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ABSTRACT 

The deposition process of cobalt from cobalt(II) thiocyanate solution in N,N-dimethylformamide (DMF) with the addi- 
tion of C1- ions has been investigated. In Co(NCS)2 DMF solution, cobalt(II) ions exist in the form of [CoNCS(DMF)5] § and 
[Co(NCS)4] 2- and the former is the main electroactive species for the deposition of cobalt, The mechanism of the deposi- 
tion of cobalt from Co(NCS)2 DMF solutions is via under electron-transfer/mass-transfer control. As C1- ions are added, C1- 
ions act as a competi t ive ligand substitute for NCS- ions within [CoNCS(DMF)5] § which leads to the decrease of the 
[CoNCS(DMF)5] + concentration, thus inhibiting the deposition process of cobalt. The deposition of cobalt in nonaqueous 
solutions greatly depends on the nature of metal ion complexes with anions in the solution. Anions which act as competi- 
tive ligands participate in the complexation equilibria in nonaqueous solution and directly influence the form and the con- 
centration of the electroactive complex species. In conclusion, the effect of anions added in the deposition of metal in non- 
aqueous solution greatly depends on the nature of metal ion complexes and is much greater than the one in aqueous 
solutions. 

In our previous work on the electrodeposition of co- 
balt(II) chloride in N,N-dimethylformamide (DMF) solu- 
tion (1), it was found that chloride ions have a significant 
effect on the rate of deposition of cobalt from cobalt(II) 
chloride in DMF solution. In the presence of chloride ions, 
DMF molecules within the octahedral [Co(DMF)6) 2+ sol- 
vents are successively replaced by C1- ions to form various 
coordination complexes.  The ionization equilibria of co- 
balt(II) chloride in DMF and the stability of the cobalt(II) 
chloride complexes have been extensively studied (2-8). 
However, the electrolytic properties of the solution are 
controlled by the complex [Co(DMF)6] 2+ �9 2[CoC13(DMF)]- 
(4). Deposition of cobalt from COC12 in DMF proceeds 
mainly through the electroreduction of [CoC13(DMF)]- (1) 

[CoC13(DMF)] + 2e = Co + DMF + 3C1- [1] 

It has been shown (1) that the accumulation of the chloride 
ions formed at the electrode surface could considerably in- 
crease the concentration of [CoCI(DMF)~) + through the 
substitution reaction 

[Co(DMF)6] 2§ + C1- = [CoCI(DMF)5] § + DMF [2] 

Thus, the deposition process also occurs via a single two- 
electron step for electroreduction of [CoCI(DMF)5] § 

[CoCI(DMF)5] § + 2e = Co + C1- + 5DMF [3] 

This has been confirmed by the occurrence of the cathodic 
peak on the reverse scans during cyclic voltammetric 
experiments  in COC12 solutions in DMF (1). Therefore, in 
DMF the electroactive components  are mainly 
[CoC13(DMF)]- and [CoCI(DMF)5] § even though the initial 
concentration of [CoCI(DMF)5] ~ is very low. This is due to 
the very low formation constant for [CoCI(DMF)5] § (log ~ = 
3.5), as compared to that for [CoCla(DMF)] (log ~ = 11) (4). 
The exchange between the cobalt(II) chloride complexes 
could simultaneously take place at the electrode surface 
due to the constant change of the chloride ions during the 
deposition process (see reactions [1]-[3]. Also, when the 
concentration ratio of C1- to cobalt(II) is much higher than 
2, cobalt(II) chloride is present as [CoCI(DMF)5)* , 
[CoCI2(DMF)2], [CoCI3(DMF)]-, and [COC14] 2- in DMF (5). 

Since the thiocyanate ion is a strong ligand, the influ- 
ence of the donor number  of the solvent on the stabilities 
of the complex ions will therefore be small. Indeed, as 
shown in (6), cobalt(II) ions in DMF solution of cobalt(II) 
thiocyanate exist in the form of [CoNCS(DMF)~] § and 
[Co(NCS)4] 2- complexes.  The formation constants are log 
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~1 = 4.5 and log ~4 = 12.2, respectively. The high stability of 
the tetrahedral [Co(NCS)4] 2 complex leads to the forma- 
tion of 2[CoNCS(DMF)5] + - [Co(NCS)4] 2 complex electro- 
lytes in solutions of Co(NCS)2 in DMF. 

Since it seems that the formation of the electroactive 
chloro complexes of cobalt(II) in DMF is also dependent  
on the concentration ratio of C1- to cobalt(II), it would be 
interesting to study the effect of chloride ions in DMF sol- 
vent on the electrodeposition of cobalt(II) and to study the 
electrochemical behavior of various kinds of cobalt(II) 
complexes in DMF solutions. In addition, such studies will 
highlight the differences between the deposition of metals 
in nonaqueous and aqueous solution. In the present paper, 
the effect of chloride ions on the electrodeposition of co- 
balt(II) in DMF solution will be studied by changing the 
concentration ratio of chloride ions to cobalt(II) ions in the 
solution by adding anhydrous LiC1 to a base solution of 
0.1M Co(SCN)2 + 0.5M LiC104 in DMF. 

Experimental 
Nickel rod with a surface area of 0.283 cm 2 with the cy- 

lindrical side enclosed with PTFE'was  used as a working 
electrode. Cobalt foil (99.5%, supplied by Cobalt Develop- 
ment  Institute) was used as the counterelectrode. An 
aqueous saturated calomel electrode (SCE) was used as 
the reference electrode which was connected to the cell 
with an agar-agar bridge. The electrochemical cell setup 
and the pretreatments of the working, counter, and refer- 
ence electrodes were the same as in a previous paper (1). 

All the chemicals used, LiC1 (Aldrich), Co(SCN)2 (BDH), 
and LiC104 (BDH), were anhydrous analytical grade. DMF 
was obtained from a commercial  source (99%, Aldrich) and 
was not treated further. 

The measurements  were carried out using a rotating 
nickel disk electrode at room temperature. Cyclic voltam- 
merry was generally started from a potential of -0.42 V (vs. 
SCE) and the potential was swept in the cathodic direction 
initially. For potentiostatic current-time transient meas- 
urements,  the pulse potential was also started from 
-0.42 V. Additional details of the electrochemical tech- 
niques used were described elsewhere (1). 

UV absorption spectra of the solutions were measured 
with a Phillips MPS-2000 spectrophotometer  equipped 
with a PC-980IVM computer  which recorded data at 2 nm 
intervals over the wavelength range 400-800 nm using a sil- 
icon dioxide glass cell with a pathlength of 1 cm. DMF sol- 
vent  was used as the background. A Model 4070 conductiv- 
ity meter  (Jenway, Limited, England) was used to measure 
the electrical conductivity of the solution. 
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Results and Discussion 
Physical chemistry properties of the soIutions.--Figure 1 

s h o w s  t h e  v i s ib l e  a b s o r p t i o n  s pec t r a  of  a ser ies  of  D M F  so- 
l u t i o ns  of  3 �9 10-3/I//Co(NCS)2 + 1.5 �9 10-2M LiC104 w i t h  vari-  
ous  a m o u n t s  of  LiC1 (0-3 �9 10-2M). T h e  s pec t r a  of  t he  3 - 
10-3M Co(NCS)2 + 1.5- 10-2M LiCIO4 so lu t i on  in  D M F  wi th-  
ou t  a n y  LiC1 cons i s t s  of  two  b a n d s  w i t h  m a x i m a  at  588 n m  
( s h o u l d e r  peak ,  p e a k  I) a n d  624.8 n m  (peak  II). T h e  charac-  
t e r i s t i c s  of  t h i s  s p e c t r a  are  t h e  s a m e  as t h e  one  o b s e r v e d  in 
Co(NCS)2 s o l u t i o n s  in  D M F  (6). T h e  b a n d  pos i t ion ,  con-  
tour ,  a n d  h i g h  i n t e n s i t y  are  t yp i ca l  of  cobal t ( I I )  in  a te- 
t r a h e d r a l  e n v i r o n m e n t  (4, 9). T h e  o c t a h e d r a l  c o m p l e x  
[CoNCS(DMF)5] + c o u l d  also b e  f o r m e d  w i t h  re la t ive ly  low 
a b s o r p t i v i t y  a n d  neg l ig ib l e  ef fec t  o n  t h e  m e a s u r e d  spec-  
t r u m  d u e  to t he  t h i o c y a n a t e  c o m p l e x  of  cobalt(II) .  Th i s  is 
i n d i c a t e d  b y  t h e  re la t ive ly  low f o r m a t i o n  c o n s t a n t  for  com-  
p l ex  [CoNCS(DIvIF)5] + (log ~ = 4.5) in  t h e  Co(NCS)2 D M F  
so lu t i ons  (6). F u r t h e r m o r e ,  t h i s  also s h o w s  t h a t  LiC104 
on ly  f u n c t i o n s  as  t h e  s u p p o r t i n g  e l ec t ro ly te  in  th i s  case.  

Wi th  t h e  a d d i t i o n  of  LiC1 to 3 - 10-3M Co(NCS)2 + 1.5 �9 
10-2M LiC104 so lu t i on  in  DMF,  t he  b a n d  i n t e n s i t y  in- 
c reases  a n d  m o r e  s igni f icant ly ,  t h e  b a n d  pos i t i on  shi f t s  
pos i t ive ly .  Th i s  i n d i c a t e s  t h e  f o r m a t i o n  of  d i f f e ren t  ab-  
s o r b i n g  spec ies  d u e  to t he  a d d i t i o n  of  ch lo r ide  ions.  W h e n  
t h e  c o n c e n t r a t i o n  of  LiC1 is h i g h e r  t h a n  0.015M, s ign i f i can t  
c h a n g e s  in  t h e  s p e c t r a  of  t he  so lu t i on  occur ,  d e v e l o p i n g  a 
n e w  m a x i m u m  at  670.9 n m  a c c o m p a n i e d  b y  t he  d isap-  
p e a r a n c e  of  t h e  p e a k  at  588 nm .  T h e  b a n d  pos i t i ons  of  the  
s p e c t r a  are  qu i t e  c lose  to t h e  one  o b s e r v e d  in t h e  case  of  
CoC12 s o l u t i o n s  in  D M F  (4), i n d i c a t i n g  t he  f o r m a t i o n  of  t he  
t e t r a h e d r a l  c h l o r 0 - c o m p l e x ,  [CoC13(DMF)] , in  t h e  
Co(NCS)2-LiC10-LiC1-DMF sys tem.  T h e  f o r m a t i o n  of  co- 
bal t ( I I )  c h l o r i d e  c o m p l e x e s  of  [CoC13(DMF)]- a n d  
[CoCI(DMF)~] + ha s  b e e n  r e p o r t e d  in t h e  Co(C10)2-Et4NC1- 
D M F  s y s t e m  w h e n  t h e  C1-/Co 2§ ra t io  was  less  t h a n  2 (5). 
T h e  c o o r d i n a t i o n  s t r e n g t h  of  a n i o n s  as  c o m p e t i t i v e  l i gands  
in  d e s c e n d i n g  o rde r  is as fo l lows (2) 

N C S - > C 1  > C 1 O C  

T h e  a b o v e  r e su l t s  s u g g e s t  t h a t  [Co(NCS)4] 2- is t he  m o s t  sta- 
b le  c o m p l e x  spec ies  in  t h e  so lu t ion .  However ,  t h e  co- 
bal t ( I I )  ch lo r ide  c o m p l e x ,  [CoC13(DMF)]-, c an  also b e  
f o r m e d  as t h e  r e s u l t  of  C1- ions,  t h o u g h  t he  c o n c e n t r a t i o n  
cou ld  b e  v e r y  l ow  a n d  is l a rge ly  d e p e n d e n t  on  t h e  
C1-/(NCS) ratio.  T h e  equ i l i b r i a  b e t w e e n  c o m p l e x e s  m a y  
b e  e s t a b l i s h e d  as fo l lows 

[CoNCS(DMF)5] + + 3C1- 

= [CoC13(DMF)]- + N C S -  + 4 D M F  [4] 

[CoNCS(DMF)~] + + 3 N C S -  = [Co(NCS)4] 2- + 5DMF [5] 

T h e  a b o v e  c o n c l u s i o n  is also s u p p o r t e d  by  t h e  c h a n g e  in 
c o n d u c t i v i t y  of  t h e  so lu t i ons  w i t h  t h e  v a r y i n g  c o n c e n t r a -  
t i on  of  C1- ion  a d d e d  to 0.1M Co(NCS)2 + 0.5M L iC1Q solu- 
t i on  in  D M F  (Fig. 2). T h e  c o n d u c t i v i t y  was  d e t e r m i n e d  b y  
a d d i n g  LiC1 to a f ixed  v o l u m e  of  0.1M Co(NCS)2 + 0.5M 
LiC104 D M F  so lu t ion .  As  s h o w n  in  Fig. 2, t he  c o n d u c t i v i t y  
of  t h e  so lu t i ons  i n c r e a s e s  as t h e  C1- ion  c o n c e n t r a t i o n  is in- 
c reased ,  b u t  d e c r e a s e s  a f te r  t h e  c o n c e n t r a t i o n  of C1- ion  
r e a c h e s  0.5M. T h e  i n c r e a s e  in  c o n d u c t i v i t y  is due  to t h e  in- 
c r ease  of  t h e  c o n c e n t r a t i o n  of  t h e  ionic  spec ies  in  t h e  solu- 
t i on  s u c h  as C1- ions.  W h e n  t h e  c o n c e n t r a t i o n  of  C1 
r e a c h e s  0.5M, r e a c t i o n s  [4] a n d  [5] cou ld  b e c o m e  signifi- 
cant .  Th i s  l eads  to  t h e  d e c r e a s e  in  t h e  c o n c e n t r a t i o n  of  
n o n c o o r d i n a t e d  ion ic  species .  Also,  t h e  c o n c e n t r a t i o n  of  
c o m p l e x  spec ies  s u c h  as 2[CoNCS(DMF)5] + . [Co(NCS)4] 2- 
a n d  2[CoC13(DMF)]- �9 [Co(DMF)6] 2+ c o u l d  b e  s ign i f i can t ly  
inc reased .  T h e  ionic  s t r e n g t h  of  t h e  so lu t ion  is d e c r e a s e d  
a n d  t h e r e f o r e  r e su l t s  in  t he  d e c r e a s e  of  t h e  ion c o n c e n t r a -  
t i o n  in  t h e  so lu t ion .  There fo re ,  t he  c o n d u c t i v i t y  of  t he  so- 
l u t i o n  is r e d u c e d .  

A c c o r d i n g  to t h e  a b o v e  d i s cus s ions ,  i t  m a y  b e  c o n c l u d e d  
tha t :  (i) [CoC13(DMF) ] c o m p l e x  spec i e s  is f o r m e d  w h e n  
C F  ions  are  a d d e d  to Co(NCS)2 so lu t i on  in  DMF;  a n d  (it) 
as t h e  c o n c e n t r a t i o n  of  C1- ions  i n c r e a s e s  in  cobal t ( I I )  
t h i o c y a n a t e  D M F  so lu t ion ,  t h e  c o n c e n t r a t i o n  of  

A 3"10-3M Co(NCS)2 + 1.5"10-2~Ls . . 
,+ ~ 

,' , 6 .  7 
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Fig. 1. Absorption spectra of 3 �9 10-3M Co(NCS)2 + 1.5- 10-2M Li- 
C104 added LiCI solutions in DMF at 20~ The concentrations of LiCI 
are listed in the figure. 

[CoNCS(DMF)5]+ decreases ,  b u t  t h e  c o n c e n t r a t i o n s  of  
[CoC13(DMF)]- a n d  [Co(NCS)4] 2- increase .  

Mechanism for the deposition of cobalt from Co(NCS)2 
DMF solutions.--Figure 3 s h o w s  t h e  cycl ic  v o l t a m m o -  
g r a m s  for  t h e  d e p o s i t i o n  of  c o b a l t  on  a n i cke l  d i sk  elec- 
t r o d e  o b t a i n e d  u s i n g  d i f f e ren t  c a t h o d i c  r eve r se  po t en t i a l s  
a t  a s c a n  ra t e  of  10 mV/s  in  a 0.1M Co(NCS)2 + 0.5M LiC104 
D M F  solu t ion .  T h e  e l ec t rode  was  no t  ro ta ted .  T h e r e  is vir-  
tua l ly  no  c a t h o d i c  c u r r e n t  on  t h e  fo rward  s cans  un t i l  t h e  
o n s e t  o f  t h e  n u c l e a t i o n  of  c o b a l t  ions  ( -  1.84 V) a n d  a r ap id  
r i se  of  c u r r e n t  o n  t h e  fo rwa rd  s c a n s  once  t he  n u c l e a t i o n  
beg ins .  C r o s s o v e r  b e t w e e n  t h e  c a t h o d i c  a n d  a n o d i c  cur-  
r e n t  on  t h e  r eve r s e  s c a n s  a lso occu r s  as was  o b s e r v e d  in  
t h e  d e p o s i t i o n  of  c o b a l t  f r om D M F  a n d  a q u e o u s  so lu t ions  
of  COC12 (1, 10). T h e s e  f ea tu r e s  s h o w  typ ica l  cha rac t e r i s t i c s  
of  a m e c h a n i s m  of  n u c l e a t i o n  a n d  t h r e e - d i m e n s i o n a l  crys-  
ta l  g r o w t h  (11, 12). I t  is also s e e n  f rom Fig. 3 t h a t  t he  
c r o s s o v e r  p o t e n t i a l  sh i f t s  s l igh t ly  to  t he  ca thod i c  s ide  as 
t he  r eve r s e  p o t e n t i a l  c h a n g e s  ca thod ica l ly .  S u c h  a c h a n g e  
in  t h e  c r o s s o v e r  p o t e n t i a l  w i t h  t he  p o t e n t i a l  of  r eve r sa l  
was  also o b s e r v e d  in  t h e  d e p o s i t i o n  of  m e r c u r y  in a q u e o u s  
so lu t i ons  (12). Th i s  is due  to t h e  d e c r e a s e  of  t he  sur face  
c o n c e n t r a t i o n  of  t h e  r e a c t a n t  a n d  t h e  d e p o s i t i o n  r eac t ions  
are  m a i n l y  c o n t r o l l e d  b y  t h e  m a s s - t r a n s f e r  p roces s  (12). 
Howeve r ,  t h e r e  are  s o m e  bas ic  d i f f e rences  for  t he  depos i -  
t i on  of  coba l t  in  D M F  so lu t i ons  of  Co(NCS)2 a n d  COC12. In  
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Fig. 2. Plot of the conductance as a function of the concentration of 
LiCI added to O. 1M Co(NCS)2 + 0.5M/iCIO4 solution in DMF at 20~ 
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Fig. 3. Cyclic voltammograms obtained by changing the cathodic re- 
verse potential at a scan rate of 10 mV/s in a O.]M Co(NCS)z + O.5M 
LiCI04 DMF solution. The position of the reverse potential is indicated 
by the arrows. 

the case of the latter, a shoulder peak occurs on the reverse 
scans. This shoulder peak has been attributed to the elec- 
troreduction of [CoCI(DMF)5] + in CoCI~ solutions in DMF 
(1). The crossover potential shifts anodically as the reverse 
potential changes in the cathodic side in the case of CoClz 
DMF solution. This is largely due to the catalytic effect of 
the C1- ions accumulated at the electrode surface on the re- 
duction of electroactive species [CoCI~(DMF)]- and 
[CoCI(DMF)5] + (1). 

The onset potential for the nucleation of cobalt ions from 
Co(NCS)2 DMF solutions is depressed to about -1.84 V, 
which is much lower than the one for electrodeposition of 
cobalt in CoC12 DMF system (-1.16 V) (1). One of the rea- 
sons could be due to the relatively low concentration of the 
electroactive species. As shown in Fig. 3, there are two lim- 
iting reduction current plateaus for the deposition of co- 
balt from Co(NCS)2 DMF solution, indicating the existence 
of two different electroactive species. It seems most likely 
that the electrodeposition of cobalt is at first through the 
reduction of [CoNCS(DMF)5] § which has much lower for- 
mation constant (log ~ = 4.5) compared to that of 
[Co(NCS)4] 2 (log ~ = 12.2) (6). It is known that the change 
of the potential from the equil ibrium is dependent  on the 
formation constant ~ of the complex. The standard equi- 
l ibrium potential for [Co(NCS)~] ~- is therefore lower than 
that of [CoNCS(DMF)s] +. This could imply that the second 
limiting current plateau is largely due to the reduction of 
[Co(NCS)~] 2- at lower cathodic potential. The occurrence of 
the limiting reduction currents also confirms the impor- 
tance of the mass-transfer process in the deposition of co- 
balt from Co(NCS)e DMF solution. On the other hand, for 
cyclic vol tammograms measured in a 0.1M Co(NCS)z + 
0.5M LiC10~ DMF solution in the potential range of 
-2.20 to 0 V at a scan rate of 20 mV/s, the cathodic current 
measured at -2.2 V increases with an increase in the rota- 
tion rate of the electrode (Fig. 4). When the rotation rate in- 
creases above 5 Hz, the cathodic current becomes inde- 
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Fig. 4.  Effect of  rotation rate of  the e lec trode  on the cathodic current 
measured at - 2 . 2  V on cyclic voltammograms obtained from a 0 . ]M 
Co(NCS)2 + O.5M LiCI04 DMF solution at a scan rate of 20 mV/s. 
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Fig. 5. Cyclic voltammograms for the deposition of cobalt from O.IM 
Co(NCS)z + O.SM LiCI04 DMF solution measured at different scan 
rates. 

pendent  of the rotation rate. This also indicates that the 
deposition of cobalt from Co(NCS)2 DMF solution is under 
electron transfer and mass-transfer control. 

Figure 5 contains the cyclic vol tammograms for the dep- 
osition of cobalt from a 0.1M Co(NCS)2 § 0.5M LiC104 DMF 
solution using different scan rates. During the forward 
scan the cathodic current sharply increases once nucle- 
ation begins, reflecting the increase in nuclei density. As 
the potential sweeps further to the cathodic side, the cor- 
responding cathodic current increases slowly and this 
could be related to the crystal growth in the deposition 
process. Nevertheless, the cathodic current increases as 
the scan rate increases. In the case of either a reversible or 
irreversible electrode reaction, the current at any potential 
in the linear voltammetric  sweep is proportional to the 
concentration of reactant, C, and the square root of scan 
rate, v lj2, if the mechanism for the electrode process only 
involves electron-transfer or mass-transfer processes (13). 
Figure 6 shows the plots of the cathodic currents meas- 
ured at -2.2 V v s .  scan rates in 0.1M Co(NCS)2 + 0.5M 
LiC104 DMF solutions with and without the addition of 
0.01M LiC1. The cyclic voltammetric curves were deter- 
mined in a potential range of -0.42 and -2.2 V and the 
electrode was not rotated. It can be seen that a linear rela- 
tionship exists between the cathodic current and v 1/2. In 
contrast, no such linear relationship between the cathodic 
current and v 1/2 was observed in the case of COC12 DMF so- 
lutions (1). This has been explained by the involvement of 
a catalytic process of C1- ions accumulated at the electrode 
surface, which significantly increases the concentration of 
electroactive species (reactions [2]-[3]). Consequently, the 
existence of the linear relationship between the cathodic 
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Fig. 6. Plots of the cathodic current measured at - 2 . 2  V against the 
square root of scan rate. The cyclic voltammetric curves were obtained 
in O.]M Co(NCS)z + O.5M LICI04 DMF solutions with and without the 
addition of O.OIM LiCI. 
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current and v t]2 in turn confirms that the deposition of co- 
balt from Co(NCS)2 DMF solution does not involve the 
catalysis mechanism as in the case of deposition of COC12 
DMF solutions (1), irrespective of the addition of chloride 
ions. 

The mechanism for the deposition of cobalt from 
Co(NCS)2 DMF solutions is not the same as ones for the 
deposition of cobalt from COC12 DMF solution, i.e., the ef- 
fect of NCS- ions on the deposition of cobalt is not the 
same as the C1- ions. The reason may be the existence of 
cobalt(II) complexes with competi t ive ligands contribut- 
ing to the formation of the electroactive complexes in the 
deposition of cobalt. In Co(NCS)2 DMF solutions, the 
NCS- ions produced at the electrode surface would mainly 
lead to the formation of more stable [Co(NCS)4] 2- complex, 
which is less electrochemically active than 
[CoNCS(DMF)5] +. Therefore, the thiocyanate ions accumu- 
lated at the electrode surface mainly due to the reduction 
of electroactive species, [CoNCS(DMF)5] +, has little cata- 
lytic effect on the deposition process. The deposition of co- 
b a r  from Co(NCS)~ DMF solution involves a mechanism 
of nucleation and crystal growth under electron-transfer 
and mass-transfer control, which is the same as in the dep- 
osition of cobalt chloride in aqueous solution (10). 

Effect o f  Cl- ions as a compet i t ive  l igand.- -Figure  7 com- 
pares the cyclic vol tammograms for the deposition of co- 
balt at a scan rate of 10 mV/s in the DMF solutions of 0.1M 
Co(NCS)2 + 0.5M LiC104, 0.1M Co(NCS)~ + 0.5M LiC104 + 
1M LiC1 and 0.1M CoC12 + 0.5M LiC104. In 0.1M CoC12 + 
0.5M LiC104 solution, there is a cathodic peak at - 1.42 V on 
the reverse scan which most  probably corresponds to the 
reduction of [CoCI(DMF)5] + (reaction [3]) (1). On the other 
hand, there is no cathodic peak in the other two solutions 
on the reverse scans. This result is in agreement  with the 
UV spectroscopy data (Fig. 1) that also indicates that the 
addition of C1- to Co(NCS)2 does not produce the 
[CoCI(DMF)5] + complex. However, upon addition of 1M 
LiC1 to 0.1M Co(NCS)~ + 0.5M LiC104 DMF solution, the 
onset potential for the deposition of cobalt is depressed in 
the cathodic direction, as compared to the one without ad- 
dition of LiC1, which demonstrates the inhibiting effect of 
the C1- anions. 

The competi t ive effect of chloride anions on the deposi- 
tion of cobalt in cobalt(II) thiocyanate is also shown by 
plotting the nucleation potential vs. the cathodic current 
measured at -2.2 V from cyclic vol tammograms as a func- 
tion of LiC] concentration (Fig. 8). The voltammetric meas- 
urements  were carried out at scan rate of 20 mV/s in 0.1M 
Co(NCS)2 + 0.5M LiC10~ DMF solution (the base solution) 
with several concentrations of LiC1. For the purpose of 
comparison, the same experiments  were also performed in 
0.1M CoC12 + 0.5M LiC104 DMF solution with addition of 
various concentrations of LiC1. The results are also shown 
in the figure. The nucleation potential and the cathodic 
current measured at a potential lower than the nucleation 
potential can reflect the difficulties of the nucleation and 
the rate of crystal growth for the deposition of cobalt in a 
DMF solution. In the base solution, it is worth noting that 

0,0 

0.4 

-- ~: ~--- ---- ?..-:--- 

, -yt f  
I /  I i+ . . . .  : 

- ',, 

I I ~ "'" 
i I ;J 
v . . . .  : - :  - o  . . . . . . . .  

...... O.IM CoCl 2 + 0.5~ LiClO 4 

-I I I i J I ] 
- 2 . 4  - 2 . 0  - 1 . 6  - 1 , 2  - 0 , 8  - 0 . 4  0 . 0  

P o ~ e a $ i a l ,  Y VS. SeE 

Fig. 7. Cyclic voltammograms for the deposition of cobalt from vari- 
ous cobalt(ll) DMF solutions measured at a scan rate of 10 mV/s. 
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Fig. 8. Plots of the cathodic current measured at - 2 . 2  V and the po- 
tential of nucleation against the square root of LiCI concentration 
added to 0.1M Co(NCS)2 + 0.bM LiCI04 ( ) and O.IM CoC12 + 
0.bM LICI04 ( . . . .  ). Scan rate = 20 mV/s. 

the potential of nucleation shifts negatively and the ca- 
thodic current decreases as the concentration of C1- in- 
creases (solid curve in Fig. 8). This demonstrates the inhib- 
iting effect of C1- anions on the deposition of cobalt from 
Co(NCS)2 DMF solution. However, such electrochemical 
behavior is quite different from the one observed in the 
CoCI2 DMF solution. In 0.1M COC12 + 0.5M LiC104 DMF so- 
lutions, the nucleation potential is independent  of the C1- 
concentration and cathodic current increases as the con- 
centration of chloride anions increases (dotted curves in 
Fig. 8). This again confirms that the deposition of cobalt in 
COC12 occurs mainly through the electroreduction of 
[CoC13(DMF)]- and the catalytic effect of C1- anions, which 
significantly enhances the rate of the deposition process 
via reduction of [CoCI(DMF)~] + (reactions [1]-[3]). The dif- 
ference could be due to the fact that C1- anions added to 
Co(NCS)2 solution would reduce the concentration of 
[CoNCS(DMF)5] § through reaction [4]. Therefore, it sems 
more likely that the [CoNCS(DMF)~] § complex is the main 
electroactive species for the deposition of cobalt in 
Co(NCS)2 DMF solution 

[CoNCS(DMF)~] § + 2e = Co + NCS- + 5DMF [6] 

However, the reduction of the most stable species, 
[Co(NCS)4] 2-, takes place at more cathodic potential as 
compared to that for the electroactive species 
[CoNCS(DMF)5] § Therefore, the free NCS- ions produced 
on the electrode surface have no catalytic effect on the 
deposition process, unlike C1- ions in COC12 DMF systems 
(1). 

The results shown so far indicate that the deposition of 
cobalt in nonaqueous solutions depends on the existence 
of cobalt(II) complexes with competi t ive ligands. In a 

+ Co(NCS)2 DMF solution, [CoNCS(DMF)5] is the main elec- 
troactive species even though [Co(NCS)4] 2~ is the most sta- 
ble complex component.  The NCS anions released from 
the reduction of [CoNCS(DMF)5] + (reaction [6]) have no sig- 
nificant catalytic effect similar to that of the C1- anions for 
the deposition of cobalt ]n COC12 DMF solution (1). The role 
of chloride anions in different cobalt solutions in DMF are 
summarized in Table I. The complex, [Co(DMF)6] 2§ exists 
in COC12 solution, but  not in Co(NCS)2 solutions, regardless 
of whether  C1- is present or not. This demonstrates the 
greater coordination strength of thioeyanate ions com- 
pared to chloride ions. Although [Co(DMF)~] 2+ is not an 
electroactive species, the existence of the octahedral com- 
plex, [Co(DMF)6] 2+, could influence the catalytic function 
of the anions. Such a complex would be the source of the 
electroactive species through the substitute reaction of 
chloride ions (reaction [2]). Thus, the deposition behavior 
of cobalt in nonaqueous solutions depends not only on the 
electroactive complexes, but also on nonelectroactive 
complexes through the complexation equilibria. 

The deposition mechanism of cobalt in Co(NSC)2 DMF 
solutions was also investigated using a pulse potential 
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Table I. Effect of CI- ions for the deposition in various cobalt(ll) DMF solutions. 
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Solution Co(NCS)2 Co(NCS)2 + LiC1 CoC12 
Composition [CoNCS(DMF)~] + [CoNCS(DMF)s] + [Co(DMF)6] 2+ 

[Co(NCS)4] 2- [Co(NCS)+] 2- [CoCI(DMF)s] + 
[CoC13(DMF)] - [CoCls(DMF)]- 

Electroactive species [CoNCS(DMF)5] + [CoNCS(DMF)5] + [CoCI(DMF)s] + 
(CoC13(DMF)] (CoC13(DMF)]- 

Effect of C1- ions Inhibition Inhibition Catalysis 
Mechanism Electron transfer Electron transfer Catalysis 

method. Figure 9 shows potentiostatic current-time trans- 
ients measured at different pulse potentials in a 0.1M 
Co(NCS)2 + 0.5M LiC10+ DMF solution. It demonstrates 
that the cathodic current drops monotonically with time. 
Same current-time transient behavior has been observed 
in COC12 aqueous solutions (14). This implies that the nu- 
cleation and crystal growth process for the deposition of 
cobalt in Co(NCS)2 DMF solutions are controlled by elec- 
tron-transfer and mass-transfer reactions. This result is 
generally in agreement with the cyclic voltammetric be- 
havior of the system. It also indicates that a steady-state 
condition could be achieved when the nickel disk elec- 
trode is almost or fully covered by cobalt crystallites. 
Thus, the interfacial area change caused by the nucleation 
and crystal growth process has little effect on the kinetics 
of the deposition process. This is indicated by the stable 
cathodic current  when the potential becomes more ca- 
thodic. At this stage, the deposition process of cobalt in 
Co(NCS)2 DMF solution is under a mass-transfer process. 
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Fig. 9. Potentiostatic current-time transients from 0.1M Co(NCS)2 + 
0.5M LiCl04 solution in DMF at various pulse potentials. 
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Fig. 10. Potentiostatic current-time transients from 0.1M Co(NCS)2 
+ 0.SM LiCIO4n + 1M LiCI solution in DMF at various pulse poten- 
tials. The dotted curve is performed from 0.1M COCI2 + 0.5M LiCI04 
solution in DMF at pulse potential of - 1.70 V. 

Figure 10 illustrates the effects of C1- ions on the poten- 
tiostatic current-time transients measured in 0.1M 
Co(NCS)2 + 0.5M LiC104 DMF solution (the base solution). 
With the addition of 1M LiC1 to the base solution, the ca- 
thodic current shows a rise with t ime in the initial stages of 
the deposition. Similar behavior has been observed in 
0.1M COC12 + 0.5M LiC104 DMF solution (dotted curve in 
Fig. 10). The transient current response measured in COC12 
DMF solutions is obviously due to the reduction of 
[CoC13(DMF)] complex (1). The indications are that a new 
electroactive species, [CoC13(DMF)]-, is formed as the re- 
sult of adding C]- to 0.1M Co(NCS)2 + 0.5M LiC104 solution 
in DMF. However, it was found that if the concentration of 
C1- ion is below 1M in the base solution, the current-time 
transients are the same as the ones observed in the base so- 
lution without addition of LiC1. The reason could be the 
very low concentration of the [CoC13(DMF)] formed. It 
seems that the formation of [CoC13(DMF)] due to the addi- 
tion of chloride ions in Co(NCS)2 DMF solutions mainly 
depends on the relative C1-/NCS- ion ratio. This again 
demonstrates that the deposition process of cobalt in DMF 
solution depends on the formation of electroactive species 
under the complexation equil ibrium between the competi- 
tive ligands of anions. 

Conclusions 
In cobalt(II) thiocyanate DMF solutions, the cobalt(II) 

ions exist in the form of [CoNCS(DMF)5] § and [Co(NCS)4] ~- 
with octahedral and tetrahedral structures, respectively. 
The most stable species is the [Co(NCS)4] 2- complex. 
However, it has been found that for the electrodeposition 
of cobalt, the electroactive component  is mainly 
[CoNCS(DMF)~] +. It seems that the reduction of 
[Co(NCS)4] 2- occurs at more cathodic potential in respect 
to that for the reduction of [CoNCS(DMF)~] +. The mecha- 
nism for the deposition of cqbalt in Co(NCS)2 DMF solu- 
tions is via under  electron-transfer/mass-transfer control. 

The addition of C1- ions to a Co(NCS)2 DMF solution de- 
creases the concentration of [CoNCS(DMF)5] § and pro- 
duces a chloro-complex with cobalt(II), [CoC13(DMF)]-. 
However, the effect of C1- ions as the competit ive ligand is 
predominantly to decrease the concentration of the elec- 
troactive species, [CoNCS(DMF)5] § This leads to the inhi- 
bition of the nucleation and crystal growth process for the 
deposition of cobalt in the Co(NCS)2 DMF solution. This is 
in contrast with the deposition of cobalt from COC12 DMF 
solutions. In that case, the increase in the concentration of 
the chloride ions at the electrode surface, either by addi- 
tion of C1 or due to the electroreduction of cobalt chloro- 
complexes, will greatly increase the concentration of the 
electroactive species, therefore catalyzing the deposition 
process. 

In general, the electrochemical behavior of metal  elec- 
trodeposition in nonaqueous solution depends on the na- 
ture of metal ion complexes with the anions in the solu- 
tion. That is, it depends not only on the forms of 
electroactive complexes, but  also on the existence of other 
complex species under the complexation equilibrium be- 
tween the competi t ive ligands of anions, which is very dif- 
ferent from the deposition process of metal ions in 
aqueous solutions. 
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ABSTRACT 

Amorphous and crystalline chromium films with varying amounts of nickel and carbon are electrodeposited from the 
chromic acid electrolyte containing formic acid. Auger electron spectroscopy analysis shows an almost homogeneous dis- 
tribution of the alloying elements through the film thickness. When the carbon content within the film is higher than 3.29 
w/o the film is amorphous;  otherwise, it is crystalline. The hardness of the deposits decreases with increasing Ni content. 
The hardening of the amorphous film by annealing at 500~ for 1 h is shown to be related to the uniform distribution of 
submicron a-Cr and (Cr,Ni)23C6 grains within the amorphous matrix. 

Electrodeposited alloys of chromium and Fe, Ni, and Co 
exhibit  good corrosion resistance, high strength and hard- 
ness, and also retain strength at high temperature (1). 
There has been a great deal of research on the develop- 
ment  of a suitable process to electrodeposit  these alloys. 
Cr-Ni alloys were usually deposited from the electrolytes 
containing trivalent chromium and various complexing 
agents (2-4). Hexavalent  chromium electrolytes used for 
Cr-Ni alloys do not seem to yield thick coatings (5). 

A characteristic of electrodeposited films, which differs 
from those films produced by other means, is the extent  to 
which extremely small amounts of chemical agents (often 
organic) can significantly influence the structure and prop- 
erties. It has been known that electrodeposited chromium 
could be hydrides (~-Cr and ~-Cr) (6, 7) or amorphous 
phase (8-10) if formic acid or other certain organics were 
added to the sulfate-catalyzed chromic acid electrolyte or 
the trivalent chromium sulfate solution (11). From the re- 
sults of measurement  of the compositions of the deposits 
including carbon, hydrogen, oxygen, and nitrogen, we pro- 
posed that the carbon interstitials in the deposits, originat- 
ing from the formic acid, play the key role in determining 
the relative stability of ~, ~, and amorphous Cr (12). The 
hardness of the amorphous Cr film can be increased from 
1000 Hv to above 1600 by annealing at 500~ for I h (10, 11). 
This is in contrast to the conventional hard chromium plat- 
ing which softens on heating. With the aid of x-ray diffrac- 
tion (XRD), differential thermal analysis. (DTA), and trans- 
mission electron microscopy (TEM), it has been found that 
the increase of hardness during the heat-treatment was 
due to the crystallization of chromium and its carbides 
(13). 

It has been reported (14) that the glass formation ability 
of Cr-C alloys prepared by the l iquid-quenched method 
can be increased by adding certain alloy elements, such as 
Ni, Fe, or Co. However, the hardness and crystallization 
temperature of these amorphous alloys decrease with in- 
creasing Ni, Fe, and Co contents. Similar results have been 
found by us in electrodeposited Cr-Fe-C ternary alloy films 
(15). 

In this paper we report the preparation of amorphous 
and crystalline Cr films with varying amounts of nickel 
and carbon from the hexavalent  chromium electrolytes 
containing formic acid. The thermal stability of these films 
was analyzed by DTA. The morphology was studied by 
SEM. The microstructure of the as-deposited and annealed 
films were characterized by means of XRD and TEM anal- 
ysis. The effect of microstructure on the hardness of the 
annealed amorphous Cr-Ni-C films is also discussed. 

Experimental Procedure 
The films of Cr-Ni-C alloys were electrodeposited from 

an electrolyte containing 100 g/liter of chromic acid, 100 g/ 
liter of nickel sulfate hexahydrate, 40 g/liter ammonium 
sulfate, and 30 ml/liter of an 85% solution of formic acid at 
a current density of 50 A/dm ~ for 90 min. All the chemicals 
were reagent grade. The water was deionized. The bath 
temperatures were controlled at a range of 30-60~ The 
plating cell was a 500 ml  beaker containing 300 ml of elec- 
trolyte. The anodes were two facing lead-5% antimony alloy 
plates of the dimensions 80 x 50 x 6 mm 3. They were situ- 
ated vertically at the ends of the plating cell. The sub- 
strates were low carbon steel strips of the dimensions 40 x 
10 x 0.2 mm 3 which were located at the center of the cell. 
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