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The electrodeposition of aluminium was carried out successfully in A1C13-LiA1H4/tetrahydro- 
furan-toluene solutions. The kinetic parameters controlling the cathodic deposition and anodic 
dissolution of aluminium were derived. The effect of the total concentration of aluminium and the 
molar ratio of A1CI3 to LiA1H 4 on the current density-potential behaviour of the rotating disc 
aluminium electrode was also studied. A detailed mechanism for the electrode reactions was 
suggested. 

I. Introduction 

The electrodeposition of aluminium from non-aqueous electrolytes is well established [1-4]. One of 
the best known baths for the electrodeposition of aluminium is the hydride bath, which consists of 
A1C13 and LiA1H4 dissolved in tetrahydrofuran (THF) of THF-benzene mixtures [5-9]. Aluminium 
is deposited from this bath by a continuous process [9]. The deposited films are very pure, fine 
crystalline, non-porous, silver-white in colour and adherent to the substrate surface [10, 12]. Most 
of the work carried out in this field has been concerned with the constituents of the electrolytic bath 
and the practical problems of the electrodeposition of aluminium from THF-hydride baths [1 -12]. 
In a recent paper [13] Graef studied the mechanism of aluminium electrodeposition from solutions 
of AtC13 and LiA1H4 in THF. The author claimed that the hydride, present as a catalyst for the 
electrode reaction, gave rise to instability of the plating bath when present in excess. Also, LiC1 
and/or LiH were precipitated at the cathode. At the anode, the activation overpotential for the 
dissolution of aluminium depends on the concentration of the anions A1X4 and increases due to the 
absence of these anions which may lead to the oxidation of the solvent. 

In Part I [14] the composition of the hydride bath and its conductivity were examined. It was 
found that a solution with a total aluminium concentration of 1 mol dm -3 and a molar ratio of 
LiA1H 4 to A1C13 for 1:3 in THF-toluene mixture is a good bath for the electrodeposition and 
electrodissolution of aluminium, not only due to the good conductivity and suitable properties of 
the bath but also from an economic point of view [14]. 

In Part II we discuss the kinetics and mechanism of the electrodeposition and electrodissolution 
of aluminium in the new bath. 

2. Experimental details 

The potential-current curves were measured under potentiostatic control. The circuit consisted of 
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a potentiostat (FHI G050-17) with an interruption unit to compensate and to measure the ohmic 
overvoltage accompanying the electrode processes. The interruption of the current was controlled 
by means of an oscilloscope (Tektronix INC Type 564). The current density-potential curves were 
traced using an X - Y  recorder (JJ PL 50). The measurements of the equilibrium potential were 
carried out using a high impedance valve voltmeter (Elpo type U 720). The cell used was a 
double-walled glass cell provided with a light Teflon stopper with suitable openings for the working, 
counter and reference electrodes and for gas inlets and outlets. To study the transport phenomena 
a rotating electrode disc of aluminium or aluminized platinum was used as the working electrode. 
The counter electrodes were made from 99.999% pure aluminium plates. The reference electrode, 
whether aluminized platinum sheet, Ag/AgNO3 or Hg/Hg2(CH3COO)2 was attached to the elec- 
trolytic cell through a salt bridge with a Luggin capillary placed almost adjacent to the working 
electrode. 

Materials and solutions were prepared as described previously [14]. All preparations and measure- 
ments were carried out under purified nitrogen gas. Copper catalyst and molecular sieves were used 
to remove the last traces of oxygen or humidity from the inert gas [15]. The composition of the 
solutions was determined volumetrically, as described elsewhere [10, 16]. 

3. Results 

3. I. Equilibrium potential measurements 

The equilibrium potential of the aluminium electrode plated in situ in A1C13- LiAIHa/THF-toluene 
solutions shifts towards more negative values as the total concentration of aluminium in the solution 
increases at a constant molar ratio of AIC13 to LiA1H4. On the other hand, at a constant total 
concentration of aluminium, the equilibrium potential becomes more positive as the molar ratio of 
A1C13 to LiA1H4 increases. These results are consistent with those reported recently for the THF bath 
[13] and those of the THF/benzene solvent [15]. The relation between the equilibrium potential of 
the aluminium electrode in the A1C13-LiAIH4 in THF-toluene solutions and the total concentration 
of aluminium in the bath obeys the familiar Nernst equation [17]. The results of these measurements 
referred to the normal hydrogen electrode (NHE) are presented in Fig. 1. The Nernstian plot shown 
in this figure has a slope of - 22 mV per decade which corresponds to n - 3 for the total number 
of electrons in the potential-determining electrode process. 

- 1 1 0 0  

- 1080 ( 

-1090 

-0,  0 -0.60 -0.40 - 0  0 O0 

l og  CA! j rnol d m  -3 

i i I i 

Fig. 1. Variation of  the equilib- 
rium potential o f  the in situ- 

plated a luminium electrode with 
the total concentration of  alu- 
minium (CA0 at a constant  molar 
ratio ofA1C13 to LiAIH 4 (M = 3) 
in the AIC13-L iA1HJTHF-  
toluene bath at 298 K. 
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Fig. 2. Current density-potential curves of the rotating disc aluminium electrode in the A1C13 LiA1H4/THF-toluene bath 
at M = 1 and different values of CA1. Scan rate, 20mVs-l; rotation speed, 1200r.p.m.; 298 K. (a) Anodic polarization; 
(b) cathodic polarization. 

The conductivity of  the solutions used in this work were as reported in Part  ! [14]. At a constant 
molar  ratio of  A1C13 to LiA1H 4, any increase in the total concentration of aluminium leads to an 
increase in the conductivity of  the solution. The increase of  the concentration of  LiA1H4 at a 
constant total concentration of aluminium results in a considerable increase in the conductivity of  
the solution even when the total concentration of  aluminium is low. 

3.2. Polarization measurements 

3.2.1. Effect of total aluminium concentration on current density-potential behaviour. To study the 
effect of  the total aluminium concentration on the current densi ty-potent ia l  curves during t]he 
cathodic deposition and anodic dissolution of  aluminium in the A1C13-LiA1H4/THF-toluene bath, 
a series of  solutions of constant molar ratio of  A1C13 to LiA1H4 (M = 1) and different concentrations 
(CAI) ranging from 0.125 to 1.5 mol dm -3 were prepared. The current densi ty-potent ia l  behav iour  
of  the rotating disc aluminium electrode at 298 K, with a rotation speed of 1200 r.p.m, and scan rate 
of  20 mV s-  l, is illustrated in Fig. 2a and 2b for both the anodic and cathodic sides. The general 
trend in both anodic and cathodic processes is a decrease of  overpotential with increase in the total 
aluminium concentration. At overpotentials higher than 4-60 mV, Tafel regions were obtained. 

The solution was well stirred and the speed of  rotat ion of  the rotating disc was found to have ilo 
effect on the potent ia l -current  curves; therefore the electrode processes are not influenced by mass 
transfer effects [18]. Consequently, the kinetic parameters of  the anodic dissolution and cathodic 
deposition of  aluminium were calculated according to the well-known But ler -Volmer  equation [17] 

i = i0 e x p \  R T  J -  exp ~--~ j j  (I) 

where i is the current density, i0 the exchange current density, e the transfer coefficient, n the number  
of  electrons transferred in the electrode process, , / the overpotential, and F, R and Thave  their usual 
meanings. For  sufficiently small overpotential, near the equilibrium potential, the linear approxi- 
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mat ion  of  Equa t ion  1 was used for the calculation o f  the exchange current  density: 

The ratio rl/i in this region is often called the charge transfer resistance, P~t 

The charge transfer resistance serves as a convenient  index of  kinetic facility [17]. 
For  large values o f  overpotential  where I ql 

calculation o f  the kinetic parameters,  i.e. 

(2) 

(3) 

~> 60 mV the Tafel approximat ion  was used for  the 

where 

r/ = a + b l o g i  (4) 

2 .303RT 1 0.059 log i 0 (5) a = _+ ~ ogi0  - ~ 

and 

2 .303RT 0.059 
b = - T - - -  (6) 

~nF  an 

at 298 K. 
The analysis o f  the current  dens i ty -po ten t ia l  curves according to Equat ions  2 and 4 are presented 

in Figs 3a, 3b, 4a and 4b. It  is clear that  in all solutions near the equilibrium potential  the charge 
transfer resistance, R~ t, diminishes as the total concentra t ion o f  a luminium increases. Tafel plots 
were obtained for CA~ ~< 0 . 5 m o l d m  -3 (Fig. 4a, b). 

The different kinetic parameters  are summerized in Table 1. The values o f  i0 obtained according 
to Equat ions  2 or  4 for  CA~ ~< 0.5 m o l d m  -3 are comparable .  

3.2.2. Ef fect  o f  molar  ratio o f  AICl3 to L iAIH4 at constant  total  a luminium concentration. In this series 
o f  experiments the total concentra t ion o f  a luminium was kept constant  at 1 mol  dm 3 while the 
mola r  ratio (M) A1C13:LiA1H4 was varied f rom 5 to 0.333. The current dens i ty -  potential  curves 
o f  the anodic  and cathodic  polar izat ion o f  the rotat ing disc a luminium electrode in the different 

Table 1. Kinetic parameters for the cathodic deposition and anodic dissolution of aluminium in a AICl3-AlCIH4/THF-toluene 
bath at constant molar ratio of AlCl 3 to LiAIH4 (M = 1) and different total concentration of aluminium at 298K 

Total Charge transfer resistance Exchange current densities Tafel slopes 
concentration (f~ ) (mAcm -2) (mV) 
of Al 
(mol dm - 3) Rcttc) Rot(a) i0(o) i0(a) b(c) b(a) 

1.50 0.9 0.9 21.8 22.2 - 
1.00 1.3 1.2 15.3 16.5 - - 
0.75 2.2 2.1 9.1 9.8 - 
0.50 3.0 5.3 6.7 3.7 100 125 
0.25 5.7 8.3 3.4 2.2 111 129 
0.125 12.5 18.2 1.6 1.0 133 133 
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Fig. 3. Linear approximation of 
the Butler-Volmer equation for 
the anodic (a) and cathedic 
(b) polarization of the rotating 
disc aluminium electrode in 
the A1C13 LiAIH4/THF-toluene 
bath at M = 1 and different 
values of CAl. Scan rate, 
20 mV s- 1 ; rotation speed, 
1200 r.p.m.; 298 K. 

solutions are presented in Fig. 5a and 5b. The analysis of  the results according to Equations 2 and 
4 are illustrated in Figs. 6a, 6b, 7a and 7b. 

It is clear from these results that Rc~ decreases as the molar ratio decreases, and Tafel plots were 
obtained for molar ratios of M >/ 3. The different kinetic parameter of this series are illustrated in 
Table 2. Again, the exchange current density decreases as the concentration of  LiA1H4 in the 
solution decreases. Also, the exchange current densities obtained according to Equation 2 are more 
or less the same at those obtained according to Equation 4 for the same solution. 

3.3. Effect of temperature 

The effect of temperature on the current density-potential  curves of  the cathodic deposition and 
anodic dissolution of aluminium in the A1C13-LiA1H4/THF-toluene bath with a constant molar 
ratio of  3 and a constant total concentration of  aluminium of 1 mol dm -3 was studied. The results 
are illustrated in Fig. 8a and 8b. The exchange current density i0 was found to increase as the 
temperature increases for both the linear approximation (Fig. 9a, 9b) or the Tafel plots (Fig. 10a, 
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Fig. 4. Tafel plots of the rotating disc aluminium electrode in the A1C13-LiA1H4/THF-toluene bath at M = 1 and different 
values of CA1. Scan rate, 20 mV s-~; rotation speed, 1200 r.p.m.; 298 K. (a) Anodic polarization; (b) cathodic polarization. 

10b). The  charge  transfer  res i s tance  Rot decreases  as the  t e m p e r a t u r e  increases  (cf. Fig .  9a, 9b).  A 
p lo t  o f  l og  Ii01 (e i ther  c a t h o d i c  or  a n o d i c )  versus  I/T gives  a s tra ight  l ine that  o b e y s  the fami l iar  
A r r h e n i u s  e q u a t i o n  [17], 

io = A e x p  R T 
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Fig. 5. Current density-potential curves of the rotating disc aluminium electrode in the AlC13-kiA1H4/THF-toluene bath 
at constant concentration of aluminium (CA[ = 1 moldm -3) and different molar ratios (M). Scan rate, 20mVs-1; rotation 
speed, 1200 r.p.m.; 298 K. (a) Anodic polarization; (b) cathodic polarization. 
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Fig. 6. Linear approximation of 
the But ler -Volmer  equation fbr 
the anodic (a) and cathodic 
(b) polarization of the rotating 
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Table 2. Kinetic parameters for the cathodic deposition and anodic dissolution o f  aluminium in a AICl3-LiAiH4/THF-toluene 
bath at constant total aluminium concentration ( Cal = I tool dm -3) and different molar ratios o f  AICl 3 to L iAtH 4 ( M)  at 298 K 

Molar Charge transfer resistance Exchange current densities Tafel slopes 
ratio ( f~ ) (mA em- 2 ) (m V) 
(M) 

R-ct(c) Rct(a) i0(c) i0(a) b(c) b(a) 

5 16.6 14.3 1.2 0.8 133 133 
4 12.5 12.5 1.6 0.9 133 121 
3 7.7 8.3 2.4 2.6 111 125 
2 2.1 2.5 9.8 7.8 - - 

I 1.1 1.25 17.7 15.7 - - 

0 . 5  0.35 0.45 59.0 43.3 
0.33 0.23 0.25 82.6 76.7 - - 
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Fig. 7. Tafel plots of  the rotating disc aluminium electrode in the A1C13 LiA1H4/THF toluene bath at CAI = 1 mol dm -3 
and different values of  M. Scan rate, 20 mV s-~; rotation speed, 1200 r.p.m.; 298 K. (a) Anodic polarization; (b) cathodic 
polarization. 

where EA is the activation energy and A is the Arrhenius constant or the frequency factor. The 
activation energy was calculated according to 

d log i - E A  
- (8) 

d(1/T)  2.303R 

The Arrhenius plots for the anodic and cathodic processes are shown in Fig. 11. The values of  EA 
for the cathodic deposition and anodic dissolution of  aluminium in the bath together with the other 
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Fig. 8. Effect of  temperature on the current density-potential behaviour of the rotating disc aluminium electrode in the 
A1C13 LiA1He/THF toluene bath at CA~ = 1 mo ldm -3 and M = 3. Scan rate, 20mVs ~; rotation speed 1200r.p.m. (a) 
Anodic polarization; (b) cathodic polarization. 
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Fig. 9. Linear approximation of  
the Butler-Volmer equation for 
the anodic (a) and cathodic 
(b) polarization of  the rotating 
disc aluminium electrode in 
the AIC13- LiA1H4/THF- toluene 
bath at CA~ = 1 mol d m -  3, 
M = 3 and different tem- 
peratures. Scan rate, 20 mV s-  ~ ; 
rotation speed, 1200r.p.m. 

kinetic parameters are illustrated in Table 3. The values of  i 0 obtained according to Equation 2 are 
more or less the same as those obtained according to Equation 4 for the same temperature. 

4. Discussion 

Conductivity and equilibrium potential measurements together with the analysis of  the electrode 
compartments during polarization indicate that aluminium is present in anionic forms which 
participate in the equilibrium process at the aluminium electrode. The results of polarization 
measurements show that the electrode reactions are affected by the composition of  the solution. The 
composition of  the bath and hence the anions and cations therein depend essentially on the molar 
ratio of AIC13 to LiA1H 4 [7, 11-15, 19]. 
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Fig. 10. Tafel plots for the anodic (a) and cathodic (b) polarization of the rotating disc aluminium electrode at different 
temperatures, when CAI = 1 mo ldm 3 and M = 3. Scan rate, 20mVs-~;  rotation speed, 1200r.p.m. 

Table 3. Kinetic parameters for  the cathodic deposition and anodic dissolution o f  aluminium in a AICI3-LiAIH4/THF toluene 
bath at a constant molar ratio (M = 3) and constant total aluminium concentration, CA1 = 1 mol dm 3, at different temperatures 

Temperature Charge transfer Exchange current Tafel slopes Activation energy 
(K) resistance (f}) densities (mA cm -2) (m V) ( k Jmo l -  1) 

Rct(c) Rct(a) i0(c) i0(a) b(c) b(a) EA(c) EA{a) 

288 15.4 15.4 1.6 1.5 133 133 
298 8.3 8.7 2.75 2.45 125 125 
308 5.4 6.2 4.60 4.00 125 133 
318 3.9 4.3 7.25 6.00 133 133 

38.2 36.3 

~J 

E 

w 

0.9 

0.6 

0,3 

! I I 

I 

,1o 3 
T 

Fig. 11. Log Ii0l vs 1/T plots for the cathodic 
deposition and anodic dissolution of  alu- 
minium in the AIC13-LiA1Ha/THF-toluene 
bath, when CAI = l m o l d m  3 and M = 3. 
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Thus for M = 3: 

f o r M  = 1: 

and for M = 0.33: 

LiA1H4 + 3A1C13 ~ 3AIHC12 + Li + + A1HCly (9) 

LiA1H4 + A1C13 ----o A1H2C1 + Li § + AIH2CI~- (10) 

3LiA1H4 + A1CI3 , A1H 3 + 3Li + + 3A1H3C1- (11) 

Reactions 9-11 show that the aluminium is present in anionic or neutral forms. Even the neutral 
molecules undergo disproportionation and react with the electrolysis products such as H -  or C1- 
leading to formation of cationic and anionic species (reactions 12-19) which are responsible for the 
increased conductivity of  the solution as discussed in Part I [14]. These species also participate in 
the electrode reactions: 

AIHC12 + H ~ A1H2C12 (12) 

A1HC12 + C1- ------o A1HC13 (13) 

AIH2C1 + H -  , A1H3C1- (14) 

A1H2C1 + C1- ----o A1H2C12 (15) 

A1H 3 + C1 -----* A1H3C1 (16) 

A1H3 + H - ~ A1H4 (17) 

2A1HC12 ~ A1H2CI~ + AICI[ (18) 

2A1H2C1 ~ A1H2CI~ + A1H[ (19) 

The participation of the aluminium-containing ions in the electrode reactions is not restricted to 
the transport of the charge only. The dependence of the overpotential accompanying the electrode 
processes on the composition of  the solution may be attributed to the presence of the different 
anionic species in the different solutions. Thus, in solutions with molar excess of  LiA1H 4, the smaller 
and less stable anion A1H 3 C1- is present as the main anion, whereas in solutions with molar excess 
of A1C13, the bulky A1HC13 is the predominant anion. The transfer of an electron to the bulky 
A1HCI[ anion is accompanied by high overvoltage due to its relative stability and steric hindrance. 
The transfer of  the electron to the smaller anion AIH3CI- is easier and occurs with very little 
overvoltage. This explains why the overvoltage increases as the molar ratio of  A1C13 increases 
(cf. Fig. 5a, 5b). It indicates also that LiA1H4 is present not only as a catalyst for the electrode 
processes [13] but also as an essential participant in the formation of  the ions responsible for the 
good conductivity of  the bath and is important for the electrodeposition of  aluminium as well. As 
the molar ratio of LiAIH4 increases the concentration of  the mobile ions increases and hence higher 
conductivity [14] and low overpotential for the cathodic deposition and also for the anodic dissol- 
ution of aluminium is achieved. 

Since the current density-potential  curves are not affected by the speed of rotation of the rotating 
disc electrode, the presence of concentration overpotential is excluded [18]. Thus, the observed 
overpotential is either due to charge transfer resistance or activation polarization. 

In solutions with molar excess of  LiA1H4, activation overpotential has not been observed. It 
follows that in these solutions neither transport processes nor activation overpotential play an 
important role in the determination of the reaction rate. In general, the overall mechanism of  the 
electrode process involves consecutive electron transfer steps. The transfer of the first electron to the 
reacting species is considered to be the rate determining step (r.d.s.). The relation between the overall 
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charge transfer coefficients e(c) (for the cathodic reaction), c%) (for the anodic reaction) and the 
symmetry factor,/~, may be given by 

7p 
e(c) = -- + /~r (20) 

V 

~f e(a) = -- + (1 - /~)r (21) 
v 

where 7p = the number of electrons transferred in the steps preceding the r.d.s., 7f = the number 
of electrons transferred in the steps following the r.d.s., and r is the number of electrons transferred 
in the r.d.s, itself. The stoichiometric number of  the r.d.s, is given by v [20, 21]. The total number 
of transferred electrons, n, is then given by 

n -- 7p + vr  + 7f (22) 

The results presented in Figs 2a, 2b, 5a, 5b, 8a and 8b show that the anodic and cathodic current 
density-potential  curves are more or less symmetrical. The anodic and cathodic exchange current 
densities, i0a) and i0(~), as well as the anodic and cathodic Tafel slopes, b(,) and b(c), together with the 
values of  the activation energy for the cathodic deposition and anodic dissolution of aluminium (cf. 
Tables 1-3), point to a one-electron transfer being the r.d.s, in the electrode process [21-23]. The 
experimental and theoretical values of  the transfer coefficients, e(~) and e(c), calculated according to 
Equations 18 and 19 (c~a) = ~(c) = 0.5), indicate that the transfer of the first electron is the r.d.s. 
This is in good agreement with the derivations of  Lovrefiek [24] and Wright [25] for the calculation 
of the Tafel slope, b, in multi-electron processes. 

The mechanism of the cathodic deposition of aluminium from the A1C13-LiA1H4/THF-toluene 
bath may be written as: 

(i) The rate determining step (r.d.s.) (slow): 

M = 3; AIHC13 + e 

M = 1; A1H2CI2 + e 

M = 0.33; A1H3C1 + e 

(ii) Consecutive reactions (fast): 

(a) A1H2 + e 

A1HC1 + e 

(b) A1 + + e 

The overall electrode reaction may be written as 

A1X4 + 3e 

, A1HC1 + 2C1- ] 

A1H2 + 2C1- 

A1H 2 + CI- + H -  

(23) 

A1 + + 2 H -  

A1 + + H -  + C1- 

, A1 

(24) 

, A1 + 4 X -  (25) 

where X is either H or C1. The resulting H -  and C1- react directly with the neutral species (cf. 
Equations 12-17) to give the aluminium-containing anions and the reaction continues. Since the 
electrode reactions are symmetrical the anodic reaction will be the mirror image of the cathodic 
reaction and the transfer of the first electron will be the rate determining dissolution step. Thus 

(i) The r.d.s. (slow): 
A1 , A1 + + e (26) 

(ii) Consecutive reactions (fast): 

(a) A1 + + 2X , AIX2 + e (27) 

(b) AIX2 + 2X , A1X4 + e (28) 
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The overall dissolution reaction is 

A1 + 4X , A1X4 + 3e (29) 

Therefore, the anodic dissolution and cathodic deposition of  aluminium from the A1C13-LiA1H4/ 
THF- to luene  bath may be represented simply as 

cathodic deposition 
A1X 4 + 3 e .  ; A1 + 4 X -  (30) 

anodic dissolution 
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