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ABSTRACT

Steady-state experiments are often conducted to understand
complicated cases in chemistry, since the kinetics does not have a
time valuable and allows simple modeling of the reactions. The
reciprocal of the overall rate of sequential steady-state reactions
is often given in the reciprocal sum formula: sum of the
reciprocals of the rates of the hypothetical rate-limiting processes
at the individual stages. In this paper, the reciprocal sum
relationship is generalized for sequential multi-step steady-state
reactions, and the importance and usefulness of the concept is
shown by applying it to describe several typical steady-state
systems in enzyme reactions and voltammetry using rotating
disk- and ultramicro-electrodes.
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1. Introduction

Steady-state experiments are often conducted in several compli-
cated cases in chemistry. Such steady-states are realized after pre-
steady transient states, but the pre-steady interval may be shortened
under well-designed conditions, for example, in enzyme reactions
and steady-state voltammetry using rotating disk electrodes (RDEs)
and ultramicroelectrodes (UMEs). Steady-state kinetics does not
have a time valuable, and then the kinetic valuables can be measured
with much higher accuracy than transient ones and kinetic models
may be considered more easily and simply than in the case of
transient systems.

The steady-state kinetics tells us little about the nature of
intermediates, but provides us valuable information about the
reaction rates of several reaction steps with rather simple equations.
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Therefore, it is easy to focus on the kinetics of complicated reactions
and to discuss them in detail. In steady-state kinetics, the reciprocal
sum formulas, in which the reciprocal of the entire sequential
reaction rate is given by the sum of the reciprocals of the rates of the
hypothetical rate-limiting processes at the individual stages, are
often used, as exemplified by the description of steady-state enzyme
kinetics! and steady-state voltammogram.>® Each term in the
reciprocal sum formula should correspond to the hypothetical
limiting value as a rate-determining step (rds).

In this paper, we will generalize the reciprocal sum relationship
for sequential multi-step steady-state reactions and show the
importance and usefulness of the concept by applying it to describe
several typical steady-state systems in enzyme reactions and
voltammograms at RDEs and UMEs.

2. Steady-State Reaction Rate in Sequential Reactions
First, for simplicity, let us consider a two-step mono-directional

sequential steady-state reaction consisting of the prior reaction 1 and
the subsequent reaction 2:
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reaction 1 reaction 2

Z v Reac; —— Z vInt; ——— Z v Prody,

)]
where Reac;, Int;, and Prod; are the reactants, intermediates, and
products, respectively. v; (v, v) is the stoichiometric coefficient of
Reac; (Int;, Prody). Under the steady-state conditions, the concen-
trations of the intermediates remain unchanged (dc;/df = 0; ¢; and ¢
being the concentration of Int; and time, respectively) and then the
Gibbs free energy change of the entire reaction system (dG) is given

by:

dG = Zuidni + Z wedny, = (— Z wivi + Z Mkvk>d$, (2)

where u; (i) and n; (ny) are the chemical potential and the amount
of substance of Reac; (Prody), respectively, and £ is the extent of the
reaction. The steady-state reaction rate expressed as vy = d&/d¢ is
constant under steady-state conditions. Therefore, the rate of the
Gibbs free energy change of the entire reaction system is constant:

% (: (_ Zﬂfvi + Zukvk) %) = Rvs = const.,  (3)

where R is called the reaction resistance of the total process. In a
similar manner, we can define the reaction resistances (R; and R;)
for reactions 1 and 2, respectively:

dG,

— =Ry, 4
” 1V 4
dG,

2 _ Ry,

” v (5)

where G, and G, are the Gibbs energies of reactions 1 and 2,
respectively. Considering the situation that G=G; + G, and
substituting Eqgs. 4 and 5 into Eq. 3, we can get the following
relation on the reaction resistance:

R=R|+R;. (6)

The sum concept is identical to that of the series resistance in the
electric circuit. When reaction 1 is the hypothetical rate determining
step (rds: R; > R;, and thus R; — R), the limiting steady-state
reaction rate of reaction 1 (vy4s) is defined as
dG
Rivgsy = lim Rjvg = Rvg = —. 7
1Vrds,1 RijJR—1 1VUs s dr ( )
Similarly, when reaction 2 is an rds, the limiting steady-state
reaction rate of reaction 2 (vygs2) is defined as:
dG
R = lim Ryvy =Rvg=—. 8
2 Urds,2 RoJR—1 2VUs Vs dr ( )
Substituting Eqgs. 7 and 8 into Eq. 6, we obtain the following
reciprocal sum relation:

L, 0

Vg Urds, 1 Urds,2

In general, for an n-step sequential steady-state reaction, we may
extend Eq. 9 to the following general reciprocal sum formula:

1 "1

— = . (10)
1 Urds,m

The reciprocal of the steady-state rate of the reaction composed of 7-
step sequential reactions is given by the sum of the reciprocals of the
steady-state limiting rates of the individual » rdss.

Here, we will consider an n-step sequential pseudo-first-order
reaction:

reaction n

Vrds,n (ki)

reaction 1 reaction 2

Vrds, 1 (K1)

X. 11

Vrds 2 (k2)

When reaction 1 is an rds, the concentration of A (ca) is considered
to be hypothetically identical with the initial total concentration of
the reactant (cp), and the hypothetical limiting rate of reaction 1
(vrgs,1) can be expressed as:

Vrds,1 = Cii_fgokch = kico, (12)

where k& is the pseudo-first-order reaction rate constant of the 1st
step. In a similar way, the limiting rate of the m-th step is given by:

Urds,m = lim kmCM = kmCOa (13)
em—¢o

where £, is the pseudo-first-order reaction rate constant of the m-th
step. Finally, the following general reciprocal sum formula for the
pseudo-first-order reaction rate constant (k) of the sequential
reaction can be obtained by substituting Eq. 13 to Eq. 10:

1 1

—= —. 14

i Z%m (14)
The reciprocal of the pseudo-first-order rate constants of the reaction
composed of n-step sequential reactions is given by the sum of the
reciprocals of the pseudo-first-order rate constants of the individual
n rdss.

Next, let us consider the case where the Ist step reaction is bi-
directional. For the simplicity, the following first-order reaction is
considered as an example:

k1

k
A B — C (15)
k_q

The overall reaction is composed of two-step reactions and has two
rdss. When the 1st step is an rds, the hypothetical limiting steady-
state reaction rate (v4s1) 1S given by:

CBs

vrds,l = hIIl k2CB,s: 111’11 kZCA,s =k2C()KS, (16)

CAs™Co CAs™C0 CAs
where ¢;; is the steady-state concentration of component i, and the
steady-state concentration quotient (Kj) is defined by:

CB;s
K, =

. a7
CAs

When we use steady-state approximation for intermediate B (dcp ¢/
dt = k]CA,S - (k,1 + kZ)cB,s = 0), Ks is given as k]/(k,1 + kz)
However, if we use precursory rapid equilibrium approximation,
K is given as ky/k_;.
When the 2nd step is an rds, the hypothetical limiting steady-state
reaction rate (vygs2) 1S given by:
Vrds2 = CBligla) kacp s = kaco. (18)

The steady-state reaction rate of the entire reaction is given by:
vs = ke, (19)

where £ is the pseudo-first-order reaction rate constant of the entire
reaction. Substituting Egs. 16, 18, and 19 into Eq. 10, we obtain the
following reciprocal sum formula:

1 1 1

KRk ko

(20)

It is very useful to consider steady-state reactions in terms of the
reciprocal of the pseudo-first-order rate constant. The kinetics of any
of complex reactions can be expressed by reciprocal sum formulas
such as Eqgs. 10, 14, and 20 under steady-state conditions. Once one
can understand the concept, it is very easy to derive kinetic
equations for objective reactions. In addition, the reciprocal sum
concept gives clearer pictures of the rdss; each term in the reciprocal
sum formula corresponds to the kinetics of the individual rdss. Such
a reciprocal sum formula was introduced as a harmonic sum.’
However, it is not a right term in mathematical sense, but it should
be called reciprocal sum, as described here. In the following, we will
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apply the reciprocal sum concept to some typical examples of
enzyme kinetics and steady-state voltammetry.

3. Steady-State Enzyme Kinetics

3.1 Uni Uni mechanism
3.1.1 Michaelis—Menten equation

Enzyme reactions are often explained by the following simplified
scheme, as shown in Eq. 21; a free enzyme (E) binds a substrate (S)
to form an ES complex, which releases a product (P) to regenerate
E:

+S
k1 (=kqcz)cs) ks
E ES—— E, (2))
k_q -P
-S

where k is the pseudo-first-order reaction rate constant of the ES
formation (k;(y) being the second-order reaction rate constant), while
k_y and k, are the first-order reaction rate constants of the
corresponding processes. The steady-state reaction rate in the
overall sequential reaction is identical with that of any of the mono-
directional processes, and then vs = kycgss (cess being the steady-
state concentration of the ES complex) in the scheme of Eq. 21.
Therefore, the hypothetical limiting steady-state rate (vis) of the
reaction in which the 1st step is an rds is given by:

. . CES,s
Urds,] = lim kZCES,s = lim k2 CEs
CEs™CE CEs—CE CEs
. Cs cs
= lim kQCE’S —_— = kQCE -, (22)
CEs—CE KM KM

where cg is the total concentration of E, and we define the Michaelis
constant (Ky) (as a steady-state concentration quotient) according to
the nomenclature of the biochemistry field:
Ky = =55 (23)
CES,s
Ky is expressed as (k_; + k»)/ki(2) in the steady-state approximation
but as k_;/ki() in the rapid equilibrium approximation. When the
2nd step is an rds, the hypothetical limiting steady-state reaction rate
(Vrgs2) s given by:
lim k2CES,s = kZCE- (24)
CESs™CE
Therefore, the steady-state reaction rate of the entire reaction (v
(= kcg)) is given by substituting Eqgs. 22 and 24 in Eq. 10 as:

1 Km 1 1 Km
L. LI PR 25
vy kacgcs * kace [ kycg ( * s >:|’ *)

The reciprocal sum formula of Eq. 25 is rearranged as:

Urds,2 =

kycg

= 14 Kujos” (26)

Us
Equation 26 is well-known Michaelis—Menten equation for steady-
state enzyme kinetics* and Eq. 25 indicates a linear relation between
1/vs and 1/cs, which is often utilized for the kinetic analysis as is
called Lineweaver—Burk plot.’

3.1.2 Competitive inhibition

Competitive inhibition, in which an inhibitor (I) is competitively
bound to the free enzyme (E) to form an EI complex and inhibits the
productive enzyme reaction, is one of inhibition modes in enzyme
reactions. The reaction scheme is given by:

+S
- k2
E (_S ES T) E.
@7
+1|[-1

EI
In this case, three hypothetical limiting cases are considered.
Another reaction in addition to those of Eq. 21 concerns the EI
complex formation and the corresponding limiting reaction rate
(vrgs,3) 1s given by:

. . CES,s CEs
Vgs3 = lim kpcpss = lim & CELs
’ CELs— CE : CELs™CE  CEs CELs
. ¢s Kei
= lim kZCEI,s —
CELs—>CE KM C1
¢s Kgn

(28)

Il
=~
0
[5)
i

where we define the competitive inhibition constant (Kg;) according
to the nomenclature of the biochemistry field:
CEsC1

CELs

The EI formation and its dissociation processes are, in this case,
considered to be fast compared with the productive enzymatic
reaction processes. Substituting Egs. 22, 24, and 28 into Eq. 10
yields the steady-state kinetics equations for this case:

1 K 1 K; 1 K, >

1_ K _+L{:_[1+_M<l+i)]},

vs  kacges  kacg  kacresKEr kace cs Kgr
(30)

k
po=— 2B G1)
1 + K_M<] + i)
Ccs K1

3.1.3 Uncompetitive inhibition
In this inhibition, an inhibitor (I) is bound to the ES complex to
inhibit the productive reaction. The reaction scheme is given by:

+S .
E ¢ > ES — E,
-S -P
2
+1 -1 (32)

ESI
The hypothetical limiting reaction rate (vygs4) of the case which
concerns the ESI complex formation is given by:

. . CES,s
Usa = lim kocpss = lim ko — cpsis
CESLs > CE CESLs —>CE CESI,s
. KEst KEst
= lim kycgsys—— = kocg ——, (33)
CESLs— CE Cl C1

where we define the uncompetitive inhibition constant (Kgsp)
according to the nomenclature of the biochemistry field:

CES,sC1

Kgs1 = (34)

CESIs

Substituting Eqs. 22, 24, and 33 into Eq. 10 yields the steady-state
kinetics equation for this case:

1 Kym 1 &

v kacgcs

(33)

kacg  koceKEst
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kace

3.2 Ping-Pong Bi Bi mechanism

In this mechanism, the first substrate (A) binds to the enzyme (E)
followed by its product (P) release and the generation of another
form of the free enzyme (F). The second substrate (B) is bound to F
followed by its product (Q) release and the regeneration of E:

+A +B .
E—__ EA —> F «___FB —> F. (37
-A -P - -

The system consists of 4 rdss, and the limiting reaction rates of the
individual rdss are given as follows:

. . CEA,s
Urds,] = lim k2CEA,s = lim kz CEs
CEs—CE CEs—CE CEs
= lim kZCE,sKsl
CEs™CE
A . _ CEAgs
= zcEKsl with Ks,l = . (38)
CEs
Vgs2 = lim kocgas = koce, (39)
’ CEAs™CE
. . CFBs
Vrds.3 = lim k4CpB s — lim k4 s CF,s
’ CEs—>CE ’ CEs—>CE CEs
= lim k4CF’SK52
CEs™CE
. _ CFBgs
= kscgKsy | with Ksp = ,  (40)
CEs
Vs = lim  kycpps = kacg. (41)
CFBs > CE

Substitution of Eqs. 38—41 into Eq. 10 gives a reciprocal sum form
of the steady-state enzyme kinetics:

1 1 | 1
vy kaceKa  kacp  kacpKo o kace
_ (o +ky) [1 ky n ky ]
kakscg Kii(ky +ka)  Kio(ka + ky)
1 KA KB
_ (1 PR —M>, “2)
kCCE CA CB

where k., K{, and K& are the catalytic constant of the entire
reactions and Michaelis constants for substrates A and B,
respectively, according to the nomenclature of the biochemistry
field, and are given by:

1 1 1
=4 43
5 + e 43)
k4CA
KA=_ "2 , 44
M7 Ko1(ka + ka) 9
b e 45)

K = . . .
M7 Kook + ka)

Note here that Eq. 43 is also a reciprocal sum formula.

3.3 Ordered Bi Bi mechanism

In this mechanism, an enzyme (E) binds the first substrate (A) to
form an EA complex, which furthermore binds the second substrate
(B) to form an EAB complex. The EAB intermediate releases the
products P and Q in turn to regenerate E:

4

(36)
+A +B
k1 ks ks
E EA " EAB (- EPQ) EQ E.
-A -B -P -Q
(46)

The system involves two sequential bi-directional processes, in
which the forward process of the first bi-directional reaction can also
be an rds. As a result, we have to consider the following 5 rdss, and
the hypothetical limiting rates of the individual rdss are given as
follows:

Urds,] = lim k]CE,S = k]CE, (47)
CEs—>CE
. . CEAB,s CEAs
Ugsp = lim kzcpaps = lim k3 —— CEs
CEs—CE CEs—™CE CEA,s CEgs

= hm k; CE,SKS, 1 Ks,z

CEs—CE
= kyceK;, 1K, 2, (48)
. CEA s CEAB,s
<w1th K1 =—" and K;, = 7§>
CEs CEA,s
. . CEAB,s
Vgs3 = lim k3cpaps = lim k3 CEAs
CEAs—>CE CEAs—>CE CEAs
= lim k3cgsKip = k3ceKs2, (49)
CE,.\_)CE
Vs = lim  k3cgaps = kscg, (50)
CEABs—>CE
Vrdss = lim kycpqs = kack. (51
CEQs—>CE

Substitution of Eqs. 47-51 in Eq. 10 gives the reciprocal form of the
steady-state enzyme kinetics:

1 Lo o
vs  kice  kaceKo1Ksp  kscgKsn  kscg  kace
_ s+ k) [ kky ka
kskscg kiks +k4) K 1Kso(ks + kg)
+ L]
Ko (ks + ks)
1 K& KB KAKB
= (1+—M+—M+M>, (52)
kecg CA CB CACB

where £k, KIC‘[, Kﬁ, and KIA are the catalytic constant of the entire
reactions, Michaelis constants for substrates A and B, and the
inhibition constant for A, respectively, according to the nomencla-
ture of the biochemistry field, and are given in this case by:

N = klf/sz[}ax) ’ oY
KA = ;Al , (56)

The steady-state kinetic equations derived here are the typical
ones in the biochemistry fields. For other complicated cases also, we
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can easily derive kinetic equations by defining the limiting rate
equations for the individual rdss. One may add other rdss by
considering additional intermediate in the modeling, but the
corresponding equations will be simplified to those described here.
As described in Introduction, the steady-state kinetic analysis is not
powerful tool for characterization of the nature of intermediates, but
it can be applied to easily analyze complicated systems.

4. Steady-State Voltammetry

4.1 Reversible system

Voltammetry at RDEs and UMEs often gives steady-state
voltammograms. The equations in non-reciprocal forms describing
steady-state current—potential curves look very complicated, and
sometimes they are rewritten in the reciprocal sum forms.>* The
current in electrochemical experiments is proportional to the net
electron transfer reaction rate at the electrode, and the electrode
reactions usually consist of several sequential reactions. Therefore,
the steady-state current should be also expressed on the reciprocal
sum concept. In this section, we will derive kinetic equations for
some of the typical cases by using the reciprocal sum concept.

First of all, we will treat the reversible case. For simplicity, here,
we may discuss the oxidation current in a solution containing a
reductant (R) at a bulk concentration of cgr. Diffusion-controlled
limiting steady-state oxidation current (iqox) is given by:

R=0+ne”
id,ox = MRCR. (57)

The proportional constant A; depends on the electrochemical
techniques used and is given as follows, for examples:?

M; = O.620nFADi%w%v7% = Ll-a)% (58)
(with L; = 0.620nFAD;fv™%) (at RDE),
FAD; o
M; = " = 2nnFD;r (at semispherical UME), (59)
p,
4n;FAD;
M;= =2 = 4nFDyr - (at planar UME), (60)

where n; and D; are the total number of the electrons and the
diffusion coefficient of species i (i = O or R), respectively, F is
Faraday constant, 4 is the surface area of the electrode, w is the
rotating speed in radian of RDE, v is the kinetic viscosity of the
solution, and r is the radius of UME.

When the electrode reaction is reversible, the surface con-
centration ratio of the redox couple (Ky) is given by Nernst
equation:

_Coo\ _ nF(E—EO’)
e

where ¢; is the surface concentration of species i; E and E°’ are the
electrode potential and the formal potential, respectively; R and T are
the gas constant and absolute temperature, respectively. The steady-
state oxidation current (is ), in this case, is given by:

1 1 1
=—+ ; (62)

is,ox id,ox irem,O

where im0 1 the diffusion-limited current for the removal of the
oxidant (O) (generated by the electrode reaction on the electrode
surface) from the electrode surface and is called the removal-
controlled current.’ Considering Eq. 61 and the situation that
cro = cr under the limiting conditions, irem o 1S given by:

irem,O = lim MOCO,O = MoKNCR
CRVQ*)CR
M,
= My (—")KNcR = MpKlcq, (63)
Mg

with

v = (Mo g — (Mo eyp("FE—E)
k= (3 )0 = (5 ) oo (")
RT

nF(E —E"+— ln(MO/MR))]
nkF

RT

__ rh
:exp<nF(E E))’ 64

= exp

RT

where E" is the half-wave potential of the reversible wave
(Nernstian half-wave potential) and is given as follows:

EM=E” — Hln(M /M) = E” — ﬂln Do for RDE
- nF o OTTRA T 3nF  \ Dy '
(65)
Substituting Eqs. 57 and 63 into Eq. 62 leads to a reciprocal sum
formula for the steady-state curve:

1 1 1
= _. 66
is,ox MRCR MRKI}\IJCR ( )
Equation 66 is rewritten as:
. Mrcr
ox = —————. 67
Is,0x 1 + 1/K1k\11 ( )

In the case of RDE, Eq. 67 is rewritten to express the steady-state
current—potential curve for the reversible case:

0.620n FAw:v 6 Dgicg

lsox = .
’ —nF(E — E"
1+exp(u>

(68)

RT

At E> Eh, iremo0 1N Eq. 62 becomes infinity and i reaches the
limiting value (isim), Which is identical with iy, in this case.

4.2 Quasi-reversible system

The steady-state oxidation current (isox), in this case, is
composed of three hypothetical limiting rdss: the diffusion of R,
the electrochemical oxidation of R, and the removal of O (as the
backward electrochemical reaction and diffusion), and is given by:

RZ20+ne”

1 1 1 1
— =+ —+- , (69)
Is.0x 1d,ox Le ox Irem,0

where i is the electrode kinetics-controlled limiting current (for
the oxidation of R) and is given by:

ie,ox = nFAke,oxcR (70)

with

(71)

| — @)F(E — E” g
Feos = K° exp[( a)F( d )]

RT

where k.ox and k° are the interfacial electron transfer rate
constant (at E) and the standard one (at E°'ys), respectively.

°’4s and o are the formal potential and the transfer coefficient of
the rate-determining single electron transfer process. Substituting
Egs. 57, 63, and 70 into Eq. 69 yields the reciprocal sum formula
for the steady-state current—potential curve in the quasi-reversible
case:

1 1 1 1
+ I’lFAke,OXCR + MRKIIJJCR ’

is,ox MRCR ( )

At E > E° g and E > E", ie,ox aNd Zrem0 in Eq. 69 become infinity

and i oy reaches the limiting value (i ox lim (= id0x in this case)).

4.3 Irreversible system
When the electrode system is totally irreversible, the re-reduction
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of the electrochemically generated O is ignored, and Eq. 69 is
simplified as (see also Eq. 58):
R— O+ ne™
1 1 1 1 1

(73)

is,ox ie,ox id,ox nFAke,oxCR LRa)l/ch

According to Eq. 73, one may plot 1/is.x(E) vs. 1/w!/? to evaluate
kinetic parameters (k°, «, and E°’q4s) involved in k.o (E). The
reciprocal sum formula in Eq. 73 is sometimes called Koutecky—
Levich equation.>® However, the original paper of Koutecky &
Levich® deals with the limiting value of i (isim) for the
electrocatalytic system in which the chemical reaction proceeds in
solution. The limiting steady-state current (i ox jim) in the irreversible
case becomes simply identical with 740y at £ 3> E°'ys. Therefore, it
is not desirable to refer to the expression of Eq. 73 as Koutecky—
Levich equation. In addition, several authors tried to evaluate
electrocatalytic performance of electrodes by using Eq. 73. How-
ever, Eq. 73 utilizes the concept of Butler-Volmer electrode
kinetics’™® that is based on the assumption of linear-free energy
relationship (LFER) of a single electron transfer. LFER is essentially
based on the assumption of non-specific reactions. Therefore, it
would not be appropriate to evaluate electrocatalytic performance of
electrodes from the kinetic parameters evaluated from ke ox(E)
obtained by the analysis using Eq. 73. Discussion on the n value
from the igoy value evaluated from 1/iso(E) vs. 1/w!/? is also
useless. Electrocatalytic performance of electrodes should be
evaluated based on another appropriate model(s) as described below.

4.4 Electrocatalytic system including a mono-directional
electron transfer reaction
We may consider the following electrocatalytic system:

diffusion

R (in solution) R (at electrode)

electrocatalysis . .
O (in solution). (74)

Here we may also consider the following scheme for the electro-
catalytic process. There exists the electrocatalytic site (C) for the
oxidation of R on the electrode, which binds the reductant (R) to
form a CR complex. The CR complex is electrochemically oxidized
to CO to release the oxidant (O). The release process is assumed to
be very fast compared with other processes.

catalysis electron transfer fast

0).
+R -ne- -0
(75)
Therefore, the steady-state current (i x)—potential curve is given in a
reciprocal sum formula by:

r 1+ 1 1 1 1
— = — 4 —, (76)

s, 0x ld,ox Lec,0x Lc,ox 1d,ox e ox

where i ox 15 the electrocatalysis-controlled limiting oxidation
current, while i is the catalysis-controlled limiting oxidation
current and is given by:

ic,ox = nFAkc,ox I'c, a7

where ko is the catalytic constant and Ic is the total surface
concentration of the catalyst. The parameter k;ox[c represents the
catalytic activity of the electrode. i, ox is electrode kinetics-controlled
oxidation current and is, in this case, given by:

ie,ox = nFAke,oxFC, (78)

with

ke,ox -k exp|:(l - O()F(E ) rds)]’

RT (79)

where k°, o, and E°'y are for the CO/CR redox couple.

6

Considering Eqs. 77 and 78, i¢ o« is given as follow:

1 1 . 1 3 1 ( N k)
icc,ox nFAkc,oxFC nFAkc,oxFC nFAkc,oxFC kc,ox '

(80)

Equation 80 means that electrocatalytic process is characterized by
keoxc and ke ox/keox. However, to be more precise, since ke ox
depends on E, the system is characterized by 4 kinetics parameters:
keoxl c, keox/k°, o, and E°'y. Since we are assuming the single
electron process as an rds for the overall electron transfer process, o
may be reasonably assumed to be 0.5. In order to evaluate the 4 (or
3) parameters, one has to analyze the overall steady-state current—
potential curve. The analytical equation is given by substituting
Eq. 80 into Eq. 76:

1 1 1 1 1 ke ox
1 . . (81
+ + nFAkc,ox I'c < + ke,ox) 1)

Although one parameter concerning My is added for the expression
of the overall steady-state current—potential curve, the My value may
be evaluated (or calculated) by other experiments.

At E > E°'ys, ieox In Eq. 76 becomes infinity and i, reaches
the limiting value (is ox lim). However, the i ox jim, in this case, is not
necessarily identical with ig oy, but is sometimes smaller than iq oy as
given by:

is,ox id,ox iec,ox Mrcr

N ! = 1 + - <0r is,ox,lim = M)~ (82)

Ls,0x,lim lc,ox ld,ox lc,ox + Id,ox

Only in systems (or at electrodes) having very strong catalytic

activity (igox > idox)s Isoxlim becomes identical to igox. Therefore,

simple evaluation of the n value from i o im 1S Very error prone.
Using the proportional constant Lg for RDE in Eq. 58, Eq. 82 is

rewritten as:

U S
is,ox,lim LRwl/ch ic,ox '

(83)
According to Eq. 83, one may plot 1/isoxjim vs. 1/@!/? to evaluate
kinetic parameters concerning the catalytic process (kcox/c). This
analysis is exactly Koutecky—Levich-type plot and is only applicable
10 I ox lim (NOt generally to i ox).

4.5 Electrocatalytic system including a bi-directional electron
transfer reaction
At the end, we would like to discuss another electrocatalytic
system in which the interfacial electron-transfer process is bi-
directional as shown below:

kc,ox ke,ox
catalysis electron transfer
— (R co. 84)
+R _ne-
ke,red

In this scheme, k.o is identical with k.o in Eq. 79, and ke req is
given by:

(85)

kered = k° exp|: RT

—aF(E — EO@ds)}
The steady-state concentration quotient of the redox CO/CR couple
(K;,c) is defined as follows:

I'cos

Kic = (86)

FCR,S

where I is the steady-state surface concentration of the catalyst i
(i = CO or CR). Considering that the steady-state reaction rate in the
sequential reactions is identical with that of a mono-directional
process, we can say that isox = nFAkc o cos. Therefore, the
electrocatalysis-controlled hypothetical limiting current involving a
bi-directional electrode reaction is given by:
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nFA . 1 . 1
= o+

= lim _—
iec,ox Icos—Tc kc,ox FCO,S Iers—T'c kc,ox FCO,S
1 . 1
lim ————
Icrs—I'c kc,osz,C FCR,s
- ! + ! - (1 + ! ) 8&7)
kc,oxFC kc,osz,CFC kc,oxFC Ks,C '
The overall steady-state current—potential curve is given by:

1 1 1 1 1 1
= + + (1 —|——>, (88)

is,ox id,ox iec,ox Mrcr nFAkc,oxFC KS,C

K¢ is a function of E. At E > E° 4, K, c becomes infinity, and
lecox = nFAkoxI'c = icox. Under the conditions, the isox value
reaches the limiting value (i ox 1im), Which is not necessarily identical
with 4., as shown by Eq.82. Koutecky—Levich-type plot
(1/isoxim Vs 1/@'/?) is applicable to i oy jim, as given by Eq. 83.
KS,C may be given as KS,C = ke,ox/(ke,red + kc,ox) by USing
the steady-state approximation for I'crs (keox] crs = (kered +
keox) cos)- Considering this situation, Eq. 88 can be rewritten as:

1 1 1 1 1 1
1+ —
nFAkC,Ox FC KS,C

is,ox id,ox iec,ox Mgcr

1 1 1 kc,ox
= + I+—+ ,
MRCR nFAkc,oxFC KN,C ke,ox
(89
where Ky c is the Nernst equation for the single electron transfer rds
of the catalysis and is given by:

ke,ox |:F(E - EO/rds):|
—— =exp| ———— |-

RT ©0)

KN,C o ke,red
Equations 89 and 90 indicate that the entire steady-state current—
potential curve can be characterized by 4 parameters of the
electrocatalytic process: ke oxlc, keox/k°, o, and E°y, by consid-
ering that the diffusion-limited parameter My may be evaluated by
other methods.

4.6 For the reduction systems

Up to this point, we have been discussing the oxidation of R. In
the case of the reduction of O, some modifications are required.
Since the derivation is close similar to the case of the oxidation of R,
the final equations are summarized here.

For the reversible case, Eqs. 57, 63, and 66, are, respectively,
modified as follows:

igred = —Moco, on

iremr = —Moco /KR, (92)
1 1 Kb

= — (93)

Is red Moco  Moco

For the quasi-reversible case, Eqgs. 70, 71, and 72 are,

respectively, modified as follows:

ie,red = _nFAke,redCO, (94)
i —aF(E — E” )
kesed = k exp[T““ , (95)
1 1 1 Kh
— == - — (96)
Is red nFAkereaco  Moco Moco
For the irreversible system, Eq. 73 is modified as:
L S 1 1 o)
is,red B ie,red id,red - nFAke,redCO LOwl/ch '

For the electrocatalytic system including a mono-directional
electron transfer reaction, Eqs. 77, 78, 79, and 81 are, respectively,
modified as follows:

ic,red - _nFAkc,redFCs (98)

ie,red = _nFAke.redFCa (99)
o —CVF(E - EO,r s)
kered = K exp[T‘i} (100)

LS SN B 1 < kc,red)
is,red - id,red iec,red N MOCO nFAkc,redFC ke,red '
(101)

For the electrocatalytic system including a bi-directional electron

transfer reaction, Eq. 89 is modified as:
1 1 1

is,red id,red

lec,red

1 1
=_ — 1 + K,
Moc‘o I’lFAkC’redFC ( T S’C)

1 1

kcred)
= - 1 +Knc+—). (102
MOCO nFAkc,redFC < Ne ke,red

5. Conclusions

We have confirmed that the reciprocal of the steady-state reaction
rate in sequential reactions can be expressed as the sum of the
reciprocals of the reaction rates of the individual rdss. This
reciprocal sum formula is very useful in considering reaction
kinetics. Each term of the summation corresponds to the hypo-
thetical rds characterizing a part of the entire reaction. In the
reciprocal sum concept, it is very important and useful to express the
kinetics of each rds as a pseudo-first-order reaction. In each rds, the
concentration of the corresponding intermediate is assumed to be
identical to the initial concentration of the reactant to get the
hypothetical limiting value of the reaction rate of the rds. The
steady-state analysis is valuable in the situation that it provides a
detailed picture of the properties of the catalyst in terms of kinetic
parameters.

In the case of enzyme kinetics, this concept allows us to obtain an
equation for the steady-state reaction rate without the need to
calculate any complicated equations for intermediates. In addition, it
gives clearer pictures of the rdss. When the reciprocal sum concept
is applied to steady-state voltammetry, steady-state current—potential
curves may be easily described without differential equations.
Although the steady-state current can be measured with high
precision, the kinetic parameters evaluated by steady-state kinetic
analysis depend strongly on the mechanism to be considered. For
example, oxygen reduction reaction (ORR) is frequently analyzed
for the steady-state current on the irreversible reaction mechanism
described in this study. However, almost all ORRs are catalyzed by
the electrode materials used, and then ORR should be analyzed on
any of electrocatalytic mechanisms. Such steady-state currents are
often observed in catalytic electrode reactions, especially in enzyme-
catalyzed electrode reactions (bioelectrocatalytic reactions) and the
steady-current is often given in the reciprocal sum form, as shown
for example in Ref. 10. However, such reciprocal sum expressions
are often deviated by inversion of the both side of complicated non-
reciprocal expression that is deviated based on the steady-state
assumption. We may propose to apply the present reciprocal sum
concept to easily deviate wide varieties of steady-state currents
including bioelectrocatalysis in the near future.
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