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The solution 0~f the Nernst-Planck equation for the electropolishing of metals is presented. The 
migration and diffusion equations are solved for the cases where the metal ion is transported 
independently of  the anion of  the electrolyte and when ion pairing occurs. It is concluded that under 
polishing conditions, the surface concentration of  acid is decreased by the salt solubility. It is shown 
that this has important  practical consequences for defining the conditions required for electropolish- 
ing and in the selection of  the acid used. 
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concentration of component i at a 
distance X from the electrode surface. 
Subscript i is either M, A or AH, where 
M represents the metal ion M 2+ , A is the 
anion of the acid AH and H is the 
hydrogen ion H + 
bulk concentration of species i 
solubility of the metal salt formed during 
anodic dissolution under the conditions 
prevailing at the electrode surface 
reduced concentration of species i given 
by Ci = C~/C(s) 
diffusion coefficient of species i 
Faraday constant 
F/RT 
current density 
flux of component i. The convention 
used is to consider that the flux is 

1. Introduction 

The electropolishing of metals is a well-established 
industrial process widely employed in the metal finish- 
ing industry. However, the mechanism by which a 
metal surface becomes polished under anodic dissolu- 
tion conditions is not clear. The original work of 
Jacquet [1, 2] indicated that a 'viscous' layer was 
formed on the metal surface during electropolishing. 
The occurrence of mass transfer-controlled dissolu- 
tion appears to be a prerequisite for electropolishing 
[3], although the actual mechanisms for the elimina- 
tion of micro- and macro-irregularities may be dif- 
ferent [4-6]. In particular, the electropolishing of 
metals appears to occur in the transpassive dissolution 
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positive when there is a net flux of i 
away from the electrode 
mass transfer coefficient 
molarity 
gas constant 
absolute temperature 
velocity of the solution in the X direction 
distance from the electrode 
reduced distance from the electrode 

= x16  
charge of species i 
change of concentration between the 
plane at 6 and the electrode surface 
Galvani potential difference between a 
point at X and the plane 6 
distance to the boundary layer; for 
X > 6, infinite convection is considered 
whereas for X < 6 only diffusion and 
migration occurs 

region, but at concentrations of acids so large as to 
mask entirely the active-passive-transpassive transi- 
tions. In fact, the rate of anodic dissolution under 
these conditions appears to be entirely determined by 
mass transfer [7]. This indicates that during elec- 
tropolishing, a salt layer is probably present on the 
electrode surface. In the case of nickel in sulphuric 
acid, an underlayer of oxide or contaminated oxide 
appears to exist, but more recent work on electro- 
polishing in non-aqueous media indicates that elec- 
tropolishing can be carried out in conditions where no 
oxide layer is present, i.e. in the active dissolution 
potential region [7]. 

A central question that needs clarifying to under- 
stand the mechanism of electropolishing is the actual 
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concentration of species at the electrode surface. Elec- 
tropolishing requires high current densities, usually 
greater than 0.1 A cm -2, as well as high acid concen- 
trations. It is very curious that the equilibrium solubil- 
ity of the salts formed is generally very small in the 
media employed. This is the case, for example, for 
nickel in sulphuric acid [7], copper in phosphoric acid 
[8] and iron in methanol-sulphuric acid solutions [9]. 
In the case of nickel in 10 M H2 SO4, the equilibrium 
solubility of NiSO4 is of 0.02 M; this very low surface 
concentration cannot possibly support the high current 
densities observed in electropolishing, and surface 
metal ion salt concentrations in excess of 1 M are 
required to account for the anodic dissolution currents 
required. 

For the Ni-H2SO 4 system the solubility of NiSO4 
decreases sharply for acid concentrations greater than 

7.5 M. Electropolishing requires high current den- 
sities, and therefore it would be expected that the acid 
concentration at the surface will differ from that in the 
bulk. If this were the case, it would be possible to 
understand the apparent contradiction between equi- 
librium solubility and bulk acid concentration. This of 
course is a general problem in electrochemical reac- 
tions occurring under mixed diffusion and migration 
control, and the purpose of this paper is to present the 
solution of the Nernst-Planck equations for the con- 
ditions usually encountered on electrodes operating at 
high current densities. In particular, we wish to cal- 
culate the surface concentration of acid during elec- 
tropolishing so as to be able to analyse some previous 
results of the dependence of the electropolishing of 
nickel on sulphuric acid concentration [7], and to 
predict the conditions prevailing on the surface of a 
material being electropolished. 

2. The diffusion and migration problem 

The model to be considered assumes the presence of a 
boundary layer of thickness 6, such that infinite con- 
vection occurs for distances from the electrode surface 
X > 6, and pure diffusion and migration for X < 6. 
Also, a salt layer is considered to be present at the 
electrode surface in equilibrium with a saturated metal 
ion salt solution (see Fig. 1). This simple approach is 
of use when analysing geometries for which the com- 
plete solution of the Navier-Stokes equation is not 
known, and therefore the calculation of the convective 
terms in the flux equations is not possible. In these 
cases the use of dimensionless relationships can serve 
as a basis for the calculation of the parameter 6 
through the calculation of the Sherwood number for 
the particular flow condition considered [10]. 

For every ionic species i, the complete Nernst- 
Planck equation is given by [11]: 

rd i + 
Ji = --Di l_dX + Z~C~f 

where Ji = flux of ion i, D~ = diffusion coefficient, 
Ci = concentration, Zi = charge number, f = F/RT, 
q5 = inner potential and vx = velocity of the solvent 

in a fixed coordinate system. This relationship is strictly 
valid either in very dilute solutions, or in the presence 
of an excess of base electrolyte, i.e. when the activity 
and the diffusion coefficients are independent of 
concentration. For electropolishing, the solutions 
employed are very concentrated and although the 
activity coefficients will differ considerably from unity, 
media effects are bound to be fairly constant in the 
boundary layer when the saturation concentration 
of the metal salt formed is less than the acid concen- 
tration, which would act in this case as the base 
electrolyte. 

In order to describe completely all the ionic fluxes, 
two further conditions must be satisfied besides the 
Nernst-Planck Equation 1 for each individual ion in 
the system [12]. The net current passing through the 
system,/ ,  must be given by: 

I/F = ~ Z~j~ (2) 

i.e. it is considered that there are no sources or sinks 
of charge in the interfacial region. Also, since the 
system as a whole is electroneutral, the individual 
ionic concentrations are related through 

Y' Z~q(X) = 0 (3) 
For the purpose of the present discussion it will be 
considered that Equation 3 is valid for any value of X. 
Deviations from electroneutrality are small in elec- 
trolyte solutions [13] and can be taken into account by 
the solution of the complete Nernst-Planck-Poisson 
equation [14]. Since the cases that we analyse in the 
present work correspond to fairly concentrated solu- 
tions, the incidence of these space charge effects on the 
diffusion and migration of ions is minimal. Also, since 
we are seeking to solve for the actual concentrations of 
metal salts and electrolyte under anodic dissolution 
conditions, we shall further simplify the problem by 
considering a boundary layer approach, in which case, 
Vx = 0 for 0 > X < 6, where v is the velocity com- 
ponent perpendicular to the electrode surface. In 
general, the values of the velocity profiles for solu- 
tions having turbulent hydrodynamic conditions are 
unknown. In the case of the rotating disc electrode this 
profile is accurately known, but without any loss of 
generality the use of a cut-off approximation is prefer- 
red as a simple and convenient way of comparing the 
results for different flow geometries. The solution of 
the Nernst-Planck equation will depend on the ionic 
equilibria present [15], and for this reason the different 
cases of dissociated and partially associated electrolytes 
will be considered. 

3. The system M2+-A--H + 

We consider the anodic dissolution of a metal M to 
yield the divalent ion M 2+ in the presence of a fully 
dissociated acid AH (for instance, A-  = HSOz,  C1-, 
etc.). In the steady state, the Nernst-Planck equations 
for this system are 

[dC. 
JH = 0 = - Du [_ d X  + f CH ~ (4) 
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[dCA dq~ 1 J A = 0 = -- D A L ---d~- -- f C A -d- ~ 

where for simplicity in the notation, M = M 2+ , 
H = H + and A = A - .  The condition of electroneu- 
trality across the diffusion and migration region is 

2 C M + C  H = C A 

From Equations 4 and 6 

d In CA(X)CH(X)  

dX 
= 0 

and therefore, the product of the concentrations of 
the anion and the hydrogen ion in the diffusion and 
migration layer is constant. At X = 6, CA = CH = C (b) 
where C (b) is the bulk stoichiometric concentration of 
acid and 

CA(X) C . ( X )  = [c~2a] ~ 

To find the concentration profiles of the ionic species, 
the system of Equations 4, 5 and 6 subject to condi- 
tions 2 and 3 must be solved. It is possible to solve the 
system of differential Equations 4-6 in a closed form 
by finding the functional relationship between the 
derivatives dCM/dX and dCH/dX from condition 7 
and the flux Equations 4, 5 and 6. Thus 

I dCH dCM 
2FDM -- 2 ~ + 3 d X  

From Equations 7 and 9 

dCn [ CM + l l dCM 
dX = + 7 s  

The integration of Equation 11 between a point X 
within the diffusion and migration layer and the boun- 

Ib) 
C M 

Fig. I, Schematic diagram of the migration and 
diffusion region of a metal undergoing electro- 
polishing. 6 is the thickness of the diffusion layer. 

dary 6 leads to 
(5) 

I (a  - X)  
= ( C ~ -  C~(X)) 

2FDM 

+ 2 , j c ~ ( x )  2 + (ck~) 2 - 2 , j ( c ~ )  2 + ( c ~ )  2 

(6) (12) 

where C(~ ~ is the bulk concentration of M 2 +. Consider- 
ing the usual case where the bulk concentration of 
metal ion is much smaller than the surface salt concen- 
tration required to sustain the high current densities 

(7) analysed here, the dependence of the concentration of 
M 2+ on distance is given by 

CM(X) 2 I _  ~ ,,~(b) ] 
-- + '~AHJ (8) 3 

+ 5 (C(AbH))2 + 2A(X)C(A~ + (13) 

with 

/ ( a  - x )  A(X) = (14) 
FDM 

(9) From Equation 13, setting X = 0, it can be easily 
seen that the product 16 should be a constant if the 
concentration of M 2+ at X = 0 is also constant, i.e. if 
saturation equilibrium of the solid salt of the metal 
formed at the surface is maintained for different 
hydrodynamic regimes. From Equation 12 we can 
derive the relationship between the current density, 
the bulk acid concentration and the saturation solubil- 
ity C (s) of the metal ion salt MA 2. This is given by 

2FDM _ (C(S)_ 2C~A~) (lO) / = a 

+ 2N/(c(bH))2 + (C(S)) 2 (15) 

Two limiting cases can be considered. When the acid 
(11) concentration is much larger than the saturation solu- 

bility of M 2+ , the current is given by 

I -- 2FDM C(~) (16) 
6 
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which is the usual equation for the trace diffusion case 
[16]. When CAn ~ C (S), then the current is given by 

6 F D r ,  C(~) (17) 
I = 6 

which corresponds to the limiting current for a 2:1 
electrolyte [17]. 

Figure 2 shows the reduced concentration of M 2+ in 
the diffusion layer as a function of the reduced distance 

= X / 6 ,  for different values of the reduced acid 
concentration (CAn = CAH/C(S)). As can be seen, the 
influence of simultaneous diffusion and migration 
results in significant deviations from linearity when 
the ratio CAH/C (~) is smaller than 5. For  greater values 
of this concentration ratio, the system is indistinguish- 
able from the trace diffusion case. 

The surface concentration of hydrogen ions can be 
calculated from Equations 7 and 9 

CH(0) ---- - C ~  x/(C(S)) 2 + (C(A~) 2 (18) 

Equation 18 is valid when surface solubility equilibria 
of  the dissolving metal salt is maintained. 

Figure 3 shows an example of  the dependence of  the 
surface H + ion concentration on that of  the bulk acid. 
When the bulk concentration of  acid is much greater 
than the saturation solubility of  the salt, the surface 
concentration of  the H + ion approaches 

cH (0) = c i ~  - c ~ (19) 

that is to say, the proton surface concentration is 
simply given by the difference in concentrations of  the 
acid and the solubility of the metal salt formed. This 
is the situation that prevails in electropolishing as, for 
instance, for the nickel-sulphuric acid system [7]. This 
result shows that the acid concentration at the surface, 
in the limiting diffusion regime, will depend on the 
solubility of  the metal salt formed and this conclusion 
can be easily seen in Fig. 3. 

~--- Fig. 2. Reduced concentration of metal ion 
(C M = C(X) /C  (s)) as a function of the reduced 
distance for different values of the ratio CAH/C (') . 

In a practical electropolishing situation with some 
degree of mechanical stirring, the current density will 
be given by 

I = Z F k m A C  (20) 

where kin, the mass transfer coefficient, will have a 
value of  approximately 5 • 10 -4 cms -l [18]; AC is 
the concentration difference across the diffusion layer. 
For  a typical dissolution current of  0 .2Acre  -2, a 
surface concentration of  ~ 2 M will be required to 
sustain a fully diffusionally controlled process. For  
acid concentration lower than the salt solubility, the 
maximum dissolution rate will be determined by the 
limiting hydrogen ion concentration compatible with 
the precipitation of  the metal hydroxide. 

CH(0) 

15 

10 

5 

5 10 15 

CAH 
Fig. 3. Surface concentration of H + ions as a function of bulk acid 
concentration when the salt solubility is 2 M, for the diffusionally 
controlled anodic dissolution of the metal. 
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These theoretical predictions show that a reaction 
order greater than zero with respect to the bulk acid 
as has been previously observed [7] may be simply 
reflecting the shift in surface concentration of the H + 
ion. These considerations are important not only for 
electropolishing but in the case of pitting corrosion, in 
which diffusion-controlled anodic dissolution condi- 
tions can be established at the growing pits. 

4. The system M A + - A - - H  + 

The previous case refers to a totally dissociated sys- 
tem. In practice, ion pairing between the dissolving 
metal ion and the anion of the electrolyte is bound to 
occur, and this section shows how these effects can be 
taken into account in the solution of the Nernst- 
Planck equations for the anodic dissolution of a metal 
to give divalent ions. In this case, the migration and 
diffusion equations are 

[dCH d 0 ]  (21) 
j .  = o = -D.L  +fC.-~--X 

I [ dCMA dO ] 
JMA -- 2F - DMA k dX + fCMA ~ (22) 

I DA [ dCA dO 1 JA = 2---F = L ~ -- fCA - ~  (23) 

From Equations 20, 21 and 22 and the condition of 
electroneutrality, the H + ion concentration profile is 
given by 

CH(X ) = C(H b) ~l 
I 

4c(b) F 

• - x ) |  

(24) 

and it can be shown that the concentration of the 
anion is given by 

CA(x) = G b) I1 
L + ( L  ' DMA) (6- x)] 

(25) 
The important case when the diffusion coefficients 

of the ion pair and the anion are the same can be easily 
derived from Equation 24 by taking the limit when 
DA 'DMA, which leads to: 

- x)] 
CH(X ) = C (b) exp ~-C(A~-D--~ j (26) 

and 

CA(X) = C(A b) (27) 

As discussed before, the concentration of the metal 
ions at the electrode surface is given by the solubility 
of the metal salt formed by the anodic dissolution 
reaction, i.e. CMA -~- C (s). From the condition of elec- 
troneutrality at the surface, the concentration profile 
of the proton is given by 

C H ( X ) = t r ' ( b ) - - C ( ~ ) ) e x p [ I ] (  28 ) \  ~.~AH 2D~(Ab) F 

and therefore the surface concentration of acid is 
given by 

C.(0) = ckb. ) -- C C~) (29) 

Thus, as shown before, for the anodic dissolution of a 
metal under diffusion control, the concentration of the 
proton at the surface is decreased with respect to its 
bulk value by the solubility of the metal salt formed. 
This result only expresses the fact that the metal cation 
concentration replaces that of the hydrogen ion at the 
surface of the dissolving metal. 

In terms of the reduced quantities previously defined, 
the metal cation distribution in the diffusion and 
migration layer is given by 

0~(2 )  = G .  - ( G .  - 1 ) ( G . / ( G .  - 1)) ~ 

(30) 
Figure 4 illustrates the reduced concentration profiles 
of the dissolving salt for different bulk acid concentra- 
tions. Again, as shown before, at high acid concentra- 
tions with respect to the saturation solubility of the 
metal salt the concentration profile corresponds to the 
trace diffusion case. There is however a fundamental 
difference between the concentration profiles calcu- 
lated when ion pairing is taken into account and the 
case where the metal ion can be transported indepen- 
dently of the anion. A strong non-linearity is observed 
when the bulk acid concentration approaches the satu- 
ration value of the metal salt and the system of 
Equations 21-23 has no solution when C~A~ < C (s/. 
The physical origin of this behaviour is the depen- 
dence of the flux of the cation on the concentration of 
the anion, which results from imposing the ion-pairing 
condition, i.e. that only metal ions associated with the 
anion can diffuse and migrate (Equation 22). In terms 
of reduced coordinates, the potential distribution is 
given by 

A~4 = 0(2) - 0(1) 

R T  
= - - - ( 1  - X) l n [ G , / ( G H  -- 1)] (31) 

F 

The potential decreases linearly with distance in the 
diffusion and migration layer. From Equation 31 it 
can be easily seen that the potential drop across this 
layer will be a function of the bulk acid concentration, 
increasing rapidly when its value approaches the metal 
salt solubility. Therefore, very high metals salt solu- 
bilities will require very high acid concentrations to 
achieve electropolishing. 

This is an important result for assessing the con- 
ditions required for electropolishing and explains 
problems experienced when it is attempted to use HC1 
as the electropolishing acid. The chlorides of many 
metals have a very high solubility and hence, unless 
very high acid concentrations are employed, the 
imposed current will not be able to establish the dif- 
fusional pattern required for polishing and the surface 
concentration of metal ions will only reach, in this 
case, the bulk acid concentration. Thus, under these 
conditions, the metal will dissolve under mixed kinetic 
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Fig. 4. Dependence of the reduced metal ion con- 
centration (C(X)/C ('1) on reduced distance (35/(5) 
for the anodic dissolution of a metal to give 
M 2+ A- ion pairs with the anion of the acid AH 
under limiting current conditions. 

and diffusional controls and the different anodic dis- 
olution rates of the metal crystal faces will determine 
to some extent the rate of anodic dissolution. In conse- 
quence, crystallographic etching will develop. This 
analysis gives an explanation for the previous observa- 
tions regarding the development of crystallographic 
etching at low H2SO 4 concentrations in the electro- 
polishing of  nickel [7]. 

Another aspect that this analysis reveals is the 
importance of the nature of  the primary salt formed. 
As has been discussed elsewhere [7] the primary salt 
layer formed during electrop01ishing is not necessarily 
the salt in equilibrium with the bulk acid. The unusually 
high surface solubilities observed for NiSO4 for high 
H2SO 4 concentrations can be understood in the light 
of the present results: there is a difference between the 
surface concentration of H2SO4 and that in the bulk 
given by the solubility of NiSO4, of the order 0f2.3 M. 
Thus, it is not surprising to observe that although the 
equilibrium solubility of NiSO 4 in 10M H2SO 4 is 
approximately 0.02 M, the dissolution currents obser- 
ved correspond to the salt solubilities observed for 
more dilute H2 SO4 concentrations. In fact, according 
to this analysis, the surface concentration of H2SO 4 
should be 7.7 M in this example. Similar considerations 
apply to the dissolution of copper in phosphoric acid, 
and it is proposed that the present analysis is common 
to all electropolishing situations and that both the acid 
chosen, and its concentration, must be compatible 
with the metal salt that would be expected to be formed 
in order to achieve electropolishing. 

5. Conclusions 

The solution of the Nernst-Planck equations for the 
electropolishing of metals leads to a rather simple 

result regarding the salt and acid concentration pro- 
files in the diffusion and migration layer adjacent to 
the dissolving metal; this is of practical importance in 
the design of new electropolishing baths. The surface 
concentration of  acid is lower than that in the bulk by 
an amount given by the solubility of the primary metal 
salt formed and an important consequence of this 
result is that the use of  an acid concentration smaller 
than this solubility will not lead to the establishment 
of electropolishing conditions. 

A second practical important consequence of this 
analysis is that the use of an acid is not a prerequisite 
to achieve electropolishing, provided the hydrolysis of  
the dissolution products is prevented. In this case, as 
before, the relationship between metal salt solubility 
and electrolyte concentration must be maintained. 

Acknowledgements 

The authors gratefully acknowledge the support given 
by the Royal Society (England) in the form of a Visit- 
ing Fellowship tenable in Southampton University to 
K.K. Also, the award of  the travel grant by the British 
Council to D.J.S. for a visit to Helsinki University of 
Technology is gratefully acknowledged. 

References 

[11 P.A. Jacquet, Trans. Electrochem. Soc. 69 (1936) 629. 
[2] P.A. Jaquet, Met. Rev. 1 (1956) 157. 
[3] C. Wagner, J. Electrochem. Soe. 101 (1954) 225. 
[4] S.I. Krichmar and A. Ya. Bronskaya, Soviet Electrochem. 

2 (1966) 60. 
[51 T.P. Hoar, D. C. Mears and G. P. Rothwell, Corros. Sci. 5 

(1965) 279. 
[6] T.P. Hoar and J. A. S. Mowat, Nature (Lond.) 165 (1950) 

64. 
[7] I.L. Alanis and D, J. Schiffrin, Etectrochim. Acta 27 (1982) 

837. 



82 K. K O N T T U R I  A N D  D. J. S C H I F F R I N  

[8] A. Sh. Valeev and V. P. Gubskaya, Soviet Eleetroehem. 4 
(1968) 309. 

[9] L .E .A .  Berlouis and D.J .  Schiffrin, Trans. Ins. Met. 
Finish. 63 (1985) 547. 

[10] T.K.  Sherwood, R. L. Pigford and C. R. Wilke, 'Mass 
Transfer', McGraw-Hill, New York (1975). 

[11] P. Taskinen, K. Kontturi and A. Sipila, Finn. Chem. Lett. 
(1980) 97. 

[12] A. Ekman, S. Liukkonen and K. Kontturi, Eleetroehim. 
Aeta 23 (1978) 243. 

[I3] N. Ibl, in 'Comprehensive Treatise of Electrochemistry', 
(edited by E. Yeager, O'M. Bockris, B. E. Conway and 

S. Sarangapani) Plenum Press, New York (1983) Vol. 6, 
p. 39. 

[14] T.R.  Brumleve and R. P. Buck, J. Eleetroanal. Chem. 90 
(1978) 1. 

[15] K. Kontturi, T. Ojala and P. Forssell, J. Chem. Soc., Fara- 
day Trans. 1 80 (1984) 3397. 

[16] A.J .  Bard and L. R. Faulkner, 'Electrochemical Methods', 
John Wiley, New York (1980). 

[17] K.J.  Vetter, 'Electrochemical Kinetics', Academic Press, 
New York (1967) p. 175. 

[18] Ref. [13], p. 226. 


