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A B S T R A C T  

T h e  i n f l uence  of c u r r e n t  dens i t y ,  f low ra te ,  a n d  e l e c t r o l y t e  c o m p o s i t i o n  o n  
t h e  s t o i c h i o m e t r y  of a n o d i c  c o p p e r  d i s s o l u t i o n  w a s  i n v e s t i g a t e d  u n d e r  c o n d i -  
t i ons  c o m p a r a b l e  to  t h o s e  of e l e c t r o c h e m i c a l  m a c h i n i n g .  W e i g h t  loss m e a -  
s u r e m e n t s ,  x - r a y  d i f f r ac t ion ,  a n d  c h e m i c a l  a n a l y s i s  w e r e  u s e d  fo r  t h e  c h a r -  
a c t e r i z a t i o n  of t h e  d i s s o l u t i o n  r e a c t i o n .  A s h a r p  c h a n g e  in  d i s s o l u t i o n  m e c h a -  
n i s m  c o i n c i d e d  w i t h  t h e  t r a n s i t i o n  f r o m  a c t i v e  to t r a n s p a s s i v e  d i s so lu t ion .  F o r  
a c t i v e  d i s so lu t ion ,  a n  a p p a r e n t  v a l e n c e  of t h e  d i s s o l u t i o n  p roce s s  of t w o  w a s  
f o u n d  in  s u l f a t e  a n d  n i t r a t e  e l ec t ro ly t e s ,  a n d  of one  in  c h l o r i d e  e l ec t ro ly t e s .  
F o r  t r a n s p a s s i v e  d i s so lu t ion ,  m i x e d  v a l e n c e s  l y i n g  b e t w e e n  1 a n d  2 w e r e  f o u n d  
in  a l l  e l ec t ro ly t e s .  T h e  m i x e d  v a l e n c e s  a r e  i n t e r p r e t e d  to r e s u l t  f r o m  t h e  
s i m u l t a n e o u s  p r o d u c t i o n  of  m o n o v a l e n t  a n d  d i v a l e n t  r e a c t i o n  p r o d u c t s ,  some  
of w h i c h  a r e  in  sol id  fo rm.  

A n o d i c  d i s s o l u t i o n  of  m e t a l s  a t  c u r r e n t  d e n s i t i e s  of  
u p  to s e v e r a l  h u n d r e d  a m p e r e s  p e r  s q u a r e  c e n t i m e t e r  
a n d  w i t h  e l e c t r o l y t e  f low ve loc i t i e s  of m a n y  m e t e r s  
p e r  s e c o n d  is b e i n g  c a r r i e d  ou t  on  a t e c h n i c a l  sca le  in  
t h e  p roce s s  of e l e c t r o c h e m i c a l  m a c h i n i n g  ( E C M ) .  In  
a n  a t t e m p t  to  p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on  t h e  
e l e c t r o c h e m i c a l  p r o c e s s e s  u n d e r  h i g h  c u r r e n t  dens i t i e s ,  
t h e  a n o d i c  d i s s o l u t i o n  of  c o p p e r  is b e i n g  i n v e s t i g a t e d  
(1 -3 ) .  C o p p e r  w a s  c h o s e n  b e c a u s e  i ts  e l e c t r o c h e m i c a l  
p r o p e r t i e s  a r e  r e a s o n a b l y  w e l l  u n d e r s t o o d  ( 4 - 8 ) .  I n  a 
p r e v i o u s  p a p e r  (1) ,  t h e  ro l e  of  m a s s  t r a n s f e r  in  d e t e r -  
m i n i n g  t h e  o c c u r r e n c e  of p a s s i v a t i o n  p h e n o m e n a  d u r -  
i n g  c o p p e r  d i s s o l u t i o n  in  K2SO4 a n d  KNO3 s o l u t i o n s  
h a s  b e e n  r e p o r t e d .  I t  w a s  f o u n d  t h a t  a p p a r e n t  a n o d e  
p o t e n t i a l s  a n d  s u r f a c e  t e x t u r e s  r e s u l t i n g  f r o m  d i s -  
s o l u t i o n  c h a n g e d  d r a s t i c a l l y  w h i l e  go ing  f r o m  a low 
v o l t a g e  ( a c t i v e )  to  a h i g h  v o l t a g e  ( t r a n s p a s s i v e )  m o d e  
of d i s so lu t ion .  8 

I n  t h e  p r e s e n t  s tudy ,  t h e  v a l e n c e  of  t h e  e l e c t r o d e  
r e a c t i o n  a n d  t h e  c o m p o s i t i o n  of r e a c t i o n  p r o d u c t s  of  
c o p p e r  h a v e  b e e n  i n v e s t i g a t e d  in  n i t r a t e ,  su l fa te ,  a n d  
c h l o r i d e  e l ec t ro ly t e s .  W e i g h t  loss m e a s u r e m e n t s  of t h e  
a n o d e ,  x - r a y  d i f f r ac t i on  a n a l y s i s  of sol ids,  a n d  c h e m i c a l  
a n a l y s i s  of  t h e  s o l u t i o n  w e r e  u sed  f o r  t h e  c h a r a c t e r -  
i z a t i o n  of t h e  d i s s o l u t i o n  r eac t i on .  C u r r e n t  d e n s i t i e s  
e m p l o y e d  r a n g e d  f r o m  0.1 to  80 A / c m  2. E x p e r i m e n t s  
w e r e  p e r f o r m e d  u n d e r  f o r c e d  c o n v e c t i o n  c o n d i t i o n s  in  
a f low c h a n n e l  a t  f low r a t e s  f r o m  30-700 c m / s e c ,  as 
we l l  as in  u n s t i r r e d  s o l u t i o n s  u n d e r  f r ee  c o n v e c t i o n  
cond i t i ons .  

Experimental 
Mos t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u n d e r  f o r c e d  

c o n v e c t i o n  c o n d i t i o n s  in  a n  e x p e r i m e n t a l  f low s y s t e m  
s i m i l a r  to  t h a t  d e s c r i b e d  in  a p r e v i o u s  s t u d y  (1) a n d  
s c h e m a t i c a l l y  s h o w n  in  Fig.  1. T h e  e l e c t r o l y t e  w a s  
p u m p e d  b y  a p o s i t i v e  d i s p l a c e m e n t  pump,4  a n d  t h e  f low 
r a t e  was  m e a s u r e d  w i t h  a r o t a m e t e r . 5  O n e  h a l f  i n c h  
s t a i n l e s s  s t ee l  p ipes  w e r e  u s e d  t h r o u g h o u t  t h e  sys t em.  

A 30 c m  l o n g  r e c t a n g u l a r  f low c h a n n e l  of  1 x 3 m m  
cross  sec t ion ,  c o n s t r u c t e d  of  l a m i n a t e d  p o l y v i n y l  c h l o -  
r ide ,  w a s  p o s i t i o n e d  u p s t r e a m  of  t h e  e x p e r i m e n t a l  
ce l l  to e s t a b l i s h  f u l l y  d e v e l o p e d  v e l o c i t y  p rof i l es  a t  
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Key words: anodic metal dissolution, copper anode, passivity. 
a Different definitions for the phenomenon of passivation can be 

found in the literature. The term is used here to describe an abrupt 
increase in measured anode potential with time for certain com- 
binations of flow rate and current density (see e.g., Fig. 3). 

4 Constametric Pumps, Milton Roy Company, Philadelphia, Penn- 
sylvania. Varidrive Motor, U. S. Electrical Motors, Inc., Los An- 
geles, California. 

6 Type 18410, Schutte and Koerting Company, Cornwall Heights, 
Pennsylvania. 
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Fig. 1. Schematic of flow system: A, supply tank; B, dual piston 
pump; C, accumulator; D, bypass line; E, rotameter; F, entrance 
length of flow channel; G, reference electrodes; H, cathode; I, 
anode; J, capillary for precipitate collection; K, drain tank. 

Fig. 2. Side view of experimental cell with partial cross section- 
ing: A, rectangular flow channel; B, epoxy cell body; C, stainless 
steel side plate; D, copper electrode; E, aluminum cap; F, nylon 
screw; G, stainless steel end flange; H, glass side window; I, bolt 
and nut assembly; J, O-ring seal; K, liquid junction connection to 
backside capillaries; L, aluminum micrometer holder; M, microm- 
eter head; N, aluminum base plate; O, coil spring. 
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the electrodes (1). The electrolysis cell is shown 
schematical ly  in Fig. 2. The cell body (B) was made 
of epoxy resin wi th  the two glass side walls (H) held 
together  by plates (C). The cell  was connected to the 
inlet  and outlet  channel  by end flanges (G).  Optical 
observat ion of the in tere lect rode gap could be per -  
formed through the glass walls. Back-s ide  capil laries 
(K) which enter  the channel  walls next  to the elec- 
trodes were  used for electrode potent ia l  measurements  
and, in some experiments ,  for the sampling of solution 
on the downst ream side of the electrodes. The copper 
electrodes (D) (pur i ty  --~99.9%) had a geometr ical  
surface area of 3 x 3 mm. The electrodes could be ad- 
vanced manual ly  by turn ing  micrometer  head (M). 
The electrode assembly was pushed back against  insert  
(F) by sprint (O). Sil icone rubber  gaskets 6 cast be- 
tween glass wall  and epoxy cell body were  used for 
sealing the cell. 

Measurements  of cell voltage, electrode potentials, 
and current  were  made s imultaneously on a mul t i  
channel  l ight beam oscillograph. 7 Electr ical  power  con- 
nections to the cell were  made  by threaded connections 
screwed into a luminum cap (E). The  current  was re-  
corded by measuring the voltage drop across a shunt. 
Anode and cathode potentials were  measured with  
respect to saturated calomel reference electrodes, 
which were  placed in small  glass containers connected 
to the capil laries by Tygon tubing. The electrolysis 
current  was provided by an electronical ly  controlled 
constant current  supply, s 

Pr ior  to each run, the electrodes were  ground on 600 
grit  emery  paper  and washed with aqueous detergent .  
Fol lowing a dip in concentrated HC1, they were  rinsed 
with  distil led water  and reagent  grade acetone and 
stored in vacuum unti l  use. The electrodes were  
al igned with  the channel  wal l  by using a microscope 
with 20X magnification. During electrolysis, the  1 mm 
electrode gap was approximate ly  main ta ined  by man-  
ual adjus tment  of the micrometer .  

During a typical  exper iment ,  25 mg of copper were  
dissolved, which corresponded to an average depth of 
dissolution of about 0.3 mm. Af ter  each run, the anode 
was removed  from the cell, r insed wi th  water ,  dried 
with acetone, and weighed on an analyt ical  balance. 
The accuracy of the weight  loss de terminat ion  is esti-  
mated at •  The amount  of charge passed during 
the exper iment  was de termined  f rom the oscil lographi-  
cally recorded current  trace. The accuracy of the 
charge measurement  is est imated at ___2-3%. 

From the measurement  of charge and weight  loss, 
an apparent  valence n of the dissolution process was 
calculated according to Eq. [ i]  

ItM 
n = ~ [1] 

~WF 

where  I is the current  passed during t ime t, M is the 
atomic weight  of copper, ~W is the anode weight-loss,  
and F is the Faraday  constant. 

Solid reaction products formed during the anodic 
dissolution of copper were  analyzed by x - r a y  diffrac- 
tion. Init ial  analyses were  made using a 11.46 mm 
Debye-Scher re r  powder  camera mounted  on an x - r a y  
diffraction unit.9 Ni fil tered Cu radiat ion (40 kV, 20 
mA) was used. 

A sample of the anodic react ion product  f rom the 
flow cell was collected by rubbing a glass fiber through 
the precipitate adhering to the wet  surface. Diffraction 
p a t t e r n s  obtained were,  however ,  difficult to analyze 
because of the faintness of the diffraction lines. Also, 
because of the  small  samples, exposure  t imes to the 
x - r ay  beam from 6-12 hr  were  necessary. 

6 Encapsulan t  502 RTV, Dow Corning Corporat ion,  Midland,  Mich-  
igan.  

7 Ser ies  2300, Brush  I n s t r u m e n t  Division,  Cleveland, Ohio. 
s Type C618, Electronic Measu remen t s  Company,  Eatontown,  N. J .  

or Model KS 120-10M, Kepeo Inc., Flushing,  New York.  
9 Norelco X - R a y  Diffract ion Unit ,  Type 12045 wi th  Debye*Scher re r  

Camera  Type  52056-0, Nor th  A m e r i c a n  Phi l ips  Company,  Inc., New 
York,  N. Y. 
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Fig. 3, Cell voltage tronsients meosured in 2N KNO3 nt dif- 
ferent current densities, flow rate 30 cm/sec. 

To provide a la rger  specimen, a continuous sampling 
technique was developed. An x - r ay  diffractometer  10 
using a Ni fil tered Cu radiat ion (40 kV, 14 mA)  could 
then be used. Solution escaping through the (0.014 in. 
diameter)  capi l lary on the downst ream side of the 
anode was collected on a Whatman  No. 41 paper  by 
continuous vacuum filtration. Without  washing, the 
filter paper wi th  adhering precipi tate was dried under  
vacuum, mounted  on a Luci te  sample holder  using 
double-sided adhesive tape, and placed in the dif-  
fractometer .  A pre l iminary  x - r a y  pat tern  of the blank 
showed strong diffraction peaks at low 0 values which 
did, however ,  not in ter fere  wi th  the diffraction peaks 
of possible compounds present  in the precipitate.  

In order to substantiate the apparent  valence deter -  
minat ion carr ied out under  forced convection condi-  
tions, some exper iments  were  per formed in a s tagnant  
electrolyte  which al lowed quant i ta t ive  determinat ion  
of dissolved Cu + and Cu 2+ ions. Since Cu + is unstable  
in aqueous solution unless complex ing  agents are pres-  
ent, only chloride electrolytes were  analyzed this way. 
The electrolysis was carr ied out in an H cell wi th  a 
glass frit  separat ing anode and cathode compar tments  
(2). In contrast  to the h ighly  diluted dissolution prod-  
ucts obtained in the  flow channel, concentrat ions which 
can be determined by simple analyt ical  techniques 
could be obtained in this system. The analyt ical  de te r -  
minat ion of Cu 2+ and Cu + was based on that  given by 
Vogel (9). Cuprous ion was oxidized with  ferric am-~ 
monium sulfate, and the  resul t ing ferrous ion was 
t i t ra ted with  ceric sulfate. The  cupric ion concentra-  
t ion was obtained as the difference be tween  total  cop- 
per concentrat ion and cuprous ion concentration.  The 
total copper concentrat ion was de termined  iodometr i -  
cally after oxidat ion of cuprous ion to cupric ion by 
sodium peroxide.  

Results 
Current-voltage behavior.--Figure 3 i l lustrates the 

transient  cell vol tage behavior  during galvanostat ic  
copper dissolution in 2N KNO3 under  a given flow rate  
(30 cm/sec) .  At low current  densi ty (3.4 A/cm2) ,  the 
dissolution proceeds indefinitely in a low voltage (ac- 
t ive) mode. Above  a crit ical  current  density, which is 
shifted to higher  values by increased flow rates, the 
dissolution process switches to a high vol tage ( t rans-  
passive) mode, af ter  a t ransi t ion t ime with  active dis- 
solution. The length of the t ransi t ion period decreases 
wi th  increasing current  densi ty  and decreasing flow 
rate  (not shown).  Figures  4 and 5 are examples  of 
t ransient  cell vol tage behavior  wi th  K2SO4 and KC1 
solutions. In all cases, dissolution in the t ranspassive 
mode occurs at a cell vol tage which is 10-20V higher  
than  in the act ive mode. Voltage fluctuations are ob- 
served in the transpassive region and, at the higher  
current  densities, a vol tage m a x i m u m  occurs before 
steady state is reached. 

Apparent valence.--Average s teady-s ta te  values of 
the cell vol tage and apparent  va lence  values are 

10 P icke r  X - B a y  Corporat ion,  Wai te  Ma nufa c tu r i ng  Division,  Inc., 
Cleveland,  Ohio. 
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Fig. 4. Cell voltage transients measured in IN  K2SO4 at differ- 
ent current densities, flow rate 50 cm/sec. 
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Fig. 5. Cell voltage transients measured in 2N KCI at different 
current densities, flow rate 50 cm/sec. 

plotted vs. current  density in Fig. 6 to 8. The be-  
havior  in 2N KNOs and IN K2SO4 solutions is ve ry  
similar. With the t ransi t ion f rom act ive to t ranspassive 
dissolution, a sharp drop in apparent  valence occurs. 
The apparent  valence value of n ---- 2 observed in the 
act ive region indicates that  copper is dissolved almost  
exclusively  to divalent  cupric ions. This is consistent 
wi th  expectat ions based on the rmodynamic  considera-  
tions of the revers ib le  potent ia l  of a copper electrode 
in contact wi th  dissolved mona and divalent  copper 
ions (8). In the t ranspassive region, on the other  hand, 
the apparent  valence depends on the va lue  of the ap-  
plied current  density wi th  respect to the current  den-  
sity at which passivation occurs. A l imit ing value of 
n ___ 1.5-1.6 is reached at high current  densities. In 
order  to account for this value  of n, it has to be as- 
sumed ei ther  that  part  of the copper is dissolved to a 
monovalent  form, or that  par t  of the meta l  disinte-  
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Fig. 6. Variation of apparent valence and cell voltage with cur- 
rent density in 2N KNO3 for different flow rates: @, 30 cm/sec; 
A ,  200 cm/sec; [~, 627 cm/sec. 
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Fig. 7. Variation of apparent valence and cell voltage with cur- 
rent density in 1N K2S04 for different flow rates: G ,  50 cm/sec; 
Z~, 200 cm/sec; I~, 686 cm/sec. 
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Fig. 8. Variation of apparent valence and cell voltage with cur- 
rent density in 2N KCI for different flow rates: G ,  50 cm/sec; 
A ,  200 cm/sec; [~, 606 cm/sec. 

grates during the dissolution process. Since pH might  
have an influence in de termining the  react ion path (8), 
addit ional  exper iments  were  per formed in a 2N KNOs 
solution adjusted to pH 1 by the addition of concen-  
t ra ted  nitric acid, and also in a IN H2SO4 solution. 
Voltage readings and apparent  valences obtained in 
both of these electrolytes corresponded wi th in  exper i -  
menta l  accuracy to those of the  ni t ra te  and sulfate 
solutions, respectively.  This indicates that, wi th in  the 
range studied, pH has a negligible influence on ap-  
parent  valence of the dissolution process. As i l lustrated 
by Fig. 8, the behavior  in KC1 solutions was quite 
different f rom that  in KNO3 and K2SO4 solutions. A 
sharp transi t ion be tween active and transpassive dis- 
solution was absent. Instead, periodic fluctuations oc- 
curred (indicated by dotted lines in Fig. 8) in the 
t ransi t ion region. Such oscillations in the copper /  
chlor ide system have  also been reported in the l i te ra-  
ture  for low current  densi ty conditions (6, I0).  Pe r i -  
odic oscillations have also been observed dur ing high 
rate  copper dissolution in sulfate  and chlorate  elec- 
t rolytes  under  cer ta in  conditions (1-3). The  apparent  
valence, in the case of chloride solution, is n = i at  low 
current  densities. A m a x i m u m  of n ---- 1.4 is observed 
at in termedia te  current  densities, and the  apparent  
valence drops to n ~-~ 1.2 in the range of high current  
densities. While it appears that  the observed changes in 
apparent  valence are  re la ted  to the occurrence of 
passivation, the relat ionships are  not  as clear  cut as in 
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Table I. X-ray analysis of anode solid reaction products 

Elec t ro ly t e  C o m p o u n d s  iden t i f i ed  

2N KNOa Cu20,  Cu 
2N KNO~ + HNO~ (pH 1) Cu  
1N K2SO4 Cu~O, Cu  
I N  H2SO4 Cu 

nitrate  and sulfate solutions. For example,  at the 
highest flew rate (606 cm/sec) ,  the m a x i m u m  value  
of n was at tained at much higher  current  density than 
that  corresponding to the act ive-passive transi t ion de- 
r ived f rom cell vol tage measurements .  

Analysis of solid reaction products.--Anode precipi-  
tates were  found during transpassive dissolution only. 
X- r ay  analysis of precipi tates  collected f rom exper i -  
ments  performed in KNO3 and K2SO4 solutions showed 
Cu20 to be the principal  copper compound. Diffraction 
peaks for metal l ic  copper were  also present  in some ex-  
periments.  The metal l ic  copper contents of precipitates 
from acidified solutions was increased at the  expense of 
the cuprous oxide contents (Table I) .  No analysis of 
anodic precipitates in chloride solution was possible 
because precipitates could not be collected in sufficient 
amounts. A typical  diffraction pa t te rn  of anode pre-  
cipitate is given in Fig. 9 together  wi th  pat terns  of 
known samples of Cu20 and Cu. Precipi ta tes  collected 
in the drain tank showed a different composition f rom 
those collected close to the anode. They contained basic 
oxides of complex composition, owing to contact wi th  
the alkal ine solution produced at the cathode. 

Analysis of dissolved reaction products.-- Apparent  
valence determinat ions  in chloride solution were  also 
carried out in a separate cell under  absence of forced 
convection. In these experiments ,  values of apparent  
valence obtained f rom weight  loss measurements  could 
be compared with those obtained by chemical  analysis 
of dissolved react ion products. Calculation of the 
chemical ly determined apparent  valence n* was based 
on Eq. [2] 

Cu-> xCu + + yCu 2+ + n*e [2] 

where  x and y are the fract ional  amounts  of Cu + or 
Cu 2+, respectively.  Since, f rom the mass balance 
x + y = 1 and f rom the charge balance x + 2y = n*, 
one gets Eq. [3] 

n* = 2 - - x =  1 + y [3] 

The results given in Table II i l lustrate  the good 
agreement  be tween  the  valence determined by chemi-  
cal analysis wi th  that  der ived f rom weight  loss mea-  
surements  for a wide range of current  densities. In all  
cases a mass balance could be established wi th in  1-2%. 
Changes in apparent  valence wi th  current  density in 
chloride solutions are therefore  indeed due to different  
ratios of Cu + and Cu 2+ produced. No oxygen evolut ion 
was observed during the experiments .  The exper iments  
also confirmed that  the anodic behavior,  i.e., the oc- 
currence  of act ive and transpassive dissolution, was 
essential ly the same in stagnant as in flowing solutions, 

J 
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Fig. 9. X-ray diffractometer trace of anode precipitate (b) com- 
pared to known samples of Cu20 (a) and Cu (c). Anode precipitate 
obtained at 11.1 A/cm 2 and 50 cm/sec in 1N K2SO4. 

Table II. Chemical analysis of dissolved reaction products in 3N 
KCI solution after passage of 60 coul, anode area 1 cm 2 

C u r r e n t  Va lence  f r o m  dis -  Va lence  f r o m  
dens i ty ,  A / c m  2 s o l v e d  Cu+ and  Cu ++ w e i g h t  loss  

0.05 1.O0 1.00 
O.10 1.19 1.15 
0.13 1.21 1.28 
0.16 1.27 1.31 
0.21 1.28 1.30 
0.26 1.26 1.28 
0.51 1.22 1.20 
0.82 1.19 1.20 
1.0O 1.13 1.10 
1.31 1.14 1,16 
1.58 1.10 1.08 
1.87 1.08 1.06 
1.98 1.07 1.07 

with the exception that  passivation sets in at much 
lower current  densities in the absence of ex terna l  con- 
vection. 

Discussion 
Nitrate and sulfate solutions.--Two dissolution 

modes, active and transpassive, were  found differing 
in overvol tage  and apparent  valence of dissolution. 
The transi t ion be tween active and t ranspassive dis- 
solution depends on mass t ransfer  conditions. Using 
the mass t ransfer  correlat ions for channel  flow dis- 
cussed earl ier  (1), the interfacial  concentrat ion of 
ionic dissolution product  at the onset of t ranspassive 
dissolution was est imated from the passivation current  
density for different  flow rates and electrolytes. (A 
diffusion coefficient of 5 x 10-6 cm2/sec was assumed 
for this calculation.) A comparison of the results  
shown in Table III  wi th  solubil i ty data given in Table 
IV indicates that  the onset of t ranspassive dissolution 
coincides, at least qual i ta t ively,  wi th  the l imit ing 
t ransport  of dissolved react ion products by convect ive 
diffusion. This substantiates the val id i ty  of previous 
results (1) which were  obtained in a different flow 
system, most ly  at h igher  cur ren t  densities and flow 
rates. In addition, it was found here that  passivation 
current  densities in ]N H2804 were  essentially the 
same as in 1N K2SO4. This suggests that  l imitat ions 
in the t ransport  of cupric salt, ra ther  than the forma-  
tion of oxide or hydroxide,  init iates the change to 
t ranspassive dissolution. 

The present  s tudy also demonstrates  that  the t ransi-  
t ion be tween  act ive and t ranspassive dissolution is 
associated with  a drastic change in cur ren t  efficiency 
for the meta l  removal  process, wi th  more  copper being 

Table III. Calculated interfacial concentration of copper salts at 
onset of transpassive dissolution 

P a s s i v a t i o n  In te r fac .  
F l o w  ve loc i t y ,  R e y n o l d s  c u r r e n t  d e n -  cone., 

E l ec t ro ly t e  c m / s e c  n u m b e r  s i ty,  A /cm2  m o l e s / l  

2 N K N C ~  30 510 3.8 4.5 
200 3390 8.5 4.6 
627 10600 31.0 8.5 

1NK~SO~ 50 730 1.5 1.4 
200 2920 4.1 2.2 
686 10000 8.5 2.2 

IN H~SO~ 50 770 3,6 3,4 
200 3090 4.7 2.5 
686 10600 11.8 3.0 

2 N K C I  50 820 0.4 0.8  
200 3270 1.2 1.2 
606 10000 2.5 1.2 

Table IV. Solubilities of copper salts at room temperature 

S o l u b i l i t y ,  
Sa l t  S o l v e n t  moles /1  Refe rence  

C u p r i c  n i t r a t e  H20  7.0 (24) 
C u p r i c  su l fa te  H20 1.4 (24) 

1N tt~SO~ 1.1 (25) 
C u p r o u s  ch lo r ide  2N KC1 1.0 (17), (18) 

3N KC1 1.9 (17), (13) 
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dissolved for a given amount  of charge in the t rans-  
passive region. A mechanism involving the format ion 
of monovalent  copper species at the anode, especial ly 
cuprous oxide, ra ther  than anodic disintegrat ion by 
grain boundary  at tack (11, 12), seems to be the cause 
for the apparent  increase in current  efficiency. The 
above conclusion, a l though it cannot be r igidly proven  
on the grounds of our results, is supported by the fol-  
lowing exper imenta l  observations: (A) Cuprous oxide 
has been found to be the main const i tuent  of anodic 
films. (B) Substant ial  amounts  of metal l ic  copper were  
observed in the x - r ay  pat terns  in acidic solutions only, 
consistent wi th  the fact that  Cu20 disproport ionates 
in these solutions into Cu 2+ and Cu. (C) No grain 
boundary  at tack was observed microscopical ly in the 
t ranspassive region. Instead, the surfaces after t rans-  
passive dissolution had a shiny appearance and were  
almost randomly  pit ted (1, 2). (D) At least in the case 
of chloride solutions, the presence of cuprous ion could 
be verified quanti tat ively.  All  these factors indicate 
that  a dist integrat ion mechanism, which has been pro-  
posed pr imar i ly  for more  react ive  metals  (beryll ium, 
magnesium, cadmium, zinc) at low current  densities 
(13-16), is not l ikely to be of impor tance  in the pres-  

ent anodic dissolution process. 
Measured apparent  valences tended to reach a con- 

stant l imit ing value at high current  densities. No satis- 
factory explanat ion for this phenomenon can be given 
at the present  time. From a pure ly  kinetic point of 
v iew we would expect  a continuous var ia t ion of n with 
current  density. A possible explanat ion of the observed 
constancy of n may, perhaps, be sought in a model  
v iewing the surface as an ensemble of small  surface 
area elements randomly  fluctuating be tween active and 
passive states. Such act ive-pass ive  fluctuations, which 
are most pronounced in chlorate  electrolytes (2, 3), 
are now being studied in this laboratory.  

Chloride solutions.--The dissolution behavior  in 
chloride electrolytes is different because the mono-  
valent  ionic state becomes thermodynamica l ly  more 
favorable  than the divalent  state due to the format ion 
of cuprous ion complexes (17, 18). Thus, dispropor-  
t ionation of Cu +, which usual ly occurs in aqueous 
solutions is avoided. Since a var ie ty  of different com- 
plexes may  be formed, depending on the local chloride 
concentration,  the dissolution process in chloride solu- 
tions is expected to be much more complicated than 
in ni t ra te  and sulfate solutions. For  example,  due to 
the effect of chloride concentrat ion on the solubil i ty 
of cuprous ion, the format ion of precipi tate  layers 
depends not only on the rate  of depar ture  of cations 
f rom the interface, but also on the rate  of ar r ival  
of anions. In addition to the mass t ransport  of the dis- 
solution product,  the mass t ransport  of chloride ion 
may  therefore  become a l imit ing factor, since chloride 
ions are consumed at the anode by complex formation. 
Such a mechanism has, for example,  been repor ted  by 
Landsberg et al. (19) for the dissolution of gold in 
HC1. Dur ing the course of stoichiometric de te rmina-  
tions in stagnant solution, a number  of t ransient  mea-  
surements  were  per formed in 3N KC1 solutions at 
constant current  density. Table V summarizes  the t ran-  
sition times de termined  for the onset of t ranspassive 

Table V. Transition times T for copper dissolution at different 
current densities i in 3N KCI without external convection 

i ,  A / c m 2  r ,  s e c  i~/'~'- 

0.1O 38.90 0.62 
0.16 11.60 0.56 
0.21 9.20 0.69 
0.26 5 .63 0.62 
0.51 1.85 0.70 
0.82 0.65 0.68 
1.00 0.48 0.69 
1.31 0.28 0.69 
1.58 0.20 0.70 
1.87 0.16 0.75 
1,98 0.15 0.77 

behavior.  In spite of that  the geometr ical  a r rangement  
was not ideal to exclude free convection completely,  
the application of Sand's  equat ion is justified because 
of the short t imes involved. From the average mea-  
sured quant i ty  i\/~, a value for hC, the ra te - l imi t ing  
concentrat ion difference, was calculated according to 
Eq. [4] 

2ik/~- 
~C [4] 

nFk/~D 

assuming D ---- 5 x 10 -6 cm2/sec and n ~ 1. The re-  
sulting value of 5C ~ 3.6 mole / l i t e r  is similar  in mag-  
ni tude to the solubili ty of CuC1 in 3N KC1 [1.9 mo le /  
l i ter  (17)]. This indicates that, under  the conditions 
of these experiments ,  passivation may  have been 
caused by a similar precipi tat ion mechanism as in 
ni trate  and sulfate solutions. 

The increase in apparent  valence n on passivation 
(Fig. 8 ) is consistent wi th  the fact that  at higher  anode 
potentials, the react ion Cu ~ Cu 2+ becomes the rmo-  
dynamical ly  possible. No t rue  anode potential  mea-  
surements  were  possible under  the conditions of this 
study; therefore,  a discussion has to remain  quali tat ive.  
The subsequent decrease in n at still h igher  current  
densities may then be explained by assuming forma-  
tion of Cu20, as observed in the case of n i t ra te  and 
sulfate solutions. The oozing of a reddish brown, finely 
dispersed dissolution product  from localized anode 
areas which changed their  positions during electrolysis 
was observed visual ly in stagnant  KC1 solutions in the 
transpassive region (2). This solid might  have  been 
Cu20, but it was not possible to collect the precipi ta te  
due to its chemical  instabil i ty in the chloride elec- 
trolyte.  The format ion of cuprous oxide during cop- 
per dissolution in chloride media has also been re-  
ported in the l i tera ture  (20-23). The format ion of a 
thin cuprous chloride film during transpassive dissolu- 
tion in chloride solution was indicated by the white  
appearance of the surface. 

Summary and Conclusions 
1. The present study has confirmed ear l ier  findings 

(1) obtained under  different exper imenta l  conditions 
that  in ni t ra te  and sulfate electrolytes  the t ransi t ion 
f rom active to t ranspassive dissolution of copper is 
controlled by the mass t ransfer  of dissolved dissolution 
products. 

2. Al though the details of copper dissolution in chlo- 
ride solution are probably  different from those in 
ni t ra te  and sulfate, the gross cur ren t -vo l tage  behavior  
is similar. Ionic mass t ransfer  l imitat ions seem, there-  
fore, to be the dominat ing factor de termining the 
onset of passivat~on in chloride solutions, too. 

3. The apparent  valence of the dissolution process 
undergoes a noticeable change wi th  the t ransi t ion from 
active to transpassive dissolution. In ni trate  and sulfate 
solutions, active dissolution proceeds with  an apparent  
valence of 2. Transpassive dissolution leads to a lower 
apparent  valence, which reaches a l imit ing value of 
1.6 at high current  densities. This drop in apparent  
valence is in terpre ted  to be caused by the anodic pro- 
duction of monovalent  copper species, ra ther  than by 
anodic disintegration. 

4. Act ive  dissolution in chloride solution occurs with 
an apparent  valence of one. This is due to the stabiliza- 
tion of cuprous ion by complex formation.  Upon passi- 
vation the apparent  valence increases, going through 
a m ax im um  of 1.4 wi th  increasing current  density 
before reaching a l imit ing value  of 1.2. This increase 
in apparent  valence on passivation is due to part  of the 
copper being dissolved in d ivalent  form. 

5. No significant oxygen evolut ion occurred during 
copper dissolution under  all the  exper imenta l  condi- 
tions employed. 

6. The formation of solid anodic dissolution products 
during transpassive dissolution has been demonstrated 
in agreement  wi th  ear l ier  optical observations. Ana l -  
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ysis of the precipitates by x - ray  diffraction has shown 
Cu20 to be the main  consti tuent  produced in potassium 
ni t ra te  and sulfate solutions. Metallic copper, resul t ing 
from disproport ionation of Cu20, is found in acidified 
solutions. In  chloride solutions optical observation in-  
dicated the formation of cuprous chloride films. 

Acknowledgment 
This work was done under  the auspices of the U. S. 

Atomic Energy Commission. 

Manuscript  received May 13, 1970. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1971 
J O U R N A L .  

REFERENCES 
1. D. Landolt,  R. H. Muller, and C. W. Tobias, This 

Journal, 116, 1384 (1969). 
2. K. Kinoshita,  Ph.D. Thesis, Univers i ty  of Cali- 

fornia, Berkeley, UCRL-19051, Sept. 1969. 
3. D. Landolt, R. Acosta, R. H. Muller, and C. W. 

Tobias, This Journal, 117, 839 (1970). 
4. E. Mattson and J. O'M. Bockris, Trans. Faraday 

Soc., 55, 1586 (1959). 
5. A. Hickling and D. Taylor, ibid., 44, 262 (1948). 
6. R. S. Cooper and J. H. Bartlett ,  This Journal, 105, 

109 (1958). 
7. F. H. Giles and J. H. Bartlett ,  ibid., 108, 266 (1961). 
8. M. Pourbaix,  "Atlas of Electrochemical Equil ibr ia  

in Aqueous Solutions," p. 384, Pergamon Press, 
New York (1966). 

9. A. I. Vogel, "A Textbook of Quant i ta t ive  Inorganic 
Analysis  Including Elementary  Ins t rumenta l  
Analysis," 3rd ed., John Wiley & Sons, Inc., 
New York (1961). 

10. H. Lal and H. R. Thirsk, J. Chem. Soc., 1953, 2638. 
11. U. R. Evans, "Corrosion and Oxidation of Metals," 

Arnold, London (1960). 
12. I. A. Menzies and A. F. Averill ,  Electrochim. Acta, 

13, 807 (1968). 
13. M. E. S t raumanis  and Y. Wang, Corrosion, 22, 132 

(1966). 
14. M. E. Straumanis ,  J. L. Reed, and W. J. James, 

This Journal, 114, 885 (1967). 
15. M. E. S t raumanis  and B. K. Bhatia, ibid., 110, 357 

(1963). 
16. W. J. James, M. E. Straumanis ,  and J. W. Johnson, 

Corrosion, 23, 15 (1967). 
17. W. U. Malik, S. M. F. Rahman,  and S. A. All, 

Z. anorg, u. allgem. Chem., 299, 322 (1959). 
18. W. U. Malik, S. M. F. Rahman,  and S. A. All, ibid., 

301, 220 (1959). 
19. G. Just  and R. Landsberg, Electrochim. Acta, 9, 

817 (1964). 
20. R. S. Cooper, This Journal, 103, 307 (1956). 
21. D. Miller, J. Phys. Chem., 13, 256 (1909). 
22. H. W. Gillett, ibid., 13, 332 (1909). 
23. A. G. Arend, Paint Tech., 13, 265 (1948). 
24. Int. Crit. Tables 4, 222, McGraw-Hil l  (1928). 
25. W. J. Muller and L. Holleck, M~onatsh. Chem., 52, 

409 (1929). 

Comparative Activity of (111), (100), (110), 
and Polycrystalline Platinum Electrodes 

in H2-Saturated 1M H S04 under Potentiostatic Control 
Sigmund Schuldiner,* Murray Rosen, *~ and David R. Flinn *l 

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

ABSTRACT 

Potentiostatic measurements  of the three principle faces of oriented single 
Pt  crystals and polycrystal l ine Pt  showed some interest ing comparisons. True 
areas are based on Pt  atom densities, and under  the electrochemical t rea t -  
ment  used, no changes in these areas were found once the ini t ial  surface 
cleaning was completed. The hydrogen overvoltage was independent  of 
crystal orientat ion or other metal lurgical  factors; however, the passivation of 
the hydrogen oxidation reaction and the oxygen generat ion reactions were 
different for each single crystal or ientat ion with a large difference between 
these faces and a polycrystal l ine bead electrode. Steady-sta te  relations be-  
tween potential  and amounts  of associated H atoms and number  of sites avail-  
able for coverage with O atoms were determined also. These steady-state 
values are general ly less than the comparat ive amounts  found under  t rans ient  
conditions. Oxygen evolution on the Pt  faces was not observed below a po- 
tential  of 1.8V. It appears that  grain boundaries,  stress, and impur i ty  inclu-  
sions may have more effect in determining the catalytic activity for some 
reactions than does the actual atomic density or geometry of Pt  atoms. 

Although there have been numerous  investigations 
of the hydrogen reaction on polycrystal l ine Pt  elec- 
trodes and of the potentiostatic behavior  of Pt  in H2- 
saturated solutions, our knowledge of the effects of the 
geometry of Pt  atoms on such behavior is very limited. 
Using the voltage sweep method, Will  (1) studied the 
relationship between hydrogen adsorption and po- 
tent ial  on single Pt  crystals of (111), (100), and  (110) 
orientations. 

Our approach was to conduct a comparative invest i -  
gation of polycrystal]ine Pt  with Pt  single crystal ori- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 N a t i o n a l  A c a d e m y  of  S c i e n c e s - N a t i o n a l  R e s e a r c h  Counc i l  P o s t -  

doc to ra l  R e s e a r c h  A s s o c i a t e s  a t  N R L .  
K e y  w o r d s :  o v e r v o l t a g e ,  a d s o r p t i o n ,  ca t a ly s i s ,  a t o m  g e o m e t r y ,  

d e r m a s o r p t i o n .  

entations with respect to reactivi ty for s teady-state  
hydrogen generation, hydrogen oxidation, and oxygen 
generat ion reactions. In  addition, s teady-state relations 
between surface coverage with potent ial  were deter-  
mined, both in the presence and absence of derma-  
sorbed oxygen. 

Experimental 
The high-puri ty ,  gas-t ight electrochemical system, 

the exper imental  conditions, and the method of mea-  
surement  were the same as used in ref. (2). Three 
single crystal Pt  electrodes with orientations (111), 
(100), and (110) were in the cell. A fourth Pt  elec- 
trode, polycrystal l ine bead, similar to previous ones 
(2), was substi tuted for one of the single crystal  elec- 
trodes to confirm that  the exper imenta l  conditions 
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