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Cyanoaurate(lll) Formation and Its Effect on 
Current Efficiency in Gold Plating 

Y. Okinaka* and C. Wolowodiuk 
Bell  Laboratories, MUrray Hffl, New Jersey 0?9?4 

ABSTRACT 

The cyanoaurate (Ill) ion has been found to form and accumulate in acidic 
or neutral gold plating baths containing cyanoaurate(I) as the source of gold. 
This trivalent gold species brings about a decrease in plating current efficiency 
because its reduction to gold metal requires three faradays per mole, whereas 
only one faraday is consumed to reduce one mole of Au (I). The accumulation 
of Au(III)  should therefore be minimized to produce gold deposits with a thick- 
ness unaffected by bath age. This paper describes various methods for achiev- 
ing this objective, which include the use of the so-called "dimensionally stable 
anode" and a techniqe of chemically reducing Au(III)  to Au(I) .  

Thickness control in gold plating has become in- 
creasingly important in recent years because of the 
necessity for saving gold by plating only a minimal 
thickness required for specific applications. Since de- 
posit thickness is directly proportional to plating cur- 
rent efficiency, it is important to have knowledge of 
factors affecting the latter. It is recognized that the cur- 
rent efficiency of bo~h soft and hard gold plating from 
acidic or neutral cyanoaurate(I) baths tends to de- 
crease with increasing extent of bath use, and gener- 
ally extrinsic contaminants are believed to be re- 
sponsible for the efficiency deterioration. 

During the course of our recent work to develop a 
polarographic method for analyzing gold plating solu- 
tions (1), significant amounts of cyanoaurate (III) ions, 
Au (CN)4-, were found in extensively used production 
baths. It has been established that this species is pro- 
duced as a result of a reaction at the anode, generally 
platinum or platinized titanium, and that it is, at 
l e a s t  partly, responsible for the decrease in plating 
current efficiency because of the greater quantity of 
electricity required to reduce Au (III) than Au (I). 

In the present work, the relationship between current 
efficiency, Au(III)  content, and bath age has been 

* Electrochemical Society Active Member. 
Key words: cyanoaurate(III),  gold plating, current efficiency, 

dimensionally stable anode, hydrazine. 

studied, and methods for minimizing the formation and 
accumulation of Au (III) have been investigated. 

Experimental 
Plating Solutions 

Results obtained with two different types of plating 
solutions are described in this paper: a conventional 
cobalt-containing hard gold bath (denoted as CoHG) 
and a high speed, additive-free hard gold bath (AFHG) 
(2). Make-up compositions and optimum operating 
conditions of these baths are listed in Table I. During 
the bath aging experiments, the plating solutions were 
analyzed for total gold and Au(III )  and for Co 2+ 
using, respectively, the po]arographic and calorimetric 
methods described previously (1), and the total gold 
and cobalt concentrations were maintained within ap- 
proximately • by periodic addition of appropriate 
salts. The pH was kept constant within • unit by 
adding citric phosphoric acids for CoHG and AFHG 
baths, respectively. 

Apparatus 
CoHG.--A ~acketed gIass pla~ing cell containing 300 

ml of the CoHG plating solution was used. A rigid fiat 
anode (platinum unless noted otherwise) measuring 3.8 
• 3.8 cm was placed vertically at the center of the cell, 
and two copper sheets with the same dimensions plated 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 134.129.120.3Downloaded on 2015-06-09 to IP 

http://ecsdl.org/site/terms_use


Vol. I28, No. 2 

Table I. Bath compositions and operating conditions 

Ion Form of salt added CoHG AFHG 

Au(CN)2- KAu(CN)~ 8.2 g/liter 30 g/liter 
as Au as Au 

Co 2+ CoSO~ 100 ppm as -- 
Co 

Citrate K~C6H~O~ �9 H~O and 0,52M -- 
~HsO~ �9 HsO 

Phosphate KH~O~ and KOH - -  1.23M 

Condition 

pH 4.0 7.0 
Temp. 32~ 40~ 
Current 10 mA/cm ~- 250 mA/cm~ 
Agitation Mild Vigorous 

with  str ike gold were  immersed  on both sides of the 
anode with  ca thode- to-anode  separat ion of about 3.2 
cm. The solution t empera tu re  was main ta ined  at 32~ 
by circulat ing cons tan t - t empera tu re  water .  Mild agi ta-  
t ion was provided wi th  a magnet ic  stirrer.  

A F H G . ~ A  rota t ing cyl inder  electrode system with  a 
stationary,  concentric cyl indrical  anode (Fig. 1) was 
used to plate AFHG at high speed. The substrate was a 
sheet of copper, 2.1 X 6.5 X 0.005 em, coated wi th  a 
thin flash of gold strike. I t  t ight ly  wrapped  the stain-  
less steel port ion of the rota t ing cathode as i l lus t ra ted  
in Fig. 1. The ends of the substrate were  folded into the 
ver t ical  na r row groove, and a small  Teflon key made 
to fit snugly into the groove was inser ted to hold the 
substrate  securely in place. The  rotat ing cathode was 
fabr icated by first a t taching a short  piece of stainless 
steel  rod (1 cm in radius and 2.1 cm in height)  to a 
ro ta t ing disk electrode core purchased f rom Pine In -  
s t ruments  Company, Grove City, Pennsylvania  (Cat. 
No. DT-101-AA),  fol lowed by pott ing in epoxy resin 
and machining. This cathode design al lowed quick, 
easy instal la t ion and remova l  of the substrate. The 
cyl indrical  anode had an inner  radius of 1.46 cm, and 
was placed on a Teflon support  in a glass plat ing cell. 
The vo lume of the plat ing solution was 1 liter. The 
solution t empera tu re  was main ta ined  at 40~ by c ircu-  
la t ing i t  wi th  a pump through an ex te rna l  hea t  e x -  
changer .  

EPOXY- COATED >-.lcm STEEL SHAFT 

SUBSTRATE 
(Au- PLATED 

Cu SHEET 
O.05mm THICK) 

EPOXY 

GROOVE FOR I [~ l~  !ERTING 

STAINLES: STEEL 

TEFLON KEY 1.5 mm WIDE 

1.46 c n ~  ANODE 

I 

Fig. | .  Rotating cylinder electrode with demountable film sub- 
strfl~. 

GOLD PLATING 9.89 

The cathode was rota ted at 3600 rpm, which was wel l  
above the crit ical  speed (822 ppm)1 necessary to obtain 
turbulent  flow. This high rotat ion speed was necessary 
to obtain hard, br ight  deposits at the plat ing rate  ( typi-  
cal ly a m in im um  of 2.54 ~m in 16 sec) requi red  for 
practical  high speed plating, for example,  in continuous 
strip plat ing of electr ical  connector terminals.  

E x p e r i m e n t a l  Resu l ts  

Current Efficiency, Bath Age, and Au(lll) Content 
CoHG.--Many actual production baths, including 

both citrate-based and organophosphonate-based baths, 
were analyzed for Au(III) and found to contain up to 
25% of total gold in the form of Au (III). In the labora- 
tory aging experiment carried out at 300 mA (~I0 
mA/cm 2 at both anode and cathode) with the apparatus 
described in the preceding section, the rate of accumu- 
lation of Au (III) was quite slow; for example, after ten 
bath turnovers 2 the Au (III) content was only about 5% 
of the total gold. In order to facilitate the study of the 
effect of Au (III) content on plating current efficiency, it 
was necessary to age the bath under accelerated condi- 
tions. It was found that Au(III) accumulates much more 
rapidly if plating is performed with a high initial gold 
concentration without cobalt present and the solution is 
subsequently heated (see Discussion section). Thus, a 
citrate buffer containing KAu (CN) 2 only (20.5 g/liter 
as Au) was first electrolyzed continuously at 32~ and 
300 mA for 3 hr, and then the solution was heated at 
60~ for I hr. The analysis of the resulting solution 
showed that the total gold concentration decreased to 8 
g/liter, and that the Au(III) content amounted to 24% of 
the total gold. CoHG baths containing different amounts 
of Au(III) were prepared by diluting the above solu- 
tion with the citrate buffer and adjusting the concen- 
trations of total gold and cobalt to 8.2 g/liter and 100 
ppm by adding KAu(CN)2 and COSO4, respectively. 
Plating current efficiencies of these baths were mea- 
sured at the cathode current density of 10 mA/cm 2 
at 32~ with mild agitation. The results are shown in 
Table If. A significant decrease in plating current eff- 
ciency is seen with increasing Au(III) content. The 
"calculated efficiency" was obtained by multiplying the 
initial current effciency observed in the absence of 

Au(III) by the theoretical fraction of initial current 
efficiency, which was calculated by taking account of 
the difference in number of electrons involved in re- 
ducing Au (1) and Au (III) 

Fraction of initial current efficiency 

[Au(I)] + [Au(III)] 1 
= ~ [1] 

[Au(1)] + 3[Au(III)] 1 + 2z 

where  x is the Au (III) content  of the ba th  e x p r e s s e d  b y  

[Au (HI) ] 
= = C~.] [Au(I)] + [Au(III)] 

~For this electrode system the critical Reynolds number at 
which the transition tram laminar to turbulent flow occurs is 
.given by (3) Re(crit.) = (to -- r,)rle~-~ = 3960, where ro is the 
tuner radius of the anode, r, the radius of the rotating cylinder 
electrode, w the angular rotation speed, and ~ the kinematic vis- 
cosity. With ro = 1.46 cm, r, = 1.00 cm, v = 10-2 em s �9 sec-~ the 
above Re(crit.) value can be achieved when ~ = 86.1 rad/sec = 
822 rpm. 

r A bath turnover is defined as completed when the amount of 
gold initially present has been plated out and this amount at gold 
replenished. 

Table II. Effect of Au(lll) on plating current efficiency of 
CoHG bath (10 mA/cm 9, 32~ 

Au(HI)/total Au, 
% Observed 

Current ei~ciency, % 

Calculated 

0 40.0 (40.9) 
6.1 34.5 35.7 

10.7 32.1 32.9 
24.0 29.8 27.0 
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The good agreement  between the observed and calcu- 
lated efficiencies impt~es that  the decrease in  current  
efficiency brought  about by  Au (III) can indeed be ac- 
counted for by the greater  number  of electrons re-  
quired to reduce Au (III) than  Au (I) .  

AFHG.--In the high speed AFI-IG system the Au (III) 
bui ldup and accompanying current  efficiency deteriora-  
tion occurs more rapidly as the bath is aged. Results 
obtained with the p la t inum anode are represented by 
curves 1 and 1 in Fig. 2, in  which changes in current  
efficiency and Au (III)  content  are plotted against the 
total weight of gold plated out from 1 li ter of the pla t -  
ing solution and the number  of bath turnovers.  The 
cathodic current  density used in this exper iment  was in 
the range of 230-300 m2~/cm 2, while the corresponding 
current  density at the p la t inum anode was 150-200 
mA/cm~. It  is seen that  the ini t ial  efficiency of greater 
than 90% decreased to only about 50% after four bath 
turnovers,  dur ing which the Au( I I I )  content  of the 
bath increased to almost 25%# 

From the results obtained with both CoHG and 
AFHG baths, it is clear that  if plat ing current  efficiency 
is desired to be main ta ined  on the level of 90% of the 
ini t ial  efficiency, Au (III) content  should not be allowed 
to exceed about 5% of total gold. In the case of CoHG 
this Au (III) level was reached after about 10 bath  tu rn -  
overs, whereas for AFHG it took only two-thirds  of a 
turnover.  Although the rate of Au( I I I )  accumulat ion 
is l ikely to be controllable to some extent, for example, 
by increasing the anode area to decrease the anodic 
current  density, it is clearly desirable to establish a 
method to compensate for the Au( I I I )  effect, or to 
minimize or el iminate the formation and accumulat ion 
of Au (III) .  

Methods of Controlling Deposit Thickness 
Adjustment of plating parameters.--The most obvi-  

ous method of main ta in ing  the deposit thickness con- 

a Theoretically,  the minimum efficiency achievable should corre- 
spond to 33.3% of t h e  initial efficiency, which should occur when 
all Au(1) is converted into Au(III), i.e., when x = 1 in Eq. [i]. 
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Fig. 2. Variation of plating efficiency and Au(l l l )  content with 
bath age (AFHG bath). (Curves 1, I ' :  Pt anode; curves 2, 2': RuO~/ 
TiO2 anode; curves 3, 3': Au anode.) 

stant with changing cur ren t  efficiency is to adjust  either 
the plat ing current  or the plat ing time. A general  re la-  
tionship between current  efficiency and Au (III) content  
can be calculated as already explained for CoHG 
(Table II).  Figure 3 shows this relationship, where the 
ordinate is the fraction of ini t ia l  current  efficiency, or 
the ratio of current  efficiency at a given Au( I I I )  con- 
tent  to that in its absence. The curve was calculated 
from Eq. [1], and the points are experimental .  The 
agreement  is considered to be fair. This relationship 
is valid for both CoHG and AFHG baths (and for any 
other gold plat ing baths) ,  and can be used for adjust ing 
plat ing current  or time based on the results of total 
gold and Au (III) analyses. 

This approach is simple bu t  suffers from certain l imi-  
tations. For example, the current  ad jus tment  method 
results in a continuous increase in  current  density at 
the anode, which in  tu rn  is expected to accelerate the 
accumulat ion of Au( I I I )  and hence the plat ing effi- 
ciency deterioration. The method relying on the ad- 
jus tment  of plat ing time is applicable to batch plating, 
but  not to continuous strip plat ing in  which the sub- 
strafe travels at a fixed speed. 

Use oS other anodes.--It was found that  the Au (III) 
accumulat ion and accompanying current  efficiency de- 
terioration can be decreased significantly by replacing 
the p la t inum anode with an anode of the type often' 
called "dimensional ly stable anode" (DSA| which 
is now widely used for chlorine production (4). This 
electrode, which is made typically by coating a t i ta -  
n ium metal  base with a mix ture  of RuO2 and TiO2, has 
anodic overvoltages considerably lower than p la t inum 
does for the evolution of chlorine (4) as well as oxygen 
(5). The ini t ial  s tudy was carried out with CoHG bath 
using a RuO2/TiO~ anode obtained from Magneto-  
Chemie B.V., Schiedam, The Netherlands. Dur ing  
eleven bath turnovers,  no detectable amount  (<0.2%) 
of Au( I I I )  was found, whereas with pa l t inum 5.4% of 
Au (III) was found at the conclusion of the exper iment  
performed under  identical  conditions. I t  was noted in 
these experiments that the yellow discoloration usu-  
ally observed with CoHG baths operated with p la t inum 
anodes was much less intense for the solution aged with 
the RuOJTiO~ anode. This appears to indicate that  
citrate ions are more stable at  this anode. 

The anode used with high speed AFHG bath was 
prepared using the procedure described by Janssen 
et al. (6). The results of the aging exper iment  carried 
out with this anode in AFHG bath are compared in Fig. 
2 (curves 2 and 2') with those obtained with other 
anodes. The Au( I I I )  concentrat ion never  e x c e e d e d  
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Fig. 3. Relationship between fraction of initial current efficiency 
and Au(ll l )  content. (Points are experimental, line is calculated.) 
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,~5% of to ta l  gold, and the  efficiency remained  greater 
than  89% (as compared  to the in i t ia l  efficiency of 93%) 
over  the per iod  of four  ba th  turnovers .  I t  is recognized 
tha t  "d imens iona l ly  s table  anodes" have a l imi ted  life 
as does p ta t in ized  t i t an ium depending  on electrolysis  
conditions, coating composition, and  the method  of  
prepara t ion .  Results  of our  inves t iga t ion  concerning the 
l ife of anodes unde r  the  condit ions of gold p la t ing  wil l  
be descr ibed e lsewhere  (7). 

I t  was found t ha t  a gold anode also br ings  about  the 
same beneficial  effect. The leve l  of A u ( I I I )  accumu- 
lation was even lower  than  tha t  observed  wi th  the  
RuOJTiO2  anode, and  the cu r ren t  efficiency remained  
essent ia l ly  unchanged at the ini t ia l  level  (curves  3 and 
3', Fig. 2). The reason why  the gold anode works  is 
tha t  gold dissolves p re f e r en t i a l l y  over  the oxidat ion  of  
Au (I) to A u ( I I I ) .  Under  the condit ions of h igh  speed 
plat ing,  the concentra t ion of  free cyanide  becomes 
qui te  high because of its r ap id  fo rmat ion  at  the  cathode. 
I t  was ac tua l ly  found tha t  the  gold anode  loses i ts 
weight  quite rapidly .  Under  our  expe r imen ta l  condi-  
tions the  ra te  of anode dissolut ion was such tha t  a 
0.38 m m  (0.015 in.) th ick  anode would  not  las t  more  
than  100 hr  of continuous plat ing.  F o r  this reason, a 
gold anode is not  l ike ly  to be pract ical .  

Chemical reduction.--Many common reducing  agents 
are capable  of reducing  cyanoaura te  (III)  to cyanoau-  
ra te  ( I ) ,  bu t  for  the presen t  appl ica t ion  i t  is impor t an t  
to choose one which does not  leave  undes i rab le  react ion 
products  a f te r  t rea tment .  Hydraz ine  was selected here  
for  this reason (see Discussion sect ion) .  

A CoHG bath,  100 ml, conta ining 20% of to ta l  gold 
in the  form of A u ( I I I )  was t r ea ted  wi th  0.25 ml  of 85% 
hydraz ine  hydra t e  (N2H4 �9 t t20)  a t  75~ for  4 hr. Then, 
addi t ional  0.25 ml  of hydraz ine  was added,  and  heating 
was cont inued for 4 more  hours. This t r e a tmen t  re -  
duced about  90% of  the A u ( I I I )  to A u ( I ) .  The in i t ia l  
cu r ren t  efficiency of this ba th  was 29%, which  im-  
p roved  to 40% upon hydraz ine  t rea tment .  No appa ren t  
difference was noted on the deposits  f rom the h y -  
d r az ine - t r ea t ed  ba th  and f rom the fresh bath.  The add i -  
tion of large  excess hydrazine ,  e.g., 2 ml, g rea t ly  ac-  
ce lera ted  the react ion;  however,  the  p la t ing  done af ter  
this t r ea tmen t  y ie lded  discolored deposits.  

The A F H G  ba th  aged wi th  p l a t i num anode was also 
t rea ted  wi th  hydraz ine  and the aging expe r imen t  con- 
tinued. The hydrazin~ t r e a t m e n t - p l a t i n g  cycle was re -  
pea ted  severa l  t imes under  var ious  t r ea tmen t  condi-  
tions. An  op t imum set of condit ions found was to add 
about  an equimolar  amount  of hydraz ine  hydra te  and 
hea t  the ba th  at  75~176 for  1-3 hr  depending  on 
A u ( I I I )  content  of the bath.  When  the A u ( I I I )  con- 
tent  was high (>15%) ,  i t  was necessary  to repea t  the  
t r ea tmen t  in o rde r  to b r ing  i t  down to <2%.  The de-  
crease in A u ( I I I )  concentra t ion upon hydraz ine  t r ea t -  
men t  and the accompanying  recovery  of cur ren t  effi- 
c iency are  i l lus t ra ted  in Fig. 4. 

Active carbon treatment.--Carbon t r ea tmen t  is con- 
vent iona l ly  car r ied  out  for removing  organic  contami-  
nants. I t  was found tha t  this t r e a tmen t  also removes  
A u ( I I I )  effectively. Act ive  carbon (Darco Red Labe l ) ,  
0.25g, was added  in 10 ml  of a CoHG bath  conta ining 
14% of total  gold in the form of A u ( I I I ) ,  and the mix -  
ture  hea ted  at  90~ for  30 min. This t r ea tmen t  removed  
app rox ima te ly  80% of the A u ( I I I ) .  However ,  about  
29% of A u ( I )  was also lost. The loss of gold b y  carbon 
t r ea tmen t  is gene ra l ly  known, and for this reason this 
purif icat ion procedure  should p r e f e r a b l y  be avoided.  I t  
is also known tha t  carbon t r ea tmen t  does br ing  about  a 
recovery  of p la t ing  current  efficiency. The exper i -  
menta l  resul t  descr ibed above shows tha t  i t  is, a t  leas t  
par t ly ,  due to the r emova l  of A u ( I I I ) .  

Discussion 
Mechanism of Au(III)  formativn.--No deta i led  s tudy  

has been car r ied  out to es tabl ish  the mechanism of the  
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Fig. 4. Recovery of plating current efficiency and Au( l l l )  content 
upon hydrazine treatment of aged AFHG bath. 

format ion  of A u ( C N ) 4 - .  However ,  the fol lowing ex-  
pe r imen ta l  observat ions should be noted:  (i) A l abora -  
t o ry -aged  CoHG ba th  was ana lyzed  for A u ( C N ) 4 -  by  
the polarographic  method  immed ia t e ly  af te r  t e rmina -  
t ion of electrolysis  for 3 hr  at  32~ and af ter  hea t ing  
in boil ing wa te r  for 1 hr. The height  of the A u ( I I I )  
wave  found af ter  heat ing was nea r ly  twice tha t  ob-  
served  before heating.  (This pos t -hea t ing  effect was 
used for the accelera ted  aging descr ibed in the Expe r i -  
men ta l  section.) I t  was also noted tha t  the wave  height  
increased signif icantly when a f reshly  e lect rolyzed 
CoHG bath was a l lowed to s tand  overn ight  at  room 
tempera ture .  (ii) Electrolysis  of a f resh  CoHG ba th  
was car r ied  out  in an H - t y p e  cell in which cathode and 
anode compar tments  are  separa ted  by  a s in tered glass 
disk. A p l a t inum sheet  was used as the anode, whi le  the 
cathode was a copper  sheet. Af te r  electrolysis,  the 
solut ion in each compar tmen t  was ana lyzed  po la ro-  
graphical ly .  Only the solution in the anode compar t -  
ment  showed the presence of A u ( I I I ) .  These two ex-  
pe r imen ta l  resul ts  indicate  that  A u ( C N ) 4 -  forms as 
a resul t  of a slow homogeneous chemical  react ion in -  
volving an in te rmedia te  species produced  at the anode. 
The iden t i ty  of this in te rmedia te  has not  been  es tab-  
lished. 

Effect of anode materiaL--In order  to obta in  some in-  
s ight  into the mechanism of the effect of anode ma te r i a l  
on Au (III)  formation,  polar izat ion measurements  were  
made at  32 ~ for CoHG ba th  as wel l  as for the  c i t ra te  
buffer wi thout  gold and cobalt  present .  Resul ts  ob-  
ta ined  wi th  p l a t inum and RuO2/TiO2 anodes are  com- 
pa red  in Fig. 5. In  both solutions potent ia ls  were  h igher  
in the p la t ing solution than in the buffer. I t  is also seen 
tha t  the potent ia l  ranges  for the RuOe/TiO2 anode are 
about  0.5V lower  than  those for p l a t inum in both solu-  
tions over  the ent i re  cur ren t  range  invest igated.  Quali- 
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Fig. 5. Polarization curves for Pt and RuO~TiO2 anodes in CoHG 
bath and in pH 4 citrate buffer at 32~ 

tatively, these results are expected from the known 
polarization behavior in strongly acidic solutions (8, 9). 
Because of the lack of identi ty of the reaction inter-  
mediate, no mechanistic interpretation can be offered 
for the observed anode effect on Au( I I I )  formation. 
However, it  is of interest  to compare the potential 
ranges for the two electrodes with the equilibrium po- 
tential of the A u ( I H ) / A u ( I )  couple 

Au(CN)4-  + 2e -  = Au(CN)~-  + 2CN-;  

El ~ = +0.90V [3] 

Since the standard potential E1 ~ was not found in the 
literature, it was calculated from the following values 

Au(CN)~-  + e -  = Au -{- 2CN-;  

E~ ~ -- --0.60V (10) [4] 

Au ~+ + 3e-  = Au; E~ ~ = +I.50V (10) [5] 

Au ~+ + 4CN- =Au(CN)~-; K = 103e (11) [6] 

Furthermore, using K = 1.62 X 109 (12) for the sta- 
bil ity constant of HCN, the equilibrium potential for a 
typical plating solution with pH _m 4 containing 0.04M 
Au(CN)2- ,  0.0004M Au(CN)4-  [1% of Au( I ) ] ,  and 
0.01M free cyanide (a typical concentration of HCN 
plus C N - )  was calculated from E1 ~ to be equal to 
+1.26V (or +l .02V vs. SCE). An increase in the ratio 
of Au( I I I )  to Au(I )  by a factor of 10 (to 10%) shifts 
the potential by 0.03V in the positive direction. Com- 
parison of these equilibrium potentials with the po- 
larization curves in Fig. 5 shows that  the oxidation of 
Au(CN)z -  to Au(CN)4-  is possible at both plat inum 
and RuOJTiO2 at  practical current densities (>10 -~ 
A/cm~). The faster accumulation of Au( I I I )  observed 
with the plat inum anode may be anticipated from the 
higher potential at  this anode. A further discussion 
of this subject will be given in a subsequent paper  
dealing with the behavior of various other anode ma-  
terials (7). 

The oxygen evolution at ruthenium metal  was found 
to take place at potentials which are lower by addi-  
tional 0.1-0.2V than at the RuO2/TiO2 anode. An ex- 
periment with a ruthenium-plated platinum electrode 
showed, however, that ruthenium metal  dissolves sig- 
nificantly at current densities greater than ~30 m A /  
c m  2, 

Reaction w~th hydraz~.ne.--The reaction be t~een  hy-  
drazine and Au( I I I )  accompanies the evolution of 
colorless gas. From this fact and a comparison of E ~ 
values for the Au (CN) 4 - / A u  (CN) 2- couple (reaction 
[3]) and various half-reactions of hydrazine (10), the 

overall  reaction is l ikely to be either or both of the fol- 
lowing two react forts 

2Au(CN)4-  + N~.H5 + --  2Au(CN)~-  

+ Ng.t + 4HCN + H+ [7] 

3Au(CN)4-  +N~H~ + + H~O 

= 3 A u ( C N ) 2 -  + N~O t + 6HCN + H + [8] 

where N~H5 + is the protonated form of hydrazine 
which is predominant in the pH range under considera- 
tion [N2H5 + -- N2I-I4 + H + , K  ---- 1.02 X 10-s (10)]. 
By using relevant thermodynamic data (10), the ~G ~ 
values for reactions [7] and [8] have been calculated 
to he --154 and --138 keal, respectively. The very large 
values reflect the combined effect of the strong oxidiz- 
ing power of Au(CN)4-  and the large numbers of 
electrons involved in these reactions (4 for [7] and 6 
for [8] ). 

In order to obtain insight into the mechanism of 
these reactions, a kinetic study was carried out by 
following the disappearance of Au (III) after the addi-  
tion of large excess hydrazine. The conventional first- 
order plot shown in Fig. 6 was obtained at 40 ~ 50 ~ and 
60~ with an AFHG bath containing a total gold con- 
centration of 30.5 g/ l i ter  (0.155M) and an initial  
Au(I I I )  content of 13.9% (0.0215M). Concentrated hy- 
drazine (85% NzH~'H20) was added to make the initial 
concentration equal to 0.215M. It is seen that the l inear 
relationship holds only af ter  about 7 rain. A similar set 
of curves was obtained at  60~ with three different 
hydrazine concentrations as shown in Fig. 7. The slopes 
of these curves are approximately proportional to hy-  
drazine concentration. Higher order analyses did not 
yield consistent results at different temperatures and 
hydrazine concentrations. Thus, the initial deviation 
from lineari ty appears to indicate the presence of some 
mechanistic complications which become less significant 
with increasing reaction time. For the linear range, the 
above results lead to the conclusion that the overall  re~ 
action consists of multiple steps including a ra te -de te r -  
mining step which is first order with respect to both 
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Fig. 6. Semi-logarithm{c plot of  Au(llf) concentration against 
time after  addition of excess hydrazine at different temperatures. 
(AFHG bath; total  Au, 0.155M; initial Au(lll), Q,Q21SM; hydrazine, 
0.215M), 
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A u ( I I I )  and  hydrazine .  I t  is l i ke ly  then  tha t  h y -  
d roxy lamine  is fo rmed as an in t e rmed ia te  

kt  
A u ( C N ) 4 -  + N2Hs + + H + + 2H20--> A u ( C N ) ~ -  

+ 2NI-IsOH + + 2HCN [9] 

This reac t ion  is fol lowed b y  

ks 
A u ( C N ) 4 -  + 2N[-I3OH + --> A u ( C N ) s -  + N~ 

+ 2 H C N + 2 H 2 0 + 2 H  + [10] 
a n d / o r  

ka 
2 A u ( C N ) 4 -  + 2NH3OH + ~ 2 A u ( C N ) 2 -  

Jr N20 "b 4HCN -t- H20 + 2H + [11] 

This type  of reac t ion  sequence is known to be en-  
countered  fa i r ly  often [e.g., "consecutive,  compet i t ive  
second-order  react ion"  (13)] ,  and  it can be  shown 
r ead i ly  that  under  the condit ions of constant  [H + ] 
(buffer) ,  constant  [N2H5 +] ( large excess) ,  and  kl  < <  
k2 a n d / o r  ks, the  reac t ion  becomes first o rde r  wi th  r e -  
spect  to [ A u ( C N ) 4 - ] .  The last  condi t ion has been  
verified exper imenta l ly ;  namely,  the d i sappearance  ra te  
of A u ( I I I )  observed wi th  h y d r o x y l a m i n e  (added  as 
hydroch lor ide)  as the reducing  agent  was at  leas t  an 
order  of magni tude  fas ter  t han  that  found wi th  h y -  
draz ine#  The  Ar rhen ius  plot  shown in Fig. 8 was  ob-  
ta ined  for the pseudo f i r s t -order  ra te  constants  cal-  
cula ted  f rom the slope of l inear  por t ion of the curves in 
Fig. 6. The ac t iva t ion  energy  was found to be equal  to 
10.2 kca l  mole  -1. 

Final ly ,  i t  should be noted tha t  hydraz ine  has been  
descr ibed in the  l i t e r a tu re  as an addi t ive  for  gold p l a t -  
ing  baths.  I t  is said to ha rden  e lec t rop la ted  gold (14) 
p r e sumab ly  due to its influence on gra in  size (15). In  
addit ion,  Winters  (16) showed tha t  hydraz ine  acts as 
an  "oxygen  scavenger"  and increases  the  cu r ren t  effi- 

Hydroxylamine would he preferred to hydrazine for this rea- 
son. However, the former is available only in the form of salts, 
such as hydrochleride or sulfate, which would introduce unwanted 
anions into the bath. 

ciency of soft gold plat ing.  P resumably ,  a s imi lar  effect 
is expected for ha rd  gold plat ing,  bu t  the  discolorat ion 
of deposits  by  excess hydraz ine  noted  prev ious ly  p re -  
eludes its use for this purpose.  

Summary and Conclusions 
1. C y a n o a u r a t e ( I I I )  ions fo rm and accumula te  in  

acidic or neu t ra l  gold p la t ing  ba ths  wi th  p l a t i num 
anodes as the  baths  are  aged. The accumula t ion  of the 
A u ( I I I )  species leads to a significant decrease  in  p l a t -  
ing cur ren t  efficiency. 

2. Methods based  on ad jus t ing  p la t ing  cu r r en t  or  
t ime to ma in ta in  a constant  deposit  thickness  wi th  
s teadi ly  decreasing p la t ing  efficiency a re  not  a lways  
applicable.  As a simp!e and more  genera l  approach,  i t  
is r ecommended  to replace  the  p l a t i num anode wi th  a 
low po la r i za t i on  anode such as the  so-cal led  "d imen-  
s ional ly  s table  anode." Al though  this e lec t rode  does not  
comple te ly  p reven t  the format ion  of Au ( I I I ) ,  i t  is pos-  
s ible to main ta in  the  A u ( I I I )  concentra t ion  at  a leve l  
low enough to obta in  a cu r ren t  efficiency g rea te r  than  
90% of the in i t ia l  level.  

3. Hydraz ine  is useful  for reducing A u ( I I I )  to A u ( I )  
wi thout  forming undes i rab le  react ion by-produc ts .  

4. T rea tmen t  wi th  act ive carbon removes  the  Au (I I I )  
species, but  this method  suffers f rom the d i sadvan tage  
tha t  significant amounts  of Au (I) a re  also removed.  

Final ly ,  it should be r e me mbe re d  tha t  the cu r ren t  
effmiency of h a r d  gold pIa t ing is influenced b y  m a n y  
o ther  var iables  besides A u ( I I I ) .  Concentra t ions  of 
Au (I ) ,  Co ~ +, pH, tempera ture ,  agi ta t ion  conditions, and  
impur i t ies  al l  affect the cur ren t  efficiency. Therefore,  i t  
is impor t an t  to control  these var iab les  as wel l  as 
A u ( I I I )  concentra t ion in o rde r  to ma in ta in  a s table  
cur ren t  efficiency and to produce  a constant  deposi t  
thickness.  

Acknowledgment 
We are  gra tefu l  to A. Hol ler  for his advice in ob ta in -  

ing the in i t ia l  sample  of RuO2-based d imens iona l ly  
s table  anode f rom Magne to-Chemie  B.V., and to B. 
Mil ler  for supply ing  the r u t h e n i u m - p l a t e d  p l a t i num 
electrode.  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 134.129.120.3Downloaded on 2015-06-09 to IP 

http://ecsdl.org/site/terms_use


294 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  February 198I 

Manuscr ip t  submi t ted  May  30, 1980; rev ised  m a n u -  
scr ipt  received Sept.  23, 1980. This was Pape r  168 p re -  
sented at  the  Pi t t sburgh,  Pennsylvania ,  Meet ing of the 
Society,  Oct. 15-20, 1978. 

A n y  discussion of this  pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1981. 

Publication costs o] this article were assisted by Bell 
Laboratories. 

REFERENCES 
1. Y. Okinaka  and C. Wolowodiuk,  Plating Surf. 

Finish., 66, 9, 50 (Sept.  1979). 
2. F. B. Koch, Y. Okinaka,  C. Wolowodiuk,  and D. R. 

Blessington, ibid., 67 (6), 50 (1980); 67 (7), 43 
(1980). 

3. J. Newman,  "Elect rochemical  Systems,"  Chap. 1 
and 17, Pren t ice-Hal l ,  Englewood Cliffs, N.J. 
(1973). 

4. G. Bianchi,  V. DeNora,  P. Gallone,  and  A. Nidola,  
South Afr ican  Pa ten t  68/7482 (1968); U.S. Pat.  
3,616,445 (1971). 

5. D. Gralizzioli ,  F. Tantardini ,  and S. Trasat t i ,  J. 
Appl. Electrochem., 4, 57 (1974). 

6. L. J. J. Janssen,  L. M. C. Starmans ,  J. G. Visser, 

and S. Barendrecht ,  Electrochim. Acta, 22, 1093 
(1977). 

7. C. G. Smi th  and Y. Okinaka,  To be published.  
8. A. Damjanovic ,  in "Modern Aspects  of Elect ro-  

chemistry,  Number  5," J. O'M. Bockris and B. E. 
Conway, Editors,  Chap. 5, P lenum Press, New 
York  (1969). 

9. G. Lodi, E. Sivieri ,  A. de Battist i ,  and S. Trasat t i ,  
J. Appl. EIectrochem., 8, 135 (1978). 

10. W. M. Lat imer ,  "Oxidat ion  Potent ials ,"  2nd ed., 
Chap. 11, Pren t ice-Hal l ,  Englewood Cliffs, N.J. 
(1952). 

11. L. G. Sill~n and A. E. Martel l ,  "S tab i l i ty  Constants  
of Meta l - Ion  Complexes,"  Special  Publ ica t ion  No. 
17, The Chemical  Society, London, p. 111 (1964). 

12. R. M. Smith  and A. E. Martel l ,  "Cri t ical  S tab i l i ty  
Constants, Vol. 4: Inorganic  Complexes," P lenum 
Press,  New York  (1976). 

13. See, for example ,  A. A. F ros t  and R. G. Pearson,  
"Kinet ics  and Mechanism," Chap. 8, John Wiley 
and Sons, New York  (1953). 

14. R. Duva and D. G. Foulke,  U.S. Pat .  3,156,634 
(1964). 

15. D. G. Foulke,  in "Gold P la t ing  Technology," F. H. 
Reid and W. Goldie, Editors,  Chap. 6, Elec t ro-  
chemical  Publ icat ions  Ltd., Ayr ,  Scot land (1974). 

16. E, D. Winters,  Plating, 59, 231 (1972). 

Steady-State Characteristics of Oxygen 
Concentration Cell Sensors Subjected to 

Nonequilibrium Gas Mixtures 
J. E. Anderson and Y. B. Groves 

Ford  Motor Company, Chemistry Department, Research Sta~, Dearborn, Michigan 48121 

ABSTRACT 

Oxygen  sensors, based on membrane  concentra t ion cells, are  to be used in a 
feedback control  sys tem on automobiles.  For  p roper  control  function, the 
sensors should develop vol tages corresponding to equ i l ib r ium oxygen  par t i a l  
pressures  in engine exhaust ,  even when subs tant ia l  deviat ions f rom chemical  
equ i l ib r ium ac tua l ly  exis t  in the  bu lk  exhaus t  s t ream.  This is accomplished 
th rough  use of cata lyt ic  electrodes that  are  supposed to equi l ibra te  local oxy-  
gen concentrat ions at  the  membrane  surface and measure  the emf developed 
across the  concentra t ion cell. This paper  explores  physicochemical  factors in-  
fluencing the emf across concentra t ion cell  oxygen sensors in the presence of 
surface react ions that  a re  not necessar i ly  in chemical  equi l ibr ium.  Specifically,  
we r epor t  an i so thermal  kinet ic  analysis  l ink ing  emf to (i) mass t ransfer  be -  
tween  the bu lk  gas and bounda ry  layers ;  (ii) adsorption,  desorpt ion,  and 
chemical  react ion on the ca ta lys t / e l ec t rode  surface. With  nonequi l ib r ium bulk  
gas mixtures ,  our  analysis  indicates that  cell emf corresponds to equ i l ib r ium 
oxygen  pa r t i a l  pressures  when two res t r ic t ions  are  met:  (i) mass t ransfe r  
be tween  bu lk  gas and surface bounda ry  layers  is slow re la t ive  to the  ra te  
of surface reactions;  (ii) the reac tan t  gases have ident ical  mass t rans fe r  coeffi- 
cients. Expe r imen ta l  studies of ZrO2 oxygen sensors wi th  p l a t i num ca ta lys t /  
e lectrodes are  also repor ted.  Vol tage/composi t ion  curves for  O2/alkane systems 
devia te  subs tan t ia l ly  f rom those calcula ted for chemical  equi l ibr ium.  This 
reflects a r e l a t ive ly  poor  p la t inum cata lyt ic  efficiency for  a lkane  oxidat ion.  
Fol lowing  recent  work  by  Takeuchi  et al., a "mass t ransfer  shift" of vo l t age /  
composit ion curves was observed at 600~ wi th  the O2/H2 and the O2/D2 
systems. This result ,  which follows f rom our kinet ic  analysis,  reflects the sub-  
s tan t ia l ly  different  mass t ransfe r  coefficients of the r eac t an t  gases. In  a second 
set of exper iments ,  gas mix tures  were  equi l ib ra ted  chemical ly  before  reach-  
ing the  sensor by  passing them over  a secondary  p l a t inum catalyst .  Stoichio-  
met r ic  vol tage /composi t ion  curves were  obta ined  under  these conditions. 

Oxygen sensors a re  being developed for engine con- 
t rol  systems on automobi les  (1-3).  The basic  concept  
involves sensing oxygen par t i a l  pressures  in engine 

Key words: solid electrolyte,  gas electrode, control systems, 
kinetics.  

exhaust ,  then using this informat ion  to control  the a i r -  
to- fue l  ra t io  en te r ing  the engine. In  this way,  engine 
efficiency is opt imized whi le  exhaus t  emissions are  con- 
trol led.  

Sensors based on oxygen concentra t ion cells have  
been extens ive ly  inves t iga ted  for  this control  operat ion.  
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