxide ion is 0.140 nm."* The other parameters
in Egs. (32)-(34) have no physical significance.

For half-reactions of the type: Hydroxide (c), H*/M
(free metal), the equation for E 94 is essentially the same as
for oxides, i.e., Eq. (32). The equations for (dE °/dT),es and
(d2E°/dT?),4g arc the following:

0
(dE ) — —0.17 + 0.05 mV/K; (35)
dT /s
d?E°
( ) —1.29 4 0.09 LV/K>. (36)
dT? /aes

The parameters in Egs. (35) and (36) have no physical sig-
nificance. At pH = 13.996, the E° values for Eq. (32) are
0.8280 V more negative, the dE °/dT values for Egs. (33)
and (35) are 0.8360 mV/K more negative, and the d g%/
dT? values for Egs. (34) and (36) are 7.78 1V/K? more
negative.
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