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KINETIC ISQTOPE EF®ECTS IN OXYGEN ELECTRODE REACTIONS
I. General Thecry of Primary and Solvent H/D Isotope
Effects in the Electrcchemical Reduction of Oxygen
J. D. E. McIntyre and . Salomon*

Bell Telephone -Laboratories, Incorporated

5 _ ‘ . * Murray Hill, New Jersey

INTRODUCTION

The effects of isotopic substitution on chemical reaction rates have
been employed extensively to elucidate reaction mechanisms and to
provide criteria for the identification of rate-determining

steps.+> Althcugh isotopic effects in chemical kinetics were first
demonstrated experimentally3 by the electrolysis of water in 1932,
it is only recently that this method has been applied successfully
to detailed kinetic studies of electrochemical reactions.’ In the
present communication, we discuss the kinetic theory of the effects
of H/D isotopic substitution on the electrochemical reduction of
oxygen in aqueous electrolytes. As a result of the calculations
presented below, various mechanisms proposed for the reduyction pro--
cess can be distinguished on the basis of the magnitude -of the H/D
isotope effect. It 1s interesting to note that the ratio of stand-
ard ratz constants for the electrolysis reaction may be very large,
near unity, or inverse, depending upon the mechanism operative.

It has been well established® that hydrogen peroxide may be forried
as a2 stable intermediate species during the electrochemical reduc-
tion of oxygen to water. On electrode materials of high catalytic
activity, however, hydrogen peroxide decomposes rapidly via a
surface-~catalyzed chemical reaction to regenerate oxygen. The ef-
fects of this coupled heterogeneous catalytic reaction on_the kilne-
tics of oxygen reduction have been discussed previously. >T  To
provide further criteria for establishment of the decomposition re-
action mechanism, we have calculated the magnitude of H/D effects
for several proposed schemes.

In the treatment which follows, we consider only the effects of
complex 1sotopic substitution of the electrolyte. Species of mixed
isotcpic composition need not be considered therefore. The ratlo
of exchange current densities for an electrochemical reaction in
light and heavy water electrolytes 1is given by

i (H)
R, = -2
1 io (D)
where the subscript 1 denotes the step in the reaction  sequence

which is rate-controlling. In calculating this ratio from absolute
rate thecry we make the following simplifying assumptions:
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1) "All pre-rate-cetermining steps are in quasi-equilibrium,

i) ~effects (¥,is the potential at the outer Helmholtz

plene) can be neglected sirice they are small and we are.
only interested in their ratios (cf. reference (8)).

ii1i) Limiting Langnuir adsorption conditions are applicable.
iv) Secondary isotope effects are negligible. |

THEORY

I. Oxygen-Peroxide Electrode

‘'This couﬂle may be represerited in ac1d and alkaline
solutions, raspectlvely, as

+ 2L,0% 4+ 2e == 1,0, +2L

0, 3 0

2

02 + 2L20 + 2e ~— LO2 + OL

whefc L is either H or D. 1In light water electrolytes, the electro-
chemical production of H2O2 is believed to occur v1a the following
schemes

(la)_ Mo+ »-o2 + e — Mo, ' (1b) M + 0, + e —> MO

(2a) Mo; +. 733_0*-———;. MO,H + H,0 (2b) MOS + e-%MOZ

(3a) MOH .+~»e‘ s MO JH™ © (3b) MO, + H,0 —MO,H™ + OH
(ug) MOH + H3O+——}M(H202)+H20. fﬁb) MO H™ —> M + HOj

(52) M(H,05) ——> M+ H0,

Other schemes are of course conceivable and will be considered
in the full paper.l0

If, in acid solutions, reaction step (Iza) 1is rate- controlling, the
ratlio of exchange current densities is given by
%231 1,0  %,p,0) %, (4,0 :
R, = = - - =3 . ‘exp (BAYF/RT)
‘ (721 D0 70,(H00 ap (p,0)

where the bracketed terms denote the concentrations of molecular
oxygen in H,0 and D,0 solutions, g is the molecular partition func-
tion of the species indicated (superscript + refers to the. activated
complex) and A$ is the potential difference (¢D202 ¢H202) for

the two overall half-cell reactions



0,

0, + 2H30+ + 2e

2

The contribution of

tion function is included in each q.
\ term

fecét of H/D substitution.ls
+ rent

+ 2007 + 2e

3

.

la
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=== D,0, + 2D,0

——

H,0

< 272

+ 2H20

the zero-point energy to the vibrational parti-

It will be recalled that this

is principally responsible for the primary kinetic isotope ef-

The expression {or the extchange cur-~

ratio with step (la) rate-controlling reduces to

‘= exp (BAd F/RT)

"By an analogous method we obtain the following expressions

. qD30+ ’ qOé(H2O)
Roa = exp (AGF/RT)
- qH3O+ 302$D2O) .
R3a @y or " @ o ~ aot exp [(1 + B)Ad F/RT]
3 2 20,5(D50)
2
+ .
0"\ o %, w0
Rua = Ghot) o T po exp (24¢F/RT)
3 2 0, (DZ.)
C ot
9D 0" %p0 \ %, (1,0)
- Rgg = o e exp (286F/RT)
%0t %0 ) %05(D,0) ~
\

Similarly, in alkaline solutions, we obtaln for the' reactions

0

C,

2

+ D0 4+ 2e —= DO

+ H.

+ 0D~

0 + 2e T=>HO, + OH™

2
2 2

where A¢ = ¢_ = - ¢, ,~~, the following_ekchange current ratios.
DO2 HO

Ryp

R
2b

R3p

)

i)

exp (BAOF/RT)
exp [(1 +8 )A¢ F/RT]

Q Gt =
DZO O2 (OH )

q ‘qnt -
H,0 H0j (0oD7)

exp (24¢F/RT)



"7 L0, L3D* and OL™ were carried out as tefore
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b - q.. C G a -
n20 oD 02(05 )

QG o 90" S5l (onT) A
— exp (24:%/27)

12

Ry

The evaluztion of partitior functicn rztics gor the isotopic species

»9 (cf.Appendix); those
for thé specles Ly0O», LO» and 'LO> were evaluated from spectroscopic
ané acid-bazse eguilibrium data. The partition function ratios for
ths activzted cormplexcs were evazluated by assuming that the vibra-
tional frejusncies ef the 0-H and O-D bonds not directly participat-
ing In tre reacticon remzln unchanged durlng the transition from the
initisl to the final stzte (ef. references 8, 9 where similar treat-
ments have been enpioyed). The results of these calculations show
that a wide range of Isotope effects can arise and that these effects
are strongly dependert upon the nature ¢ the solution employed (le,
acid or alkaline). An inversion of the exchange current ratio is
predicted in scme Instances for the oxygeniperoxide electrode on
c¢hanging freom standard acid to standard alkalire conditions, owing
to a solvernt isctope effect.

O Mo

II. Hydroren Percxide Deccmrosition

The overail deccmrosition reactlions of hydrogen peroxide in acid
and alkaline solution are

k, .
eH 0, —— >0, + 2H,0

. kh
- i -
2HO2 ————$r————)02 + 20H

where k, represents the heterogeneous chemical rate constant for the
surface-catalyzed reaction. As examples of possible reaction mech-
anisms we consider the followlng schemes.

1) Oxygen Radiczl lechanism

M + HOJ —>MHO} | ‘ (6)
MHO, —> MO + OH™ ' ‘ o
MO + HO, —>M + O, + OH™ o (8)
11) Modifled Haber-Willstatter Mechanism _ '
MOH. + H 0, —> 0, + H0 (9)
MO,H + H,0, —> FOH + 0, + H,0 | (10)

-~




ii1i) Bimolecular Cemnlex Vechanisn

M + H02 —_— HOZH ." (11)

MQZH + H202 —> M + 02 + 20Hv . . (12)

Other ggssible rezction mechanisms are considered in the final
paper. .

, the ratio of rate constants for the

For 2 given electrcde material
het 2cus decomposition of peroxicde.in light and heavy water
electral‘beo ‘is : : :

k :

h (HEOE)

R = —

i k
h (D202)

This guantity may be evaluated from steady state polarization curves
for oxygen reduction on a rotating-disk electrode.® For the limit-
ing current regions of the current-voltage scans we can make the
simplifying assurmption that the surface concentration ratios,

- [H,0,1/[D,0,] and [HOE]/[DOS], are unity.

Partition function ratios were evaluated as in the preceding sec-
tion. We shall not present here the total list of expressions for
calculation of the isotope effects involving reactions (6)-(12).
Two representative calculations are shown below for reactions (6)
and {(10).

003 g
Re =g - %
HO2 qD
q A~ -
moo 2% D% gy
12 g CQua-
H,0, HOS | aj

Representative rate constant ratios for these and other rate-
controlling steps are summarized in Table I.

DISCUSSION

The predictec kinetic isotope effects vary over a wide range, de-
pending upon the mechanism and rate-controlling step involved. Of
particular interest is the prediction of an inverse isotope effect
for the oxygen-percxide electrode. Such an inverse isotope effect
has also been found for the oxygen evolution reaction.

Ve have mezsured the exchange current ratios for the electrochemi-
cal reduction of oxyzen on gold in acid and alkaline solutions in
lignt and heavy water. In alkaline solutions the kinetic isotope
effect is smzll and norizl, but in acid solutions the effect is
large and inverse Small, norimazl kinetic isotope effects were also
observedad for tr -catalyzed decomposttion of hydrogen peroxide

..\
([u 4]
(J’ .
m




of peroxide decomposition.l2 Details of these experiments will be
reported elsewhere.l3 : '

The facit that predicted isotope effects for several reaction mechan-
isms are similar may make the assignment of one unique sgcheme diffi-
cult. A similar problem arises in classical electrode kinetic
studies when the theoretical Tafel slopes are 1dentical for differ-
ing mechanisms. Such results only serve to emphaslize the fact that
only one type of study 1s not sufficient to Investigate the kinetics
and mechanism of complex electrode processes. As wlth the oxygen
and hydrogen evolutlon reactions, the strength of any conclusion con-
cerning mechanisms 1lles in consistency of results from all types of
studies. The kinetic 1sotope effect 1s a powerful tool when used in
this sense. :

R
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on gold_électrodes and tend to confirm a mechaﬂism involving an ion- |
‘molecule complex deduced from studies of pY effects on the kinetics

PO S
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APPENDIX™

| For initial state

we have calculdted or obtained from

reactants,

the literature, the 'partition function ratios shown below _All
ratiocs *HclaCﬁ zero-point en e“~v differences. - :

9,0 %p0* dop- '

—— = 1434 — = 19,023 ——— = 2615

H,0 9 ot QoK -

3
9,0 9o : 9o; - .
5 22 - 850 T = 18.9 a——% = 14.6
H202_ HQ HO2 :

The standard potential difference (25°C) of the oxygen- perox1de

couple in acidic light and heavy water electrolytes is:
! <0 o] o]
beT = ¢ - ¢
D202 H202
2
q + o]
- %g 1n H3O D20 qD202
q + q q
! : D3O H20 H50,
f = + 0.0202 volt
}
Similarly in alkaline solutions:
0 0 o
, 86" = b~ —dra—
| DO, H02
//q Q Apg~
_RT H2O oD DO,
b T M\ a5 G T G
2 2

e -

- 0.0198 volt

1



& in tho Surface-Cztalyzed
“ion of Hydrogen Feroxide

Ratc Constant Ratio,
ky (Hy05) /k (Dg0,).
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