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The purpose of presenting a summary of electrode potentials 
is four-fold. (1) To present explanation and discussion in n 
more complete form than will be possible in the pages of thc 
International Critical Tables, (2) to receive helpful criticism 
(3) to point out needed researches to fill in gaps, and (4) to point 
out the necessity for employing easily duplicated and reversible 
reference electrodes. 

The electrodes will be divided into four classes, (1) molal 
electrode potentials, (2) reference amalgam electrodes, (3) 
standard reference electrodes, and (4) oxidation-reduction elec- 
trodes. This constitutes an extension of Lewis and Randall's 
tablesS2 In addition, their example of expressing electrode 
potentials, calculated from the electromotive force of cells which 
contain no liquid potential, will also be followed, whenever such 
data exist. Thus cells which contain liquid potentials will be 
excluded from consideration whenever i t  is possible. The later 
references are usually given, in order that  discussions of earlier 
work may be found. 

I. SISGLE ELECTRODE POTENTIALS OF .THE ELEMEKTS 

Conventions 
I. The sign3 of the electromotive force is such that the electro- 

motive force is positive if the negative current tends to flow from 
Contribution from the Department of Chemistry of the Massachusetts 

The data in this paper will be the basis for the values of electrode potentials 

* Lewis and Randall, Thermodynamics and the Free Energy of Chemical Sub- 

8 Customary American usage. On the continent the reverse conventions are 
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Institute of Technology. 

in the International Critical Tables. 

stances. McGraw-Hill Book Co. 1923. 
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~~ ~ 

1/2 Ht = H+ + E- 
E- 5 l /2  C11 = CI- 

1/2 HI + 1/2 C12 = H+ + C1- 

right to left through the cell; also, the free energy increase, AF 
for the change of state occurring in the cell is given by the 'equa- 
tion, AF = -NEF. 

11. The electromotive force of the molal hydrogen electrode 
HZ (1 atm.), H+ (unit activity) is zero. 

111. The values for the electromotive force E", of the half 
cells will be tabulated only for the substances in their standard 
states. The standard state for solids, liquids and gases is their 
state if the temperature is 25" and the pressure is one atmosphere. 
Unionized molecules and also ions are in their standard states if 
the temperature and pressure of the solution is 25" and one atmo- 
sphere and the concentrations are such that the activity is unity 
which is sometimes called "hypothetically molal." If the sub- 
stances are not in their standard states, the symbols describing 
the cell will be followed by descriptive symbols in parentheses. 

IV. The sign of the electromotive force of a given half cell is 
determined by reference to the hydrogen electrode, or other 
reproducible reference electrode. The cell consisting of a hydro- 
gen electrode and the given half cell is expressed so that the nega- 
tive current tends to  pass from right to left through the cell. 
The electromotive force of the whole cell is then equal to  the 
potential of the half cell a t  the negative pole minus the potential 
of the1half cell a t  the positive pole. Thus, (E cell) =E( - pole) 
-E(+ pole). 

E'H* - E'cl, = E" cell 
- pole +pole 
Ha, H+ C1-, Cln 

- E"H, = E" cell 

- pole +pole 
Na, Na+ H+, HI 

The cell is divided into two half cells, the electrode reactions of 
which combine to give the cell reaction. 

0.0000 Na = Na+ + E- $2.9224 
-1.3594 E- + Hf = l / 2  Hz o. 0000 

+1.3594 Na + H+ = Naf + 1/2 H: +2.9224 

ELECTRODE REICTION I E' 1 1  ELECTRODE REACTION I E* 
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~ 

ELECTRODl 

Na, Na+ 
c1-, Clz 

Thus the potential of the chlorine electrode, Clz, C1-, which cor- 
responds to the reaction, C1- = 1/2 CI2 + E-, is -1.3594 
volts and the potential of the sodium electrode Na, Na+, which 
corresponds to the reaction, Na  = Na+ + E -, is + 2.9224 volts. 
In  order to illustrate further this convention, the electromotive 
force of the cell will be calculated in which sodium chloride in its 
solution of unit activity is formed from the elements in their 
standard states. 

EO ELECTRODE REACTION 

+2.7128 Na = Na+ + E- 
+1.3594 E- + 1/2 Clz = C1- 

~ Na, Na+, C1-, Clz lf4.0719 1 Na + 1/2 Clz = Naz + C1- 

The free energy increase, AF attending the formation of one mol 
of NaC1 in its solution of unit activity is given by the equation 
A F O  = -NE°F and is numerically equal to -93,955 calories. 
This latter calculation illustrates the importance of a table 
of electrode potentials free from liquid potential corrections. 

V. In  order to obtain the potential of a half cell in which the 
substances are not in their standard states, the electrode reaction 
is written and the following formulae apply. Consider the 
chlorine electrode, C1- (C, molal), C12 (P atm.) and its 
reaction, 1/2 Clz (P atm.) + E- = C1- (C, molal). 

electrode 

a (C1-) yC(Cl-) 
P+ (ClJ Pi (Clz) 

A F =  AF”+RT ln-= AF”+RT In ~ 

The activity and the activity coefficient are “a” and “y” respec- 
tively, which are employed instead of concentration for precise 
calculation. However, the lack of precise information concerning 
the activities of the individual ions considerably hampers accurate 
calculation of the potential of half cells. This difficulty can be 
easily avoided by combining two half cells into a cell in such LZ 
way as to  avoid liquid potentials. Except for oxidation-reduc- 
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tion cells, the electromotive force of the complete cell, in which the 
substances exist in states other than their standard states, may 
be accurately evaluated with the aid of a table of activity coeffi- 
cients. Suppose that the electromotive force of a cell consisting of 
sodium and chlorine electrodes in a saturated solution of sodium 
chloride were desired. The molality is 6.12 and the activity 
coefficient 1.013(2). If the sodium chloride solution is of unit 
activity, the electromotive force of the cell is 4.0719 volts. The 
change of state is Na + 1/2 C12 = Na+ + C1- and the equation 
relating the electromotive force to the state of the substance is 

E = E" RT - In Since the activity of the 6.12 molal 

NaCl solution is the square of the product of the molality and the 
activity coefficient 1.013, the electromotive force of the cell Na, 
YaCl(sat)Clz containing the saturated solution is 3.9781 volts. 
The necessity of using the activities of the dissolved solute 
instead of the individual activities of the ions is to be especially 
noted in a cell of the type Hz, HzS04, Hg2S04(s), Hg. This 
feature is more than offset by the advantage gained in that the 
half cell offers the most compact method of accurately tabulat- 
ing electromotive force data. 

In  table 1 is the list of electrode potentials summarized by 
Lewis and Randall,2 which are based upon thejr activity 
coefficients. 

N F  p4Cl2 

11. REFERENCE AMALGAM ELECTRODES FOR METALS 

The fact that  two-phase amalgam electrodes are employed in 
standard cells in place of pure solid metal electrodes is a strong 
argument for using the former type of electrodes in exact elec- 
tromotive force measurements. Greater reproducibility with 
less effort and without analysis of two-phase amalgams are the 
principal advantages over the solid metal electrodes. If the 
electromotive force of a cell whose electrodes consist of the pure 
metal and the two-phase amalgam has been carefully measured, 
the results obtained with the reference two-phase amalgam 
electrode can easily be corrected. 
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TABLE I 
Single electrode potentials at $6' 

ELECTBODE 

Li, Li+ 
Rb, Rb+ 
K, K+ 
Na, Na+ 
Zn, Zn++ 
Fe, Fe++  
Cd, Cd++ 
T1, T1+ 
Sn, Sn++ 
Pb, Pb++ 
Pt, H2, H+ 
cu, cu++ 
Hg, Hgz++ 
Ag, Ag+ 
Pt, 1 2 ,  I- 

Pt, 012, c1- 
Pt, Brs, Br- 

Pt, Hf, OH- 
Ba (Hg), Ba++ (1) 
Sr (Hg), Sr++ (1) 

ELECTRODB REACTION 

Li = Li+ + E- 
Rb = Rb+ + E- 
K = K + + E -  
Na = Na+ + E- 
Zn = Zn++ + 2E- 
Fe = Fe++ + 2E- 
Cd = Cd++ + 2E- 
T1 = Tlf + E- 
Sn = Sn++ + 2E- 
Pb = Pb++ + 2E- 

Cu = Cu++ + 2E- 

Ag = Ag+ + E- 

Br'= 1/2 Br2 + E- 
C1-= 1/2 Clz + E- 

1/2H2 + OH- = H20 = E- 
Ba (Hg) = Ba++ + 2E 
Sr (Hg) = Sr++ + 2E 

1/2H2 = H + + E -  

2 H g  = Hgz++ + 2E- 

I- = 1/2 I p  + E- 

38 1 

E' 

2.9578 
2.9242 
2.9224 
2.7126 
0.7581 
0.441 
0.397s 
0.3363 
0.136 
0.122 
0.0000 

-0.3448 
-0.7980 
-0.799s 
-0.535, 
-1.0659 
-1.3594 
+0.8280 

1.8378 
1.790s 

(1) Danner, J .  Am. Chem. SOC., 46, 2385 (1924). 

Thus in order to measure the potential of cell 111, in which the 
reaction, Zn(s) + Hg2S04(s) = ZnSOa(xm) + 2 Hg, tends to 
take place, i t  is necessary only to measure the electromotive force 
of cell 11, and add to i t  the value of cell I. 

I. Zn(s), Zn++, Zn(Hg) (2 phase) 

111. Zn(s), ZnSOl(xm), Hg2SO4, Hg 
11. Zn(Hg) (2 phase), ZnSOl(xm), HgzSOc(s), Hg 

In  table 2 are listed values of the potentials of several pure 
metals against their two-phase amalgams. 

111. STANDARD REFERENCE ELECTRODES 

This section contains a compact summary of very useful 
data. In  the main, these half cells are free from liquid potential 
corrections. Instead of choosing the final most probable values 
for these half cells, the data of different observers are exhibited in 
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order to illustrate the usefulness of this method of intercompari- 
son, the advisability of the dibcontinuance of certain reference 
electrodes, and the necessity of the use of oxygen free electrolytes 
in practically all cells. 

TABLE 2 

Reference amalgam electrodes 

CELL 

Na, Na+, Na(Hg) 
Cd, Cd++, Cd(Hg) 
Zn, Zn++, Zn(Hg) 
Pb, Pb++, Pb(Hg) 
T1, T1+, Tl(Hg) 
Cu, Cu++, Cu(Hg) 
CdPb(Hg), Cd++, Cd(Hg) 
CdSn(Hg), Cd++, Cd(Hg) 
CdBi(Hg), Cd++, Cd(Hg) 
CdCu(Hg), Cd++, Cd(Hg) 

E.Y.P. AT 25' 

0.7821 
0.0506 
0.0047 
0.0067 
0.002, 
0.0024 
0.001l 
0.0010 
0.0011 
0.000005 

AE/AT 

-0.OOO244 

0.000016 
0.000032 

0.000027 
0.000032 
0. ooooso 
0.0000005 

-0.OOO138 

REFERENCE 
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Conventions 

I. The conventions for half cells, as the calomel electrode which 
consists of an insoluble salt and a soluble ion, are the same as for 
the half cells in section I. 

Cl-(a = 11, E = EO -- RT In 
NF a(CI-1 
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11. In order to place half-cells of the soluble salt type, such as 
Na(s), NaCl(s), NaCl(sat. sol.) in the table with other half cells, 
and also because of the lack of activity data in saturated solution 
of soluble salts, a new and arbitrary convention will be employed. 
This convention relates to  the magnitude of the electromotive 
force of such an electrode of the type just mentioned. The 
convention is that the total electromotive force of a cell containing 
a soluble salt electrode is equal to the difference of the electro- 
motive force, E' of the insoluble salt half cell and the standard 
electromotive force, E", of the reference electrode. As an illus- 
tration consider the cell, Na(s), NaCl(s), NaCl(sat. sol.) Hg2C12, 
Hg, which contains no liquid potential. The electromotive force 
of the whole cell, E, is related to E' Na(s), NaCl(s), NaCl(sat. 
sol.) and to E" (Cl-, Hg2Cl,, Hg) by the equation, E = E' - 
Eo.* 

This equation appears to  indicate the existence of a liquid 
potential between the saturated sodium chloride solution and a 
solution of sodium chloride of unit activity. Such is not the 
case, since the cell under discussion has for its electrolyte satu- 
rated sodium chloride throughout the whole cell. It is understood 
that an electrode, (Na(s), NaCl(s), NaCl (sat. sol.) should be 
combined with chloride ion reference electrodes and not with 
other types such as the mercurous sulphate, mercury half cell. 
I n  order to distinguish soluble salt half cells from the insoluble 
salt type and also because of the abitrariness of the convention, 
no electrode reactions will be tabulated for the soluble salt 
electrodes. 

In  table 3 each cell will be followed by not more than four refer- 
ences-namely, (1) the reference to the author, (2) the reference 

4 There is an alternative method for stating this convention in terms of the 
single electrode potential of the metal and the activity of the saturated salt 
solution. It can be briefly illustrated for this particular case by the equation, 

RT E' = Eo (Na) - Eo (Hg, Hg2C12, C1-) - - In aZ(NaC1) - E"(Hg, Hg2C12, 
N F  

RT 
N F  

el-) = Eo (Na) --In at(NaC1). All the changes in electromotive force of the 

whole cell, due to  changes in concentration of the electrolyte are thus found to  be 
collected in the potential of the soluble salt half cell. 
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to other standard reference electrodes which were used in evaluat- 
ing the given one, (3) the type of liquid junction correction exist- 
ing in the experimental potential, and (4) the letter, 0, indicates 
that dissolved oxygen was not present in the cell electrolyte. 
For example, the electromotive force of cell 111 1 in table 3 was 
derived from reference 6 in section I11 and with the aid of half 
cell I11 31 in table 3. It has no liquid potential correction and 
dissolved oxygen was not present in the cell electrolyte. Liquid 
potential cofrections will be classified as lo, IC, and le, respec- 
tively. The ordinary type K C1; NaN03 will be designated as 
“lo;” the concentration cell type HC1, cl; HCI, cz as “lc” and the 
electrode type as “le.” The latter type which is sometimes 
unavoidable is eliminated in the second cell. 

IV. OXIDATION-REDUCTION ELECTRODE POTENTIALS 

There are two outstanding difficulties in the interpretation of 
oxidation-reduction potential half cells. The first difficulty 
consists of the incomplete elimination of liquid potentials and the 
second consists of the lack of precise data on the activity of an 
electrolyte in the presence of one or more electrolytes. In  the 
main, the published data in this field abounds with unnecessary 
liquid potential corrections which cannot be precisely computed. 

There are two general classes of reversible oxidation-reduction 
potential half cells, namely, (1) those in which liquid potentials 
are not necessary, and (2) those in which liquid potentials can be 
reduced to a negligible value by a careful choice of relative con- 
centrations of electrolytes. As an illustration of the first class, 
consider the two half cells I11 16 and IV 14 combined to make a 
cell. The cell reaction is Pb(Hg) + PbOz + 2 HzS04 = 2 
PbS04 + 2 H,O and no liquid potential exists in the cell, due to 
the insolubility of lead sulphate and lead dioxide. However, if 
half cells 111 13 and IV 14 were combined, a liquid potential would 
exist a t  the boundary of the sulphuric and hydrochloric acids. 
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The combination of half cells 111 31 and IV 11 results in the cell 
reaction 

2 Hg + 4 H+ + 2 01- + MnOz = Hg,C12 + Mn++ + 2 H20 

or 
2 Hg + 4 HC1 + MnOz = HgzC12 + MnC12 + 2 HzO 

This cell has no liquid potential, due to the insolubility of man- 
ganese dioxide, if manganous chloride and hydrochloric acid are 
used as the electrolyte throughout the whole cell. I n  the case 
of the lead, lead sulphate, lead dioxide cell, sulphuric acid is the 
cell electrolyte. With the aid of a table of activity coefficients, 
it is possible to precisely calculate the change of electromotive 
force of the cell with a change of concentration of sulphuric acid. 
On the other hand, in cells I11 31 and IV  11 mentioned above, 
the electrolyte is a mixture of manganous chloride and hydro- 
chloric acid and the calculation of the electromotive force a t  differ- 
ent concentrations involves data on the activity coefficients of 
both electrolytes in the presence of each other. 

The second class of oxidation-reduction potential half cells 
involves liquid potentials which can be made negligible by ,z 

careful choice of relative concentrations of electrolytes. The 
Fe++ - Fe +++ potential may be studied in either of the follow- 
ing types of cells: 

Pt, FeCl2 1.0 M 5 FeC13 0.001 M, FeCL 1.0 M, Hg2C12, Hg 
Pt, FeClz 0.001 M + FeClJ 0.001 M + HC1 1.0 M, HC1 1.0 M, Hg2C12, Hg 

In  either cell the cell reaction may be written: 

FeCl2 + 1/3 HgZC12 = FeC13 + Hg 

The precise interpretation of such results requires a knowledge 
of the activities of ferric chloride in the presence of ferrous chlo- 
ride in the first cell and in ferrous chloride and hydrochloric acid 
in the second cell. 

Most of the values for oxidation and reduction potential half 
cells tabulated in table 4 were derived from cells in which unneces- 
sary liquid potentials exist and can be regarded as rough provi- 
sional values, pending the results of more precise research. 
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DISCUSSION 

It may be interesting to quote a few statistics, which can be 
obtained from the tables of electrode potentials. Only thirty- 
two of the ninety-two elements are found in the tables. Only 
twenty elements, including both electropositive and electro- 
negative enter directly into reversible electrode reactions. In a 
broad sense it is apparent that electromotive force measurements 
have been applied to only a rather limited number of elements 
in the periodic table. 

Although many elements have been studied, which have been 
found to give irreversible electrodes, the field of precise electro- 
motive force measurements is still fertile and well worth culti- 
vating. For example, practically all of the oxidation-reduction 
potential electrodes need to be more precisely reinvestigated 
with the purpose of obtaining more accurate and interpretable 
measurements. A glance a t  the tables will show that cells 
containing solid salts and solutions of carbonates, phosphates and 
sulphides have received but scant attention. 

A word should be said about the method of determination of an 
electrode potential. One of the most important electrodes is the 
calomel electrode, since many values of electrode potentials are 
dependent upon it. Its value depends upon concordant measure- 
ments of electromotive force in 0.1 molal hydrochloric acid, the 
activity coefficient of the hydrochloric acid and the convention 
that the electromotive force of the molal hydrogen electrode is 
zero. At the present time there is a uncertainty in the value of 
the activity coefficient of hydrochloric acid of not greater than 
one and one-half per cent, which is reflected as an  uncertainty 
of not more than 0.0008 volts in the potential of the molal calo- 
mel electrode. This difficulty in the case of hydrochloric acjd 
will be soon disposed of, since accurate measurements on its 
activity coefficient exist. Existing data show that the activitj 
coefficients of hydrobromic and hydroiodic acids in solutions 
more dilute than 0.1 molal are identical with those of hydro- 
chloric acid. Hence the electrode potentials in solutions of bro- 
mides and iodides are also subject to a correction depending upon 
the value selected for hydrochloric acid. Data for the activity 
of sulphuric acid exists, but are not quite as accurate as those of 
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hydrochloric acid. These form the fundamental basis for the 
electrode potentials in solutions of chlorides, bromides, iodides 
and sulphates. The question arises as to the method of evaluat- 
ing electrode potentials in solutions of phosphates, sulphides, 
carbonates, chromates, thiocynates, oxalates, cyanides, etc., 
since the use of the hydrogen electrode is precluded in most of 
these solutions. Future experimentations in this field will require 
not only measurements of electromotive force, but also determina- 
tions of activity coefficients of electrolytes. 

Of chief importance to workers in this field of investigation is a 
knowledge of what not to do, rather than a set of very detailed 
directions. In  order to secure measurements which will permit 
precise interpretation, the main difficulties to avoid are impuri- 
ties such as dissolved oxygen, liquid potentials and irreversible 
electrodes. The solid metal, insoluble salt electrodes constitute 
a class of electrodes which are found to be not accurately dupli- 
cated as to electromotjve force. Examples of this class are the 
electrodes Ag, AgCl(s), C1- (I11 25a, b, e, and d), Ag, AgBr(s), 
Br- (I11 26 a and b), and Ag, AgI(s), I-(I11 27 a, b, e, and d). 
The lack of agreement in these electrodes strongly suggests the 
discontinuance of their use in accurate electromotive force 
measurements. On the other hand, electrodes of the calomel 
type with oxygen free solutions strongly recommend themselves 
for these uses. Similarly, in the case of the solid metals Na, 
Cd, Zn, Pb, T1 and Cu the two-phase amalgam, solid salt type 
electrodes, which are used in standard cell construction, are 
preferable for ease of reproducibility of electromotive force. 
In  the following table are listed cell electrolytes and correspond- 
ing reference electrodes, some of which have been carefully studied 
and are known to be easily duplicated. 

ELECTRODE I CELL ELECTROLYTE 

H +  in absence of oxidizing agents 
OH - 
c1- 
Br- 
I- 
sod- 
sod' 

Pt ,  Hz, H +  
Pt ,  HI, OH- or Hg, HgO, OH- 
Hg, Hg2C12, C1- 
Hg, HgzBrn, Br- 

Hg, Hg2SOp, SO4," or 
Pb (Hg), PbI?, I- 

Pb (Hg),  PbSOr, so," 
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Moreover, liquid potentials can easily be avoided by the selec- 
tion of the proper reference electrode. Thus, in the study of solu- 
tions containing iodide ions a lead amalgam, lead iodide electrode 
would prove satisfactory. 

Of great importance are the criteria of irreversibility of elec- 
trodes. These have been summarized by Luther5 and are sum- 
marized below. 

I. Fluctuations in electromotive force. 
11. Two electrodes in the same solution which give different electro- 

111. Changes of electromotive force on shaking. 
IV. Changes in electromotive force not proportional to the loga- 

motive force. 

rithm of the concentration. 

Of equal, if not greater importance than reversibility of elec- 
trodes is the fidelity with which the cell registers the tendency for 
the desired cell reaction to take place. Thermodynamics has 
placed in our hands a powerful tool for deciding as to the purity 
of the desired cell reaction. These criteria are listed below. 

I. The free energy increase of the cell reaction which is calculated 
from the electromotive force should be identical with the free energy 
increase which is calculated from equilibrium measurements. 

11. Identical potentials for half cell derived from measurements of 
different workers using different reference electrodes. 

111. Identical electrochemical and thermochemical heats of reaction. 
IV. Identical entropy increases for the cell reaction from electro- 

metric and heat capacity data. 

The use of these thermodynamic tools will be briefly illustrated 
with two examples. The oxygen electrode is irreversible, due 
to the fact that no satisfactory catalyst has been found which will 
suffciently increase the rates of the electrode reaction. The 
degree of reversibility of this electrode was not known until its 
potential was calculated from equilibrium rnea~urements~~~.  Two 

6 2. Elektrochem., 13, 289 (1907). 
6 Nernst, 2. Elktrochem., 12,693 (1906). 
7 Lewis, J .  Am. Chem. Soc., 28, 158 (1906). 
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authors found by different calculations that the then accepted 
value for the potential of the oxygen electrode was a t  least a 
tenth of a volt too low. 

The cell, Pb(Hg)z, PbBrr, Pb(C104)z, PbBr2, Br2(l), in which 
the desired cell reaction is Pb(Hg) + Br2(l)  = PbBr2(s) presents 
an excellent opportunity to ascertain if the desired cell reaction 
actually tends to take place. This cell, which should contain no 
liquid potential, behaved well experimentally both as to repro- 
ducibility of electromotive force and temperature coefficient. 
The potential of the half cell I11 14 should be between those of 
I11 13 and I11 15. The electrometric value, -67,480 calories 
for the heat of formation of lead bromide does not compare 
well with Thornsen’s -64,465 calories. Also, the electrometric 
increase of entropy attending the formation of one mol of lead 
bromide from the elements is -18.4 cal. per deg. in contrast to  
the value -8.9 cal. per deg. from heat capacity data. In  view of 
these discrepancies, it  seems almost certain that the desired 
change in state does not tend to take place in this cell. The 
lead-lead bromide electrode is being studied by Mr. James R. 
Geddes of this laboratory by means of another cell. 

SUMMARY 

I. A summary of electrode potentials has been tabulated in 
four groups, (1) molal electrode potentials, (2) reference amal- 
gam electrodes, (3) standard reference electrodes, and (4) oxidrt- 
tion-reduction electrodes. 

11. For the practical selection of a proper reference electrode :L 
short table of reproducible and easily duplicated standard refer- 
ence electrodes was included. 


