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The chemistry and electrochemistry of electroplating baths based on Pd(NH,),Br, and
Pd(NH;),(NO,), has been investigated and compared with that previously reported for PA(INH;),Cl,.
It is shown that electroactive species in all the baths is PA(NH, )2 and, hence, the mechanisms and
current efficiencies for the cathodic deposition of palladium metal are similar in all three media. On

the other hand, only in bromide electrolytes is the palladium found to dissolve anodically.

1. Introduction

Palladium is commonly electroplated from baths
where one of the trans square planar palladium (II)
complexes, PA(NH,), X, (X is Cl, Br or NO,) is dis-
solved in an aqueous electrolyte containing ammonia
and a buffer at a pH in the range 7-10 [1-6]. Fun-
damental studies of the chemistry and electrochemistry
of these solutions are, however, very limited [7-9].

In the first paper of this series [10], we reported a
study of a bath prepared from Pd(NH,),Cl, and we
now wish to report the extension of the investigation
to the other complexes. The composition of the three
solutions studied are shown in Table 1. They differ
from typical commercial plating baths only in that the
palladium concentration is low (~1.1gdm™* com-
pared to perhaps 5-20 gdm ™ in a commercial bath).
It is also shown that the same solutions may be
prepared directly from PdCl, and PdBr,.

2. Experimental details

The equipment and experimental procedures have
been described previously [10]. All the palladium com-
plexes and salts were supplied by Johnson Matthey.

3. Results
3.1. Spectroscopic studies

U.v.-visible spectra were recorded for each of the
solutions in Table 1. All spectra, even when recorded
immediately after preparation of the solutions,
were similar; the major feature is an absorption
peak, A, = 293nm and extinction coefficient,
¢ &~ 190cm™'dm®mol~". There is also a weak shoulder
at 353nm. By comparison with solid state spectra and
spectra reported in the literature [10-12], there can be
no doubt that the palladium is present in solution as
Pd(NH,);*. It was also found that dissolution of
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PdCl, or PdBr, in ammonia solutions in the pH range
8-11, led to the same spectrum. Therefore, it is con-
cluded that the displacement of X by NH; in
Pd(NH;), X, is a rapid reaction and that a PA(NH,);*
solution may be prepared by dissolving one of many
palladium compounds in an ammonia based buffer. In
the case of PA(NH;),(NO,),, the substitution will be
further enhanced by the reaction of free nitrite with
the excess ammonia to give nitrogen in the bath.

3.2. Electrochemical studies

Figure la and b show slow sweep cyclic vol-
tammograms recorded at a vitreous carbon RDE,
w = 400r.p.m., for solutions B and C deoxygenated
with a fast stream of nitrogen. Also shown are the I-F
curves for the aqueous buffers without palladium (I1)
at a palladium plated vitreous carbon RDE (the pal-
ladium layer was deposited by applying —800mV/
SCE while a charge of 0.1 Ccm ™2 was passed in the
solution under study).

With the bromide solution, the forward scan shows
only a very low current positive to — 850 mV. There-
after, the current increases and reaches a shoulder
around — 1100 mV before hydrogen evolution com-
mences. A better formed reduction wave is seen on the
reverse scan, £y, = —780mV. Also, as expected for
an electrode reaction involving the deposition of 3
metal onto a carbon substrate, there is a potential
range where the cathodic current is much higher on
the reverse sweep than on the forward one. The
reverse scan also shows an anodic current positive to
~500mV and a large symmetrical peak centred
around + 300mV. The response for solution C is very
similar to that reported for the chloride medium, solu-
tion A [10]. They differ markedly from the response in
the bromide medium only in one respect; the large
anodic peak at +300mV is absent. In all solutions, a
broad anodic peak is observed just positive to
~500mV and this is associated with hydrogen
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Table 1. Palladium electroplating solutions discussed in this paper.

Bath X  [Pd(II)jmmoldm™~ Electrolytes pH
A C 10 1 moldm~® NH,CI 8.9
B Br 10 [ mol dm~* NH,Br 8.5
C NO, 14 1 moldm~> (NH,),HPO, 10.2

+ Imoldm~* NH,

desorption from the palladium lattice [10]. On the
other hand, only in the bromide medium is the total
anodic charge of the same magnitude as the total
cathodic charge. This suggests that the palladium
metal redissolves anodically in the bromide solution.
Indeed, in contrast to the other solutions, no pal-
ladium can be seen on the carbon surface at the end of
the voltammogram and, thereafter, the electrode has
the properties of vitreous carbon not palladium.
The cathodic currents negative to —800mV are
strongly dependent on the rotation rate of the disc and
when the steady state currents at — 1000 mV are plotted
as a function of the square root of rotation rate,
straight lines passing through the origin are obtained,
confirming that the electrode is largely mass transport
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Fig. 1. I-E curves recorded at a disc electrode rotating at 400 r.p.m.
and using a potential scan rate of 20mVs~'. (a) curve 1: vitreous
carbon electrode in bath B. curve 2: palladium plated vitreous
carbon in the electrolyte of bath B but without PA(II). (b) curve 1:
vitreous carbon electrode in bath C. curve 2: palladium plated
vitreous carbon in the electrolyte of bath C but without Pd(1l).

controlled. When it is assumed that the only electrode
reaction is

PA(NH,)3* + 2¢~ — Pd + 4NH, (1)

the values for the diffusion coefficient found for Pd(IT)
in baths A, B and C are 10.2 x 107°%, 11.4 x 107¢
and 11.8 x 107%cm?s™!, respectively. These values
are somewhat higher than expected (5-7 x 107°
cm?®s~!) and the cyclic voltammograms in the absence
of palladium (II), see Fig. la and b, clearly show that
competing electrode reactions are occurring at this
potential. These include

2H,0 + Pd + 2¢~ — Pd(H;) + 20H~ (2)
and
2H,0 + 2¢- — H, + 20H" 3)

Reaction 2 is clearly seen as a peak around —900mV
on the responses for the palladium electrode in the
buffers (i.e. curves 2 in Fig. la and b); the reverse,
desorption reaction leads to the anodic peaks at
~ —300mV. Reaction 3 is seen as a steep rise in
current beyond —1100mV.

A series of experiments were then carried out with
solutions B and C to determine the relative impor-
tance of Reactions 1-3 and also oxygen reduction

0, + 2H,0 + 4¢~ —> 40H" @)

as a function of potential in the plating baths in equi-
librium with air (as used in commercial practice). The
following experiments were carried out at a stationary
electrode in unstirred solution:

(i) slow potential sweep experiments at a palladium
plated disc electrode for the air equilibriated solutions
show two reduction waves, E, ~ —100 and
—400mYV for the stepwise reduction of oxygen. The
potential of this electrode was stepped from 0 to
—550mV and the steady state current was estimated
after 100s. Since this potential is within the mass
transport limited plateau, it was assumed that this
current, I,, would be observed at all potentials more
negative than — 500mV.

(ii) The potential of a polished vitreous carbon disc
electrode in the plating solutions was stepped from
—500mV to a value, Ep, in the range —740 to
—900mV. The current, after the passage of
0.1Cem™2, has reached a steady state value and
results from the electrode reactions, Equations 1-4,
(ie. I = I, + I, + I, + I,). Typically the length of
this pulse is 100-200s.

(iii) At the end of this pulse, the potential was stepped
back to —S500mV and the anodic charge at this
potential results only from the desorption of hydrogen
from the palladium lattice. The average current for
Reaction 2, [;, during the metal deposition step may
be estimated by dividing this anodic charge by the
length of the pulse at Ep.

(iv) The palladium plated carbon disc was then
washed well and transferred to deoxygenated buffer
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Fig. 2. Partial current densities as a function of potential for (1)
palladium deposition (2) hydrogen absorption (3) hydrogen evolu-
tion and (4) oxygen reduction in an unstirred, air equilibriated
plating bath. (a) bath B, (b) bath C.

solution without Pd(II). The potential sequence
—500mV - E;, - —500mV was repeated using the
same pulse time at £, as in (ii) above. The current at
the end of the pulse at £, is I; + I,. The anodic charge
during the pulse at — 500 mV provides a check as to
the extent of hydrogen absorption into the palladium
lattice.

This data allows the values of 1,, I, I; and I, each
to be computed. The range of E, which can be inves-
tigated was extended as follows: (i) between — 640 mV
and — 740 mV, a short prepulse at — 900 mV was used
to ensure nucleation of the palladium lattice prior to
the application of Ej, (ii) for even less negative poten-
tials, the palladium layer was grown at — 650 mV until
0.1Ccm™ had passed and the potential was then
taken to the value of interest (note that before
—650mV, Reactions 2 and 3 do not occur signifi-
cantly). Figure 2a and b report the partial currents for
Reactions 1-4 over a range of potentials for solutions
B and C. The corresponding plot for bath A is Fig. 8
in [10]. It can be seen that for all three baths, it is
possible to find a range of potentials where oxygen
reduction is the only competing reaction to palladium
deposition. There appears to be a small difference in
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Fig. 3. Current efficiency versus current density for unstirred
electroplating baths. (+) bath A, (x) bath B, (O0) bath C.

the potentials for the deposition on palladium; the
‘half wave potentials’ taken from Fig. 2 and Fig. 8 in
[10] are —570, — 640 and —700mV for solutions A,
B and C, respectively.

4. Discussion

The deposition of palladium from these plating baths
seems to be a very straightforward process. The only
detectable palladium species in the three solutions A,
B and C is the same, PA(NH,)3*, and, hence, sub-
stitution of X by NH; in the trans complexes,
Pd(NH,),X,, appears to take place rapidly. More-
over, Pd(NH,);" seems to be reduced directly to the
metal in the Reaction 1. At sufficiently negative poten-
tials, Reaction 1 becomes mass transport controlled.
Only small differences between the rates of the metal
deposition reaction as a function of potential in the
three solutions are observed, see for example Fig. 2a
and b, and these should be attributed to differences
between the electrolyte properties and not a change in
the electroactive species. The electrolyte pH is not
identical in the three baths and there could also be
weak interactions between the palladium cation and
the different anions of the electrolyte.

Figure 3 shows the data of Fig. 2 (and Fig. 8 in [10])
replotted to show current efficiency as a function of
current density. It can again be seen that the three
baths give very similar data. Commercial operation
should always use a current density below the drop-off
in current efficiency since the first competing reaction
(excluding oxygen reduction, which always occurs)
will be hydrogen absorption into the palladium lattice
and this may well lead to stress and other unwanted
characteristics. At and below the maximum, however,
this unwanted reaction does not contribute to the
current.

The similarity in the rates of deposition and the
current efficiency does not necessarily imply that
deposit properties will be identical from the three
baths; ions such as nitrite could act as additives and
modify the characteristics of the palladium layer. On
the other hand, since the palladium species in the bath
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does not depend on the source of palladium, clearly
the cheapest should be used. If desirable, the bath may
be modified by other additions (eg. nitrite could be
added as sodium nitrite).

It should be emphasised that Fig. 3 is drawn for a
palladium concentration (10 mmoldm " or 1.1 gdm )
low compared with commercial plating baths. With
increasing paliadium (II) concentration, there will be
a slight increase in current efficiency (both oxygen
reduction and hydrogen evolution will become less
important) but the general shape of the curve will be
retained. Moreover, the current density for maximum
current efficiency will be almost proportional to Pd(II)
concentration. It is also clear that a large increase in
deposition rate could be achieved, without loss in
current efficiency, by introducing convection into the
bath. Figure 3 is drawn for an unstirred electrolyte
and, in a bath with efficient stirring or flowing elec-
trolyte, the current density could be increased by more
than an order of magnitude while only the electrode
Reactions 1 and 4 would take place.

The palladium stripping peak in the bromide
medium introduces another possibility into the tech-
nology of palladium plating. A bromide bath could be
operated with a dissolving anode (this is also possible
in more acidic baths). A bromide electrolyte may also
be suitable for (a) the electrostripping and recovery of
metal from redundant palladium plated components
and (b) the coulometric determination of the thickness

of palladium plates.
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