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port conditions on the reaction surface and helped smooth 
the deposit at the expense of the current efficiency. As the 
hydrogen evolution reaction dominates over 90% of the 
process, the alloy deposit loses its integrity. Note in Fig. 
14g for the Cu-5 bath at -1.6V, segregated areas of copper- 
rich and nickel-rich can be seen as well as numerous 
cracks caused by hydrogen embrittlement. 

Conclusions 
Codeposition of copper-nickel alloys occurs in a fairly 

narrow potential region, namely, between -1.0 to -1.2V vs. 
SCE. In this region, a wide variety of alloy composition 
(0-50% nickel) and fairly smooth deposits can be obtained. 
Because copper deposition is near mass transport limited 
in the codeposition region, it is important that the plating 
bath is well-agitated. The composition of the alloy deposit 
can be controlled by the molar metal ion ratio in solution 
as well as the electrode potential. I f  greater operational 
control is needed, alternative plating schemes such as 
pulse plating can be utilized. Preliminary pulse-potential 
deposition of this alloy produced some improved surface 
morphology as well as greater compositional control. Also, 
for greater applicability, it is useful to model  the alloy dep~ 
osition process as discussed in part II of this paper (18). 
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Electrodeposition of Copper-Nickel Alloys from Citrate Solutions 
on a Rotating Disk Electrode 

II. Mathematical Modeling 
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Z. Mao and Ralph E. White* 
Department of  Chemical Engineering, Texas A&M University, College Station, Texas 77843-3122 

ABSTRACT 

A mathematical  model is developed to simulate the electrodeposition of Cu-Ni alloy from citrate solutions onto a rotat- 
ing disk electrode under potentiostatic control. The model  includes the influence of diffusion, ionic migration, forced con- 
vection, and homogeneous equilibria. The three major electrochemical reactions treated in the model  are copper deposi- 
tion, nickel deposition, and hydrogen evolution. Using experimental  parameters when available, the model  was fitted and 
tested against experimentally-obtained results for different bath compositions and operating conditions. The model 
agreed reasonably well with the experimental  results particularly in the codeposition region, - 1.0 to - 1.2V vs. SCE, where 
hydrogen evolution is not the major reaction. Also, the model 's  predictive capabilities are evaluated. 

Electrodeposition of copper-nickel alloys has potential 
industrial applications due to the alloy's resemblance to 
Monel alloy, which is widely used in marine installation. 
For instance, the corrosion current densities of a 20-30% 

* Electrochemical Society Active Member. 
1Present address: Digital Equipment Corporation, Colorado 

Springs, Colorado 80907. 

copper alloy coating in a 3% NaC1 solution have been mea- 
sured to be between 0.3 and 0.6 ~A/cm 2, which are similar 
to the corrosion rate of Mone1400 (1). Thus, a sound, coher- 
ent Cu-Ni alloy deposit can be used as a protective coating 
against such salt environment. Other attractive features, 
besides corrosion resistance, include malleability, ductili- 
ty, and solderability. 

Downloaded 13 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Vol. 135, No. 12 COPPER-NICKEL ALLOYS 2965 

The Cu-Ni alloy p la t ing  p rocess  is classified as a normal  
alloy depos i t i on  type  s ince  the  m o r e  nob le  metal ,  cop p e r  
in  th is  case,  depos i t s  p re fe ren t ia l ly  (2). Very  of ten  a com-  
p l ex ing  agent  is n e e d e d  to codepos i t  the  metals .  Over  the  
years,  m a n y  c o m p l e x  agents  have  b e e n  tried; the  consen-  
sus is tha t  c i t rate  and  p y r o p h o s p h a t e  are the  m o s t  promis-  
ing  ones  (1-5). As wi th  m o s t  no rma l  type  of  alloy deposi -  
t ion,  t he  cond i t ions  n e e d e d  to pla te  a h igh-n icke l  alloy 
depos i t  are a m u c h  h ighe r  ratio of  n icke l - to -copper  in solu- 
t ion  as well  as a large appl ied  cu r r en t  densi ty .  Other  im- 
po r t an t  p a r a m e t e r s  inc lude  the  pH, agitation,  and  tem-  
pera ture .  P r i sco t t  (3) found  tha t  the  ca thode  cur ren t  
eff ic iency d r o p p e d  as the  pH was  lowered.  Also, he  
s h o w e d  tha t  the  coppe r  con t en t  in the  alloy depos i t  in- 
c reased  sl ight ly wi th  agitation. These  pa ramete r s ,  namely ,  
so lu t ion  compos i t ion ,  depos i t ion  potent ia l  (or current) ,  
pH,  and  agitat ion,  will  be  e x a m i n e d  fu r ther  in our  report .  
However ,  t he  effect  o f  t e m p e r a t u r e  was  negl ig ib le  (3) and  
was  no t  s tudied.  

Commerc ia l ly  usefu l  alloys in t e r m s  of  depos i t  compos i -  
t ion,  morpho logy ,  and  adhes ion  are difficult  to obtain.  
There  appear s  to be  a na r row range  of  sui table  opera t ing  
cond i t i ons  for a sound ,  cohe ren t  deposi t .  O the rwise  t he  
depos i t  can  be  dark,  "burn t , "  and  powdery .  Mos t  s tud ies  
(1-5) re la ted  the  depos i t  compos i t i on  as a func t ion  of  t he  
app l i ed  cu r ren t  densi ty ,  w h i c h  is s t rongly  d e p e n d e n t  on 
the  so lu t ion  compos i t ion .  Unfor tuna te ly ,  t he  so lu t ion  
c o m p o s i t i o n s  var ied  so wide ly  tha t  it is difficult  to d raw 
usefu l  i n fo rma t ion  f rom such  studies .  

We f o u n d  the  n e e d  to u n d e r s t a n d  the  f u n d a m e n t a l  
a spec t s  invo lved  in the  Cu-Ni alloy p la t ing  p rocess  as well  
as to  m o d e l  the  s y s t e m  for genera l  appl icat ion.  The  previ-  
ous  r epo r t  (6) deal t  w i th  t h e  fo rmer  topic.  In  tha t  p a p e r  (6), 
five e l ec t rochemica l  reac t ions  were  ident i f ied  to occur  dur- 
ing Cu-Ni alloy e lec t rodepos i t ion .  Coppe r  and  n ickel  code- 
pos i t  in a na r row potent ia l  region,  -1 .0  to -1 .2V vs. SCE, 
w h e r e  the  effects  of  the  o ther  th ree  e lec t rode  reac t ions  are 
small.  S o m e  of  the  mass  t r anspor t  and  kinet ic  pa r ame te r s  
for t he  codepos i t i on  p rocess  were  de t e rmined .  Also, the  
alloy depos i t s  were  p la ted  at cons t an t  po ten t ia l s  and  char- 
acterized.  The e lec t rode  po ten t ia l  in s t ead  of  t he  cu r r en t  
dens i ty  was  c h o s e n  as the  opera t ing  var iable  for conven-  
ience.  

In  t he  p r e sen t  repor t ,  a ma thema t i ca l  m o d e l  is de- 
v e l o p e d  to desc r ibe  the  codepos i t i on  of  c o p p e r  and  nickel  
in a ci t rate  solution.  The m o d e l  t akes  into accoun t  factors  
affecting the transport of species in solution such as diffu- 
sion, migration, and forced convection. In addition, the ho- 
mogeneous chemical equilibria among the species in the 
plating solution are also considered. The model was tested 
against the experimental results from our previous work 
(6) and was also used for predicting the optimum plating 
conditions. 

Recently, Mathias and Chapman (7) applied a similar 
model to the Zn-Ni alloy system. They were able to predict 
the alloy composition fairly well; however, the dis- 
agreement between the model prediction and the polariza- 
tion data demonstrated that their kinetic model was inap- 
propriate in describing the anomalous behavior of Zn-Ni 
alloy plating. However, the Cu-Ni system behaves more 
ideally such that its codeposition is classified as normal 
and that it exhibits a continuous series of homogeneous 
solid solutions. 

Equil ibrium Bulk Condit ions 
In  m o d e l i n g  the  alloy depos i t ion  process ,  it is essent ia l  

to k n o w  the  bu lk  and  surface  concen t r a t ions  of  t he  reac- 
t an t s  in order  to assess  the  m a g n i t u d e  of  the  mass - t r ans fe r  
ef fec ts  and  reac t ion  rates.  As m e n t i o n e d  earlier, t he  cop- 
per -n icke l  alloy pla t ing ba th  typical ly  requ i res  a complex -  
ing agen t  to codepos i t  the  metals .  Citrate, one  of  t he  m o s t  
p r o m i s i n g  l igands  for t he  Cu-Ni alloy sys tem,  is u s e d  in the  
p r e s e n t  s tudy.  The bu lk  concen t r a t ions  are ca lcula ted  by  
us ing  the  equ i l ib r ium cons tan ts ,  mater ia l  conse rva t ion  
equa t ions ,  and  the  e lec t roneut ra l i ty  condi t ion .  Acco rd ing  
to the  l i te ra ture  (8-10) in a ba th  con ta in ing  coppe r  sulfate  
(CuSO4 - 5H20), n icke l  sulfa te  (NiSO4 �9 6H20), and  s o d i u m  
ci t rate  (Na3C6H~O7 - 2H20), t he  fol lowing equi l ibr ia  are pos-  
s ible 

Cu 2+ + Cit 3- ~- CuCit  [1] 

Cu ~+ + HCit  2- ~- CuHCit  [2] 

HCit  2 ~ H + + Cit 3 [3] 

H2Cit ~ H § + HCit  2 [4] 

H3Cit ~ H + + H2Cit- [5] 

Ni 2+ + Cit 3- ~- NiCit-  [6] 

Ni 2+ + HCit 2- ~ NiHCit  [7] 

SO42- + H + ~ H S O (  [8] 

H 2 0 ~ O H  + H  + [9] 

w h e r e  Cit ~ is C6H~O73 . The mater ia l  ba lances  for the  spe-  
cies in  Eq. [1]-[9] are  

[Cu2+]tot,~ = [Cu 2+] + [CuCit ] + [CuHCit] [10] 

[Ni2+]tot,~ = [Ni 2+] + [NiCit-] + [NiHCit] [11] 

[Cit3-]tot~l = [Cit 3-] § [CuCit-] + [CuHCit] + [NiCit-] 

+ [NiHCit] + [HCit 2-] + [H2Cit-] + [H3Cit] [12] 

[SO42-]to~1 = [SO42-] + [HSO4 ] [13] 

w h e r e  [i]tot~ is the  concen t ra t ion  of spec ies  i a d d e d  to t he  
bu lk  solution.  The e lec t roneut ra l i ty  cond i t ion  is 

ZiC i : 0 [14] 
i 

The  equ i l ib r ium cons tan t s  for Eq. [1]-[9] are l i s ted  in Table  
I. The  a lgor i thm for  the  equ i l ib r ium calcula t ion  is ou t l ined  
in the  Append ix .  Basically,  the  p ro g ram uses  t he  exper i -  
men ta l ly  m e a s u r e d  pH and  the  initial spec ies  concent ra -  
t ions,  [/]total, to calculate  the  equ i l ib r ium concen t r a t i ons  of  
all species .  The c o m p u t e d  resul ts  are g iven in Table  II for 
the  th ree  pla t ing solut ions:  Cu-5, Cu-10, and  Cu-20 baths ,  
w h i c h  are labeled  accord ing  to the  pe rcen tage  of  cupr ic  
ion in the  solu t ions  conta in ing  0.19M total  meta l  ion con- 
cent ra t ion .  The  m e a s u r e d  pH values  for t hese  ba ths  are 
5.37, 5.06, and  4.76, respect ively .  

In  order  to sat isfy e lec t roneutra l i ty ,  a p s e u d o  spec ies  
was  conce ived  to  allow for any u n k n o w n  spec ies  in the  so- 

Table I. Equilibrium constants 

Reaction j Constant Reference 

1 1.58 • 10 TM liter/mol Lange (8) 
2 2.22 • 104 liter/mol Lange (8) 
3 4.02 x 10 -7 mol/liter CRC (9) 
4 1.75 • 10 _5 mol/liter CRC (9) 
5 7.43 x 10 -4 mol/liter CRC (9) 
6 1.99 x 1014 liter/mol Lange (8) 
7 1.29 x 102 liter/mol Lange (8) 
8 8.33 x 101 liter/mol CRC (9) 
9 1.OO x 10 -14 (mol/liter) 8 CRC (9) 

Table II. Concentrations for the three plating baths 

Bath Cu-5 a Cu-10 b Cu-20 ~ 
Species i c~ | c~ ~(mol/liter) ci.| 

CuCit 0.9500 X 10 -2 0.1900 X 10 -1 0.3800 x 10 1 
CuHCit 0.1416 x 10 -1~ 0.5781 • 10 -1~ 0.2307 x 10 -9 
Cu 2+ 0.1312 • 10 -13 0.6200 x 10 -18 0.3256 x 10 -12 
Cit 8- 0.4573 x 10 -2 0.1936 x 10 -8 0.7373 x 10 3 
HCit 2- 0.4853 • 10 1 0.4194 • 10 1 0.3187 x 10 -1 
H2Cit- 0.1183 • 10 -1 0.2088 • 10 -1 0.3165 x 10 1 
H3Cit 0.6792 x 10 -4 0.2447 x 10 8 0.7402 • 10 -8 
NiCit- 0.1805 x 10 ~ 0.1710 • 10 ~ 0.1520 • 10 ~ 
NiHCit 0.1242 x 10 -8 0.2402 x 10 -8 0.4259 x 10 -8 
Ni 2+ 0.1983 • 10 -12 0.4439 X 10 -12 0.i036 • 10 -11 
SO42 0.1899 • 10 o 0.1899 • I0 ~ 0.1897 • i0 ~ 
H S O (  0.6749 • 10 -4 0.1377 x 10 3 0.2746 x 10 -8 
H + 0.4266 • 10 -5 0.8710 • 10 5 0.1738 x 10 -4 
OH- 0.2344 • 10 -8 0.1148 • 10 -8 0.5754 • 10 -9 
Na + 0.7650 x I0 ~ 0.7650 • 10 o 0.7650 • i0 ~ 
Pseudo- 0.7246 • I0 -I 0.8458 • 10 -~ 0.9769 • 10 -1 

a Cu-5: [CuSO4] = 0.0095M, [NiSO4] = 0.1805M, [Na3Cit] = 0.255M 
b Cu-10: [CuSO4] = 0.019M, [NiSO4] = 0.171M, [Na3Cit] = 0.255M 
c Cu-20: [CuSO4] = 0.038M, [NiSO4] = 0.152M, [NasCit] = 0.255M 
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lu t ions .  Usual ly ,  t he  pH of  t h e  de ion ized  w a t e r  was  f o u n d  
to b e  less t h a n  7, s u g g e s t i n g  t h a t  some  u n k n o w n  a n i o n s  
were  o m i t t e d  in t h e  ca lcula t ions .  O t h e r  e x a m p l e s  of  
p s e u d o  spec ies  are  c a r b o n a t e s  or m e t a l  sal t  i m p u r i t i e s  as- 
sayed  in the  r e a g e n t  g r ade  chemica l s .  

As  s h o w n  in Tab le  II, t h e  m a j o r  r e a c t a n t  spec ies  in  t he  
b u l k  so lu t ion  are t he  me ta l  c o m p l e x e s  CuCi t -  a n d  NiCit- .  
In  c o m p a r i s o n ,  t he  c o n c e n t r a t i o n s  of  t he  o t h e r  me ta l  spe- 
cies (CuHCit ,  Cu 2§ NiHCit ,  a n d  Ni 2§ are small .  Conse-  
quen t ly ,  t h e  r e d u c t i o n s  of  t h e s e  spec ies  at  t he  e l ec t rode  
su r face  are  n e g l e c t e d  in t he  mode l .  Thus ,  t h e  h o m o g e n e -  
ous  equi l ibr ia ,  Eq. [1] a n d  [6] are i n c l u d e d  in  t he  model .  
Also,  on ly  t he  first  h y d r o g e n a t i o n  of t he  c i t ra te  ion, i.e., Eq. 
[3], is cons ide red .  Final ly ,  s ince  h y d r o g e n  e v o l u t i o n  f rom 
the  r e d u c t i o n  of  w a t e r  p lays  a s ign i f ican t  role  in  t he  al loy 
depos i t ion ,  t he  w a t e r  equ i l i b r ium,  Eq. [9], is also incorpo-  
r a t ed  in  t he  model .  Hence ,  on ly  four  h o m o g e n e o u s  equi l ib-  
ria [1], [3], [6], a n d  [9]) are i n c l u d e d  in  t h e  m o d e l  for  t he  dif- 
fus ion  layer.  

T h e  p H  of  t he  p l a t i ng  b a t h  can  be  a d j u s t e d  b y  a d d i n g  
su l fur ic  ac id  or s o d i u m  hydrox ide .  T h e  p r e d i c t e d  ef fec t  of  
t h e  pH on  t he  m e t a l  species  c o n c e n t r a t i o n s  is s h o w n  in  
Fig. 1. The  f igure  ind ica tes  t h a t  un l e s s  t h e  p H  is fair ly l ow  
(i.e., less t h a n  3), t he  p r e d o m i n a n t  m e t a l  spec ies  are  com- 
p l e x e d  w i t h  c i t ra te  ion. Thus ,  the  a b o v e  a s s u m p t i o n s  
s h o u l d  b e  va l id  for  so lu t ions  w h o s e  p H  is a b o v e  3, b u t  less 
t h a n  a b o u t  8 due  to poss ib le  n i cke l  h y d r o x i d e  fo rmat ion .  
As  wil l  b e  d i s c u s s e d  later,  i t  is no t  des i r ab le  to ope ra t e  at  
low p H  b e c a u s e  of  t he  loss in  c u r r e n t  efficiency,  w h i c h  is 
a f fec ted  b y  t he  m a g n i t u d e  of  t he  h y d r o g e n  evo lu t i on  re- 
ac t ion .  

Mathemat ica l  Model  
The  m o d e l  p r e s e n t e d  he re  was  e s t a b l i s h e d  to s i m u l a t e  

t h e  cha rac te r i s t i c s  of  t he  e l e c t r o d e p o s i t i o n  for  s t e a d y  s ta te  
at  a c o n s t a n t  po t en t i a l  d i f f e rence  b e t w e e n  t he  w o r k i n g  
e l ec t rode  a n d  a r e fe rence  e l ec t rode  in  t he  b u l k  solut ion.  In  
t he  mode l ,  t he  inf in i te  d i lu te  so lu t ion  t h e o r y  was  a s s u m e d ,  
a n d  t h e  c u r r e n t  dens i t y  t ook  the  fo rm of  the  B u t l e r - V o l m e r  
equa t ion .  The  solid p h a s e  was  a p p r o x i m a t e d  by  an  idea l  
sol id so lu t ion  s u c h  t h a t  no  i n t e r ac t i on  b e t w e e n  c o p p e r  a n d  
n i cke l  was  a s sumed .  

At  s t e a d y  state,  t he  reg ion  ou t s ide  t h e  e l ec t rode  sur face  
is g o v e r n e d  by  t he  fo l lowing  mass  b a l a n c e  e q u a t i o n  for  
e ach  species  

- V - Ni + Ri = 0 [15] 

w h e r e  R~ is t he  p r o d u c t i o n  of  t he  spec ies  i in  solut ion,  a n d  
is zero for i ne r t  spec ies  s u c h  as Na § a n d  SO42-. T he  flux, Ni, 
i nc ludes  the  effects  of  c o n v e c t i v e  di f fus ion,  fo rced  convec-  
t ion,  a n d  ionic  migra t ion .  For  t he  ro t a t i ng  d i sk  sys tem,  Eq.  
[15] c an  be  w r i t t e n  in  d i m e n s i o n l e s s  fo rm as (11) 

I dcidcP] ~2 Di d2ci ziDiF d2~p - - ~ -  ~ Ri = - - - -  + 3~ 2 dc~ + c i - -  + + 0 

DR d~ 2 d~ ~ ~" DR d~ 2 d~ 

i = 1, 2 . . . . .  n [16] 

w h e r e  ~ = y/~ is a d i m e n s i o n l e s s  n o r m a l  d i s t ance  f rom the  
su r face  of  t he  e l ec t rode  in to  t he  e lect rolyte ,  r is t he  po ten-  
t ial  in  t he  solut ion,  a n d  ~ is t he  L e v i c h  d i f fus ion  layer  
t h i c k n e s s  g iven  by  

(3DR/1/3 

E q u a t i o n  [!6] p r o v i d e s  a set  of  n e q u a t i o n s  w i t h  n + 1 un-  
k n o w n s  (ei for  i = 1 to  n a n d  q~). To m a k e  th i s  set  of  equa-  
t ions  solvable ,  a n o t h e r  e q u a t i o n  is needed .  T he  e l ee t roneu-  
t ra l i ty  c o n d i t i o n  can  be  u s e d  for th i s  p u r p o s e  

ZiC i = 0 [18] 
i 

T h e  spec ies  i n c l u d e d  in the  m o d e l  for t he  d i f fus ion  layer  
a n d  e l ec t rode  sur face  are: Cu 2§ Cit  3-, CuCi t - ,  Ni  2§ NiCi t - ,  
H +, OH-,  HCi t  2-, SO42-, a n d  Na § 

To s impl i fy  t h e  ca lcula t ion ,  t he  h o m o g e n e o u s  c h e m i c a l  
r eac t i ons  (Eq. [1], [3], [6], a n d  [9]) i n c l u d e d  in  t he  d i f fus ion  
layer  are  a s s u m e d  to b e  k ine t ica l ly  m u c h  fas te r  t h a n  t he  
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Fig. 1. The dependence of the cupric end nickel ion species on pH in 
the Cu-5 plating bath: [CuSO4] = 0.0095M, [NiSO4] = 0. |805M, and 
[Na3Cit] = 0.255M. 

h e t e r o g e n e o u s  sur face  e l ec t rode  reac t ions ,  so Ri can  be  
e l i m i n a t e d  f rom Eq. [15]. For  example ,  f rom Eq. [1], one  
can  wr i t e  t h e  fo l lowing  e q u a t i o n  

Rcu2+ = - Rcucit- [19] 

Wi th  th i s  equa t ion ,  t he  two  g o v e r n i n g  e q u a t i o n s  (Eq. [15]) 
for  Cu 2+ a n d  CuCi t -  c an  b e  c o m b i n e d  to give 

V .  Ncu2+ + V �9 Ncucit- = 0 [20] 

a n d  t he  c o n c e n t r a t i o n  of  c i t ra te  is t h e n  g iven  b y  

C c u c i t -  
K1 - [21] 

C c u 2  + - C c i t  3-  

w h e r e  K1 is t he  e q u i l i b r i u m  c o n s t a n t  for Eq. [1]. The  com-  
p le te  se t  of  g o v e r n i n g  e q u a t i o n s  is s h o w n  in  Tab le  III.  

The  b o u n d a r y  c o n d i t i o n s  for  t he  m o d e l  cons i s t  of  t h o s e  
at  t he  e l ec t rode  sur face  a n d  t h o s e  in t he  b u l k  solut ion.  At  
t he  e l ec t rode  surface,  t h e  fo l lowing  r eac t ions  are  a s s u m e d  
to o c c u r  

CuCi t -  + 2e- --* Cu + Cit  -3 [22] 

NiCi t  + 2e- --~ Ni + Cit  -3 [23] 

a n d  

2H20 + 2e- --~ H2 + 2 OH-  [24] 

Two of  t h e  five e l e c t r o c h e m i c a l  r eac t i ons  f o u n d  to occu r  
d u r i n g  Cu-Ni al loy p l a t i ng  (6) are  ignored .  They  are t he  re- 
d u c t i o n  of  h y d r o g e n  ion  f rom the  d i s soc ia t ion  of  hydroge -  
n a t e d  c i t ra te  ions  a n d  the  r e d u c t i o n  of  d i s so lved  oxygen .  
The  f o r m e r  r eac t ion  is a s s u m e d  to be  smal l  c o m p a r e d  to 
t he  r e d u c t i o n  of  w a t e r  at  large  nega t i ve  po t en t i a l s  w h e r e  
c o d e p o s i t i o n  occurs .  The  la t te r  r eac t ion  is c o m p l e t e l y  
m a s s  t r a n s p o r t  l imi ted  a n d  its effect  is c o m b i n e d  w i t h  t he  
c o p p e r  d e p o s i t i o n  reac t ion .  In  o the r  words , . the  m a s s  t rans -  
por t  a n d  k ine t i c  p a r a m e t e r s  d e t e r m i n e d  for  t he  c o p p e r  
d e p o s i t i o n  r eac t ion  were  b a s e d  on  t h e  po la r i za t ion  da ta  
t a k e n  in an  ae ra ted  so lu t ion  w h e r e  t he  effects  of  o x y g e n  re- 
d u c t i o n  are  i n c l u d e d  (6). 

Table III. Governing equations 

1. V. Ncu2+ + V �9 Ncucit- = 0 
2. V ' NNi2+ + ~7 . N N i c i t -  = 0 
3.  V �9 N c i t 3 -  + V �9 N c u c i t -  + V " NNic i t  + ~ �9 NHCit  2- = 0 
4.  V �9 N H +  + V �9 NHCit2 -- ~7 �9 N O H -  = 0 
5. K1 : Ccucit-/{Ccu 2+ �9 Ccit3-} 
6. (K3)-' = CHClt2-/{CH+ " Ccit3-} 
7. K6 : CNicit-/{CNi2+ " Ccit3-} 
8. K9 = CH+ ' C O H -  
9. V �9 Nso42- = 0 

10.  V - NNa+ = 0 
11. ~ zlci = 0 

i 
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The  flux of  each  spec ies  equals  the  a m o u n t  of  the  spec ies  
c o n s u m e d  by  the  e lec t rode  reac t ions  

a t~  = 0 

w h e r e  

g i -I- mE s i j i j  = 0 [25] 
j=~ njF 

Di dci ziDiciF dOP 
N~ = - [26] d~ RT. ~ d~ 

ij=ioj,r~f{[~(ci'-~-~ 
\ C i , r e f /  

[ (~a jF  [ \ C i , r e f /  A 

~(--~ [v--~Z~E (dP~ } [27] 

and  sij is the  s to ich iomet r ic  coeff ic ient  of  spec ies  i in reac- 
t ion  j, ij is t he  cu r r en t  dens i ty  due  to e lec t rode  reac t ion  j, 
Uj,~f is the  theore t ica l  open-c i rcui t  potent ia l  eva lua ted  at 
r e f e rence  concen t r a t ions  (usually the  bu lk  concen t ra -  
t ions),  and  V is a potent ia l  of  the  work ing  e lect rode.  The  
relat ive act ivi ty of  each  metal ,  ak, is t aken  to be  equa l  to its 
mole  f rac t ion in t he  deposi t ,  • The m e a n i n g s  of  the  o ther  
t e r m s  in Eq. [27] are g iven in the  no ta t ion  list  and  are dis- 
c u s s e d  in Ref. (12). Two addi t ional  equa t ions  are r equ i r ed  
to desc r ibe  the  alloy compos i t i on  

and  

SNi 
• -- . . [28] 

INi  "/- t Cu  

• + • = 1 [29] 

The  e lec t roneu t ra l i ty  cond i t ion  is also appl ied  because  the  
d i f fuse  doub le  layer  is ignored  in t he  model .  

General ly ,  b e y o n d  the  d i s tance  of  abou t  two  Lev ich  dif- 
fus ion  layer  t h i c k n e s s e s  f rom the  e lec t rode,  the  concent ra -  
t ions  of  spec ies  can  be  cons ide red  to be  equal  to the i r  bu lk  
concen t r a t i ons  (13). In  th is  sys tem,  the  b o u n d a r y  condi-  
t ions  in the  bulk  so lu t ion  is set  at th ree  d i f fus ion layer 
t h i c k n e s s e s  

a t~  = 3 

c~ = c~| [30] 

(P = r [31] 

The  bulk  concen t r a t i ons  for the  spec ies  cons ide red  in the  
m o d e l  are p r e s e n t e d  in Table IV toge the r  wi th  the i r  diffu- 
s ion coeff icients .  The concen t r a t ions  of  t he  neg lec ted ,  
ionic  spec ies  (H2Cit-, HSO4-, and  the  p s e u d o  species)  f rom 
Table  II were  u s e d  to ad jus t  the  concen t r a t i on  of  Na § in 

Table IV. Transport properties 

Species i D~ (em2/s) ci.= (mole/cm 3) 

Cu 2§ 1.00 x 10 .5 0.1312 x 10 16 
Cit s 0.80 • 10 .5 0.4573 • 10 .5 
CuCit- 2.10 • 10 -~ 0.9500 x 10 .5 
Ni 2+ 1.00 • 10 -~ 0.1983 x 10 -15 
NiCit- 0.25 x 10 -Tb 0.1805 • 10 -5 
H § 1.00 x 10 .4 0.4266 x 10 8 
HCit 2- 0.73 • 10 5 0.4853 • 10 -4 
OH- 5.50 • 10 -~ 0.2344 • 10 -n 
SO42- 1.00 • 10 5 0.1899 x 10 -3 
Na* 1.34 x 10 .5 0.6806 • 10 -~ 

Experimental value. 
b DNicit, based on model-experimental fit of the cathodic polariza- 

tion curve at rotation speed 167.6 s -I in the Cu-10 plating bath. 
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Table V. Kinetic parameters for electrode reactions 

Reaction j a~i nj ioj,rer (A/cm 2) Uj ~ (V) 

[22] 0.084 a 2 2.6 x 10 3a -0.083 
[23] 0.45 ~ 2 1.0 x 10 4b -0.671 
[24] 0.25 2 5.0 x 10 vb -0.828 

Experimental values. 
b Based on model-experimental fit of the cathodic polarization 

curve at rotation speed 167.6 s -~ in the Cu-10 plating bath. 

Table  IV in o rde r  to sus ta in  e lec t roneut ra l i ty  in t he  bulk  
solution.  The set  of  govern ing  equa t ions  and  b o u n d a r y  
cond i t i ons  were  wr i t t en  in finite d i f fe rence  form and  
solved by  a t e c h n i q u e  deve loped  by N e w m a n  (11, 14). 

M o d e l - - E x p e r i m e n t a l  Fit 

To s imula te  accura te ly  the  e x p e r i m e n t a l  resul ts ,  the  
bas ic  kinet ic  and  mass  t r anspo r t  pa r ame te r s  are needed ,  
p re fe rab ly  measured .  In  the  p rev ious  r epor t  (6), some  of  
t h e s e  pa rame te r s  were  d e t e r m i n e d  for t he  Cu-Ni alloy dep-  
os i t ion  process  in ci trate so lu t ions  on the  ro ta t ing  d isk  
e lec t rode.  The e x p e r i m e n t s  were  p e r f o r m e d  at r o o m  tem-  
pera ture ,  and  the  kinet ic  data  m e a s u r e d  at a cons t an t  rota- 
t ion speed ,  1600 r p m  (167.6 s-l). For  the  co p p e r  depos i t ion  
reac t ion  (Eq. [22]), suff ic ient  data  were  available to deter-  
m i n e  its k inet ic  pa ramete r s ,  such  as t he  e x c h a n g e  cur ren t  
dens i ty  and  Tafel slope,  as well  as the  d i f fus ion  coeff ic ient  
of the  c o m p l e x  conta in ing  copper .  The  k ine t ic  pa r ame te r s  
for the  co p p e r  depos i t ion  reac t ion  as well  as for the  o the r  
two  reac t ions  (Ni and  He) are l is ted in Table V. 

Fo r  the  n ickel  depos i t ion  and  h y d r o g e n  evolu t ion  reac- 
t ions,  the  analysis  was  compl i ca t ed  by  the  fact  tha t  mult i-  
ple  reac t ions  were  occur r ing  on the  e lec t rode  surface.  Con- 
sequent ly ,  t he  k inet ic  and  mass - t r ans fe r  pa r ame te r s  for 
t hese  two  react ions  were  difficult  to d e t e r m i n e  accurately.  
A p p r o x i m a t e  m a g n i t u d e s  of  t hese  pa ramete r s ,  however ,  
could  be  in fe r red  by  force fit t ing the  m o d e l  to one  set  of  
e x p e r i m e n t a l  data. As s h o w n  in Fig. 2, the  m o d e l  was  first 
f i t ted for the  Cu-10 ba th  b e t w e e n  -0 .5  to -1 .3V.  Above  
-0 .5V,  the  ma in  e lec t rochemica l  reac t ions  are the  reduc-  
t ions  of h y d r o g e n  ion f rom the  d issoc ia t ion  of  hydroge~ 
na t ed  ci trate ions and  d i sso lved  oxygen,  w h i c h  the  m o d e l  
does  no t  cons ide r  s ince  it is main ly  c o n c e r n e d  wi th  the  co- 
depos i t i on  region, -1 .0  to -1 .2V.  F r o m  -0 .5  to -1 .0V,  t he  
c o p p e r  depos i t ion  reac t ion  domina tes ,  so the  fit in this  re- 
g ion reflects  the  validi ty of  t he  m o d e l  in desc r ib ing  the  
c o p p e r  react ion.  At  -1 .0V,  the  effect  of  n ickel  depos i t ion  
on the  po ten t i a l -cur ren t  curve  beg ins  to appear .  The code-  
pos i t ion  region  is very  n a r ro w  because  a subs tan t ia l  
a m o u n t  of  h y d r o g e n  evolves  at po ten t ia l s  m o r e  nega t ive  
t h a n  - 1.2V. 

A val id tes t  of  the  m o d e l  is to use  the  same kinet ic  and  
mass  t r anspor t  pa rame te r s  to fit the  polar izat ion data ob- 
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Fig. 2. Model-experimental fits of the cathodic polarization curves at 
different metal ratio in the alloy plating baths: total metal content = 
0.19M and [Na3Cit] = 0.255M. Rotation speed = 167.6 s -1. Room 
temperature = 22~ 
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tained at different operating conditions such as in the Cu-5 
and Cu-20 baths (also shown in Fig. 2). For changes in solu- 
tion composition, the exchange current density for copper 
deposition is dependent  on the cupric ion concentration to 
the order of 1.43 according to the previous study (6). A 
first-order dependency on the nickel ion concentration is 
assumed for nickel deposition. A lower exchange current 
density for the hydrogen evolution reaction is used for the 
Cu-20 bath (2 • 10 -7 mA/cm 2) because the alloy deposit has 
a higher copper content (6). As will be shown later, a better 
fit of the current efficiency data also resulted. 

For all three plating baths, the model predictions agree 
reasonably well with the polarization data. Thus the ad- 
justable parameters are fairly dependable. Consequently, 
the model can be used to estimate mass transport and ki- 
netic parameters when multiple reactions are occurring si- 
multaneously. 

For the higher copper concentration baths (Cu-10 and 
Cu-20), a deviation from the data is observed at high nega- 
tive potentials. The presence of the hydrogen bubbles at 
these potentials may have enhanced the mass transport 
conditions at the electrode surface, so that higher currents 
are measured. Experimentally, the currents are unsteady 
and continually increase with time under these conditions. 
It is beyond the scope of the model to treat such fluctua- 
ting processes. 

The model can also be used to predict the alloy deposit 
compositions based upon the partial currents (Eq. [28] and 
[29]). Figure 3 depicts the model predictions of the alloy 
compositions (dashed lines) and the experimental values 
(symbols) as a function of deposition potential. The agree- 
ments are good in the potential region, -1.0 to -1.2V vs. 
SCE, where the influence of the hydrogen bubbles is 
small. Practically, this is the codeposition region of inter- 
est. Here, the current efficiency is sufficiently high and the 
surface morphology is relatively smooth, i.e., not dendritic 
or powdery (6). 

At more negative potentials, the model can be used to 
predict the leveling of the nickel content in the alloy de- 
posit. The presence of hydrogen gas may have inhibited 
the diffusion of the nickel complex to the electrode possi- 
bly due to the concurrent hydrogen chemisorption and 
bubble  formation. This is manifested by the low diffusion 
coefficient (0.25 • 10 -7 cm%) fitted for the nickel complex. 
When hydrogen evolution becomes dominant,  however, 
the model fails to predict the drop in nickel content. The 
added forced convection produced by the gas bubbles, not 
considered in the model, may have enhanced the mass 
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Fig. 3. Model-experimental fits of the alloy deposit composition as a 
function of deposition potential for three plating solutions: Cu-5, 
Cu-IO, and Cu-20 baths. Rotation speed = 167.6 s -1. Room tempera- 
ture = 22~ 

transport of copper ions and caused an increase in the cop- 
per content in the alloy deposits. 

The deposit composition plot can be easily translated 
from being a function of deposition potential t oa  function 
of applied current density, with which most platers are fa- 
miliar. From the polarization curves, the corresponding 
current density can be found for each deposition potential. 
In  the deposition region of interest, - 1.0 to - 1.2V vs. SCE, 
the currents were fairly steady. 

Figure 4 compares the experimental current efficiency 
data with that predicted by the model. The current effi- 
ciency is mostly influenced by the interference of the hy- 
drogen evolution reaction during codeposition. For the 
Cu-5 and Cu-10 baths, the model predictions agree with 
the general dependence of the current efficiency with in- 
creasing negative potential. The agreement is not as good 
for the Cu-20 bath. As mentioned earlier, in the Cu-20 bath 
where the deposits are more copper-rich, the exchange 
current density for the reduction of water is assumed to be 
lower. This assumption is reasonable based upon the dif- 
ference in the exchange current densities for hydrogen 
evolution on pure copper and pure nickel. 

Between -1.0 to -1.1V, the model prediction of the cur- 
rent efficiency is about 5 to 10% higher than the experi- 
mental  data. This deviation may be due to the added hy- 
drogen evolution from the reduction of hydrogen ion from 
the dissociated hydrogenated citrate ions, which is not 
considered in the model. Also, the oxygen reduction reac- 
tion may also contribute to the lower current efficiency ob- 
served. At higher negative potentials, however, the reduc- 
tion of water is the major contributor of hydrogen 
formation, and the model predictions are consistent. 

In summary, the agreement between the model and ex- 
perimental results is fairly good, demonstrating the valid- 
ity of the model. The model was capable of predicting the 
polarization data, alloy composition, and current effi- 
ciency particularly in the codeposition region of interest, 
-1.0 to -1.2V. The model, however, does not account for 
all the consequences of the hydrogen evolution reaction. 
Although the model included its kinetics, it does not con- 
sider such effects as bubble nucleation, coalescence, and 
evolution, which can affect the mass transport conditions 
at the electrode surface. However, in a practical plating op- 
eration, hydrogen evolution should be avoided because of 
its detrimental effects on the surface morphology and cur- 
rent efficiency. Therefore, this model limitation is not too 
critical for designing or optimizing the plating conditions, 
but  should be borne in mind. Nor does the model treat the 
second source of hydrogen evolution from the reduction of 
hydrogen ions from the dissociation of the hydrogenated 
citrate ions. This negligence causes the predicted current 
efficiency to be 5 to 10% higher than the measured result. 

M o d e l  P r e d i c t i o n s  

One goal of modeling the Cu-Ni alloy deposition is to be 
able to predict the plating behavior for some yet-to-be 
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ture = 22~ 
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measured operating conditions. Another goal may be to as- 
certain the operating conditions necessary to obtain a de- 
sired deposit composition. An example of each will be 
given. One important variable is the effect of stirring. Fig- 
ures 5 and 6 illustrate the effect of rotation speed on the po- 
tential-current curves and deposit composition, respec- 
tively. From the previous report (6), polarization curves 
were measured as a func t ion  of rotation speed. Again, 
there is good agreement. Unfortunately, the deposit com- 
positions were not measured. But based on Fig. 6, the rota- 
tion speed has a slight influence on the deposit composi- 
tion. This result concurs with Priscott's findings (3). The 
amount  of nickel in the deposit increases with lower rota- 
tion speeds. The more important variables in determining 
the deposit composition seem to be the solution composi- 
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tion and deposition potential. However, agitation is impor- 
tant in terms of the mass transport of the reactants to the 
electrode surface, thereby increasing the plating rate. 

One of the incentives for studying Cu-Ni alloy deposi- 
tion is to be able to plate Monel alloy which typically con- 
tains 67% nickel, 30% copper, and the rest mostly iron and 
other elements. Although we have not plated 70/30 Ni-Cu 
alloy, we can predict the conditions necessary to produce 
such an alloy from the model. All the results indicate that 
the solution composition is an important variable in deter- 
mining the deposit composition. A high nickel content de- 
posit would require a solution containing high nickel. For 
instance, if we maintain as before the same plating tem- 
perature (22~ and rotation speed (1600 rpm) and drop the 
copper content from 5 to 1%, then the model can be used to 
predict the deposit composition curve shown in Fig. 7. The 
curve demonstrates that, under  the stated conditions, the 
deposition potential should be -1.08V vs. SCE. Various 
other combinations of operating conditions could be used 
to obtain a desired alloy composition. 

The capability of the model demonstrated here is useful 
in designing and optimizing the Cu-Ni alloy electrodeposi- 
tion process since there is only a narrow potential range 
for producing suitable deposits. Although the model pre- 
sented in this report is limited to the rotating disk elec- 
trode, it can be extended to other geometric configurations 
such as the rotating cylinder or flow between parallel 
plates. 

Conclusions 
1. The model agreed well with the experimentally- 

obtained polarization curves, the alloy deposit composi- 
tion, and current efficiency results. 

2. Although the model does not  consider the various ef- 
fects of gas bubbles near the electrode, the inclusion of the 
kinetics of the hydrogen evolution reaction from the re- 
duction of water in the model effectively predicted the loss 
in current efficiency. 

3. Through data fitting, the model provides a means of 
estimating mass transport and kinetic parameters when 
multiple electrode reactions are occurring simultaneously. 

4. The predictive capability of the model can be useful 
in designing and optimizing the alloy plating operation. 

5. This model may be applied to other normal alloy dep- 
osition systems such as Bi-Cu, Pb-Sn, and Ag-Pd alloys. 
Only a few fundamental  measurements specific to the sys- 
tem would be needed. It is recommended that the model is 
made to fit the behavior under  one set of operating condi- 
tions and then tested against the behavior under  another  
set of conditions for accuracy. 
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L I S T  OF S Y M B O L S  
a 0.51023 
ak act ivi ty  of  metal l ic  species k 
c~ concent ra t ion  of  species i, moYcm ~ 
c~,~ re fe rence  concent ra t ion  of  species  i, mol / cm ~ 
c~| bulk  concent ra t ion  of species i, mol / cm ~ 
C~.o concent ra t ion  of  species  i ad jacent  to the  surface, 

mol / cm ~ 
Dj diffusion coefficient  of  species i, cm~/s 
DR diffusion coeff icient  of  the  diffusion cont ro l l ing  

species,  cm2/s 
Eappi Y - ~PRE, V 
F Faraday ' s  constant ,  96,487 C/real 
/j cur rent  dens i ty  due  to react ion j, A/cm 2 
~oj,~f exchange  current  dens i ty  eva lua ted  at reference  

concent ra t ions  for react ion j, A/cm ~ 
io~,~ exchange  cur ren t  dens i ty  eva lua ted  at data  con- 

centra t ions  for react ion j, A/cm ~ 
nj n u m b e r  of  e lect rons  t ransferred in react ion j 
N~ flux vec tor  of species i, mol/cm~-s 
Pij anodic  react ion order  of  species i in react ion j 
~ ca thodic  react ion order  of  species i in react ion j 

universa l  gas constant ,  8.314 J /mol -K 
R~ h o m o g e n e o u s  p roduc t ion  react ion rate of  species 

i, mol/cm~-s 
s~j s to ichiometr ic  coeff icient  of  species i in react ion j 
T absolu te  tempera ture ,  K 
Uj ,~  theoret ica l  open-c i rcui t  potent ia l  eva lua ted  at ref- 

e rence  concentrat ions ,  V 
v e lect rolyte  ve loc i ty  vector ,  cm/s 
V potent ia l  of  the  work ing  electrode,  V 
y normal  coordinate,  cm 
z~ charge  n u m b e r  of  species  i 

Greek  symbols  
~ j  anodic  t ransfer  coeff icient  for react ion j 
~ j  ca thodic  t ransfer  coeff icient  for react ion j 

diffusion layer thickness ,  cm 
~k~ e x p o n e n t  in the  compos i t ion  d e p e n d e n c e  of  ex- 

change  current  dens i ty  
k inemat ic  viscosi ty,  cm2/s 
d imens ion less  d is tance  
potent ia l  in solut ion wi th in  diffusion layer, V 

4~o solut ion potent ia l  ad jacent  to e lec t rode  surface, V 
qb~E potent ia l  in the  bulk  solut ion at y = 3~, V 
r rota t ion speed  of  the  disk electrode,  s -~ 
Xk mole  fract ion of  metal l ic  species k 

A P P E N D I X  
Calculation of Bulk Concentrations 

For  simplici ty,  let  the  concent ra t ions  be expressed  in 
t e rms  of  X~, and d~ 

X~ = [CuCit-], X2 = [CuHCit], X~ = [Cu~+], X4 = [Cit~-], 

X~ = [HCita-], X6 = [H2Cit-], X~ = [H~Cit], X~ = [NiCit-], 

X9 = [NiHCit], X~o = [Ni2+], XH = [SO,a-l, X;z = [HSO4-], 

X~ = [OH-], X~ = [H+], X~  = [Na*], 

dl = [Cit3-]tot~, d~ = [Cu~+]tot~, d3 = [Ni~+]totoj 

d4 : [SO42-]totaD 

The  equ i l ib r ium constants  for the  react ions [1]-[9] can be  
exp re s sed  as fol lows 

X1 
K, - [A-l] 

X3X4 

X2 
K2 - [A-2] 

X3X~ 

X ~ Y 4  
K~ - [A-3] 

X5 

XI4X~ 
K4 - [A-4] 

X6 

X14X6 
K~ - [A-5] 

X7 

X8 
K6 - [A-6] 

X10X4 

X9 
K7 - [A-7] 

X10X5 

X12 
Ks - [A-8] 

XnX14 

K9 = XlaX14 [A-9] 

Thus,  the  mater ia l  conserva t ion  equa t ions  (Eq. [10]-[13]) 
b e c o m e  

dl = X1 + X2 + X, + X~ + X6 + X7 + Xs + X9 [A-10] 

da = X1 + X2 + X3 [A-11] 

d3 = X8 + X9 + X~0 [A-12] 

d4 = X12 + Xn [A-13] 

and the  e lec t roneutra l i ty  condi t ion  is 

E ziX~ = 0 [A-14] 

Equa t ions  [A-l] th rough  [A-14] p rov ide  an i n d e p e n d e n t  set 
of  14 nonl inear  equat ions  for the 14 u n k n o w n s  (X~ - X~4) in 
t e rms  of  the  set values  of  K1 - Kg, dl - d4, and Xl~. This set 
of  equa t ions  can  be  simplif ied and solved. 

The  p rocedure  to do this consis ts  of  set t ing a va lue  for 
X14 and then  rewri t ing Eq. [A-1] to [A-13] for X4 in te rms  of  
X14. The  resul t ing equa t ion  is t hen  solved i terat ively for X4, 
wh ich  then  yields values  for X~ - X~3. In our  case, X14 is a 
k n o w n  va lue  and is easily de te rmined  f rom pH mea- 
surement .  

Subs t i tu t ing  Eq. [A-3], [A-4], and [A-5] into Eq. [A-10] 
yields 

dl = X1 + X2 + ctX4 + X8 + X9 [A-15] 

where  

X14 X142 X14 ~ 
c r  

K3 K3K4 K3K4K5 

Subs t i tu t ion  o f E q .  [A-6] and [A-7] into Eq.  [A-12] gives 

where  

X4~d3 
X s + X 9  - [A-16] 

~X4 + 1 

K7X14 
=K6 + - -  

K~ 

Combina t ion  of  Eq. [A-l], [A-2], [A-3], [A-15], and [A-16] 
yields 

where  

~d3 ] [A-17] dl = X4 eX.~ + c~ + fiX4 + I 

K2 
e = K I  + - -  K3 X,4 

F r o m  Eq. [A=I], [A-2], and [A-11], it is found that  

d2 = X3 [1 + eX4] 

Combina t ion  of  Eq. [A-17] and [A-18] gives 

e~ 1 + eX4 + ~ X42 

[A-18] 

dz 
+ e 

1 +eX4 
+ ~ + ~d3- d ,~]  X 4 -  d~ = 0 [A-19] 
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From Eq. [A-19], it is obtained that 

- B  + ~ + 4Adl 
X , -  

2A 
where 

[A-20] 

ed2 
B - - -  ~ a + ~d~ - dl~ 

1 + eX4 
e~d2 

A - + ~f~ 
1 + eX4 

Equation [A-20] is solved for X4 by using an iterative 
method. That is, substitution of an initial guessed value of 
X4 into the right-hand side of Eq. [A-20] gives a new value 
of X,. Making use of this new X4 as an initial value gives an- 
other new X4. This process is repeated until  the initial and 
new values of X, are equal to within a specified tolerance. 

Once obtained, X~, X2, etc. can be obtained as follows 

d2 
X3- 

K3 / 
X14X4 

X~- 
K~ 

X2 = K2X3Xs 

X1 = K1X~X4 

Xl~;s 
X ~ -  

K4 

X1~:6 
X T -  

K4 

[ KsX4+KTX~ ] 
Xlo = d3 1 K6X4 + KTXs + 1 

X8 = K6XloX4 

X9 = KgXloX5 

d4 
X I  1 - _ _  

KaX~4 + 1 

X12 = KdQ1X14 

K9 
X13 - 

X14 

Once Xr to X15 are determined, the electroneutrality condi- 
tion is tested, Any residue is taken to represent some ionic 
species neglected in the summation. That is, let 

15 

Zpseudo Cpseudo : - - ~  z i Z  i 
i - 1  

This pseudo species can symbolize impurities in the deio- 
nized water, or other contaminants in the chemicals. When 
the pH is raised or lowered by the addition of an acid or 
base, the pseudo species includes the anions or cations as- 
sociated with these additions. 
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Aqueous Solubilities, Solubility Products and Standard 
Oxidation-Reduction Potentials of the Metal Sulfides 

Stuart Licht* 
Department of  Chemistry, Clark University, Worcester, Massachusetts 01610 

ABSTRACT 

Available thermodynamic data, incorporating a new free energy of formation for aqueous S 2- of 111 (+_ 2) kJ/mol at 
25~ indicate that solubility products of the insoluble metal sulfide salts are several orders of magnitude smaller than pre- 
viously considered. Thermodynamic characterization for a variety of soluble and insoluble aqueous metal sulfide systems 
is reported. Trends in the aqueous solubilities of the alkali salts solubilities are compared and discussed. New aqueous sol- 
ubility products, Ksp, and standard redox potentials, E ~ for over forty metal sulfides are determined. The new values of 
pK~ and E ~ at 25~ include: Ag2S-orthorhombic: 53.6, -0.786V, and HgS-red: 56.4, -0.816V. Significant free S 2- occurs 
only in extremely alkaline media. The suitability of hG~ rather than AG~ based solubility products and redox 
potentials is discussed and these alternate values determined. 

Metal sulfides vary enormously in their solubility in 
water. At room temperature K2S is soluble to approxi- 
mately 50% by weight in water (1), whereas HgS is soluble 
to the equivalent of less than one atom of Hg per liter (2). 
This is reflected in the response of sulfide ion selective 
electrodes which display an effective potential response to 

* Electrochemical Society Active Member. 

sulfide (3) or metal cations (4) of 20 or more orders of mag- 
nitude. In practice, concentrations of metal are maintained 
in aqueous solutions containing even the highly insoluble 
metal sulfides, through formation and equilibrium interac- 
tion with metal hydrosulfide and metal sulfide complexes 
including M~(HS), in acidic environments and (M~Sy) z- in 
alkaline environments. 
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