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Varizlicns cf overvoltage for oxygen evolution from one metial to another
primarily result from variations in the energy of the bond M~OH. The overvolt-
age decreases approximately in a linear mammer with increasing bond energy.
This relationship is verified experimentally for Ag, au, Cd, Co, Cu, Pe. Ni,
Pb, Pd, Pt, for olectrolysis in 1 N potassium hydroxide at 1 ampecm.2; the ex-
pPerimental deta are those reported by Hickling and Hill. Bond energies for
M~OH are calculated by three different thermodynanic cycles involving, respec—
tively, the standard heat contents of the hydroxide, the oxide, and spectroscopic
data for molecules MO. Variations of the energy of the bond M~OH,as the elec-
trode is oxidized to a higher valsnce;, also account for sudden breeks in piots
of overvoltage sgalnat logaritim of current density. Finally, there is essen-
tiailly no correlation between the oxygen overvoltage for different metals and
the corresponding work functions provided that the transfer coefficient for the

metals being compered is the same.

It is well known from experimental studies that the nature of electrode
material has a profound influence on the kinetics of electrode processes. The
interpretation nf this effect is difficult except for relativeély simple reactions
such as the discharge of hydrogen or hydroxyl ions. Thne former reaction was
atudied in a previous Jmpoi'tap and it was shown on g theoretical basis that the
overvoltage for hydrogen ion discharge varies from one metal to another prima-

rily because of variations in the heat of adsorption of atomic hydrogen. An

1 postdoctoral fellow 1553=54,
2 Po R&Qtscm and P, D.l&!'.ayp Tech. R.p. to OBNonog No 17 (1%4)0



interpretation of the effect of electrode material is given in this report for
the electrolytic produstion of oxygen in alkaline aqueous solution. Unfortu-
nately, the experimental study and the quantitetive interpretation of oxyg
overvoluage are far less advanced than for hydrogsn ovorvoltag;, but suffi-
cient experimental data are availabloa to test an explanation of the effeot

of electrode material.

INITIAL AND FINAL STATES FOR HYDROXYL ION DISCHARGE

de shall assume that the diascharge of hydroxyl ions oan be represented

by the reasction
M + Ho-0H™ - € ——5 M-0H + HO ()

which is followid by a process yislding molecular oxygen. The nature of this
process is immaterial if one assumes that reaction (1) is rate determining.

This is undoubiedly the case when the overvoltaz2 exoeeds say 0.1 - 0.2 volt,
i.e0 when the effect of the backward electrode reection oan be neglected. As
for hydrogen ion diachargoa, the overvoltage for the evolution of oxygen can

be written in the form (note ohanges in sign)

Pasrfrar ~O-GH)p-6

where X is the transfer coefficient for the discharge process; /\ the

number of hydroxyl ions which are diascharged when the rate determining reac-
+*

tion ocours once’; A H = the energy of activation for the discharge process;

% the difference of potential aoross the diffuse part of the Stern double

> PFor a survey, see A. Hickling, Quart. Reve., 5, 95 (1949).
1& Ao Hickling B.nd 3. mllp Discussions Fa!‘aday &009 19 256 (1947)0

> /\\ =1 for hydrogen overvoltage when the discharge of hydrogen ion is the
slow step.



layer at‘unit activity of oH ions; LR the difference of potential from elec-
trode tob/’&xtor Helmholtz layer at the standard reversible potentiasl for hydro-
xyl ion discharge; and F represents a group of terma, whors explicit form

is not needed here, and .vhich oan be regarded as independent of electrode mate-
rial. The quantity f includes the entropy of activation for the discnarge
Process, which will be assumed to be indspendent of electrode material. The
derivation of equation (2) is given by Kortim and Bockriué for hydrogen over~
voltage. The terms X , 4 H*. and A in equation (2) could possibly depend
on the electrode material, whils 8,5 which includes the work functiom of the
electrode, definitely depends on the nature of the elecirode.

The interpretation: of the effect of elestrode material requires thus the
calculation: of the energy of activation 4 H*a Thie energy cculd in principle
be deCuced from variations of energy along the resotion ooordinate. Such a
method was applied by various -_w,uthoraz’ 78 in the case of hydrogen ion dia-
charge. Unfortunately, spectroscopic and other data needed in sucn calcula~-
tions are not available for the discharge of hydroxyl ion; but useful informa-
tion about factors influencing the energy of activation can be obtained by
considering simply the initial and final states.

The initial state corresponds to one equivalent of hydroxyl ioms im sclu-
ticz and the metal ¥ from which one equivalent of electrons has been removed.
The value of Hy is obtained from tiie following cycle

1/2 By + 1/2 0, —— O (1 atm.)
CH (1 atms) + ¢ ——— on™t (gas)
O~ (gas) — > 08 (agq.)

OH (aqe) — OH (double layer)

M(e) — 3y M + o

6 G, ‘Kort\'m and J.0'M, Bockris;, Textbook of Flectrochemistry, vol.I1I, p.430
eq. 80; note that e, was dropped inadvertently by the authors.

See references in N.K. Adam; Tne Fhysics and Chemistry of Surfaces, 3rd Kd.,
Oxford University Press, 1941, 331ff,

N




The energy corresponding to the transfer of hydroxyl ions from solutiom
to the doudle layer will be assumed to be nesgligible. Thia hypothests is jus-
tified as was shown by ¥rraons and Bo«akriltj for the discharge of hydrogen ions.
The sleciron. affinity :ud the heat of hydration or hydrszyl 4za are kmown, but

the sum of these¢ two quantities can be calculated from the following cyecle

1/2 1, 52.09 s " 315 s it o -263 g+
(gas) (ges) (aqo\
57 .60
1,0 —2 " .
(zan) i/2 H; + 1/2 0, 10-% on ~y0H - L;on‘/
(gas) (gas) " (ag.)
10.52 -13.74

H,0 \aq.) €

where E, and L are the electron affinity and the heat of hydration of nydroxyl
ion, respectively, and the numerical data are the changes in heat contentgo
The hydration energy of hydroge: ion, =263 kcal., is the average of two re-

10 1

ported values, =250 koal. and =276 kcal.:l

One deduces from this oyocle that E, + L = =168.7 keal., and the heat

contents for the initial state is thue (in kcal.)

#o=@, - 158.7 )

where ,é’ 18 ths electronic work function of the electrode M.

i

A8 was pointed out in a similar calculstion for hydrogen ion2, the surface

8 R. Parsons and J.0'M. Bookris, Trens. Faraday Soc., 47, 914 (1951).
9 fTaken from Selected Values of Chemi cal Thermodynamic Properties, Series 1,
National Bureau of Standards, 1945,

10 y u. petimer. K.3. Pitzer, and C.M. Slansky, J.. Chem. Phys., 7, 108 (1959).

11 ;. 5. Bernal and R.H. Powler, ibid., 1, 515 (1933).



potmtiallz is neglocted in the writing of equation (3). This sizplification
introduces an error in the calculatiocn of AH# for reaction (1), tut the
sequence of overvoltage values is not modified if the surface potential is
eszantially the same for all metals. It will be assumed that this is the
case.
The Tinal state is defined as one equivalent of OH radicals bound to

metal M. The corresponding heat contento Hp is derived from the oycle

1/2Hy + 1/2 05 (1 atme) — 3 OH (1 atm.)

OH (1 atms) + M —3 M=-OH

M-OH + Hp0 —— B0 - M - OH
Thus

Hp = R = D(M-0H) + 2.0.06 (4)
where Hp 48 in koale, R is the energy of interaction between M=OH and water,
D(M-OH) is the energy of the bond M-OH, and 10.06 kcal. is the heady of forma-
tion of the hydroxyl radical. The interaction energy R is not known, and we
shall assume that it is independent of the electrode materiel, This may be -

e rather coarse approximation.

CALCULATION OF THE ENERGY OF THE M-OH BOND

The comprrison of overvoltaze values for different metals, i.e. the
compariaon o? the corresponding AH-*’:! requires values of the bond energy
D(M-OH) appearing in equation (4). These energies are not known, but appro-
ximate values can be obtained by the following three methods.

Pirst Method.

From the following oyocle

12 For references pertaining 4o surface potentials, see ref.2 .



TR+ 5 0+ yH— N, (0B)
K, (cH), —— y X (cryst.) + x OH
X OH —» -%52-}!?02

0
one deduces, by expressing that 5 AH =0, the bond energy (in kcal.)

D(M—0H) = I0.06 - AH"/-x. (5)

o
where 10,06 is the energy of formation of the hydroxyl radical, snd 4 H 14

the atandard energy of formation of the hydroxide.

Second Method
The cycle ia

xHy + x05 + yM(eryst.)——.)Hyo‘ + x HyO (gas)

M, O, + x HyO (gas) — L. ((l*l)2x (cryst.)

L. (oR),, (oryste)—y M (eryut.) + 2x OH

y M (oryst.) + 2x OH (gas) ———y M (eryst.) + z Hy + = 5p
wnd the resulting bond energy is (in kosl.)

.D(M—OIQ = th_ (- xAH;lo - A H'.‘y% + 2% la-oéx) ()

o Liie assumpiion. that the heat of hydration of the oxide can be neglected.

This i5 a reasonable simplifying assumption, and the bond energy ie

(/]
.D(M—OH) = 33’746 = AHMYOL /zz )

Third Method
The bond energy D(M-OH) is calculated from spectroscopic data for the

dissociation of the diatomic molecule M-0. The following cycls, in which

all the species are in the gaseous form, is used



N + 520——-)l(m)2
MiH,— 3N+ 206
M+ 20H-—3> M+ O+ H + o8
M+ 0+ H+ H— )M + B0
The corresponding bond energy D(M-OH) is (in ksal.)

.D(M-olf) = ‘zi‘ [ _D(M~o) + D(O—OII) = b("o—ﬂ)] (8)

if cne neglects the heat of hydration of the oxide (see second metbod).
One has (fn kcal.)
D (H-OH) = 52.09 + 10,06 + 57.80
D (0-H) = 52.09 + 59.16 = 10,06
where 52.09 is one~-half of the heat of diseociation of Hp , 10.06 the energy
of formation of the hydroxyl radical, 7.8 the standard energy of formetion

of water, end 59.16 the standard snergy of formi'i:zn £ hydroxyl ion. Thus

D(M—o0H) = 4 [D(r—0) + 1276 | (9)
The value of D(M=OF) for ailver cannot be calculated ‘either by the
firet method because the heat of formetion of the hydroxide ia not known,
nor by the seoond method because rilver atoms are asscciated in the cxides
(agx0 , Agzoa)o The third method was wwdified, and the following cycle wan
used
M+ 20{ ——>5MHH + OH
MOH + OH—5 M0 + H20
where all the species are in the gaseous forme.
Bond energies calculated by the above three methods are listed in

Table I. Thermodynamic data were taken from the Bureasu of Standards Tablos99



and spectrossopic data are from Ho:’zborg:"5 and Gaydeny‘o It is to be noted
that the bond energy may vary markedly with the oxidation number. Thus
D(M-OH) calculated by the first methcd is 7403 kcal. for Ni(OH), and 64,1
koal, for Ni(OH)y Likewise, one calculates by the seccnd method values of
D(M-CH) of 66.2 kecale, 62,0 kcalo, and 56.5 kcalo from Pb O , Pb3 0y »
and Pb 05 ; respectively. Gmerally, the higher is the oxidation rumber,

the lower the bond energy.

OVERVOLTAGE VERSUS ENERGY OF THE BOND D(M-OH)

If one assumes that o{ \ is the same for two metals L and 2, the dif-
ference in overvoltage for identical conditione cf electrolysis is in viaw

of equation (2)

% ) /2 = °<_)T'F (AH:#- AH:) = [('eo)/ - (%,)&] (10)

The quantity [(o,_.g)1 - ("@\'zj in {10} is equal to the diffserence cf
the work functions (ﬁw)a - (ﬁ)io The %erm in ( Qﬂfm AH;) in (10)
also contains the differamce (#), - (f), (ses equation (3)), but the dif-
ference between the work funotions should be multipiied by the produst )\
in view of the definition of the iransfer coefficient © . As a resuit,

the difference betwsen the ﬁw"s in (10) cancels, and the differencs in

overvoltage for two metels is independent of the difference between the work

functions of these metals. Thia concluajon ias valid provided that the mecha-

nism of the eloctrsde reaction is *he same for metals 1 and 2 and that the

transfer coefficient is aleo the ssme for the two metals. However; a small

15 a. Herzberg, Molecular Specira and Mclecuiar Structure, Van Nostrand,
New York, 2nd Ed., 19%C.

14 A.G. (aydon, Dissociation Energies, Ghapman and Hali, London, i553.
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difference between the ® & would be unimportant.

The difference between the energies of aotivation in equation (10)
depends on the difference between ithe bond energies D(M-OH) and the inter-
action energies between M~OH and water (sve equation (4)). As D(M-OH) in-
creases;, the energy of activation decreases and the Morse ourve for tue
eergy D{}-OH) becomes stesper. Furthermore, the distence between the ini-
tial and final states along the reaction coordinate varies froa one metal
to another. <ince the Morse curves cannot be calculated with the data now
available;no detsiled analysis similar to the one made for hydrogen son®

can be nadclsa Howsver, the combination of these effect is such that the

Very approximate relationghip
¥ -
AH - MK ~ .D(/“{,'-Oﬂ) -».D(M,-Oﬂ) {11)

holds. This can be seen from the plsi of overvoltage ageinst D(M~OH) in
Fig.l. Overvolisge values were taken from the papsr of Hickling and Hillbg
end bond energies are from Table I. Values of D(M=OH) calculated by the
above three methods are indicated for asome metals tc show the uncertainty on
the energy datas. The lowest values of bond wmergies, which oftem SOTrres=
ponds to the highest oxidation mmber of the metsl, are generelly to bs pro-
fered. This is because oxygen is evolved at very positive potentials (about
2

1 %0 1,5 volts ve. NoHoE.) at the current density eof 1 amp,cm;< corresponding

to the data of Figolo A% such high pH's (1 N potassium hydroxide), the

matals of Pigol are generally in their highest oxidation atate.

15 fThe semi-empirical method of J.0. Hirschfelder, (J. Chem. Phys., 9, 645
(1941)) could be applied, but the resulting analysis coes not go beyond
the above approach. Hirsshfelder‘s method was applied to hydrugen recom-
biration at electrodes by K.k, Shuler and KoJ. Laidler (J. Chem. Phys.,
17, 1212 (1949}) and to hydregen ion discuarge Dy R, Parsons (Z. Elek-
trochem., 55, 111 (i951)).
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Some values of the bond energies have not been plotted in Mg.l for
the fcllowing reesonas. The bond mergy of 71.6 kcal. for Pb ohtained by the
first method was not used because this detum corresponds to Pb(II) while
leed 18 undoudbtedly in the +§ state at the potentials corresponding to Pig-1,
The values of 53.7 kcal. for Pt and 64,1 kcal. for Ki weres not plotted for
the same reason, The values of D(M-OH) obtained for iron by the first two
mathods were not used because they are higher than the value deduced from the
third method. Finally, the value 6f 54,4 for csdmium was plotted because the
values calculated by the first two methode are probably too high (by perhaps
20 koal. )e

Despite the uncertainty on the bond energies, the foregoing considera-

tions show that differences in the energy of the bond M-OH essentially acscount

for variations of oxyger overvoltage frrm one metal to another under given

conditions of electrolysis.

In view of equations (10) and (11) the slope of the overvoltage vers: -
bond enargy line should be =1 /& AF . PFig.} yields the valus X A= J.96.
This i8 of coures only a very approximate value, bu%t iy agrees well with the
experimental values of 1.0 one deduces from experimental piote ¢f overvoltage
versus logarithm of current density. The latter plots yield straight lines
provided that ®{ A does not vary with current density and that there is no
change in the mechanimm of the elestrcde process as the ourrenv is variedo
The slope of this line is b = 2.3 RT /o4 F of b= 0,059 /X » at 25 4f
dscimal logarithms are used. The experimentsl slopes for Co, Fe, and Ou are
virtually 0,059 at 1 ampoom'o'ep and oconmequently © A ia very close to uniiy,
which is precisely the value deduced from Fig.i. The slopes b for kg, Ni,
and Pd at 1 ampocms ere 0,15 ; 0.15 snd OCoi, respestiveiy (Fige2). The
corresponding overvoltages for a slope of b = 0.C59 would bu a few tenths of

a velt lower, bui this hardly changes the general trend of Figol. These
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changee in slope probably result from the oxidation of the electrode to a

higher valence as will be shown below.

ENERGY OF THE BOKD M—CH AND ANOMALIES IN OVERVOLTAGE
VERIUS LOG i PLOTS

The dependence of the overvoltage on the energy of the bond M=OH also
explains anomalies observed in plots of overvoltage against logarithm of
currept, deeity. Fig.2, which war constructed from data of Hickling and Hillh,
shows such anomalies for silvar, palladium, and gold. The 7 va. log 1 plots
are compossed of several linear segments with sudden variations of overvoltage.
The slope of these segments may be the ssme (Au) or i¢ may vary (Ag, Pd).

For mome metals such as cobalt the rlot of 7 vao log i ylelds a straight
line over a wide range of ocurrent censities.

These sudden variations in overvoltage probably result from variations

of the energy of the bond M-OH as the electrode is oxidized to & higher valence.

This view 1s strongly sup;orted by the fact that the sudden increases in over-
voltage occur in the irmediate vicinity of the equilibrium potentials for dif-
ferent oxidation states of the slectrode. This is shown in Pig.2 for palia-
dium and g°1d16o In the case of silver a change in mechaniam is primarily
observed and A\ varies from 2 to 1. No break is obaerved in the 7 ¥8o

loé t/1’01- cobalt because this metal is in his highest ozidation astate at the

potentiale of Fig.2.

16 Equilidrium potentials taken from W.M, Latimer, The Oxidation States of
the Elaments and their Potentials in fgueocus Sclutions, 2nd Bd.. Prentice-
Hall, Now York, 1952, and Go Oharict, Theorie ot Metnode Nouvelis d' Ana-
lyse Qualitative, 3rd Ed., Masson, Paris, 1949,




OONCLUSION

Variations of oxyzen overvoltage from one metal to another under given
conditions of electrolysis in agueous alkaline solution primarily result from
veriations of the energy of the bond N~OH. Variations in this bond energy as
the electrode is oxidized to a higher valence acoount for breuks observed in

Pleis of overvoltage asgainst the logaritim of curremt density.
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T&BLE I

BOND EMERUIEI AND PERTAIIING DATA

1st method 2nd method 3rd method
Metal E°(*) x B(M-OH) | H°(**) x D(M-0H) | D(***) x D(¥-OH)
Ag - - - - - - 41.5 1 60
Au 1000 3 43.4 -9.65 3 35.8 - - -
cd 133.3 2  76.8 60,8 2 69.4 88 2 53
Co 176.6 3 €9.0 68,0 8/3 64.5 - - -
Cu 106.1 2 63.2 3701 2  57.5 113 2 66
Fe 197.0 3 75.7 63.7 3 T1.8 110 2 65
N§ 62,1 3 641 58.4 4 53.8 100 2 59
Pb 123,0 2 7.6 6601 4 55,5 99 2 59
Pd 169.4 4  52.4 20,4 2 49.2 - - -
Pt 87.2 2 53.7 13,6 8/3 44,1 - - -

(*) Negative heat of formation of the hydroxgde cf valence x in keal./mol.
at 298.1° ,
(**) Negative heat of formation of the oxt;lo of valence x in kcal./mol.
at 298.1°.
(***) Spactroscopic heats of dissociationf of M-0 in keal./mol.
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Oxygzen overvoltage against energy of the bond H-CH. Electrolysaise

at 25° in 1 N potassium hydroxide and at 1 nnp.al:z

Overvoltage against decimal logaritim of current density. Expori-

mental data tsken from Hickling and Hil1%,
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NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
ARFE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS

NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPFLIED THE

SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,
USE OR SELL, ANY PATEN’I‘ED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.
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