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surfaces being transformed by contact with reagent. Zero-
time contact angles are 50°-80° and drop to values below 30°
in a few minutes. As wetting changes with time, we have to
acknowledge that it will also change from point to point, at
the electrode surface, because the extent of reaction and
the degree of product accumulation at different points
cannot be the same. Two contiguous regions may thus pre-
sent differences in 0 amounting to some tens of degrees,
depending on their actual compositions.

Now, we should consider the concentration effects.
Added surfactants or acid will adsorb at the existing solid
surfaces: both bare metal and reaction products (iron
oxide, iron sulfate). Extent of adsorption will depend on
the nature of the surface and on absorbate concentration.
In the case of surfactants, we should expect that high con-
centrations will lead to saturation or to hemimicelle forma-
tion, so that the various solid surfaces will have their sur-
face tension differences covered up. This means that low
detergent concentration may both increase or decrease in-
terfacial tension gradients; high concentrations should de-
crease them. Liquid circulation around the electrode and
corrosion rates should vary accordingly, as indeed we
found in this work.

Regarding sulfuric acid concentration changes, thereis a
major difference: we should not expect cover up of solids,
due to the fact that at least bare patches of metal should
not be saturated with the reactive acid. Indeed, the corro-
sion rates vs. acid concentration curve has a maximum,
but the corrosion rate is still high at the higher acid con-
centration.
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A major difficulty which is already seen in the process of
creating a detailed model to evaluate convective liquid dis-
placement around the electrode is that we need values for
Av and thus for interfacial tensions; since we are looking at
reaction transients, the relevant v’s are dynamic, not equi-
librium ones.

Manuscript submitted April 6, 1987; revised manuscript
received Feb. 26, 1988.
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A Mathematical Model for the Electrodeposition of Alloys on a
Rotating Disk Electrode

Shiuan Chen, Ken-Ming Yin,* and Ralph E. White**
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843

ABSTRACT

A general multiple electrode reaction model for electrodeposition of alloys on a rotating disk electrode is presented.
Included in the model are mass transport equations with the effect of ionic migration, Butler-Volmer kinetic rate expres-
sions, and the mole fractions of the individual compenents in the solid state. The model shows that the effect of ionic mi-
gration is important and that plating variables such as applied potential, pH, and bulk concentration can be included. Two
examples (Ni-P and Ru-Ni-P) are used to illustrate the predictions of the model.

One of the less expensive and most popular techniques
for preparing alloys is electrodeposition (1). Electrodeposi-
tion from aqueous electrolyte solutions has considerable
advantages over the other means of production of alloys
because the technique is relatively easy, technically sim-
ple, fast and productive, and for certain systems is the only
method of preparation. Therefore, it is desirable to deter-
mine the operating conditions under which a certain alloy
can be made. A mathematical model which includes the ef-
fect of ionic migration is presented here as an aid to do
this.

Two purely theoretical cases are presented here as ex-
amples of how the model may be used. These are the elec-
trodeposition of Ni-P and Ru-Ni-P. Nickel-phosphorus al-
loys have received considerable attention (2-10) due to
their ferromagnetic and metallic properties. The structure
of Ni-P was investigated by Tyan and Toth (7); they found
that alloys with a phosphorus composition greater than
Ni-P, 144 appeared to be amorphous. The dependence of the
amorphous structure on the coritents of the plating bath is
supported by the work of Okamoto and Fukushima (5) and
by Vafaei-Makhsoos (6). Analysis of the data from these ex-
perimental studies suggests that a theoretical model may
be helpful in determining the operating conditions of a cell

*Electrochemical Society Student Member.
**Electrochemical Society Active Member.

to produce such an alloy. The electrochemical reactions
that are used here for electrodeposition of Ni-P are shown
in Table 1. The chemical species added are assumed to be
NiSO,, H;PO,. The evolution of hydrogen is included and
is written as shown because it is the reaction that occurs as
the potential of the working electrode is made more and
more negative. To demonstrate the versatility of the
model, the electrodeposition of a tertiary system Ru-Ni-P
is also studied theoretically. The plating bath for this alloy
contains NiSO,, NiCl,, HsPO,, and RuCl;. Table II lists the
electrochemical reactions that are assumed to participate
in the deposition of Ru-Ni-P. The electrochemical system
used to model these processes is that for a rotating disk
electrode (RDE), which is used because of the simplicity of
the system and its well-understood hydrodynamics

(11, 12).
Table |. Reactions for Ni-P deposition
Standard electrode
No. Electrochemical reaction potential, (V)?
1. Ni%* + 2¢” — Ni -0.23
2. H;PO, + H' + e~ > P + 2H;0 -0.51
3. 2H* + 2¢”— H, 0.00

*Taken from Ref. (30).
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Table Il. Reactions for Ru-Ni-P deposition
Standard electrode

No. Electrochemical reaction potential, (V)?

1. RuCl*~ + 3¢~ — Ru + 5CI~ +0.40

2. Ni?* + 2¢” — Ni -0.23

3. H;PO; + H" + 27— P + 2H,0 -0.51

4. 2H' + 2¢” - H, 0.

*Taken from Ref. (30).

Most of the available models for electrodeposition are re-
stricted to pure metals, and the convective and ionic

migration effects are ignored for simplicity (13-15). The :

electrodeposition of alloys, compared with the electrodep-
osition of pure metals, is a much more complicated pro-
cess. Some models (16-23) have been presented for binary
alloy deposition. Their use is restricted, however, because
these models (16-18) do not include the relative activities of
the deposited species in the kinetic rate equation used.
Also, none of these models includes the effect of ionic mi-
gration.

The relative activity of the deposited species was in-
cluded in models developed by Engelken and Van Doren
(20, 21), and Verbrugge and Tobias (22, 23). Engelken and
Van Doren developed a steady-state model including only
the diffusive transport mechanism for the electrodeposi-
tion of I1I-VI and III-IV compounds. Verbrugge and Tobias
took into account the nonideal thermodynamic behavior
in the solid state and modeled pulsed current electrodep-
osition processes for CdTe. Unfortunately, these models
(20-23) do not include the effect of ionic migration.

The model presented here is an extension of previous
models developed by White and coworkers (19, 24) which
includes the effect of ionic migration. The effect of ionic
migration is included in the model because of its funda-
mental importance in treating mass transfer in electro-
chemical systems. Its significance was reviewed by Vetter
(25) and discussed by Newman [(26), p. 353]. Furthermore,
Ateya and Pickering (27) investigated the effect of ionic
migration under conditions of anodic dissolution. They
found that if the initial concentration of the discharging
ion is much less than that of the supporting electrolyte, the
effect of ionic migration may be ignored, but if the metal
ion/supporting ion concentration ratio varies consider-
ably, as it may with distance from the electrode surface,
then ionic migration may be significant.

In this model no interactions of deposited species are in-
cluded (i.e., activity coefficients for all solid components
are one). This model could be used to handle a nonideal
case if a suitable description for solid species interaction is
available.

Model Development

The objective of the present investigation was to develop
a detailed mathematical model which could be used to pre-
dict the concentration profiles of ionic species within a dif-
fusion layer on an electrode, the current-potential charac-
teristics, and the alloy compositions as a function of the
bulk solution concentrations and the applied potential.
The effect of ionic migration and the dependence of the
current density on solid-state component relative activi-
ties are included.

The assumptions are as follows:

1. Dilute solution theory applies [(26), p. 217]. This states
that there are negligible interactions between the solute
species. )

2. The Nernst-Einstein equation, D; = w;RT, which is im-
plicit in the infinite dilute solution theory, applies.

3. The current density distribution is uniform on the sur-
face of the electrode. Marathe and Newman (28) have
shown that for small disks with an excess of supporting
electrolyte, a uniform current density distribution can be
assumed unless the exchange current density is large. In
any case, the results apply at the center of the disk with
this assumption.

4. The current density takes the form of the Butler-Vol-
mer equation, which expresses the dependence of the cur-
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rent on the composition of the electrolytic solution adja-
cent to the electrode surface and on the relative activity of
the solid-state species, and the exponential dependence of
the current on the overpotential.

5. The physical, transport, and kinetic parameters are
constant throughout the solution.

6. The solution is isothermal.

7. No homogeneous chemical reactions occur in the elec-
trolyte.

8. The alloy exhibits ideal solid solution behavior.

The transport equation that applies in the diffusion layer
is based on the flux equation of the ionic species in solu-
tion. Mass transport in solution is due to migration in an
electric field, diffusion in a concentration gradient, and
convection in a flow field. Therefore, the flux expression
for each species i can be written as

N = —zuiFe,Vd — DV¢; + vey 1]

where the ionic mobility, u;, is assumed to be related to the
diffusion coefficient D; by the Nernst-Einstein equation

Dy

RT

(2]

The material balance equation for each ionic species at
every point within the diffusion layer is as follows

ac;
—=—V'Ni+Ri [3]
at

where R, is the production rate of species i due to homoge-
neous chemical reactions. For the rotating disk, the nor-
mal component of the velocity depends only on the direc-
tion normal to the electrode surface, y. Therefore, for
steady-state analyses (dc/6t = 0) with no homogeneous re-
actions (R; = 0), Eq. [3] combined with Eq. [1] becomes

@ dc; do
=0 4

dZCi dCi
Dis*—vy——+ziuiF ci—— + —
dy? dy dy* dy dy

where v, in the diffusion layer is approximated by [(26),

p. 282]
Q 172
vy, = —af) <—) y? [5]

v
For convenience, a dimensionless distance, &, is defined
by
£=— (6]

where 3 is the diffusion layer thickness expressed as (19)

3DR 13 /p\12
e
av QO
in which Dg, v, a, and {1 represent the diffusion coefficient
of the diffusion-controlling species, kinematic viscosity,
constant of the diffusion layer thickness, and the disk rota-

tion speed, respectively. Expressed in terms of this dimen-
sionless variable, Eq. [4] becomes

Di dzci dCi
——t 38—
Dy dg? dg

ZjDiF
e "

d2®  de d@) ~
DgRT -

c—— + ——
dg?  de dt

With n ionic species present in the solution, there are a
total of » + 1 unknowns, which are the n concentrations of
the species and the solution potential, ®. To solve for these
n + 1 unknowns, n + 1 governing equations are needed.
These are given by the n material balance equations (Eq.
[8]) plus the equation of electroneutrality
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2 ZiCi = 0 [9]
i=1

for every point in the electrolyte, 0 = y < ygg, Wwhere ygg
represents the location of the reference electrode.

Boundary conditions at y = yge are chosen where the
concentration of each species i near the reference elec-
trode is equal to its bulk concentrations

Ci(Yre) = Cipux f10]

where the values for ¢ satisfy Eq. [9]. The boundary
condition for the solution potential is

®(Yyre) = Pre [11]

Experimentally, V — ®(ygy) is the potential that is applied,
and only this difference makes physical sense. Conse-
quently, it is acceptable to set arbitrarily V = 0 and use ®gg
as the value of the applied potential.

The boundary conditions at the electrode surface (at y =
0) are obtained from a component material balance equa-
tion at the electrode. The condition is that the normal com-
ponent of the flux of species i evaluated at the surface is
equal to the sum of its reaction rates at the electrode

Ny = — 5 288 2]
=0 j=1 ’njF
where NR is the number of reactions occurring at the elec-
trode surface, s; is the stoichiometric coefficient of species
i of reaction j, and n; is the number of electrons transferred
in reaction j when the reaction is written in the form

2 syM{ — nge” (13]
At the electrode surface, the normal component of the ve-
locity is zero. Consequently, Eq. [1] reduces to
- ziD;Fc; d® de;
Ni]y:(] == - Dy— [14]
RT dy dy

when expressed in dimensionless form

1 dCi ZiDiFCi dod
Njjg-o =~ —|Di—+ —
b} dg RT dg

[15]

Combination of Eq. [12] and [15] gives the final boundary
condition of the system at the electrode surface

1 ( dci
- —{Di—+
) dg
Equation [16] provides n equations for n number of spe-
cies. The last boundary condition at the surface is the elec-
troneutrality requirement, Eq. [9].

The current density due to reaction j as in Eq. [16] is as-
sumed to take the form of the Butler-Volmer equation

[(26), p. 169]
o aF aqF
i = iy | €XD (ﬁ nj> — exp ( BT m—) [17]

This can be regarded as the result of independent cathodic
and anodic reactions, each with an exponential depend-
ence on the overpotential v;, where

=V-&,-U, [18]

The quantity V — &, represents the potential difference be-
tween the potential of the electrode (V), and the potential
in the solution adjacent to the electrode (®,). The theoreti-
cal open-circuit potential, U;j,, evaluated at the surface
concentrations of all the species, ¢;,, and solid phase rela-
tive activities, ay,, is expressed by (19)

R Syl

RT dt

ZiDiFCi do
[16]

-3

Jan

Ui, = [2 s In ( ) + E Sy In ay 0]

nJ

— Uz +

RT c;;
F z SiRE In ( RE) [19]

Po
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The exchange current density i,; depends on the concen-
tration in the solution at the electrode-electrolyte interface
and the relative activity of the metallic species in the de-
posited alloy. That is, i, is assumed to have the following

form
Cio \ i Qo \ i
S e
Ci ref. k \QOkref.

where ay s is a reference relative activity of metallic spe-
cies k, and c;,r is a reference concentration of species i.
Note i ¢ can be expressed by

. . Ci,ref i ak,ref Ykj
'Loj,ref = Zoj,data H ( ) H ( ) [21]
i k

Ci data QA data

ioiret can be calculated if iodata, Cigata Oxcata are available in
the literature; otherwise, experiments need to be devised
to determine iy ¢ using parameter estimation techniques.

In both Eq. [19] and [20], the subscript i ranges over the
ionic species and k over the metallic species. The expo-
nents for both the ionic and metallic species are given by
(24)

a8y
Yi = Pij — [22]
L
for an anodic reactant, and
0 Sij
Vi = Qg t [23]

§

for a cathodic reactant. Similar expression is used for ;.

The open-circuit potential U;, can be written in terms of
the reference concentrations by adding and subtracting
the following term to Eq. [19]

RT /¢ ,ef) RT
— Y siln{——]) +— s 1n Ay e 24
nJF 21 1] < o njF % ki kref [ ]

0

Cio
siIn | —
I:E Y <ci,ref>

+ 1 25
2 Sig 0 (akref>] [29]

The result is

Uj.o = Jref

where

RT Ci
Uj,ref = Uje - — [2 Sjj In < Jef) + 2 ski In ak,ref]
TLJ'F 1 k

Po

(%)) e
Ny Po
Note the solid phase compositions are involved in both the

expression of iy and U;,,. Combining Eq. [17],[18], [20], [22],
[23],and [25] yields
( Qi o )Pk]
ak,ref

) Cio \Pii
7'_1 = 1oj,ref H H
i \Ciref. k
Cio \ i Ti0 \ ki
Uj,ref)] - H < ) H
i \Ciref. k  \Okpref,

[OLSJF
ex
P RT
—agF
Ujre 27
exp[ RT 3 f)]} [ ]

In addition, the anodic and cathodic transfer coefficients
are assumed to sum to the number of electrons transferred
for reaction j (i.e., ay + oy = 1), and the reaction order con-
stants are assumed to be simply related to s;

_ [USRE
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Dy = Sij gy = 0 ifSij >0

(28]

Py = 0 qij = —S§j ifSij < (

The relative activities of the solid solution phase com-
ponents ay , shown in Eq. [27] are unknown variables. They
are determined by first assuming that the solid solution is
ideal so that the relative activity of solid species k can be
approximated by the mole fraction in the solid phase

Qo = Lk [29]

The next step is to assume that the mole fraction of solid
species k is given by the ratio of the deposition rate of spe-
cies k to the total rate of deposition of all of the solid solu-
tion species

Tx

xk,o = [30]
(T]+T2+"'+Tm)

where m is the total number of solid solution species, and
the deposition rate of species k is given by

VR Sl
e = > — [31]
b J:E] njF

where the current density in the rate expression is given
by Eq. [27]. The substitution of Eq. [31] into Eq. [30] yields

NR Syl
= l'nJF
xk,o - [32]
NR SIJzJ

Db

The inclusion of the dependence on solid-state relative
activities in the Butler-Volmer equation introduces the
mole fractions (xy,) as new unknowns. With this addition
of m new unknowns, which are the mole fractions for each
solid species, m new equations are needed to complete the
system of independent equations. Equation [32] provides
m — 1 of these equations and the m™ equation is simply
that the mole fractions have to sum to one

i Lo =1 [331

Finally, after setting the operating conditions and the ki-
netic, transport, and thermodynamic parameters, the total
predicted current density (iy) at a set potential difference
(V — dgp) is obtained by summing the current densities for
each reaction

NR
i=1

The boundary value problem posed above is solved by
using BAND(J), a finite difference numerical technique
developed by Newman [(26), p. 414]. The derivatives in the
coupled, second-order differential equations are approxi-
mated with finite differences. Three point central differ-
ences accurate to the order of h% where h is the dimen-
sionless step size used in the solution field, are used. The
boundary conditions at yrz where the reference electrode
located are the fixed values of bulk species concentrations
and the applied potential as discussed before. The flux
boundary conditions at the electrode surface are approxi-
mated by backward differences. The mole fractions (xy,)
of the components in the solid phase are treated by using a
constant variable approach (29). Physically x, has values
only at y = 0 as described by Eq. [32]. But for computa-
tional convenience, we also employ the expression dx/dy
= 0 for x, in the region 0 <y < ygg. It should be noted that
mole fractions are only calculated when more than one
metal is deposited on the electrode surface. This is deter-
mined by the criterion that the second metal deposited is
at least 0.03% of the deposited alloy.
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Table IHl. Compositions of Ni-P alloy plating baths for pH analysis

Concentration (M)

Constituent I II m
Ni?* 0.38 0.38 0.38.
H;PO, 0.38 0.38 0.38
H*Y 1.0 x 107! 1.0 x 1073 1.0 x 107°
S0,2" 0.580 0.5305 0.530005
Na* 0.300 0.300 0.300
OH~ 1.0 x 10718 1.0 x 1071 1.0 x 107°
ONi ref 0.50 0.50 0.50
Qp,ref 0.50 0.50 0.50

Results and Discussion

Nickel-phosphorus alloy—The first theoretical case
study consisted of determining the effect of the pH of the
plating solution on the current density-potential profile
and the composition of the deposit. Results are presented
for the three plating solutions shown in Table III, where
the pH is varied from 1 in bath I, to 3 in bath II, and then to
5 in bath III. The operating conditions and fixed parame-
ters are given in Table IV. The nickel-to-phosphorus ratio
in the bulk solution is 1:1 in all three plating baths. The
predictions were terminated at E,,;, = —1.1V because be-
yond this potential the hydrogen evolution reaction domi-
nates the system.

As shown in Fig. 1, the solid line represents the results
obtained from the plating solution pH = 1. The dotted and
dashed curves, which completely overlap each other, rep-
resent the plating solutions of pH = 3 and 5, respectively.
Also, the associated plot of the mole fraction of nickel and
phosphorus vs. potential (Fig. 2) shows that practically no
phosphorus is deposited from the plating solutions when
the pH is greater than 3. Thus, it should be expected that a
solution with a large pH would be poor for depositing
phosphorus. It is interesting that the limiting current for
nickel deposition is higher at the higher pH values in
Fig. 1. This is due to the fact that at higher pH values more
nickel ions are present at the electrode surface which gives
rise to a large limiting current density value.

Also, it is important to note that the effect of ionic migra-
tion is significant in determining the predicted current-
potential curves in Fig. 1. This is illustrated in Fig. 3-4. The
solid line in Fig. 3 is the same as that in Fig. 1 for pH = 1;
the dotted line in Fig. 3 was generated by the following
procedure. First, for a given E,,, the corresponding solu-
tion potential profile was determined (i.e., with the effect
of migration included). Next, set @, from that potential
profile equal to a constant over the region 0 < y < ygg.
Now, resolve the governing equations by taking out the
electroneutrality condition and setting the mobility (u,;) for

Table IV. Operating conditions and parameter values for Ni-P alloy

deposition
Parameter Value
T 298.15 K
0 209.44 rad/s
p 1x1073 kg/cm
v 0.0123 cm?/s
YRE 0.02 cm
Dyj2+ 0.71 x 107% em?¥s?
Dugpog 1.54 x 107° em¥sP
i+ 9.312 x 1079 em¥s?
Dsog2- 1.065 x 10~° em¥s®
Na* 1.334 X 107% em?¥s®
Dogy- 5.260 x 107 cm¥s?
Ola,i 0.5¢
Oe 1 1.5
Qa2 0.54
Gc,2 3.5
a3 0.5¢
O3 0.5
fo)ref 1.0 x 107 A/em>!
ioz.ref 1.0 x 107* A/em?d
Tog.ref 6.3 x 1071° A/em?d

2Taken from Ref. (26).

bCalculated from Ref. (33).

‘Taken from Ref. (32).

dChosen to agree qualitatively with experimental data (31).
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1.0 . . . -

-ir (A/cm®)

0.0 + . L
0.5 1.0

—~ Eppp1 vs. NHE (V)

Fig. 1. Effect of the pH of the plating bath on the current density-
potential relationship for the deposition of Ni-P.

each species equal to zero. Finally, calculate a new-total
current density and plot as a point on the dotted line in
Fig. 3. As shown in Fig. 3, taking out the effect migration at
low values of E,y, does not change the total current den-
sity because in this region the surface overpotential limits
the process (kinetic control). As —E,,, is made larger,
transport resistance becomes important. Note that the lim-
iting current density for nickel deposition for this case as
calculated by the Levich equation (34) is —0.506 A/cm?.
Further illustration of the influence of including ionic mi-
gration can be seen from the concentration profiles in
Fig. 4, where it can be seen that a significantly larger Ni*?
concentration gradient exists at the surface of the elec-
trode when migration effects are included. Apparently, the
reason for this is the indirect influence of the electroneu-
trality condition (i.e., the potential) through the other spe-
cies and not the small migration part of the flux of Ni%*,
The effect of migration on the alloy composition is minor

1.0

0.8

0.6 -

Mole Fraction

0.2

0.0 M NN rust
0.5 0.8 0.7 0.8

0.9
- Eapp] vs. NHE (V)

Fig. 2. Effect of the pH of the plating bath on the deposit composi-
tion for the deposition of Ni-P.

1.0 11
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1.0 . . .

—— With Migration
08 e Without Migration .

—ir (A/em?)

0.0 - . - : L
05 1.0

— FEappt vs. NHE (V)

Fig. 3. Comparison of total current obtained with and without the ef-
fect of migration on Ni-P deposition.

except at large —E,,p,, for example at ~E,;,; = 1.0, the phos-
phorus mole fraction is 20% when including the effect of
migration, compared to 17% when not considering mi-
gration.

Next the effect of the relative metal content in the bulk
solution is considered. Results are presented for three plat-
ing baths whose compositions are shown in Table V. The
total metal content in the solution is kept constant at 0.76}
and the amount of hypophosphorus acid is varied from 2£
mole percent (m/0) in plating bath I, to 50 m/o in bath IT
and to 75 m/o in bath III. The pH is maintained at one for
all three solutions, and the operating conditions and the ki
netic and transport parameter values are same as those
listed in Table IV. Figures 5 and 6 are the resulting tota
current density-potential and composition-potential plots

As seen in Fig. 5, the decrease in the nickel concentra
tion in the bulk causes the limiting current density of the
nickel reduction reaction to decrease accordingly. The cor

E)

g

pre) +

8 0.3 Ko P et

5

[=] " . . :

083 — With Migration
e

© ozt

........... Without Migration |

0.0 0.5 1.5

1.0
y/6 (6 = 1L.1517x10"%cm)

Fig. 4. Concentration profiles with and without the effect of migra-
tion at—E,,; = 0.8V.
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Fig. 5. Effect of the metal content in plating bath on the current den-
sity-potential relationship for the deposition of Ni-P.

responding increase in hypophosphorus acid results in a
sharper rise of current density at the potential region
where phosphorus is deposited. The mole fraction vs. po-
tential curves in Fig. 6 exhibits the behavior of preferential
deposition of the more noble metal, nickel. This means
that the nickel to phosphorus ratio in the deposit is much
lower than the nickel to phosphorus ratio in the plating
bath. Since the degree of crystallinity of Ni-P depends
heavily on the amount of phosphorus present in the alloy,
it is important to deposit the alloy at a large enough poten-
tial to ensure that the composition of phosphorus in the
alloy is above the minimum required for the alloy to be
amorphous. This threshold has been determined experi-
mentally (7) to be 14.4%.

Ruthenium-nickel-phosphorus alloy.—Another alloy of
interest to us is Ru-Ni-P. In solutions containing excess
chloride ions, ruthenium tends to complex with chloride
as follows

T T T T
1.0 e &
Ni .
0.8 \\ 4
g *
=] N
S .
o 06 ‘\\_
:g 75% Ni
P T 50% Ni
g ....... 25% Ni
04 | ’,’..
0.2 |- l/ .
P
0.0 PN denenmanoid e el
0.5 0.8 0.7 0.8 0.9 1.0

— Euppr vs. NHE (V)

Fig. 6. Effect of the metal content in plating bath on the deposit com-
position for the deposition of Ni-P.
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Fig. 7. Effect of the metal content in the plating bath on the current
density-potential refationship for the deposition of Ru-Ni-P.

Ru?* + 5C1I- = RuCl;?~

The effect of the pH of the plating solution was also ex-
amined (31) for the electrodeposition of Ru-Ni-P. Results
showed that the pH value has almost no effect on the
amount of ruthenium deposited. The effect of pH on the
nickel and phosphorus content in the alloy was very much
the same as that for Ni-P alloy deposition. Practically no

. phosphorus can be deposited from solutions of pH > 3.

The dependence of the electrodeposition of Ru-Ni-P
alloy on the relative metal content in the bulk solution was
also examined and is presented here. The relevant fixed
parameters and bulk concentrations are shown in Tables
VI and VII. The total metal content in the solution is kept
constant at 0.50M (RuCls®>", Ni*? H;PO,). The nickel to
phosphorus concentration ratio in solution is 1:1 for all
three plating baths. The ruthenium contents for the three
plating baths are 10%, 20%, and 30%, respectively. The pH
is again maintained at one for all three solutions.
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Fig. 8. Effect of the metal content in the plating bath on the deposit
composition for the deposition of Ru-Ni-P.
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Table V. Compositions of Ni-P alloy plating baths for metal content
analysis

Concentration (M)

Constituent I 11 I
Ni?* 0.57 0.38 0.19
H;PO, 0.19 0.38 0.57
H* 0.10 0.10 0.10
S0, 0.87 0.68 0.49
Na* 0.50 0.50 0.50
OH"~ 1.0 x 10713 1.0 x 10713 1.0 x 10713
ANiref 0.50 0.50 0.50
Ap ref 0.50 0.50 0.50

Figure 7 presents the current density potential relation-
ships for the three baths, and Fig. 8 shows the predicted
alloy composition. The current density of the ruthenium
reaction increases as the ruthenium chloride in the plating
bath increased, and that of the nickel reaction decreases as
the nickel content is decreased. As shown in Fig. 8 the Ni
species has higher tendency than Ru to deposit for —E gy
> 0.6V. It is very interesting to note here that both the ru-
thenium and nickel compositions varied accordingly as
the bulk solution concentrations were varied. However,
the amount of phosphorus predicted in the alloy is rela-
tively independent of the variations in the bulk solution
concentrations. This may indicate the amount of P deposit
in the alloy depends more on the pH than on the bulk
metal concentration. A more-in-depth consideration of the
solution chemistry is probably necessary to analyze the
importance of the pH of the bath in more depth.

Summary

A potentiostatic model for the electrodeposition of
multicomponent alloys on a rotating disk electrode has
been developed. The model can be used to predict a con-
centration profile for each species in the solution, current
density-potential relationships, and alloy compositions in
the deposit. The dependence of the current density on the
solid-state component relative activities is included in the
Butler-Volmer kinetic rate expression. The model is flex-
ible and allows application to any multiple electrochemi-
cal reactions system, as demonstrated in this work. The ac-
curacy of the results depends on the accuracy of the as-
sumptions made about the bulk solution equilibrium, the
hypothesized electrochemical reactions occurring on the
electrode surface, and the accuracy of the kinetic and
transport parameters used for the system. It is predicted

Table V1. Operating conditions and parameter values for Ru-Ni-P
alloy deposition

Parameter Value
T 298.15 K
Q 209.44 rad/s
p 1x1078 kg/cm3
v 0.0123 cm?/s

0.02 cm
%1}510152— 0.86 x 107° em?¥s?
Dq- 2.032 x 107% ecm?/s?
Dyiz+ 0.71 x 107% cm?¥sP
Dygpo, 1.54 X 107% em¥s?®
Dy+ 9.312 x 107% em?¥/s®
Dsoya- 1.065 x 107 em?/s®
Dygar 1.334 x 1073 cm¥/s®
Dou- 5.260 x 107% cm?¥/s®
Qa1 1.5¢
Qe,1 1.5
Qa2 0.54
Uc2 1.5
03 0.5¢
Q3 0.5
QXad 0.5¢
Qe g 0.5
fopref 2.0 x 10-8 Afem?®
Tog ref 1.0 x 107% A/em®
io3.ref 1.0 x 107* A/em?
ioq.ref 6.3 x 10710 Alem?

ELECTRODEPOSITION OF ALLOYS

aCalculated from Ref. (33).

bTaken from Ref. (26).

°Chosen to agree qualitatively with experimental data (31).
9Taken from Ref. (32).
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Table VII. Compositions of Ru-Ni-P alloy plating baths for metal
content analysis

Concentration (M)

Constituent I 11 jusi
RuCl;? 0.050 0.100 0.150
Ni?* 0.225 0.200 0.175
H,PO, 0.225 0.200 0.175
N 0.100 0.100 0.100
Cl” 0.200 0.200 0.200
S04 0.225 0.200 0.175
Na' 0.200 0.300 0.400
OH~ 1.0 x 1078 1.0 x 10718 1.0 x 10718
QRuref 0.333 0.333 0.333
N ref 0.333 0.333 0.333
Qp ref 0.333 0.333 0.333

that the effect of ionic migration is important for the sys-
tems considered here.
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LIST OF SYMBOLS

a 0.51023

Qg0 relative activity of metal k in the deposit

Qrqata data relative activity of metal k

arrer reference relative activity of metal k in the deposit

e concentration of species i, mol/cm?

Cipux  bulk solution concentration of species i, mol/em?®

Ciaata data concentration of species i, mol/cm?

Ciref reference concentration of species i, mol/cm?

cige  concentration of species i for reference electrode
reaction, mol/cm?

D diffusion coefficient of species 1, cm?¥s

Dgg diffusion coefficient of the diffusion controlling
species, cm¥s

Epnt V= @gg, V

F Faraday’s constant, 96,487 C/mol

h mesh size

i current density due to reaction j, A/cm?

ioj0 exchange current density at surface concentrations
for reaction j, Alcm?

igaa €xchange current density of concentrations re-
ported in the literature (c; gu,), Alcm?
lirer  €xchange current density at reference concentra-

tions for reaction j, A/em?®

(8 number of electrons transferred in reaction j

NRE number of electrons transferred in reference elec-
trode reaction

N; flux vector of species i, mol/cm?®s

NR number of reactions

o anodic reaction order of species i in reaction j

qj cathodic reaction order of species i in reaction j

Tk rate of deposition of solid species k

R universal gas constant, 8.3143 J/mol - K

Sjj stoichiometric coefficient of species i in reaction j
absolute temperature, K

Uu; mobility of species i, mol - cm¥Js

Uio theoretical open-circuit potential for reaction j at
the surface concentrations of speciesi, V
theoretical open-circuit potential evaluated at ref-
erence concentrations, V

Uy standard electrode potential for reaction j, V

Uz standard electrode potential for reference elec-
trode reaction, V )

v electrolyte velocity vector, cm/s

Vy electrolyte velocity in the normal direction, cm/s

1% potential of the working electrode, V

Lo mole fraction of metallic species k in the elec-

trodeposit
Yy normal coordinate, cm
YRE position of reference electrode, cm
2z charge number of species i
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Greek Symbols 15. Y. Ogata, K. Yamakawa, and S. Yoshizawa, ibid., 12,
Qi anodic transfer coefficient for reaction j 439 (1982). . .
Qg cathodic transfer coefficient for reaction j 16. A. M. Pesco and H. Y. Cheh, Submitted to This
Vi exponent in composition dependence of exchange Journal.

17. C. R. Beauchamp, Abstract 216, p. 332, The Electro-
chemical Society Extended Abstracts, Vol. 85-2, Las
Vegas, Nevada, Oct. 13-18, 1985.

18. M. Menon and U. Landau, Abstract 217, p. 333, The
Electrochemical Society Extended Abstracts, Vol.

current density, i,; on species i
E) diffusion layer thickness, cm
n; overpotential for reaction j, V
v kinematic viscosity, cm?/s
3 dimensionless distance (¢ = y/5)

Po pure solvent density, kg/cm? , 85-2, Las Vegas, Nevada, Oct. 13-18, 1985. .
) potential in solution within diffusion layer, V 19. R. E. White, J. A. Trainham, J. S. Newman, and T. W.
@, solution potential adjacent to electrode surface, V Chapman, This Journal, 124, 671 (1977).
Ppx potential in the bulk solution at ygs, V 20. R. D. Engelken and T. P. Van Doren, ibid., 132, 2904
Q disk rotation velocity, rad/s (1985). o
21. R. D. Engelken and T. P. Van Doren, ibid., 132, 2910
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Mass Transfer in Flow-Through Porous Electrodes with Two-
Phase Liquid-Liquid Flow

James M. Fenton®! and Richard C. Alkire*

Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801

ABSTRACT

The effect of two-phase liquid-liquid flow on mass transfer in flow-through porous electrodes where the current flow
was perpendicular to the fluid flow was studied. Local reaction rates, concentrations, and potential distribution were
measured along the direction of flow. Three systems were studied: (i) ferricyanide reduction in a solution containing no
dispersed second phase; (ii) ferricyanide reduction in an aqueous solution containing toluene as an inert dispersed phase;
and (iti) iodine reduction from an aqueous solution containing droplets of toluene in which the reactant was highly solu--
ble in the organic phase. Experiments were carried out with controlled variation of solute coneentration, dispersed phase
void fraction and droplet size, and flow velocity. The overall mass-transfer rate was found to be a combination of four ef-
fects: (i) the single-phase mass-transfer rate associated with the liquid as if it were flowing alone through the porous elec-
trode, (ii) the decrease in mass transfer owing to coverage of the electrode surface by dispersed liquid droplets, (iii) the
mass-transfer exchange rate between the two liquids, and (iv) the further enhancement owing to penetration of the mass-
transfer boundary layer by dispersed droplets containing the reactant. In general, it was found that the mass-transfer coef-
ficient was not enhanced by addition of an inert second phase. However, when the dispersed phase contained dissolved
reactant, the overall mass-transfer coefficient was increased substantially.

Since electrochemical reactions are heterogeneous in
nature, high production rate industrial processes require a
large electrode surface area and/or a high rate of transfer of
reactant to and from the electrode.

To increase the mass-transfer rate one may increase ei-
ther the driving force or the mass-transfer coefficient. To

*Electrochemical Society Active Member.

Present address: Department of Chemical Engineering, Univer-
sity of Connecticut, U-139, Storrs, Connecticut 06268.

increase the driving force one could, for example, increase
the solubility of the reacting species by adjustment
of pH, by using a cosolvent, a second solvent miscible with
water, or by using surfactant salts which solubilize
micelles of reactant molecules. To increase the mass-
transfer rate one could increase the surface area per unit
reactor volume with porous electrodes, packed or trickle
bed electrodes, or fluidized bed electrodes. In this study,
the effect of introducing a second liquid phase for enhanc-
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