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surfaces being transformed by contact with reagent. Zero- 
t ime contact angles are 50~ ~ 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, there is 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. 

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 
A~ and thus for interfacial tensions; since we are looking at 
reaction transients, the relevant ~'s are dynamic, not equi- 
l ibrium ones. 

Manuscript submitted April 6, 1987; revised manuscript  
received Feb. 26, 1988. 
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assisted in meeting the publication costs of this article. 
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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 components  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 Tya n and Toth (7); they found 
that alloys with a phosphorus composition greater than 
Ni-P0144 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). Analys!s of the data from these ex- 
perimental  studies suggests that a theoretical model  may 
be helpful in determining the o~'erating 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 I. The chemical species added are assumed to be 
NiSO4, H3PO2. 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 NiSO4, NiC12, H3PO2, and RuC13. 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 
( l i ,  i2). 

Table I. Reactions for Ni-P deposition 

Standard electrode 
No. Electrochemical reaction potential, (V) a 

1. Ni 2§ + 2e --* Ni -0.23 
2. H3PO2 + H § + e- --* P + 2H20 -0.51 
3. 2H + + 2e- ~-~ H2 0.00 

aTaken from Ref. (30). 
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Table II. Reactions for Ru-Ni-P deposition 

Standard electrode 
No. Electrochemical reaction potential, (v)a 

1. RuC152- + 3e- --~ Ru + 5C1- +0.40 
2. Ni e+ + 2e- --* Ni -0.23 
3. H~PO2 + H § + e- --~ P + 2H~O -0.51 
4. 2H + + 2e --* He 0. 

"Taken from Ref. (30). 

Mos t  of  t he  ava i lab le  m o d e l s  for  e l e c t r o d e p o s i t i o n  are re- 
s t r i c ted  to p u r e  meta ls ,  a n d  t he  c o n v e c t i v e  a n d  ionic  
m i g r a t i o n  effects  are i g n o r e d  for s impl i c i ty  (13-15). The  
e l e c t r o d e p o s i t i o n  of  alloys,  c o m p a r e d  w i t h  t h e  e l ec t rodep-  
os i t ion  of  p u r e  meta ls ,  is a m u c h  m o r e  c o m p l i c a t e d  pro- 
cess.  S o m e  m o d e l s  (16-23) h a v e  b e e n  p r e s e n t e d  for  b i n a r y  
al loy depos i t ion .  T h e i r  u s e  is res t r i c ted ,  howeve r ,  b e c a u s e  
t h e s e  m o d e l s  (16-18) do  n o t  i n c l u d e  t h e  re la t ive  ac t iv i t ies  of  
t he  d e p o s i t e d  spec ies  in  t he  k ine t i c  ra te  e q u a t i o n  used.  
Also,  n o n e  of  t h e s e  m o d e l s  i n c l u d e s  t h e  ef fec t  of  ionic  mi-  
gra t ion .  

T h e  r~la t ive  act iv i ty  of t he  d e p o s i t e d  spec ies  was  in- 
c l u d e d  in  m o d e l s  d e v e l o p e d  by  E n g e l k e n  a n d  V a n  D o r e n  
(20, 21), a n d  V e r b r u g g e  a n d  Tob ias  (22, 23). E n g e l k e n  a n d  
V a n  D o r e n  d e v e l o p e d  a s t eady-s t a t e  m o d e l  i n c l u d i n g  on ly  
t he  d i f fus ive  t r a n s p o r t  m e c h a n i s m  for t he  e l e c t r o d e p o s i -  
t i on  of  II-VI a n d  I I I - IV c o m p o u n d s .  V e r b r u g g e  a n d  Tob ias  
t o o k  in to  a c c o u n t  t h e  n o n i d e a l  t h e r m o d y n a m i c  b e h a v i o r  
in  t h e  sol id  s t a t e  a n d  m o d e l e d  p u l s e d  c u r r e n t  e l ec t rodep-  
os i t ion  p roces se s  for CdTe. U nf o r t una t e l y ,  t h e s e  m o d e l s  
(20-23) d o no t  i nc lude  the  ef fec t  of  ionic  migra t ion .  

T h e  m o d e l  p r e s e n t e d  he re  is an  e x t e n s i o n  of  p r e v i o u s  
m o d e l s  d e v e l o p e d  b y  Whi te  a n d  c o w o r k e r s  (19, 24) w h i c h  
i n c l u d e s  t h e  effect  of  ionic  migra t ion .  T he  effect  of  ionic  
m i g r a t i o n  is i n c l u d e d  in t he  m o d e l  b e c a u s e  of i ts  funda-  
m e n t a l  i m p o r t a n c e  in t r e a t i ng  m a s s  t r a n s f e r  in  e lectro-  
c h e m i c a l  sys tems .  I ts  s ign i f icance  was  r e v i e w e d  by  Ve t t e r  
(25) a n d  d i s c u s s e d  by  N e w m a n  [(26), p. 353]. F u r t h e r m o r e ,  
A teya  a n d  P i c k e r i n g  (27) i n v e s t i g a t e d  t he  ef fec t  of  ionic  
m i g r a t i o n  u n d e r  c o n d i t i o n s  of  a n o d i c  d i sso lu t ion .  T h e y  
f o u n d  t h a t  i f  t he  in i t ia l  c o n c e n t r a t i o n  of  t he  d i s c h a r g i n g  
ion  is m u c h  less  t h a n  t h a t  of  t he  s u p p o r t i n g  e lec t ro ly te ,  t he  
e f fec t  of  ion ic  m i g r a t i o n  m a y  be  ignored ,  b u t  i f  t h e  m e t a l  
i o n / s u p p o r t i n g  ion c o n c e n t r a t i o n  ra t io  var ies  cons ider -  
ably,  as i t  m a y  w i t h  d i s t ance  f rom t he  e l ec t rode  surface,  
t h e n  ionic  m i g r a t i o n  m a y  b e  s ignif icant .  

In  th i s  m o d e l  no  i n t e r ac t i ons  of  d e p o s i t e d  species  are in- 
c l u d e d  (i.e., act iv i ty  coeff ic ients  for all sol id c o m p o n e n t s  
are  one). Th i s  m o d e l  cou ld  b e  u s e d  to h a n d l e  a n o n i d e a l  
case  if  a su i t ab l e  d e s c r i p t i o n  for sol id spec ies  i n t e r a c t i o n  is 
avai lable .  

Model  D e v e l o p m e n t  
The  ob jec t ive  of  t he  p r e s e n t  i nves t i ga t i on  was  to deve lop  

a de ta i l ed  m a t h e m a t i c a l  m o d e l  w h i c h  could  b e  u s e d  to pre-  
d ic t  t he  c o n c e n t r a t i o n  profi les  of  ionic  spec ies  w i t h i n  a dif- 
fus ion  layer  on  an  e lec t rode ,  t he  c u r r e n t - p o t e n t i a l  charac-  
ter is t ics ,  a n d  t h e  al loy c o m p o s i t i o n s  as a f u n c t i o n  of  t he  
b u l k  so lu t ion  c o n c e n t r a t i o n s  a n d  t he  app l i ed  potent ia l .  
T h e  ef fec t  of  ionic  m i g r a t i o n  a n d  the  d e p e n d e n c e  of  t he  
c u r r e n t  d e n s i t y  on  sol id-s ta te  c o m p o n e n t  re la t ive  activi-  
t ies  are  inc luded .  

T h e  a s s u m p t i o n s  a r e  as follows: 
1. D i lu te  so lu t ion  t h e o r y  app l ies  [(26), p. 217]. Th i s  s ta tes  

t h a t  t h e r e  are  neg l ig ib le  i n t e r a c t i o n s  b e t w e e n  t he  so lu te  
species .  

2. T h e  N e r n s t - E i n s t e i n  equa t ion ,  D~ = uiRT, w h i c h ] s  im- 
p l ic i t  in  t h e  in f in i te  d i lu te  so lu t ion  theory ,  appl ies .  

3. The  c u r r e n t  dens i t y  d i s t r i b u t i o n  is u n i f o r m  on  t he  sur-  
fac e of  t he  e lec t rode .  M a r a t h e  a n d  N e w m a n  (28) h a v e  
s h o w n  t h a t  for sma l l  d i sks  w i t h  a n  exces s  of  s u p p o r t i n g  
e lec t ro ly te ,  a u n i f o r m  c u r r e n t  dens i t y  d i s t r i b u t i o n  can  b e  
a s s u m e d  u n l e s s  t h e  e x c h a n g e  c u r r e n t  d e n s i t y  is large.  In  
a n y  case,  t he  resu l t s  app ly  at  t h e  c e n t e r  of  t h e  d i sk  w i t h  
th i s  a s s u m p t i o n .  

4. The  c u r r e n t  dens i t y  t akes  t he  fo rm of t he  But ler -Vol-  
m e r  equa t ion ,  w h i c h  e x p r e s s e s  t he  d e p e n d e n c e  of t he  cur-  

r e n t  o n  t h e  c o m p o s i t i o n  of  t he  e lec t ro ly t ic  so lu t ion  adja-  
c e n t  to  t he  e l ec t rode  sur face  a n d  on  t h e  re la t ive  ac t iv i ty  of  
t he  so l id-s ta te  species ,  a n d  t he  e x p o n e n t i a l  d e p e n d e n c e  of  
t he  c u r r e n t  on  the  overpo ten t i a l .  

5. The  physica l ,  t r anspor t ,  a n d  k ine t i c  p a r a m e t e r s  are  
c o n s t a n t  t h r o u g h o u t  t he  solut ion.  

6. The  so lu t ion  is i so the rmal .  
7. No h o m o g e n e o u s  c h e m i c a l  r eac t ions  occu r  in  t he  elec- 

t rolyte .  
8. T h e  al loy e x h i b i t s  ideal  solid so lu t ion  behav io r .  
T h e  t r a n s p o r t  e q u a t i o n  t h a t  app l ies  in  t he  d i f fus ion  layer  

is b a s e d  o n  t he  f lux e q u a t i o n  of  t he  ionic  spec ies  in  solu- 
t ion.  Mass  t r a n s p o r t  i n  so lu t ion  is due  to m i g r a t i o n  in a n  
e lec t r ic  field, d i f fus ion  in a c o n c e n t r a t i o n  g rad ien t ,  a n d  
c o n v e c t i o n  in  a f low field. Therefore ,  the  f lux e x p r e s s i o n  
for  e a c h  spec ies  i can  be  w r i t t e n  as 

Nt = -ziuiFciVdP - DiVci + vci [1] 

w h e r e  t he  ionic  mobi l i ty ,  ui, is a s s u m e d  to be  re la ted  to t he  
d i f fus ion  coeff ic ient  D~ by  t he  N e r n s t - E i n s t e i n  e q u a t i o n  

Di 
ui - [2] 

RT 

The  ma te r i a l  b a l a n c e  e q u a t i o n  for  e ach  ionic  species  at  
eve ry  p o i n t  w i t h i n  t he  d i f fus ion  layer  is as fol lows 

OCi 
- V - N i + R i  [3] 

Ot 

w h e r e  Rt is the  p r o d u c t i o n  ra te  of  spec ies  i due  to h o m o g e -  
n e o u s  c h e m i c a l  reac t ions .  For  t he  r o t a t i n g  disk,  t he  nor-  
ma l  c o m p o n e n t  of  t he  ve loc i ty  d e p e n d s  on ly  on  t he  direc-  
t i on  n o r m a l  to  t he  e l ec t rode  surface,  y. Therefore ,  for  
s t eady- s t a t e  ana lyses  (ac~/Ot = 0) w i th  no  h o m o g e n e o u s  re- 
ac t ions  (Ri = 0), Eq. [3] c o m b i n e d  w i t h  Eq. [1] b e c o m e s  

Dj ~ - vy - -  + ziuiF = 0 [4] ay 

w h e r e  vy in  t he  d i f fus ion  layer  is a p p r o x i m a t e d  b y  [(26), 
p. 282] 

v~ = - a t ~  y2 [5] 

Fo r  c o n v e n i e n c e ,  a d i m e n s i o n l e s s  d i s t ance ,  ~, is de f ined  
b y  

Y 
= - [6] 

w h e r e  ~ is t he  d i f fus ion  layer  t h i c k n e s s  e x p r e s s e d  as (19) 

( 3 D~ t 1/3 

i n  w h i c h  DR, v, a, a n d  ft  r e p r e s e n t  t h e  d i f fus ion  coeff ic ient  
of  the  d i f fus ion-con t ro l l ing  species ,  k i n e m a t i c  viscosi ty ,  
c o n s t a n t  of  the  d i f fus ion  layer  t h i c k n e s s ,  a n d  the  d i sk  rota-  
t ion  speed ,  respect ive ly .  E x p r e s s e d  in t e r m s  of  th i s  d i m e n -  
s ion less  var iab le ,  Eq. [4] b e c o m e s  

Di d2ci dci 
_ _ _  + 3 ~  2 - -  

DR d~ 2 d~ 

ziDiF ( d2dP dc id~)  
+ c i - -  + 0 [8] 

DRRT d~ 2 d~ 

With  n ionic  spec ies  p r e s e n t  in  t h e  so lu t ion ,  t h e r e  are  a 
to t a l  o f n  + 1 u n k n o w n s ,  w h i c h  are  t he  n c o n c e n t r a t i o n s  of  
t h e  spec ies  a n d  t he  so lu t ion  potent ia l ,  dp. To so lve  for  t h e s e  
n + 1 u n k n o w n s ,  n + 1 g o v e r n i n g  e q u a t i o n s  are  needed .  
T h e s e  are g iven  by  t he  n ma te r i a l  b a l a n c e  e q u a t i o n s  (Eq. 
[8]) p lus  t he  e q u a t i o n  of e l ec t roneu t r a l i t y  
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n 
zici = O [9] 

i=1 
for every  poin t  in the  electrolyte,  0 -< y < YRE, where  YRE 
represen t s  the  locat ion of  the  re ference  electrode.  

Bounda ry  condi t ions  at y = YRE are chosen  where  the  
concen t ra t ion  of  each species i near  the  re fe rence  elec- 
t rode  is equal  to its bu lk  concent ra t ions  

cj(y~E) = Ci,bulk [10] 

whe re  the  values  for Ci,bulk satisfy Eq. [9]. The  boundary  
cond i t ion  for the  solut ion potent ia l  is 

r = ORE [11] 

Exper imenta l ly ,  V - dP(YRE) is the  potent ia l  that  is applied,  
and only this  d i f ference makes  physical  sense. Conse- 
quent ly ,  it is acceptable  to set arbi trari ly V = 0 and use qbRE 
as the  va lue  of  the  appl ied  potential .  

The  bounda ry  condi t ions  at the  e lec t rode  surface  (at y = 
0) are ob ta ined  f rom a c o m p o n e n t  mater ia l  ba lance  equa-  
t ion at the  electrode.  The  condi t ion  is that  the  normal  com- 
ponen t  of  the  flux of  species i eva lua ted  at the  surface is 
equa l  to the  sum of its react ion rates at the  e lec t rode  

NR sijij 
Nil.=o= - E -  [12] 

j-~ njF 

whe re  NR is the  n u m b e r  of  react ions  occur r ing  at the  elec- 
t rode  surface,  s~ is the  s to ichiometr ic  coeff icient  of  species  
i of  react ion j, and  nj is the  n u m b e r  of  e lec t rons  t r ans fe r red  
in reac t ion  j w h e n  the  react ion is wr i t ten  in the  form 

sijMi zi ---> nje- [13] i 
At the  e lec t rode  surface, the  normal  c o m p o n e n t  of  the  ve- 
loci ty  is zero�9 Consequent ly ,  Eq. [1] reduces  to 

Nile=0 ziDiFci dOp dci 
- D,  [14]  

RT dy dy 

w h e n  expres sed  in d imens ion less  form 

1 (  dci ziDiFcid2) 
Nik=0 = - ~ D i - -  + - -  [15] 

dr; RT 

Combina t ion  of  Eq. [12] and [15] gives the  final bounda ry  
condi t ion  of  the  sys tem at the  e lec t rode  surface  

The  exchange  current  dens i ty  ioj depends  on the  concen-  
t ra t ion in the  solut ion at the  e lec t rode-e lec t ro ly te  in terface  
and the  relat ive act ivi ty  of the  metal l ic  species  in the  de- 
pos i ted  alloy. That  is, ioj is a s sumed  to have  the  fo l lowing 
form 

ioj:ioj,ref~i(Ci~~ ~lij ( ak,~ ) TM 
\ Ci,ref/ Ilk \ ak,ref/ 

[20] 

where  ak.ref is a reference  relat ive act ivi ty  of  meta l l ic  spe- 
cies k, and C~,rCf is a re ference  concen t ra t ion  of  species i. 
Note  ioj,ref c a n  be expressed  by 

�9 l~fl ( ~ ! ~ )  TM ( ak'ref ) TM 
loj,ref = ~oj,data l~ k \ak,data/ [21] 

ioj,ref c a n  be calcula ted if ioj,data, Ci,data ak,data are avai lable in 
the  l i terature;  otherwise,  expe r imen t s  need  to be devised  
to de t e rmine  ioj,r~f us ing  pa rame te r  es t imat ion  techniques .  

In  both  Eq. [19] and [20], the  subscr ip t  i ranges  over  the  
ionic species and k over  the  metal l ic  species.  The  expo-  
nen t s  for both  the  ionic and metal l ic  species  are g iven  by 
(24) 

C~ajS 0 
~ij = Pij -- - -  [22] 

nj 

for an anodic  reactant ,  and 

{~cjSij 
~/ij = qij + - -  [23] 

nj 

for a ca thodic  reactant.  S imi la r  express ion  is used  for ~kj. 
The  open-c i rcui t  potent ia l  Uj,o can be  wr i t ten  in t e rms  of  

the  re ference  concent ra t ions  by add ing  and subt rac t ing  
the  fo l lowing te rm to Eq.  [19] 

RT (C~,rej:]RT 
njF ~ % in + - -  ' \ Po / njF ~ Ski in ak,ref  [24] 

The  resul t  is 

(c o t 
Vj,o= Uj,r~f-~j  F [~i  s~ In ci,~f/ 

/ dci ziDiFci 1 [ D i ~  + [16] 
- ~ ~ RT ~ j=~ njF 

Equa t ion  [16] provides  n equa t ions  for n n u m b e r  of  spe- 
cies. The  last bounda ry  condi t ion  at the  surface is the  elec- 
t roneut ra l i ty  r equ i rement ,  Eq. [9]. 

The  cur ren t  dens i ty  due  to react ion j as in Eq. [16] is as- 
s u m e d  to take  the  form of the  But l e r -Volmer  equa t ion  
[(26), p. 169] 

\ ~ -  ~lj] - exp  \ ~ - ~ l j } ]  [17] 

This  can be  regarded  as the  resul t  of  i n d e p e n d e n t  ca thodic  
and anodic  react ions,  each  wi th  an exponen t i a l  depend-  
ence  on the  overpoten t ia l  ~j, where  

~lj = V - q~o - Uj,o [18] 

The  quan t i ty  V - Oo represen ts  the  potent ia l  d i f ference  be- 
tween  the  potent ia l  of  the  e lec t rode  (V), and the  potent ia l  
in the  solut ion ad jacent  to the  e lec t rode  (4Po). The  theoret i -  
cal open-c i rcui t  potent ial ,  Uj,o, eva lua ted  at the  surface 
concen t ra t ions  of  all the  species,  C~,o, and solid phase  rela- 
t ive  activit ies,  a b ,  is exp res sed  by (19) 

RT[~ i (ci'~ I ] Uj,o = U "~ - - -  sij In + ~] ski In ak,o 
J njF \ Po / k 

- U%~ + ~ ~ SI,RE In [19]  
nREP i \ Po / 

\ ak,ref/J 

where  

( t  Uj,ref : Vj 0 -- nJ ~ Sij In \po/Ci'rer + ~k in 

tn , T j j  

[25] 

[26] 

Note  the  solid phase  compos i t ions  are invo lved  in bo th  the  
express ion  ofioj and Uj,o. Combin ing  Eq. [17], [18], [20], [22], 
[23],and [25] yields 

ijmioj,ref{~i (Ci'~ (ak'~ 
\ Ci,ref/ ~k \ a k  ref/ 

exp  ( V -  q3o - - 
[ RT 1 \Ci,ref/ 

[ 
exp  i _ R T - ( v  (Po [27] 

In  addit ion,  the  anodic  and ca thodic  t ransfer  coeff icients  
are a s sumed  to sum to the  n u m b e r  of  e lect rons  t ransfer red  
for react ion j (i.e., e~,~ + o~j = nj), and the  reac t ion  order  con- 
stants  are a s sumed  to be s imply  related to s~ 
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p~j = s~j % = 0 i f  s~j > 0 

[28] 

p~j = 0 q~j = -s~ ifs~j < 0 

The  re la t ive  ac t iv i t ies  of  t he  sol id so lu t ion  p h a s e  com- 
p o n e n t s  ak,o s h o w n  in Eq.  [27] are u n k n o w n  var iables .  T h e y  
are  d e t e r m i n e d  b y  first  a s s u m i n g  t h a t  t he  sol id so lu t ion  is 
idea l  so t h a t  t h e  re la t ive  ac t iv i ty  of  sol id spec ies  k can  b e  
a p p r o x i m a t e d  b y  t he  mo le  f r ac t ion  in  t he  sol id p h a s e  

a b  = Xk,o [29] 

T h e  n e x t  s tep  is to a s s u m e  t h a t  the  mo le  f r ac t ion  of  sol id 
spec ies  k is g iven  b y  the  ra t io  of  t he  d e p o s i t i o n  ra te  of  spe-  
cies k to t he  to ta l  ra te  of  d e p o s i t i o n  of  all of t he  sol id solu- 
t i on  spec ies  

rk 
Xk,o - [30] 

(r, + r2 + �9 " �9 + rm) 

w h e r e  m is t he  to ta l  n u m b e r  of sol id so lu t ion  species ,  a n d  
t h e  d e p o s i t i o n  ra te  of  species  k is g iven  b y  

skj~j 
rk ~ njF [31] 

w h e r e  t h e  c u r r e n t  d e n s i t y  in  t h e  r a t e  e x p r e s s i o n  is g i v e n  
by  Eq.  [27]. The  s u b s t i t u t i o n  of  Eq. [31] in to  Eq. [30] y ie lds  

NR 
E SkjZj 

j=~ njF 
Xk,o - - - .  [32] 

E SIjZj 

1=1 j=l njF 

T h e  i n c l u s i o n  of t he  d e p e n d e n c e  on  so l id-s ta te  re la t ive  
ac t iv i t ies  in  t h e  B u t l e r - V o l m e r  e q u a t i o n  i n t r o d u c e s  t he  
m o l e  f r ac t ions  (Xk,o) as n e w  u n k n o w n s .  Wi th  th i s  a d d i t i o n  
of  m n e w  u n k n o w n s ,  w h i c h  are t h e  mo le  f r ac t ions  for  e ach  
sol id  species ,  m n e w  e q u a t i o n s  are  n e e d e d  to c o m p l e t e  t he  
s y s t e m  of  i n d e p e n d e n t  equa t ions .  E q u a t i o n  [32] p r o v i d e s  
m - 1 of  t h e s e  e q u a t i o n s  a n d  t h e  m th e q u a t i o n  is s i m p l y  
that  t h e  m o l e  f r ac t ions  h a v e  to s u m  to one  

~ Xk,o = 1 [33] 
k-1 

Final ly ,  a f te r  s e t t i ng  t he  ope ra t i ng  c o n d i t i o n s  a n d  t he  ki- 
ne t ic ,  t r anspo r t ,  a n d  t h e r m o d y n a m i c  p a r a m e t e r s ,  t h e  to ta l  
p r e d i c t e d  c u r r e n t  dens i t y  (iT) at  a se t  po t en t i a l  d i f f e rence  
(V - 49RE) is o b t a i n e d  b y  s u m m i n g  t he  c u r r e n t  dens i t i e s  for  
e a c h  r eac t i on  

NR 

iT = E ij [34] 
j 1 

T h e  b o u n d a r y  va lue  p r o b l e m  p o s e d  a b o v e  is so lved  b y  
u s i n g  BAND(J) ,  a f ini te  d i f f e rence  n u m e r i c a l  t e c h n i q u e  
d e v e l o p e d  b y  N e w m a n  [(26), p. 414]. T h e  de r iva t i ve s  in  t he  
coup led ,  s e c o n d - o r d e r  d i f fe ren t ia l  e q u a t i o n s  are approx i -  
m a t e d  w i t h  f ini te  d i f ferences .  T h r e e  p o i n t  cen t r a l  differ- 
e n c e s  accu ra t e  to t he  o rde r  of  h 2, w h e r e  h is t he  d i m e n -  
s ion less  s tep  size Used in  t he  so lu t ion  field, are used.  T h e  
b o u n d a r y  c o n d i t i o n s  at  YRE w h e r e  t h e  r e fe rence  e l ec t rode  
loca ted  are  t he  f ixed va lues  of  b u l k  spec ies  c o n c e n t r a t i o n s  
a n d  t he  app l i ed  po ten t i a l  as d i s c u s s e d  before .  T he  f lux 
b o u n d a r y  c o n d i t i o n s  at  t he  e l ec t rode  sur face  are  approx i -  
m a t e d  by  b a c k w a r d  d i f ferences .  T he  mo le  f r ac t ions  (Xk,o) 
of  t h e  c o m p o n e n t s  in  t h e  sol id p h a s e  are t r e a t ed  b y  u s i n g  a 
c o n s t a n t  va r i ab l e  a p p r o a c h  (29). Phys i ca l l y  xk ha s  va lues  
on ly  at  y = 0 as d e s c r i b e d  by  Eq. [32]. B u t  for c o m p u t a -  
t iona l  c o n v e n i e n c e ,  we  also e m p l o y  t he  e x p r e s s i o n  dxk/dy 
= 0 for  xk in  t he  r eg ion  0 < y < YRE- I t  s h o u l d  b e  n o t e d  t h a t  
m o l e  f r ac t ions  are on ly  ca lcu la ted  w h e n  m o r e  t h a n  one  
m e t a l  is d e p o s i t e d  on  t he  e l ec t rode  surface.  Th i s  is de ter -  
m i n e d  by  t he  c r i t e r ion  t h a t  t h e  s e c o n d  m e t a l  d e p o s i t e d  is 
a t  l eas t  0.03% of  t he  d e p o s i t e d  alloy. 

Table Ill. Compositions of Ni-P alloy plating baths for pH analysis 

Concentration (M) 
Constituent I II III 

Ni 2+ 0.38 0.38 0.38 
H3PO2 0.38 0.38 0.38 
H + 1.0 x 10 1 1.0 x 10 -3 1.0 x 10 -5 
S042- 0.580 0.5305 0.530005 
Na + 0.300 0.300 0.300 
OH 1.0 x I0 13 1.0 x i0  11 1.0 • i 0  -9 

aNi,ref 0.50 0.50 0.50 
ap.ref 0.50 0.50 0.50 

Results and Discussion 
Nickel-phosphorus alloy.--The first  t heo re t i ca l  case  

s t u d y  c o n s i s t e d  of  d e t e r m i n i n g  t h e  ef fec t  of  t he  pH of  t he  
p l a t i ng  so lu t ion  on  t he  c u r r e n t  dens i t y -po t en t i a l  prof i le  
a n d  t he  c o m p o s i t i o n  o f  t he  depos i t .  Resu l t s  are p r e s e n t e d  
for  t he  t h r e e  p l a t i ng  so lu t ions  s h o w n  in  Tab le  III,  w h e r e  
t h e  p H  is va r i ed  f rom 1 in b a t h  I, to 3 in  b a t h  II, a n d  t h e n  to 
5 in  b a t h  III. T h e  o p e r a t i n g  c o n d i t i o n s  a n d  f ixed pa r ame-  
te rs  are  g i v e n  in  Tab le  IV. The  n i c k e l - t o - p h o s p h o r u s  ra t io  
in  t h e  b u l k  so lu t ion  is 1:1 in  all t h r e e  p l a t i ng  ba ths .  The  
p r e d i c t i o n s  we re  t e r m i n a t e d  at  Eap N = - 1 . 1 V  b e c a u s e  be- 
y o n d  th i s  po t en t i a l  t h e  h y d r o g e n  evo lu t i on  r eac t i on  domi-  
n a t e s  t h e  sys tem.  

As  s h o w n  in Fig. 1, t he  sol id  l ine  r e p r e s e n t s  t he  r e su l t s  
o b t a i n e d  f rom the  p l a t i ng  so lu t ion  p H  = 1. The  d o t t e d  a n d  
d a s h e d  curves ,  w h i c h  c o m p l e t e l y  over lap  each  o ther ,  rep-  
r e s e n t  t he  p l a t i ng  so lu t ions  of  pH = 3 a n d  5, respec t ive ly .  
Also,  t he  a s soc ia t ed  p lo t  of  t he  mo le  f r ac t ion  of  n i cke l  a n d  
p h o s p h o r u s  vs. po ten t i a l  (Fig. 2) shQws t h a t  p rac t ica l ly  n o  
p h o s p h o r u s  is d e p o s i t e d  f rom the  p l a t i ng  so lu t ions  w h e n  
t he  p H  is g rea te r  t h a n  3. Thus ,  i t  s h o u l d  be  e x p e c t e d  t h a t  a 
so lu t i on  w i t h  a large  p H  wou ld  b e  poo r  for d e p o s i t i n g  
p h o s p h o r u s .  I t  is i n t e r e s t i n g  t h a t  t he  l imi t ing  c u r r e n t  for  
n i cke l  d e p o s i t i o n  is h i g h e r  at  t he  h i g h e r  p H  va lues  in  
Fig. 1. Th i s  is due  to t he  fact  t h a t  a t  h i g h e r  p H  va lues  m o r e  
n i cke l  ions  are p r e s e n t  at  t h e  e l ec t rode  sur face  w h i c h  gives 
r i se  to  a large  l imi t ing  c u r r e n t  d e n s i t y  value .  

Also,  i t  is i m p o r t a n t  to no te  t h a t  t he  effect  of  ionic  migra -  
t i on  is s ign i f ican t  in  d e t e r m i n i n g  t he  p r e d i c t e d  cu r r en t -  
p o t e n t i a l  cu rves  in  Fig. 1. This  is i l l u s t r a t ed  in  Fig. 3-4. T h e  
sol id l ine  in  Fig. 3 is t he  s a m e  as t h a t  in  Fig. 1 for  p H  = 1; 
t he  d o t t e d  l ine  in  Fig. 3 was  g e n e r a t e d  b y  t h e  fo l lowing  
p rocedure .  Firs t ,  for  a g i v e n  E~pp~ t h e  c o r r e s p o n d i n g  solu- 
t i on  po t en t i a l  prof i le  was  d e t e r m i n e d  (i.e., w i t h  t he  effect  
of  m i g r a t i o n  inc luded) .  Next ,  se t  490 f rom t h a t  po t en t i a l  
prof i le  equa l  to  a c o n s t a n t  ove r  t he  r eg ion  0 < y < YRE. 
NOW, reso lve  t he  g o v e r n i n g  e q u a t i o n s  b y  t a k i n g  ou t  t he  
e l e c t r o n e u t r a l i t y  c o n d i t i o n  a n d  se t t i ng  t he  m o b i l i t y  (u3 for  

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

Parameter Value 

T 298.15 K 
~ 209.44 rad/s 
p 1 x 10 ~ kg/cm 3 
v 0,0123 cm~/s 
YRE 0�9 cm 
DNi2§ 0.71 x 10 _2 cm2/s a 
DH3PO3 1.54 • 10 -5 cm2/s b 
DH+ 9.312 • 10 5 cm2/s a 
Dso42 1.065 • 10 -5 cm2/s ~ 
DNa+ 1.334 • 10 s cm2/s a 
Don- 5.260 • 10 -5 cm2/s a 
aa,l 0.5 c 
a~.l 1,5 
(la, 2 0.5 d 
~c,2 0.5 
aa.3 0.5 d 
ar 0.5 
/.ol,ref 1.0 • 10 6 A/cm~d 
~o2,~f 1.0 • 10 -4 A/cm 2d 
"~o3,ref 6.3 X 10 lo A]cm2d  

"Taken from Ref. (26). 
bCalculated from Ref. (33)�9 
CTaken from Ref. (32). 
dChosen to agree qualitatively with experimental data (31). 
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O.8 ......... pH = 3 / . 
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Fig. 1. Effect of the pH of the plating both on the current density- 
potential relationship for the deposition of Ni-P. 
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Fig. 3. Comparison of total current obtained with and without the ef- 
fect of migration on Ni-P deposition. 

each  species  equal  to zero. Finally,  calcula te  a new- to ta l  
cu r ren t  dens i ty  and plot  as a poin t  on the  do t ted  l ine in 
Fig. 3. As shown  in Fig. 3, taking out  the  effect  migra t ion  at 
low va lues  of  Eapp~ does  not  change  the  total  current  den-  
sity because  in this reg ion  the  surface overpoten t ia l  l imi ts  
the  process  (kinetic control).  As -Eappl is m a d e  larger,  
t ranspor t  res is tance becomes  impor tant .  Note  that  the  lim- 
i t ing cur ren t  dens i ty  for n ickel  depos i t ion  for this case as 
ca lcula ted  by the  Lev ich  equa t ion  (34) is -0.506 A/cm 2. 
Fu r the r  i l lustrat ion of  the  inf luence of  inc lud ing  ionic mi- 
gra t ion can be  seen f rom t h e  concen t ra t ion  profiles in 
Fig. 4, whe re  it can be seen that  a s ignif icant ly larger Ni +2 
concen t ra t ion  grad ien t  exis ts  at the  surface  of  the  elec- 
t rode  w h e n  migra t ion  effects are included.  Apparent ly ,  the  
reasOn for this is the  ind i rec t  inf luence of  the  e lec t roneu-  
t ral i ty condi t ion  (i.e., the  potential)  t h rough  the  o ther  spe- 
cies and not  the  smal l  migra t ion  part  of  the  flux of  Ni 2+. 
The  effect  of  migra t ion  on the  alloy compos i t ion  is m ino r  

e x c e p t  at large -Eapp~, for e x a m p l e  at -Eapp~ = 1.0, the  phos- 
phorus  mole  fract ion is 20% w h e n  inc lud ing  the  effect  of 
migrat ion,  compared  to 17% w h e n  not  cons ider ing  mi- 
gration. 

N e x t  the  effect  of  the  relat ive meta l  con ten t  in the  bulk 
solut ion is considered.  Resul ts  are p resen ted  for three  plat- 
ing baths  whose  compos i t ions  are shown in Table  V. Th~ 
total  meta l  con ten t  in the  solut ion is kep t  cons tan t  at 0.76/g 
and the  a m o u n t  of  h y p o p h o s p h o r u s  acid is var ied  f rom 2[ 
mole  percen t  (m/o) in plat ing ba th  I, to 50 m/o in bath  II 
and to 75 m/o in ba th  III. The  pH is ma in ta ined  at one  fol 
all th ree  solutions,  and the  opera t ing  condi t ions  and the  k i  
net ic  and t ranspor t  pa ramete r  va lues  are same as those 
l is ted in Table  IV. F igures  5 and 6 are the  resul t ing  tota: 
cur ren t  densi ty-potent ia l  and compos i t ion-poten t ia l  p lo t s  

As seen  in Fig. 5, the  decrease  in the  nickel  concen t r a  
t ion in the  bu lk  causes the  l imi t ing cur ren t  dens i ty  of  th~ 
nickel  reduc t ion  reac t ion  to decrease  accordingly.  The  co r  
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0.0 , , , , I , , , , t . . . .  
0.5 O.B 0.7 O.O 0.9 l.O 1.1 

-- Eappl vs .  NHE (V) 

Fig. 2. Effect of the pH of the plating both on the deposit composi- 
tion for the deposition of Ni-P. 
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Fig. 4. Concentration profiles with and without the effect of migra- 
tion at-Eopp, = 0.SV. 
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Fig. 5. Effect of the metal content in plating bath on the current den- 
sity-potentia[ relationship 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 relationship for the deposition of Ru-HI-P. 

r e spond ing  increase  in h y p o p h o s p h o r u s  acid resul ts  in a 
sharper  rise of  cur ren t  dens i ty  at the  potent ia l  region 
whe re  phosphorus  is deposi ted.  The  mole  fract ion vs. po- 
tent ia l  curves  in Fig. 6 exhibi ts  the behav ior  of  preferent ia l  
depos i t ion  of  the  more  noble  metal ,  nickel.  This  means  
tha t  the  nickel  to phosphorus  ratio in the  depos i t  is m u c h  
lower  than  the  nickel  to phosphorus  ratio in the  plat ing 
bath. S ince  the  degree  of  crystal l ini ty of  Ni-P depends  
heavi ly  on the  a m o u n t  of phosphorus  p resen t  in the  alloy, 
it is impor t an t  to depos i t  the  alloy at a large enough  poten-  
tial to ensure  that  the  compos i t ion  of  phosphorus  in the  
alloy is above  the  m i n i m u m  requ i red  for the  alloy to be 
amorphous .  This th reshold  has been  de t e rmined  experi-  
menta l ly  (7) to be 14.4%. 

Ruthenium-nickel-phosphorus alloy.--Another alloy of  
in teres t  to us is Ru-Ni-P. In  solut ions conta in ing  excess  
ch lor ide  ions, r u t h e n i u m  tends  to c o m p l e x  wi th  chlor ide  
as fol lows 

Ru  2§ + 5C1- ~ RuCI~ 2 

The effect  of  the  pH  of the  plat ing solut ion was also ex- 
a m i n e d  (31) for the  e lec t rodepos i t ion  of  Ru-Ni-P.  Resul t s  
showed  that  the  pH va lue  has a lmos t  no effect  on the  
a m o u n t  of  r u t h e n i u m  deposi ted.  The  effect  of  pH on the  
n ickel  and phosphorus  con ten t  in the  alloy was very  m u c h  
the  same  as that  for Ni-P alloy deposi t ion.  Prac t ica l ly  no 
phosphorus  can be depos i ted  f rom solut ions of  pH  > 3. 

The  d e p e n d e n c e  of  the  e lec t rodepos i t ion  of  Ru-Ni-P 
alloy on the  re la t ive  meta l  con ten t  in the  bulk  solut ion was 
also e x a m i n e d  and is p resen ted  here. The  re levant  f ixed 
paramete rs  and bu lk  concent ra t ions  are shown in Tables  
VI and VII. The  total  meta l  con ten t  in the  solut ion is kep t  
cons tan t  at 0.50M (RuC152 , Ni § H3PO2). The  nickel  to 
phosphorus  concent ra t ion  ratio in solut ion is 1:1 for all 
th ree  pla t ing baths. The  r u t h e n i u m  conten ts  for the  three  
p la t ing  baths  are 10%, 20%, and 30%, respect ively .  The  pH  
is again main ta ined  at one for all three  solutions.  
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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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Table V. Compositions of Ni-P alloy plating baths for metal content 
analysis 

Table VII, Compositions of Ru-Ni-P alloy plating baths for metal 
content analysis 

Concentration (M) 
Constituent I II III 

Concentration (M) 
Constituent I II III 

Ni 2§ 0.57 0.38 0.19 
H3PO2 0.19 0.38 0.57 
H + 0.10 0.10 0.10 
8042- 0.87 0.68 0.49 
Na + 0.50 0.50 0.50 
OH- 1.0 x 10 -13 1.0 x 10 -13 1.0 x 10 -13 
aNi,ref 0.50 0.50 0.50 
ap,ref 0.50 0.50 0.50 

F igure  7 p r e sen t s  the  cu r r en t  dens i ty  potent ia l  relat ion- 
sh ips  for t he  t h ree  baths ,  and  Fig. 8 s h o w s  the  p red ic t ed  
alloy compos i t i on .  The  cu r r en t  dens i t y  of  the  r u t h e n i u m  
reac t ion  inc reases  as the  r u t h e n i u m  chlor ide  in the  p la t ing  
ba th  increased ,  and  tha t  of  the  n ickel  reac t ion  dec reases  as 
t he  n icke l  con t en t  is decreased .  As s h o w n  in Fig. 8 the  Ni 
s p e c i e s  has  h ighe r  t e n d e n c y  than  Ru to depos i t  for -Eapp~ 
> 0.6V. It  i s  very  in te res t ing  to no te  he re  tha t  bo th  the  ru- 
t h e n i u m  and  n ickel  compos i t i ons  var ied  accord ing ly  as 
the  bu lk  so lu t ion  concen t r a t i ons  were  varied.  However ,  
the  a m o u n t  of  p h o s p h o r u s  p red ic t ed  in the  alloy is rela- 
t ively i n d e p e n d e n t  o f  the  var ia t ions  in the  bu lk  so lu t ion  
concen t r a t ions .  This  may  ind ica te  t he  a m o u n t  of  P depos i t  
in t he  alloy d e p e n d s  m o r e  on  the  pH t h a n  on the  bu lk  
meta l  concen t ra t ion .  A more - in -deP th  cons ide ra t ion  of  the  
so lu t ion  c h e m i s t r y  is p robab ly  neces sa ry  to analyze the  
i m p o r t a n c e  of  t he  p H  of  t he  ba th  in m o r e  dep th .  

Summary 
A poten t ios ta t i c  m o d e l  for the  e l ec t rodepos i t i on  of  

m u l t i c o m p o n e n t  alloys on a ro ta t ing  disk  e lec t rode  has  
b e e n  deve loped .  The m o d e l  can  be u s e d  to p red ic t  a con- 
cen t r a t i on  profile for each  spec ies  in t he  solut ion,  cu r r en t  
dens i ty -po ten t i a l  re la t ionships ,  and  alloy c o m p o s i t i o n s  in 
t he  deposi t .  The  d e p e n d e n c e  of  t he  cu r ren t  dens i ty  on the  
sol id-s ta te  c o m p o n e n t  relat ive act ivi t ies  is i nc luded  in the  
Bu t l e r -Vo lmer  k inet ic  rate  express ion .  The m o d e l  is flex- 
ible  and  al lows appl ica t ion  to any  mul t ip le  e l ec t rochemi -  
cal r eac t ions  sys tem,  as d e m o n s t r a t e d  in th is  work.  The ac- 
cu racy  of  t he  resul ts  d e p e n d s  on the  accuracy  of  the  as- 
s u m p t i o n s  m a d e  abou t  the  bulk  so lu t ion  equi l ib r ium,  the  
h y p o t h e s i z e d  e l ec t rochemica l  reac t ions  occur r ing  on the  
e l ec t rode  surface,  and  the  accuracy  of  the  k ine t ic  and  
t r a n s p o r t  pa r ame te r s  used  for the  sys tem.  It is p r ed i c t ed  

Table VI, Operating conditions and parameter values for Ru-Ni-P 
alloy deposition 

Parameter Value 

T 298.15 K 
t} 209.44 rad/s 
p i x 10 -3 kg/cm 3 
v 0.0123 cm~/s 
YRE 0.02 em 
D~clsZ- 0.86 x 10 -5 cm2/s a 
Dc~- 2.032 x 10 -5 cm2/s b 
D•i2+ 0.71 • 10 -5 cm2/s b 
D-~-o2 1.54 x 10 -5 em2/s a 

9.312 x 10 _5 cm2/s ~ 
Dso42- 1.065 x 10 ~ cm2/s b 
DNa+ 1.334 x 10 -~ cm2/s b 
Doll- 5.260 x 10 -5 em2ts b 
cr 1.5 c 
c~,~ 1.5 
c~,2 0.5 d 

~,2 1.5 
if-a,3 0"5c 
ct~,3 0.5 
0ta, 4 0.5 c 
ac, 4 0.5 
iol,~a 2.0 • 10 -6 A/cm 2r 
Z.oa,~ f 1.0 x 10 8 h/cm2C 
Z o3,r~ f 1.0 • 10 -4 Alcm 2~ 
Zo4.m 6.3 x 1O 10 A/cm2O 

aCa tcu la t ed  f rom Ref. (33). 
bTaken f r o m  Ref. (26). 
CChosen to  a g r e e  q u a l i t a t i v e l y  w i t h  e x p e r i m e n t a l  da t a  (31). 
dTaken  f rom Ref. (32). 

RuCI52- 0.050 0.100 0.150 
Ni 2~ 0.225 0.200 0.175 
H3PO2 0.225 0.200 0.175 
H 4 0.100 0.100 0.100 
C1- 0.200 0.200 0.200 
SO42- 0.225 0.200 0.175 
Na ~ 0.200 0.300 0.400 
OH 1.0 • 10 -'3 1.O • 10 -13 1.0 • 10 -13 
aRu.ref 0.333 0.333 0.333 
aNi.ref 0.333 0.333 0.333 
O,P,re f 0,333 0.333 0.333 

tha t  t he  effect  of  ionic migra t ion  is i m p o r t a n t  for  the  sys- 
t e m s  c o n s i d e r e d  here.  
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LIST OF S Y M B O L S  
0.51023 
relat ive act ivi ty of  meta l  k in the  depos i t  
data  relat ive act ivi ty of  meta l  k 
r e fe rence  relat ive act ivi ty of  meta l  k in t he  depos i t  
concen t r a t i on  of spec ies  i, mol / cm 3 
bu lk  solut ion concen t r a t i on  of  spec ies  i, moYcm ~ 
data  concen t r a t ion  of  spec ies  i, mol / cm 3 
re fe rence  concen t r a t ion  of  spec ies  i, mol / cm 3 
concen t r a t i on  of  spec ies  i for r e fe rence  e lec t rode  
react ion,  mol / cm 3 
d i f fus ion  coeff ic ient  of  spec ies  i, cm2/s 
d i f fus ion  coeff ic ient  of  the  d i f fus ion cont ro l l ing  
species ,  cm2/s 
V - aPRE, V 
Faraday ' s  cons tan t ,  96,487 C/tool 
m e s h  size 
cu r r en t  dens i ty  due  to reac t ion  j, A/cm 2 
e x c h a n g e  cur ren t  dens i ty  at surface  concen t r a t i ons  
for reac t ion  j, A/cm 2 
e x c h a n g e  cur ren t  dens i ty  of  co n cen t r a t i o n s  re- 
po r t ed  in the  l i tera ture  (Ci,data), A/era 2 
e x c h a n g e  cur ren t  dens i ty  at r e fe rence  concent ra -  
t ions  for reac t ion  j, A/cm 2 
n u m b e r  of  e lec t rons  t r ans fe r red  in reac t ion  j 
n u m b e r  of  e lec t rons  t r ans fe r red  in r e fe rence  elec- 
t rode  reac t ion  
flux vec to r  of  spec ies  i, mollcm2s 
n u m b e r  of  reac t ions  
anodic  reac t ion  order  of  spec ies  i in reac t ion  j 
ca thodic  reac t ion  order  of  spec ies  i in reac t ion  j 
rate  of  depos i t i on  of  solid spec ies  k 
universa l  gas cons tant ,  8.3143 J /mol  - K 
s to ich iomet r ic  coeff ic ient  of  spec ies  i in reac t ion  j 
abso lu te  t empe ra tu r e ,  K 
mobi l i ty  of  spec ies  i, tool �9 cm2/Js 
theore t ica l  open-c i rcu i t  po ten t ia l  for r eac t ion  j at 
the  surface  co n cen t r a t i o n s  of  spec ies  i, V 
theore t ica l  open-c i rcu i t  potent ia l  eva lua ted  at ref- 
e r ence  concen t ra t ions ,  V 
s t an d a rd  e lec t rode  potent ia l  for reac t ion  j, V 
s t an d a rd  e lec t rode  potent ia l  for r e f e rence  elec- 
t rode  react ion,  V 
e lec t ro ly te  veloci ty  vector ,  cm/s  
e lec t ro ly te  veloci ty  in the  no rma l  d i rec t ion,  cm/s 
poten t ia l  of  t he  w o rk i n g  e lec t rode,  V 
mole  f ract ion of  metal l ic  spec ies  k in t he  elec- 
t r odepos i t  
no rma l  coordinate ,  c m  
pos i t ion  of  r e fe rence  e lec t rode ,  cm 
charge  n u m b e r  of  spec ies  i 
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Greek 
~aj 
(~cj 

Po 

r 
(])RE 

Symbols 
anodic transfer coefficient for reaction j 
cathodic transfer coefficient for reaction j 
exponent  in composition dependence of exchange 
current density, ioj on species i 
diffusion layer thickness, cm 
overpotential for reaction j, V 
kinematic viscosity, cm2/s 
dimensionless distance (~ = y/g) 
pure solvent density, kg/cm 3 
potential in solution within diffusion layer, V 
solution potential adjacent to electrode surface, V 
potential in the bulk solution at YRE, V 
disk rotation velocity, rad/s 
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Mass Transfer in Flow-Through Porous Electrodes with Two- 
Phase Liquid-Liquid Flow 

James M. Fenton *'1 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 (iii) iodine reduction from an aqueous solution containing droplets of toluene in which the reactant was highly so lu -  
ble in the organic phase. Experiments  were carried out with controlled variation of solute concentration, 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. 
1Present 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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