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ABSTRACT 

Variations ef overvolt.^e for oxygen •volution from on* metal to another 

primarily result from variations in the energy of tha bond M-OH.    The overvolt- 

age decreases approximately in a linear manner with increasing bond  energy. 

Tola relationship is verified experimentally for Ag»   Aus  Od,   Go,  Cu,   Pe.   Hi, 

Pb,  Pd,  Ft,  for electrolysis in 1 N potassium hydroxide at 1  amp.cmo   ; th« ex- 

perimental data are those reported by Hickling and Hillo    Bond energies for 

M-OH are calculated by three different thermodynawio 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 valence,   also account for sudden breeka in plots 

of overvoltage against logarithm of current density.     Finally*   there is essen- 

tially no  correlation between the oxygen overvoltage for different metala and 

the corresponding work functions provided that the transfer coefficient for the 

metals being compared 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 of this affect is difficult except for relatively simple reactions 

such as the discharge of hydrogen or hydroxyl ions<>    The former reaction was 
o 

studied in a previous report ,   and it was shown on a 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 195J-54. 

2 F.  Ruetsehi  and F. DeltKey,  Tech. Rep. to OoNoRo8   No 17 (195^)<> 



interpretation of tne  effect of electrode material  is given in thin  report for 

the electrolytic production of ozygm in alkaline aqueous solution.    Unfortu- 

nately,  the experimental  study and the quantitative interpretation of oxygm 

overvol-oage are far less advanced than for hydrogan overvoltage',   but suffi- 

cient experimental data are available    to test an explanation of the effect 

of electrode materialo 

INITIAL AND FINAL STATES FOR HYDROXYL ION DISCHARGE 

We shall assume that the discharge of hydroxyl ions can be represented 

by the reaction 

H +   H^o-oH" -   e  >H-OH + H^O (i) 

which is followed by a process yielding molecular oxygen<>    The nature of this 

process is immaterial if one assumes that reaction (l) is rate determining. 

This is undoubtedly the case whan the overvcltaga exceeds say 0.1 - 0.2 volt, 

iot» when the effect of the backward electrode reaction can be neglected.    An 
o 

for hydrogen ion discharge ,  the overvoltage for the evolution of oxygen can 

be written in the form  (note ohanges in sign) 

/      o<F        f       <X\F       (.     <XAjl°      c» 

where o(   is the transfer  coefficient for the discharge process!     ^X   the 

number of hydroxyl ions which are discharged when the rate determining reac- 

tion occurs oner;   A H    the energy of activation for the discharge process? 

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

5    For a survey,   see A.  Hickling,  Quart.  Rev.,  J,   95 (I94y). 

^    A.  Hickling and 3. Hill,  Discussions Faraday Soc,   1,   2J6  (1947)« 

-*    /\ — 1 for hydrogen overvoltage when the discharge of hydrogen ion is the 
slow step. 



layer at unit activity of 0H~ ione;     •    the difference of potential fro*  elec- 

trode to/outer Helmholtz layer at toe standard reveraible potential for hydro- 

xyi ion discharge?  and    jp    represents a group of terms,  whor.* explicit form 

ia not naadad hara,  and which can ba regarded as independent of alectroda mate- 

rial.    The quantity   f    ineludea the antropy of activation for tha diactiarga 

process,  which will ba aaaumad to ba indapandant of electrode matarial.    Tha 

derivation of aquation (Z) ia givan by Kortum and Boekria* for hydrogen over- 

voltage.    The terms   <K   ,    ^ tf    »  and   A     in equation (2) could poaeibly depend 

on the eleotrode material,   while eQ,  which includes the work funotion of the 

electrode,   definitely depends on the nature of the electrode. 

The interpretation of the effect of eleatrode material requires thus the 

calculation of the energy of activation  A H    *    This energy cculd in principle 

be deduced from variations of energy along the reaction coordinate.    3uoh a 

method was applied by various authors2'  7y  ° in the case of hydrogen ion dia- 

charge.    Unfortunately,   spectroaoopic and other d«ta needed in auch calcula- 

tions are not available for the discharge of hydroxyi ion,  but useful informa- 

tion about factors influencing the energy of activation can be obtained by 

considering simply the initial and final  atatas. 

The initial  state corresponds to one equivalent of hydroxyi iona ia solu- 

tion and the metal M from which one equivalent of electrons has been removedo 

The value of Hj is obtained from the following cycle 

1/2 Hg +   i/2 02  > OH (1 atm. ) 

OH (1 atm.)  -f   e  » OH'1 (gas) 

OH" (gas) > OH    (aq.) 

OH" (aq. ) > OH"  (double layer) 

M(e)  » M   +   e 

"    G. Kortum and J.O'N. Bockris, Textbook of Electrochemistry,  voloXI,  po4J0 
aq. 60; note that e0 was dropped inadvertently by the authors. 

Sea references in N.K. Adam,  The Physics and Chemistry of Surfaces?  Jrd Bd.s, 
Oxford University Press,  iy41, JJlff. 



The energy corresponding to trie transfer of hydroxyl ions froa solution 

te the double layer will be assumed to be negligible.    Tula hypothesis is jus- 

tified &s was shown by ?*7aons and Bookris6 for the discharge of hydrogen ions. 

The electron affinity ^ad the heat of hydration or hydrosyl isa ar» known,   but 

the sum of these two quantities can be calculated froa the following eycl* 

(gas) 

57.80 

,1/Z M2 >   H     -—>   H    + e )   H 
(gas) (gas) 

11/2 H2  +•   1/2 0- 
10.05 

(aq.X. 

6             Ea L        -^ 
> OH -» OH      -    e -^-X»H -^ 
(gas) (gas) (,aq«) 

10.52 
H20  <aq.)4- 

-15.74 

where Ba and L are the electron affinity and  the heat of hydration of hydroxyl 

ion,   respectively,   and the numerical data are the changes    in heat content9. 

The hydration energy of hydrogen ion,     -265 kcal.,  is the average of two re- 

ported values,    -25O kcal.10 and    -276 kcal.11 

One deduces froa this cycle that    Ba+ L = -168.7 kc»l.,     and the heat 

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

re   <D...   U 

HL  =  ^   -    Itt.J (5) 

where   QJ...  is ths electronic work function of the electrode Mo 
r * 

As was pointed out in a similar calculation for hydrogen ion ,  the surface 

8 R.  Parsons and J.O'M.  Bookris,  Trans.  Faraday See,  4Z«  914 (19?1)« 

9 Taken froa Selected Values of Chemical Thermodynamio Properties, Series 1, 

National Bureau of Standards,   194?.. 
10 W.M* Lati»*rr  K.3. Pitzer,  and O.M. Slansky, J.  Ohsa.  Phys., 7_»  108 (19J9)< 

11 JoD. Bernal and R.H. Fowler, ibid.,  1,  515 (19?5>* 



12 
potential      is noglected ia the writing of equation (J),    This simplification 

introduces an error in the calculation of ^ ,M     for reaction (1),  but the 

sequence of overvoltage values ia not modified if the surfaee potential is 

essentially the same for all metals.     It will be assumed that this is the 

ease. 

The final   state is defined as one equivalent of OH radicals bound to 

metal M.    The corresponding heat contenta Hj. is derived from the cycle 

1/2 H2 f*   1/2 ©2 (1 atm. ) > OH (1 atm. ) 

OH (1 atm. ) +   K > M-OH 

M-OH +   H20  »  E20 - M - OH 

Thus 

Hf =  R - D(M-OH)  +  ?.0.06 (4) 

where Hf is in kcal.,    R is the energy of interaction between M-OH and water, 

D(M-OH) is the energy of the bend M-OH,   and 10.06 kcal. is the faeafr of forma- 

tion of the hydrozyl radical.    The interaction energy R is not known,   and we 

shall assume that it is independent of the electrode material.    This may be 

a rather coarse approximation. 

CALCULATION OP THE ENERGY OF THE M-OH BOND 

The comparison of overvoltage values for different metals,  l»»o the 

comparison of the corresponding Af/   '$   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. 

First Method. 

From the following cycle 

12 For references pertaining to surface potentials,   see ref.2 e 



-j- H2 +  -|-    02   f   y N » My ««)x 

Ky (0H)x -» y M (cryet.)   + x OH 

x OH >   -L H2  +   |_ 02 

on« deduces,   by expressing that £ Q H - 0 »   the bond  energy  (in kcal.) 

2>(M—OH) =   /0.<?<f -  ^/v'/st (5) 
o 

where 10.06 is the energy of formation of the hydroxyl radical*   and   A "   it 

the standard energy of formation of tho hydroxide. 

3eoond Method 

The cycle ia 

x H2 +   xOa + yM (oryat. ) » My 0X *   x HgO (gaa) 

My 0X   +   x HgO (gaa) > My (0H)2x (cryat. ) 

My (OH)^ (cryat.) »y M (cryat.) t   2z OH 

y M (cryat.)  +   2x OH (gaa) »y M (oryat.) -f   x H2 *   x 02 

and the resulting bond energy ia (in koala) 

b(n-OH)-  J-f^xkH0     -AH*        + Z* 10.06 x)       (6) 

vu the assumption that the heat of hydration of the oxide can be neglected,, 

This is a reasonable simplifying assumption?  and the bond energy is 

2>("-OH) =  3rjC-**n^l* (7) 

Third Method 

The bond energy D(M-OH) ia calculated from speotrosoopio data for the 

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

all the species are in the gaseous form9 is used 



MD +   HgO > If («5)2 

M lOB)2 > M •+-   2 C« 

M ••-   2 OH > N +•   O + H   + OH 

M -»•   O  +  H  +   OH /.HO +   BgO 

The corresponding band energy D(H-OH) is (in kcal.) 

if one neglects the heat of bydrstion of the oxide (see second notbod). 

One has (in kcal.) 

D (H-OH) sr   52.09   +   10.06   +  57-80 

D (0-H) = 52.09 + 59.16    -    10,06 

whore 52.09 ia one-half of the heat of dissociation of H2 >     10.00 the energy 

of formation of the hydroxyl  radical,    57»83the atandard energy of formation 

of water,     and 59<>l6 the atandard  energy of fora&t'sn ©f hydroxyl ion.    Thus 

z(n-oHj = ± [jb(n-o) + /tj£] (9) 

The value of D()f-OF) for  silver  cannot be calculated   \oither by the 

first method because the heat of formation of the hydroxide is not- known, 

nor by the second method because rilver atoms are associated in the oxides 

(*€2° » *fi2®2^°    ^n* third method was iu>dified,   and the following cyclo wan 

used 

M +.   2 OH > MOH   +  OH 

MDH   -f-   OH >M0   +• 1^0 

where all the species are in the gaseous form. 

Bond  energies calculated by the above three methods are liated in 
o 

Table I.    Thermodynamic data were taken from the Bureau of Standards Tables 9 



and  speotroscopic data &r« from Harsberg"  and QjyJrsi    «     It is to be noted 

that tha bond  anargy may va^y markadiy with tha oxidation numbesfo     Thue 

D(M-OH)  caloulatad  by tha first method is 74oJ kcal.   for Ni(0H)2 and 64„1 

koalo  for Ni(OH)^o     Likawiaap   ona calculates by tha  saccnd Bathod valuaa of 

D(M-CK) of 6602 kcalo,     62o0 kcal<.»     and 56=5 kealo   from Pb 0 ,   Pb, (K   , 

and Pb 02 »  reapeotively,,    Generally p  the highar is tha oxidation number >, 

tha lowar tha bond  anargy» 

OVERVOLTAOB VERSUS  ENERGY OP THE BOND D(M-OH) 

If ona assumes that o< ,\   is tha same for two metals 1 and 2„  the dif- 

feranee in overvoltage for identical conditions of electrolysis is in vi«w 

of equation  (2) 

The quantity    ((e^),   - (e„),. '    \n   (10 ) .Is equKi to  the difference of 

the work functions    (0W)2 - (0)r    The tern in(i)H,-   £H2  )    in    (10) 

alao contains the difference    (0)^ - (0)2    (sea equation  (?))P   but the dif- 

ference between the work functions should be multiplied by the product °( A 

in view of the definition cf the transfer  coefficient °(    o    As a result,, 

the difference between the    ^'s    in (10) eancalaP   and the differenes in 

overvoltage for two metals is independent af tha difference between the work 

functions of these metalg?     This connlu^ion is valid  provided that the mecha= 

nism of the electrode reaction is the some for metals 1 and 2 and that the 

transfer coefficient is also the same for the two metalso    However f.   a small 

*5    Q0 Herzbergj,  Molecular Spectra and Molecular Structures  Van Nostrands 

New York8  2nd Edop   1950o 

A0Q0  'laydonp  Dissociation EnerKiaso   Ohapm^n and Hail»   London^   1955° 



difference between the 0( -£    would be unimportant,, 

The difference between the energies of activation in  equation  (10) 

depends on the difference between the bond  energies D(M-OH)  and  the inter- 

action energies between ii-OH and water   (awe equation (4))„    As D(M-OH) in- 

creases,   the energy of activation decreaaea and the Morae curve for the 

energy D(M-OH)  becomea  steeper*.     Furthermore,   the distance between the ini" 

tial  and final   states along  the reaction  coordinate varies from one metal 

to  anothero     Since the Morse curvea  cannot bo calculated with the data now 

availablej.no detailed analysis similar  to  the one made for hydrogen ion 

can be made ?<>     However,   the combination of these effect ia  such that  the 

very approximate relationship 

AH*-At£»*   2)(/%-OH) ~ 2>(Mt-oH) .(u) 

holds*    This can be seen from the plot of overvoltage against D(M-OH) in 

Pigolo    Overvoltage values were taken from the paper of Hickling and Hill „ 

end bond energies are from Table Xo    Values of D(M-OH) calculated by the 

above three methods are indicated for  aoae metals to  show the uncertainty on 

the energy data*    The lowest values of bond <mergiesP  which    often        ^omt>~ 

ponds to the highest oxidation number of the metal;,   are generally to be pre- 

fered.    This is because oxygen is  evolved at very positive potentials  (about 

1 to 1<,5 volts vso NoHoEo ) at the current density of 1 amp<.cm0     corresponding 

to the data of Pigolo    At much high pH" a (1 N potassium hydroxide},,  the 

metals of Figol are generally in their highest oxidation state.. 

"    The semi-empirical method of JoOo HirsehfolderP   (Jo  0hemo  Phys0£, _9p 645 

(1941)) oould be applied;,   but the resulting analysis doss not go beyond 

the above approach.  Hirsehfalder:s method was applied to hydrogen recom<- 

bir.ation at  electrodes by Kofeo  Shuler  and K.J.   L^idlei   (j„   0hemo  Physo, 

17B   1212 (1949))  and to hydregsn ion dlsoaa^ge by R0  Parsons (Zo  Blek- 

troohemos 2}t  111  (i.9?l))o 
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Some values of the bond  energies have not been plotted in Figol for 

the following reesonso     The  bond   energy of 71°6 kcalo   for Pb obtained by the 

first method was not used because this datum corresponds to Pb(ll) while 

lead is undoubtedly in the-f^ state at the potentials  corresponding "to  Pigdo 

The values of 55°7 kcalo   for Pt and 64<>1 kcalo   for Ki  were not plotted for 

the  same reason.    The values of D(M-OH) obtained for iron by the first two 

mathoda were not used  because they  are higher than the value deduced  from the 

third method.     Finally!,   the value of 5H„4 for  cadmium was plotted because the 

values calculated by the first two methods are probably too high (by perhaps 

20 koalo). 

Despite the uncertainty on the bond  enerjgieBg  the foregoing con aid era- • 

tlons show that differences in the energy of the bond M-OH essentially account 

for variations of oxygen ovorvoltage from one metal to another under given 

conditions of eleotrolysiso 

In view of equations  (10) and  (11) the slope of the overvoltage vers-~. 

bond energy line should be    -1 /<* A P   «    FigoJ. yields the value   K\= 0oP6 

This is of course only a vry approximate valuee  but ix. agrees well with the 

experimental values of lo0 one deduaes from experimental plots of overvoltage 

versus logarithm of current density.    The latter plots yield straight lines 

provided that c*( X   does not vary with current density and that there is n© 

ohange in the mechanism of the eleotrcde proaese AS the current is variedo 

The slope of thiB line is    b * 2o? RT /«< h F    of    b • 0„O59  '«* *     at 25° If 

decimal logarithms are usedo    The experimental  slope* for 0©(,  Ftp  and Ou are 

virtually 0o059 at 1 ampoomr2,  and consequently <*, K   is very close to unioy.n 

whioh is preoissly the value deduced from Pigo2.°    The slopes b for ag» Nip 

and Pd at 1 amp-anT2 are 0o15 «  0.15    and    Cljp   respectively (Pigo2)0    The 

corresponding overvoltages for a slops of    b * 00059 would b« a few tenths of 

a volt lower,  but this hardly changes the general trend of Pigdc    These 
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changes In slop* probably result fro* the oxidation of ths electrode to a 

highsr valence as will  be shown below. 

BNKR07 OP THE BOKD M-OH AND ANOMALIES IN OVERVOLTAGI 

VERSUS LOG i PLOTS 

Ths dopsndsnos of ths overvoltage on ths energy of the bond M-OH also 

szplains anomaliss obssrvsd in plots of ovsrvoltags against logarithm of 
4 

currant density.     Figo2s  which w&i> construotsd from data of Hiokling and Hill  „ 

shows such anomalies for silver^  palladiums   and gold.    Ths  7i  vs.  log i plots 

are composed of several linear  segments with sudden variations of ovsrvoltsgs. 

The slops of those segments may bs tils same (Au) or it may vary (Ag»  Pd)„ 

For  some metal a such as oobalt ths plot of   ??    vs.  log i yislds a straight 

line ovsr a wide range of current densities. 

These sudden variations in overvoltage probably result from variations 

of ths energy of the bond M-OH as the eleotrode is oxidized to a higher valence. 

This view is strongly sup: orted by the fact that the sudden increases in over- 

voltage ooour in the immediate vicinity of ths equilibrium potentials for dif- 

ferent oxidation states of the electrode.    This is  shown in Pig.2 for palla- 

dium and gold    .     In the case of silver a change in mechanism is primarily 

observed and   \    varies from 2 to \a    No break is observed in the   7?   vs. 
plot/ ' 

log i  for cobalt because this metal is in his highest oxidation state at the 

potentials of Pig,2. 

*°    Equilibrium potentials taken from W.M. Latimer,   The Oxidation States of 

the Elements and thalr Potentials in Aqueous Solutions^   2nd Bd„     Pr*ntice- 

Hall,  New York?   1952*   and G„ QharXot,   Theorie  »c Methods Nouvell'q~d; ftna 

lyse qualitative,,  Jrd Ed.j, Maasonp  Paris,   1949. 
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vmsimm 

Variations of o~yg*> ovarvoltaga froa ona natal to anothar undar glvan 

conditions of alaetrolysis In aqueous alkalina solution primarily rssult froa 

variations erf tha energy of tha bond M-OH.     Variations in this bond  energy aa 

tha alaotroda la oxidized to  a hlghar valence account for breaks observed in 

plota of overvoltage against tha logarithm of current density. 
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BOND EMBRDIB3 AND PHKTAINING DATA 
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Metal 

1st method 2nd method 5rd 

T 

method 

H°C) X B(M-OH) H°(*»)    x    D(M-0H) D(««) X D(K-OH) 

A* — _ _ m                     ea                     m» 41.5 1 60 

Au .100.0 5 45.4 -9.6?     5     55.8 - - - 

Od 155.5 2 76.8 60.8       2     69.4 88 2 55 

Co 176.6 5 69.0 6e.O     8/5   64.5 - - - 

Ou 106.1 2 65. 2 57»1       2     57.5 115 2 66 

?• 197.0 5 75.7 65.7       5     71.8 110 2 65 

Nl 162.1 5 64.1 58,4      4     55.8 100 2 59 

Pb 125.0 2 71.6 6601       4     55„5 99 2 59 

Pd 169.4 4 52.4 20.4       2     49=2 - - mm 

Pt 87.2 2 55.7 15«6     8/5   44.1 - - - 

(•)    Negative heat of formation of tha hydroxide cf valence x in koal./mol. 

at 298.1° , 

(**)    Negative haat of formation of tha ox£de of valance x in koal./mol. 

at 298.1°. 

(*••)    Spaotrosoopic haats of dissociation^ of M-=0 in koalo/moio 
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Fig.l.    Qxygmn. ovarvoltaga against  anargy of tha bond M-OH.     Electrolysis 

at 25° in 1 N potaaaiun hydroxide and at 1 amp.cn. 

Fig.2.    Ovarvoltaga against dacimal  logarithm of curr«i:t dansity.    Kxpori- 

mental data takan from Hiokling and Hill  . 
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