













































































108 » Chapter 3. Kinetics of Electrode Rcaction_s

But we must now recognize that most electrode processes are mechanisms of several
steps. For example, the important reaction

2H" + 2¢ 2 H, - (354

clearly must involve several elementary reactions. The hydrogen nuclei are separated in
the oxidized form, but are combined by reduction. Somehow, during reduction, there
must be a pair of charge transfers and some chemical means for linking the two nuclei.
Consider also the reduction |

Sn** + 2¢ = Sn?* ' o (3.5.5)

Is 1t realistic to regard two electrons as tunneling simultaneously through the interface? Or
must we consider the reduction and oxidation sequences as two one-electron processes
proceeding through the ephemeral intermediate Sn’*? Another case that looks simple at

first glance 1s the deposition of silver from aqueous potassium nitrate: '

Agt + e= Ag | (3.5.6)

However, there 1s evidence that this reduction involves at least a charge-transfer step, cre-
ating an adsorbed silver atom (adatom), and a crystallization step, in which the adatom
migrates across the surface until it finds a vacant lattice site. Electrode processes may also
involve adsorption and desorption kinetics of primary reactants, intermediates, and prod-
ucts. | _ |

Thus, electrode reactions generally can be expected to show complex behavior, and
for each mechanistic sequence, one would obtain a distinct theoretical linkage between
current and potential. That relation would have to take into account the potential depen-
dences of all steps and the surface concentrations of all intermediates, 1in addition to the
concentrations of the primary reactants and products. |

A great deal of effort has been spent in studying the mechanisms of complex elec-
trode reactions. One general approach is based on steady-state current-potential curves.
Theoretical responses are derived on the basis of mechanistic alternatives, then one com- -
pares predicted behavior, such as the variation of exchange current with reactant concen-
tration, with the behavior found experimentally. A number of excellent expositions of this
approach are available in the literature (814, 25, 26, 35). We will not delve into specific -
cases in this chapter, except in Problems 3.7 and 3.10. More commonly, complex behav-
ior is elucidated by studies of transient responses, such as cyclic voltammetry at different
scan rates. The experimental study of multistep reactions by such techniques is covered in
Chapter 12.

3.5.1 Rate-Determining Electron Transfer

In the study of chemical kinetics, one can often simplify the prediction and analysis of be-
havior by recognizing that a single step of a mechanism is much more sluggish than all
the others, so that it controls the rate of the overall reaction. If the mechanism is an elec-
trode process, this rate-determining step (RDS) can be a heterogeneous electron-transfer
reaction. | |

A widely held concept in electrochemistry is that truly elementary electron-transfer
reactions always involve the exchange of one electron, so that an overall process involv-
ing a change of n electrons must involve » distinct electron-transfer steps. Of course, it
may also involve other elementary reactions, such as adsorption, desorption, or various
chemical reactions away from the interface. Within this view, a rate-determining electron-
transfer is always a one-electron-process, and the results that we derived above for the
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one-step, one-electron process can be used to describe the RDS, although the concentra-
tions must often be understood as applying to intermediates, rather than to starting species

or final products.

For example, consider an overall process in which O and R are coupled in an overall

multlelectmn Process - | |
: O+ne=R - (3.5.7)

| by a mechanism having the following general character: _
O+nrn'e=20" (netresult of steps preceding RDS) (3.5.8)
O + e R’  (RDS) (3.5.9)
kb

R'+n"eaR (netresult of steps following RDS) (3.5.10)

Obviously n’' + n" + 1 = n.1!
The c:unent—potennal characteristic can be written as

i = nFAKS, [C (0, e EExd) — Cpi(0), t)e(l (6 Eqis)] (3.5.11)

where %, a, and ES. apply to the RDS. This relation is (3.3.11) written for the RDS and

- multiplied by #n, because each net conversion of O’ to R’ results in the flow of »n electrons,

- not just one electron, across the interface. The concentrations Cq(0, ¢) and Cgr/(0, t) are
controlled not only by the interplay between mass transfer and the kinetics of heteroge-
neous electron transfer, as we found in Section 3.4, but also by the properties of the pre-
ceding and following reactions. The situation can become quite complicated, so we will
make no attempt to discuss the general problem. However, a few important simple cases
exist, and we will develop them briefly now.!!

3.5.2 Multistep Processes at Equilibrinm

If a true equilibrium exists for the overall process, all steps in the mechanism are individ-
ually at equilibrium. Thus, the surface concentrations of O’ and R’ are the values in equi-
Iibrium with the bulk concentrations of O and R, respectively. We designate them as
(Co)eq and (CR')eq- Recognizing that i = 0, we can proceed through the treatment leadmg
to (3.4.2) to obtain the analo gous relatlon

.

f (Eeq—E%ds) = (COF)’-Eq

(CR’)eq

For the mechanism in (3.5.8)—(3.5.10), nemnstian relationships define the equilibria for the
pre- and postreactions, and they can be written in the following forms:

-
CO o f(Eeq™ EPGSt) ( R’)eq (3.5.13)
Co) . '

(3.5.12)

Hf(Eeq Epre —

'OThe discussions that follow hold if either or both of n’ or n” are zero.

""In the first edition and in much of the -]iteratl.jre, on¢ finds n, used as the »n value of the rate-determining step.
As a consequnce n, appears in many kinetic expressions. Since n, is probably always 1, it is a redundant symbol
and has been dropped in this edition. The current-potential characteristic for a multistep process has often been
expressed as |

i = nFAK [Co(0, e ™"/ ETED) — Cp(0, et ~omal E-ED)

This is rarely, if ever, an accurate form of the i-E characteristic for multistep mechanisms.
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3.8 PROBLEMS

.r-‘"

Qﬂ.ﬁl Consider the electrode reaction O + ne =
K =10""cm/s,a = 0.3,and n = 1:

73.

74.

75.

76.

77.

78.

C. J. Chen, “Introduction to Scanning Tunneling
Microscopy,” Oxford University Press, New

York, 1993, p. 5.

S. W. Feldberg, J. Electroanal. Chem., 198, 1
(1986).

H. O. Finklea, Electroanal. Chem., 19, 109
(1996). |

J. F. Smalley, S. W. Feldberg, C. E. D. Chidsey,
M. R. Linford, M. D. Newton, and Y.-P. Liu, J.
Phys. Chem., 99, 13141 (1995).

S. B. Sachs, S. P. Dudek, R. P. Hsung, L. R.
Sita, J. F. Smalley, M. D. Newton, S. W. Feld-
berg, and C. E. D. Chldsey, J. Am. Chem. Soc.,
119, 10563 (1997).

S. Creager, S. J. Yu, D. Bamdad, S. O’Conner,
T. MacLean, E. Lam, Y. Chong, G. T. Olsen, J
Luo, M. Gozin, and J. F. Kayyem, J. Am. Chem.
Soc., 121, 1059 (1999).

R. Under the conditions that Cp = CO = 1 mM,

(a) Calculate the exchange current density, jo = ip/A, in wA/em?.
(b) Draw a current density-overpotential curve for this reaction for currents up to 600 wA/cm? an-
odic and cathodic. Neglect mass-transfer effects.
(c) Draw log |j| vs. 5 curves (Tafel plots) for the current ranges in (b).

i 3 2 A general expression for the current as a function of overpotential, including mass-transfer effects,

ca;n be obtained from (3.4. 29) and yields

exp[—afn] — exp[(1 — a)fn]

i_

expl— afn]

exp[(1 — @) f]

"0 e
(a) Derive this expression.

"’Z,a

(b) Use a spreadsheet program to repeat the calculation of Problem 3.1, parts (b) and (c), including

Jﬂ'

-~~~ the effects of mass transfer. Assume mg = mp = 10~ cm/s.

(/ 3.3. Use a spreadsheet program to calculate and plot current vs. potential and In(current) vs. potentlal for

f " the general i-n equation given in Problem 3.2.

(a) Show a table of results [potential, current, ln(current) overpotenual] and graphs of i z vs. m and
1n|r.| vs. 17 for the following parameters: A = 1 cm*: CO = 1.0 X 10_3 mol/cm’; Cpp = 1.0 X
1075 molfem®; 7 = 1; @ = 0.5 &% = 1.0 X 1074
cm/s; mo= 0.01 cm/s; mp=0.01 cm/s; E = —0.5 V vs. NHE.

(b) Show the i vs. E curves for a range of k° values with the other parameters as in (a). At what val- |
ues of £ are the curves indistinguishable from nernstian ones?

.(c) Show the i vs. E curves for a range of a values with the other parameters as in (a).

3.4/ In most cases, the currents for individual processes are additive, that is, the total current, i, is given
" as the sum of the currents for different electrode reactions (i}, i, i3, . . . ). Consider a solution with a
Pt working electrode immersed in a solution of 1.0 M HBr and 1 mM K;Fe(CN)g. Assume the fol-

lowing exchange current densities:
H"/H,
BI'Q/BI'

Fe(CN)ﬁ_/Fé(CN)G_

jo =107 Afcm?
jo=10"% A/cm?
jo=4 X 107> A/cm?
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Use a spreadsheet program to calculate and plot the current-potential curve for this system
scanning from the anodic background limit to the cathodic background limit. Take the appro-
priate standard potentials from Table C.1 and values for other parameters (mg, «, ... ) from

Problem 3.3.

3.5 Consider one-electron electrode reactions for which a = 0.50 and a = 0.10. Calculate the relative
error in current resulting from the use 1n each case of:

(a) The linear i—m characteristic for overpotentials of 10, 20, and 50 mV.
(b) The Tafel (totally irreversible) relationship for overpotentials of 50, 100, and 200 mV.

3.6 According to G. Scherer and F. Willig [J. Electmanal Chem., 85, 77 (1977)] the exchange current
density, o, for Pt/Fe(CN) (2.0 mM), FB(CN) (2.0 mM), NaCl (1.0 M) at 25°C is 2.0 mA/cm®.
‘The transfer coefficient, , for this system is about (.50. Calculate (a) the value of &% (b) Jjo for a so-
lution 1 M each in the two complexes; (¢) the charge-transfer resistance of a 0.1 cm? electrode in a

__solution 10~* M each in ferricyanide and ferrocyanide.

erzins and Delahay [J. Am. Chem. Soc., 77, 6448 (1955)] studied the reaction

- H
. Cd2t + 2e = Cd(Hg)
and obtained the following data with Ccqgey = 0.40 M:

Coq+(mM) 1.0 050 025 0.10
jo(mAfecm?) 300 173 101  4.94

(a) Assume that the general mechanism in (3.5.8)—(3.5. 10) applies. Calculate n' + o, and suggest
values for n’, n", and « individually. Write out a specific chemical mechanism for the process.

(b) Calculate k”
(¢) Compare the outcome with the analysis provided by Berzins and Delahay in their original

| paper.
3.8 (a) Show that for a first-order homogeneous reaction,
ASEB

the average lifetime of A 1s 1/k;.

(b) Derive an expression for the average lifetime of the species O when it undergoes the heteroge-
neous reaction,

“
O+ e—R

Note that only species within distance d of the surface can react. Consider a hypothetical sys-
tem in which the solution phase extends only d (perhaps 10 A) from the surface.

- (c) What value of kr would be needed for a lifetime of 1 ms? Are lifetimes as short as 1 ns possible?

3.9 Discuss the mechanism by which the potential of a platinum electrode becomes poised by immer-
sion into a solution of Fe(IT) and Fe(III) in 1 M HCl. Approximately how much charge is required to
shift the electrode potential by 100 mV? Why does the potential become uncertain at low concentra-
tions of Fe(Il) and Fe(II), even if the ratio of their concentrations is held near unity? Does this ex-
perimental fact reflect thermodynamic considerations? How well do your answers to these 1ssues
apply to the establishment of potential at an ion-selective electrode?

3.10 In ammoniacal solutions ([NH3] ~ 0.05 M), Zn(Il) is primarily in the form of the complex ion
Zn(NH3)3(OH) [hereafter referred to as Zn(I)]. In studying the electroreduction of this com-
pound to zinc amalgam at a mercury cathode Gerischer [Z. Physik. Chem., 202, 302 (1953)]

found that
d log io 0 IOg iU
=041 = 0 03 = (0.65 = 0.03
d log [Zn(Il)] 0. d log [NH;]
d1 dlog i |
O8N _ (g +0.02 50 _ 057 +0.03

¢ log [OH ] 0 log [Zn]
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where [Zn] refers to a concentration 1n the amalgam. | | )
(a) Give the equation for the overall reaction.
(b) Assume that the process occurs by the following mechanism:-

Zn(II) + e é Zn(I) + vLNH?,NH3 + v1on—OH  (fast pre-reactions)
~Hg~ _
- ZIn(I) + e Zn(Hg) + vngHSNHg + vo05—OH (rate-determining step)

where Zn(l) stands for a zinc species of unknown composition in the +1 oxidation state, and
the »’s are stoichiometric coefficients. Derive an expression for the exchange current analogous
to (3.5.40), and find explcit relationships for the logarithmic derivatives given above.

(b) Calculate « and all stoichiometric coefficients.
(¢) Identify Zn(I) and write chemical equations to give a mechanism consistent with the data.

(d) Consider an alternative mechanism having the pattern above, but with the first step bemg rate-
determining. Is such a mechanism consistent with the observations?

e following data were obtained for the reduction of species R to R in a stirred solution at a 0.1
cm? electrode the solution contained 0.01 M R and 0.01 M R .

n(mV): —100 —120 —150 —500 —600
i(uA): 459 626 100 965 965

Calculate: iy, &°, @, Ry, ij, Mo, Ry

.-From results in Figure 3.4.5 for 10~2 M Mn(III) and 10~ % M Mn(IV), estimate j, and &°. What is the
predicted jj for a solution 1 M in both Mn(IIT) and Mn(I'V)?

3.13 The magnitude of the solvent term (1/e,, — 1/g) is about 0.5 for most solvents. Calculate the value
of A, and the free encrgy of activation (in €V) due only to solvation for a moleeule of radius 4.0 A
spaced 7 A from an electrode surface.

3.14 Derive (3.6.30).

3.15 Show from the equations for D(E, /\) and DR(E A) that the equilibrium energy of a system, B, is
related to the bulk concentrations, Cpy o and e r and E" by an expression resembling the Nernst equation.
How does this expression differ from the Nernst equation written in terms of potentials, E., and £ 09
How do you account for the difference? |

Pl b

3.16 Denve (3.6. 36) by conmdermg the reaction O + e & R at equilibrium in a -system with bulk con-
centrations Cg; and Cg. |
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