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ABSTRACT

The reduction of zinc(II) and the oxidation of zinc amalgam was studied in
0.18-4.0M KOH solutions. The primary electrochemical technique employed
was potential step chronocoulometry with data acquisition on a small digital
computer. The kinetic parameters were obtained by fitting the experimental
charge-time curves to the complete theoretical equation for a stepwise elec-
tron transfer mechanism. The sytem was also studied by d-c¢ and a-c polar-
ography and linear scan voltammetry. The results of this study were com-
pared to those of previous workers and shown to be consistent with a mecha-

nism based on stepwise electron transfer

Zn(OH) 42~ =22 Zn(0OH)s 4+ 2 OH—
Zn(OH)2s + ex2Zn(OH) 2~
Zn(OH):~ & Zn(OH) + OH~
Zn(OH) + Hg + e=2Zn(Hg) 4 OH-

One of the most significant features of the study of
electrochemical kinetics during the last 20 years has
been the evolution of theoretical and experimental
procedures which are useful in uncovering the differ-
ent stages in the complex series of processes which
comprise an electrode reaction. An investigation of the
kinetics of an electrochemical reaction would ideally
lead to the elucidation of the nature of the various
steps and a determination of their rate constants, the
identification of the intermediates and products, and
the determination of the adsorption isotherm for all
adsorbed species. Usually, because of experimental
and theoretical limitations, only part of the informa-
tion is accessible for a given system. Although charac-
terization of intermediates is of prime importance, di-
rect observation of these may not be possible if their
concentrations are too low or their lifetimes are {oo
short. However, analysis of the current-potential rela-
tionship obtained by several nonsteady-state methods
can yield further information on complex mechanisms
and faster processes.

Of particular interest in this work is the study of
electrode processes involving more than one electron
transfer step (1). Vetter (2-4), Hurd (5), and Mohilner
(6) have -calculated the steady-state polarization
curves for a set of two or more consecutive single elec-
tron transfer steps. Some reactions for which consecu-
tive electron transfer mechanisms have been proposed
on the basis of steady state-measurements are TI1(III)/
T1(I) (7) and quinone/hydroquinone (8). The theory
of consecutive electron transfer mechanisms for elec-
trochemical techniques involving potential steps, cur-
1(‘Snt s)teps, and a-c polarography has also been given

-15).

The establishment of the mechanisms of an electrode
reaction often requires acquiring large amounts of ac-
curate experimental data and fitting this data to com-
plicated theoretical equations. Digital data acquisi-
tion systems (16-21), especially those based on general
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purpose programmable digital computers (20, 21), have
been very useful, particularly for experimental times
in the sub-second region, in obtaining this data. The
data obtained by these methods can be fitted to the
equations in their complete form, without the necessity
of approximations or linearizations sometimes required
to make the analysis of data tractable. We report here
a study of the zinc(II)-zinc amalgam system using
several electrochemical methods and digital data ac-
quisition techniques.

A number of studies of the alkaline zinc electrode
reaction have been made. A significant part of this
effort has come from the space program’s search for
high energy-density primary and secondary batteries
and the important role of silver/zinc and zinc/air
primary batteries in this connection. Although studies
of the alkaline zinc electrode reaction often are con-
cerned with reactions at the pure metal electrode, it is
common practice in batteries to amalgamate the zinc
plates. Hence, we deemed a study of the alkaline
zine (I)-zinc amalgam electrode reaction justified.
Moreover, the reaction at the amalgam electrode is
easier to understand than the reaction at the pure metal
electrode, which may be complicated by the crystal-
lization process and more difficult surface preparation.

A number of workers (22-31) have studied the alka-
line zine(II)-zine amalgam electrode reaction with
somewhat different results. Gerischer (22, 23) deter-
mined reaction orders of hydroxide, zinc, and zincate
by measuring the change of the charge {ransfer re-
sistance with concentration and expressed the exchange
current, i,, as

i, = 2FAke[Zn (OH),=195[Zn(Hg) 19-5[OH—]00 [1]

This result led to the reaction mechanism in Eq. [2]
and [3]

fast
70 (OH) 2 = Zn(OH)4 + 2 OH- (2]
Zn(OH) 32 + 2e 2 Zn(Hg) + 20H~ [3]

Farr and Hampson (24) duplicated Gerischer’s results
in ultrapure solutions by faradaic impedance measure-
ments. Matsuda and Ayabe (25) studied the reduction
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process by d-c polarography and found that the mecha-
nism was the same as that of Gerischer, but that « was
0.42 Behr et al. (26) and Morinaga (27) also obtained
results which were consistent with the above mecha-
nism. Stromberg and co-workers (28-31) obtained re-
sults which were similar to those of Matsuda and
Ayabe (25) for the reduction process but found that
the oxidation process did not fit the mechanism pro-
posed from the study of the reduction reaction. They
proposed that the reduction and the oxidation involved
two different, totally irreversible reactions, each in-
volving a single two-electron transfer step. Their
mechanism for the oxidation reaction was

Zn(Hg) + OH— - Zn(OH) * + 2e [4]
Zn(OH)*+ + 3 OH~ - Zn(OH) 42~ [5]

with ap = 0.39 (for [3]) and 1 — ag = 0.23 (for [4]).
The measurements of Gerischer, Morinaga, and Farr
and Hampson showed that there was essentially no
dependence of the exchange current on hydroxide con-
centration, while the mechanism of Popova and Strom-
berg (31) would predict a fairly large variation of
exchange current with hydroxide concentration. The
mechanism we propose, based on the results shown
below, involves consecutive one-electron transfer steps.

Experimental

Chemicals.—Stock solutions of 4.0M KOH and 4.0M
KF were prepared from “Baker Analyzed” Reagent
grade KOH and KF obtained from the J. T. Baker
Chemical Company. The KOH solution was standard-
ized by titrating a known amount of reagent grade
potassium biphthalate using phenolphthalein as an
end-point indicator. A stock solution of 0.05M -zine (II)
was made by dissolving “Baker Analyzed” ZnO in 50
ml of stock KOH solution. The Zn(II) solution was
standardized by titrating with EDTA buffered to pH
10. Purification of experimental solutions with acid
washed activated charcoal (Barker’s method) was
tried, but the results were the same with or without
this step, so this procedure was not used regularly.
Solutions were prepared by pipeting a known amount
of KOH stock solution into a volumetric flask and
then diluting with the stock KF solution, so that all
solutions were at the same ionic strength. Zinc amal-
gam was prepared from 99.9% zinc wire and purified
mercury. The zine wire was amalgamated by dipping
in mercuric chloride solution for a few seconds before
it was placed in the mercury to aid in more rapid
dissolution of the zinc. The amalgam was stored under
vacuum and removed from the storage vessel under
a blanket of prepurified helium. Under these condi-
tions, the concentiration of zinc in the amalgam would
remain stable for more than a week.

All experiments were carried out under a blanket
of nitrogen. Commercial water-pumped nitrogen was
purified by first bubbling it through distilled water,
then through a solution of vanadous chloride stand-
ing over saturated zinc amalgam, then passing over
copper strands heated to at least 350°C, and finally
through distilled water again. The copper strands had
previously been exposed to oxygen at high tempera-
ture and then been reduced by passage of hydrogen
gas at high temperature in order to assure an active
surface. The water used in all experiments and in prep-
aration of solutions was deionized water that had been
further purified by distillation from alkaline potassium
permanganate in a Barnstead water still; its conductiv-
ity was less than 10—7 (ohm-cm) —!. Potassium hydrox-
ide, potassium fluoride dihydrate, and zinc oxide were
reagent grade chemicals and were used without fur-
ther purification. Commercial mercury was washed in
5% HNO; with air bubbling for several days, then
splashed at least twice through a 5% HNOj; scrubbing
tower. After drying, the mercury was distilled twice
under vacuum.
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Apparatus.—A single compartment electrolytic cell
manufactured by Metrohm Litd. (Model EA664) and
obtained from Brinkmann Instruments was used for
all experiments. The working electrode was either a
hanging mercury drop electrode (h.m.d.e.) or a drop-
ping mercury electrode (d.m.e.). The auxiliary or
counterelectrode was a piece of platinum wire im-
mersed directly in the solution. The reference electrode
was a saturated calomel electrode (SCE) which was
separated from the solution by a Luggin-Haber cap-
illary. The tip of the capillary was placed as close as
possible to the working electrode to minimize uncom-
pensated resistance. The hanging mercury drop elec-
trode was manufactured by Metrohm Ltd. (Model
E-410). A fresh drop of 0.032 cm? theoretical area was
used for each run. The capillary tip had to be cut off
at intervals since the strong alkali solution attacked
the glass, and eventually the tip would not hold a drop
of the proper size. Electrical contact to the drop was
made by inserting a platinum wire into the reservoir
through the pumping nipple.

The d.m.e. was constructed from a length of Sargent
6-12 second capillary. The mercury flow rate of the
d.m.e. was measured before each experiment since the
capillary did not last long before the tip had to be cut
off, changing the flow rate.

Potential step chronocoulometry was performed
with an instrument previously described (32) con-
structed from Philbrick solid-state operational ampli-
fiers. A fraction of the voltage generated by the cur-
rent follower could be fed back to the potentiostat for
resistance compensation; the stabilization scheme of
Brown et al, (33) was used. A-C and d-c polarography
were performed using a Princeton Applied Research
Corporation, Princeton, New Jersey, Model 170 electro-
chemical instrument. Data from potential step experi-
ments were taken using a PDP-12A computer system
(Digital Equipment Corporation, Maynard, Massachu-
setts). Data for potential sweep experiments at sweep
rates below 300 mV/sec were recorded on a Moseley
2D-~2 X-Y recorder. For sweep rates above 300 mV/sec,
a Tektronix Model 564 storage oscilloscope was used
with Type 2A3 (Y axis) and Type 2A63 (X-axis) plug-
ins. Permanent records of oscilloscope data were made
with a Polaroid camera mounted on the oscilloscope
using 3000 speed film.

Initial and final potentials for potential step experi-
ments and initial potentials for potential sweep ex-
periments were measured with a United Systems Cor-
poration Model 204 voltmeter to an accuracy of 1 mV.
Two of the relays in the relay register of the PDP-12
computer were used to control the potentiostat and
integrator. Timing of data acquisition was controlled
by internal computer cycle counting; the time scale
was calibrated by acquiring data from a function
generator (Wavetek Model 114).

Data were taken at the same potentials and the same
time scales with and without zinc present. Different
time scales were used at different potentials so that
the charge measured with zinc was significantly larger
than that without zinc, but at short enough times that
sufficient kinetic information was still present. The
quantity nFAD%C/a%, which is the slope of a Q vs. t%
plot when the potential is stepped far enough so that
the reaction rate is controlled by mass transfer, was
evaluated for the reduction of zinc(II) by stepping
from —1.0 to —1.7V and for the oxidation of zinc
amalgam by stepping from —1.7 to —1.0V and least
squares analysis on the @ — t% data, Three or four
steps were averaged for each potential using a fresh
drop each time.

The data acquisition system was checked by record-
ing a current-time curve with a simple RC dummy
cell (R = 5 kohm, C = 1 pf) for the potential stepped
from 0 to 40.400V. The accuracy of measurement was
1.2% or better. Further details about the apparatus,
procedures, and calibrations are available (34).
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Theory

The best method of proving that a charge transfer
reaction consists of more than one electron transfer
step is to demonstrate the existence of the intermedi-
ate products by some unambiguous technique (1).

Consider the case

O+ nex2Y E (6]
Y+ ne@R Ey” [71

At equilibrium, from the Nernst equations for [6] and
{71

Cymtns ningsF
Y —K=—expi—— (B —Ep) | [8]
CrmC, n2 RT

Hence, for a given total concentration of O and R, C*,
the maximum amount of Y is present when Cr = Co.
If E;” is much greater than E;®, then solutions con-
taining essentially only Y can be made. If E,¢ = Eyv,
then K = 1 and for n; = nz = 1, the maximum Cy is
given by Co = Cy = Cr. As the quantity E; — E,»
becomes more negative, the maximum amount of Y
that can be present decreases rapidly. For example,
for ny = n2 = 1, and Co = Cr = C¥*, if E; — E,*
—0.2V, then Cy = 0.03 C*, while if E;* — E»
—04V,Cy~ (4 X 10—9)C*.

However, depending upon the values of the rate con-
stants for steps [6] and [7], the existence of stepwise
electron transfer and transient formation of an inter-
mediate, Y, can be deduced from electrochemical mea-~
surements [see Ref. (1) and general treatment of
Albery and Hitchman (35)1].

Potential step chronocoulometry (33, 34) was chosen
as the principal electrochemical investigative pro-
cedure in this research, because integration of the
current signal removes most of the high-frequency
noise from this signal. Moreover, the integrated signal
always starts from zerc and can always be adjusted
to stay on a given scale, while in chroncamperometry
initial double-layer charging current may be several
orders of magnitude larger than the faradaic current
s0 that to obtain sufficient precision in the region of
interest, the signal must be allowed to overdrive the
amplifiers of the measuring instrument. Chronocoulom-
etry can also be used to obtain information about the
double layer (36, 37). Although the theoretical equa-
tions for stepwise electron transfers in chronocoulom-
etry have not been presented previously, they can be
obtained quite easily by integration of the appropriate
equations of chronoamperometry.

Potentiostatic current-time behavior for systems in-
volving a quasi-reversible two-step charge transfer
was first derived by Hung and Smith (10) for the
analytical solution for this case in a-c polarography.
The partial differential equations and boundary con-
ditions used by these authors in obtaining the follow-
ing results are given in the Appendix. For the reaction
given in Eq. [6] and [7] and following the notation of
Hung and Smith (10), let

i

n(e) = ——r 9]
! - 'I'Lili‘AC*oDo’/z
Bi=1—a (i =12) [10]
Dy = DofiDyer Dy = DyP:Dge: [11]
f1 = foPifyer  fo = fyPefge: [12]
RT fy Do \%
E’/,=E°'——-——1n(——)(—> [13]
1/2,1 1 oF T Dy
RT fr Dy \%
E'/,=E°'——-ln(——-)(——-——) [14]
1/2,2 P oF T e
= F B Erus G=12) [15]
n= —5’17 — &4 U= 1,
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These authors showed that the current during a step
to potential E is given by Eq. [16].

i(t) = FAC*oDo% [n1y1(t) + naye(t)] [16]
where

M
v1(t) =

(1 4 ) (x+ + x-)
erfc (x—t%) — (x+ — Ag) exp (x+2t) erfc (x+t%)] [17]
Athe
(14 e) (1 + ek) (x— — x+)
erfc (x+t%2) — exp (x-2t) erfc (x-t%)] [18]
M+ dgx [(M+ A2)2—4K]%

[(x- — A2) exp (x-2t)

y2(t) = [exp (x+2t)

= * [19]
els 4 e—h 4 eliz—i0 ]
K = Mh [ . [20]
Pl O e A+ e
M= keidy (e—uh 4 eBidr) (i=12) f21]
D%

Since we are interested here only in the case where
E” << E2”, and because E ~ Ery;s = (ETi21 +
Ery/5,2)/2, some simplifications can be made in these
equations, yielding

A

t) = A2 exp (x--2t) erfc (x-t%)
v1(t) Ar o) atin [h2 exp (x X
-+ A1 exp (x+2t) erfe (x+t%)1 [22]
Ak
Ya(t) = 172 [exp (x-2t) erfc (x~t%)

(1 4 e¥) (A + %2)
— exp (x+%) erfc (x+t%)] [23]

The expression for Q(t) is obtained by integrating the
above equations to obtain Eq. [24] and [25]

A [ A2 (
- exp (x-2t)
(1 + %) (A + A2) x-2

_tha A
2x -t —1)+—1?(exp(x+2t)
X+

fui)ydt =

erfc (x-t%) +

2+ 1%
erfc (x+t%) + "n; —1)] [24]

Ahs
(1 + ei2) (A1 + A2)

1
Sy (t) = [ x_z( exp (x-2%)

1
(exp (x+2%t)
x+2

Y2
2x+t _ 1)] [25]
7

Ya

2x-th
erfc (x-t%) + ————1 ) —
nt

erfe (x+t%) +

Since x+ is much greater than x-, the term in the
above equations in x+ can be neglected compared to
the term in x—. Under these conditions, then

Sy dt = fya(t)dt [261
and, defining Z. as in Eq. [27]
_ (n1 4+ ng) FADo%C*olike

. = [27]
(1 4 eir) (A1 + h2)
then P
Q1) = i (exp (x-2t) erfe (x-t%) + x — 1)
x_2 e
(28]

For the case where R is initially present but not O and
the potential is stepped in the positive direction, the
expression for Q(t) is the same as that in [28] except
that Z. is replaced by Z,
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FADR%C*grAA
Z,=(m+n2). r¥%C*RA1A2 [29]
(1 4 e~ i2) (A + Ao)

Thus, for a two-step electron transfer reaction, the
equation for @(t) is identical in form to the expres-
sion for @(t) for single-step charge transfer, Eq. [30]
(36, 37)

2)t%
Q(t) = ——-K (exp (22t) erfc (At%) 4 —— — 1) [30]
A2 n¥a

A= (e~ | efl) [31]
k)
nF
j == —— (E — E¥ 32
J BT ( ) [32]
K = nFAko(C*oe—® — C*geBl) [33]

To use Eq. [28] or [29] to determine kinetic param-
eters and reaction mechanisms, one steps from a po-
tential where no appreciable current flows to one
where a measurable cathodic or anodic current is ob-
tained and measures the @ vs. t behavior. From this
data K and % are determined. These values are deter-
mined at a number of potentials and then the loga-
rithm of K and A are plotted vs. the potential. For a
single-step charge transfer case, the plot of In K vs. E
is a straight line with a slope equal to —enF/RT. The
plot of In A vs. E is a curve which has a minimum near
E> and asymptotically approaches straight lines for E
greater than and less than E*. The slope of the asymp-
tote for E less than E* is —anF/RT, while for E greater
than Ev, it is pgnF/RT.

In the case of a two-step charge transfer reaction, Z
and x— can be determined from Q@ vs. t (or i vs. t) data
in the same manner as K and A in a one-step reaction.
However, the behavior of the plots of In Z and In x-
v8. E can be more complex than in the one-step case.
It is this difference in behavior that can sometimes
allow one to demonstrate the existence of a two-step
mechanism. The behavior of In x—- vs. E and In Z vs. E
can be illustrated by some examples:

(i) If k°y and k% are very large, then the over-all
rate of the reaction may be so fast that the reaction
appears fo be Nernstian. In this case, it is not possible
to calculate x— and Z and the reaction is indistinguish-
?bl)e from a one-step multi-electron transfer reaction

10).

(ii) For k°; >> k%, when (RT/F) 1n (k%/k%) < E
< Ery/99, then 9 In Z./0E = — (1 + a2)F/RT [see Fig. 1
(Z,1)] and In x~ has a minimum near E = 0 (where
Eri/5; is taken as —0.2V, and Erys5 is +0.2V), When
(RT/F) In (k°2/k°;) < E < O, then 9 In(x—)/9E =
— (1 4 a2)F/RT [Fig. 1 (x~2)]. When O < E < Evy/92
8 In(x-)/39E = (1 — «)F/RT [Fig.l (x—1)] and § In
Z,/oE = B;F/RT [Fig. 1 (Z,1)]. When Ef/5; < E
< (RT/F) In (k°y/ke;), then § In Z./0E = —a;F/RT
[Fig. 1 (Z,2)], 3 In Z/3E =(2 — «)F/RT [Fig. 1
(Z42)] and 8 In (x-)/9E = —a;F/RT [Fig. 1 (x-,3)].

(iti) For ko >> ko, the results are the mirror
image of those for case (ii) above,

(iv) The results for ko = k°; are shown in Fig. 2.
Therefore, to determine whether a reaction is single
step or multi-step, not only must the over-all reaction
be slow enough to be measurable, but also the rate
n;ust be slow enough to be measurable in the vicinity
o

Er T Teo,
= 1/2,1 + Ef1/2,2 + RT n koy (34]
2 F koy

Otherwise, the reaction is indistinguishable from a
single-step reaction. For example, for k% >> ko,, if the
most positive potential at which measurements of Z
and x— can be made is less than E’ in 38, then ¢ In Za/
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Fig. 1. Log x - and log Z vs. E for cose (ii). oy ag = 0.5,
Ety21 = —0.2V, E'y/29 = 402, ko = 2.0, k% 002, ny =
ng = 1, D1% = D% — 0.00316,f1 = f» = 1.0,Co = Cr =
2.03 x 10-% moles/cm3, A — 0.032 cm2.

T T T T T T T

ol
LOGolX_||

LOGw(Zl

s 1 - 1 \ !
[}

3 2 1 -1 -2 -3
POTENTIAL (23RT/F volts/divl

Fig. 2. Log x— and log Z vs. E from case (iv). The conditions are
the same as in Fig. 1 except k°; = 0.02.

0E = (2 —1)F/RT and ¢ In Z./9E = —oyF/RT. Under
these conditions 9 In Z,/9E — 9 In Z./9E = 2F/RT and
the results cannot be distinguished from a single-step
reaction with the same over-all rate and « = «1/2. The
behavior of In (x-) is similarly indistinguishable.
In order to assign values to both o« and ap, both
cathodic and anodic plots of In Z and In x— vs. E must
have linear segments whose slope is less than n¥F/RT.
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Then «; can be obtained from the slope of the cathodic
plot and a3 can be obtained from the slope of the anodic
plot. (Eti/2,4 + Eri/22)/2 can be determined from the
potential where Z, = Z,

E n1Er1/9,1 4+ nzEr1/2,2 RT In C*o

Za=Ze =

A ny + mg (i + n)F  C*m
[35]

Even here ko, ko, Ery/21, and E*y/22 cannot be assigned
absolute values, since the value of Ery/z9 — E'y/2,1 is
not known. We can, however, measure ki and kg at
(Ef1/21 + Ef1/2,2) /2.

Forny=mny =1

ko
ky = [36]
[ —ayF ( Er1/25 — Ef1/3,1 ) ]
exp
RT 2
ke
ko' = 2
[ (1 —a)F ( Ery/99 — Ef1/9,1 ) ]
exp
. RT 2

[371

If we could measure the concentration of Y at equi-
librium, we could then determine the value of ETry/52
— Ery/5,1. For purposes of calculation it is sufficient to
select a value of E; — E; greater than 0.2V and use that
to calculate k°; and k°; from the observed ki’ and ko'
Using the values determined above for «i, a2, Efi/2.,
Eri/99, ny, ng, k°, and kO, one can calculate Z and x-
over the whole potential range and see if these values
give a good fit in the nonlinear portions of the In Z and
In x- vs. E plots. If the fit is good, one can say with
confidence that the charge transfer is multi-step.

Clearly, potential step techniques are particularly
useful for distinguishing between single-step and
multi-step electron transfer. Hurd (5) has stated that
unequivocal proof of a two-step consecutive electron
transfer mechanism can only be obtained from steady-
state polarization curves if the exchange currents of
the two steps differ by a factor of 100 or more while
still being less than the mass transfer limited current.
Hence, if rate constants are about equal, concentration
ratios would have to be very large in order to achieve
the necessary exchange currents. Large concentration
ratios usually mean large concentrations, high currents,
and problems from solution resistance. Potential step
techniques allow examination of the current-potential
behavior over a wider range of potentials and larger
rates than is possible with steady-state techniques
since the effects of mass transfer can be accounted for
by proper application of potential step theory.

Results

Potential step chronocoulometry.—Kinetic param-
eters are usually determined by linearization of Eq.
[30] by taking @ values only at times where At%2 > 5,
so that exp (A2t) erfc (At2) is negligible compared to
the other terms in this equation (36). A similar pro-
cedure is often followed in chronoamperometric experi-
ments (38, 39) where current values at times corre-
sponding to At% < 0.1 are used. The difficulty of using
these approximations in practice has been discussed
[see, for example (40, 41)] and is based on the neces-
sity of knowing the value of A, the parameter to be
determined by the experiment, before the wvalid ap-
proximation zone is established. Moreover, the zone
of the approximation may be located where perturba-
tions caused by double layer charging or convection
are important. However, the best use of the data is
made by fitting the experimental results to the com-
plete theoretical Eq. [30] using a high speed digital
computer, and this procedure was followed here.
Because digital data acquisition was employed, the
data were in a particularly convenient form for fur-
ther processing on the computer. The procedure fol-
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lowed consisted of guessing initial values of K and A
and calculating values of @ for each t using [30], Qcalc.
These values are compared to the experimental ones,
Qexp, and the total variance, which is the sum of (Qexp
— Qcale)?, determined. The values of K and A are
changed until the variance has been minimized. Details
of this procedure and the method for calculating
exp (y2?) erfe (y) are discussed elsewhere (34). Pre-
liminary chronocoulometric measurements showed
that neither reactant (zincate) or product (zinc in
mercury) were adsorbed, so that the number of cou-
lombs required to charge the double layer capacitance,
Qai, was determined on a test solution lacking zinc (II)
with a pure mercury electrode; Qexp Was then taken as
Qmeas — Qa;, where Qmeas is the measured charge. This
procedure assumes that Qq is not affected significantly
by the presence of the small amounts of zinc in solution
or mercury.

The log A and log K values at various potentials and
various hydroxide concentrations determined by this
procedure are given in Table I. These values were
plotted vs. E and an and gn were determined from the
slopes of the linear parts of the cathodic and anodic
branches of the plots at constant hydroxide concentra-
tion. The dependence on hydroxide ion concentration
was determined from plots of log K at constant poten-
tial vs. log [OH~]. The results are given in Table II.
The diffusion coefficients of zinc(II) and Zn(Hg) were
determined by measuring K/h when |[E — Eri/s| was
large. For the reduction process, this gives the value
of nFAC*oDo%, while for the oxidation nFAC*rDg'%.
The effective surface area of the Kemula type Metrohm
h.m.d.e. has been shown to be about 90% of the geo-
metrical area (42) yielding a value for our electrode
of 0.0291 cm2. With this value for A, C*o = 2.03 X 106
moles/em3 and K¢/h = 2.82 X 10—5, we obtain a Do's
= 2.47 X 10-3 cm/sec*. Similarly, with Ka./A = 2.66
X 10-5 and Dr% = 3.98 X 10—3 cm/sec% (43), the
concentration of zinc in the amalgam, C*g, was found
to be 1.19 mM. The potentials for the intersection of
K. and K. and the concentrations of Zn(II) Zn(Hg),
and OH— can be used to calculate Ery/; for the over-all
reaction. A plot of Ery/g vs. log [OH~] had a slope of
—0.118V and an intercept of —1.445V vs. SCE.

D-C polarography.—The zine (II) /zinc amalgam sys-
tem in alkaline media exhibits a quasi-reversible
polarographic reduction wave. The treatment of the
data follows the treatment of Meites and Israel (44)
and is similar to that of Matsuda and Ayabe (25).
From the Ilkovic equation and the values m = 1.07
mg/sec, t = 1.0 sec, iqa = 7.64 gA and C*o = 2.03 mM,
we find a value of Do% = 2.53 X 10—3 cm/sec*z, in good
agreement with the value obtained from the potential
step experiment. To determine kinetic data, a plot of
log[i/(ig — )] vs. E according to the equation for a
totally irreversible reaction (44)

0.059 1.349kot"2 0.0542 i
E=E> + log - log
an Do an

ig—1i
(381

was made for values of E sufficiently negative as to
make the reverse reaction slow enough to be negligi-
ble. Results are given in Table II.

A-C polarography.—Measurement of kinetic param-
eters by a-c polarography involved phase-sensitive de-
tection of the current, so that the phase angle of the
current as well as its magnitude was measured. From
this data the cotangent of the phase angle, §, was deter-
mined and used to calculate . at different values of E
(45)

Cot (8) = Ioo/Igoe = 1 + (2w)2/A [39]

The kinetic parameters can be obtained from a plot of
log A vs. E or directly from a plot of cot(#) vs. E by
measuring the potential and magnitude of the maxi-
mum value of cot(6) (45)
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Table 1. Potential step chronocoulometry. Results Potential sweep voltammetry.—Kinetic parameters
can be obtained from linear potential sweep voltam-
(a) Reduction reaction; Steps from —1.00V vs. SCE to E; solution metry at a stationary electrode by observing the varia-

contained 2.03 mM zinc(II) and KOH; electrode was Hg drop tion of E, or of E, — E,/; with scan rate, v (46).
[OH-1 (Vs SCE) Log A Log K Stand dev.  Kinetic parameters for the cathode reaction were ob-

tained from experiments in a 1.0M KOH solution con-
taining 2.03 mM zinc(II) at a mercury electrode while

0.18 —1.36 - 0.5675 —5.4399 6.74

—1.38 —0.3189 _ 5.0049 9.12 those for the anodic reaction used a zinc amalgam elec-
i ooy Iatane 3120 trode, [Zn] = 1.2 mM and 1.0M KOH (34). Kinetic
—1.44 0.7663 —~3.9789 25.60 parameters obtained from these measurements are
I L ¢
-1 . —3. . Iscussion

0.34 i o098 “am 155 The results obtained by the different electrochemical
e A 4 -4 3800 methods in Table II are in fair agreement with each
—1.46 +0.1881 —4.3466 7.64 other. These results show that the electrode reaction
Y- S me e R of zinc in alkaline media is not a simple quasi-reversi-
—}-gi 1%5 —g-gﬁ)g lg.gg ble two-electron transfer. First, the quantity an + gn
156 1.4239 —31461 2,65 is much less than two, when « and g are calculated

0.96 - i-‘g - g-gggili :g-zgﬁ g-gg from the appropriate slopes measures well away from
“1a7 —0.4673 50589 12.20 Erys9. Second, the log K vs. E plots show definite curva-
—%é? '8'%282 —2-;3?1; 1g.g(1> ture in the region near ETry,. This curvature cannot
" 153 t o aaTe “ 41129 9.58 be due to double-layer effects, since the rate of change
Ii?i? g-gg‘;g :ggigg 1g-gg of potential at the outer Helmholtz plane with elec-
—159 11671 —3.3903 2.05 trode potential is nearly constant in the region of in-

176 :%-gé _(1):;1}22 :g'égég %:3?, terest, which is far negative of the potential of zero
—1.48 —0.6788 —5.4323 9.77 charge, and the solution has a high ionic strength. Nor
- —qoes —5oz 16.30 can it be explained by uncompensated resistance, since
—1.54 +0.0987 —4.4254 13.40 the region of maximum curvature is in the region
“15e 05822 Taiaat g:gg where K was less than 100 xA, and the uncompensated
—1.60 0.9402 —3.6369 14.50 resistance was less than 10 ohms, i.e., where the curva-
e 1.0812 771 T2 ture was most pronounced, contributions from IR

effects were at a minimum. These features correspond
(b) Oxidation reaction: Steps from —1.700V vs, SCE to E, solution qplte closely to a consecutive e!eCtron tran§fer mecha-
contained no zinc(Il) and KOH, electrode was zinc amalgam with a nism, however, and the following mechanism appears

[Zn] = 1.2 ’ y
[ oﬁ'] E Stand. dev. to fit the experimental data quite well
() (V vs. SCE) Log Log K x 10 Zn(OH) 2~ Zn (OH)s -+ 2 OH- [42]
0.18 ~1.38 —0.2117 —5.8534 4.97 -
‘1-32 _8'2621 *5'%342 lgﬁ‘.} Zn(OH)2 4+ e 2 Zn(0OH)» [43]
Zi3 Toises 1375 6.79 Zn(OH)s— 2 Zn(OH) 4 OH- [44]
“i3% * 03280 Tio%ae 568 H Zn(H OH- 45
“HE o teR e i O oo
:110§ 1.0502 :215123 10.40 Comparison of this model to the experimental results
—1.04 ls222  —3.0975 36.40 is simplified by using a modification of the notation
0.34 —1.42 —o0. —&. 10.60 : .
—i.go —g.gggi —g.gi% 15.60 of Hung and Smith (10), with O representing Zn (OH)»;
138 —oisl Z5.1502 e YO, Zn(OH)2~; YR, Zn(OH); and R, Zn(Hg). With f,
—1.28 —0.0120 —~4.4963 10.30 = [OH~]2,fvo = 1.0, fyr = [OH~]"1, and fr = [OH"],
Cla R+ I 12 3.8 the following equations hold for E*1/5,1 and E*1/2,2
-116 18588 371272 3.88
—-1.12 8.9(5)97 —2.6416 8.35 RT Do RT fo
0.96 Tia 03870 oot 7 Etygs = E” + —In 4+ ——In [46)
R B L,
-1 —0. ~5. .
~1.37 —0. ~4.6425 12.60 RT Do RT
T133 L0918 —4.3768 5.53 Ery/91 = E1¥ 4 In - In[OH—]2 [47]
—1.29 0.4428 ~4.1431 4.30 2F Dyo F
iR @R e
11w 10797  —3.4987 16.00 . RT _ Dyr RT
113 13438 32834 2.64 Erys9 = E9* + In - In[OH~]2 [48]
2F Dgr F

[40] At constant E — Eryss, the hydroxide dependence of
M1 is proportional to f1 and Ag to f2, where f; and f2 are
(20D)% given by Eq. [49] and [50]

(eot@ ez =1+ Sr TRy o+ @ 1 fi = fohfrom = [OH-]-0%8 [49]

RT
[Elmax = E*1/2 + — In(a/B)
nF

The results are shown in Table II. fo = [OH—-]-0382 [50]

Table 11. Summary of experimental results by different techniques

9 log K 9 log Ka
Ery/p Dot/2
an pn koc/Dol/2 koa/Dpl/2 (V vs. SCE) (cm/secl/2) 9 log [OH-] @ log [OH-]
Potential step 0.82 0.34 0.17 0.30 —1.445 2,47 x10-3 —1.85 +0.83
D-C polarography 0.82 — 0.33 — —1.445 2.53 x 10-3 — —
A-C polarography 0.83 — 0.18 —_ —_ — _ —

Linear potential

sweep voltammetry
(a) (Ep vs. log v) 0.78 0.33 0.40 0.3¢ —_— — —
(b) (Ep — Ep/2) 1.00 0.46 — — —_ — — —

|
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-3
018 M KOH!

034 M KOH
096 M KOH
176 M KOH

@ p O o

Fig. 3. Log K. vs. E for reduc-
tion reaction. Comparison of ex-
perimental data from poten-
tial-step chronocoulometry
([Zn(OH)42—] = 203 mM)
- with values calculated from con-
secutive-electron transfer theory.

-140
POTENTIAL (volts vs. sce.)

This means that for any given value of E — Ery/s, the
hydroxide dependence will be small. In particular,
when A is nearly equal to A2, and the hydroxide con-
centration is about 1.0M, the hydroxide dependence of
log K and log % will be zero. Since the region where
Ay is equal to Ay is also the region of curvature of the
log K vs. E plot, the apparent « measured in this
region will be between the values for the high and
low slope linear regions; for the Zn(I1)/Zn(Hg) reac-
tion an would be equal to about 1.0 in this region.

The measured values of the hydroxide dependence
of log K at constant potential yield the following val-
ues for fy and fo: fi = [OH~]~02! and fo = [OH~] *+0.15,
To obtain a quantitative comparison between model
and results, we take oy = 0.82, ap = 0.66, ko; = 0.228,
kop = 0.0209, and use these parameters to calculate
values for log K and log A from consecutive electron
transfer theory

RT

Eri/914 = —1.645 — Tln[on—]z [51]
RT

Efyp = —1,245 — - In[OH-]2 [52]

We find that the potential step data fits the theoretical
curves quite well (Fig. 3-6). In particular, in the plot
of log K, vs. E where the curvature is most pronounced,
the fit is excellent.

These same parameters can also be used to calculate
a-c and d-c polarograms using Hung and Smith’s equa-
tions (10). In calculating polarograms, the Matsuda
function (47) was used instead of exp (A2t) erfc (At%),
because a d.m.e. is used for polarography and planar
diffusion no longer occurs. The fit between the theo-
retical a-c¢ polarographic data (cot ¢ vs. E) and d-c
polarographic data [log(i/iq — i) vs. E] and the ex-
perimental results are shown in Fig. 7 and 8. The
agreement between theory and experiment for a-c
polarography is not too good, but Delmastro and Smith
(48) pointed out that amalgam formation reactions

-3 T T T T | A— T T —]

~a L

L0Gyq (K)

© 018 M KOH
G 034 M KOH
-s | A 098M KOH

-1 —12 -13 -14
POTENTIAL (volts vs.sce))

Fig. 4. Log Ky vs. E for oxidation reaction. Comparison of data

from potential-step chronocoulometry ([Zn(Hg)] = 1.2 mM) with
theoretical calculations.

may show large distortions of the current because of
spherical diffusion inside the drop. Since the theoreti-
cal curves in these figures were calculated with param-
eters from the potential step experiment, the agreement
must be considered satisfactory.

1t is of interest to compare our results with those of
previous studies (Table III). Gerischer (22, 23) and
later Farr and Hampson (24) determined the exchange
current i, by measuring the charge transfer resistance
(Rt = RT/nFi,) at the equilibrium potential of a solu-
tion and thus determining the variation of i, with
reactant concentration. From i, one can determine «
and ke from the relation

io = nIFAKk°Col—e2Cgr® [53]

The exchange current can also be determined from
consecutive electron transfer theory, either from the
equation derived by Vetter (2-4) or from the treat-
ment of Hung and Smith (10)

24 N — T T T T
© 018 M KOH

o 032 M KOH

A 096 M KOH
1.0|

LOGyo (A}

© 176 M KOH

0.0

)
-1.40 -1.50 -1.60
POTENTIAL (voits vs. s.ce}

Fig. 5. Log A vs. E for reduction reaction. Comparison of data
from potential-step chronocoulometry with theoretical calculations.

0.5
L0G,o (M)
© 038 M KOH

D 034M KOH
A p9sM KOH

—0.5+~

L L . 1 . . o @
=11 -1.2 -1.3 —1.4

POTENTIAL (volts vs. sce)

Fig. 6. Log X vs. E for oxidation reaction. Comparison of data
from potential step chronocoulometry with theoretical calculations,
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o)
40 - Y .
° ©
30 .
COT(#)
20 © -
° ()
10 |- A -
[}
1 1 1 p
~1.30 -1.40 -150

POTENTIAL (volts vs. s.c.e.)

Fig. 7. Comparison of Cot(d) vs. £ data from a-c polarographic
measurements with theoretical calculations. The solution contained
[Zn(OH)42—] = 2.03 mM and [OH~] = 0.18M. The d.m.c. was
mercury with a drop time of 1 sec. @« = 11.0 Hz.

2

LOG,q
i1ig—1)

1 1 | i
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-2
-1.30 -1.40 -1.50
POTENTIAL (voits vs. s.c.e.)

Fig. 8. Comparison of log i/(it — i) vs. E data from d-c polarog-
raphy with theoretical calculations. Conditions same as in Fig. 7.

MAg
(1 + et} (A1 + A2)

= 2FAC*rDgp% Mha [54]
(1 + e (b + k)

Using the kinetic parameters obtained from potential
step measurements to calculate i, and Rt and compar-
ing these results with the data in Fig. 2 of Farr and

io = 2FAC*oDo%

December 1972

T T T T T
o]
1.2 -
bA
. a & .
b— = “~
b
° A
0.8} ° S &) =
AA ]
LOG.,(R;) | —
10(Ry o A O
o A
o4 a -
¢ A

- A -

A

e

ok -

[ 4

o]

1 o - 1 1 H

-7 -6 -5 -4

LOG,q, ( Zn(Hg)) {(moles/cmd)

Fig. 9. Log Rt vs. log [Zn(Hg)] for different concentrations of
Zn(OH),2—. Comparison of theoretical colculations with experi-
mental data from Farr and Hampson (24). Squares, [Zn(OH)42~]
= 5.05 x 10~ moles/cm3; triangles, [Zn(OH)4,2—] = 6.8 x 10—5
moles/cm3; circles, [Zn(OH)422—] = 1.834 x 10—% moles/cm3.
Open symbols are data from this work, solid symbols are from Farr
and Hampson,

Hampson (24), we calculate an Rt which is larger than
their values by a factor of 3.5. This difference may be
attributed to differences in the conditions of measure-
ment in the two studies; for example, the ionic strength
of Farr and Hampson’s solutions was 3.0M, while in the
present work, it was 4.0M. They used NaOH and
NaClO4 while KOH and KF were used in the present
work, and the solutions used by Farr and Hampson
were purified by circulation over activated charcoal
for at least 28 days. However, when the Rt values cal-
culated from potential step data are divided by 3.5,
the values at different Zn(Hg) and OH~— concentra-
tions agree fairly well with those of Farr and Hampson
(Fig. 9).

Matsuda and Ayabe (25) studied the reduction proc-
ess by d-c polarography. Using the treatment for quasi-
reversible polarographic waves they obtained the re-
sults shown in Table III, which agree very well with
ours for the reduction process.

Stromberg and Popova (29-31) studied both the oxi-
dation and reduction reactions by d-c polarography
with a dropping zinc amalgam electrode used to study
the oxidation reaction. Their results do not agree very
well with the results of the present work for the oxi-
dation reaction, although the agreement is fairly good
for the reduction reaction (Table IIl). However, their
results still lead to the conclusion that one hydroxide
is involved in the oxidation reaction rate limiting step,
since the oxidation rate shows a dependence on the first
power of the hydroxide concentration. This observation
led Stromberg and Popova to conclude that the oxida-
tion reaction was a two-electron reaction which oc-
curred by a completely different path than that of the
reduction reaction (Eq. [4] and [5]). However, if they
were correct, then a plot of log K vs. E for any one

Table Hi. Comparison of our results to previous studies

d log K. 3 log Ka
an gn log ke, log koa Eria 9 log [OH-] 9 log [OH-]
Present work 0.82 034 —3.37 —2.92 —1.445 -1.85 +0.83
Farr and Hampson (24) 1.00 1.00 —3.00 — — by -
Matsuda and Ayabe (25) 0.84 — —33 o~ ~1.444 —1.82 Yy
Popova and Stromberg (31) 0.78 0.46 ~3.43 —-3.70 —1.434 -2.3 +14
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hydroxide concentration should be linear over the
whole potential range (except for curvature due to
double layer effects and distortion due to uncompen-
sated resistance); this is not the case. Moreover, this
mechanism does not predict the negligible variation
of the exchange current with hydroxide concentration
at equilibrium which several other researchers have
reported (22-24, 26, 27). The consecutive electron
transfer mechanism explains all the observed features.
Recently Despic and co-workers (49) demonstrated
that the Cd(II)/Cd(Hg) system in H:SO; solutions,
long thought to represent a mechanism involving a
simple two-electron charge transfer step, probably
occurs by a two-step single electron exchange mecha-
nism, The findings here on the Zn(II)/Zn(Hg) system
parallel these results and suggest that other electrode
reaction mechanisms previously thought to involve
multiple electron transfer steps bear reinvestigation.
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LIST OF SYMBOLS

A electrode area

C*; bulk concentration of jth species

Dy diffusion coefficient of jth species

i activity coefficient of jth species

Eoy formal redox potential of ith step (i =

Ery/24 reversible half-wave potentials of ith
steps

m number of electrons transferred in ith
charge transfer step

aj chalrge transfer coefﬁc1ent for ith steps

Bi =1—u

ko; standard heterogeneous rate constants for
ith step

F Faraday’s constant

R ideal gas constant

T absolute temperature
time

i, ¥, x, M, K derived parameters, see Eq. [15]-[21]

Za, Zo derived parameter, see Eq. [27] and [29]

Q(t) charge

i(t) current

APPENDIX

The equations and boundary conditions for the solu-
tion of the current-time behavior for a quasi-reversi-
ble two-step charge transfer are as follows (10)

9Co 92Co
=D 1A]
ot ° g2 [
aCy 92Cy
=D 2A
P s Py [2A]
aCr 32Cr
=D 3A
Py R ot [3A]
Fort=0,anyx
Co=C* [4A]
Ch=Cy=0 [5A]
Fort >0, x> o
Co—> C*% [6A]
Cr—>Cy—- 0 [TA]
Fort>0,x =0 c
9 i1 (t
D, o - i1 (t) [8A]
dx nFA
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C ig (L i1 (t
Dyay =12() _11() (9A]
ox naFA nFA
dCr —ig(t)
D = 10A
R Py aF A (10A]
i1(t) —aymF
—_— = Cop= E(t) — Ey°
F AR ox=0 EXP { [E(t) 1 ]}
1 —a)mF
— Cyz= — — _[E(t) — E° 11A
Y oeXP{ BT [E(t) 1]} [11A]
iz (t) —ognpF
—_—— = Cy,= E(t) — Es°
F Ak Yz=0 €XP { [E(t) 2°] }
1- F
— CRrz=g €Xp {———az&z—— [E(t) — Es°] } [12A]
RT
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The Kinetics of the p-Toluquinhydrone Electrode
F. Kornfeil*

Electronics Technology and Devices Laboratory,
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ABSTRACT

The reaction mechanism of the redox system p-toluquinone/toluhydroqui-
none (toluquinhydrone electrode) on smooth platinum was elucidated with the
aid of the electrochemical reaction order method. It was found that in the pH
range 0.1-3.2 the reaction proceeds according to the scheme Q + H* ¥ HQ*,
HQ* 4+ e~ 2 HQ, HQ + Ht € H,Qt, HoQt 4 e~ & HyQ. This mechanism
is identical with the HeHe sequence determined by Vetter for the benzoqui-
none electrode. The relatively fast rate of the charge-transfer steps, however,
necessitated measurements of the electrode polarization in the nonsteady state.
A method is described to determine the individual exchange current densities
in moderately fast consecutive charge-transfer reactions.

The reaction mechanism of the redox couple p-
benzoquinone/hydroquinone (quinhydrone electrode)
was first elucidated by Vetter (1) who interpreted the
steady-state overpotential on smooth platinum with
the aid of the electrochemical reaction order method.
He showed that, in the over-all electrode reaction
HoQ &€ Q + 2H* + 2e-, the electrons are exchanged
in two different charge-transfer steps. Hale and Par-
sons (2), using the Koutecky method on dropping
mercury, and Eggins and Chambers (3), employing
cyclic voltammetry on polished platinum electrodes,
arrived at essentially similar conclusions in more
recent studies of the reduction of benzoquinone and
other p-quinones. The consecutive charge-transfer
mechanism is, however, challenged by Loshkarev and
Tomilov who account for their experimental results
obtained on Pt (4, 5) and other metals (6) by postu-
lating that both electrons are transferred simultane~
ously in a single charge-transfer step.

The present paper describes an investigation of the
kinetics of the redox system methyl-p-benzoquinone/
methyl-hydroquinone (toluquinhydrone electrode).
'I_‘he aim of this study has been (i) to clarify the situa-
tion with respect to the reaction mechanism and (ii)
to ascertain what effect, if any, the addition of the
CHs-group to the benzene ring may have on the
kinetic parameters of the quinhydrone electrode
reaction.

Experimental Procedure

All measurements of the overpotential were made
at the same constant temperature (25° + 0.5°C) in
solutions of equal ionic strength %Zcin2 = 1.0. The
excess of supporting electrolyte accomplished, as usual,
thg suppression of the {-potential to negligible values,
minimal tranference numbers t;, and the virtual con-
stancy of the activity coefficients of all reacting species
Sj, thereby making the substitution of c¢j for a; possible.

Electrolytg solutions.—Both the toluquinone and the
toluhydroquinone used were obtained from Eastman
* Electrochemical Society Active Member.
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Kodak “practical grade” reagents. The toluguinone
was purified by sublimation under atmospheric pres-
sure and the sublimate collected as canary-yellow
needles (mp 68.0°C). The toluhydroguinone, however,
required repeated recrystallization from benzene and
had to be subsequently twice sublimed in vacuo before
snow-white ecrystals could be obtained (mp 126.5°C).
All other reagents used in the electrolyte solutions
were of C.P. quality and were used without further
purification. Triply distilled water served as the
solvent. The toluquinone and toluhydroquinone con-
centrations varied from 10-2 to 10—¢ molar.

Because of the known vulnerability of aqueous
solutions of toluquinhydrone to photodecomposition (7)
the toluquinone and toluhydroquinone were dissolved
in the electrolyte immediately before the start of each
experiment. No decomposition could be detected within
a 6-hr period, provided that the solutions were kept
free of dissoclved oxygen. Purified argon was, therefore,
bubbled through the electrolyte at the start of each
series and also, intermittently, between individual
measurements within a series of determinations of the
overpotential. This procedure insured sufficient sta-
bility during the 2-3 hr normally required for estab-
lishing the anodic and cathodic current density-
potential relation at a given concentration.

Reference electrodes—The values of all electrode
potentials ¢ are referred to the SHE and were measured
against a Ag/AgCl/KCI(1M) electrode (e, = +0.2387
V). Highly stable reference electrodes were prepared
by the electrolytic formation of AgCl on thermally
reduced spheres (r ~ 0.2 cm) of AgoO (8) attached to
small Pt spirals. The scatter of potential differences
among these electrodes never exceeded 0.05 mV.

Electrolysis cell—A Pyrex cell as shown in Fig. 1
was used in all the polarization measurements described
in this paper. The working electrode, a smooth Pt wire
(r ~ 0.25 mm), was sealed into a glass tube leaving
2.55 cm exposed to the electrolyte solution, and was
located along the axis of a cylindrical Pt counter-
electrode through which a small hole had been drilled
to accommodate the Haber-Luggin capillary of the
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