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F i g .  14. Change in discharge capacity vs. cycles 

a pasted-type lead-acid battery during deep charge 
and discharge cycles can be prevented by compres- 
sion on the positive plates with glass mats. With 
high compression, the structural changes in the 
active mass become smaller and the cycle life of the 
cell increases remarkably. 
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The structural change takes place due to t he  stress 
caused mainly by the volume change of the active 
mass during charge and discharge cycling, and con- 
sequently the active mass gradually expands with 
cycling. The rate of expansion is higher in the early 
stages of cycle testing. Once the coralloid structure 
is formed, it absorbs the stress of the volume change. 
It is considered that the reason why the cycle life' 
increases by compression is due to the suppression 
of structural changes in the positive active mass 
and the considerable suppression of the decrease in 
the cohesion between PbO2 particles. 
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High Speed Gold Plating: Anodic Bath Degradation and Search for 
Stable Low Polarization Anodes 

C. G. Smith* and Y. Okinaka* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Two kinds of anodic bath degradation occur in high speed gold plating: the oxidation of cyanoaurate(I) to 
cyanoaurate(III) ion resulting in a decrease in plating current efficiency, and the oxidation of citrate ion causing a loss of 
buffer capacity. These oxidation reactions can be minimized by replacing the conventional platinum or platinum-coated 
anode with a low polarization anode such as the so-called "dimensionally stable anode (DSA| '' However, the ordinary DSA 
with a coating consisting of RuO2 and TiO~ is not sufficiently stable under the conditions of this application. This paper 
describes results of three studies: (i) anal:r of laboratory data for the rate of Au(III) accumulation to develop a method for 
predicting the concentration of Au(III) and plating current efficiency under scaled-up production conditions; (ii) analysis 
of the rate of degradation of citrate buffer capacity as a function of bath operating conditions; and (iii) an extensive search 
for a more stable low polarization anode, which led to the development of a coating consisting of IrO2 and Ta205 with barium 
as the additive. 

Gold plating technology has advanced significantly 
in recent years. Automated machines now plate gold 
selectively to minimize its usage, and at high speeds 
to maximize throughput and thus to minimize capital 
outlays. To maintain the process under high speed 
conditions, the control of plating bath characteristics 
becomes significantly more important. The degrada- 
tion of bath characteristics occurs much more rapidly 
in high speed processes than in conventional low 
speed processes. 

Two types of bath degradation have been found 
to take place. Both result from anodic reactions 
occurring at the conventional platinum or platinized 
titanium anodes. Oxidation of the cyanoaurate(I) 
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ion to the cyanoaurate(III) ion leads to a decrease 
in current efficiency (1). The destructive oxidation 
of citrate buffers also occurs. Degradation products 
apparently do not affect the nature of the deposit 
(2). However, a hitherto unrecognized effect is a 
resultant loss of buffer capacity. As the initial ca- 
pacity decreases, a point i s  eventually reached at 
which loss of control of the interfacial pH at the 
cathode occurs. 

In the previous work (1, 3), it was shown that the 
rate of Au(III )  formation is significantly lower at 
the so-called "dimensionally stable anode (DSA| 
(4). This well-known type of anode usually consists 
of a titanium substrate coated with a mixture of a 
precious metal oxide, such as RuO~, and a valve 
metal oxide, typically TiO2. The RuOz-based anode, 
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however ,  has a l imi ta t ion  that  its useful  life is too 
short  for  prac t ica l  high speed pla t ing applicat ions.  

This paper  is concerned with  three  aspects of high 
speed gold plat ing.  (i) Labo ra to ry  da ta  for the ra te  
of A u ( I I I )  accumulat ion  have been analyzed ma the -  
mat ica l ly  to der ive  expressions useful  for ex tend ing  
l abora to ry  resul ts  to sca led-up  product ion condi-  
tions. (ii) The magni tude  of loss of buffer capaci ty  
of c i t r a te -based  systems has been eva lua ted  theo-  
re t ica l ly  and exper imenta l ly .  I t  is shown tha t  c i t ra te  
degrada t ion  occurs at  a much lower  rate  on DSA 
than on a p l a t inum anode. (iii) Mixed meta l  oxide 
coatings much more  s table  than  the RuO2-TiO2 com- 
binat ion have been developed.  I t  is shown tha t  coat-  
ings consist ing of IrO2 and Ta205, pa r t i cu la r ly  wi th  
ba r ium as addit ive,  provide  electrodes wi th  con- 
s ide rab ly  ex tended  l ifet imes.  Since the usefulness of 
these electrodes in gold p la t ing  resul ts  f rom thei r  
ve ry  low anodic polar izat ions  (low oxygen  over 'po- 
tent ia ls)  as demons t ra ted  in this communcat ion,  they  
wil l  be called "low polar izat ion anodes." 

Experimental 
Plating apparatus and Au(III) analysis.--The ra te  

of A u ( I I I )  accumula t ion  dur ing  p la t ing  with  various 
anode mater ia l s  was measured  for a high speed, add i -  
Live-free ha rd  gold (AFHG)  ba th  opera ted  at  40~ 
This ba th  (5) consisted of a pH 7 phosphate  buffer 
conta ining 100 g / l i t e r  KH2PO4 and 28 g / l i t e r  KOH, 
and 30 g / l i t e r  A u ( I )  added in the form of KAu(CN)2 .  
A pola rographic  method (6) was used to analyze  the 
ba th  for to ta l  gold and A u ( I I I ) .  The p la t ing  ap-  
para tus  has been descr ibed prev ious ly  (1).  The ca th-  
ode was a copper cy l inder  ro ta t ing  at 3600 rpm, and 
the anode a concentr ic  cy l inder  3 cm in inside d iam-  
e ter  and 2 cm in height.  The volume of the p la t ing  
solut ion was 250 ml, and the  t empera tu re  was ma in -  
ta ined  at  40~ by  c i rcula t ing  wa te r ,  th rough  a 
j acke ted  glass vessel. The ba th  was replenished 
every  one-e ighth  tu rnover  (a tu rnover  defined as 
completed when the amount  of gold in i t ia l ly  present  
has been p la ted  out  and this amount  of gold re-  
p lenished)  to l imi t  a var ia t ion  in to ta l  gold be tween  
26 and 34 g / l i t e r .  

Measurement of citrate degradation.--The func-  
t i ona l  p rope r ty  of impor tance  of a buffer is its buffer 
capacity,  which character izes  the effectiveness wi th  
which  a constant  h y d r o n i u m  ion concentra t ion is 
mainta ined.  As the buffer capaci ty  is p ropor t iona l  to 
the concentra t ion of buffer, it  can be expected that,  
in c i t r a te -based  gold pla t ing baths,  the buffer ca-  
pac i ty  wi l l  decrease as c i t ra te  ions are oxidized at  
the anode. In  the  present  work,  the decrease in buffer 
capacity,  r a the r  than  the increase in degrada t ion  
products ,  is considered as a measure  of the  degree  
o f  c i t ra te  degradat ion .  

The ra te  of  c i t ra te  buffer  degrada t ion  was de te r -  
mined by  measur ing  the / ' i n t e g r a l  buffer  capaci ty"  
as a function of electrol#s]s time. The in tegra l  buffer 
capacity,  CH, is defined as 

CH "- Cb f T b r  dpH [1] 

where  ~ is the buffer  va lue  (7) which  is a di f ferent ia l  
ra t io  given b y  

db 
"- dpH [2] 

where  db is an inc rement  of s t rong base in g ram 
equivalents .  A solut ion has a uni t  buffer value  when  
a l i te r  of it  wi l l  take  up lg  equiva lent  of s t rong 
a lka l i  pe r  uni t  increase in pH. Other  symbols  are  
expla ined  in the list  a t tached at the end of the  text.  
Theoret ical ly ,  the  in tegra l  buffer capaci ty  should be 
equal  to the  hydrogen  content  for  the  first th ree  d i s -  

sociation s ta tes  of ci tr ic acid ava i lab le  to react  wi th  
KOH and, therefore,  can be calcula ted f rom the dis-  
sociat ion constants  of c i t ra te  species. The values cal -  
culated for a to ta l  c i t ra te  concentra t ion of 1M at 
different  pH values  are given in Table  I. The in te-  
g ra l  buffer capaci ty  for  a given solut ion is obta ined  
by  mul t ip ly ing  these normal ized  values  by  the to ta l  
c i t ra te  concentrat ion.  Thus, if the c i t ra te  concentra-  
t ion decreases  due to the decomposi t ion at  the anode, 
the  in tegra l  buffer  capaci ty  decreases propor t ional ly .  
Exper imenta l ly ,  the in tegra l  buffer capaci ty  as a func-  
t ion of e lectrolysis  t ime was de t e rmined  as follows. 
Eighty  mil l i l i ters  of a pH 4.5 mix tu re  of 74 g / l i t e r  
acid (H3C6HsO7" H20) and I I i  g / l i t e r  base (K3C6HsO~ 
�9 H~O) was e lect rolyzed at  30~C in a I00 ml  cell  
equipped wi th  an anode (2 cm 2) and a large cyl in-  
dr ica l  s tainless  steel  cathode (3 cm in d iamete r  and 
2 cm in he ight ) .  Smal l  samples  were  w i thd rawn  at  
var ious  t imes  and t i t r a t ed  to pH 7.6 wi th  1M KOH. 

Preparation o~ anodes.--Binary oxide anodes were  
p r e p a r e d  by  the rma l  decomposi t ion of coatings of 
chlor ide mix tu res  on t i t an ium subs t ra tes  (8).  The 
chloride mix tures  were  p repa red  b y  mix ing  des i red  
volumes of 0.06M p la t inum meta l  chlorides in 2.4M 
HC1 and 0.06M valve  meta l  chlorides in methanol .  
The t i t an ium disks, 1.27 cm in diameter ,  formed at  
an end of t i t an ium rods, were  used as subs t ra tes  for 
anode aging exper iments .  The subs t ra tes  used for 
c i t ra te  degrada t ion  exper iments  were  t i t an ium sheets,  
1 • 1 cm. In the A u ( I I I )  format ion  exper iments  
t i t an ium cylinders,  0.13 cm thick, measur ing  3 cm 
in inside d iamete r  and 2 cm in height  were  used. 
These subst ra tes  were  d ry  honed and etched in 2.4M 
HC1 at 70~ for 15 rain immedia te ly  pr ior  to appl ica-  
t ion of coatings. Unless ment ioned otherwise,  oxide  
coatings were  p roduced  by first app ly ing  three  coa t s  
of the chlor ide  mix tures  and baking  at 450~ for 
20 min, fol lowed by  repea t ing  the process of chlor ide 
,application and baking  two addi t ional  times. The 
baking  process converts  the  chlorides into oxides,  
and the t empera tu re  used wil l  be cal led conversion 
tempera ture .  The final baking  was done for  1 hr. 
T e rna ry  oxide anodes were  p repa red  in the  same 
manner  wi th  the addi t ion  of the  th i rd  component  in 
the  form of e i ther  chloride or ni t ra te .  

Anode aging experiments.~Accelerated aging tests 
were  pe r fo rmed  at  30~ b y  e lec t rolyzing the pH 4.5 
c i t ra te  buffer or the pH 7 phosphate  buffer at  a 
constant  cell voltage. For  convenience, four  anodes 
were  tested s imul taneous ly  in the same cell. A com- 
mon, four -s ided  stainless  steel  cathode was used, 
and the anodes were  each located with  a 3 cm anode-  
cathode separat ion.  In i t i a l  currents  were  ad jus ted  
with  var iable  res is tors  in series wi th  each anode. 

Results and Discussion 
Au(IID accumulation.--Rates of accumulat ion  of 

A u ( I I I )  and resul t ing  decreases in p la t ing  cur ren t  
efficiency are  shown in Fig. 1. The anode cur ren t  den-  
s i ty used was app rox ima te ly  150 mA/cm2. These 
resul ts  a re  s imi lar  to those p resen ted  ear l ie r  (1), 

Table I. Calculated integral buffer capacity of IM citrate at 
various pH values 

(pK va lues  used:  pK~ = 3,13, p i g  = 4.76, p i g  -- 6.40) 

In tegra l  
H~R H~R ~ HR-~ R-S buf fer  

pH (M) (M) (M) (M) capaci ty*  

4.5 0.07 0.61 0.32 0.004 1.74 
5.0 0.01 0.36 0.61 0.02 1.36 
5.5 0.002 0.14 0.76 0.10 1.04 
7.0 0.0 0.001 0.20 0.80 0.20 

* The units are rnols o~ H per  l i ter  (per tool of citrate). 
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Fig. 1. Accumulation of Au(lll) during gold plating from AFHG 
bath with various anodes and corresponding decrease in plating 
current efficiency. (Anode current density, 150 mA/cm~.) 

with additional results for a 50:50 I r :Ta  oxide coated 
anode and an iridium metal anode. For  a fraction p 
of the total gold existing as Au( I I I ) ,  the current 
efficiency ~ is given by 

1 
= ~ [3] 

l + 2 p  

A surprising result  is that while the IrO2-Ta205 
anode gave a low Au( I I I )  accumulation rate similar 
to that observed with the RuO2-TiO2 anode, the ac- 
cumulation rate with ir idium metal was identical 
to that with platinum. Figure 2 shows polarization 
curves for oxygen evolution in the citrate buffer 
(30~ pH 4.5). The shift to high potentials for the 
iridium metal  anode is possibly due to the formation 
of a passive surface film. These results support the 
interpretat ion proposed previously (1) that the faster 
accumulation of Au(I I I )  observed with the platinum 
anode results from the higher potential at this anode. 

2.0 

co 

I 
/ 

J 
I I I 

10 -4 i0-3 t0-2 t0-I 

A/cm z 
Fig. 2. Polarization curves for oxygen evolution at various an- 

odes, (Citrate buffer, pH 4.5, 30~ 50:50 active metal to binder 
metal oxides.) 

The rate of Au(I I I )  formation in grams per hour 
for a given plating system can be calculated from the 
experimental  results presented in Fig. 1 by consider- 
ing the differential mass balance for Au( I I I )  in the 
plating system. The observation that the accumula- 
tion rate of Au(I I I )  depends on anode potential im- 
plies that its formation rate at  the anode is inde- 
pendent of Au(I )  concentration above a certain 
critical concentration. With this assumption, the mass 
balance gives. 

8 (pCau* V )  3600IM p 
= Fa -- VdPCau* [4] 

at F 1 + 2p 

This equation is not valid for very low Au(1) con- 
centrations, where p approaches unity, and the for- 
mation rate would approach zero. The second term 
on the right represents Au(IIl) lost to dragout. The 
last term is for the reduction of Au(III) to Au at 
the cathode and was derived by assuming that the 
reductions of Au(I) and Au(III) to Au are the only 
reactions that must be considered, and that Au(I) 
and Au(IIl) reduction rates are both mass trans- 
port limited. Assuming further that the total gold 
concentration Cau* is constant, the equation is non- 
dimensionalized by using the dimensionless time T 

Cau* V 
r = t/~o ; ~o = 7 . 3 5 i "  [ 5 ]  

The characteristic time ~o is the time it takes to com- 
plete one turnover of gold at 100% current effi- 
ciency. Substitution of T gives 

dp p 
-- : C1 - C2p [6] 
dT 1 + 2p 

The constants in Eq. [6] are 

Fa VdCau* 
C 1 = . - ~ - ;  C s ' -  7.35"---"~ [7] 

The constant C2 is the dragout in fraction of the total 
electrolyte volume per turnover. The experimental  
results indicate that a t  large T, p approaches a 
s teady-state value. This steady-state value, Pss, can 
be obtained from Eq. [6] 

[C4 2 + 8CLC2] w _ C4 
Pss = [8] 

4c~ 

where the constant C4 is 

C4 : 1 + C2 - -  2C1 [9] 

An approximation to Eq. [6], which should be valid 
for small p, is 

dp 
-- = CI - -  (1 + C2)p [10] 
d T  

With the initial condition p - -  Pi at T : 0, the solu- 
tion to Eq. [10] is 

p -- C3 + (Pi -- C~)exp(--  (1 + C2)T) [11] 

where the constant C8 is defined by 

C l  
C8 = - -  [12] 

I +Ca 

Equations [11] and [12] are suitable for determining 
rates. For zero dragout (Vd = 0 and hence C2 = 0 
and C3 = 3CI), and with no initial Au(III) (Pi -- 0), 
Eq. [11] can be rearranged to give 

7.35rp 
Fa = 1 - -  e -'~; [13] 

Experiments were conducted under the conditions 
described above for three anodes: platinum, a 35: 60:5 
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I r : T a : B a  compositibn, and a 65:30:5 I r : T a : B a  com- 
position. The anode cur ren t  dens i ty  was var ied  from 
35 to 210 m A / c m  2. The Au~I I I )  percentage,  p, a t  
one -ha l f  tu rnover  was subst i tu ted into Eq. [13] to 
de te rmine  format ion  rates.  The fo rmat ion  ra te  was 
normal ized  by  the anode area,  and these resul ts  are  
presented  in Fig. 3. The ra te  varies  l i nea r ly  w i t h  
cur ren t  dens i ty  for  p l a t i num be tween  30 and 250 
mA/cm~ and for the  I r - T a - B a  anodes be low 75 ~' 
mAJcm 2. E 

To es t imate  A u ( I I I )  accumulat ion  in a product ion 
facil i ty,  an  e lec t ro ly te  volume of 80 l i ters ,  an anode z ~ 
area  of 800 cm 2, and total  machine  currents  of 12 and _o 
20A wil l  be considered.  The ra te  of A u ( I I I )  fo rma-  
tion, Fa, corresponding to these condit ions was ca lcu-  
la ted  for var ious  anodes using the da ta  in Fig. 3. ~- 
These resul ts  are  presented  in Table II. 

Equat ion [6] was solved numer i ca l ly  using the u 
R u n g a - K u t t a - G i l l  a lgor i thm (9, 10). The resul ts  for "~ 
the  p l a t i num and" 35% Ir  oxide  anodes, wi th  a gold 
concentra t ion of 30 g / l i t e r  and  5% dragout  per  t u rn -  
over, a re  presented  in Fig. 4. Also shown is the ac-  
cumula t ion  of A u ( I I I )  p red ic ted  by  the approx ima te  
Eq. [11]. The approx ima te  ana ly t ica l  solut ion agrees  
wi th  the  exact  numer ica l  solut ion up to one-ha l f  
turnover ,  which val ida tes  the  procedure  used to de-  
t e rmine  rates.  Whi le  the s teady=state  value  p red ic ted  
f rom Eq. [11] agrees  quite wel l  for low format ion  
rates, character is t ic  of the  i r id ium oxide anode, the 
va lue  for  l a rge  fo rmat ion  ra tes  is a ve ry  poor ap-  
proximat ion.  Therefore,  the s t eady- s t a t e  value  given loo 
by  Eq. [8] should a lways  be used. S teady  state is 
obta ined  a f te r  about  five turnovers .  The exponent ia l  
t e rm  in Eq. [11] could be  used as an approx imat ion  
for the t ime to reach s teady  state.  

80 The effect of d ragout  in reduc ing  A u ( I I I )  accumu-  
la t ion as calcula ted by  using Eq. [6] is i l lus t ra ted  in 
Fig. 5. The difference in s t eady- s t a t e  values for  5 and 
10% dragout  pe r  tu rnover  is r e l a t ive ly  small .  The 
format ion  of A u ( I I I )  at  the  anode is ba lanced ~ 60 
chiefly b y  its reduct ion  at  the  cathode. --- 

S t eady - s t a t e  values  of A u ( I I I )  for  the p la t inum,  
35% I r  and 65% Ir  oxide anodes are  presented  in 
Table  III. The difference be tween  the 35 and 65% 40 

Table II. Au(II I)  formation rates 

I (A) Anode* F= (g/hr) 20 

12 36:60:5 6.06 
Ir :Ta:Ba  

20 35:60:6 9.47 
Ir :Ta:Ba  

12 65:30:5 7.13 
Ir :Ta:Ba  

20 65:30:5 11.14 
Ir:Ta:Ba 

12 Pt  42.7 
20 Pt  67.1 

* Area, 800 era=. 
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Fig. 3. Au(lll)  formation rotes for various anodes. (AFHG beth, 
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Fig. 4. Au(II I)  accumulation predicted from exact numerical solu- 
tion to Eq. i6] and from approximate analytical solution, Eq. [11[. 
(Formation rate, Fa, given in Table II. Electrolyte volume 80 liters, 
12A plating current, 30 g/liter Au.) 

Table III. Steady-state Au(lll)  percentages (Pss) and plating 
current- efficiencies (vl)* 

I (A) Anode Dragout (%) p,, (%) ~ (%) 

20 35% Ir 6.0 6.8 88 
20 10.0 6.5 88 
12 5.0 7.4 87 
12 lO.O 7.0 87 
12 65% Ir 5.0 8.7 86 
12 10.0 8.4 86 
20 Pt 5.0 90.1 36 
20 10.0 81.1 38 
12 5.0 98.5 34 
12 10.0 88.5 36 

* Steady state achieved after five turnovers. Values of p,, cal- 
culated us ing  n u m e r i c a l  so lut ion  to Eq. [6] and Fa v a l u e s  g i v e n  
in Table  II. Current  ef l ic iencies  ca lcu la ted  f r o m  Eq. [31. 

i r i d i u m  oxide anodes is r e l a t ive ly  minor,  compared  
wi th  the s t eady-s t a t e  values  for the  p l a t i num anode. 

Citrate buffer degradation.--Figure 6 shows the 
percentage  of the  ini t ia l  in tegra l  buffer capaci ty  as a 
funct ion of electrolysis  t ime at  an anode  cur ren t  den -  
s i ty of 100 m A / c m  2. Under  the  acce lera ted  condit ions 
of this exper imen t  (see Expe r imen ta l  sect ion) al l  o f  
the c i t ra te  was decomposed af te r  24 hr  wi th  the  
p l a t inum anode, whi le  no change was appa ren t  wi th  
the IrOs-Ta20~ anode. Rate constants  for the  buffer  
degrada t ion  at  the p l a t i num anode are  presented  in 
Table  IV. 

Fo r  ac tual  p la t ing  baths,  changes in the c i t ra te  
concentra t ion and hence in the  buffer  capaci ty  resul t  
f rom three  factors:  degrada t ion  at  the anode, loss by  
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Fig. 5. Variation of Au(lll) accumulation with dragout. (Solid 
curve, 5% per turnover; dashed curve, 10% per turnover. Electro- 
lyte volume 80 liters, 12A plating current, 30 g/liter Au.) 
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Fig. 6. Degradation of citrate during electrolysis with 50:50 
Ir:Ta oxide anode. (Citrate buffer, pH 4.5, 30~ 80 ml volume, 
anode current density 100 mA/cm 2. The ordinate is the percent of 
the integral buffer capacity.) 

dragout of the plating solution, and addition of citric 
acid, which is made to maintain pH. A mass balance 
including these three contributions can be used to 

Table IV. Rate of citrate oxidation at Pt anode 

i Oxidation rate k~* 
(mA/cm~) (mols/hr-cm=) (mols/hr-A) 

50 0.00023 0.0023 
100 0.00048 0.0048 
200 0.00142 0.0142 

* K= (Eq. [16]) = ka(IIA)A = kaL 

G O L D  P L A T I N G  2 1 5 3  

predict the change in citrate concentration with time. 
It should be noted that the experimentally deter- 
mined rate constants presented in Table IV charac- 
terize only the anodic degradation. Dragout rates 
vary with the plating system and also need to be 
determ~,e~ experimentally. The rate of citric acid 
addition is related to the cathodic current efficiency 
as shown below. 

The cathodic current efficiency of a citrate-based, 
cobalt-containing gold plating bath can be as low as 
35%, even in the absence of Au(III )  (1). The low 
efficiency in this case is due to simultaneous hydro- 
gen evolution. To estimate the rate of citric acid addi- 
tion required t o  maintain pH, it is assumed that the 
only cathodic processes involved are Au(I)  reduction 
and hydrogen evolution. The Au(III )  formation and 
its reduction will not be considered here. The over- 
all change in hydronium ion concentration is due to 
three processes: (i) hydrogen evolution, (ii) forma- 
tion of HCN from CN-  liberated from the Au(CN)2-  
complex, and (iii) acid formation accompanying oxy- 
gen evolution at the anode. The net change can be 
related to the current efficiency and system amper- 
age as 

~ H +  = Js - Jz - J2 = ~ -  [1  - ( 1  - ~ )  - 2 ~ ]  = - -~- 

[141 

where the subscripts 1, 2, and 3 refer to the above 
three processes, respectively. To balance this net 10ss 
of hydronium ions, citric acid is added. In view of 
the fact that citric acid has three dissociatable hydro- 
gen atoms, the rate of citric acid addition necessary 
to maintain pH is given by 

3600  
j = ~lI = 0.0124~1I mol/hr [15] 

3F 

As already mentioned, the change in total citrate 
concentration results from addition of citric acid, 
degradation at the anode, end loss by dragout. The 
differential mass balance for these three contribu: 
tions is 

aCb v 
- -  = 0.0124~1/-- Ka -- vdCb [16] 

0t 

Substituting the dimensionless concentration 0 and 
time T defined as 

Cb t 
0 = -= - - - ;  T = - -  [ 17 ]  

Ubo a 

into Eq. [16] yields 

O0 0 . 0 1 2 4 ~ I  a K a  aVd 
= . . . .  e [18] 

OT CboV CboV V 

By defining a in turnovers of gold as in Eq. [5] 

Cau*V 
,', = - -  [19] 

7 . 8 5 z ~  
Eq. [18] becomes 

ao 
= K4 -- Kao [20]  

aT 

The constants in Eq. [20] are 

where 

Ks = Cau*Vd' K4 -- K1 -- Ks [21a] 
7.35r~' 

0.0124Cau* EaCau* 
KI = "; K2 : [21b] 

7.35Cbo 7.351~Cbo 

The solution to Eq. [20] with the initial condition 
0(t = 0) = l i s  
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Fig. 7. Decrease in integral buffer capacity with time for vari- 
ous cathodic current efficiencies, ~1. (Initial total citrate concen- 
tration 1M, 30 g/liter Au, 5.1% per turnover dragout, anodic 
current density < 100 mA/cm2.) 

K4 [ K4 ] exp (--KaT) [22a] o= + 1 - . - - ;  

From Eq. [i] it can readily be shown that the dimen- 
sionless concentration 0 is also a dimensionless in- 
tegral buffer capacity. As the reference concentration 
Cbo is chosen as the initial citrate concentration, 0 is 
the dimensionless capacity relative to the initial 
value. The integral buffer capacity at a given pH can 
be obtained by multiplying o by the initial buffer 
capacity, which is the product of the normalized ca- 
pacities given in Table I and the initial buffer con- 
centration 

CH = eCho |----~-~ dpH [22b] 
Cbr 

Equat ion [22] should be useful  for  the  appl ica t ion  of 
the degrada t ion  ra tes  given in Table IV to product ion 
conditions. For  the purpose  of i l lus t ra t ion,  the d rag-  
out  ra te  is chosen to main ta in  a constant  sal t  con- 
cent ra t ion  in the p la t ing  ba th  b y  ba lancing  the ra te  
of ci t r ic  acid addi t ion with  dragout  

VdeCb ~--- 0.0124~I [23a] 

Combining Eq. [23a] wi th  the  express ion for K8 (Eq. 
[21a] ) yie lds  

C as  $ 
K8 = 0.0169 ~ [23b] 

Cbo 

I t  should be noted f rom a comparison of Eq. [18] 
and Eq. [20] tha t  K8 is the dragout  rat io per  t u rn -  
over. For  a gold content  of 30 g / l i t e r  and  an ini t ia l  
total  c i t ra te  concentra t ion of 1M, Eq. [23b] yields 
K3 = 0.051, indicat ing that  a d ragout  of 5.1% per  
tu rnover  is r equ i red  to main ta in  the c i t ra te  concen-  
t ra t ion constant.  A t  smal le r  dragout  rates, the bu i ld -  
up of  sal ts  would  even tua l ly  cause components  to 
prec ip i ta te  out. 

At  cur ren t  densi t ies  lower  than  100 m A / c m  2, the 
degrada t ion  ra te  is l inear  wi th  current  dens i ty  (Table 
IV) .  When the cur ren t  is expressed  in amperes ,  we 
may  wr i te  

K a  = 0.0048I [24] 

As an approx imat ion  for g rea te r  cur rent  densit ies,  
i t  is assumed that  a second l inear  region lies be tween  
100 and 200 m A / c m  2. In  this region 

Ka = 0.0094I --  0.00046A [25] 

A gold pla t ing sys tem is now considered with  30 
g / l i t e r  Au, an ini t ia l  c i t ra te  concentra t ion of 1M, an 
anodic cur ren t  dens i ty  less than  100 m A / c m  2, and the 
d r a g o u t  for  main ta in ing  constant  c i t ra te  concentra-  
t ion equal  to 5.1% per  turnover .  Equat ions  [22] and 
[24] y ie ld  

0.39 0.39 
0 : 1 - -  -~- - -  e -0.051T [26] 

In tegra l  buffer capacit ies as a function of t ime are  
presented  in Fig. 7 for cathodic current  efficiencies of 
80, 60, and 30%. It  is seen that  wi th  Pt  anode the 
buffer capaci ty  for  efficiencies of 60 and 80% even-  
tua l ly  reaches a g rea t ly  reduced s teady-s ta te  value  
af ter  app rox ima te ly  60 turnovers .  At  30% efficiency, 
the capaci ty  r ap id ly  drops to zero. The capaci ty  of a 
p la t ing  system using IrO2-Ta~O5 anodes remains  con- 
stant,  because c i t ra te  does not degrade at  these elec-  
trodes. 

Search for stable low polarization anodes.--The 
RuO2-TiO2 anode has gained wide - sp read  usage in 
the  ch lo r -a lka l i  i ndus t ry  (4, 8). In  this appl icat ion,  
the p redominan t  anode react ion is the evolut ion of 
chlorine,  and the electrode is ve ry  stable.  However ,  
when this e lec t rode  is used in e lectrolysis  systems 
where  the  anode react ion is oxygen  evolut ion (such 
as in the gold p la t ing) ,  the  useful  l ife of the  e lect rode is 

l imi ted  because of the increase in e lec t r ica l  res is t iv i ty  
wi th  use (8).  

Two proper t ies  of the anode coatings a re  im-  
por tant .  The e lect rode should have  a low potent ia l  
for  oxygen  evolut ion to min imize  ba th  degradat ion.  
The coating should also exhibi t  good e lect r ica l  con- 
duc t iv i ty  to be useful  at high current  densities.  Many  
meta l  oxides have mul t ip le  valence states. I t  is ex -  
pected that  the  minLmum poten t ia l  r equ i r ed  for 
oxygen evolut ion is the  equi l ib r ium potent ia l  of the  
lower  ox ide /h ighe r  oxide couple (11). L i t e ra tu re  
values for this potent ia l  as wel l  as the  type  of con- 
duct iv i ty  of the  oxides are  given in Table V. The 
oxide couples indica ted  are a t t a inab le  dur ing  anodic 
polar izat ion.  In  addit ion,  Ru( IV)  is oxidized to 
R u ( V I I I )  at  1.39V, and I r ( I V )  is oxidized to I r ( V I )  
at  2.06V (vs. the no rma l  hydrogen  e lec t rode) .  These 
da ta  indicate that  Ir,  Os, Ru, Ni, and Co should ex-  
hibi t  lower  potent ia ls  for  oxygen evolut ion than  Pt, 
Rh, or Pd. Osmium was excluded f rom s tudy  be-  
cause of the ve ry  low (130~ boi l ing point  of OsO4. 
Nickel  and cobalt  oxides were  not  inves t iga ted  be-  
cause of thei r  poor conduct iv i ty  (11). 

Binary oxides.--The four  p l a t inum group meta l  ox-  
ides chosen as being represen ta t ive  of act ive oxides 
were  those of Ir,  Ru, Rh, and Pt. Oxides of five 
va lve  metals ,  Ti, Ta, Nb, Hf, and Zr  were  selected 
as binders.  

F igure  8 shows represen ta t ive  cu r ren t - t ime  be -  
havior  observed with  var ious  b ina ry  oxide  systems.  
In i t ia l  cur ren t  densi t ies  were  ad jus ted  to 200 m A /  

Table V. Redox potentials and conductivity types of metal 
oxide couples 

O x i d e  c o u p l e  E vs .  N H E  ( V ) *  Conductivity type 

Ir2OJIrO2 0.93 Metallic* * 
Ru~O3/RuO~ 0.94 Metallic* * 
OsOs/OsO~ 1.00 Metallic* * 
Ni~OJNiO~ 1.43 Semiconductor* 
Co20~/CoO2 1.45 Semiconductor* 
Rh2OURhO~ 1.73 S e m i c o n d u c t o r *  * 
P t O 2 / P t O s  2.00 S e m i c o n d u c t o r *  * 
P d O ~ / P d O 3  2.03 S e m i c o n d u c t o r *  * 

" R e f .  ( 1 1 ) .  
" "  R e f .  ( 1 2 ) .  
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Fig. 8. Stability of iridium oxide-valve metal oxide anodes. (50 
m/o IrO2, citrate buffer, pH 4.5, 30~ 

cm 2 for anodes containing I r  and Rh and 150 m A /  
cm 2 for those containing Ru and Pt. In  the constant  
cell voltage experiments,  anode degradation is indi-  
cated by a decrease in current  density. Relative elec- 
trode stabilit ies for twenty different b inary  systems 
are given in  Tab le  VI. I r id ium oxide was found to 
be the most stable active oxide for this application. 
In addition, the active metal  oxide-b inder  metal  
oxide combinat ion is extremely important .  The I r -Ta  
oxide system has the greatest stabil i ty under  the 
conditions used. It  should be noted that  this system 
is also known to be highly stable in sulfuric acid (13). 

F o r  the I r -Ta  system, four factors have been found 
to have major  effects on electrode stabil i ty:  coating 
thickness, current  density, composition of the coating, 
and free cyanide in the plat ing bath. Tests were con- 
ducted at the ini t ia l  cur rent  density of 100 mA / c m 2 
in the citrate buffer with the 50:50 I r :Ta  composi- 
tion. Electrode life was defined as the t ime at which 
the current  density drops to one-hal f  of its init ial  
value. The energy dispersive x - r ay  spectrometer 
(EDAX) at tachment  to the scanning electron micro-  
scope was used to characterize film thickness. The 
in tens i ty  of the detected signal  is proport ional  to the 
amount  of i r id ium present  in the volume of the coat- 
in g per uni t  area. The ratio of the major  Ir  peak to 
the major  Ti substrate  peak was selected as a mea-  
sure of the coating thickness for the same coating 

Table Vl. Stability of binary metal oxide anodes* 

i ( t :  0) i ( t  = B0 hr)  
Active oxide Binder oxide (mA/em ~) (mA/em 2) 

IrO~ TarO5 200 200 
Nb205 200 134 
HfO2 200 62 
ZrO~ 200 54 
TiO2 200 46 

RhO~ Ta20~ 200 147 
Nb.~O5 200 58 
Hs 200 42 
Zr02 200 30 
TiO~ 200 30 

RuO~ Hf02 150 82 
Ti02 150 46 
Ta20~ 150 46 
Nb~O~ 150 10 
ZrO~ 150 10 

PtO~ Nb~O5 150 20 
HfO~ 150 13 
TarO5 150 11 
TiO2 150 4 
ZrO~ 150 4 

n~  
-1-  

300 

200 

100 

0 
0 

/ CITRATE BUFFER (pH 4.5) /    Clrox ' 
1 2 

INITIAL EDAX PEAK RATIO ( I r )  

Fig. 9. Electrode life as a function of coating thickness. (50:50 
Ir:Ta, citrate buffer, pH 4.5, 65~ 100 mA/cm2.) (EDAX ratio is 
the ratio of major Ir peak to major Ti peak, normalized by the 
value giving 100 hr of electrode life.) 

composition, and it is plotted against  the electrode 
life in Fig. 9, in which the ini t ial  peak ratio of 3 
corresponds to 1 #m in thickness as calculated from 
the amount  of the coating mater ia l  applied and bulk  
densities of the oxides. At least for thin films, elec- 
trode life is directly proport ional  to film thickness. 

A critical current  density has been observed f o r  
ru then ium-based  anodes (14). At electrode potentials 
above the potential  corresponding to this critical 
current ,  RuO2 is oxidized to higher valence species. 
A similar  critical current  density was found to exist 
for IrO2. Figure I0 shows that above approximately 
300 mA / c m 2, the I r -Ta  system is unstable.  Below the 
critical value, electrode life is not  s t rongly dependent  
on current  density. 

Electrode life depends greatly on the I r : Ta  ratio 
in  the oxide mixture.  Life tests were performed in  
the citrate buffer at 65~ and in the phosphate buffer 

4O 

3o0 

200 

100 

0 
t00 200 300 460 - 5~0 

TIME (HRS) 
6oo 

* Citrate buffer (30~ pH 4.5), 2 ~m thick films, 50:50 molar Fig. 10. Stability of Ir-Ta binary oxide auodes as a function of 
ratio os active oxide to binder oxide, initial current density. (50:50 Ir:Ta, citrate buffer, pH 4.5, 65~ 
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at 40~ and the results are shown in Table VII. The 
ini t ial  current  density was 200 m A / c m  2. In  the phos- 
phate buffer a 70 mol percent  (m/o)  Ir  composition 
gave the longest life, while in the citrate buffer a 40  
m/o Ir  composition was most durable.  The amount  
of i r idium in the coatings was normalized by divid-  
ing the major  Ir  peak by the major  Ti substrate  peak. 
A second normalizat ion,  which was made to allow 
comparison of electrode service life independent  of 
coating thickness, was to divide the I r /Ta  ratio by 
the ratio for the composition giving the longest 
service life. 

Free cyanide is l iberated from the cyanoaura te( I )  
complex at the cathode dur ing  gold plating. This 
cyanide escapes re la t ively rapid ly  from the bath  as 
HCN at pH 4.5, but  can accumulate significantly at 
pH 7.0, especially in high speed plat ing conditions. 
Experience with a phosphate-buffered bath indicates 
that the concentrat ion can bui ld  to about  0.2 g / l i ter  
CN- .  To observe the effect of free cyanide, tests 
were performed in the phosphate buffer with a con- 
centrat ion of 0.5 g/l i ter.  These results are also pre-  
sented in Table VII. It  is seen that  the electrode sta- 
bi l i ty  is great ly reduced. Te rna ry  metal  oxide sys- 
tems were subsequent ly  investigated in order to 
overcome this problem. 

Ternary oxide systems.--To determine which ter-  
na ry  systems would be more resistant  to free cyan-  
ide than the b inary  I r -Ta  system, a tool ratio of 60:40 
Ir: Ta, which had the m i n i m u m  stabi l i ty  in Table VII, 
was used. With a 10% additive level, this yields a 
54:36:10 I r :Ta :add i t ive  composition. As IrO~ is the 
dominant  active component  of the film, it is neces- 
sary to find an additive which stabilizes the IrO2 
phase of the oxide mixture.  A preferred class of 
additives would be those which form mixed metal  
oxides with iridium. Alkal ine earth and rare earth 
metals (group IIa and group IIIb)  are known  to 
form iridates (7). A second class of additives would 
be those which form solid solutions of oxides, of 
which the IrOu-SnO2 system is an example. A third 
cr i ter ion used was the solubi l i ty  product  of the 
metals with O H -  anions (less soluble oxides would 
be more stable) .  Metals in groups VIb. VIIb, IIb, 
IIIb, and IVa, tend to form insoluble oxides. 

Life tests were performed in the pH 7 phosphate 
buffer containing 0.5 g/ l i ter  C N -  at 40~ with an 
ini t ial  cur rent  of 150 m A / c m  2. Addit ion of oxides of 
other group VIII  metals, Ru, Co, Ni, Rh, Pd, and Pt, 
gave shorter electrode lives. Fur thermore ,  effects of 

the addition of Mg, Ca, Sr, Ba, Li, K, Cs, Cr, Mn, Fe, 
Cd, Ga, In, T1, Ge, Sn, Bi, Sc, Y, La, and Ce were 
investigated. After 20 hr, only electrodes containing 
Ba, Ca, Cr, Sc, or Sn had current  densities at least 
equal  to the ini t ia l  value of 150 mA / c m 2. Of these, 
chromium and t in were found to have a det r imenta l  
catalytic effect; the electrode potent ial  was higher 
in the presence of these elements than in their  ab-  
sence. It  was concluded that the preferred addit ive 
for the I r -Ta  system is barium. Life tests indicated 
that 5-20 m/o  compositions of ba r ium are useful 
under  high speed gold plat ing conditions. With an 
approximate loading of 0.1 mg/cm 2 of iridium, an 
electrode life of 275 hr  was obtained at 100 m A / c m  2 
for a composition of 50:40:10 I r : T a : B a  as compared 
to 30 hr in the absence of barium. 

Use of a conversion tempera ture  (see Exper imenta l  
section) of 450~ was found to be critical for good 
electrode stability, as shown in Table VIII. Samples 
were prepared for x - r a y  powder diffraction measure-  
ments  by  convert ing metal  chlorides to oxides on a 
quartz substrate. Conversion temperatures  of 450" 
and 350~ were used, followed by final baking at 
450~ for 1 hr. Table IX presents results for the 
conversion temperature  of 450~ and the composi- 
tions of 50:50 I r :Ba  and 50:40:10 I r :Ta :Ba .  The 
major i ty  of d-spacings for the I r -Ba  samples are not  
found in the JCPDS listings for the distinct oxides 
IrO2 or BaO, indicat ing that  a new compound is 
formed, p resumably  BaIrO3. The 50:40:10 I r : T a : B a  
sample yielded d-spacings corresponding to IrO2 
and the tenta t ively  identified bar ium iridate. When 
the conversion tempera ture  of 350~ was used, no 
BaIrO3 was observed. Distinct BaO was present  in 
oxides containing 50:20:30 I r : T a : B a  as indicated by  
d-spacings at 3.11 and 2.77A. The amount  of BaO 

Table VIII .  Effect of conversion temperature on electrode 
stability in cyanide-containing phosphate buffer 

(50 m/o Ir, l0 coats, final bake for 1 hr at 450~ 
initial current  150 m A / c m  ~, 0.5 g/liter CN-, pH 7.0, 40~ 

MoI% 
Conversion temperature t (t = 50 hr)  

Ta Ba (~ (mA/cm s) 

50 0 350 55 
40 10 350 39 

50 0 450 85 
40 10 450 124 

Table VII. Stability of Ir-Ta oxide anodes 

Ir*/Ti Ir**/Tl 
( EDAX (EDAX Life Life * * �9 Ir:Ba 

Mol % Ir Bath ratios) ratios) (hr)  (hr)  50:50 

d (A) I/Ii' 
40 Phosphate(a)  1.34 1.08 515 477 
50 1.57 1.26 350 223 
60 2.35 1.88 460 245 5.53 68 
70 1.25 1.00 725 725 4.17 39 

3.91 37 
40 Citrate(b)  0.11 1.05 426 425 3.39 19 
50 0.08 1.38 262 190 3.20 105 
60 0.12 0.92 33 36 3.05 90 
70 0.07 1.57 29 19 2.85 42 

2.59 79 
40 Phosphate ( c ) 0.60 0.94 40 43 2.49 57 
50 0.44 0.69 22 32 2.41 55 
60 0.82 1.28 65 ,51 2.35 73 
70 0.64 1.05 106 106 2.25 81 
80 0.83 1.30 70 54 2.00 21 
85 0.62 0.97 26 27 1.98 23 
90 0.34 0.53 75 144 

* Normalization for Ir content  using ratio of major EDAX 
peaks, Ir to Ti (substrate) .  

** Ir/Ta ratio relative to ratio giving longest  service life. 
* * *  * *  Normalized l ife obtained by dividing actual life by Ir /Ta 

ratio. 
(a) pH 7.0, no CN-, 40~ 
(b) pH 4.5, no CN-, 65"C. 
(c) pH 7.0, 0.6 g / l i t er  CN-, 40~ 

Table IX. X-ray powder diffraction data 

(Sweep rate, 1 deg/min; time constant,  40; 45 kV; 
14 mA; copper K~ radiation.) 

Ir:Ta:Ba 
50:40:10 

d (A) 1/11 

5.57 14 
4.21 16 
4.02 12 

3.20 74 
3.06 38 
2.86 26 
2.50 105 
2.50 24 
2.41 19 
2.35 18 
2.28 22 

IrOn* BaO" 

d (A) d (A) 

1.71 29 
1.59 14 

1.42 16 

3.18 3.20 
3.11 
2.77"" 

2.58 2.59 

2.25 2.23 
2.12 
1.96"" 
1.81 

1.70 1.68 
1.59 1.55 

1.50 
1.42 1.40 
1.35 1.33 
1.29 1.24 

* d-spacings for IrO~ and BaO taken from JCPDS files 15-870 
and 25-176A (or 22-1055 as indicated by * * ), respectively.  
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formed appears dependent on the preparation con- 
ditions. The use of lower conversion temperatures 
and thicker metal chloride layers results in an in- 
crease in the amount of BaO and a consequent de- 
crease in the amount of BaIrO3. The observed com- 
pound formation between barium and iridium is 
believed to be responsible for the stabilizing effect. 

Conclusions 
Two types of plating bath degradation occur at 

significant rates on conventional platinum or platin- 
ized titanium anodes in high speed gold plating pro- 
cesses. The oxidation of Au(I)  to Au(IH) can lead 
to a rapid decrease in plating current efficiency. In 
the AFHG bath the initial value of 100% can decay 
to 33% after only six turnovers. In citrate-buffered 
baths, the oxidation of citrate ions results in a loss 
of buffer capacity and subsequently a loss of control 
of the interracial pH at the cathode. The theoretical 
analysis presented indicates that the most important 
parameter influencing the integral buffer capacity is 
the cathodic current efficiency, because, in the citrate 
system, the cathodic hydrogen evolution is the major 
cause of plating inefficiency. When additives such as 
cobalt are used as hardening agents, the cathodic 
current efficiency can be as low as 35% because of 
preferential hydrogen evolution. With such a low 
cathodic efficiency, loss of control of the interracial 
pH can occur very rapidly. 

The rates of oxidation of both Au(I)  and citrate 
ions are much smaller at DSA-type low polarization 
anodes. For the additive-free hard gold bath the 
steady-state percentage of A u ( I I I )  occurring in a 
process using these anodes is 8% with a cathodic 
current efficiency of 85%. At these anodes the rate 
of citrate degradation is essentially zero, and citrate- 
based baths are stable at all current efficiencies. 

A low polarization anode with RuO~ as the active 
oxide is unstable for high speed gold plating applica- 
tions. Anodes containing IrO2 have a much longer 
service life. In particular, the three-component sys- 
tem Ir-Ta-Ba has a superior service life. Based on 
x-ray diffraction studies, the effect of Ba addition is 
attributed to the formation of a compound between 
BaO and IrO2, presumably BaIrO3. 

Manuscript submitted Jan. 18, 1983; revised manu- 
script received June 14, 1983. This was Paper 374 pre- 
sented at the Hollywood, Florida, Meeting of the So- 
ciety, Oct. 5-10, 1980. 

Bell Laboratories assisted in meeting the publication 
costs oS this article. 

LIST OF SYMBOLS 
A anode area, c m  2 
Cau gold (I) concentration in tools/liter 

•au* 
Cb, Cbo 

Cbr 

CH 
F 
Fa 

I 
J 
Ka 
ka 

M 
m 
p 
T 
Vd 
Vde 
V 
~, '~0 

o 

total gold concentration in g/liter 
citrate concentration, mols/liter. The sub- 
script o refers to the initial concentration 
reference buffer concentration for integral 
buffer capacity definition, 1M citrate 
integral buffer capacity, tools H+/li ter  
Faraday constant, 96,500 C/tool-equiv. 
Au (IH) formation rate, g/hr  
Au(III )  formation rate per unit anode area, 
g/hr-cm2 
total plating current, A 
flux to electrode surface 
rate of citrate degradation, mols/hr 
rate of citrate degradation per unit anode 
area, mols/hr-cm~ 
atomic weight of gold (---- 197) 
multiplier to Vde 
fraction of total gold as Au (III) 
dimensionless time; t /a 
dragout rate, liters/hr 
dragout rate to balance citric acid addition 
volume of plating solution, liters 
reference time, hr/ turnover 
buffer value, molsH +/liter 
cathode current efficiency for Au (I) plating 
dimensionless buffer concentration, Cb/Cbo. 
Also dimensionless integral buffer capacity 
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