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On the mechanism of electroless plating.
II. One mechanism for different reductants
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A mechanism is proposed for the reactions in electroless plating solutions with different reducing agents.
The mechanism is based on the formation of atomic hydrogen during the oxidation of the reducing
agents. The hydrogen atoms can either be oxidized or be desorbed as a gas. The mechanism accounts

for both the electrochemical and the catalytic nature of the process.

1. Introduction

Electroless deposition of metals is an electro-
chemical process under mixed potential control
[1-5]. Experiments in which the anodic and the
cathodic reactions take place in a cell with two
compartments separated by a glass frit have con-
firmed the electrochemical nature [6-8].

The catalytic aspect of electroless processes
is much less well understood. A characteristic
aspect of the known electroless solutions is that
they all use one of a small number of reducing
agents (formaldehyde, hypophosphite, boro-
hydride, hydrazine or dialkylamine borane).
Another aspect is that hydrogen is evolved in
almost all electroless reactions, albeit in different
ratios with the rate of metal deposition.

Four different reaction mechanisms have been
proposed to account for this hydrogen evolution
(Table 1):

(a) the “pure electrochemical’ mechanism
[8-11],

(b) the ‘metal hydroxide’ mechanism [12-14],

(c) the ‘hydride ion” mechanism [15-17],

(d) the ‘atomic hydrogen’ mechanism [18-25].

Although all these mechanisms can explain most
characteristics of the electroless solutions for

which they were originally proposed, there is exper-

imental evidence that none of them can be used to
give a uniform description of electroless processes
in general. Observations that the evolved hydrogen
originates mainly from the reductant molecule
[24-29] refute mechanism (a); the metal hydrox-
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ide mechanism cannot work in experiments in
which the anodic and cathodic reactions take place
in a cell with two compartments separated by a
glass frit [6-8]; and, according to the last two
mechanisms, hydrogen evolution should be at least
equivalent to metal deposition, which is contrary
to the observations of Pearlstein and Weightman
[30] and Luneckas and Genutiene [31].

Nevertheless all electroless processes have so
much in common that a uniform mechanism is
very probable.

Table 1. Existing mechanisms

(a) The ‘pure electrochemical’ mechanism [8~11]
Anodic: H,PO; +H,0—H,PO; + 2H* + 2e
Cathodic: M™* + ne - M|

2H* 4+ 2e~>H,t

(b) The ‘metal hydroxide’ mechanism [12-14]
Ni(OH), + H,PO; - NiOH + H,PO; + H
NiOH + H,PO; —Ni} + H,PO; + H
NiOH + H,0 — Ni(OH), + H
2H—H,1
(c) The ‘hydride ion’ mechanism [15-17]
2RH + 20H™ - 2ROH + 2H"
M?** + 2H™ = [M + 2H] - M4 + H,t
2H,0 + 2H™ > 2H,t + 20H"
(RH is formaldehyde or hypophosphite)

(d) The ‘atomic hydrogen’ mechanism [22-25]
Anodic: RH+OH - ROH + H + e
Cathodic: M™* + ne — M|
H*+e—H
Recombination: H + H—H, t
(RH is formaldehyde, hypophosphite or boro-
hydride)
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2. A uniform mechanism

The electroless process proceeds only on certain
catalytic metals. These metals are known to be
good hydrogenation—dehydrogenation catalysts.
Poisons for hydrogenation-dehydrogenation
reactions, such as thiourea and mercaptobenzo-
thiazole, act as stabilizers in practically all electro-
less processes [32-35]. Another similarity between
the various electroless solutions is the influence

of pH on the reaction rate: a higher pH increases
the deposition rate for solutions with hypo-
phosphite [22, 36], hydrazine [37, 38], formal-
dehyde [39, 40] or dialkylamine borane [34, 41].
For solutions with borohydride as the reductant

a reverse pH influence is observed, but this is
caused by the acid-catalyzed hydrolysis of BHj to
BH;0H™ [5,41].

Studies of the anodic oxidation of hypo-
phosphite [42], hydrazine [43] and formal-
dehyde [44] at a palladium membrane have shown
that, when these reducing agents are oxidized at
one side, hydrogen atoms diffuse through the
membrane and can be oxidized at the other side.
This means that these reductants are dehydro-
genated at the palladium surface, and that atomic
hydrogen is an intermediate in the anodic oxidation
reaction. Other electrochemical measurements
confirmed this for palladium as well as for other
metals [45-47]. Also in the case of borohydride,
dehydrogenation is found at the electrode surface
during anodic oxidation [48, 49].

We propose that for all electroless plating
solutions one mechanism must be valid, with the
dehydrogenation of the reductant as the first step.
In the ‘atomic hydrogen’ mechanism of Table 1
the recombination of hydrogen atoms must com-
pete with their oxidation, as in the case of formal-
dehyde (see Part I of this paper).

" Anodic M .
Dehydrogenation: RH—R+H )
Oxidation: R+OH -ROH+e (2)
Recombination: H+H-H,t 3)
Oxidation: H+OH ->H,0+e (4)
Cathodic
Metal deposition: M™ + ne > M{ %)
Hydrogen evolution:  2H,0+2e -~ H,t + 20H".

(6)

The codeposition of phosphorusin most electroless
solutions with hypophosphite as the reductant is
a third cathodic reaction [50]. The codeposition
of boron is probably also a cathodic process [51].
When hydrazine is the reductant ammonia can be
produced cathodically [52]. The mechanisms for
different reducing agents are summarized in Tables
2 and 3.

In acid media Reactions 4 and 6 become
respectively:

H->H"+e
2H* + 2¢ —~ H, 1.

(4a)
(62)

2.1. Dehydrogenation

The dehydrogenation step determines the catalytic
nature of the electroless processes. A metal that
cannot start this first step for a certain reductant
will be noncatalytic in electroless solutions with
that reductant. This step also explains the high
activation energies found for all electroless pro-
cesses as the chemical bond R-H has to be broken
(the values of Table 4 are high in comparison with
the 6.5-7.5 kcalmol ™ found for solutions in
which metal ions are reduced by reversible redox
systems) [53].

The dehydrogenation step is slightly different
in the case of dialkylamine boranes. According
to Lelental [54] a dissociation into the free amine
and a borane radical takes place, and this is facili-
tated by the metal surface.

The radicals R have also been proposed by
others [46, 47, 55] as intermediates in the anodic
oxidation of formaldehyde and hydrazine. Electron
spin resonance measurements have shown that the
corresponding radicals also participate in other
reactions of borohydride and hypophosphite
[56,57].

2.2. Oxidation of R

The oxidation of R via Reaction 2 yields the final
product of the anodic process in the case of for-
maldehyde and hypophosphite: formate and
phosphite respectively. For hydrazine, dialkylamine
borane and borohydride the oxidation of R results
in products which can themselves be dehydrogen-
ated. For borohydride these products, BH;OH™,
BH,(OH); and BH(OH);, are the same as those
found in the acid-catalyzed hydrolysis [58].
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Table 3. The cathodic processes

Formaldehyde
M"™* + ne = M{ )
2,0 + 2e~>H, t + 20H" (6)
Hypophosphite
M™ + ne >My 5)
2H,0 + 2e ~>H, t + 20H" (6)
H,PO; +e->P{ + 20H" N
Borohydride and dialkylamine borane
M"™* + ne > M| )
2H,0 + 2e—~H,t + 20H" (6)
B(OH); + 3¢~ B + 40H"~ (8)
Hydrazine
M"* 4+ ne - M| (3
2H,0 +2e—~H,t + 20H" 6)
N,H, + 2H,0 + 2e = 2NH, 1 + 20H" )

According to Reaction 2 a higher pH must
stimulate the anodic process. Studies of the
anodic oxidation of borohydride [59], hydrazine
[60] and formaldehyde [61, 62] have shown that
ahigher pHindeed results in higher anodic currents.

2.3. Oxidation or recombination of H

Reactions 3 and 4 compete with each other at the
metal surface. Which of the two really occurs is
dependent on the properties of the metal, the pH
of the solution and the mixed potential of the
process. This competition influences the reducing
agent efficiency of the process. This efficiency is
defined as the theoretical amount of the reductant
required to deposit one mole of metal divided by
the actual amount consumed in the process. When
Reaction 3 proceeds the overall anodic reaction is:

2RH + 20H -+ 2ROH + H,t + 2e.  (10)

Table 4. Activation energies of some electroless plating
solutions

Plated Reductant Activation energy  Reference

metal (kcal mol™!)

Cu Formaldehyde 11.7 [63]

Ni-P  Hypophosphite 17.7 [19]

Ni-B  Dimethylamine 10.6-15.3 {641
borane

Au Borohydride 19 [41]

Co Hydrazine 15.9 [20]

Table 5. Reductant efficiencies of some electroless plating
solutions

Reductant Plated metal Efficiency  Reference
(%)

Formaldehyde Cu 50 117}
Cu—Pt 79 [651
Hypophosphite Ni-P 6—45 [36]
Ni—Re-P 52-59 [30]
Pd 100 [31]
Borohydride Ni-B 39 [24]
Au 50-75 [66]
Dialkylamine  Ni-B 30-50 [67]
borane Ni-W-B 63-78 [68]
Hydrazine Pd 28-86 [69]

When Reaction 4 proceeds:

RH+20H™ - ROH + H,0+ 2¢.  (11)

It is obvious that when the overall Reaction 10
proceeds the maximum efficiency can only be 50%.

In Part 1 we have shown that the percentage of
Reaction 11 can be calculated, and we found that
on copper only Reaction 10 occurs, while on
platinum and palladium only Reaction 11 pro-
ceeds. On silver and gold both reactions can occur.
This means that in electroless copper solutions the
reductant efficiency cannot exceed 50%, while it
is possible for the other metals. In the same way
one can calculate that on nickel-phosphorus and
nickel-boron only Reaction 10 will occur, while
on thenium and tungsten Reaction 11 will proceed.
In Table 5 the reducing agent efficiencies of a
number of electroless plating solutions are sum-
marized. The values are taken from the cited
references or calculated with the given data. It can
be seen that an efficiency of more than 50% is
only found for those metals on which Reaction 11
oCCurs.

3. Conclusions

The proposed mechanism explains the validity of
the mixed potential theory and the catalytic
nature and the high activation energy of electroless
processes. It also accounts for the influence of pH
on the deposition rate. Deuterium tracer exper-
iments with different electroless solutions are in
complete agreement with the mechanism. It also
explains the fact that in electroless copper, nickel-
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boron and nickel-phosphorus solutions a reducing
agent efficiency of at most 50% is found, whereas
this efficiency can exceed 50% when metals like
platinum, rhenium and tungsten are codeposited.
According to this mechanism an efficiency of
100%is possible, which is actually found in electro-
less palladium solutions under certain circum-
stances.
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