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ABSTRAC'l1------,
A ct.tartz mi.crobe.Lance el.ect rode
for the investig'ation of the

(QME) was constructed
electrochemistry of

el~ctroless plating baths. To this end, the electronic
oscillator circuitry required for the microbalance was
developed from literature examples, and the techniqu.es
of! f~?rm.ing'6\lectrodes and mounting the crystal in an
o:ppropt'iabe ~\lo1der Were established. The device thus
deveLopad was compact" allowing for in situ frequency
and electrochemical measurements to be made in a
commarci.a'lLy avaf.Lab Le 100 mL Metrohm cell. The
precision .and accuracy obtaineu ~ith the home-built
devf.ce w\;~rE.~sbown to bE.ladequate for electrochemical
research, and the sensitivity was fOUl'1d to be
consd st.errt lJ\7i th the va.l.ue expect.ed from the saue rbr ey
equation.

t;rwo sd.milal'." el.ectrroLeae nickel baths, using
hypophoaphdte and. dimethyUlmine bor ane as respective
rl,:ducing c.gen,ts, \'Nere investigated with the QNE. The
potential dependence of the par-t LaL processes in the
two baths are significantly different, and the nickel

(

plating rates <also differ frotn those ohserved when the
el.ect rcde is heLd at the normaL plating potential, but
in the absence of any reducin<;;ragent. In both baths the
presencI: of the anodi c par t.Lal p:r.OCE;~SSleads to a
:substant:ial Lncraase of the rate of nickel
el.ectrrodepoaf t.ion, i.ndi.cat.Lnq th6' existence ()f
important intE.\ral'.::ti.ol;).Sbe tween th(!:~pa:r:tia.l processes at
the mixed potential.

Anodic stripping 'iI'olt.ammoqzams of e.Lect.rol eas
ni.cke Le-phoaphor-us film.s showed two distinct peaks,
wh.Lchwet'e attributed to the pr esence of two distinct:
solid phas.es , P~~rtial anodic stripping.. leaving t.he
moze nobLa mater:i.al intclct, y i.eLded (:t phosphoxus -xxcf
sur race , ~rhe QME was used to monator the earl:yI' stages.
of both open circuit and f i.xed p()tential plating in thE:)
hypophosphf te-bclsed eleClt:roless nickel plating bath on
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thisl surface, as well as on nozmaL E:llectroless
I'lick\~l-phosphorus and pure nickel films. The partially
~;t.tipped fil.m exhibited considerably h.i.gh(~.r pli~\ting
l:ates I a phenomenon 'Y'lh:i.ch:bs more readily e>:pl:~ine\l::l.in
te.:~ms of enhanced catalytic (;lctivity r at.hez t.han a
~3il:!lph~surface area effect. ~~hevarious nicke I deposi, ts
\",e.l~·echaractel:-.i~'ed by e11el::'~JYdispersive ana.tysf.s by
:K....lr.ays and x....ray photoelectron spectroscopy.

EU~ctro.\.ess n.i.oke.l+boz'on fJlms exhibited only one
st:;tippir:lg peak" The depoa i.t; formad in the e1.(~::troless
:r.~j.ekel~·boronbath was found to have slightly higher
ac;tivity towards autocatalytic deposition than d.id pure
nd.cke l., This was att1:'i.but:ed to spj.1.l-o\rt~:r or
sy:nergist.ic effects, brouqht; about; by the presence of
boron in the deposit.

TItITI':lelectroless copper baths were s1tudiecL The rate of
oopper deposition was det€H:m:l.nedas a fun.ct~on of the
concentration of triethatltJlamine (Tlj}A.).Here, TEA.was
pre,sent as a ligand for coppez (II) •

The nature
to affect
electroles5

of the ligand, i.e.,
the mechanism of
copper be t.hs .

TEA.ox' EDTA,was found
copper deposition in

The ~'ffect of two add:iti veSI on the plating ra 1:.e and
mechanism of copper depos t tion was investigated. The
addi tLve s were 7-iodo-8"'hydrm<yqu;Lnol.ine-5-sulphonic
acid, and 8-hydro:x.yquinoli.ne-;;-sulphonic acid. Thl';
,eormer addi ti ve enhanced the plating rate at
interffied.ii:3.te concentrrat Lon, the most probeb.l.e mode of
influence via a bridging ligand effect, thereby
facilitating electron transfer
copper complex and the act.I VE~

addi ti ve did not enhance thEl
deposition rate.

between the
suz Pace , Th,e
ele'ct.roles s

aqueous
latb';lr
copper
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CHAPTER 1 INTRODUCTION

1.1 ELECTROCHEMICAL SXUDIES WITH THE QUARTZ
CRYSTAL MICROBALANCE

Electrochemical ~~tudiesare most commonly carried out
at solid electrode suifaces, or at mercury drop or film
surfaces. Fundamentally, the experimenter can measure
the electrode potential relntive to some reference
electrode, or the cell current correstonding to an
electochemical process occurring at the electrode.

The quartz (crystal) microbalance electrode is an
electrode located on a quartz piezoid (piezoelect.ric
transducer) which is set to act as a frequency
controlling element of an electronic oscillator
circuit. A change in mass of the piezoid influences the
resonance frequency of the piezoid, which may easily be
measured. Thus electrochemical processes which cause a
mass change of the electrode may be monitored in the
usual way (i.e., potential or current), with the third
parameter of mass change also being measured in si tiu,
Mass changes which may be detected with a quartz
microbalance electrode are in the order of
18 ng em? 5-1, such that extremely small amounts of
material deposited on or removed from the electrode may
be monitored.

Electroless plating, also referred to as autocatalytic
deposition, is a process which results in a mass
increase of the substrate on which it occurs. The
process, which is electrocatalytic in nature, has been
found to take place via a multi-step mechanism. Some
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degree of controversy surrounds the mechanism or
mechanisms of autocatalytic deposition.

The focus of this work is the study of electroless
plating systems using a quartz microbalance electrode.
The designing and building of the quartz microbalance
electrode device formed part of the project, since at
the time of commencement none could be purchased. All
studies using the device at that time were achieved
using home-built circuits and electrode holders. The
quart~ microbalance electrode built and used for this
project is, to date, the only one in South Africa (FRD
Council Report 1992/93 p. 24).

The remainder of the chapter provides a general
description of electroless plating and sets out the
project objectives. Chapter 2 presents some aspects of
electrochemical theory which are used in later
azqumerrts, Chapter 3 contains a detailed description of
the technical aspects of the quartz microbalance
electrode, and reviews some of the literature
pertaining to studies using the device. A literature
review of studies in the field of electroless plating
is presented in Chapter 4 and the experimental
procedures and methodology adopted in this work are
givan in Chapter 5. The remaining chapters deal with
the results, discussion and conclusions of stUdies of
autocatalytic nickel and copper deposition.
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1.2 ELECTROLESS PLA~ING

1.2.1 Definition of the eleotroless process

Electroless plating is a surface-sensitive,
heterogeneously cat.atysed, chemical reduction of metal
ions from aqueous solution. The term "electroless" was
coined by the inventors of the process (Brenner and
Riddell 1946) in order to differentiate this plating
technique from electrolytic metal plating, yet retain
the information that film formation occurs via electron
transfer. The latter point thus excludes, for example,
metallisat~on by evaporation.

An electroless plating bath consists of the following
essential components:
• metal salt(s) in aqueous solution
• complexing agents
· a reducing agent
• acid or base to adjust pH.

other components may be present to enhance or modify
bath characteristics. Examples of these are
brighteners, stabilisers and accelerators (Feldstein
and Lancsek 1971). A schematic representation of the
surface catalysed reaction is given in Figure 1.1.

The overall reaction of electroless plating is

Mn+ (aq) + Red (aq) ~ M (s) + Ox (aq) (1.1)

Aqueous metal ions are represented
reducing agent and oxidised product
agent (both aqueous) are represented

by Mn+ and the
of the redUcing
by Red and Ox,
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respectively. The solid metal deposit is represented by
M. The metal ions are usually stabilised in complexes
with one or more ligands.

~
' )~METAL ;
(COMPLEX NON-METALLIC

REACTION PRODUCTS

Figure 1.1 Schematic representation of electroless
plating.

Electroless plating is a reduction-oxidation (r edox)
process, hence two partial processes may be identified.
The generalised partial processes of the electroless
system are given in reactions (1.2) and (1.3).

(1. 2)

Red (aq) -t Ox (aq) + ne" (1. 3)

Reaction (1.2) represents the reduction of metal ions
by electrons transferred at or via the substrate
surface from reaction (1.3), the oxidation of the
reducing agent. The number of electrons provided by the
oxidation of one molecule of reducing agent need not
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necesear i.Ly equal the number of eLect.rons required for
reduction of the metal ion.

Although the metal complex and reducing agent are both
in solution, the homoqeneous redox process does not
take place. Heterogeneous catalysis is required in
order for the reaction to proceed. Catalytic sites may
be intrinsic to the surface of the substrate or they
may be the result of a pre-treatment procedure.

The requirement of a catalyst to enable the redox
process to proceed implies that kinetic stability of
the bath exists. Thermodynamic instability f however I

ensures that in the presence of the catalyst, the
pertinent reduction and oxd.dac.ion processes will
proceed.

Experimentally it has been found that the electroless
deposit is often not a film of pure metal, but an alloy
of the metal M and at least one other element
originating from the reducing agent. The minor
component is a secondary reduction product. The
existence of secondary products depends on the nature
of the reducing agent.

1.2.2 Eleot~oless plating - a materials
processing teohnique

An adherent metal film covering some substrate is a
materiClls processing phenomenon which has countless
applicci,'.l.ons,ranging from decorative finishing of
plastics to specialised-morphology thin metal films for
electronic devices (Saubestre 1973, Armyanov and
Sotirova 1959).
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Numerous methods have been developed :f.ormetal coating
(or metallising) of diverse substrates. The manner in
which the film is produced on the substrate differs
according to the requirements and specifi(:~ationsof the
resultant surface, end use, and the nature of the
substrate. For example, an electrolytic plating metn0d
cannot be used to coat an electrically non-conducting
object. Similar limitations exist for other techniques.
Some of these techniques are sununarised in Table 1.1.

Table 1.1 Comparison of metal coating techniques.

conductor: :rn.!lu1ato~

Film li'ol:mation
Process

Surface
Selective

IPlating Technique posai~le substrate

electrolytic no aqueous ,ion cathode only
reducUon

yes

autocatalytic yes
redox reduction~--------~-4----~----4----------+----------~------~-.~hom0geneous yes yes redox in

chemical reduction 301ution4-----------r---------~----------+_----------1evaporation yes yes condensation

elect);"oles$ yes yes

no

no
ion sputter:r,g yes yel!l atomic

deposition
no

Areas of technology where electroless plating is used
or has been investigated include

very large scale integrated circuit (VLSI)
manufacture (Ting 1988)
printed circuit board manufact-llre(Henry
1987)

~ptical fibre coating (Chatterjee 1984)
automotive industry for:metal-like "trims"
(Henry 1987)
metal matrix composites (Judd 1970)
electromagnetic interference shielding (Hajdu
and Krulik 1983)
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medical: ferromagnetic implants for the
treatment of carcinomas (Graef and Chandler
1990)
corrosion protection; electroless deposits
have been shown to be better than
electroplated coatings on equivalent
specimens (de Minjer and Brenner 1957)
preparation ot supported metal catalysts
(Coville et al. 1993).

Bayes and Rouse (1991)I and smith (1991) describe
applications of electroless plated articles in harsh
env.lronmenzs (tor example, a North sea oil rig) I and
the protp.::1ctionof composite films. These may be nickel
films containing diamond, silicon carbide or Teflon
powders.

1.2.3 Variety in fo~ulations and oonditions for
eleotroless plating

The wealth of literature a~d the

bimolecular redox reaction

mechanism
process
between

complex results
of electroless

is not a simple
metal ions and

therein,
pl.at Lnq,

regarding the
suggest that the

reducing agent. Some of the variations on the general
electroless plating theme are set out below.

1.2.3.1 Metals and alloys

Metals Which have been successfully deposited by the
electroless technique include copper, gold, nickel,
silver, cobalt and palladium (Pearlstein 1973, Okinaka
1974). These metals are usually about 90 ...97% pure.



8

Binary and ternary alloys can be prodUced, e.g./
gold-copper (Molenaar 1982), nickel~cobalt-phosphorus
(Armyanov and Sotirova 1989) and nickel-molybdenum~
phosphorus alloys (Osaka, et alp 1988).

1.2.3.2 Reducing agents

A number of reducing agents have found application in
electroless plating. For example, nickel may be reduced
by the hypophosphite anion (H2P02-) or by dimethylamine
borane (DMAB) (Feldstein J.970). other compounds have
also been used as reducing agents, e.g., sodium
borohydride and hYdrazine (Pearlstein 1973)•
Formaldehyde is used as a reducing agent in electroless
copper baths (Chatterjee 1984)..It is also possible to
use a less noble metal ion as a reducing agent, as in
the case of the autocatalytic deposition of bismuth
using Ti(IIl) as reducing agent (Rutkevich et al. 1992,
1993).

1.2.3.3 Temperature

Depending on the bath formulation, electroless plating
may proceed at temperatures ranging from about 20°C

(Feldstein 1970) to about 90°C (Gruss and Pearlstein
1983).

1.2.3.4 pH ranges

Plating baths have been developed to operate in the
acid and basic pH ranges (Pearlstein 1973).
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Although the parameters mentioned above have been well
investigated and documented, and applications for
electroless films are numerous, a complete and
universally accepted mechanism whereby the reaction
occurs remains undiscovered or undisclosed. Clearly, if
one mechanism exists for the electroless deposition of
metals, it must be operative under a variety of
conditions. If more than one mechanism is responsible
for the process, it is of more than academic interest
to know how these differ and how many there may be.
This knowledge could possibly lead to further
understanding of other heterogeneous catalytic
processes. The industrial importance of electroless
plating suggests that mechanistic understanding could
be exploited in the development of tadLor--made and
efficient plating bath formulations.

1.3 PROJECT OBJECTIVES

In this project a quartz microbalance electrode (QME)
was developed and applied to the study of electroless
nickel and copper plating. The apparatus was designed
and built in-house, where necessary, and assembled to
give an instrument capable of performing
electrochemical experiments (e.g., voltammetry,
potentiometry, amperomet:r:y)and simultaneous in situ
gravimetry. The latter analytical method was especially
suitable for the reactions under study since the major
product of interest waS a solid.

It was hoped that the capability to measure two
parameters simuJ.taneously (e.g., electrode current and
plating rate) would overcome many of the limitations of
other, more classical techniques used in research in



10

electroless plating (the methods referred to here are
described in Ch~pter 2).

Once the technique of using the QME was validated by
comparison of initial results to existing data, a more
detailed study of electroless plating syst~)ms could
commence.

It has been stated that electroless nickel plating may
be achieved under a variety, of conditions. It is
possible, for instance, to formulate a nickel plating
bath which will operate at room temperature. The
autocatalysis of nickel deposition may be based on a
number of reducing agents incl~lding the hypophosphfte
anion and dimethylamine borane. These systems were the
focus of study in this work. In addition, the behaviour
of electroless copper baths of ir::lriousformulations was
investigatedl with special attention given to the
influence of additives (stabilisers and accelerators)
and complexing agents, on the rates of the anodic and
cathodic partial processes.

During the course of the research a property of the
Ni-p alloy, viz. I' the existence of two phases, was
observed. Although previously documented and indeed
studied (Cargill 1979, Benje et al. 1988), this
property has not been exploited in studies of
autocatalytic depOSition mechanisms. In this work,
extensive investigation was carried out to determine
the role of these phases in the electroless process.



CHAPTER 2,

THEORETICAL CONSIDERATIONS



11

C:fIAl?TER 2 THEORETICAL CONSIDERATIONS

2.1 ELECTRODE PROCESSES

2.1.1 Introduction

Electroless plating is a heterogeneous electron
transfer r'1action and, as such, may be studied as an
electrochemical reaction with a variety of
electroanalytical techniques. Chapter 2 introduces
those important principles of electrochemistry wl),ich
are of relevance to the work reported in this thesis.
The factors which affect the course of an electrode
process will also be described.

2.1.2 Mass transport

Electrochemistry is concerned with transformations of
Chemical species at the electrode-solution interfacp.,
by virtue of electron transfer. solution species which
may react at the interface are usually of particular
interest. Thus it is important to understand by what
means, and how quickly, these species get to and from
the electrode.

Mass transport of species in solution may"be by one or
a combination of three differe.nt modest namely
diffusion, convection and migration.
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2.1.2.1 Diffusion

Solution species are in consta!l.trandom motion. A
particular species may move predominantly in a given
direction because a concentration gradient (or, more
correctly, a chemical potential difference) exists in
the solution. The chemical potential acts like a fo:t:'ce.
Atkins (1982, p. 903) describes this as a "phantom"
forcer because there is no actual force at all, only a
tendency for the solution t.c achieve maximum errt ropy,
At an electrode, the consumption or production of
species produces a.concentration gradient. The rate of
diffusion of a species may be determined from Fick's
laws (Atkins 1982, pp. 903-907).

For purposes of electrochemistry, Pick's first law can
be expressed in terms of the rate of diffusion of
particles through a plane parallel to the electrode
(the elect.rodeis assumed to be perfectly flat and of
infinite dimensions). The rate of diffusion is the flux
(J) which, in the s .I. system, has units mol m-2 s"
(Equation 2.1). The diffusing entities may be ions
(species i), giving rise to a charge flux.

J = -Di dc.l(x)
dx

(2.1 )

In Equation 2.1, the concentration of i at a distance x
from the electrod~ is Cj (x) ( and de, (x) /dx is the
concentration gradient. The minus sign ensures that
species are shown to move from an area of high
concentration to one of low concentration (Pletcher
1991, pp. 18-20). o, is the di.f fuai.or; coefficient of
species i and, typicCl.lly,has a value of 10-5 em" s-1.at
25°C.
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The rate of change in concentration of species i. as a
consequence of diffusion is describ~d by Fick's second
law (Equation 2.2). This law is derived by treating the
rate of change of concentration of i at the centre Of
an element of solution bounded by two planes parallel
to the electrode (Southampton Electrochemistry Group
1985 pp. 26-29).

(2.2)

Instrumental methods such as chronopotentiometry,
chronoamperometry and cyclic vol,tarnmetry are based on
the integrated form of Equation 2.2, with appropriate
boundary conditions.

2.1.2.2 Convection

Mechanical agitation, or density or temperature
variations gi'V'9 rise to bulk movement of solution.
Natural convection is a non-quantifiable effect, where
random vf.bz a.t.Lons and temperature effects cause
solution movement. Forced convection may be used to
overcome the problem of natural convection. The
hydrodynamics of forced convection can be quantified
under controlled condition~t such as in the case of the
rotating disc eLectirode (vidE: infra), or the wall-jet
electrode.

2.1.2.3 Migration

An electric field will cause charged species to move
within the solution as a result of electrostatic forces
(Pletcher 1991, pp. 17-18). Cations will migrate
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towards the negatively charged electrode while anions
mig1.ate towards the positively charged electrode. The
drift speed, st.' of an ion is proportional to the
strength of the applied field, E (Equation 2.3). The
proportionality constant is the mobility I denoted by
u±. The subscript (±) indicates the sign of the charge
:>nthe ion.

(2" .1)

The mobility of an ion is related to ionic size, charge
and the solution viscosity (Atkins 1982, pp. 896-905).

Many electrochemical techniques are based on well
defined conditions of ion transfer to and from the
electrode surface. In order to simplify the conditions,
it is common to suppress the migration of electroactive
species. This is achieved by the addition of a
non-electroactive ionic compound (e.g.r KCl) to the
solution, such that the concentration of the supporting
electrolyte is far greater than that 0:1: any
electroactive species. Mass transpott of the
electroactive species is then almost exclusively
brought about by diffusion and convection.

2.1.3 Elect~ode Reactions

2.1.3.1 Introduction

Electrode reactions involvA electron transfer reactions
occurring at a phase interface. The electrons are
transferred between C:l. species in the electrolyte and
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the electrode. For purposes of this discussion, an
electrode is considered to be a solid surface.

Electron transfer can only take place when the
electroactive species is within molecular distance from
the electrode. In addition, the area of contact between
the electrode and electrolyte is finite. As a
consequence of these two conditions, the rate at which
electron transfer can take place may be limited by the
rate of mass transfer of electroactive species to or
from the electrode. The reaction is then said to be
under mass transport control.

Elc;ctrode surfac~ rilgio'n :aUlk solutioQ
I
II ~ass
I transferJ. __ Ox ..........,..- ...

Elect;r:oQe

\

Schematic pdthway of a general electrtde
reaction (redrawn from Bard and Faulkner
1980, p , 21).

Figure 2.1

An anodic reaction (e.g., Equation 2.4) is defined as
an electrode reaction where electrons are passed from
either surface atoms, surface bound molecules or a
species in the solution phase (Red) to the electrode.
The opposite is true for a cathodic r~action.
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Red -i> Ox + ne" (2.4)

Electrode processes which occur when electrons are
transferred across the electrode-solution interface are
called faradaic processes. This term is used because
the amount of chemical reaction occurring is
proportional to the amount of electricity passed.

A non-faradaic process is one where there is no charge
transfer across the interface but an external current
does flow (even if only transiently). Non-faradaic
processes include adsorption or desorption of species
and structure chancre or charging of the electrical
double layer (Bard and Faulkner 1980, pp. 6-8).

The explanations and discussion in this chapter relate
to faradaic processes unless specif.i.edotherwise.

2.1.3.2 Faraday's laws

From the proportional relationship between amount of
chemical reaction and amount of electricity flowing
(Faraday's first Law), it follows that the rate of
chemical change is proportional to the current flowing.
Electric current is the rate of flow of charge
(Equation 2.:5)

dQI :::dt (2.5)

In Equation 2.5, I is a current, Q the charge and t is
time. For an oxidation process, e.g., (2.4), nOli is the
number of moles of Ox formed in the reaction, n is the
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number of moles of electrons required per mole of Ox
and F is the Faraday constant.

nF
Q

::::: nox (2.6)

Thus th·~rate of formation, S, in mol s-tis given by

r :::::dnox ::::: _L.
"" dt nE'

(2.7)

Since an electrode process is a heterogeneous process,
the rate, V, is usually expressed on a per unit area
basis. This can be accomplished by using j, the current
density (current per unit area) in place of X:

V ::: _L == j__
nFA nF

(2. a)

A current density is a charge flux and thus the
relationship between j and the flux of electroactive
species J to or from the electrode surface can be seen.

2.1.3.3 The electrochemical interface

The electrified interface, referred to as the double
layer, is a region adjacent to the electrode surface
which adopts a structure as a consequence of charge
build-up on the electrode, and the presence of charged
solution species. As a consequence of charge build-up
in the double layer, hiyh electric fields may develop
across the interfacial region (in the ordel of
107 V cm·1). The presence of this· electric field at the
interface of electrolyte and electrode is the basis of
electrochemistry (Bockris and Reddy 1970 p. 630).
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The Helmholtz-Perrin model of the double layer treats
the charg~d interface as a parallel plate capacitor.
The net charge of the electrode surface is considered
as one plate, and a layer of ions in the electrolyte,
having aligned themsel.ves at the interface, form the
second plate. Counter-ions in solution are aligned at
molecular distance from those ions attracted to the
surface. This charge alignment forms the basis of the
term "double layer". It has subsequently been shown
that the Helmholtz-Perrin model is insufficient to
completely describe the behaviour of the charged
interface.

Gouy and Chapman, working independently, relaxed the
constraints on the solution species, developing what is
referred to as the Gouy~Chapman Diffuse-Charge. mode' .
The ions are no longer constrained to a flat plate
adjacent to the electrode. A time-averaged distribution
of charge accumulation near the electJ!'odesurface is
brought about by the equilibrium attained between
thermal forces in solution disrupting any structure of
ion build-up, and the electrical force causing the
build-up. The resulting picture is not of a fixed,
charged layer as in the Helmholtz"'Perrin model, but of
a diffuse layer, with a net charge density falling off
with distance from the interface. Notwithstanding the
fact that experimental evi.dence of the lehaviour of
double layer capacitance cannot be reconciled with this
model, it has served to facilitate further
understanding of charged interfaces, leading to tho
development of the Stern model.

The stern model of the charged interface allows for a
combination of the effects described by the former two
models. Ion~ are considered as finite-sized particles
rather than point charges. Solvent molecules, e.g.,
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water, adhere to the electrode 'by virtue of dipolar
forces, and prevent the ions from reaching the
electrode. Consequently, a layer of "fixed" ions is
arranged at a certain distance from the electrode. This
gives rise to a potential difference, which varies
linearly with distance from the electrode. A diffuse
layer of ions :i.s found beyond the fixed layer. The
charge density drops off with distance from the
electrode as suggested by the Gouy-Chap•..an model. '1'his
drop-off constitutes a second potential variation,
which is exponential (Figure 2.2) .

A number of practical effects can be explained by the
Stern model of the interface. These effects include the
charging of the double layer and the energetics of
adsorption l?f hydrated ions to the electrode surface.
The presence of the water mo.Iecul.« dhering to the
electrode (in an aqueous system), an :.le doub l,e Layez ,
pose an energy barrier to adsorption of other species.
(Bockris and Reddy 1970 pp. 718-737)

The locus of centres of closest approach of hydrated
ions to a hydrated electrode is called the outer
Helmholtz plane (OHP). When an ion loses its hydration
sheath on the side closest to the electrode, and
displaces water molecules from the electrode surface,
the locus of centres of the ions adjacent to the

.>!

eLectirode is what is called the inner HeImho.l,tz plane
(lEP). If the Gibbs function is negative, for the
process of the ion divesting itself of part of its
hydration sheath, and displacing water molecules, then
contact adsorption occurs. In general, in aqueous
systems, strongly hydrated ion:"; do not contact adsorb.
(Bockris and Reddy 1970 pp. 742....744)
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The electrode ....solution interface'
according to the Stern model. A layer of
(-) excess charge is stuck to the
positively-charged electrode, with the
remainder randomly distrjbuted. The locus
of centres of the stuck ions is at
distance a from the electrode. Water
molecules have been omitted, but these
molecules prevent closer approach of the
ions (Bockris and Reddy 1970 pp.
734-735) •

"Stuck" ions

( soattere~

ee aee eS-SeeSe
66 eas e

x=:;; ..a x=O
....__. \........_----... ------)~ v-

~(regiOnS of
charge separation

~ Linear region
Potential "1

X=-a x=O



21

Legend:Layer 3
Layer 2

I
I

Layer 1 :
••I

® cation

Q{>+ water
~ molecule0-e anion

Contact adsorbed
•I
I
I

I OHP
IHP

Figure 2.:3 Arrangement of ions at an electrode,
showing the Inner Helmholtz Plane (IHP)
and outer Helmholtz Plane (ORP). The
existence of these planes gives rise to
an electrical triple layer, the first
being the layer of charge of the
electrode surface. Counter-ions have been
omitted (Bockris and Reddy 1970 p. 750).
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2.1.3.4 Adsorption at electrodes

Contact, or specific adsorption, is a term used to
describe adsorption of a species to an electrode when
cou.l.ombic as well as other attractive forces operate,
e.g., weak electron orbital overlapping. This may be
seen as one limiting case of adsorption at electrodes.
other limiting cases are pure electrostatic adsorption,
adsorption of neutral molecules (including dipoles) and
chemisorption. The latter type of adsorption involves
the breakage of chemical bonds in the adsorbate and
formation of chemical bonds between adsorbate and
electrode. Charge transfer takes place across the
interface during the chemisorption process..Adsorption
of neutral molecules requires the displacement of water
molecules from the surface. This process does not take
place easily on a polarised electrode, where dipolar
water is strongly attracted to the surface (Bard and
E'aulkner1980 p , 515).

Adsorption on non-ideal surfaces is complic~ted by the
exposure of the various crystallographic planes to the
solution, as well as by the presence of surface
defects.

The energetiCS of adsorption is describe:d by various
adsorption isotherms. These are described below, with
reference to their limits of applicability.

Consider the adsorption of a charged species MZ+ to a
metal electrode surface S (Equation 2.9).

s + = (2.9)

with A. (the partial charge transfer coefficient) = 1
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2.10) relates theThe Langmuir isotherm (Equation
degree of surface coverage to
ignoring
molecules.

electrode potential,
between adsorbatelateral interactions

This isothermisotherm is the simplest
describing the adsorption of a charged species MZ+ to
surface s.

where
eEl =
a =
E =
F =
K =
R =
T =

He
1~...ee = Kaexp(-FE/RT) (2.10)

fractional equi.Ll.b.r Lum surface coverage
activity of adsorbate in solution
elec~rode potential
Faraday constant
adsorption equilib....Lum constant
gas constant
temperature

The Frumkin and Temkin adsorption isotherms treat the
Gibbs function of adsorption as an exponential function
of coverage and lateral interaction parameters of
adsorbed species, thus accounting for the non-ideality
of interacting adsorbate (Calvo 1986 pp. 58-62).

2.1.3.5 Thermodynamics of electrode reactions

In this section, the relatic~ship between the potential
of an electrode and the current density is described.
Only a single redox couple is considered:

~o + ne" -<- R (2.11)
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o is the oxidised species and R is the reduced species.
The rate constant of the for'trlardprocess is kc and the
rate constant of the rever$e process is kA (the
subscripts C and A stand for cathodic and anodic,
respectively). The assumption is that mass transport is
not limiting in the process. Then, only interfacial
dynamics control the rate of the processes.

It has already been shown that currerrtdensityI j, is a
measure of the rate of an electrochemical process. The
current density of the forward (cathodic) process is jc

and for the reverse (anodic' process is jA' The
convention adopted in this WC~' is that current
densities of anodic processes al~ positive and current
densities for cathodic processes are negative. Thus,
when the process (2.11) above is at equilibrium, the
overall current density j is zero:

(2.12)

At equilibrium, the rate of the forward process is
equal to the rate of the reverse process. The exchange
current density is joe

2 1.3)

Since the reactants and products of a process such as
(2.11) are generally charged species, the Gibbs
function of the components can be changed at constant
composition by altering the electrical potential of the
phases (i.e., the potential difference across the
electrode-solution interrace at which the process takes
place). The electrochemical potential of species i is
Ili, and is defined by Equation 2.14,

(2.14)
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where ~1 is the chemical potential of species if ZlF ~s

the charge per mole of i, and ~ is the potential of the
phase Lr. which t.he species is situated, referred to as
the inner or Galvani potent:i.al. The second term thus
accounts for the Gibbs function chanqe br011ght about Joy

alteI'ing <1>. Furthermore, the chemical potential of
species i is related to the activity:

(2.15)

where ~~ is the standard chemical potential of species
i and a1 is its activity. Since b.<I> (the potential
difference: between the metal electrode and solution, or
Gal"rani potential difference) cannot be measured
directly, in practice, potentials are measured relative
to a reference electrode. Equatn.cns 2.14 and 2.15 are
fundamental in the derivation of the Nernst equation
(2.16), which r'e, ...li:;€)S Eel the equilibri'llm eLectrode
potential to the ratio of activities of species ° and R

(ao and aR respectively) and Bee, the standard electrode
potential (i. e ., when ao = aR := 1) :

+ 2. 3RT log ao
nF a.n (2.16)

(Southampton Electrochemistry Group 1985 pp. 76-80)

In most cases of solution electrochemistry I the
approximation is adopted that activity cuefficients in
dilute solutions are unity, so that the Nern t: equation
is written in terms of the concentrations of ;) and R
(ao is rev laced by co' the concentration of.O, and aR is
replaced by cR' the concentration of R)•
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2.1.3.6 Kinetics of electrode processes

Equation 2.11 is used as the model reaction in this
section.

An ele'"!trode immersed in a soLrtLon of electroactive
species can be forced to adopt a potential E different
to the equilibrl.um electrode potential Eel for example,
by application of a potential from an external source.
The difference between E and Ee is the overpotential,

(2.17)

If an overpotient.LaL is positive, the system will tend
towards a new equilibrium by altering the
concent rau.lons according to the Nernst equation (co

increases and cR decreases). The rate of the reverse
process of (2.11) must increase, such that an anodic
current flows, since the magnitude of j ...becomes larger
than that of jc' A negative overpotential has the
opposite effect and a cathodic current flows, \<Jith a
resul tant increase in the ccncont.rat.Lon ()f R and a
decrease in the concen~ration of O.

It is of interest to know the relationship between 11

and j. Early research suggested an exponential
relationship between overpotential and current as
illustrated by the Tafel equation (1905):,

fl ::: a + b log III (2.18)

In the Tafel equation, a and b are constants which may
be determined experimentally. The accepted, practical
relationship between overpotential and current density
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(use of current density is preferable t : the use of
current) is somewhat more complex but retains the
exponential form. This relationship (Equation 2.19) is
known as the Butler-Volmer equation (Southampton

~Electrochemistry Group 1985 p. 81).

. . {. (X.AnEil) . (-ct<:nEil) }J = ] 0 exp RT - exp RT (2.19)

In the Butler-Volmer equation, .R is the gas constant, '1.'

the temperature and F the Faraday constant. The terms
Ct.ll and CGc are the transfer coefficients for the anodic
and cathodic half-reactions respectively. Transfer
coefficients are constants, defined, in the case of a
multi-step process, such that (X.ll + (X.c :::; n/v. Here n
is the number of charges passing in one act of the
overall reaction and v is the stoichiometric number.
This is the number of times the rate determining step
must occur per occurrenc~ of the overall reaction. The
transfer coefficient can be shown to include a term in
f3, the
function
briefly,
process,

sy.mmetry
for the

factor, which describes the Gibbs
electron transfer process. Stated

a Gibbs
related

function maximum exists for the
to the activation energy for the

electron transfer. f3 describes the symmetry of the
Gibbs function about the energy barrier. A detailed
description of CG and f3 is given in the text by Bockris
and Kahn (1993 pp. 272-277). Values of CG are usually
between 0.3 and O.7 and are frequently close to 0.5
(Pletcher 1991, pp. 7-12, Bard and Faulkner 1980, pp.
91-97).

The Butler-Volmer equation is only applicable when
(a) electron tra.nsferis the rate determining step in
the electrode reaction and
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(b) when no resistive film forms on the electrode
during the process.

In practical electrochemistry, approximations to the
Butler-Volmer equation are often made (Southampton
Electrochemistry Group 1985 p. 83). These are the high
field and low field approximations. When 11is large and
positive (i.e. 11» RT/allnF) then the second exponential
term in the Butler-7olmer equatlon becomes negligible.
Equation (2.19) can then be reduced to the form

1· 1·' O'.lln.bil
n] = n]a + RT (2.20)

for positive overpotentials. This is the high-field
approximation for. 'anodic potentials, exhibiting an
exponential relationship between j and ~.

Similarly, for negative overpotentials i.e. when 11 «

-RT/acnF the cathodic high-field approximation of the
equation is

In(-j) 1·. O:chEil= n]o- RT (2.21)

The value of j is negative and a cathodic current is
obae.rved ,

The two equations above take the form of the Tafel
equation. Tafel plots are semi-logarithmic (i.e., In(j)
vs. TI) graphic representations of the current-potential
relationship. Values for the transfer coefficient can
be calculated from the slope of a Tafel plot and a
value for i, can be found by an extrapolation of the
line to the point where TI = 0 V.
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The linear or low field approximation is made when the
ove.rpo+errt.Lal, is small (I" I < 10 mV at 25°C). Then,
using the approximation that exp(x) = 1 + x for small
Y., and ti.A + Ct.c :=: 1, the Butler-Volmer equation reduces
to

. . nF
J = Jo RT 11

Here the is proportional to
pp. 13-15, Bard and
linear and ~-:ponential

current density
(Pletcher 1991,
pp. 91-105). The

oVerpotential
Faulkner 1980,
forms of the Butler-Volmer equation are l..~pictedin
Figure 2.4.

Exponential region
,/'

'. (FTf )J J>j Joellp 2RT

Graphi~al representation of the
Butler-Volmer equa.tion, showing the
linear r~gion and the exponential region,
which arc used in the low and high field
approximations, respectivelY. The
relationship 8hown here is symmetrical,
which is true for the case a = 0.5.
Redrawn from Bockris and Reddy (1970 p.
886) •

Figure 2.4

(2.22)



30

2.1 ..4 Mechanisms of Eleotrode Processes

For an electrode process occurring via more than one
step, it is most likely that one will be inherently
slower than the others. This is the rate determining
step (r.d.s,). The Lndd,vidual steps are collectively
called the mechanism of the process.

The symbol conventions of Bard and Faulkner (1980, pp.
429-430) are used in this work. Thus E represents an
electron transfer step and C a homogeneous chemical
reaction. Electrode processes which involve only one
step, that is an electron transfer, have a mechanism
known simply as electrochemical (E). A
chemical-electrochemical (CE) mechanism is one where a
chemical reaction occurs on or near the electrode
before the electron transfer step. The steps may be in
the reverse order, if the chemical step follows
electron transfer. In this case, the mechanism is EC,
following the pattern above. The sequence of steps can
be built up further, as the complexity of the electrode
process increases.

In !nost electrode reactions, a number of physical
processes need to be considered regarding the overall
rate of the reaction. These may be one or more of phase
fozmat.acn (e.g.1 gas bubbles or solid film), chemical
reactions preceding or following the electron transfer,
and adsorption or desorption of species at the
electrode surface. When a particular electrode reaction
involves the transfer of more than one electron, there
are usually chemical react~ons or
separating the individual electron
(Pletcher 1991, p. 3).

rearrangements
transfer steps
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2.2 MIXED POTENTIAL SYSTEMS

2.2.1 I.ntrod'C..~tion

'The thermodynamic equilibrium electrode potential has
been d.efined as th~ pott;;ntialobserved when the net
current density acroes the interface is zero (Section
2.1.3.5). This is true when there is only one electrode
process taking place at the electrode, and the
electronution and de-electronation reactions are taking
place at the santerate. 'Thenet current density across
an interface may also be zero under a different set of
conditions, viz., when two separate electronation and
de-electronation reactions are occurring at exactly the
same rate.

The two (or mora) reactions which are simultaneously
occurring are known as partial processes. The potential
observed at the electrode is not the equilibrium
electrode potential, but a steady state, compromised
potential, fixed by the kinetics of the two partial
processes. Figure 2.5 represents this situation by
showing the mixed potential as being the ordinate value
of E corresponding to the point at which the anodic
partial process cur£ent density is equal to that of the
cathodic partial process.
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1M

(1) R -7 0 + ne- ; .
I Jnet
I (2) R' -7 0' -+ n'e-

E~/

j +

E

+ n'e- -7 R'

'B'igure 2.5 Schematic representation of the mixed
potential system. Two redox processes (1)
and (2), with formal equilibrium
electrode potentials E1G and E2

G•

respectively, occur. The mixed potential
is Emix and the measured current density
is shown by the broken line. Redrawn from
Calvo (1986) p. 70.

The current density curves of the partial processes are
affected by mass transport conditions and surface area.
Consequently, the mixed potential may be susceptible to
these kinetic factors, and the value of the mixed
potential is governed by the kinetics of the fastest
partial process (Calvo 1986 pp. 68-71, Bockris and
Reddy 1970, p. 1104). This is in contrast to the
equilibrium electrode potential of each partial
reaction, which is governed only by thermodynamics.

Wagner and Traud (1938) studied corrosion of zinc
amalgams and attributed the corrosion potential to a
compromised, or mixed potential, of two separate
processes: one reduction and one oxidation, both
occurring at the same rate. By measuring the rates of
the two processes, current density curves attributable
to each of these processes were constructed and plotted
on one graph. !Vagnerand Traud were instrumental in the
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development of understanding of such so-called "rui.xed
potential systems".

It is important to note that the Wagner and Traud mixed
potential was defined for independent processes, The
current density curves of Wagner and Traud were foun:i
to be identical when derived from a situation where the
processes were taking place simultaneously and when
they were made to occur in isolation. The term mixed
potential bas frequently been used in electroless
plating. The validity of this terminology in the field
of electroless plating will be debated in the results
and discussion chapters of this work, since
simultaneously occurring anodic and cathodic processes
may interact. In this work, the term "mixed potential
theory" refers to the cl.aas.i.caf theory of Wagner and
Traud.

The mixed potential theory has been significantly
developed by Spiro (Bockris and Kahn 1993 p. 754). In
particular, Creeth and Spiro (1991) pr.esented a
reformulation of the Wagner and Traud additivity
principle (the latter workers did not in fact suggest
that the principle was valid for all mixed potential
systems). Creeth and Spiro restated the additivity
principle thus: "The current-potential curve of a
mixture of couples can be obtained by adding,
algebraically, at each potential, the currents given by
each of the couples present, provided these have been
determined in circumstances which correspond to those
in the mixture."

In the field of corrosion study, ~vans diagrams are
frequently used for data presentation. These diagrams
are semi-logarithmic plots of electrode potential ve,
the logarithm of the absolute value of current density.
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Two separate processes, one anodi.c and the other
cat.hodi.c,can be represented on an Evans diagram. The
point of intersection of the two lines then represents
the corrosion, or mixed potential.

2.2.2 Coupled reactions

The mechanism of an electrode process has been
described in Section 2.1.4 as consisting, in many
cases, of a number of sequential steps. These steps are
chemically coupled because the product of one step is
the reactant of. the next.

The partial processes in a mixed potential system are
eLect ri.ca.lLy coupled, i.e., the electrons liberated by
the anodic partial process are consumed by the cathodic
partial proc~ss and, as such, the processes must
proceed at equivalent rates. It is also possible for
the processes to be chemically coupled, e.g. I as a
consequence of pH effects. Although this is possible it
is not ubiquitous in mixed potential systems (Smyrl
1981 pp. 104~105).

Another class of coupling may be identified: when the
reaction product, an intermediate, or starting material
of one partial process is a catalyst for' another
partial process. The rates of both partial processes
may then be affected, along with the value of the mixed
potential (Feldman and Melroy 1989, Ope cit.).

2.3 ELECTROCATALYSIS

An electrocatalyst is an. electrode material which
enhances the rate of an electrode process at
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oVerpotentials close to the equilibrium potential.
Whereas many simple electron transfer reactions have
large rate constants on a wide range Of electrode
materials, multi~step processes often require large
ov=rpoben't Le.ls to achieve a. practical current density
(Pletcher 199J., p . 120). Electrocatalysts provide an
alternative pathway from .reactants to products,
involving steps with lower activation energies than the
unca.talysed route.

['1'he definition of catalysis as a physical chemistry phenomenon
has long been debated because the nature of the interaction
between the catalyst and reagents remains moot. Berzelius, who in
1835 Coined the term catalysis ( perceived. these materials as
causing a reaction between two compoundswhich would not take
place in the absence of the catalyst. Later, W. Ostwald described.
the effect of the catalyst as .releasing the reaction, since he
appreciated that the reaction would. occur but for an energy
barrier retarding the process. Hence the philosophy of
release~causality is more appropriate for the description of

catalysis than causal~catJsal.ity (Christoffel 1989). Ch.dstoffel
suggests that the Chinese term "tsoo mei", meaning marriage
broker, maybe better than the term "catalysis", originating from

the Greek K<X.'t<X./A.UcmtV (kata=down/lysein;=split).]

The cathodic high field approximation of the
Butler-Volmer equation (2.21) can be rewri";.tenin a
form which reveaLs that the rate of an electrode
reaction (e.g., an electronation reaction)
both the Galvani potential difference

depends on
across the

interface (A~) and on a term in the rate constant of
the process a purely chemical aspect (Boc.kris and
Reddy 1970 p. 1142):

(2.23)

transfer coef-fici'nt fOr the cathodic process
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potential difference across the interface

potential difference across the interface at
potential of zero charge

Co ;;:::: concentration of oxidised species
kc == rate constant of cathodic process
F = Faraday constant
j = current density
n = number of electrons transfe~red
R = gas constant
T == temperature

Clearly, by altering the potential of an electrode
which is acting as an electrocatalyst, the rate of the
electrode process can be significantly affected. This
is not the case with a purely chemically catalysed
reaction.

The basis for comparison of different electrocatalysts
for a 9'iven reaction lies in the comparison of the
current density for the reaction at each surface.
Consider two electrocatalysts 1 and 2, on which the
current densities for a given electronation reaction
are i, and i, respectively. 'l'he better electrocatalyst
will allow the reaction to proceed with the higher

current density. The overpotential is 11 == AcI>
thus

(2.24)

and

j2 = (jO)2exp[(-aC)2F(A~ - ~~e)/ RT] (2.25 )

If the electrocatalytic reaction has the same mechanism
on both surfaces, it can reasonably be assumed that
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(ac) 1 = (a.C} 2 which renders the two exponential terms
equal. 'rhus

(2.26)

Comparison of the current densities on two
electrocatalysts at a given relative electrode
potential is effectively a comparison of the exchange
current densities on the two substrates.

It can be shown that the enthalpy of activation of an
electrocatalysed electrode reaction is independent of
the electronic properties of the substrate if the
process involves only electron transfer between the
substrate and ions in solution. This is not so,
however, for an electrocatalysed reaction involving
adsorbed species. In such cases, the nature of the
substrate is an important factor determining the rate
of the electrode process (Bockris and Reddy 1970 pp.
1143-1153) .

Many electrode processes, such as the hydrogenCl'.:ionof
unsaturated organic compounds, are thus affected by the
choice of electrode. Because electrocatalysis often
involves adsorption or complex formation of reactants
or intermediates on the electrode, the material used
must have a suitable electronic structure (viz.,
d-level vacancieS, either in the pure metal, or induced
as a result of alloying or cluster formation). It is
for this reason that transition metals and oxides of
transition metals function as electrocatalysts. Bockris
and Kahn (1993 pp , 297-300) have cited examples of
important electrocatalytic reactions which involve
spill-over in alloy catalysts and catalysis by glassy
metals (spill-over is the activation of a species at



38

one site, followed by migration and further reaction of
the species at another site).

Gecroetric dilution, where active sites are spatially
separated from one anotherl surface morphology and
exposed crystal faces are all factors contributing to
the characteristics of electrocatalytic reactions. In
straightforward. mass transport controlled electrode
processes, the rate of the process is independent of
the surface roughness, pr.ov:jed that the rugosity is
small when compared to the diffusion lay::;!' thickness
(Southampton Electrochemistry G.!.70UP 1985 p. 2:-~).

I:rrLPuritLas in the electrolyte, vJhich can adsorb on the
electrode, may force the reactants or intermediates to
compete for catalytic sites, thereby reducing the
efficiency of the electrocatalyst. Such compounds are
aptly called poisons.

In electroleos plating, only certain metals and alloys
initiate the aut.ocat.aLyti.c process. Trace amounts of
non-electroactive species can change plating rates.

Thus electrocatalysis is an important concept in the
study of electro less plating. Numerous electro-
analytical techniques are used to study
electrocatalysis. One of the recommendedapproaches is
the measurement of steady state currents (or current
densities) as a function of potential in a regime where
mass transport is not limiting. Tafel slopes are then
compared to those calculated for feasible mechanisms
{SouthamptcnElectrochemistry Group 1985 p. 232).
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The simplest example of an electrocatalytic reaction is
hydrogen evolution. In acid solution, the overall
reaction is

(2 •.27 )

Two mechanisms can be described for this process
(Pletcher 1991, pp. 112"'119), both involving adsorption
of protons on an electrode surface. It has been found
experimentally that exchange current densities for
hydrogen evolution differ on different me t.aLs, with a
range of ten orders of magnitude. Some representative
values are shown in Table 2.1.

Table 2.1 Exchange current densities for H2
evolution. Data obtained in 1 mol L-1 H2S04

solution (Pletcher 1991, p.
119) (temperature not specified).

Metal log (jo/A cm-:) ~-Pb -8.6
Ag -2.4-Pt 0.7

Clearly, the nat.ure of the surface can be an important
factor governing the rate of an electrode process.

Electrocatalysis is of prime importance in the area of
fuel cell devel opment . Conversion of chemicals to
electrical energy, by means of "cold combustion" of CO
and hydrogen, for example, can be achieved by
electrocatalytic oxidation at one electrode of a cell,
wh i ie reduction of oxygen takes place at" the cathode
(Bockris and Reddy 1970 p. 1394, Bockris and Kahn 1q93
pp. 861-894).
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Prevailing envirorunental regula.tions in most first
world countries regarding emissions from automobile
exhausts have created impetus for the development of
cleaner power sources. Fuel cells require considerable
development for widespread use, and a better
undexst.andf.ncof eLect.rocat.a.LysLs will assist in the
maturation of the technology.

2.4 AUTOCATALYSIS

Autocatalysis is the catalysis of a reaction by one of
the products of that reaction. This is to say that
ini tially the reaction occurs either as a slow step
after an induction period, or by being catalysed bl'
some "third-party" material. In the latter case, the
initial catalyst may become insignificant as the
reaction products are formed. An example of
autocatalysis in organic chemistry is the halogenation
of aldehydes (streitwieser and Heathcock 1981, p. 376).

Two situations may arise during the formation of an
electroless film which illustrate that the redox
process and metal deposition is autocatalytic. The
first is when only isolated areas of the surfCl·r;eare
catalytically active to electroless deposition, and the
major part of the surface is inactive. This is typical
of a treated surface where catalyst nuclei are formed.
The catalytic "islands" may initiate the electroless
reacttcn but in O:i. :l.erfor the localised islands of
depositer ~ateria] to grow together to form a coherent
film, the edges of the initially-reduced metal must;
further catalyse the process (Feldstein at al. 1974).

The second situation illustrating the autocatalytic
nature of electroless deposition resides in the fact
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that films grow in thickness to significantly more than
one monolayer. For this to happen, the first and
subsequent monolayers need to be catalytically active.

2.5 ELECTROANALYTlCAL TECHNIQUES

2.5.1 Voltammetry

2.5 ..1.1 Cyclic Voltammetry

Cyclic voltammetry (CV)was employed only qualitatively
in this work. In cyclic voltarcuutery a cyclic, linear
potential sweep is applied to an electrode in an
unstirred solution. The current response is measured
and current peaks are obtained as each electroacci ve
species is oxidised or reduced a~ the case may be. In
the qualitative application of cyclic voltammetry it is
not possible to calculate the kinetic parameters of the
electrode processes, but it is possible to obtain an
"electrochemical spectrum" for the species present in
the solution. A typical cyc l.f.c vol tammogram for the

reversible couple 0 + e" +t R where 0 is the cxi.ddsed
species and R the reduced species is given =.n E.!.qure
2.6.

CV can be used to study reversible, irreversible and
quar;.-reversible electrode processes. By alter.ing the
sweep rate of the potential it is possible to identify
fast and slow electron transfer steps and to identify
the formation of reaction intermediates. A proper Ly
designed experiment using the CV technique is
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indispensable in the eLucf.dat ion of electrode process
mechanisms. The formal electrode potential of a
reversible couple can be determined using CV, being
centred between tho peak cathodic potential and the
peak anodic potient Lal . (Southampton Electrochemistry
Group 1985 pp. 178-185; Kissinger and Heineman 1984 pp.
86-94) •

20·

Ipa
« -1-::t. 0.......
H t-·20 -,

Ipc

-40

60

40 .

-so
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Figure 2.6

'__.-- ........._-------~---.----------o 0.20 0.60 o.ao0.40

E/Vvs. SeE

Cyclic voltammogram of 10. a 'ironol t'"l
K3Fe(CN)IS in 1 mol L-1 KC1 (25.2 °C)~ Scan
initiated at 0.80 V vs. SCE in a negative
direction at 100 mVS-l. Platinum
electrode 0.0314 cm2• Epc = peak cathodic
potential, Epa = peak. anodic potential. Ipe= peak cathodic current, Ipa = peax anodic
current.
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2.5.11.2 Anodf.c Strippill\JVoltarornetry

Anodic stripping voltarometry (ASV) is the generic name
for a range of techniques which have been developed for
the determination of trace metals in solution. A
d8scription of the quantitative method follows.

.An electroactive species in solution may be deposited
on to an electrode surface by means of the application
of a potential. roo j cathodic than the reduction
potential of that species. Electrodes commonly used for
ASV are the mercury film e.Leot.rode(MFE) on cazbon
paste or glassy carbon, the hanging drop mercury
electrode (ID.4DE)and the dropping mercury electrode
(DME). The deposition of the species on to the
electrode is known as thG preconcentratton step, and is
carried out in a reproducible manner (i.e. I constant;
stirring rate, temperature and deposition time, as well
as identical electrode surface, for each set of
experiments). Following the preconcentration step, a
rest period is allowed for the solution to become
quiescent and for the preconcentrated species to
diffuse uniformly within the mercury of the electrode.
This ste~ is performed in either the original solution
or in an appropriate stripping soLut.i.on, An
anodic-going linear potential sweep applied to the
eJ.ectrode in the original solution or in a separate
stripping solution will result in the oxidation of the
deposited species. The current density of this
oxidation process is measured, and the peak height
related to the concentration of the electroact.i..ve
species in the original solution. The potential at
which the peal(OcCUrs is characteristic of the identity
of the analyte.
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A more sensitive variation of the ASV technique is when
a periodic square wave pulse is applied to the anodic
potential sweep. This serves to minimise the residual
current effects arising from double layer charging. The
pulse also increases the effect of sweep rate on the
peak current. The detection limits are usually improved
when square wave techniques are employed.
(Ellis 1973, Bard and Faulkner 1980 pp. 413-420)

2.5.2 Rotating Disc Electrode

The rotating disc ~ ~ctrode (RDE) is an important
device in electroanalytical chemistry. A fast rotating
disc electrode causes a well defined hydrodynamic
condi tion near its surface. '1'herotation moves the
solution near the electrode surface in an outward
radial direction. The resulting fluid flow is shown in
Figure 2.7. The velocity of the solution movement VI(
perpendicular to and in the direction of the disc is a
function of the rotation rate (()and the distance from
the electrode.

(2.28)

The influence of forced convection on the mass
transport is thus diminished at small distances from
the electrode surface.

Rotating disc electrodes are used for the strudy of the
kinetics of electrode processes. n'or example, the rate
constant for the lie" step of an EeE mechanism can be
determined by measuring the limiting current as a
function of rotation rate. The limiting current of the
ele..:;trodeprocess is given by the Levich equation
(Equation 2.29). A voltammogram for the reduction of
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K3Fe(eN) Ei at a rotating disc electrode is given in
Figure 2.8.

(2.29)

where
0)::: angular velocity if the disc, i. e. I (J)::: 2nN I N

is the rotation speed in revolutions per
second

v = kinematic viscosity of the fluid, cm2 S~l

it::: limi ting current, A
A::: geometric surface area of disc, em"
crt> = solution concentration of the electroactive

species I mol em?
D::: diffusion coefficient of the electroacti ve

speca es t cm2 S~l

F= Faraday's constant
n = nUlUberof electrons transferred

It is clear that the current densities expected at a
ROEfor a mass transfer controlled process are higher
than. those measured in non-convective systems.



46

CROSS SECTION THROUGH
ROTATING DISC ELECTRODE ASSEMBLY

BUSH .so ~

.tEFLON BLOCK _ __"

CONNECTING ----~SHAFT ELECTRODE

ELECTRODE

" DISC SURFACE

" If':wnON FLOW
PATIERN· SIDE VIEW

SOLUTION FLOW 0h1DISC SURFACE

Figure 2.7 Hydrodynamics at a rotating disc
electrode (redrawn from Southampton
Electrochemistry Group 1985 p.116).



47

EIVvs. seE
·0.60

I
·0.40, ·0.20
I

0.00 0.20 0.40 0.60

RPM

400 --------
600 ---------
800 ------~.

1000 ------
.1200 --------.
1400 -------
1600 ---_..-~
1800-
2000------

-50

-1011 '1~.-I-i
-150

-200

·250

Figure 2.8 Volta:rnmog'ramof 10.0 :m:mol1-1 K3Fe(CN)6 .i.n
I mol 1-1-1 RCI (25.2°C), at a platinum RDE.
Scan initiated at 0.80 V vs. SCE in a
negative direction at 50 mVS-l. Platinum
electrode area 0.0314 cm2•

2 . 6 TECHNIQUES FOR STUDYING ELECTROLESS
PLATING

Studies of the electroless plating process have
employed a variety 0; techniques and approaches (a
detailed literature survey is presented in Chapter 4).
Plating rates have usually been determined
gravimetrically f by measuring the mass change of a
sample substrate of known surface area. It is possible
to determine the rate of the anodic process provided
that the rate of formation of a non~solid product can
be followed by an appropriate technique (e. g.,

. spectroscopy).
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OVer the last two decades" electrochemical techniques
have co~e to the fore in electroless plating research
(e. g. , vol tammetryI potentiometry and ampe.rcmet.ry) , A
metal surface plating in an electroless bath adopts a
steady state potential with respect to the solution.
This potential is a mixed potential, and the cathodic
and anodic processes occur at tit.; same rate.
Observation of the mixed potential under suitably
varied conditions has been a modus operandi adopted by
researchers in the field (Feldstein and Lancsek 1971,
Paunovi.c 1968).

Whenthe potential of the plating surface departs from
the steady state value, under the influence of an
externally applied potential, plating is no longer
truly electroless. However, the cathodic and anodic
processes still occur, but at unequal rates (Feldman
and Melroy 1989, Orchard 1988b, Paunovic 1968).
Hydrogen evolution is usually a cathodic co-proCess. If
this reaction occurs at a significant rate, it may
affect the calculation of the anodic process current
density described below.

The partial current densities of the two half-reactions
can be derived from
(a) the net current density, jnetl as calculated from
the current measured in the external circuit,
and
(b) the plating rate converted to a current density
using Equation 2.8. These give the anodic and cathodic
partial current densities, ja and jc respectively. The
relationship is

(2.30)
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(Note that lower case subscripts are used here to
differentiate these current densities from these in
Equations 2.12 and 2~13. Equation 2.30 represents
current densities of two different partial precesses.)
Tafel-type plots can be made usLnq this data and the
relevant electrochemical parameters may be extracted.

Another technique used in the study of Glectroless
plating has involved the use of an electrochemical cell
design which keeps solutions of the metal ion and
reducing agent separ at.e by means of a membrane or frit.
While mixing of the solution species is avoided, ionic
transport by a supporting electrolyte is allowed
(EI-Raghy and Abo-Salama 1979). This type of experiment
is performed to determine the dependence of one
half-reaction on the other. Wiese and Weil (1987) used
an elaborate arrangement of electrical separation of
the partial processes. The results and conclusions of
the various works cited here will be discussed in more
detail in Chapter 4.

The rotating disc electrode has been used (Orchard
1988a and 1988b) to measure plating rates under
controlled hydrodynamic conditions.

Mechanistic information was obtained by ~lectrochemical
mass spectrometry (Jusys and Vaskelis 1992, op. cit.).
In this series of stUdies, gaseous products from
isotopically labelled electroless baths were analysed
by mass spectrometry_ To accomplish this, a thin Teflon
membrane was .used to support the electrode. Gases were
sucked through the membrane, into the mass
spectrometer.

Most classical techniques, however, have the limitation
that they interfere with the very precess Which they
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are investigating. The long plating times required to
obtain a measurable mass change may lead to
significantly altered reagent concentrations. This is
exacerbated when the bath being studied operates at a
temperature where a volatile component evaporates. Thus
the deveLoptaent; of an experimental strategy which
exsmi.nes r.he process rapidly, and with less of a
disturbipg effect, cou10 yield useful and as yet
unda.scovaredinformation.

A relatively new device, the electrochemical quartz
ccystal microbalance, or quartz microbalance electrode,
has attributes which are of great use in the
m~chanistic studies of electroless plating. A
description of the quartz microbalance electrode
follows in Chapter 3.



CHAPTE~ 3

THE QUARTZ ,MICROBALANCE ...

TECHNICAL DESCRIPTION
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CHAPTER 3 THE QUARTZ MICROBALANCE -
TECHNICAL DESCRIPTI.ON

3 . 1 QUARTZ CRYSTALS*

Alpha-quartz is the crystalline form of silica (Si02)

which is stable at temperatures below 573°C. The
non-centro symmetric crystal structure of alpha-quartz
gives rise to a number of physical properties, one of
which, the piezoelectric effect, is discu.:ss~din the
follDwing section.

crystalline quartz, specifically alpha-quartz, occurs
naturally as a geochemical phenomenon. Art industrial
process also exists whereby scart~ely-flawed crystals
may be grown on to seed crystals from an alkaline,
aqueous solution. This is the hydrothermal route of
iuartz crystal production. Crystals obtained f~om the
latter process were exclusively used for the purposes
of this project.

* Bibliographic note Technical j,nformation and.
descriptions in this section were obtained by consulting
pertinent texts (Bottom 1982, Frerking 1978). other sources are
acknowledged.as they are cited.
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3.2 TI1E PIEZOELEC!i.'l1IC EFFECT

3.2.1 liJxplanation of the piezoeleotric effect

The term tipiezoelectricity" is derived from the Greek
word, piezo, meaning "press", hence "pressure
electrici ty". Becausl..~of the polar. andsotropy in the
unit cell of the crystal, a pressure on a section of
crystal (or p.i.ezoi.d) results in a shift in charge
distribution. This can be detected as a change in the
electric field between the faces of the crystal
section and is referred to as the direct
piezoelectric effect (Figur~ 3.1).

FORCEl

FORCE

!

Figure 3.1 The direct piezoelectric effect.

The converse piezoelectric effect is the phenomenon
whereby a physical displacement of atoms in the
piezoid occurs as a result of an imposed electric
field (Figure 3.2).
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Figure 3.2 The converse piezoelectric effect.

It is thiciphenomenon which is utilised in frequency
control applications and the quartz crystal
microbalance (QCM).

The fabril::atiol'lprocess produces piezoids which are
wafers of crystal usually less than one millimetre
t~ick. These are cut at specific orientations to the
Zr or optical, axis of s~~etry of the single crystal
(Figure 3.3).

z·

y

F~,gure3.3 The orientation of AT and BT cut
crystal \vafers.R, m and r represent
the specific faces of the crystal.
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The two possiple cuts shown in Figure 3.3 are
refel:'red to as AT (35.250 to z axis) and BT (-49.000

to z axis) cuts. Both cuts form plates which are
parallel to the x axis. Since piezoid is a solid
bodyI the viprations which are caused by an
oscillating electric field can occur in identifiaple
directions and at resonance frequencies dependent on
the mass, thickness and shape of the piezoid and the
orientation of the field relative to the optical
axis I 1.e. the cut. These vibration directions,
called modesp include
displacements.

bend, torsion and shear

Piezoids used in frequency control and quartz
mi.cr'oba.l.ancee are usually disc shaped. In order to
apply the required electric field to tIle crystal, it
is necessary to apply conductive layers to opposite
faces of the disc whereby leads to a sui table field
generator (oscillator) can be attached. This is
commonlydone by eVaporating metals such as silver or
gold on to the faces to form electrodes. Most of the
vipration occurs where the electrodes overlap ... this
is the piezoelectrically active area (Figu,re 3.4). A.s
mentioned abova, the resonance frequencies (or
harmonics thereof) are governed by physical
characteristics, including mass. Thus an increase in
mass will change the resonance frequency only if this
mass change occurs within the piezoelectrically
active area.
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PROFILES OF CRYSTALS

Planar

OVERLAP OF ELECTRODES:
Piezoelectrically active area is
mainly Within region of overlap
of the electrodes

Plano-convex

Figure 3.4 Perspective view of a quartz crystal
piezoid, showing OVerlapping region of
electrodes with unequal radius, and
profiles of planar and plano-conveJt
crystal wafers.

3.2.2 Shapes of crystals

Planar, disc shaped
piezoele~tric activity

crystals exhibit greatest
of electrode overlap. The

vibrations are not, however, wholly limited to the
overlapping region but do extend radially outwards.
This effect is often deleterious to the operation in
a quartz microbalance, and can be minimised in two
ways (Ward and Delawski 1991). The first is by
judicious choice of the relative electrode sizes and
their size relative to the dimensions of the crystal.
An optimum ratio of the diameters of electrode area
and crystal exists. This reduces the effect of shear
waves extending radially and being reflected back by
the edge of the crystal.
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The second method of minimisation involves the use of
a contoured, plano-convex piezoid. As a result of the
central region being thickest, so-called energy
trapping occurs, maximising the amplitude of the
vibration in the centre and minimising it outside the
electrode overlap area. These contoured discs exhibit
better frequency stability than planar crystals, are
better suited for use in the QCM.

Bacskai, Lang and Inzelt (1991) performed a similar
mapping of the radial sensitivity of the quartz
microbalance to that undertaken by Ward and Delawski.
Bacskai and co-workers addressed the problem of
uneven thickness of polymer films on the QME, and
concluded that for uneven films, the differential
sensitivity function of the resonator must be known
for meaningful results.

3.3 THE QUARTZ CRYSTAL AS .~ OSCILLATOR
ELEMENT

3.3.1 Quartz crystals as resonators

When a xylophone bar is struck by a hammer, the bar
will vibrate at a frequency determined by the
dimensions of the bar and the points of support. A
quartz piezoid is excited into vibration, not by
being struck, but by an externally applied,
oscillating electric field. By virtue of its solid
characteristics, reaonance may be attained.
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In order to sustain this 'vibration, the applied field
must change in a periodic manner. When conditions
have been carefully designed to meet the numezous
electrical parameters of importance, a resonance
frequency can be established where the crystal
controls the rate of voltage change in the external,
driving circuit; this circuit is an oscillator. It is
this principle which is exploited in
telecommunications, radio, microprocessor clock
circuits and in fact, any context where isochronous
electronic timing is desired. Well-built crystal
units incorporated into carefully designed
oscillators may give frequency stability of a few
parts in 1013 (Frerking 1978, p. v).

3;3.2 Oscillators

In the present context, oscillators are electronic
circuits which convert a direct current (d.c.)
voltage into an alternating current (a.c.) vo.l.taqe ,
Basically, an oscillator consists of a supply
vol tage, an amplifier and a feedback loop (Figure
3.5) •
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V(in}

Figure 3.5 The elements of an oscillator. A =
amplifier, .e = feedback networ:k,V (in)
= supply voltage, + = mixer and S =
signal.

When Barkhausen's criterion (Boylestad and Nashelsky
1987, p. 758) is satisf:Led, the amplifier/feedback
combination acts as an oscillator. The criterion
requires that the overall gain of the system must be
infinitely large, and that the feedback signal is in
phase with, and adds to, incoming signals (Glasspoole
1987). The crystal represents, to the circuit, a
resistance-inductance-capacitance (RLC) network
(Fi gure 3.6):

"

C2

Figure 3.6 The equivalent circuit of a quartz
crystal resonator. Rl, L1 and Cl
comprise the reactance of the crystal
and c~ is the mounting capacitance.
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On the basis of oscillator theory, and taking j.nto
account the behaviour of crystals as RLC components,
numerous oscillator circuits have been developed.
SOlUe of these are given in Figures 3.7 to 3.11.
(These diagrams are for illustratton and do not
contain sufficient information for construction.)

The oscillator circuits illustrated have certain
fundamental differences, depending on where in the
circuit the crystal resonator (Yl) is situated and
what relationship exists between the values of
crystal reactance, mounting capacitance and circuit
components. These considerations will not be
discussed further.

Circumstances dictate the choice of oscillator for a
particular application. Most communication

high stability.
;;ibration is

and
The
not

microprocessor devices require
amplitude of actual physical
generally a consideration, but circuitry must provide
constant frequencies over long periods of time. In
the case of the QCM, however, a more "pu.llable"
oscillator i~ necessary. This means that the circuit
will be capable of attaining resonance with the
crystal at excursions from the original frequency to
which the circuit was tuned. These excursions may be
in the order of 0.5%. l'11equartz microbalance
electrode also requires that the a.c. signal be
decoupled from that side of the device which acts as
the electrode in the electrochemical cell, so that
this signal does not influence the electrode
potential.
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R4

R1 L1

C2

DV1

R2 C1

Figure 3.7 Clapp crystal oscillator (Frerking 1978
p , 8S).

+1f"

>
C1 ~1.1
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DV1.;;;-

..I- 131
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> R1
1001<

-::..::::'
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Fl.gllre3.8 Pl.erce crystal oscl.llator (Wolfgang and
Hutchinson, 1991, p. 10-1).
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R1
100

Figure 3.9

R4
1!'iI<

R2
10K

C1
47pF C<4

+-------+---~~I----~IQmQllj~·p~QL-~~>
100pF

Figure 3.10

C2
10ClpF

Colpitts crystal oscillator (Wolfgang
and Hutchinson 1991 p. 10~1).

C1

l.1

74LS320 integrated circuit crystal
controlled oscillator (Hardy 1983 p.
7-466) •
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R1 R3

Dual~input NAND-gate oscillator
(Frerking 1978, p. 107).

Figure 3.11
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3.4 MASS CHANGES AND RESONANCE FREQUENCIES

3.4.1 Mass change - reoonance frequency
relationship

3.4.1.1. The Sauerbrey equation

It was stated in Section 3.2.1 that the resonance
frequency of a quartz piezoid depended, in part, on
the mass of the: piezoelectrically active area of the
crystal. This phenomenon will be described in this
section. AT-cut quartz disc piezoids oscillate at the
fundament.al frequency or odd harmonics of this
frequency. 'I'heproof of this is lengthy and !"llaybe
found in the text by Bottom (1982, pp. 134·,-136).

Factors which affect the resonance frequency and
deviations from this frequency include:
· physical properties of the quartz disc (thickness,

density and shear modulus)
• density and viscosity of the phases adjacent to the

piezoid
· ambient temperature and pressure difference across

the disc
• mass of attached electrode or of adsorbate on

attached electrode.
(Deakin and Buttry 1989, Deakin and Melroy 1989)

other factors may also contribute to frequ, y
change. These will be discussed in Section 3.4.2. '~le
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general relationship, taking only attached electrode
mass into account and maintaining all ather
paramet.ez-s constant, is given by Equation 3.1
(Sauerbrey 1959) :

A:f = 2f02 Am
A.JpqJ.1q

(3.1 )

Here, fo is the fundamental frequency of the crystal

and Il:f is the frequency shift fl'.:om the resonance

value. Am is the mass change causing the frequency
shift. The surface area which is piezoelectrically

acti ve is represented by A, while Pq and J.1q are the
density and shear modulus 0f quartz respectlve1y.

Equation 3.1 shows that the change in frequency is
linearly related to mass changp.. A rearrangement
(Equation 3.2) of the Sauerbrey equation is used to
deterr,tine the sensi ti vi ty and linearity of response
of the QCM. This rearrangement expresses the ratio

Afl Am in terms of fo and the physical paxamebezs ,
Equation 3.2 shows that for a crystal of a given
fundamental resonance frequency, the ratio on the
left-hand side should be constant. By depositing a
known mass on the face of a crystaJ, and observing
the frequency change, an experimental ratio can be
obtained and compared to the theoretical value
(Stockel and schumacher 1987) .

_- 2 f 2- 0AJpqJ.1q

Clearly, the higher the fundamental resonance
frequency of the cl.'ystal, the better the mass
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sensitivity. A problem arises ':"ith high frequency
crystals, however, because these are very thin discs
and are consequently difficult to mount, coat etc.
This l.imitation can be circumvented by operating a
thicker piezoid at higher harmonics to achieve better
sensit~vities. In such cases, odd harmonics of the
resonance frequencies are used, as has been done in
the study of underpotential deposition of lead on
gold (Melroy, et al. 1986), for measurement of
sub-monolayer depositions. In order to force a
thicker crystal wafer to have a harmonic resonance
frequency, the wafers are overtone polished. This
process leaves the wafer with a much smoother
surface. Overtone polished crystals have found favour
where measurements are made at the theoretical limits
of the detection of the f1,.1ndamentalmode (e. g.,
18 ng Hz-1 em? for a 5 MHz crystal).

3.4.1.2 Limitations of the Sauerbrey equation

Benes (1984) examined the theoretical and practical
aspects of mass sensing using a quartz microbalance.
The limiting conditions were discussed, and the
Z-match technique was sUggested as being a more
accurate model for the conversion of frequency
changes to areal mass changes. The z-match technique
considers the importance of the acoustic impedance of
the depositing lD.aterialas being significant in the
calculation. Use of the a-mauch technique was
recommended particularly when extremely high loading
of the crystal was anticipated.
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A detailed study of the radial mass sensitivity of
the QME was undertaken by Hillier and Ward (1992),
using a scanning microelectrode (SME) in close
proximity to a QME. This study expanded and improved
on earlier work (Ward and Delawski 1991). Here, it
was pOinted out that the use of the Sauerbrey
equation must be accompanied by certain assumptions.
It is assumed that the added mass is uniformly
distributed, that a rigidly elastic thin film is
deposited and that any local deposit is treated as a
thin film over the entire electrode area. Clearly
these assumptions represent the ideal case. By
scanning the microelectrode outward from the centre
of the crysta1 in a spiral pattern, they were able to
deposit controlled amounts of: copper or to insert
controlled amounts of ions into polymer films on the
QME while measuring the frequency change. The
position of the points of deposition was known with a
precision of 4 urn. In this way, mapping the crystal
surface with the SME was achieved.

Hillier and Ward thus investigated energy trapping,
as a function of crystal shape, electrode orientation
and relative size. In addition the sensitivity as a
function of mass loading, solution viscosity and
electrode orientation was quantified. They
acknowl.edqed that their results with ion insertion
were not as reliable as those for copper deposition,
as a result of the viscoelastic properties of the
substrate. They concluded tnat depending on the
experimental arrangement and type of depOSit, the
Sauerbrey equation could be in error by as much as
25%. This is particularly so for plarlO....plano crystals
with high mass loading of viscoelastic films~ It was
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recommended that calibration' be done in all cases,
with a film with properties as close as possible to
the experi.mental film.

3.4.2 Factors contributing to apparent mass
change

3.4.2.1 Coupling of the solvent with the

oscillating crystal

Two, aspects may be of consideration in
liquid media coupling with the crystal.

tezms of
The first

type of coupling is electrical coupling. It has been
suggested (Kurosawa, et ale 1990) that electrolyte
solutions may modu:l.ate the inductance of the piezoid.
This has not been fully investigated and the results
to date are ambiguous and inconclusive.

The second, more important type of coupling is the
damping effect the liqUid has on the shear motion.

Kanazawa and Gordon (1985a and 1985b) quantified the
effect of a thin layer of solution closest to the
crystal surface on the fundamertal frequency of the
crystal. They proposed that this thin layer of
sof ut ion was translated in a shear motion with the
crystal surface. The magnitude of the shear wave in
the bulk solution (1.e. I beyond the thin layer) Ls
damped as a result of energy losses due to viscous
drag. Kanazawa and Gordon were able to predict the
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thickness of the shear wave as a function of the
frequency of oscillation and the properties of the
liquid (Equation 3.3). In addition, an expression for
the frequency change expected when an oscillating
crystal is immersed in a liquid was derived (Equation
3.4) •

0 =

11/ =

PI =

(0 =

Af}{=

fo =

11/ =

P, =

Pq ""

J.l.q -

(3.3)

thickness of shear wave in liquid
viscosity of the liquid
density of the liquid
frequency of the shear wave

PJll1
rtpqJ.lq (3.4)

change mechanical ofin
oscillation
fundamental resonance frequency of crystal
viscosity of the liquid
density of the liquid
density of quartz
shear modulus of quartz

A relationship exists between the
viscosity of the liquid, and the
resonance relative to that in water
(Kurosawa, et: a1. 1990).

density and
frequency of

(Equation 3.5)

(3.5)
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ss; is the reSonance frequency change from water to a
different liquid. Pl and ~J are the density and
v:i.scosityof the liquid respectively and Pw and l1w are
the density and viscosity of water respectively.

Hager (1986) has used the influence of fluid
characteristics on resonance frequency for fluid
property evaluation. Other research efforts have also
utili.sed this aspect of the microbalance, for
example, the work by Murumatsu and co-workers (1988).

Kanazawa and Melroy (1993) give a complete summary of
the mathematical treabnent of the various effects
governing frequency change brought about by liquid in
contact with the resonator, The thickness of the
shear wave which propagates into solution is
approximately 2400 A for water. This thickness is of
sufficient magnitude to be of importance in
electrochemistry, where the thickness of the double
layer is in the order of 10 - 100 A.

3.4.2.2 Surface roughness

A film of material being deposited on a QeM
contributes directly to mass change of the piezoid.
When the growing film is not smooth, as depicted in
Figure 3.12, the liquid traPr'C::dwithin the
depress~.onscontributes to the inertia of the surface
in shear movement and contributes to the apparent
mass change. If a surface is considered to be
uniformly rough, and the average depth, 0, of surface
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depression is known, then the frequency shift due to
entrapped liquid, (8f) rough' can be calculated (3.6).

(3.6)

8 = average depth of surface depression
(8f) rough = frequency shift due to entrapped liquid.

other parameters are as defined for Equation 3.4.
(Kanazawa and Melroy 1993)

The sensitivity of the QCM to surface roughness may
also be used as an analytical tool. Schumacher,
Borges and Kanazawa (1985) used the QME to probe
surface reconstructions on gold electrodes in liquid.
Copper and silver quartz microbalance electrodes
which had been roughened electrochemically, were
shown to undergo morphological reconstruction within
a few hours (Schumacher, Gordon and Melroy 1987).
Bittner, Wanner and Weil (1992) studied the role of
surface microstructure of copper deposits during
electroless plating in formaldehyde containing copper
baths. This was:achieved using a quartz microbalance
in conjunction with Fourier transform ~nfrQ-red
spectroscopy and surface enhanced Raman spectroscopy.

Beck, pittermann and Weil (1992)
effect of surface roughness on

investigated the
the theoretical

sensitivity of the QME by using the QME i11
conjunction with a.c. i.mpedance spectroscopy. A.

silvet plating and dissolution prcceas with current
efficiency known to be 100% was used as a means of
creating a controlled surface morphology. These
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workers found that they were able to differentiate
between viscously coupled liquid (i. e. liquid which
moves with the shear motion of the crystal
irrespecti ve of surface roughness) and rigidly
coupled liquid (i.e. liquid entrapped in deep
fi ssures in the surf ace (Figure 3. 13)) •

..•
Figure 3.12 Surface depressions entrap liquid,

which contributes to film mass during
shear modeoscillation.
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virain 'tale (:,.cI~d ,.,Ith c)'clcd ,.,ith
1~ current density blel! cllrtent d.,,1i11

Figure 3.13 Schematic representation of rigidly and
viscously coupled water (Beck,
Pittermann and Weil 1992).

Beck and co-workers (1992) suggested that the QME
should be used in conjunction with a .c , impedance
spectroscopy whenever the current efficiency of the
electrode process was unknown, or when details of the
surface microstructure are of interest.

Adsorbed species3.4.2.3

Solution species which adsorb to the surface may be
of sufficient mass and concentration to contribute
significantly to the frequency shift. Again, this
behaviour is not always deLet.er.i.oue because it has
found application in specialised analysis. Okahata
and Ariga (1987) have performed in situ
investigations on the deposition of Langmuir-Blodgett
(LB) films, Okahata, Ebato and Taguchi (1987)



73

detected the adsorption of bitter substances on a
lipid bilayer-coated quartz microbalance. Okahata and
Ebato (1989) used a quartz microbalance to determine
the smetic/nematic phase transition in liquid crystal
and lipid multibilayers (these detections were
performed with the crystal in air). Figure 3.14
illustrates the phenomenon of adsorption on a crystal
in a liquid medium.

SHEAR

: FILM

Figure 3.14 Adsorbed species contribute to mass of
a crystal resonator in shear mode
oscillation.

Absorption of ions into a surface film will affect
the xesonance frequency of a quartz microbalance. For
example, poly (tetracyanoquinodimethane) electrodes
were found to incorporate solvent molecules and ions
upon electrochemical cycling (Inzelt 1990). Quartz
microbalance studies of processes on polymer
electrodes (operated in the shear mode) are subje~t
to spurious results unless account is taken of
changes in the viscoelastic properties of the
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material, which may O(;CUr (Ward, Wang and Frostman
1992) •

3.4.2.4 Effect of surface stress on frequency

change

Newly-formed films may be stressed for a period of
time, and absorption of atoms into a film may bring
about surface s tzes ses , Frequency change is effected
by the surface stresses of the electrodes. These
effects may be used as analytical probes. Heusler, et
al. (1988) measured maSs and surface stress on a Q~E.
Grasjo and Seo (1990) measured the absorption ~f
hydrogen and deuterium into palladium during
electrolysis, by observing the deviation from the
Sauerbrey aquat.i.on. Heusler and Pietrucha (1992) also
investigated the surfa.ce stress of the Pd and H2 or D2

system, using a QME.

3.5 ELECreROCHEMI~ APPLICATION OF TaE
QUART~ CRYSTAL McrCROBALANCE

3.5.1 Introduction

Early use of oscillating quartz piezoids were made to
determine mass changes on the cryStal by virtue of
molecules condensing from the gas phase. Examples of
this Lnc.l.ude monitoring of the coating thickness in
metal evaporation coating units. The initial
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application:::of the quartz microbalance to condensed
phase analysis Were achieved by making an initial
frequency measurement in air, or a controlled
environment, deposition of the material of interest
in liquid and finally drying and re- asuring of the
resonance frequency (Nomura and Hattor ~ 1980} ~ Later
experiments were performed with piezoids immersed in
organic liquids (Nomura and okuhe 1:t. 1982) .
Electrolytes were avoided because these would caUse a
closed circuit between the two poles of the crystal
(i.e. shunting). The work by Bruckenstein and Shay
(1985) paved the way for a two-pronged
electrochemical technique when the QCM was first used
in aqueous solution. By isolating one of the crystal
faces from contact with solution, electrical shunting
was avoided. In this manner, the standard
electrochemical methods (voltammetry, potentiometry,
amperometry) could be exploitet;i, while performing
simultaneous in situ grav;m~r.ry.

3.5.2 The quartz microbalanoe electrode

One of the faces of the quartz crystal serVes a dual
purpoSe in the QME. Whereas the electrode of one face
of the crystal is isolated from solution, the other
is immersed and connected to an electrochemical
instrument such as a potentiostat, as well as to the
oscillator and frequency counting instrumentation.
This electrode can thus serve as a working electrode
(WE) in an electrochemical cell. The counter and
reference electrodes (CE and RE, respectively) are
connected to the potentiostat in the usual manner. It
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is thus possible to perform controlled potential,
controlled cnrrent or open circuit experiments on a
crystal el~ctrode while it is operating as a piezoid.
JUdicious choice of circuitry and filtering allows
the two sections of the QME instrument to operate
independently.

3.5.3 Eleotronio oircuit considerations for
the quart~ microbalance electrode

standard voltarnmetric or amperometric electrochemical
techniques rely on the application or measurement of
a direct current. If an a.c. component is present at
the WE, it is necessary to decouple (separate) it
from the required d.c. signal. Two methods exist
whereby this can be achieved.

3.5.3.1 Use of a cornmonground potential

For the purposes of this discussion, oscillators WLLl
be divided into two categories - one where one face
of the crystal is at ground potential and the other
where neither crystal face is held at ground
potential. Two examples of circuits which include a
ground-potential electrode are the Clapp oscillator
and Pierce oscf.Ll.at.o.r (Figure 3.7 and Figure 3.8,
respectively) .

A potentiostat which employs a grounded WE, such as
the Wenking or Mintek design, may be succass ruj Ly
connected to thE:.crystfl.l (as a component;of the QME)
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without the risk of interfering with the oscillator
circuitry or the oscillator interfering with the
electrode potential. Weil and co-workers (Benjef et
ale 1986) used this type of QME for studies of
dissolution of nickel films.

3.5.3.2 Inductor filtering for non-grounded
cryst;als

circuits employing transistor-transistor logic (TTL)
gates are designed such that neither crystal face is
at ground potential. Figure 3.9, Figure 3.10 and
Figure 3.11 are circuits for oscillators which have
ne.ither crysti:ll face grounded. These are the
Colpitts, Integrated and Dual-input NAND-gate
oscill~tors respectively.

Bruckenstein and Shay (1985) used a
parallel-resonance c .:-ystal oscillator. It was
necessary to insert an inductor betweel~ the
potentiostat and crystal (WE) electrode to remove the
a.c. component of the current from the
electrochemical signal. The principle of operation is
that inductors are open-circuit elements to
alternating current but closed-circuit to direct
curren'!::.



78

3.5.4 Control and design 'of Quartz
Microbalanoe exper~ent$

3.5.4.1 Frequency measurement

The most convenient way to determine the resonance
freq:uencyof a crystal oscillator cirC:trtt is by means
of a frequency countar. These instruments preferably
have the following attributes:
. measurement cf frequency changes to 0.01 Hz

depend.i.nq on Lnst.rumentspecifications
• sensitivity to si~hal in the order of 20-30 mV RMS

depending on freq11ency and instrument
specifications

• transfer of readings to an automated data logging
device (e.g. computer) via either a digital or
analogue interface

• multi-channel input allowing for use of reference
Signal if circuitry requires this feature.

3.5.4.2 Current and potential control and
measurement

It has been stated that the QME is a two-pronged
analytical tool. Measurement of frequency (mass)
change is the une prong and an electrochemical
technique, e.g., voltammetry, is the second. Thus
elect:r:ode current and potential must be known
s:imult.aneousLy with r-esonance frequency. If a
computer is used as the data logging devf.ce, it can
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be .set up to monitor
parameters as well as
potentiostat/galvanostat

and control
to read
instruments

electrochemical
frequency. Hany

are equipped
with output poles for external h'l.onitoring or control
of the electrode potential or current. A computer
equipped with 'digital/analogue interface circuitry
(DA/AD) can perform this function. Voltage resolution
depends on the DA/AD card in use and may vary from
0.61 mV for a 14-bit device to 2.4 ro.Vfor a 12.-bit
device if the measurable range Ls ±5 V. Reading of
frequency and current, for example, can be done in a
fraction Of a second and the rate of measurements is
usually limited by the frequency counter gate time.

3.5.4.3 Data logging and manipulation

The data obtained by the techniques described above
can be processed on line if time overheads are not a
considGration. It is also possible to store the data
b~' the usual magnetic means for processing after
completion of the exper'Lment;,

3.5.5 Exampl.es of the eleotroohemical
applications of the quartz ~crobalance
electrode

Apart from the applications cfted an the sections
above, the QME has been used in corrosion study
(Hager, Reudisueli and Beuhler 1986, Chandler et al ..
1991), as well as for the study of anodic deposition
of FeP04 from ferrous ions on gold (Seo et; ai. 1992).
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The formation and disappearanCe of oxide or hydroxide
films on metal surfaces has been monitored with the
QME (Muller et el., 1988, Deakin and Melroy 1989,

Bernard et al. 1991). Hessami, Armstrong and Kanazawa
(1992) have achieved controlled hydrodynamic
conditions at the QME by directing a jet of
electrolyte at the electrode. In this mann.er they
were able to measure the rates of electrodeposition
and dissolution of copper and nickel thin filInsas a
function of electrolyte veloci.ty. Schmidt at ale
(1993) investigated the deposition of metals from
dilute solutions, in particular, for the
detiermi.natLon of trace amounts of copper and lead in
solution. Here, the QME was used in conjunction with
anodic stripping voltammetry. Electrochromic
materials are currently of great interest to
electrochemists, and the research in this field has
not ignored the QMB. Ostrom and Buttry (1988) have
used cyclic voltammetry and potential step techniques
with the QME to inVestigate the properties of thin
films of electrochromic diheptylviologen bromide.
Bourkane, Gabrielli and Keddam (1988) were amon.gst
the first to incorporate a.c. impedance techniques
with the QME.

A growing number of research groups are using the QME
to study diverse electrochemical and selid/solution
interface processes. The citations given above are by
no means exhaustive.

1'11edescription of the quartz microbalance theory has
also been limited in scope. Two of the most recent
reviews on the subject are the comprehensive ar.ticle
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by Buttry (1991) and that by' Buttry arid Ward (1992)

in which attention is gi ven to applications I

techniques and theory. In the latter review, 133
references are cited covering the twelve years of in
si tu electro-gravimetric measurements llsing the
quartz crystal microbalance (8 yeai.s in aqueous
solution) •
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CHAPTER 4 LI'rERATURE SURVEY - ELEC1'ROLESS

PLATING

4 .1 Gl!:NERAL STUDIES IN ELECTROLESS PLATING

In common with many great scientific discoveries,
electroless plating was invented by accident. The
serendipitous event occr ','1 while research was being
conducted on improving elev~rolytic nickel plating bath
properties. The discoverers (Brenner and Riddell 1946)

explained their observation simply by reporting the
phenomenon as a surface catalysed reduction of nickel
by hypophosphite, producing an increasingly acidic
solution.

Within one year of the initial publication a minimum of
t\o10patents had been filed, relating to the topic. To
date, citation index and abstract searches reveal that
hundreds of publications relating to electroless
plating exist. One of the reasons contributing to this
wealth of literature is the usefulness of electroless
plating in the electronics industry_ This industry has
grown at a tremendous rate over the last forty years,
with the demand for ever smaller, higher density
circuitry requiring further research into fabrication
techniques, including electroless plating. In the
Proceedings of the Symposium.on Electroless Deposition
of Metalo and Alloys, edited by Paunovic and Oh
(1988), a number of papers dealing with the use of
electroless plating and electronic circuitry are
p;::esented.Thp. ::.~)ql.'l.~!"(~llHimt for reliable, high density
magnetic recording media :.n the computer industry has
increased. The properties of certain electroless alloys
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are suitable for this application. In his Ph.D. thesis,
Homma (1992) gives an in depth review of the
developments in this field. Many recent publications
address the tailoring of electroless deposits, for
example, bevel plating by anisotropic eLectiroLess
nickel deposition (van der Putten and de Bakker 1993a
and 1993b), and the prevention of recrystallization by

annealing of fine-grained copper deposits (Mak et al.
19.93). Sricharoenchaitkit (1993) used an electroless
nickel film to act as a plasma barrier in an oxygen
magneton-enhanced reactive ion etching procedure.

Early mechanistic studies, published a few years after
the discovery of electroless plating, investigated the
effect of some fundamental parameters on electroless
nickel platjng rate (de Minjer and Brenner 1957). These
included pH and component concentrations. The effect of
inhibitors was also studied, as well as the composition
of precipitates arising from bath decomposLt.Lon ,
Various organic acids were investigated as
accelerators. The addition of certain inhibitors
(thiourea, selenic acid, potassium thiocyanate)
resulted in a change in the overpotential of hydrogen
evolution on the substrate. Plating rates were
determined gravimetrically.

The possibility that the mechanism included the
activation of nickel by the disc,hargeof ':lydrogenwas
considered. These authors felt that the rate of
hydrogen evolution could influence the rate of nickel
deposition.

Levy (1963) proposed that most electroless plating
reactions take place by a single mechanism. This
hypothesis "vas based, in part, on the observation trat
all reducing agents used in electroless plating, up to



84

that time, contained hydrogen atoms, and gaseous
hydrogen was always one by-product of electroless
plating. Levy noted that a common factor amongst metals
which were capable of being electrolessly plated was
the pres.enceof, or the ability to form inner orbital.
electron vacancies. Levy also critically assessed
mechanistic work previously published. Reference was
made to work by Cahill (1957) 'ltlhichshowed that copper
could be plated from solutions of Cu2+ and formaldehyde
as a reductant, even when the reductant and metal ion
solutions were separated by a porous frit, ruling out a
direct chemical step between the metal ions and
reducing agent. That is to say, a purely
electrochemical mechanism was suggested. With this type
of mechanism, interaction between the metal ions and
any reducing a.gent species or intermediate is not
req' .red,

The influence of solution agitation on electroless
plating rates was investigated in detail (Feldstein and
Amodio 1969). Both electroless copper and nickel baths
were investigated, with acidic and alkaline
formulations. Trends observed in acidic and alkaline
nickel baths led these authors to conclude that a
similar mechanism existed for the two pH regimes. It
was found that agitation has the greatest effect when
the activation energy is high, bath temperature is low
and agitation is achieved by mechanical stirring. For
example, a low temperature alkaline nickel
hypophoaph.ite bath, with pLatLnq rate independent of
Ni2+ concentration, was shown to have a plating rate
independent of agitation at 35°C but to exhibit lower
plating rate with Lncz-eaaad agitation at 20°C. A low
temperature nickel boron bath exhibited plating rate
independent af agitation at 2SoC but dependent on
agitation at 35.5°C.
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Potentiometric determination of the hypophosphite
species in electroless nickel baths was investigated as
an analytical technique for monitoring an industrial
electroless process (Feldstein, Lancsek and Amick
1970). This was performed as a necessary maintenance of
industrial electroless baths require the concentration
of the reducing agent to be within certain limits. It
was shown that chemical species known to be inhibitors
of the hypophosphite-reduced nickel system could be
used as titrants for the hypophosphite anion. Thiourea
was one such titrc:mt LnvastLqated, Paunovic (1980)
described an electrochemical control system for
electroless copper baths, using chronopotentiometry and
voltammetry. It was suggested that the computerised
monitoring and centrol of more than one bath component
would be possible once a data base of ideal responses
was collected.

The extensive research in the field of electroless
plating has l~d to the proposal of many different
mechanisms. These mechanisms have been supported by
numerous painstaking and ingenious experiments.

In a comprehensive paper on eLecrtz-oLeas plating
mechanisms, observations of previous workers were
brought together in an attempt to identify plausible
and implausible mechanisms (Salvago and Cavallotti
1972). These authors presented a review of the first
t'\1!enty-sevenyears of study in the field. A second
comprehensive discussion on general electroless plating
mechanisms was made by van den Meerakker (1981b). Both
of these reviews scrutinised mechanisms in terms of
available experimental results and postulated new
reaction sequences which appeared to better fit the
data, including those from their own research.
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Van den Meerakker (1981b) proposed a uniform, general
mechanism for different bath combinations and
subat r at es , IJisted below are the various pre-existing
mechanisms on which his discussion was based.
Proponents are as cited by van den Meerakker.

(1) The Pure Electrochemical Mechanism

Anodic: H21?Oz-+ H20 -+ H2P03- + 2H++ 2e-

cathodic: Mn+ + ne" -+ M-i-

2H++ 2e- -+ Hzt

(4.1)

(4.2)
(4.3)

(11) 'I'he .l.'J.etal Hydroxide Mechanism

Ni (OH)2 + HzPO~- -+ NiOH + H2P03- + HO

NiOH + HZP02- -+ Ni._t..·+ HZP03- + H'

NiOH + H20 -+ Ni (OR)2 + H·

2H· -+ H2 t

(4.4)
(4.5)

(4.6)

(4.7)

(ii,i) The Hydride Ion Mechanism

2RH + 20H- -+ 2ROH + 21f

M2+ +2W -+ [M + 2H] -+ M+ + H2t

2H;>O + 2H- -+ 2H2t + 20W

(RH is fOi-maldehyde or hypophosphite)

(4.8)

(4.9)

(4.10)

(iv) The Atomic Hydrogen Mechanism

Anodic: RH + OH- -+ ROB+ H· + e- (4.11)
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Cathodic~ (4.12 )

R~ + e~ -+ HO (4.13)

Recombination: H· + H· -+ Hzt (4.14)
(1m is formaldehyde, hypopho sph.it.e or borohydride)

Mechanism (i) has been suggested to be inadequate
mainly because it is inconsistent with experimental
results identifying the origin of the evolved hydrogen.
studies by Ogura, et al. (1990), where deuterated
formaldehyde was used, support results cited by van den
Meerakker to this effect. That is, the evolved hydrogen
was found to origi'" .te> from both the reducing agent
(HCHO)and the soLverr' liI,?(. • However, ECMSexperiments
performed by Jusys and Vaskelis (1992a) rejected
outright the conclusion drawn by Ogura et al. By
showing that the evolved hydrogen originates from the
formaldehyde alone (4.15 and 4.16), Jusys and Vaskelis
were able to gi ve evidence in support of an
electrochemical mechanism. The result of the work by
Jusys and Vas keLds (1992a), for oxidation of heavy
formaldehyde in wat~r, was

2DCDO+ 40H~ (4.15)

and for oxidation of formaldehyde in hea' "ater

(4.16)

Jusys and Vaskelis suggested that the methodology
adopted by Ogura et al. led to spurious results. They
also pointed out tha.t the oxidation of formaldehyde was
not likely to be an elementary process. The catalytic
mech~nism of oxidation and dehydrogenation of
formaldehyde (reactions 4.19 and 4.20, van den
Meerakker 1981b) was cited in this regard. The
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mechanism of the copper catalysed proceas , using DeDQ,
was given by these workers as

DCDOads _9:!_> DddS + DCOacls ( 4 • 17)

(dissociati ve a.dsorption on ("If producti.on of Lab.il,e
formyl)

DCOads + 20H- ~ DCOO- + H20 + e-
(oxidation of the formyl moiety)

(4.18)

Recombination of the adsorbed D (or H in the case (:f

HCHO) results in D2 or H2 respectively.

Experiments carried out in twc=compar-tmerrtcells, such
as in the frequently cited work by El ....Raghy ani
Abo-Salama (1979), using a copper (II) -tartrc(tel
formaldehyde bath, exposed a weakness in mechanism (ii)

since the!y proved that the cherri.caI interactic ..l
described by this mechanism was not a requirement fell:'
electroless plating. (Donahue (1979) discussed tt~
paper by EI-Raghy and Abo-Salama, pointing out th~ t
experiments in separated compartment cells did net
reveal certain interactions which might be expected in
electroless plating reactions). The result presented by
EI-Raghy and Abo-Salama (and other works cited. by
Donahue) may thus represent a special case whGr~
independent anodic and cathodic processes could resul:
in autocatalytic deposition.

MeC"!hanisms(iii) and (iv) imply tha.: hydrogen evoLu'tLor.
should be at least equiva.lent to metal deposition. This
is not what is observed in practice, as noted by van

den Meerakker. Since the:c,~ were fla\','s in all four
mechanisms, van den lVleE'!rakker formulated a neT.v
mechanism consistent with experimental data.
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His mechz nd.sm is compossd of the following steps:

Anodic:

Dehydrogenation:

Oxidation:
RH - 4 RO + H·

R· + OH~ ~ ROH + e~
HO + H··~ H2t

H· + OH- ~ H20 + e-

(4.19)

(4.20)

(4.21 )

(4.22)

Recombination:
Oxidation:

Cathodic:

Meta:ldeposition: Mn+ + ne" ~. M..J-
Hydb2>genevolution:

2H20 + 2e- ~ H2t + 20Ir

(4.23)

(4.24)

Reactions 4.23 and 4.24 reflect behaviour in basic
solution. The corresponding processes in acidic
sclution are ~hus

(4.25 )

and
(4.26)

respectively. The co-deposition of phosphorus and boron
with nickel in baths reduced by H2P02- and boron
con~ounds respectively was attributed to a third
cathodic process.

The mechanism described above was claimed to apply to
the following reducing agents: borohydride,
dialkylamine borane (generic), hydrazine, formaldehyde
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and hypophosphite. Detailed hypothetical reaction
sequences were given.

Both the catalytic nature of electroless plating and
some aspects of the mixed potential theory can be
reconciled with this mechanism. However, the
interdependence of the two half-reactions, which had
previously been proposed by Donahue (1972), .was not
addressed.

Donahue's (1972) treatment of mixed potential systems
emphasised the possibility of interdependence of the
half-reactions but was subj ect to the assumption that
Tafel slopes for the respective half-reactions in the
complete bath are not different from those observed in
electrode kinetic studies of the individual processes.

Bindra and Roldan (nee TWeedie) (1983) investigated the
controversial issue of the applicability of the mixed
potential theory to the mechanism of electroless
plating. I~ their first (Bindra and TWeedie, 1983) of a
series of publications, the effect of mass transport
and concentration of redUctant or oxidant on the mixed
(plating) potential in a copper batH was examined. In
this case, formaldehyde was u3ed as the reducing agent.
Evidel:lCeof the interaction of formaldehyde oxidation
and copper reduction partial processes was noted, on
the basis of comparison of the 'l'afel slopes obtained
for formaldehyde oxidation in the plating solution and
in the anolyte alone. Small differences between the t~o
slopes were attributed to coupling of the anodic and
cathodic partial processes, and to catalytic effects of
the surface. A transfer coefficient of 0.41 for the
anodic process was suggested to indicate specific
adsorption of the reacting species. These ooncLuadona
may be contrasted to those of Paunovic (1968), vrho
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attributed small differences iri Tafel slopes to poor
:r:eproducibili ty on the solid electrode. The second
paper (Bindra and Roldan 1985) reported on the
catalytic activity of various metals for the oxidation
of formaldehyde as determined with the aid of cyclic
voltammetry. Comparison between formaldehyde oxidation
in acidic and alkaline media were made. Decomposition
of formaldehyde on metals takes place with hydrogen
evolution if the free energy for hydrogen adsorption is
positive (0.g. copper). On metals for which the free
energy for hydrogen adsorption is negative, e.g.
palladium, low catalytic activity towards formaldehyde
oxidation was noted, and it was pointed out that
autocatalytic deposition of these metals using
formaldehyde as the reducing agent was not possible.
Part three of the series (Bindra and Roldan 1987)
examined the interaction (or interdependence) of the
partial processes in electroless plating. rfhe various
possibilities of kinetic control of the overall process
were considered and a mechanism was proposed. These
workers suggested further that the overall mechanism of
electroless plating could be determined by observing
the mixed potential behaviour while varying the
concentrations of the reacting species under controlled
hydrodynamic conditions. This was limited to the cases
of diffusion or electrochemical control. Under mixed
control, more complicated theoretical treatment than
that presented would be required.

In a three part series, Flis and Duquette (1984al b, c)
inVestigated the role of the catalytic substrate on the
nucleation and growth of electroless nickel deposits.
IrOD, nickel, nickel-phosphorus, molybdenum activated
with palladium, copper, activated copper, gold and
platinum were the substrates investigated by these
worker s . Techniques used in this work included linear
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sweep voltanrrnetry and scanning- and transmission
electron microscopy (SEM and TEM, respectively). Nickel
phosphorus alloys exhibited higher catalytic activity
than pu:tenickel for the oxidation of hypophosphite and
the electroless deposition of nickel. This phenomenon
was attributed to low stability of surface oxides on
the alloy as opposed to the pure nickel. Poten.tial
arrests duri.nq the incubation period of electroless
nickel plating were noted on various substrates. These
arrests were associated with oxide dissolution. The
intrinsic catalytic activity of nickel and Ni-P was
considered to be almost identical Small amounts of
electrolytically deposited nickel .n copper, gold and
palladium was found to enhance the electrocatalytic
activity of these metals towards H2P0t)- oxidation, a
phenomenon attributed to synergistic effects.

Vaskelis, Jagminiene and Prokoptchick (1986) and
Vaskelis and Jagminiene (1987) used a glass electrode,
covered in Pd-activated nylon netting, to measure the
pH of the solution as close as possible to the solid /
solution interface. In the former work, the surface
layer pH in an electroless nickel bath with various
additives was measured, while in the latter, an
electroless copper bath was studied. These workers
cautioned against the use of pH measurements in the
bulk solution region of an electroless bath in kinetic
studies, because a significant difference was notiad
between the interfacial and bulk pH.

Paunovic (1985) introduced the potentiostatic high
overpotential technique in studies of electroless
copper
between

deposition in order to
electrochemical and

provide correlation
structural kinetic

parameters. Nuchlt',ltionparameters (number of nuclei,
the nucleation rate constant, and the geometry of
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nuclei) were thus determined by an electrochemical
method.

Homma and co-workers (1991) employed TEM to define and
compare the growth patterns of electroless copper and
nickel deposits. The differing ability of these metals
to adhere to ceramic substrateL was attributed to the
observation that in Ni-l? deposition, finite nucleation
occurs, allowing the deposit to grow into clefts in the
,.~""lstrate.In the case of copper, however, growth takes
place along specific crystallographic axes, and large,
orientated particles form which do not mechanically key
in to the substrate. By observing the initial growth
stages in electroless Ni-P using in situ scaDning
tunnelling microscopy (STM), Homma, Yamazaki and Osaka
(1992) were able to confirm that the deposit grows by
means of continuous nuc.l.ee+Lon of grains. 'rhe grains
grow to a critical size, at which point new grains are
nucleated on the surface. This :\..S in contrast. to the
situation in electrolytic deposition, where grains grow
to much larger dimensions. G6mez and co-workers (1992),
studying electroless nickel, noted that under
controlled potential and in the presence of certain
sulphonated additives, progressive nucleation (similar
to that observed by the previous workers) was found in
the formation of electrodeposited films.

A detailed review on the electrochemical, catalytic and
mechanistic aspects of electroless plating, as well as
methods of determining deposition rates, was published
by Ohno (1991). The electrochemical behaviour of
electroless baths was discussed in terms of the mixed
potential theory and the polarisation behaviour of the
bath in the absence of one of the active components. It
was shown that the sum of the net current density at a
given potential, obtained from polarisation curves
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(presented as logarithm (current density) vs.
potential) for each of the reducing agent and metal ion
in isolation, did not equal that measured in the full
bath, thus proving interaction of the partial
processes. The following observations point directly to
the importance of the catalytic activity of the
depositing metal:
· electroless deposition occurs exclusively on an

active surfa.ce;
· if the surface is not inherently active then some

form of activation procedure is required (e.g.,
immersion in a tin/palladium solution);

• an induction period is frequently observed prior to
the onset of steady state plating;
the selection of reducing agents for use in
electroless baths is limited;

• the combinations of metal ion and reducing agent
which function as electroless baths are specific;

~ in many cases, hydrogen evolution accompanies
electroless plating, and the hydrogen originates from
the reducing agent;

• compounds known to be poisons for catalysts, e.g.,
thiourea and mercaptobenzothiazole, act as
stabilizers in electroless baths.

A diagrammatic representation of the activity of
certain metals for the oxidation of reducing agents at
a reference current density was given, and is
reproduced in Figure 4.1. It was noted that no
correlation exists between the catalytic activity of a
metal for H2 evolution, and its catalytic activity for
the oxidation of the reducing agents.

The experimental results given by ormo revealed three
types of polarisation curves for the anodic oxidation
of the reducing agent. These are illustrated in Figure
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4.2. The shapes of these curves were reconciled by Ohno
with a mechanism of the oxidation process. The kinetic
equations of this mechanLsm were used to develop a
computational model for predicting the shape of the
polarisation curve under a given set of conditions.
Result.s obtained from the model were presented, and
were shown to compare well to experimental
observations.

ohno also presented a discussion of the use of the
polarisation resistance technique and a.c. impedance
methods for prediction of the electroless plating rate.

Er Au NI Pd CO H2 Pt

NaH7.po2 I I . SJ~C d.d I ' ._. , . rrl 1 1,/ I

Er Hf CU AU ~L,P~,ld I

Nt Co
I I I I L LHCHO I I II j

Er NisI Jd Hbr Au ArJ tu
I ,NoBH4

! I Ie? d I ! ~I ..J

OMAS L... .... .,_ I NI~lT~W~,
.It~t ....

Er ~2Y NluLJdCu Ag r
NH2NH2 l-..J.... ..._, ,Si,t I liS I I II ! .... J

Catalytic activities of metals for the
anodic oxidation of five reducing agents.
Er ~ standard reduction potential of the
reducing agent, H2 == reversible hydrogen
potential (potentials at lO~4 A cm-2

)

(Ohno 1991). The bath compositions were
specified by Ohno, respectively.

Figure 4.1
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Figure 4.2 Schematic representation of the three
types of log (current density) vs.
potential curve observed experimentally
(Ohno 1991). 1 ;=: Tafel behaviour, 2 --
limiting current, 3 = volcano shape

The fOllowing investigations of deposition rates and
rates of reductant oxidation in complete and modified
baths corroborated Donahue's finding (1972) that the
two partial reactions in some electroless plating baths
are interdependent: Bin.dra and Roldan (1987) using a
rotating disc electrode for electroless copper with
HCHO reductant; simultaneous in situ gravimetric / net
electrode current measurements! Wiese and Weil (1987a)
(electroless copper) and (1987b) (separ.ation of partial
processes using an electronic circuit), Orchard (1988b)
rotating disc, electroless nickel reduced by H2P02-,

Feldman and Melroy (1.989)~ QME studies of electroless
copper with HCHO reducing agent, Gafin and Orchard
(1992) - QME studies of electroless nickel with H2P02-

reducing agent. The discovE;:ryof interdependence opened
many more possible avenues of research and
interpretation, since independence of the anodic and
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cathodic reactions is fundi .Il..::.italto the classical
mixed potential theory of Wagner and Traud.

Thus, a chemical
(including reaction

interaction of bath components
products) combined with pu:r:ely

electrochemicc: steps has become a more likely genre of
mer-hanism for electroless plating.

4.2 ELECTROLESS NICKEL

Autocatalytic or electroless deposition was first
observed with nickel (Brenner and Riddell 1946). The
electr.oless nickel deposition process has received
considerable attention for historic reasons. However,
this attention could only be sustalned if some
commercial value could be attached to electroless
nickel. The magnetic, wear and corrosion-resistant
properties of electroless niCkel alloys have ensured
continued attention (Bayes and House 1991).

Feldstein (1970) published detailed information
regarding two room temperature electro less nickel
baths, both of which operate at aLka Li.nepH. Studies of
deposit composition, activation energy, solution
complexes and plating rates were made. These baths have
proven to be useful for mechanistic st.udd es because
loss of the most VOlatile component (ammonia) is ••.uch
lower than for baths operating at elevated temperatures
(Orchard 1988b) .

Studies by Feldstein and Lancsek (1971) of the mixed
potentials of nickel plating baths yielded mechanistic
postulates accounting for the phosphorus content or the
elect.rolf>ssdeposit and the hydrogen evolution during
plating. In this work, it was prop0sed that the
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reduction of hypophosphite was not directly Lnvc Lved in
the formation of elemental P. The phosphoru$ was
thought to be a product of reaction of a short-lived
intermediate, namely, mat.aphosphorous acid (HP02) •

Jusys, Liaukonis and Vaskelis (1992) utilised
electrochem.i.-:::.lmass spectrometry (ECMS) to investigate
the mechanism of electroless Ni-P deposition.
Experiments were performed with deuterated and ordinary
hypophosphi te, and H20 and D20. In addition,
experiments were performed at open circuit and
controlled potential in the absence of. one of the
electroactive species. These workers suggested possible
mechanisms of hydrogen evolution and P incorporation.
Metaphosphorous acid did not, however, appear in their
mechanism. (ECMS allows the monitoring of gaseous
products of electrode processes. For example, a porous
Teflon membrane is coated with nickel, which serves as
the working electrode. Gaseous products are sucked
through the membrane during th, electrode reaction and
are analysed by mass spectrometry. JUdicious choice of
deuterated or other isotopically labelled reagents
expedites mechanistic studies.)

Zeller and Landau (1992), and Harris and Dang (1993)
investigated phosphorus incorporation into Ni-P alloys
formed by electrodeposition. Both groups favoured an
indirect mechanism of P incorporation, with a PH3

intermediate from a phosphorous acid starting material.

Gorbunova, IvanoV and Moiseev (1973) used sodium
borohydride as a reducing agent for the electroless
deposition of Ni-B alloys. A mechanism was proposed for
this process and physical properties of the deposit
were described. These workers found that Ni-B alloys
containing 4.3% B consisted of two phases: a solid
solution of Band H in fcc (3-nickel, and an amorphous
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phase. Alloys with higher fractions of boron were found
to be amorphous. Lelental (1974) discussed the effect
of substituents on amine boranes (viz., ammonia.borane,
mono-methylamine borane, and di- and tri-methylamine
borane) on the activity of autocatalytic deposition. A
mechanism for the electro less reaction was proposed.
Molecular orbital theory was used to explain aspects of
the reactivity of the various amine boranes, in termS
of the strength of the N-B bond. The critical coverage
of Pd for electroless nickel plating with various amine
boranes are given in Table 4.1.

Table 4.1 critical coverage of Pd for catalysis of
electroless nickel plating with various
reducing agents, and relative N-B bond
strengths (Lelental 1974).

Reducing agent Gritical coverage Relative N-B
(0.17 mol L-1) of Pd (atoms em? bond s t r enqt.h"

H3NBH3 3.7 x 1013 0.4728
CH3H:zNBH3 1.5 x 1014 0.4798
(CH:!)2HNBH3 5.8 X 1014 0.4892
(CH3) 3NBH3 >1.7 x J.016 0.5049

* Measure of N-B overlap

It was subsequently shown (Lelental 1975) that a copper
dopant in an electroless Ni bath significantly improved
the autocatalytic activity of the deposit when compared
to pure nickel. It was proposed that this improvement
was a consequence of the promotion of weak
chemisorption of hydrogen on the surface. Lelental
cited a number of works dealing '~ith the enhanced
catalytic activity of the Ni-Cu alloy over pure Ni, and
the hypothesis was that the effect was due to d+band
holes in the alloy. Molecular orbital theory arguments
were used to describe the formation of weak, as opposed
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to strong chemisorption of H2 as a factor which
improved electrocatalytic activity. Van den Meerakker
and de Bakker (1990) also demonstrated that alloying

influenced th<:1 electrocatalytic activity under

potentiostatic conditions.

The substrate composition is an Lmpo rt.arrt factor in
mechanistic considerations (van den i~leeraJ{ker 1981a).
Marshall (1983) reported low rates of H2l?Oz- oxidation
at non-catalytic surfaces, as compared with nickel or
palladium whi.ch \-Jere catalysts. The catalytic oxidation

of H2P02- on Ni was investigated in some detail by
,lusys, t.Laukorri s and Vaskel'~s (1991) , using ECMS.

Anodic dissolution of nickel was suggested to influence
the cata.lytic nature of the surface. Dissolution of
nickel oxide, resulting in an "incubatior period" has
been proposed to be necessary prior to electroless
plating (Flis and Duquette 1984a). It is important,
however, to mention the difference in catalytic
activity of pure nickel and Ni-P alloys. Whereas pure

Ni has activity for the catalytic decomposition of
Hl!P02- (Marshall 1983) f it shows reduced activity to
electroJ.ess plating (Flis and Duquette 1984a, Hung and

Ohno 1990)" The Ni-P alloy, however, readily catalyses

the electroless process. Sugita and Ueno (1984)

proposed the following mechanism for the incorporation
of phosphorus in the electroless deposit:

Ni2++ H2P02- + 20W -7> H20 + B2P03- + Ni-l-

H2P02- + H20 -t H2t + H2P03-

3H2P02-+ 2H+-t 3H20 + H2P03- + 2P-l,

Ni2++ H2P03- -t H++ NiHP03 [or Ni (H2P03)2).J..

(4.27)

(4.28)

(4.29)

(4.30)

With regards the formation of an ox.Lde film during

anodic dissolution, Diegle et al. (198$) performed
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detailed XI'S studies on an alloy of Ni and P. These
workers used XI'S to assess the effect of anodic
poLarLsatLon of an Ni-P alloy in sulphuric acid. A

model for the passivation of a Ni-P alloy was proposed

(Figure 4.3). The model illustrates the formation of a

P-enriched layer close to the surface during anodic
polarisation, in sulphuric acid medd.um, followed by
oxidation of p to form a barrier layer of adsorbed
H2P02-. This constitutes the passive state of the alloy.
In the transpassive state, H2P02- is oxd.df.s ed to HJP03,

and stoicheiometric alloy dissolution takes place

through the P-enriched li.':tyer.

The technique of XI'S if: llseful in the char:acterisation
of a cat eLyt i,c surface, and is thus often applied to

catalytic materials at various stages in the history of
the material, with respect to its active lifetime.

Hofmann and Weil (1993) expanded on the work of Diegle

and co-workers by using a rotating ring-disc electrode
to characterise oxidation products of electroless Ni-P
deposits. In addi t.Lon, a QMEwas used for fUrther
characterisation of the oxidation state of phosphorus
species. In this publication, it was proposed that the

peak separation of the two phases in the Ni-P alloy

(Benje et al., 1988) was due to passivation, and not

due to differing thermodynamic stability of the phases.
It was found that the oxidation of phosphinate (pH)

ions is less hindered on the crystalline phase than on
the glassy phase. During anodic oxidation of the Ni-P

alloy, the maj or. product (in respect of oxidation of P)
is phosphate, with a minor product being phosphinate.
Two possible mechanisms were given in which the

possibility of both phosphinate and phosphona te

intermediates W;;l,S described. The phosphinate, which is

readily oxidized on the crystalline Ni-f, forms a
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stable adsorbate on the glassy phase, as described by
Diegle et: el., (1988). Passivation of the glassy phase
is the consequence of this reaction sequence. Hofmann
and Weil attributed the ready dissolution of the Ni-P
crystalline phase to the strong electrocatalytic
activity of this material to oxidation of the p1+
species, and presented a diagrammatic model of the
oxidation mechanism of the Ni-P alloy (Figure 4.4).
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Schematic cross section of passivity model.
Short term situation (1~....10 s of polsrisatlon) shows transition between
air-formed film and final barrier layer.
Long term situation (~103 s of polarisation) shows near steady-state
barrier of hypophasphite anion.
Schematic cross section of transpasslve dissolution: High overpotentlal
Induces oxidation of adsorbed hypcpnosphlte anion to H3POa.
accompanied by stotecblometric alloy dissolution through an enriched Player.

Short Term
Pobriution:

~~~~~~:liIIIIIIII
H/~·._

~ Initial ads. of R2P02"

... Ni dissol'n through layer

~ Residual air formed iilm

TRANSPASSIVE DISSOLUTION

... OJidtUOD 01 H2POa 16 H3P03
... P ~ntl~bed latH

.... ~I"icbiolll¢lric ~I ~1 dh.oluliob

Long Term
Polarization:

H'>~'••••W\e/O ~~, 'I
><~~I.~.II••, Hf'\~,.
.... P-enriched layer

... Adsorbed lI'aler layer

... Layored structure,
'!fate%'barrier

Passivation model of Ni-P alloy,
resulting in the formation of a barrier
layer of H2PO; (Diegle et al. 1988).

Figure 4.3
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HlPO,t 0-8%
~r-------------------L-----lt I I~= ~=:=:>~-+fU'.J",..---~.Ni'."0;'

Ni'IQP30
amorph,

Ni,oP30
amorph.

Ni,oP10
amorph,

cryst, eryst, c:ryn.
Ni90Plo Ni90PIO ~i90P10

,=~===:>~ ..Ni'·T'·Ni'."9;-
I,

HlPO:t 0-l.5%

Schematic model of oxidation mechanism of
Ni-P alloy, illustrating the formation of
B2P02~(adsorbed) as an interm~Y1iate
product ('Hofmannand Weil 1993).

Figure 4.4

Jusys, Liaukonis and Vas1<elis (1992) alluded to the
influence of surface composition in their study of the
mechanism of electroless Ni-P deposition. Using a pure
Ni electrode at the start of each exper tment., these
workers observed the behaviour of an electroless Ni
bath employing H2P02~as reducing agent. An incubation
period was noted for a steady state to be established
at open circuit. The mechanisnls of the various cathodic
and anodic processes occurring during electroless
plating suggested by these workers follows, and falls
into the "electrochemical" mechanism category. The use
of D20 clearly illustrates the mechanism.

B:2P02~+ D20 «1» HDP03- + H + D+ + e-
Ni2+ + 2e- Nl)' Ni-l-

n+ + e- Ni» D

H2P02- + 4D+ + 3e- ~ p..!- + 2D~'p + Hzt

(4.31)

(4.32)

(4.33 )

(4.34 )
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The last three reactions are cathodic, the first being
the anodic oxidation of H2P02- in D20. An enhancement of
the rate of oxf.dat.Lon of H2POZ- was observed when Ni2+

was present in solution, over the rate observed in the
absence of this cation. This was attributed to enhanced
catalytic activity of the constantly renewing surface.

The rate of reaction 4.31 was found to be about ten
times greater than that of reaction 4.34, thus the
influence of the latter on the gas composition coUld be
neglected. The rate of reaction 4.31 showed dependence
on the Ni 2+ concentration only at low values Ii. e., up
to about 0.02 mol L-1• This reaction was found to
follow the kinetic equation:

(4.35)

wh'::ren "" 1 at 0 < [S2P02-] ::::;0.02 mol L-1

or n = 0 at [H2P02-] > 0.3. mol L-1 and k is the rate
constant.

At controlled potential, the rate of reaction 4.33 was
found to be related to the presence, or contemporaneous
reduction of Ni 2+ (reaction 4.32). No direct evidence
was found which suggested that the phosphorus content
of the Ni-P alloy was responsible far its enhanced
electrocatalytic activity when compar-ed to pure 1'1'i.The
enhanced electrocatalytic activity was related to a
favourable structure of the surface formed during the
deposition of the alloy.

Los and Lasia (1992), extending the work of Lian, Kirke
and Thorpe (1991), have shown that amor~hous Ni-B can
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have higher electrocatalytic activity than similar
crystalline materials (This effect is complicated hy
surface area effects, and in the study by Los and
Lasia, the method of ptlsparation of the Ni~'Balloys and
Ni-B/Ni alloys was by powder pressing. Chemical
treatment of these materials was found to increase the
surface area exposed to solution as a result of
selective dissolution, as well as to expvse active
sites or modify the surface to render it more active.)

Heat treatment of electroless Ni-P allcjs has been
employed in order to modify the hardness of the
deposit. High temperature was shown to affect the
sto i.cheLomet.xy and crystallinity of ~lectroless Ni-P
deposits containing 3.2 - 12.5 wlo P (Randd.n et el.,

1967, Randin and Hintermann 1968, t.Ln and Lai 1989). It
was conf i.rmed that heating the deposit to temperatures
greater than 300°C resulted in the formation of
continuous Ni, and Ni3P. Randin and Hintermann
suggested that the as-produced deposit contained Ni2P
and Ni, the former phase accounting for almost all of
the P in the deposit. It was noted that the detection
limits Df the analytical techniques were not low enough
to identify the presence of a small concentration of
elemental phcapbo.rus in the Ni matrix. Lin and Lai
showed tbat the aS~deposited alloy was amorphous.

4.3 ELECTROLESS CO~PER

Electroless copper plating has found considerable
application in the electronics industry, primarily in
the production of printed circuit boards. The technique
of "throui/h-the-hole" plating allowed engineers to
manufacture circuit boards with tracks and components
on both sides, thus cant! ibuting to the diminishing
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size of electronic devices (McDonald 1984 p , 440).

Early attempts at producing electrically conducting
plastics involved the coating of polymer powders with
electroless copper (Shorokhova and Kuz'min 1964) and
the use of electroless deposits as base layers for
electrodeposition of decorative metals (Krulik 1978).
Plating of plastics by electroless techniques has
become a popular method of producing relatively cheap
decorative plurn1l.ing and automotive parts (Marcott and
Spatola 1990).

Whilst research regarding the mechanism of
autocatalytic cit Jition of copper has progressed
considerablYi a significant segment of the literature
on electroless copper pla.ting deals with bath
stabilization, acceleration of plating rates and fine
tuning of the morphology of the deposit. To achieve the
desired effects, compounds not ordinarily required in
the autocatalytic recipe have been added to the baths.
These compounds have thus become known as add.iti ves .
The effects of additives, and their modes of
interaction with the fundamental bath components and
plating surfaces b~~ been well documented.

4.3.1 General and mechanistic studies

Donahue (1980) attempted to quantify the kinetics of
electroless copper deposition by investigating the mass
transport effects on the plating rate. In the absenCe
of forced convection, microconvection as a result of H2
bubble formation was found to be the mode of mass
transport of greatest importance. Inhibition of the
el.ectrroLeas process by the addition of ligands was
reported as a subsequent part in. a series on the
kinetics of the electroless copper plating (Donahue et
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al. 1982). Further work on the transport properties of
some electroless copper plating baths was published by
Donahue and co-woxkers (Ying at al~ 198(:)). In this
technical note the kinematic viscosity and densities of
selected copper baths, as well as the diffusion
coefficients of a nunilierof cupric ion complexes, Were
determined.

Bindra and Tweedie (1983) described the copper (II)-ED'l'A
electroless system, employing formaldehyde as the
reducing agent, as being a mixed potential catalytic
process with interdependent half-reactions. Experiments
were performed using an RDE and varying copper ion
cClcentrations. The mixed (plating) potential was found
to increase with both rotation rate and copper ion
concentration, and to decrease with a higher
concentration of reducing agent. These results
suggested a diffusion controlled cathodic half-reaction
coupled with an activation controlled anodic
half-reaction. Subsequently, Bindra and Roldan (1987)
expanded on this Work, both exp~rimentally and by
theoretical assessment of the relationship between the
mixed potential and rotation rate of the RDE. The new
results showed that Tafel slopes of the half-reactions
in the complete bath and in catholyte or anolyte only,
were significantly different. The inference is that
independence of the half~reactions{ as suggested by the
original precepts of the mixed potential theory, was
not exhibited in the copper(II)/formaldehyde system.

KinetiC investigations of the copper (II)/formaldehyde
system were performed by Schumacher, Pesek and Melroy
(1985). These workers employed a closed loop control
system which automatically monitored and adjusted t.he
concentrations of hydroxide ions, cupric ions and
formaldehyde in order to maintain them within specified
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limits. Deposition rates were measured using a quartz
microbalance elect:r:ode (QME). Under conditions where
the electroless deposition of copper was controlled by

the rate of electron transfer (i.e. where mass
t.t'ansportof copper is not limiting) fit was found that
the reaction is first order in respect of the methylene
glycolate anion and zero order in respect of the cupric
ion. (Methylene glycol (MG) is the dominant fel i of
formaldehyde in a basic solution. Dissociation of l·:;.G to
the methylene glycolate anion then occurs.) Tarn (1985)
tentatively identified the major peak on a cyclic
voltammogram of a copper bath (during the cathodic
scan) to MG and its ('u2+ adduct. The precise electron
transfer process giving rise to this peak was not
given. Gottesfeld et al. (1986) speculated on the mode
of electro-dehydrogenation of an adsorbed methylene
glycolate anion (Figure 4.5). These workers levelled
some criticism against van den Meerakker's (1981a)
treatment of HCHO oxidation on copper, claiming that an
incorrer;t expression for electrochemical H atom
ionisation had been used in this work.

HO" /~
C/"H IH

HCOO(aq)

+ 1/2 H2(9) + H2=> + «\\\ \f \
Figure 4.5 Schematic representation of the

electro-dehydrogenation of an adsorbed
methylene glycolate anion on a capper
surface during electroless copper plating
(Gottesfeld et ale 1986).

Wiese and Weil (1987a) employed a QME and an
electrochemical cell capable of fast solution transfers
in studies on autocatalytic copper deposition. No
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evidence of direct electron transfer between reducing
agent (RCHO) and metal ion (Cu2+) was noted but the
half-reactions were found to be interdependent. A
parallel channel for the overall reaction including a
direct electron transfer was mentioned as being
possible, but most unlikely. Formaldehyde oxidation on
copper surfaces was found to be enhanced when
simultaneous copper ion reduction was taking place (and
not simply when cupric ions were present in the
solution). Formaldehyde was seen to generate a catalyst
to enhance copper ion reduction. Electron transfer from
the surface to the metal ions was sUggested to take
place via catalysts chemisorbed on the copper surface,
e.g., the methylene glycolate anion. No evidence for
direct adsorption of the copper(!!)-EDTA complex to the
electrode was found. When other ligands are present in
solution, the possibility of formation of mixed
complexes exists. These authors, however, showed that
reduction of copper (II) could take place in a solution
where no mixed complexes existed. It Was also observed
that the active, adsorbed species was capable of
reducing more than one copper ion prior to desorption.

Similar results to those described above were reported
by Feldman and Melroy (1989). In situ gravimetric
measurements of copper deposition rates from
copper (II)-EDTA complex, with formaldehyde as
reductant, were made using a QME. The shapes of the
cUrrent-potential curves for both half-reactions were
shown to depend on the concentration of formaldehyde.
In particular, the rate of copper deposition was found
to be significantly enhanced even at low concentrations
of HeHO (15 :romol1-1). Catalysis of copper reduction in
the complete bath was evidenced by the significant rate
of copper deposition at potentials as positive as -0.6
V vs , Ag/AgCl, an important point, because in an
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electroless plating bath, Cu2+ ions are stabilized by
the complexing agents. The standard reduction potential
of the cu (EDTA)2- complex is approximately -1. 05 V srs ,

Ag/AgCl, and Feldman and Melroy noted that.the foot of
the voltammetric wave of reduction of this complex
began only at about -0.9 V vs. Ag/AgCl (in the absence
of formaldehyde). Catalysis of the reduction was
clearly taking place in the complete bath. The
formation of a complex cf copper, EDTA and formaldehyde
was suggested, but it was not certain whether this was
a surface or solution species. Feldman and Melroy
tentatively suggested a mechanism imTolving the
adsorption, or formation, of the above-mentioned
complex on the surface, followed by a concerted
reaction in which copper was reduced and formaldehyde
oxidised. The result of El-Raghy and Abo-Salama (1979)
was acknowledged by these authors as contradictory to
their observation, and the apparent mechanistic
difference was attributed to the relative ease of
reduction of the copper (II) -tartrate complex used by
the earlier researchers.

Van den Meerakker and Scholtens (1989) followed the
decomposition of formaldehyde in aqueous solution under
conditions expected in an electroless copper ba.th. The
kinetics of two modes of HCHO decomposition, name l.y the
Cannizzaro reaction (4.36) and aldol condensation
(4.37), were inVestigated. The former reaction was
found, experimentally, to be the decomposition pathway
below 70°C, while both reactions occurred above this
tempere,ture.

2HCHO + OH- -+ HCOO- + CH30H
2HCBO -+ BleOH'CHO

(4.36)

(4.37)
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Expanding on earlier work (viz. Jusys and Vaskelis
1992a), Jusys and Vaskelis (1992b) used cyclic
voltammetry in conjunction with ECMS for further
studies of the copper formaldehyde system. The
electrochemical window between formaldehyde
decomposition to methanol (cathodic) and CV2 (anodic)
was determined. Hydrogen evolution from HCHO and H20

was determined as a function of pH, formaldehyde
concentration, temperature and electrode potential.
Catalytic dehydrogenation of formaldehyde was observed
at open circuit conditions, and the deuterium tracer
results were interpreted in terms of a two-stage
catalytic dehydrogenation reaction starting with the
methylene glycolate anion (this is formed as a result
of hydration of formaldehyde in alkaline medium) .

Hung, Husg and Ohno (1989) described a formulation for
producing autocatalytic copper-nickel alloys. By
including NiH in the electroless bath, hypophosphite
could be used to reduce both the Cu2+ and Ni2+. The Ni
in the deposit allowed the process to continue, whereas
on pure copper the oxidation of H2P02 - would not be
catalysed. Hung and Chen (1989) found that addition of
boric acid to a copper (II)/H2P02- bath (which contained
NiH) assisted in the reduction of nickel(II), which in
t.urn catalysed the oxidation of hypophosphi te. It was
found that only copper (II) complexes capable of forming
dimeric structures showed significant plating rate.

Hung and Ohno (1990) presented polarisation curves for
a copper(II)/hypophosphite bath and concluded that the
process followed the classical mixed potential theory.
These workers considered the possibility of side
reactions or the interdependence of partial processes
as reasons for discrepancies between polarisation
CUrves obtained in complete baths and baths lacking in
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metal ions or reducing agent. It was shown that the

bath composition required nickel or cobalt ions and
boric acid, in order to achieve autocatalytic copper

deposition using ~P02- as reductant. This effect may be
compared to the requirement of copper in electroless

gold bat us which use formaldehyde as reducing agent
(Molen~ar and Meenderink 1985). A pH effect was noted
by B'.lUg and Ohno, consts tenf with their proposed
mechandsm wh.i.ch included, as a first s tep , attack of
G.d.- on surface-bound H2P02- (F:t.gure 4.6).

OH-

I
O-P--O'"

I
H H

Figure 4.6 The OH-attack on eur f aoe bound H2P02-
(Hung and Ohno 1990). .

Kondo et al. (1990, 1991) investigated the possibility

of using novel ligands to enhance the efficiency of
electroless copper baths. Triethanolamine (TEA, Figure
4.7) was the ligand suggested as being most promising,
and adsorption kinetics of this ligand on the plating
surface were presented.

An. acceleration of plating rate at low concentrations

of TEA was noted (Figure 4.8). This phenomenon was

attributed to the adsorption of a monolayer of TEA

(TEAads) I followed by a monolayer of copper (II) -TEA on

the active surface. With excess TEA, the copper(rr)-TEA
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layer was covered by the ligand, steric'3.1lyhindering
the oxidation of formaldehyde at the surface (Figure
4.9) .

HO OH<:>
P
OH

F'igure 4.7 projection formula for triethanolamine.
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Figure 4.8 Dependence of copper deposltlon rate on
the concentration of triethanolamine and
other ligands, at GO°C. Kondo et ale
(19.90).Bath composition: [Cu2+] 0.060 mol
L-1, (HCRO] 0 22 mc L L-1, [K4Fe (CN) 6] 20
ppm, [2,2'~dipyridyl] 10 ppm, {Ligand]
variable, pH at 2SoC = 12.8.
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A B
Figure 4.9 Schematic adsorption of triethanolamine

(TEA) on a copper surface in an
electroless plating bath (A). Adsorption
of a Cu2+-TEAmonolayer (B), followed by
adsorption of TEA (Cl when ther~ is
excess ligand..This causes deactivation
of the surface (Kondo et al. 1991).

The model for ultimate suppression of the deposition
rate in excess ligand proposed by Kondo et al. (1991)
involves three layers of adsorbate. According to these
workers, the copper (II)-TEA complex is 1:1 in
copper(II):TEA~ The stability constant for the 1:1
complex - (Cut(OH) 2) - is 1018•4 (SilHm and Martell
1971). Thus, excess TEA is either in the solution bulk
or it is adsorbed to the surface. Kondo and co-workers
assumed that the free TEA adsorbed to the copper
surf'ace in preference to the complex. It was
favourable, however, for the complex to adsorb over the
adsorbed TEA. This effectively immobilised the complex
near the interface. A further assumption made by Kondo
and co-workers was that the catalytic oxidation of
formaldehyde could only progress when this species was
able to react at naked copper. 'l'herefore,in vast
excess of TEA, where surface coverage is complete, or
at best very high, formaldehyde can not act as a
reducing agent. Furthermore, coverage of the
copper(II)-TEA complex by excess TEA is also
conceivable. This surface condition, together with the
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dramatic surface coverage by TEA, ilu;.ctivatedthe
copper mecaL as a cata.lystfor deposition. Kondo and
co-workers investigated a number of other ligands,
namely
triisopropanolamine
(NTA),
N,N,N',N'-tetrakis(2-hydroxyethyl)ethylellediamine

(TIPA), nitrilotriacetic acid

(HEA),
N,N,N',N'-tetrakis(2-hydroxypropyl)ethylenediamine
(HPA), and ethylenediaminetetraacetic acid (EDTA). EDTA
and NTA are more hydrophilic than the other ligands,
and as such they do not adsorb to the metal surface as
strongly as the other ligands. It was for this reason
that the acceleration effect noted with the other
ligands (to a greater or lesser degree) was not
observed with NTA and EDTA. In a subsequent publication
(Kondo et: el , 1992), the kinetics of adsorption of
various ligands to a
detail. It was shown
the complex, i.e.
copper(II)-TEA and

copper sr.rface was described in
that the geometric structure of
tetrahedral in the case of
octahedral in the case of

copper(II)-HEA.,has a large influence on the likelihood
of adsorption of the complex to already adsorbed free
ligand.

Kondo and co-workers (1993a, 1993b) investigated the
effects of potassium hexacyanoferrate(II) and
2,2'-dipyridyl on a coppr:(II)-TEA bath. The former
compound was found to improve the surface morphology of
the deposit, while preventing decomposition of the
bath. 2,2'-dipyridyl, too, was found to contribute to a
smoother deposit, and it was proposed that this
compound adsorbs over adsorbed copper(II)-TEA, while in
an EDTA bath the 2,2'-dipyridyl adsorbs on the naked
copper surface. These workers also identified
synergistic effects of these additives on the plating
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rate and deposit ~lality (Kondo et ai. 1993c) by virtue
of different adsorption characteristics.

Bittner, Wanner and Weil (1992) used FTIR, SERS and a
QME as analytical tools in a study of the role of the
microstructure of copper deposits during electroless
plating in formaldehyde baths. Innovative design of
electrochemical cells allowed the QME to be used
simuItaneously with one or o+hez of the spectroscopic
techniques. A correlation was noted between surface
roughness and catalytic activity. A synergistic
feedback process was suggested whereby the copper
deposition brought about by formaldehyde oxidation
occurred in such a way as to produce a surface suitable
for formaldehyde oxidation. Further evidence of
interdependence was thus found, emphasising the
importance of in s.i tu studies of autocatalytic
deposition processes. The influence of additives on the
microstructure was investigated.

Mechanical properties (tensile strength, crystallite
size) of electrwless copper deposits were determined in
conjuncti.on with kinetic investigations of the
autocatalytic process (Hatsuoka, Murai and Iwakura
1992). A QME, as well as a.c. impedance techniques Were
used in this study, and a number of observations were
made regarding the choice of base (of KOH, NaOH and
LiOH, the latter was found to give the deposit with the
best mechanical properties). The tensile strength of
the deposit was evaluated as a function of preferred
crystallographic orientation and crystalIite size. It
was suggested that addition of polyethylene glycol
(PEG) and LiOH prevented the interaction of the partial
processes, giving rise to deposits with better physical
:properties.Matsuoka and co-workers proposed that the
PEG diminished the extent of adsorption of the
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met.hy.l.eneglycolate anion. Crystallite elongation
occur.redas a consequence of the diminished adsorption.

4.3.2 The effects and action of additives to
copper baths

The effect of organic additives as accelerators and
stabilizers in electroless copper baths has been
investigated (Schoenberg 1972, 1973). The addi'tive
7-iodo- a-hydroxyquinoline 5-sulphonic acid (HIQSA),

OH
r

S03H

was found to accelerate deposition at intermediate
concentrations and to suppress the deposition reaction
at high concentration (Figure 4.10).
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Figure 4.10 Change in plating rate (relative to a
bath containing a given amount of HIQSA)
as a function Of [HIQSA]. Bath
composition: CuSO•.SH20 0.02 mol L·1,
Na2EDTA.2H:P0.1 mol L~l, HCHO 0.4 mol L~l,
[HIQSA] variable; pH 12.8, ~25°C. Redrawn
from Schoenberg (1972).

The adsorption of various quinoline sulphonic acids on
cata.Lytic sur+acea, in conjunction with chelation by
these species of cu" ions, was shown to be a
phenomenon which could be exploited in electroles$
copper bath formulation where formald\':lhydewas employed
as the reducing agent (Figure 4.11).
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~
catalytic surface

Figure 4.11 Adsorption of HIQSA to a copper surface,
and chelation of aqueous copper complex
(Schoenberg 1972).

S03H

:t

I

Siegel and Hannemann (1981) and Hannemann and Siegel
(1982) patented a method of controlling copper
deposition rates by the addition of both HIQSA and
8-hydroxyquino1ine sulphonic acid (RQSA):

OH

Paunovic and Arndt (1983) used cyclic voltammetry and
gravimetric plating rate determinations to define the
effect of additives (adenine, guanine, saccharin and
coumarin) on the kinetics of the partial processes in
an electroless copper bath. The effect of these
additives on the anodic dissolution of eu in the
absence of HCHO was also followed. Results were
rationalised by considering the effect of deLocaLf.zed
1t-electrons on the adsorption properties of the
additives, and thei:c effect on the metal solution
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interphase. Duffy, Pearson and Paunovic (1983) ,
investigating autocatalytic copper deposition,
considered the influence of pH on the metal solution
interphase conditions during electroless copper
plating. Adsorption, potential of zero charge,
structure of the double layer, structure of the copper
species in solution and ionic strength of the solution
were affected by the pH, and these factors, in turn,
influenced the rate of metal deposition.

Hung (1985) published a study on the effects of
thiourea and guanidine hydrochloride (GH) on
electroless copper plating. In this work, the effect of
the addi tives was examined in order to determine the
reasons for bath stabilization with concomitant plating
rate reduction. Thiourea was shown to stabilize the
bath by virtue of a stronger chelation effect with Cu+
than with cu2+, and reduced the plating rate (when in
high concentration) by adsorption on to the catalytic
surface, as a catalyst poison (Figure 4.12). Cut was
implicated as being a key species responsible for bath
decomposition. A plating rate enhancement was seen with
low concentrations of GH, and this phenomenon was
attributed to the effect of delocalized n-electrons as
described by Paunovic and Arndt (1983). In a subsequent
paper, Hung (1986) used Auger electron spectroscopy,
scanning electron microscopy and the construction of
polarisation curves (potential vs. log (current) plots)
to investigate further the effects of GH. The rate
enhancement at low concentrations was attributed to a
roughened morphology of the copper plate in the
presence of this additive. It was also noted that the
plating potential was shifted to a more cathodic value
in the presence of GH, a.....d it was stated that this
implied that GH caused the oxidation of formaldehyde to
oct:ur more readily.
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A microdensi tometric technique and weight gain method
was used by Fiatti and Podesta (1989) to observe the
stabilizing effects of a number of additives to an
electroless copper bath. Among the additives
investigated were 2-mercaptobenzothiazole (2MBT)and
potassium cyanide. The latter compound was found to
have the following effects:
(a) reduction of avaL.able active sites by adsorption

on the plating surface;
(b) enhancement of the plating rate as a consequence of

interaction of the delocalized x-electrons of
additive with the plating' surface;

(c) in commonwith CN-, 2MBThas a stronger complexing
ability with Cu+than with Cu2+. Thus the formation
of Cu20 was prevented in the presence of these
ligands. This species disproportionated Ln the
presence of water to form eu and Cu2+. The presence
of finely dispersed elemental copper resul ted in
the electroless process taking place in the
solution bulk and not only on the substrate, which
led to bath decomposition.

Van den Meerakker (1989) was able to show that t.he
addition of a polyoxyethylene compound, HO(C2H40) nH (n =

13 to n := 500), to an eJ.ectroless copper bath could
result in a ductile yet dense deposit. The additive was
incorporated into the deposit. It was proposed that the
presence Of the additive compound resulted in a shift
of the plating potential to a more negative value, and,
consequently, the incorporation of hydrogen was
diminished. This resulted in a less brittle deposit.
The discovery that a cathodic shift of the plating
potential resulted in less hydrogen incorporation was
reconciled by considering the treatment of surface
coverage of hy~rogen on copper as given by Gottesfeld
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(1986). These workers reassessed van den
Meerakker's (1981a) treatment of the kinetics of
recombination of adsorbed hydrogen, and showed that on
copper the surface coverage of atomic hydrogen did
indeed decrease with potential sh~fts in the cathodic
direction.

2.2

~ 2.0
~E!
(,) 1.8
SO 0- 1.6
~
~ 1.4
'i
is:: 1.2-
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o 2· 4 6 8 10 12 14 16 18
[ (N.H;zhO=NHCl ] ImgVi

Figure 4.12 The effect of guanidine hydrochloride
concentration on plating rate in an
electroless copper plating bath (Hung
1985).

Junginger (1988) significantfound that bath
stabilization was achieved when air or oxygen was
bubbled through an electroless copper plating bath.
While additives, particularly ligands for copper(I)I
were also investigated as stabilizers in this work,
Junginger proposed that 0;:oxidise.s metallic copper
nuclei responsible for nodule formation and bath
decomposition.
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The works cited in the previous paragraphs have almost
always attributed the spontaneous decomposition of
electroless copper baths to the formation of CuzO.
Baumgartner (1989) attempted to break away from the
common practice of introduction of additives to
counteract the decomposition problem, by slow,
controlled addition of HCHO to a copper plating bath.
He showed that the copper deposit so produced was more
dense, of higher purity and lower electrical
resistivity than those produced by baths with
additives. It must be noted, however, that .this work
was done only on very small scale apparatus.
Baumgartner's ~escription of the action of C~ on
electroless eu deposition was in agreement with the
interpretation of Piatti and Podesta (1989). This
stabilizing agent gave a cu deposit of higher purity
than found with other additives.
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CHAPTER 5 IN3TRUMENTATION AND PROCEDURES

5 • 1 A1?PARA'l'US OF THE QUARTZ MICROBALANCE
ELECTRODE

5.1.1 The quartz microbalance

A block diagram of the electrochemical and electronic
equipment is given in Figure 5.1.

CE

Electrochemical
Cell

Figure 5.1 Block diagram of QME apparatus. WE, RE,
em are working, refex:enceand counter
electrodes respectively, D =
analogue/digital interface, G = IEEE GPIB
488 interface.,S = oscillator signal and
XSTAL = 5 MHz AT~cut (uartz crystal.

The quartz wafers used were planar, AT-cut blanks of
13.7 rom diameter lapped by the manufacturer (STC
Components) to resonate at approximately 5.00 ~1Hz. On
the face of the wafer to be exposed to solution (front
face)I an electrode was formed by successively
evaporating layers of chromium, palladium and gold (the
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latter being 80 to 100 nm thick) in the conventional
"keyho Le" pattern as shown in Itigure 5.2. Chromium was
present to improve adhesion of electrode material and
palladium to prevent diffusion of chromium to the
current-carrying, electrochemically active gold
surface. On the reverse face of the crystal, a qold
electrode about 100 nm thick, was used without
under-layers. The piezoelectric area was determined by
the rear electrode diameter (5.5 mm), which was smaller
than the front electrode diameter (6.6 mm). The surface
area of the WE was 0.404 cm2, as part of the connecting
tab on the front face of the crystal was also exposed
to solution.

2.0mrn
>--<

I
13.7mni

I 6.6mm
5.5mm

Figure 5.2 Electrode pattern on quartz crystal
waf'e rs., The shaded area shows the working
electrode (plan view not to scale).

A modified ver sLcn (Figure 5.3) of the Pierce'-Miller
oscillator used by Weil and co-workers (Benje et al.
1986) was built in-house and power-ed by a Philips
PE1535 stabilis€d power supply. Frequency measurements
were carried out by a Keithley 775A counter/timer. Data
were logged using a Philips P3105 personal computer I

via a General purpose Interface Bus ( .:ional

crystal was
oscilloscope.

monitored using a
the ost..
Philips

..lating
PM3226

Instruments PC2A). 'rhe waveform of
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1!5V

R41K

Figure 5.3

5.1. 2

Rl
SeK

C2
11i11nF Q1

E1C1RJ7 ••

1'<2lK2

DY1AT-CUT

Modified Pierce-Miller oscillator
circuit.

Electrochemistry

Electrochemistry was carried out in
water-jacketed Pyrex cell (maximum capacity 100 mt),
thermostatt~d by a MGW/tauda RC3 circulator. This unit
was capable of maintaining temperature to ±0.1 °C. All

a Metrohm
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electrodes and the gas sparge (glass frit) were
designed to fit the Metrohm cell top. A Mintek-designed
potentiostat with a grounded working electrode (WE) I

built in house, was used. Two 10 mH inductors were
connected in series with the werking electrode and
ref~rence electrode (RE). The WE current was monitored
by a 12-bit analogue/digital card (IBM-DACAl fitted to
the computer. The c011nter electrode (CE) used depended
on the experimental context. Reference to the counter
electrodes is made in the Experimental procedures
section. In every case, the counter electrode was
parallel to and about 1.5 em away from the WE. The
reference electrode (RE) was a Metrohm saturated
calomel· electrode (SCE) fitted with a Luggin tip,
situated about 0.5 em from the WE. The Luggin tip was
filled with 1 mol L"'lRCI solution unless otherwise
specified. All electrode potentials quoted Ln this
Chapter, and in those dealing with the results of the
experimentation (Chapters 6, 7 and 8), are relative to
the SCE. A Metrohm E549 magnetic stirrer and stand
supported the cell. Constant, moderate stirring was
used throughout all experiments.

A list of chemicals used in this work is given in
Appendix I.

Glassware was cleaned b~fore use with a detergent
solution and ethanolic sodium hydroxide, or in a
mixture of equal proportions of concentrated sulphuric
acid and nitric acid. For the preparation of solutions
and rinsing of glassware, water from a Buchi Fontvapor
285 distillation column coupled t.oa Millipore Milli-Q
unit was used. The resistivity of this water was 12 -
15 MQ cm'",



129

5.1.3 computer software

computer software was written in either GW....BASIC
(program in Appendix IIa) or in IBM Compiled BASIC
(program in Appendix !Ib) and run using the IBM
Compiled BASIC software (version 2.00). Device drivers
for the interface cards were the manufacturers'
proprietary software as supplied. These programmes
allowed the user to control the frequency counter front
panel, and to set up and run experiments using the QME.
The experiments could be designed such that frequency,
electrode potential and current could be monitored for
a selected duration or until the electrode potential
reached a :;hosen value. The program in Appendix lIb
incorporates a routine whereby the above-mentioned data
are plotted versus time on the graphics monitor,
directly after having been saved to disk. '!'h:Lsallowed
an immediate assessment of the ehperLnent results.

It was also possible to calibrate the analogue/digital
conversion by attaching a dummy cell to the
potentiostat leads as shown in Figure 5.4. A known
potential was applied to the A/D converter. One hundred
readings were taken at each of ten such potentials.
Each set of one hundred readings was averaged, a least
squares straight line was fitted to the resulting ten
data points, and the slope and intercept were used to
calculate potentials read by the card during actual
data COllection. This procedure was performed prior to
each set of experiments.
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WE CE

RE
Figure 5.4 Dummycell resistor network. RE :::;

reference electrode, CE == counter
electrode, WE:::;working electrode.

5.2 QUARTZ MICROBALANCE ELECTnODE PREPARA'l'ION

Blank crystals were cleaned in a mixture of sulphuric
and nitric acids, rinsed successively in water and
acetone, and dried. Using adhesive tape (3M "Magic
Tape") or adhesive vinyl (Grafitack) as masking
material, the blanks were attached to Perspex sheets in
batches of 6 or 8 at a tim~. Gold coating of the rear
faces of the crystals was done before coating the
front, working face. After masking the front faces of
the crystals, the plastiC mount was affixed to a motor
driven turntable in a Balzers ultrahigh vacuum coating
unit. Two tungsten boats (coiled wire) held chromium
and palladit~ pellets which would evaporate to coat the
crystals. Prior to coating, -'be system was out-gassed
for at least 24 hours. At the time of comm~ncing metal
evapo.rat Ion the pz cs sur e was approximately 4 x 10-6

mbar. The thickness of the electrode under-layers was
estimated to be in t.he range 10....30 urn.

Gold coating of reverse and current carrying electrodes
was performed in a Polaron scanning electron microscopy
coating unit. Copper leads were attached to the crystal
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electrodes with silver epoxy 'adhesive (Demetron) •
Co-axial cable (30 cm) from the oscillator was soldered
to thp.seleads.

5 . :3 QUARTZ MICROBALANCE ELECTRODE HOLDERS

Three different ::lolderswere used during the course of
this work. These Teflon holders were designed and built
according to the cross section diagrams in Figure 5.5,
Figure 5.6 and Figure 5.7. All of the holders used were
deSigned to fit :.nto 50 or 100 mL Metrohnt cells, and to
allow for convenient replacement of the crystal. The
holder shown in rigure 5.7 was the most compact and the
easiest to use of the three.

Silicone gaskets (Blue RTV Gasket Maker, Locktite
Corp.} were made to seal the crystal ~ 'l'heseproved to
be bet.ter than commercial 'YViton" or similar o-rings
because of their softer, more yielding texture.

Photographs of the quartz microbalance electrode holder
assembly are shown in Figure 5.8.



132

-----_jQME holder 1. T = glass tube, 0 = o-ring,
G == silicone gasket, C = crystal, tv =
washer, N == nut, B; Bt == Teflon body
parts.

L-- _
Figure 5.5
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G

o
T

w
c

p

N
F':i.gure 5.6 QME holder 2. T ~ Teflon body, 0 =

a-ring, S = silicone gasket, C = crystal,
W = washer, N = Perspex nut, G = glass
tube, P = sealing plug.
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T

s
c
w 0

u

(Glass thread: ACE #7, ACE Glass)

G

Figure 5.7 QME holder 3. G = glass tube, 0 = a-ring,
S = silicone gasket, c = crystal, U =
Teflon cup, W = Teflon washer.
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Figure 5.8 Photographs of the QME holder (holder 3,
Figure 5.7) and the assembly of the
electrochemical cell top_
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5.4 GLASSY CARBON ELECTRODES AND HOLDERS

Glassy carbon discs of 12 romdiameter were cut from a 2
rom thick sheet (Sigridur "G"I Sigri). Copper wire was
attached to the rear face with conducting silver epoxy
(Demetron). The wire was fed through the holder (Figure
5.9) and the discs were sealed to the glass by means of
silicone gasket maker (Blue RTV Gasket Maker, Locktite
Corp.). The amount of adhesive used was minimal, so
that removal of the disc was possible after use. The
working face of the discs was prepared by polishing to
a matt finish on 600 grit water paper ( Leco ) followed
by ultrasonication in pure water for 30 s.

FRONT VIEW SIDE VIEW PHOTOGRAPH

D

Figure 5.9 Glassy ~arbon electrode holder. G = glass
elbow, D = G.C. disc, S = silicone
adhesive, W = multi-strand copper wire.
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5.5 ELECT.ROLESS PLATING BATH FORMULATIONS

5.5.1 Low temperature electroless nickel

Two bath formulations, almost identical to those
proposed by Feldstein (1970) were studied. There
compositions are given in Table 5.1.

Table 5.1 Bath formulations (figL11:esare concentrations
in mol L-t).

Reagent Bath l~h 2

---Ni2S04·6H2O 0.095 0.095
Na4P207·10H20 0.110 0.110
NH3 (to pH 10.8) -0.34 "'0.34
NaH2P02 • H2O 0.280 ---
(CH3) 2NH.BH3 * 0.051---
KCl •• 1.00 1.00

* Dimethylamine borane (DMAB)
supporting electrolyte**

The compositions of the two baths differ only in
respect of the reducing agent. Potassium chloride, a
component not part of the original formu13,tion,serves
as a supporting electrolyte and reduces any
uncompensated solution resistance..It has been found
that KCl has minimal effect on the plating rate of the
hypophosphite-reduced bath (Orchard 1988b). As a
consequence of the presence of a supporting
electrolyte, the exact positioning of the Luggin tip
was not critical.
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Two stock solutions were prepared at double the
so thatconcentrations required for the final baths,

when equal volumes were combf.aed, the
concentrations were attained. Stock solution "A"
contained the nickel ions (Ni2+) 5.. complexing agents
while solution "B" contained the rec.ucing agent (F..A.)
and the supporting electrolyte. Fresh solutions were
prepared for each experiment.

5.5.2 fligh t.\emperature electroless nickel

This work was done in collaboration with Douglas
Mughogho (1993). A nickel bath (Bath 3) operating at
acidic pH (4.6) and high temperature (85 ± 1°C) Was
used for QMEstUdies and the half-reaction current
density curves thus obtained were compared to those
obtained using a RDE.

Table 5.2 High temperat..ure electn 'ss nickel pl;;:tting
bath (Bath 3). Concentrations are in mol L-1
unless otherwise specified.

Reagent concentration'

Ni2S04• 6H2O 0.0871
NaH2P02•H2O 0.189
NaC2H302 (sodium acetate) 0.0207
Pb (C2H302)2. 3H2O (lead acetate) 15 ppm
KCl 1
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5.5.3 Copper - triethanolamine bath

Table 5.3 gives the composition of the copper bath used
to study the effect of triethanolamine (TEA,
triethyl-2, 2,2-trihydroxyamine) on the rate of copper
deposition, and for electrochemical studies. The
concentration of TE.~ was varied from approximately
0.06 mol L~l to approximately 0.60 mol L~l. This bath
(Bath 4) was used at 60°C.

Table 5.3 Composition for Copper - Triethanolamine
bath, Bath 4 (concentrations in mol L~l
unless otherwise specified) .

Reagent Concentration
___ II',

CuS04·5H2O 0.060
HCHO (added as 35% solution) 0.220
K4Fe (CN)6' 3H2O 35 ppm
2,2' - Dipyridyl 10 ppm
TEA 0.060 - 0.600
NaOH to pH 12.5 at 25°C

5.5.4 Copper ba.th with hydroxyquinoline
sulphonic acid additives

A. capper bath with composition similar to one used by
Schoenberg (1972) was used in the determination of the
effect of two additives;
8-hydroxy-7-iodo-5-quinolinesulphonic acid (HIQBA.), and
d-hydroxyquinoline-5-sulphonic acid (HQSA).
The additives were used separately in the various
experiments ,.Bat}'1composition is given in Table 5.4.
Concentrations of the addi ~ves are given in mg L-1 in
ke0ping with the quantity calculus used in Schoenberg's
work. This bath (Bath 5j WaS used at 30°C.
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Table 5.4 Composition of electroless copper bath
(Bath 5) using HIQSA or RQSA as additive.
concentrations in mol L~l unless otherwise
specified.

Concentration

HCHO (added as
paraformaldehyde)

0.400

Reagent
0.020
0.100

HIQSA o - 620 mg L -,l

HQSA o .... 420 mg L .J.

NaOH to pH 12.4 at 25QC
* ethylenediaminetetraacetic acid, disodiun\ salt

5.6 ~SCELLANEOUS SOLU~IONS

~.6.1 Copper p1ating solution for calibration of
the QME and stripping of oopper deposits

For purposes of assessment of the accuracy and
precision of the QME, and for removal of copper
d(;!posits from the ma.cnobaLance electrode, a copper
sulphate solution cons.i.stingcuS04.5H20 (0.16 mol L"l)

and HzSO~ (0.020 mol L~l) was used, In some cases the
copper sulphate concentration was 0.721 mol L-1, with
the H2S04 concentration of 0.036 mol L-1•
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5.6.2 stripping solution

A solution for the stripping of plated nickel from the
QME consisted of Na2S04 (0.10 mol 1-1) and H2S04

(0.20 mol 1~1).

5.6.3 Plating bath modifications for low
temperat~xe nickel baths

As required by the particular experiment, substitutes
for the usual solutions of "A" or "B" were prepared. As
a substitute for Ni2+, solution A (modified) contained
0.095 mol 1"1 zinc sulphate (znS04 .7H20) instead of
nickel sulphate (NiS04.H;P). Where reducing agent was
required to be omitted from the bath, a I<Cl solution
(1.00 mol 1-1) was used instead of Solt.:tion "B".

5.6.4 Sodium acetate solution

Sodium acetate solution (1..2 mol 1-1) was prepared for
addition to low temperature nickel plating baths.

5.6.5 Conoentrated sodium. hypophosphite solution

Sodium hypophosphite (2.84 mol 1~1) was prepared for
addition to Bath 2.
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5.6.6 Copper plating solu.tion for use as
substrate in Bath 1

An electroless copper plating bath was prepared to
produce a copper substrate for study Ln Bath 1. This
bath followed the composition presented by Kondo et al.
(1991) • The bath consisted of CUS04•5H20
(0.060 mol L-1), HCHO (0.22 mol L-1) , added as
paraformaldehyde, EDTA (disodium salt) (0.080 mol L-1)
and NaOH to pH 12.5. This bath was used at 60°C.
Initiation of electroless copper plating on the gold
electrodes was spontaneous, and. 3 minutes plating
produced a coherent pink deposit.

5.6.7 Palladium ohloride solution

A solutri.on of PdCl2 (1.41 x 10-3 mol L-1) and HCI (2.5 mL
L-1) was applied to the electrode of a crystal which
had previously been coated with copper (Section 5.6.6
above). Three to four applications were made, keeping
the solution from the non-metallized area of the
crystal.

5.6.8 Solution for eleotrolytic deposition of
Ni-l? alloy

An alloy of nickel and phosphorus was produced using
the solution given in Table 5.S. This plating solution
was originally used by Cargill (1979) and later by
Benje et al (1988).
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Table 5.5 Composition of plating bath for
electrodeposition of Ni-P alloy. 'rhe bath
operated at 70°C at a current density of 20
InA cm-2• Concentrations in mol L-1 unless
otherwise specified.

Reagent Concentration

0.857 ~.--
0.300

48.0 g r./~

NiC03• 2Ni (OH) ,. 4H,O 0.131

5.7 EXPERIMENTAL PROCEDURES

5.7.1 calibration of the quartz microbalance
electrode

To verify that the constructed QMEwas responding
satisfactorily to mass changes, the following procedure
was followed. The copper plating solution (section
5.6.1) with a plating efficiency known to be verv close
to 100%was used as an electrolyte, with a copper cm
(20 x 25 rom). The cell top with electrodes was attached
to the cell and the solution stirred at a constant
r at e , Resistor R1 and capacitor C7 (Figure 5.3) were
adj usted to tune the cireui t to obtain the optimum
waveform on the oscilloscope. By running the computer
pzoqram, the frequency counter was set up with the
required gate tLne and trigger Leve l , These were
typically 1.0 sand + 0.1 V respect::. vely . In addition,
the counter was set to trigger on the dowrLWardside of
the signal wave (this was done because this side of the
signal appeared to be more sinusoidal). Alternating
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current (a.c.) coupling was used throughout. By
electrolytically plating copper on to the QMEat a
known current for a set period of time, an expected
mass change could be calculated. The quotients of the

measured frequency changes, !if, divided by the mass
changes expected using Faraday's law, provided the
experimenta.l ratios $ These ratios were determined for
a number of expected mass values and compared to the
theoretical ratio for a 5.00 MHz crystal, using the
firs1>-read frequency as fa in the calculation.

5.7.2 Dete~nation of rates of eiectroleS$
deposition

steady state deposition rates of electroless plating
baths were determ.ined by monitoring the frequency of
. the QMEfor an appropriate time period. Solutions Were
bhe rmoat.atit.ed and moderately sti!:.:ed. In most cases,
measurements werl:; taken for 200 s, after allowing at
l(:f.lst 120 s f.::>ra steady st at e condition to be reached.
Since these measurements were made without the
application of a potential, no counter eJ.ectrode was
used. The computer program monitored the electrode
potential as well as frequency du.ring plating, so the
reference electrode was present for these measurements.

5.'7'.3 Stripping nickel alloys from the QME

Large amounts of deposited material are deleterious to
the operation of the QME. This was revealed by the
distorted waveform seen on the oscilloscope (the
extreme case was a total failure of tht.. system to
oscillate). In addition to this, lateral growth of the
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working electrode was observed, changing the
electrochemically active area. To avoid the obvious
problems resulting from either of these situations,
periodic stripping of the deposit was required. This
was achieved by placing the WE in the stripping
solution and sweeping the potential anodically from a
value of -200 mV to +200 mV at a rate of 5 mV S~l. If,
at the end of this sweep, a clean gold surface was not
observed, the potential was held at the final valu~ of
+200 mV until this criterion was met.

5.7.4 Derivation of the half-reaction current
densities in the complete low temperature
nickel l:.."ths

A fresh, complete bath, was prepared from stock
solutions. This was thermostatted to the required
temperature. The QME was assembled as in Section 5.7.1,
using the pickel eE (coiled wire, surface area
....7.6 em") •

In order to initiate nickel plating over the gold
electrode, a potential of -1.00 V was briefly applied
to the QME. A subsequent open circuit potential vf
about -0.94 V (hypophosphite bath) or ....1.02 V (DMAB
bath) was evidence of successful initiation.

Prior to the commencement of readings, the potential of
the WE was stepped to the required value. After
allowing the interfacial conditions at the WE to reach
a stead.ystate (a period of t:iroeless than 60 s), the
computer was acttvated to read the electrode current
and resonance frequency. By visually monitoring the
current and frequency change on the computer monitor,



146

it was possible to determine whether or not a steady
current and constant rate of mass change was being
exhibited. In this type of experiment, these two
criteria 1I'1ere required to be met. Data collection
continued for a period of 60 to 200 s. Frequency
deviations fror; the initial reading were converted to
mass changes per unit area, using the Sauerbrey
aqua+Lon (3.1). The value used for fo was the first
frequency value of the data set. For each experiment,
>!..\ ....ee data files were saved. The first contained the
c ; .cent values corresponding to the time of reading'
(i.e., time from start of data logging). The second
contained the frequencies and cumulative mass changes
per unit area, and the third contained t:he measured
electrode potential.

were. manipulated after the completed experiment,
to produce the current densities. The cell current
measured at the WEwas divided by the working electrode
area to obtain the net current density, jnet. In order
to obtain the cathodic current density, jc' the rate of
mass change per unit area, Rdl was calculated from the
mass change/time data using t.he linear least squares
method. Then, following the relationship of rat;e of an
electrode reaction to charge flux given in Equation
2.8, the cathodic current density corresponding to Rd

can be determined. The basis of the calculation is
given in Appendix III.

For the H2P02- reduced bath, 1. .dP03
2
- is the product of

hypophosphite oxidation, for a composition of 95.8 atom
% Ni, 4.2 atom % P, then ]. mg cm-2 hr-1 correspondea to
i, = -0.983 rnA cm-~ (Orchard ]'988b). The alloy

couposf.td.cn may vary slightly with small changes in
concenta etions and plating temperature, but the quoted
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conversion factor was used for all calculations
involving the Ni-P alloy from Bath 1.

Similarly, for the DMABreduced bath, the composition
of the nickel - boron alloy was taken as 99.5% Ni, 0.5%
B (Feldstein 1970). Assuming elemental boron in the
alloy and two- and three electron reductions for nickel
and boron respectively, 1 mg em? hr-1 corresponded to
i, = -0.946 rnA cm-2, the negative sign of jc

indicating a cathodic process.

Equation 2.30 was used to calculate the anodic current
density, ja' This is a lower limit for the anodic
current density since hydrogen evolution and any other
possible reduction side-reactions were not taken into
account.

By plotting potential as the abscissa and current
densi ty as the ordinate, with jnetf i; and i; on the same
set of axes, the anodic and cathodic current-potential
relationships were generated. The mixed potential
(plating potential) of the electroless process is
theoretically the value of the abscissa where jnel; = o.

5.7.5 Derivatil')n of the current density -
potential relationships for nickel baths
of different oomposition

Apart from the altered composition of the baths, the
procedure differed from the above only in respect of
the method' of electrode pre-treatment. When the
modification to the bath was such that there was no
metal deposition taking place, but only the anodic
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process (es), it was necessary to provide an initial
electroless nickel film over the gold QME.A complete
plating bath was used for this purpose. The QMEwas
allowed to plate electrolessly in the complete bath
until a uniform deposit formed. The electrode assembly
was briefly rinsed in pure water and transferred to the
modified bath without delay. Measurements were then
carried out as previously described.

When the modification was the removal of the reducing
agent, an initial electrolytic layer was formed in situ
prior to the first set of readings. Since an
electrolytic nickel film was formed and continuously
renewed throughout the experiment, there was no need to
preplate the electrode with an electroless film.

5.7.6 Derivation of the half-reaction current
densities on various surfaces in nickel
baths

In this series of experiments f t.he obj ecti ve was to
determine the influence of the ini tial surface
condition on the rates of the anodic and cathodic
partial processes. Bath 1 was used both to produce
electroJ.ess nickel substrates for further study and (in
(:ither modified or unmodified form) as the solution for
studies of the initiation process .

.Anodic stripping of electroless nickel deposits was
carried out at 25 ± 2ClC in a moder.ately stirred
solution of Na2S04 (0.040 mol L-1) and H2S04 (0.200

mol L-1). Electrolytic nickel deposits were obtained by
cathodically plating nickel from a bath of the same
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composition as the electroless bath above, except that
the sodium hypophosphite was omitted.

For strippingl an anodic-going potential sweep was
employed, starting at the open circuit potential (which
was between -0.370 V and -0.336 V) and ending at either
0.045 V (for partial stripping) or 0.300 V (for
complete stripping) r at a rate of 2.5 mV S-l.

Electroless nickel substrates which were not to be
stripped at all wer~ held at -0.336 V in the acidified
Na2S04 for a time equivalent to the sweep time of
partial stripping. The electrodes were rinsed in water
after removal from the stripping solution. Spontaneous
initiation of electroless plating on the different
substra.tes WaS studied by immersing the QME in the
plating bath at open circuit, and monitoring the
el.ectrode potential and mass change with time.
potentiostatic stUdies of the early stages of
electroles$ plating were performed by immersing the QME
in the plating bath, under potential contro] by a
potentiostat (at either -1.025, -0.950 or -0.'875 V) f

and monitoring the electrode current and the mass
change with time. A period of 3-4 s was allowed prior
to conunencementof the data logging. A magnetic stirrer
bar provided moderate stirring during all plating
studies. None of the solutions were deaerated.

5.7.7 Preparation of electrolytic Ni-P depOSits

Electrolytic nickel deposits rich in phosphorus were
prepared on the QME after the method of Cargill (1979).

These deposits were used as prepared, or Were partially
stripped as was done for the electroles8 nickel
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deposit. Electrolytic Ni-P deposits \liere prepared for
comparison to those produced by autocatalytic plating.

5.7.8 Derivation of the half-reaction current
densities for copper baths

The experimental procedure follows that for current
density determinations in the low temperature nickel
baths. The counter electrode employed was a copper rod
(99.9%, Johnson Matthey), 15 nunlong with a diameter of
6.35 rom. This was c1eaned in dilute nitric acid and
de-ionised water prior to use. During experimentation
with the TEAbath, the Duggin capillary was filled with
0.06 mol L-1 Na2S04.10H,20. For the baths with the HIQSA
and HQSA addi ti ves 1 the reference electrode was
separated from the working solution by an agar bridge
(4%agar gel, 1.0 mol L-1KCl)•

The calculation of the cathodic current density from
mass change per unit area data was accomplished by
treating the deposition of copper as the only cause for
mass change on the crystal and as the only significant
cathodic partial process.

Since Bath 4 required very low concentrations of
2,2'-dipyridyl (DIPY) and potassium ferrocyanide, a
200.0 mL stock solution of these components was
prepared, containing 35.0 mg potassium ferro cyanide and
20.0 mg DIPY. A 10.0 mL aliquot of this solution in a
total volume of 1uO.0 mL wOl:king solution yielded the
correct concentrations of the compounds.
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5.7.9 Activation energy measurements

By allowing the QME to be elect.rolessly plated with the
nickel alloy, at various temperatures, the activation
energy (Ea) of the electroless plating process could be
determined.

The rate of the reaction, or deposition rate, Rd, has
been defi:ed as the rate of mass change (per unit area)
of the QME. This may be related to the activation
energy by Equation 5.1.

(5.l}

therefore In (Rd) ==In (A)+ (~;) (5.2)

A is the pre-exponential factor, R the gas constant and
T the temperature. Plotting In (Rd) vs . T~l gives a line
with a slope equal to (-EaIR). Hence

Ea ==-Rx (slope) (5.3)

5.7.10 Plat.n_':i on glassy carbon substrates

Glassy carbon (G.c.) discs (Sigridur G) I were used as,
substrates for analysis of nickel-containing deposits
by energy dispersive analysis by x-rays (EDAX) and for
some electrochemical studies.

By holding a G.C. electrode in Bath 1 at -1.050 V for
30 5, sufficient Ni-P alloy was deposited for continued
electroless deposition. After 10 minutes of electroless
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deposition, the al.Loy was stripp'~d off at 0.300 V i~
,

the acidified sodium sulphate s;)lution. 'l'his proces~
served to condition the electrode for the deposition oi
the substrate of interest. The deposition process wa~
J.:'epea<4-('j to yield the expe.rimerrt a.I, ubstrate. Thi~
substrate was then replaced in Bath 1, or paJ.:'tiall~
stripped as described above pzi.or to replacement iri
Bath 1. The appropriate meas.lrements of electrodE
potential w~re then made.

5.7.11 Spectrophotometry

5.7.11.1 Nickel, Bath 1

Determinations of the effect of reducing agent an,~
oxidation reaction product on the metal complexes i'1
solution in the low temperature nickel baths Wer~
qualitatively made by spectrophotometry. A HitacliL
U2000 spectrophotometer was usnd, which operated in tht~
ul traviolet and visible ranges. .1'his instrument had th!~
facility to calculate a baseline for any reieren( e
sample, so it was possible, for example, to use 11

complete nickel bath solution in the reference beam at,d
obtain absorption. spectra reJ. ati ve to thL.:. In eac It

case, the instrumem: Was initi ally set up to create a.
base Li.nc us ing the reff':cence beiam sample. Spectra weJle
obtain~d at room temperature.

A soLut Lon of sodium phospha t.e (Na2HPO:;)was prepart;d
by reacting 15.00 mL phosphorous acid (H3P03) (25%w/v')
with excess sodium hydroxide to reach a final pH ~,f
10.85 and a concentration of 1'Ta2:HP03of 0.51 mol L...·•
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This solution was used in eqnal proportion to Solution
"Au (Section 5.5.1).

solutions for which spectra were obtained:
* Bath 1, without R.A.
* Bath 1
* Bath 2
(reference solution: 1 mol 1-1 KCI)

* Bath 1, without KCI; pH 10.65
* Bath 1, without KCI and with H2P02- anion substituted
with phosphite anion of equal concentration, i.e., 0.26
mo I L-1; pH 10.85
(reference solution: pure water)
* Bath 1, without KCI and with H2l?02- ant.on substituted
with phosphite anion of equal concentration i.e.
0.26 mol L-1; pH 10.85
(reference solution: Bath 1, without ReI; pH 10.65)

5.7.11.2 Copper, Bath 5, with HIQSA and HQSA

Using the Same instruwentation as described in the
previous section, spectra in the range 350 to 700 nm
were obtained for the following solutions:
* Bath 5 (vdt.hout;HCHO)
* Bath 5 (without HCHO) and with HIQSA (208 mg L"l)

* Bath 5 (without HCHO) and with HQSA (200 mg I.-i)

These solutions were prepared by first making up the
quinoline sulphonic additive solutions at alkaline pH
(approx. pH 12.8), and then using these as !~tocks to
prepare the solutions containing copper sulphate and
EDTA. In this manner f it was possible to use the
quinoline sulphonic acid additive solutions as blanks
in both spectrophotometry and cyclic voltarometry.



154

5.7.12 Addition of aoetate anion to plating baths

Both Baths 1 and 2 were investigated. A Gilson 20 ilL

Pipetteman was used to add small volumes of sodium
acetate solution to the baths while the elect::"oless
plating was occurring on the Q}rIE. Baths were
thermostatted at 20°C for these experiments. Plating
rate was determined as a function of acetate anion
concentration. Dilution of the bath with addition of
the small aliquots was considered to be negligible. A

period of 60 s was allowed before rate measurements
Were taken after each addition of acetate solution.

5.7.13 Effect of addition of H2P02- -to :Sath 2

The effect of H:2P02"" on the plating rate of Bath 2 was
determined by adding aliquots of the c0ncentrated
sodium hypophosphite solution to a bath plating
electrolessly at 20°C. The dilution effect due to
addition was considered negligible. The experiment Was
also performed using solution "B" (Section 5.5.1) of
Bath 1 as the added component. The first addition of
sodium hypophosphite solution was preceded by 290 s of
uninterrupted measurement of Rd. A grade A 1.00 mt
pipette was used to discharge the solution into the
bath. Electronic circuitry and measuremellt devices were
not interrupted. Measurement continued for 300
final rate being determined over the last
Subsequent aliquots were added. prior to
measurement; periods.

s, the
200 s.
100 5
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5.1.14 Effect of sparging the hypophosphite bath
with oxygen

The plating rate of a deoxygenated hypophosphite bath
was determined. Thereafter, oxygen was bubbled through
the bath and the effect on plating rate noted.

5.1.15 Cyclic Voltammetry

A CV27 voltammograph (Bioanalytical Systems) connected
to a PCB-386 personal computer was used in cyclic
voltammetry of Bath 5 and the various modifications
thereof, as described in Section 5.7.11.2 above. The
computer was equipped with a National Instruments
PC-LabCard 12-bit AID converter and PC-LabDriver ver. 1
software. The cyclic voltammetry data acquisition
program was developed by John Marsh (Marsh 1993).
Solutions were thermostatted to 30°C using a MGW
Thermotemp water circulator. A copper disc electrode,
(2.0 romdiameter, 99.9% Johnson Matthey) set in epoxy,
served as the working electrode. A J?t flag (Metrohm
6.035.000) was the counter electrode and the reference
was a calomel electrode with salt bridge as described
in section 5.7.8. The working electrode was polished to
a 1 !lID finish with alumina (Buehler) and cloth
(Hyprocel, Engis Ltd.) prior to each scan.

After allowing the solution to become quiescent, a
potential of -0.30 V was applied to the.WE for 30 s.
Following this, the CV was
cathodic-going scan at 50 mV s'",

started with the
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5.7.16 X-ray Photoelectron Spectroscopy and
Scanning Eleotron Microscopy

An x-ray photoelectron spectrometer comprising of the
following systems was used for x-ray photoelectron
spectroscopy (XPS). Vacuum chamber: Vacuum Generator
"Solar 300" (base pressure 4 x 10-10 bar); x-ray and
electron source: VG "CLAM 100", with standard (Mg/Al)
water cooled anode and LEG61 electron gun. The sources
shared a 1500 spherical detector analyser and
channeltron detector.

Nickel phosphorus and nickel boron alloys on G.C.
substrates were examined. Samples Were scanned in the
relevant binding energy ranges in the as-produced
state, and after argon ion ablation.

A JSM 840 scanning electron microscope (SEM) was used
to examine G.e. and quartz microbalance electrodes, and
to perform energy dispersive analysis by x-rays (EDAX)
on Ni-P and Ni-B deposits on these substrates. For SEM
studies, the samples were examined as Produced without
further coating. Semi-quantitative EDAX analysis was
performed by ZAF-4 computer programs.
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CHAPTll!:R 6 RESULTS AND DISCUSSION - THE QUARTZ

MICROBALANCE ELECTRODE

6.1 APPARATUS

The utility of the quartz microbalance in
electrochemical applications has been shown by numerous
researchers as described in the literature survey
(Chapter 3). In the present work, the QME and related
circuitry which were constructed were found to be of an
acceptable standard in terms of response to mass
change, robustness and compatibility with the
instrumentation described.

During the course of the development of the QME used in
this work, experimentation with crystals and circuitry
revealed a number of important facts.

6.1.1 Crystal

The technique of application of electrode material to
the crystal surface determined, to a large degree, the
success of the device. Gold did not adhere sufficiently
strongly to the quartz surface to stand up to the harsh
conditions of gas evolution and surface stress during
electrolytic or electroless plating. The use of a
chromium underlayer was required. A silane compound has
been used as a molecular adhesive for gold on Si02

(Goss, Charych and Majda 1991). These authors applied
(3-mercaptopropyl) trimethoxysilane to a clean surface
prior to gold coating, for ultimate use in an
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electrochemical environment (the silane moieties bind
covalently to the oxide surface through siloxane bondsl
while the thiol groups engage in strong binding to
gold). The adhesive layer is thus monomolecular. If
adopted for QME preparation, this method would allow
for easier recycling of crystals, since the difficult
step of removal of Q. tenacf.oue and passive Cr layer
would be avoi.ded, A problem which could be encountered,
howevaz , is that for autocatalytic plating, nuc.l.eat.Lon
may occur on the silanized surface not within the
bounds of the actual electrode. Spurious results would
then be obtained as a result of radial growth of the
electrode.

It was found that if the thickness of the gold
electrodes was below a minimum value, oscillation was
sustained in the gas phase (i.e. air) but ceased when
one crystal face was in contact with ~iquid. In order
to quantify the required film thickness, a fOUr-point
probe (Smits 1958) was constructed, but was found to be
superfluous; a minimum coating time in the Polaron
coating unit of 55 minutes was found to consistently
produce suitable films. The connection of the wire lead
to the WE was best achieved by a small amount of silver
epoxy adhesi ve , Attempts to incorporate a wrap+anound
of gold from the coating procedure were unsuccessful.
The best arrangement obtained was the attachment of the
WE current collector (i.e., copper wire) to the front
face of the crystal, ensuring that the eu and
conducting epoxy did not protrude from the silicone
a-ring after assembly. Thus a wrap-around of conducting
epoxy was avoided, although this technique was used in
the earlier experiments in this work. Bending the wire
around the edge of the crystal was a distinct
improvement in methodology, because an epoxy
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wrap-around proved to be difficult to remove during
recycling of the crystals.

Possible improvements to the coating procedure include
a masking technique which does not employ adhesive
tape, a modified mask which allows a tab of gold to be
deposited on the reverse face where the wrap-around of
conduct.Lnq epoxy would be applied, and simplification
of the procedure to allow coating of all required
metals of the WE in one unit. 1\..."1. o-ring allowing for
sealed contact of leads without the necessity of s i.Lve.r

paint as adhesive would expedite the recycling of
crystals after use in experiments, as well as rapid
replacement of crystals during experimentation. One
particularly useful design was recently developed at
IBM Research Labs., San Jose (Hessami, Armstrong and
Kanazawa 1992), whereby the crystal was sealed to an
o-ring by the action of a vacuum pump. Spring loaded
pins served as contacts to the electrodes. This
arrangement is more feasible for large diameter
crystals (i.e., about 25 rom dia.), than for the smaller
sizes (i.e., 13-14 rom dia.). Interestingly, this design
allowed the QME to be used as a ",raIl-jet electrode.

6.1.2 Cirouitry and instrumentation

Numerous oscillator circuits were built
during the course of this work. These
Clapp, dual input NAND gate and

and tested
included the

74LS320 based
oscillators already mentioned in Chapter 3, as well as
an oscillator of unknowncircuit design loaned from STC
Componen.ts. The latter was found to have sufficient
pullability and power to sustain oscillation for the
QME but could not be used without considerable
contribution to potential and/or current at the WE. The
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former three oscillators {';"-.I, not sustain oscillation
for the loaded QME. The oscillator based on the
Pierce-Miller design described in Chapter 5 was the
most successful circuit, as it exhibited pullability,
sustained oscillation in liquid, maintained one crystal
face at ground potential, and was found to b~ stable
when a sealed test crystal was connected in place of
the microbalance crystal.

A modification of the Pierce-Miller oscillator circuit
to allow for operatLon at higher harmonics of the
crystal was implemented by Beck, Pittermann and Well
(19~2). operating the crystal. at harmonics extends the
sennf.t.Lvt t.y of the microbalance. These "workers utilised
the amplifying properties of a field effect transistor,
and other minor changes, to achieve the desired effect.
In the present case, however, operation at 5 MHz was
found to be sufficient, and acceptable precision and
accuracy were obtained.

A Bioanalytical Systems CV27 Voltarnrnographwas used in
initial tests. This potentiostat was found to be
unsuitable because the internal arrangement is such
that the reference electrode, and not working
electrode, is at ground potential. Thus the use of the
equipment and circuitry as listed in the
Instrumentation and Methods section (Chapter 5) was
shown to be the best available for this study. the use
of earthing leads between all instruments, and a metal
box to house the oscillator circuit was found to be
necessary, in order to minimise the effects of
electrical noise. Fine tuning of the oscillator circuit
for each crystal was required.

The final version of the computer pzoqzam allowed for
measurement of frequ.ency, cell current cl1dpotential up



161

to three times per second, including averaging of the
latter two parameters. By user specification, this
could be done for a pr-e+defLned time, or until a'
specific potential was measured (e.g., for LSV). After
recording the data on disc, all three quantities were
plotted simultaneously on the monitor on separate,
annotated scales. This provided for immediate
assessment of the results of the experiment.

6.2 SENSITIVITY AND ACCURACY

The following results led to the conclusion that a
reliable QNE had been constructed.

6.2.1 Theoretical and observed sensitivity

The QME was shown to exhibit a linear response to mass
Change occurring at a constant rate. This is
illustrated in Figure 6.1 and Figure 6.2. The current
was seen to be steady during the potentiostatic
electrolytic deposition. Thus, the measured mass change
rate did not vary with time for low loading of the
cr yat.a L,
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Response of the QME to electrolytic
deposition of nickel at various
potentials. Electrolyte: Bath 1.
Temperature 35°C.

For a crystal with a resonance frequency of exactly
5.00 MHz, the theoretical sensitivity is 5.66 x 107

Hz cm2 g-t, according to Equation 3.2. The sens i tivity
calibration described in Section 5.7.1 (Chapter 5)
yielded the results given in Table 6.1. In this tabl€
An~ ~epresents the mass change per unit area predicted
from the faradaic current. The last column, containing

20

the ratio of frequency change to mass change,
represents the sensitivity. The average sensa t:i.vity
obtained was 5.328 x 10' Hz cm2 -1 with a standardg ,
deviation of 0.443 X 107 Hz cm2 g-l..
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during galvanostatic deposition of
copper. Electrolyte: CUS04.5H20
(0.721 mol 1-1), 98% H2S04 (0.036 mol L-1).
Temperature 30°C. Moderate stirring.

Examination of the box-and-whisker plot (Figure 6.3),

confirms that the measured sensi tivities were evenly
spread around the median value, with no outliers. Thus
the mean value, closely corresponding to that expected
for a 5.00 MHz crystal, was not obtained by virtue of
fortuitous outlying data. Box-and-whisker plots are
described in Appendix V.
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Table 6.1 Calibration of the'QME by galvanostatic
deposition of copper from acidic copper
auLphat.e (O.16 mol L~l) solution.

I t f ft 104 x~ 10~7 X b.f/~
Is (/

lmA 1Hz 1Hz Ig em" * 1Hz cm2 g~l

-2.50 100 5033706 5019152 2.74 5.31
2.50 90 5019728 5030424 -2.03 5.27

-2.50 150 503437'6 5013160 4.12 5.15
2.50 60 5013044 5020957 ~1.65 4.80
2.50 20 5021242 5023753 -0.55 4.57

-2.50 30 50219";'.~ 5017560 0.83 5.30
-3.50 3"0 S0174iiif 5011752 1.15 4.98
-2.50 100 5010906- 4998682 '1.65 6.00
2.50 24 5007824 5010238 "~·O..d02 4.9

-2.50 43 5010696 " 5005945 0:;03 5.5
-1.51 158 5010903 4999227 1.57 5.99
~2.52 400 5010141 'I 4961266 6.64 5.95
-2.51 327 4960472 4997693 5.41 5.56

* minus sign implies mass loss
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Galvanostatic deposition of copper on a QME
Box-and-whisker Plof of the sensitivity
data for the QME, presentea in Table 6.1.

Figure 6.3
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The results given in Table 6.1 are plotted along with
some of the results of Stockel and schumacher (1987),
for purposes of comparison (Figure 6.4). Results
obtained in a nickel plating bath yielded sensitivities
between 4.8 X 107 and 5.2 X 107 Hz cm2 g-l.
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104xA.ma/gcm-2

871

Figure 6.4 Sensitivity of the QME.

It was concluded that the ave";"gesensitivity obtained
in the present study was consistent with value..:;
expected for crystals operating at fundamental
frequencies near 5.00 MHz. The device was considered to
be reliable for furthar electrochemical work.

6.2.2 Comparison to previous results

Curves illustrating the relationship between current
densities and potential (CD curves) for Bath 1,
obtained with the QME (Figure 6.5)I were compared with
those obtained with an RDE (Figure 6.6) (Orchard
1988b)• The CD curves compared very favourably,
although a minor difference 'wasnoted. The point where
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the three curves converge to zero current was found to
be at about ~0.6 V vs. seE (all potentials hereinafter
are referenced to the sa~urated calomel electrode} for
the QME whereas i.twas at about -0.8 V for the RDE. The
discrepancy could well be attributed to the different
hydrodynamic conditions at the QME as compared to the
RDE, which would affect the relative mass transfer
rr.tes at the two electrodes. A similar phenomenon was
noted by Chandler and co-workers (Chandler et al.
1991), who used a QME and an RDE in corrosion studies
of thin films. Discrepancies in polarisation cur-ves
obtained with the two types of electrode were explained
in terms of the different hydrodynamic conditions at
the two electrodes.
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~------.--.--------------------~~--------------~----~Figure 6.6 Partial CD curves for Bath 1 at 3SoC
obtained using the RDE (Orchard 1988b).
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The quartz microbalance equipment constructed for this
project was also successfully used in potentiodymamic
corrosion studies of evaporated Al films (Gnoinski
1993). The various validation pr-soedtrres described in
the present work, as well as others specific to the Al
system, were employed, and the results fOU7.1dto be
entirely satisfactory.

I L •• I-. I r..
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EI \( vs, SeE
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6.2.3 Use of 'the QME in corrosion studies of
alumini'\lm
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6.2.4 Reproducibility of experimental results

Replicate experiments performed during the course of
this work were found to be in good agreement with one
another. Some examples of replicate experiments are
illustrated in Appendix IV.



CHAPTER 7

AUTOC.ATALYTIC NICKEL DEPOSITION
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CHAPTER 7 RESULTS AND DISCUSSION -
AUTOCATALYTIC NICKEL PEPOSI~ION

7.1 EFFEC~OF OXYGEN ON NICKEL PLATING RATE

It was possible to pass nitrogen through the solutions
during all types of measurements performed in this
work. This deaeration technique was avoided, since the
resulting depletion of ammonia from the bathS would
change the bath compositions and pH. In order to verify
the assumption that deaeration was not required, a
previously deaerated and a.ctively plating bath was
sparged with 02' No Significant effect On plating rate
was noted. None of the electroless baths investigated
in this work were deoxygenated.

7.2 ANODIC STRIPPING OF ELECTROr~SS NICKEL
FILMS

When thin (0.2 - 0.3 J..Un) electl:;"olessnickel depOSits on
glassy carbon or gold substrates are anodically
stripped (see Section 5.7.6), voltammograms such as
that of Figure 7.1 are observed. The QME response,
expressed as the first derivative, is superimposed on a
stripping voltan~ogram to illustrate the mass change of
the electrode associated with the current response
(Figure 7.2).
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Figure 7.1 Anodic stripping voltammogram of

electroless Ni-P deposit in acidified
Na2S04 solution, on glassy carbon. Sweep
rate 2.5 mV S-l, temperature 26.5t>C.
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Figure 7.2 Superimposed traces of current response
and rate of frequency change for a QME
undergoing anodic stripping of a
nickel-phosphorus alloy film. Sweep rate
2.5 mV S-l, temperature 23°C.

The two peaks of the voltammogram are very similar in
form to those reported by Benje and co-workers (1988)
who stripped thin,
(Ni-P) deposits under
sweep of Figure 7.1
electroless nickel

electrolytic nickel-phosphorus
similar conditions. The potential
resul ts in complete stripping of
deposits from the substrate.

However, if the sweep is stopped at 0.045 V, incomplete
stripping occurs, leaving a, residual deposit which is
highly enriched in phosphorus. The residue has a matt
black appearance, in contrast to the electroless nickel
film which looks much like bulk nickel. Table 7.1 shows
results of EDAX analyses of such deposits, along with
analyses of the original electroless nickel and a pure,
electrolytic nickel deposit. In keeping with the
findings of Benje and co-workers, it appears that the
first stripping peak is due to a nickel-rich phase, and
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the second peak to a phosphorus-rich phase. Benje ei:

a.1. (1988) used electron diffraction to characterise
the two phases, reporting. that the less noble phase is
fcc nickel, supersaturated in phosphorus, while the
more noble phase is amorphous Ni-P. Il;l the present
work, it was found that the deposits were too thin to
yield useful x-ray diffraction patterns, and it has
been assumed that the tt'IO phases observed in this study
are essentially the same as those reported by Benje et
al. (1988), and Weil and Hofmann (1990).

During steady state nickel plating, the two
half-reactions of primary interest here are

Ni (7 •1)

and

(7.2)

Here Ni2+(aq) represents the complexed nickel ion.
Additional electron transfer reactions produce hydrogen
gas, and phosphorus in the solid deposit. However,
since reaction (7.1) accounts for almost the entire
mass of the deposit (Table 7.1), the mass change
measurements made with the QMEessentially reflect the
rate of this process.
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Table 7.1 EDAX analysis of nickel-containing deposits
originating from Bath 1* or modifications
thereof.

--
Type of Deposit

Full Partially Electrolytic
electroless stripped nickel

nickel electroless
nickel

Atom % Ni 94±1 52±1 >99.5
Atom % P 6±1 48±1 <0.5

7.3 ACTIv.ATION ENERGY DETERMINATIONS

The Arrhenius activation energy for the hypophosphite
based bath (Bath 1) was found to be 66.4 kJ mo l,'",
using the QME, compared to Feldstein V s value of 59 ±
2 kJ mol-l, and Orchard's (1988b) value of 58 ±
2 k,Jmo.L?'. A graph of the data used for the activation
energy determination of Bath 1 is illustrated in Figure
7.3.

The Arrbenius activation energy for the DMAB bath (Bath
2) was found to be approximately 57 kJ mo L? (Figure
7.4). Feldstein (1970) obtained a value of 36 ±
2 kJ mo l",

While the values of the activation energy obtained with
the QME were higher than those obtained by Feldstein,
particularly for the DMAB bath, the data obtained in
the present work showed little scatter as evidenced by
the 95% confidence bounds on Figure 7.3 and Figure 7.4.
It is not clear why the QME gave a value of activation

* Bath compositions are given in Chapter 5, Section 5.5.
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energy 68% greater than that presented by Feldstein.
The difference between the data for the HzP02- bath was
Lower, and it was concluded that small variations in
bath composition and pH were responsible for the
inconsistpncies. This source of error may be magnified
since tl",e QMEobtains data over a short period of time
WhereqB ex situ gravimetric methods require longer
plat ';_ngtimes. Changes in pH and bath composition may
tr.en occur. In this regard! Feldstein presented data
,jhowing a strong dependence of plating rate on the
concentration of DMABwhen the concentration of
NiS04.6H20 was 25 g L-:1., equivalent to that used in the
present work.
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7.4 PARTIAL CURRENT DENSITY CURVES AT STEADY
STATE

7.4.1 LOW temperature eleotrcless nickel baths

Figure 7.5 and Figure 7.6 show plots of jnet' je and i,
VS. E, obtained for the two electroless baths at 20°C.
All potentials quoted are with respect to a saturated
calomel el.ectirode . While the general forms of the two
figures are similar, there are important detailed
differences .. With reference to Figure 7.5, it can be
noted that for Bath 1, s, shows little dependence on
potential near the plating potential. The overall rate
is thus under anodic control. In contrast, Figure 7.6
shows that for the DMABbath, both partial processes
depend markedly on potential near the plating
potential. The overall rate is under joint cathodic and
anodic control. A further difference can be seen in the
shapes of the ja plots. When DMABis being oxidised,
the rate of this half-reaction reaches a maximumat
about -0.8 V. The plating rate, however, is not
affected by this local maximumof the anodic rate, and
in fact plating is scarcely occurring. In the
hypophosph'ite bath, no similar maximumin tne rate of
the anodic process was noted.
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potential.
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The similarity between the results obtained using the
QME and RDE at 35°C for the hypophosphite bath has been
mentioned in Section 6.2.2. Since the current density
curves are similar under significantly different
hydrodynamic conditions, it is clear that the anodic
and cathodic half-reactions are not under mass
transport control. In support of this, E'eldstein and
Amodio (1969) and Orchard (1988a) found that agitation
had little effect on the plating rate for a similar
bath composition.

The sUbstitution of zinc ions for nickel ions in either
the hypophosphite or DMAB bath gives rise to a
situation where the most significant faradaic response
in the potential range under study is oxidation of the
reducing agent. In such situations, oxidation of the
latter species is made to occur without the
simultaneous reduction of metal. E'orboth baths, the
rate Of oxidation is doereased when compared to the
complete baths at the corresponding potentials (at the
extreme cathodic potentials, solvent reduction does
occur, as evidenced by the detection of a small
cathodic current in the absence of nickel(II), for.
example, Figure 7.7). The anodic current densities for
modified and complete baths are shown in Figure 7.7.
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Figure 7.7 Plots of the anodic current density (jJ
vs. applied potential (E) for Baths 1 and
2, and these baths containing Zn2+ instead
of Ni2+. All measurements were made at
20()C.

Since the anodic curren+ densities differ fr(..'mthose
when simultaneous metal reduction takes place, it is
suggested that the anodic and cathodic half-reactions
are interdependent. This point was further illustrated
by results obtained when the reducing agent was omitted
from the baths. It was found that the deposition of
nickel occurred over the relevant potential range, but
at a rate different to that noted when simultaneous
oxidation of reducing agent was taking place, at
corresponding potentials. These results are illustrated
in Figure 7.8, and in semi-logarithmic form in Figure
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7.9. The data for jc in the absence of reducing agent.
were derived from QME frequency changes. If i; was
derived from the observed current, the data would only
be about 1 rnA em" more cathodic, at potentials more
negative of about 1 V.
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Plots of cathodic current densities (jc)
for Bath 1, Bath 2 (from Figure 7.5 and
Figure 7.6) and for a bath containing no
reducing agent. All data obtained at
20°C.
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Reduction of nickel at a given potential is notably
higher in the presence of hypophosphite oxidation than
with DMAB or no reductant. At -0.95 V, for example,
the relative cathodic rates (hypophosphite : DMAB : no
redu.ctant)are in the approximate ratio 22 : 7 : 1.

In addition to the differing rates, the different
slopes and curvature in Figure 7.9 clearly indicate
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that the two half-reactions occur at rates depending on
the nature and presence of the reducing agent.

The shapes of the curves in Figure 7.7 can be compared
with two I,)fthe curves presented in the model of Ohno
(1991), which has been represented by Figure 4.2,
Chapter 4, in so far as a maximum value of j", is
achieved at an intermediate potential (in Ohno's model
the curves are presented as In(j,,,)vs. E). The
hypophoeph i.t;eoxidation current density curve (in the
presence of Ni2+) exhibits a local maximum at about
--1.01 V, much like the volcano plot of Ohno. The shape
of the current density curve (for the oxidation of
H2J?02-)is consistent with results cited by Ohno, and in
addition, strongly supports the possibility of the
existence of an oxide film on the Ni-P alloy.
Similarly, in the presence of nickel (II) ions, the
oxidation of DMAB shows a maximillurate, at about -0.86
v. In contrast, the current density curves of the
oxidation of both reducing agents in the presence of
Zn2+ are considerably more plateau-like at intermediate
potentials (curve 2, Figure 4.2). The range of
electrode potential investigated in the present work
did not extend to the anodic value of +0.3 V vs. SCE as
in the work cited by Ohno, thus it is not possible to
be certain that the ja curve for DMAB oxidation does
not exhibit volcano-type behaviour in this regio~. It
may be, that an extension of the range of measurement
of the current density for DMAB in Figure 7.7 to even
more anodiC potent.ials would reveal volcano-type
behaviour as presented in the review by Ohno. Similarly
for the oxidation of H2P02~ in the presence of Zn2+ in
place of Ni 2+.

The results of current density measurements for
complete and modified baths (given above) indicate
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sUbstantial mechanistic differences between the
systems. The reduction partial process in both baths is
strongly dependent on potential. Thus the possibility
of chemical (non-electrolytic) mechanisms, in which a
direct electron transfer reaction between surface-bound
species takes place, can be eliminated. 'fhis type of
mechanism has been observed in the corrosion of steel
and titanium alloys (Mansfe1d and Kenkel 1976). In
their corrosion study, polarisation resistances
determined from physical dimension changes of
substrates differed from those obtained by
electrochemical methods. Dissolution rates were found
to be almost independent of applied potenti.a1 in the
cathodic region, in contrast to the more commonly
observed exponential relationship.

Another possible interac-cion which could lead to the
observed interdependence of the two partial reactions
is one between the metal ion and either the reducing
agent or a product (or intermediate product) of its
oxidation. The effect of an adsorbed species on plating
rate has been noted (de Minjer and Brenner 1957,
Schoenberg 1972, Donahue et al. 1982, and Paunovic and
Arndt 1983). For the hypophosph:Lte-reduced system, a
number of species have been suggested as being
responsible for the reduction of the metal ions. The
conversion of hypophosphite given in Figure 4.6, is one
possible m.echanistic starting point. The tautomeric
form, involving three-valent phosphorus, is another
possibility (Figure 7.10).
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Figure 7.10 Tautomeric forms of the H2P02- anion.

The three-valent tautomer shown in Figure 7.10 has been
proposed as being the more readily oxidizable (Hickling
and Johnson 1967) r and can also act as a bridging
ligand (Figure 7.11).

H

Ni 2..+.. .. 0-- P- H
••
I
I
I
I
I
I

///777717
Figure 7.11 Three-valent phosphorus tautomer of H2P02-

acting as a bridging ligand for. Ni2+ •

Schoenberg (19'/2) speculated that the action of the
aC.celerator / stabilizer, HIQSA, is via a similar
bridging mechanism (this is discussed further in
Chapter 8, Sections 8.5 and 8.6). It was stated
(Chapter 4, Section 4.3.1) that the results of Wiese
and Weil (1987) suggested that direct adsorption of
copper on the surface was not part of the mechanism of
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the process in that particular study. Further
corroboration of the bridging ligand requirement maybe
inferred from the observations of Feldman and Melroy
(1989), where significant differences in cathodic
psrtial current density curves were noted in the
presence and absehce of the reducing agent
(f<.)rmaldehyde). It was hypctihe sLued that a
CUZ+_ (,EDTA)-formaldehyde complex formed, and was
adsorbed on the electrode surface. _.1. concerted
reduction of the Cu2+ and oxidation of the reducing
agent was then suggested. as a possible mechanism. The
possible importance of bridging ligands is illustrated
by these examples, and this mode of interaction of the
reacting species cannot be dismissed.

The possibility of interaction in the bulk solution
between metal ions and some species related to the
reducing agent also exists. The spectrophotometric
experiments were performed to identify any such
interactions. Feldstein (1970) reported that the
presence of reducing agent had no effect on the nature
of the complexes present in solution. The results of
this work (Figure 7.12, Figure 7.13 and Figure 7.14)
corroborate those of Feldstein.
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No evidence of any signiflcant influence on the
solution comp:i.exesby the reducing agent could be
inferred from the above spectra.

To explore the possibility of an interaction between
the metal ion complexes and the phosphite anion
(H?O/~) 1 a product of H2P02~ oxidation, spectra were
obtained by substituting phosphite for hypophosphite in
Bath 1. A marginal difference was observed (Figure
7.15) which was more clearly defined when the reference
beam contad.neda sample of Bath 1 (Figure '1.16). 'fhis
differe:p.cewas not, however, much great~~r than the
small ditferences noted when DMAB or H2P02~ was added to
th~\ bath (see absorbance at 388 nm, Figure 7.12 and
Figure 7.14)f and it has been noted that Feldstein
could not detect a significant effect of either
reducing agent on the absorption spectra. The effect of
phosphite on the nature and concentration of complexes
in Bath 1 Can therefore be seen to be within
experimental error. However, if the concentration of
the phosphite anion near the interface builds up to
significant levels during electroJ.ess pl':lting,a pH
change may occur, and this would affect the
distribution of the various Ni2+ complexes with ammonia
and pyrophosphate (Feldstein 1970). There does not
appear to be a direct effect on the distribution of
complexes brought about by phosphite when the pH
remains constant.
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Figure 7.16 Absorption spectrum of phosphite-

containing solution with Bath 1 as
reference.

No further data were obtained regarding interactions in
the bulk solution. Studies using in situ
spactrrophot.on.e't.r.i,c methods would be helpful in
detecting the preSence of interactions near the
surface, involving surface bound species.

Since the rate of nickel deposition at any given
poten~ial increased in the presence of the
hypophosphite anion, it was of interest to determine
the effect of H2P02- on the plating rate of the DMAB
bath. The results of an experiment with a combination
of reducing agents could illustrate the nature of the
contro:' on deposition rate and further highlight the
differElht effects of the reducing agents on the
cathodic half-reaction. Effects on plating potential
and deposition rate were noted when the concentrated
sodium hypophosphite solution was added to an actively
plating DMABbath (at 20°C). The plating potential
became slightly more positive (from ·-1.01 V to -0.94 V)
and the, deposition rate dropped to 80% of the value
measured prior to addition of hypophosphite, with H~P02-
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concentration of about 60% of that of Bath 1. In a
mixed potential system, the observed rate would be
governed by the rates of only two partial processes
(Section 2.2.1, Chapter 2). The presence of a reagent
which does not participate in either of the two partial
processes should not affect the measured rate.

In the present case, an inhibition of nickel deposition
VIas observed, when H2P02~ was added to the active DMAB
bath. Lelental (1974) showed that the rate of nickel
deposition in baths containing amine borane tYfle

l~educing agents proceeded via a mechanism invol VLlg
catalytic dissociative adsorption of the reducing agent
an the plating surface. Herioe the presence of
hype-phosphite, which must also adsorb to the surrace,
lowers the plating rate, indicating either competition
for active surface sites by the reducing agent species,
or interference by some other means. It is important to
note that the combination of reducing agents resulted
in a decrease in plating rate and not an increase.
Further study in regard of the mechanism involving the
combined effect was not carried out, but
experimentation with mixed reducing agents could be of
significance in future research.

7.4.2 Qua;r:t:.z microbalance electrode study of a

high temperature electroless niokel bath

A rotating disc electrode has been used to study the
partial current density curves of Bath 3 (Mughoghoand
Orchard, 1993) f which was operated at a higher
temperature (aooc) than the room temper:ature baths :l.

and 2. During the cour se of Mughogho's study, i.t was
noted that the cathodic and anodic current densities
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were relatively independent of potential, over a wide
range spanning the plating potential (Figure 7.17).
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Figure 7.17 Partial current density curves for Bath
3, obtained using a rotating disc
electrode (Mughogho and Orchard 1993) .

Since it is rather unusual for both the anodic and
cathodic partial processes to exhibit such potential
independence, the QME was used to obtain current
density curVes over a much shorter period ot time, in
an only gently stirred solution. The current density
curVes thus obtained (Figure 7.18) are similar to those
obtain~t1 using the RDE. This work was done in
collaboration with Mughogho (1993b).
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Figure 7.18 Partial current density curves for Bath

3, obtained using a quartz microbalance
electrode.

Further investigation with the QME is required for the
study of the behaviour of this bath. The results
presented here confirm the finding that in many cases,
the rate of the electroless process is insensitive to
aol.uti.or, agitation (Section 7.4.1; Ohno 1991, op cit.).

Thus the rates of the partial processes of Bath 3
appear to be limited by a non-electrochemical step. The
dramatic effect of additives on the plating rate of
this bath observed by Mughogho suggests that
interfacial dynamics, rearrangement of reducing agent
or metal ion complex are of prime Lmportanoe in the
mechanism of this bath.
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7.4.3 Addition of sodium acetate to Bath 1 and
Bath 2

Acetate has been reported to affect electroless plating
rates (Pearlstein 1973). The effect of addition of
acetate to both of the above electroless baths was
marginal or beyond the detection limit of the QME as
used in the experiment. Further experiments with this
compound were not undertaken.
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7.5 ELECTROCATALYTIC ACTIVITY OF Ni-P AND Ni-B
DEPOSITS

7.5.1 The Ni-P alloy

7.5.1.1 Electrochemical studies

In this section, the influence of different
nickel-containing substrates on the rates of
electro1ess nickel plating and its constituent
half-reactions is reported (Gafin and Orchard 1993).
Low temperature !35°C) nickel baths were employed,
since catalytic effects would be expected to be more
prominent and readily detectable under such cond.itions.
The ttseful properties of Ni-P alloys have attracted
consi~erable research into their structures, as well as
their mechanisms of formation (Hofmann and Weil 1990,
Dieg1e at al. 1988, Hefland at al. 1992, Zeller III and
Landau 1992) .

When QMEs with surface coatings of e~ther electroless
nickel or the partially stripped electroless nickel
were rinsed in 'vater and returned to the electroless
plating solution at open circuit, the typical
potential-time and mass-time behaviour was as shown in
Figure 7.19 and Figure 7.20, respectively. Normal
electroless plating is evidenced by a potential of
-0.92 V and a constant l: ,~e of increase -Ln mass of
about 7.5 X 10-1 g em" 8-1•
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Figure 7.19 Potential vs. time behaviour during open
circuit re-initiation of autocatalytic
deposition at 3SoC on partially stripped
deposit (A, B) and non-stripped
electroless deposit (C, D) (see also
Figure 7.20).

25
N Substrates
I
E 20 - Partially strippedo
0') •••• Elec+rolese Ni-P
<, 1 5
.....
I«

1 0E
<::J
x D
10 5a
..-

0~O~~==~50;~~~1-0~~0--~-1~5-0--~-2~OLJo
1 / S
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behaviour during open cf.rcuf,t
re-initiation of autocatalytic deposition
at J5°C on partially stripped deposit (A,
B) and non-stripped electroless deposit
(C, D) (Same experiments as in Figure
7.19).
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Blectroless nickel substrates initiated fairly quickly
« 20 s), while the partially stripped deposits
displayed longer in.itiation times (over 120 s in one of
the cases shown) . The initiation times were
irreproducible, as indicated in the Figures. More
sLqndfLcant.Lyr the phosphorus ....rich deposits showed
poten.tial excursions (overshoots) during the initiation
process, to more negative potentials, before returning
to the normal plating potential; during the overshoot,
the plating rate was substantially higher than dur Lnq
steady state plating. The potential-time behaviour
described above was also seen on similarly treated
glassy carbon substrates.

The electrode potential was also followed during
initiation of autocatalytic deposition from Bath 1 on
other substrates! including" copper treated vlith Pd,
copper, and Ni-B. The results of these measurements are
presented in Figure 7.21. It can be seen that Pdf a

well known catalyst for electroless Ni, also caused a
potential overshoot, accompanied by a steeper slope in
the frequency change vs , time curve during this time
period (10-20 s). This phenomenon is typical of a
system of coupled simultaneous electrochemical
reactions where the mi.xed potential is determined by
the rates of the reactions. The mixed potential value
is closest to the equilibrium potential of the faster
reaction (Smyrl 1981) . The effect of a good
electrocatalyst serves to increase the rate of at least
one electrode reaction, and this may be achieved by
lowering the activation overpotential. On a highly
active electrocatalyst, one possible consequence would
be a shift in the mixed potential to a more cathodic
value. Since the deposit covers the SUbstrate, the
effect will be observed only in the initial stages of
deposition. It was concluded that the partially
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stripped Ni-P aeposit exhibits electrocatalytio
activity different to that of the mother material.

Because of the surpd.singly high activity of the
partially stripped deposits, it was decided to examine
the early stages of the plating process in more detail.
In view of the erratic initiation times at open
circuit, a potentiostatic method for studying the
initiation process was chosen.
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Three types of substrate nickel film were studied under
potent:i.ostaticconditions:
(a) electroless nickel (81),
(b) partially stripped electroless nickel (82), and
(c) pure electrolytic nickel (83).

When QMEs coated with such deposits were pLaoed into
the electroless plating solution and related solutions,
under potentiostatic c:ontrol, current-time and
mass-time curves such as those shown in Figur~ 7.22
and Figure 7.23 were obtained. In order to investigate
the behaviour of the contributing half-reactions both
in combination and in isolation. studies were carried
out in
(1)
(ii)
(iii}

the full plating bath (B1),
a pqth without hypophosphite (B2), and
a bath lacking in nickel ions (D3).
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Figure 7.22 Current-time behaviour of various
surfaces in different solutions during
the early stageS of potentiostatic
deposition at -0.950 V. Key to surface,
solution coI1binations! Sl, 82, S3 are
E'lectroless Ni-P, partially stripped Ni-P
and electrolytic Ni, respectively. Blf
B2, B3 are complete electroless bath, the
bath without H2P02- and the bath without
Ni2+, respectively. For clarity, plotting
symbols show only every 10th datum.
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Figure 7.23 Mass change per un.l+area vs , time
behaviour of various surfaces during the
early stages of deposition at -0.950 V.
For key to surface:solution combinations,
see Figure 7.22. For clarity, plotting
symbols show only avery 10th datum.

For mo~t combinations of substrate, solution and
potential, a steady state was re-established within
100 S, as indicated by the measured cur~ent and plating
rate. '::nkeeping with its unusual activity at open
circuit (Figure 7.19 and Figure 7.20) the phosphorus-
rich substrate initially gave substantially higher
plating rates than the other surfaces, when placed in
the electroless nickel bath.

The mass change data of Figure 7.23 are readily
transformed into partial cathodic current densities for
the plating process, jet by me?ns of finding the slope
of a fitted curve, descrited as follows. Where the data
were found to be linear, the partial cathodic current
density was taken as the slope of the line over the
full range multiplied by an appropriate conversion
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factor (as descrjbed in Section 5.7.4; Orchard 1988b).
Where an initially non-linear response was seen, a
polynomial was fitted over the appropriate range, with
the first derivative being used to calculate the
current density. A linear fit was performed on the
remaining data in the set, and the slope treated as
described above to yield the steady state partial
current density. (No physical interpretation was made
in connection with the polynomial; it was used simply
to enable calculation of the current den.s.ity.)Data
regarding rates of deposition are presented in Table
7.2.

Table 7.2 Cathodic current densities at 20 and 200 s
after immersion in Bath 1, the electroless
nickel plating bath, for the data presented
in Figure 7.24.

jc ImA cmw2

Potential St.bstrate -.
IV vs. seE I t == 20 s t == 200 s

-0.875 Partially stripped -9.8 -1.44-Normal Ni-P -0.99 -0.99
-0.95 Partially stripped -12.9 -3.3

Normal Ni-l? -3.2 -3.2
-1. 025 Partially stripped -9.0 -5.3

Normal Ni-P -5.2 -5.2

With reference to Tabll::7.2, the effect of the -r,resh
partia12y stripped surface on i, can be readily seen.
However, at -0.875 V a difference can be noted between
the value of ]c(200 s) on the two substrates. Since
this result appeared to be in conflict with the other
observations, the differences in frequency change with
time (from which je is ultimately calculated) for both
substrates were compared.
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The difference in frequency between subsequent readings
was caLouLat.edfor the data in.the linear regions of
the respective data sets (see Figure 7.24a and d). Mean
and variance, as well as pooled variance were
calculated for these data, and the means were compared
at the 5% level. 'l'heresults are presented in Table
7.3. It was found that the means of these frequency
differences did not differ significantly from one
another, and thus it was concluded that the small
variation noted was due to the internal variance of the
measured frequen.cychange at this potential. At -0.875

frequency
large in
deposition.

variation from
comparison to

is occurring at 35°C, and
surface relaxation may be

that brought about by

V, very little deposition
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Table 7.3 Hypothesis test to determine the
significance of the difference noted in jc
values on Ni-P and partially stripped Ni-P
during steady state deposition.

(s)

(1)

Partially
stripped Ni-P

(2 )

statistic for freqency
chz.nqe in the linear

region
Ni-p

Number of observations 287 199~--------~-----------~-+-------~-----__,-11.031 -16.367
-11.000 -16.000
26.233 56.546

(s) **p 41.409

** 2 fnl -1)si + (n2 -l)s~ (7 .3)sp = nl + n2 - 2

[Xl-X2]/spJl/nl*** t = + l/nz (7.4.)

Neglec~lng other cathodic
simultaneously with reaction

processes occurring
(7.1), application of

Equation (2.30) permits calculation of jal the partial
anodic current derisi.ty , (The true value of jaf the rate
of reaction 7.2, would actually be greater than the
value calculated in this way since cathodic processes
not leading to mass change on the electrode would
contribute to the cathodic partial current, and this
increment must be accounted for in the anodic partial
current according to Equation 2.30. However, in this
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work, interpretation of the data focuses primarily on
jet the rate of the cathodic deposition of nickel, and
is therefore not compromised.) Selected plots of jnetl

i; and ja versus time are shown in Figure 7.24 (a....f),
when the potential was held at the values indicated.
These data span potentials on either side of the normal
plating potential which is close to -0.92 V. Again the
unusual behaviour of the partially stripped surface in
the early stages of plating is evident. By 100 s
however, most memory of the original surface has been
erased, and the different substrates are behaving
similarly. During the initial stage.s of plating I the
cathodic partial current density is greater in
magnitude on the partially stripped residue than On a
normal electroless nickel substrate. A complete set of
current density curves for the various corobinationt> of
substrate, bath composition and potential is given in
Figure 7.26 to Figure 7.33. (Figux;es 7.24 and 7.25
contain data selected from Figures 7.26 ....7.2~.)

Al though some small artefacts of the data wC't::k,-UPcan
be observed in the final form, it is felt that that
this does not detract from the qualitative
interpretation of the resul ts. For example, the
polynomial fit and linear fit sections of je and ja do
not meet exactly at about 60 s , in Figure 7.24 (~ and
f) •
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Three possible different factors might be expected to
influence the initial rate measured on the partially
stripped surface as compared with normal electroless
nickel. These are, firstly, a change in surface area;
secondly, a change in the specific catalyti.c activity
of the surface, and, thirdly, the contribution of a
specifically adsorbed species produced during
stripping.

As a result of the removal of the less noble
crystalline phase from the amorphous matrix, partial
stripping might be expected to p,..r,ducea rougher
surface of greater active ai~a. Since the
piezoelectrically sensitive area, which is governed by
the rear electrode of the crystal, would remain
constant, this could lead to an erroneously high
plating rate meaeur ement.. In this connection, it shou.l.d'
be noted that the deposition rate of this electroless
plating solution is insensitive to the rate of stirring
(Feldstein and Amodio 1969) or rotation of the
electrode (Orchard 1988a). Since the plating rate is
not under mass transfer control, an increase in the
micro-roughness of the surface would lead to a greater
measured plating rate. Another roughness-dependent
effect is the coupling of electrolyte solution to the
shear oscillation of the electrode surface (Beck,
Pittermann and Weil 1992). As the plating process
displaces solution frOln low spots and smoothes out the
surface, the measured mass ch~nge would be less than
the actual mass of the deposit formed, since the mass
of coupled solution will decrease. This effect would
oppose the primary eurface area effect, but would
probably be insufficient to cancel it entirely. To
explain rate enhancements as great as that seen on the
partially str~pped surface at -0.875 V (Table 7.2)
woul.d require that the active surface area is actually
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about ten times the supex-ficial area. An examination of
elec'cron micrographs (Figure 7.34 - Figure 7.36) of the
various surfaces suggests that this is highly
improbable, since the surface morphology does not
significantly change during plating, partial stripping
and recoating.

Quite apart from such considerations, it is difficult
to fully explain the potential overshoots at open
cire....J.,.l.t (Figure
deposition rates
physical surface

7.19) and the concurrent higher
(Figure 7.20) in te.rms of a simple

area effect. Enhanced surface
catalytic activity provides an alternative explanation
of these observations. Studies of the electrochemistry
of this plating bath have shown that there is a
::.ignificfl,ntmutual interaction between reactions (7.1)

and (7.2); they are both faster in the full electroless
bath than in isolation uuder otherwise identical
conditions (Figure 7.7 and Figure 7.8, Section 7.4.1,

orchard 1988b). Furthermore, jc in the full electroless
bath depends exponentially on potential over a
substantial range around the mixed potential; in
contrast, the derived i, vaIue is virtually independent
of potential (Figure 6.5, section 6.2.2, Figure 7.5,

section 7.4.1, Gafin aLd Orchard 1992, Orchard 1988b).
Thus the anodic process is rate-controlling, and the
observed plating rate increase during the negative
potential excursion (Figure 7.19 and Figure 7.20) is to
be expected.

It therefore appear's that in the presence of the full
plating solution, the phosphorus-rich, partially
stripped surface is a better catalyst for the oxidation
of hypophosphite ions than .is electroless nickel
itself. This will lead to a higher ni.ckeI deposition
rate in two ways: through the interaction between the
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processes and through-the negative shift in the plating
potential. Baaed on the earlier meaaurement; of the
dependence of the plating rate on potential (Section
7.4, orchard 1988b)I the maximum potential overshoot
shown in figure 7.19, -0.040 V, would by itself give
rise to an increase in jc by a factor of 1.9. However,
the maximum rate increase derived from the slopes of
the curves in Figure 7.20 is about 3.3 times,
confirming that a second effect (the interaction
between the half-reactions) is probably operating.

Alte~nativelYI if the potential overshoot and rate
increase are entirely the resu.ltof a higher substrate
area, the implication is that the nickel deposition
processI reaction (7.1), is moving into a region of
mass transfer control, giving rise to a concentration
overpotential.

It is therefore proposed that an enhanced catalytic
activity, x'ather than any change in actual surf ace
area, is primarily responsible for the effects noted on
the partially stripped electroless nickel surface. The
sharp positive excursion of the net current seen in at
short times in Figure 7.24(d) also supports the
suggesti0n of a particularly reactive combination of
catalytiC surface and reagents. A similar investigation
of reinltiation behaviour, using phrsphorus-rich
electrolytic Ni-P deposits (produced after the method
of Cargill (1979)) as substrates, did not exhibit
either the potential overshoot or the initial rate
enhancement.
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Figure 7.34 Electron micrographs of virgin gold, and
electroless Ni-P deposit on quartz
microbalance electrodes.
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Figure 7.35 Electron micrographs of electroless Ni-P
deposits on qucrtz microbalance
electrodes. The partially recoated
deposit was plating at an enhanced rate
when removed from solution.
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Figure 7.36 Electron micrograph of electroless Ni-P
on a quartz microbalance electrode. The
deposit was partially stripped, then
recoated with electroless Ni-P until the
steady state deposition rate was
observed.

7.5.1.2 XPS characterisation of deposits

X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical state of the surfaces of the
nickel and Ni-P alloys. In the characterisation of
electrode surfaces, the XPS spectra should be obtained
with as short a delay as possible following tne
electrode process (es). Furthermore, transfer of the

Ielectrode to t.he ultrahigh vacuum chamber should be
performed in an inert atmosphere. This facility was not
available in the instrument used for the present work.
It remained possible, however, to obtain useful
information about the nature of the electroless
deposits, by performing argon ion ablation of the
surface layer.
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XPS spectra of the electroless Ni-P deposit (as
produced and partially stripped), and an

electrolytically formed Ni deposit are given in Figures
7.35 to 7.39. The Ni(2p 3/2) and P(2p 3/2, 2p 1/2)
regions are shown. All spectra were corrected according

to the offset of the <C (Is 1/2) peak, which has a
binding energy of 284.5 eV. Th.:: XPS spectra obtained
for the various nickel-containing deposits were noisy
prior to the argon ion abLat.Lon, a co:rnroonphenomenon
when surfaces are oxidised or contaminated. Following

the ablation treatment, the relevant peaks were more

clearly defined. IJiterat'U.re values of peak positions

were obtained from Wagner (1990) pp. 599-608, and

Diegle et el , 1988). These are p:resented in Table 7.4.
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Table 7.4 Binding energies of Ni and P, and some of
their alloys and compounds (Diegle et eI ,
1988) •

Element or Ni 2p P 2p Comments
compound

Ni 852.3 - pure crystalline
P - 129.8 Amorphous red
Ni 852.3 - Metallic Ni-20P
P - 129.2 Elemental Ni-20P
NizP 857.0 133.4 Powder
NaH2P02 - 132.4 Powder
H3P03 - 134.0 Powder
Na2HP04 - 133.3 powder
KH2P04 - 133.5 Powder
NiP04 856.6 133.3 Powder
NiS04 857.4 - Pm",der
NiCl2 856.5 - Powder
Nio 854.1 - Powder
NiO 854.3 .. Oxidised Ni
NiO 853.8 - not specified
NiO 854.2 - Powder
Ni203 855.5 - Powder
Niz03 855.7 - Oxidised NiO
Niz03 855.6 - ° bombarded Ni
Ni (OH)2 855.9 - Powder
Ni (OH)2 856.4 - not specified
Ni (OR)2 855.7 - Powder
Ni (OB)2 855.8 - Powder ,_
a.-Ni(OH)2 .855.9 - On Pt electrode
~-Ni (OH)2 855.8 - On Pt electrode
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Table 7.5 XPS peak positions for Ni and Ni-P deposits
on Glassy Carbon. All values were obtained'
from kinetic energy raw data, and corrected
to the carbon (Is 1/2) peak position.

Sp€.::trum Treatment Peak Binding Possible
Energy Chemical state

leV

i;:;),';:····,· ., .:.,...., •... ",./,} .•,:c:)} ::.,.,...... ".""",." •••, •.;; •• ~ ·.··c ~_~ •. MB:>' :.'."\'::,.:", :"c', ,}.::. ,::'::::'.«'/.'::'::"'." 7'

1 852.8 Ni; Ni-xP
INi (2p 3/2) Untreated 2 856.8 Ni2P; NiP04; Ni203

Figure 7.35 IArgon ion 1 852.6 INi;Ni-xl?
ablation 2 859.5 Ni2P

Ip (2p 3/2 Untreated 1 129.7 elemental P
land 1/2) 2 133.6 INi2P KH~P04
IFigure 7.38 Argon ion 1 130.2 elementalNi-xP

ablation
!", ,i'·: : .. i·. !~~~~Fk8h;" ; ,.,c·. ...:,:: .:,...:.... -7•••"''''c '}5"')'>

1 853.6 NiO; Ni-xP
INi (2p 3/2) IUntreated 2 857.1 NitP;Ni(OH)2
Figure 7.36 First 1 8S3.4 Ni; Ni-xP

argon ion
ablation
Third 1 853.5 iNi;Ni-xP
arg'on ion
ablation

1 129 8 P; Ni-xl?
Ip (2p 3/2 IUntreated 2 133.4 INi2P;NaH2P02; NiPo4land 1/2) First 1 129.8 P: Ni-xP
IFigure 7.39 argon r.on

ablation 2 133.8 INi2P
Third 1 129.8 P; Ni-xP
argon ion 2 134 INi2Pablation broad

I .) 'i :' '.' :.; "·m+·~c~);:;gl~jibi-d. .Mill:.:· .>i> ;' ..,.,...,. '" :,

1 852.5 Pure crystallineNi
INi (2p 3/2) Untreated 2 856.3 Ni (OB)2i Ni20J

Figure 7.37 !Argon ion 1 853,0 pu - crystallineNi
ablation 2 858.4 iNi(I!)
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The changes oboerved in the spectra (viz. peak
positions, relative intensities) brought about as a
consequence of argon ion ablation of the full
electrole:.:5sand partially stripped deposits are of
prime interest. Peak PQsiti~ns of the spectra obtained
in this work are listed in Table 7.5.

In the unsputtered sample of as-produced electroless
Ni~p (Figure 7.37), the Ni (2p 3/2) region shows two
peaks, indicating thq>t nickel is present in both
metallic and oxidised fc>rm. The peak toward the higher
binding energy is due "to oxidised nir::kel,either a
compound of Ni and P, or a nickel oxide or hydroxide.
The signal to noise ral.:ioin the unsputtered samples
made exact determination of the peak positions
difficul t. A broad peak 6 8 eV higher than the
nickel (II) peak may be, a shake-up satellite, further
confirmation of the presence of nickel (II) (Briggs and
Rivier.e 1990 pp. 130-131). 1'.I.rgonion sputtering results
in an enhancement of the lower binding energy peak
(about 852 eV) which arises from metallic nickel. An

oxidised f0rm of nickel was still present after
ablation (about 858 eV). Subsequent sputtering did not
alter the form of the spectrum.

Two forms of phosphorus may be identified in the
spectrum of unsputtered electroless Ni-P (Figure 7.40).

Elemental P gives rise to a peak at around 130 eV, but
the signal at this position is not significantly
greater than tbe noise. A peak arising from an oxidised
form of phoephoz'us is noted at 132 - 136 eV in the
unsputtered sample but it is not possible to identify
the species. [The P peaks are doublets in this region
(Briggs and Seah 1990 p. 641) and are not resolved in
these spectra.] After ablation the strongest peak is at
lower binding energy, i.e. about 130 eV.
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The Spectra obtained with the partially stripped
deposit (Figure 7.38 and Figure 7.41) exhibited peaks
at the binding energies expected for both oxidised and
rf;'ducedforms of nickel and phosphorus. Successive
ablation, however, had a marked influence on the
spectra of both nickel and phosphorus (2p) binding
energy regions. In the caSe of nickel, the intensity of
the metallic Wi peak increased with successive
ab.Lat.Lons relative to the peak eXi:acted from
nickel (II). The higher binding energy peak of
phosphorus was most intense on the untreated sample,
with the Lower binding en€'rgypeak becoming much more
significant as the surface was exposed to argon ions. A
peak at 132 eV was seen on the untreated sample but was
not present, or could not be resolved, after ablation.
This peak may be due to NaH2P021 according to Diegle et
al. (1988).

The electrolytically produced nickel deposit consisted
of oxidised and redUced nir;kelpJ:'iorto ablation, with
the metallic Ni peak becoming more pronounced with
argon ion ablation. No phosphorus peak could be
detected.

These results are in support of the findings of Diegle
et el., (1988) as described in Chapter 4, Section 4.2,
that anodic oxidation of Ni-P alloys results in a high
concentration of oxidised phosphorus an the surface.
The form of phosphorus present was proposed to be
hypophosphite. This was subsequently confirmed by
Hofmann and Weil (1993).
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------------~----------~--~----~----~Figure 7.37 XPS spectra of electroless Ni-P, in the
Ni (2p 3/2) region. Deposit prodUced in
Bath 1 on a glassy carbon substrate.
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Aftor 3rd. Ar+

_IW~·

842 846 850 854 858 862 866 870
Binding energy leV

F:i.gure7.38 XPS spectra of partially stripr,>ed
electroles$ Ni-P, in the Ni (2p 3/2)
region. Deposit produced in Bath 1 on a
glassy carbon substrate, and anodically
stripped as described in the text.
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Figure 7.39 XPS spectra of electrolytic Ni in the Ni
(2p 3/2) region. Deposit produced in Bath
1 (in absence of H2POZ-) I on a glassy
carbon substrate.

842 846 850 854 858 862 866 870
Binding energy I eV



Figure 7.40 XPS spectra of electroless Ni-P, in the P
(2p 3/2 and 2p 1/2) region. Depo~it
produced in Bath 1 on a glassy ca.rbon
substrate.

• ,;.,. I I..... ~• ......J. .' ... I I .t I

118 122 12'6 HIO 134 138
8indin!~ energy I eV
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Binding energy I eV

Figure 7.41 XPS spectra of partially stripped
electroless Ni-P, in the P (2p 3/2 and 2p
1/2) region. Deposit produced in Bath 1
on a glassy carbon substrate and
anodically stripped as described in the
text.
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In the light of the mechanisms of Ni-P oxidation
described by Diegle and co-workers (1988), and Hofmann
and Weil (1993), it is conceivable that during the
partial stripping of the alloy, adsorbed H;>.P02-(i.e.,
the P(I) species) is formed on the residual sur tace,
This could then act as a bridging ligand for nickel. In
this case it is clear that the ~ate of aut.ocat.anytLc
Ni-p deposition could be positively influel'l.ced,
particularly if adsorption of HzP02- is the rate
determining step. This process has been suggested as
being rate determining under certain conditions (ohno
1991).

The possibility that adsorption of H2P02- to the metal
is rate determining is high. The computer simUlation of
the oxidation partial process described by Ohno (1991)
showed how the rate of the adsorption (7.5) or OH-
attack (7.6) could, in certain circumstances, be rate
determining. Ohno's generalised mechanism is presented
below.

step 1:

(7.5)

step 2:
(7.6)

step 3:

(7.7)

step 4:

(7.8)

(where kn is the rate constant of step n.)
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According to Hommaet: eI , (1991), and Hamma, Yamazaki

and Osaka (1992), a complete electroless Ni-P film may
have an average thickness of about 30 TIro (i. eo; growth
is not always uniform). This is significantly higher
than one monolayer of Ni or P, or a mixture of these

two elements. Thus up to this thickness the original

substrate may be exposed to the plating solution. In
the present work, the enhanced plating rate of tJ::·
partially stripped surface continues until a film

thickness of about 100 TIro has been formed, and adsorbed
hypophosphi te must still be exposed and active up to
this average thickness. The value of 100 TIm was

estimated from the maximummass deposited prior to the
change of slope in Figure 7.20 (curve S2Bl) I using a
density of '7.9 g cm-3• Adsorbed hypopho.sphd,te is

unlikely, therefore, to play a major part in the
initial enhancement of the deposition rate of nickel on

the partially stripped surface.

It is most likely, therefore, that the effect seen on
the partially stripped deposit is a consequence of the
nature of the material, i. e. I amorphous Ni-P, rather

than simply the enriched P content. Rearrangement of
the hypophosphite to its active form may be more rapid

on the amorphous phase than on the crystalline phase.
The possibility that the catalytic activity of Ni-P is

different to that of Ni was considered by Jusys and
co-workers (1992), but at that time no evidence in

support of this had been noted. Flis and Duquette

(1984) attributed differing induction ("incubation")

times on Ni and Ni-P to differing rates of dissolution
of surface oxides, the oxide on the latter being less

protective. Haruyama and Ohno (1988) demonstrated that
the oxidation of the reducing agent depends on prior

dissolution of an oxide film which may Cover the

surface. The observation of fini te yet erratic
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induction periods in the present work is consistent
with this proposal, since the stripping process may be
expected to produce such an oxide on the surface (the
XPS studies do not serve as sufficient confirmation
becauoe the electrodes were exposed to air before
eXamination) .

The strong potential dependence of the cathodic
half-reaction (alloy deposition) and the relatively
potential-independent rate of H2P02- oxidation (Section
7.4, Orchard 1988b) indicates that although these
partial processes are not independent of each other, in
this bath the interaction is not due to direct
coupling. In other words, the elec~ron transfer
processes occur between ions and the electrode rather
than directly between the adsorbed ions themselves. The
present work confirms an interaction of the partial
processes and in addition shows that the moze noble,
amorphous Ni-P glass is more catalytically active than
the alloy comprising the glass and fcc nickel
supersaturated in phosphorus. If it were possible to
examine the catalytic activity of the less noble fcc

nickel supersaturated in phosphorus in the absence of
the amorphous glass, further identification of the
catalytic mechanism could be expected.

As a logical consequence of t.hese arguments, it is
proposed that the amorphous phase contributes a
disproportionately high fraction of the catalytic
activity of the electroless nickel surface. partial
stripping of the electroless Ni-p results in adsorbed
H2P02-, which can play a minor role in increasing the
deposition rate in the initial stages. JPurther study
should lead to a greater understanding of the catalytic
activity of the amorphous Ni-p surface. In particular,
it may prove to be a useful catalyst for processes
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other than electroless nickel plating t such as
hydrogenation reactions. Ni-P amorphous alloys have
indeed been reported to be useful catalysts in styrene
hydrogenation (Shen et al. 1993).

7.5.2 The N:i.-Balloy

7.5.2.1 Electrochemical studies

During anodic stripping of the Ni-B alloy, only one
current peak was observed. Partial stripping r such as
in the case of the Ni-P alloy, was therefore not
possible. In view of this, the approach adopted in the
investigation of the catalytic property of the Ni-B
alloy was to obtain current density diagrams on
(a) the as-plated alloy, and
(b) essentially pure nickel produced electrolytically

in absence of reducing agent.
These substrates were investigated in
(i)
(ii)
(iii)

the full bath (Bath 2),
the bath where Ni 2+ had been omitted or
the bath where DMAB had been omitted.

In the assessment of the results in this section, the
partial current density curves of the complete bath
(Bath 2) on the as-plated electroless Ni-B surface are
used as reference. The potentials chosen for the
investigation again spanned the mixed (plating)
potential of Bat.h 2, which is -1. 02 V.

Figure 7.42, Figure 7.43 and Figure 7.44 show the
current density curves under the various conditions at
the three potentials of interest. As would be eXpected,



ja has a low magnitude at more cathodic potentials, and
jc has low magnitude at the more anodic potential for
the full alloy in the full bath. This trend is
followed, for the most part, when the pure Ni substrate
is used in the full bath. The effect of the substrate
on the rates of the partial processes was considerably
more subtle than those observed on the partially
stripped Ni-P alloy (Section 7.5.1) and, in order to
identify significant features in the data, statistical
techniques were employed.

Analysis of variance (ANOVA) was applied to the data of
cathodic current density, and the average value of
anodic current density determined in the periods 9 to
12 seconds, and 194 to 200 seconds. The values are
presented in Table 7.6. A description of the ANOVA
technique is given in Appendix V.

ANOVA for jc was calculated only for the data from the
full bath (Bath 2) and this bath containing no DMAB,
and similarly, for the anodic partial current density
ANOVA was calculated only for the full bath and for the
bath containing no Ni2+. The F-ratio was tested at the
9.5%level.
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Table 7.6 Data used in the ANOYA calculat~ons for the
anodic and cathod~c partial current
densities measured in Bath 2. The cathodic
current density represents an average value
over the entire period of measurement.

Applied Bath * Substrate j.. je japotentia.l 9-12 s 194-200 s
Iv vs.
SCE /rnAem? lmA em? /mA em"

-0.900 Full 1'1i-B 3.444 -0.374 3.661
-0.900 Full 1'1j,-B 3.289 -0.205 2.921
-0.900 Full 1'1i 2.665 -0.341 3.355
-0.900 No Ni2+ Ni-B 3.799 -0.002 3.386
-0.900 No Ni2 ..· Ni 3.431 -0.015 2.738
-0.900 No DMAB Ni-B -0.178 -0.045 -0.104--0.800 No DMAB Ni -0.139 -0.023 -0.106
-1. 020 Full Ni~B 1.351 -1. 092 1.257
-1. 020 Full 1'1i'-B 1.371 -0.905 1.147
-1. 020 Full Ni·-B 1.4S7 -1.200 1.454---1. 020 Full 1'1:1 1.017 -1.044 1.179
-1. 020 No Ni.2+ 1'1i-B 1.771 "'0.018 1.470
-1. 020 No Ni2+ 1'1i-B 1.721 -0.025 1.464
-1. 020 No Ni2+ Ni 1.334 0.018 1.033.
-1. 020 No Ni2+ 1'1i 1.392 0.014 1.056
-1. 020 No DMAB Ni-B 0.013 -0.676 -0.259
-1.020 No DMAB Ni -0.103 -0.401 -0.147
-1.100 Full 1'1i-B 0.391 -2.470 0.513 ..--1.100 Full Ni-B 0.284 -2.071 0.429
-1.100 Itull 1'1i 0.331 -2.292 0.496
-1.100 Full 1'1i 0.331 -2.243 0.461
-1.100 No Ni2+ Ni-B 0.702 -0.064 0.575
-1.100 No 1'1i2+ Ni 0.436 -0.029 0.329
-1.100 No DMAB Ni-B ....0.554 -1. 986 -0.263
-1.100 No DMAB Ni -0.425 -1. 601 -0.078
* Bath 2, complete or in the absence of Ni2+ or in
the absence of DMAB.

ANOYA for the cathodic partial currerrt density (Table
7.7) indicated chat only two effects were Significant



at the 95% level (i.e., where the .p-value is less than
o. OS). These were potent.ial (as would be expected) ana
bath compositi.on, The l<Atter: significance 1s further
confirmation of the interaction between the anodic and
cathodic partial processes in Bath 2 and is illustrated
in Figure 7.45. In this Figure, it is clear that the
mean cathodic current density has a larger magnitude in
the full bath than in the bath containing no DMAB.
While the magnitude of ]" is greater on Ni-l3 than on
Ni~ this effect is not significant at the 95% level.
Thus at this significance level it cannot be stated
that Ni"'B is more catalytically active for the
reduction of nickel(II) than is Ni.
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The ANOVA calculations for the anodic cur~ent density
are sununarisedin Table 7.8 and Table 7.9. At the early
stage of measurement (9-,12 s), the bath composition,
the nature of the substrate, as well as applied
potential, are significant effects. A three-\-vay
interaction was shown and is presented in Figure 7.46.
This interaction shows the complex ensemble of
catalytic activity and interaction of partial processes
leading to electroless nickel plating and oxidation of
DMAB.

Plot of Means
3-way interaction

F(2,7)=7.02; p<.0212
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Figure 7.46 Three-way interaction of applied
potential, bath composition and natu....e of
the substrate on ja during the 9-12 s
period of measurement in Bath 2 and in
this bath C'ontainin.gno Ni2+.

It WaS found that the residuals for i, (194 ....200 s)
exhibited a fan shape when plotted against applied



potential or predicted values, indicating that a d.ata
transform was necessary. Thus the natural logarithm of
i, (194-200 s} was used for ANOVA calculations (Table
7.9). Besides applied potential (where, as expected, ja

decreased in magnitude as potential was made more
cathodic), the effect of substrate was found to be
significant. The mean value of i, (or lnj_) was lower
on pure Ni than on Ni-B after 194 5 of measurement when
all potentials were considered. In addition, a two-way
interaction was noted, namely between bath composition
and nature of substrate. This interaction is
illustrated in Figure 7.47. The logari t.hm of i, was
almost unaffected by substrate in the full bath, but
strongly affected by substrate when nickel (!!) was
absent from the solution. That is, the magnitude of the
anodic current density during the later stages of
measurement '<laslower on Ni than on Ni-B, particularly
in the latter bath. An interprt~tation of these effects
can most easily attribute the stability of i, in the
full bath to generation of a Ni-B surface, whereas in
the bath lacking in nickel ions, the pure Ni substrate
was initially less active to electrocatalytic oxidation
of DMAB, and remained so throughout the measurement
period.
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Table 7.7 ANOVA summary of all effects on the
cathodic current density in Bath 2 and
this bath containing no DMAB.

Effects: l=Potential; 2=Bath composition; 3=Substrate
* indicates significance at 95% level

Effect df MS df MS F p-level
Effect Effect Error Error

1* 2 4.4731 5 0.02793 160.173 0.000029
2* 1 0.6593 5 0.02793 23.6076 0.004638
3 1 0.0437 5 0.02793 1.5631 0.266538.,-
12 2 0.0185 5 0.02793 0.6621 0.555772

r--- 13 2 0.0145 5 0.02793 0.5173 0.624897
23 1 0.0511 5 0.02793 1.8296 0.234120...
123 2 0.00734 J;, 0.02793 0.2628 0.778871'"

Table 7.8 ANOVA summary of all effects on the
anodic current density (9-12 seconds) in
Bath 2 and in this bath containirHj no
Ni2+ •

Effects: 1==Potential; 2=Bath composition; 3==Substrc.\te
* indicates significanc~ at 95% level

-
Effect df MS df MS F p-level

Effect Effect Error Error

1* 2 10.4075 7 0.00386 2696.94 0.000000
2* 1 0.63427 7 0.00386 164.360 0.000004
3* 1 0.49972 7 0.00386 129.495 0.000009
12* 2 0.04233 7 0.00386 10.969 0.006962
13* 2 0.05064 7 0.00386 13.124 0.004282

< ,
23 1 0.00051 7 0.00386 0.132 0.727397

123* 2 0.02711 7 0.00386 7.024 0.021211



Table 7.9 ANOVA summary of all effects on the
natural logarithm af the anodic current
density (194-200 seconds) in Bath 2, and'
in this bath containing no Ni2+ •

Effects: 1=Potential; 2=Bath composition; 3==Substrate
* indicates significance at 95% level

Effect df MS df MS F p-level
Effect Effect Error Error

1* 2 4.67919 7 0.01043 448.553 0.000000
2 1 0.01185 7 0.01043 1.1360 0.321884
3* 1 0.14914 7 0.01043 14.2971 0.006882
12 2 0.00432 7 0.01043 0.4145 0.675871
13 2 0.00981 7 0.01043 0.9405 0.434720
23* 1 0.13038 7 0.01043 12.4979 0.009531
123' 2 0.01223 7 0.01043 1.1723 0.363805

Thus, i.t has been shown that the Ni-B alloy enhances
the anodic partial process (1.e., acts as an
electrocatalyst) f and may enhance the rate of nickel
deposition. The results presented in this Section are
indicative of a 8ituation where the continued
regeneration of Ni-B alloy surface is partly
responsible for the enhancement of the rates, and it is
not simply the contemporaneous reduction and oxidation
par~ial processes which causes the observed
enhancement. The deposition of Ni does, however, occur
by a different mechanism when DMAB is being oxi.dd.sad,
as opposed to electrodepasition in the absence of this
reducing agent (c.f. Figure 7.9 and associated
discussion) .



~.5.2.2 xrs character i sat ron of deposits

XPS investigation of the Ni-B deposit from Bath 2
yielded less information about the Ni-B alloy than was
obtained in r'espect; of the Ni-P alloy. The. detection
limits of the XPS instrument are such that at atom
percentages less than 1-2%, depending on conditions,
peaks due to the relevant species may not be noted.
Boron was detected only prior to argon ion sputtering
of the surface. A reference peak for NiB has a binding
energy of 853.2 eV, which is very close to that of the
Ni (2p 3/2) (852.3 - 852.7 eV) and a peak for NiO
(853.8 -. 854.2 eV) (Wagner 1990 pp , 607"'608, Diegle et,
al. 1988). This proximity of peaks likely to be seen in
the deposit may have obscured the NiB peak.

7.5.2.3 Catalysis by the Ni-B alloy

Interaction of the partial processes, namely, oxidation
of DMABand reduction of nickel (II), has been noted
(Figure 7.8, Figure 7.9 and Section 7.5.2.1). The
enhanced cata.lytic acti vi ty of Ni-B over Ni has been
shown to contribute to the rate of the oxidation
partial process (Section 7.5.2.1) .

Lelental (1975) observed that a Ni-Cu alloy enhanced
the deposition rate in an electroless bath containing
nickel (II), copper (II) and DMAB. This effect was
attributed to the promotion of weak chemisorption of
hydrogen on copper, or, more generally, on the Ni-Cu
cilloy. Lelental, who could not detect boron by Auger
electron spectroscopy, found that the boron content of
the alloy could not exceed 1%. Lelental thus did not
attribute catalytic enhancement to the presence of



boron, Lout to the presence of copper in the deposit.
The results of this thesis, however, clear.ly show that
the pz'eaence of boron does contribute to the catalytic
activity of the alloy. Boron acts as a prcmot.e» of the
catalytic process. The interaction of the partial
processes is senarate to this effect, resulting in the
enhanced deposition rate of nickel in the"presence I)f
DMAB. This is a consequence of the mechanism leading to
electroless nickel deposition. Further mecr, ,nistic
studies are l':equiredto identify the cause of the
mutual enhancement of the partial processes.

7.6 CONCLUDINGREMARKS

The activation energies of the electroless reaction in
the two low temperature baths (Baths 1 and 2) were
determined using the quartz microbalance electrode.
These results differed from literature values. TheJ:(:1
was no clear reason for these differences, but these
results were not felt to detract from the validity of
other electrochemical data obtained using the QME.

Current density r.urves of the partial processes in the
low temperature electroless baths were obtained using a
qUartz microbalance electrode. The result thus obtained
for a bath employing H2P02- as reducing agent was
compared to that obtained with the aid of a rotating
disc elect:r.ode.These results were seen to be similar,
eliminating the possibility of mass transport control
in the mechanism of this bath. Semi-logarithmic plots
of the cathodic current densities (In Ijj vs. E) of the
low temperature baths in the presence and absence of
reducing agents were significantly different. This is
indicative of mechanistic differences in the deposition
of nickel under the various conditions. Nv bulk



interaction of the metal complexes and the re. 'ucing
agent was nuted by visible range spectrophotometry.
Little interaction, if any, between phosphite (an
oxidation product of H2P02-) and the aqueous Ni2+
complexes was observed in the absorption spectrum.

The electroless Ni-:P alloy was seen to be a two-pha.se
deposit, by virtue of two peaks on an anodic stripping
voltammogram.Partial stripping of thl'" .Ll.oy yielded a
phosphorus-rich residue. This residue catalysed
electroless nickel deposition from the H2P02- reduced
bath at a rate greater than that obser-ved under steady
state conditions on the virgin, or as-deposited Ni-P
alloy. XPS results indicated that oxidised P exists on
the surface to a greater extent after partial stripping
than on the virgin electroless deposit. It is likely
that this phosphorus is present as H2P02'"'.

The initially enhanced deposition rate on the partially
stripped surface may be attributed to higher
electrocatalytic activity of the partiallY stripped
P-rich residue, or to the presence of adsorbed HZP02-, a
product of oxidation of the alloy. The presence of this
adsorbed species may temporarily enhance the I'ate of
deposition until the surface regains ~a steady state
condition; if adsorption of the reducing agent is rate
determining. The adsorption process will then be
unnecessary and 011 attack (Equation, 7.6) can take
place, followed by the remaining steps of
electrocatalytic oxidation, and consequential reduction
of Ni2+. This effect is, however, considered to be less
likely than a catalytic effect bz'ouqht; about by the
altered surface composition and structure.
Rearrangement of H2P02- to a more reactive form, or OH-

attack maybe enhanced on the more active surface.



The Ni-B deposit was investigated in a similar manner
as the Ni-p alloy. Since only one stripping peak was
seen in an anodic swaep on this substrate, it was not
possible to examine catalytic activity of any phase
other than that of the bulk deposit.

The Ni-B aJ.loy was seen to have a promoting effect on
the rate of DMABoxidation, over pure nickel. An

increased rate of nickel deposition was observed in the
presence of DMAB. ThE' partial current density of the
oxidation of DMABwas positively affected by the
presence of trace amounts of B in the deposit. The well
known catalytic phenomena of synergism and spill-over
appear to be applicable to the Ni-B deposit, in that
the boron can modify the surface conditions
sufficiently to enhance catalytic activity. Since the
boron is only present in small amounts, cat~lytically
active centres on the surface can initiate the
oxidation process, with reduction occurring some
distance avray by virtue of spill'-over effects. XPS
studies on the Ni-B alloy did not give any evidence of
a ~~ignificant concentration of an NiB species, this
being below the detection limits of the instrument. It
is acknowledged that no accurate determination of tbe
boron content of the alloy has been presented. Analysis
by inductively coupled plasma - optical emission
spectroscopy is r ecommended.
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