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VOLTAGE SWEEP CHRONOAMPEROMETRIC STUDY OF THE
BEHAVIOUR OF [Fe(CN)s]4- AND Fez+ IONS ON THE
PASSIVATED HANGING MERCURY DROP ELECTRODE

The electrode reactions of [Fe(CN)g]4-, [Fe(CN)e] 3~ and Fe2+ions were
studied on the mercury electrode passivated by mercurous chloride or
bromide, using the voltage sweep chronoamperometric technique. It
was found that the layers formed did not hinder, under certain con-
ditions, the oxidation of ferrocyanide and the reduction of ferricyanide
ions. The reactions taking place depended on the acidity of the
solution and on the potential at which the deposits of the correspond-
ing mercurous salts were formed. Fe2+ ions gave similar oxidations
curves but only at much higher concentrations and in solutions con-
taining considerable amounts of H+ and Cl- ions. The results have
been compared with those obtained using the platinum micro-electrode.

W. KeEmuLra, Z. KUBLIK AND J. TARASZEWSKA,
J. Electroanal. Chem., 6 (1963) 119-130

POTENTIOMETRIC ACID-BASE TITRATIONS IN MOLTEN
SALTS

THE NEUTRALIZATION OF SODIUM METAVANADATE AND

SODIUM METAPHOSPHATE IN CHLORIDE AND NITRATE
MELTS

The two acids NaVO3; and NaPOjs were titrated potentiometrically
in molten LiCl-KCl eutectic (450°) and in KNOs; (350°). In the chloride
melt NaVOj3 neutralizes according to:

VO3~ 4 02~ = VO,3-
while NaPOgs reacts as:
2 PO3~ 4+ 02~ = P0; 4~
and
P2074- 4+ 02— = 2 PO43-

Na,sP20; in the chloride melt is a very weak acid which does not show
an inflection at the equivalence point.

In the nitrate melt at 350° both NaVO3 and NaPOj; change to the
pyro- and then to the ortho-salts. NaVOs is the stronger of the two
acids; it takes its primary oxide ion from the nitrate base electrolyte
and changes to pyrovanadate.

The positions of metaphosphate, pyrovanadate and pyrophosphate
on the newly developed acidity—basicity scale in molten KNOj3 have
been established. Na4V20; is stronger than NayP;0;. Relative in-
stability constants for these two anions have been calculated.

A. M. Suams EL DinN, A. A. EL Hosary aND A. A. A. GERGEs,
J. Electroanal. Chem., 6 (1963) 131-140



PREFERRED ORIENTATIONS IN NICKEL
ELECTRO-DEPOSITS

I. THE MECHANISM OF DEVELOPMENT OF TEXTURES
IN NICKEL ELECTRO-DEPOSITS

This paper presents a mechanism for (a) the preferential formation of
electro-deposit facets of a particular type and (b) the alignment of
these facets normal to the substrate, and then shows that the result
of these two growth processes is the development of a preferred orienta-
tion in thick electro-deposits. The discussion is confined to the growth
of nickel electro-deposits from unadulterated baths.

Facets are formed because of differences in growth velocities. Both
crystallographic and electrochemical factors produce these differences.
The crystallographic factors are considered in terms of the Bravais
law of crystal growth. It is suggested that different lattice planes have
different free growth metallic overpotentials. The electrochemical
disturbance to free growth, stems from the hydrogen evolution reaction.
BEeECK’s experimental studies on hydrogen adsorption on nickel are
used to argue that the intermediately-produced hydrogen atoms are
adsorbed more easily on lattice planes which during free growth have
faster growth velocities. If hydrogen atom adsorption increases metal-
lic overpotential, then facets of different types are formed with differ-
ent surface coverages.

The {hkl} facets so formed are aligned normal to the substrate be-
cause the deposits tend to adopt an outward mode of growth which
requires that the slowest-growing {hkl} facets (and therefore the zone-
axis {uvw> of the {hkl} Wilman facets) stand perpendicular to the
substrate surface.

All deposit-crystals being subject to similar growth influences, get
identically oriented, i.e., a preferred orientation develops with the
texture-axis {uvw> being the zone-axis of the Wilman facets. The
random orientation stage — which precedes the texture stage — exer-
cises a substrate influence and therefore permits only a gradual develop-
ment of texture.

Two important consequences follow from the theory proposed in
this paper:

(1) texture changes are induced by changes in surface coverage with
hydrogen atoms, and by factors such as temperature which affect this
coverage;

(2) deposits having different textures should have different hydrogen
contents. The experimental data of YanG supports the latter con-
clusion.

A. K. N. REDDY, J. Electroanal. Chem. 6 (1963) 141-152

PREFERRED ORIENTATIONS IN NICKEL
ELECTRO-DEPOSITS

II. A CONSIDERATION OF THE EFFECT OF DEPOSITION CONDITIONS
ON THE TEXTURES DEVELOPED

The theory of texture development in nickel electro-deposits, proposed
in Part I of this paper, is used here to explain the trends of texture
changes which result from variation in nickel deposition conditions.

Only the commonly-reported <<z10>, <100> and <110> oOrien-
tations are considered. The occurrence of systematic texture changes
(with in¢rease of temperature and current density and with addition
of oxidizing agents) is indicated in the experimental data of previous
workers.

It is suggested that an increase in bath temperature leadstoa de-
crease in the average surface concentration of adsorbed hydrogen
atoms, and thus to changes to textures towards free growth, i.e.,
<210> - <100> — <110>. This conclusion is completely in
agreement with experiments conducted at a pH less then 3.

The slight free growth trend observed with an increase of current
density is tentatively ascribed to differences in the slopes of the free
growth n—i curve for different single-crystal faces of nickel.

The addition of oxidizing agents — it is argued — reduces surface
coverage and hence produces texture changes towards free growth.

Some limitations of the present work are indicated.

A. K. N. REpDY AND S. R. RAJAGOPALAN,
J. Electroanal. Chem., 6 (1963) 153-158



PREFERRED ORIENTATION OF NICKEL
ELECTRO-DEPOSITS

III. GENERALIZATION OF THE THEORY

This paper discusses the lines along which the proposed theory of
texture development (for nickel electro-deposits) can be extended to
include (a) lateral growths, (b) deposits of other metals and (c) depo-
sits from adulterated baths.

It suggested that when deposits adopt the lateral mode of growth,
the slowest-growing {hkl} facets are formed — in the ideal case —
parallel to the substrate. The normal to these facets becomes the
texture-axis. In practice, the {hkl} facets may deviate from paral-
lelism and the texture-axis then develops a scatter from its ideal
position.

The theory can be generalized to cover other metals by using the
fact that surface coverage with hydrogen atoms depends on the heat
of hydrogen adsorption which varies from metal to metal. Hence, the
textures of Pb, Ag and Cu should correspond more to free growth
orientations, whereas those of Fe and Co should be coverage-dependent
like Ni.

The many ways in which addition agents can influence textures are
indicated. Addition agents can influence, for instance, the hydrogen
evolution reaction, the nucleation rate and the mode of growth. Their
differential adsorption on different facets and their surface activity
are also discussed.

A. K. N. REDDY AND S. R. RAJAGOPALAN,
J. Electroanal. Chem., 6 (1963) 159-163

ELECTRO-OXIDATION FOLLOWED BY LIGHT EMMISSION
(Short Communication)
T. Kuwana, J. Electroanal. Chem., 6 (1963) 164-167
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I. INTRODUCTION

A very interesting phenomenon—catalytic waves of hydrogen evolution—is fre-
quently encountered in practical polarography. These waves are due to the presence in
the solution of certain catalytic substances which, while being themselves unaffected
by the electrode process, contribute to the evolution of molecular hydrogen on the
cathode with simultaneous consumption of hydrogen ions in the solution. Catalytic
hydrogen waves are observed at less negative potentials than the usual waves of
hydrogen discharge in the same solution ; thus the catalysts diminish, as it were, the
hydrogen overvoltage, accelerating (catalyzing) the hydrogen ion discharge. Hence the
term catalytic waves.

On account of their complexity, catalytic waves must be considered as a special
and very interesting branch of polarography. At present the catalytic process has
been established as consisting of a sequence of steps; under certain conditions the
kinetics of each of these steps can determine the rate of the overall process.

Some of the steps of the catalytic cycle are essentially influenced by : (a) the adsorp-
tion of substances on a dropping electrode; (b) the structure of the electric double-
layer; (c) the stirring occurring under the conditions of the polarographic maximum of
the second kind, etc. Therefore, by observing polarographic catalytic hydrogen waves,
it is often possible to study in a relatively simple way processes and phenomena which
are barely accessible (or perhaps entirely inaccessible) if approached by other methods.
For example, it is possible to find the rate constants of fast protolytic reaction; to
investigate adsorption phenomena at a very small coverages of the electrode surface by
adsorbed particles; to determine the rate of the bi-molecular interaction of free radi-
cals and to study quantitatively the influence of the structure of organic compounds
(the catalysts) on their reactivity.

J. Electroanal. Chem., 6 (1963) 77-118



78 S. G. MAIRANOVSKII

Apart from their considerable theoretical significance, catalytic hydrogen waves
are of great practical interest. They can be used for analytical purposes and it is
possible with the help of conventional polarographic equipment to attain sensitivities
up to 10-7 M, i.e. to increase the sensitivity of the method by 2-3 orders, compared
to classic polarography. The use of catalytic hydrogen waves in biology and medicine
is of special interest; it has been found possible to develop on their basis some diag-
nostic techniques in particular the widely known Brdic¢ka’s serologic polarographic
test for cancer.

HERLES AND VANCURA were the first to observe, in 1930, an unusual wave during
the polarographic analysis of blood serum solutions, using sodium, potassium and mag-
nesium salts as supporting electrolytes. A brief description, however, of their experi-
ments was not published until 19321. HEYROVSKY AND BABICKA, also in 1930, re-
peated the experiments and observed similar waves in the presence of proteins, using
ammonia buffers as supporting electrolytes. They showed that these waves are caused
by catalytic hydrogen evolution and not by protein reduction?2.

Later BRDICKA® found that the catalytic effect of proteins and of some other sulfur-
containing compounds increased greatly on the addition of cobaltous or cobaltic salts
to an ammonia buffer solution.

At about the same time PECH* established that catalytic hydrogen evolution may be
caused by organic compounds containing no sulfur, e.g. by alkaloids. Later catalytic
hydrogen evolution caused by (x) proteins in ammonia buffer solutions in the pres-
ence of cobalt salts and (2) in solutions of alkaloids or of other nitrogen-containing
substances was the object of numerous studies, (see the literature survey5-19, the
valuable experimental data are in the works of Kirkpatrick!l, Stromberg!2:13, Knob-
loch14.15, Kita and Drabek!6, Stackelberg et al.17.18:19, Niirnberg2?, Lamprecht et
al.?1, Biezina et al.22:23 and others).

Some characteristics of catalytic hydrogen waves

Catalytic waves are very different in character from the usual diffusion-limited
polarographic waves. The limiting catalytic currents do not obey the Ilcovi¢ equation;
they have either a very high or a very low temperature coefficient and do not depend
as a rule on the height of the mercury column above the dropping electrode. Some-
times, in contrast to diffusion currents, they even increase with a decreasein the height
of the mercury column. Catalytic hydrogen waves always differ in shape from diffu-
sion-limited waves and there is a complicated relationship between limiting catalytic
currents and the half-wave potentials of the catalytic waves on one hand, and the
concentration of the catalyst and the composition of the solution being analyzed po-
larographically, on the other.

Dependence of the limiting catalytic current on the catalyst concentration and solution
composition

It has been established in numerous works dealing with the effects of the catalyst
concentration (ccat.) and of the solution composition on the height of catalytic hy-
drogen waves, that with a rising ccat. the limiting catalytic current at first increases
in proportion to ccat.. The increase in the height of the wave then slows down and
finally at a very high ccat. the limiting catalytic current is no longer dependent on
Ccat. but tends to approach a certain limiting value. This phenomenon was first ob-

J. Electroanal. Chem., 6 (1963) 77-118
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served by BRDICKA24 in the case of catalytic hydrogen waves caused by egg albumin
in both unbuffered KCl solutions and in buffer solutions of various composition and
pH. BrDICKA found that the height of the catalytic wave and the limit to which it can
grow with increasing catalyst concentration, rises with an increase in the buffer
capacity of the solution and a decrease in its pH.

BrDICKA showed?3, using as examples the catalytic waves in protein solutions con-
taining cobalt salts, that the dependence of the limiting current of the catalytic wave
on the catalyst concentration (other factors being constant) obeys an expression simi-
lar in form to the Langmuir adsorption isotherm. With a rise in the concentration of
cobalt ions the current increases in accordance with the empirical formula 7, =
K[Co2+]0,74,

Of especial importance is the concept, developed by BrDICKA of the regeneration
of the catalyst after its participation in the electrode process. This later formed the
basis of other theories concerning catalytic hydrogen waves. According to BRDICKA,
this regeneration consists of the addition of hydrogen ions to the product of the elec-
trochemical discharge of the catalyst, by the action of the acids (proton donors) in
the solution.

The growth of the catalytic wave with rising concentrations of proteins and cobalt
salts was also observed by STROMBERG!2, who was the first to consider this phenom-
enon as affected by the kinetics of the reactions occurring at the electrode. On this
basis, he deduced a relation for thelimiting current of the catalytic wave. Having stud-
ied the catalytic waves caused by cystine in the presence of cobalt salts, KLUMPAR2S
proposed a new empirical formula relating the limiting catalytic current with the con-
centrations of cystine and cobalt salts in the solution. In ammonia buffer solutions
with rising concentrations of a non-sulfur-containing catalyst (dimethylglyoxime) and
of a cobalt salt, an increase in the height of the catalytic wave in accordance with a
curve concaved towards the abcissa was observed by STROMBERG AND ZELIANSKAIA!3,

The effect of various factors on the catalytic hydrogen evolution caused by nitro-
gen-containing compounds (in particular by pyridine derivatives) in buffer solutions
in the absence of cobalt salts, was first studied in some detail by KNoBLOCH!4. He
showed that the limiting current of the catalytic hydrogen wave increases with a de-
crease in pH of the solution and a rise in its buffer capacity. With a rising catalyst
concentration, the current increases in accordance with a curve similar in form to the
Langmuir adsorption isotherm. This led KNOBLOCH to supposel4 that the current is
determined by the amount of the catalyst in the adsorbed state and that the limit to
the increase in the current with a rising catalyst concentration depends on the com-
plete coverage of the electrode surface with catalyst particles. The influence of pH and
of buffer capacity were explained by him as being due to the protolytic regeneration
of the catalytically active cationic form of the catalyst, which, in his opinion, brings
about a decrease in hydrogen overvoltage in accordance with HEYROVSKY’s scheme;
i.e. at the expense of an increase in the rate of Ho+ formation from H atoms and pro-
tons of the cationic form of the catalyst. Thus KNOBLOCH was the first to ascribe the
electrochemical activity solely to the acid-cationic form of nitrogen-containing
catalysts.

The effect of the catalyst and proton donor concentrations on the catalytic waves
was studied in detail for the case of the first wave on the polarograms of quinine in
solutions containing practically only one kind of proton donor (hydrochloric acid), in

J. Electroanal. Chem., 6 (1963) 77 118
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the presence of 1 N LiCl as supporting electrolyte2?.28. Some of the results of these
experiments are shown in Figs. 1 and 2. As in the case of other catalytic hydrogen
waves, the catalytic current in quinine solutions rises with increase in the concentra-
tion of the catalyst, in accordance with a curve similar to the Langmuir adsorption
isotherm (see Fig. 1). The limits to which the wave heights tend to approach and above
all the quinine concentration at which 71im. approaches the limit, prove to be28 de-
pendent on the concentration of the hydrochloric acid in the solution; the smaller
the HCI concentration, the lower the limit to which the height of the catalytic wave
tends to approach and the smaller is the quinine concentration required for the wave
height to approach the limiting value (Fig. 1).

1

1 1 L
0 10 20 30 40-10” 3My,
Quinine concentration

Fig. 1. Dependence of the limiting catalytic current on quinine concentration at HCI concentra-
tions: (1), 1.06; (2), 3.65; (3), 6.8 mM.

It follows that this limit does not depend on the complete coverage of the surface
with adsorbed catalyst. A comparison of the limiting value of the height of the catalyt-
ic wave with the value of the diffusion current of the hydrogen ion discharge shows
that this limit depends on the complete exhaustion of proton donors, (in the case under
consideration these are hydrogen ions) at the electrode surface2?.28. If the concentra-
tion of hydrogen ions does not greatly exceed that of the catalyst, thelimiting catalyt-
ic current rises linearly with increase in their concentration (Fig. 2).

In the presence of an excess of proton donors, an unusual relationship between the
height of the catalytic wave and the catalyst concentration in the solution, is observed
at very low catalyst concentrations; the increase in height of the wave with increase
in catalyst concentration is greater then linear (see Fig. 3 reproduced from2?). This
relationship seems to occur rather frequently. Thus, for instance, the polarograms in
KIRKPATRICK'S work!l, show that the rise in heights of the catalytic waves caused by
atropine and pylocarpine in buffered solutions becomes increasingly larger as the
concentration of these alkaloids is increased. KIRKPATRICK, himself!! paid no atten-
tion to this phenomenon and even made no mention of it in his paper.

J. Electroanal. Chem., 6 (1963) 77-118
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Fig. 2. Dependence of the height of the catalytic waves caused by quinine on HCI concentration,
in 1 N LiCl. Quinine concentrations: (1), 3.8:10-3 M; (2), 7.9 - 10-3 M. Curve 3 is the diffusion
current of the hydrogen ion discharge.

On the basis of the experimental data and making use of the concepts of BRDICKA,
KNoBLocH and STROMBERG, the author of the present survey has suggested??.3° an
hypothesis for catalytic hydrogen evolution, which accounts for all the phenomena
observed in the experiments. Equations correctly representing the regularities ob-
served, were deduced by using this hypothesis and introducing (1) the well known
concepts of BRDICKA and WIESNER regarding the kinetic limitation of currents;

5.0

Vo2
T
aof

30F

10F

L
o 1 2 3 4.107°M
Anabasine concentration

Fig. 3. Dependence of the limiting catalytic hydrogen current on anabasine concentration in ace-
tate buffer solutions with ionic strength = o.5: (1), pH = 4.46, XCac. = 0.2 M; (2), pH = 5.0,
XCae. = 0.1 M; (3), pH = 5.0, ZCqe. = 0.2 M; (4), pH = 6.0, ZCpe. = 0.1 M.

J. Electroanal. Chem., 6 (1963) 77-118
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(2) the theoretical postulates of FRUMKIN regarding the effect of the electric double-layer
structure upon the electrode processes and the nature of the adsorption of organic
substances on the electrode and (3) DELAHAY’s and FIKE’s data on adsorption kinetics.

Mechanism of catalytic hydrogen evolution in solutions of organic bases

For an organic substance to become catalytically active, it is necessary that it
should be able to exist in two forms: the acid form BH+* and the basic form B (in the
Bronsted sense), which are in protolytic equilibrium with each other:

0
B + DH+2 BH+ 4+ D ()
0o

Here DH + denotes the acids (proton donors) present in the solution and D, their con-
jugated bases.

The ability of some organic compounds to bring about catalytic hydrogen evolution
seems to be due to their having an unshared pair of electrons (on the atoms of nitro-
gen, sulfur, oxygen, phosphorus, arsenic, etc.), to which a proton can be added. This
results in the formation of -onium compounds capable of participating in an elec-
trochemical reaction on the cathode. It is the chemical nature of the -onium ion
which is responsible for the electrochemical activity of -onium compounds rather
than the fact that they have a possitive charge, facilitating both the approach of the
particle to the cathode and its discharge3!. If the electron transfer to a protonated
-onium form were due only to its positive charge, a discharge of an uncharged non-
protonated form of the catalyst would also be expected, although at a more negative
potential (by 200-300 mV). This is observed, for instance, in the case of the electro-
chemical reduction of charged and uncharged aniline and phenol derivatives32-34, and
of weak acids and their anions35-43 but a discharge of a non-protonated form of a
catalyst has never been observed and this permits us to draw the above conclusion.

The catalytic activity of substances is not connected with the mobility of hydrogen
ions; thorough investigations!8 have shown that organic compounds with a very mo-
bile hvdrogen possess no catalytic activity.

As a result of the electron transfer to the protonated form of the catalyst:

1
BH* + & — BH (1)

<

an unstable uncharged particle in the nature of a free radical is formed.

In the case of the discharge of tetra-substituted ammonium#44-4¢ and phosphonium
salts47 or tri-substituted sulfonium cations48, the unstable products formed are either
dimerized, as for instance, in the case of the discharge of N-alkylpyridinium salts49-52,
or the carbon-hetero-atom bond is broken, giving the corresponding tri-substituted
amines, phosphines or di-substituted sulfides and hydrocarbon radicals. These, in
their turn, can be reduced on the cathode or can react with the solvent as well as being
dimerized or disproportionated.

When the discharge of a protonated -onium cation occurs, as in the case of catalyt-
ic hydrogen evolution, it seems to be more probable from a thermodynamic stand-
point for the BH particles formed (see the scheme of Process II), no to detach the

J. Electroanal. Chem., 6 (1963) 77-118
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hydrocarbon radical or a hydrogen atom, but to enter into a bi-molecular interaction

Ra
2BH - 2B 4+ H: (I1I)

involving the regeneration of the catalyst in its basic form and the evolution of a hy-
drogen molecule. Because the bi-molecular character of this reaction, its rate is con-
siderably reduced by a decrease in the catalyst concentration, and in some cases this
may even limit the rate of the overall process. This was the case in the experiments the
results of which are shown in Fig. 3. It is the reaction of the second order with respect
to the catalyst, limiting the wave height under these conditions, that is responsible for
a faster increase in the limiting catalytic current!1,27.29 in comparison to the in-
crease in the catalyst concentration, which is sometimes observed.

In some cases, in particular in an anabasinium ion discharge33, the bi-molecular in-
teraction of radicals according to (IIT) involves the formation of intermediate pro-
ducts (relatively stable HB-BH dimers) which decompose rather slowly into two B
particles and a hydrogen molecule. With increasing temperature, the stability of HB-
BH dimers of dihydrodianabasine is greatly reduced, so that their formation (to be
more precise, the kinetics of their decomposition) no longer has any effect upon the
overall rate of process (IIT)53.

The basic form of the catalyst B, formed according to (III), is again protonated
according to (I), discharged (II), regenerated once more, etc., and each cycle of reac-
tions (I-ITI) results in a catalyzed electrochemical transformation of two protons from
DH~+ into molecular hydrogen. Each particle of the catalyst can #reat in this way a
considerable amount of particles (proton donors).

The strength of the catalytic current of hydrogen evolution depends on the rate of
processes (I-III). With a limiting current, when the rate of the electrochemical step
(IT) becomes high enough and all the BH+ particles located at the electrode surface are
discharged on it, the height of the catalytic wave is determined by the rate of BH+
formation in the layer near the electrode. In most cases, this process is determined
mainly by protonation of the basic form of the catalyst, the rate constant of which,
designated by g in reaction (I), is the sum of the individual rate constants of the cata-
lyst interaction with all the proton donors in the solution:

o = M[DH*]; + A[DH*]s + ... + A [DH*], (1)

The constant o, of the equilibrium between the basic and the acid form of the catalyst
is an important characteristic of the catalytic system. As in the case of other protolytic
reactions, the value of ¢ is determined only by the constant of the acid dissociation
of the protonated form of the catalyst and by the pH of the solution

__ B K
[BHY ~ [HY]

()

and, in contrast to the value of g, depends neither on the nature nor on the concentra-
tion of the buffer components of the solution.
Let us consider now the relationship between the limiting catalytic current and the
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composition of the solution which is obtained using the hypothesis of catalytic waves
suggested by the author.

Let us first consider the case when the process is limited only by the protonation
rate (I), i.e. when the regeneration rate of the catalyst according to (IIT) is high
enough. For the sake of simplicity, let us assume that there is only one proton donor
in the solution (as for instance, in the case of the catalytic system, quinine-hydrochlor-
ic acid, in which the proton donor action of water i.e. the hydronium ions, may be
neglected compared to the proton donor action of hydrochloric acid), then p =
kut[H™].

Furthermore, let us assume, as is usually the case in practice, that the protolytic
equilibrium in the solution is shifted in the direction of the basic form of the cata-
lyst, i.e. 0 > I, and that because of a fast and complete regeneration of the catalyst, a
steady state is established ina very short time after the formation of the drop. In this
state the equilibrium concentrations of BH+ and B already obtain at a relatively small
distance from the electrode54 and the value of the limiting catalytic current can be
expressed by the equation:

tim, = kH"[H*]s[B]s SFA (3)

where S is the mean surface area of the dropping electrode, F, the Faraday constant
and A, a factor of proportionality. For a non-adsorbed catalyst 4 is equaltothe thick-
ness of the reaction layer u. In the case of the so-called surface waves, which will be
discussed below, A is the factor of the transition from the bulk- to the surface concen-
trations, with an allowance made for the catalyst adsorption. The subscript S shows
that the concentrations of the substances are taken at the electrode surface.

In the catalytic cycle, the transfer of one electron requires the consumption of one
hydrogen ion and therefore, on the basis of the Ilcovi¢ equation, it is possible to write
for the hydrogen ion concentration at the electrode surface:

[_Hﬂs = [H*], — illm./xH+ (4)

where [H+], is the concentration of the hydrogen ions in the bulk of the solution and
xu+ the constant of the Ilcovi¢ equation for hydrogen ions (xu+ = ta/[H*]).

The quantity [B]s is proportional to the catalyst concentration in the solution,
Ccat.. In the case of a non-adsorbed catalyst when ¢ > 1, [B]s = ccat.. By replacing
[B]s by ccat. and substituting the value of [H+]s, from eqns. (4) and (3) we find:

) ku+tSFAccar.
l"lll. = —-_KH+[}{+]0 (5)
1+ ku*SFAcca.

It follows from eqn (5) that, in accordance with experiment (see Fig. 1), the dependence
of the limiting catalytic current on the catalyst concentration is similar in shape to the
Langmuir adsorption isotherm. With a rising ccat. the height of the catalytic wave
tends to approach a limit equal to xu*[H*],, i.e. the diffusion current of the hydrogen
ions in this particular solution, as can be readily proved.

According to eqn. (5), with a rising hydrogen ion concentration and a constant
catalyst concentration, the catalytic current must increase in proportion to [H*],. For
not very high values of [H+]o/ccat., the height of the catalytic wave actually changes
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in proportion to [H+], (see Fig. 2), but with a very large excess of hydrogen ions, the
limiting current increases somewhat more slowly than the concentration of hydrochlor-
ic acid. This is apparently due to the fact that with a considerable rise in protonation
rate, the overall rate of the process becomes affected by the kinetics of another of its
steps—the bi-molecular regeneration (IIT).

The effect of the kinetics of reaction (ITI) on the height of the catalytic wave be-
comes particularly apparent at very low catalyst concentrations. In the limiting case,
when the overall process is determined by the rate of the bi-molecular interaction
and assuming reaction (III) to proceed only in the bulk reaction layer uq4, on the basis
of the BRDICKA-WIESNER method55:56, we can write for the height of the catalytic
wave:

iium. = SFkapqs[BH]s? (6)

where &4 is the rate constant of the bi-molecular reaction (III). In the case of a bi-
molecular reaction, the reaction layer thickness uq is equal to5?

fta = |/Djka[BH]s (7)
so that
ium, = SFka'/2 DV} BH] /2 (8)

where D is the coefficient of the catalyst diffusion.

When the limiting catalytic current is determined by the rate of the bi-molecular
interaction (III), [BH]s is proportional to ccat. and therefore, according to eqn. (8),
s1im. must change in proportion to the catalyst concentration to the power of 3/z,
which has been observed in the experiment at very low ccat. (see Fig. 3). With a rise
in ccat. the rate of process (ITI) rapidly increases and ceases to be the only limiting
step; in this case the limiting catalytic current no longer obeys eqn. (8).

It is impossible to obtain by means of the Brdicka—Wiesner method the overall
dependence of the limiting catalytic current on the catalyst concentration, if the latter
changes over a very wide range. The method has been helpful, however, in solving58
some depolarization problems for some particular cases of catalytic hydrogen waves.
In the general form, the depolarization problem for bulk or volume chemical reactions
(I) and (III) (i.e. the catalyst is not adsorbed) and for the reversible electrochemical
step (II) was solved by KoUTECKY34 by means of the so-called exact method developed
by him.

Some of the experimental data considered above and the conclusions are aimed at
illustrating the hypothesis suggested above for the occurrence of catalytic waves and
have been concerned only with some simple specific cases. As a rule, catalytic hy-
drogen evolution is a much more complicated process, in which the adsorbed catalyst
particles participate; it is essentially affected by the structure of the electric double-
layer at the electrode surface and consequently, by the solution composition. Never-
theless, all available experimental data on the catalytic hydrogen evolution and on the
influence of various factors on the evolution, can be completely accounted for by the
hypothesis put forward.
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2. BULK (VOLUME) CATALYTIC HYDROGEN WAVES WITH A REVERSIBLE ELECTROCHEMICAL
STEP IN BUFFER SOLUTIONS

Reversible catalytic hydrogen waves

Catalytic hydrogen evolution with a reversible electrochemical step (II) was first
observed in pyridine solutions39:60,

The assumption that the electrochemical step in the discharge of pyridinium ions
was reversible was made by analogy with the discharge of the N-alkylpyridinium
cations, the reversible character of which has been demonstrated in a number of
papers51,52,61_ Later, the assumption about the reversibility of the discharge of pyri-
dinium ions in the case of catalytic hydrogen evolution was confirmed by much ex-
perimental data. The reversibility of the catalytic waves in pyridine solutions was
recently proved by measurements of the double-layer capacitys®2.

A reversible electron transfer appears to take place also in the case of electrochemi-
cal processes in which other substances with -onium structures (e.g. the tetra-alkyl-
ammonium salts) participate®3. In particular, the very high pseudo-capacity observed
by GRAHAMES®4 in the case of the electro-reduction of tetra-methylammonium ionsis an
indication of the reversible character of the discharge of these ions.

Bulk character of the catalytic waves in pyridine solutions

Catalytic waves can be limited by the rate of the preceding chemical reaction (I),
occurring both in the bulk of the solution near the electrode surface and actually on
the electrode surface, with the adsorbed substances participating. Accordingly the
waves may be subdivided34.65.68 into bulk or volume, surface and mixed waves. In
the last case the reaction proceeds at comparable rates both on the electrode surface
and in the bulk reaction layer. For the surzface component of the kinetic current to be
comparable in magnitude to the dulk component, it sufficesin many cases that the ad-
sorption of the electrochemically inactive form of the catalyst B should correspond only
to tenths of 19, of the coverage of the electrode surface with the adsorbed substance.
On account of the appreciable surface activity of many substances, resulting in catalyt-
ic hydrogen evolution, most of the catalytic waves are of a pronounced surface char-
acter.

One of the, apparently, very few exceptions is the wave in pyridine solutions, which
under certain conditions depends only on the bulk chemical reactions. The bulk
character of the waves in pyridine solutions is accounted for by a relatively slow ad-
sorption of pyridine at the potential at which the catalytic wave occurs (about —1.83 V
vs. S.C.E.). Consideration of i~ curves shows that a completely bulk catalytic wave
caused by pyridine can be obtained®7.68.6% only in the presence of high concentrations
of the supporting electrolyte (for potassium salts 0.2 M67,105), when the adsorption of
pyridine is markedly lowered. This occurs only if electrodes with a very short drop-
ping time are used, such as those fitted with a spatula for a forced detachment of drops.
If the dropping time is very short (less than 0.5 sec) there is not enough time for an
amount of pyridine to become adsorbed on the electrode surface 9, large enough to pro-
duce a surface wave, and no appreciable amounts of polymeric, catalytically active by-
products formed by the electrochemical reduction of pyridine in buffer solutions®® can
accumulate.
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Equations for reversible bulk catalytic hydrogen waves in buffer solutions

On the basis of the reaction layer concept, let us consider a common case when the
limiting current of the catalytic waves is determined by the rate of the preceding pro-
tonation (I) alone and not affected by the kinetics of the subsequent bi-molecular
reaction (III). For the preceding bulk reaction (I) the reaction layer thickness is
equal to

"= VLTQ" (9)

The height of the catalytic wave is determined by the amount of BH* particles formed
in a unit of time within the layer with the thickness u:

ium, = SF/[[B]sQ (10)

Assuming, as is usually the case, thate > 1, 7.e. that the catalyst in the solution exists
mainly in the basic (non-protonated) form and that due to complete regeneration of
the catalyst, a steady state is established at the electrode in a very short time, the
quantity [B]s may be taken as equal to the total, analytical concentration of the
catalyst in the solution (ccat.). Taking into account eqn. (9), we may write for the
height of the catalytic wave

tum. = SFcea.@V/2D/2[g!/2 (r1)

If we write the Ilcovi¢ equation for a hypothetical diffusion current which would be
present in the case of the usual diffusion-limited catalyst discharge at » = 1, as

ta = 1.235 SFccar, DV/2¢-1/2 (12)

(where ¢ is the dropping time), the ratio of the limiting catalytic current to the diffu-
sion current will be in the form of a simple expression38:

itm. ot
S 0.81‘/9— (r3)
o

la

On the basis of eqn. (13), from the experimental values of i1im., we can readily calculate
the overall constant of the protonization rate g determined by eqn. (1). It should be
noted that an equation practically coinciding with eqn. (13) has also been obtained by
an exact solution of a depolarization problem for the conditions stated (eqn. (49) in54).

If the value of the limiting current of the catalytic wave is markedly affected by the
kinetics of the subsequent reaction, an exact solution4 gives for the value of p the
relation:

0 — (¢1im.[2a) 20 (14)

ium.fiq)2 \1/312
0A812t[[ — (é . —( thsf i) ) ]
2 0.812k4Ccart

It will be seen that with an increase in the rate of the bi-molecular interaction of the
electrode products, 7.e. with the rise in ccat. or anincreasein kq, eqn. (14)is transformed
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into eqn. (13). Another equation, similar to eqn. (14) can also be deduced on the
basis of the reaction layer concept (eqn. (30) in%8). It differs from eqn. (14) only in the
absence of the numerical coefficient 3/2 before the second term in square brackets.

In the case when the bi-molecular interaction (ITI) is the step determining the limit-
ing catalytic current, an exact solution of the depolarization problem gives an expres-
sion for the limiting current (eqn. (50) in%4), differing from eqn. (8) only in the pres-
ence of a numerical factor equal to }/2/3. Thus with catalytic waves of this type, both
the exact and the approximate methods for the solution of the depolarization problem
lead to practically identical results.

When the preceding protonation is the limiting step and ¢ > 1, the equation for the
shape of a reversible bulk catalytic hydrogen wave can be obtained by substituting
the values of [BH*]s and [BH]s, i.e. the surface concentrations of the redox system
(IT) components, into the Nernst equation30.58.

RT 7213
E=8——In——— 1
0 — & (15)

im. — ¢

where the characteristic potential e, which is not dependent on the catalyst concen-
tration and corresponds to a point on the wave where 72/3 = {ym. — 1, is given by

RT SFD1/2g3/2¢g3/2
(() (16)

g0 =FEp— —1In
0 0 F Fa

Ey is the redox-potential of system (II).
An exact solution of the depolarisation problem54 gives for the half-wave potential
in the case under consideration:
RT Ceat.Ra

Eyp = Eo + ; In P

(17)

A similar expression for E/239:58 can also be obtained from eqn. (15) by assuming 1 =
I/2 ium. and taking into account eqns. (11) and (16); it differs from eqns. (17) only in
that we have in the denominator under the sign of the logarithm, the quantity 2 in
place of 3.

Experimental verification of the equations for reversible bulk waves in buffer media

The most distinct catalytic waves occurring in the presence of pyridine and its
homologues are observed?2?:30,67,70 in borate and veronal buffer solutions at a pH
within the range 7.5-10. Under these conditions, in accordance with theory, the limit-
ing catalytic current is proportional to the area of the dropping electrode and does not
depend on the height of the mercury column above it. In the solution under considera-
tion the protonation of the catalyst is the limiting step of the waves; therefore, with an
increase in the buffer capacity of the solution (the pHand the jonic strength of the solu-
tion remaining constant) and from theoretical considerations, the protonation rate g
always rises and, consequently, so does the limiting catalytic current (see Fig. 4).
With an increase in pH of the solution, when ¢ = K /[H*] rises, as shown by numer-
ous experimental data30,59,70,71 a lowering of the catalytic waves is observed (see

eqn. (II) or (13)).
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Fig. 4. Dependence of (ium./ia)? on the concentration of undissociated H3BOs in a borate buffer
pH = 8.40 (ionic strength = 0.5 M) for the catalytic hydrogen waves caused by ~o.5 mM solu-
tions of : (1), pyridine; (2), a-picoline; (3), f-picoline; (4), y-picoline; (5), %,&’-lutidine.
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Fig. 5. Dependence of Eyz of the catalytic waves on pH of the solution at a catalyst concentration

~ 0.5 mM and p &~ 1500 sec-!. Catalyst: (1), pyridine; (2), a-picoline; (3), f-picoline; (4), y-pico-

line; (5), ,0’-lutidine. Plain signs, borate buffer solutions; surrounded with circles, veronal solu-
tions.

Equation (15) demonstrates that the bulk catalytic hydrogen waves with a revers-
ible electrochemical step are assymetrical. As shown by experiment3?, their plots in
the E — log 12/3/(4um. — 4) coordinates is a straight line with the reciprocal value of
the slope of about 59 mV. In accordance with theory, the values of E12 (see eqn. (17))
become about zo mV more positive with a ten-fold increase in ccat.3°.

When the protonation of the catalyst is the limiting step of the process, the value
of Eys of the reversible bulk wave becomes more negative with an increase in pH of
the solution (z.e. with an increase in ¢) and, in accordance with theory (see eqn. (17)),
at a not too high pH AE1s/ApH ~ —40 mV (Fig. 5). Figure 5 shows that at pH > 8.8,
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the change in E;;2 with an increase in ¢ becomes smaller; this is due to the influence
of the double-layer structure, which becomes apparent when the thickness of the reac-
tion region diminishes. This question will be considered in more detail in subsequent
sections.

The effect of the buffer capacity of the solution on the value of Ey of the reversible
wave is most important for the verification of the validity of the suggested hypothesis
of catalytic waves. For most processes limited by the preceding protonation, a shift
in Ejje in the direction of less cathodic potentials, is to be expected with an increase
in the buffer capacity. This is observed, for instance, in the case of the reduction of
nitro-compounds in an acid medium? 2. Similarly, from the theory of catalytic waves, of
KNoBLOCH!4 and STACKELBERG AND NURNBERG!?, E;;2 would be expected to become
less negative with an increase in buffer capacity. Equation (17) shows, however, that
with an increase in g due to the rising buffer capacity of the solution, E1/2 should be-
come more negative. This conclusion is completely confirmed by experiment. Figure
5 shows the dependence of Ej/2 of the waves caused by pyridine%®, on changes in p,
which in turn, are due to changes in concentration of the buffer components of varia-
ous solutions (their pH and ionic strength remaining constant). E12 of the reversible
catalytic waves becomes about 20 mV more negative for a ten-fold increase in p. This
is in quantitative agreement with eqn. (17).

+
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Fig. 6. Dependence of Ej 2 of the catalytic wave in pyridine solutions on the observed values of p:
(1), veronal buffer, pH = 8.3, (3), borate buffer, pH = 9.0; (2) and (4), ammonia solutions, pH =
9.0 and 9.5, respectively.

It is not possible to obtain a sufficiently distinct limitation of the catalytic current
by the bi-molecular reaction with pyridine as a catalyst?. This is due to the fact that
with a decrease in pH of the buffer solution to below pH 7.0, the formation of a cata-
lytically active polymer from pyridine® becomes particularly pronounced and this
hinders the experiments. Moreover, a decrease in the pyridine concentration results
in a shift of the wave in the direction o!'negative potentials and, as the wave is super-
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imposed upon by the discharge current of the supporting electrolyte, especially at
pH < 7.0, it becomes very difficult to determine with sufficient accuracy the values
of tum. and Eyz of the catalytic wave. Nevertheless, we were able to observe the cata-
lytic wave caused by pyridine down to pH 6.0 (acetate buffer) and to show that
under these conditions the current is to an appreciable extent limited by the bi-mole-
cular interaction2?-71, We should even estimate approximately the rate constant of the
bi-molecular reaction (IT), which at 25° proved to be in the order of 5.10% 1/mol. sec.
A somewhat clearer picture of the limitation of the reversible catalytic wave by the
"rate of the bi-molecular regeneration was observed in the case of the waves caused by
2.6-lutidine29.

Determination of the rate constants of catalyst protonation; effect of the double-layer
structure on the protonation occurring in the “‘bulR” reaction region

From values of the limiting current of bulk catalytic waves it is possible by means
of eqn. (14) to find the p-constants of the catalyst protonation rate in a particular solu-
tion. The value of the hypothetical diffusion current 74 of the catalyst is either calcu-
lated by means of the Ilcovi¢ equation (assuming # = 1), or taken as equal to the dis-
charge diffusion current of a substance with a similar structure.

In the case of the waves caused by pyridine, the value of k¢ = 5-1081/mol.sec was
used in the calculations59.71, the discrepancy in the values of g, determined from eqns.
(x3) and (14) varing within 5-209%,, depending on the value of ccat.. It should be noted
that the value of k¢ = 5.108 for pyridine is not very accurate, but it can be readily
understood that, as the expression in the round brackets in the denominator in eqn.

sec”

4
110 |
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Concn.of non—dis:o'c. veronal

Fig. 7. Dependence of g on the concentration of undissociated veronal in solutions. (1), pH = 8.30;
(2), pH = 8.70.

(14) is close to unity, even considerable variations in the value of k4 have almost no
effect on the values of .

The quantities p are the overall rate constants of the catalyst interaction with all
the proton donors in the solution. The specific rate constants of catalyst protonation
by the action of individual acids present in the solution, can be found from the de-
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pendence of g on the concentration of one proton donor, with the concentrations of the
other proton donors remaining constant. Figure 7 shows, as an example, the depend-
ence of p on the concentration of un-dissociated veronal (one of the buffer components
of the solution) with pH and the ionic strength of the solution remaining constant.
The quantity g increases linearly with veronal concentration. The slope of the straight
lines (g/concentration of the acid component) gives directly the value of a specific
constant of the catalyst protonation rate under the action of a given proton donor.

The specific constants of the catalyst protonation rate determined directly from the
dependence of g on the concentration of the undissociated acid prove to be dependent
on pH, their values rising with an increase in the latter. An apparent rise in the rate
constants is explained by the growing influence of the electric double-layer structure
observed with an increase in pH of the solution59.

The structure of the electric double-layer affects the distribution of ions and the
velocity of their motion in the region near the electrode?3-76, GRABOWSKIAND BAR-
TEL?7 were the first to take into consideration the effect of the double-layer structure
on the preceding reaction of protonation; this problem was later considered in a more
general form by a number of other investigators78-8,

If the thickness of the reaction layer greatly exceeds the extent of the diffuse part
of the double-layer, the effect of the latter on the mean concentration of ions within
the reaction layer may be neglected?®. As the thickness of the reaction region dimin-
ishes, an ever greater part of it will be taken up by the diffuse part of the double-
layer and its effect will increase. In the case of bulk catalytic currents, the thickness
of the reaction region diminishes with an increase in pH of the solution (i.e. with a
rise in g, (see eqn. (9)) and therefore, the effect of the double-layer structure becomes
more and more apparent. As shown in34:66.81 the action of the electrostatic field of
the electrode in buffer solutions results in a considerable increase in pH in the region
near the electrode, compared to the pH in the bulk of the solution; it is the lower pH
in the region near the electrode which is responsible for an apparent rise in the rate
constants of protonation with a decrease in the thickness of the reaction region.

A change in pH of the solution (the ionic strength being constant) involves a change
in the thickness of the reaction region u only, whereas the effective extent of the diffuse
part of the double-layer remains unchanged. The relationship between the extents of
these layers may also be varied by changing the thickness of the diffuse part of the
double-layer, while keeping u constant. This is effected by changing the ionic strength
of the solution, the pH and buffer capacity remaining constant. Withan increase in
ionic strength, the thickness of the diffuse part of the double-layer diminishes, the
difference between the pH in the region near the electrode and that in the bulk of the
solution becomes smaller, and consequently, the mean value of pH in the reaction layer
rises somewhat and the limiting catalytic current decreases. Calculations show that
the decrease in the height of the catalytic wave of pyridine observed with an increase
in the ionic strength of the solution34, is quantitatively described by the changein the
effect of the double-layer structures?.

In order to find the true values of the rate constants of catalyst protonation undis-
torted by the effect of the electrode field, it is necessary to extrapolate the values
found directly from experiment to the range of very large u, i.e. tolow pH values, where
the rate constants are not affected by the double-layer structure. Experience shows
that the apparent values of the specific constants of protonation found in the experi-
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ment &' 4 = Ag/A[DH+]4 (from the plots of the type shown in Fig. 7), change linearly
with the reciprocal of the hydrogen ion concentration30.70.71, By plotting the values of
kA’ vs. 1/[H+] and extrapolating them to 1/[H+*] — o, it is possible to find the true
values of the protonationrate constants 24. Figure 8 shows a similar extrapolation3?
for the rate constants of pyridine protonation with undissociated boric acid (straight
line 1) and veronal (2) at 25°, with an ionic strength of the solution of 0.5. The true
values of the rate constants for pyridine determined from theintersection of thestraight
lines with the ordinate axis proved to be equal to, Zu 80, = 9.0-10% and Aver. =
I1.2-105 1/mol.sec59.71,
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Fig. 8. Dependence on 1/[H*] of the observed specific rate constans of pyridine interaction with:
(1), HaBOgs; (2), veronal.

The intersection points of the straight lines of the type shown in Fig. 7, with the
ordinate axis, correspond to the apparent values of go’ the sum of the rate constants of
protonation under the action of water and hydrogen ions. In order to find the values
of go undistorted by the effect of the double-layer, it is necessary to divide go’ by the
ratio ka’/ka for the solution in question. Using the relation between the corrected
values of go and [H+] the rate constant of pyridine protonation by hydrogen ions was
estimated as ku* ~ 2.5-101° and by water as kn,0 A& 7 1/mol.sec5?.

The stronger the acid (proton donor) the larger the value of the rate constants of
pyridine protonation. As in the case of other protolytic reactions, the specific con-
stants of pyridine protonation, k4, are related to the constants of acid dissociation
K 4 by the Bronsted relationship (see 83):

ka = pG(% KA) (18)

where G and « are constants and p and g the so-called statistical factors which take
account of the number of protons that can be detached from various atoms of a partic-
ular acid or that can be added to various atoms of its conjugate base, respectively.
In the case of pyridine protonation at 25°, with the ionic strength of the solution = 0.5,
the value of « proved to be equal to 0.5871.
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Effect of temperature on bulk catalytic waves in buffer solutions

The height of bulk catalytic hydrogen waves increases with rising temperature.
The specific rate constants of pyridine protonation were found from the dependence of
the limiting currents on the concentration of the acid components at different tem-
peratures corrected for the double-layer effect?1.

Itis of interest to note that the temperature hasalmost noinfluence upon the relative
change in the apparent protonation rate constants produced by the double-layer
effect, with an increase in pH of the solution, ¢.e. upon the quantity A%a’/A(x/[H+])k .
This is due to the fact that the difference between the value of the pH at the electrode
surface and that in the bulk of the solution (whichisresponsible for the apparent change
in the constants of the protonation rate) changes in proportion to the quantity
exp (— 1 F/RT)34:86, which in turn is almost independent of the temperature, since
the value of y, (if it is not too small) changes almost linearly with the absolute tempe-
rature?. In the case of solutions with higher ionic strength (r.o instead of o.5),
because of the smaller thickness of the diffuse part of the double-layer, the apparent
increase in the protonation rate constants markedly diminishes with a rise in pH of
the solution?!.

The values of the activation energies of the interaction of pyridine: with boric acid,
5.1 cal/mol; with veronal, 6.4 cal/mol; with hydroxonium ions,~ 2.4 cal/mol and with
water,~6 cal/mol?! were calculated from the dependence of the specific constants of
protonation on the reciprocal of the temperature.

It is of interest to note that the straight lines corresponding to the Bronsted equa-
tion (18) for pyridine protonation, plotted for various temperatures, do not change
their slope within experimental error, but are only shifted somewhat parallel to them-
selves7i.

Effect of stirring of the solution on catalytic hydrogen waves under conditions of the
polarographic maximum of the second kind

The mixing of the solution caused by the tangential motions of the surface of a
mercury dropping electrode with rapidly flowing mercury, results in a disturbance of
the diffusion layer and consequently, in an increase in the observed polarographic dif-
fusion current. This phenomenon, studied in detail by FRUMKIN et al.73 has been
called the polarographic maximum of the second kind84.85,

The investigation of the influence of stirring under the conditions of the maximum
of the second kind, upon bulk catalytic waves in pyridine solutions, showed in a num-
ber of cases that stirring results in an increase in the catalytic current8é. The stirring
effect depends on the thickness of the reaction layer u. It attains the maximum value,
almost twice as large as the corresponding value for the diffusion current, at 4 &~ 100 A.
Processes which are limited, by the reaction occurring in a very thin layer (<zo A),
or on the electrode surface (with the participation of the adsorbed substances), are
not affected by stirring. This seems to be due to the fact that at very small u the
whole reaction layer is located within the stationary (with respect to the electrode)
boundary layer of the solution.

Under the conditions of stirring the protolytic equilibrium between the catalyst
forms seems to be restored more rapidly, and this results in a decrease in the effective
4 and in an apparent increase in g. As a result of the increase in g upon stirring, in
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accordance with eqn. (17), E12 of the waves in a pyridine solution are shifted in the
direction of more negative potentials®.

3. REVERSIBLE BULK CATALYTIC HYDROGEN WAVES IN UNBUFFERED SOLUTIONS

Deduction of equations®®

In an unbuffered solution in neutral or alkaline media practically the only proton
donor (DH*) is water, and its conjugated base D is the hydroxyl ion. Therefore:

0 = Mi[H20] po = k[OH"]s (19)
It follows from the scheme of the process that each catalytic cycle (reactions (I-III))
involves the formation of an OH~ ion. By using the Ilcovi¢ equation for calculating
the rate of removal of OH- from the electrode, and considering that in neutral or
weakly alkaline solutions during the electrolysis [OH-]s> [OH-], we find that

[OH-]s = (20)

HoH ™

where xox~ is the constant of the Ilcovi¢ equation for OH-. The thickness of the reac-
tion layer of the protolytic reaction (I) is determined in this case by the rate of the
binding of the active form of the catalyst BH+ by the hydroxyl ions; therefore, if u
is small enough for the concentration of OH- within its range to be considered con-
stant, u will be equal to

1= (D[ka[OH-]6)1/2 = (Dxou~[kai)!/2 (21)
For the limiting currents from eqns. (10) and (21), (taking into consideration eqn. (19)
and also that [B]s = ¢ cat.), we find:
lim, = (QC('ul.)?"3 ("")
where
Q = kiSED2xo - [HsO][ks1/2 (23)

It follows from eqn. (22) that in unbuffered solutions the height of the bulk catalytic
wave changes in proportion to the catalyst concentration raised to the power of 2/3.

The equation for the wave shape can be obtained by substituting the values of
[BH*]s and [BH]s into the Nernst equation6®

. R i5/3
c =& ——1In — 2
d iim3/2 — 432 (24)
and if the current strength in eqn. (24) is expressed in uA,
1/2
., ) RT ka'Bron- -
e = FEo + - ——————F59'mV (25)

F o ks V/2(S F)13 D1/6

Experimental verification of equations

Figure g shows®7 the dependence of the heights of the catalytic waves in a 0.5 N
KCl solution on the concentration of pyridine and its homologues, raised to the power
of 2/3. We can see from the figure that eqn. (22) is fulfilled with sufficient accuracy.
The constants of the protonation rates for pyridine and its homologues under the ac-
tion of water (see Table 1), were found from the slope of the #1m. — cclﬁ curves, i.e.
from the values of Q using eqn. (23).
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Figure 10 shows the dependence of the function of the current log ¢5/3/ (ilff:' — 13/2)
on the potential for the catalytic waves at the catalyst concentration ccat. =
24 mM (for the waves in pyridine solutions the data corresponding to various ccat.
are presented). The upper part of the polarograms (at higher values of the current

1-00
2-++
3-a4
4-x X
5-oo

[

10 20 C23

Fig. 9. Dependence of the limiting catalytic currents on the catalyst concentration raised to the
power of 2/3 for the waves in unbuffered solutions of: (1), pyridine; (2), a-picoline; (3), f-picoline;
(4), y-picoline; (5), «,o’-lutidine.

than those at which a very small but finite value of the buffer capacity of KCl solution
due to the traces of dissolved CO; or other impurites, has been already exhausted) is
satisfactorily described by eqn. (24), by means of which the straight lines on Fig. 10

TABLE 1

PROPERTIES OF PYRIDINE AND ITS METHYL DERIVATIVES

Catalyst Pyridine  o-Picoline B-Picoline y-Picoline  o.«'-Lutidine
PKa 2(5° 0.5 M KC]) 5.50 6.15 5.90 6.19 6.83
ka [1/mol.sec] 5.0-108 3.8-107 I.4-108 ~ 3108 1.5-108
Eo (Vwus.S.CE) —1.632 —1.670 —1.655 —1.673 —1.710
kH:,BOa (1/ml.sec) 7-103 1.5-2-103 7-10-103 1-2-104 ~ 100
Rver. [l/mol.sec] 1.3-10% 4104 1-2-10% 3-6-10% ~8-103
N-methyl iodides in
0.5 M KCl
Ey2 (~0.5 mM solns.) —1.522 —1.620 —1.560 —1.671 —1.698
D [cm?/sec- 10%] 1.05 1.05 0.95 1.00 I.10

are plotted. The function of the current found from eqn. (24) for the waves in the pres-
ence of the same catalyst, irrespective of its concentration, must be located on one
straight line. The values for several concentrations of pyridine presented in Fig. 1o
show that with a rise in the concentration, the straight lines are somewhat shifted in
the direction of negative potentials. This is probably due to a certain rise in pH in the
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bulk of the solution with an increase in the catalyst concentration, which was not
taken into account in the deductions of eqn. (24).

4. SURFACE CATALYTIC HYDROGEN WAVES
Main characteristics

In the case of catalytic waves of a completely surface character, the catalyst parti-
cipatesin the protonation reaction on the electrodesurface in the adsorbed state®5,87.88,

45

-1.0

A1
19 EV
Fig. 10. Dependence of log i%/3/(i%[2. — ¢3/2) on E of the catalytic hydrogen waves with 0.5 M

KCl supporting electrolyte in 24 mM solutions of: (1), pyridine; (2), a-picoline; (3), f-picoline;
(4), y-picoline; (5), o,a’-lutidine. Pyridine concentrations: (1a), 16; (1b), 40; (1c), 100 mM.

The strength of the surface catalytic current is proportional to the amount of ad-
sorbed catalyst. Therefore, on the basis of the general hypothesis for the occurrence
of the catalytic wave, limited by protonation kinetics, we may write:

i = SF(qur!.P = qurr.r” s Usurr‘) (26)

and for the limiting current
ilim. = SFqurl’.F (27)

where I" and I" are the adsorbed amounts of the basic (B) and the acid (BH*) forms
of the catalyst, respectively. As shown by experiment, surface catalytic currents have
an irreversible electrochemical step89. Therefore, on the basis of the slow discharge
theory?3, we may write for the current:
i = SheIVe-*FE/RT (28)
If the catalyst adsorption did not change with the electrode potential and were equal
to the value I', which it has at the potential of maximum adsorption E », using eqns.
(26), (27) and (28) we could write for the wave to be observed in that case:
e E RT I 10
R T o
the superscript zero indicating that the values correspond to the adsorption state at E .
Let the catalyst adsorption obey the Langmuir isotherm

ﬂﬂcnt.
Fe == [‘ e,
® I ﬂcclt. (30)
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where I', and I3 are the equilibrium and the maximum amounts of the adsorbed
substance, respectively and B the adsorption index. The adsorption equilibrium is
usually not established during the life of the drop®°. Therefore, at the moment of time
¢t which has elapsed since the beginning of formation of the drop:

I =yI, (31)
Complete establishment of the equilibrium y depends on the time of adsorption, the
rate of the transport of the substance to the electrode and on the value of $90:91. Long

before the establishment of the equilibrium, 7.e. when y < 1, the value of y increases
approximately in proportion to the square root of the adsorption timed!:

Vv~ ktl?2 (32)
On the basis of the results of an accurate calculation of the kinetics of a diffusion-
limited adsorption towards a dropping electrode®?, it is possible to show, as has been

done in Fig. 11, that with ccat. and ¢ constant, the value of y (at y < 0.55) rises with
an increase in § in accordance with the equation87:

¥ =1 + flccat. (33)

According to FRUMKIN®2, the adsorption of substances on the electrode decreases with

1+8Ck

Fig. 11. Dependence of y on 1 + Bccar. at different adsorption times at a dropping clectrode, plotted
from the data of DELAHAY AND FIKE®0: (1), 0.2; (2), 0.5; (3), 1.0; (4), 2.0; (5), 4.0 sec.

the removal of the potential from that of maximum adsorption, in agreement with
the equation:
_ke-ey o 2
p=pe "o’ =pe
where ¢ is the potential measured, as referred to Em (i.e. p = E — En) and C and ¢”
the capacities of the electrode double-layer in the absence of a surface active substance
and with a complete coverage of the electrode surface with a monolayer of surface
active substance, respectively.

The overall adsorption of the catalyst depends on the adsorption of its basic and
acid forms, which are in protolytic equilibrium with each other. The data of Gouy axD
BUTLER for organic bases in neutral and acid solutions®3.94.95 suggest that the surface
activity of the basic form on mercury is much higher than that of the acid form.
Moreover, the adsorption of the cation form on the cathode changes much less with

(34)
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the potential than that of the basic form, which is uncharged?3. Therefore, the change
in the overall catalyst adsorption (especially when the equilibrium (I) is shifted to the
left) is determined mainly by the change in the adsorption of its basic form, although
the amount of the adsorbed substances depends on the proportions of the two forms,
i.e. on the pH of the solution as well.

Because of a decrease in the adsorption of the catalyst with a rise in cathodic poten-
tial, the catalytic current actually observed is smaller than the current 79 and /10 =
I'/I™, or taking into account eqns. (30) and (31)

i vB y°p°

—’I; - I+ ﬂccat. : 1+ ,Boccat. (35)

Taking into account eqns. (33) and (34), we shall have for y < 0.55 (the latter inequal-
ity is almost always observed on the dropping electrode under the usual conditions):

— = S (36)

100
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Fig. 12. Scheme explaining the formation of a hump-like shape of the surface catalytic wave. (1),

curve plotted with no allowance made for the change in asdorptivity with the potential,in accord-

ance with eqn. (29): (2) and (3), waves obtained with the change in adsorptivity with the potential
allowed for (¢ = 1.63 and @ = 3.27 V-2 in eqn. (36), respectively).

The characteristic Aump-like shape of the surface catalytic hydrogen waves observeds?
is described by a combination of eqns. (29) and (36). Figure 12 shows schematically
the formation of the descending part of the surface waves. As is evident from Fig. 12,
the maximum height of the wave observed, 7, does not represent its limiting current.
In most cases ¢ is practically proportional to 7%m, and for the purposes of analysis
it is therefore permissible to use instead of 4%m. of the catalytic waves, the quantity
im, Which can be directly measured.

Experimental verification of surface waves equations

The validity of the equations deduced was proved8?, using as examples the surface
catalytic waves caused by anabasine and quinine.

As with all currents limited by the kinetics of the preceding protonation, the surface
catalytic wave grows with a rise in the buffer capacity. The dependence of the catalytic
current in anabasine solutions on the concentration of undissociated acetic acid was
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used to estimate8? the value of the rate constant of the adsorbed anabasine protona-
tion under action of CHsCOOH as 2.9-1051/mol. sec at a potential —1.84 V vs. S.C.E.

It should be borne in mind that the electric field of the electrode brings about po-
larization of the particles, which possibly affects?? the values of the rate constants
of surface reactions.

In a number of cases surface waves possess a very interesting characteristic; they
have an unusual dependence on %, the height of the mercury column above the drop-
ping electrode. If the limiting diffusion currents and the adsorption pre-waves decrease
with a diminishing 4 and the bulk kinetic and catalytic currents do not depend on %
the waves limited by the preceding suzface reactions often increase with the lowering
of 434, This phenomenon is observed in those cases where the adsorption equilibrium
has not yet been established, and an increase in dropping time, 7.e. the adsorption
time, results in a closer approach to the establishment of the adsorption equilibrium
and, consequently in a rise in I".

The dependence of the surface component of the kinetic current density on the time,
often obeys eqn. (32). This was demonstrated for the case of the second wave on the
polarograms of maleic acid?. A rise in catalytic waves with a lowering of the height of
the mercury reservoir was observed by VOJIR?7:98 and ASAHI®®.

A similar effect was observed by many investigators190,101 jn the case of currents
caused by the cobalt complexes of amino-acids and proteins. When determining the
1—¢ curves during the life of one drop, STACKELBERG AND FAssBENDER!? found that
the catalytic current rose in accordance with the law ¢ & ¥, the value of » being greater
than unity in the presence of catalysts with large molecular weights. Figure 2inl?, in-
dicates that » in some cases attained the values ~ 7/6, which corresponds to the total
effect of the increase in the electrode area (2/3) and to a rise in the amount of the cata-
lyst adsorbed (1/2), according to eqn. (32).

Asin the case of surface kinetic waves®6, surface catalytic currents often undergo
almost no change with rising temperature33 as an increase in the rate constant of
catalyst protonation is compensated for by a decrease in its adsorption on the elec-
trode surface34.

It is well known that the addition of surface active substances (S.A.S.) to the polaro-
graphic solution often appreciably lowers the catalytic waves. This is accounted for
by the fact that foreign S.A.S. displace the catalyst from the electrode surface. The
magnitude of the suppressing action of S.A.S. evidently depends on the relationship
between the concentrations of S.A.S. and the catalyst, and their adsorption.

If the desorption of S.A.S. occurs before that of the catalyst and if the desorption
potential of S.A.S. is located in the region of catalytic hydrogen evolution, a marked in-
crease in the catalytic current is observed an the polarograms during the desorption of
S.A.S.102,103 This may be considered as the occurrence of a new wave. This phenomen-
on somewhat resembles the formation of the pseudo-waves of reduction, which is
observed in the case of S.A.S. desorption, when adsorbed S.A.S. either hinders the cour-
se of the electrode process!®4 or suppresses the tangential motions of mercury.

Mixed “‘bulk-surface” catalytic waves

It is evident that all catalytic currents observed in practice must be considered as
the sum of the surface and the bulk components, and only in very rare cases may we
speak of practically completely surface or completely bulk waves. The appearance
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of the surface component could be observedt?.69 even in the case of pyridine.

 The surface component of the current increases with a decrease in the ionic strength
of the solution195, especially upon transition to solutions containing only non-adsorb-
ing cations196:107 ¢ o lithium ions!08.

Generally, the bulk and the surface components of the current give only one total
wave on polarograms, although in some cases two separate waves might be expected.
When, in the region near the electrode, there is a considerable increase in the concentra-
tion of the irreversibly discharging particles during their adsorption, it is sometimes
possible to observel09:110 on the polarograms, the appearance of an additional wave
of the discharge of strongly adsorbed particles. This is followed at more negative po-
tentials by the discharge of the non-adsorbed particles, (to be more precise, by the
poorly adsorbed ones or by those less advantageously oriented from an energy point
of view). Thus, in the case of surface currents, the effect of a marked increase in the
catalyst concentration in the region near the electrode should cause a shift in the sur-
face catalytic wave in the direction of less cathodic potentials, compared to the bulk
wave. On the other hand, the adsorption of an electrochemically active particle (i.e.
its orientation on the electrode surface), may affect the rate constant of the electro-
chemical step proper. Thus, for instance, in the case of the polarographic analysis of
indolenium salts11, the discharge of which is somewhat similar to the electron trans-
fer to a particle of protonated catalyst, the irreversibility of the wave, judging by its
slope, increases with a rise in pH. This appears to be due to an increase in the adsorp-
tion of the depolarizer upon its transition to its basic uncharged form.

Thus, adsorption may greatly change the rate of the electrode process and shift the
potentials of the wave in the direction of the anode or of the cathode.

Bulk waves of solutions of pyridine and its homologues possess a reversible electro-
chemical step, whereas no reversible electrochemical processes have ever been observed
in the case of surface catalytic waves. In this connection, it is of especial interest to
note that when large amounts of a strongly adsorbed substance were added to a qui-
nine solution, a reversible catalytic wave of hydrogen evolution was apparently ob-
tained®?. The total height of the wave decreased in this case to about a thirtieth of
its previous value and the potential of the half-wave became somewhat more positive
(compared to Ei/2 of the surface wave of the same height). This points to the fact
that the bulk component of the catalytic wave in the quinine solution is reversible
and may be observed at less negative potentials than the surface wave. The foregoing
favours the possibility that the total catalytic wave may become divided under cer-
tain favourable conditions into bulk and surface steps. This division of the wave could
in fact be observed in the case of the catalytic currents in quinine solutions®s.

The appearance of the two sumps on the catalytic waves in a solution of the leuco-
form of malachite green and S-naphtho-quinoline observed by STACKELBERG et al.18,
may be supposed to be due also to the separation of the surface and the bulk compo-
nents of the currents.

Effect of the double-layer structure on surface catalytic waves

In the case of surface catalytic hydrogen waves, a change in the double-layer struc-
ture affects the adsorption of the catalyst, the value of the pH in the layer near the
electrode and to a certain extent the dissociation constant of the catalyst, which is in
the adsorbed state. Figure 13 shows the effect of the addition of sodium chloride upon
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the catalytic wave caused by quinine, when the pH, the buffer capacity of the so-
lution and the catalyst concentration are kept constant®l. With an increase in the
overall concentration of sodium ions in the solution from 0.04 M to 0.08 M, the maxi-
mum height of the catalytic wave decreases to about one-third of its previous value
(Fig. 13); the potential of the maximum becomes more positive because of an increase
in the double-layer capacity and the consequent increase in the value of a in eqn. (36).
The curves in Fig. 13 are plotted from eqns. (29) and (36), the points corresponding
to the experimental values.

i
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Fig. 13. Catalytic waves of quinine (cquin = 3-10-6 M) in borate buffer solution, pH = 9.5 at
different concentrations of Na+: (1), 0.040; (2), 0.045; (3), 0.050; (4), 0.055; (5), 0.060; (6), 0.070;
(7), 0.080 M.

A change in the nature of the cation of the supporting electrolyte has a much greater
effect upon surface waves than an increase in the concentration of the supporting
electrolyte. The catalytic wave decreases sharply upon transition from solutions con-
taining Li+ to those containing Cs+. In the series from Li+ to Cs* the super-equivalent
adsorption of these cations on a mercury electrode increases!96:107, the absolute value
of the yj-potential diminishes, the double-layer capacity rises and consequently,
so does the quantity 4 in FRUMKIN’s equation. As a result of all these factors, 7%im.
decreases and the slope of the surface catalytic waves becomes steepers! on transition
to solutions containing cations of larger radii.

In the case of surface waves with a preceding protonation (and in this case only87.6¢),
the difference between the pH in the bulk of the solution and that in the layer near
the electrode is a simple function of the yi-potential. Therefore, it was possible to
determine almost quantitatively the effect of a change in the concentration of potas-
sium and sodium ions in the solution upon surface catalytic currents81.

The effect of the double-layer structure can also be used in explaining12 the very
interesting observations of PUNGOR AND FARsANG113-116, These authors found, in
particular, that the gradual addition of a tetra-ethylammonium salt to a solution being
analyzed polarographically, gives first a rise in the catalytic wave of quinine, and then
a decrease. PUNGOR AND FArRsaNG worked with phosphate buffer solutions where
HPO42- and HoPO4~ anions are the main proton donors; therefore, at a small concen-
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tration of the surface active cation of tetra-ethylammonium, the negative y;-potential
decreases and thus the approach of the proton donors (phosphate anions) to the elec-
trode is facilitated. When the concentration of tetra-ethylammonium rises, the dis-
placement by the latter of quinine from the electrode begins to have effect, resulting
in a decrease in the catalytic current. A similar phenomenon was also observed upon
the addition of surface active cations to the solution, in the case of the kinetic surface
wave caused by the recombination of acid anions88,117,118,

Effect of organic solvents

The addition of organic solvents to solutions of catalytically active systems results
in a decrease in catalytic currents!5,16,119-122,

The action of organic solvents results in (1): a decrease in the dissociation constants
of the acids (proton donors) and hence a rise in pH of the solution23:124; (2) a decrease
in the dissociation constants of the catalyst!19-123and consequently, in a still larger rise
in ¢ compared to the change in pH; and, finally, which is of special importance in the
case of surface currents, (3) a considerable diminution in the adsorption of the catalyst.

5. CATALYTIC WAVES CAUSED BY SULFUR-CONTAINING COMPOUNDS

Mechanism of the process

Many organic compounds containing a sulphydryl group possess a marked ability
for producing catalytic hydrogen waves. A characteristic feature of sulfur-containing
catalysts is the sharp increase in their catalytic activity upon the addition of cobalt
or nickel salts to the solution. This was first observed by BRDICKAS. In spite of the
large amount of research devoted to the study of catalytic waves in solutions of sul-
fur-containing compounds (see literature surveyss:8.%.10 and new experimental
datal8,21-23,101-103,125-132) some features of the mechanism of the process have not
yet been elucidated.

BrpICKA advanced a hypothesis®:25 to explain the catalytic action of substances
containing sulphydryl groups (thiols). He suggested that the hydrogen in the —SH
group on account of its high mobility, becomes readily detached in the course of the
electrochemical reaction

RSH + e~ - RS-+ H (Iv)

and the RS- anions formed are rapidly protonated at the expense of the proton donors
of the solution, regenerating the electrochemically active form RSH. A point in
favour of this scheme is the fact, established by BRDICKA®133, that the catalytic ac-
tivity of thiols is suppressed when a salt of mono-iodoacetic acid is introduced into
the solution and its residue combines with sulfur instead of a mobile hydrogen atom.

While investigating the reduction of sulfones on a dropping electrode, MAIRANOVSKII
AND NEUMAN!34 found that the reduction product (probably p,p’-dichlordiphenylsul-
fide) of p,p’-dichlordiphenylsulfone (with a transfer of 4 electrons), also causesa cata-
lytic wave, although it contains no—SH group. On this account, the authors supposed
that the mechanism of the occurrence of the catalytic wave under the action of sulfur-
containing catalysts is the same as in the case of nitrogen-containing bases, i.e. it is the
sulfonium jon formed during the protonation of sulfide, which is discharged. The
catalytic evolution of hydrogen under the action of compounds containing a sulfide
sulfur has been observed a number of times. It occurs, for instance, in a solution of
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ethylene-bis-thioglycollic acid1® (HOOC.CH2.S.CH2.S—CH2COOH) as well as in the
case of sulfides formed during the electro-reduction (with » = 2) of tri-substituted
sulfonium ions48. A mechanism involving the discharge of a sulfonium cation has been
shown by FRUMKIN AND ANDREEVA3! to be more likely, taking into account the effect
of the double-layer structure at the electrode surface. This effect can also account for
the suppression of the catalytic activity of the catalyst during its interaction with
iodoacetate; the product formed assumes a negative charge, which hinders this reac-
tions on the cathode.

The fact that the catalytic activity of cysteine continues to be appreciable when the
hydrogen of its-SH group is substituted by a mercuribenzoate residue2!

RSH+ ClHgC¢H4COOH—>RSHgC¢H4COOH

also favours the sulfonium scheme for the occurrence of catalytic waves.

Available experimental data are, however, insufficient for favouring any particular
scheme for the discharge process of hydrogen catalyzed by substances containing
sulfydryl groups.

As already mentioned, the presence of cobalt ions in the solution is a very important
factor in the marked increase in the catalytic activity of sulfur-containing substances.
The Co2+ reduction wave precedes the catalytic hydrogen evolution; therefore, in the
case of the adsorption of an organic catalyst, some investigators?.12 supposed cata-
lytically active centres to be formed on metallic cobalt deposited on a mercury sur-
face. BREZINA135 proved this concept to be wrong by demonstrating that preliminary
electrolysis of the solution on a stationary mercury electrode at a potential at which
Coz?+ is discharged, but at which no catalytic hydrogen evolution occurs (z.e. there is
an accumulation of metallic cobalt on the electrode), has no effect on the catalytic
wave subsequently determined. Thus a complex of a cobalt ion with an organic
molecule must serve as a catalyst.

The fact that catalytic waves are almost always observed in Co2* solutions and are
often absent in solutions containing Co3+ permits us to suppose that the cata-
lytically active complexes!?5 contain mainly cobaltous ions, although sometimes co-
baltic ion complexes are more catalytically active than cobaltous ion complexes?3.

The effect of the concentration of sulfur-containing compounds on the Ei/2 of the
Co2+ reduction wave observed by many investigators is an indication of the formation
of Co?*+ complexes with these compounds.

It may be supposed that Co2+ can form several complexes of varying composition
with the same thiol?, some of which are so stable that they hardly participate in an
electrochemical reaction which gives a deposit of cobalt, but mainly cause catalytic
hydrogen evolution. Stable Co2+ complex which are not discharged on the cathode are
formed, for instance, by ethylenediaminetetra-acetic acid13?. Partial formation of a
non-discharging (i.e. involving no deposition of metallic cobalt during the electrode
reaction) Co2+ complex with cysteine is to some extent confirmed by a decrease in the
height of the Co2+ discharge wave with an increase in the cysteine concentration in
the solution, as observed by SUNAHARA128,

Yet, a discharge of the metal ion from the complex with thiol occurs simultaneously
with catalytic hydrogen evolution!32.136, The effect of this discharge becomes appre-
ciable at relatively low concentrations of the complexing agent ion in the solution. As
the result of a deficiency of these ions in the layer near the electrode, aggravated by
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their partial discharge from the complex, the catalytic current may become dependent
on the diffusion of these ions from the bulk of the solution, and the observed catalytic
wave may assume certain characteristics of the diffusion current. This seems to be
responsible for the effects observed in a cysteine solution containing a small concentra-
tion of Ni2+ions!3%.22. Discharge of Ni2+ from the catalytically active complexes pro-
ceeds rather slowly, so that there is time for the complex to participate more than once
in the catalytic process before Ni2+is discharged from it. This accounts for the fact that
the catalytic current is much higher than the diffusion current of Ni2+ ions!37.

A rise in the catalytic activity of thiols when they form complexes with Co2+seems to
be the result of an increase in the mobility of thiolic hydrogen®, and what is most impor-
tant, a rise in the catalyst charge by twounits, which considering the effect of the dou-
ble-layer structure should considerably facilitate the electron transfer to these particles.

It is of interest to note that Co2+ and Ni2+ increase the catalytic activity not only
of sulfur-containing compounds, but also of those of pyridine!3?. The catalytic activ-
ity of pyridine is appreciably higher in the presence of Co2+ than of Ni%+ at the same
concentration. It is especially high when both Ni2+ and Co2+ are present in the solu-
tion. The catalytic hydrogen wave caused by pyridine complexes with Co2* or Ni2+ is
of a pronounced surface character. With a rise in the temperature, the height of the
catalytic wave rapidly decreases, and disappears entirely at a temperature above
35°, in 0.1 N pyridine solution and o.r N pyridinium chloride solution containing a
5-10~4 M Co2+ and Ni2+ 139,

Sulfur-containing organic compounds possess a high surface activity at the mercury-
solution interface. In particular, the suppression of a maximum on the cobalt wave
observed upon the addition of these compounds to the polarographic solution, as well
as the lowering of other maxima on the waves, due to tangential motions!4° are an
indication of this. The complexes of sulfur-containing substances with cobaltous
(or cobaltic) ions seem to possess high adsorptivity. Therefore, the catalytic waves
caused by them are of a completely surface character and their properties (particularly
their shape) aredescribed by the equations of surface waves8?.

The majority of compounds which are of biological interest contain not only a
catalytically active sulfur, but also nitrogen (in the form of amino groups) which is also
capable of catalyzing hydrogen evolution. The catalytic effect observed in solutions of
these compounds is determined by the combined action of all active groups in the
molecule. SUNAHARA!?2® showed that in the case of waves caused by cystine and its
derivatives, in which either the amino groups or the carboxyls are blocked, that the
blocking of amino groups (N,N-diacetylcystine) results in total loss of the catalytic
activity of cystine, whereas the esterification of carboxyls (diethyl ester of cystine)
has almost no effect on the catalytic wave. Therefore, it may be supposed that in
catalysts containing both amino- and sulphydryl groups, catalytic activity is mainly
due to amino groups, whereas adsorptivity of the catalyst is determined principally
by —SH groups?2. This probably accounts for the parallelism, observed by Ivanov14¢,
between the ability of the catalysts to suppress the polarographic maximum, (z.e.
their adsorptivity), and the height of the catalytic wave caused by them, at identical
weight concentrations. The adsorptivity of the catalysts which (other conditions being
equal) determines the limiting catalytic current, rises with an increase in the size of
their molecules or in the number of the —SH groups contained in them. However,
the number of amino groups per unit weight of catalysts having similar structures is
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almost independent of the size of the catalyst molecules. This probably accounts for
the approximately proportional rise in catalytic activity, observed by ITo!41, with
increase in the number of cysteine residues contained in the catalysts (proteins).

With an increase in catalyst concentration in the solution, the height of the catalytic
wave caused by sulfur-containing compounds rises in accordance with a curve similar
in shape to the Langmuir adsorption isotherm. Although the catalyst is adsorbed on
the electrode surface, this similarity, as shown by KLuMPAR26, is purely formal. The
lag in the build up of the limiting catalytic current, compared to the direct proportional-
ity observed with an increase in catalyst concentration, is not due to the coverage
of a considerable part of the dropping electrode surface by the catalyst, but to the
exhaustion of the buffer capacity of the solution in the region near the electrode (see
the introduction to this survey), or to the exhaustion of the concentration of the com-
plexing ions (Co2+, Ni2+) near the electrode.

Itis of interest to note that the frequently observed decrease in the limiting currents
(the hump-like shape) of the catalytic waves in protein solutions may disappear if
the concentration of protein is considerably increased, the concentrations of buffer
solution and of cobalt ions being kept constant (see Figs. 3 and 4, pp. 115 and 117 in3
and 137). This means that the protein concentration no longer determines the rate of
formation of a catalytically active complex and the desorption of protein brings about
no decrease in the catalytic current with an increase in the cathodic potential.

The effect of pH on the catalytic waves caused by the complexes of cobalt or nickel
ions with sulfur-containing compounds is much more complicated than in the case of
simple nitrogen-containing catalysts. In the case of catalysis by complexes the maxi-
mum wave height is observed at a certain pH of the solution22. At very high pH values
the wave diminishes because of a decrease in the protolytic reaction rate. In spite of an
increase in the protonation rate the wave diminishes with a decrease in pH below the
optimum value since the formation of a catalytically active complexis hindered by
the protonation of the functional groups of the organic molecule which participate in
the formation of the complex22,

The surface character of catalytic waves in a solution containing cobalt complexes
of amino acids or proteinsis responsible for an unusual change in the dependence of
the height of the peak of the catalytic wave on the :—E oscillopolarograms, upon the
rate of application of the polarizing voltage dE/d¢, described by VALENTA AND WiT-
wicki!42, For bulk catalytic waves the peak current should not depend on dE/d¢, as
is the case with a hydrogen peroxide reduction catalyzed by iron ions!42. In the case
of protein catalytic waves, a rather large rise in the peak current with an increase in
dE/dtis at first observed; then this rise slows down and at high enough rates of change
in potential the peak current attains the limit. The change in the peak current with
dE/dt is caused by catalyst desorption with a shift in the potential in the direction of
the cathode. With an increase in the rate of the application of potential, an ever
greater part of the desorbed catalyst is unable to leave the reaction layer near the
electrode surface, remains there and continues to participate in the catalytic process.
This accounts for the rise in the peak height with an increase in 3E/d¢ observed on the

1—F oscillopolarograms.

Nature of the doubling of protein waves
In contrast to the waves caused by many amino-acids, the catalytic waves observed
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in protein solutions containing cobalt ionsoften havea characteristic #wo-humped shape.

In order to determine the nature of this doubling of catalytic waves, the effect of
the electrode dropping time on the height of the separate steps of this wave (with a
relative excess of Co2+ ions) was studied109. A special dropping electrode fitted with a
spatula for forced detachment of the drops, which could be adjusted by means of a
micro-screw, was used in the experiments. Thus at a practically constant rate of mercu-
ry flow (m = 0.69 mg/sec) the dropping time ¢ varied over a wide range.

Figure 14 shows the dependence of the logarithm of the height of the steps on log ¢.
This dependence is of a rectilinear character for all the steps.
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Fig. 14. Dependence of the heights of separate steps of the protein wave on the dropping time. (1)
cobalt wave; (2), the first protein step; (3), the second step.

In the case of a cobalt diffusion wave (straight line 1, Fig. 14) the slope of the straight
line log 72 — log ¢ is close to 0.18, as should be expected!43. The slope of the straight
line for the first protein step (straight line 2) is close to 7/6 and this step rises in pro-
portion to £7/6, Evidently, the rise in the current proportional to ¢7/6 is due to an in-
crease in the surface concentration of the adsorbed catalyst when the process of catalyst
adsorption (occurring long before the establishment of the adsorption equilibrium) is
limited by the diffusion, the catalyst being either poorly adsorbed or its concentration
in the solution very small. The slope of the straight line 3 (Fig. 14) corresponding to
the height of the second protein wave equal to 2/3, points either to the surface charac-
ter of the wave with an established (or almost established) adsorptionequilibrium of the
catalyst, or to a process occurring in the bulk of the solution. In both cases the current
is proportional only to the electrode surface area. The hypothesis about the bulk
nature of the second wave is at variance with the experimental data. Thus, if by ana-
logy with the quinine waves$5, we suppose the second wave to be caused by the same
catalyst as the first, but acting in the bulk of the solution, the effect of higher fatty
acids interacting chemically with the catalyst!44 would lower both waves to the same
degree. In practice, it is only the second wave which diminishes in this case!44. Thus
both waves seem to be of a surface nature.

The difference in character of the adsorption processes corresponding to the first
and to the second protein steps indicates that the catalytically active centres which
cause them do not belong to the same protein molecule. In other words, this points to
the presence in the solution of at least two catalysts of different properties100,

Numerous facts point in favour of a lesser adsorptivity of the catalyst of the first
protein step. Thus under the action of surface active gelatine, the height of the first
step diminishes and that of the second step remains almost unchanged (see, for in-
stance, Fig. 4 in the work of Marha44). A smaller temperature coefficient of the first
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wave 145 can also be taken as an indication of lesser adsorptivity if it is assumed that
the activation energies of the chemical processes determining the heights of both waves
are similar in their values. In some cases, however23, the second wave diminishes with
rising temperature to a greater degree than the first.

The existence of two kinds of catalyst cannot be ascribed to the presence in the solu-
tion of various protein molecules, as the double wave is observed also in the case of
individual proteins in solutions of cobalt salts.

The appearance of two waves is probably due to the formation of several types of
Co2+ complexes with a protein molecule which differ in their composition or struc-
turel46 and in their catalytic properties. In the opinion of IvANOvand RAKHLEEVA147,
the first step is due to the complex of cobalt ions with protein in the globular state and
the second to the same protein, but in a non-globular state.

The concentration of Co2+ ions in the solution has a varying effect on the heights of
the protein waves; i.e. it affects the formation of the corresponding catalytic complexes
in a different ways. As follows from BRDICKA’s work25, the height of the second maxi-
mum rises linearly with the CoClz concentration, whereas the increase in the first
maximum slows down and its height tends to approach a limit100.

It is of interest to note that when ethylenediamine-tetra-acetic acid (EDTA) is
added to the solution, the second wave diminishes first (see Fig. 4 in138). This can be
readily explained by the fact that EDTA binds the Co2+ ions and diminishes their
concentration in the solution; the dependence of the wave heights on the concentra-
tion of the Co2+ ions remaining in the solution is about the same as that in25.

BREZINA135 observed that the catalytic wave disappeared in the case of binding of
cobalt ions by a complexing agent. If the solution contains a complexing agent which
binds cobalt more firmly than the catalyst causing the second wave, but less firmly
than the catalyst causing the first wave, only the first protein wave should remain on
the polarograms. This phenomenon was actually observed by ITo!4! while working
with a tris-(ethylenediamine)—cobaltic chloride solution.

The influence of various chemical factors which change the heights of protein waves,
such as the effect of higher fatty acids!44 or formaldehydel48, can be explained either
by the blocking of the catalytically active centres, or by the binding of the groups
participating in the formation of the complexes, or by a change in the adsorptivity of
one of the catalysts.

6. DEPENDENCE OF CATALYTIC HYDROGEN WAVES ON THE STRUCTURE OF ORGANIC
CATALYSTS

General

KNOBLOCH!4 was the first to notice that the decrease in the hydrogen overvoltage
on a dropping mercury electrode in the presence of a number of heterocyclic catalysts
is greater the higher the acidity of the catalyst. The data obtained by STACKELBERG
et al.18 for various classes of organic substances (catalysts) also show that in many
cases catalytic hydrogen evolution is facilitated by a decrease in pKa for a series of
catalysts of similar structure. This can be readily explained qualitatively by means of
the hypothesis for the occurrence of the catalytic wave, described in this paper. The
discharge of an electrochemically active acid form of the catalyst proceeds (inaccord-
ance with the SHIKATA-TACHI rule!4?) more easily the more electronegative the resi-
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due bound with the reducing group; the introduction of a negative group into the acid
molecule is known to lower its pK a.

On the contrary the height of the catalytic wave is usually greater in the case of a
catalyst with a higher pK 414,150, Roughly speaking, this is due to the fact that, other
conditions being equal, an increase in pKa of the catalyst results in the protolytic
equilibrium between its forms (process I of the general scheme) being shifted in the
direction of its electrochemically active (acid) form.

Reversible bulk catalytic waves in buffer solutions

The dependence between the catalyst structure and the character of the catalytic
wave can best be studied quantitatively with reversible bulk catalytic waves, when
adsorption which complicates the problem is absent. For this purpose, the bulk cata-
lytic waves caused by pyridine, picolines and «,x’-lutidine were studied?°.

Figure 4 shows the dependence of (41im./74)2 on the concentration of undissociated
boric acid in the solution, with the pH constant at 8.40. It follows from Fig. 4, that
(#11m./?4)2 changes linearly with [HsBOs], the slope of the straight lines obtained,
which is determined by the protonation rate, depending on the nature of the cata-
lyst. The values of g calculated from eqn. (14) (see below for the determination
of the values of k4 necessary for the calculation of ¢ from eqn. (14)) were plotted
against the concentration of the acid component of the buffer at a constant pH. As in
the case of pyridine, the values of the specific constant of the protonation rate of a
catalyst kA" with a given proton donor were found from the slope of the straight
lines obtained. As with pyridine, k24’ increases with a rise in pH of the solution also
in the case of other catalysts, on account of the enhancing effect of the electric double-
layer structure. A plot of k4’ against 1/[H+] and extrapolation to 1/[H+] — o gives
the real values of £a. The slope of the extrapolation straight lines for the waves of the
homologues is almost the same as for pyridine: Aka’/ka . A(x/[H*]) = 6-10-10° M.
The values of the rate constants obtained are listed in Table 1. In the case of lutidine
at high pH, the values of 24’ increase somewhat faster than 1/[H+]. This appears to be
due to a certain adsorptivity of «,a’-lutidine, which with a rise in pH (i.e. with a de-
crease in the reaction layer thickness) brings into play the surface component of the
current. Since, with lowering of pH, the discharge current of the supporting electrolyte
is superimposed upon the catalytic waves, especiallyin y-picoline solutions, the errors
in the determination of /um. become greater and consequently, the accuracy of the
determination of the values of £ decreases considerably.

For a series of catalysts of similar structure, the constants of the protonation rates
ka, with the same acid, must rise with an increasein pK 4 of the catalystinaccordance
with the Brénsted relationship.

In the case of protonation by the action of HsBO; and veronal, kuyno, and Aver.
for x-methylderivatives (see Table 1) are much lower than they should be from the
Bronsted relationship, because of steric hindrancelsl. Steric factors may therefore
exert a considerably influence on the heights of catalytic waves.

With an increase in the buffer capacity at a constant pH, E1 of the bulk catalytic
waves of the compounds studied become more negative; in accordance with eqn. (17)
AEy;2/A 1log o & — 20 mV. Ey s also become more negative with a risein pH. In Fig. 5
are presented the values of E1/2 of the wavesin ~o0.5 mM solutions of the substances
studied, referred to the same ¢ & 1500 sec-1, at different pH values.
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By means of eqn. (17) it is possible to find the values of normal redox potentials Eo
for reactions (II). By substituting into eqn. (17) the values of ks for pyridine and
«,o’-lutidine found in29:71, we obtained for E, of the discharge of their ions the values
—1.626 and —1.715 V S.C.E. respectively. The values of Eo are related to pK a by the

formula
2.3 RT

E¢ = constant — PKa (37)

Fromeqn. (37) by using theexperimental values for pyridineand &, «'-lutidine, the values

—1.30zand —1.312 'V, respectively, wereobtained for the constant. Taking into account
thelow accuracy of the determination of 242%:71, the discrepancy in the values of the con-
stant should be considered as insignificant and the values of k4 taken as being of the
correct order of magnitude. The values of k4 of the picolines were found from eqns.
(17) and (37) at a value for the constant of —1.307 V, (Table I). These were used in cal-
culating ¢ by means of eqn. (14). Equations (17) and (37) show the relationship be-
tween Ejs of the catalytic waves and pK 4 of the catalysts.

Large negative values for E1/2 of the catalytic wave in a solution of y-picoline (Fig.5)
and also for Ej /s of the reduction wave of its N-methyl derivative (Table 1) are to be
noticed. This fact is accounted for in the case of y-picoline derivatives, by the relatively
low values of the rate constant %4 of the bi-molecular interaction of radicalsin accord-
ance with scheme III (see eqn. (17)). Lower values of %4 in the case of y-derivatives
show that the radicals formed upon the discharge of pyridine derivatives interact
with the formation of dipyridyls (rapidly decomposing in the case of catalytic waves)
mainly in the y-, rather than in the x-position. A direct evaluation of k4 for y-pico-
line, as for pyridine and «,«'-lutidine, proved to be impossible on account of the
very negative potentials at which the catalytic wave iny-picoline solutionsis observed.

Bulk waves in unbuffered media

The rate constants of the protolytic interaction of pyridine homologues with water
were determined®? from the dependence of thelimiting currents of polarographic cata-
lytic waves occurring in unbuffered solutions, upon the concentration of the catalysts
(see Fig. 9). The values of the rate constants of protonation with water (ki) and those
of deprotonation under the action of OH- (ks) for the substances investigated, in
0.5 M KCl solution at 25°, are listed in Table 2.

Table 2 shows that the values of %; rise with an increase in pKa of the catalysts,
as it should be in accordance with the Bronsted equation, which for this particular
case (the protonation of bases with similar structure by the same acid) is of the form:

log k1 = log G + ppKa (38)

The values of & of the catalysts (except x-picoline) obey the Bronsted equation with-
in 4-59%,; for a-picoline the accuracy is within 12%,. The coefficients of the Brénsted
equation for the reaction in question are: log G = —2.15, # = 0.5.

It was shown by BROWN ef a/.151,152 that as a result of steric hindrance the rate con-
stants of chemical interaction(with the atom of nitrogen) in the case of pyridine deri-
vatives having a CHs group in the x-position, are much smaller than would be expected
from the law of linear dependence of the change in the free energies!53. For the same
a-substituted pyridine derivative, the steric effect is greater the larger the sizes of the
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molecules in the reagent which is interacting with nitrogen in the pyridine ring!52.

As has been already mentioned, steric hindrance also becomes apparent in the case
of protonation of pyridine homologues by the action of boric acid and veronal. In the
case of protonation of a-methyl derivatives of pyridine with water, however, no steric
hindrance is observed; this is due, evidently to the small size of water molecules.
Protonation under the action of hydroxonium jons also proceeds without steric hin-
drance!52,

The values of &; found for pyridine and the picolines appear to be the true con-
stants of the bulk reactions; they are practically unaffected by the influence of the
electrode field. In unbuffered solutions both components of the direct reaction (I) are
uncharged. Consequently, we may conclude that the latter is unaffected by the elec-
tric double-layer structure. The effects of the field on the concentrations of BH+ and
OH - ions are opposite in sign and practically of the same magnitude, so that the pro-
duct of the concentrations of these ions determining the rate of thereversereaction (I)
is also almost independent of the double-layer structure.

Let us consider now the effect of the nature of the catalyst upon the potentials at
which catalytic waves are observed in unbuffered solutions.

TABLE 2

SOME CONSTANTS FOR PYRIDINE, PICOLINES AND «,&’-LUTIDINE IN 0.5 M KCl sOLUTION AT 25°

’

€

No. Substance pKa ki [l[mol.sec] [lf;zlllosmc] at °Ceat. = 24m M (v stg CE
ehie (Vs.S.C.E.) S E]

I. Pyridine 5.50 5.5 9.8 —1.733 —1.614

2L «-Picoline 6.15 10.1 4.0 —1.800 —1.675

3. f-Picoline 5.90 8.0 5.5 —1.775 —1.656

4. y-Picoline 6.19 12.5 4.5 —1.869 —1.699

5. o, -lutidine 6.83 26 2.1 —1.875 —1.732

It follows from Fig. 10 that with a rise in pK a of the catalyst, as in the case of buf-
fered solutions, the wave is shifted in the direction of negative potentials. For com-
parison, it is convenient to use the values of the characteristic potentials &'’, which
are listed in Table 2. Equation (25) shows that the values of &'’ depend mainly on
those of Eo of the redox system, which in turn (see eqn. (37)) are linearly shifted in the
direction of negative potentials with a rise in pK 4 of the substance being discharged.

From experimental values of &'’ and the rate constants, it is possible by means of
eqn. (25) to estimate the values of Eo. Table 2 lists the values of Eo thus found; the
values of k4 the rate constants of the bi-molecular interaction used in the calculation
were the same as those used for buffered solutions (see Table 1).

The values of the potentials for the pH-dependent electrode processes in unbuffered
solutions cannot be very stable; therefore, the values of Eo found from experiments
in unbuffered solutions are evidently less accurate than those obtained in buffered
solutions. Nevertheless, the values of Eo for «-and-picolinesdeterminedin unbuffered
solutions practically coincide with those listed in Table 1. The discrepancy for
pyridine is +18 mV, but for y-picoline and lutidine in an unbuffered medium, Eo is
shifted by ca. 25 mV in the direction of negative potentials, apparently on account of
the higher pH in the bulk of the solution in the presence of stronger bases.
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Irreversible surface waves

The dependence of irreversible surface catalytic waves on the catalyst structure is
complicated by the effect of its adsorption, which while enhancing the catalytic cur-
rent may shift the wave towards less cathodic potentials.

In the case of a number of catalysts with approximately identical adsorptivity, the
values of the potentials (E12 or the potentials of the half~maximum, which are much
more readily determined in the experiment) depend on pK 4 of thecatalystsinaccord-
ance with one of the modified Hammet equations53:154; with a rise in pK a the wave
must become more negative. As already stated, the limiting current increases with a
rise in pK 4 of the catalyst and there are numerous examples illustrating this fact in
the papers already mentioned4,18,150,

ZumAN AND Kuik!155 showed that the introduction of substituents into the 5-th
position of pyrimidine increases the catalytic activity in Co2+ solutions in the sequence
—OH < — NH: < — SH. The increase in the activity is explained by the authors,
as due to the change in acid properties of the substances and their ability to form a
complex with Co2+.

LAMPRECHT et al.?1 studied the ability of a large number of sulfur-containing sub-
stances to produce catalytic hydrogen evolution. They established that the character
of the catalytic wave is dependent on the kind of complex the molecule of the sulfur-
containing substance forms with Co2+. Thus if in addition to —SH (or —SS—)
groups, the carboxyls located in their vicinity also participate in the formation of the
complex, a catalytic wave occurs directly after the discharge of cobalt and has a char-
acteristic hump-like shape (for instance, in cysteine and Co2+ solutions). If the com-
plex with Co2* is formed by sulfur and the —NHs or —NH— group present in the
molecule, the wave caused by this complex is somewhat lower and in place of the char-
acteristic descending part, a flat section of the limiting current is observed. During
polarographic investigations of organic molecules in ammonia—cobalt solutions, in the
absence of active groups other than —SH or —SS—, only a rise in the current without
a clearly defined flat section of the limiting current, is observed before the discharge of
the supporting electrolyte.

The observations of STEVANCEVIC!56, who studied the catalytic activity of quinoxa-
line-2,3-dithiol in solutions of Co2+ and Ni2+ are of interest. It follows from the data
given that the catalytic wave in a solution of a nickel salt is much lower than in co-
balt solutions, and located at less negative potentials. If the adsorptivities of quinoxa-
line-dithiol complexes with Ni and Co ionsare to be considered to be approximately
identical, the difference in the catalytic waves observed can apparently be explained
by a higher value of pK a of the complex with Co2+ than that of the complex with Ni2+.
From the dependence of the heights of the catalytic waves on the concentrations of
quinoxaline-dithiol and Co?+ and Ni2+ ions, STEVANCEVIC established the fact that
there are two molecules of quinoxaline-dithiol peroneatom of metal in the complex156,

Toroprova AND EL1ZAROVA157 showed that not only the complexes of sulfur-con-
taining compounds with Co2+ and Ni2+, but alo those with Fe2+ possesscatalyticactiv-
ity. They also found that an addition to a polarographically analyzed solution, of
metal ions that form a more stable complex with thiols than nickel, resultsinadecrease
in the height of the catalytic hydrogen wavel57~15%, An original method for the deter-
mination of small concentrations of a number of metal ions is based on the displace-
ment of nickel from a catalytically active complex1%9.
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It is of interest to note that the dependence of the catalytic wave on pKa of the
catalyst may be used for an approximate estimation of pK 4 of catalytically active
substances160.

In the case of catalysts with different surface activities, the height of the catalytic
wave increases upon transition to substances with greater adsorptivity?40.141, Surface
waves are very sensitive to subtle changes in the catalyst structure. Zuman16!, for
instance, found the second wave on the polarograms of erythro-phenyl-cysteine in an
ammoniacal solution of CoCls, to be almost twice as high as that of the treo-isomer.

Catalytically active organic substances

As has been alreadynoted, the catalytic activity of organic catalysts is due to the
presence of an unshared pair of electrons in their nitrogen, sulfur, phosphorus, oxygen
or arsenic atoms, and to the ability of the catalysts to accept a proton with the forma-
tion of -onium compounds. Therefore, catalytic waves are observed in solutions of
amines (but not of tetra-substituted amines), thiols and sulfides, phosphines®® and
arsines162-165 Recently KNOBLOCH!3:166 studied in detail the catalytic hydrogen
waves caused by oxonium compounds—thederivativesof chromone. A catalytic hydro-
gen evolution in the presence of oxonium catalysts (the products of an electrochemical
reduction of unsaturated diketones with carbomethoxyl groups) was observed by
RyvoLovA1¢?, Zupanov and PoLIEVKTOV168 described the catalytic waves caused by
diphenyl-cyclopropenone in acid solutions.

7. SOME OTHER THEORIES OF CATALYTIC HYDROGEN WAVES

A number of other theories and schemes have been developed, to explain the nature
and mechanism of catalytichydrogenwaves. Let us consider them briefly. One of the
first theories was advanced by BRDICKA to explain the mechanism of catalytic waves
in a solution of sulfur-containing substances. According to BRpI1¢KA, hydrogen is de-
tached from the —SH group and the subsequent protonation of the RS- anion under
the action of acids, occurs near the electrode. This theory has been briefly discussedin
SectionV. BRDICKA’s conception is well known and as it is described in most text-
books on polarography, there is no need to consider it further. It should be noted
however that BRDICKA’s theory is inapplicable to catalytic waves caused by nitrogen-
containing bases. STROMBERG!2 was the first to note the kinetic limitations of cata-
lytic waves in solutions of catalysts containing cobalt salts and he deduced relevant
equations for the dependence of the limiting current on the composition of the solu-
tion, 7.e. on the concentration of the components whose rate of interaction determines
the catalytic wave. In his calculations STROMBERG proceeded from the scheme of the
process suggested by BRDICKA, considering the atoms of discharged cobalt to be the
catalytically active centres.

KiIRkPATRICK!!, who studied the catalytic evolution of hydrogen under the action
of a large number of different alkaloids, assumed that the catalytic action was due to
the alkaloid accepting the electron from the electrode and transferring it to the hydro-
gen ion in the solution. According to KIRKPATRICK, the catalytic activity of the al-
kaloid is greater the larger its electronic capacity, i.e. its ability to acceptelectronsfrom
the cathode.

KnoBrLocu!4 extended BRDICKA's scheme to the catalytic waves caused by hetero-
cyclic and aromatic amines. Like BRDI¢KA, KNOBLOCH believed that the catalyst
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accelerated the formation of Hs from the hydrogen atoms evolved at the cathode and
thus decreased the hydrogen overvoltage (in accordance with HEYROVSKY’s theory
of hydrogen overvoltage6?). In a more recent work!5 KNOBLOCH has already used the
theory of catalytic waves suggested by STACKELBERG et al.17-19,

According to STACKELBERG7-19, the catalyst acts only when it is in an adsorbed
state on the electrode, and his theory is closest to the hypothesis developed by the
author of this work. After the catalyst has accepted the proton, it changes into an elec-
trochemically active cationic form, which is irreversible discharged at the electrode,
evolving hydrogen and regenerating the catalyst in its basic form. The last step of
the process, the regeneration of the catalyst and the formation of molecular hydrogen,
is not considered in Stackelberg’stheory. Thusif we disregard thelast step, Stackelberg’s
scheme corresponds to the particular case of irreversible surface waves in MAIRANOV-
SKII's theory. STACKELBERG's ideas do not embrace all the observed facts, since, as
was shown in preceding sections, there are catalytic processes in which the protona-
tion reaction occurs in the region near the electrode (i.e. without the adsorption of the
catalyst—an indispensable requirement of STACKELBERG’s theory) and the elec-
tron transfer to the protonated article of the catalyst may proceed at such a high rate
that the electrochemical step assumes a reversible character.

The concept of STACKELBERG et al., whichsupposes that the catalyst can be protonated
only by hydroxonium ions, and that other acids present in the solution can act only
after the dissociation of these acids and the formation of hydroxonium ions, seems to
be erroneous:

HA — H+ + A- V)
B + H+ - BH+ (VD)

On the basis of these concepts, STACKELBERG et al.179-172 attempted to determine the
dissociation rate constants of the acids HA from the values of the catalytic currents
in the solutions of acids HA (and also by means of RUETSCHI's method!?3, from kineti-
cal currents limited by the protonation rate). In reality, the processesstudied by them
were limited mainly by the kinetics of a direct interaction of HA with B36,37,88,174-176,
Let us consider this question in more detail.

The acid HA can react with all the bases present inthesolution, Band H2O included
(since the dissociation of the acid represents its protolytic interaction with the
solvent acting as a base). In accordance with the Bronsted relationship, the rate con-
stant of the interaction of HA with a strong base B must be much higher than that
with a very weak base H»0. Taking into account the fact that the concentration of
H:0 is much higher than that of B, wemay considertheratesof interactionof HA with
B and H>O to be similar in order of magnitude. The particles of BH+ formed accord-
ing to the reaction (B + HA) participate in an electrochemical reaction, while the
hydroxonium ions may react both with B and with other bases in the solution, includ-
ing A- (according to the reverse reaction V), tending to restore the concentration of
HA, which is an equilibrium one at a given pH.Inthecaseofweakacidsnotcompletely
dissociated in the solution, the anions A~ are very strong bases (usually stronger than
B) and their concentration in the solution, especially in the layer near the electrode;
is much greater than that of B; therefore, the hydroxoniumions, whichmay be formed
according to (V), will interact mainly with A- and only slightly with B. Thus BH*
are mainly formed by the reaction of HA with B.
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The mechanism of catalyst protonation (V-VI) suggested by STACKELBERG is
invalid also in the case of poorly buffered or unbuffered solutions, when the concen-
tration of H+ in the layer near the electrode may become very low and conditions
favourable for process (V) would seem to be established. In this case, however, the
concentration of the strongest base (the hydroxylions) in the region near the electrode
becomes high enough and an interaction of HA with OH~ occurs in place of process (V).
The rate of dissociation of HoO intoions 2 HoO — H30+ + OH- (k = 2-10-%sec~1 177)
cannot ensure the value of the catalytic current observed in unbuffered solutions, which
was shown to correspond to the rate of catalyst protonation by the action of water
(for pyridine, e.g. & = 5.5 1/mol. sec).

It should be noted, by the way, that if catalyst protonation by undissociated acids of
the type of HA should pass through a step of their dissociation, steric hindrance in the
protonation by undissociated boric acid and veronal®? of x-picoline and «,x’-lutidine
would not be observed, since steric hindrance is absent in the case of protonation of
these compounds by water and hydroxonium ions!52,

To conclude this brief survey of the theories of catalytic waves, we should consider
an ingenious explanation for the readier discharge of catalyst cations, compared
to the evolution of hydrogen ions, suggested by FRUMKIN31:178, Frumkin confines his
considerations to the conditions when the slowest step of the catalytic processis
the electrochemical reaction proper, and the catalyst exists both in the solution and
in the adsorbed state, mainly as an electrochemically active cation BH* (i.e. 0 € 1).
Considering the discharges of BH+ and HsO+ to be of the same kind, (.e. the transfer
coefficient « is identical for both reactions) for the rate constants of electron transfer
to BH+ and H:O+, FRUMKIN uses the Bronsted equation, which relates the values of
the rate constants of the electrode processes with the dissociation constants of the
acids being discharged. He shows that for the BH+ discharge to proceed faster than
that of HsO+ in the same solution, it is necessary for BH+ to be a cation and possess
an appreciable specific adsorptivity. Only in this case is the effect of the electric
double-layer structure manifested in such a way that it facilitatesthedischargeof BH+
to a much greater degree than that of H3O+. In this theory, however, the adsorbed
hydrogen atom rather than the BH radical, is assumed to be the product of the elec-
trochemical reaction. This is the reason why this theory cannot account,inparticular,
for the occurrence of reversible catalytic waves and it is also inapplicable in the cases
wheno > 1,17.e. when the catalyst is present mainly in its basic (non-protonated) form.
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A mercury electrode which is polarized anodically is covered with a thin layer of the
corresponding mercurous salt and becomes passivel~4. The dissolution of mercury is
hence limited and only small currents can flow across the phase boundary. The
question then arises whether these passive layers formed on the mercury surface can
conduct electrical charges and enable various redox reactions in the positive potential
range to take place as the oxide layers form on the platinum electrode. Literature on
this subject is rather scarce and somewhat contradictory.

KemuLa, GALUs AND KUBLIKS were not able to record the oxidation currents of
Fe2+ and Ce3+ ions at the hanging mercury drop electrode covered with a calomel lay-
er, although they observed effects corresponding to the oxidation of metals previously
introduced in the bulk of the mercury drop. KuwaNA AND ADAMS® did not observe
under similar conditions the oxidation of Co?+, Fe2+ and U4+ jons, but they recorded
currents corresponding to the oxidation of some organic compounds and [Fe(CN)g]4-
ions, if these compounds were added to the solution after the formation of the passive
layer at the electrode surface. No oxidation of the above mentioned ionsat themercury
electrode was noted by SCHWABE AND CHAU-DIEU A1”.

In the present paper reactions occurring at the passive mercury electrode are dis-
cussed. As we have previously observed a mercury electrode coated with a layer of
mercurous bromide behaves similarly to an electrode covered with calomel. It was
impossible to obtain satisfactory results with electrodes covered with other deposits
such as Hg2S04, HgO, Hg:I: and HgF, because either the potential range in which the
passive layer existed was too narrow, or the currents flowing in the passive state were
too large.

EXPERIMENTAL

Current-voltage curves were recorded using a Radiometer PO4 polarograph. The
previously described hanging mercury drop electrode with a surface area of 0.018 cm?
and a small stationary platinum micro-electrode with a surface area of 0.022 cm? were
used. A saturated calomel electrode was applied, as external reference electrode. All
solutions were deaerated with hydrogen or with nitrogen when the platinum electrode
was used. The area under the recorded curves was measured by a planimeter.

J. Electroanal. Chem., 6 (1963) 119—-130
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RESULTS
Behaviour of [Fe(CN)g]4~ ions in neutral solutions

The influence of [Fe(CN)e]4- ions on the course of the anodic passivation of mercury
in solutions containing Cl- ions depends largely upon the concentration ratio of the
two ions. The curve obtained in 0.1 M KCl solution in the absence of K4'Fe(CN)g] is
shown in Fig. 1. At first, the dissolution of mercury at a potential 4-0.1V gives an
increase of the anodic current. The current then diminishes rapidly, because anodically
produced Hgs2+ ions react with Cl- ions forming the insoluble calomel layer. The for-
mation of this layer hinders any further dissolution of mercury.

Curve 4 in Fig. 1 was recorded for a solution containing [Fe(CN)e]4- ions in the ab-
sence of Cl- ions. Comparison of Curves 1 and 4 shows, that at a given concentration
ratio of Cl- and [Fe(CN)e]4- ions, ferrocyanide ions react with mercury at a more
negative potential than chloride ions. Therefore, during the polarization of the mer-
cury electrode from negative towards positive potentials in solutions containing low
concentrations of [Fe(CN)e]4- ions, and Cl- ions at a concentration 101 M, the

w l\)l“
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Fig. 1. Current-voltage curves for solutions containing; (1), o.1t M KCI; (2), o.1 M KCl and
2-10-3 M Kq[Fe(CN)g]; (3), 0.1 M KCl and 8-10-3 M Ka[Fe(CN)¢); (4), 0.1 M KNO; and 8-10-3
M K4[Fe(CN)g].

mercury ferrocyanide layer was formed preferentially (Curves 2 and 3). This layer is
probably not as compact as the calomel layer and therefore further reactions do take
place and peaks b and c are recorded. Since we observed that these peaks were higher
in the presence of Cl- ions it is possible that Cl- ions also take part in the reactions
accompanying their formation. The height of the peaks depends on the concentration
of ferrocyanide ions in a rather complicated manner. With increase of Ka[Fe(CN)g]
concentration, the height of peaks a and b remains constant and peak c increases.

J. Electroanal. Chem., 6 (1963) 119~130
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In solutions of Cl- ions more concentrated than 0.5 M, or in solutions containing
Br- ions, ferrocyanide does not interfere with the formation of Hg2Clz or HgzBr; pas-
sive layers. It seems, that under these experimental conditions the reaction between
ferrocyanide ions and mercury must be hindered, because at the potential range cor-
responding to this reaction we are not working with the pure mercury electrode, but
with an electrode covered with a deposit of the corresponding mercurous salt.

Curves obtained under such conditions are shown in Fig. 2. The height and shape of
the first peak a, corresponding to the formation of HgeBrz (or HgzClz) does not depend
now on the presence of [Fe(CN)g]4- ions in the solution. Two further peaks b and c

+08 +04 00 V

Fig. 2. Current-voltage curves for 0.1 M KBr solutions containing the following concentrations
of Ka[Fe(CN)e]: (1), 0; (2), 1-1073 M; (3), 2:10-3 M ; (4), 4-10-3 M.
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Fig. 3. The dependence of the peak current on the concentration of [Fe(CN)g]4- ion.

J- Electroanal. Chem., 6 (1963) 119-130



122 W. KEMULA, Z. KUBLIK AND J. TARASZEWSKA

are due to the ferrocyanide. The height of the second peak b is now proportional to the
concentration of the ferrocyanide ions in the solution and this dependence is plotted in
Fig. 3. No change in height or of potential value at which the second peak b occurred
was observed after a change of chloride to bromide ions. Peaks b and c are also ob-
tained when [Fe(CN)g]4- ions are added to the solution after the formation of the
passive layer, but their height depends considerably on the manner of formation of
the layer. When [Fe(CN)e¢]4- ions are added to the solution just after the polarization
of the electrode to +0.18 V (Curve 2, Fig. 4), the recorded curve differs only slightly
from the curve obtained with the solution in which [Fe(CN)g]4- ions were introduced
simultaneously with Cl- or Br-ions (Curve 3 ,Fig. 4). Peak b is only slightly smaller

a

1 1 1
+1.2 +0.8 +04 o0 V

Fig. 4. Current-voltage curves for solutions containing: (Curve 1), 1t M KCl; (Curve 1), 1 M KCl

to which 5-10-3 M K4[Fe(CN)]s was added after the electrode was polarized to +1.5V; (Curve 2),

As Curve 1’ but polarized to 0.18 V; (Curve 3), K4[Fe(CN)]ssolutionintroduced simultaneously with
KCl solution.

and peak c is somewhat better defined. If the electrode is polarized for several minutes
at a potential equal to 4-0.18 V, the course of the recorded curve changes only slightly,
although it seems that the time of polarization at +0.18 V was sufficient to increase
the thickness of the passive layer. On the other hand, if ferrocyanide ions are added
to the solution after polarization of the mercury electrode to a more positive potential
range (Curve 1’, Fig. 4), peak b becomes markedly smaller and peak c greater. Simul-
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CHRONOAMPEROMETRY OF [Fe(CN)g]4~ AND Fe2+ 10NS 123

taneously the positions of the both peaks are shifted somewhat towards a more posi-
tive potential range, probably because of the increase of the ohmic drop.

Species generated at the potential corresponding to peak b are electroactive, becau-
se after reversal of the direction of the voltage sweep the corresponding cathodic
peak appears (Fig. 5, Curves I and 2). Probably only a small part of the anodically
produced species is reduced in the cathodic sweep, because this peak is smaller than
its anodic analogue. The other part of the produced species is reduced either together
with mercurous bromide (or chloride) at the potential value of peak a or diffuses away
from the electrode into the bulk of the solution. It follows from the coulometric data
given in Table 1 that most of the produced species diffuses away from the electrode,
because in the solution that does not contain [Fe(CN)g]4- ions the total quantity of
electricity used for oxidation differs only slightly from that used for reduction. In
the presence of ferrocyanide ions the quantity of the electricity used for reduction is
much smaller than for oxidation.

b a

1

+0.8 +0.3 -02 +04 -02 +04 —C;.2 v

Fig. 5. Cyclic current—voltage curves recorded in various potential ranges for 0.1 M KBr solutions
containing: (1—4), 5-103 M K4[Fe(CN)e]; (5), 5- 1073 M Ks[Fe(CN)e].

TABLE 1
Range of 1 M KCl I M KCl 4+ K4[Fe(CN)s)
P 01“(’:/2)“”0" oxidation reduction oxidation veduction
(p coulombs) (u coulombs)
+o0.4 —0.2 36.0 28.8 110.7 74-7
+o0.6 —o0.2 40.5 36.9 173.7 90.9
+0.7 —0.2 42.3 38.7 216.0 84.0

J. Electroanal. Chem., 6 (1963) 119-130
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The height of the cathodic peak b depends to a large extent on the manner of polariza-
tion. A multiple cyclic polarization in a potential range which is insufficient to record
peak c, changes the shape of the anodic and cathodic peak b only slightly (Curve 2,
Fig. 5). On the other hand polarization of the electrode to a much more positive po-
tential range causes considerable changes in the properties of the mercury halide film.
After reversal of the course of polarization at +1.0 V (Curve 3, Fig. 5), the cathodic
part of peak b practically disappears. Under these circumstances the cathodic peak of
the reduction of HgaCla (or Hg2Br2) considerably increases, although the quantity of
electricity used for the oxidation is markedly greater than for the reduction. The
multiple cyclic polarization in the potential range (Fig. 5, Curve 4), exertsaconsider-
able influence also on the anodic peaks. In the second cycle peak b is much smaller and
in consequence of this, peak c is markedly better defined. Simultaneously there is a
certain displacement of peaks b and c towards a more positive potential range pro-
bably caused by the increase of the ohmic resistance of the passive layer. In the next
cycles, peak c also decreases. The almost reversiblesystemrepresented in Curves 1 and 2
(Fig. 5), is due to [Fe(CN)g]4~ ions. A similar system appears in the same potential
range, as can be seen in Curve 5 in Fig. 5, if [Fe(CN)g]3- ions are added to the base solu-
tion instead of [Fe(CN)e]4~ ions. Under these circumstances the cathodic part of peak
b is higher than the secondary anodic peak and its height increases with increase in
concentration of [Fe(CN)g]3- ions in the solution. This peak does not correspond to the
reduction of the deposit of mercury ferricyanide because the reduction curves of de-
posits have a different appearance.

Considering the presented results it is difficult to give a simple interpretation of the

106 <03 QoV

Fig. 6. Current-voltage curves for 0.1 M KBr solution containing: (1 and 4) No KasFe(CN)s;
(2 and 3), 1-10-3 M K4Fe(CN)g. (Curves 1 and 2), hanging mercury electrode; (3 and 4), platinum
microelectrode.
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processes responsible for the formation of peaks b and c. However, there is evidence to
show that peak b can correspond to the oxidation of [Fe(CN)g]4~ ions to [Fe(CN)e]3-
ions.

In order to test this hypothesis the iV curves were also recorded using the micro-
platinum electrode. Comparison of the curves obtained by means of both kinds of elec-
trodes is represented in Fig. 6. The position of peak b (Curves 2 and 3) obtained with
the hanging mercury drop electrode agrees with the oxidation peak of ferrocyanide
recorded on the platinum electrode and we can therefore assume that peak b is caused
by the oxidation of the ferrocyanide ion at the electrode surface.

Investigations in acidic solutions

In solutions of chloride or bromide ions of moderate acidity and in the presence of
[Fe(CN)e)4- ions the observed effects are very similar to those obtained previously in
neutral solutions. Peak b is a little smaller, but peak c is more pronounced. In strongly
acidic solutions, however, the phenomena due to the presence of ferrocyanide ions
are totally different. The addition of ferrocyanide ions to an hydrochloric acid solution
caused the appearance of a small peak at a potential value +o0.25 V and of two badly
defined current increases at potentials about 4+0.8 V and +1.1 V (see Curves 2 and 3
in Fig. 7).

The position of any of these peaks does not agree with the position of the oxidation
peak for ferrocyanide ion recorded for the same solution using the platinum electrode
(Curve 4, Fig. 7). The height of the peak occurring at a potential +o0.25 V is poorly re-
producible and changes considerably even during the recording of consecutive curves

2pA
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Fig. 7. Current—voltage curves for 1 M HCI solutions containing the following concentrations of
Ka[Fe(CN)e]: (1), 0; (2 and 4), 1-10-3 M; (3), 6-10-3 M. (Curves 1, 2, 3), hanging mercury electrode;
(4), platinum microelectrode.

in the same solution. The height of further peaks increases with rise in the concentra-
tion of ferrocyanide ions, as shown in Curve 3. Under these conditions both peaks are
better developed.

The ratio of current heights obtained using platinum and mercury electrodes when
the differences in areas of both are taken into account was equal to 5 : 2. The analogous
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ratio for curves obtained in the neutral solution was about 3:2. We did not obtain any
cathodic peaks using the mercury electrode after reversal of course of the polarization,
which was similar to the behaviour in neutral solutions.

Behaviour of Fe?+ ions

The oxidation of the chloride complexes of Fe2+ at a platinum electrode occurs at a
potential about 0.2 V more positive than the oxidation potential of [Fe(CN)g]4- ions.

It was very interesting to determine if the oxidation peaks of [Fe(CN)g]4- ions at a
passive mercury electrode could be obtained in the presence of Fe2+ ions.

Thepresence of Fe?*ionsin theconcentration range in which [Fe(CN)g]4-ions yielded
the described effects did not cause any changes in -V curves either in acidic or
neutral solutions of chloride or bromide ions. The oxidation peaks appeared only at
concentrations greater than 1-10-2 M and only in strongly acidic solutions containing
a large concentration of Cl- ions.

2
3
12 PA
+1.‘5 +1b +d5 Ob \

Fig. 8. Current—voltage curves for 1.2 M HCI solutions containing the following concentrations of
FeSO4: (1), 0; (2), 2.5-10°2 M; (3), 6.5:- 1072 M.

The course of the corresponding curves is represented in Fig. 8. Curve 1 was re-
corded in 1.2 M HCI solution in the absence of Fe2+ ions; Curves 2 and 3 in solutions
containing the hydrochloric acid and also Fe2+ ions in concentrations corresponding to
2.5-1072 and 6.5-10-2 M. Under these conditions two new peaks appear the heights
of which grow with increase in the concentration of Fe2+ ions. The position of these
peaks agrees very well with the position of peaks appearing in the presence of [Fe
(CN)e]4- ions in acidic medium (see Fig. 7). The heights of the peaks in question de-
pend not only on the concentration of Fe2+ jons but also on the concentration of
hydrochloric acid. A 10-fold increase of the concentration of the acid from 0.12 M to
1.2 M caused a 2.5-fold increase in the height of these peaks.

The cyclic curves recorded in the same base solution are represented in Fig. 9.
In the cathodic sections of Curve I and 2 there is a peak corresponding to the reduction
of calomel, but no other independent peaks appear whether the course of polarization
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was reversed after recording of the first or the second peak. Unlike the results obtain-
ed for solutions containing ferrocyanide ions under the same conditions, peaks did not
appear in the second cycle. The results obtained by measurement of the areas under
the recorded curves using the planimeter are represented in Table 2.

T
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Fig. 9. Cyclic current—voltage curves for solutions containing: (Curves 1 and2), 1.2 M HCI and
4.5'10"2 M FeSO4; (Curve 3), 1.2 M HCI and 2.5-10-3 M FeSO4. (Curves 1 and 2), hanging
mercury electrode; (3), platinum microelectrode.

TABLE 2
1.2 M HC! I.2M HCl + 4.5-10"2 M Fe?
Potential yange oxidation reduction oxidation reduction
(v) (u coulombs) (u coulombs)
+0.85 —o0.2 64 60 76 64
+1.2 —0.2 81 69 175 67.0

A considerable increase in electricity consumed for the oxidation of investigated
species is followed by an insignificant increase in electricity consumed for reduction.
These facts show that species formed at the potential corresponding to the anodic
peaks are either electro-inactive or the deposit formed at the more positive potentials
has different properties although this could also depend on the time of the electrolysis.

Curve 3 in Fig. 9 was recorded using the platinum electrode at the same recorder
sensitivity but with about a 20-fold smaller concentration of Fe2+ ions in the solution.
A peak corresponding to the oxidation of Fe2+ ions at the platinum electrode appears

J. Electroanal. Chem., 6 (1963) 119-130
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at a potential about 0.28 V less positive than the first peak obtained at the passive
mercury electrode. From the comparison of the heights of the recorded curves it fol-
lows that the height of the current recorded using the platinum electrodeis about 50-
fold greater than the height of the peak occurring at the passive mercury electrode at
about +0.8 V, and about zo-fold greater than the peak appearing at about 1.1 V.

DISCUSSION

From these results it follows that the passive layer formed during the anodic polariza-
tion of the mercury electrode does not always suppress other electrode reactions. Under
certain conditions, at the mercury electrode covered with a mercurous bromide or
chloride film, in the presence of [Fe(CN)g]4~or [Fe(CN)g]3-ions, reactions of their oxida-
tion or reduction can occur and in the i~V curves the corresponding peaks can be re-
corded. By comparing the position, shape and height of the discussed peaks with the
same characteristics of the peaks obtained for the same solution at the platinum elec-
trode, it can be seen that in neutral or slightly acidic solutions the oxidation of ferro-
cyanide ions or the reduction of ferricyanide ions does occur. This reaction is specific
for [Fe(CN)e]4~ and [Fe(CN)q]3- ions. For Fe2+ ions in neutral or slightly acidic me-
dium similar effects could not be observed.

The occurrence of the effects observed for the solution containing {Fe(CN)e]4- or
(Fe(CN)e)3- ions depends to a large extent on the manner of formation of the passive
layer. The corresponding peaks occurred even under conditions of multiple cyclic polar-
ization but only in the case when the electrode was not polarized towards too positive
a potential. After polarization of the electrode in a more pronounced positive potential
range, the observed peaks disappeared. This difference cannot be attributed to an in-
crease in the thickness of the film formed, during the polarization to a more positive
potential, because the mercury halide layer is also increased during a prolonged polar-
ization at a not so very positive potential, for exampleat +0.18 V, and in spite of this
the oxidation of [Fe(CN)g]4- ions can still be observed (Fig. 4). The properties of the
passive layers formed, probably depend considerably on the potential of the deposition.

In the strongly acidic solutions the observed effects are different. After the addition
of Fe2+ ions to the solution containing 1 M hydrochloric acid, two anodic peaks appear.
These peaks are markedly smaller and occur at much more positive potentials
than peaks obtained for the same solution at the platinum electrode. Assuming that
the first peak occurring at the less positive potential corresponds to the oxidation of
Fe2+ ions, the existence of a considerable ohmic drop must be supposed. The resistance
of layers due to such an ohmic drop should beequal toabout 1 M. Inanacidic medium
effects due to the presence of the ferrocyanide ions are also complicated. The
anodic peaks are also markedly smaller and occur at more positive potentials thanthe
corresponding peaks recorded at the platinum electrode, but their positions agree with
the position of the peaks obtained in the solutions containing Fe2+ ions.

A change in the mechanism of the oxidation of [Fe(CN)e]4- ion at the mercury elec-
trode covered with mercurous halide film, after the replacement of the neutral solu-
tion by an acidic medium, was undoubtedly connected with the decomposition of po-
tassium ferrocyanide. '

According to PINTER AND KARA$19, in an acidic medium and in the presence of the
small quantities of Hg2* ions, the decomposition of ferrocyanide ions takes place ac-
cording to the reaction [Fe(CN)g)4~ == Fe2+ + 6CN-. Similarly A§PERGER AND Pav-

J- Electroanal. Chem., 6 (1963) 119-130



CHRONOAMPEROMETRY OF [Fe(CN)g]4~ AND Fe2+ IONS 129

LoVIC!! state that Hg2+ and Hge2+ ions, even at a concentration 10-7 M and in acid
solution, catalyse the decomposition of ferrocyanide ions. According to them, however,
the complex ion [Fe(CN)sH20]3- and not Fe2+ ion, is formed as the first step. In con-
nection with this it is evident why the peaks due to the presence of Fe2+ and [Fe(CN)e]*
ions in the acidic solution occur at the same potential. In both cases the same Fe2* ion
not connected with CN- ions takes part in the electrode process. The fact, that the
described effects occur at much lower concentration of [Fe(CN)g]4- ions than of Fe2+
ions, is caused by the probable presence of ferrocyanide in the passive layer. The pro-
ducts generated by the decomposition of ferrocyanide present in the layer can more
easily attain the electrode surface than Fe2+ ions present in the bulk of solution. The
facts given in this paper partially explain difficulties encountered during the investi-
gation of similar problems by other authors. KEMuLA, GaLus AND KUBLIKS did not
obtain oxidation of the Fe2+ ions because they worked in insufficientlyacid solutions.
Similarly SCHWABE AND CHAU D1EU-A17did not observe the oxidation of [Fe(CN)e]4-ions
because in their work the passive layer was probably formed at too positive a potential.
Irreproducible results obtained by Kuwana AND ApAMs were due to an insufficient
concentration of Cl- ions in the solution. On the other hand it is not clear why Kuwa-
NA AND ADAMS obtained well defined peaks, when the investigated substances were
added to the solution only after polarization of the electrode to a positive potential.
In the present investigations such a procedure has led to a considerable weakening of
the observed effects.

From our investigations it follows that in the neutral solutions peak b is due to the
reversible electrode reaction

[Fe(CN)g]4~ = [Fe(CN)a]*~ + e-

However, taking into account the complex structure of the passive layer, it is not
clear in what manner the mass transfer takes place. It seems that the assumption
concerning the electronic conductivity of layers of HgsClz or HgaBrs is not justified.
1f the passive layer were the electronic conductor, effects of the oxidation of Fe2+ ions
should occur also in neutral solution and the height of the peaks due to the oxidation
of Fe2+ and [Fe(CN)e]4- ions in acid solution should not differ very much. A signifi-
cant decrease of anodic current intensity in solutions containing chloride or bromide
ions can be explained simply as the result of decrease of the effective surface of the
electrode.

According to BouLT AND THIRSKY, irregularly shaped holes approximately 100 A in
diameter exist in the anodically formed calomel layers. The residual current flowing
in the passive state should be therefore proportional to the area occupied by the holes.
The diffusion currents calculated on the base of the Frankanthal and Shain equation?2
for Cl- ions in an 0.1 M KCl solution is equal to 303 uA. A comparison of this value
with the intensity of current actually flowing enables the effective area occupied by
the hypothetic holes to be calculated. This area should be equal to ca. 2-10-5 cm?2,
According to this the effect corresponding to the reduction of the [Fe(CN)g]4- ions
at such a small surface should be completely negligible. In reality the recorded currents
are only 30%, smaller than at the platinum electrode of the same size. Hence we can
conclude that the permeability of the film covering the electrode is different for vari-
ous kinds of ions, 7.e. the reaction between metallic mercury and Cl- or [Fe(CN)g]4-
ions, leading to the formation of the corresponding deposited salts, is hindered. The
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reaction of the anodic oxidation of Fe2+ ions is similar. On the other hand the oxidation
reaction of [Fe(CN)g]4~ proceeds without any blocking.

Similar effects due to the selective permeability of the passive layers formed by the
reduction of CrO42- ions on a platinum electrode were observed by KOLTHOFF AND
SHawms EL Din12. The film studied by these authors was found to be practicallyim per-
meable to aquo—ferric and ferrous iron and cuprous copper species, while the limiting
currents of the reduction of Ag+ and oxidation of T1+ were not suppressed.

The problem which is presented here is very complex. Further investigations are
necessary and the work is being continued.

SUMMARY

The electrode reactions of [Fe(CN)g]4~, [Fe(CN)g)3~ and Fe2*ions were studied on
the mercury electrode passivated by mercurous chloride or bromide, using the voltage
sweep chronoamperometric technique. It was found that the layers formed did not
hinder, under certain conditions, the oxidation of ferrocyanide and the reduction of
ferricyanide ions. The reactions taking place depended on the acidity of the solution
and on the potential at which the deposits of the corresponding mercurous salts were
formed. Fe2+ ions gave similar oxidation curves but only at much higher concentra-
tions and in solutions containing considerable amounts of H+ and Cl- ions. The results
have been compared with those obtained using the platinum micro-electrode.
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METAPHOSPHATE IN CHLORIDE AND NITRATE MELTS
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INTRODUCTION

In continuation of previous work from this Laboratory!-4, this paper describes the
potentiometric titration of sodium metavanadate and sodium metaphosphate in chlor-
ide and nitrate melts. No other similar work on metavanadate has yet been published
but the neutralization of sodium metaphosphate in a nitrate melt has recently been
reported3. VAN NORMAN AND OSTERYOUNGS determined both metavanadate and me-
taphosphate in molten LiCl-KCl eutectic at 400°. Their procedure involved the addi-
tion of excess solid sodium carbonate to the melt and measurement of the quantity of
CO: evolved. From the number of moles of carbonate consumed per mole acid, the
neutralization of these oxy-anions was formulated as:

VO3~ 4 CO32- = VO3~ 4 CO. (1)
PO3~ + CO3%2- = PO~ + CO: (2)
or, following the acid-base definition of Luxs,
VO3~ 4+ 02~ = VO3~ (3)
PO3~ + O2- = PO,3- (4)

In the present study we have been able to confirm the formulation of VAN NORMAN
AND OSTERYOUNG as far as sodium metavanadate in the chloride melt is concerned,
this acid neutralizes in a single step according to eqn. (3). In the nitrate melt, however,
metavanadate behaves as a strong acid. It attacks the nitrate base electrolyte and is
converted to the corresponding pyrovanadate. Further neutralization with Na:O2
brings the pyrovanadate to the ortho-salt.

In both nitrate and chloride melts, sodium metaphosphate neutralizes in two suc-
cessive steps to the pyro and ortho-salts respectively. Pyrophosphate in a chloride
melt is, however, a very weak acid and does not show a distinct potential drop at the
equivalence point.
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EXPERIMENTAL

The general titration set-up has been previously described!.2. Pure KNO; and LiCl-
KCI eutectic (59 : 41 mol/mol, 1 : 1.22 wt./wt.) were used as base electrolytes. The
nitrate melt was used at 350°and was dehydrated by bubbling pure dry oxygen through
for 1 h2. Experiments using the chloride melt were conducted at 450°; drying was
effected by bubbling dry HCI gas through the mixture for 3 h followed by dry oxygen
for a further hour. The cold masses of both melts were quickly crushed and kept in a
desiccator over CaO until required.

An oxygen (Pt) electrode was used as indicator electrode. The reference half-cell
was a 99.9+ Y%, silver wire dipping in AgNO3—KNOj3 or AgCl-eutectic melts. In earlier
experiments a small G4 sintered glass disc separated the reference electrode from the
main melt. Later it was discovered that a solid Pyrex tube enveloping the reference
electrode possessed sufficient electrical conductance at these high temperatures to
permit definite potentials to be measured, provided that a valve voltmeter was used.
Comparison of the potentials measured with both electrodes showed that the solid
tube gave values 15-20 mV more negative than the one incorporating the sintered
glass disc. The difference is apparently the glass junction potential. The experiments
described in this paper were conducted with the Pyrex-glass tube type of electrode
because of the evident ease of manufacture. In the nitrate melt the reference electrode,
when properly manipulated, had a long service life but in the chloride melt, the elec-
trode as well as other glass parts, suffered seriously from what seemed to be an ex-
change reaction between the melt and the glass. After long periods of use, the glass
could be crushed easily between the fingers. New containers and electrodes were,
therefore, used when seen to be advisable.

The titration was conducted by adding weighed quantities of NasOs to 50.00 g of
either melt containing known amounts of the acids. The potentials were established
ratherquickly (5-8 min after each peroxide addition) and were reproducible to 4-25 mV.

Na20O: was used instead of Na2O because of its less hygroscopic character. The
peroxide is assumed to decompose thermally into oxide and oxygen gas. If the peroxide
ion can exist as such in the melts under consideration, it would do so only beyond the
equivalence point. There is, therefore, little or no possibility of measuring the O2-/
022~ redox potential so long as there are acids in the melts. The parts of the potentio-
metric titration curves beyond the equivalence point are not treated theoretically in
the present study.

All salts were A.R. grade chemicals. NazO; was a product of E. Merck (Germany);
titration against standard HCI showed it to be 99.34%, pure.

RESULTS

Curves 1-3 of Fig. 1(a) are potentiometric titration curves for NaVOjs in the chloride
melt, conducted at 450°. At a molar ratio VO3~ : O2- of 1 : 1, a potential drop of ca.
100 mV is recorded. It is to be noted, however, that the potential of the oxygen elec-
trode remains almost independent of the quantity of the peroxide added until near the
equivalence point.

Titration curves for different NaVOj; concentrations in the nitrate melt, are shown
in Fig. 2. At the inflection points of these curves, which are characterized by a poten-
tial drop of ca. 250 mV, the molar ratio VO3~ : O2-is 2 : I.

In view of the difference in behaviour of the metavanadate in the two media, we
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felt jt would be of value to compare this behaviour with that for the apparently
similar acid NaPOs under the same conditions.

In the chloride medium, one step is registered, Fig. 3, at a mole ratio, acid : oxide
approaching 2 : 1. On the other hand, the titration of NaPOs in the nitrate melt at
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Fig. 1(a). Potentiometric titration of NaVO; with NazO; in chloride melt at 450°. (1), 0.500 g;

(2), 0.750 g; (3), 1.000 g NaVOs/50.00 g melt. (b). Potentiometric titration of NaVO3; with NasOs
in mixed chloride-nitrate melt at 450°. (1), 0.500 g; (2), 1.000 g; (3), 1.500 g NaVOs/50.00 g melt.

® a A &
o o o &
6 o & o

Oy electrode potential vs.
)

~

(o)

o)

Ag/Ag (1) electrode (mV)

L 1 1 1 1 1 1 " 2 1
01 02 03 04 05 06 07 08 09
Weight of NayOy,(g)

Fig. 2. Potentiometric titration of NaVO3s with NagOs in KNOjs at 350°. (1), 0.500 g; (2), 1.00 g;
(3), 1.500 g; (4), 2.000 g NaVO3/50.00 g melt.

350° gives rise to curves similar to those in Fig. 4. The neutralization takes place in
two equal steps. At the inflection point of the second step the ratio POs~ : O2-isT : 1.

The curves of Fig. 5 represent the relation between the weights of the acids in the
chloride and nitrate melts and the corresponding weights of NasOz consumed up to
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the inflection points of the titration curves. The points on Fig. 5 are experimeqtal
values while the solid lines are calculated theoretically. As can be seen from the curves,
there is a satisfactory agreement between the two sets of figures.
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Fig. 3. Potentiometric titration of NaPOs with NazO; in chloride melt at 450°. (1) 0.500 g; (2)
1.000 g NaPOs/50.000 melt. (3), 1.000 g NasP:07; (4) NazOz/50.000 g melt.

+300
+200

+100

-100
-200
-300
-400
-500
-600

-700

O, electrode potential vs.Ag/Ag (1) electrode (mV)

-800;

==

02 04 06 08 10 12 14
Weight of NayO, (g)

Fig. 4. Potentiometric titration of NaPOs with NasOp in KNO; at 350°. (1), 0.500 g; (2), 1.000 g;
(3), 1.500 g NaPOgs[50.000 g melt.
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Fig. 5. Relationship between concentration of the acids and quantities of Na;Oz. (1), NaVOs in
KNOjs; (2), NaVOs in chloride melt; (3), NaPOs in KNOs. Points show experimental values and
lines are calculated theoretically.
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Fig. 6. Theoretical analysis of the titration curves of NaVO3; in KNOjs.
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DISCUSSION

The titration curves of sodium metavanadate in the chloride melt are characterized
by a distinct potential drop of ca. 100 mV at a molar ratio VO3~ : O2- of 1 : 1. This
reveals that the neutralization of the acid in this melt is as follows:

VO3~ 4 0= = VO3~ 3)

In this respect our results confirm those of VAN NORMAN AND OSTERYOUNGS. The
variation of the potential of the oxygen electrode before the equivalence point does
not, however, follow the theoretical relation:

RT RT [VO43-]
E=E+—mhK——In— — (5)
2F 2F [VO3]

where E° refers to the standard O3/O2- potential relative to our reference electrode
and K is the equilibrium constant of reaction (3). This behaviour is not, however,
surprising in view of the known fact that the oxygen electrode does not behave re-
versibly in the chloride melt under consideration?. Also, the comparatively small drop
in potential at the equivalence point shows that metavanadate in a total chloride
melt (see later) is behaving as a weak acid.

The neutralization of NaVOs in the nitrate melt shows similarly one single step.
Here, however, the molar ratio VO3~ : O2- at the equivalence point is 2 : 1. It was
thought at first that this corresponded to the reaction:

2 VO3~ + 02~ = V3074~ (6)

However, this view was discarded in view of the following facts:

(i) no second step corresponding to the transformation to orthovanadate, VO43-, in
comparison with the metaphosphate (see later), was observed;

(i) the potentials at which neutralization takes place are rather low for a compara-
tively strong acid like NaVOs.

Two other arguments against reaction (6) will be given later.

The results can be better explained if one assumes that NaVOs, being a strong acid,
will attack the nitrate base electrolyte, during the melting period, and become con-
verted to the corresponding pyrovanadate:

2 VO3~ 4+ 2 NO3g~ = V2074~ + N2Os (7)
Further neutralization using NasOz as titrant yields the orthovanadate:
V2074- + O2- = 2 VO43- (8)

Reaction (8) explains the experimentally determined ratio of 2 : 1 for VO3~ : 0%~
The following experiment was conducted as direct proof for the assumption that
nitrate ion acts as a primary oxide donor for metavanadate, during the fusion period:
A weighed quantity of metavanadate (5 g) was fused with 95 g KNOs for a period
of 3 h, cooled and crushed. Portions of the solid containing known amounts of meta-
vanadate were added to the chloride base electrolyte and titrated potentiometrically
with NasO. (Fig. 1(b)). The curves obtained under these experimental conditions
showed that only half the quantity of the peroxide necessary to transfer NaVOs (if
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Present) to the orthovanadate was consumed. This result cannot be explained except
on the assumption that nitrate contributed the other part. It is of interest to note that
in the mixed chloride-nitrate melts the oxygen electrode approached reversibility in
its behaviour, as indicated by its response to variations in the ratio, acid : salt. Also,
judging by the larger potential drop observed at the inflection points, one is bound to
conclude that the acid character increases when the melt contains an excess of oxy-
anions other than the acid.

Theoretical analysis of the titration curves of NaVOs in the nitrate melt further
supports the assumption that the acid reacts with nitrate ion. For reactions (6) and
(8) the variation — during the course of neutralization — of the oxygen electrode
potential operated at atmospheric pressure, could be expressed as:

o ey BEL BT[N0 .
= E° —— In - —In —
TR R R .

and

RT RT = [VO,43-)2
E=E4+—InKg — —In—— (xo)
2F 2F [V20q4-]

where K 6) and K s) are the equilibrium constants for the respective reactions. Equa-
tions (9) and (1o0) could be written in the form:
= RT w

Eo‘“’—ﬁln(_w——w)? (r1)

E

and

- RT w?
E=FE@gp——In——— (r2)
2 F (we — w)

where w is the weight of NazOz added to establish a definite potential, w, is the total
weight of the peroxide required to neutralize completely either acid. The E° values
incorporate a proportionality constant converting weights to corresponding moles.
The plot of the oxygen electrode potential against the logarithmic function should
produce straight lines of slopes equal to 2.303 RT /2 F if the corresponding reaction is
the one actually taking place.

In Fig. 6 the potential, E, of the oxygen electrode is plotted as a function of the
logarithmic quantities; the points are taken by interpolation of the corresponding
curves of Fig. 2. As is seen from Fig. 6, the E — log w/(w. — w)2 curves deviate con-
siderably from straight lines. The E — log w?/(w. — w) plots, on the other hand,
fulfil the requirements of eqn. (12) and support the conclusion that we are neutralizing
pyrovanadate rather than the meta-salt.

The titration with NasO: of sodium metaphosphate in the nitrate melt, Fig. 4,
has been described recently3. The curves show two distinct steps, each corresponding
to half the quantity of the peroxide necessary to bring the metaphosphate to the
ortho-salt. The stepwise neutralization of NaPOs in this melt was formulated as3:

2 POs~ + O~ = Py0r4- (13)
P2074‘ + 02- = 2 PO43‘ (14)
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The fact that the second step was identical with that for sodium pyrophosphate ugder
the same experimental conditions, supported this conclusion.

One can safely conclude that in the nitrate melt both metavanadate and metaphos-
phate neutralize in principle in a like manner. The pyro-salts are first formed and upon
further neutralization transformation to the ortho-compounds takes place. However,
as is clearly demonstrated by the results of the present study, sodium metavanadate
is the stronger of the two meta-acids since it siezes its primary oxide ion from the
nitrate base electrolyte. The question of the relative strengths of the meta- and pyro-
salts will be discussed in a more quantitative manner at the end of this paper.

The titration of NaPOs in the chloride melt, Fig. 3, gave rise to a single neutraliza-
tion step but difficulty was experienced, however, in reproducing the titration results.
The average error in the determination of known quantities of metaphosphate was in
some experiments as high as —209,. This was due — at least in part — to the pres-
ence of traces of moisture in the melt. The bubbling of dry HCl gas through the melt
directly before the experiment lowered the error but did not eliminate it completely.
In no case, however, was the molar ratio POs~ : O2- recorded higher than 2 : 1. It
is, therefore, safe to conclude that the neutralization step corresponds to the reaction
of metaphosphate with oxide ion, in the ratio given above. Because the chloride melt
contains no oxide donor ion to react with the metaphosphate, one is bound to ascribe
this step to the reaction:

2 PO3~ + 0%~ = P04~ (15)
The equilibrium constant of the subsequent reaction, vsz.,
PeO74- 4+ 02— = 2 PO43- (16)

in the chloride melt is assumed to be so small that its neutralization is not complete
until the final branch of the neutralization curve merges into the Na;Oz curve without
giving an inflection. As proof for this assumption, we tried to titrate NasP>O; with
NayOq in a chloride melt. The curve thus obtained (Curve 3, Fig. 3), did not reveal any
measurable inflection at the theoretically calculated end-point. The curve was almost
identical with that for NasOq in a pure chloride melt (Curve 4, Fig. 3).

We have recently found that the oxygen electrode in fused KNOs assumed definite
potentials when the melt was made 10-2 M with respect to a number of oxy-anions?.
The potentials depended only upon the type of the oxy-anion and, provided that
thermal equilibrium was attained, these potentials were highly reproducible. This
enabled us to establish an acidity—basicity scale for oxy-anions in molten KNOs at
350°. The establishment of this scale was based upon the idea that with anions giving
rise to more positive potentials than that measured in pure KNOs there was a de-
creaseintheoxygenionactivityand they wcre, therefore, acid withrespect to thenitrate.
On the other hand, oxy-anions which gave more negative potentials than that measur-
ed in pure KNOj signified an increase in the O2- concentration and were considered
basic relative to the nitrate. Assuming a reversible behaviour for the oxygen electrode
in these melts (which is true for at least those oxy-anions whose ionization constant is
small8), the measured potentials were drawn on a straight line. The value of the slope
of this line was 2.303 RT/2F at 350°. On this acidity-basicity line we assigned to the
nitrate melt an arbitrary value of zero. Oxy-anions whose instability constants were
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larger than that for pure KNOs lay to the right-hand side of the zero and were given
a positive sign (bases); anions .acid to KNOs were on the left-hand side of zero and
were assigned a negative sign. Every 2.303 RT/2F V was denoted on the abscissa
coordinate as a unit of acidity or basicity. Using this simple arrangement one can
directly determine the relative strength of a certain oxy-anion with respect to the
nitrate base electrolyte. Thus, for example, an anion of number + 3 is basic relative
to pure KNO; as indicated by the positive sign, and its 10-2 M solution in the nitrate
melt furnishes 103 times as much O2- as that present in pure KNOs. On this basis we
have found that.r0-2 M solutions of Naz0s, NasP20O7, NasV20,; and NaPO; have the
following acidity (basicity) numbers in KNO;s at 350°:

Substance Oz electrode potential (mV) Acidity (basicity) number
Na,O, — 700 ~+(4.65)
KNOs — 420 0.00
Na, P20, —370 — 085
Na,V.0; —260 — 2.63
NaPOj; +265 —11.20
NaVOs —1I1.50

For reasons related to the irreversible behaviour of the oxygen electrode in nitrate
melts made basic with Na2O, and fully discussed elsewhere4, the basicity value cited
above for 10-2 M Na2Oz is only an approximation. The other three values for pyrophos-
phate, pyrovanadate and metavanadate are highly reproducible and could be taken
as measures for their instability constants.

It can be computed quite simply that a 10-2 M Na4P20; melt furnishes 61 times
the oxide ion of an equimolar melt of NasV207; hence, the pyrophosphate ion is weak-
er as an acid. If it is assumed that the equilibria for both anions, v1z.,

P2074- = 2 PO3~ 4 02~ (17)
V207,4- = 2 VO3~ 4 O2- (18)

lie mainly to the left-hand side, the instability constant of reaction (17) is found to be
ca. 2.3-105 greater than that for reaction (18).

NaPOjs has an acidity number of —11.20, and is thus the strongest acid which could
be measured in KNO3z melts without the latter being attacked. An acidity number
could not be determined for metavanadate ion because of its reaction with the nitrate
base electrolyte but it is apparently lower than —11.50. Metavanadate is thus a stron-
ger acid than metaphosphate. This is true, at least, in nitrate melts.

SUMMARY AND CONCLUSION

The two acids NaVOs; and NaPOs were titrated potentiometrically in molten LiCl-
KCI eutectic (450°) and in KNO3 (350°). In the chloride melt NaVO; neutralizes ac-
cording to:

VO3~ 4+ 02- = VO,3-
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while NaPOs reacts as:

2 POa‘ + 02~ = P04
and
P3074- + 02— = 2 PO,43-

Na4P207 in the chloride melt is a very weak acid which does not show an inflection at
the equivalence point.

In the nitrate melt at 350° both NaVOs and NaPOs change to the pyro- and then
to the ortho-salts. NaVOjs is the stronger of the two acids; it takes its primary oxide
ion from the nitrate base electrolyte and changes to pyrovanadate.

The positions of metaphosphate, pyrovanadate and pyrophosphate on the newly
developed acidity-basicity scale in molten KNOs have been established. NasV20y is
stronger than NasP207. Relative instability constants for these two anions have been
calculated.
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I. INTRODUCTION

Electron diffraction studies! have clearly demonstrated that there are several stages
in the growth of an electro-deposit, each stage being characterized by a definite type
of crystal orientation. In the initial or epitaxial stage of growth, the size, shape and
orientation of the deposit-crystals are influenced by the substrate. This substrate-
influence on the crystal orientation diminishes during the #ramnsition stage and is
finally eclipsed in the last stage of growth which involves the development of a preferred
orientation* of the deposit-crystals**.

In these textured deposits, the orientations of the crystal grains are such that a
particular crystal direction (the preferred orientation axis or texture axis) stands normal
to the substrate, and, therefore, parallel to the direction of current flow and to the
thickness direction of the deposit. All other atoms rows in the deposit-crystals are
randomly oriented; in other words, there is rotational symmetry about the texture
axis. It is only in an ideal case, however, that the atom row corresponding to the tex-
ture axis stands exactly normal to the cathode surface in 4/l the crystallites. In prac-
tice, there is a spread about the mean, and only a degree of preferred orientation. The
texture axis has therefore a play about the normal.

Since there is an absence of substrate influence on the orientation observed during
the final stage of growth, it is natural that textures are developedirrespective of whether
single-crystal, random-polycrystalline or fibre-textured substrates are used2. How-
ever, the specific preferred orientation (i.e., the particular texture axis) that is observ-
ed depends on the conditions of electro-deposition. Factors such as temperature, cur-
rent density, bath composition, pH, etc., are the relevant aspects of the conditions of
electro-deposition.

At one stage, attempts were made to correlate these textures with industrially-
important characteristics of electro-deposits, especially brightness3.4, but little suc-
cess*** seems to have attended these effortss.6.7. Despite this, astudyoftheoriginand

* Other terms are also in vogue. Many authors describe preferred orientations as textures or fibre-
textures. FINcH, WILMAN and co-workers have used the term one-degree orientation.

** The thickness at which preferred orientation develops depends on several factors, such as bath
composition, current density, etc.

*** Recently8, however, there has been a renewal of interest in the question of whether there is
a relationship between preferred orientation and brightness.
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development of textures appears to be of great value, because such an investigation
cannot but throw light on many fundamental aspects of the growth of electro-depo-
sits.

BozorTH in 19259, arguing by analogy with textures developed during cold-work-
ing, suggested that preferred orientation results from the compressive stresses gener-
ated in growing electro-deposits. WYLLIE extended these views and taking into ac-
count internal-slip mechanisms, he explained the orientation developed by chromium
electro-deposits?0.

In order, however, to establish the validity of internal-slip mechanisms, it is neces-
sary to make quantitative comparisons between the stresses actually developed in
electro-deposits and those that occur during cold-working. Further, an approach
wherein the orientations are treated as resulting from growth processes appears, on
general grounds, to be more plausible.

An important suggestion1.12,13 was advanced by WILMAN in 1955 He based his
views on the well-established evidence! that electro-deposits develop growth textures
only after passing through a random orientation stage in which the crystallites are
randomly disposed with respect to each other and with respect to the substrate.
WILMAN also took into account the experimental fact that the growth of an electro-
deposit is associated with the development of facets and plane crystal faces. He
suggested therefore that the conditions of electro-deposition favor the preferential
growth of those crystals which have two or more main growth-faces simultaneously
perpendicular (or nearly perpendicular) to the substrate. The atom row at the common
intersection of these faces then becomes the orientation axis.

GORBUNOVA et al. havealso independently considered the origin of texturesin elec-
trodepositst4. Although there is some similarity in the views of GORBUNOVA and those
of WILMAN, there is one essential difference. WILMAN’s view required the develop-
ment of faces, and the simultaneous orienting of these faces normal (or nearly normal)
to the substrate. GORBUNOVA14, on the other hand, states that ‘‘the deposit surface
should not be formed by grain faces.”

SaTo has recently carried out an elegant study* of the crystal growth of electro-
deposited zinc!s. His work consists of an electron-diffraction study of the preferred
orientations of zinc deposits and a presentation of strikingly beautiful electron micro-
graphs of their topography. The micrographs reveal flat, well-developed, plate-like
crystals. SATO has interpreted the orientations ‘‘“from the standpoint of development
of crystallographic planes under various degrees of influence of hydrogen and/or
organic colloids.” SaTo made use of observations by STRAUMANIS!® on the faces deve-
loped by zinc vapor deposits in hydrogen atmospheres, and also the idea that a re-
versal of the growth velocities can result from the adsorption of hydrogen and/or
organic colloids. Despite this significant advance in understanding, SaTo’s discussion
of his results leaves unconsidered some essential aspects of the problem. For instance,
although SATO has named the agency through which a reversal of growth velocity oc-
curs, the relationship between the deposition conditions and the influence of adsorbed
hydrogen has not been established. Further, the question of the inclination which

* The author became aware of SATO’s work after a preliminary draft of this paper was written.
There is one important point which is common to his approach and this. This concerns the attempt
to correlate the development of a particular texture with the preferential formation of facets of a

particular type.
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his plate-like crystals assume relative to the substrate requires deeper examination.
It is seen therefore that there is little detailed work on the mechanism of texture de-
velopment, and hardly any at all on the causal connection between the deposition con-
ditions and the specific orientations developed under these conditions.
WILMAN’s approach, which appears to be the most fruitful, raises two important
questions:
(1) how do the deposition conditions determine the particular type of facets pre-
ferentially formed?
(2) what determines the inclination which the preferentially developed facets assume
relative to the substrate? ‘
These questions, concerning the process of preferential facet formation and the
process of alignment of these facets, have been considered here in detail by taking
advantage of previous work on hydrogen overpotential and metallic overpotential,
on the adsorption of hydrogen on nickel single-crystal faces, and on crystal growth.
It has thereby become possible to propose a theory for the mechanism of development
of preferred orientation, with special reference to nickel electro-deposits, and toachieve
some correlation between the textures and the deposition conditions.

2. WHY ARE FACETS FORMED?

A crystal with well-defined faces can be considered to be the product of its growth
history. All crystal faces do not advance forward (or grow) at the same rate. The rate
of growth of facets determines the probability of their survival. Fast-growing faces
grow out of existence, and slow-growing faces survivel?. This can be proved by simple
geometric arguments. In the case of electro-deposits, the surviving faces will be those
which have the greatest metallic overpotential and which therefore grow most slowly.
Hence, even if growth commences on a sphere, plane crystal faces are soon formed due
to differences in growth velocities.

3. WHICH PARTICULAR TYPE OF FACETS ARE FORMED?

(a) ““Free growth”

Let us first consider the free growth of nickel electro-deposits. We define free growth
in the following way : the deposition is considered to occur on a substrate-surface free
of adsorbed hydrogen atoms; further, the adsorption of surface-active substances is
also explicitly excluded.

The Bravais law of crystal growth is adopted as the starting point. This law can be
stated thus: the velocity of growth of different crystal faces depends on the atomic
population density (reticular density) of the faces; the greater the number of atoms per
unit area of the face, the lower the rate of growth in a direction normal to the face.

It is now accepted that the Bravais law needs to be qualified. The reticular density
is not the sole factor determining the growth velocity of a face. Other factors such
as rate of deposition, conditions of mass transport and adsorption of impurities must
be taken into account. We shall, however, restrict our discussions to current densities
(r0-50 mA/cm?2) which are low in comparison with the limiting current densities for
the concentrated solutions used in nickel electro-deposition. Hence, crystal growth is
not likely to be diffusion-controlled. Further, the disturbance of the relative growth
velocities due to interference from adsorbed hydrogen is a factor the consequences of
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which it is our specific intention to follow up in the coming sections. Hence, the use of
the Bravais law for free growth appears to be justified. -

Consider the important low-index planes. The velocity (vnki) of free growthofacrystal
face {hkl} decreases as the population density Pni increases. Nickel being a face-
centered cubic metal, P211 << Pi10 < Pioo < Pi11, and therefore va11 > v110 > v100 >
v111. But the differences in the velocities of growth are manifestations of differences
in the partial current densities on different faces. So, 211 > %110 > %100 > 7111. We
can state the same result in terms of metallic overpotentials*. Designating the free
growth metallic overpotential for the face {hkl} by the symbol re#ni, we have renin
> FaN100 > FGNI10 > FGA211-

Hence, under free growth conditions, nickel electro-deposits should tend to preferenti-
ally develop {111} octahedral facets. '

(b) Adsorbed hydrogen atoms — the cause of “‘disturbed growth”

Free growth, however, does not normally obtain in the case of nickel electro-depo-
sits. Hydrogen evolution takes place along with nickel deposition. The formation of
adsorbed hydrogen atoms is an essential intermediate step in the evolution of hydro-
gen gas.

How does the presence of adsorbed atomic hydrogen affect the electro-crystalliza-
tion of nickel?

It is well-known that the snert metals (iron, cobalt, nickel) which require high me-
tallic overpotentials for deposition from simple baths, also have high surface concen-
trations of adsorbed hydrogen. It has been suggested many times that hydrogen can
influence the deposition process. Hence, a correlation between the high metallic over-
potential of the inert metals and the hydrogen adsorbed on their surfaces, is strongly
indicated (see the monograph of ANTROPOV!S).

It can be assumed, therefore, that adsorbed hydrogen atoms interfere with metal
deposition and that the considerable surface concentration of atomic hydrogen is a
contributory factor to the high metallic overpotential of the snert metals.

The modus operandi can be visualized in terms of the work of Bockris1®:20 and
GERISCHER?L. These authors have shown** that the reaction involving thetransfer of
the metal ion across the double-layer results in the formation of an adsorbed ion
(adion) which undergoes surface diffusion before lattice-incorporation at the crystal-
building site. The broadcast adsorbed hydrogen atoms must surely impede the sur-
face diffusion process*** which is the rate-determining step at low current densities.
At high current densities, the transfer reaction becomes rate-determining. Even in
this case, adsorbed hydrogen would increase the energy barrier because the transfer
reaction would probably have to take place on to hydrogen which would at least
partially screen the electron cloud in the nickel.

Hence, whether surface-diffusion or ion transfer is rate-determining, the free energy
of activation for nickel deposition on a cathode partially covered with hydrogenatoms,
would be greater than the free energy of activation for the deposition process on an
adsorbate-free nickel surface. In other words, adsorbed atomic hydrogen increases

* The overpotentials are considered to be purely due to activation polarization. Thus, limitations
on the deposition reaction due to supply of ions are deemed to be non-existent.

** The deposition of mercury, silver and copper have been studied.

**% A similar suggestion has been made by CoNwAY AND BOCKRIs22.
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the metallic overpotential above the free growth value (rc). We may term ¢hss increase
as the hydrogen-contribution to the metallic overpotential and represent it by mcy.

The total metallic overpotential nnia for deposition on the face {hkl} can therefore
be considered to be the sum of two components; the free growth contribution and the
contribution due to adsorbed atomic hydrogen, i.e., Hnx1 = refnx1 + mcfnx. The
term ra7ni1 has been considered to vary with the reticular density Pnia. Does mcn vary
on different faces of nickel single-crystals, and if so, in what manner?

(¢) The adsorption of hydrogen gas on nickel

Let us first consider the adsorption of hydrogen gas on nickel. Emphasis is given to
the following problem: are hydrogen atoms adsorbed to the same extent on different
faces of nickel single-crystals?

BEECK and co-workers?3.24,25 have made careful experimental studies of the ad-
sorption of hydrogen gas on nickel catalysts. They prepared two types of nickel films
on glass substrates :(1) randomly-oriented films and (2) completely-oriented nickel
films with {110} planes lying parallel to the substrate. They observed that the orient-
ed films had five times the catalytic activity of the unoriented films. The results were
interpreted in terms of the average lattice-spacings in the two films. BEECK ef al.
argued on the basis of the theoretical work of OxamMoTO €f4l.26 who carried out quan-
tum-mechanical calculations (modelled on the SHERMAN-EYRING treatment2?) of the
activation energy for adsorption of hydrogen as a function of the distance apart of
adjacent nickel atoms. Specifically, their calculations show that the energy of activa-
tion for adsorption is less when the adjacent nickel atoms are situated 3.52 A apart
than when they are 2.49 A apart. Assuming the relation given by HorR1UTI-POLANYI28,
it can be said that the standard free energy of hydrogen adsorption (4g°) is more ne-
gative on a pair of sites 3.52 A apart than on a pair 2.49 A apart. Now, the distribution
of sites with 3.52 A and 2.49 A inter-site spacing is not the same on the important low-
index planes. When the planes {111}, {100}, {110} and {211} are considered in that
order, the fraction of 2.49 A spacings decreases and that of 3.52 A spacings increases.
This means that hydrogen is adsorbed more easily as we go from {111} — {100} —>
{110} — {211} since the standard free energy of hydrogen adsorption is increasingly
negative in that order.

Thus, the greater the average inter-atomic spacing of adjacent nickel atoms on the
lattice plane of nickel (i.e., the lower the reticular density), the more negative is the
standard free energy of hydrogen adsorption, and hence the greater the surface con-
centration of adsorbed hydrogen. It is maintained therefore, that under identical
conditions of temperature and pressure, etc., the coverages with adsorbed atomic
hydrogen on different faces of a nickel single-crystal are different. Representing this
concentration on a face {hkl} by the symbol Oni1, we have 0211 > 6110 > 6100 > 111

(d) The adsorption of hydrogen atoms on mickel cathodes during the electro-deposition of
nickel

There is general agreement on the appreciable surface concentration of adsorbed
hydrogen that exists on nickel cathodes in hydrogen overpotential studies. The
surface coverage is high, particularly in acid solutions in which nickel deposition is
carried out. We may take it, therefore, that there is sufficient hydrogen adsorbed on
the various low-index planes of nickelto permit ustodiscuss thedifferencesin coverage.
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The steady-state coverages on various lattice planes is given by a steady-state
condition involving the non-equilibrium rates of the various reactions which form and
remove adsorbed hydrogen atoms. These non-equilibrium rates depend on the
equilibrium rates which in turn depend on the equilibrium coverages — the latter being
functions of the standard free energies of hydrogen adsorption. It issuggested, there-
fore here, that the steady-state coverages at any particular potential are different on
different lattice planes of nickel and that they are dependent on the standard free
energies of hydrogen adsorption. Further, since for a particular reaction mechanism,
the steady-state coverage would be given for all the planes by the same steady-state
condition, the sequence (though not the magnitude) of steady-state coverages would
be independent of the reaction mechanism; the sequence at cathodic potentials is
the same as the sequence of coverages (as given in Part I. 3(c)).

To sum up — the occurrence at a nickel cathode of several reactions involving atom-
ic hydrogen does not affect the sequence of coverages with adsorbed hydrogen atoms,
which is given (even on cathodes at which nickel deposition is taking place) by 0211 >
110 > G100 > b111. ’

(€) The hydrogen-contribution to the metallic overpotential

Corresponding to the conditions of electro-deposition, there is a particular average
coverage with adsorbed hydrogen atoms (§av.) on the cathode surface. This 6ay. is not
distributed uniformly on all the types of facets. It has been argued above that 0117 <
6100 < 6110 < O211. Hence the hydrogen-contribution to the total metallic overpoten-
tial varies thus: memun < mcfuoo < mefuo < Heferr.

(f) The role of adsorbed atomic hydrogen in selective facet formation

The coverage 0ay. is a function of the conditions of electro-deposition. When 0 4.
increases, the Oni also increases (until the face is saturated), and hence nc#ni also
assumes a higher value. And what is more important, it is argued that with an in-
crease in Qav., mcn does not increase to the same extent on the different types of
crystal faces. The maximum increase occurs on {211}, and the minimum on {111} faces.
This can be represented:

A(uenenn) > A(laenuo) > A(uenion) > A(uemn).

In contrast, since they are determined by crystallographic factors (and current den-
sity), the free growth metallic overpotentialsonall faces are equally affected — or, in
certain circumstances not affected at all — by varying the conditions of electro-de-
position.

The possibility therefore arises of the relative growth rates varying with the condi-
tions of electro-deposition. Previously fast-growing faces doomed to self-elimination
can become the slowest-growing faces and survive by the adsorption of hydrogen.
Such arguments are in fact well known in the field of crystal growth where addition
agents are deliberately utilized for the purpose of modifying crystal habit17.29. Tt is
to be noted that for a reversal of growth velocities, a differential adsorption is not a
sufficient condition* though it is a necessary one. The differential adsorption must

* SaTo has not stressed this point15.
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be such that otherwise fast-growing faces adsorb hydrogen to a greater extent than
the slow-growing faces, and thus assume smaller growth velocities. If the adsorption
capacities are the other way round, then no reversal of velocities will occur. It is the
intention here, to work out the implications of this reversal of the order of growth
velocities in the case of nickel electro-deposition.

Consider, for example, two particular types of faces, {111} and {100}. Octahedral
{x11} facets would be selectively formed to the exclusion of {100} facets, only if vi11 <
V100, 2.6, if 111 > 9 100, OF (Fe7111 + HCON11) > (FG7100 + HCN100). This requires that
(FGﬂlll« F(;?)mo) > (Hcmoo - HC"]III)- The value of (Hc17100 - chul) depends on
(6100 — O111) which in turn is determined by 6av. Hence the condition 7111 > %100
will be satisfied only when 0ayv. does not exceed a threshold value. Above this value of
Bav., (Br00 — O111) will be large enough to make (re7111 — raf100) < (HCH100 — HCYL1L),
and hence, 7100 < 7111. Under these conditions, the growth of {100} facets will be
favored.

With increasing values of 0a,., stages will be successively reached where the growth
of {110} or even {211} facets will be preferentially developed. It may be noted how-
ever that in certain ranges of values of 0av., the growth velocities of two types of facets
may be near each other and both types will be formed. We shall term this mixed-facet
formation.

Hence, with a decrease in 0ay. there would be a progressive change of the facets
chosen for preferential growth in the following sequence: {211} — {110} > {100} —
{r11}. Since {111} facets would tend to form in the absence of hindrances, we say
that, as av. diminishes, the growth process tends more and more towards free growth.

The essential point of the theory therefore is that the average surface concentration
of adsorbed hydrogen atoms on the cathode (fav.), is a deciding factor in the develop-
ment of particular facets.

4. WHAT INCLINATION WILL THE PREFERENTIALLY-FORMED FACETS ASSUME RELATIVE
TO THE SUBSTRATE PLANE?

In the first instance, it is necessary to consider the two main modes of growth of
compact electro-deposits, which were described by FINCH and co-workers!.30 as well
as by FISHER AND HEILING31,

The outward mode of growth is characterized by deposit-crystals having greater
height than width, i.e., by columnar, acicular, needle-like etc., crystals. Such crystals
would be obtained when the outward velocity of growth in a direction normal to the
substrate is greater than the lateral velocity in a direction parallel to the substrate.

The lateral mode of growth is characterized by deposit-crystals with greater width
than height. These lamellar, tabular, plate-like crystals would result from the lateral
crystal growth velocity being greater than the velocity in a direction normal to the
substrate.

The conditions of electro-deposition are largely responsible for determining which
particular mode of growth is adopted by electro-deposits. This relationship has been
discussed recently?3. In our view, two factors are mainly responsible for affecting the
mode of growth in unadulterated baths:

(r) The metallic overpotential influences the nucleation rate. Nickel, with a high
metallic overpotential, has a high nucleation rate. The girth of the crystals is there-
fore effectively reduced.
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(2) When the transference number of the nickel ions is high, they move mainly by
migration. The nickel ions are therefore very sensitive to differences in the field near
the cathode, and there will be differences in the concentrations of nickel ions near re-
gions of the cathode where the field strength is different. On a nonuniform cathode
surface, nonhomogeneity of the field also exists. The field will be more intense near
peaks than near the recesses. Hence, peaks will receive a greater supply of nickel ions
than recesses, giving rise to preferential deposition on peaks. This further accentuates
the nonhomogeneity of the field. Thus there is a cumulative tendency for deposition
on to peaks and an outward growth is obtained.

Let us consider nickel electro-deposits obtained from baths (a) containing molar
concentrations of nickel and (b) without addition agents. Under these circumstances,
the nickel ions move (near the cathode) mainly under the influence of the electrical
field. Therefore, it may be expected that nickel deposits from such baths adopt an
outward mode of growth.

In many cases however such an inferential argument need not be made. The optical
microscopy evidence clearly shows an outward growth in nickel deposits whose pre-
ferred orientations have also been determinedss.

Hence the conditions of electro-deposition demand that the growth process satisfies
two requirements:

(1) Depending on the magnitude of fav., facets of a certain crystallographic type
{hkl} should be the slowest-growing facets and hence they should be selectively
formed;

(2) The deposit-crystals should adopt an outward mode of growth. This means that
the velocity of growth in a direction parallel to the substrate surface is least. The
slowest-growing facets should be therefore developed normal to the substrate.

The distinction between these two necessary conditions is as follows. Condition (1)
refers only to the indices {hkl} of the facets preferentially developed; it does not state
anything about whether these {hkl} facets are parallel or normal or inclined to the
substrate. Condition (2), on the other hand, is only concerned with the inclination or
orientation (with respect to the substrate) of the slowest-growing, selectively-developed
facets; it does not, however, tell us anything about the indices of the particular facets
chosen for development.

These two stipulations for the growth process are simultaneously fulfilled only when
facets of {hkl} type are developed normal to the substrate. In other words, the lattice
row at the common intersection of the selectively-developed facets — the zone axis —
grows normal to the substrate.

5. THE RELATIONSHIP BETWEEN THE PROCESSES OF SELECTIVE-FORMATION AND
PREFERENTIAL-INCLINATION OF FACETS AND THE DEVELOPMENT OF TEXTURES

We have considered so far the conditions responsible for influencing the growth of
facets on one deposit-crystal and orienting them with respect to the substrate. Since si-
milar growth factors obtain in all the deposit-crystals, a similar orientation of the
preferentially-developed facets (so that they are normal to the substrate) would take
place in all the crystals. This is equivalent to stating that there is a preferred orienta-
tion of the deposit-crystals. The orientation is such that the zone-axis of the selecti-
vely-formed facets is the preferred orientation axis. The above arguments have there-
fore resulted naturally in WILMAN’s hypothesis.
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For obvious reasons, the term Wilman facets is proposed to descrite facets which
grow preferentially normal to the substrate.

Thus we have established a correlation between the facets selected for growth and
the orientations developed*. Corresponding to the Wilman facets: {211}, {110}, {100}
and {111} the preferred orientations are <210>, <100>, <100> and <{110> respecti-
vely.

WILMAN’s hypothesis, it may be noted, would be valid only in the case of electro-
deposits which adopt the outward mode of growth. A brief consideration of the tex-
tures of lateral growths is presented in Part III, 2.

6. THE MECHANISM OF GRADUAL DEVELOPMENT OF PREFERRED ORIENTATION

The development of a texture out of a random orientation is not, however, a sudden
and discontinuous transition. The preferred orientation gradually develops as the
thickness of the electro-deposit increases.

To explain this phenomenon, let us consider the random stage of growth with
crystals oriented in all possible ways. Facets are slowly forming and increasing in
size. The mode of growth, if outward, is making the velocity of crystal growth in a
direction normal to the substrate, preponderate increasingly over the lateral growth
velocity. A random orientation stage should therefore suddenly give way to a pre-
fered orientation.

If this is not the case, it is because there is a factor opposing the development of
texture. Each crystal grain of the random orientation stage acts as a substrate for
the growth of the deposit-grain lying above it along the growth axis and it impresses
its own orientation on the deposit-grain. Thus the random orientation stage exerts a
substrate influence on the further deposit. It promotes randomness — not orientation
— and by doing so delays the development of preferred orientation. The preference
for a texture therefore increases with the thickness of electro-deposit and the prefer-
entially-developed facets are only gradually aligned normal to the substrate. In
other words, the degree of preferred orientation increases with thickness.

7. THE INFLUENCE OF ADSORBED HYDROGEN ON THE SPECIFIC TEXTURES
THAT ARE DEVELOPED

It has been shown (see I, 3(f) and 5), that as fav. decreases, there is a successive de-
velopment of Wilman facets in the following sequence: {211} — {110} — {100} —
{111}. Hence the following preferred orientations would be successively observed with
decreasing values of f4y.:

{z10> - (100> > {110>.

On the other hand, if 64+ is increased, the orientations would change in the opposite
manner.

* Our picture is over-simplified on one point. In actual crystal growth, considerations of symme-
try, the need for one crystal to conglomerate and compact with other crystals and the necessity
for crystals to be bounded by faces — all these factors generally require that faces of other types
also develop along with the Wilman facets. These other faces, we suggest, have nearly equal growth-
velocities or they are faster-growing. Our main contention is that only the Wilman facets are re-
sponsible for determining the preferred orientation.
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8. THE RELATIONSHIP BETWEEN THE HYDROGEN CONTENT OF ORIENTED
NICKEL ELECTRO-DEPOSITS AND THEIR TEXTURES

The hydrogen within a deposit depends on the amount of hydrogen adsorbed on the
surface34. Hence, the higher the 0,+., the higher would be the hydrogen content of the
electro-deposit.

We have argued, however, that differing values of 0av. are necessary to lead to the
development of different Wilman facets, and hence different textures.

Thus the hydrogen content of a deposit should vary with the texture that it reveals.
Further, the hydrogen contents should increase with the following sequence of pre-
ferred orientations:

(110> - (100> = (210> - {211 >*.

Further, as a first approximation, let us argue that the ratio of the surface concen-
trations on two faces is the inverse of the ratio of their population densities. On this
basis the hydrogen contents of deposits with <110>, <210> and <2I1I> orientations
should be 1, 2.75 and 5.8 respectively. YANG35 measured the hydrogen contents of
deposits showing <110>, <210> and <z11> preferred orientations and found that
their relative hydrogen contents were about 1, 2 and 4 respectively. Considering that
our argument assumes (I) that the deposit has faces of only one type and (2) that there
is complete preferred orientation, # can be seen that the expected values of hydrogen
content are in the same sequence and of the vight order as the observed values.

The above correlation between the texture developed by an electro-deposit andits
hydrogen content does not appear to have been achieved hitherto. The correlation
strongly suggests the basic correctness of the mechanism of texture development
proposed in this paper. Further support for the theory can be derived from a considera-
tion of the dependence of textures on deposition conditions. This dependence will be
discussed in Part II of this paper.
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SUMMARY

This paper presents a mechanism for (a) the preferential formation of electro-deposit
facets of a particular type and (b) the alignment of these facets normal to the substrate,
and then shows that the result of these two growth processes is the development of a
preferred orientation in thick electro-deposits. The discussion is confined to the growth
of nickel electro-deposits from unadulterated baths. :

* For a treatment of this point the {211 orientation is also considered. This texture corresponds
(see the discussion in Section 5) to the development of {210}. Wilman facets, the formation of
which requires a §av. still higher than that necessary for the development of {211} facets. We
assume here that 0210 > 0a11 and ren210 < rena11 — the type of dependence of Oni and rolni
on Pni being the same as for the other facets.
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Facets are formed because of differences in growth velocities. Both crystallographic
and electrochemical factors produce these differences. The crystallographic factors are
considered in terms of the Bravais law of crystal growth. It is suggested that different
lattice planes have different free growth metallic overpotentials. The electrochemical
disturbance to free growth, stems from the hydrogen evolution reaction. BEECK's
experimental studies on hydrogen adsorption on nickel are used to argue that the
intermediately-produced hydrogen atoms are adsorbed more easily on lattice planes
which during free growth have faster growth velocities. If hydrogen atom adsorption
increases metallic overpotential, then facets of different types are formed with differ-
ent surface coverages.

The {hkl} facets so formed are aligned normal to the substrate because the deposits
tend to alopt an outward mode of growth which requires that the slowest-growing
{hkl} facets (and therefore the zone-axis <uvw)> of the {hkl} Wilman facets) stand
perpendicular to the substrate surface.

All deposit-crystals being subject to similar growth influences, they get identically
oriented, i.e., a preferred orientation develops with the texture-axis <uvw> being the
zone-axis of the Wilman facets. The random orientation stage —which precedes the tex-
ture stage — exercises a substrate influence and therefore permits only a gradual devel-
opment of texture.

Two important consequences follow from the theory proposed in this paper:

(1) texture changes are induced by changes in surface coverage with hydrogen atoms,
and by factors such as temperature which affect this coverage;

(2) deposits having different textures should have different hydrogen contents. The
experimental data of YANG supports the latter conclusion.
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PREFERRED ORIENTATIONS IN NICKEL ELECTRO-DEPOSITS

II. A CONSIDERATION OF THE EFFECT OF DEPOSITION CONDITIONS ON
THE TEXTURES DEVELOPED

A. K. N. REDDY* anp S. R. RAJAGOPALAN
Central Electrochemical Research Institute, Karaikudi-3 (India)

(Received May 24th, 1963)

I. INTRODUCTION

In Part I of this paperl, a mechanism has been proposed for the development of pre-
ferred orientation with special reference to nickel electro-deposits. ;

We shall here discuss the causal connection between deposition conditions and the
textures developed.

2. SCOPE AND METHOD OF ANALYSIS

The discussion here is confined to the textures: <210>, <100> and <110> because
these are the most commonly-reported orientations and also because certain unusual
textures (for example <111> )have sometimes been reported? but not reproduced by
other workers3.

The preferred orientation corresponding to a c.p.h. form of nickel (which generally
occurs along with a f.c.c. nickel <211> texture) has been omitted from our discussion
even though many authors have reported4.5.6.7 this orientation. We do not doubt the
occurrence of a substance with a c.p.h. structure and with the observed lattice para-
meters, but it is felt that there are firm grounds for exercising a certain caution in
identifying the substance as hexagonal nickel and that, therefore, a consideration of
a c.p.h. nickel should await its unequivocal identification. The basis for this caution is
being presented elsewhere.

In discussions on the dependence of growth textures on deposition conditions, the
general mode of approach is to concentrate on 64v., theaverage surface coverage with
adsorbed atomic hydrogen. We then consider what changes, if any, in 64y. are brought
about by altering the conditions of electro-deposition. The trend of change of texture
can be predicted when it is known whether 0av. increases, decreases or remains con-
stant (see Part I, Section 7). A change of preferred orientation <210> — <100> —
<110> will be termed a change towards free growth. The expectations will then be
compared with the experimental results. Several authors have studied the textures of
nickel electro-deposits!—4.6-8,10,11,

At this stage of theory and experiment, it appears advisable to distinguish the
main patterns amidst the welter of data and to explore the systematic texture varia-

* Present address: Post-doctoral Research Associate, The Electrockemistry Laboratory, University
of Pennsylvania, Philadelphia 4, Pa., (U.S.A.)
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tions that result from changes in deposition conditions. By a systematic variation we
mean a regular increase in the atomic population density of the atom row constituting
the preferred orientation axis. Thus the variation in textures: <{210> — <100> —
{110> (Which has been termed a change towards free growth) corresponds to a regular
increase in the close-packed character of the texture axis. Such systematic trends,
though contained in the experimental results, appear to have escaped the attention of
previous workers.

From the data available we have isolated the following systematic changes in
textures:

Change in deposition conditions Trend of change of preferved ovientations

Increase of temperature Change towards free growth
Increase of current density Slight change towards free growth
Addition of oxidizing agents Change towards free growth

The variations in texture quoted above refer to those observed when a Watts type
bath has been used. It should be pointed out that similar trends also obtain in the case
of a pure chloride bath.

3. THE INFLUENCE OF TEMPERATURE ON PREFERRED ORIENTATION

The relationship between the steady-state coverage (6) with adsorbed hydrogen atoms
and temperature (7)) can be simply written in the following manner:

do do6 do*

dT  de* dT

where 0* is the coverage under equilibrium conditions. In this section we are only in-
terested in whether a temperature increase causes an increase or a decrease of §. The
exact dependence of 0 on T will depend on the mechanism of the hydrogen evolution
reaction, but this need not concern us here.

From a consideration of the expressions for § for various rate-determining steps!2,
it can easily be shown that (60/66*)r is positive, 6 decreasing when 6* decreases.
With regard to d6*/dT, it can be seen from the Langmuir adsorption isotherm that
0* decreases when T increases.

We conclude therefore that 6 depends upon the temperature of the nickel cathode
in thermal equilibrium with the electrolyte.

An increase in bath temperature brings about a decrease in 0av. and consequently
the following trend of change of preferred orientation is possible:

(210> > 100> - (110>
(Our theory permits the simultaneous formation of two types of Wilman facets —
mixed facet formation — and hence the development of mixed orientations (see Part I,

3(f)). Thus, it is quite likely that at a particular temperature, only mixed — and not

pure — orientations are observed).
A rise in bath temperature, therefore, scavenges the cathode of its adsorbed hydro-
gen and the orientation changeistowards free growth. At sufficiently high temperatures,
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therefore, nickel electro-deposits would show the free growth orientation <{110>.

GOSWAMI's results show that, below a pH of 5, the trend of change of observed preferred
orientations is precisely predicted by the theory.

Thus at a pH 2, BANERJEE AND GoswaMIé observed at 15° a <210)> texture; at
25°, <210> + <100>; at 45°, <100> + <110>; and 55°-75°, <110>. At pH 4, the
results showed a <210> + <100> texture at 15°, <100> at 30°, <I100> 4+ <IIO)> at
45° and <110> at 50°-75°. Above pH 5, however, there ave deviations from the ‘‘free
growth” trend. A hexagonal nickel orientation appears along with f.c.c. nickel <211>,
and at higher temperatures a <100> orientation is observed.

4. THE EFFECT OF CURRENT DENSITY ON PREFERRED ORIENTATION

The main result of an increase of current density is a small change of textures towards
free growth (as stated in the table in Section 2). From a sulphate—chloride bath (pH 4)
a change from 10-20 mA/cm?2 causes an orientation change <1o0> — <110>. At pH 2,
the variation is unsystematic. Despite this, the same trend appears to be there — thus
at 2 mA/cm?, we have <{210>; 5 mA/cm?2, <100> and 20 mA/cm2, <110>. At 10 and
100 mA/cm?2, however, the (<zro> + <100>) and (<210> + <I10>) orientations
occur.

When the current density used for deposition is increased, a change towards free
growth orientations can arise in two possible ways: (1) through changesin 0,v., and/
or (2) through changes in the free growth metallic overpotential.

(1) Effect of current density on Oav.

An increase in current density brings about an increase in current efficiency, 7.e.,
in ¢ni/iu. The increase in the ratio is mainly due to the increase of 7n; with cathode
potential (which depends on the total current density) — the increase in 7 yis negligible.
This conclusion has been arrived at from a study of the partial curves for nickel de-
position and hydrogen evolution, which are obtained by the resolution of the total
1—E curves!3. It may be concluded therefore that an increase in total current density
leads most probably only to a very small increase in fav..

Oav. can also change by another mechanism. Whereas with a current density in-
crease, ¢u does not increase significantly, the same cannot be said for ¢n;. Since ¢n; >
tm, it is quite likely that nickel ions are deposited on to the adsorbed hydrogen atoms,
which thus get locked up in the nickel lattice,particularly because the rate of nickel
deposition is probably much greater than the slow diffusion of hydrogen into the
metal. The net effect of this enveloping of adsorbed atomic hydrogen within the lat-
tice, is a small decrease of fay.. The particular mechanism discussed here, although
operative at all current densities, probably merits consideration only at high current
efficiencies where ¢ni > ¢u. Even then it cannot be unequivocally stated that@ay.is
considerably reduced. However, if the effect is significant at all, then it would tend to
offset (at least partially) the small increase in fav. resulting from a small increase in
1x (discussed in the previous paragraph).

It seems therefore that changes in 0.v. due to the above two opposite effects cannot
be major in character, and that the coverage can be considered more or less constant.
Hence, a current density increase should not have much effect on the preferred orien-
tation through changes in ,,..
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(2) Effect of current density on ‘‘free growth” metallic overpotential

In a study of the electro-deposition of lead, PIONTELLI AND PoL14 have experiment-
ally demonstrated that b111 > bi0o, Where bni is the slope of the re#ni vs. 7 curve.
The case of lead is of significance because the growth of lead approximates to what we
have termed free growth. This is because lead has a high hydrogen overvoltage and a
positive free energy of hydrogen adsorption. Hence hardly any hydrogen evolution
occurs and 6 is almost zero.

If PIONTELLI’s result is interpreted by saying that b depends on the population
density of the plane such that by11 > bioo > biro > bani, then it can be seen that a
current density increase can lead to changes in texture towards freegrowth because it
leads to different increases in the free growth overpotentials on different lattice planes.

The ideas advanced in the above discussion must be regarded as tentative. Oneim-
portant handicap has been the lack of data on surface coverage as a function of the
partial current for hydrogen. It must also be emphasized that several deviations from
the free growth trend have been observed especially at low current densities (below
10 mA/cm?) where current efficiency is low.

5. THE EFFECT OF ADDITION OF OXIDIZING AGENTS ON PREFERRED ORIENTATION

The effect of the addition of hydrogen peroxide or nitrate ions can be explained by
assuming that they compete with hydrogen ions to get reduced at the cathode. Thus
the yield of hydrogen is diminished — which is the reason why hydrogen peroxide is
used as an anti-pitting agent. Hence, if nickel is deposited in the presence of a sufficient
concentration of these agents, we can expect a decrease in 0ay.. The result of this
diminution of fay. is that the preferred orientation changes in the direction of free
growth.

The published data on the influence of the addition of oxidizing agents on the preferred
orientations of nickel electro-deposits largely bears out these expectations. BANERJEE AND
GoswaMI have observed that in a sulphate—chloride bath, the addition of hydrogen
peroxide (1 g/l) brings about a change of orientation <210> — <210> + <100>; and
nitrate ions (0.426 g/l nickel nitrate) the change <210> — <110>. The change, it
may be noticed, is more marked with nitrate ions which are perhaps more easily re-
duced and/or which remove (through the reduction reaction) a larger quantity of atom-
ic hydrogen per gm ion of nitrate ions reduced.

6. LIMITATIONS OF THE PRESENT WORK

In the treatment presented above little reference has been made to the influence of
bath composition on texture. Such an influence is certainly indicated in the data. For
example, under the same conditions of temperature, pH and current density, a Watts
bath yields deposits with textures different from those of deposits from an approxima-
tely molar chloride bath. This is another aspect of the well-known difference in metal
deposits obtained from sulphate and chloride baths. The cause of the differences
appears to lie not only in the extents to which sulphate and chloride ions are adsorbed
on the cathode, but also in the differences in metal ion activities inthe sulphateand
chloride baths. Further experimentation is necessary before this aspect of texture
dependence is discussed.

A very important point that has been ignored is the possible influence of the for-
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mation of nickel hydroxide athigh pH (> 5) where the theory is not as successful as
at low pH.

Finally, it cannot be emphasized too strongly that several deviations do occur from
the texture sequences expected by the theory. In the absence of explicit statements on
the reproducibility of the observed orientations, no assessment of this problem could
be made. While it is tempting to attribute the deviations to the well-known capricious
nature of crystal growth, it is nevertheless better to ascribe them to weaknesses in
theory too. It is not likely that a simple theoretical view-point can encompass the
varied factors involved in the growth history of electro-deposits. The growth of crys-
talline electro-deposits cannot be viewed as the sum of the growths of individual
crystals. The necessity to compact together is itself a disturbing factor on the growth
of the individual crystals. Further, mass transfer factors also deserve recognition
under certain circumstances.

Nevertheless, it is worth emphasizing that even the limited correlation between
textures and deposition conditions achieved in this work has not been hitherto ac-
complished. The theory is therefore presented in the hope that a careful considera-
tion of the deviations will refine, and if necessary, radically alter, both the theoretical
approaches and experimental techniques. In a further communication an attempt is
made to generalize the theory to lateral growths, to the adsorption of addition agents
and to the textures of the electro-deposits of other metals.
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SUMMARY

The theory of texture development in nickel electro-deposits, proposed in Part I of
this paper, is used here to explain the trends of texture changes which result from
variations in nickel deposition conditions.

Only the commonly-reported <210>, <100> and <110 orientations are considered.
The occurrence of systematic texture changes (with increase of temperature and cur-
rent density and with addition of oxidizing agents) is indicated in the experimental
data of previous workers.

It is suggested that an increase in bath temperature leads to a decrease in the aver-
age surface concentration of adsorbed hydrogen atoms, and thus to changes of tex-
tures towards free growth, i.e., <210> — <100> —> <{110>. This conclusion is comple-
tely in agreement with experiments conducted at a pH less then 3.

The slight free growth trend observed with an increase of current density is tentati-
vely ascribed to differences in the slopes of the free growth n—i curve for different single-
crystal faces of nickel.

The addition of oxidizing agents — it is argued — reduces surface coverage and
hence produces texture changes towards free growth.

Some limitations of the present work are indicated.
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I. INTRODUCTION

The theory proposed in Part I of this paper?, is limited in three ways: (a) it is concern-
ed only with deposits which adopt the outward mode of growth; (b) it has been restrict-
ed to a discussion of electro-deposits of only one metal, viz., nickel; and (c) it has con-
sidered only unadulterated baths, ¢.e., baths without addition agents. Let us now con-
sider the lines on which the theory may be generalized.

It may be recalled that the mechanism of texture development that we have pro-
posed (following WILMAN) focusses attention on two processes:

(1) the preferential formation of facets;

(2) the aligning of these facets so that in all the crystals they are identically-orient-
ed with respect to the substrate.

2. MODIFICATION OF THE THEORY FOR LATERAL GROWTHS

A preferred orientation, by definition, assumes rotational symmetry about the orien-
tation axis. Hence if one of the most densely-populated atom-rows constitutes the
texture axis, then the identical alignment of facets can be achieved only when the
favored facets stand either normal to the substrate surface (in which case they are
called Wilman facets) or parallel to it.

The inclination of the facets depends mainly on the mode of growth adopted by the
electro-deposit; 7.e. on the relative velocities of growth of the crystal in the outward
(normal to the substrate) and lateral (parallel to the substrate surface) directions. If
one of the growth velocities is predominant, then alignment of the facets can occur
easily.

We have only considered the outward mode of growth, because this is the main
mode of growth adopted by nickel electro-deposits (obtained from unadulterated baths)
whose textures we have considered. In this case, the {hkl} Wilman facets are aligned nor-
mal to the substrate and the orientation axis <uvw) is the zone axis of the {hkl} faces.

It is quite likely that, in the case of other metals and/or under other conditions, the
lateral mode of growth (with lamellar or plate-like deposits) would be favored. In the
case of 1deal lateral growths, the preferentially-developed {hkl} facets will be parallel
to the substrate, and the preferred orientation axis will be the atom-row normal to the
{hkl} planes.

* See note on p. 153.
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In actual lateral growth, however, errors can arise in the alignment of the preferenti-
ally-formed facets. In this case, the plate-like crystals will not be perfectly parallel to
the substrate plane, neighboring crystals being tilted out of registry. The net effect will
be a lifting-up of the plate-like crystals from the deposit plane parallel to the sub-
strate surface. Under these circumstances, the deviations from the ideal orientation
may take the form of a scatter of the orientation axis from the ideal position.

One source of alignment error arises if the deposit-crystals are not sufficiently far
removed from the substrate influence of the random orientation stage. The mis-align-
ment of the underlying random stage will then be inherited by the crystals at or near
the surface. This type of error is progressively corrected with increasing thickness of
deposit.

A second source of error is due to the inevitable growth roughening (in unadulter-
ated baths) which brings in its wake non-uniformity of field distribution and hence an
increasing outward-growth tendency. In this case, until thelateral-growth tendency is
overwhelmed, the favored facets assume positions of varying compromise — neither
exactly parallel nor normal to the substrate. The texture in these compromise stages
can either be described in terms of the lattice plane exactly parallel to the substrate
surface* (in which case it will be a very sparsely-populated plane) or in terms of the
normal to the physically-real predominantly-formed facets, giving the spread from the
ideal position of the facet-normal. This ideal position corresponds to the facet-normal
being exactly perpendicular to the substrate.

Whenever the outward and lateral growth velocities become comparable, the pro-
cess of orienting the facets with respect to the substrate becomes a more difficult
affair. It would be expected that in this case the development of preferred orientation
only occurs at much greater thicknesses than when one of the growth velocities pre-
ponderates. The difficulty in developing a texture which results from rotation of the
cathode at high rev./min3—a hitherto unexplained observation —is probably due to
the point under discussion. Rotation of the cathode changes the mode of transport of
nickel ions to convective diffusion and hence probably evens out to some extent the
supply of ions to the peaks and recesses. Thus the outward and lateral growth velo-
cities tend to have comparable values.

3. EXTENSION OF THE THEORY TO THE TEXTURES OF OTHER METALS

The theory of the preferential growth of facets of a particular type has been develop-
ed in two steps:

(i) a consideration of the free growth of deposits;

(ii) a treatment of disturbed growth, i.e., growth taking place under the active hin-
drance of adsorbed hydrogen atoms.

Whereas the free growth treatment is probably valid for the electro-deposits of
all metals (duly taking into account the crystallographic differences between f.c.c.,
b.c.c. and c.p.h. metals), the applicability of arguments based on disturbed growth
depends on the coverage of the surface with adsorbed hydrogen atoms**. This

coverage (fav.)

* SaTo? has adopted this alternative.
** The discussion in the rest of this section is influenced mainly by a suggestion made by ANTRO-

Pov4 to whom we are very grateful.
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is different on different metals, and is mainly determined by the heat of hydrogen
adsorption.

We shall consider (following ANTROPOVS) the metals which are usually electro-depo-
sited, as falling into two broad groups: Group A metals (Pb, Ag, Cu) having a low
heat of hydrogen adsorption and therefore a low @ay.; and Group B metals (Fe, Co,
Ni) having a high heat of hydrogen adsorption and hence a high 0av..

In the electrolytic crystal growth of Group A metals, the interference from adsorbed
atomic hydrogen can largely be neglected. The growth here can be considered as lar-
gely free. If the electro-deposits of these metals adopt the outward mode of growth,
then they would mainly reveal free growth orientations — <110> for f.c.c. metals and
<111)> for b.c.c. metals. On the other hand if they adopt the lateral mode of growth,
then the free growth orientations that would normally be obtained are <r11> for f.c.c.
and <110> for b.c.c. metals.

The experimental data largely bears out these arguments. Thus silver shows$ either
<x10> or <111>. The theory can make a precise distinction between these two tex-
tures only if the mode of growth is revealed by photomicrography. There are however
lacunae in the experimental data. Where textures have been studied, the morphology
has often not been determined. Hence, a more rigorous testing of the theory must await
further experimentation. Nevertheless, the theory appears to be sufficiently fine-
grained to accommodate both outward and lateral growths.

Further, we have shown? that it is mainly due to a varying coverage (with temper-
ature, for example) that a number of textures are obtained in the case of nickel elec-
tro-deposits. In the case of Group A metals, hydrogen interference can be largely
ignored. Hence the number of texture-types would also be relatively few in number.
The meagre experimental evidence available® indicates the basic correctness of this
conclusion.

In the case of Group B metals which have a high heat of hydrogen adsorption
(e.g. cobalt, chromium, iron), the hindrance from adsorbed hydrogen would have to
be dealt with in the same manner as for nickel. Two factors impeded the work of
extending the theory to these metals: (1) data on the adsorption of hydrogen on dif-
ferent single-crystal faces of these metals is not available and (z) detailed work on the
dependence of the textures of these metals on the deposition conditions is also lacking.

4. EXTENSION OF THE THEORY TO THE INFLUENCE OF ADDITION AGENTS ON TEXTURES

Once adulterated baths are considered we must perforce consider the influence of ad-
dition agents. Addition agents are adsorbed and they can influence the electro-crystal-
lization via the total metallic over-potential. The latter has been considered to consist
of two components — a free growth component (re7) and another component due to
the adsorption of species other than nickel ions. We have hitherto considered only the
adsorption of intermediately-produced hydrogen atoms, in which case the second
component is ucn. By being adsorbed, the addition agent can assume the role of ad-
sorbed atomic hydrogen either partially or completely. In general, therefore, we must
write Nhkl = FG7hkl + HCYhkl —}— AAC’?hkL where the last term is the addition-agent-
contribution to the total metallic overpotential.

The addition agent can affect the process of facet formation and/or the mode of
growth of the electro-deposit. There are many aspects of this problem and we shall
merly mention some possible ways in which addition agents act:
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(1) The kinetics of the hydrogen evolution reaction can be affected quite profoundly
by some addition agents?.8.. The latter can modify the heat of hydrogen adsorption
or introduce a spatial hindrance to hydrogen evolution through the sheer bulk of the
adsorbed addition-agent molecules. In either case, ufav. and therefore ucy is altered,
which in turn may cause texture changes.

(2) It is of great import that, even when huge macro-molecules are adsorbed on the
cathode, preferential facet formation and the development of growth textures has been
unambiguously observed?. It can be concluded therefore, that the adsorption does not
necessarily obliterate the differences in the growth velocities of different facets.
Further, the textures change as the bulk concentration of the addition agent is al-
tered2. This implies that there is an anisotropy in the adsorption of addition-agent
molecules — there being a differential adsorption on the different facets. Thus aacy
would be different on different single-crystal faces because of the variation in aacni,
the surface concentration of adsorbed addition agent on the face {hkl}. Further
aaclnm and sachnk would change with aacfav., the average surface concentration of
addition agent. aacOav. is related to the bulk concentration (aacC) through an ad-
sorption isotherm in which the statistical free-energy of adsorption is used. Hence
aacC affects aacnux and can therefore modify the texture. It may be noted here that
habit modification — a common phenomenon in crystallization from solution!¢ —
clearly indicates that the habit-modifier is not adsorbed to the same extent on differ-
ent crystal faces. Obviously there is a fine structure to the adsorption process.

(3) Further evidence of the complexity involved in the influence of addition agents
is the fact that all addition agents do not have the same effect. Differences in the sur-
face activity of different classes of organic compounds and of different compounds
within a class will have to be reckoned with. One indirect method of doing this would
be to carry out electro-capillary measurements with mercury and to extrapolate the
results on the basis of a scale of potentials which is a direct measure of the charge on
the electrode, for instance, the ¢-scales. When the added organic compounds give rise
in solution to charged ions, the charge on the cathode during electro-deposition is an
important factor. A nickel cathode, for instance, is charged negatively during depo-
sition and hence it is likely that cationic compounds are more easily adsorbed and
initiate changes in crystal growth and/or texture. This has been observed by DENISE
AND LEIDHEISER!L,

(4) When the total metallic overpotential increases considerably due to aac#, the
nucleation rate is also increased. Greater nucleation leads to a decrease in the girth of
the crystals, and the mode of growth can thereby be affected. Under certain circum-
stances, this can result in a change in preferred orientation.

(5) Finally, addition agents can modify the nature of growth in two further
ways (a) by complexing metal ions in solution, thus modifying the initial state in
the deposition process and (b) by getting reduced, the reduction product changing
the chemical composition of the cathode surface and thereby affecting the ener-
getics.

It is clear therefore that a definitive treatment of the problem is impossible at this
stage. What is obvious, however, is that preferred orientations can only be determined
with the aid of micrographs (optical and/or electron) of the deposit section and sur-
face, with surface activity measurements and lastly with studies on electrochemical
factors, such as cathode potential, cathode film, pH, current density etc.
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SUMMARY

This paper discusses the lines along which the proposed theory of texture develop-
ment (for nickel electro-deposits) can be extended to include (a) lateral growths, (b)
deposits of other metals and (c) deposits from adulterated baths.

It suggested that when deposits adopt the lateral mode of growth, the slowest-
growing {hkl} facets are formed — in the ideal case — parallel to the substrate. The
normal to these facets becomes the texture-axis. In practice, the {hkl} facets may
deviate from parallelism and the texture-axis then develops a scatter from its ideal
position.

The theory can be generalized to cover other metals by using the fact that surface
coverage with hydrogen atoms depends on the heat of hydrogen adsorption which
varies from metal to metal. Hence, the textures of Pb, Ag and Cu should correspond
more to free growth orientations, whereas those of Fe and Co should be coverage-de-
pendent like Ni.

The many ways in which addition agents can influence textures are indicated.
Addition agents can influence, for instance, the hydrogen evolution reaction, the nu-
cleation rate and the mode of growth. Their differential adsorption on different facets
and their surface activity are also discussed.
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Short Communication
Electro-oxidation followed by light emmission

Luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) is an example of a compound
which is sufficiently chemi-luminescencent to give a visible luminescence in alkaline
solutions which contain an oxidant and hydrogen peroxide or oxygen. An interesting
observation was made by HARVEY! in 1929, that luminescence could be initiated
at an anode when a solution of luminol containing oxygen was made alkaline.
Luminescence also appeared at a mercury cathode in alkaline luminol solutions1:2
apparently due to the reaction of luminol with the hydrogen peroxide which was
produced electrolytically. Solution chemi-luminescence which has been generated
purely by chemical means, has been intensively studied but the investigation of the
luminescence of luminol, produced electrochemically, hasnot received much attention
except for some anodic work at carbon electrodes3. The status of luminol chemi-
luminescence has been reviewed recently by WHITE4.

The purpose of the present paper is the following: (1) to indicate some of the
interesting aspects and reaction steps which occur in the electrolytic production of
luminescence from luminol in the presence and absence of oxygen and (2) suggest a
means for distinguishing the anodic potentials at which oxygen electro-generation
begins, during a concurrent process of platinum oxide formation and luminol oxida-
tion in alkaline solutions.

A quartz cell with 2-in. diameter windows was used in this study. The working
electrode was ca. 3 cm? bright platinum foil. The general cell configuration and
other necessary electrodes and circuitry used have been described previouslys:6.7.
An Electro-Instruments Model 101TB X-Y recorder was employed.

An anodic chronopotentiogram is shown in trace A of the figure, for the oxidation
of 10-3F luminol in 0.1 F NazCOs. The platinum electrode with platinum oxide on
the surface was precathodized to platinized platinum?® prior to the run. There are
three regions of interest on the chronopotentiogram. The first is region F which
corresponds to the potential range at which the initial oxidation of platinized platinum
to platinum oxide commenced. As the oxidation continued, the potential increased
until luminol was oxidized (region G). If oxygen was present in the solution, lumines-
cence appeared as soon as this region G was reached. Clearly, luminol must be oxidized
prior to reacting with oxygen to produce luminescence. In solutions which were
vigorously stirred, the intensity of luminescence was found to be proportional to the
rate of luminol electro-oxidation®.

Immediately following the anodic scan of trace A, the solution was stirred and
allowed to quiet. A cathodic chronopotentiogram of trace A’ was then obtained.
This cathodic wave is welldefined, and could not have arisen from the reduction of a
soluble product produced during the anodic scan of trace A as it would have been
swept into the solution from the electrode surface by the stirring process. The cathodic
chronopotentiogram could only be obtained, if the anodic scan was made first.
Similar cathodic chronopotentiograms were also found if the electrode was anodized
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in solutions of 0.1 F NasSO4 or 0.1 F NasCOs. These cathodic chronopotentiograms
are undoubtedly due to the reduction of platinum oxide. Traces B’, C' and D’ are
also cathodic chronopotentiograms which were obtained after varying periods of
anodic oxidation corresponding to traces, B, C, and D, respectively. Platinum oxide
formation appears to begin initially in the potential range of region F, and continues
with the concurrent oxidation of luminol in region G. The latter region is where
luminescence was first detected when the solution contained dissolved oxygen.

ELECTRODE POTENTIAL

le——10 SeC—

0 TIME

Chronopotentiograms for the oxidation of 10-3 Fluminol in 0.1 F NayCOs. Current, 400 uA.

A to D are anodic potential-time traces. Traces A’ to D’ are cathodic chronopotentiograms

run after the corresponding A to D anodic scans. Solution was stirred between the anodic and
cathodic runs. Trace E is light emission vs. potential, for chronopotentiogram B.

The relative intensity of luminescence is recorded as a function of the potential
for chronopotentiogram B and shown in trace E of the figure. As may be seen from
this trace, an immediate rise in luminescent intensity began as soon as region G was
reached. In this region, luminol was being oxidized and it is evident that the oxidized
luminol reacted rapidly with the oxygen present to produce luminescence. The
reaction probably takes place through a free radical chain process!%11. The emission
intensity continued to increase until a maximum was reached, and then decreased.
Another increase soon followed, however. This increase occurred in the same potential
region (region H) where luminescence first appeared, if oxygen was fofally absent
from the solution. If an anodic scan was made after the potential in region H was
maintained on the electrode for a period of time in well-degassed, stirred solutions
of luminol, luminescence then appeared in the potential range of region G. Oxygen
was apparently being generated into the solution during the electrolysis, at the
potential of region H, in sufficient quantities that luminescence appeared on the next
scan as soon as luminol was oxidized.
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It is usually difficult, and sometimes impossible, to distinguish the exact potentials
at which platinum oxide or oxygen formation begins or ends during a concurrent
oxidation process of an electro-active species. The regions of potential breaks found
for the anodic scan of the platinum electrode, in the presence of the background
electrolyte, have been conventionally taken as the places at which oxide formation
occurs. The potential range at which oxygen is being formed from either the oxidation
of water or hydroxyl ion (basic solutions), is usually taken as the region in which the
potential tends to level out and remain constant with time. These regions of oxide
and oxygen formation on platinum electrodes are seldom clearly defined. In the
oxidation process under discussion the potential at which oxygen formation began,
could be distinguished.

In NasCOs solutions of luminol, the amount of oxide formed, as ascertained from
the cathodic strip-out times, seemed to be proportional only to the total time of the
anodic electrolysis. The strip-out times approached a constant value at longer anodic
electrolysis times. Since instrumental sensitivity to the light emitted is high, a very
low concentration of luminol can be used for the study of oxide and oxygen formation
on platinum electrodes.

Cyclic voltammetry of 10-3 F luminol in 0.1 F NazCOs or K2COs solutions, showed
well-defined anodic peak-type waves for the oxidation of luminol. The solutions were
not degassed. The anodic scan limit used was +0.8 V. vs. S.C.E. The value of the
anodic halfpeak potential, Eps varied between +o.40 and 0.53 V. vs. S.C.E., and
was dependent on the amount of platinum oxide removed from the electrode surface
during the previous scan in the cathodic direction. A similar dependence of potential
for oxidation of a substance, on the oxide formed, has been observed by others!2.13,
No evidence of a reduction wave due to the oxidized luminol was found on the
cathodic scan.

If the signal from the photomultiplier tube, which monitored the light emission,
was recorded in place of the current on the Y-axis of the recorder during voltage
scan, identical peak-type traces were obtained. These traces were truly photo-voltage
curves and as such, may be appropriately called, photo-polarograms. The anodic
half-peak potentials showed the same dependence on the surface oxide (determined
by the potential limit in the cathodic direction) as the conventional current—voltage
curves. They differed, however, in the following respects:

(x) The cathodic wave due to platinum oxide reduction was no longer present,
since it was not a light-emitting reaction.

(2) If the potential limit of the cathodic scan was made less than —o.1 V us.
S.C.E., the peak height of the light emission decreased on the anodic cycle. This
decrease was caused by the depletion of oxygen near the electrode surface from the
oxygen reduction at potentials less than —o.1 V during the cathodic scan. There
was then less oxygen at the electrode to react with the oxidized luminol during the
anodic scan, and consequently, a lower peak height of emission was found. The
conventional current—voltage curves did not show such a peak-height decrease.
It appears therefore, that the luminol reaction may be used to delineate the potentials
of oxygen from platinum oxide reductions at the platinum electrode in basic carbonate
solutions.

The photo-polarograms were obtained in the present case, from a luminescent
reaction which was initiated by the electron-transfer process. It is expected that
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there are processes where luminescence may be produced directly from the electron-
transfer process itself. These may involve formation of excited molecules or ions in
the higher singlet or triplet states by the electron-transfer process. Nosuch phenom-
enon has so far been observed, however, for a heterogeneous electron-transfer

system.
A more detailed report of this work will appear shortly.
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REPORT

AUSTRALIAN ELECTROCHEMISTRY CONFERENCE

The first Australian Conference on Electrochemistry was held at the University of
New South Wales, Sydney, from 13th-15th February and at the University of Tas-
mania, Hobart, from 18th—zoth February, 1963. It was sponsored by the Royal
Australian Chemical Institute, The University of Tasmania, the University of New
South Wales, and 39 industrial companies based in Australia. With about 180 active
participants, it was by no means a large chemistry meeting. Nevertheless, the field
covered was extremely wide and a number of important contributions were made to
our knowledge of both reversible and irreversible processes. Some 18 countries were
represented by 26 overseas conferees.

The proceedings were divided into 12 sessions, 6 at each of the centres, and each ses-
sion began with the chariman’s address which was followed by 5 or 6 contributed pa-
pers. Mr. J. M. BUTLER, the chairman of the first session at Sydney on A pplications
(Electroplating, Anodizing), delivered a lecture on Electrochemistry in Industry in
which he surveyed the whole field. Then followed six papers dealing with the practical
side of electroplating; Electrolytic Tin Plating (J. LE Bas), Practical Applications of
Anodic Coating in Nameplate Manufacture (A. RAYMOND), Some Problems Associated
with Industrial Anodizing (R. D. Isaacs), Electrochemistry of Corrosion of Decorative
Ni—Cr Coatings (G. N. FLINT and S. H. MELBOURNE), Electroplating of Die-Cast Parts
(W. H. BurToN) and Electrodeposition from a Sulphamate Bath (T. L. RamMA CHAR).

The next session, Solid State Chemistry, was chaired by Dr. A. L. G. REEs who addres-
sed the Meeting on the subject Elementary Processes in Solid State Reactions. In this
he gave a most interesting account of the present state of the theory and in the 6
contributed papers that followed, a number of techniques such as electron diffraction,
surface potential, nuclear quadrupole resonance, and microscopic investigations were
applied to the problem of semiconductor surface structure and some other reactions
occurring at solid surfaces. D. HANEMAN (University of N.S.W.) discussed the effect
of solute ions at a semiconductor—electrolyte interface in disturbing surface bond or-
bitals. In two contributions from Melbourne University, J. R. ANDERsoON and N. ]J.
CLARK discussed the mechanism of the interaction of chlorine and of oxygen with evap-
orated sodium films, whilst P. J. TuisTLETHWAITE, K. R. TurnBULL and P. J.
FENsHAM considered the electrical properties of poly-crystalline oxide semiconductors.
Professor J. A. ALLEN (Newcastle University College) followed with an interesting
paper on the electrochemistry of the silver oxides with special reference to thermal
properties. :
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It was most unfortunate that Professor DELAHAY, the chairman of the session on Elec-
troanalytical Methods, was unable to attend the conference owing toa serious illness.
At short notice however, Professor W. H. REINMUTH deputised and gave an engaging
account of the advantages of using analogue amplifiers for tackling problems associat-
ed with electrode-solution interfaces. The talk was of particular interest to the less
electronically minded electrochemists. In three contributions from the University of
Sydney new developments in the use of a.c. polarography were described. The session
concluded with a number of papers concerned with analytical aspects of polarographic,
potentiometric, coulometric and spectrophotometric methods of investigation.

The next series of papers was concerned with corrosion. The chairman, Professor A. E.
JENKINS, addressed the meeting on the subject of Corrosion at High Temperatures. The
importance of equilibrium potential-pH diagrams in explaining some of the experi-
mental results of corrosion experiments and the use of potentiostats in such studies, was
discussed in two papers by M. POURBAIX and co-authors (Centre Belge de L'T:tude de
la Corrosion, Brussels). Potentiostatic methods also formed the basis of papersby W.
T.DenNHOLM (potentiostatic study of Fe-Cralloys) and A. E. Sussex (two applications
of potentiostatsin corrosion research). K. F. LORKING showed that in neutral solutions
of containing anions less polarisable than OH -, initiation and inhibition of the corrosion
iron could be explained in terms of anodic formation and chemical solution of the oxide.

Reversible processes were represented by a section dealing with the thermodynamics
of electrolytes, under the chairmanship of Professor R. O. STOKES. The chairman gave
a most stimulating account of multi-component systems with special reference to his
own extensive studies in the field. D. D. PERRIN and C. J. HAWKINS (Australian
National University, Canberra) discussed the oxidation-reduction potentials of some
copper complex ions especially in relation to their stereochemistry, and A. F. M.
BarTON and G. A. WRIGHT (Auckland University) described experiments using the
bismuth amalgam electrode designed to gain some insight into the thermodynamics of
Bi3+ion. The enthalpies and entropies of ion association involving bivalent transition
metal ions were discussed by G. H. NancoLLAs (Univeristy of Glasgow). L. LEIFER
and E. HoGrFELDT (M.I.T. and Royal Institute of Stockholm) suggested a most inter-
esting approach to the interpretation of the properties of concentrated electrolyte
solutions. Combining Hammett acidity functions with activity data, they were able
to show that the water activity at very high electrolyte concentrations is of prime
importance. An important contribution to the problem of hydration, salting-out and
dielectric saturation was made by Profesor B. E. CoNnwAY and J. E. DESNOYERS (Uni-
versity of Ottawa). These authors developed a theory of salting-out for poly-ions taking
into account dielectric saturation in the vicinity of the ions.

The chairman, Dr. J. R. MACDONALD, of the following session on the Theory of Double-
Layers spoke about equilibrium double-layer theories, and Professor CoNwaAY discussed
equilibrium and non-equilibrium theory of adsorption pseudo-capacitance (B. E.
CoNnwaY and E. GILEADI). In the latter paperit was shown that the study of pseudo-
capicitancecanlead to important information about the adsorption isotherm for the
intermediates and to relations involving the kinetics of the steps in the electrode reac-
tion.
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On Saturday, 16th February, the conference moved by various means of transport
down to Hobart where the weather was a good deal cooler and more pleasant, at least
for the British participants. The opening session on the Monday, Non-aqueous Elec-
trolytes, was presided over by Professor H. N. PARTON. He gave a most interesting ac-
count of the subject in his lecture on ions in non-aqueous solutions. Contributed papers
included: Voltage Current Characteristics of Benzene (E. O. FORSTER), The Behaviour
of Silver and Halide Ion Responsive Electrodes in Mixed Solvents (E. BisHop and R. G.
DHANESWHAR) and T7iple Ion Equilibria in Acetic Acid (R. J. L. MARTIN). In the last
paper Investigation of the Kinetic of Electrode Reactions of Organic Compounds. (M.
FrLeiscHMANN, I. N. PETROv and W. F. WYNNE-JoNESs), Professor Wynne-Jones
gave an elegant account of the possibilities of using controlled potential pulse elec-
trolysis to examine the detailed electrode processes.

A session dealing with molten salts indicated the range of interests covered by the
conference. Dr. G. W. MELLORS, the chairman, discussed the solvation of ions in mol-
ten salts. Contributed papers dealt with standard electrode potentials and the electro-
motive force series in molten MgCle—-NaCl-KCl (H. C. GAuranD and W. K. BEHL),
polarised electrode methods for the study of diffusion coefficients in fused salts (J. W.
TomLinsoN and C. A. ANGELL), potentiometric acid-base titrations in fused salts
(A. M. SHAMs EL DIN and A. A. A. GERGES), the surface tension of molten fluorides
(K. J. WILMHURST, S. SENDEROFF and G. W. MELLORS) and transport number meas-
urements (H. BLooM and A. J. EASTEAL).

In a special session on electrochemical processes, the chairman, Professor B. E. Con-
WwAY, spoke about the position of electrochemistry in up-to-date chemical physics and
physical chemistry. The contributed papers in this session covered a wide field ranging
from differential electrolytic potentiometry (E. BisHopP, R. G. DHANESWAR and G. D.
SHORT), to some biochemical aspects (M. J. ALLEN and M. NIicHOLSON). Professor
J. O’M BockRis in his paper on the structure of charged interfaces, put forward a
model of the electrical double-layer which involved a fixed layer of solvent between
solvated ions and the electrode surface. He also proposed a formulation of the double-
layer in terms of electrostatic forces only. Although this model explains some of the
observed phenomena, it obviously has a number of shortcomings which were debated
during a lively discussion.

Fuel cell electrochemists were catered for in an interesting session under the chairmain-
ship of Dr. R. A. WYNVEEN and contributed papers dealt mainly with the practical
problemsof cell constructionand possible electrode reactions. The work at the C.S.1.R.O.
Laboratories at Melbourne was described in two papers by H. R. SKEWEs and D. F.
A. KocH, and P. L. SPEDDING discussed fuel cell electrolytes. A session on electrode
processes began with a lecture by the chairman, Professor J. O'M. BoCkRIs, on Basic
Problems in Electrode Processes. The papers which followed dealt mainly with kinetic
aspects of the subject including a quantum mechanical treatment (S. G. CHRISTOV of
Bulgaria) and a discussion of the hydrogen evolution reaction (J. Hor1uti, A. MAT-
supa, N. Exvo and H. Kita of Hokkaido University).
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A final session of the conference on electro-winning and electro-refining was presided
over by Dr. N. E. RIcHARDs who spoke about some recent developments in the elec-
trolytic extraction of light metals. The papers which followed covered a variety of
aspects of the subject including surface properties of molten mixtures (H. BLoom
and B. W. Burrows) and the electrodeposition of zinc (two papers; one by I. W.
WARK and the other by G. C. BRATT and W. N. SMITH).

A visitor to Australia is immediately impressed by the tremendous potentialities of
the country. The meetings were held in the delightful new buildings of the Universities
of New South Wales and of Tasmania, and since the number of participants was rela-
tively small, there was ample opportunity for discussions outside the conferencehall.
Indeed it was this which made the conference as a whole so successful. The proceed-
ings of the conference will be published shortly by Pergamon Press Limited, and will
contain, in full, the chairmen’s addresses and all the contributed papers.

(Received May 14th, 1963) G. H. NaNcoLLAS
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Book Review

The Analysis of Titanium, Zirconium and their Alloys, par W. T. ELWELL et D. F.
Woobs, John Wiley and Sons Ltd., London 1961, 198 pp., 54 s.

Ce livre présente les derniers procédés utilisés réguliérement au laboratoire par les
auteurs dans le domaine de I'analyse du titane, du zirconium et de leurs alliages.

La premiére partie de I'ouvrage est consacrée aI'échantillonnage et I’on y insiste spé-
cialement sur les précautions & apporter aux opérations de machinage qui doivent
s’effectuer sans échauffement excessif, le titane finement divisé et surtout le zirconium
s’oxydant trés rapidement et étant, de plus, pyrophorique.

Quelques renseignements généraux sur les réactifs, la mise en solution etc. suivent
cette premiére partie.

Il serait fastidieux d’énumérer ensuite tous les éléments déterminés aussi bien dans
le titane que dans le zirconium, une trentaine dans chaque cas, par des méthodes
chimiques, ainsi que ceux déterminés par spectrographie. Dans la plupart des cas, les
méthodes utilisées pour le titane et pour le zirconium sont identiques, seuls quelques
détails qui sont d’ailleurs parfaitement décrits. Nous croyons utile de signaler les
méthodes plus spéciales appliquéesau dosage dur carbone, de I'hydrogéne, de 1'azote
et de 'oxygéne. On sait en effet combien il est important de pouvoir contrdler
exactement la teneur en ces éléments, les propriétés mécaniques des métaux purs
étant fortement influencées par leur variation.

Pour le carbone, trois procédés sont décrits; ils permettent de doser jusqu’a 0.019%,
de carbone dans le métal avec une précision de 10%,.

Pour I'hydrogéne, on utilise une méthode basée soit sur I'extraction du gaz par chauf-
fage du métal sous vide, soit sur la fusion réductrice du métal et la mesure succéquante
de I'hydrogéne (dans ce dernier cas I'oxygéne est dosé en plus sous forme de CO). La
premiére de ces méthodes permet de doser jusqu’a 0.005%, d’hydrogéne avec une préci-
sion de 69%,.
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L’azote est déterminé par le procédé Kjeldahl (réduction des nitrures en ammoniac
et distillation). La mesure se fait, soit par titration, soit par spectrophotométrie.

L’oxygeéne est dosé avec I'hydrogéne, par la méthode de fusion réductrice sous vide.
On atteint une teneurde 0.19, avec une précision de 10%,. Sil’on veut déterminer uni-
quement l'oxygéne, une méthode chimique simple peut étre utilisée.

La derniére partie de 'ouvrage est consacrée au dosage du hafmum et des autres
impuretés par la méthode spectrographique d’émission.

Quoique le livre contienne 58 références, les procédés analytiques sont extrémement
bien décrits. I1s’agit, en fait, d'un véritable manuel de laboratoire, trésutileauxanalys-
tes et presque indispensable a ceux que préoccupe 'analyse de matériaux utilisés en

énergie nucléaire.
P. MECHELYNK
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Announcement

COURSE IN ELECTROCHEMICAL ANALYSIS

A weeks course of post-graduate lectures will be held from Monday September gth to
Saturday September 14th. 1963, inclusive, in the Chemistry Department of the Sir John
Cass College, Aldgate, London. EC3.

Two lectures, followed by discussion, will be held between g.30 and 12.30. p.m. each
morning. The lectures will be given by Dr. K. E. Jonnson., Ph.D., (Lond), B.Sc.,
AR.CS., D.IC, and Mr. J. V. WEstwooD., M.Sc. (Lond)., F.R.I.C.

LECTURE SYLLABUS

Basic principles of electrode potentials, pu and Buffers. Potentiometric titrations,
direct, differential and automatic. Coulometric titrations. Conductometry and high
frequency titrations. Electrolysis—mass transfer processes. Charlots approach.
Polarography-theory and applications to aqueous, organic and molten salt systems.
Cathode ray and A.C. polarography, Amperometric titrations. Electrolysis at con-
trolled current and controlled potential. Internal electrolysis. Chronopotentiometry.
Kinetics of electrode processes.

COLLOQUIUM
The afternoon of September 13th will be devoted toa colloquium at which the following
distinguished visitors will give short talks to be followed by discussions.
Professor G. J. HILLs, on Electrochemistry of Molten Salts.
Dr. G. C. BARKER, on Radiofrequency Polarography.
Mr. E. BisHoP, on Differential Electrolytic Potentiometry.

This will be followed by an Informal Gathering of all members of the course and later
a Dinner. Invited members of the Press will also attend. A small exhibition of ap-
paratus and literature will be held during the course.

The Fee for the lecture course will be £7/—/—, which includes morning coffee, lunch
and admission to the colloquium, Informal Gathering and Dinner.

Applications for enrolment forms, or further enquiries, should be made to Mr. J. V.
WEesTWOoOD, Senior Lecturer in Physical Chemistry, as soon as possible, and before
September 1st. 1963.
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Infra-red Spectroscopy and Molecular
Structure
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X + 458 pages 4 index, 70 tables, 175 illus., 800 refs., July 1963, 75s.

Line Interference in Emission Spectrogra-
phic Analysis

A general emission spectrographic method, including

sensitivities of analytical lines and interfering lines

by J. Kroonen and D. Vader
viii + 213 pages, 1963, 60s.

Physical Aids to the Organic Chemist

by M. St. C. Flett
xii + 388 pages, 38 tables, 109 illus., 430 refs., 1962, 45s.

Characteristic Frequencies of Chemical

Groups in the Infra-red

by M. St. C. Flett
viii + 94 pages, 15 tables, 181 refs., September 1963, in the press

as a companion volume to Beynon’s very successful

MASS SPECTROMETRY AND ITS APPLICATIONS
TO ORGANIC CHEMISTRY

we have just published

Mass and Abundance Tables for Use in
Mass Spectrometry

by J. H. Beynon and A. E. Williams
with an introduction in English, German, French and Russian
xxii + 570 pages, June 1963, 80s.

ELSEVIER PUBLISHING COMPANY
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