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The orthogonal collocation technique has been applied to the development of a numerical solution of the
unequal distances of closest approach (UDCA) theory for any number of electrolytes and planes of closest
approach to the electrode surface. On the basis of theoretical analysis of the reaction coordindte of Zn
reduction by Schmickler et alChem. Phys200Q 252, 349), a UDCA analysis of the Frumkin effect on the
observed charge-transfer rate constants has been performed. The supporting electrolytg g @D,),,

and Al(CIOy); were chosen to vary systematically the distance of closest approach of the electrolyte cation
with respect to that of the electroactive species. UDCA distances of closest approach derived from
electrocapillary data are shown to provide a reasonable account of the Frumkin effect. However, more consistent
results are obtained when variations of the#Zactivity coefficient, computed from the MSA theory, are

also considered.

Introduction potential, when the supporting electrolyte is varied. In an earlier
analysis of the ZA" reduction in the presence of NaGl®it

The reduction of Z&"™ at a mercury electrode is one of the was concluded that the usual hypothesis of the equal location
most extensively studied reactions in electrochemistry, but someof the planes of closest approach of all ions in solution leads to
important aspects of its mechanism have remained controversialan overcorrection of the double-layer effect. In fact, more
Thus, whereas some authors have favored an ion-transfersatisfactory results were obtained by assuming that the strongly
approach to describe the amalgamation protéas, alternative solvated ZA™ cation could not approach the electrode as close
mechanism including two consecutive electron-transfer stepsas the less solvated Naon, so that the potential at the reaction
appears to provide a more direct explanation of the charge- plane was less negative than the potential at the outer Helmholtz
transfer rate constant dependence on electrode potérftial. plane of the electrolyte. The implications of this type of
Some recent work of Schmickler et .supports the latter ~ approach, in which the reactant adapts itself to a Gouy
option from a theoretical point of view, at least wher?Ziis Chapman potential profile set by the background electrolyte,
being reduced from an aqueous solution, due essentially to thehave been reviewed by FawcéttHowever, a theoretical
high energetic cost required for the full dehydration ofZn description of the double layer that recognizes separate
Their molecular dynamics simulations show that the minimum- distances of closest approach for each ion, and that treats on an
energy reaction path involves the presence of a less hydratedequal footing the reactant and the electrolyte inseems
Zn* intermediate, whose distance of closest approach to thepreferable.
electrode is smaller than that of Zn The reaction mechanism The unequal distances of closest approach (UDCA) th&dfy
can then be envisaged as a series of two one-electron-transferepresents the simplest theoretical extension of the classical
steps, including partial dehydration and penetration of the Gouy—Chapman theory to account for individual distances of
reactants through the double layer, in qualitative agreement with closest approach of all ions in solution. Though it leads to
the conclusions reached from a previous analysis of the charge-analytical solutions only in the case of two distinct planes of
transfer rate constant variation with the water activitg.light closest approacH, it has been successfully applied to the
of the new theoretical evidence, our purpose in this work is to analysis of cationic adsorptidf.®and has provided a satisfac-
explore the influence of the double-layer structure on the rate tory explanation of some unusual double-layer effects on
of Zn?* reduction, accounting for the local average potential electrode kinetic7:18
values at the two planes where the electroactive species are |n this work, we have studied the rate of reduction ofZn
expected to be located. in the presence of LICLOMg(C1Qy),, and Al(CIQy)3 solutions.

The catalytic influence of the interfacial structure on the rate These electrolytes were chosen since they provide a set of
of charge-transfer reactions is usually discussed in terms of thecations whose charge numbers and solvated radii embrace those
Frumkin effect?® Within the framework of the GouyChap- of Zn?*, they include a noncomplexing anion, and their distances
man—Stern electrostatic description of the double layer, the of closest approach have been made available by a recent UDCA
Frumkin effect accounts for changes of both the reactant analysis of their surface exces3@&dloreover, these electrolytes
concentration at the discharge plane and the effective driving are not specifically adsorbed in the potential range of interest,

and they allow a straightforward comparison with previously

*To whom correspondence should be addressed. E-mail: Published results that were obtained in the presence of NaClO
fondacab@cica.es. Values of the charge-transfer rate constants are derived from

10.1021/jp0113984 CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/15/2001




Double-Layer Effects on Zn(ll) Reduction

faradaic impedance measurements, since this electrochemical
technique can provide accurate kinetic data over an extended

potential rang&%21

The electrostatic boundary value problem, from which
potential profiles are calculated, is solved within the framework
of the orthogonal collocation technique. This computational

technique offers the advantage of requiring fewer spatial points
as compared to classical finite difference schemes to obtain the

interfacial potential profile.

Theory

(a) Generalization of the UDCA Theory to the Case of
an Electrolyte with n Planes of Closest Approach An
extension of the previously published UDCA the§i#has been
carried out to include planes of closest approach. The electrode
is modeled as a flat hard wall, and the primitive model is used
to describe the solution side of the interface. E@clon is
defined by its number chargey) and its distance of closest
approach to the electrode surfaeg)(

The electrostatic potential distribution across the interface is
obtained by solving the PoisseBoltzmann (PB) equation

d’e

eO
YAt entaie)
P

whereg is the mean electrostatic potential at a distax®m

the electrode surface and is measured with respect to the bulk

(i.e., () = 0), € is the local dielectric permittivityg, is the
electronic chargeg’ is the bulk concentration of iop, 8 =
(kT)~%, andH(x—ap) is the Heaviside function

0 X=<a,

Lrza @

H(x—ay) ={

which is introduced to restrict the access of the ions up to their
distances of closest approach to the electrode.

To solve eq 1, the one-dimensional space is divided into a
number of regions (NRE- 1), requiring that some of the inner
borders between successive intervals coincide witlaghvalues
to avoid numerical discontinuities therein (Figure 1a). Each
region is characterized by its dielectric permittivity)(and
thickness §)).

For the sake of computational convenience, the linearized
form of the PB equation is adopted in the last region (extending
from x = hyge Up tOX = ):

32—):21’ =1’ (3)
wherey stands for the reciprocal of the Debye screening length
eZ 1/2
o GN:SHZZSCS @
Integration of eq 3 gives
(x=hyre) = d(Myre) EXPI—1(X — hyre)l (5)

This is a reasonable approximation as longésre) < 2kT/
z&.22 Thus, we have used this condition as a criterion for the
choice of thehyge values.
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Figure 1. (a) Schematic representation of the interphase model used
to solve the UDCA theory witn planes of closest approach within
the orthogonal collocation framework. Vertical dashed and solid lines
represent the border of the space intervals and distances of closest
approach of each ion, respectively. (b) A typical potential profile
obtained from the UDCA theory with three planes of closest approach
for a mixture of two electrolytes, MX= 0.1 M and NX% = 0.1 M. The
distances of closest approach of each ion to the electrodeyare

0.20 nm,anz+ = 0.40 nm, andx- = 0.60 nm. The dielectric permittivity

for the first region isc; = 10, and for any other regionn = 78.5. (1)
oM=1uC cnr? (2) oM = —1 uC cn2. Vertical dashed lines indicate
boundaries between the computational regions. Dotted lines represent
the corresponding GowyChapman profiles.

In the space extending from regibr= 1 to regionl = NRE,
the nonlinearized PB equation is solved by using the following
outer boundary conditions:

x=0: (%)sz =- % (6)
X = hygre: (%)Fhmg = —xp(hyre) (7

whereo" is the electrode charge density. The inner boundary
conditions at the border between successive intervals are

x=nh (I =1, NRE- 1):

o(h) = o)) = ¢(h) (8)
dp\ _  (dg
6l(&)xzh R &)X:hHl (9)

Equations 6 and 9 are derived from the Gauss theorem, and
eq 7 results directly from eq 4. Integration of eq 1 subjected to
the previous boundary conditions was accomplished by using
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the orthogonal collocation technique, with six collocation points
per region. Details of the derivative discretizations as well as

Lopez-Peez et al.

where¢™? is the average local potential at rp2.
(4) Second electron transfer and partial dehydration of Zn

of the solution of the resulting nonlinear equations may be found at rp2

elsewheré?
As an example, Figure 1b shows a typical potential profile
for a mixture of two electrolytes with three planes of closest

Zn*(rp2) + e (Hg) < Zn(rp2) (18)

approach. The six boundaries between the computational regiongvhich satisfies at equilibrium

selected are indicated by vertical bars. Circles and triangles
represent the inner and outer collocation points in each region,
respectively. As expected, potential profiles are not symmetrical
with respect to the surface charge density due to the different

rp2 jrp2

P2 ICE? = explf(E — ¢™*— E})] =

K explf(E — ¢™)] =K, (19)

distances of closest approach of the ions to the electrode. Theyng whose reaction rate is given by

presence of an ion-free layer close to the electrode, with a lower

dielectric permittivity, results in a fast linear decay of the
potential in the first region. As a visual reference, the corre-
sponding Gouy-Chapman potential profile is also included
(dotted lines).

(b) Frumkin Correction for the Bielectronic Zn 2" Reduc-
tion Mechanism. As stated before, the 2h reduction mech-

Uy = k‘f4Cern24r - kb4cr2pn2 = kr4(cr2pr12+ - K4Cr2pn (20)
with
key = ke, exp[—a, f(E — ¢rp2)] =ky/K, (21)

anism is assumed to consist of a series of elementary stepSyhere oy is the cathodic transfer coefficient of the second
whose dependence on the interfacial potential distribution can gjectron transfer.

be described as follows:

(1) Fast and reversible exchange of the?Zion between
the bulk solution and its plane of closest approach to the
electrode (rpl)

Zn?" (bulk) < Zn?*(rp1) (10)

The reactant concentration at rpl is then related to its bulk value

through

rpl . bulk
Czpn2+/ CZn2+

wheref = F/RT and ¢! is the average potential at rp1.
(2) Electron transfer and partial dehydration at rpl

= exp(~2f¢™) (11)

Zn**(rp1) + e (Hg) < Zn'(rpl) (12)

which satisfies under equilibrium conditions

explfi(E — ¢™ — Ep)] =
KS expff(E — ¢™)] =K, (13)

rpl yrpl
CZn2+/ Czne =

where E stands for the applied potentiaEf2 stands for the
formal potential of step 2, an&; represents the potential-
independent contribution to the equilibrium const&nt The
rate of electron transfar, can be expressed as

1 _ 1
- kbzcrzpn+ - kfz(Cern2+

whereks, andky, are the forward and backward electron-transfer
rate constants, respectively, and

ke, = K expl-a, f(E — ¢rp1)] = kK,

wherea is the cathodic transfer coefficient of the first electron
transfer.

(3) Fast and reversible transfer of the short-lived*Zn
intermediate from the first to the second reaction plane (rp2)

rpl

— rpl
Uy = KpCzps

— KyCzn+ (14)

(15)

Zn"(rp1) < Zn*(rp2) (16)

Under equilibrium conditions, Znconcentrations at rpl and
rp2 are related by

rpl ;rp2
CZn+/ CZn+

=expl(@™ - ¢™] =K, (A7)

(5) Fast and reversible Zn transfer from rp2 to the zinc
amalgam

Zn(rp2)< Zn(HQg) (22)
which satisfies at equilibrium
Canlcgy = Kg (23)

The experimentally available forward rate constarior the
overall reaction

Zn**(bulk) + 2e (Hg) < Zn(Hg) (24)

can be related to the forward rate constants of the two electron-
transfer steps by adopting the steady-state hypothesis for the
Zn" intermediate, to givé

1_exp(@p"™)  expe™) _ exp(@¢™) . exp(dp™)
K K2 Ka Ke2 K, 'Ky ke
(25)

Equation 25 can be rearranged to give corrected Frumkin plots
as a function of th&e — ¢! potential drop®

exp(-2f¢™) _ expla, f(E — ¢™)] N
ks ke,
KS exp[(1+ a)f(E — ¢™)]
Ky expl(1— a)f(@™ — ¢™)]

This last equation differs from a similar expression reported in
the literatur@ by the presence of the exp[ au)f(¢™ — ¢™?)]
factor, which accounts for the change in the average local
potential at the two planes where the electron transfers take
place. Moreover, the potential dependence of the rate constants
is expressed in terms of the rate constant at an arbitrary “zero
potential”, rather than in terms of the rate constant at the formal
potential of the overall reaction. This choice is less convenient
from a mathematical point of view, as it involves a far
extrapolation to determink, andk,, but it keeps a more clear
connection with each separate electron-transfer step, since their
formal potentiaIsEf2 and Ez are not accessible experimentally.

(26)
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A satisfactory account of the Frumkin effect requires that

J. Phys. Chem. A, Vol. 105, No. 40, 2004159

TABLE 1: Values of the Zn2" Diffusion Coefficient,

the corrected kinetic parameters become independent of theZn*/Zn(Hg) Formal Potential, and Activity Coefficient for

nature and concentration of the supporting electrolyte. However,
the comparison between the charge-transfer parameters obtained
in the presence of two distinct electrolytes demands also a Electrolyte

consideration of the corresponding changes in liquid junction
potentials and activity coefficients. These changes will be
considered later in more detail, but now we will show explicitly

the influence of the activity coefficients on the rate and

equilibrium parameters that appear in eq 26.

The charge-transfer rate constants for the two electron-transfer pmg(clo,),

steps can be expressed as

yrpl ybulk
_ 0 fZmt o fZnzt bulk
k102 - k?z ~ kfoz - ; Zn2+ (27)
yx,l Vz,l
rp2 rpl
.0 Yzn+ ~ LO Vzn+ _ pl
Kia = Koy ~ ki = K1V zn+ (28)
V=,2 Vz,z
rpl rpl
Yzn+ Yzn+
0 __ po* ~
Ka=K pl 2 bulk (29)
Vzne+ Zn2+

wherey.. 1 andy. , are the activity coefficients of the activated

complexes, and it has been assumed A&t ~ yP%, andyP?

rpl

~ yzy Then, from eqs 28 and 29, it follows that

% ~ E ybulk (30)

~ Zn2+

K2 K
By substituting eq 30 into eq 26, it follows that
exp(2f¢™) _ explo, f(E — ¢™)]

ks Vs
*exp[(1+ o)f(E — ¢
K> expl( W )] (31)

Kivane: expl(1— a)f(g™ — ¢™)]
wherek’ andk; may retain some influence of the surrounding
medium through the activity coefficients of the activated
complexes. Howevery=1 and y.-» will be assumed to be

the Supporting Electrolytes Considered in the Text

c/ 10°Dy/ - EIV

(molL™)  (cmPs™?)  vsSSCE  —(In yzn+)

NaClog2 0.20 7.1 0.997 1.057
0.50 7.1 0.995 1.116

1.00 6.6 0.991 1.009

LiClIO4 0.20 6.9 1.010 1.024
0.50 6.7 1.004 1.038

1.00 6.4 0.991 0.822

0.10 7.3 1.006 1.116

0.25 6.8 1.005 1.127

0.50 6.2 0.991 0.847

Al(CIO )3 0.07 6.8 1.003 1.189
0.17 6.4 1.002 1.216

0.35 5.7 0.989 0.927

a Data in the presence of NaCl@ave been taken from ref 5, except
for the activity coefficient values, which have been calculated in this
work.

Oxygen was eliminated by bubbling nitrogen through the cell,
which had been presaturated with the cell solution. Mercury
was purified by treatment with diluted nitric acid and mercurous
nitrate, and it was then distilled three times under vacuum. Cell
impedances and dc polarograms were measured with the
network analyzer described previol’§® att = 4 s after the
drop birth. The dc potential was corrected to account for the
ohmic drop in the cell, when necessary. Experiments were
carried out at 25+ 0.1 °C using a Haake D8.G circulator
thermostat.

Results and Discussion

Diffusion coefficients of ZA™ in solution Do) have been
obtained from the diffusion-limiting dc currentg and are listed
in Table 1. The value of the diffusion coefficient of zinc in the
mercury amalganDg = 1.6 10°° cn? s71, was taken from the
literature?® Reversible half-wave potential;,, were deter-
mined by extrapoling the reversible part of the dc wave to In-
[i/(ig — )] = 0, in the Inf/(ig — i)] vs E plots. The formal
potential values listed in Table 1 were then computed fEim
= E}j, + (RTI2F) In(Do/Dr)Y2

The frequency dependence of the cell impedance was fitted
to a Randles equivalent circuit at each potential, but due to the
sluggish charge-transfer kinetics that characteriz& Zaduc-
tion, the charge-transfer resistand®( was obtained with a

independent of the electrolyte nature and of the electrode higher accuracy than the Warburg coefficient. To deterrkine

potential, due to the lack of perchlorate specific adsorption at
the rather negative potentials where the2Zneduction takes
placel®

Experimental Section

from the charge-transfer resistance, some functionality relating
ki and the electrode potential has to be assumed. Similar results
were obtained in this work either whénwas developed as a
series of powers of electrode poteritial when the expected
functionality for a two-electron-transfer mechanism was addpted.

Measurements were performed in a three-electrode cell, with  Figures 2 and 3 show the experimental charge-transfer

a platinum foil of high surface area as counter electrode, a resistance and rate constant values obtained by assuming a two-
saturated sodium chloride calomel electrode (SSCE), connectecelectron-transfer mechanism, as a function of the supporting
to the cell via a salt bridge containing the same solution as the electrolyte composition. The lines in Figure 2 illustrate how
cell, as reference electrode, and a modified EG&G PARC model the variation of the charge-transfer rate constants with potential
303A static mercury drop working electrode. reproduces satisfactorily the measured charge-tranfer resistances.
The lithium, magnesium, and aluminum perchlorate solutions It is observed from Figure 3 that ka decreases upon increasing
were made up with Merck analytical grade reagents and waterthe electrolyte concentration, and that it follows the sequence
purified by a Millipore Milli-Q water system. The Zn(Cl} In(k)ui+ > In(k)mgzr > In(ks)aiz+, at a given perchlorate
solutions were prepared by dissolving ZnO in a small excess concentration and electrode potential. To account quantitatively

of perchloric acid to avoid hydrolysis of Zh, making the final
solution 103 M in HT. The concentration of Zf in the cell

(6 or 20 mM) was chosen to optimize experimental accuracy
over an extended potential range.

for these trends in terms of the UDCA theory, a rather detailed

description of the interfacial structure has to be adopted first.
(@) UDCA Interfacial Structure. A recent theoretical

analysis of the surface excesses of a series of chlorides and
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Figure 2. Charge-transfer resistance values obtained for the reduction Figure 3. Charge-transfer rate constants for2Zmeduction derived
of Zn?* in the presence of (a) LiClQ(b) Mg(CIOy)2, and (c) Al(CIQ)s from the Ry values in Figure 2: (a) LiCIQ (b) Mg(ClQy),, and (c)
solutions. Lines are theoretical fits for a two-electron-transfer mech- AI(ClO4); solutions. Short dashed lines in (a) correspond té*Zn
anism. reduction in NaClQ solutions?

+ + + + 3+ -

perchlorate¥ has allowed the estimation of the individual H Na Lfug® A" cio, Bulk
distances of closest approach to the electrode surface'of Li
Na’, Mg?*, AI®*, and CIQ™, which are reproduced schemati-
cally in Figure 4. The distances of closest approach of the cations
were found to be similar to their hydrated raffiisuggesting

that cations share their solvation shell with the electrode, at least
at the rather negative potentials where these results were
obtained ¢M ~ —15uC cm2). The larger distance of closest
approach of perchlorate agrees with the presence of a water
monolayer interposed between the anion and the electrode.

E6 €733 £4=78.5 7 _M

Electrode

Besides defining the charged components that populate each ™ x=o .08 .14 25 .31 .36.39 a4 59
space region, the UDCA analysis also requires one to specify . 2
the interfacial dielectric profile. Satisfactory results have been o &

. X 419 .
obta!ned und_e_r _a vaEety Of. conditios by_ assuming a Figure 4. Schematic representation of the interphase showing the
relative permittivityes = 78.5 in the outer region where both  pca distances of closest approach to the electrode for Nat,
cations and anions are present, and a lower vejue 33 in Mg?*, Al3+, and CIQ-, and the dielectric permittivity profile. The loca-
the intermediate region where only cations (or anions) may enter. tion of the two electron-transfer planes (rp1 and rp2) are also indicated.
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Figure 5. Local average potential values at the plane of closest Figure 6. Influence of Zn(CIQ), concentration on the potential at the
approach of Z&" (¢™Y), in the presence of the following supporting  plane of closest approach of Zn¢™?), in the presence of the following
electrolytes: (a) 0.2 M LiCIl@ (b) 0.1 M Mg(CIQ)2, and (c) 0.07 M supporting electrolytes: (a) LiClQ(b) Mg(ClQy),, and (c) Al(CIQ)s.
Al(ClO,)s. Lines were computed from the GouZhapman §°°) Dotted lines were computed from the UDCA theory in the absence of
theory. Solid symbols were computed from the UDCA theory with a Zn(CIQ,),. Solid and dashed lines show the variationgsf upon
distance of closest approach of 0.39 nm. Open symbols were estimatedaddition of 6 and 20 mM Zn(Clg),, respectively. Supporting electrolye

from the UDCA theory assuming thag.2+ = 0.39+ 0.05 nm §) or concentrations are also indicated. Circles in (a) illustrate the effect of

that azz+ = 0.39-0.05 nm Q). electrolytic depletion of Z#f in a 20 mM Zn(ClQ), and 0.2 M LiCIQ
solution. Distances of closest approach and permittivity values are as
in Figure 4.

The latter value results from averaging the Levine and Fawcett

dielectric profilé® between the low-field limits = 78.5, which

applies to the classical diffuse layer, and the high-field lienit ~ was always 1 mM. These two electrolytes increase the overall

= 6,2 which applies between the electrode surface and the planeperchlorate concentration, but also introduce two additional

of closest approach of the solvent molecules, i.e., within a cations with their own distances of closest approach to the

solvent slab of 0.14 nm thickness. electrode. First, we will consider how the electrolyte composition
To study the kinetics of 1 reduction, experiments were  affects the two electrostatic factog®! and ¢! — ¢™?) in eq

performed in the presence of an excess of supporting electrolyte26, and then we will analyze the observed Frumkin effect on

(LiICIO4, Mg(ClOy), or Al(ClO4)3), but also with two additional  the rate of ZA" reduction.

electrolytes, namely, HClPand Zn(ClQ),. Zinc perchlorate Due to the lack of appropriate electrocapillary data, some

was the source of the electroactive 2Zncations, and its assumptions have to be adopted in relation to the distances of

concentration was either 6 or 20 mM, whereas perchloric acid closest approach of 2n, H*, and Zr'. Thus, we have assumed

was added to prevent Zn hydrolysis, and its concentration that Zr*t has the same distance of closest approach a& Mg
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symbols in Figure 5 show the UDCA potential at rplin 0.2 M 91 ?
LiClO4, 0.1 M Mg(CIOy),, and 0.07 M Al(CIQ)3 solutions. In
all cases, the UDCA potential is more negative than the diffuse
layer potential drop estimated from the Getu@hapman theory : * Z
(solid lines). The difference between these two sets of values © // v
increases with the cationic distance of closest approach, reflect- 5| // . vvv
ing a progressive loss of ionic screening at the reaction plane. e ° o v ¥
The sensitivity of rp1 toward a change-60.05 nm in the ZA" e d Dun”Dov °¥,¥ v
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in Figure 5). & o :&,v‘g’-vcj': ”
The additional presence of 1 mM HCJGn solution has a < s | AR S
negligible influence ong™!, when the distance of closest £ 7 .0 ~
approach of H is assumed to be 0.25 nm, the estimated value '
for H* from the linear correlation between cationic hydrated 9
radii and distances of closest approagh.
We have also explored the influence of Zn(GJconcentra-
tion on ¢'P! (Figure 6). The absolute value ¢f°! is observed 095 1.00 105 _1_'10
to decrease upon increasing the reactant concentration, although
this effect appears to be relevant only in the case of the most E-gPt /v

diluted LiCIO, solution, Fl'gure 6a. Even in _th's case, thg Figure 8. Corrected Frumkin plots for the first electron transfer of
presence of the electrolytic process results in a progressivezpz+ reduction, in the presence of (a) LiGIQb) Mg(CIO,)., and (c)
decrease of the 2h concentration in the vicinity of the electrode  AI(CIO.); electrolyte solutions: @, ®) 0.2 M, (v, ¥) 0.5 M, and [,
surface as the potential is made more negative. The changes i) 1.0 M perchlorate concentratiog’™ values were computed from
the ¢! values are restricted to less than 5 mV when the Zn- the Gouy-Chapman theory (open symbols) and UDCA theory (solid
(CIOy), concentration is varied from 6 to 20 mM, in agreement SYMPOIS) ithagr2 = 0.39 nm anda+ = 0.25 nm. Al other distances

- - of closest approach and permittivity values are indicated in Figure 4.
\évgt:ctri;t:isc)irved lack of dependencexofvith respect to Z#* Dashed lines are guidelines correspondinguic= 0.5.

To locate the plane of the second electron transfer, we have
envisaged two alternatives. EitherZshares its solvation shell  electrode surface (curve 1). Therefore, a higher stabilization of
with the electrode, as alkali-metal cations seem to do, or it losesthe monovalent intermediate, associated with laggr— ¢?
part of its solvation shell to become contact-adsorbed on the values, is predicted when Zris allowed to come into contact
electrode surface. In the first case, the distance of closestwith the electrode surface. This is the type of result to be
approach of Zh has been assumed to be equal to that of, Na expected from a purely electrostatic model, but it should be
since they have similar values of the bare ion radius and charge remembered that a precise determination of the Ze@e energy
i.e.,aznt = anat = 0.31 nm?° In the second case, the distance minimum in the reaction coordinate would require a full
of closest approach of Znhas been identified with its  description of the iorsolvent and ior-electrode interaction
nonsolvated radius, i.eaz;- = 0.09 nmé energies, and is beyond the scope of this paper. On the other
Figure 7 illustrates how thef™! — ¢P2 potential drop hand, the Zn(CIG), concentration was found to have very little
increases with electrode potential. It may be observed that, at ainfluence on thep — ¢2 potential drop (not shown).
given electrode potentiaf™! — ¢'*2 becomes more positive as (b) UDCA Correction of the Frumkin Effect. At suf-
the plane for the second electron transfer approaches theficiently negative potentials, where the first electron transfer
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Figure 9. Corrected Frumkin plots for the Zhreduction, in the presence of the supporting electrolytes (a) Na@PLICIO,, (c) Mg(ClOy)a,

and (d) AI(CIQ)s: (@) 0.20 M, (v) 0.50 M, and M) 1.0 M perchlorate concentratiog’®* and ¢'2 values were computed from the UDCA theory
with azz+ = 0.39 nm,az+ = 0.09 nm, anday+ = 0.25 nm. All other distances of closest approach and permittivity values are indicated in Figure
4. Solid lines were computed from eq 26 and the parameter values in Table 2. Uncorrected rate constants in (a) were taken from ref 5.

TABLE 2: UDCA-Corrected Kinetic Parameters

—In[k/ In[(K) Ko/ In[(KY) (K
Electrolyte c/(mol L) ot (cmsY)2 P (cm s o (cm s
NaClo, 0.20 0.50 26.7 0.50 65.2 0.56 64.4
0.50 0.49 26.8 0.50 65.0 0.57 64.4
1.00 0.50 26.7 0.51 64.8 0.59 64.4
LiClO4 0.20 0.48 26.8 0.49 65.2 0.56 64.5
0.50 0.48 26.8 0.49 65.2 0.56 64.5
1.00 0.48 26.8 0.50 65.0 0.56 64.1
Mg(ClO,), 0.10 0.47 26.8 0.49 65.2 0.56 64.5
0.25 0.48 26.9 0.47 65.4 0.54 64.5
0.50 0.48 26.8 0.51 65.3 0.56 64.3
Al(CIO4)3 0.07 0.47 27.3 0.49 66.0 0.56 65.2
0.17 0.47 27.1 0.49 66.0 0.56 65.2
0.35 0.47 26.9 0.51 66.6 0.58 65.0

aValues obtained from the slopes and intercepts shown in Figutrd$sumingaz,+ = 0.09 nm.¢ Assumingaz,+ = 0.31 nm.

becomes rate determining, a simplified version of the rate eq tration and nature of the supporting electrolyte. In all cases,

26 can be adopted

exp(—2fp™) _ explo, f(E — o™
(kf)E—>—oo k?z

which includes two kinetic parameters onky,(andk’,), and
allows for a straightforward analysis of the Frumkin correction
by plotting Z¢™! + In ks vs E — ¢ (corrected Frumkin plot).
Two sets of corrected Frumkin plots, whe¢é’! has been

(32)

straight lines with slope values closedg ~ 0.5 were found.
However, Gouy-Chapman corrected rate constants, which do
not account for different distances of closest approach, display
a systematic increase with electrolyte concentration and charge
number of the electrolyte cation.

On the other hand, the UDCA theory gives more consistent
results, mainly in the presence of 1:1 supporting electrolytes.
UDCA-corrected rate constants are the same for the LJCIO
solutions studied in this work (Figure 8a) and for those obtained

computed either from classical GC theory (open symbols) or in the presence of NaCl® (see Figure 9a and Table 2).

from UDCA theory (solid symbols), are compared in Figure 8.

Reasonable agreement is also found with the UDCA-corrected

As indicated above, an adequate account of the Frumkin effectrate constants determined from Mg(G)&solutions (Figure 8b),

should providea, andk;, values independent of the concen-

but systematically lower rate constants are obtained in the



9164 J. Phys. Chem. A, Vol.

2647+ In K, - In ypn2e

2647 +In k- In ygp

-6 -

-7 4

-8

105, No. 40, 2001

Lépez-Peez et al.

4

;’}
st ’
&
,)"‘ :
WV a
¥
| %
7
P
/,‘/‘/
<,
© 1 (d)
-0.85 -0.90 -0.95 -1.00 -1.05 -1.10 -0.85 -0.90 -0.95 -1.00 -1.05 -1.10
E-¢ IV E-¢" 1V

bulk

Figure 10. Corrected Frumkin plots for the Zhreduction including the variation of the Znactivity coefficienty,; with solution composition,
in the presence of the supporting electrolytes: (a) NaC() LiClO,, (c) Mg(ClOy)2, and (d) Al(CIQ)s: (@) 0.2 M, (v) 0.5 M, and @) 1.0 M
perchlorate concentratiop* and¢™? values were computed from the UDCA theory withz+ = 0.39 nm,az,+ = 0.09 nm, anday+ = 0.25 nm.

All other distances of closest approach and permittivity values are indicated in Figure 4. Solid lines were computed from eq 31 and the parameter

values in Table 3. Uncorrected rate constants in (a) were taken from Andre@ Attty coefficients of Zr¥™ were estimated from the MSA

theory, as explained in the text.

TABLE 3: UDCA-Corrected Kinetic Parameters Taking
into Account the Variation of the Zn2* Activity Coefficient

d ~In[iy/ In[(K;)[ki/
Electrolyte (molL™) o, (cms?Y)] o4 (cm s
NaClO, 0.20 0.50 25.6 0.50 64.1
0.50 0.49 25.7 0.50 63.9
1.00 0.50 25.7 0.51 63.8
LiClO4 0.20 0.48 25.8 0.49 64.2
0.50 0.48 25.8 0.49 64.2
1.00 0.48 26.0 0.50 64.2
Mg(CIO,), 0.10 0.47 25.7 0.49 64.1
0.25 0.48 25.8 0.47 64.3
0.50 0.48 26.0 0.51 64.5
Al(ClOy)s3 0.07 0.47 26.1 0.49 64.8
0.17 0.47 25.9 0.49 64.8
0.35 0.47 26.0 0.51 64.7

presence of Al(CIG)s solutions (Figure 8c). The, and K,
values derived from the intercepts and slopes of these Frumkin-to the second electron transfer in eq 26 should not coincide for
corrected plots are collected in Table 2. It can be seencthat
takes an average value of 0.48].02), close to the 1/2 expected
for a simple outer-sphere electron transfer. A common value of ¢?)] factor.
In[ke/(cm s 1] = —26.8(-0.1) reproduces the kinetic behav-
ior in the presence of LiClg) NaClQ,, and Mg(ClQ); solutions,
whereas a somewhat lower value of Khfcm s1)] =
—27.10.2) corresponds to the Al(CR solutions.

Before extension of the Frumkin correction toward more theoretical analysis, but this is not the case for th& Zaeduction
positive potentials is attempted, the plane of the second electronin the presence of NaCl&olutions® which included homoionic
transfer has to be specified. This plane is identified as the planeliquid junctions between the working solution and a 3.0 M

of closest approach of Zn and as stated previously, we will
assume that either the distance of closest approach ofiZn
determined by its solvation shebif;+ = 0.31 nm) or it loses
part of its solvation shell and becomes contact-adsorbed on the
electrode surfaceagn+ = 0.09 nm). Either of these two
alternatives can reproduce satisfactorily the potential dependence
of the corrected rate constants (see Table 2 and Figure 9),
although they correspond to somewhat different values of the
kinetic parametersy, and K3)~kj,. Thus, in the presence of
LiClO4, NaClQy, and Mg(CIQ); solutions, the average values

of oy and In[K3)~1[kS,/(cm s1)]] change from 0.49£0.02) to
0.56(-0.02) and from—65.10.3) to —64.40.3), respec-
tively, asazn+ is varied from 0.09 to 0.31 nm. As was observed
for the first electron transfer, the kinetic parameti)(ky,
takes slightly higher values in the most concentrated solutions
for any electrolyte, and somewhat lower values in Al(QKO
solutions. It should be noted that the kinetic term corresponding

each solution when plotted inf@P® + In ks vs E — ¢P!
coordinates, due to the presence of the expf(iu)f(¢™! —

When corrected rate constants are compared at a given
potential, changes in liquid junction potentials and activity
coefficients should also be considered. The heteroionic liquid
junctions used in this work are not easily amenable to a
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TABLE 4: Optimized Values of (r;®“k)._, and the # and a
Parameters in Eqs 33 and 34, Accounting for the Change in
lonic Radius and Solution Permittivity with Electrolyte
Concentration

lon (ri®“%)e—o /NM Bl(nm L mol?) o/(L mol™)
Na" 0.195 —0.00140 0.1023
Li* 0.305 —0.00729 0.2123
Zn?t 0.385 —0.01589 0.0963
Mg?* 0.405 —0.01901 0.1719
Al3t 0.495 —0.03534 0.2621
ClOs~ 0.198 0 0

NaClQy solution. Dorta-Rodguez et afl carried out a detailed
study of this liquid junction, and estimated a liquid junction
potential variation of 7 mV between the 0.1 and 1.0 M NagCIO

solutions. This estimate implies a modest additional dispersion

of 0.3 unit in our previous Ik, values (see Table 2 and Figure

J. Phys. Chem. A, Vol. 105, No. 40, 2004165

electrolytes and distances of closest approach has been devel-
oped. The observed Frumkin effect on the reduction rate &f,Zn

in the presence of NaCIQLIClO4, Mg(CIO,),, and Al(CIQy)3
electrolyte solutions, has been analyzed in terms of a two
consecutive electron transfer mechanism. Even though the plane
where the second electron transfer takes place could be located
only tentatively, a reasonable account of the Frumkin effect is
obtained from the UDCA theory with ionic distances of closest
approach derived independently from electrocapillary measure-
ments. The consistency of the corrected rate constants can be
further improved by considering the changes in the activity
coefficient of Zri#+, as estimated from the MSA theory within
the framework of the extended primitive model of the electrolyte
solutions.
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