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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.

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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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) )

being assigned a value of zero volts at all temperatures. The
SIIE may be abbreviated as E°[H* /H, (g) }. The symbol e
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:

J. Phys. Chem. Ref. Data, Vol. 18, No. 1, 1989
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E°T=E‘2’98+(T—298.15)-(dE0) | )
dT /208

Temperature coefficients may be conveniently expressed in
miilivolts per kelvin, mV/K. As with E ® values, dE °/d T'val-
uesare defined relative to dE °/dT for the SHE being equal to
zero at all temperatures. The accuracy of Eq. (2) depends on
the assumption that £ 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 ef 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 refercuces which provide much data not giv-
en by NIST are “The Hydrolysis of Cations” by Baes and
Mesmer,*® a follow-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 Cotion 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 FeO2 ™ has been taken from de Bethune et 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.

Tt 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 er 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 ef 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 1); Chap. 6
(dE®/dT for S-Te); Chap. 7 (E°for Nand P); Chap. 8 (E°
anddE °/dT for C-Pb); Chap.9 (E°anddE°/dT forGaand
TI); Chap. 17 (E°for Nband Ta); Chap. 18 (E ®for Ti-Hf);
Chap. 22 (dE°/dT for Mg-Ra); Chap. 23 (E°anddE®/dT
for Li—Cs). Admittedly, in some cases, the absolute differ-
ences between the old'~° and new®’ E ° or dE °/d T vatues 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), H¥/H,Te] = — 0.740V (Table 1:

—0.46 V); E° [N,(g),H*/HN,] = —3.10 V (Table I:
—3.334V); E° [H,8i0,2 /Si(c),OH "} = — 1.69V (Ta-
ble 1: —1834 V), E° [Ta0s [(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)] = — 2923V (Table 1: — 3.026 V). The ap-
plication of Latimer’s equilibrium data’ on H,Te, H,Si0; ",
and Ti(OH)2+ to the modern NBS tables®” instead of to the
NBS Circular 500° yields E© values in essential agreement
with Table 1; the other £ ° values in Table 1 (involving HN,,
Ta,0s, 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



STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER

Table 1. Standard Electrode Potentials and Temperature
Coefficients in Water a1 298.15 K

Table 1. Standard Electrode Potentials and Temperature
Coefficients in Water at 298.13 K -- Continued

Acid Solutions E® dE®/dT  Basic Solutions E® dEO/dT Acid Solotions E®. dE°/dT  Basic Selutions E®  dE°/dT
(pH =0.000) (V) (mV/X)  (pH - 13.996) (V) (mV/X) (pH - 0.000) (V) (mV/K)  (pH -13.99%) (V) (mV/K)
Hydrogen$. 7 Strontium6-3

H' /Hp (g) 00000 00000  Hp0(lig) / Hy (g). OH- -0.8280 -0.3360 Sr2*, Hy (g) / SrHz (¢) (-2.16)P(-090)  SrOH® /Sr (c), OH- -2.920
H' /Hp -0091 -0378  Hp(g)/H (-2.40)8 (-1.48) SrOH*, H* / Sr () -2506 Sr(OH) -8 Hy0(c) / -303P (0.36)
H* /H(g) -2.1067 05111 Ha0(lig) / H(g). OH- -2.9347 -0.3249 Sr2* /Sr(c) -2899 -0237 Se(c), OH-
Hp (g) / H- (-2.40)8 (-1.48)
Barium6-3
Lithium6-8 Ba?*, Hy (g) / BaHiz (c) (-2.18)b(-106)  BaOH’ / Ba (c), OH- 2921
Li*,Hp(g)/LiH(c) 2331 -1285  LiOH(c)/Li(c), OH- -2920 -0.930 BaOH*, H* / Ba (c) -2307 Ba(OH), -8 Hy0(c) / -300 029
Li* /Li(e) -3040 0514  Li*/Lifc) 3040 -0514 Ba* /Ba(c) 2906 -0.401 Ba(c),OF
LiOH / Li (c), OH 3060 -0.59
Radium$. 7. 11-13
Sodiumé-3 Re2*,Hp (g) /ReHy (¢) (-2.19) (-109)  RaeOH*/Ra (c),OH- (-281)
Na* Hp(g)/NsH(c) -2367 -1350  NaOH/Na(c),OH 2704 -0.73 RaOH*.H* /Ra(c)  (-240) Ra(0H)7 -8 Hp0(c) / (-289)
Na* /Na(c) 27143 0757  Na*/Na(c) 27143 0757 Ra2* /Ra (0) (-280) (-0.44) Ra (c), OH
Potassium6-3 Scandium6-8. 11. 12
K*.Hy (g) /KH (c) (-2.38)b (-1.90) XOH /K (c), OH- 2909 (-0.9) Se3*, Hp (g) / ScHz (c) (-1.75) (-0.23) Sc(OH)4™ / Sc (c), OH 268 (-116)
2¢ .20)8 (- - -
K /RS 293 1074 € /RO 293 -1074 Sce /8¢ (¢} (-20)8 (-02) Sc(0H)3 (pt) / Sc (¢), OH 269 -101
ScOH2*, H* / Sc (c) 201 024 Sc(OH)3(c) /Sc(c), O -272 (-0.96)
Rubidium. 7 Scp(OHR#*, H* /Sc(c) -203 Sc03(c.y) 7S¢ (c). O -2742 -1.164
Rb* Hz2(g) /RbH () (-266)P(-199)  RHOH /Rb (c), OH- -291) Se3* /Se (e} 209 041 ScO0H (c) /Sc (c).OH  (-276) (-1.10)
Rb* /Rb (c) 2943 -1140  Rb*/Rb (c) 2943 -1.140 Se3* /52t (-23® (16)
Yitrium6-9
Cesium6-3
. Y34 Hy(g)/ YHz(c) (-172) (-032)  Y(OH)3(pU)/Y(c).OH  (-287)
Cs*, Hp (g)/CsH(c)  (-272)P(-2084)  CsOH/Cs(c), ON- (-297)
YOH2*, H* /Y (¢) 223 (02) YOH)3(c) /Y (c), 00 -290  -0.977
Cs* /Cs{c) 3026 -1.172  Cs'/Cs(e) 302 -1.172
Y3 /Y00 238 034
Franciumé. 7 Lanthapum!. 8.9
FreHp () /Frc)  (-273) 2D FroH/Fr(c) OF ¢z8) 1a3*,Hp (g} / LaH () (-171) (-041)  La(OH)3(pt) /La(c),OH- -275
Fr* /Fr{c) (-29) (-12) Fr* /Fr(c) (29) (-12) LaOH2* H* /lalc)  -221 (0.0 Le(OH)3(c) /La(c), OB  -280 -0.998
La3* /La(c) 2379 0242
Beryllium6-8
_— 2 Ceriumé-9
BeOH*, H* / Be (c) 1808 (0.3) Be(OH)42 / Be (c).OH" 2517 -0751
. Ced* / Ce3* 172 134 Ce407 (c) / Ce(OH)3 (¢). OH-(-0.13) (-2.03)
Be3(0H)33*, H* / Be (c) -1880 Be(OH)3™ / Be (¢), OH- 252
CeOH3*, H* / Ced 168 -0.13 Ce0z (pt) / (-05)
Be2* / Be (c) 1968 (060)  Be(OH)p (pt)/ Be(c),OH" (-2.58)b(-10%)
Celp (p), H* 7Ce3*  (166) (-2.1) Ce(OH)3 (pv), OH-
Be2*, Hp (g) / BeHp (¢) (-2.26) (-005)  Be(OH)p (c.a) / Be (c),OH -2398 -1022
Cep(OHRE* H* /Ce3*  (1.64) Ce0p (¢) / Ce(OH)3 (), OH" -0.70 (-154)
Be0 (c) / Be (c), OH" 2606 -1.174
Ce0p (c), H* /7 Ce3* 1304 -2.00 Ce0y (c) 7 Ce40 (¢),0H"  (-127) (-104)
Be(OH), (c.B) / Be (c).OH-  -2609 -1001
Ce0p (), H* / CeOM2* 081 Ce(OH)3 (pt) / Ce £c). OH"  (-2.73)
CeOH2*, H* /Ce(c)  -217 Ce(0H)3(c) /Ce (c),0H-  -2.77 {-0.99)
Magnesiumé 2
Ce3* / Ce () 233 0280
MgOH*. H* /Mg(c)  -2022 (025)  Mgd(c)/ Mg (c), DK 2550 -1.120
Mg (OH) (4 H* / -2.067 Mg(OH); (pt) 7 Mg (c), OH- (-2.68)b (-0.98) Praseodymiumb-9. 11, 12
Mg (c) Mg(0H); (c) / Mg (). OH"  -2690 -0.946 prds /pr3s 32) (4 Prg0y1 (e) / ©90h (191
Mg?", Hy (g) / MgHy (c) -2.173 -0.486 Proz (pu. H' /Pr3*  (30) Pr(0H)3 (c), OH-
Mg?* / Mg (c) 2360 0199 Proz(c).H* /Pr3  @67b(-217)  Peop(pu)/ 0.9)
Pr0y (c). H* / PrOB2*  (2.18) Pr(0H)3 (pt). OB
Calciumb-3 Pr2* /Pr(c) (-20)8 (-0.4) Pr0z (c) / Pr(OH)3 (), OH"  (0.70)P (-167)
Ca2* Hy (g) / Calip (¢) -2.105 -086 CaOH"* / Ca (c), OH" 2902 -0.46 PrOR* H' /Pr(c)  -219 Pr0 (c) / Prg0yy (c), OH  (022)B (-1.19)
CaOH*, B* / Ca () 2488 -0.05  Ca(OHR(c)/Ca(e),OH"  -3022 -0991 Prd* /Pr (c) -2353 0291 Pr(OH)3(pt)/ Pr(c), 0B (-276)
Ca?* / Ca(c) -2868 -0.186 Pr3* / pr2t C3.1® (16) Pr(OR)3(c) /Pr(c).0B" -280 -0.9%

J. Phys. Chem. Ref. Data, Vol. 18, No. 1, 1989
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Table 1. Standard Electrode Potentisis and Temperature
Coofficients in Wator at 298.15 K -- Continued

Table 1. Standard Els P

de P, sot

Coefficients in Water at 298.15 K — Continued

Acid Solutions E® dE°/dT  Basic Sniutiuns Eo  dE%/dT Acid Solutions E® dJE°/dT  Basic Selutiens EO dEO/4T
(pH ~ 0.000) (V) (mV/E)  (pH - 13:996) (V) (;mV/E) (pH - 0.008) (V) (mV/X)  (pH - 13.996) (V) (mV/K)
Holmium6-9. 11, 12
Neodymiumé-9. 11. 12 Ho?* / He (c) (2% (-02)  Ho(OH)3(pt) / Ho(c),OH (-282)
Ne2* / N (¢) (208 (04)  NA(OH)3(pt) / Nd(c),OH (-274) Hool". H° /Bo(c) 218 Ho(OH)3 (c) /Ho (c).O  -285 0977
NdOHZ*, H* /Nd(c)  -2.16 Nd(OH)3 (c) /Nd (). OH" 278 -0.9% Ho3* / Ho (¢) 233 0371
Nd3* / Nd (c) 2323 02w Ho3* / Ho?* (28p (8
Nd3*/ N2+ 270 (16)
Erbium6-9. 11, 12
Er2* /Er (c) (-2008 (-02) Er(OH)3 (pt) / Er (c).OH  (-283)
ErOH?*, B* /Er(c) -2 Er(OH)3(c)/Er(c).0H  -286 (-0.96)
Promethium?. 11. 12 Er3* /Er (e) 2331 0388
PmOE2* H* /Pm(c)  (-2.14) Pm(0H); (pt) / Pm (c). OH- (-2.74) Er3* /Ec2e 308 (1)
Pm2* /P (c) (22)% (-0.3) Pm(0H)3 (¢) / Pm (c), OH (-2.78) (-099)
Pm3* / Pm (c) (-2.30) (0.29) Thulium6-9. 11, 12
Pm3* / Pm?* (262 (13) TmOH2*, B* /Tm(c)  -2.17 Tm(OH); (pt) / Tm (c), OB~ (-2.82)
Tm3* / Tm?* (228 (18) Tm(OH)}(c) /Tm(c),0H 283 (-0.97)
Samariumé-? Ta3* / Tm(c) 2319 0394
Sm3* / Sm2* -135 (14 Sm(0H)3 (pt) / Sm (¢), OH" (-2.75) Tm2* / Tm (c) (-24)8 (-02)
SmOH2*, H* / Sm (¢) -2.15 Sm(0H); - Hzo(c) / (-2.77)8 (-0.9)
3 Yiterbium6-9. 11, 12
$m/Sm(e) 2304 0278 Sm (¢), OB Yb3* 7 Yn2* 105 (L9 YBOH)(c)/ (23) -10)
Sm?* /$m (c) -268 (-028)  Sm(OH)3(c)/Sm(c),0H- -278 (-0.98) ’
YbOHZ*, H* /Yb(c)  -204 Yb(OH); (c), OB
Sm(0H)3 (c) / (-28) (-12)
Yb3* 7 Yb () 219 0363  Yb(OH)3(pt)/Yb (c),OH (-2.70)
Sm(0H), - Hz0 (c), O
Yb2* / Yb (c) 276 (-0.16)  Yb(OH)3(c)/Yb(c),0H -273 (-100)
Yb(0H)z (¢} / Yb (c), OH"  (-254) (-10)
Europium6-9
EuOH2*, B* / Fu2* LXT Eu(0H)3 (c) / -16) (-1.0)
30/ pul Lutetium6-9. 11, 12
Eud* /Eu2* 035 133 Eu(0H), - Ho0(c), OF-
% By LuOH2*,B* / Lu (c) -2.13 Lu(0H)z (pt) / Lu (¢), 08" (-2.79)
FnOR2* H* /By (c) -184 Eu'(Oll)a (pt) /Eu (c), 0H"  (-2.44)
Lud* / Lu(c) 228 0412 Lu(OH)3(c)/Lu(c), 0B -282 (-097)
Eud* /Eu (c) -1991 0338  Eu(0H)3(c)/Eu(c),OH"  -248° -0.934
Eu?* /Eu (c) 2812 -026  Eu(0H) -Hp0(c)/ (-292) (-083) Actininm?. 11-13
Fu (o), OB Ac3* Ha(g) 7 AcH3 (¢} (-1.70) (-048)  Ac(OH)3(pt) / Ac (c).OH" (-253)
Ac3* 7 Ac () (-220) (6.49)  Ac(OH)3(c)/Ac(e), OB (-257) (-1.01)
e Thoriumf-9
Cadolinium Tht*, Hy (g) / 458 0075 ThOp(p0)/Th(c).OB 255 (-121)
GAOH2* H* /Gd(¢)  -212 Gd(OH)3 (pt) / Gd (c), OB (-2.74)
Thylys (c) Thop (¢) / Th (c), OH -2627 -1.181
6d3* /6 (c) 2279 03135  Gd(OH)3(c)/Gd(c).0F -278 -0.9%
ThOH3* H* /Th(¢)  -1779 031
1h(URRS™, H™ /7 1n(C) -1.78
Torbiumé3 Th4* /Th (c) 1826 0557
o4 /T3 (1) (13 TbO7(c) / ToOH)3 (c), 0B (1.04)B (-227) g ’ |
To0p (pt). B* /T03*  27) ThOp (pt) / 08) Protactiniumb-9. 11-13
b0z (). H* / To3* 244)? (-2.36) Th(0H)3 (pt), OB PaOOR2* H* /Pa% 01  (-33) Pag0s (c) / Palp (¢), OB (-16) (-12)
ToOp (c), H* / ThOHR*  (197) ThOy (c) / To(OH)3 (). OF"  {0.64)b(-172) Pa0y0H (pt), H* / Pa¥* (-0.1) PaO(OH)g" / Paly (pu), OF" (-12)
ThORZ B /Th(e) <212 Tboz (c) / Thy07 (), OB (0240 (-1.16) Pag0s (¢), H* / Pa (c) (-02) (-0.4) Paly0H (pt) / -13)
Tb3* /b (c) 228 0350  Th(OH)3(pt)/ Th(c), OB (-2.73) PaQOH2* H* /Pa(c)  -121 (-023) Pat (pt), OF°
To(OH)3 (c) /Th (). OB -278 -0979 Pa00H (pt), H* / Pa (¢) (-1.22) Pal(OH)( / Pafc), 0B (-2.04)
Pag0s (c).H* /Pa(c) (-124) (-037)  Pa0y0H (pt) /Pa(c),OH"  (-205)
Dysprosiumb-9. 11, 12 Pa3* / Pa(c) (-1.34)% (0.14) Paz0s (¢) / Pa (c), O -207) (-121)
DyOH2*, B* /Dy (c)  -2.04 Dy(0R)3 (pt) / Dy (), O (-2.77) Pad* /Pa(c) <149 (053)  PaGy(pt)/Pafc),0H"  (-224)
Dy2* /Dy (¢} (-228 (-03) Dy(OH)3 () / Dy (c),0H  -281 (-0.98) Pay (¢).H' /Palc)  -150 -037 Pa; (c) / Pa (c), OH 233 -121
pyd /Dy () -2295 0373 Pat* / Pa3+ -19)8 (17)
Dy3*/ py2* (2608 (16) Pa0p (c) H* /Pad*  (-200% (-19)
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STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 5

Table 1. Standard Electrede Potontisls and Tomperature

Coefficients in Water at 298.15 K -- Continued

Table 1. Standard Electrode Potentisls aad Tempersture
Coefficionts in Water at 298.15 K -- Continued

Acid Solutions

dE®/dT - Basic Sofutions

E°
(V) (mV/X)

/dT
(V) (mV/K)

Acid Solutions

E® dES/JT  Basic Solutions
(V) (mV/X)

E® dE®/dT
(V) (av/K)

(pH - 0.608) (pH - 13.99) (pH - 6.000) (pH - 13.996)
Uraniumé-9. 11-13 Plutonium8. 9. 11-13
0y* /U0 (c) 066 (03)  UOOH(c)/UOz(c),0H (0.1 Puy B /P02 (24) Pa0y(0HY3- / 055
U0, H* /U0z(c) 038 080  UOxOH)y /U0p (pt), OB~ (-0.)8 Puty® / Puty (€) £33 039 PuO O OB
(Uo)3OH)". B/ 0364 016 UOOHR (e.p)/ 0139 037 PuO0R", B / Pulp () 144 Pu00H (c) / Pudz (c), OB (0.9)
oz () U3g (.. OFF (PuOp(0H2" H* /140 Putz{(0H) 2" / Puly (c), OH- (0.57)
(DOp)o(CHR2* . H* /0493 016  UOyOH)Z /U0z(c),0H (-022) Pudy () PuOyOHYy" / Pu0y (pt), O (03)8
Uz (@) Uop(0Ez (e ) / 0252 105 PuOOH" H* / Pup® 129 Pu0 (0" / ©3)
U0z2* / U0z (e) 0410 0232 U0y (c), OB Pu0z2 / Pusy (e) 1275 021 Pu0Z0H (<), O
U0y HY /U4 039 (340  Usg(c.0)/ Uop(c).OH"  -0.309 -1284 (PuOp(OR)2" 1/ 121 PuO(0H)¢Z- / (029)
V02, B / U4 0273 -1382 VOO /U0y (p0), O (-0.43) Puty* Pudp (pt), OB
U0 H*/UOH3* 0234 -052  UOpOH)Z / o3® PuOOHC. B /PR L1 Pu0(0H) 2 / ©.1e
U02* / UGy* ot (02) U0;0H (), O (Pup)p(OHR2* B/ 108 PuO(OH),", OB
UoH3*, /U3 03539 029  UOOHR (c.p)/ o8 pude Puy (p0) / “10)
ud 7 ude 0577 161 U0Z0H (c), OH- PuOH3* H* / Pud* 1036 PuOm)3 (p), OFF
op () B /U 0851 202 U0/ o7 Py’ B* /Pt 1035 326 Pubp(c)/Pu(OH)3(c), 0K -1.47 (-17)
U3*, Ha (g) / UH3(c) -1390 -047 UOy(0H)y", OH° Pup*. H* / Pud* 1021 -091  Pulp(pu)/Pu(c).OH  (-206)
UOp(c),H* /U()  -1444 -0384 - U(OH)3(p0)/U(c),OH  (-204)8 Puts / puds 1006 1441 Puop(c)/Pu(c)OB 2497 -122
LIEANA (] -1642 016 U(OH)3(c) /U (c), 08 (-2.08)8(-1.10) Pu0g*, H* / PuOH3" 1.005 Pu(OH)3 (pt) / Pu (<), O (-2.40)
U0 (pu /U (e).OH"  (216) Pu02*. B* / Pud* 1002 -05%  PuOH)3(c)/Pu(c) OB 244 (-103)
U0z (c) / U fc), OH -2272 -1220 Puozz’.ﬂ’ 7 Put 1000 -1815
U0z (pt) / U(OH)3 (pt), OF" (-26)8 Poog2e. 1/ PuoE® 0323
U0 (c) / U(OH)3 (c), O (-29)% (-16) Pu02" / Pudy* 096 003
Pu0z (c), H* / Pud+ 0437 -220
Neptunium3. 9, 11-13 PuOz(c).H* /Pu(c) -1.369 -0.38
NpO3* H'/NpOp2* 204 NpOy(0H)3- / (1) Pu2 / Pu (c) 168 (-0.4)
NpOOH*, H* / NpOp* 134 Np0p(OH) (c), OH" Pu3* /Py () A% 023
(NpO)p(0HR2* B/ 143 NpO4(OH)3- / 038 Pu3* / pu2+ (288 (15)
Np0y* NpOp(OH)2-, O
Np0?* / NpOp* 1236 0038  NpOx(OH)2-/ ©3)
NpOp* / Np0p (c) 1092 033 NpO20H (c), OH" Americioad. 11713
Amoz* H* 7 Am02*  (28) AmO(0R)3- / (1.3)
Np0z*, H* / Np4 0367 -330  NpOp(OH) (c)/ ©3) 1D Amé* / Am3* @8 (14 AmOp(CH)¢2~, OH
Np0z' H / NpOHS: 0479 Np0z0H (<), OF AmOp (pv), H* / Am3*  (236) AmOOH)2- / ©9)
NpOR3*, B/ Np3* 0263 NpOp(0H) 2~ / 0.49) Am0g () B /Am¥ (L99)b (2.0 AmOy0 (c), OFF
Np /Np3 o7 133 Np0z (e). OF AmOy H'/Am3 1698 -097  AmOpOH)Z/ o7
NpOz (c), H* /Np3* 0369 -2.10 NpOz(0H)y (c) / 0.48)2 (-1.10) AmO2 B / AnP* 1662 064 U——
NeO (). H' /Np(e)  -1418 -0.3% Np0z (c). OB AmO,2 / Amy* 1389 001 AmO0H(c)/ AmOp (c), OH" (07)
Np3* / Np (c) 1768 018 NpOyOH (c) / Nplp (c), OH" (04) (-1.1) AmOy /AmO () (140 04)  AmOp(OH)Z-/ ©39
Npoy(OH) 2 / o4r AmOp* / AmOz () (0:34) Am(OH)3 (¢), OF-
NpOp(Oki)y”. OB AmOy H'/Am®  (080) (-33)  AmOp(pn)/ ©3)
NpOzOH)g / ©2) Am2* / Am (©) 199 (-03) Am(OH)3 (pt), OF°
Npz (pt). O Am3* / Am () 204 028 AmOOH)Z-/ ©30
Npp(OH)y" / on® Am3* / Am?* (23P (3) Am(0E)3 (p), O
Np0z (pu). O AmOp(OH)," / 048
Np0z (pt) / ¢19) Am(OH)3 (pv), O
Np(OH)3 (pt), OH- AmOp(0HY," / 02)
Np0p (pt) / Np(c),0H"  (-2.11) Am0p (pt), OH-
Np(OH)3 (pt) / Np (c), OH" (-2.18) Am0p (c) / (0.06) (-18)
Np(OR)3 (c) / Np (c), O -222 (-1.09) Am(0H); (c), OH-
NpOz (c)/Np(c).OH"  -2246 -1228 Am(OH)3 (pt) / Am (c), OF" (-248)

Np0z (c) / Np(OH)3 (c), OB- -233 (-6}

Am(OH)3(c) / Am (c),0R" -232 (-1.01)
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6 STEVEN G. BRATSCH

Table 1. Standard Electrode Potontisls and Temperatere

1 Tablo 1.Standard Efecirode Petentisls sad Temporature
Coefficients in Water at 298.15 K -~ Continwed

Coofficionts in Water at 298.15 K — Continwed

Acid Solutions E® JdE®/dT  Basic Solutions E® dEO/dT Acid Sslutions E® dE*/dT  Basic Selutieas E® dES/dT
(pH - 0.000) (V) (mV/K)  (pH - 13.99%) (V) (mV/X) (pH - 0.000) (V) (mV¥/X)  (pH -'13.996) (V) (av/K)
Corium?d. 11-13 Lawrencium?. 11-13
Cm4* / Cm3* (30 an Cm0p (pt) / 09 Le3* /Lr (0 (-196) (037)  Lr(OH)3(pt)/Lr(c),OH" (-246)
Cm0p (pt), H* /Ca3*  (29) Cm(0H)3 (pt), OH- Le(0H)3(c) /Le (¢), 0B (-249) (-098)
Cm0z (c), H* /Cm3*  (23® (-2.1) Cm0y (c) / Cm(OH)3 (c), OH (0.4) (-13)
tmd" 7 cm(€) ~Z.04 vy l;m(Uli)3 (pL) 7/ Lm (C), UH™ (-Z2.4%)
Cm(OH)3(c) /Cm (c),0B" -252 (-1.00) Titaniuml. 6-8
Ti(OHR2* B 7 Ti3* 01 (06) TiGy(0HR2- / -12)
Berklium9. 11-13 .
Ti0p (pu), H* / Tid* 01 (27 TiOOH (¢), O
Be4* / Bk3* 167 (16) BROp (pt) / -0.4)
Ti0p (¢, sutite). H* /.02 (-27) Tig0s (¢.a) / TIOOH (c), OH" (-1.3)  (-1.9)
B0, (pU), H* /Bk3* (1) Bk(OH)3 (pt), OH"
Tid Ti305 (c.a) / Tig03 (c), OH"  -1.320 -1.267
BROp (c), H* /Bk3*  (09) (-22) BkOp (c) / BR(OH)3 (c), OH" (-09) (-1.7)
2 Ti3* 7 Ti2" 09 Ay Ti0p (<. ruulle) / ~1.38) -1.264
BK2* / Bk (c) -16)* (-0.3) BK(OH)3 (pt) / Bk (c). OH-  (-2.43)
TiOHRZ* H* /Tite) 100 014 Tip03 (¢), OH"
BK3* / Bk (c) -198 032 BK(OH)3 (c) / Bk (c),0H-  -247 (-0.99)
Ti0p (pt), H* / Ti(e) 101 -037 Ti0y (¢, rutile) / 14 (-15)
Bk3+ / BK2* (-28)8 (16)
Ti0p (¢, rutite). H* / 1076 0385 TiOOH (¢), OH
Ti{c) Ti0z (c. rutile) / -1418  -1.262
Califernium9. 11-13 . . )
i3 /Tite) -1 0.40) Ti305 (¢, «), OH
crée /o3 (33) (16)  Cf0y(pt) / CROH)3 (pt), OF- (12) '2 He 3 30 2‘ *
e S 0 ) L W) 17) Ti2* / Ti(e) (-160) (-046)  TiOx(OHRZ / -15)
Ti(OH)3 (pt), O
Cf0p (¢), H* / 3+ 23 (23) CI(OH); (¢} / Cf (c),0H  (-22)8 (-10)
2 Ti0p(0H),2" / TitOH)g", O (-1.6)
cf3+ /cf2e -16  (16) CROH)3 (pt) / Cf (c),0H"  (-2.40)
Ti(OH)3 (pt) / (-18)2
cf3+ 7cr(c) -194 033 CNOH)3 (c)/Cf (), OH"  -244 (-0.99)
R Ti(0R) (pt). O
c2* /¢t () 212 (-03)  CNOH)3(c)/ (-29)8 (-09) HOR2 (p
TiO(OH%2 /Ti(c),0H  (-1.87)
CIOH) (c), OB
Tig03(c) /TiO(c, o), OH"  -1.901 -104
Eiansteiniom9. 11-13 Ti0p (c, rutife) / Ti(c), OH" -1.904 -1.201
Es3* /Es®* EERIT) Es(OB) (¢) /Es(c), OB (23R (-10) TioOH{c) / Ti(OH); (¢}, OH" (-2002
Es3* /Es(c) (-191) (0.37)  Es(OH)3(pt) /Es(c),0H (-2.38) Ti(OH)y" / Ti (), O (-20)
Es2* /Es(c) (-223) (-03) Es(OH)3 (c) /Es(c),0H  (-2.42) (-0.9%) TitOH) (pt) / Ti(c), OB~ (-2.00)
Es(OH)3 (c) / (-26)* (-09) Tig03 (¢) / Tif¢), O 2076 -1.180
Es(0H) (¢), OH TiOOR(c) / Ti{e), OW (208) (111
TiOI ) (pu) 7 Ti(c), OH (-2.10)*
Fermiua?. 11-13 Ti(OH) (c) / Tite), O (-2.13%
Fm3* / Fm?* -1l (8) Fm(0H)3 (pt) / Fm (c), OH" (-2.37)
Ti0(c. 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); (c), OH"
Fra(OH)3 (¢) / Fm (c),0H"  (-2.40) (-0.95)
Fm(0H) (c) /Fm (c),0H" (-24) (-10)
. = Zirconiumb-3
Mendeleviun?. 11-13
Md3* / Md2 YR MA(OB) () / 140 (09 4 1 2e (c) -145  (067)  Zr(OH)y / Zr (c),OH 222
Md3* / Md () (-168) (038) MA(OH) (o), OB : ZrOH3*, H° /1 Zr (¢) -145 2r0p (pt) / Zr (c), OH 228 <119
34 1 N - .
Md?* / Md (c) (-248) (-02) MA(OH); (pt) / 213 Zrg(OH)3* H* / Zr (c) -147 2r0p (c.@) / Zr (c), OH 2301 -1.180
.a), H* /2 -1.473 -0.34
M (0, O 20y (c.a) H' /2r (c)  -1473 -0.344
MA(OH)3 (c) / Md (c), 0B (-217) (-0.96)
Md(0H)2 (¢) / Md (¢),0R (-23) (-10)
Nobelium9. 11-13
No3* 7 No2* 14 (657 No(OH)3(c)/ 1) 19 Hafniumb-3
No3* / No (c) (-120) (0.39) No(0H); (c), OH- HIOH3* H' /HI(c)  (-15%) HI(OH) / Hf (c), OH" -2.31
NoZ* /No (¢) (-250) (-02) No(OH)3 (pt) / No (c), OB (-1.69) Hr4* / HI (c) <155 (068)  HIOp(pt) / Hf (), OH 237 -120
No(OH)3 (¢) / No (¢),0H"  (-1.72) (-101) HI4(OH)g8", H* 7 HE (¢) (-157) H10p (c) 7 HI (¢), O 2419 -1191
No(OR), (¢) / No (), 0B (-26) (-1.0) HfOy (c).H* /Hf(c)  -1391 -0.35
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Nb (¢)

Nb20Os (¢). H* /Nb(c) -0601 -0.381
Nb(OH)2*, H* / Nb (c) (-062)
NbOp (pt), H* / Nb (¢) (-0.64)
NbOy (c), H* / NbO (¢)

NbOy (c), H* / Nb (c)

-0646 -0.347
<0690 -0.361
NbO (c), H* / Nb (c) 0733

(-0.8)

-6.375
Nb3'/Nb (c)

Wh3* 7 NbO (c), B -09)

STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 7
TP ooiTicionts ia Water at 238,13 £ —- Contiued T aeitictents in Water 4t 29843 E - Conpimund
Acid Solutions E® dE°/dT  Basic Solutions EO  dE®/dT Acid Solutions E° dE%/dT  Basic Sofutions E®  dE®/dT
(ph - 0.000) (V) (mV/E)  (pH - 13.99) (V) (mV/K) (pH - 0.000) (V) (mV¥/K)  (pH = 13.996) (V) (mV/K)
Tantalumb-8
Vanadiumb. 7.9 Ta3* / Ta(c) (-0.6) Ta(OH)3 (pt) / Ta(c), OH"  (-1.3)
Vo' 1 / VO 1001 -0901" VO (c.a)/V305(c). O -050 -110 Ta(OHR2*, H* /Talc) (-064) Taly (pt) / Ta(c),OH  (-1350)
VO0H (U, H* 7 V02 096 151 VO (c,a} / V203 (c). OH"  -0527 -1.172 Ta0p (pt), H* /Tafc)  (-067) Ta0y (c) / Ta(c), OH- -136) (-1.19)
V205 (c). H* / v+ 0957 -1.636 V305 (c) 7 V203 (¢), OH" 457 -131 Ta(OHR2* B* /Tad*  (-07)8 Tag0498" / Ta (c), OH (-160)
vo?-,u° 7 v3 0.337 (-18) YOz(0H)22- / V203 (), O~ (-0.6) Ta(UH)g", B 7 Talc) U702 Tag0ig® / Talp Lc), UK (-13)
oz B /Y (e) 0233 -0239  VOp(OH)R?" / V305 (c), OH" (-0.6) Ta0p (c),H* /Talc)  (-073) (-036)  Tag0yob~ / Talp (pu),OH  (-2.0)
VO0H(pt), H* /V(c) 024 -036  VOp{OHR2" / VOOH (c), OH (-0.6) Ta0g0H (pt), H* / Ta(c) (-073) (-035)  TaOp (pt)/ 218
Va5 (c).H* /V(c) 0242 -0390  Vy05(c)/VOOH(c).OH  (-07) (-20) TagOs (c.B). H* /Talc) -0752 -0377 Ta(OH); (pt), OH"
y3+ /2 0255 (15) V043 /1 V203 (). O -0.704 (-0.72) Talp (pt). H* /Ta3*  (-08)2
V2 7V () 1425 (-041) VO /VOOH(c),0H  (-072) (-08) Tag0s (c. B H* / (-08) (-045)
V043~ / V0(0H)2", OB (-0.8) Taly (c)
VO3 / VO (c.0), O -0882 (-027) Ta{OH)g* H* / ¢10)
VOp(0H)2 / -09) Ta(OH),2*
V(OH)3 (pt), OF- Talp (c) H' /Tad*  (-L.08
VO0H)2" / VIOH) (", O (-10) Ta00H (pu), H* . Ly
V(OH)" / VIOH) (¢), O (-1.0) Talz (pt)
V(GH)" / V(OH), (pt), OH" (-1.0) Chromiuml: 6-2
V(OH)3 (pt) / ¢12) Cr(ORR2* B /€3 (18) Cr0p (c) / CrOOH (), O (0230 (-15)
V(OR); (pt), OH" Cr0p (pu). H* 7Ced*  (17) Cr0z (c) 7 Cra03 (c.), O (02406 (-1.3)
Vo~ /¥ (o), 0 -laz (-102) Crp (). H /03 (149B(29)  Crop(pu/ ©2)
VOOH (c) / V(OH), (¢), O (-13) (-1.3) HCr~ e / Cr3* 137 -13 Cr(OH); (pt, aged), OF-
V503 (c) / VO (c), OF" 1314 -1256 Ceg02- B 70e3 136 132 Cop(pu/ on
VIOH) (pU) / V(). OH" (-163) HCrOg-, H* / Cro(OHR4* 131 Cr(OH)3 (pt, fresh), OH-
VOR)R (€} /V ()01 (-166) (-103) Cra05 (c). B /Croz (c) (13) (04)  Cr(OH)g2- /Cr(OH)", OR- (0.1}
VO(c) 7V (c). OB 1693 -1.202 Cra072-. B 7 CeplOHIA* 130 crogd- £ Crog ol
Cra072-, H* /CeOp(c)  (130)2(-034)  Cr0¢2/CrO0H(c),0H-  (-0.0Db(-137)
Niobium6-8 H4Cr0q, B* / Cr0z (pt)  (1.3) Cr04”- / Csz05(c.u). O -0.016 1497
Nb(OH)2*, H* / Nb3*  (-0.1) NbgO1gB~ / Nb0p (). OH  (-1.34) Cep0R7 B /el (&) (13) (-07) o/ 009 166
Nb(OH)¢*, H /Nb3*  (-02) NB(OH)3 (pt) / Nb (€}, OH" (-1.4) HCrO B / CrOB® 129 -L47 Ce(OH)3 (pt, aged), OFF
NbOg (pt), H* /Nb3*  (-02) NbOZ (pt) / Nb (c),OH" ~ (-147) Cod?r B /COR 128 150 COl-/ 012 (18
Nb(OH)4*, H* / -02} NbO2 (¢) / NbO (¢). OH" -1.474 -1.183 ,ﬂ3Cr04,li‘/Cr(0H)z?‘ 12 Cr(OH)3 (pt. fresh), OH-
Nb(OH)?* NbgOgo™ /N (). O (-148) Cra07 H* /Halr0  (L0) 02 /CrORC, O 004 (132)
Nbg05 (c). H* / 0248 0460 NbgOygB~/ NbOg (pt). OH™ (-15) HCeO H /Cr(c) 0318 0471  Crof-/Crp (o), 08 (-0.10b(-161)
Nb0z (<) NbOz () /Nb (). OR"  -1518 -1.197 Cr02 B /Cr(c) 0310 0439  Crod/Crp(c) OB (-04)
NbO,OH(pt). H* /  (-0.3) NBO (c) / Nb (c), OH- 1361 -1211 CroBR" £ Ce2* 019 07 CoB/Chp (0. on  (08)
Np3 N0z (p0) / ¢18) Crp(OH4 B / G2 -026 O3/ Cr(0H)GZ OR"  (-086)
NoOz (). /Nb3e - (-0.4) No(0i)3 (pt). OH" ced+ /orr 042 (14 €O /Cr(c), O 0722 -135¢
NbOZOH (pt). H* /  (-0.3) CrOH® H'/Cr(c) 066 022 Cr(OH)g /Cr(OH) (¢),0H -L14 (-1.4)
Nb0z (pt) Cra(OH)# H* / Cr (c) 068 Cr(OH); / Cr(OH), (pt), OH- -1.20
NR(OH)(" HT /N6 (c) 0337 Cr3* /crie) 074 044 Cr(OHJ; (pt, fresh) / 126
NbOOR(p)H' 7 (-060) (-033) o2 (o) 089 (-004) Cr(0H), (pv). OF-

Cr03 (¢, o) 7 Cry04 (c), OF" (-127)P(-107)

Cr(OH)y~ 7 Cr (c), Ol

-131 (-1.19)

CrOOH (c) / Cr304 (c), OH (-1.31)b (-0.43)

Cr(OH)3 (pt, fresh) /

Cr (), 0N
Cr(OH)3 (pt, aged) /

Cr(0H) (pt). OH-
Cr(0H)3 (pt. aged) /

Cr (c), OH"
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STEVEN G. BRATSCH

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

Tabie 1. Standard Electrode Potentisls and Tempersture

Coefficionts in Water at 293.15 K -- Continuved

Acid Sotutions E® dE°/dT  Basic Solutions E® dEO/dT Acid Solutions EO dE®/dT  Basic Solutions EO dEO/dT
(pH - 0.000) (V) (mV/K)  (pH - 13.99) (V) (mV/K) (pH - 9.000) (V) (mV/K)  (pH - 13.99) (V) (mV/x)
Chromium -- Continued Tungsten6-9
CelO)y (pu) / Cr (c), O -136 LEdA KO 0.0 W(OH)3(pt) / W (), OH"  (-06)®
0 (€3 Ce (61, 0B 1388 (123 HyW0y (c), B* / WOz (c) (6.06)P(-0.31)  WOp (pt) / W (c), OH- (-092)
CRORR () /Cr (00,06 -139 (-108) - WO3(c).H*/W0(c) 003 -0446  WOp(c)/W(c),OH -0982 -1.197
Cro03 (6,00 / Cr (0, 0 ~1427 -1209 HpWglpyt H* / 001 W02/ W (c),0H -1060 -1.36
CROOH () / Cr (), OB (1431 (-1.14) V0 (0 Vo2 /WO .00 217 -9
Cr0e (@) /Cr (), 0 (145)b(-123) W(OHR2* H* /W () (-005) W02 /WO (pU.OH  (-1.34)
Cra03 (c.0) / 50 13 HpWgOp 4 H / W (c) (-006) (-0.33) WO (pt)/ (-1.7)8
Cr O, (c), OF- HaWeOp14 . H* / 007 W(OH)3 (pt), OH"
CrO0H (c) / ¢15) (-13) W(OHR2*
Cr(OH), (), OF- HaWOy (c),B* /W (c) (-0.08)P (-0.34)
Uraiz (c,a) 7RV (C), UH™ C-13)0* -12) Wip (pt), H* 7 W (¢) (-8.09)
Cr304 () / Cr(OH) (c), OH- (-16) (-1.7) WO3(c),H' /W(c)  -0091 -0389
Cr04(c)/Cr0(c), 0B  (-16)8 (-1.2) Wop(c) H* /W ()  -0.13¢ -0.361
wioly2: 1 s w3 (-03)°
WOy (p). H* /W3 (078
W0p (c),H* / W3+ -09)8
Molypdeaum6-?
Mooz (¢), B* / (6.7)% (-0.4) Mo0g3- / Mo0p (c),0H-  (-06)2

Mo20s (c) Mo(OH)3 (pt) / Mo (c), OB (-0.8) Manganese6-10
HyMoOg (c), H* / (06)* (-0.1) Mo0g2- /Mo (¢),0H-  -0818 -169 HaMnOg, H* / @29 Mn0,3-/ MnOp (c,p),0H" 093

Mo0s (c) Mo0g3~ / Mol (pt), OB~ (-0.9)% Mn0; (c, ) Mn0,3-/ Mn0p (pt), OB~ (0.76)
HaMo70p43~, B* / 06) Mo0y (pt) / Mo (c).0H-  (-0.92) H3MnOg, B* / M0y (pt) (2.7) Mn0.3- 7 Ma(0H)2-, 0H-  (0.7)

Mog0% Mo0g2" / Mo (c), O -0926 -136 HzMnOg H* / @23) Mn0" /Mn0z (c.).0H" 060 -165
Mo03 (c), B* / Mo0z (¢c) 0330 -0477  Mo0g2~ / MoGy (p), OH-  (-0.94) Ma(0H),2* Mn0O4 / MnOp (c.p),0B- 0388 -1.783
H3Moy0p43- H* / (052 Mo0z (c) / Mo (¢), O -0.980 -1.19 HMnOg H* / (2.09) M0, / Mn0gZ- 036 -205

MoO(0H)3 (pt) Mo0g2" / Mo0g3- -10)2 Mn0; (c.p) MnG( /M0y (p),0B- (0332 (-1.78)
HpMoOy (c), H* / (0490 (-0.33) Moy (pt) / -13) HMnO4~, H' / Mn0; (pt) (2.00) Mn042" / Mn0p (p1), OF  (0.51)P(-164)

Mo0p (¢} Mo(0H)3 (pt). OH- HMnOg, H* / (1.9 MnOg / Mn(OH)2-, OB~ (0.50)
HaMoyp3-, H* / (0.43) Mn(0H)2* Ma02" / Mn(OH)2", GH  (0.5)

Moz (pt) MnOg, H* / Mn0p (c.B) 1692 -0671  MnOg2™ / Mn0,3" 027
HzMoyOpg3 H* / ©04) MnOg H /MO (pt)  (163)P(-066)  MnOp (c,p) / 015 (-14)

Moyt MnOg, H* / Mn(OHR2* (157) MnOOH (c), OH-

Mog0s (¢), H* / (04 (-06) Mn3* / Mn?* 156 (18) Mn0p (c.8) / 0146 -1.128

Mo0; (c) MnOg H* / Ma2* 1507 -0646 Mn03 (c), OH
MoO(OH); (pt), B* /  (0.4)8 Mnz03(c),H* /Mn2* 1485 -0926  Mn(OH)3(pt)/ (0.03) (-09)

Moy (pt) MOUOH (), H™ / Ma2™ 148 (1)) M(UHY (pU), UH
Mog02, H* / Mop0p® (02) Ma(0HR2* H* /Ma2* (141) Mn0p (pt) / (0.04)b (-1.28)
MogOp%, H* /Mo3*  (0.) MnOg", H* / MnOH* 1.382 -0.648 Mn(0H); (pt), OH
H3MO7U243", H / Mo (c) UUSZ -0.384 Mn0z (pt), H* / Ma?+  (1.32)h ( 0.62) Mn0; (pt) / €0.03) (-1.7)
Mo03 (¢). H* /Mo (c) 0075 -0.399 HMnOg", H' / HaMaOg  (1.3) Mn(0H)3 {pt). OH-
HyMoOg (¢), H* / Mo (c) (006)b(-0.33) Mn(OH),2*, H* / Ma3* (1.3) Mn03 () / 0002 -1256
Mo0p (pt), H* / Mo3*  (0.0) Mn0p (c.p), B* /Mo2* 1230 -0609 Mn304 (c), O
Mog0%*, H* /Mo (c)  (-0.07) MnOp (pt), H* / Ma3*  (108) (-3.0) MnOOH(c) / 802 (-06)
Moz (pt), H* / Mo (¢} (-0.09) Mnp (¢, B). H* / 098 (-03) Mn304 (c), OH-

Moz** / Mo (c) -0.1) MnOOH (¢) Mn0p (c. )/ -0044 -131
Mo3* / Mo (c) (0.13) Mn0y (c,8), H* / 0974 -0292 Ma(0H); (c), OF°

Mo0z (), H* /Mo (c)  -0.152 -0.360 Mn03 () Ma(0H)2" / -0.1)

Mo3* / Mog#* -02) Mno0p (c.p), H* / MaOH* 0916 -0.614 Ma(OH)4", OH"

Mo0z (¢), H* / Mo3*  (-02) MnOg, H* /HMnOg  (0.90) Ma(0H)¢ / Ma(O)Z~  (-6.1)
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Table 1. Standard Eiectrode Potentials and Tomperature

Table 1. Standard Electrode Poteatials and Temperature
Coefficionats in Water at 298.15 K -- Continued

Coefficients in Wator at 298.15 K -- Continued

Basic Selutions
(pH ~ 13.996)

Acid Sofutions
(pH - 0.000)

Acid Sofutions

E®  dES/dT E®  dES/dT E® JdE®/dT  Basic Solutions E*  dE*/dT
(pH - 0.000) (V) (mV/X) (V) (mV/K) (V) (mV¥/K)  (pH -13.99) (V) (mV/K)

Manganese -- Continved Rhenium -- Continued

M0 (c.p).H* /Mn3* 090 (-30) MnOz {c,p) / MaO(c), OF" -0.129 -1.116

Re0z (c), H* /Red*  (-0.0) Re(0H)g2" / (-10)
Mng03(c). H* / MnOH* 0858 -0935  Mng03(c)/ 0234 -149 Re(0H)3 (pt), OH"
MnOOH (c). H* / MnOH® 085 (-0.7) Mn(0H)z (). OH" Re02 (pt) / 1.3 -1.6)
MnOH*, H* /Ma(c)  -0869 -0.125  MaOOH(c)/ 024 (-13) Re(0H)3 (pt), OB
Ma2* / Ma (c) -1.182 0129 Mn(0H); (c), OH
Mn304 (¢} / -0332 -161
Mn(0H); (c), O Iron2. 6-9
Mn203 (c) / MnO(c), 0B -0.404 -1.104 HFeO4", H* / Fe203 {c, o) (2.09) Fe0g2" / Fez03(c.a).OH"  (0.81)P(-152)
Mnz0q(c) / Ma0(c), O -0.607 -1028 HFe04", H* /FeOOH (c) (2.08) Fe042~ / FeOOH (c).OH"  (0.80)P(-1.59)
Mn(OR)2 / Mn (c),OH"  -1.42 HFeO4, H* / Fed* 207 Fe042" / Fe(OH)3 (p), O (0.70P (-1.67)
Ma0(c) / Mn (c), OFF 1480 1294 HFe04, H' / Fea(OH)* (2.04) Fe042" / Fe(OH)", OH 0.64) (-1.35)
Mn(OH) (pt) / Mn (c), OH -1560 -1.14 HFeOg , H' / FeOHZ* 2.03) Fe(OH)3 (pt) / <055 (-0.94)
Mn(0H) (c) / Mn (), OH -1565 -1.10 FeOH?* H* / Fe?* 0900  0.0% Fe(OH)z (pt), OH
Fep(OH)%* . H' /FeZ* 0858 0485  FeOOH(c)/Fe304(c). OH (-0.56)P(-0.38)
Technetium? Fe3* / Fe?* 0771 1175 FepO3(c, )/ Fe304(c), OH -0615 -0.992
TeOy (e}, H* / TeOz (¢)  (0.76)8(-05) TeOg2" / Te0p (¢), O -0.26 FeOOH (¢), H* /Fe?* (079D ( 1.05) Fe(OH)y~ / Fo(OH)2 D68
Teog, H* 7 Tep (¢) 0738 (-076)  TcO2" /TcOy (pt), OF"  (-0.29) Fep03(c.a). H' /Fe2* 072 -125 Fe(OH)¢" / Fe (c), O 071 (-1.18)
TcOq H* /TcOp(pt)  (0.72) (-068)  TeOg / Telp (c), OH -0.366 (-182) FeOOH (c),H* /FeOH'  (0.18)P(-106)  Fe(OM)42" /Fe(c).OH"  -073
TeOg" B /TeOg(c)  (0.70)3(-12) TeOg™ / TeOy (pt), OH- -0.38) (-1.80) Fep03(c,a), H* /FeOH' 016 -126 Fe(OH)3 (pt) / Fe (c), 08 -0.776 -1062
TcOg . B' /Te(OHR?  (062) Tc(0H)3 (pt) / Te (). OH  (-0.4) FeOH*, H* / Fe (c) 016 007 FeOOH (c) / (-084)0 (-123)
Te0s (c), H* / Tc(OHR2* (0.58)% TcOg2" / Tc(OH)2", 0H  (~0.4) Fe2* /Fe (c) 044 007 Fe(OH); (c), OH"
Tc(OHR2* H /Tc3*  (03) TeOg / Te(OH(Z, 0B (-0.46) Fep03 (c,a) / 08 -143
TeOg, H* /Te (c) 0472 (-051)  Tebg / Te(e), OH ~0.474 (-1.46) Fe(OH ) (), O
Te(OHR2" H* /Te(c)  (0.36) To(OH)XZ /Te(c).OH  (-0.48) Fe 9470 (c) /Fe(c), 00"  -0870 -1314
Ted* 7 Te2* (0.3% TeOy (pt) / Te (c), OH (-053) (-121) FeOOH (c) /Fe (), OB (-087)b (-1.14)
Te2* /T (¢) 03 TeOy (¢) / Te (c), OB -0536 (-120) Feg03(c, o) /Fe (c), OB -0.881 -1207
TeOp (pt), H* /Te(c)  (028) (-037)  TelOg / TeOg® -0.57 Fe(OH) (pt) / Fe (c). OH"  -089 (-1.12)
TeGp(c) H* /Te(e) 0272 (-036)  Te(OH)2 / (-0.8) Fe(OH) (c) /Fe (¢), 08 -089 -1.09
Tep (pu), H™ / Ted~ ©z) TC(OH)3 {pL), UK~ Fepuz (c, o} / -G.909 -»U,Q)Z
Tely (c), H* /Ted (0.2) Tey (pt) / Te(OH)3 (p), OH- (-1.1) Feg 9470 (¢), OH-
Fe304 (c) / Fe (c). OH 0914 -1.23¢

Rhenium6. 7.9. 10
(072)b(-1.17)

Fe04 (c) / Fe(CHY, (c), O -098  -1'65

ReO4", H* / Re03 (c) Re(0H)3 (pt) / (-0.28)b(-1.07) Fe304 (¢} / Fe 9470 (c), OH -1.083 -0.927

Reo4‘,ﬁ'/kéoz (¢} 0510 (-0.70) Re (c), OH"

Re3* /Re (c) ©.5) Reg0s (¢) / (-04) (-13) Rutheninm6-10

ReO4" H* /ReOz (pt)  (0.49)P (-0.68) Re0z (c), OR- RuOg, H* /Ru03(c) (1992 RuO4O0H" / RuO4, OH" 083

ReO3 (), H* /Re)0s (c) (04) (-04) Re(OH)g<" / Re (c), OH" (-0.47) Ru04~, H* / Ru0y (¢c) (166) RuQ40H / RuQp (c). OB~ (0.63)

Re03 (c), H* /ReO2(c) (040)®(-047)  ReO2 /ReO(c).OH- (-0 RuO4 H* /Ru022*  (16)8 RuO4 7 Ru042- 059

Rez05 (c), H' /Re0 (c) (0.4) (-05) Re02" /Re0y (pt), OH"  (-03) RuO4~, H* / Ru(OH)22* 153 RuO40H- / Ru0y (pt), OB 054

Re(0H)22*, H* /Re {¢) (0.39) Re0z (pt) /Re {c).0H" " (-054)b(-121) RuOz{c), H* / Rubz (¢) (1.5)2 RuOLOH" / Ru(OR)g® OH" (854}

Re04", H* /Re () 0376 -0306  Re0z(c) /Re (c), OH -0552 (-120) Ru022* H* / Ru(OH)p2* (13)8 RuOZ- /RuOz (£), 0K (0.34)

Re04 H* /Re(0H)22*  (0.36) ReO¢" /Re (c), OF° 0570 -1.461 RuO4 (c), H* /RuO (c) (148)b(-058)  RuO42 /RuGp (pt),OH"  0.35

ReOp (pt), H* /Re (¢} (029)P(-0.37)  ReO4 /ReOz(c),OH -0.594 (-1.82) RuO4 (c), H* /Ru0z(c) (1.9) Ru04%* / Ru(OH)g2- ©3)

ReOz(c),H* /Re(c) 0276 (-036)  ReOg2 /Rez0s(c),0H  (-06) RuO4 H* 7 Ru(GH)Z2* 140 RuO40H" / Ru {(¢), O 0.193

Re03 (c), H* / (0.18) ReO4 /Re07 (pt),0OH-  (-0.61)b(-1.80) RuOy4, H* / Ru0z2* (131 Ru(0H) 4~ / Ru (c), OK (0.0)
Re(0H)z2 Re042" /Re(OR)2", OH  (-0.7) RuO4, H* /Ru () 1038 -0446  Ru(OH)3(pt) /Ry (c), OH" (-6.06)

Re(0H)p2* H' /Re3*  (0.0) ReO4 /Re(0H)g2", 0B (-0.70) RUO4(c),H' /Ru(c) 1032 -0467  Ru(OH)g2 /Ru (¢),0H  (-0.13)

Re (c), H' /ReH 018 13 Re0y” / ReDg2 (-08) RuO4 / Rug™ 099 RuOz (pt) /Ru (c), 0B -0.15

Re0z (pt), H* /Re3*  (-0.3) Re (c) / ReH, OB 09 05 RuOy4 (¢) / RuOy" 094 Ru03 (¢) / Re (c), OH- 02300 (-1.20)

J. Phys. Chem. Ref. Data, Vol

. 18, No. 1, 1989



10

STEVEN G. BRATSCH

Tabte 1. Standard Electrode Potentials and Temperature
Coofficients in Water at 298.15 X -- Continued

Table 1. Standard Electrode Potentials and Temperature
Coefficients in Water at 298 .15 K -- Continued

Acid Solutions E® dJE®/dT  Basic Solutions E® dE°/dT Acid Solutions E° dE9/dT  Basic Solutions EO dEO/dT
(pH - 6.000) (V) (mV/X)  (pH -13.996) (V) (mV/K) (pH ~ 0.000) (V) (mV/K)  (pH - 13.996) (V) (mV/K)
Rutheniom -- Continued P
RU(OH)2 H* /Rud  (09) Ru0z (pt) / -0.40) Rhodium
RhO3 (c), H* / RhO7 (c) (1.8)2 RhO42" /RRO, (c), 00 (0.9)8
RuZ* /Ru (¢) (08) Ru(0H)3 (pt). OH
RRO3 (¢),H* / (168 RhO42- /RhO7 (pt), O~ (0.8)8
Ru(0H);2*,H* /Ru (c) 068 Ru(OH)g2" / Ru(0H) 4, OH" (-0.8)
Rh(0H)z2 RhO42- / RR(OH)g2-,0H-  (07)8
Ru3* /Ru (c) (0.60)
RR(OH)2* H* /Rh3* (16) RhO2 (c}/Rh203(c),0H"  (04) (-10)
RuOz (c),H* /Ru (c)  (038)b(-0.36)
RROp (pu). H* /R03*  (15) RRO3 (pt) / 0.3)
Ru0z (¢),H* /Rud*  (03)
RhOp (¢) H* /RR3*  (13) (-23) Rh(OH)3 (pt. br), OH-
Ru3*/Ru? 0.24
RhOZ (c). H* /RR203(c) (12) (-0.2) Rh(OH)g2" / RA(OH)4~, OH- (0.3)
Osmium!. 6-9
RROp (c), H* /RROH2*  (1.1) Rh(OH)4  /Rh (¢).OH"  (0.12)
0s0p2* / 0s0p (pt) (1258 0s03(0H)32- / (6.3)
Rh* /Rh (c) (10)2 Rh(OH)3 (pt, ¥} / 011
0503 (c), H* /0s0p () (L.1)8 0s0p(0H)42", OH-
2+ H¢ -
Ustp? 1T/ US(OHRR"  (L1)® 05040H" 7 Os0p(0M)¢%-, 01" (0.3) RhOHS*.H* /Rh () 083 Rh (c). O
Rhz4* 7Rh (c) 038) RRO3 (pt) / 0.1)
0s04 (c, ), H* /0s0p (¢) 102 (-056)  0sQ0H- / 0s05(0H)z%" 02)
Rh203(c), H* /Rh () (0770 (-0.41) Rh(OH)3 (pt, ). OB
05y, B* 7 0507 (pt) 0.964 0s(0H)g3- 7 0s (c), OH" 02)
Rh3* /Rh (c) 076 (0.4) Rh(OH)3 (pt. br) / (0.09)
0504, H* 7 05(0H),2*  (0.91) OsU40H" / 0ely (c), OH- 017
Rh3* /Rhy% 07 Rh (c), OH
0s04 (c, ), H* / 0s03 (c) (0.9)8 05040H / 0s0p (pt), OH~ 0.108
Rho¥* /Rh" (06)8 Rh204(c)/Rh (c),0H"  ( 006)b(-125)
0s3* 7 0s(¢) (0.9) 0s(OH)3 (pt) 7 0s (c), OH  (0.1)
idiums. 7. 10
Os H* /08 (c) 0838 -0314  0s02(0H)Z- /0s0o (). OB (6.1) Iridium
Ir03 (c), H* / Ir0p (c)  (13)8 1r0(0H)42" / 1r0p (¢), OH-  (0.6)8
0s04 (c.7). H* /0s(c) 0834 -0458  OsO,0H" /Os(OH)2",OH"  (0.09) )
1r03 (c), H* / (131 1r0z(0H)2- / 1r0p (pt), OH- (0.5)8
0s(OHR2* H* /0s(c)  (0.76) 0s040H- / 05 (c), OH -0.00¢
Ir(OH)2* 1r02(0H)¢2" / 1r(OH)g2-, OR- (0.4)8
0s0p (pt), H* /0s(c) 0712 0s(OH)2- / 0s(c),OH"  (-0.09) s ,
O H* / 05052 ©ne 0502(0H) 2" / 050y (pt), OH- (-0.0) 13+ 7 1Ir () (16 Ir(0H)g3- / Ir (c), OH ©.2)
2+ H* -
050 (), H* /05 (c) 085 (-036)  OsOp(OH)2-/ oD Ir(OHR2* H* /1Ir (c)  (0.84) Ir(OH)3 (pt) / Ir (c),OH (02
0s(OH)2*, H* /053 0.4) 0s(OH)2-, OF" Ir03 (c). H* /1r(c)  (0.8)2 (-0.42) Ir(0H)g2- / Ir (c), OH- ©.01)

+ - 2 (-
0stp (pt), H* 7053 ©2) 050y (p1) / 05 (<), OFF- o116 Ir0p (pt), H* /Ir (¢)  (0.79) Irz03 () / Ir (c), OH (00)* (-125)
0507 (), H* / 0s3* -0.) 0s0p (c) / 0s (c), OH- 018 (-120) 1r0p (¢), H* / Ir (c) 073 (-0.36) 1r0p (pt) / Ir (¢}, OH- (-0.04)

2 3 - _ .
0503 () / 0s(0R)3 (p0), OF (-0.8) Ir(OH),2* H* / I 0.4) 1£0p (c) / Ir (c), OF 010 (-1.19)
+ = - - 8 (-
Os(OH)2- / Os(OH)3- (08) 10 (). H* 7 Irz03 (c) (0.3 (-02) Ir0p () / 11203 (c), 00 (-05)8 (-1.0)
Cobalt6-9 107 (pt), H* 7 Ie3* 02) Ir(OH)s2" / 1r(OH)g3- (-086)
HaCoOg H* /Colz (¢) (3002 C0043'/C002 (c), OH" (10 1r0p (c), H* / Ir3 (-0.1) 1r0 (pt) / Ir(0H)3 (pt), OH" (-0.7)
Co3* / Co2* 192 123 Co0z (¢) / Cog03 (c), 00 (09) (-1.2) Nickel6-9
Co0OH(c), H* /Co2*  (1.76)b(-1.01)  Cof(c) /CoOOH(c),OH"  (08) (-1.4) Ni3* /7 Ni2* 23) (1D NiOOH (¢, §) / (10) (-06)
Co0z (c), H* 7 Cog03 (c) (1.7) (-0.4) C0043" / Co(OH)3 (p1), OB (0.7)8 NiOOH (c.B). H* /Ni2* 205 (-1.17) Ni304 (¢), OH
Co0y (c), H* / Co2* (17)  (-08) €0043- 7 Co(OH)4", OH- .72 Nig0z(c), H' /NiZ*  (19) (-1.4) Ni0p (c) / Nig03 (c), 0" (09) (-12)
" Cop03(c),H*/Co2*  (18) (-12) CoOOH (c) / Co304 (c),OH-  (0.70) (-0.33) Ni0p (c), H* / Ni2* (18)8 (-09) Ni(OH)g~ 7 ©0.7)
o0z (¢}, H* / CoO0H (¢) (16) (-06) Co(0H)3 (pt) / 05 ¢1.1) Nig (¢), B* / NigO3(¢) (1712 (-0.4) Ni(OH)z (pu), OH~
Coly (c), H* / (13 Co(OH), (pt, pk), OH- NiOOH (¢, B), H* / 164 (-1.0) Ni0p (c) / Ni0OH (¢, ). O™  (0.7)8 (-1.4)
Co4(OH)4%* Co(OH)3 {pt) / ©4) Nig(OH)4% NiOOH (¢, B) / 052 (-1.33)
Co0p (¢), H* / Co3* (14) (-28) Co(OH), (pt, bi), OH- Ni0z (¢).H* / (1.6)% (-08) Ni(OH); (¢). OF
Colp (¢), H* / CoOH*  (14) (-0.7) Cog03(c) / Cog04(¢),OH-  (6.3) (-1.D) Nig(OH)44* Nig03 (¢) / Nig0g (), OH  (05) (-12)
Co0OH (c), H* / (131 Co00H (c) 7 Co(OHX, (c), OH- (0.20)P (-1.33) Ni0p (¢), H* / (1350 (-06) NitOH )" / NiOH)42 " 0.5)
Cog(OH)(4* Co(OH)4 /7 Ca(OH)42" ©.2) NiOOH (¢, p) Nig03 (¢} / Ni(OH)z (¢), OH" (0.4) (-L3)
0203 (c), H* / (12) Cop03 (c) / ColOH)p (), O~ (6.1)  (-15) Ni0p (c), H* / NiOH* (1508 (-0.7) Nig03 () / Ni0(c),0H  (0.3) (-12)
Cog(OH)44" Cop03(c) / Co0(c).OF"  (0.0) (-10) Nig03 (¢). H' / a3 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)g4* Nig0 () /NiO(c), 0B (02) (-12)
Cop03(c), H* / CoOH* (1.1} ¢-10) Co304(¢) /Co0(c), OB  -0.16 -1.00 NiOOH (¢, ), H* / NiOH* 147 (-09) Ni(OH)g2- 7 Ni (), OB (-036)
CoOH*, H* / Co (¢) 0003 -0.0¢ Co(OH)42" / Co (c), OH -0.57 NigOg (¢), H' / NiOH*  (13) (-1.1) Ni(OH)p (pt) / Ni(c),OH"  -0688 -109
Coq(OH)¢#* B* / Co(c) -0.06 Co(OH), (pt, bt) / Co (c), OH- -0.703 Ni0p (c), H* 7 Ni3* (132 (-29) Ni0(c) / Ni (¢), OH" -069% -1.193
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, px) / Co (c), OH" -0.722 -1.04 Nig(OH)¢%* H* /Ni(c) -0031 006
Co(OH) (c) /Co(c),OH"  -0746 -102 Ni2* 7 Ni (c) 0236 0.146
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STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 11
Tabdle 1. Staadard Electrode Potentials and Temperature Table 1:Standard Electrode Potontisis snd Temperature
Coefficionts in Water st 298.15 X -- Continued Coefficionts in Water at 298.15 K -- Continued
Acid Solutions E° - dE9/T - Basic Solutions E®  dEO/dT * Acid Solutions E9 dES/dT  Basic Solutions . E9 dEONT
(pH ~ 0.060) (V) (mV/K)  (pH = 13.99) (V) (mV/X) (pH - 0.008) (V) (mV/K)  (pH ~13.996) V). (mV/X)
Gold!. 6-3. 10
ium6-10
Palladiua Au2* / Au* (se AuOH) / Au (), OH"  (10)
H* o0 Pd03(c) /POy (c), OH-  (12)® . .
Pd03 (e). H* /Pd0g c) (2.0 403 (€) / PdCz (c) ) Au* 7 Au (c) 169 (10 Au(OH)¢ /Au(c), 0B 0600 (-12)
JHY / 2+ (18)2 Pd02- 7 Pd0; (pt), OH" (128
P03 (<), H / PA(ORR™ (18) 4/ Pag (30 ! AW/ Au (o) (1.50) Aug03 () / Au (0. OH 0335 -1279
2¢ H* /Pd2r  (154) P02 / PAOHX2- OH-  (1.1)8
P4(OHY2* H* / Py 5 4 3 ¥ AOHZ® H* /Au(c) 144 Auz03(c)/ Au ), O (032) -1203
.H* / Pdo 147 (-04 Pd /Pd0 (c), O 064 (-12
Pd0g (o). B* /P40 (e) o4 0z (€) / Pd0(e). O ¢12) Aud* /e (140 AB(OH)g / AV(OH)" O (0.9)
Pd LH* /Pd0(pt) (141D (-0.6) PA(OH)Z" / PA(OH)42- OH (0.39) :
0z (51) v ) % 4 Y \ AugOz (o). H* /Au(c) 1363 -0443  Au(c)/ Av- (zae
d0p (c), H* / PdOH* 127, Pd0y (pt) / PAO(p1),OH  (038)B(-12)
Pz (e) i 0z (0 @ ® Aug03(c), B* / Au () (135) -0.367
PdOH*, H* / Pd (¢) 0983 PA(OH)2 / Pd(c).OH"  (0.10)
AuOHZ*, H* / Au* 132
2. - .
Pd2* / Pd (c) 0915 0.2 PdO(pt) / Pd (c), OH 0.069 -128 A0y GO.H /Aw 120 (0D
PAO(pt), H* /Pd(c) 0897 -0.45 Pd0(c) / Pd (c), OH- 004 116 Mgy (LB A (LD 00
PdO(c), H* / Pd (c) 079 -033
Audt / AuZ* (102
Platinum!. 6.7.9. 10 Aulc)/ Au (-2.48
P03 (c), B /POy (c) (1708 P03 (c) /POy (c),OH"  (0.9)8 Zinc6-3
Pt03 (c), H* / PUOHRZ* (13)8 PL02(0H)¢2" / P10z (pt), O (03)2 Zn0H*, K* / Za (c) -0497 003 n(0H)2" /Zn (c), OH  -1.199
PWOH*, H* / Pt {c) 2 P10;(0H)¢2 / PUOH)2", OH- (0.8)8 202 / 2n (c) 0762 0119  Zn(OH} (pt)/Zn (c).OH" -1222 (-104)
P2* / PL(c) 118 (-005)  PuOH)Z / PL(c),OH (0.20) In(0H) (c,¢) /Za (), OB -1.249 -0.999
PUOHY,2* . B* /PL(c)  (105) Pu0; (pt) /7 P10 (pt), OH- 0.8 200(c) 7 Zn (¢), O 1260 -1160
POy (pU), H* /PIO(pY) 101 PUOH)2" / PL(c), O (0.18)
Py (pU). H' /PLCc) 100 (pt) / PL(c), OH 0.47 Cdminm!. 68
1), B* / [ 1 15 t (¢), OH™ ..
02 tp Pl (o CdOH*, H* /Cd (¢) 0104 002 Cd(OH)2" /CA(c),OH"  -0.638
PO(pULH /PL(c) = 098 -G53 PO (pt) / Pt (c), OH- 015 -137 Ca?* /6 (©) oz D (e} /0t o), OB 0783 1166
PLO(c). H* / Pt (c) (0.94) (-038)  PuOH)sZ" / PUOH)Z-, OH-  (0.15) )
. Cd2* /Cd(c) 0402 -0029  CA(OH)y (pt) /Cd(c),0H  -0.808 (-1.06)
Pup (c). H* / Pu(c) 092 (-036)  P0(c)/Pi(c). OH (0.11) (-122)
Cd2+ / Cdp2* (-06)8 CA(OH); (c. )/ Cd (c), OH- -0.826 -1.020
PUOH)R2* H* /P12 (091) P10 (c) / Pt (c), OH- 009 (-1.19)
Py (c).H' /PW0(c) (0691 (-033)  Pi0p(c)/PtO(c), O 0.08) (-117) Mercury6-8
POy (), H* /PIOH®  (0.6) Hg(OHY, H* / Hg (lig) 1034 -040 Hg(OH)3™ / Hg lig), O 0231
Rg2* / Hgy? 0908 0095  Hg(OH) / Hg (lig), OH- 0206 -124
Copperb-8
2+ 2 - i 5 -
Cud* / cule o 0 Cu(OH)(/Cu_(OH)‘Z' 08) Hg®™ / Hg (ig) uxs2  -U.116 HgU (pt) / Hg Uig), OH 011 -1.17)
Hg(OH), H* / B, 0830 -0.4 HgO(c,y) / Hg (lig). O 00983 -1.12
Cug03 (LR /Cud* 200 (-1 Cuz03(c}/ Cul(e), Ok (67) (-1.2) 82)2 ¢ 3 s g ey /gt 31z
Hga?* / Hg lig) 07% -0327  HgO(c,r)/HgUig), 0B 00977 -1.1206
Cugl3 (c), B / an Cug3 (c) £ CalOH)p (6), OHF (07) (:15) g TR # 8t
2+
Cuz(OH}2* CulOR )2 / CulOH)", O (-0.1) He® / Hg o648 014
Hga?* 7 Hg 0389 -0.38
Cuz03(¢).H* / CuOH* (15 Cu(OH) (¢) / Cuz0(c), 0B -0.110 (-0.77)
CuBH* / Cuz0 (c) 0676 Cu(OH)2- /Cufe), OB -0.152 Boran6-3
CuOlL*, H* / Cu () 0374 Cu0 () / Cuz0 (c), O 0487 -1.10% Bia (). 1"/ Bofia ()) -0.150 -02%  BoHe (@) / Bl O 0782 -1423
+ -~ | - - [~ ~] -
Cu* 7 Cu (o) 0518 0754  CuloHl /Culo),0F  (-02) Bz (c). B / Blig 0237 0460 Byp(c)/ Bl OF 0899 -1423
Cu(0HR?* /Cugh(e) 0313 CulOH) (pt) 7 Cu (c), O (-022) (-108) BoBg(g).H* /BHy 0368 -0705  Byp(c)/BpHg(g).OH  -0978 -1132
Cup(OHY2* H* /Cu(e) 0493 CulOH)p (¢) /Cu (c),OH-  -0.233 (-1.03) B(OH)3. H* / By 048l 0472 BIOH)S/BHy", OH- 1241 -1140
Cu0(c)H /Cule) 0473 -0453  CuD(py)/Cu(c), OB (-025) BOM3 (). K /Bl 0482 0377 BIOH)/Bplg ().OH 1394 1146
B(OH)3, H' / BoHg ()  -0319 -0.3%4 (OH)2" / Byp (c), 00" (-17)
cu?* /Cu (e 0339 0011  CuO(c)/Cu(c), OH 0271 -1199 Y5 B /Bl BalOHI™ / Byz
o2t /0l B 0206 0476  CupOlc)/Culc)OH  -03%5 -1289 (OR)g ), 1" / 0320 0267 Byly(OR)"/Byz (c). O -1.763 -126
(@ B(OH)4~ / By (¢). OH- 1811 -1.160
cu* /cu 0161 0% Paflp (8 als
BpOH)q, H' /Byp (¢} (-08) (-049)  BOH)4 / Bp(OH)2",0H"  (-20)
Sitverb-3 Bp(OH)g (c), H* / (-68) (-6.23)
Agl/age 1989 099 AgaUz(c) / Agg0p (c). OB 0.887 -1.06 Bz (¢)
Agd 7 Ag* (19 Ag(OH)¢2~ / Ag(ORY,", OH- (08) By03(OH)4 H* / -0843 -0.33
Ag207(c), H* / Ag- 1802 019 Ag(OH)y" / Ag(OHY” OH:  (0.73) By (c)
Agl* / Ag2e (1.8) Ag203 (<) 7 Agz0 (c), OII 0744 -1.10 B(OH)3, H' 7 B12 (€} -083Y  ~U.4YZ
Aga03 (c), H* / Ag* 1758 -002 Ag(OH)4™ / Ag(OH)42- 07 B(OH)3 (), H' / Byz (¢) -0890 -0.239
Agp03(c), H' / Aga0p (¢) 1715 -023 Agy0z () / Agz0(c).OH 0602 -1.13 B(OH)3, H* /By(OH)y  (-11)  (-0.50)
Ag* / Ae(c) 07993 -0989 Ag(OHY" / Ag o) OH- n 383 B(OH)3 (e), H* / 1) (-0.25)
Agg0(c) / Ag(c),OH" 0343 1338 By(OH)y (c)
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Tabte 1. Stundard Elocirode Potentisis and Tomperature

S Table 1.Standard Electrode Potentisls and Temperature
Coafficients in Waler at 298.13 X - - Continued

‘Coefficients in Water 81 293.15.X -- Continued

Acid Solutions EC ' dE®/dT - Basic Solutions EO dE®/dT Acid Solutions E® . dE®/dT  Basic Solutions EO  dEO/dT
(pH - 0.000) (V) (mV/K)  (pH'~13.99) (V) (mV/K) (pH ~0.000) (V) (mV/K)  (pH -13.996) (V) (mV/X)
Aluminum6-9 Carbonl. 6.7
AIOH2* W'/ At(c)  -1379 028 AIOH)3 (pt) / AL (), OH"  -231 -097 CH3OH,H* /CHq(g) 0383 -0039  CH3OH/CHg(g), OH -0245 0875
Al(OH),#* H* 7 Al{c) -160 032  AWOH)¢ / Al(c), OH 2328 -1.13 HCHGp, H* /€ (c) 0528 -077  CHp0/CH30H, OH- 0391 -135
AI3* 7 AL -1677 0533 Alp0z(c.e)/Al(c),0H 2332 -1.140 C0(g). H* /CLc) 05184 -13084  CHOp /C(c),OH 0603 -165
A3 Hy(g)/ Ay (-178)8(-021)  AI(OH)3(c,0) / Al(c).OH- -2.338 -0927 CH30H, H* / CHy 0498 -0570  Cp042" / CHOp", OH 0683 -0.80

AI3*Hp(g)/ AlHz(c) -1838 -0138  AlOOH(c.a)/Al(c),OH"  -2371 -10%4 Ha003, H* / C(c) 027 (-036)  C(c)/CHy(g), OH -0.6965 10452 -
CH20,H* / CH30H 0237 -051 032" / CHg (g), OH 0731 -L135
0z, H* /7 C1c) 0229 -0604  CO32 /C(c).OH -0.766 -1225
00z (g). H* /€ c) 02073 08530  CO32" / CHOp", OH- 0930 -0.80
HpCp04 H* /HCHO, 0204 (-0.12)  C{(c)/ CH30H, OH 1148 1215
C0p(g).H* /CHq(g)  0.1694 -05311  CHOp~ / CH0,0H- 1460 -152
Cle) H' / CHy(g) 0.1315 -02092 €032 / G042, O -1.176 -0.798
Gatlinné-$ Clc). H* / CHy 0089 -0475
Ga* / Ga(c) -0.2) 6a0(c) / Gs (c), OH" (-09)% (-1.19) H2003, B* / HCHO, 001 (033
Gag#* / Ga(c) -0.4) Ga(OH)3 (pt) / Ga (c). OH"  -1242 -0.99 1RO B ¢ g0 002> -083
GaOH2' H*/Ga(c)  -0.498 GaOOH(c)/Ga(c),OH  -1.320 (-108) 00y, H* / HCHOy 0070 044
Ga3* / Ga(c) 0549 061 Gag03 (c,)/Ga(c). O -1.323 -1.15 0 (). H /CD(g) 01038 -0.3977
Gagt* / Ga* (-06) Ga(OH)4" / Ga (c), OH -1.326 (g B JHCHG, 0116 -0
Ga3* / Ga* -07) Ga0OH () / G820 (c), OH  (-13)8 (-1.03) HotOy He /HpC0y 019 (038)
Ga3* / Gagh (-08) Gaz03 (c,B) / Gaz0(c), O (-15)8 (-1.14) C), B / Chn 0320 037
Ga(OH)4 / Gap0(c),OH"  (-1.3)® 00y, H* / B0y 036 (077)
0y (g), n‘)nzczq 0432 (-1.76)
Iodiumé-? Silicon6-8
Ia* 7 1a () 0426 1n50(6) / 1n (). OF 0618 (-112) Si(c).H*/SiHg(g)  -0.147 -0.19%  Sitc)/SiH(g),OH 0975 -1.032
InOK2*.H' /1a () -0259 1n(OH); (V) / In (c), O 099 095 Si0p (c.quartz), H*/  -0.569 -0283  HpSi042- /SiHg(g).OH"  -1405 (-1.03)
Ing# / In () -026 1a(OH)¢ /In (), 08" -1007 SiHiy (g) $i01e) /i (c). O (-Le)* (-12)
83 /1 (o) 033 042 Ing03 (c)/ In (c), O 1034 -1131 Si0(c).H* /Si(c)  (-0.8)% (-04) H35i04" / Si (c). OH -1820 -1.19
Ing% / In* 040 I800H(c) 7 In (6).OH  -1.066 (-1.06) HSi04, H* /i (c) 0931 0395  HpSi0¢2- /i (c), OH- -1834 (-1.03)
1n3/ In* 0444 10(0R)" / Ing0 (c), O (-12)8 Si0p (pt), H* /Si(c)  -0.973 -040 HpSi0g2- /Si0(c), 0B (-20)8 (-08)
1a3 / Tng#* 049 1ng03 (c) / 100 (c).OH  (-12)8 (-1.14) Si0p (c. quarz). H* /7 -0.9% -0.574
In00H(c) / 1n30(c),OH"  (-1.3)® (-103) st(e)
Si0p (¢, quartz), B* 7 (-1.2)* (-0.3)
Si0(¢)
Thallivm®-3
TIOH2* H* / T1* 129 TI(OH)¢" / TIOH (c), OH 0099 Germanium6-8
T3 7 T1* 1280 097 TIOH)4~ / TIOH, OH- 0.091 Ge(OH)p, H* / Ge (c) 0.11 Ge(OH)3™ / Ge (c), OH" (-087)
TIOOH(e). B /T 1225 (026)  TIOOH(c)/TIOH(c).OH 0I5 (-1.14) Ge2* /Ge (¢) @D H0e0 /Ge(c).OH 0936
Ti03 (c). H* / TI* 1165 (0.15)  THOH)3(pt) / TI(c),OH"  (-0.03) (-1.00) GeO(pt,y). H* /Ge(c) 0.0¢ HyGe042- / Ge (c), OH" -0.957
TIOH2*, B° / Th(c) 0.734 Tip03 (¢) / TIGH(c),OH"  -0.046 (-1.24) GeO(c. br), H* /Ge(c) 0000 -0.41 HzGeOq / Ge(OH)3", OH"  (-101)
13 / Ti (c) 0741 021 TIOH)g / TH(c). OH" -0.067 HyGeOg, H* /Ge(c)  -0039 -0429  HpGeOZ /Ge(OH)3™, OH  (-1.03)
TIOOH(c), H* /TI(c) 0705 (-028)  TIOOH(c)/Ti(c),OH  -0.123 (-1.10) Gep(c.hem)H'/ 0039 0377  Gelc)/GeHg(g) OF  -1122 -1031
Ti0g(c).H* /Ti(¢) 0665 (-0.33)  Ti03(c)/Ti(c), OF -0.163 (-1.17) Ge (c)
TI* / Ti(e) 033 -1312  TIOH/Ti(c), O -0.382 Gep (c.tetr), H* 7 -0.104 (-0.3¢)
TIOH (¢) / T1 (c), OH" 0399 -1.029 Ge (c)

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



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 Water at 298.15 K -- Continued

Acid Solutions E® dE°/dT  Basic Solutions E° dEO/dT Acid Solutions E° dE9/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/K)
Germanium -- Continued
Nil.rngenl- 6.7
GeOp (c, hex), H* / 0.118 -0.34
HoNoOp. H' /N2 (g)  (263) (006)  Np0p2- /N (g). OH- (152)b (-0.65)
, b
Ge0(c.br) HN3 H'/Np(g)lNHg' 2079 0147  Np0(g)/Na(g) OR- 0941 -1297
HyGeOg, H* / GeO (pt, y) -0.12
N20 (). H* 7 N2 (g) 1.769 -0.461 N0z (g) 7 NOp™ 0917 1712
HyGeOy, H* / Go(OH),  -0.19
NO (g). H* / N2 (g) 1678 09098  NpO4 (g) / NOp- 0892 -0.801
HyGeOg, H* / Ge2* (-02)
NO (g). H* / N20(g) 1587 -1.339 No(g) / N2 (g). O 0850 -1.7458
GeOp (¢, hex), H* / (-0.2)
HNOp. H* /N3 (g) 1447 039  NO(g)/Np0(g).OH- 0759 -2.19
Ge2*
NH30H',H* /NoHs'®  (1.400b(-060) N3/ Nz (g), NH3, OH" 0700 -0.921
GeDp (c, totr), H* / -0207 (-0.26)
NH30H, B / NHg* (133 (-044)  NHyOH/ NpHg, OH (069)°(-168)
GeO (c, br)
NoHs*, H* / NH¢* 125 -0.28 N0z~ / Np (g), OH" 0466 ~1462
Ge(c), H* /GeHg(g) -0294 -0.195
NO3™, H* / Nz (g) 1244 0347  NH20H/ NH3, OH (0.40)b (-1.38)
GeOp (c, tewr), H' / (-0.3)
2 NOp (g), H* 7 HNO, 1.108 -1382  NO3 /N (g).OH- 0251 -1.330
Ges*
N204 {g). H* / HNOp 1083 -0671  NO(g)/Np0p2- (0.18) (-2.84)
HNOp. H* / NO(g) 0984 0649  NpHy/NH3 OH- 0111 107
NOz™. H' / NO(g) 05y 0028  NOy /NOp".OIF 0017 -1.183
NGz, H* / HNOp 0940 -0282  NO3 / NH3, OH- 0119 1391
o8 NO3~, H* / NHy" 0880 -0.445  NO3 /NO(g), O 0149 -1.086
Tin®"
HNOp, H* / NHg* 0860 -0303  NOp" /Ny0p2-, OH (-0.13)b (-187)
Sn(0H)3*. H* /Sn2* 0142 Sn(0H)3™ / Sn (). O -0.892 02 4 R 02"/ Moy
HNG, H* / HN; 085)b(-061) NGO/ NH3, OH 0165 -1.460
$a(0H)2, H* /$02*  (0.10) Sa(0H)2" / $a0(pt), OH-  (-0.90) %2 282, "/ Nt 5
NO3™ H* / N20g (g) 0798 0107  NOy' /NO(g),OH 0481 089
$n0p (pt.a). H* /Sa2*  (008)D(-048)  Sn(OH)g2~/Sn(c).OF  (-0.91) 03 248 % e 3
N0z~ K* / Nop (g) 0773 1018  Np(g)/NH3 OH -0. -
Sn0p (pt.p). H* /502* 001 $00(pt) / Sa (c), O 0917 -132 03 02 (s 3 1o 2 (g) / NH3, OH 073 -1439
NO(g), H* / HaN: (070P(-187)  N30p2" / NHpO0H, O (-0.74)b (-1.1
SaOH'.H' /Sn () -0041 $n(0H)s2" / Sn(OH)y", 0K (-0.93) § i 202" /Ny O7ARCLIS)
HpNa0p, H' / NH30H'  (04DP(-045)  NO3™ /Np04 (g). OH 0858 -1.565
Sn0p (c), H* /$a2*  -0094 -0.31 $n0{(c) /Sa (c), OH" -0930 -1.176
N (g). H* / NHq' 0274 -0616  NO3 /NOp (g), OH- -0.883 -0.654
Sn0y(c),H* /Sn(c) -0.017 0316  Sa0(c)/Sa (c), OH 0545 -1.152
N2 (g), H* / NoHs* 0214 -078 Nz (8) / NpHy, OH 1160 -165
Sn2* /Sn (¢) -0.141 032 $n0; (c) /5a0 (c), O 0961 -1.129
Nz (g).H* /NHj0H*  (-183)0(-096) Ny (g)/ NHp0H.OH (3010 (-162)
Sn0z (c),H* /SnOH*  -0.194 Sn (c) / Snli4 (g). OH -1316 -1.057
Nz (g).H' / HN3 3334 2141 Np(@) /Ny 3608 -2536
Sn(c), H* /SnHg(g) -0.488 -0221
Phosphorusl. 6.7
HgP20g. H' / HPHO3  (0.3) P205%" / PHO3Z", OH" 0.9
PaHy Gia). H' / PHz (@) (0060 (0.48)  PpH4(liq)/ PH3 () OH  {-077b(.026)
Leadt-3 Pglc,w).H' /PH3(g) 0045 -0.093 Py lc,w)/PH3(g), OH -0874 -0929
Pb(OH)Z2* H' / Pb2*  (1.70) Pb(OH)g2 / 0.32) P(c,r)H* /PH3(g) 0088 -0030  P(c,r)/PHz(g).OH -0916 -0.866
PbOj (¢), H* / Pb2* 1458 -0.253 Pb{OH) {pt), OH" Pgle,w) H'/ (-0.10)6(-038)  Pq(c,w)/ PpHy (lig). OB (-0.93)P (-1.22)
Pb0y (c). H* / PBOH® 1230 PbOH)6Z" / Pb(OH)3", O (0.30) PoHg (lig) Plc,r)/ PpHy (lig), OH  (-0.99)0(-1.12)
PbOH* H* / Pb () 0.102 Pb0p (¢) / Pb304 (c), OH 0269 -1.136 HPH0p, H' / PH3 (g) (-0.15)b (-0.13) p043'/p}|032>.0}{- (-1.14)b (-053)
Pb2* / Pb (¢) 0126 0395  PbOz(c)/PhOf(c,r),OH" 0254 -1.161 Plc.r), H* / PpHy Uig) (-016)D(-0.28)  PHz0;" / PH3(g), OH (-117)b(-107)
Pb(c).H' /PbHg(g) (:07) (-022)  PbOy(c)/PbO{c.y).OH° 0248 -1.150 HzPHO3, H' /PH3(g) (-026)0(-021)  PO43" / PH3(g). OH -1247 -091
PbO, (c) / Pb(OH)p (c), OH- 0247 -137 H3POy H' /PH3(g)  -0260 -0247  PHO32" / PHj(g), OH- (-1.28)b(-1.03)
Pb304(c)/PbO(c.r),OR" 0224 -1211 H3PO4 H' / HoPHO3  (-030)0(-036) PO~ /P(c.r). OK -1445 -0.93
Pb304 (c) /PO (c,y), 00" 0207 ‘1177 HPH02, H' /P(c.r)  (-033P(-044) P03/ Py (c,w), OH- 1470 -89

Pb304 (c) / Pb(OH)p (c), OH" 0202 -1.86
Pb(OH)3" / Pb {c). OH" 0538
Pb(OH)z (pt) / Pb (c),0H" (-0.56) (-1.00)

Pb(ON); {c) /Pb (c).OH" 0571 -0.95
PbO(c,y) /Pb(c),OR°  -0573 -1.170
PbO (c. r) / Pb (c), OH" 0578 -1159
Pb (c) / PbH, (g), OH" (-15)  (-1.06)

H3PO4 H' /P (c.7)
.H3P04, H /Pgc,w)
HaPHO3, H* /P (¢, )
HPHZ0p, H* / P4 (c.w)
HoPHO, H* / Pg (c. W)
HoPHO, H* / HPH,0,
H3POg, H' / HaPy0g

(-151)b (-6.95)
(-165)0 (-120)
(-169)b (-1.13)

0377 -0378  PHOsZ" / PHy0y. OH-
PHO32" / P (c. 1), OH-

PHO32" / Py (c, w). OH"

0402 -0.340
(-0.43)b(-0.39)
(-0.45)b (-0.25)
(-0.47)b (-0.33)
(-0.48)b (-0.37)

(-09)

P03 / Pp0g4-, OH" -19)
(-1.92)b (-1.70) -

(-2.04)0 (-151)

PH20p™ / P (c.r), OH"
PH20;" / P4 (c, w),0H
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Tadte | Manderd Llsitrode Potsatiais ind Tomporature

Tabie 1.Standard Electrode Potentisis and Temperature

Teuttivisnte is Water a1 29813 X -~ Continued Coefficionts in Water at 293.15 K -- Continved
Avid Yelations £* dIS/4T . Pasic Selutivas E dES/dT Acid Solutions £ dEO/AT - Basic Selutions E0  dEO/dT
g« 0.000) (¥) (aV/K).  (pH -~ 13.9%) (V) (mv/K) (pH - 0.000) (V) (mV/K)  (pH - 13.99%) (V) (mV/K)
Oxyganﬁ- 7.9
Arsenicé-3 05" H' / (3.3) 0(g)/ OH 16021 -1.9844
AsyOq (c), H' / (067)5(-033)  HpAsO3™ / As(c), OH" 0674 -1327 02 (), Hy0 (lig) 05" 10 (g), OB s

Asqls (c. cu) HAsD3Z" / As (c). OH" -0.68 OH,H* / HpO (1ig) (256) (-1.6) o /0K (160)
Asp04 (c). H / H3As03 (06300 (0.05)  AsO43-/ As(c), O -0.702 -1024 0(R)H° /BOUIQ) 24301 L1484 O3(g)/ 0z (). OH 1247 1325
HzAs0q. Bt/ 0395 0447 AsOZ/HASOTLOH 074 03 (). H* / 2075 0489  03(2)/05 ©9)

Asq0g (¢, cv) AsOg3" / BpAs0s™, OH° 0745 -0570 02 (g). Ha0 (liq) HOp" / OH 0867 -1330
H3As04. H* / H3As03 0575 -0257 As(c) / AsH3 (g),. OH" -1.066 -0.865 Hyp0p. H* / Hy0 (lig) 1763 -0698 0p (g) / OH- 0.4011 -1.6816
ByAsOy H' / As(OH)R* 0566 HOp, H* / Hp0p 144 (07 0y / HOp~, OH- 020 (-19)
B3As0g H / Asp0q () (05200 (-056) 0. H* / Hy0 Uig) 1272 0601  HOp /07 0H (0.13)
As(OH)". H' / As(e) 0253 02 (g).H' /HpO(lig) 12291 0845  0p(g) / KOy, OHF 0065 -2.033
HyhsOs, 12 4 A () 0.2475 0505 HpUp, H" 7 OH, 10 Uig) (0.96) -04)  0p(g) /0y 033 (-22)
AsqOg (¢, cu), H' 7 As (c) 0.2340 -0.378 0 () 1 05 ©9)

As(c).H'/ Asi3(g)  -0238 -0.029 0 (g). B* / Hyp 0695 -0993

0z (g), H* / 1O -005 (-1.9)

Antimony®-3. 10
ShOH)5, H* 7 Sba0g (c) 098 0.8 $ho0g (c) / -0437 -1237
Sha0s (c), H* / 56304 (c) 076  -0.303 Sb40g (¢, cu), OH
6. 7. 10

Sb(OH)s, H* / SB(OH)2*  0.57 Sb204 (c) / 0477 -1.172 Suitu

HS2047 H* / HS203"  (0.79) (-0.50)  S4042" /5052~ 0024 -1.31
Sha0s (). H* / 057 -0.352 Sb703 (c, rh), OH-

S0z, H* 7 54062 0539 -Ltt 2042 / 52052", O/ 0002 -1.27

Sb40g (c, cu) Sb(OH)g~ / -0.48

: HS203". H* 7 Sg () (047) (-0.41)  Sp052- /5032 (-0.16)b (-1.81)

Shy05 (c), H* / 053  -0.320 Sb40 (c, cu), OH-

$0p, H* 7 Sg () 0430 -0652  Sp2-/SH,OH (-0.43)b (-0.71)

0 ] 2

$b303 (¢, rh) Sh(OH)g™ / -0.50

S0p, H* / HS05" (043) (-089)  Sglc)/SH-,0H 0476 0934
Sh(OH)5, H* /Sb(OH)3 034 -0.34 $b203 (c, rh), OH- % 2% 3 sl

S40¢2" H* / 8 (c) 039% -0.38 Sg (c) / Sp2- (-0.50)b (-1.16)
Sb04 (¢}, H* / 0391 -0.401  SB(OH)g™ /Sbp0g(c),OH  -052 > )

52062 H* / § 0370 (0.90) 5032~ /55052, OH -0566 -1.06

Sb40g (c, cu) Sb(OH)g™ / SB(OH)4", OH-  -0.36 20 02 4 03 2203

5042, H* / Sg () 0353 -0.073  Sg(c)/ st 057 134
Sb204 (c), H* / 0351 -0336  Sb(OH)4" /b (c), OH- -0.640 4 8 8
HSO4, H* / Sg (¢) 0333 6366  S032" /SH-, O -05% -113
$b203 (c. rh) Sb03 (c, rh) / Sb (c),OH" - -0.681 -1205
S042°, H* / S402 0321 -003 S2042" / SH™, OH" 0614 -1.16
Sb(OH)3, H' 7Sb(c) 0231 -049%  Sby0g(c.cu)/Sb(c),OH -0694 -1.83
HpSz (lig), H* / HzS () (0.30)b (060)  Sp2-/§2- (-0.64)0 (-152)
Sb(OH)p* H* /Sh(c) 0208 Sb (c) / SbH3 (g), OH" -1.338  -0.866
HSO4, H* / §4062" 0288 -0.36 032" / S (c), O 0659 -123
Sb204 (c), H* / Sb(OH)* 0.169
HySp, H* / Hp$ (027) (-624) SO /SH-,OH -0683 -1.200
Sb03 (c.rh), H* /Sb (c) 0.147 -0.369
Sg(c), H / HaS (g) 0174 0224 S04 /Sg(c), OH -0.751 -1288
Sb40g (¢, cu), H* /Sb (c) 0.134 -0.347
S042°. H* / S0, 0158 0784  Sp052 /85 (c), OF 0752 -140
Sb (c).H* /SbH3(g)  -0510 -0.030
S (c), H* / HyS 0.144 -021 042" / $40¢%", OH" -0.762 098
Bismuth 1. 6-8. 10 Sq0s% B /HS05  (0.10) (-023) S04 /S$406%", OH 0862 -1.22
Bi(OH)s, H* / Big0g (c) 2.4 Bi(OH)s™ / BigO4 (), OH-  (1.0) HSO4, H* / 50 009 0205 . S0 /5052 O 0936 -1.41
BigUs (¢}, H* 7 BigUy () (20)  (-03) BiOH)g™ / BiOOH (¢),0H"  (0.3) SUp, H / S04 UUBS (-128)  SU3E /Spu4F, UM 1130 U85
Bi(OH)s. H* / 20 Bi(OH)g~ / Biz03 (c), OH  (08) Sg(c), H* / HpSp (tig)  (0.05)P(-0.15)  SO42" /5062, OH- (1700 (-1.00)
Big(OH){26* Bi(OH)y™ / Bi(OH)3 (pt), OH" (0.7) Sg (e), H* / Hy$p (0.02) (-0.18)
DBiColy, 1 7 Bi3+ 20 DitOl)g™ / DiOIg~, Ol (0.7) 5042-, H* / 5,052 -0.05)h (067)
Bi(OH)s. H* / BiOHZ* 2.0 Big04(c) / BigOy (¢),OH- 062 (-1.15) HS04", H* / Sp062 (-0.17)b (-0.49)
BigOs (c).H* /Bi3*  (18) (-1.1} BigO4 (¢) / BiOOH(c),OH- B39 (-1.38)
Bi04 (c), H* / Bi3* 139 (-20) Big07 (c) / BiOOH(c), OH- 036 (-162} Selenium®. 7
Bi* / Bi(¢) (05)8 Big04 (c) / Big03 (¢).OH" 056 (-1.17) Se042", H* / HpSe0y 1150 0483  Se0g2 /Se032", OH- 0030 -136
BiOH2*, H* / Bi (¢) 0329 (005)  Big7(c)/Big03(c),0H- 051 (-1.19) HSeO4 . H'/ HpSe03 1094 0011  Se03® /Se(c),OH -0.357 -131
Bi3* / Bi(c) 0308 (0.18)  Bi(OH)4 / Bi(c), OH- -0.366 HpSe03, H* / Se (¢) 0739 -0562  Selc)/Sep?- (-0.61)
Big(OH)y26* H* / Bi(c) 0307 Bi(OH)3 (pU) / Bi (¢), O (-0.38)0 (-1.04) Se(c),H'/ HpSe (g)  -0082 0238  Se(c)/SeH OH -0642 -0.90
Bi3* / Bi* (02)# Big03 (¢) / Bi (c). OH- 0452 -1216 Se (c). H* / HpSe 0114 (-0.19)  Se(c)/Se? 067 (-12)
Bi(c),H* /BiHi3(g)  (-08) (-003)  BiOOH(c)/ Bi {c), OH- -0.461 (-1.14) Sep?- / SeH", O (-0.68)
Bi(c) / Bili3 (g), OH- (-16) (-087) Sep2- /Se2- (-0.73)

J. Phys. Chem. Ref. Data,

, Vol. 18, No. 1, 1989



STANDARD ELECTRODE POTENTIALS AND TEMPERATURE COEFFICIENTS IN WATER 15
Table 1. Siandard Elecirode 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 Sclutions E¢  dEO/dT Acid Solutions E® dJE°/dT  Basic Solutions E0 dEO/dT
(pH - 0.000) (V) (=V/K)  (pH - 13.996) (V) (mV/K) (pH - 0.000) (V) (mV/K)  (pH - 13.99) (V) (mV/K)
Telluriuml. 6-8
Bromine$.7
HgTeGg, * / TeOy (c,a) (0.91)P (-0.12)  H4TeGg2" / Te0z2", OH- (0.15)b (-063) )
Br0g". H* / Broy~ 1745 0511  Brp(liq) / Br- 1078 -0611
HeTeGg. H* / Te(OH)3*  (085)0(-032)  Te0z%" / Te (c), OH" 047  -139 .
HBrOH' / Brp (lig) 1604 -063 Br0g / Br03", O 0917 -1347
Te(OH)3* H*/Te(c) 0538 -0294  Te(c)/Tep?" -0.84
HBrO.H* / Bry (g) 1388 -0.15 Br0" / Br~, OH- 0766 -0.94
Te®y (c.a),H* / Te(c) 0529 -0391  Telc)/Te 090 (-10)
HBrO,H* / Bry 1584 075 Br03™ / Br, OH- 0613 -1287
Te(c).H*/ HaTe(g) 044 026 Tep?" / Te2- -0.96 )
BrO3  H'/ Bra (liqQ) 1513 -0419  BrO3"/ Br0".OH 053 -146
Te (c), H* / HpTe 045 (-0.16)
Br03™, H* / Brz (g) 1516 -6323  BrOz /Brp (lig), O 0520 -1422
Br03". H' / HBrO 1491 -637 Br0- / Bry (liq), OF- 0435 127
Potoniumé. 7 Bry / Bry LI7L 0472
HgPoOg, H* / Pa0y (c,a) (23)8 HqPaOg2- / Po0z%- OB (1.4® Brz (g) / Br3” 1159 -2258
HgPolg, H* / Po(OH)3*  (22)% Po0(c) / Po (), OH- 0.0 Br (lig) / Br3” 110 -0810
HgPolg, H* / Pot* @1e Po0;2- / Po (c), OH" -02) Br / Br” 1098 -04%9
Pot* / po2* 09 POz /Po0(c), OB  (-0.3) Bra () / Br- 1094 -10%4
Po(OH)3* H* / Po2*  (08) Po{c) / Pog?- 10 Bra (tiq) / Be” 1078 0611
Pot* / Po () 076 Po (c) / Po?- (1) (-09) Bry™/ B 1062 -0512
Poly (¢, ), H* 7 Po2*  (07) Pop2~ / Po?- -1.1)
Po(0H)3*, H* / Po(c)  (0.7)
Po0p (c,a),H* / Po(c) (87) (-037)
R lodine6. 7. 10
Poct /Po () 08 104, H° /105 1389 -085 104" / 105", OH- 6761 -169
Po(c).H* / HpPo(g) (-07) (0.26)
Hsl0g. H* / HIO3 1367 -0.12 H31042- / 103, OH- 0589 -0.72
Po (c), B* / HaPo (-0.7)
HIO,H* / I3 (¢) 1430 -0339  I(o)/I- 0535 -0.123
1/ I (0) 135 10/ 1-, OH" 0469 -0.546
FluorineS. 7 HIOH* / I 1345 . -0230 107/ 1p(c).OH- 0403 -0.966
OF; (g).H* /07 (g),F 3294 0508  OF; (g)/ 0y (g).F 3407 1570 1057 H° / 1z (0) 1210 0367 105 /170K 0269 -1163
OF2 (/02 (g).F" 3107 -1570  Fa(g)/F 28%0 1870 HIO3, H* / Iy (c) 1200 -0468 103 /1y (c), OH 0216 -1370
Fz (g). H' / HF 3077 -0.308 OF2 (g) / F~.OH" 1734 -1626 HIOg H* / 1I* 116 105" /107, O 0.169 -1471
Fp (g).H* / HFp~ 29% 1248  OF, (g)/Fy (g),0H 0618 1382 105", He / HIO 1154 -0374
Fp (g) /F- 289 -1870 /1y 0789 -0329
OF (g). H* / HF 2262 0677 LIt 0620 0234
OF; (g). H* / F~ 2168 -1208 /1 0535 -0.186
OF (g), H* / F2 (g) 1446 -0.546 L /1 0535 0125
Iz (e} /15 0534 -0.002
Chlorine5.7
HC10,. H* / HCIO 1674 955 Cip (gh/cr 1.3604 1248
HC10,H* / Clp (g) 1630 -027 €107 / Cl0y” 1068 -1333
HCIO, H* / Clp 1594 -080 €10/ CI. OH- 0890 108 Astatine?
Clo3™, H* / Cl (g) 1458 -0347  Cloy™/Cl, O 0786 -1.267 AW, H* /7 Ay (278 A4 / AtO3", O (192
Ay 1416 (-0.8) Ci0p" / CI0™, OH- 0681 -1.46 HsAWg H' /HAW3 (272 H3AW062 / AWz, OH" (18)8
C103", H* / HCIO 1415 037 C103™ / 1, O 0614 -1.333 At0z", H* / HAO (15) A3 / A, OH" (035)
Cip 7 CI- 13% -072 Cl04 / Ct, OH- 0360 -1313 HAW;, H* / AU 15 A0 / At (c), OF 0.3)
Clog", H* / Clz (g) 1392 -0367  Cl03™/ClO", OH" 0476 -1.46 HAWO,H* / At (c) a2 AL(e) 7 AL 02 00
Clp (g) 7 Cl 13604 -1248  Cl0g" /Cly (g), OH 0465 -1.350 HAW,H* / Ay .
Clp / Cly” 1.356 (-06) Clog™ / Clp {g), OH- 0446 -1322 At/ AL(O) 10
Cly () /€13” 1249 (-22) CI0™ / Cl (g), OH 0420 090 Aty 7 Atz” €0.5)
Clog, H* / €103° 1226 -0416  ClOg /Cl05", OH- 0398 -1252 Atp 7 Av 03) (-0.1)
Clop, H* / HCIOp 1184 -0433  Clog /ClOp", OF- 0271 -1466 Aty / AC 0.2)
Cl03. H* / HCIO, 1157 -0.180  Cl03" /€10, OH" 0526 -1598 At(c) / AC 02 (00
Ci03, H* / €Iy 1130 0074 At(c) 7 Atg” (02)
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Table 1. Standard Electrode Potentials and Tempersture
Coefficionts in Water 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

Kr0,H* / Kr (g) 2308 KrO4 / KrO30H™, 01" (1.8)8

Kr04q, H* / K10y (25)8 Kr0/Kr (g).01" (172

Kr03. 1 / Kr (g) (2.4)@ Kr030H" / Kr (g), OH (15)

Kr03, H* 7/ Kr0 2318 Kr030H" / K0, OH" (14)8

Xenonb. 7.9

HaXeGg, H* / XeOy 238 (00} Xe0/ Xe (g), O (15)8

Xe0 ' / Xe (g) (23)8 XeO30H / Xe (g). OH" 124

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

XeO3, H* / Xe0 2952 Xe030H" / XeO OH (112
HXeOg3~ / XeOz0H.OH"  (0.95)

Radon

ligRn0g. R* / RnO3 (3.4)8 HRn0g3* / RnO30H-. OH"  (2.1)8

RnO3. H* / Rn2* (2.4)8 Rn030H" / R0, O (132

Ro2* / Rn (g) (2.0)2 Rn0 /Rn (g). OH" (12)2

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

baHO is experimentally kfown 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 I:
— 1.693 V). E°[CrO%~ /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 O; . Physical

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

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,Se0,, respectively, and Ru"* and Os"" in basic solution
have been written as RuO2~ and OsO,(OH)2~, respective-
ly. However, attached water molecules have been omitted
from chemical formulas; hence A* ™, H*, cte. (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 E° 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= 1 atm). 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, @ = 1m), 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, /= 1 atm), and
E°[Zn**/Zn(c)] = — 0.762 V. For the complete cell reac-
tion
2MnO; (aq) + 16H™ (aq) + 5Zn(c)
—2Mn?™* (aq) + 5Zn** (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. (5),
(dE°/dT) 05 = — 0.646 — (0.119) = —0.765 mV/K
= —0.000 765 V/K. From Eq. (2) (using E3 = 2.269
V),

ES, =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 55 = — NFE 39, 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 5309 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*

AGS = — nFES
= — nF[E%g + (T —298.15) (dE°/dT) 5]
(8)

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

AGYs = — (10)(9.648 530 93X 10%)(2.269)
= —2.189x10° J = — 2189 kJ. 9)
AGY;; = — (10)(9.648 530 9X 10%)[2.269

+ (373.15 — 298.15) ( — 0.000 765) ]

—2.134x10° 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

ASSes = — d(AG S )/d 1 = nk(dE/dT) 50 (11)
AH 55 = AG o5 +298.15-AS 9
=nF [ — E%; +298.15(dE®/dT),64]. (12)
Using the reaction described by Eq. (5) as an example,
AS %5 = (10)(9.648 530 9 10*) ( — 0.000 765)

= — 1738 /K, (13)
AH %, = (10)(9.648 530 9 10*) [ — 2.269

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

l

It

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 e~ (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 Ed =1.2291 V and (dE°/dT),e
= — 0.8456 mV/K. Thus, from Egs. (7), (11), and (12),
Eq. (15) gives A,G°(H,0, liq) = — 237.18 kJ/mol, AS°
(H,0, lig) = —163.18 J/(K-mol) and A H°(H,O,
liq) = — 285.83 ki/mol at 298.15 K. For the half-reactions

H,0(lig) + ¢~ —1H,(g) + OH ™ (aq), (16)
10,(g) + 1H,0(liq) + e~ -~OH™ (aq), an

Table 1 gives EJ = —0.8280 V and (dE°/dT),

= —0.8360mV/K for Eq. (16),and E 35, = 0.4011 V and
(dE®/dT) 0y = — 1.6816 mV/K for Eq. (17). Thus, from
Egs. (7), (11), and (12), either Eq. (16) or (17) gives
A,G°(OH™,aq) = —157.29 kJ/mol, AS°(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,0O(lig) 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(c) + H,0(lig) + 2¢~ —-SH ™ (aq) + OH ™ (aq),
(18)

Table 1 gives Ejyy = —0.476 V and (dE°/dT),e
= —0.934mV/K. From Egs. (7), (11),and (12), AG %,
AS%s and AH 9, 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,O(liq) and OH™ (aq)
given above, A,G°(SH™, aq) = 12.0 kJ/mol, AS°(SH™,
aq) = —99.6 J/(X 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 dcrived 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

8g(c) +H,(g) »SH™ (aq) + H™ (aq), (19)

AS®=AS°(SH™,aq) = — 99.61/(K mol); combination
with$°({S,, ¢) = 31.81/(X mol) and S °(H,, g) = 130.574
J/(K mol) from Table 2 gives S°(SH™, aq) =62.8 I/
(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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'[-ble 2. Third-law Standacd Entropies at 298.15 | &

Floment 50 Element se Flement so
(}/(K-mot)) (J/(X-mol)) (J/(K-mol))
Ha () 130574 Pul(c.a) 56.10 In () 4163
Li () 29.12 Am(c.@) 5450 cd(c.y) 51.76
Na {c) 51.21 Cm(c,a) 72.0b Hg (liq) 76 02
K(c) 64.18 Bk (¢.a) 78.2b By (c.B) 703
Rb (c) 76.78 Cf(c) (80.)¢ At{c) 28.33
Cs (c) 8523 Es(c) (90.)¢ Ga (¢) 4088
Fri¢) 95.4 Fm {c) (88)¢ In (c) 57.82
Be (¢) 9.50 Md (¢) (84.)C TH(c) 64.18
Mg (c) 3268 No (¢) (66.)¢ C(c. graphite) 5740
Calc.a) 4].42° Lr(c) (56.)¢ Silc) 1883
Src.a) 52.3 Ti{c.a) 3063 Ge (¢) 31.09
Be (¢) 623 Zr () 3899 Sn (c. l-white) 5155
Ra {c) 71 Hf (¢) 4356 Pb (¢) 64.81
Se(e) 3464 Vie) 2891 Nz (g) 19150
Y (c} 4443 Nb (c) 3640 Pic. red) 2230
La{c.c) 5700 Talc) 4151 Pglc.white) 1643
Celc.y) 720 Cr{c) 2377 Asfc.o-gray) 351
Pr (¢, ) 732 Mo () 2846 Sb (¢, I11-gray)  45.60
Nd {¢) 715 Vi) 3264 Bi(c) 56.74
Pm (c) 7b Mn (c.a) 32.01 07 (g) 205.029
Sm (c) 6938  Tc (c) (33.8 Sg (c. rhombic) 2544
Eu (c) 7178 Re (¢) 3686 Se (c. gray) 42442
Gd () 6807 Fe(c.a) 2728 Te(c.a) 4971
Tb (c) 7322 Ru (¢) 2853 Po (c,a) (60.)d
Dy (c) 74.77 0s(c) 326 Fp(g) 20267
Ho (c) 753 Co (c.a) 30.04 Cly () 222.957
Er(c) 73.18 Rh (¢} 3151 Bry (lig) 152231
Tm () 7401 Ir () 3548 I3 (c) 116.135
Yb (c) 5987 Ni(c) 2987 AL(c) (65,9
Lu(c) 50.9 Pd(c) 3757 He (g) 126,041
Aclc,a) 62.8b PL(c) 4163 Ne (g) 146219
Th (c.a) 53.39 Cu(¢) 33.150 Ar(g) 154734
Pa(c,a) 519 Ag(c) 4255 Kr(g) 163.973
U (e, o) 50.21 Au () 47.40 Xe(g) 169574
Np (c.a) 50.46b Rn (g) 176.1
Notes to Table 2.
aReferences 6 and 7, except as noted.
bReference 9.
CReference 13.
4This work.
R Y
— g - LR o0, (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 motl)]," 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. Q- is the
activity quotient at the temperature 7, which has the same
form as the equilibrium constant K 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,

Eoo3 = E 55 — (0.059 159 7/n) -1og Q. 2n
Using the reaction described by Eq. (5) as an example,
0.059 159 7 . log (aMn2+ )z(aZn2+ )5

10 (nnos— ) (@y )™
(22)
Zinc and water donot appear in Eq. (22) because the activi-
ties of pure solids and liquids are taken as unity.
At equilibrium, £, =0 and Q, = Ky. Making these
substitutions into Eqs. (20) and (21) gives, upon rearrange-
ment,

log Ky = [nFE$/(In 10)-RT ] (23)
10g Kyos = (1E S /0.059 159 7). (24)

For the reaction described by Eq. (5) (using » = 10 and
E% =2.269 V), log K,o3 = 383.5 and Ko = 3 X 10°%,
Combinations of Egs. (2) and (23) gives

o
1ogKT={nF[E298+(T—298.15)-(dE ) ]/
dT /108

Epop = 2.269 —

(In 10) -RT}. (25)

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

log K1 = [5039.7571 [Eg98

dE°
+ (T —298.15) ( a7 )298]/T}. (26)
For the reaction described by Eq. (5) [usingn =10, F %
=2.269 V and (dE°/dT) 45 = — 0.765 mV/K], log K3
=298.7 and K5,3 = 5X 10798,

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 E° 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 ACY on AG ®and E °is less than that on AH °
and AS °because JAH °/dTand dAS °/dT have the same al-
gebraic sign. Salvi and de Bethune® have expanded Eq. (2)
as

dE°
E% =E) +(T—298.15)'(——)
B 8 _ dT /a9s

d’zEO
4+ 0.5(T —298.15)2- (—-—) s (27)
) dT? /208
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where (d*E°/dT?),qs is the second temperature coefficient
of the standard electrode potential. According to Salvi and
de Bethune (d 2E °/dT?) 545 may be calculated from AC$ by
the expression

dZEo) 0
Z ) =AC%/(298.15nF). (28)
( dT? /s i

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/K2. In
accord with Eq.(27), this changes E ,; 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 E ° in going from 298.15 to 373.15 K is only ~5-10
mYV, which is often less than 10% of the effect of dE°/dT on
E° over the same temperature range, and smaller than the
uncertainties associated with many £ ° 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,5’ 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 2E °/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 208 15 k3. b

Half-Reaction d2E0/dT2  Haif-Resclion 420,412
(pV/K2) (v/x2)
H* /Ha () 0.0000 Yb3* 7 Yb () 05
Hp0(liq) / H (g). OH -778 Lu3* /Lu(c) 05
Li* /Lite) -2.02 MaOg", H' / Mn2* 25
Na* / Na (c) 113 Ma2* / Ma (¢) -09
K /K (¢) 023 ReDg . H* /Re () 119
Cs* /Cs (c) 098 Ag’ / Ag(c) -0.38
La3* /La(c) 00 202" /Zn () 09
Prds /Pric) 02 NO3~. H' / N (g) 177
Nd3* / Nd (¢) 0.1 Na(g). H* /NHg 026
Sm3* /Sm (c) 0.1 0 (g), H* 7 Hp0 (tiq) 05523
Eud / Euic) 0.3 Oy (g) / OH" 7.23
6d3' / Gd (¢ 0.2 S042° H* /8g () 31
Tb3* /Th (c) 0.4 Fp(g)/F 475
Dy 3 /by (o) -0.4 Cly(g)ror- 583
Ho3* / Ho (c) 04 Bry (g) / Be~ -6.06
Er3* /Er (o) -0.4 Brp (tiq) / Be -6.75
Tm3* / Tm (c) 05 Iatc) /1 -h2a

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 °/dT values listed by de
Bethune ef 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 AH .

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' 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 FeO3~ by
comparison with CrO2~ and MnO? ). 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 hehavior in terms of aquo-
species such as M**+ and MO, (OH){F =2~ 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 E © 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+, Ta3+, MO3+, R63+, 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 V2, Cr?™).

Sc?*, W3+, T2+, T3+, Cudt, 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 ( 2).%7
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 but 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
RhO?~, 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,2), Fegq,;,0(c), Fe(OH), (¢),
Fe;0,(c), Fe,05(c,ar) and Fe(OH),(pt), A H° for Fe**,
FeOOH(c), Fe**, FeOH?™, and Fe,(OH); ", 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
AfG0 for Fe(OH),(pt), Fe(OH)2~, 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;j " ), 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 °/d T? values show in-
teresting correlations with electronegativity (X),' ionic
charge (z) and ionic radius (7, nm)**:

0.4

ES +45=34X——""— + 04V, 29)
% r+0.138 ~ (
0
(EIE_) +0.906 = _ 0484 2.90 +0.09 mV/K,
298 r+0.138 1.5%
(30)
20
(d E ) =27r— 2% 24402 pv/Kn (31)
dT? )as 5?

The absolute potential and temperature coefficient of the
SHE are 4.5 + 0.1 V and 0.906 + 0.015 mV/K, respective-
ly,>*? 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

Bl =23X——28 _ 06104V, (32)
F 1 0.140
0

(dE ) — —0.37+ 004 mV/K, (33)

dT /298

d2E°)

—0.52 +0.08 uV/K2 (34)

( dT? /s a ’

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 o4 is essentially the same as
for oxides, i.e., Eq. (32). The equations for (dE °/dT),eg and
(d2E%/dT?),4q arc the following:

0
(dE ) — —0.17+ 0.05 mV/K; (35)
dT /s
20
(d E) —1.29 4+ 0.09 uV/K>. (36)
dT* /298

The parameters in Egs. (35) and (36) have no physical sig-
nificance. At pH = 13.996, the E° values for Eg. (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*E°/
dT? values for Egs. (34) and (36) are 7.78 pV/K” more
negative.
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