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Abstract : An investigation was made of possible ways in which one could control the
relative rates of cadmium deposition and hydrogen evolution by binary additive systems.
Benzyl alcohol was employed as an additives due to its ability to form a hydrophobic film
which inhibit the electroreduction of water to form hydrogen. The second additive was
chosen to make the cadmium( [ ) ion less hydrophilic and increase its ability to cross the
hydrophobic benzyl alcohol film and be electrodeposited at the cathode. It was shown by
voltammetric and current efficiency studies that ion pairing and complexing additives could
be used to accelerate the reduction of cadmium in the presence of the benzyl alcohol film. It
was also shown that the benzyl alcohol film lowered the dielectric constant of the solution
near the electrode enough to obtain ion pairing between the sodium ion and the negative
chloride complex of cadmium and accelerate the reduction of the cadmium. This acceleration
did not occur in the sulfate solution in the absence of chloride since cadmium(l) is pri-
marily present as a positive aquo complex and ion pairing, if it occured, would not acceler-
ate but would hinder reduction of cadmium.
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1. Introduction

A series of studies have been made on the mech-
anism of action of additives in electrochemical proc-
esses in aqueous system. These mechanisms have
been summarized in several reviews.'”> The basic
model used in these studies is based on the fact
that the electrolysis involves at least two compet -
ing processes. Oxidation of organic compounds com-
petes with that of water, while electrodeposition of
metals competes with the evolution of hydrogen.
The additives have been employed as selective cat-
alysts and inhibitors of these competing processes
to enhance the electroylsis efficiency. It has been
shown that one can inbibit the oxidation of water
by the formation of hydrophobic film® ™ and the re-
duction of water by the formation of insoluble films
of inorganic compounds.'”™ ™ In addition it has been
shown that one can catalyze the electrodeposition
of metals by a various techniques.”’ Catalytic ef-
fects of additives could cause either decrease of the
reduction: potential of metal or increase of limiting
current.” ™"

The use of hydrophobic organic films in the oxi-
dation experiments was shown to increase the oxy-
gen evolution potential by 0.9V and under some cir-
cumstances by 1.7V*". This allows one to oxidize
various organic compounds in agqueous systems
that could not normally be oxidized in the absence
of these additives. The use of these hydrophobic ad-
ditives has not been very successful in the electror-
eduction of metals. The normal brighteners and re-
lated additives generally shift the hydrogen evol-
ution potential by only 0.2 to 0.3V", and additives
that cause large shift in the hydrogen reduction po-
tential also cause large shift of the cadmium re-
duction potential. It is expected that the metal, ion
in the aqueous system is bonded to water or a
hydrophilic ligand so that any hydrophobic layer
on the eiectrode will inhibit not only the water but
also the hydrophilic metal ion from approaching to

the electrode.

It was decided to investigate the use of binary
additive systems in the electrodeposition of metals.
One additive was selected to form a hydrophobic
layer on the cathode hindering the reduction of wat
er. The second additive was selected to interact
with the metal ion to form a species that aid in
making the metal ion more hydrophobic and thus
accelerat its migration through the film to the cat-
hode.

Cadmium( II) was chosen as the metal ion for
the study, because it formed a number of complex-
es, and in neutral solutions it was plated along
with appreciable amounts of hydrogen. Thus, chan-
ges in the ratio of hydrogen to cadmium deposited
could be readily observed. The primary goal was to
obtain an understanding of the behavior of systems
containing more than one additive. It is hoped that
one can eventually exted the hydrogen evolution po-
tential enough to be able to deposit some of the dif-
ficulty depositable refractory metals, such as ti-

tanium of molybdenum.

2. Experimental

Voltammetric measurements were used as the ex-
ploratory technique to determine the effect of the
additives on the evolution rate of hydrogen and the
deposition rate of cadmium. The voltammetic stud-
ies were followed with constant current or constant
potential-current efficiency measurements. The cur-
rent efficiency measurements gave a simple way of
showing the composite effect of the additive on the
relative reduction rate of hydrogen and cadmium
over a longer period of time.

Current-voltage curves were made using a PAR
polarographic analyzer. Current efficiency studies
were made with constant current power supplies.
The initial current-voltage measurements were
made with a platinum wire cathode however,
most of the measurements were made using a cad-
mium plated platinum cathode. Current efficiency

measurements were using copper foil cathodes(3.9~
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6.6cm?) and platinum, anodes. In the voltammetric
experiments a saturated calomel reference electrode
was used.

A preliminary study was made on the effect of
sulfonates, nitriles and various surfactants on the
potential of the hydrogen evolution on a cadmium
plated electrode in neutral solutions in order to
find additives which would block the cathode sur-
face enough to cause appreciable shifts in the hy-
drogen evolution potential. In agreement with pre-
vious work'", most of these compounds caused po-
tential shifts of approximately 0.2V. But benzyl al-
cohol showed and appreciable potential shift of 0.6V
in cathodic direction, indicating that this com-
pound {ormed a hydrophobic barrier to reduction of
water. Therefore it was chosen for further investi-

gation as a general blocking agent.

3. Results and Discussions

3.1. lon Pairing
Negatively charged anionic complexes of cad-
mium have an energy barrier to adsorption on the

cathode. It has been shown'™'"

that ion pairing of
the complexes with positively charged quarternary
ammonium ions reduce the repulsion between the
anionic complex and cathode and thus accelerated
the reduction rate of cadmium( 1l ). The ion pairing
also decreases the hydrophilic nature of the cad-
mium ion and thus would be expected to enhance
the solubility of the cadmium chloride complex in
the adsorbed benzyl alcohol layer and, as a result,
should increase the rate of reduction of the cad-
mium.

Fig. | shows the effect of tetramethylammonium
chloride(TMAC) on the current-voltage curve for
the reduction of cadmium chloride complex. It can
be seen that, in agreement with the observation

15, 16

made in the absence of the film ™", the limiting cur-

rent for cadmium reduction was higher in the pres-
ence of TMAC. However, when tetrabutyl am-
chloride{(TBAC) substituted for

moniurn was
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Fig. 1. Current-voltage curves for the reduction of
5mM cadmium nitrate in (.1M sodium chloride in
the presence of (A) 58mM benzyl alcohol and (B)
58mM benzy! alcohol plus 0.12mM tetramethyl am-
monium chloride(TMAC).
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Fig. 2. Current-voltage curves for the reduction of
5mM cadmium nitrate in 0.IM sodium chloride on a
cadmium plated platinum cathode in the presence of
(A) 5.8mM benzyl alcohol and (B) 5.8mM benzyl al-
cohol plus 22mM TBAB.

TMAC a distinct difference was observed. In the
absence of the film it had been observed that tet-
ramethylammonium(TMA), tetrabutylammonium
(TBA), and tetraethylammonium(TEA) ions accel-
erated the reduction of negatively charged complex-

1516 .

es of cadmium . however, in the presence of the

film, tetrabutylammonium ion did not accelerate
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Table 1. The Effect of Quarternary Ammonium Salts
on the Current Efficiencies for Electrodeposition of
Cadmium on Copper in a 100mL 5mM Cadmium Ni-
trate Solution in 0.01M Sodium Chloride at 50mM
for lhr.

Amts. of Additives Present | Current Efficiency(%)
107" mol)
0.048 BzOH 48.9
(.048-BzOH, 0.01 TBAB* 43.7
0.048-BzOH, 0.01TMAC** 54.3

* TBAB : Tetrabutylammonium bromide
** TMAC : Tetramethylammonium chloride

the reduction of cadmium ion. In fact, as indicated
by the decrease in the reduction current in Fig. 2,
it inhibits the reduction of the metal ion.

Similar results were observed in the current ef-
ficiency measurements. Thble 1 shows that addition
of TMAC increases the current efficiency while ad-
dition of TBAB causes decreases in the current ef-
ficiency. Apparently, the benzyl alcohol film blocks
the migration of the larger TBA-cadmium chloride
jon pair to the electrode while the smaller
TMA cadmium chloride ion pair migrates readily

to the electrode.

3.2. The effect of the benzyl alcohol on ion pairing.

The attraction force involved in ion pairing is
generally treated as a coulombic interaction in whi-
ch the force of attraction is inversely proportional
to the dielectric constant. One can increase the for-
ce of attraction between the ions by a low dielectric
constant medium. The effect of the lowering of the
dielectric constant of the solvent on ion pairing ef-
fects in electrodeposition has been demonstrated.”
Even though benzyl alcohol is treated as an inert
hydrophobic filming agent it also causes a decrease
in the dielectric constant near the electrode. In Fig.
3 one can see from the current-voltage curve that

the formation of benzyl alcohol film in the cad-
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Fig. 3. Current-voltage reduction curves obtained in
0.IM sodium chloride containing (A) 10mM cad-
mium chloride and (B) 10mM cadmium chloride con-
taining 9.6mM benzyl alcohol.

mium( [ )-sodium chloride media causes an increase
in the limiting current for deposition of cadmium.
It was concluded that this increase occurs because
of an increase in ion pairing between the sodium
ion and the negative chloride complex in the low di-
electric constant benzyl alcohol film, decreasing the
repulsion between the cathode and the negative cad-
mium chloride complex.

Fig. 4 shows the effect of concentration of benzyl
alcohol on the current efficiency. Since water is not
a charged ion there are no ion pairing effects invol-
ved in the reduction of water. Thus one expects to
observe an increase in the current efficiency as the
amount of benzyl alcohol adsorbed on the cathode
increases, and one can see that this is exactly what
occurs at low concentrations of the alcohol. At
some point the electrode becomes completely cov-
ered with the film and begins to block cadmium
ions. A decrease in the current efficiency which beg-
ins at 7.2mM benzyl alcohol is interpreted as being
related to complete coverage ; at concentrations

higher than 9.6mM the current efficiencies became
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Fig. 4. The effect of benzyl alcohol on the current ef-
ficiencies for electrodeposition of cadmium on a cop-
per cathode with a platinum anode from 100ml of a
solution containing (.01M cadmium chloride, and 0.
10M sodium chloride at 50mA for 60min.

approximately constant indicating that one is for-
ming multilayers, and thus the dielectric constant
at the electrode surface did not change appreciably.

In an aqueous sulfate system, the sulfate, which
is a weak complexing agent, does not strongly com-
plex with cadmium( II) and, as a result, cadmium
(1) is present primarily as a positive aquated com
plex. Ther+ is no repulsive barrier bet ween the cat-
hode and the positive ion. When ion pairing occurs,
if 1t has any effect, it will inhibit the deposition of
cadmium", and one will observe a decrease in the

current efficiency. The is seen in Fig. b.

3.3. Complexing Agents

Much work has been done on the use of high ion
concentrations of complexing agents in plating in
aqueous solutions. In these systems the complex

ions formed are thermodynamically more stable
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Fig. 5. The effect of benzyl alcohol on the current ef-
ficiencies for electrodeposition of cadmium on a cop-
per cathode using a platinum anode from 100ml of a
solution containing 0.01M cadmium sulfate and (.10
M sodium sulfate at 50mA for 60min.

than in the aqueous complex. The reduction poten-
tial shift in the cathodic direction as the complex
is formed indicates the increased barrier to re-
duction. Complexing agents are especially used in
electrodeposition from basic solutions in order to
prevent precipitation of metal hydroxides. In ad-
dition, many of the complexing agents are organic
compounds with hydrophobic groups and it was felt
that this increased hydrophobicity might increase
transport across the hydrophobic barrier even at
very low concentrations.

Ethylene diamine, H:NCH:CH:NH:(EDA), for-
ms complexes with a number of transition metal
ions including cadmium( 1) in which the two am-
ine groups replace water ligands. In the case in
which both amino groups are bonded to the metal,
Fig. 6, it is obvious from the structure that the

hydrophobic ethylene groups will make the ion
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Fig. 6. A sketch of the structure of the complex Cd
(EDA)t 1)

Tuble 2. The Effect of Benzyl Alcohol on the Current
Efficiency for Cadmium Deposition in an Ethylene
Diamine Solution(Experimental Conditions : (.04M
H:80:, imM Cd(NO.):, 0.12M Ethylene Diamine .
Controlled Potential, —2.04V for 40min., Cd Plated
Platinurn Cathode(0.4cm?), Pt Anode(5.4cm?) SCE
Reference Electrode).

Additive Current Efficiency(%5)

None 24.0%

o Lo
52.5%,

5.8mM benzyl Alcohol

more hydrophobic.

All the current efficiency experiments had to be
performed in the presence of the complexing agent,
so that the metal ion would not precipitate in the
basic solutions. Tuble 2 shows the effect of benzyl
alcohol on the current efficiency in a solution con-
taining amine. It can be seen that benzyl alcohol
caused an appreciable rise in the current efficiency,
indicating that benzyl alcohol markedly inhibits
the evolution of hydrogen but does not appreciably
inhibit the rate of reduction of the cadmium([l)

ethylerie diamine complex.
4. Conclusions

The results presented here indicate that in some

binary additive systems one can visualize the ac-

tion of some additives as hydrophobic films that
repulse the hydrophilic water and hydrated or lig-
ated metal ions. Other additives can be chosen to
interact with the hydrophilic metal ions producting
less hydrophilic species that will more readily mi-
grate across the hydrophobic film and thus acceler-

ate the reduction of these ions.
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