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On the electrodeposition of hard gold
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The electrodeposition of hard gold in layers of 2 um was investigated. The electrolyte was an acid citrate
bath (pH 3-5) with cobalt as an additive. A flow cell allowed a controlled variation of the hydrodynamic
conditions. The following features were examined quantitatively in the experiments: the current
efficiency for gold deposition (10-30%), the carbon and cobalt content, as well as the porosity of the
deposits, and the morphology [by scanning electron microscope (SEM)]. Above 50mA cm™ the depo-
sition of gold and to a minor extent the incorporation of cobalt become mass transport limited (with
certain complications resulting from the complex nature of the diffusion layer). The influence observed
below 50mA cm™? seems to be due to the synergic effect of the transport controlled reduction of
dissolved oxygen. A simple qualitative model for the incorporation of carbon is proposed. The substan-
tia] decrease in current efficiency observed upon the addition of cobalt to the bath is probably caused
both by a decrease of the hydrogen overpotential and by an increase of the overpotential for gold depo-
sition. From the viewpoint of technical application, the most relevant result, is the substantial decrease
in porosity at decreasing current density (c.d.) and increasing flow rate.

Nomenclature (Re) Reynolds number vD,, /v
(S¢)  Schmidt number »/D
Ceo interfacial concentration (mol m ™) (Sh)  Sherwood number kDy,/D
Co bulk concentration (mol m™)
D diffusion coefficient (m?s™) 1. Introduction
Dy, hydraulic diameter (m)
F Faraday’s constant (96 500 C equiv.™") It is estimated that 121 tons of gold were electro-
jauw  partial c.d. of gold deposition (A m™?) deposited in the world in 1970 for application in
jeo  partial c.d. of cobalt deposition (A m™?) electronics [1]. The improvement of the properties
JL limiting c.d. for gold deposition (Am™) of these deposits or the possibility of retaining the
ju partial c.d. for hydrogen evolution (Am™2)  desired specifications with thinner deposits is of
Ji total c.d. jpay +jg (Am™?) great practical importance. Numerous studies have
Ju,o0* c.d.defined by Equation 7 been devoted to this problem (for a review see
keyp experimental mass transfer coefficient [2-4]). Recently, pulse electrolysis has also been
(ms™) applied. In our laboratory a systematic study with
kg mass transfer coefficient for gas stirring this method was made. The results have been
alone (ms™) briefly reported in {6] and will be discussed in
ky overall mass transfer coefficient (ms™) more detail in a later communication [7]. To
ky mass transfer coefficient for stirring by facilitate the interpretation of the measurements,
hydrodynamic flow alone (m s™1) they were carried out under controllable hydro-
1% flow velocity of solution (ms™) dynamic conditions, allowing a quantitative treat-
z charge number of electrode reaction (equiv. ment of mass transport. To achieve a valid com-
mol™) parison with d.c. experiments the latter should be
v kinematic viscosity (m?s™") carried out with similar precautions. We have thus
w angular velocity (rads™) studied first certain aspects of the electrodepo-
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sition of gold with d.c. under controllable hydro-
dynamic conditions. The results are reported in
this paper.

An acid citrate solution with addition of cobalt
was used. This is one of the most commonly em-
ployed baths in gold plating. Several authors have
reported that the deposits contain considerable
amounts of foreign material (carbon, cobalt,
hydrogen, oxygen etc.). In the present study we
investigated, as a function of current density and
hydrodynamic flow rate, the carbon and cobalt
contents as well as a practically important property,
the porosity. Further, the morphology of the gold
coating was investigated by a scanning electron
microscope (SEM).

2. Experimental technique
2.1. Electrolytic cell

The flow cell is sketched on Fig. 1. The solution
flow velocity through a channel of 70 cm length
was adjusted from 30-150cms™ . The dimensions
of the cross-section were 2 x 0-5 cm, the entrance
length was 40 cm. The solution was recycled
through a circuit including a thermostat, a rota-
meter, a filter and a pump. The cell and the circuit

were constructed from hard PVC and glass, respec-

tively. The two electrodes were 14 cm in length
(in the direction of the stream) and 2 cm in
breadth (thus completely covering the channel
width). They were 0-5 cm apart. This arrangement
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Fig. 1. Electrolytic flow cell.

ensures defined hydrodynamic conditions as well
as a uniform primary and secondary current distri-
bution. The uniformity of the coating thickness
was checked by means of a betascope.

The anode was of platinized titanium, the cath-
ode was a 50 um thick foil of bright copper sup-
ported by the mobile block. It was made electro-
lytically and prepared as follows. The foil was first
dipped into a 1-5M KCN solution and rinsed with
water. Then it was cathodically degreased in a
commercial bath (Enbond 160) at 60° C and a
current density of approximately 150 mA cm™2,
Finally it was etched with 5 M HCl and thoroughly
rinsed with distilled water.

The block with the cathode could be inserted
into the cell and tightened rapidly so that the
cleaned electrode had no time to dry up before it
came into contact with the plating solution. All
experiments were carried out under constant
current conditions. The temperature was kept at
27°C+0:5°C.

2.2. Plating solution

The composition of the electrolyte was: -

KAu(CN), 15gdm™

Citric acid 50g dm™®

Cobalt (added as acetate) 0-07gdm™

pH (adjusted with KOH) 35
Unless otherwise indicated all experiments were
carried-out with this solution, which will be re-
ferred to as the DUOR bath. Upon use the bath
ages and becomes yellow. According to the litera-
ture [8] this is due to the formation of
[Co(CN)6]3~ which does not react at the cathode.
The solution was renewed after the gold content
had dropped to 95% of its original value. No sig-
nificant colour change was observed within this
period.

To ascertain that the ageing of the solution
does not vitiate the results two sequences of
experiments were usually carried out, one at in-
creasing, the other at decreasing current density.

2.3. Measurement procedures

2.3.1. The carbon content. The carbon content
of the deposit was determined by combustion,
and thus converting the carbon to CO, which was
measured by coulometric titration [9].
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2.3.2. The cobait content. The cobalt content was
measured by atomic absorption spectroscopy.

2.3.3. The current efficiency. The current efficiency
for gold deposition was determined by weighing
the deposit before and after plating.

2.3.4. The porosity. The porosity was determined
with the SO, test [10, 11]. In this technique the
deposit is exposed during 24 hours to an atmos-
phere of 10% SO, which is formed by a slow
chemical reaction of sulphuric acid with sodium
thiosulphate. The transversal pores appear as sharp
brown spots which can be counted.

2.3.5. Morphology. To investigate the morphology
of the deposits pictures were taken with a scanning
electron microscope.

The experimental technique and the results ob-
tained are described in more detail in [12].

3. Mass transport considerations and
measurements

The mass transport characteristics of the flow
system were tested in the usual way [13] by
measuring the limiting current of the reduction
of ferricyanide at a nickel cathode in a KOH
solution. The flow velocity was varied from 30—
150cms™, (corresponding to Reynolds numbers,
(Re), of 2900-13 400 based on the hydraulic
diameter) and was within the turbulent range.
The results were in good agreement with the
correlation proposed by Pickett and Ong [14]:

(Sh) = 0-023(Re)*2(Sc)!”3.

For our gold plating bath (see Section 2.2) the

kinematic viscosity » at 27° C was 0-009 16 cm?
-1

st

®

The diffusion coefficient D of the gold species
was determined with a rotating disc cathode. How-
ever, owing to the hydrogen evolution, no limiting
current plateau was discernible. Another method,
used by Cheh [15] was thus followed. A current
substantially higher than the limiting current was
applied and the deposit obtained on a platinum
disc after a certain time of deposition was anodi-
cally redissolved in 0-1 M KCN solution™; the

* The deposition c.d. was 250 mA cm™? and the dis-
solution c.d. 6 mA cm™2,

amount of electricity needed for the redissolution
yielded, upon division by time, the average limit-
ing c.d. of gold deposition, f;,. The diffusion coef-
ficient can then be calculated from the classical
relationship [16]

jL — 0,622FD2/3COD—1/6w1/2

)

where the charge number of the electrode reaction
z is equal to one. A plot of j;, against w2 yielded
a line which was not straight and the extrapolation
of which crossed the ordinate at a value of j, sub-
stantially larger than zero. This behaviour can poss-
ibly be explained by the relatively intense hydro-
gen evolution during the gold deposition. Two
effects arise from this: (a) the acceleration of mass
transport (however, this influence decays at high
rotation speeds) (b) the hydrogen bubbles block
part of the surface, thus decreasing the measured
J1,- The measurements made at the highest and
lowest speeds used (100 and 10tevs™), yielded

D values of 0-50 and 1-2 x 10™% cm? 571, respec-
tively. In view of this scatter in the results further
measurements were made with a more diluted gold
bath used by Cheh [15] similar to ours [KAu(CN),
1-:3gdm™, (NH,),HCcH;0, 50g dm™3, pH 5].
The deposition and dissolution current densities
were 16 and 6 mA cm ™2, respectively. The hydro-
gen evolution was thus less intense and indeed

the plot of jy, versus w!? was now a straight line
going through the origin and yielding a diffusion
coefficient of 0-74 x 1075 cm? s™! at 27° C. This
is in good agreement with the value of 1-67 x 1075
cm?s™! reported by Cheh [15] for 60°C if we
assume a typical temperature coefficient of 2.5%
per degree. However, our results are at variance
with the data of Kekovskii et al. [17] who ob-
tained with the porous cup method 1-6 x 1075
cm? 57! at 25° C for infinite dilution. This dis-
crepancy may be linked with the complex nature
of the diffusion layer in our system.

The presently accepted view [8] is that the
gold complex predominating in baths of the acid
citrate type, like ours, is Au(CN);. However,
according to Harrison and Thompson [18] and to
Burrows et al. [19] the electrode reaction involves
the adsorption of AuCN i.e. the homogeneous

pre-reaction
Au(CN); — Au(CN) + CN~ 3)

takes place in the diffusion layer. Further CN”ions
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are liberated by the reduction of Au(CN) at the
cathode. These CN™ions react with the protons of
the buffer

H,0* + CN™ <>HCN + H, 0. @

The diffusion layer is thus depleted with respect
to gold and enriched with respect to CN™. Further,
owing to the hydrogen evolution the citric acid
concentration tends to be lower and the pH higher
near the electrode than in the bulk electrolyte.

The diffusion coefficient measured is thus an
effective value [20] which represents some average
of the values for Au(CN); and Au(CN). Even if
Reactions 3 and 4 are at equilibrium (i.e. if the
diffusion layer is at equilibrium) there is a shift in
the concentration ratio Au(CN)z/Au(CN) across
the diffusion path. Even at a given bulk concen-
tration there may thus be some variation of D
depending on the circumstances. It is thus best to
use effective diffusion coefficients measured under
conditions as close as possible to those at hand
[20]. In our case this means that values measured
with a rotating disc electrode are expected to be
better suited than those obtained by the porous
cup method. In the following calculation we will
use the value of 074 x 1075 em? s™* obtained
with the electrolyte used by Cheh; this value is
between the scattered results measured in the
DUOR bath under concomitant strong hydrogen
evolution.

With this diffusion coefficient one obtains for
our flow cell from Equation 1 mass transfer coef-
ficients k, of 0-001 34 and 0-0046 cms™ for
Reynolds numbers of 2900 and 13 400, respec-
tively. In addition to this calculation, which dis-
regards the influence of gas stirring, the latter must
be evaluated. The mass transfer coefficient due to

hydrogen evolution in acid solutions, k,, can be
calculated from a correlation given by Ibl and
Venczel [21, 22] . We assume a degree of surface
coverage by the gas bubbles of 0-2 and an average
bubble diameter of 0-35mm [21, 22]. The current
efficiency for gold deposition was between 10~
30% (Fig. 4a). We thus calculate k, for an average
current efficiency for hydrogen evolution of 75%
and obtain for total c.d.’s, j;, of 10 and

150 mA cm™2 k, values of 0-0008 and

0-0031 cms™*, respectively. In the low c.d. range
of this study &, is substantially smaller than k,
and does not strongly influence the mass transport,
especially at the high flow rates. However, in the
high c.d. range k, is of the same order as k, or
even larger. Under these conditions an accurate
calculation of the mass transport rate is not
possible. Approximate correlations allowing an
estimate of the overall mass transport coefficient
k, under concomitant stirring by gas evolution and
by a hydrodynamic flow have been given. We use
the relationship [23]

ky = (k% +k2)"? )

and obtain for the mass transport coefficients of
gold deposition in our flow cell the values given in
Table 1. The agreement between the calculated
and the observed values for k; can be regarded as
fair. It is also of interest to estimate the change in
pH across the diffusion layer, which occurs due to
the liberated cyanide ions when the gold complex
is discharged and due to the deposition of hydro-
gen, ie.

CN™ + H;0" <™ HCN + H,0

2H,0* + 2¢” <>H, + 2H,0.

@
©

The consumption of protons originating from the

and

Table 1. Calculated and experimental overall mass transfer coefficients (cm s~ ) for gold depo-
sition. The figures in parenthesis are the experimental values derived from the plateaus of Fig. 5a

(see Section 5)

(Re) ke ke Kexp
(y=10mAcm™?) (3 =150mAcm?) (y =150mAcm™?)
2900 0-0015 0-0034* (0-0023)*
6550 0-0026 00042 (0-0039)
9650 0-0036 0-0047 (0-0054)
13400 0-0047 0-0055 (0-0066)

* ki and kgxp for 100mA cm™ (no experiments at 150 mA cm™? were made due to powder

formation).
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citric acid can thus be described in terms of a c.d.
Ju, 0%

@

ju,0* = 2jau tiu.

Owing to the relatively small dissociation con-
stants of the citric acid (pK, 3-1, 4-8 and 54
at 25° C) we may approximate the supply of
protons to the cathode by considering only their
transport as undissociated acid. In view of the
approximative character of the calculation it is
further justified to assume the same diffusion
coefficient for citric acid as for the gold species
(a value of 0:65 x 1075 ¢cm? s™* for a 0-23 M solu-
tion of citric acid at 18° C is given in the literature
[24]). We thus can calculate k; of the citric acid in
the same way as we have done for gold in Table 1.
We assume all homogeneous reactions involved
such as Reaction 4 to be fast compared to dif-
fusion. The interfacial concentration ¢, can be
computed from the relationship:

(8)

where jy_ o+ is defined by Equation 7. One finds
that ce/c, varies between 0-31--0-96 for j; values
of 100mA cm™ [(Re) = 2900] and 10mA cm™
[(Re) = 13400] , respectively.

It can thus be said that at c.d.’s up to 10mA
cm™? there is no significant change in pH across
the diffusion layer. In the case of high c.d. there
might be a considerable increase of the pH in the
vicinity of the electrode, leading to a strong in-
fluence on the deposition characteristics. Several
authors reported that an increase of the pH in the
plating bath decreases the cobalt content of the
deposit and virtually eliminates the cobalt if the
pH exceeds a value of ~ 5-5 [8, 32].

Celco = 1—ju,o0v/2Fcok;

Fig. 2. Total current potential curve at rotating
copper disc for various speeds of rotation.

4. Current—voltage curves

Fig. 2 shows total current-potential curves in the
region of low d.c. They were taken with a rotating
disc electrode at various speeds of rotation using a
continuously increasing current at a scanning rate
of 1mVs™. To investigate whether the limiting
current plateaus are due to the reduction of dis-
solved oxygen or to the diffusion controlled dis-
charge of a cobalt species, current—-potential curves

80— N

(Re) 9650

mA/cm2
T
1

o with cobalt

e without cobalt

~
=)
I

partial hydrogen c.d.,
T

partial goid c¢.d.

ol \ |
500 1000 EN -1200

electrode potential vs SCE, mV

Fig. 3. Partial current density— potential curves for gold '
and hydrogen discharge in the DUOR bath with and
without Co additive.
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were taken in a solution with tenfold increased
cobalt concentration (0-69 g dm ™). No significant
change of the height of the plateau was observed.
This, together with the fact that the plateaus dis-
appeared when the oxygen was removed by
bubbling nitrogen through the solution gives strong
evidence for oxygen discharge being responsible
for the limiting current plateaus.

The reduction of oxygen governed by mass
transport explains the decrease in current ef-
ficiency for the gold deposition with increasing
Reynolds numbers in the low c.d. range (see
Section 7.3.4). Fig. 3 shows the partial current
density-potential curves for gold and hydrogen
discharge, respectively. They were obtained by
measuring the cathode potential (with a Luggin
capillary against a reference electrode) at a given
total current density j; and by determining the
current efficiency for gold from the weight differ-
ence before and after plating.* It was assumed that
the partial c.d. for hydrogen discharge can be ex-

pressed as jy5 = j; —jau. The figure provides a
comparison between the behaviour of the DUOR
bath with and without cobalt additive.

5. Current efficiency and rate of
metal deposition

Fig. 4a shows the current efficiency of gold depo-
sition as a function of total ¢.d. for various flow
velocities. Curves going through a maximum were
also obtained for a DUOR bath without cobalt
additive but the current efficiencies were much
higher, especially in the low c.d. range. Fig. 4b
shows the current efficiency as a function of flow
rate for a bath with cobalt. From the measured
current efficiency the rate of gold deposition was
calculated and plotted in Fig, 5b as a function of
flow velocity. The various curves correspond to
various total current densities. Very similar curves
were obtained for a DUOR bath without cobalt.
The knowledge of the current efficiency

current efficiency for gold,

|
100

(a) total current density, mA/cm?

150

%

Y, for gold,

2 mA/cm
10 "

current efficienc

current densities

Fig. 4(a) Current efficiency as a function

!
0 50 100
(b} flow rate,

* Unpublished experiments of Dr J. Bielinski (Warsaw
Technical University, Poland) carried out in our labor-
atory.

cm/s

of total current density. (b) Current
efficiency as a function of flow velocity.

|
150
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galvanostatic electrolysis in such a way that
deposits of the same thickness (2 um) were ob-
tained for all experiments in the following section.
The figures show the average current efficiencies
and carbon contents for 5 and 3 measurements,
respectively.

6. Measurements of porosity and of the
incorporation of foreign substances

On Fig. 6 is plotted the porosity as a function of
flow velocity for various total current densities.
Figs. 7 and 8 show the carbon and cobalt contents
of the deposit as a function of total current den-
sity for different flow velocities. All the quantities
measured depend markedly on both variables
studied, c.d. and (Re). The curves for the carbon
and cobalt contents exhibit a maximum which is
reached at increasing c.d.’s with increasing flow
velocity. The carbon contents are remarkably high. Fig. 6. Porosity as a function of (Re).
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The largest observed value, expressed in mol%
C/Au is 8%. The highest cobalt content is about
2mol% as compared to a molar ratio of cobalt-
to-gold in the solution of 0-023.

From the viewpoint of the properties of the
electroplate the amount of foreign material in the
deposit is of importance. However, in the context
of a comparison with mass transport theory the

relevant quantity is the rate of incorporation of
cobalt and carbon, i.e. their interfacial flux den-
sities in the solution. These rates were calculated
from the amount of Co and C contained in the
deposit. The results are plotted in Figs. 9 and 10
as a function of total c.d. and flow velocity,
respectively.
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7. Discussion
7.1. Comparison with results of other authors

The porosity of gold deposits has been studied by
Clarke [25, 26] for solutions different from ours.
The dependence on c.d. exhibited a minimum
whereas in our case the porosity steadily decreases
with decreasing c.d. Similar results to ours were
obtained by Ashurst and Neale [27]. They also
found the least porosity at low ¢.d. and high
agitation rate. Early measurements of the quantity
of carbon present in gold electroplates were made
by Egan [28] and Munier [29]. Detailed studies
of the carbon and cobalt contents were made by
Holt et al. [30-32] and Knodler [8]. The latter
also measured the amount of incorporated hydro-
gen, nitrogen and oxygen. The content of all these
foreign substances in the deposit markedly in-
creases if cobalt is present in the solution.

mA/cmZ

cobalt as a function of total current
density.

The cobalt and carbon content was found to
substantially depend on the pH of the plating solu-
tion, on the temperature, and on the c.d. Experi-
ments on the influence of stirring were performed
by Holt et al. [30] but no systematic study was
made. The results of the present work show that
the intensity of agitation is a further important
variable.

Holt et al. [30] and Knodler [8] found for an
acid citrate bath (pH 3-5-4) that the carbon con-
tent plotted as a function of c.d. goes through a
maximum at about 10-20 mA cm™?2. This is in
agreement with our findings (Fig. 9) for a flow
velocity of 30 cms™ [(Re) = 2900] where the
intensity of agitation was probably close to that
prevailing in the baths of the aforementioned
authors, in which stirring was due to hydrogen
gvolution only (see Section 3). The carbon
contents at the maximum reported by Knodler [8]
and Holt [30] (0-3 and 0-2 wt%, respectively) are
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somewhat smaller than our value (0-45 wt%), but
the order of magnitude is the same and it is to be
noted that the concentrations of the bath were
somewhat different from ours. In particular, the
cobalt content of Knoddler’s bath was substantially
higher than ours (0-5 against 0-07 gdm™3) but
according to this author’s findings the carbon
content of the deposit varies little with cobalt
concentration in baths higher than 0-1 gdm 3.
The drop in current efficiency observed by us
at high c.d. had also been reported by Holt and
Stanyer [31] and Holt [32]. On the other hand,
Knodler, like ourselves (Fig. 8) has found a maxi-
mum in the plot of cobalt content versus c.d. at

about 10-20mA cm™? (Fig. 6 in [8]). The numeri-

cal value measured by him (Fig. 9 of [8]) at 10
mA cm™? with a bath containing 0-1 g dm™ cobalt
(but somewhat less gold than ours) was smaller
than our result (0-22 against 0-32 wt% at (Re) =
2900). By and large, however, it can be said that
inasmuch as the results are comparable there is a
fair agreement between our measurements and
those of Holt et al. and of Knddler.

7.2. Influence of codeposition of cobalt on
hydrogen evolution

Both our results and those of Knodler [8] have
shown that the current efficiency of gold depo-
sition substantially decreases when cobalt is added
to the bath. The actual differences in overpotential
(Fig. 3) are small and are not much outside of the
reproducibility limits of the experiments. It still
seems that the decrease in current efficiency
through the cobalt additive is caused by the fact
that the hydrogen overpotential decreases whereas
that for gold deposition increases. The latter may
be due to an inhibition of the crystallization by
carbon, the incorporation of which is greatly en-
hanced by the cobalt additive. We will return to
this topic in a later paper [7] where we will dis-
cuss the peculiarities of the morphology of the
deposits obtained by pulse electrolysis.

The inhibition of electrocrystallization in
general is a well-known phenomenon which has
been reviewed comprehensively by Fischer [43].

7.3. Mass transport effects

7.3.1. General remarks. A striking feature of our

results is the considerable influence of flow vel-
ocity, i.e. the sensitivity to mass transport. This
applies to the porosity (Fig. 6), to the current
efficiency (Fig. 4b) as well as to the carbon and
cobalt contents (Fig. 7 and 8) and to their incor-
poration and deposition rates (Figs. 9 and 10).
Except, perhaps, for porosity one can roughly
distinguish two current density ranges above and
below 50mA cm™. In the high c.d. range the
influence of the mass transport rate is very marked
and moreover it acts in a direction opposite to that
observed in the low c.d. range. We will discuss in
turn the transport effects in the two cases.

7.3.2. Current efficiency and gold deposition in
the high current density range. At high c.d. the
current efficiency for the discharge of gold drops
(Fig. 4a). This appears to be due to the limitation
of the rate of gold deposition by mass transport.
Indeed, the plot of the partial c.d. j o, versus total
c.d. j; exhibits a plateau, the height of which in-
creases with increasing rate of hydrodynamic flow
(Fig. 5a). This height was expressed as a mass
transfer coefficient oy, and compared with the
calculated values k; in Table 1. The agreement can
be regarded as fair, if we remember the uncer-
tainty of the theoretical evaluation due to the con-
comitant gas evolution (see Section 3). In view of
this uncertainty and further because of the shift in
the ratio keyp/ky it cannot be neglected that
kinetic effects are involved to some extent in

the determination of the rate of gold deposition
but essentially the latter appears to be mass
transport controlled in the high c¢.d. range. This

is confirmed by the fact that the height of the
limiting current plateau is virtually the same for
baths with and without cobalt additive. The slight
slope of the plateaus can be explained by the fact
that with increasing c.d. the rate of hydrogen
evolution increases and thus causes some increase
of the mass transfer coefficient. However, in the
plateau region the mass transport rate for gold
increases much more slowly than the rate of gas
evolution which explains the decrease of current
efficiency observed at high c.d.

In general at the limiting current of metal depo-
sition very rough or powdery deposits are obtained
[33-36]. Fig. 11 shows photographs of the electro-
plates below and within the limiting c.d. range
taken with a scanning electron microscope. The
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mA cm™?. Magnification X 4150.

deposit obtained at 150 mA ecm™? is dull, rough
and friable, The onset of the formation of a
roughened deposit coincides rather sharply with
the beginning of the plateau, in agreement with
expectation. The porosity in the region of the
plateau is very high (Fig. 6), which is not surpris-
ing in view of the morphology of the deposit.

7.3.3. Incorporation of cobalt in the high

current density range. In the low c.d. range the
rate of incorporation of cobalt appears to be
charge transfer controlled (Fig. 10). In the higher
range the rate ceases to increase with increasing
c.d., i.e. with increasing overpotential. This
suggests that the incorporation of cobalt now
tends to be limited by mass transport. This is
confirmed by the present findings and the results
of Knodler [8] and Bielinski [44]* who observed
a steadily increasing cobalt content with increasing
cobalt concentration in the plating solution.
(Similar observations were also made in pulse
electrolysis).

However, a maximum is observed on the curves
of Fig. 10 as well as on the curves taken at other
cobalt concentrations of the plating bath [8, 44].
This seems to indicate that some complication is
involved, which may be due to the complex nature
of the diffusion layer. We may speculate about
possible interpretations.

At increasing total c.d. j;, the rate of hydrogen
evolution becomes larger. As was shown in Section
* In this measurement where the cobalt concentration
ranged from 102500 mg dm~3, the rate of cobalt
codeposition increased with the concentration of Co in

the solution but somewhat slower than would correspond
to a simple proportionality.

Fig. 11. SEM photographs of deposits obtained at (Re) = 9650: (a)jy = 2mA cm™?, (b) j; = 50mAcm™, (¢) j; = 100

3 in the highest c.d. range we used in this work the
pH near the interface is probably substantially
higher than in the bulk. This shifts towards the
left the dissociation equilibrium, thereby increas-
ing the free cyanide concentration. The latter
effect favours the formation of cobalt complexes
with a larger number of cyanide ligands such as
Co(CN)2~ which does not react at the cathode and
the formation of which therefore lowers the rate
of cobalt deposition. This phenomenon is particu-
larly marked at the highest Reynolds number
(Fig. 10) because then the maximum rate of gold
deposition and thus of cyanide formation due to
the discharge of Au(CN); is largest. This liberation
of cyanide ions in the diffusion layer also forces
the formation of Co(CN);™.

A further possible complication is the influence
of kinetic effects. Several cyanide complexes are
present in the solution and the rate of supply of
the reacting species by a pre-reaction may be slow
compared to diffusion and decrease with increas-
ing pH. This could also explain the decrease of the
rate of incorporation of cobalt observed at high
c.d. (Fig. 10). The above hypothesis would be in
agreement with the following findings: Assuming
a similar diffusion coefficient for the cobalt
species as for gold and the analytical cobalt con-
centration (0069 g dm™>) being available for the
cathodic reaction the rate of incorporation is
about a factor of five less than the calculated
value. This suggests that the reacting species is
present in a much lower concentration compared
to the analytical value, thus pointing towards a
homogeneous pre-reaction with a low reaction
rate. However, various other explanations are
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possible. Another very different explanation
would be an inhibition of the cobalt deposition
by the blocking of the active centres by some

reaction products, produced at high overpotentials.

One would then have to assume that only the
cobalt and not the gold deposition is inhibited
(Fig. 5).

In the above context one can explain the
occurrence of a maximum in the curves showing
the cobalt content as a function of c.d. (Fig. 8).
Indeed, it can be inferred from Figs. 5a and 10
that the partial current-voltage curve™ is steeper
for cobalt (jo,) than for gold deposition (fay)
(i.e. the overpotential is lower) and that a limit-
ing current is reached at less negative potentials
in the case of cobalt. Therefore, the ratio jco/f au
(and thus the cobalt content) increases with in-
creasing j; in the low, potential controlled c.d.
range. On the other hand, in the range of j; where
the cobalt deposition is mainly transport con-
trolled (but not yet that of gold), j¢, and there-
fore the ratio oo /7 au at a given potential increases
with increasing flow rate v, thus explaining why
the maximum is the higher for the larger values
of v. However, inasmuch as j 5, (but not j,) con-
tinues to increase with increasing j;, the cobalt
content of the deposit drops and finally reaches
a value rather independent of v, when the cobalt
and gold deposition are both under diffusion con-
trol (with some limitations in the case of cobalt,
which were mentioned earlier in this section).
One can thus indeed nearly explain the shape of
the curves’ cobalt content = f{(j;) (at constant v)
observed by us and other authors.

7.3.4. Mass transport effects in the low c.d. range.
The low c.d. range extends up to about 50 mA
cm™2. Several curves exhibit two branches (Figs.
4b, 5b, 9b); the first belongs qualitatively to the
high c.d. range, i.e. the increase of the rate of
deposition with increasing flow velocity is the
predominating effect, the second branch belongs
to the low c.d. range, i.e. the decrease of the
deposition rate with increasing v is predominating.
The influence of mass transport persists even at
the lowest c.d. of 2mA c¢m™2, In the case of in-

* Primarily, the Figs. 5a and 10 represent the partial c.d.
as a function of total c.d. j; rather than of overpotential.
However, /, is related to the electrode potential, so that

indirectly Figs. 5a and 10 represent current—voltage curves.

corporation and deposition rates it is quite small
but probably real because the same trends are
repeatedly observed (Figs. 4b, 5b, 9b, 10). It is
noteworthy that this influence exists even at
2mA ¢cm™2 because then, depending on 2,7z,
and jco amount to only 1-4-5% and 2-10% of
their limiting values, respectively. Under these
circurnstances, except for the improbable case
of a completely reversible metal deposition, the
mass transport of Au and Co cannot appreciably
affect the deposition rate of these metals. More-
over, the increase of v causes a decrease of j 5,
and jo,, instead of an increase as would be ex-
pected normally and as is indeed found in the
range of high j,. This suggests that the observed
effects are indirect ones due to the action of a
species, the reaction of which is mass transport
limited down to j, values of 2mA cm™2. In Section
4, it was shown that the reduction of dissolved
oxygen is the cause of the limiting current plateaus
(Fig. 2). Atj, = 2mA cm™? the mass transport
controlled discharge of oxygen makes up for a
not negligible part of the total c.d. It can thus
explain the decrease of j 5, With increasing flow

‘rate. At higher c.d. up to SO0mA cm ™ this effect

may possibly be interpreted at least partly as being
due to an increasing inhibition of the gold depo-
sition by the discharged oxygen, the formation
rate of which increases with increasing flow rate.

By and large from this work as well as from
that of other authors, it appears that the gold bath
of this study exhibits a remarkable synergy be-
tween all the investigated reactions: the deposition
of gold and cobalt, the incorporation of carbon
and the evolution (and incorporation) of hydrogen
and oxygen (see also Section 7.4).

7.4. Incorporation of various compounds and
of carbon

In addition to the substances already mentioned
(Co, C,N, H, 0) it has been found that K is also
incorporated into the deposit [37, 38] . The latter
then contains a variety of elements in considerable
amounts. Most of them appear in the electroplate
when Co is present in the solution and, further,
the amounts of the incorporated materials depend
on the cobalt concentration in the bath [8]. Holt
and Stanyer [31] have assumed from radiotracer
studies that the incorporated carbon is not built
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Table 2. Molar ratio of incorporated foreign substances in hard gold deposits

Reference c:0 C:N C:Co C:H C:Au
Malme and Vasile {37] 2-6-3-6

Knddler {8} 5-7-7 1-25-4 0-78—4-6 0-21-0-59 0-022-0-05
This study 3.3-20-5 0-021-0-082

into the lattice but is probably situated at the
grain boundaries. These facts have lead various
authors to the opinion that the elements are in-
corporated in the form of some compound. In
particular, the formation of a polymer {29, 39]
such as (HCN), or cobalt cyanide complexes

[30, 40] have been envisaged. Recently, Eisen-
mann [41] has come to the conclusion that the
incorporated compound is KCo[Au(CN), ] 5. He
was able to isolate this compound in solid form
from the solution where it dissociates into cobalt,
gold and cyanide ions. According to him the plat-
ing baths are usually operated under conditions
close to the solubility limits of the above complex
which consequently precipitates at the cathode. In
our opinion the precipitation would be more likely
in the bulk of the solution than at the interface,
because in reality the diffusion layer is depleted
with respect to cobalt and gold. Above SOmA
cm™? the system is at or near the limiting c.d. for
gold discharge and a precipitation of the complex
is hardly possible. If the complex could be formed
at low c.d. one should observe above 50 mA cm™
a drastic change in the ratio C/Co and Co/Au in
the deposit, which is not the case. In fact, the
atomic ratio varies over a wide range depending
on the plating conditions. Table 2 summarizes the
values found by us and other authors. In view of
the large scatter displayed in Table 2 it must be
concluded that no well-defined single compound
is present in major portions in the deposit, es-
pecially as far as carbon and cobalt are concerned.
However, the formation of some complicated
mixture depending on the conditions cannot be
excluded.

Let us now consider more particularly the in-
corporation of carbon. According to Holt and
Stanyer [31] and Raub et al. [42] who used a
tracer technique, the carbon in the deposit orig-
inates in the cyanide and not in the citrate of the
bath. It has been speculated that it comes from a
cobalt cyanide complex in the solution. In fact,

one does not know very well which is the pre-
dominant cobalt complex present in the DUOR
bath. In any case, the ratios C/Co reported in
Table 2 show that the carbon must come, at least
to a large extent, from the gold cyanide. This is
substantiated by a comparison of Figs. 5b and 9b.
The rate of incorporation of carbon and gold
deposition are seen to change with the conditions
in a similar way. The above conclusion is also in
agreement with the result of the kinetic studies of
Harrison and Thompson [18] that Au(CN) is ad-
sorbed on the surface prior to the gold discharge.
We can thus envisage, as a very rough model, the
following mechanism. Gold is first adsorbed as
Au(CN). It can then be decomposed in two ways:
(a) after discharge of the gold complex the cyanide
formed is recycled into the solution where it
further reacts to HCN; (b) the cyanide undergoes,
at the metal surface, a reaction involving hydrogen
and leading at least partially to an incorporation of
the products into the deposit. The involvement of
hydrogen is suggested by the following facts. When
cobalt is added to the solution carbon and hydro-
gen appear simultaneously in the deposit. When
the pH of the solution is increased the carbon con-
tent of the deposit and the current efficiency for
hydrogen evolution strongly decreases (above pH
5). A noteworthy link between current efficiency
and carbon content has also been observed in the
experiments with pulse electrolysis. We will come
back to this point in a later paper [7].

8. Practical implications

From the technical viewpoint the most relevant
fact is that the porosity, which is of importance
for the corrosion resistance, substantially decreases
with decreasing current density and increasing
flow rate. By and large the porosity seems to in-
crease when the ratio j,, to the limiting current
of gold deposition increases. At the usual oper-
ating conditions of technical gold baths (10 mA
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cm ™2, agitation predominantly by gas evolution)
this ratio is probably about 0-3~0-4 whereas the
rate of cobalt incorporation is close to or at its
limiting rate (where it has been assumed that the
mass transport coefficients in the technical baths
are approximately the same as those in our experi-
ments at (Re) = 2900, see Figs. 5a and 10).
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