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I. INTRODUCTION

In this section, the process of electrodeposition is reviewed briefly,
and its place in the general context of electrode reactions and
charge transfer across the metal/solution interface is set (Section
1.1). In Section 1.2, special emphasis is given to deposition of al-
loys, and particularly to anomalous deposition of alloys (Sections
1.2.3 and 1.2.4). Next, the phenomenon of induced codeposition is
defined, and possible mechanisms are discussed briefly (Section
1.2.5). Several electroless (Section 1.2.6) and electrodeposition
processes, in which induced codeposition plays a role, are men-
tioned. A more extensive discussion of electrodeposition of W-,
Mo- and Re-based alloys is included in Section 2. Typical
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bath compositions and operating conditions are listed in Appen-
dices A through C, respectively.

Many books have been dedicated over the years to the topic of
electrodeposition (see, for example, Refs. 1-6). These books deal
with a variety of sub-topics such as surface preparation of the sub-
strate prior to deposition, thermodynamics and kinetics of
electrodeposition, the reactions that take place on an atomistic lev-
el, the mechanisms of growth, the effect of bath chemistry and
operating conditions, the deposition of specific metals and alloys,
the structure and properties of deposits, etc.

Electrodeposition has been practiced in industry for more than
150 years. For many years it was considered as an empirical, low-
level, technology. Although many useful plating baths have been
developed, and additives were identified for specific purposes—
macro and micro leveling, brightening, stress relieving, inhibition
of hydrogen embrittlement (HE) and so on, most of the advance-
ments in the field were achieved by ingenious trial-and-error
methods, rather than by attempting to gain a profound understand-
ing of the scientific aspects of the field. A turning point in this
approach can be associated with the announcement by IBM in
1997 of replacing vapor-deposited aluminum by electrodeposited
copper wiring in ultra-large-scale integration (ULSI) silicon chips.
Following this announcement, electrodeposition gained much in-
terest in the microelectronic industry as a potentially attractive
manufacturing process compared to other technologies. At the
same time, the awareness of possible advancements through re-
search and development increased, both in academia and in
industry, and it stopped being perceived as mostly an empirical
technology.’

Electrodeposition offers several important advantages com-
pared to most other plating technologies. These include:

e relatively low cost

e fairly simple and available equipment

e the laws governing scaling up and scaling down of electro-
chemical processes are well understood’

e porous, geometrically complex or non line-of-sight surfaces
can be coated

e proper design of the cell and the counter electrode can en-
sure that metal is deposited only where it is needed’
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e the throwing power is higher than in physical vapor deposi-
tion’

e production of high-aspect-ratio structures with good preci-
sion’

e relatively low processing temperature, allowing the forma-
tion of highly crystalline deposits, with possibly lower
residual stresses

e the thickness, composition and microstructure of the deposit
can be controlled precisely

e dense materials with high purity, low defect density and
narrow distribution of grain size can be produced.

Representative applications of electrodeposition include,
among others, gold-plated brass jewelry; copper plating for fabri-
cation of interconnects in electronic packaging; hard chromium
plating of aircraft landing gears made of alloy steels; zinc-nickel
alloy plating on steel components; silver-plated mirrors; tin-lead coat-
ings for soldering on printed-circuit boards; plating of nickel, nickel-
iron and copper in fabrication of micro-electro-mechanical systems
(MEMS) by LIGA, etc.®’

Current distribution on the cathode is a major variable in elec-
trodeposition. It is determined by several parameters, such as the
geometry of both the anode and the cathode, as well as their rela-
tive position in the bath, the kinetics of charge transfer and the
conditions of mass transport.” It determines the thickness of the
coating and its uniformity, as well as the local chemical composi-
tion in alloy deposition. In the past two or three decades, specific
interest in pulse plating and periodic reverse pulse plating (where
the current is either interrupted or reversed periodically, respec-
tively)® has increased significantly. These techniques may have a
significant influence on the composition and structure of electro-
deposited alloys™'" as well as on the surface morphology and the
micro-throwing power.

A clarification of nomenclature and sign convention, which
may often be confusing, is called for in this context. It can be
stated categorically that the cathode is always the electrode at
which a reduction process (e.g., hydrogen evolution or metal depo-
sition) takes place. Similarly, the anode is always the electrode at
which oxidation (e.g., oxygen evolution or metal dissolution) takes
place. But, which is the positive and which is the negative elec-
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trode? The answer to that depends on the type of reaction taking
place in the cell. If the cell is externally driven (namely, electric
power is consumed to force a current through it, leading to chemi-
cal change), the cathode is the negative terminal and the anode is
the positive terminal in a so-called electrolytic cell. This applies to
electrodeposition, water electrolysis, electrosynthesis, battery
charging, etc. It is reflected in Pourbaix (potential versus pH) dia-
grams and in potential versus current density curves from
potentiodynamic polarization experiments by the fact that, as the
potential becomes more positive (or less negative), oxidation reac-
tions become more dominant. If, on the other hand, the reaction in
the cell is self-driven (i.e., proceeds spontaneously), the anode is
the negative terminal and the cathode is the positive terminal in a
so-called galvanic cell. This applies to battery discharge and fuel
cells, where chemical energy is converted to electric energy. It is
reflected in the electromotive force (EMF) series (standard poten-
tials) where, as the standard reduction potential becomes more
positive (or less negative), the material is said to be more noble.
Open-circuit potential (OCP) measurements yield often, but not
exclusively, the reversible potential of the system. The reversible
potential represents thermodynamic equilibrium, which is not time
dependent. The OCP can be time dependent, as a result of changes
of the electrode surface, e.g., the formation of a passive oxide
layer. A shift of the OCP with time in the positive direction
represents the formation of a more noble (better corrosion resis-
tant) surface, and vice versa.

Consider, for example, the lead-acid battery in a car. In the
fully charged state, the negative electrode is metallic lead (Pb°),
while the positive electrode is lead dioxide (PbO,), in which lead
is in the Pb*" state. During discharge, the active material in the
negative electrode is oxidized to PbSOy, so by definition it is the
anode, and that in the positive electrode is reduced to PbSQOy, so by
definition it is the cathode. When the battery is charged, the reac-
tions at both electrodes are reversed: in the negative electrode
PbSO, is reduced to Pb’, so it is the cathode, and in the positive
electrode PbSO, is oxidized back to PbO,, thus it becomes the
anode. The polarity of the electrodes in the cell does not change,
but the reactions are reversed, so the anode has become the ca-
thode and vice versa (see Ref. 12 for a detailed discussion of this
point).
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1. Metal Deposition as a Class of its Own

Electrodeposition may be defined in a broad manner as the process
of depositing a substance upon an electrode by electrolysis.® The
essence of electrode kinetics is charge transfer across the interface.
A profound understanding of the structure of the electrical double
layer, as discussed by Helmholz,*'* Gouy-Chapman'>'" and
Stern'® is needed, of course, in the discussion of the mechanism of
charge transfer. There are other important factors, such as catalysis
and adsorption, mass-transport limitations and so on, all of which
may influence the rate and mechanism of charge transfer to some
extent, but it is the very act of charge transfer that matters. It is the
vehicle that allows the conversion of chemical to electrical energy,
as in a fuel cell or a battery during discharge. It is also the venue
by which electrical energy is used to produce desired chemicals, as
in the chor-alkali industry, the production of aluminum, electro-
forming, electroplating and all other electrolytic industrial
processes.
Electrode reactions can be classified in two groups:

(a) redox reactions, in which both reactants and products are in
solution, and

(b) processes in which at least one of them is part of the elec-
trode itself, or is rigidly attached to it.

(i) Redox Reactions

A good example of a redox reaction is the reduction of ferri-
cyanide to ferro-cyanide, given by

[Fe(CN) > +e

soln

grys - [Fe(CN)6]:oln (l)
This is a typical outer-sphere charge-transfer reaction, characte-
rized by the fact that the close environment of the central cation is
not changed as a result of charge transfer. Furthermore, it is noted
that both reactant and product are on the solution side of the inter-
face, specifically at the Outer Helmholtz Plane (OHP), believed to
be at a distance of about 0.5-0.6 nm from the surface of the metal.
Charge is transferred across the interface by an electron, and there
is no reason to assume that the ionic species have crossed the inter-
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face at any point during the charge transfer process. Electron trans-
fer is assumed to occur by tunneling, which is inherently a
quantum mechanical process. Nevertheless, there is also a classical
aspect of the process shown in Eq. (1), since the electron is treated
as a particle that crosses the interface — it is either on the ferri or
the ferro species. No intermediate state corresponding to partial
charge transfer is considered.

The example given above is not the only kind of redox reac-
tion where both reactant and product are in solution. Consider the
hydrogen evolution reaction, which can be written as

2H;0%,, +2e,,, >H,+2H,0 2)
This is a typical inner sphere redox reaction. The proton is heavily
solvated (and probably exists in solution as [HoO4]* , while the

soln”

interaction of molecular hydrogen with water is minimal. The me-
chanism of hydrogen evolution has been studied in great detail on
different metals and under widely different conditions, and will not
be discussed here. It is interesting to point out one major characte-
ristic of this type of reaction, compared to outer-sphere redox
reactions. The rate of hydrogen evolution is sensitive to the type of
metal electrode used. The exchange current density, i, can be as
low as 10° A cm™ on Pb, and as high as 10° A cm ™ on Pt, in 1-
M HCIO,. Note that a high value of i (that is, higher than, say, 1
uA cm™) indicates a fast reaction and a non-polarizable electrode.
Thus, the electrode clearly acts as a heterogeneous catalyst, since
an adsorbed hydrogen atom is formed as an intermediate in this
reaction. In comparison, the ferri/ferro redox couple has an ex-
change current density similar to that of hydrogen evolution on Pt,
but it is not sensitive to the type of the electrode used.” This is not
surprising, considering that both reactant and product are located
at a distance of at least 0.5 nm from the electrode surface, far
beyond the range of covalent bonding.

Hydrogen evolution is clearly an intermediate case between
outer-sphere charge transfer and metal deposition. On the one

" Some apparent dependence has occasionally been reported, but this is all but
eliminated when proper correction is made for the diffuse double-layer effect.
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hand, both the reactant (a solvated proton) and the product (mole-
cular hydrogen) are on the solution side of the interface. On the
other hand, an adsorbed hydrogen atom is believed to be formed as
an intermediate, indicating that both charge and mass have crossed
the interface. This case has been discussed recently by one of the
present authors."’

(ii) Metal Deposition and Dissolution

Metal deposition, for the simple case of a monovalent metal
ion, is commonly written as:

[Ag(H,0), ], +eqys = Aglys+n-H,0 3)

soln crys

The number n of water molecules solvating the ion is not impor-
tant in this context, as long as it is realized that the energy of
solvation is very high—about 5 eV for a monovalent ion, and
around 20 eV for a divalent ion (482 and 1,927 kJ mol !, respec-
tively). It is implicit in Eq. (3) that charge is transferred by an
electron crossing the interface, just as in the case of the redox reac-
tion given by Eq. (1). But there is a very great difference between
Eq. (1) and Eq. (3). In the former, the ligands around the iron ion
are held with a total energy that is much higher than the hydration
energy of a silver ion, but they are not removed as a result of elec-
tron transfer. Admittedly, there is a solvent rearrangement energy
involved (which plays a major role in determining the Gibbs ener-
gy of activation, according to the theory of charge transfer
developed by Marcus,”*** Dogonadze et al.”*** and Levich,”® but
this is just a small fraction of the total energy that would be needed
to break up the ferri-cyanide complex to its components (i.e., of
the solvation energy of the iron ion).

In the reaction represented by Eq. (3), all the solvent mole-
cules must be removed, to allow formation of the product—a
neutral silver atom, and its incorporation in the metal lattice. But
charge transfer, if it were to occur by electron transfer across the
interface, would have to be represented by two steps, as shown in
Egs. (4) and (5):
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[Ag(HZO)n ]:oln + e;l'ys - [Ag(H2O)n ] goln (4)
followed by

[Ag(H,0),]°  — Agly +n-H,0 )

soln

The electron-transfer step represented by Eq. (4) would be very
fast, of the order of 1 fs (107" s). This is too short for atoms to
move. On the other hand, it should take about 10° fs for the atom-
transfer reaction shown by Eq. (5) to occur, i.e. for the water mo-
lecules around the neutral atom to relax to their equilibrium
position in bulk water, and for the silver atom to reach the surface
and be incorporated in it.

It has been stated by several noted authors in electrochemistry
that, in the case of metal deposition, charge is carried across the
interface by ions rather than by electrons.””>° Unfortunately, the
above authors did not implement the consequence of this differ-
ence in the analysis of the mechanism of metal deposition and
dissolution. In one instance,?’ the author went as far as to state that

“...although charge is transferred across the interface by
the metal ions, the mechanism will be treated as though it
were electron transfer, for convenience.”

This approach cannot be sustained, since electron and ion transfer
represent two physically different phenomena, and there is no jus-
tification to assume that they would follow the same rules.

The mechanism of charge transfer during metal deposition and
dissolution was treated recently by Gileadi,"”'>* and will not be
discussed here in detail. It was shown that the Gibbs energy of
formation of an isolated neutral silver atom in solution is about
2.55 eV higher than that of formation of the same atom in bulk
silver.” Hence, the reversible potential for formation of an isolated
atom in solution would be —2.55 V vs. Ag'/Ag, and it could not
occur anywhere near the reversible potential for silver deposition.

"In general, the difference between these two quantities is approximately equal to
the energy of sublimation of the metal considered, which is typically in the range of
14 eV.
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Moreover, according to the Marcus theory of charge transfer, elec-
tron transfer can only occur when the initial and final states are
brought temporarily to the same energy level. This follows from
the time-resolved nature of the kinetics of charge transfer. If elec-
tron transfer causes a change in the overall Gibbs energy of the
system, it would violate the law of conservation of energy, since
rearrangement of the atoms that could provide or dissipate the dif-
ference in Gibbs energy occurs on a much longer time scale.
Consequently, it was concluded by Gileadi et al.'”'>* that in met-
al deposition and dissolution reactions, charge is carried across the
interface by ions rather than by electrons.

Accepting that charge is carried across the interface by ions
has a major impact on the way the mechanism of metal deposition
and dissolution reactions should be interpreted. First, it can no
longer be assumed that the symmetry factor S (that reflects the
fraction of total electrochemical Gibbs energy added to the system,
which is used to change the electrochemical Gibbs energy of acti-
vation of the charge-transfer reaction) is roughly equal to 0.5. Such
a value implies that the transition state is formed midway between
the reactants and products. To be sure, the experimental evidence
for the use of this value in metal deposition was never satisfactory,
and the theory of Marcus™* and of Dogonadze et al.”*** and Le-
vich,”® which can predict values close to 0.5 under certain limiting
conditions, was developed for outer-sphere charge transfer
processes, not for metal deposition. But these theories were at least
developed to apply for electron transfer. Moreover, when the dis-
charge of a divalent ion is concerned, it has been the common
practice to assume that electrons can only be transferred across the
interface one at a time, and mechanisms were postulated to fit the
data to this hypothesis (still assuming that f= 0.5). Accepting that
charge is carried across the interface by the divalent ion (in the
deposition of nickel, for example) renders the question of whether
simultaneous two-electron transfer can or cannot occur redundant
during metal deposition.” In such a process, the effective charge on
the ion decreases gradually as the ion approaches the metal sur-

However, the question of simultaneous two-electron transfer in outer-sphere
charge-transfer processes, such as TI** + 2e” — TI', vs. consecutive transfer of two
electrons, one at a time, is still open, as discussed elsewhere.*
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face, and there is no singular point at which a full electronic charge
would have been transferred.

(a) Morphology of the surface

Another distinct way in which metal deposition differs from
redox reactions in solution is that the morphology of the surface
may change during deposition. The surface roughness usually in-
creases during deposition, particularly if the current distribution is
not uniform, and whenever the current applied is close to the mass-
transport limited current density in the same system. This would
decrease the true current density, which is calculated per unit of
real surface area taking into account the changes in the roughness
factor, although the total current applied is maintained constant,
thus distorting the shape of the Tafel plot.

(b) The nature of the substrate

In most cases the nature of the substrate upon which a metal is
deposited is of little consequence, since it is rapidly covered by a
layer of the metal being deposited. The continuous renewal of the
surface can be used beneficially in the context of maintaining a
clean surface. It was shown by Gileadi*® that for a dropping mer-
cury electrode with a drop time of 1 s, an impurity level of 10 uM
can be tolerated without having a significant effect on the results,
since the maximum mass-transport limited flux of the impurity can
lead to no more than 1% of surface being covered by the impurity,
per second. A similar calculation can be made for metal deposition
on a solid substrate. Thus, for a divalent ion, a monolayer corres-
ponds to approximately 0.5 mC cm 2. When plating at a rate of,
say, 10 mA c¢cm?, about 20-atomic layers are formed per second.
Although it cannot be assumed that the metal is deposited in an
orderly fashion, layer by layer, it would be safe to assume that the
whole surface would be renewed at least once a second, and prob-
ably more often than that. Allowing an impurity level of 10 uM
would limit the coverage by impurity to just a few percents of a
monolayer per second. Indeed, one of the major stumbling blocks
in the study of redox reactions on solid electrodes is the difficulty
in maintaining the surface free of impurities during a series of
measurements that may take several minutes. During metal deposi-
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tion this difficulty is by and large eliminated, since the surface is
being renewed continuously, and deposition occurs always on a
virgin surface.

(¢) Underpotential deposition (UPD)

A unique feature observed in metal deposition on a foreign
substrate is underpotential deposition. It is found that a metal can
be deposited on a foreign substrate at potentials positive with re-
spect to the reversible potential for deposition of the metal in the
same solution. Considering, for example, the deposition of silver
on platinum, which can be written as

[Ag(HZO)n ] :oln+ e;rys +Pt— Agads /Pt +n. HZO (6)

it is implied here that the discharged silver atom is adsorbed on the
surface of the platinum substrate and is chemically bound to it.
The reaction represented by Eq. (6) can occur at potentials positive
with respect to the reversible potential for silver (i.e., at an under-
potential) only if the Ag-Pt bond is stronger than an Ag-Ag bond.
This is not always the case, but when it is, it will naturally be the
first step in metal deposition, and may have an important role in
the binding between the plated coating and the surface of the sub-
strate.

Underpotential deposition, as defined by Eq. (6), should be
inherently terminated when a full monolayer has been formed,
since the second layer is no longer deposited on the substrate. This
is usually the case, but in certain instances (notably, for UPD of
Ag on Pt) as much as two atomic layers can be deposited before
the reversible potential is reached and bulk deposition takes over.’’
This observation can be rationalized, considering that the proper-
ties of Ag atoms in the first layer on top of a Pt surface could be
quite different from those in the bulk of silver. In other words, the
surface of Pt below a single atomic layer of Ag could influence
the chemical properties of this layer and its energy of bonding to
the second layer. The effect is, however, short ranged, and it is
not expected to extend further.

Underpotential deposition has been studied extensively,
mostly for single-crystal substrates. The behavior of different crys-

38-42
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tal faces has been examined,”™ two-dimensional phases were
observed, and correlation between the UPD potential shift Aypp
(defined as the potential difference between the reversible poten-
tial and the potential observed at a partial surface coverage
0= 0.5) was related to the difference in the work function of the
two metals.”® While these are issues of great importance for the
fundamental understanding of UPD formation, applied issues such
as the dependence of adhesion of a coating on the formation of a
UPD layer have not been discussed.

(d) A complexing agent

In a large majority of practical plating baths, a complexing
agent is used to improve the quality of the product, in particular to
obtain smooth and bright deposits. On the other hand, when depo-
sition at a high rate is needed, as for electroforming, the metal is
deposited from a simple solution containing no complexing agent.
Until about the middle of the 20th century, the most commonly
used complexing agent was cyanide. Many metals such as Au, Ag,
Cu, Ni, Co, Cd and Zn were plated from alkaline baths containing
KCN. This practice was abandoned for environmental considera-
tions, in spite of the fact that it was most satisfactory from the
purely engineering point of view. Cyanide has been replaced by
other complexing agents, mostly organic poly-acids, having two or
more carboxylic groups, such as citrate, oxalate, etc. The main
purpose of formation of the complex is to slow down the kinetics
of the electrodeposition reaction. It should be noted that in most
industrial electrolytic processes, such as the production of metals,
the chlor-alkali industry and in organic electrosynthesis, as well as
in batteries and fuel cells, fast kinetics is an advantage — decreas-
ing the overpotential and thereby reducing energy consumption.
The opposite is true in metal deposition. Decreasing the exchange
current density is equivalent to increasing the Faradaic resistance,
i.e. the resistance associated with the charge transfer process. This
generally leads to improved uniformity of the deposited layer and
enhanced smoothness and brightness of the deposit.
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(e) The types of overpotential and the relevant scale

The processes taking place in an electrochemical cell during

metal deposition can be modeled by a combination of three resis-
tors in series, each associated with an overpotential given by the
product of the applied current density and the relevant resistance:

Ohmic solution resistance, Ry,,. It is determined by the spe-
cific resistivity of the solution and by the configuration of
the cathode and the anode with respect to each other, as
well as their respective shapes. The corresponding contribu-
tion to the observed overpotential is called the iRy,
potential drop or 7z, the resistance overpotential. When this
is the largest resistance in the system, the process is said to
occur under conditions of primary current distribution. The
relevant scale to be considered is of the order of a few mil-
limeters up to several centimeters. Primary current
distribution usually leads to non-uniform current distribu-
tion on the cathode, resulting in non-uniform thickness of
the coating.

Faradaic resistance, Ry. This resistance is directly related
to the Faradaic reaction taking place. It is also called the
charge-transfer resistance, R, or the (non-Ohmic) activa-
tion resistance R,., since it is associated with the finite rate
of the electrode reaction per se. The corresponding overpo-
tential is usually referred to as the activation, or charge-
transfer overpotential, 7. or 7, respectively. Since charge
transfer occurs over a distance of about 0.6 nm, the relevant
scale is in the range of a few nanometers. When the Fara-
daic resistance is the largest resistance in the system, the
reaction is said to be activation controlled and secondary
current distribution is maintained. It should be obvious that
secondary current distribution leads to uniform thickness of
the deposit, on the macroscopic scale. For example, in a
barrel plating process for plating screws, primary current
distribution will lead to excessive coating on the top of the
grooves and no coating at the bottom. In contrast, secondary
current distribution will lead to much more uniform coating
thickness throughout the groove.
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The transition from primary to secondary current distri-
bution can be characterized by a dimensionless parameter
called the Wagner number (W,), defined as

x(on/oi),
a = % = Rg /Rsoln (7)

where «is the specific conductance of the solution (S cm ™)
and / is a characteristic length, usually related to the dimen-
sions of the electrodes or their distance apart. Values of
W, > 10 correspond to secondary current distribution, while
W, < 0.1 indicates primary current distribution.
Concentration resistance, R.y,.. The third factor determin-
ing the nature of the deposit is mass transport. The
corresponding resistance is referred to as the concentration
resistance, Ry, which results from the depletion of the
electro-active species at the cathode surface, caused by
mass-transport limitation. The mechanism of mass transport
of the electro-active species (either charged or uncharged)
could be diffusion, convection or migration, or some com-
bination of these mechanisms. For the simple one-
dimensional case (corresponding to semi-infinite linear dif-
fusion) at steady state, the rate of mass transport, expressed
as the current density, can be written as

i=nFD (cbulk ;Csurf) 8)

where D is the diffusion coefficient (cm2 s’l), Couk and Cgp
(mol cm™) represent the concentrations of the reactant in
the bulk of the solution and at the surface of the cathode, re-
spectively, and 6 (cm) is a characteristic length, called the
Nernst diffusion layer thickness, which is determined by the
conditions of the experiment. For example, in a rotating disc
experiment, o is in the range of 5-50 um, for rotation rates
of 1x10* to 1x10” rpm, respectively.”

«
The exact value depends on the diffusion coefficient of the electro-active species
and on the viscosity of the solution, as given by the well-known Levich equation.

2 -1 2 1

The above range was calculated for D = 1x107° ¢cm® s and v = 1x107 cm® 57/,
which is a reasonable approximation to dilute aqueous solutions at room temperature.
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In industrial operations, stirring is typically imple-
mented by moving the electrodes, stirring the solution, or
pumping it through the bath (the latter provides an opportu-
nity to filter the solution and remove particulate material
that could damage the quality of the metal coating, but that
issue is outside the scope of this chapter). The typical values
of &, under industrial plating conditions, may be 50-150 pm,
placing it between the values relevant for primary and sec-
ondary current distributions. If the experiment is set up so
that diffusion is the sole mode of mass transport, then o is
given by

5 = JnDt )

yielding values of J of 80-180 pum after 10 seconds, for a
typical range of values of the diffusion coefficient in dilute
aqueous solutions.

The limiting current density, i;, which represents the
highest rate at which the metal can be deposited under given
experimental conditions, can be derived from Eq. (8) by set-
ting Coyr =0

iy, =nFD(cyy /8) (10)

In practice, deposition of metals is conducted at current
densities well below the limiting current, in the range of
i £0.3 7. At higher current densities, the deposits tend to be
rough, powdery or friable.

As in the cases discussed above, one can define a resis-
tance characterizing the mass-transport limitation and a
corresponding concentration overpotential 77.,,.. The value
of this parameter, compared to the Faradaic resistance, de-
termines the brightness and smoothness of the deposit, but
has little influence on the uniformity of the thickness, since
the characteristic length associated with it (ca. 0.01 cm) is
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two or three orders of magnitude smaller than that asso-
ciated with primary current distribution.

It is hardly necessary to point out that non-uniform cur-
rent distribution can lead to poor performance in any
industrial process.” For alloy deposition this may be even
more critical, considering that the composition of the alloy
is often a function of current density. Thus, a non-uniform
current distribution might lead to non-uniformity of the al-
loy composition, in addition to variation of the thickness of
the coating.

(f) The roughness factor

The roughness factor is an important parameter in the context
of the study of electrode kinetics. It is defined as the ratio of the
real to geometric surface area. But what is the so-called real sur-
face area? That depends on the relative values of the three
overpotentials, or more precisely, the values of the three resis-
tances associated with them. Thus, under conditions of primary
current distribution (or in the transition region between primary
and secondary current distribution, where 0.1 < W, < 10), main-
taining a uniform thickness may be the most important issue. This
is determined by the uniformity of the distance between the anode
and the cathode, on a scale of about 0.01 c¢cm (i.e. about 1% of the
total distance between the electrodes). Whether the cathode is
rough or smooth on the atomic scale of 1 nm will have absolutely
no effect on the thickness. At the mass-transport limited current,
where the characteristic length is 5-150 um, the roughness on the
atomic scale is also irrelevant. On the other hand, when charge
transfer or adsorption are concerned, the roughness on the atomic
scale is the most important parameter. Specifically, it is important
to note that the roughness factor, as determined by the maximum
amount of atomic hydrogen or oxygen adsorbed on the surface, or
by measurement of the double-layer capacitance, is quite irrelevant
when the mass-transport limited current density is considered.

*
Except in cases where the non-uniformity is intentionally built into the process, to

increase the thickness of the plating where it is needed, and vice versa.
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This raises some important possibilities, which have not es-
caped the attention of the electroplating community. For example,
while metal deposition is conducted in fairly concentrated solu-
tions of the metal being plated, and at current densities well below
the mass-transport limit, additives acting as inhibitors for metal
deposition are often introduced at concentrations that are several
orders of magnitude lower, to ensure that their supply to the sur-
face will be mass-transport limited. In this way, the tendency for
increased rate of metal deposition on certain features on the sur-
face, such as protrusions, will be moderated by the faster diffusion
of the inhibitor to the very same areas. Furthermore, if deposition
occurs in the region of mixed control, which is usually the case, it
must be remembered that the relevant roughness factor is quite
different for the charge-transfer and the mass-transport processes,
and this may well be a function of current density, since the Fara-
daic resistance is inherently potential dependent.

(g) Hydrogen evolution

In most electroplating baths of practical interest, hydrogen
evolution occurs as a side reaction. Under cathodic overpotentials,
the following reactions can lead to discharge of protons and ad-
sorption of atomic hydrogen on the cathode:

H;0" + gy — Hags + H:0 (1)
Hzo + e;,ys —> Hads +OH" (12)

While Eq. (11) is relevant for relatively low pH values (pH < 3),"
Eq. (12) applies at higher values of the pH. The adsorbed hydrogen
atoms, formed as intermediates, can recombine and evolve as gas
bubbles (molecular hydrogen) in solution, following one of two
possible mechanisms:

Hads + Hads - H2 (13)

"This pH value was chosen because at higher pH, the reduction of the protonium
ion may become mass-transport limited and reaction 12 would occur instead.
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Hag + H;O™ + ey — Hy + Hy0 (14a)

Hogs + H,0 + ey —> Hy + OH- (14b)

Equation (13) is called atom-atom recombination, which is not
directly dependent on potential, but is influenced by it through the
dependence of the fractional surface coverage by atomic hydrogen
on potential. Equations (14a) and (14b) represent electrochemical
charge transfer steps at low and high values of pH, respectively.
Finally, a (typically small) portion of the adsorbed hydrogen may
be absorbed in the metal:

Hads - Habs (1 5)

This absorbed hydrogen can then be transported inside the metal
electrode via a diffusion mechanism, which is enhanced by the
high subsurface concentration of hydrogen that can be predicted by
Sieverts’ Law™ for high fugacity. The extent of hydrogen absorp-
tion depends on bath composition, temperature and pH, the applied
current density, surface barriers (e.g., oxides), and surface poison-
ing agents such as compounds of As, P, Sb, Te, Se and S, which
are known to reduce the partial surface coverage on the one hand,
and to interfere with surface recombination of hydrogen atoms (cf.,
Eq. 13) on the other hand, thus enhancing the alternative reaction
pathway of absorption of hydrogen in the bulk of the metal (cf.,
Eq. 195).

Once inside the metal electrode, diffusing hydrogen atoms can
recombine around defects such as micro-voids, inclusions, inter-
faces and grain boundaries, forming molecular hydrogen. High-

*

Sieverts’ Law: ¢ = K \/F , where c is the subsurface concentration (solubility) of
the dissolved atom in the solid metal, P is the partial pressure of the diatomic gas
(sometimes replaced by the fugacity, f), and Ky is the solubility constant (tempera-
ture dependent), which is the chemical equilibrium constant between the molecular
species in the gas phase and the atomic species within the metal lattice. This empir-
ical relation was first demonstrated by Sieverts in 1929 for the solubility of
hydrogen in iron. Departures from this law occur at high gas pressures and/or high
concentrations of dissolved atoms.
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pressure bubbles may be formed inside the cathode,”* ultimately
leading to crack initiation and/or propagation, even in the absence
of significant applied loads.”* Other mechanisms, which do not
involve bubble formation, can lead to hydrogen embrittlement of
electrodeposited parts.*** These include the decohesion (i.e., re-
duction in the lattice cohesion forces in regions of high hydrogen
concentration)’”® or adsorption (i.e. reduction in surface energy
due to hydrogen adsorption) mechanisms, the hydride formation
mechanism (i.e. formation and cleavage of brittle hydrides),”"
and mechanisms of hydrogen interaction with dislocations
(e.g., establishment of drag forces,” local hardening at existing
crack tips due to hydrogen,”® hydrogen-enhanced localized plas-
ticity,”>*” sweep of hydrogen atoms by dislocations’® that enables
local accumulation of hydrogen — exceeding a critical concentra-
tion, etc.). The term hydrogen embrittlement refers to reduced
ductility, non-ductile fracture mode, and reduced tensile strength
caused by exposure to hydrogen. Hydrogen-related stresses may
also induce shear stresses at the substrate/coating interface. These
high stresses might overcome the adhesion strength and lead to
delamination of the coating. Cracks in the deposit also provide
channels for penetration of humidity and oxygen that, upon reach-
ing the interface between the coating and the substrate metal, can
initiate corrosion and/or delamination of the coating. Hydrogen
evolution also leads to local increase in pH, increasing the concen-
tration of hydroxide ions that can be incorporated in the
electrodeposit, thus changing its properties.

63-66

(h) The current efficiency

The current efficiency, also called the Faradaic efficiency
(FE), is the fraction of the total current used to deposit the metal
(or metals, during alloy deposition). The danger of hydrogen-
induced cracking (HIC), also referred to as hydrogen-assisted
cracking (HAC), increases in electrodeposition systems with lower
cathode current efficiencies (such as hard chromium). In highly
efficient systems, such as Cu and Ag baths, codeposition of hydro-
gen occurs only when iy is exceeded, or when the added
complexing agents shift the potential of metal deposition to suffi-
ciently negative values. The higher the hydrogen overpotential on
a given metal, the lower the amount of hydrogen absorbed in it.
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The effects of internal hydrogen are most significant in high-
strength steels (yield strength greater than 1.17 GPa, or 170 kpsi).
In general, the higher the strength level of the steel, the greater its
susceptibility to hydrogen embrittlement. Although hydrogen dif-
fusion in martensitic and ferritic structures is relatively rapid, it is
not always a simple task to remove this hydrogen once it has en-
tered the steel. Baking is required following electrodeposition for
all steel parts hardened to at least 40 HRC. This process is per-
formed at a temperature in the range of 177-205°C for at least 3 h,
and should be applied not later than 4 h after the completion of the
plating process.”’ Unfortunately, this post-treatment is not always
sufficient. Although hydrogen diffusivity increases exponentially
with increasing temperature, the required time to reduce the hy-
drogen concentration to a desired level increases with the square of
the thickness of the part being coated. For thick sections this may
mean hundreds of hours of baking. Even then, there is no guaran-
tee that permanent damage or irreversible hydrogen embrittlement
has not already occurred.”® ASTM has suggested a standard test
method for mechanical testing of plated specimens in order to
identify hydrogen embrittlement due to plating processes and ser-
vice environments.”

It should be noted that the FE is often found to depend on cur-
rent density. In this context, a decrease in FE with increasing
current density could lead to improved uniformity of plating.
While the current density is higher on a protrusion, the current
efficiency is lower, hence the rate of deposition of the metal may
remain constant or even decrease. On a recessed area the opposite
behavior is expected, of course. Thus, the variation of the FE could
act as a negative feedback, enhancing the uniformity of the thick-
ness of the coating. An increase in current efficiency with
increasing current density would have an opposite effect of creat-
ing a positive feedback, leading to rapid roughening of the surface.
Low FE also leads to increased consumption of electricity, but this
is usually not a major issue in electroplating.
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2. Specific Issues in Electrodeposition of Alloys

(i) History

The first alloys to be electrodeposited were brass (Cu-Zn al-
loys) and alloys of the noble metals. Faust” reviewed the
principles of alloy deposition. In order to codeposit two metals,
they must be in a bath in which the individual reversible potentials
are reasonably close to each other. This is the case when the stan-
dard potentials E° of the two metal are close, as for deposition of
tin-lead alloys where the values of £ are —0.126 V and —0.136 V
vs. SHE for Pb and Sn, respectively. Changing the concentration
of one of the metals in solution can bring the reversible potentials
closer to each other. However, since the Nernst equation allows for
only (59/n) mV per decade change in concentration, where 7 is the
number of electrons needed to deposit a metal atom, this has a
limited range of applicability. When the two metals forming the
alloy have widely different values of £, their reversible potentials
can be shifted closer to each other by adding a complexing agent
that forms complexes with different stability constants, since the
reversible potential in the presence of a ligand that forms a suitable
complex is given by

E :E0+2'3RTng+23 logc,, - (16)

rev

where R is the ideal gas constant (8.314 J K 'mol ™), T'is the abso-

lute temperature, F' is Faraday’s constant, c is the bulk
Mez+

concentration of the metal ion being deposited (neglecting activity
coefficients), and K is the stability constant of the complex, which
is different for different metals. Equation (16) can be rewritten as

2.3RT
n

E.. =E"+ logc,, - (17)

where
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23RT

nkF

EV=E"+ log K (18)

is the effective standard potential in the presence of the complex-
ing agent.”

(i) Special Considerations Related to Alloy Deposition

Alloy deposition is similar to metal deposition in the sense
that the surface is being renewed continuously during formation of
the deposited layer. Hence, the nature of the substrate is of little
importance, except in special situations, where a single-crystal
substrate is employed and epitaxial growth of the deposit takes
place. Epitaxy, or oriented overgrowth, is a special case of hetero-
geneous nucleation, where the deposit grows with a crystal
structure that conforms to that of the substrate, at least up to a cer-
tain thickness. Depending on the binding energy and the
crystallographic misfit between the deposit and the substrate, the
growth may take place layer-by-layer according to the Frank-van der
Merwe model,” by three-dimensional islands formation according
to the Volmer-Weber model,”* or by a combination of both accord-
ing to the Stranski-Krastanov model.”

Considerations of the mechanism of charge transfer discussed
for metal deposition apply also to alloys, but there are some differ-
ences. First, it must be realized that alloy deposition is a complex
process, in which at least two parallel reactions take place simulta-
neously (i.e., the deposition of the two metals constituting the
alloy), and in many cases hydrogen evolution constitutes a third
parallel reaction.

When a complexing agent is employed, which is usually the
case, attention should be paid to the solution chemistry in the mul-

*

Activity coefficients can, as a rule, be neglected for moderately dilute solutions
(say, up to 1-2 M), since they appear in the Nernst equation in logarithmic form.
Thus, for example, if the activity coefficient is only 0.8, instead of an assumed
value of 1.0, the resulting error in the value of E,, is only (5.7/n) mV. It should be
borne in mind, however, that in highly concentrated electrolytes, such as 30% KOH
or 85% H;PO,, used in some batteries and fuel cells, such an approximation is no
longer valid and may introduce significant errors.
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ti-component plating baths and to possible formation of complexes
containing both metals, in addition to the usual complexes of each
metal with the ligand. For two metals Me;, Me, and a monovalent
negatively charged ligand L, there could typically be several spe-
cies in solution, such as

Mei{"; Me5"; [ Mean] (Z—n); [Mean ] (Z—n); [MelMesz](zz_m)
(19)

and each of the above species could be electro-active, allowing
deposition of one of the metals or both. Thus, the resulting alloy
may be formed by deposition of each metal separately, or from the
complex containing both metals. Evidently, there could be several
parallel reactions taking place simultaneously. Measurement of the
current-potential relationship in such complex systems would not
be meaningful. Even if the experimental data can be forced to pro-
vide a linear Tafel region, from which an apparent Tafel slope is
obtained, this will have little relevance to the mechanism of forma-
tion of the alloy. Although the above observation is well known
and could be considered rather obvious, it has been overlooked in
many publications.

The above does not imply that it is impossible to study the
mechanism of alloy deposition; it only shows that conclusions
cannot be drawn from the usual interpretation of the directly ob-
served current-potential relationship employed in the analysis of
electrode kinetics. The partial currents for deposition of each of the
alloying elements should be determined as a function of potential
and other experimental parameters via determination of the atomic
composition of the alloy and the FE. The FE during alloy deposi-
tion can be different from that of single-metal deposition of one or
both metals involved in the process. Hence, the FE can be ex-
pected to depend on the composition of the alloy, and the thickness
distribution may differ from that expected according to the current
distribution.”

The Faradaic efficiency can be calculated using the equation:

w x;n;iF
L x

FE=—
Ity M,

100 (20)
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Figure 1. (a) Stepwise deprotonation of citric acid as a function of
pH. The notation H ,Cit" refers to citrate ion in which all three
acidic protons, as well as the proton on the alcoholic group, have
been removed. (b) Concentration distribution of Ni**-Cit"~ com-
plexes as a function of the overall citrate concentration (0.1 M
NiSO,, pH = 8.0).
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where w is the measured weight of the deposit (g), / is the total
current passed (A), 4 is the deposition time (s), x; is the weight
fraction of the element in the alloy deposit, »;F is the number of
coulombs per mole for the reduction of the element, and M; is the
atomic mass (g mol ). Detailed consideration of the species that
exist at equilibrium in the plating bath, which can be calculated if
the relevant stability constants of the complexes are known, would
then provide further insight regarding the fundamental factors de-
termining alloy composition, possible anomalies, changes in mor-
phology, and so on.

In Fig. 1 we show two examples. Citric acid, which is a com-
monly used ligand, has three carboxylic groups and one alcoholic
group. It can exist in solution as the neutral molecule or as ions
carrying a negative charge of 1-4, depending on pH. The distribu-
tion of these species as a function of pH is shown in Fig. la. The
corresponding pK; values are given in Table 1. For pH values in
the range of 7-10 the predominant species is the triply-charged
anion Cit*” (C¢HsO5>"). The distribution of its complexes with Ni**
is shown in Fig. 1b, as a function of the overall concentration of

citrate at pH = 8. The corresponding log(/)’n) Z pK; values,

where f, are the equilibrium constants for the reactlons Me + nL
— [MeL,] that form the protonated complexes, are provided in
Table 1. Two complexes are shown. Free Ni*" and [NiCit]” are
seen to be the predominant species, as long as the concentration
ratio is Cit/Ni < 1. The concentration of free Ni*" falls almost to
zero when the above ratio reaches unity. As the concentration of
citrate is increased further, a different complex, [Ni(Cit),]* be-
comes predominant. When the ratio Cit/Ni > 4, all the Ni*" ions are
in this highly charged complex, which is very stable, and deposi-
tion of Ni from it is strongly impeded. Thus, although citrate is a
very useful ligand for plating baths containing nickel, a large stoi-
chiometric excess may be detrimental to their performance.

In this context, it is appropriate to draw attention to an error
often committed in electroplating, and particularly in alloy plating.
In plating transition metals and their alloys, a citrate bath is often
used and the pH is in the range of 6-9. The purpose of using the
citrate (or other organic poly-acids) is to form a complex and pre-
vent deposition of hydroxides of the metals. An unspecified
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amount of ammonium hydroxide (NH4OH) is often added to in-
crease the FE and fine-tune the pH to the chosen value. The fact
that NH;3 forms well-known complexes with most transition met-
als, as shown in Fig. 2a for the case of Ni*" (see pK, and log(/3,)
values in Table 1), is ignored, in spite of the fact that it could
change significantly the distribution of the metal ions in the differ-
ent complexes that can be formed in the system. A detailed
discussion of this issue is given below, in the section dealing with
induced codeposition of Ni-W alloys. Finally, Fig. 3,%"*”” summa-
rizes most of the metal pairs that have been codeposited
electrochemically, either commercially or in laboratory studies.

Table 1
Equilibrium Constants for Acid Dissociation and Complex
Formation. An Increased Index Number Reflects a Higher
Deprotonation/Complexation State

Species/Complex pK. log(Bn) Relevant Ref.
figure
[(H)u(Cit)] PKi=2.96  log(B:)=2.96 la 193
n=-1 corresponds to  pK, =4.38 log(B,) = 7.34
[H Cit]* pKs =5.68 log(Bs) = 13.02
(c.f. caption to Fig. 1) pKy=10.82 log(Bs) = 23.84
Ni(Cit), "2 pK, =5.50 log(B) = 5.50 b 195
pK>=2.30 log(B.) = 7.80
[Ni(NH;),]* pK; =2.80 log(B)) = 2.80 2a 194

pK,=2.24 log(B,) = 5.04
pKs;=1.73 log(Bs) = 6.77
PR4=1.19 " 1og(By) = 7.96
sz =0.75 10g(l35) =871

PRe=003  log(p) =8.74
NH," / NH; PKi=925  log(B)=9.25 2b 193
[(WONCIt)(H)] ™  pKi=4.64  log(B)=4.64 8 137

pK, = 6.82 log(B,) = 11.46
pKs=1021  1og(B;) =21.67

[(MoO,)(Cit)(H),,] ©™  pK, =4.58 log(B) = 4.58 13a 196
pK, =6.83 log(B,) = 11.41
pK;=8.25 log(B;) = 19.66
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Figure 2. (a) Concentration distribution of [Ni(NH;),]** complexes as
a function of the overall ammonia concentration (0.1 M NiSOy, pH =
8.0, pK, = 9.25). The numbers adjacent to the curves represent the
values of » in the above formula. (b) The relative abundance of NHj
and NH," as a function of pH (pK, = 9.25).
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Figure 3. Metal pairs that have been codeposited electrochemically: O = Demon-
strated in laboratory studies and/or small-scale applications, B = Technically
interesting, widely employed alloys. Reprinted from Ref. 6, Copyright (2004) with
permission from Elsevier.

(iiiy Anomalous Alloy Deposition

The term anomalous codeposition (ACD) was first introduced
by Abner Brenner,”® to describe an electrochemical deposition
process in which the less noble metal is deposited preferentially
under most plating conditions. This behavior is typically observed
in codeposition of iron-group metals (i.e. Fe, Co and Ni) or in co-
deposition of an iron-group metal with Zn or Cd, with either
inhibition or acceleration of the rate of deposition of one of the
alloying elements by the other.””*®*

As a first approximation, one might expect that the composi-
tion of an electroplated alloy would be related to the current
observed for each of the elements, when measured alone in the
same solution at the same potential. Assume, for simplicity, that
both metals are deposited at high negative overpotentials, within
the linear Tafel region (where 77/b > 1). Then, one could write the
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partial cathodic current densities in terms of the activation overpo-
tentials as

. . ac F : (=71¢.1 /b1)
i.1=—Ipexpl ——= =—iy x10" Tt/ 21
el 0,1 P[ RT ﬂc,lJ 0,1 (21)
. . acoF . ey /b
ic) =—10’2exp(——;T Uc,zJZ—lo,z x10e2/b2) (22)

where b is the Tafel slope (in units of V decade™), « is the ca-
thodic transfer coefficient, and the subscripts 1 and 2 refer to the
two elements. It can be noticed that the transfer coefficient is
simply the inverse Tafel slope in dimensionless form:

(23)

Typical values of b, are in the range 30 to 300 mV decade ',
corresponding to o values of 2 and 0.2, respectively, but values
close to 0.1 V decade™ are most commonly observed in metal de-
position. When the exact value for a specific system is unknown,
the approximation b, = |b] = 0.12 V decade' has often been used,
although there is no theoretical basis to support this choice, and it
would be more accurate to obtain the value of b, from a,, employ-
ing the simple relationship
=n (24)

U

The exchange current densities and the Tafel slopes for two
metals are in general different, although they may happen to be
close to each other for a particular case. The overpotential is not
the same for the two metals, of course, although deposition takes
place at the same potential, measured with respect to a given refer-
ence electrode. In other words, at the deposition potential, Egep,
one has
(25)

rev,2

m= Edep - Erev,l and m= Edep -E
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Assuming, for simplicity, that the two Tafel slopes are equal, the
atom ratio of the two elements in the alloy should be given by

i i E —-E
c—’l=.0—’lexp(— rev,1 rev,2) (26)

e o2 be

independent of the deposition potential. If this is observed experi-
mentally to be the case, then alloy deposition should be considered
normal or ordinary. As it turns out, such behavior is the exception
rather than the rule!

In Fig. 4, the partial current densities for two metals are
shown. Having the case of Ni-Fe alloy in mind, typical values
were chosen for i, and b, as specified in the caption of this figure.
A line for hydrogen evolution is also shown, from which the Fara-
daic efficiency could be calculated as
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Figure 4. The effect of applied (deposition) potential on the partial ca-
thodic current densities for codeposition of iron and nickel, as well as
hydrogen evolution. Parameters used: ioni = 2x10° A cm 2, oieni= 0.49,
iope = 1x10°% A em?, dlgpe=0.79, ip = 5x10'° A em 2, a o= 0.45.
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FE=_Nitle 27)
i +ire +i11

The only quantity in this equation that can be measured directly is
the total current density. The partial current densities for each of
the three reactions are obtained by weighing the deposit and ana-
lyzing its composition. Each of the current densities is calculated
from the Butler-Volmer equation

i =ig; [exp(aaFn/RT)—eXp(— acFU/RT)] (28)

using the relation given in Eq. (24) to calculate the values of ¢,
corresponding to each assumed value of ¢.. The total current den-
sity that would be measured (also shown in Fig. 4) is the sum of
three partial current densities

I= INi tiFe TIH (29)

The point of presenting Fig. 4 is the following. First, it shows
that alloy deposition is complex, including (usually) at least three
reactions occurring in parallel. It cannot be over-emphasized that,
in the usual interpretation of kinetic parameters such as the Tafel
slope, reaction order, effect of pH etc., it is tacitly assumed that
only one reaction is taking place. Thus, such analysis is inherently
inapplicable to alloy deposition. When three parallel reactions take
place simultaneously, each having its own exchange current densi-
ty, overpotential and Tafel slope, there is no justification to assume
that the Tafel plot would be linear. Moreover, its value (or, per-
haps, one should say “its apparent value”) cannot easily be
associated with the mechanism of deposition of one of the alloying
elements or the other, or of the alloy as such.

A well-known example of anomalous alloy deposition is the
plating of Permalloy™." Considering that the values of E° for

*

A trademark of the Western Electric Co. for Ni-Fe alloys containing 20-60 at.%
Fe, mostly used as a 80 at.% Ni — 20 at.% Fe alloy, which has high magnetic per-
meability and high electrical resistance.
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nickel and iron are —0.25 V and —0.44 V vs. SHE, respectively, one
might expect that nickel would be deposited more readily, and it
would be difficult to reach a concentration of 20 at.% iron in the
alloy, although the exchange current density of iron is five times
larger than that of nickel (1x107 vs. 2x10° mA ¢m ” in 2.0 N so-
lutions of their respective sulfates at room temperature®). In fact,
the opposite is found experimentally. If the plating bath contains
equal concentrations of the two metals, the concentration of nickel
in the alloy will be below the desired level. The proper alloy is
deposited from a bath containing a much higher concentration of
Ni*" than Fe** ions.*™

It would seem that mixing the two ions creates some interac-
tion between them, which slows down the rate of deposition of the
component having a more positive standard potential. It was
shown by Landolt et al.?% that adding 0.025 M FeSO, to a solu-
tion of 0.2 M NiSO4 could reduce the partial current density for
deposition of nickel by as much as a factor of ten. On the other
hand, the same authors found that addition of 0.025 M NiSO, to a
solution of 0.25 M FeSO, could increase the partial current density
for deposition of iron by a factor of two or more. This is evidently
a case of anomalous codeposition of two metals.

(iv) Possible Causes of Anomalous Alloy Deposition

Although this chapter is about induced codeposition, and is
not meant to deal specifically with anomalous alloy deposition, a
few general comments would seem to be appropriate.

(a) The effect of partial mass-transport limitation

It should be recalled that the concentration of the electro-
active species at the surface of an electrode is always lower than
its bulk concentration, following the simple relationship

i (30)
Chulk L

Thus, even if the concentrations of two metal ions in the plating
bath are equal, their concentrations at the surface, which determine
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the rate of deposition, may be quite different, if their partial current
densities are different. Plating of interest in industry is usually
conducted at the highest current density compatible with produc-
tion of high-quality coating (i/ip ~ 0.3). However, this might not be
a simple guideline to follow because:

e a limiting current may not be observed experimentally, as
hydrogen evolution becomes predominant at negative po-
tentials;

e the limiting current that is relevant is that measured for each
of the alloying elements separately, and this could be quite
different for the two metals. The reason for this is that the
desired alloy does not necessarily contain equal amounts of
the two metals, hence the partial current densities are differ-
ent;

e considering that alloy deposition is often anomalous, the
composition of the alloy may not scale linearly with the
concentrations of the metal ions in solution.

The consequence of all of this is that, during alloy plating, the de-
position of the two metals may be under different degrees of mass-
transport limitation, while the hydrogen evolution reaction usually
occurs under conditions of activation control. Should this be the
case, the alloy composition would depend on the total current den-
sity applied and on the conditions of mass transport. As it often
happens, this may be a mixed blessing. On the one hand, it re-
quires well-controlled and reproducible conditions of mass
transport in order to obtain deposited layers of uniform composi-
tion. On the other hand, it could be used as a tool for producing
alloy coatings of graded or alternating composition in the same
solution, which may improve bonding and enhance resistance to
thermal shock, by changing the applied current density.

(D) The effect of Faradaic efficiency

Hydrogen evolution occurring in parallel with metal deposi-
tion is a sore point in electroplating. The situation is even worse in
the case of alloy deposition. If the plating bath is strongly buffered,
which is often the case, the rate of hydrogen evolution is largely
activation-controlled over the whole operating range of the bath.



224 Noam Eliaz and Eliezer Gileadi

On the other hand, the rate for metal deposition could be partially
controlled by mass transport. For deposition of a single metal, the
immediate consequence is that the FE could be a function of the
mass transport regime (stirring, movement of the cathode in an
actual plating bath, and rotation rate in a laboratory experiment).
Moreover, since the rate laws for the kinetics of hydrogen evolu-
tion and metal deposition are in general different, it follows that
the FE would also be a function of both the applied current density
(or potential) and the temperature. In the case of alloy deposition,
if the FE is significantly lower that 100%, the situation could be
more complicated, since the composition of the alloy could be a
function of the FE. But the kinetics of hydrogen evolution is itself
a function of alloy composition and surface morphology, since the
two alloying elements will, in general, have different catalytic ac-
tivities with respect to this reaction. If the alloy is a solid solution,
one may expect that the exchange current density for hydrogen
evolution on the surface of the alloy would be a weighted average
of its values on the two elements. However, if the alloy consists of
segregated phases, or if intermetallic compounds are formed dur-
ing deposition, there is no telling how the rate of hydrogen
evolution (and, hence, the FE) may change. The point to remember
is that the overall FE observed will affect the partial currents of
deposition of the different alloying elements, which will influence
the composition of the alloy, thus possibly having a pronounced
effect on the overall FE, and so on.

(¢) Formation of adsorbed intermediates

The formation of a monovalent species in deposition and dis-
solution of divalent ions of the iron-group transition metals is
commonly assumed in the literature. Since the monovalent ions
(such as Fe") are unstable in solution, they are assumed to be ad-
sorbed on the surface, either as the ion itself or as a hydroxide,
such as FeOH,4. This could stabilize the monovalent form of the
element. Moreover, since a monovalent hydroxide is not known to
exist in solution, one does not know its solubility product, and the
possibility of the existence of this adsorbed species, even in solu-
tions of low pH, cannot be ignored a priori. Unfortunately, the
nature of the adsorbed intermediate, or even the evidence for its
existence on the surface, is at best circumstantial.
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In the work of Landolt et al.*** inhibition of the partial cur-
rent density of nickel by the addition of iron to the plating bath
occurred when the concentration of Ni** ions was eight times larg-
er than that of Fe** ions. This would seem to support the notion
that inhibition is due to formation of some adsorbed species con-
taining iron, since there is not enough Fe’" in solution to interact
with all the Ni*", reducing its rate of deposition.” It is more diffi-
cult to explain the mechanism of enhancement of deposition of
iron by nickel. Although the above authors***° did provide a simu-
lation that could explain the behavior observed experimentally, at
least partially, further detailed studies of this phenomenon would
be needed to verify the mechanism proposed.

(d) The solution chemistry

Alloy deposition could involve rather complex solution che-
mistry, as noted above, which has not been investigated at
sufficient depth in the analysis of the anomalies observed.

When a suitable complexing agent is used, different complex-
es could be formed. For example, complexes of the form
[Ni(NH;),]*" with n = 1-6 can be formed. In this case, the stability
constants for each of the species are known, hence the relative
concentrations of all the Ni-NH; complexes can be calculated as a
function of the concentration of Ni** and of NH; (cf., Fig. 2a). De-
position of nickel can take place from each of these complexes, but
the relative rate may depend on the number of ligands in the com-
plex. When citric acid is added and the pH is adjusted to 8, the
predominant species in solution is Cit"". This can form two differ-
ent complexes with Ni*', either [Ni(Cit)]” or [Ni(Cit),]* (cf,, Fig.
1b). Nickel can readily be deposited from the former, but not from
the latter. Moreover, when the molar ratio Cit* /Ni** > 4, most of
the nickel is sequestered in the second complex above, inhibiting
almost completely the deposition of nickel.

In alloy deposition, the possibility of formation of mixed-
metal complexes containing ionic species of both metals and a

£
It could well be that even a lower concentration of iron in solution would have a
strong inhibiting effect, but this was unfortunately not tested in the above pa-
89,90
pers.””
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suitable ligand should also be considered. For the induced codepo-
siton  of  W-Ni alloys, the mixed-metal complex
[(Ni)(HWO,)(Cit)]* was assumed to be the electro-active spe-
cies,” as will be discussed below.

(v) Induced Codeposition

Certain elements, such as W, Mo, Ge and P cannot be depo-
sited alone from their aqueous solutions. Nevertheless, they may
readily be codeposited with iron-group elements. The term induced
codeposition was coined by Brenner in 19637 to describe a situa-
tion where

“a metal that cannot be deposited alone from its aqueous
solution is codeposited in the presence of another metal,
forming an alloy.”

It was applied first to describe the electroless deposition of Ni-P
alloys,” and later for electroplating of alloys of W and Mo with
the iron-group metals.

It is of great interest from the scientific point of view, as well
as for the development of plating baths, to understand the mechan-
ism of induced codeposition. This may undoubtedly be considered
to be anomalous in the sense that the composition of the alloy can-
not be predicted from the electrochemical behaviors of the
individual alloying elements. It cannot be measured by the crite-
rion given in Eq. (26) above for anomalous codeposition of alloys,
since one of the alloying elements cannot be deposited by itself.
Nevertheless, some similarities do exist. Podlaha and Landolt’™’
studied the induced codeposition of Mo-Ni alloys and concluded
that the precursor for deposition of the alloy was an adsorbed
complex containing both metals. In a later study of anomalous
codeposition of iron-group transition metals,*”*" Landolt et al.
found an inverse influence of the two metals in solution on their
respective rate of deposition. For example, adding Fe** to a nickel-
plating bath inhibited the rate of deposition of nickel, while adding
Ni*" to an iron-plating bath accelerated the rate of deposition of
iron. The catalytic effect of Ni*" on the rate of deposition of iron
was explained assuming a model similar to that proposed for the
effect of Ni** on deposition of molybdenum.
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In recent studies of induced codeposition of Ni-W alloys, Gi-
leadi et al.”** reported that increasing the concentration of Ni** in
the bath led to a distinct increase of the partial current density for
deposition of tungsten. However, unlike the case of anomalous
codeposition of Fe-Ni alloys, it was also observed that increasing
the concentration of WO,> in solution led to an increase of the
partial current density for deposition of nickel. Thus, induced co-
deposition of Ni-W alloys seems to be a true synergistic effect,
where increasing the concentration of either metal ion in solution
leads to an increase of the partial current density of the other. This
behavior was explained by postulating the formation of a soluble
complex containing both Ni** and WO,*", which is the precursor
for the deposition of the alloy.

(i)  Electroless Deposition of Alloys

Electroless deposition, or autocatalytic plating, may be de-
fined as “deposition of a metal coating by a controlled chemical
reduction, catalyzed by the metal or alloy being deposited.” Elec-
troless deposition has been known for a long time. One of its early
uses was the deposition of a mirror-like layer of silver on the in-
ternal surfaces of Dewar flasks for improved thermal isolation, and
as the back coating of mirrors. Later, it was used for deposition of
different metals and alloys, and even for induced codeposition of
alloys.

An electroless-plating bath consists of a soluble salt of the
metal or metals being deposited and a suitable reducing agent. As
in any plating bath, suitable additives are also used to improve the
product, but these will not be discussed here. It is important to
remember that electroless deposition is inherently an electrodepo-
sition process, conducted under (nearly) potentiostatic conditions.
The source of electrons for the reduction process is, of course,
different—in electrodeposition it is the power supply, via the me-
tallic electrode; in electroless deposition it is the reducing agent. In
both cases the potential is maintained by and large constant, even
if the current is the externally controlled parameter, as long as the
solution is not exhausted from its electro-active components. In
electroless deposition the potential across the interface is con-
trolled through a corrosion-type mechanism, by the balance
between the rate of oxidation of the reducing agent and the rate of
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reduction of the metal ions, either of which could be the rate-
limiting factor, depending on the composition of the bath. Hence,
the rate of metal deposition can be determined, in principle, by
micro-polarization measurements, following the common method
to determine the corrosion current.

The composition of the bath should be chosen such that the
rate of metal deposition will be well below the mass-transport-
limited rate. Proper selection of the type and concentration of the
reducing agent can achieve this. The main advantage of electroless
deposition, compared to electroplating, is that metals can be depo-
sited on non-conducting surfaces. This is widely used as a first
step for electrodeposition in many engineering applications, as
well as for ornamental purposes. The other advantage is that the
primary current distribution, caused by the shape of the part being
plated and the distance of various parts from the anode, has no
effect in electroless deposition, because there is obviously no
anode. In this sense electroless deposition can be considered as
being conducted under conditions equivalent to electrodeposition
under secondary current distribution. On the other hand, partial
mass-transport limitation is not eliminated, hence ternary current
distribution, which determines the micro-throwing power and, in
some cases, the surface morphology of the deposit, cannot be ig-
nored.

Electroless deposition is usually a slow process, and it is
therefore limited to formation of relatively thin layers. Since the
development of surface roughness in metal deposition has a built-
in positive feedback effect, causing the roughness to increase with
increasing thickness of the deposit, this is less of a problem in the
case of electroless deposition.

The main disadvantage of electroless deposition is that the
plating bath is inherently unstable. Hence, a delicate balance must
be struck between the desire to have a stable bath and, yet, allow
reasonably high rates of deposition. The surface of the substrate
being plated must be activated, to ensure that deposition will only
occur where needed. The rate of electroless deposition cannot be
controlled as readily as the rate of electroplating, although some
control can be achieved by varying the concentration of the reduc-
ing agent in the bath and by controlling the rate of mass transport
and the temperature.
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In view of the inherent similarity between electroless deposi-
tion and electroplating, it is not surprising that anomalous
codeposition and induced codeposition can be performed by both
methods. A most important early case was the development of an
electroless plating bath for deposition of amorphous Ni-P alloys by
Brenner.”*” The reducing agent in this bath was sodium hypo-
phosphite (NaH,PO,). The same reducing agent was used recently
by Shacham-Diamand et al.”®'* in electroless deposition of Co-
W-P alloys as barrier layers for ULSI devices.

II. CASE STUDIES
1. Tungsten Alloys Containing Ni, Co and Fe

(i) Properties of Tungsten Alloys

Selected properties of tungsten (W) are listed in Table 2, in
comparison to the respective properties of molybdenum (Mo) and
rhenium (Re), which will be discussed in the following sections.
The attribute ranges were taken from the Cambridge Engineering
Selector'™ material database, and reflect different thermal condi-
tions and suppliers of the commercially pure metals. Of all metals
in the periodic table, tungsten possesses the highest melting point,
the lowest linear thermal expansion coefficient, the highest tensile
strength, the fourth Young’s modulus of elasticity, and the sixth
thermal conductivity. It maintains most of its strength and hard-
ness at fairly high temperatures, and is also highly corrosion
resistant, being stable in any single mineral acid at room tempera-
ture. At the same time, it is one of the densest metals, lacks ducti-
lity, and is oxidized in air only at temperatures above 1,000°C.
It is fairly expensive and has limited availability.

Attempts to electrodeposit pure tungsten date approximately
140 years back. Nowadays, however, it is commonly accepted that
this metal cannot be deposited alone from its aqueous solutions,
but can be codeposited as an alloy, exhibiting a unique combina-
tion of properties. For example, Ni-W alloys have good
mechanical properties (e.g., high tensile strength and premium
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Table 2
Selected Properties of Tungsten, Molybdenum and Rhenium
Property W Mo Re
Atomic number 74 42 75
Atomic mass, M (g mol™) 183.8 95.9 186.2
Oxidation states 2,3,4,5,6 2,3,4,5,6 -1,2,4,6,7
Crystal structure bee bee hep
Atomic radius, 7peal (A) 1.41 1.39 1.37
Density, p (g cm®) 19.25-19.35 10.1-10.3 21.00-21.02
Melting temperature, 7, (°C) 3,410-3,420 2,607-2,622 3,157-3,181
Linear thermal expansion 4.2-4.6x10°° 4.8-55x10°  6.00-7.25x10°°
coefficient, o (°C™")
Thermal conductivity, 170-175 129-147 45-48
(W m'K™)
Specific resistivity, p (Q-m) 5.4-6x10°* 5.2-6x10°  18.7-20.0x10°®
Tensile strength, o, (MPa) 1,670-3,900 380-2,100 1,000-2,500
Yield strength, o, (MPa) 1,350-3,500 170-2,000 280-2,350
Young’s modulus of elasticity, 340-405 315-343 461-471
E (GPa)
Strain at fracture, & (%) 1-25 1-45 1-30
Poisson’s ratio, v 0.27-0.29 0.29-0.295 0.255-0.265
Hardness (MPa) 4,500-8,500 1,500-6,500 2,600-7,500
Fracture toughness, K. 120-150 20-40 120-150

(MPa+/m )

hardness, as well as superior abrasion resistance), good resistance
to strong oxidizing acids, and high melting temperature.”®""
931041 Tt wwas reported,'® for example, that the corrosion rate of
an amorphous Ni-W deposit in hydrochloric acid at 30°C is only
1/40 that of type 304 stainless steel, commonly used in industry. In
general, the passivation current density (i) drops remarkably
with the addition of tungsten to nickel. While the hardness of the
as-plated alloy is typically in the range 650-750 VHN, heat treat-
ment at temperatures ranging from 190°C to 600°C for 12 to 24
hours can raise the hardness to 1,200—1,400 VHN due to precipita-
tion hardening.''*'"!
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(ii) Applications of Tungsten Alloys

Tungsten and its alloys, including those with iron-group met-
als, have been used in filaments of incandescent lamps, electrical
contacts, resistors, heating elements, thermocouples, cutting tools,
X-ray targets, balance weights, anti-vibration tooling, bearings,
radiation shields, nozzles of rocket engines, heat sinks, mold in-
serts, magnetic heads and relays, crucibles, extrusion dies, high-
strength wires and springs.'”® Tungsten is also used as an alloying
element in high-speed tool steels and corrosion-resistant alloys.”
Recently suggested applications include barrier layers or capping
layers in copper metallization for ULSI devices or MEMS, elec-
trodes catalyzing hydrogen evolution from alkaline solutions, and
substitutes for hard chromium plating with a good combination of

wear and corrosion resistance (e.g., in the aerospace industry).’”
93,104-116

(iii)  Electrodeposition of Tungsten Alloys

The first deposition of a tungsten alloy (W-Fe) may be attri-
buted to Fink and Jones,'” although these authors mistakenly
claimed to have deposited pure tungsten. Soon afterwards it was
realized that, although tungsten could not be electrodeposited from
an aqueous solution of sodium tungstate (Na,WO,) or any other
soluble compound containing this element, induced codeposition
could take place if the plating bath contained iron-group metals,
namely nickel, cobalt or iron. Golt'tz and Kharlamov''® developed
already in 1936 practical plating baths for alloys, by replacing the
highly alkaline carbonate solutions with ammoniacal solutions.
From these ammoniacal baths, they deposited W-Ni alloys 0.2-mm
thick at FE of up to 30%. However, porous and weak deposits re-
sulted from the excessively high current densities with respect to
the low metal content of the bath. Next, several investigators found
that the addition of organic poly-hydroxy acids (e.g., citric, tartar-
ic, malic, gluconic, hydroxy acetic, or saccharic) into ammoniacal
baths improved the FE and the solubility of the metal ions in the
bath. Consequently, smooth, hard and thick deposits of the alloys
could 17)8e formed at lower current densities and at FE approaching
100%.
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Here, we shall focus only on moderately alkaline solutions for
electrodeposition of tungsten-based alloys. The reason is that acid-
ic solutions have been reported to be of limited practical value,
because of the poor deposits that were obtained from them. Never-
theless, for comparison to electrodeposition in moderately alkaline
solutions, several characteristics of electrodeposition from acidic
baths are summarized. Iron was found to induce codeposition of
tungsten more effectively than nickel or cobalt. An increase of pH
in the range of 2 to 5 had a negligible effect on the composition of
the alloy, but at the same time increased significantly the FE. Vari-
ations in the current density and temperature had little effect on the
composition of the alloys, except for the Fe-W alloys, for which
the tungsten content decreased considerably as the current density
was decreased. Increasing the temperature resulted in the produc-
tion of deposits having a more metallic appearance, and in an
increase in the FE.”®

The binary alloys of tungsten with iron, cobalt and nickel are
readily deposited from moderately alkaline baths. Typical bath
compositions and operating conditions are listed in Appendix A. A
complexing agent is typically added and forms a soluble complex
ion with the iron-group metal. The W-Fe alloys are the most readi-
ly obtained with high W-contents, but the quality and thickness
that could be achieved were the least satisfactory. The W-Ni alloys
were reported to produce the lowest tungsten content, which was
usually found to be in the range of 5-25 at.% (13-50 wt.%).”® In
order to further improve the tribological properties and thermal
stability of the coating, it is sometimes desirable to increase its
tungsten content. Unfortunately, this has been found difficult, even
when the WO,? ion in solution is in large excess compared to the
Ni*" ion. One possible way to increase the tungsten concentration
in the alloy is to apply periodic reverse pulse plating, which may
also increase the throwing power and the deposition rate, as well
as improve the properties of the deposit (e.g., reduce residual
stresses and porosity, refine the grain size, improve wear and cor-
rosion resistance, etc.)'™ Another route was suggested by Gileadi
and co-workers, who removed the NH; from the plating bath,
while using citrate as a complexing agent, thus increasing the
tungsten content of the alloy to nearly 50 at.% .°">'**'% The best
plating conditions for obtaining sound and thick deposits at good
FE are high concentrations of the iron-group metal in the bath,
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elevated bath temperatures and moderate current densities. How-
ever, some of these conditions may lower the concentration of
tungsten in the resulting alloy.

Brenner reviewed several variables that affect the tungsten
content in the deposit.”® The most important parameter is the ratio
of concentrations of tungstate to nickel ions. In general, as this
ratio is increased, the tungsten content in the deposit increases,
until it approaches a limit of approximately 50-60 wt.% for Fe-W
and Co-W alloys, and 30 wt.% for Ni-W alloys. Another variable,
the type of complexing agent, had a moderate effect on the
tungsten content in the deposit. The composition of the alloy depo-
sits obtained from ammoniacal baths, on the other hand, was not
significantly affected by variations of pH between 8.0 and 10.0.
This claim of Brenner, however, is contradictory to the recent find-
ings of Gileadi et al.”*** Typically, the tungsten content in Co-W
and Ni-W alloys increases slightly and the FE decreases with in-
creased current density. For Fe-W alloys, the W-content in the
deposit was found to be less affected by current density. The bath
temperature has an important effect on the FE and soundness of
deposits. In addition, the tungsten content of the deposit usually
increases at elevated temperatures.

The effects of several variables on the FE, tungsten concentra-
tion in the alloy, the deposit structure, thickness and hardness on
stationary working electrodes were studied recently by Eliaz et al.,
for ammonia-free, citrate-containing Ni-W plating baths.'**'*® The
FE was found to increase with the concentration of Ni*" and de-
crease with increasing current density. The nickel content of the
bath also affected tungsten content in the deposit. While the W-
content was in the range 30-35 at.% for both the 0.05 M Ni*" and
the 0.10 M Ni*" baths (containing 0.4 M tungstate and 0.5 M ci-
trate) at all current densities, it increased significantly to 67 at.%
for the 0.01 M Ni** bath. However, this was associated with very
low FE and reflects a poorly adhering, thin deposit, rather than the
good Ni-W deposits obtained at higher concentrations of Ni*" in
solution and, correspondingly, lower tungsten concentration in the
alloy. For comparison, Younes and Gileadi'” previously reported
a maximum FE of 11% and a maximal tungsten content of about
67 at.% in two different baths containing different concentrations
of Na,WO,. An increase in the concentration of Ni** was also re-
ported to cause a significant increase in the FE.”*'** Furthermore,
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it was reported that an increase in the concentration of Ni** results
in an increase in the rate of both Ni and W deposition,'*>'*® but the
tungsten content in the alloy decreases.”

The concentration of citrate ions also affects the FE and W-
content of the deposit. The effect was found to depend on current
density and on the concentration of nickel ions in the bath. In gen-
eral, the FE was found to decrease as the concentration of Cit*
was increased. At a low current density (5 mA cm™), the tungsten
content increased from 10 to 33 at.% as the concentration of Cit*
was increased from 0.25 M to 0.60 M. At a higher current density
(15 mA cm™), however, the trend reversed and the tungsten con-
tent increased from 31 to 60 at.% as the concentration of Cit*~ was
decreased. The effects of the citrate ion concentration on the FE
and on the tungsten content in the deposit were studied in solutions
of very low concentration of Ni*" ions, and the FE was also found
to decrease with increasing Cit*” concentration.

It is well known that the tungsten content of the alloy depends,
among others, on the type of the complexing agent used in the
bath. Citrate baths were reported to yield higher tungsten content
than those containing tartrate or malate. However, an increase in
the concentration of Cit*” was sometimes found to result in a de-
crease in both the FE and the tungsten content.”**'** Huang,'”’ on
the other hand, reported that addition of diammonium citrate to a
sulfamate bath resulted in an increased concentration of tungsten
in the alloy, but the residual stresses were also increased. In a bath
containing 0.10 M Ni*" and 0.10 M WO,*, Younes and Gileadi
observed’” that the tungsten content of the alloy increased when
the concentration of Cit®” was increased up to 0.50 M, but then
started to decrease. The FE decreased dramatically when the con-
centration of citrate exceeded 0.20 M, i.e., when the molar
concentration of citrate exceeded the sum of concentrations of
nickel and tungstate ions. The deposition potential shifted in the
negative direction with increasing citrate concentration, first sharp-
ly and then moderately. The decrease of FE and the shift of
potential indicate that the main reaction taking place in the pres-
ence of excess Cit’ is hydrogen evolution, and this side reaction
has a dominant effect on the potential. It was concluded that ci-
trate, being a strong complexing agent for Ni*", tends to sequester
this ion in a stable complex of [Ni(Cit),]*, decreasing the availa-
bility of Ni*" to form a mixed Ni-WO,-Cit complex, which is
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essential for the induced codeposition of tungsten (cf., Section
2.1.4). The relative effect on nickel was found to be stronger up to
a concentration of 0.50 M citrate and weaker at higher concentra-
tions, leading to a maximum tungsten content at a Cit’"
concentration of about 0.50 M.

The effect of nickel sulfamate, saccharin and sodium chloride
as additives was studied by Eliaz et al.'"*'®® The effect of adding
nickel sulfamate to a bath containing 0.10 M NiZ*, 0.40 M WO,>
and 0.50 M Cit* was to increase the FE. This observation was
more pronounced at high than at low current densities. The in-
crease in the FE was accompanied by a slight decrease in the
tungsten content of the alloy. The morphology of the coating, ob-
served by SEM, did not change significantly as a result of nickel
sulfamate addition. However, metallographic cross-sections did
show a remarkable increase in the thickness of the coating at a
high current density. The addition of saccharin (14.6 mM) in-
creased the FE at high current densities and decreased the tungsten
content of the alloy at low current densities.

Adding sodium chloride (2—-5 mM) stabilized the FE at a near-
ly constant value, independent of current density. In contrast, the
FE dropped significantly at high current densities when chloride
was absent. The addition of chloride ions did not change the com-
position of the alloy significantly. It should be noted, however, that
excess chloride might be harmful to brightness and leveling.

Temperature is another important variable in the operation of
W-Ni plating baths. The effect of this variable depends on the
composition of the bath. When the bath contained tartaric and bor-
ic acids, both the tungsten content and the FE increased with
increasing temperature in ammonia-containing baths,'*® whereas
the effect of temperature on the tungsten content was small in am-
monia-free baths.'*’ Younes and Gileadi similarly observed that in
ammonia-free solutions, almost no effect of temperature on the
tungsten content exists, while the FE increases with temperature.'®
Krishnan et al.'"* also reported an increase in FE with increasing
temperature, while Yamasaki et al.'” described temperature ef-
fects both on the tungsten content and the ductility of the deposit.
Atanassov et al.''”> observed an increase in the tungsten content
with increasing temperature, both in unstirred and in stirred baths,
and explained this behavior in terms of favorable conditions for
tungsten transport toward the cathode surface. This argument can
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be questioned, however, since (a) it was not shown that mass-
transport limitation played a role in the deposition of tungsten, and
(b) it is not clear why the rate of mass transport of tungstate to the
surface would be enhanced by increasing temperature more than
the rate of transport of Ni** ions.

Eliaz et al.'™ also studied the effect of temperature within the
range of 30°C to 70°C in an ammonia-free bath, containing 0.10 M
Ni**, 0.40 M WO,* and 0.50 M Cit>". As the bath temperature was
increased, the FE increased. The tungsten content of the deposit
did not change much with temperature, and showed a rather irregu-
lar behavior, with perhaps some tendency to decrease with
increasing temperature. These results are in good agreement with
the previous work of Younes and Gileadi,'” keeping in mind that
the latter was conducted at a current density of 15 mA cm > only. It
was observed, rather unexpectedly, that in the higher temperature
range (50-70°C), a NiyW phase could be formed by electrodeposi-
tion.

Increasing the current density in the same bath composition
led to a decrease of the FE, whereas the tungsten content either
increased or passed through a maximum at 10 mA cm . At high
current densities, where the FE is low, hydrogen evolution be-
comes more dominant and causes additional agitation in solution.
Moreover, because Ni is deposited easily compared to W, higher
FE is expected to result if the concentration of Ni in the alloy is
higher. This implies some degree of mass-transport limitation, as
will be discussed below (cf., Section 2.1.4). The effect of current
density in the W-Ni system was also studied by others. Brenner et
al.'" observed a significant increase in tungsten content with in-
creasing current density in ammonia-citrate bath. Yamasaki et
al.'” reported a similar trend. Atanassov et al.''* noted a linear
increase in tungsten content with increasing current density, when
vigorous stirring was applied. On the other hand, a maximum was
observed at 5070 mA cm * in the absence of stirring. At current
densities higher than 20 mA cm the FE was 15-40% higher in
the stirred bath, where hydrogen evolution was less pronounced,
compared to an unstirred bath. Krishnan et al. '"* also monitored a
decrease in the FE with increasing current density. Finally, Huang
et al. ' reported an increase in residual stresses with increasing
current density.
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X-ray diffraction (XRD) studies have shown that the structure
of electrodeposited tungsten alloys is different from that of ther-
mally prepared tungsten alloys.”® Several structures have been
observed in the W-Ni system, depending on the operating condi-
tions and the chemical composition of the resulting
deposit.”?*!19+19%19% Below 20 at.% tungsten, a solid solution of W
in Ni, in the form of an fcc phase, is formed (as shown in Fig. 5a).
An amorphous Ni-W phase was observed’**'®* when the tungsten
content fell within the range of 2040 at.% (Fig. 5a). This metast-
able phase cannot be predicted from the equilibrium binary phase
diagram, according to which dual crystalline phases should
form within this concentration range. Younes et al. also observed
the formation of an orthorhombic NiW phase when the concentra-
tion of tungsten in the deposit exceeded 40 at.%,”"'* as shown in
Fig. 5a. It was argued that formation of equal amounts of Ni and
W in the alloy may be regarded as evidence, albeit circumstantial,
for the existence of a mixed nickel-tungstate-citrate complex. Lat-
er,” Younes et al. also reported the first plating of a body-centered
tetragonal NiW, phase. It was found that the NiW and NiW, phas-
es can be formed when the sum of the molar concentrations of
nickel and tungstate ions exceeds slightly the molar concentration
of the citrate ion, and the ratio of concentrations of WO42’ to NiZ*
ions is much larger than unity. It should be noted, however, that
the concentration of citrate should not be much lower than the sum
of concentrations of tungstate and nickel ions, otherwise precipita-
tion will occur. At higher citrate concentrations, the amorphous
Ni-W phase forms at room temperature and different current densi-
ties. On the other hand, under conditions of low current density (5
mA cm ) and higher temperature (50°C and above), the body-
centered tetragonal Niy;W phase can be formed electrochemically
in a reproducible manner,'” as shown in Fig. 5b.

Several studies were published in recent years on electrodepo-
sition of W-Co alloys. Donten and Stojek'™* wused pulse
electrodeposition to increase the tungsten content in amorphous
Co-W alloys. These alloys contained, in addition, small amounts
of boron or phosphorous. They showed that, if a symmetrical cur-
rent pulse was used, the tungsten content in the alloys reached a
maximum value of 41.4 at.%, which is higher than in the case of
direct current deposition. However, when using any asymmetrical
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Figure 5. X-ray diffraction spectra, demonstrating the effect of
bath temperature and operating conditions on the structure of
Ni-W electrodeposits. (a) A solid solution of W in Ni at 7 at.%
W with fec structure, an amorphous Ni-W phase at 33 at.% W,
and an orthorhombic Ni-W phase at 50 and 67 at.% W. Re-
printed from Ref. 93, Copyright (2003) with permission from
Elsevier. (b) The top two spectra demonstrate the deposition of
amorphous Ni-W phase on gold. The lower two spectra show
the (211) strongest reflection of the bet NigW phase. Reprinted
from Ref. 108, Copyright (2005) with permission from Elsevier.
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current wave form, the tungsten content in the alloy decreased.
The authors offered no explanation for this difference. Wikiel and
Osteryoung'' used anodic stripping voltammetry for monitoring
in-situ the concentration of cobalt ions during electrodeposition of
Co-W alloys on platinum micro-disk electrodes. A mechanism of
electrodeposition of a Co-W alloy using cyclic voltammetry was
suggested by Aravinda et al.'*? These authors assumed that the
deposition of W-Co alloys occurs from a cobalt-tungstate complex,
while the deposition of Co*" occurs via a stepwise reaction involv-
ing Co" ion as an intermediate. Although the present authors
would agree tentatively that the precursor for deposition of a Co-
W alloy is indeed a mixed-metal complex (based on the similarity
of this system to the Ni-W system), it is not clear how this conclu-
sion could have been reached based on measurements of cyclic
voltammetry alone, considering that the current observed
represents the sum of at least three different reactions occurring in
parallel (cf., Section 1.2.2).

Several theories were proposed to explain the mechanism of
induced codeposition of tungsten, but none could be confirmed
experimentally. Here, we summarize a few of these theories.
Firstly, it was assumed that tungsten-containing ions cannot be
discharged on a pure tungsten surface due to the self-polarizing
nature of tungsten, and that the presence of the iron-group metal
alters the characteristics of the surface, e.g., increases the overpo-
tential for the hydrogen evolution reaction.”® However, this
mechanism was later discredited, when it was observed that
tungsten could not be deposited even on mercury, although the rate
of hydrogen evolution on this metal is known to be very low.'"
Secondly, it was suggested that initially an oxide of tungsten is
formed on the cathode. This oxide is subsequently reduced by
atomic hydrogen, a reaction that is catalyzed by the presence of the
iron-group metal."** Thirdly, it was suggested that the deposition
potential of tungsten is too negative to be attained in aqueous solu-
tions, but becomes more positive as a result of formation of a solid
solution of tungsten with an iron-group metal.'*'**"*>13¢ One of
the drawbacks of this mechanism is that measurements of the heat
of solution of the two metals showed that it was too small to ex-
plain the shift in potential.”® Finally, it has been postulated that a
complex ion, containing both tungsten and an iron-group metal,
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forms in solution and that the discharge of this ion enables the si-
multaneous deposition of both metals.”

(iv)  New Interpretation of the Mechanism of Ni-W
Codeposition

With respect to the last type of mechanism, Gileadi and co-
workers recently studied the induced codeposition of W-Ni from
moderately alkaline baths containing citrate as a complexing agent,
with or without ammonia.”"**!!”” The range of bath composi-
tions and operating conditions is shown in Appendix A. The
working hypotheses in these studies were that:

1. A tungstate-citrate complex reacts with a nickel-citrate
complex, to form a mixed-metal complex, of the type
[(ND)(HWO,)(Cit)]*

2. This mixed-metal complex is the precursor for the deposi-
tion of the W-Ni alloy.

3. Nickel can also be deposited from its complexes with either
citrate (e.g., [NiCit] ) or NH; complexes of the form
[Ni(NH;),]*", where n = 1-6.

Although there has been no direct evidence for the formation of
the above mixed-metal complex, there are ample experimental
observations supporting the assumption that it is indeed formed
and serves as the precursor for deposition of the Ni-W alloys.
These indications include:

1. The mutual synergistic effect of nickel and tungsten on each
other. Thus, the partial current density for deposition of W
is increased as the concentration of NiSO;, is increased. Si-
milarly, increasing the concentration of Na,WOy, in solution
results in an increase in the partial current density for depo-
sition of Ni.

2. The W-content in the alloy increases markedly upon remov-
al of ammonia or ammonium salts from the bath.

3. The W-content in the alloy decreases markedly as the pH
exceeds 8.

4. An unexpected mass-transport limitation of the partial cur-
rent density for deposition of W is observed.
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In Fig. 6b the partial current density for deposition of tungsten
is shown to increase by a factor of about 10 with increasing con-
centration of nickel in a solution containing 0.1 M Na,WO, and
0.6 M citrate. In the same range of concentrations of Ni*" ions, the
concentration of W in the alloy decreases (by a factor of about
7.5). This is by no means surprising, and is consistent with the fact
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Figure 6. The effect of Ni*" ion concentration on the partial current
densities of nickel (a) and tungsten (b). All baths contained 0.1 M
WO,” and 0.6 M Cit*". Reprinted from Ref. 93, Copyright (2003)
with permission from Elsevier.
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that nickel can be deposited from several complexes in solution, in
addition to its being deposited as an alloy with tungsten. Thus, the
total increase in the partial current density for deposition of nickel
upon increasing its concentration in solution (Fig. 6a) far exceeds
the increase in the rate of deposition of tungsten. For the same
reason, the FE is found to increase dramatically with increasing
rate of deposition of nickel.”>'"

A similar synergistic effect of addition of WO,* on the rate of
deposition of Ni is shown in Fig. 7 for solutions containing 0.1 M
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Figure 7. The effect of WO,* ion concentration on the partial cur-
rent densities of nickel (a) and tungsten (b). All baths contained
0.1 M Ni*" and 0.6 M Cit*, pH = 8.0. Reprinted from Ref. 93,
Copyright (2003) with permission from Elsevier.
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NiSO, and 0.6 M citrate. As the concentration of WO,*> is in-
creased above 0.3 M, the partial current density for W deposition
increases sharply, while the partial current density for Ni deposi-
tion also increases. This is probably not due to any direct effect of
WO,* on the rate of deposition of Ni, but to the fact that an in-
creasing proportion of Cit*” ions is complexed by WO,*". Hence,
for WO,*~ concentrations of 0.3, 0.4 and 0.5 M, the ratio of free
Cit" (i.e., citrate not complexed with tungstate) to Ni*" changes
from 3 to 2 to 1, respectively, making it gradually easier to deposit
Ni, as its predominant species in solution changes from the highly
charged [Ni(Cit),]* to the simpler [NiCit]", and it is well known
that the complex containing two citrate ions sequesters the Ni*"
jons. In addition, increasing the concentration of WO,*" in solu-
tion, at a constant concentration of all other components of the
bath, can increase the rate of formation of the mixed-metal com-
plex, from which both tungsten and nickel are deposited.”

The effect of ammonia is discussed below, in conjunction with
the effect of pH. As described in Section 1.2.2 and in Fig. 1a, citric
acid can exist in different forms, depending on pH. The pK, values
corresponding to the three acidic groups and the alcohol group are
2.96, 4.38, 5.68, and 10.82, respectively (see Table 1). The com-
plexes of tungstate with anions of citrate are of the form

[(WOL)(Cit)(H),,] *3™ 31)

depending on the pH of the solution and the relative concentrations
of citrate and tungstate."”’ Several protonated forms, which can be
represented by the equation [(WO,)(Cit)(H),] ™ exist, where m
can assume values of 1-3. The corresponding log(/,) values are
given in Table 1. Figure 8 shows the calculated concentration dis-
tributions for tungstate-citrate complexes as a function of pH.
According to this figure, in the range of pH = 6.8-10.2, the pre-
dominant species is the complex containing only one proton (m =
1), which can be notated as [1,1,1]* for brevity. Since Cit* is not
protonated at this pH, it may be assumed that the hydrogen atom
originates from the partially protonated HWO, ion.”” It is assumed
that the complex [(WO,)(Cit)(H)]* is the precursor for the forma-
tion of the mixed-metal complex with Ni**, [(Ni)(HWO)(Cit)]*".
When the pH is further increased, the [1,1,1]7* complex is depro-
tonated. The resulting complex would have been [(WO,4)(Cit)]*,
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but this is destabilized by its high negative charge of -5, so that
WO,> is formed. As a result, the concentrations of the mixed-
metal complex in solution and the W-content of the deposit are
decreased. At pH lower than 7.0, the concentration of the [1,1,1]*
complex is decreased, and at pH 6.0 most of the tungstate is bound
in the [1,1,2]> complex. At pH lower than 4.0, the dominant com-
plex in solution is the [1,1,3]* complex,”"** but this range of pH is
not relevant in the context of the studies discussed above.

The reduction of the mixed-metal complex in mildly alkaline
solutions requires the transfer of eight electrons, and seven hy-
droxyl ions are formed, as shown in Eq. (32). Consequently, the
evaluation of a detailed mechanism, including the sequence of
transfer of protons and electrons, the possible adsorbed interme-
diates and the rate-determining step or steps, seem like an
impossible task. This is true in particular in view of the fact (dis-
cussed in Section 1.2.2 above), that there are several reactions
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Figure 8. The relative abundance of the protonated tungstate-citrate com-
plexes, [(WO,)(Cit)(H),]®™ as a function of pH (0.5 M Cit*, 0.1 M
WO,”). The abbreviated forms [1,1,1]*, [1,1,2]*, and [1,1,3]* refer to
values of m = 1, 2 and 3, respectively, in the above complex.
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occurring in parallel, and measurement of current density only
provides the sum of rates of all such steps.
All one can do is to write the overall reaction as:'*'"

[(NiYHWO, )Cit)]*” +8¢~ +3H,0 — NiW + 7(0H)™ + Cit>~
(32)
The mixed-metal complex shown in Eq. (32) can be formed in the
reaction

[(Ni)cit)]™ + [(HWO, XCit)]|*™ — [(NiHWO, )Cit)]*~ + Cit>"
(33)

Plotting the partial current densities for deposition of W as a func-
tion of the product of the concentrations of the two anions on the
left-hand side of Eq. (33), a linear dependence was found for a
wide range of solution compositions, supporting the proposed in-
terpretation for the induced codeposition of ~W.'%1%
Unfortunately, the complex on the right-hand side of Eq. (33) has
not been detected directly, either in solution or as an adsorbed spe-
cies, even though its existence is strongly supported by all the
experimental data discussed above. The rate of the reaction shown
in Eq. (33) is expected to be quite low, in view of the fact that it
involves an interaction between two negative ions, one of them
highly charged, and requires the removal of a citrate ligand from
one of the two complexes. This should lead to a low concentration
of the mixed-metal complex at steady state, which could be the
reason that this complex has not yet been detected. This is also
consistent with the fact that the partial current density for deposi-
tion of tungsten is partially mass-transport limited, even though it
is very low compared to the limiting current density calculated for
the concentration of WO,*" in solution, as discussed below. The
likelihood of a similar reaction involving the complex of nickel
with two citrate ions, [Ni(Cit),]*, is low because of the electrostat-
ic rggulsion between the reacting anions, each having a charge of
—4.

In solutions where the ratio of concentrations of tungstate to
nickel ions is very high, Eq. (33) could be followed by a reaction
of the type
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[(NiXHWO, XCit)]*™ +[(HWO, YCit)]|* (34)
- [(NiX WO, ), (Cit)|* + it

The mixed-metal complex shown on the right-hand side of this
equation could lead to an alloy having the composition of NiW,.
This was indeed observed in solutions containing 0.5 M Cit*,
0.4 M WO,” and 0.01 M Ni*".”?

In ammoniacal-citrate baths, Ni*" can also form complexes
with NH;, the latter serving as a ligand, of the form [Ni(NH3)n]2+,
as shown in Fig. 2a, where n = 1-6, depending on the relative con-
centrations of the Ni** ion and ammonia. The log(4,) values for
these complexes are given in Table 1. The formation of these
complexes can lead to a decrease in the concentrations of other
complexes of Ni*", including the mixed-metal complex that is as-
sumed here to be involved in the codeposition of W.
Consequently, the rate of W deposition would be lowered. The fact
that in ammoniacal-citrate baths the concentration of tungsten in
the alloy could not exceed about 25 at.% W is easily understood if
we remember that there are parallel paths through which Ni can be
deposited alone, from its complexes either with citrate or with
ammonia.’>'"’

The concentration of free NH; depends on pH in view of the
equilibrium, given by the following equation:

NHZ + H,0 @ NH; + H;07 (35)

The acid dissociation constant, pK,, corresponding to Eq. (35) is
9.25. As the pH is increased, Eq. (35) is shifted to the right, thus
increasing the concentration of NHj in solution, as shown in Fig.
2b, allowing the formation of nickel-ammonia complexes:

Ni?* +n'NH; - [Ni(NH; ), |+ (36)

This could explain the effect of pH on the composition of the alloy
in solutions containing ammonium salts. However, a similar de-
crease in the tungsten content in the alloy was also observed when
the pH was increased from 8.0 to 9.0 in citrate baths free of am-
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monia. This was explained by considering Fig. 8, according to
which, above pH = 8.5 the complex [(WO4)(Cit)(H),,] ©™ starts
loosing its last proton, thus forming the unstable [(WO,)(Cit)]>
complex, which decomposes to form three tungstate ions. Since
the mixed-metal complex cannot be formed by the reaction of
nickel citrate with bare tungstate, a sharp decline of its concentra-
tion with increasing pH leads to a similarly sharp decline in the
concentration of tungsten in the alloy, as discussed before.

The mechanism of induced codeposition of W must account
for the effect of pH on other complexes or reactions too. Addition
of ammonia to citrate baths lowers the tungsten content in the alloy
significantly. This implies that the deposition of Ni from complex-
es with NHj is faster than from its complexes with citrate. This
statement is also supported by the fact that both partial current
densities for deposition of Ni and W are decreased with large
excess of citrate.'” Similarly, increasing the temperature should
drive part of the NH; out of solution, allowing the formation of
more of the mixed-metal complex, thus increasing the concentra-
tion of W in the alloy. Hence, the effects of both temperature and
pH reported in the literature for ammonia-containing baths may be
related to changes in the concentration of NH; in solution rather
than to the effect of temperature or pH on the electrodeposition
reaction per se.'”” In addition, because an effect of deaeration was
observed only at high pH values, where NH; exists in solution, it is
most likely that oxygen concentration in solution and the asso-
ciated oxygen reduction reaction do not play an important part in
the induced codeposition of W. Figure 9 shows the decrease in the
W-content of the alloy upon the addition of ammonia.”” On the
other hand, the FE is seen to increase. Hence, adding ammonia
could improve the properties of the plating bath if a high concen-
tration of W in the alloy is not needed. It should be pointed out that
the addition of ammonia should decrease the concentration of W in
the alloy for any mechanism of induced codeposition, as long as
there is a synergistic effect of Ni*" in solution upon the deposition
of W from aqueous solutions containing WO,>, which is a well-
established experimental fact.

Further support for the role of the mixed-metal complex in in-
duced codeposition of W is the measured effect of mass transport.
Gileadi et al. used rotating cylinder electrode (RCE) experiments
to study this effect in two ways — by varying the rotation rate at a
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constant current density, or by changing the current density at a
constant rotation rate. The limiting current density at a rotating
cylinder electrode, operating in the region of turbulent flow, is

given by:
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Figure 9. The effect of ammonia concentration in the plating
bath on the W-content in the alloy (a), on the FE (b), and on
the partial current densities for deposition of nickel (c) and
tungsten (d).
Na,WO,, 0.6 M Na;Cit, pH = 8.0, i = 15 mA cm™, @ = 2,000
rpm. Reproduced with permission from Ref. 92. Copyright
(2003) The Electrochemical Society.

Plating conditions: 0.1 M NiSO,;, 0.5 M
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where 7 is the radius of the rotating cylinder (cm), v is the kine-
matic viscosity (cm® s '), @ is the angular velocity (rad s ™), and c,,
is the bulk concentration of the electro-active species (mol cm™).
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The use of baths with different ratios between the nickel and
tungstate ions allowed concluding that the ion that is the minority
component controls the rate of deposition of W. The current densi-
ty calculated for deposition of tungsten was much lower than that
expected, if WO4* had been the electro-active species, indicating
that either the formation of the mixed-metal complex or its activa-
tion-controlled rate of discharge is the slow process.'*

The effect of rotation rate was studied in the range of 2,000 to
5,000 rpm, which represents a 90% (= 2.5°7) increase in the rate of
mass transport to a RCE. The effect of rotation rate on the deposi-
tion process is shown in Fig. 10. As the concentration of WO, is
increased tenfold, from 0.04 to 0.40 M, the current density in-
creases by a factor of only two. The limiting current density,
calculated on the basis of the concentration of WO, in solution, is
much higher than the partial current densities for deposition of this
metal, so one would not expect a 40% increase of the rate of depo-
sition of W with the increase of the rate of mass transport, as found
experimentally. The explanation of these unexpected observations
lies in the formation of the mixed-metal complex, as shown in
Eq. (33). The concentration of this complex is low, and its rate of
formation is also expected to be low. From the dependence of the
partial current density for W deposition shown in Fig. 10a, the
activation-controlled and the mass transport-limited current densi-
ties can be estimated, using the Levich equation, as applied to RCE
experiments, namely

T (38)
1 Iac Bw™

The concentration of the mixed-metal complex can now be ob-
tained from the value of B. Neglecting the difference in diffusion
coefficients (taking D = 6.9x10°° cm” s™), this turns out to be 2.3
mM in a solution containing 0.04 M WO,>". When the concentra-
tion of WO,”" is increased tenfold and that of Ni*" is decreased by
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Figure 10. The effect of rotation rate on the partial current
density for deposition of tungsten (a) and nickel (b), the W-
content in the alloy (c), and the steady-state deposition poten-
tial (d). Plating conditions: excess of NH,OH, 0.4 M NasCit,
pH =8.0,i =30 mA cm ™. (e): 0.4 M Na,WO,, 0.04 M Ni-
SO4; (0): 0.04 M Na,WO,, 0.4 M NiSO,4. Reproduced with
permission from Ref. 92. Copyright (2003) The Electrochem-
ical Society.
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the same factor, both the activation-controlled current density and
the limiting current density increase by a factor of 1.8 (from 5 to 9
and from 4.1 to 7.4 mA cm, respectively, at 2,000 rpm). It may
be concluded that the concentration of the precursor for the deposi-
tion of W increased by the same factor, to a value of 4.1 mM.

The partial current density for Ni deposition was found to be
essentially independent of the rotation rate. An apparent anomaly
is observed, however, even in this case, since increasing the con-
centration of Ni*" in solution by a factor of 10 causes an increase
of its partial current density only by a factor of 2-3, as seen in Fig.
10b. Tt should be recalled, however, that the Ni*" ion can exist in
solution in many different forms. There are six possible complexes
with NH; and two complexes with Cit*, in addition to the mixed-
metal complex with tungstate and citrate. The overpotential for
deposition depends on the nature of each complex, and the relative
abundance of the various complexes depends on the concentration
of Ni**. Hence, the resulting partial current density for Ni deposi-
tion cannot be expected to depend linearly on concentration in
such a complex system.’>'

In summary, even though the partial current density for depo-
sition of tungsten i.yw is very small compared to the calculated
limiting current density, ir,w, a significant dependence of i.w on
the rate of mass transport is observed. This is taken as a strong
indication that the electro-active species is indeed a mixed-metal
complex of the type shown in Eq. (32), which exists in solution at
a low concentration. On the other hand, i.; is independent of rota-
tion rate, indicating that this metal is also deposited by an
independent parallel route from its complexes with either NH; or
Cit*", which exists in solution at high concentrations.”

2. Molybdenum Alloys Containing Ni, Co and Fe

(i) Properties of Molybdenum Alloys

Molybdenum (Mo) is a silvery-white, hard, fairly ductile, re-
fractory metal suitable for alloys that are required to exhibit a
combination of high strength and rigidity at temperatures as high
as 1,650°C. Selected properties of molybdenum are listed in Table
2, in comparison with the respective properties of tungsten and
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rhenium. Molybdenum is found in molybdenite (MoS,) and wulfe-
nite (PbMoOy,) ores. It is also recovered as a by-product of Cu and
W mining. Molybdenum has the fifth highest melting point of all
elements. Its electrical conductivity (30% IACS) is the highest of
all refractory metals, about one third that of Cu, but higher than
those of Ni, Pt and Hg. It has high-thermal conductivity—
approximately 50% higher than that of Fe, steels or Ni-based al-
loys, and consequently finds wide usage as heat sinks. Its low
thermal expansion coefficient plots almost linearly with tempera-
ture over a wide range, thus facilitating its use in bimetal
thermocouples. Its mechanical properties include high tensile
strength, high Young’s modulus of elasticity, high hardness and
toughness (it is softer and more ductile than W). Its high specific
elastic modulus makes it attractive for applications that require
both high stiffness and low weight. The high thermal conductivity,
low coefficient of thermal expansion and low specific heat of Mo
provide resistance to thermal shock and fatigue; these properties
are also important in electronic applications. Molybdenum also
exhibits good machinability and low vapor pressure at elevated
temperatures. It is stable in a wide variety of chemical environ-
ments, including halogens, but oxidizes in air more readily than W
at temperature higher than 760°C. Under these conditions, the
oxide layer (MoOs) sublimes, and the base metal is attacked.
Therefore, Mo performs best in inert or vacuum environments. The
corrosion resistance of Mo is very similar to that of W. It resists
non-oxidizing mineral acids and reducing atmospheres containing
hydrogen sulfide. It also offers excellent resistance to some liquid
metals, including Li, Bi, Na and K, in the absence of oxygen.

(ii) Applications of Molybdenum Alloys

More Mo is consumed annually than any other refractory met-
al. The major use for Mo is as an alloying element in alloy steels,
tool steels, stainless steels, Ni-based and Co-based superalloys. In
these materials, it increases the hardenability, toughness, high-
temperature strength, and corrosion resistance. Molybdenum is
important in the missile industry, where it is used for high-
temperature structural parts, such as nozzles, leading edges of con-
trol surfaces, support vanes, struts, reentry cones, radiation shields
and heat sinks. In the electrical and electronic industries, Mo 1is
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used as cathode supports for radar devices, magnetron end hats,
heat sinks for matching Si for semiconductor chip mounts, and
sputtered layers for gates and interconnects on integrated circuit
chips. Molybdenum has also been used in forging dies, rotating X-
ray anodes in clinical diagnostics, furnace tubes, high-temperature
solid lubricants (e.g., molybdenum sulfide), chemical processing
equipment, flame retardants, light bulb filaments, inorganic paint
pigments, chemical catalysts (e.g., in refining of petroleum), and
scrubbers in flue gas desulfurization in coal-fired power stations.
Finally, Mo alloyed with Re (e.g., Mo-41Re and Mo-47.5Re) is
used in electronics, space programs and nuclear industries, while
Mo-25Re alloys are used for rocket engine components and liquid-
metal heat exchangers.

(iii)  Electrodeposition of Molybdenum Alloys

A phenomenon of induced codeposition, similar to that dis-
cussed above for W, is observed when Mo is codeposited with
iron-group metals. Similarly to tungsten, molybdenum cannot be
deposited alone from aqueous solutions. Electrodeposition of Mo
alloys exhibits similar dependencies on experimental variables as
that of W. It should be noted that, although the two systems are
very similar, some differences are found in the literature, as de-
scribed bellow.

An early comprehensive review on electrodeposition of Mo
alloys with iron-group metals was presented by Brenner.”® The
development of different baths, as well as the effect of operating
conditions on the Mo content of the alloy is described in detail in
that work. Electrodeposited alloys of Mo were claimed to be of
limited practical value, because of their poor physical characteris-
tics compared to the corresponding alloys of W.

The acid baths for electrodeposition of Mo alloys have been
divided into two types: those that are wholly inorganic, and those
that contain organic poly-acids as chelating agents. The addition of
organic complexing agents, typically poly-hydroxy acids, consi-
derably improved the quality and increased the Mo content of the
electrodeposited alloys. This was attributed to complexing of the
molybdate ion, the effectiveness being related to prevention of
the formation and inclusion of partially reduced Mo compounds.
The alkaline baths, which are considered to be preferential, were
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divided into several types, namely: ammoniacal baths, pyrophos-
phate, carbonate and caustic baths containing organic complexing
agents. Representative bath compositions and operating conditions
are listed in Appendix B. While Mo-Ni alloys were found to be the
soundest among those of Mo-iron-group-metal alloys, their Mo
content was the lowest.”®

Ammoniacal baths have been found most suitable for codepo-
sition of Mo alloys. The presence of free ammonia in the baths was
claimed to be essential; similar to W codeposition — ammonia-
containing baths had a higher FE. In contrast to W plating baths,
there appeared to be no advantage of operating the Mo plating
baths at elevated temperatures. Similar to W codeposition, the
concentration of Mo in the deposit was higher than its metal ion
concentration in the bath. For Mo-Ni, Mo-Co and Mo-Fe ammo-
niacal-citrate baths within the pH range of 2 to 12, the maximum
Mo content of the deposit and minimum FE were observed around
pH = 8. An increase in current density within the range of 10-200
mA cm” yielded a decrease in Mo concentration in Mo-Ni and
Mo-Co alloys, in contrast to the trend reported for W alloys depo-
sited from ammoniacal baths. As in the electrodeposition of W
alloys, the current density-potential curves of the deposition of
Mo-Ni and Mo-Co alloys occurred at less negative potentials than
the curve for the iron-group metal alone.”

Newer studies have demonstrated that the properties of Ni-Mo
alloys can be improved by application of pulsed electrodeposi-
tion.'*>'*¢ Compared to DC electrodeposition, a higher Mo content
in the alloy was obtained, which was accompanied by reduced
residual stresses, improved mechanical properties and improved
corrosion resistance.

According to Brenner, most of the theories proposed to ex-
plain the mechanism of induced codeposition of W can be applied
also to induced codeposition of Mo, and vice versa. However, a
theory that was found satisfactory to explain the induced codeposi-
tion of Mo from pyrophosphate bath, but would not be applicable
to W codeposition, is that of Myers."*! According to this model, a
layer of hydroxide of Mo and the iron-group metal forms on the
cathode. The hydroxide of the iron-group metal supposedly alters
the permeability of the film so that it can be penetrated by molyb-
date ions. Otherwise, only hydrogen is discharged. Ernst and Holt
suggested another theory.'” According to this theory, Mo was
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first deposited as an oxide that, in the presence of the iron-group
metal, could be reduced to metal by hydrogen. The number of un-
paired electrons in the iron-group metal was considered as an
index of its ability to form a bond with hydrogen and, thereby,
reduce the Mo oxide.” However, the theoretical basis for this cor-
relation could be questioned.

In recent years, several new papers have been published, at-
tempting to explain the mechanism of induced codeposition of Mo
with the iron-group metals. Podlaha and Landolt”>**'* studied the
codeposition of Mo-Ni alloys from ammoniacal citrate solutions.
They examined the influence of operating conditions on the com-
position of the alloy by means of rotating cylinder Hull (RCH) cell
and RCE. The RCH cell is actually a cell with a rotating-cylinder
working electrode, in which the anode and the cathode are concen-
tric, and a third concentric cylinder, made of an electrically
insulating material, is placed between them as shown in Fig. 11.
This configuration forces a non-uniform current distribution on the
cathode, thus allowing the evaluation of the properties of the elec-

Figure 11. Illustration of two alternative designs for the rotating cylinder Hull
(RCH) cell, which allows the study of non-uniform current distribution on the
cathode, under controlled mass-transport conditions. A: anode, C: cathode, IC:
insulating cylinder. Reproduced from Ref. 150 with kind permission of Springer
Science and Business Media, and with permission from Ref. 95, Copyright
(1996) The Electrochemical Society.



258 Noam Eliaz and Eliezer Gileadi

troplated film over a wide range of current densities in a single
experiment. The RCH, developed by Landolt et al."*'*! represents
a significant improvement over the regular Hull cell, in that it al-
lows measurements under controlled conditions of mass transport.
In the cell used by these authors for the study of Mo deposition”
97-1%8 the radius of the rotating cylinder was 0.75 cm and the inner
radius of the inert cylinder was 2.75 cm, thus leaving a space of 2
cm between them. The latter value is between two and three orders
of magnitude larger than the thickness of the Nernst diffusion
layer, ensuring a uniform rate of mass transport to the surface of
the cylindrical cathode, while the current density on the cathode is
non-uniform, of course. When the concentration of the Ni** ion in
solution was much larger than that of MoO,* (namely, 1.0 M Ni-
SO, 0.005 M M0042’), the Mo-content in the alloy increased with
rotation rate. This shows that a partial mass-transport limitation of
the molybdate ion was involved, thereby lowering the Mo content
in the deposit. From the measured alloy composition and film
thickness, the partial current densities for Mo and Ni deposition
were calculated. The results, shown in Fig. 12, demonstrate a rota-
tion rate-dependent current plateau for Mo (Fig. 12a), and a largely
activation-controlled reaction behavior for Ni (Fig. 12b). On the
other hand, when the concentration of MoO42’ in the electrolyte
was 0.4 M and that of Ni*" was 0.005 M, the alloy composition
was found to be independent of the rotation rate. The calculated
partial current densities for Mo and Ni deposition are shown in
Figs. 12c and 12d, respectively. Here, at current densities higher
than about 50 mA c¢m*, Ni exhibits a mass-transport-limited pla-
teau, the height of which increases with rotation rate. In this case,
the partial current for deposition of Mo is also mass-transport con-
trolled. As the rotation rate is increased, the two partial currents
increase roughly in the same proportion, showing that the rate of
deposition of Mo is controlled by the flux of the Ni*" ion, which is
the essence of induced codeposition.

In addition to the effects of convection discussed above, it was
found®® that increasing the concentration of the MoO,* ion, the
concentration of Cit* (up to a limit of 0.75 M) or the temperature
resulted in an increase in the Mo-content in the deposit over a wide
range of applied current densities. The concentration of ammonia
was also found to have a significant effect—as it was increased
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Figure 12. Partial current densities of Mo (a, ¢) and Ni (b, d) as a function
of the approximate total current density for different rotation rates. The in-
set in (a) shows the inverse Mo partial current vs. @ . Electrolyte: 1.0 M
Ni*" and 0.005 M MoO,> in (a) and (b); 0.005 M Ni*" and 0.4 MoO,* in

(c) and (d). Reproduced with permission from Ref. 95, Copyright (1992),
The Electrochemical Society.
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Figure 12. Continuation.
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from 0 to 1 M, the FE increased, but the Mo-content in the depo-
sits decreased.

On the basis of the observations described above, it was post-
ulated that the precursor for the deposition of the Mo-Ni alloy was
an adsorbed intermediate mixed-metal complex of the form [Ni-
Cit(MoO,)] , 4 - This intermediate can be reduced, thus allowing
Mo deposition. The Ni** ion, complexed either with Cit* or with
NH; (as discussed earlier for W codeposition), can be reduced in
parallel with Mo, following the simple equations

[NiCit]” +2 e, — Ni+Cit> (39)

[Ni(NH;), |** +2¢5,,s — Ni+n-NH; (40)

The hydrogen evolution reaction is considered to be a side
reaction, leading to a reduction of the FE to varying degrees, de-
pending on the composition of the bath and the conditions of
plating. In neutral or alkaline solutions this reaction can be written
as

H,0+ex, —>%H2 +OH" (41)

The reaction sequence leading to induced codeposition of Mo
with Ni (as well as with Co and Fe) was assumed to be

[NiCit]™ +MoO2™ +2 H,0+2 e, — [(NiCit \MoO, )]

erys ads T4OH™

(42)

[(NiCit\MoO, )], +2 H,0 +4 5, — Mo +[NiCit]" +4 OH"
(43)

Thus, in solutions containing high [MoO,>J/[Ni*] ratio, the
formation of the Ni-Mo intermediate is limited by transport of
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[NiCit] to the cathode surface. Because the deposition rate of the
two metals is coupled, the alloy composition does not vary with
rotation rate. In contrast, if the concentration of Ni** in solution is
comparable to or higher than that of MoO,>, the rate of formation
of the Ni-Mo intermediate is limited by the transport of molybdate,
while Ni can be deposited in parallel—its rate of deposition being
independent of the rate of mass transport. Increasing either the
rotation rate or the molybdate concentration—the partial current
density of Mo deposition will also increase, while that of Ni depo-
sition will not be affected.” Thus, it was proven beyond any doubt
that the induced codeposition of Mo with Ni and other iron-group
metals was dependent on the existence of the iron-group metal
ions in solution.

However, the scheme proposed to explain the effect of Ni*"
ions on the codeposition of Mo (Egs. 42 and 43) leaves some un-
answered questions. Equation (39) shows the interaction between
two soluble ions, leading to the two-electron reduction of one of
them, and the formation of a mixed-metal complex adsorbed on
the surface. All these processes cannot happen in a single step, but
the authors did not specify what actually is assumed to happen: Is
[NiCit] ~ first adsorbed on the surface and then acts as the catalyst
for the reduction of MoO,* to MoO,? Or, perhaps, the two ions
form a mixed-metal complex in solution, which is subsequently
adsorbed and reduced?

Furthermore, [NiCit] can readily be reduced to metallic nick-
el (c.f. Eq. 39) at the potential where the Ni-Mo alloy is formed.
Yet, no such reduction is shown in Egs. (42) and (43), in which
Mo is first reduced from the hexavalent molybdate to the tetrava-
lent molybdenum dioxide, and then further to metallic
molybdenum. A solution, in which the concentrations of Ni*" and
Cit* were equal, was used and it was assumed that all citrate ions
were bound to Ni in [NiCit]".”> This assumption ignores the possi-
ble existence of complexes of the type [(MoO,)(Cit)(H),] ™
(written for short as [1,1,m]®™, where m is the number of pro-
tons in the complex), in spite of the fact that such complexes are
well known (cf., Fig. 13a). In addition, detailed calculation of the
distribution of species in a Ni*" and Cit®” mixture shows that, when
the ratio of the concentrations of the two ions is unity, there are
still a few percents of free Ni** and Cit* ions not bound in the
complex, as seen if Fig. 1b.
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Figure 13. (a) The relative abundance of the protonated [(MoQy)(Cit)(H),] ™
complexes as a function of pH. The abbreviated forms [1,1,1]*, [1,1,2]*, and
[1,1,3]* refer to values of m = 1, 2 and 3, respectively, in the above complex.
(b) Comparison between the sum of the concentrations of the complexes [1,1,11*
and [1,1,2]* of WO,* and MoO,* with Cit’, as a function of pH. The calculations
are based on the data in Figs. 8 and 13.
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In a following publication”® a mathematical model was devel-
oped that was found to be in fairly good agreement with the
experimental results. This, however, was based on a large number
of adjustable parameters and several assumptions. Hence, this nu-
merical agreement could at best be considered as consistent with
the mechanism proposed, not proving the validity of the model.
This model was extended by the same authors for the case of Mo
alloys with Co and Fe.”

The shortcoming of the mathematical model in confirming the
validity of the suggested physical model could best be demonstrat-
ed by the comparison of deposition of molybdenum ions with
different iron-group metals.”” In order to reduce the number of
freely adjustable parameters, the authors plotted the partial current
densities for Mo and Ni (or Co or Fe) as a function of potential, to
obtain experimental values of respective Tafel slopes. The values
obtained were very high, in the range of 0.36-0.59 V decade™,
compared to typical values around 0.12 V decade ' reported in the
literature for deposition of the iron-group metals. No explanation
was offered for this discrepancy and no mechanism was proposed
that would explain such high Tafel slopes, which were subsequent-
ly used in the numerical simulation of the model.

The problem, in the view of the present authors, is that the
partial current density for deposition of, say, nickel is determined
from the total amount of nickel deposited per unit time. However,
in a solution containing Ni2+, M0042’, NHj; and Cit*, there can be
as many as nine different species from which nickel could be de-
posited (six complexes with 1-6 molecules of NHj, two with
citrate, and one adsorbed mixed-metal complex). The reversible
potential for deposition of nickel is, in principle, different for each
complex (depending on the stability constants). Hence, although
all these parallel paths occur at the same applied potential, the
overpotential is different for each of them. Moreover, there is no
basis to assume that the exchange current densities or the Tafel
slopes would be the same. If the observed Tafel plot would, never-
theless, be linear over at least two decades of current density, it
could be argued that one of these parallel paths for deposition of
nickel happens to be predominant. However, in the work quoted
here, the apparent linearity of the Tafel plots extends only over a
factor of about three in current density, namely over half a decade
(cf,, Fig. 4a in Ref. 97).
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The difficulty in attempting to determine the mechanism of
alloy deposition from the current-potential relationship observed
in complex solutions, which sometimes contain more than one
ligand, was alluded to in the introduction to this chapter (cf., Sec-
tion 1.2.2). The comments made here are not meant to criticize the
experimental work presented in these papers in the field of in-
duced codeposition of Mo with iron-group metals. It is only given
to show the limits of validity of mathematical models, particularly
when the solution is complex and the number of freely adjustable
parameters is large.

Figure 13a shows the calculated concentration distributions

for molybdate-citrate complexes as a function of pH. This figure is
analogous to Fig. 8 for tungstate-citrate complexes. The two fig-
ures are similar, but not identical. In particular, it is noted that the
[1,1,1]" species is predominant in the case of tungstate in the
range of pH = 6.8-10.2. For molybdate, it reaches a maximum at
pH = 7.6, but even there it only constitutes about 72% of all the
species in solution. In Fig. 13b, the sum concentrations of [1,1,1]‘F
and [1,1,2]> are compared. In studies of induced codeposition of
Ni-W alloys it was found that the W-content of the alloy, meas-
ured as a function of pH, followed rather closely the variation of
the relative abundance of the above sum of concentrations with
pH, with the highest W concentration obtained at pH = 7 and a
sharp decline above pH = 9.0. ** If the same argument holds for
induced codeposition of Mo, then the highest Mo concentration
should be obtained at pH = 6.6, with a sharp decline at about pH =
8.3.
Gomez et al.'*? electrodeposited Co-Mo magnetic alloys from
a sulfate-citrate bath on carbon electrodes. Although the focus of
their paper was not on elucidating the mechanism of induced co-
deposition, it was suggested that hydrogen could not be
responsible for the deposition of Mo in the Co-Mo system, because
its concentration was fairly low and because another mechanism
should explain the need for citrate or polycarboxylate anions in
solution. The deposition process was found to be favored when
molybdate was present in solution, even at very low concentra-
tions. Hence, the authors adopted the model of Podlaha and
Landolt, according to which a mixed-metal complex of cobalt(II),
citrate and molybdenum dioxide is adsorbed on the surface and
promotes Mo reduction.
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Another mechanism for induced codeposition of Mo was sug-
gested by Chassaing et al.'> for electrodeposition of Mo-Ni alloys
from citrate-ammonia electrolytes. Electrochemical impedance
spectroscopy (EIS) measurements were carried out in order to bet-
ter understand the different reactions occurring on the electrode
surface during deposition. The proposed mechanism is based on a
multi-step reduction of molybdate species. A MoO, layer is
formed via reduction of molybdate ion as in Eq. (42). Then, if free
Ni*" is present in solution, this oxide can first combine at low pola-
rization with Ni, following the reduction reaction:

MoO, +4Ni*" +8 ¢, — MoO,Ni, (44)

A 25 nm-thick layer with a Ni/Mo atomic ratio of 4:1 was indeed
detected by AES and EDS. The mixed Ni-Mo oxide is claimed to
catalyze the HER. Next, when the polarization is increased, the
mixed oxide is further reduced to a surface compound that inhibits
the HER and is more catalytic for reduction of molybdate and
nickel ions, forming an alloy according to the reaction:

MoO; +3Ni*" +8e,  + 4+n-H

orys ads —> MONi; +40H™ +n-H,,

(45)

The HER is claimed to take place in this case due to the alcohol
functional group of the citrate ion, which is an unlikely reaction in
solutions at pH 9.5. In the third stage, at still higher polarization,
the Mo discharge is limited by diffusion, due to the low molybdate
concentration of the electrolyte, thus decreasing the Mo content in
the deposited alloy.

Several arguments against the last theory may be raised. First,
the proposed mixed oxide contains nickel atoms that are fully re-
duced. If so, what makes this oxide stable? Secondly, no direct
observation was provided for the reduction of this oxide into an
alloy. Thirdly, the origin of the adsorbed hydrogen atoms included
in Eq. (45) is not clear. Finally, it should be obvious that Eqs. (44)
and (45) cannot be considered as elementary steps in the reaction
sequence. Four Ni*" ions could not be possibly reduced simulta-
neously. Neither could the eight-electron reduction of MoO,” +
3Ni*" occur in one step. Thus, there seem to be absolutely no basis
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to claim that the above sequence represents the mechanism of for-
mation of the Mo-Ni alloy.

The formation of an intermediate, which is then reduced to
form Mo—with either Ni or Fe acting as a catalyst, was also
claimed, based on in-situ Raman spectroscopy studies.'”*'> Al-
though the exact composition of the intermediate was not
identified in these studies, it was argued that at low cathodic pola-
rization, the main species on the electrode surface were
polymolybdates, that could be reduced to Mo(IV) at a higher ca-
thodic polarization. The species of Mo(IV) could be further
reduced to Mo atoms only when cations of the iron-group metal
were present in the electrolyte.

Crousier et al."*® examined the role of hydrogen evolution in
the process of deposition of Mo-Ni alloys on different substrates
(glassy carbon, Ni and Pd). It was found that on carbon and Ni
substrates, bright and smooth deposits were formed, while on Pd
no alloy was formed. This observation was related to easy absorp-
tion and diffusion of atomic hydrogen into Pd, which prevented its
availability for the alloy codeposition process. Hence, it was con-
cluded that hydrogen plays an important role in the codeposition of
the alloy. This conclusion of the authors is, however, not convinc-
ing. Firstly, it is known that hydrogen atoms can also permeate
into Ni to some extent. Secondly, unsuccessful attempt to deposit
Mo-Ni alloys on Pd may also be attributed, for example, to kinetic
limitations.

3. Rhenium and its Alloys

(i) Properties of Rhenium and its Alloys

Rhenium (Re) differs from the other refractory metals (Nb,
Ta, Mo and W) in that it has an hcp structure, and does not form
carbides. Because it does not have a ductile-to-brittle transition
temperature, Re retains its ductility from subzero to high tempera-
tures. In addition, it can be mechanically formed and shaped to
some degree at room temperature. It also has a very high modulus
of elasticity that, among metals, is second only to those of Ir and
Os. Compared with other refractory metals, Re has superior tensile
strength and creep-rupture strength over a wide temperature range.
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Among all elements, except W and C, Re has the highest melting
point. It also has high electrical resistivity over a wide temperature
range, and less volatilization in vacuum compared to W. At ele-
vated temperature, Re resists attack in hydrogen and inert
atmospheres. It is resistant to hydrochloric acid and seawater cor-
rosion, and to the mechanical effects of electrical erosion (i.e.,
extensive destruction of an electrode in some forms of electrical
discharge). Rhenium is nowadays available mainly as perrhenic
acid (HReO,), ammonium perrhenate (NH4;ReO,), and metal
powder.

The major drawbacks of Re include high density (that is ex-
ceeded only by those of Os, Ir and Pt), limited availability (that
delayed its discovery until 1925), high cost of the raw material,
and the need for intricate processing methods (e.g., because of its
very high strain-hardening rate), which results in high fabrication
costs. Rhenium is oxidized catastrophically in moist air at tem-
peratures above 600°C; oxidation occurs as a result of the
formation of rhenium heptoxide (Re,O5). In order to protect rhe-
nium from oxidation at high temperatures, iridium (Ir) is often
used as an oxidation-resistant coating.">""®!

(ii) Applications of Rhenium and its Alloys

The scarcity and high cost of Re have limited its use. Never-
theless, its unique properties can be useful in important, albeit
special, applications. Rhenium alloys are used in nuclear reactors,
semiconductors, electronic tube components, thermocouples, gy-
roscopes, miniature rockets, electrical contacts, thermionic
converters (i.e., direct producers of electric power from heat by
thermionic electron emission), etc. Platinum-rhenium reforming
catalysts are probably still the major end-use products of Re. They
are used for the hydrogenation of fine chemicals and for hydro-
cracking, reforming and disproportionating of olefins, including
increasing the octane rating in the production of lead-free petro-
leum products.”””'** Rhenium has several properties of potential
interest to the electronics industry, particularly its very high melt-
ing point and low volatility. In the electrical contact industry, Re is
used because of its wear resistance and its ability to withstand arc
erosion,'*® and since the oxides formed on its surface are relatively
good conductors.'® Thermocouples made of Re-W alloys are used
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for measuring temperatures up to 2,200°C, and Re igniter wires
are used in photoflash bulbs for photography. Rhenium alloys are
also used in grid heaters and cathode cups. The metal is used as a
filament material for mass spectrographs and ion gages, because of
its high electrical resistivity and low vapor pressures at high tem-
peratures.'*® Tungsten-rhenium alloys are used to coat the surface
of Mo targets in X-ray tube manufacture. Other applications of Re
include heating elements, metallic coatings, alloying of W- and
Mo-based alloys as well as of superalloys, fuel cell electrodes, and
coordination compounds in radiopharmacy. '>%'%*1%

Since the 1990s, much work has been focused on developing
Re-based parts for aerospace applications. For example, Re has
been considered for use in divert and attitude propulsion subsys-
tems. Recession rates of Ir-lined Re thrust chambers have been
estimated to be 0.42 pm h' at 2,200°C.' In addition, Re wets
nicely carbon and does not form carbides, which makes it attrac-
tive as a coating material for carbon-carbon composites.'®® In the
absence of a protective atmosphere, a protective coating (e.g., of
Ir, Pt or Rh), to inhibit oxygen attack, can be applied on top of
Re."””"® A combustion chamber material system composed of a
Re substrate and an Ir coating has already been proven to operate
for longer lifetimes at higher temperatures of up to 2,200°C (com-
pared to the state-of-the-art material system for radiation-cooled
rockets, which is a C103 niobium alloy coated with RS12E fused
silica). The added thermal margin afforded by Ir-coated Re allows
the virtual elimination of film cooling, leading to higher perfor-
mance and cleaner spacecraft environments.'®’

Most of the published reports to-date deal with fabrication of
Re-based items by chemical vapor deposition (CVD), as compared
to any other coating process. Reed et al.'"’ claimed that CVD is the
only established process, by the year 1998, for fabricating Ir/Re
combustion chambers. However, delamination-related failures
have been reported on Re-coated components made by CVD. For-
tunately, electroplating at near-room temperature may become a
successful alternative and allow for fairly uniform Re coatings on
such complex shapes. Although Re may be deposited as pure met-
al, binary Re-Rh or Re-Ir coatings should possess higher oxidation
resistance and thermal stability. The second metal can also aid in
healing of micro-cracks that form in the Re coating during electro-
deposition or service (as discussed in the next section).
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(iii)  Electrodeposition of Rhenium and its Alloys

Compared to tungsten and molybdenum, much less informa-
tion is available on electrodeposition of rhenium, possibly due to
the confidentiality of many related projects worldwide. Further-
more, most studies have focused on the technological aspects,
properties and applications of Re electrodeposition, while over-
looking its electrochemistry. Rhenium belongs to a group of
metals that are difficult to obtain by electrolysis of their aqueous
solutions. This behavior has been attributed mainly to its very low
overpotential for hydrogen evolution. For example, in a 2 N sulfur-
ic acid solution, at a cathodic current density of 5 mA cm?, the
overpotential for hydrogen evolution on Re was estimated to be no
more than 90 mV.'® In addition, because no simple Re(VII) salt is
soluble in water without hydrolysis, it was further suggested that
Re”" ions are unlikely to exist in solution, or can exist only in very
low concentrations.'*

Figure 14 shows the Pourbaix equilibrium diagram for the Re-
H,0O system at 25°C. In this figure, the lines for hydrogen and
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Figure 14. Potential-pH equilibrium diagram for the rhenium-water
system at 25°C.
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oxygen evolution are also shown. Between these two lines, water
is stable. Figure 14 comprises an anodic corrosion domain (corres-
ponding to the formation of ReO,"), a cathodic corrosion domain
(formation of Re"), an immunity domain (formation of Re), and a
passivation domain (formation of more or less hydrated Re,053).
This figure is valid only in the absence of substances with which
Re can form soluble complexes or insoluble salts. Metallic Re,
shiny-white in the compact state and gray-black in the dispersed
state, is a relatively base metal, having a very small zone of stabili-
ty in common with that of water. Rhenium can be obtained,
possibly mixed with some lower oxides, by the electrolysis of
near-neutral or acidic solutions of perrhenates or perrhenic acid. It
is obtained in a finely divided gray-black form when using current
densities between 10 and 100 mA cm 2. At higher current densi-
ties, lead-colored tree-like growths are formed at the cathode;
these are thought to be compounds of metallic Re with brown hy-
drated lower oxides. Rhenium can also be produced by chemical
reduction, but only with difficulty. More powerful reducing agents
than zinc, such as stannous chloride (SnCl,) and hydriodic acid
(HI), reduce heptavalent rhenium only to the tetravalent state.
Rhenium is easily oxidized in alkaline solutions, with the forma-
tion of various oxides (e.g., Re;O;, ReO,, and ReO;s), as well as
perrhenic acid and soluble perrhenates. In addition, it is easily re-
duced with the formation of soluble rhenide (Re"). In the presence
of moist air, Re is oxidized to perrhenic acid, even at room tem-
perature. This oxidation is very rapid in the case of finely divided
Re, which is occasionally pyrophoric. The oxidation of Re, even
when compact, is rapid in the presence of solutions of hydrogen
peroxide, alkaline or acid oxidizing solutions, solutions of ni-
trites/nitrates or alkali metal peroxides, and nitric acid solutions.
Concentrated sulfuric acid also dissolves Re, but more slowly.'®®
From Fig. 14 it may be concluded that a fine control of both poten-
tial and pH is required in order to form metallic rhenium without
significant hydrogen evolution, which might result in hydrogen
embrittlement and cracking.

Electrolysis has been applied primarily to extract metallic Re
from solutions, and to produce Re coatings. In electrolytic extrac-
tion, the metal can be obtained in the form of a bright deposit or a
black powder, depending on the conditions of electrolysis.'® The
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overall reaction in a potassium perrhenate (KReOy) solution was
represented as:'®

4HReO, +2H,0 > 4Re+4KOH+70, (46)

Different mechanisms have been proposed for the electrode-
position of Re, involving the stepwise reduction of the ReO,4 ion,
the role of adsorbed hydrogen atoms, following initial reduction to
ReO;, and even formation of the highly charged Re’ ion as an
intermediate.'®'? No solid evidence was given for any of the re-
duction routes proposed; however, it is evident that the seven-
electron reduction of ReO, and the parallel removal of four oxy-
gen atoms must involve many consecutive steps, even if the nature
of the intermediates formed, some in solution and some perhaps
adsorbed on the surface, is unknown. It should be noted, however,
that a mechanism postulating the reduction of a heptavalent cation
(Re™) can be rejected out of hand, since such ions are not known
to exist in aqueous solutions. Moreover, the solvation energy of
ions in aqueous solutions is roughly proportional to the square of
the charge (namely, 5, 20 and 50 eV for Me”, Me*" and Me™", re-
spectively). Extrapolating to Me’* would lead to a solvation energy
of 200-250 eV. Thus, if a Re’" ion did exist in solution, it would
be energetically impossible to remove its solvation shell and depo-
sit metallic rhenium from it.

An early, relatively short, review on electrodeposition of Re
alloys with iron-group metals was presented by Brenner.”® In an
acid perrhenate solution, the overall reaction can be written as

ReO; +8H" +7¢,, = Re+4H,0 (47a)

with a standard potential of +0.34 V vs. SHE,'® which is more
noble than that of hydrogen. In alkaline solutions, on the other
hand, the overall reaction can be written as

ReOj +4H,0+7 ey, —> Re+8(OH)" (47b)

and the corresponding standard potential is —0.604 V vs. SHE.'®
This value is approximately +0.21 V vs. RHE in a 1 M NaOH so-
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lution (pH 13.8). On the basis of the standard potentials, it should
be possible to reduce Re from either aqueous or alkaline solutions.
Yet, in practice the plating process takes place with a very low FE,
of the order of 10%. Hence, Brenner concluded that the deposition
of Re is subjected to some restraints, similar (but to a lesser de-
gree) to those observed in deposition of W and Mo.

Typical bath compositions and operating conditions for elec-
trodeposition of Re are listed in Appendix C. An acid sulfate
solution, based on potassium perrhenate, was suggested by Fink
and Deren.'”® Netherton and Holt'”' worked with similar baths, to
which they added either citric acid or ammoniacal citrate.” Sligh
and Brenner used more concentrated solutions of perrhenate, but
still could not increase the FE significantly. Their deposits exfo-
liated when produced thicker than 10 wm, and oxidized rapidly
upon exposure to air. Therefore, it was hypothesized that the elec-
trodeposited metal was not pure, but contained oxide inclusions. "®

Several recommendations regarding the electrodeposition
process were later drawn by other authors. According to Lebe-
dev,' the most widely used baths contain potassium perrhenate
and free sulfuric acid, whereas Pt is the commonest anode materi-
al. One limitation in the use of potassium perrhenate is its low
solubility in water (0.037 M at 21.5°C, compared to 0.215 M and
3.45 M at 20°C for ammonium and sodium perrhenates, respec-
tively). However, its solubility is increased in acidic solutions. The
deposition potential of Re was found to depend on the material of
the cathode. On a Re cathode, the deposition potential was the less
negative, with the lowest overpotential for hydrogen evolution.
Additions of ammonium sulfate {(NH4),SO,} and gelatin to the
bath resulted in an increase in the FE. In contrast to Lebedev’s
claim, a preliminary work of Treska et al.'® recently demonstrated
that the use of ammonium perrhenate, instead of potassium perr-
henate, could result in fewer surface cracks, a higher metallic Re
content in the coating, with no traces of undesired potassium con-
tamination. Colton'” claimed, on the basis of previous studies, that
sulfuric acid solutions yield the best Re coatings. In addition, bet-

*
It should be noted that at low pH citric acid exists in its fully protonated, un-
charged form (cf., Fig. 1a). In this form, it is not a good complexing agent.
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ter deposits were obtained if only a thin film of Re was deposited,
followed by annealing at high temperature. Additional deposits of
Re could then be added in a similar manner, forming a heavy de-
posit that had good chemical and mechanical stability. Meyer'®*
suggested that the deposit properties could be improved by adding
magnesium sulfamate {Mg[SO3(NH,)],}, which reduced the resi-
dual stresses, thus permitting the formation of thicker deposits at
high current densities. It was also shown that addition of ammo-
nium sulfate increased the conductivity and FE, particularly at low
current densities. Lowering the pH to 1.0-1.5, by addition of sul-
furic acid, resulted in higher FE and brighter deposits. The
dependencies of FE on pH, current density and temperatures were
also studied. While, at i = 100 mA c¢cm? and 7 = 60°C, the depo-
sits were bright and reasonably ductile in the range pH = 0.5-2.0,
at higher pH the deposits were darker and with higher level of re-
sidual stresses. It was realized that Re has a very low hydrogen
overpotential, which is comparable to that of electrodeposited Pt. It
was also found that Re could be easily codeposited with several
other metals, forming thicker, low-stressed alloy deposits at a
much higher FE (as high as 80%, instead of 15% for the pure met-
al). This behavior was related to a decreased rate of hydrogen
evolution. Such alloy coatings typically possess higher oxidation
resistance and thermal stability, with a much lower crack density.
Although Meyer himself claimed to be able to deposit Re of good
quality, he criticized that previously-electrodeposited Re had been
highly stressed, brittle, and of poor appearance — particularly when
the thickness of the deposit exceeded 1 um.'*

Root and Beach'”* also found that the as-deposited Re was not
stable in air and moisture, because of the inclusion of rhenium
hydride impurities. The quantity of hydride depends on the pH of
the bath and the cathode potential.'’> ' Rhenium hydride is unst-
able in aqueous solutions and in moist air, and gradually
transforms into rhenium oxides. After a time, the hydride-
containing surface layer could contain some fine, powdery rhe-
nium oxides, along with the metal. This could hinder the ability of
the coating to act as a suitable oxidation barrier. In addition, resi-
dual stresses and cracks might form due to the presence of the
brittle hydride phase per se. If small oxide impurities exist in the
coating, they can readily be transformed into a tarnish-resistant
metallic Re by annealing in pure hydrogen at 900-1,000°C for at
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least 15 min,'” but preferably for 1-1.5 h.'” Temperatures lower
than 800°C and other annealing environments were found ineffec-
tive. This treatment above the hydride decomposition temperature,
however, might introduce some cracks due to shrinkage of the
coating during conversion of residual hydride to metallic Re.
These cracks can allow oxidizing gases to gain access to the sub-
strate. One way to heal these cracks is to fill them with additional
metal, e.g., Ir or Rh. The best way to eliminate (or, at least, con-
trol) this problem is to establish optimum bath composition and
operating conditions, so that the as-deposited coating would be
hydride-free (or near hydride-free).'” Figure 15 shows the trans-
formation from an amorphous hydride phase into crystalline Re,
following hydrogen firing.'® In order to produce Re deposits
thicker than 0.5 mil (12.7 pm), Root and Beach'”* had to employ
alternate plating and hydrogen firing. This inability to deposit
thick Re coating in one step was related to a lower overpotential of
hydrogen on rhenium hydride, as compared to that on other metal
surfaces. Hydrogen-fired Re deposits were found to be disconti-
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Figure 15. Phase transformation from amorphous rhenium hydride to crystal-
line Re following hydrogen annealing (7" = 900-950°C, ¢ = 1-1.5 h).
Reprinted from Ref. 166, Copyright (1997) with permission from the Institute
of Materials, Minerals and Mining.
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nuous. This characteristic was related to shrinkage of the electro-
deposited rhenium hydride, forming rhenium and hydrogen. Since
the plating was postulated to involve the deposition of rhenium
hydride, it was suggested that conditions, which minimize hydro-
gen absorption in the cathode, would reduce the FE. The FE was
found to decrease due to periodic reverse current plating and to
increase as a result of either addition of ammonium nitrate to the
bath or increase of bath temperature.

One of the authors of this chapter (Eliaz) was involved for a
short period of time in a related project that focused on electrode-
position of pure Re on parts made from graphite or carbon-carbon
composites for aerospace applications. It was shown that, in the
absence of fine pH and potential control, hydride formation led to
significant cracking—mainly around carbon fibers (see Fig. 16).
Preliminary runs of potentiodynamic polarization experiments
were made to demonstrate that fine control of the potential, to
within the immunity domain in the Pourbaix diagram, may aid in
reducing the absorption of hydrogen and related cracking. Howev-
er, neither optimization of the bath chemistry and operating
conditions nor attempts to form Re-Rh alloy codeposition were
made in that part of the research. Yet, it was found that better qual-

Figure 16. Cracking in a rhenium electrodeposit around
carbon fibers in a carbon-carbon composite, as ob-
served by SEM. The bath composition and operating
conditions were not optimized; therefore, high contents
of hydrogen resulted in cracking.'”
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ity coatings could be formed at high current densities. Pulse shapes
that typically yielded reasonable results included 6-8 pulses for-
ward (negative, plating, 140 mA each, 1.2 ms on, 4 ms off) and 1
reverse pulse (positive, metal-bridge dissolution, 10-mA peak, 9
ms on). Complex shapes (including wedge, throat and sphere)
were coated, yielding nice visual appearance. The infiltrated and
coated outer surfaces of these shapes were subsequently stabilized
by an elevated temperature hydrogen anneal.'”

Pemsler et al.'’*'" earlier introduced the concept of carbon fi-
ber reinforced internal barrier, where diffusion barrier metals are
infiltrated electrochemically into matrix-free carbon fibers in a
specially oxidized surface ply of C-C. Infiltration was carried out
successfully with Re, Rh and Ir. The rhodium coatings were found
non-cracked, adherent, and survived thermal cycles to as high as
1,600°C.

Paris ™ described a method for Re electroplating of the hot
plate used for contact ionization of barium in a Q-plasma source.
In this case, the reason for coating the tungsten hot plate with rhe-
nium was to increase the probability of ionizing barium (W and Re
have work functions of 4.52 and 4.8-5.1 eV, respectively, whereas
the ionization potential of Ba is 5.21 eV). Paris discussed some of
the technical issues involved in the electrodeposition process, in-
cluding the effectiveness of a slow rotation of the plate during
deposition and a gentle removal of the bubbles from the solution
by means of stirrers in producing more uniform coatings, short
current reversal to remove roughness of non-uniform plating, and
post-treatment in distilled water—followed by drying in an oven at
50-60°C for at least one hour—to prevent peeling of the Re depo-
sit due to exposure to humid air.

Since the early 1990s, Bakos, Horanyi, Szabo et al. have had a
major contribution on the way to understanding the electrochemi-
stry of Re.'””'™ The electrodeposition of metallic Re from
aqueous perrhenate solutions on Au was found to take place at
potentials within the hydrogen evolution region.'” Next, potential
oscillations during galvanostatic electrodeposition of Re from
ReO, species dissolved in perchloric acid (HCIO,) supporting
electrolyte were reported.'”” No similar behavior was observed
when sulfuric acid was used as the supporting electrolyte. There-
fore, the oscillatory phenomenon was related to the reduction of
ClO4 ions. In a following paper,' the electrodeposition of Re

176
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from ReO, species dissolved in HCIO4 and H,SO, supporting
electrolytes was studied by coupling electrochemical and radio-
chemical (namely, backscattering of B~ radiation) methods. The
rate of Re deposition at a given potential was very low in sulfuric
acid compared to that in perchloric acid. It was suggested that de-
position of metallic Re took place by at least two fundamental
steps:

Step 1: formation of an oxide (or oxidized) layer, possibly
ReO,; and
Step 2: reduction of this layer to metallic Re.

The ratio between the rates of the two steps was expected to be
potential and time dependent; the more negative the potential, the
lower the ratio of the rate of Step 2 to that of Step 1.

The next paper dealt with Re deposition on Pt by reduction of
perhhenic acid with methanol.'" It had been suggested earlier'®
that methanol could act as the reducing agent, instead of pread-
sorbed hydrogen, in Re deposition on Pt surface, in the absence of
electric polarization. In Ref. 177, pure Re was said to have been
deposited via ReO4 reduction reaction with adsorbed hydrogen,
which was one of the products of decomposition of methanol. It
was concluded that this method of Re deposition resulted in the
same adsorbed rhenium species as in reduction of ReO4 ions ei-
ther with adsorbed hydrogen or with electric polarization. Almost
the same amount of Re could be deposited via ionization of pread-
sorbed hydrogen as by reduction with methanol. It was later
suggested'® that during deposition of Re on Pt, ReO, adsorption
took place prior to adsorption of atomic hydrogen, and conse-
quently the hydrogen overpotential was decreased. After a
monolayer had been formed, bulk phases of ReO, and ReOj; could
also be observed.

In a subsequent paper,'** electrodeposition of rhenium species
from sulfuric acid solutions of perhhenic acid onto polycrystalline
Pt and Au surfaces was carried out both in underpotential and
overpotential regimes. Metallic Re could be obtained by applying
relatively high cathodic current densities, whereas Re(IV) com-
pounds were more likely to form in reduction of ReO, at low
current densities. Lastly, the deposition of rhenium species on Au
from Re,O; containing sulfuric acid solutions was studied.'® It
was shown that the chemical nature of electrodeposited rhenium



Induced Codeposition of Metals 279

species depends on the concentration of H,SO, in the supporting
electrolyte, from which deposition took place. From H,SO, solu-
tions at pH = 0.9, metallic rhenium was deposited and later
oxidized at 0.67-0.7 V vs. RHE, which is far above the standard
potential of +0.34 V vs. SHE for Eq. (47a).'®

Zerbino et al."® used in-situ ellipsometry to study the initial
stages of deposition of Re, comparing the effect of the substrate
(Au and Pt). It was concluded that, on Au, a monolayer of Re was
formed in parallel with hydrogen evolution. On Pt, a monolayer
could be deposited in the region of formation of adsorbed atomic
hydrogen (at +0.1 V vs. RHE). When the potential was shifted to
—0.1 V vs. RHE, layers of metallic Re as thick as 5-30 nm were
deposited.

Schrebler et al."®’ studied the nucleation and growth mechan-
isms for Re deposition on polycrystalline Au electrodes, from a
bath containing 0.75 mM perrhenic acid and 0.1 M sodium sulfate
at pH = 2. The potentiostatic step technique was simultaneously
employed with measurements of mass changes in an electrochemi-
cal quartz-crystal microbalance. The mass vs. time transients were
fitted with equations deduced from the current versus time rela-
tionships of the conventional nucleation and growth models. It was
concluded that electrodeposition of Re started with progressive
nucleation and two-dimensional growth, followed by two other
contributions:

1. progressive nucleation, and three-dimensional growth under
diffusion control,

2. progressive nucleation and three-dimensional growth under
charge-transfer control, which was observed at longer times.

From these three contributions, the progressive nucleation and
two-dimensional growth corresponded to the charge of a monolay-
er, and were attributed to two-dimensional nuclei of Re produced
by the reduction of adsorbed perrhenate. The three-dimensional
growth under diffusion control was the most important contribu-
tion, and represented 70-80% of the mass increase. The FE for the
electrodeposition process was in the range of 12—18%. The nature
of the adsorbed layer, however, was not identified in this study.

The last paragraphs of this chapter shall deal with electrode-
position of Re-based alloys. Based on the relatively positive
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reversible potential of Re, one might expect it to codeposit readily
with other metals, in particular in alkaline solutions, where its de-
position potential could be shifted in the negative direction.
However, Brenner noted the unexpectedly low FE as an indicator
to the difficulty of codeposition.” Fink and Deren'" stated that Re
could be codeposited with Co and Ni. Later, Netherton and Holt
reported the successful codeposition of Re with Ni,"™® Co and
Fe.'"® The iron-group metals were introduced into the bath in the
form of simple salts, such as chloride or sulfate. Brenner’® post-
ulated that the citrate ion, that was contained in most of the baths,
complexed the iron-group metal, thereby shifting its deposition
potential cathodically and, consequently, favoring the deposition
of Re. The presence of the citrate ion in the bath considerably in-
creased the Re-content in the deposit and lowered the FE. The
considerably more positive reversible potential of Re in acid solu-
tions, compared to those of the iron-group metals, allowed for
production of alloys with Re content that was significantly higher
than its ionic content in the bath. Variation of the pH in the range 3
to 8 did not affect much the Re content in alloys with iron-group
metals. The FE, on the other hand, increased considerably from pH
3 to 4, reached a maximum around pH = 5.5, and then decreased
mildly. In any case, the FE for alloy deposition was much higher
than for pure Re deposition. The Re-content in the deposit de-
creased with increasing current density, as commonly observed for
the more noble metal in alloy deposition. This effect was most
pronounced in baths containing a low concentration of ReO4 . An
increase in bath temperature resulted in a considerable increase of
the FE and in the concentration of Re in the Re-Ni alloy, but had
little effect on the composition of the Re-Co alloy.

Meyer'®* claimed that both Ni and Co seem to stabilize the
presence of ReO4 anions near the cathode. He proposed that there
was a catalytic effect of Ni on the decomposition of ReO,4 . Sadana
and Wang'” studied the effects of bath composition, pH, tempera-
ture, stirring, current density and pulsed current on the
characteristics of Au-Re deposits, which contained 0.25-63.4 wt.%
Re. The solution consisted of citric acid and potassium perrhenate.
The Re-content of the deposit was found to increase markedly as a
result of stirring, increase in current density, decrease in bath pH
and temperature, and the use of pulsed current. In addition, the as-
deposited alloys exhibited XRD patterns of supersaturated solid
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solution of Re in Au for Re contents lower than 21.7 wt.%, and
XRD patterns of a mixture of Au fcc phase and an amorphous Re-
Au phase for Re contents between 23.4 and 63.4 wt.% (ca. 24.4—
64.7 at.%)).

Kvokova and Lainer'' electrodeposited pure Re and Re-Cr al-
loy on Mo substrate. For the deposition of Re itself, two baths
were used: one containing perhhenic acid, and the other containing
potassium perrhenate. In the first bath, the discharge of hydrogen
ions was enhanced. The authors attributed the low overpotential of
hydrogen on Re to its lattice parameter (a = 2.758 A). However, a
justification to this theory has not been proposed. For both deposi-
tion of Re and Re-Cr alloy, the concentration polarization was
found to be insignificant compared to the activation polarization.

In the sections dealing with electrodeposition of W- and Mo-
based alloys, the role of citrate as a complexing agent was de-
scribed in detail (see, for example, Figs. 8 and 13). In an attempt to
better understand the similarities and differences between electro-
deposition of Re and that of W or Mo, a literature survey was
conducted on electroreduction of perrhenate in the presence of
citrate. Only one relevant, well-written, paper was found. Vajo et
al."”? applied polarography and controlled-potential coulometry to
study the electroreduction of perrhenate in acidic solutions (pH =
1.6-5.4) of perhhenic acid with citrate (or oxalate). The presence of
citrate was found to markedly enhance the reduction of perrhenate
through reversible formation of a 1:1 complex, [(ReO,)(H,Cit)]*".
This complex was sufficiently stable, that it yielded a diffusion-
limited current. The very low value of the limiting current allowed
for concluding that the equilibrium concentration of ReO4 was
nearly equal to its analytical concentration. For a constant concen-
tration of ReO, (2.03 mM) and a varying excess concentration of
citrate (from 0.05 to 0.4 M), the limiting current increased linearly
with increased concentration of citrate, indicating that the equili-
brium concentration of ReO, indeed remained essentially equal to
its analytical concentration independent of the citrate concentra-
tion, and that the electroactive complex contained one citrate
moiety. Similarly, the linear increase of the limiting current densi-
ty with increased concentration of ReO, indicated that the
electroactive species contained one Re-atom. When assuming that
the citrate species reacting with ReO, was H,Cit ', and taking into
account pK, = —1.25 for perrhenic acid, an excellent agreement
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was observed between the theoretical and experimental values of
limiting current density versus pH. Hence, the stoichiometry of the
formation of the perrhenate-citrate complex was claimed to be as
follows; below pH = 3:

ReO; + H,Cit > [[Re0, JH, Cit >~ +H* (48a)
and above pH = 3:
ReOj +H,Cit™ — [(ReO4 (H,Cit)]* (48b)

These two reactions are in accordance with the stepwise deproto-
nation of citric acid (c.f. Fig. la). The oxidation state of Re
generated by electroreduction of the perrhenate-citrate complex
was found to be Re(V), which could easily be reduced further,
forming Re(IV). The enhanced reduction of the perrhenate-citrate
complex was ascribed to expansion of the Re coordination sphere
from 4 to 6, through formation of chelated structures by a con-
certed process, in which the incoming ligand transferred protons to
coordinated oxo-groups.

In conclusion, it would seem that the chemistry of Re is very
different from that of W and Mo. First, Re has a 7-valent form,
while the other two do not exceed the 6-valent state. In addition,
while the perrhenate is stable in strong acids, the tungstate and
molybdate tend to hydrolyze and/or polymerize. Hence, it would
be interesting to study further the mechanisms of electrodeposition
of Re.

III. CONCLUDING REMARKS

It is pointed out above that metal deposition is different from out-
er-sphere charge-transfer reactions in that charge is carried across
the metal/solution interface by the ions, not by electrons. Although
this has been acknowledged by several noted electrochemists, a
theory of charge transfer by ions, comparable in detail and depth to
the theories of electron transfer, has yet to be developed. So far,
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metal deposition has been treated by the formalism developed suc-
cessfully for electron transfer.

One of the unique features of metal deposition is that the sur-
face is constantly being renewed. This is a mixed blessing: on the
one hand it allows some reduction in the required purity level. On
the other hand, the surface morphology and its roughness could
change in the course of metal deposition, leading to a change of
the real current density, although the applied current density ig, is
maintained constant.

The analysis of the kinetics of alloy deposition is complicated
by the fact that at least two reactions occur in parallel. Conse-
quently, the current-potential relation observed represents a
combination of the contributions of two processes, each having its
own overpotential, rate constant and potential dependence of the
current density. Thus, any information obtained from the current-
potential relation observed is of questionable value in evaluating
the mechanism of the formation of the alloy.

The reduction of a large oxy-ion such as WO, is a very com-
plex process. It involves the transfer of six electrons and eight
protons, and must proceed in several elementary steps. It is thus
unrealistic to expect that one could determine this mechanism in
detail, determine the nature of each step, the types of intermediates
formed, the surface coverage by each of these intermediates, and
so on. Nevertheless, there are certain aspects of this mechanism
that can be studied in some detail, helping us to understand the
fundamental factors that are critical for the operation of the plating
bath. Such understanding is important in the general context of
alloy plating, and could also help in systematic design of better
plating parameters for industrial applications.

The unique feature of plating of tungsten (and, similarly, of
molybdenum) from aqueous solutions is that they cannot be plated
in the pure form. On the other hand, alloys of these metals can
readily be deposited. The most common alloying elements are the
iron-group transition metals (Ni, Co and Fe), but there are indica-
tions in the literature that other metals (e.g., Zn and Cd) could
form similar alloys. The third metal discussed in this chapter is
rhenium. Unlike W and Mo, Re can be deposited from aqueous
solutions, albeit with great difficulty, but adding a nickel salt to the
solution improves the process significantly, forming the Re-Ni
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alloy at a much higher FE, and producing much superior, smooth
and crack-free deposits.

The above observation, called induced codeposition, which
was first made about 70 years ago, presents a very interesting
question: What is the mechanism by which the presence of ions of
one of the iron-group metals in the plating bath enhances the depo-
sition of W, Mo and Re, or indeed makes it possible? The purpose
of this chapter is to answer this question, to the best of presently
available knowledge. The section regarding alloys of tungsten re-
lies heavily on work performed in our own laboratory, although a
critical review of other work is also given, of course. The discus-
sion of electrodeposition of molybdenum alloys is based heavily
on the work of Landolt and his research group. The electrochemi-
stry of rhenium deposition is much less understood, and the review
represents what is known at present.

It should not be surprising that an ion such as WO, cannot be
reduced readily all the way to metallic tungsten. Indeed, it is sur-
prising that there are certain conditions under which it can be
reduced. Moreover, alloy deposition is often a complex, and quite
unpredictable, process. In what is called anomalous deposition we
classify processes that behave unexpectedly — the composition of
the alloy cannot be predicted from the current-potential relation of
the alloying elements studied each by itself. When forming a Ni-Fe
alloy it seems that Fe*" ions in solution inhibit the rate of deposi-
tion of nickel, while Ni*" ions accelerate the rate of deposition of
iron. In the deposition of a Ni-Zn alloy the situation is somewhat
different. Here, one finds a complete synergistic effect: adding
either ion to the solution enhances the rate of deposition of the
other metal.

Anomalous alloy deposition is common in electroplating. Ac-
tually, it is so common that it is the rule rather than the exception.
What could be the cause of this phenomenon? In general, it is
postulated that one of the alloying elements forms a hydroxide on
the surface, which inhibits the deposition of the other. This could
explain the inhibiting effect, but it is much more difficult to ex-
plain the enhancement. Another explanation is that the two ions
form a mixed-metal complex that, for some reason, is more readily
reduced at the surface than each of the metal ions separately. Natu-
rally, such complexes can only be expected to exist in solution
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containing a negatively charged complexing agent, which would
hold the two positive metal ions together, for example:

Fe?" + Cit>™ — [FeCit]~ (49)
Ni%* +Cit*~ — [NiCit]~ (50)

followed by
[FeCit]™ +[NiCit]” — [FeNiCit]" + Cit>~ (51)

If the mixed-metal complex is the precursor for deposition of
the alloy, then it can be seen that adding either of the two ions
would increase the rate of deposition of the other. This simplistic
interpretation could lead only to alloys having equal concentra-
tions of the two elements. However, if the concentration of the two
elements in solution is not equal, one could have a parallel reac-
tion, in which one of the metals would also be deposited in parallel
from its complex with citrate, giving rise to a whole range of alloy
compositions.

This brings us to one of the main point made in this chapter,
which is relevant both for anomalous alloy deposition and for in-
duced codeposition: in order to understand the process, one should
understand the chemistry of the solution, and particularly the dis-
tribution of species in plating baths that contain complexes. This
type of analysis is shown in Figs. 1, 2, 8, 13 and 14, and has been
used in our own work to explain the induced codeposition of
tungsten.

Many publications were devoted over the years to explain the
mechanism by which induced codeposition proceeds. None have
been proven beyond doubt, and one has to look for the explanation
that is consistent with the widest range of experimental observa-
tions.

For induced codeposition of Ni-W alloys, we concluded that
the precursor for deposition of the alloy is a mixed-metal complex
of the type [(Ni)(HWO,)(Cit)]*. This complex is formed from a
nickel citrate complex (cf., Eq. 50) and a tungstate citrate complex
[(WO,)(Cit)(H)]*. It may be somewhat surprising that the nega-



286 Noam Eliaz and Eliezer Gileadi

tive citrate ion forms a complex with a negative tungstate ion, but
this is a well-established fact, and the stability constant of this
complex is available in the literature. This should lead to a mutual
synergistic effect of Ni on the rate of deposition of W and vice
versa, which was confirmed experimentally. The partial current
density for deposition of tungsten was found to be mass-transport
dependent, although it was only a few percent of the limiting cur-
rent density, calculated for the concentration of either Na,WO, or
NiSO, in solution. This indicates that the concentration of the
above precursor is much smaller, and its rate of formation is low.
The latter is not surprising, in view of the fact that it is formed by
an interaction between two negatively charged ions, one of which
having a high charge of —4. Alloys having a wide range of compo-
sitions were obtained, depending mostly on the composition of the
bath. In most cases, the concentration of Ni in the alloy was higher
than that of W, since there is a parallel path for deposition of Ni
from its complex with citrate (or with NH3, when present in solu-
tion). Nevertheless, conditions were found, under which an alloy
with a 1:1 Ni:W ratio could be deposited. Different crystal struc-
tures were identified by X-ray diffraction. The structure was found
to depend on the atomic composition of the alloy, not on the way it
was prepared. The dependence of the alloy composition on pH was
found to be consistent with the distribution of the relevant species
in solution, as shown in Fig. 8. Finally, linear relationships were
observed between the product of concentrations of the two com-
plexes that form the mixed-metal complex and the partial current
densities for deposition of tungsten.

Plating of alloys of Mo was studied intensively in recent years
by Landolt and his co-workers. It was shown that in formation of
Ni-Mo alloys, the rate of deposition of Mo (i.e., the partial current
density for deposition of this metal) is controlled by the concentra-
tion of Ni in solution. This is consistent, of course, with the idea
that the precursor for deposition of the alloy is a mixed-metal
complex, as proposed for Ni-W alloys by Gileadi et al. It is also
expected in view of the similarity of the chemistry of W and Mo
ions in aqueous solutions. However, the mixed metal complex for
Ni-Mo alloy deposition was assumed to be [NiCit(M0O,)].4s - The
most important difference between the assumed mixed-metal com-
plexes are that in the case of W the complex is in solution, while in
the case of Mo it is assumed to be adsorbed on the surface. More-
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over, in the precursor for deposition of Ni-W alloys, the mixed-
metal complex contains the protonated tungstate anion HWO,,
while in the case of Ni-Mo alloys it is the neutral dioxide MoO,,
which has been formed from reduction of the MoO,”” ion in a pre-
vious step. In both cases, the authors have been able to deposit
alloys with a range of concentrations of the refractory metals.
However, in the case of W it was concluded that the mixed-metal
complex was the source of deposition of an alloy of equal concen-
trations of Ni and W, while Ni was deposited in parallel from its
complex with citrate. In the case of Mo it was assumed that the
reaction proceeded by a four-electron reduction of the mixed-metal
complex, while Ni was deposited independently from its complex
with citrate.

The electrochemistry of rhenium is quite different from that of
W and Mo, and has not been investigated in similar detail. To be-
gin with, the most stable ion in solution is the perrhenate, ReOy ,
from which metallic rhenium can be deposited directly, not only as
an alloy. The hexavalent ReO,”" (similar to MoO,”") does not exist
in aqueous solutions. On the other hand, there are definite indica-
tions (which admittedly should be confirmed by further detailed
studies) that forming alloys with Pt, and possibly with the iron-
group transition metals, leads to higher-quality coatings with lower
residual stresses, less cracking and lower hydride content.

In conclusion, it can be stated that alloys of the three refrac-
tory metals discussed in this chapter may be of significant
importance for practical application, in view of their high corro-
sion resistance, stability at high temperatures and wear resistance.
Some of these advantages are already being implemented, mainly
for alloys of tungsten and of molybdenum, but only marginally for
rhenium. Deeper understanding of the phenomenon of induced
codeposition could lead to increasing the range of applications of
such alloys in specialized applications.
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LIST OF ABBREVIATIONS AND SYMBOLS

Anomalous Codeposition
Electrochemical Impedance Spectroscopy
Electromotive Force

Faradaic Efficiency
Hydrogen-Assisted Cracking
Hydrogen Embrittlement
Hydrogen Evolution Reaction
Hydrogen-Induced Cracking
Hardness Rockwell C
Micro-Electro-Mechanical Systems
Open-Circuit Potential

Outer Helmholtz Plane

Reversible Hydrogen Electrode
Standard Hydrogen Electrode
Ultra-Large-Scale Integration
Underpotential Deposition

Vickers Hardness Number

Tafel slope (V decade ™)

The subsurface solubility of a dissolved atom in a solid
metal, expressed as solute-to-metal atom ratio

Bulk concentration of the electro-active species
(mol cm™)

Concentration of the metal cation (mol cm ™)

Concentration of the electro-active species at the sur-
face (mol cm™)

Diffusion coefficient (cm® s™)

Young's modulus of elasticity (GPa)

Standard (equilibrium) potentials (V)

Standard potential in the presence of a complexing
agent (V)

Corrosion potential (V)

Deposition potential (V)

Reversible potential (V)

Faraday’s constant (96,485 C equiv ")

Fugacity (Pa)

Total current passed (A)
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Rconc

Rch RF; Rac
Rsoln

%

V'metal

P

Current density (A cm?)

Activation-controlled current density (A cm *)

Partial cathodic current density of the /™ element in
alloy deposition (A cm?)

Limiting current density (A cm?)

Exchange current density (A cm )

Passivation current density (A cm )

Stability constant of a complex

Solubility (Sieverts’) constant for dissociative adsorp-
tion of a diatomic gas, followed by absorption (Pa )

Fracture toughness (MPam )

Ligand

Characteristic length

Metal i

Atomic mass of the i element (g mol ")

The number of electrons transferred in the reduction of
one atom of the /" element (equiv mol )

Partial pressure (Pa)

The ideal gas constant (1.987 cal K'mol™, or 8.314 J
K 'mol™)

Mass transport resistance (Q cm )

Charge transfer (Faradaic) resistance (Q cm™)

Ohmic solution resistance (Q cm )

Radius of the rotating cylinder electrode (cm)

Atomic radius (A)

Absolute temperature (K or°C)

Melting temperature (K or°C)

Deposition time (s)

Wagner number

The measured weight of a deposit (g)

The weight (or mole) fraction of an element in an alloy
deposit

Linear thermal expansion coefficient (°C™")

Transfer coefficient for the overall electrode reaction

Symmetry factor for an elementary charge-transfer step
in the reaction sequence

Equilibrium constant for formation of complexes in the
reactions Me + n-L — [MeL,], usually given in its
log form
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o The thickness of the Nernst diffusion layer (cm)
Aypp UPD potential shift (V)

& Strain at fracture (%)

n Observed overpotential (V)

et Charge-transfer (activation) overpotential (V)
Tcone Concentration overpotential (V)

iR Resistance overpotential (V)

K Specific conductance of solution (S cm™)

K Thermal conductivity (W m 'K ™)

v Kinematic viscosity (cm” s ')

v Poisson’s ratio (= —¢&,/6x = —&y/&x, Where &y is the

principal strain in the x direction of the applied force,
and &y and ¢,, are the resulting principal strains in
the orthogonal directions y and z, respectively)

10} Angular velocity, or rotation rate (rad s ', or rpm)
Yo, Density (g cm ™)
Yo, Specific resistivity (Ohm-cm)
oy Tensile strength (Pa)
oy Yield strength (Pa)
12 Partial surface coverage

APPENDICES

Appendix A

Typical bath compositions and operating conditions for electrode-
position of W-based alloys, cf., Table 3.

Appendix B

Typical bath compositions and operating conditions for electrode-
position of Mo-based alloys, cf., Table 4.

Appendix C
Typical bath compositions and operating conditions for electrode-
position of Re-based alloys, cf., Table 5.
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